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The clinical maze of mitochondrial neurology

Salvatore DiMauro, Eric A. Schon, Valerio Carelli and Michio Hirano

Abstract | Mitochondrial diseases involve the respiratory chain, which is under the dual control of nuclear

and mitochondrial DNA (mtDNA). The complexity of mitochondrial genetics provides one explanation for the
clinical heterogeneity of mitochondrial diseases, but our understanding of disease pathogenesis remains
limited. Classification of Mendelian mitochondrial encephalomyopathies has been laborious, but whole-exome
sequencing studies have revealed unexpected molecular aetiologies for both typical and atypical mitochondrial
disease phenotypes. Mendelian mitochondrial defects can affect five components of mitochondrial biology:
subunits of respiratory chain complexes (direct hits); mitochondrial assembly proteins; mtDNA translation;
phospholipid composition of the inner mitochondrial membrane; or mitochondrial dynamics. A sixth category—
defects of mtDNA maintenance—combines features of Mendelian and mitochondrial genetics. Genetic defects
in mitochondrial dynamics are especially important in neurology as they cause optic atrophy, hereditary spastic

paraplegia, and Charcot—-Marie—Tooth disease. Therapy is inadequate and mostly palliative, but promising
new avenues are being identified. Here, we review current knowledge on the genetics and pathogenesis of
the six categories of mitochondrial disorders outlined above, focusing on their salient clinical manifestations
and highlighting novel clinical entities. An outline of diagnostic clues for the various forms of mitochondrial
disease, as well as potential therapeutic strategies, is also discussed.

DiMauro, S. et al. Nat. Rev. Neurol. advance online publication 9 July 2013; doi:10.1038/nrneurol.2013.126

Introduction

Over the past 50 years, since the first description of a
patient with bona fide mitochondrial disease,' extra-
ordinary progress has been made—and continues—in
the field of mitochondrial neurology. Although initially
studied mainly by neuromuscular disease specialists,
mitochondrial diseases were soon recognized to be more
than just myopathies and, given the frequent involvement
of the brain in these disorders, they are often termed mito-
chondrial encephalomyopathies.? Strictly speaking,
mitochondrial diseases encompass defects in any of the
multiple metabolic pathways that are contained within
the mitochondrion (Figure 1). In this Review, however,
we focus on defects that involve the mitochondrial res-
piratory chain—the ‘business end’ of energy metabolism
and site of oxidative phosphorylation (OXPHOS), where
most cellular ATP is generated. The convention of con-
sidering mitochondrial encephalomyopathies as defects
of the mitochondrial respiratory chain is justified given
the biochemical complexity of the terminal mitochondrial
bioenergetic pathway, its unique dual genetic control (with
mitochondrial DNA [mtDNA] and nuclear DNA [nDNA]
working in concert; Box 1), and the extraordinary clini-
cal and genetic heterogeneity of the diseases related to
respiratory chain dysfunction. We focus on the salient
clinical manifestations of the various defects of mtDNA
and nDNA, highlighting novel clinical entities of practi-
cal importance (that is, described in more than a single
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patient) and conceptually notable observations. The diag-
nostic ‘threads’ that can lead neurologists towards a correct
diagnosis are outlined, together with a discussion of the
potential therapeutic options for the various mitochon-
drial diseases. With further research and the use of novel
technologies, currently unsuspected pathogenic under-
pinnings of mitochondrial disorders should be revealed,
hopefully leading to improved therapeutic options for
patients with these devastating disorders.

Disease classification

At the molecular level, mitochondrial encephalo-
myopathies are broadly classified as either those due to
mutations in mtDNA, which cause maternally inherited
or sporadic disorders, or disorders due to mutations in
nDNA, which show a Mendelian inheritance pattern.
A less obvious but more practical way of categorizing
these heterogeneous disorders is to divide them into
three groups: mtDNA defects; nDNA defects that directly
or indirectly affect the respiratory chain; and defects of
mtDNA maintenance (impairment of intergenomic com-
munication). Separate classification of defects of mtDNA
maintenance is useful, as these disorders directly involve
the mitochondrial genome, often manifesting as multiple
mtDNA deletions or mtDNA depletion. Furthermore,
although unequivocally Mendelian with regard to
inheritance, disorders that involve defects of mtDNA
maintenance share much of the clinical heterogeneity of
primary mtDNA-related diseases because the polyploid
mtDNA is involved in both groups. Below, in order to
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Key points

Few neurological disorders are as phenotypically heterogeneous and
diagnostically challenging as mitochondrial encephalomyopathies

The clinical heterogeneity of mitochondrial disorders can be explained by
both the unique rules of mitochondrial genetics and the dependence of most
mitochondrial functions on a wide variety of nuclear genes

Despite advances in understanding the molecular aetiology of mitochondrial
diseases, their pathogenesis is still largely unknown

Through whole-exome or mito-exome sequencing, novel mutant genes and novel
disease mechanisms of mitochondrial disease are being revealed

Promising areas of investigation for neurological mitochondria-associated
disorders include defects in lipid composition of the mitochondrial membrane
and defects of the mitochondria-associated membrane

organize a heterogeneous group of mitochondrial dis-
orders, we outline what is known about disorders asso-
ciated with mtDNA defects, describe defects of mtDNA
maintenance separately, and divide nDNA-associated
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disorders into five major groups on the basis of func-
tionally distinct molecular defects: mutations in genes
encoding subunits of the respiratory chain (direct hits);
mutations in genes encoding ancillary—usually assem-
bly—proteins (indirect hits); mutations in genes affecting
mtDNA translation; mutations in genes controlling the
phospholipid composition of the mitochondrial inner
membrane (MIM); and mutations in genes involved in
mitochondrial dynamics.

Disorders of mtDNA defects

The molecular era of mitochondrial encephalomyo-
pathies began in 1988 with the identification of the first
mtDNA mutations.** Since then, over 260 pathogenic
mutations and 120 large-scale rearrangements (single
mtDNA deletions) have been identified in the mtDNA
molecule (Figure 2), together with many more puta-
tively nonpathogenic, ‘neutral’ polymorphisms.® The
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Figure 1 | The mitochondrial respiratory chain. Electrons derived from cellular dehydrogenases in the Krebs cycle and in
B-oxidation spirals are passed ‘horizontally’ along four protein complexes and two small carriers (the electron transport
chain) that are embedded in the MIM. The electrons travel from complex | (an NADH dehydrogenase) and complex Il (a
succinate dehydrogenase) to CoQ, , (a small mobile electron carrier also known as ubiquinone), then to complex I
(ubiquinone oxidoreductase), cytochrome c (another small mobile electron carrier) and complex IV (cytochrome ¢ oxidase),
ultimately producing water. Concomitant with this horizontal flow of electrons, ‘vertical’ vectorial transport of
dehydrogenase-derived protons from the matrix across the MIM into the intermembrane space takes place. This process
creates an electrochemical proton gradient across the MIM that is used to drive complex V (F F,-ATP synthase), a rotary
motor that converts ADP to ATP. Conventionally, the five complexes comprise the oxidative phosphorylation system. The
biosynthetic pathway of CoQ, ;, beginning with acetyl-CoA, is shown on the right; mutated biosynthetic genes that cause
primary CoQ, , deficiency are show in bold text. Abbreviations: ANT, adenine nucleotide translocator; CACT, carnitine—
acylcarnitine translocator; CoA, coenzyme A; Cleo, coenzyme Qm; CPT, carnitine palmitoyltransferase; DIC, dicarboxylate
carrier; ETF, electron-transfer flavoprotein; ETF-DH, ETF-dehydrogenase; FAD, flavin adenine dinucleotide; IMS,
intermembrane space; MIM, mitochondrial inner membrane; MOM, mitochondrial outer membrane; PDHC, pyruvate
dehydrogenase complex; TCA, tricarboxylic acid. Image first printed in Molecular Neurology.*>®
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abundance of mtDNA point mutations is often attrib-
uted to the proximity of the ‘naked’ (that is, histone-free)
mtDNA to the respiratory chain and its byproducts,
namely reactive oxygen species (ROS), as well as to
the low repair capacity of mtDNA. This view is rather
simplistic, however, as mtDNA is not naked but is pack-
aged within DNA-protein assemblies (nucleoids),® and
has robust DNA base-excision repair mechanisms.”
Most primary mtDNA single deletions occur in regions
flanked by short repeated sequences,® and can develop
during repair of damaged mtDNA.? The high rate of
mtDNA repair and mutation leads to a correspondingly
high prevalence of mtDNA-related diseases. In the north
east of England, for example, one in 10,000 people are
clinically affected by mtDNA-related disorders, and one
in 6,000 individuals are considered at risk.!® Screening
of umbilical cord blood from newborns for the 10 most
common pathogenic mtDNA point mutations reveals
that around one in 200 infants harbours a mutation in
these genes.!! A supersensitive next-generation sequen-
cing approach has revealed low-level variations (0.2-
2.0% heteroplasmy [the coexistence of mutated and
wild-type mtDNA variant within a cell]) in blood
and skeletal muscle of clinically unaffected individuals
(a phenomenon termed ‘universal heteroplasmy’).!* The
possibility exists, therefore, that silent hereditary mtDNA
mutations could expand over time and manifest as
seemingly de novo mitochondrial disease.

Lumping or splitting?

From the beginning of the molecular era,'’ controversy
prevailed between ‘lumpers, who considered mtDNA-
related diseases as a clinical ‘swamp’ of heterogeneous
multisystemic disorders, and ‘splitters, who identified
and assigned acronyms to several well-defined syn-
dromes, including Kearns-Sayre syndrome (KSS);
chronic progressive external ophthalmoplegia (CPEO);
Pearson syndrome (PS); mitochondrial encephalomyo-
pathy, lactic acidosis, and stroke-like episodes (MELAS);
myoclonus epilepsy with ragged-red fibres (MERRF);
Leber hereditary optic neuropathy (LHON); neuropathy,
ataxia and retinitis pigmentosa (NARP); and mater-
nally inherited Leigh syndrome (MILS). 25 years later,
the debate of lumping’ versus ‘splitting’ remains unre-
solved: although many multisystem disorders do not fit
any known syndromic definition and many overlapping
syndromes have been described, the validity of the above
defined syndromes has been largely confirmed, and each
one has been associated with one or a few predominant
mtDNA mutations.>*

The signs and symptoms that characterize six exem-
plary mtDNA-related diseases have been identified
(Table 1). Two of these diseases, KSS and PS, are due to
large-scale deletions. Another two, MELAS and MERRE,
are caused by transfer RNA (tRNA) mutations that glo-
bally affect mitochondrial protein synthesis, whereas
the remaining two diseases, NARP and MILS, are
attributable to mutations in a protein-coding gene. The
complexity of mitochondrial genetics provides some
explanation for the clinical heterogeneity of diseases due

REVIEWS

Box 1 | Mitochondrial DNA

The concept of endosymbiosis was proposed at the beginning of the 20" century,?
but was popularized in 1967 by Lynn Sagan Margulis.*** Endosymbiosis occurred
about two billion years ago, when early eukaryotic cells were invaded by bacteria
that had adapted to an increasingly oxygen-rich atmosphere and were on the
path to becoming the permanent endosymbionts that we call mitochondria. A
corollary of endosymbiosis is that all eukaryotic cells still contain, in addition to
their original nuclear DNA (nDNA), a genetic ‘relic’ of the prokaryotic invaders,
namely mitochondrial DNA (mtDNA). In the course of evolution, mtDNA has lost
much of its autonomy—most of its genes have actually been transferred to

the nuclear genome—and has essentially become the ‘slave’ of NDNA. Human
mtDNA is a 16,569-bp circular, double-stranded molecule that contains 37
genes encoding two ribosomal RNAs, 22 transfer RNAs, and 13 polypeptides (all
subunits of the respiratory chain complexes). Human mtDNA contains no introns
and the genes are closely apposed, with some showing partial overlap. Some
mRNAs have no termination codons as they are created post-transcriptionally by
polyadenylation—a nucleus-encoded function. Of the approximately 85 subunits
of the respiratory chain, only 13 are encoded by mtDNA: seven subunits of
complex | (ND1-ND6); one subunit of complex Il (cytochrome b); three subunits
of complex IV (COX I, COX Il and COX Ill); and two subunits of complex V (ATPase 6
and ATPase 8). Complex Il is entirely encoded by nDNA and is, therefore, a good
marker of mitochondrial abundance.

to mutations in these genes. For example, the degree of
heteroplasmy of the same mutation in the gene encoding
ATPase 6 (m.8993T>Q) is clearly related to the severity
and age at onset of NARP, a disorder of young adults
that shows ~70% mutation load, and MILS, a devasta-
ting neurodegenerative disease with onset in infancy or
early childhood in which the mutation load is >90%."

Pathogenesis: terra incognita

One conundrum that lies at the heart of mitochondrial
genetics is how mutations in tRNA can cause syndromes
as diverse as MELAS and MERREF (Table 1). Unless dif-
ferent tRNAs—such as tRNAL (WD jn MELAS and
tRNA"* in MERRF—have subtly different functions,'
one would expect pathogenic mutations in any tRNA
to impair protein synthesis and ATP production to a
similar extent. Even more puzzling for neurologists is
the tendency for different mtDNA mutations to manifest
in certain brain areas or structures, such as the subpial
arterioles in MELAS, the choroid plexus in KSS, and the
olivocerebellar pathway in MERRE.'71$

Immunohistochemical studies of these structures

to compare the abundance of mtDNA-encoded versus
nDNA-encoded respiratory chain subunits support the
concept that affected brain areas harbour high loads of
the relevant mutation.' Such selective tissue vulnerability
is well illustrated in studies of the optic nerve.?” The axons
of the retinal ganglion cells of the inner retina converge to
become the optic nerve, a structure that is unmyelinated
before crossing the lamina cribrosa, and heavily myelin-
ated thereafter. Prelaminar axons are highly dependent on
OXPHOS energy, probably for signal transmission and to
sustain electrical potential, whereas the myelinated post-
laminar axons exhibit much less energetically ‘costly’ sal-
tatory conduction, except at the nodes of Ranvier, which
are rich in mitochondria. This asymmetric distribution
of mitochondria and energy demand probably explains
the particular vulnerability of the retinal ganglion cells
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Figure 2 | The mitochondrial morbidity map. Schematic map of the 16,569-bp mtDNA, in which coloured sections represent
protein-coding genes: seven subunits of complex | (ND; pink sections); one subunit of complex Il (cyt b; light blue section);
three subunits of cytochrome c oxidase (CO; purple sections); two subunits of ATP synthase (A6 and A8; yellow sections): 12 S
and 16 S ribosomal RNA (green sections); and 22 transfer RNAs identified by three-letter codes for the corresponding amino
acids (blue sections). Diseases due to mutations in genes that impair protein synthesis are indicated as blue circles. Mutated
genes that encode respiratory chain proteins are indicated as pink circles. Numbers in circles represent number of mutations
reported at the given site. Abbreviations: Cyt b, cytochrome b; FBSN, familial bilateral striatal necrosis; LHON, Leber hereditary
optic neuropathy; LS, Leigh syndrome; MELAS, mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes;
MERRF, myoclonus epilepsy with ragged-red fibres; MILS, maternally inherited Leigh syndrome; NARP, neuropathy, ataxia and
retinitis pigmentosa; ND, NADH-dehydrogenase (complex I); PEO, progressive external ophthalmoplegia.

and their unmyelinated neurons to LHON-associated
mutations in complex I genes.?

One major obstacle to functional studies of primary
mtDNA mutations is the lack of animal models, in part
owing to the difficulty of introducing mutant mtDNA
into mitochondria of mammalian cells in a heritable
fashion. An alternative approach has been to use cybrid
cells—established human cell lines that are ‘emptied’ of
their own mtDNA then repopulated with exogenous
mitochondria harbouring various proportions of mutant
genomes.>?! This technique has been used to largely
confirm the hypothesis that single deletions and patho-
genic point mutations in mtDNA impair respiration
and protein synthesis, and decrease ATP production.?
For all major mutations, the threshold required to cause
disease, as assessed in vitro, seem to be both high and
steep: for the m.3243A>G mutation that is associated with
MELAS, the threshold is around 90%.> These data cannot
be extrapolated to the in vivo situation, however, as dem-
onstrated in oligosymptomatic carriers of the m.3243A>G
mutation, who had mutation loads below this threshold
but nevertheless had abnormal *'P-magnetic resonance

spectroscopy (MRS) findings* and bicycle ergometry
(a method to test muscle performance),” as well as abnor-
mal lactate peaks in both cerebrospinal fluid (CSF) and
brain parenchyma, as measured by '"H-MRS.?

The problem of homoplasmy

Pathogenic mtDNA mutations are usually heteroplasmic,
whereas neutral polymorphisms are homoplasmic. Many
exceptions to this rule exist, however, and awareness of
the importance of pathogenic homoplasmic mutations
is increasing. In fact, the first point mutation associated
with a human disease (namely, an m.11778G>A muta-
tion in the ND4L gene in LHON) was homoplasmic,*
as are the other two common LHON -associated muta-
tions (m.3460G>A in NDI and m.14484T>C in ND6).
The latest puzzling clinical phenotype associated with—
but not yet explained by—a homoplasmic mutation is a
severe but reversible infantile mitochondrial myopathy
characterized biochemically and histochemically by pro-
found, though not exclusive, deficiency of cytochrome ¢
oxidase (COX) in muscle.” This homoplasmic muta-
tion (m.14674T>C in tRNA®"Y) was initially considered
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Table 1 | Signs and symptoms of six key mitochondrial diseases

Tissue or factor Sign or symptom A-mtDNA-associated tRNA-associated ATPase 6-associated
disease disease disease
KSS Pearson MERRF MELAS NARP MILS
CNS Seizures - = a5 o - +
Ataxia + - + + + +/—
Myoclonus - — + +/— — _
Psychomotor retardation - = = - +
Psychomotor regression + - +/- + = o
Hemiparesis/hemianopia - - = 4= - _
Cortical blindness - — = 4 - _
Migraine-like headaches - = = g — _
Dystonia — = = 4 — +
PNS Peripheral neuropathy +/- - +/— +/- + _
Muscle Weakness + - + <= a4 o
Ophthalmoplegia + +/— = +/— - _
Ptosis + - = +/— - _
Eye Pigmentory retinopathy + - = = an +/—
Optic atrophy - - = = +/— +/—
Cataracts - - = = - _
Blood Sideroblastic anaemia +/— + = = - —
Endocrine Diabetes mellitus +/- — = = - -
Short stature + - 4n - _
Hypoparathyroidism +/- - = - - _
Heart Conduction block + - = +/— - —
Cardiomyopathy +/— - = +/— - +/—
Gastrointestinal Exocrine pancreatic dysfunction +/— + = = - —
Intestinal pseudo-obstruction - - = = - _
ENT Sensorineural hearing loss - - + + +/— _
Kidney Fanconi syndrome +/- +/- = +/- = -
Laboratory testing  Lactic acidosis + + + + - +/-
Muscle biopsy (ragged-red fibres) + +/- + + - —
Inheritance Maternal +/—- + +/- a5 +
Sporadic + - = - - _

Abbreviations: ENT, ear, nose and throat; KSS, Kearns—Sayre syndrome; MELAS, mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes;
MERRF, myoclonus epilepsy with ragged-red fibres; MILS, maternally inherited Leigh syndrome; NARP, neuropathy, ataxia and retinitis pigmentosa.

a neutral polymorphism, but was subsequently found in
17 patients from 12 families of various ethnic origins,*
and the same mutation (or a T>G mutation at the same
site) was confirmed in eight Japanese patients.” The
pathogenicity of the mutation was established using
high-resolution northern blot analysis of muscle biopsies
during the symptomatic phase and through biochemi-
cal studies of cybrid cell lines, but the mutation by itself
does not explain the tissue specificity or reversibility
of the biochemical and clinical phenotypes. A role for
a developmentally regulated nuclear modifier factor in
this disorder has been postulated® but not yet identified.

At least three factors can influence the phenotypic
expression of homoplasmic mtDNA mutations: mtDNA
haplotype, nDNA background and epigenetic factors. All
three factors are illustrated in LHON—one of the most
prevalent mtDNA-related diseases, with an estimated fre-
quency of 15 in 100,000. In support of the importance of
the mtDNA haplotype, strong evidence indicates that the
penetrance of LHON is increased by an association with
the European mtDNA haplogroup J.*° The fact that this
disease predominantly affects men has been attributed to
X-linked modifier loci, although no such gene has been

clearly identified.*® A more likely explanation for this sex-
related difference seems to be epigenetic factors, namely
a protective effect of oestrogens in women. Indeed, the
beneficial effect of oestrogens in disease prevention has
been clearly documented in LHON cybrid cells.”!

Disorders of nDNA defects

Since the first report of nDNA defects in 1995,%” identifi-
cation of mutations in nuclear genes that affect the mito-
chondrial respiratory chain has occurred at an escalating
pace (Box 2). These advances have been made possible by
rapidly evolving technologies, from linkage analysis and
homozygosity mapping, through to monochromosomal
transfer, gene complementation, sequencing of candi-
date genes and, finally, to genome-wide (whole-exome)
sequencing or screening of the portion of the genome
that encodes the approximately 1,700 mitochondrial
proteins in a process termed mito-exome sequencing.’
The advantages of these approaches are both practical
(enabling diagnosis of puzzling cases and providing
information to inform genetic counselling) and heuris-
tic (leading to discovery of novel mutant genes and novel
disease mechanisms).*
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Box 2 | Disorders due to mutations in nDNA

Mutations in respiratory chain subunits (‘direct hits’)

= Leigh syndrome

Mutations in respiratory chain ancillary proteins (‘indirect hits’)

= Leigh syndrome with cytochrome c oxidase deficiency (SURF1)

= Leigh syndrome and cardiopathy (SCO2, COX10, COX14, COX15, COA5, FAM36A,
TACO1)

= Leigh syndrome and hepatopathy (SCO1)

= GRACILE syndrome

= Defects of mitochondrial protein importation: Mohr-Tranebjaerg deafness—
dystonia syndrome (TIMMB8A); spastic paraplegia-13 (HSP60)

Defects of mtRNA translation

= Fatal neonatal lactic acidosis (MRPS16, MRPS22, RMND1)

= Spastic paraplegia (SPG7); dominant hereditary ataxia (AFG3L2)

= Infantile hepatocerebral syndrome (GFM1); infantile encephalomyopathy (TUFM)

= Myopathy, lactic acidosis, sideroblastic anaemia (PUS1); reversible hepatopathy
(TRMU)

= Leukoencephalopathy, brainstem and spinal cord involvement, lactic acidosis
(DARS2)

= Late-onset Leigh syndrome with COX deficiency (TACO1)

Defects of the MIM lipid milieu

= Barth syndrome (TAZ)

= Sengers syndrome (AGK)

= Megaconial encephalomyopathy (CHKB)

= MEGDEL (SERAC1)

= Childhood myoglobinuria (LPIN1)

Defects of mitochondrial dynamics

= DOA; DOA-plus (OPA1)

= Charcot-Marie-Tooth type 2A (MFN2)

= Charcot-Marie-Tooth type 4A (GDAP1)

= Fatal infantile encephalomyopathy (DRP1, MFF)

Representative implicated genes are indicated in parentheses. Abbreviations: DOA, dominant
optic atrophy; GRACILE, growth retardation, aminoaciduria, cholestasis, iron overload, and early
death; MEGDEL, 3-methylglutaconic aciduria with sensorineural deafness, encephalopathy, and
Leigh-like syndrome.

Direct hits

‘Direct hits’ refers to pathogenic mutations that directly
affect nDNA-encoded respiratory chain subunits. Such
mutations have been identified in all five complexes
of the respiratory chain, but are most abundant in the
gigantic complex I, affecting at least 16 of the 45 struc-
tural subunits. Conversely, mutations of nDNA-encoded
complex IV respiratory chain subunits are surpris-
ingly rare: only two of the 11 nDNA subunits (namely,
COX subunit 6B1 and COX subunit 7B) harbour
deleterious mutations.*>*

In keeping with the all-or-nothing effect of Mendelian
mutations (most of which are recessive), as opposed to
the variegated effect of heteroplasmic mtDNA mutations,
disorders due to direct hits to the mitochondrial respira-
tory chain generally manifest at or soon after birth and
are severe, often being lethal in infancy.

The clinical picture of disorders caused by nDNA
mutations are remarkably homogeneous and to a large
extent correspond with Leigh syndrome, a disorder that
reflects the detrimental effects of energy shortage on the
developing nervous system. Leigh syndrome is defined
neuropathologically (or neuroradiologically) by bilateral
symmetrical lesions throughout the nervous system, par-
ticularly in the basal ganglia, thalamus, brainstem and
cerebellar roof nuclei. Neuronal loss, proportionate loss of

myelin, reactive astrocytosis, and proliferation of cerebral
microvessels are evident at the microscopic level. Clinically,
children with Leigh syndrome have psychomotor retarda-
tion or regression, respiratory abnormalities, hypotonia,
failure to thrive, seizures, dystonia and blindness.

Indirect hits

Even when all nDNA-encoded subunits of the various
complexes are expressed correctly, they must be trans-
lated, imported into mitochondria, and directed to
the MIM. At this site they assemble with their mtDNA
and nDNA-encoded counterparts, acquire prosthetic
groups, multimerize (if necessary), and further assem-
ble into supercomplexes. Mutations in genes involved in
these pathways are referred to as ‘indirect hits), as they
indirectly affect the mitochondrial respiratory chain.

In 1998, the search for the molecular basis of COX-
deficient Leigh syndrome led to simultaneous discovery
by two groups of the first mutant mitochondrial assembly
gene, SURF1.>7*® More recently, mutant assembly factors
have been found through whole-genome sequencing
of DNA from patients with specific respiratory chain
complex deficiencies, such as in individuals with deficien-
cies of complex 1.** The clinical manifestations of indirect
hits that affect complex I***! tend to be more hetero-
geneous than those associated with direct hits to this
complex, although considerable overlap exists between
the two groups. All described patients with indirect hit
mutations had encephalopathy that clinically resembles
Leigh syndrome, but often with leukodystrophy rather
than grey matter involvement.* Cardiomyopathy was
more common with indirect hit mutations than with
direct hit mutations and, at times, was the dominat-
ing feature of the former. Although onset is in infancy
or early childhood, and early death is common, the
course can be prolonged and, in some cases, shows signs
of fluctuation.*?

The first assembly defect in complex III was identi-
fied in 2002 in Finnish infants with an extremely severe
syndrome named GRACILE—an acronym summariz-
ing the main symptoms and signs: growth retardation,
aminoaciduria, cholestasis, iron overload, and early
death (before 5 months of age).”* The protein that is
mutated in this disorder—mitochondrial chaperone
BCS1—is needed for insertion of the Rieske iron-
sulphur (FeS) subunit into complex III. FeS clusters are
prosthetic groups of complex I, complex II, complex III
and the Krebs cycle enzyme aconitase. BCS1 is one of
a series of FeS assembly proteins (including frataxin,
the protein altered in Friedreich ataxia) that is associ-
ated with diverse generalized or tissue-specific disorders
with multiple respiratory chain defects (Box 2).

Mutations in the assembly protein SURFI are among
the most common causes of Leigh syndrome, and
SURF]I should be sequenced in all children with COX-
deficient Leigh syndrome. Mutations in at least seven
more COX assembly factors (SCO1, SCO2, COX10,
COX14,* COX15, COA5," FAM36A* and TACO1%)
have been associated with human diseases. Mutations in
any of these genes can cause encephalopathy, but each
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shows preferential involvement of one tissue other than
the brain. For example, mutations in SCO2, COX10,
COX15 and COAS5 cause severe cardiomyopathy, whereas
mutations in SCOI cause hepatopathy.*

A relatively new group of disorders that are attribut-
able to deficiency of coenzyme Q,, (CoQ,, also known
as ubiquinone) can also be included in the ‘indirect hits’
group. Notably, however, the situation in this disorder is
the converse of that described above for complex I, ITI,
and IV deficiencies: instead of one mutant protein disrupt-
ing the assembly of a multimeric complex, mutations in
a cascade of biosynthetic enzymes result in deficiency of
one relatively simple component of the respiratory chain
(Figure 1). CoQ,, is an integral part of the respirasome,
where it shuttles electrons from complex I and complex I
to complex III, acts as an antioxidant, and regulates apop-
tosis.* The effects of CoQ,  deficiency were first described
in 1989 in two sisters with the clinical triad of mito-
chondrial and lipid storage myopathy, recurrent muscle
breakdown with myoglobinuria, and encephalopathy
(seizures, ataxia and mental retardation).”® Molecular
defects in CoQ,, biosynthetic genes (PDSS2 and COQ?2),
however, were not reported until 2006.°** Mutations in
the same and other biosynthetic genes (PDSSI, COQ6,
ADCK3 and COQY) followed,****” and five clinical syn-
dromes are now attributed to primary CoQ, , deficiency. In
clinical practice, it is important to consider primary CoQ,,
deficiency in the differential diagnosis of juvenile ataxias
and infantile encephalomyopathies, as most patients with
these disorders benefit from CoQ,, supplementation.”®

A so far unique, ‘toxic’ indirect hit was documented
in children with ethylmalonic encephalopathy—an
early-onset disorder with microangiopathy, chronic
diarrhoea, greatly elevated levels of ethylmalonic acid
and short-chain acylcarnitines in body fluids, and
apparently isolated COX deficiency in skeletal muscle.”®
Studies of patients with this disorder and Ethel-null
mice (an animal model of the disease) revealed that
the affected gene product, ETHEL, is a matrix sulphur
dioxygenase. Dysfunction of ETHE] results in exces-
sive accumulation of hydrogen sulphide, which is a
‘gasotransmitter’ (gaseous signalling molecule) and—at
high concentrations—a powerful COX inhibitor.®

A prerequisite for the assembly of any respiratory
chain complex is the import of nDNA-encoded sub-
units from the cytoplasm into mitochondria, so it seems
reasonable to add one more category to the indirect hits
group—namely, defects of mitochondrial protein impor-
tation. Surprisingly, considering the complexity of the
mitochondrial importation machinery,® only a handful
of diseases belong to this category (Box 2).

Defects of mtRNA translation

The mitochondrial genome is transcribed into nine
monocistronic and two dicistronic mRNAs. Translation
of these mRNAs into the 13 mtDNA-encoded respira-
tory chain subunits is effected by mitoribosomes, which
consist of one large subunit (48 proteins) and one small
subunit (29 proteins). The translation process comprises
four phases, each requiring multiple ancillary factors.*

During the initiation phase, the start site of the mRNA
is selected and the initiator tRNA (fMet-tRNA) is base-
paired to the mRNA. During the elongation phase, the
mRNA codons are read sequentially and the amino
acids are incorporated by aminoacyl-tRNA synthetases
into the growing peptide chain. In the termination phase,
the complete polypeptide is released, and the ribosome
complex is again made available in the recycling phase.
The translation machinery requires translation initiation
factors (IF2 and IF3), elongation factors (EF-Tu, EF-Ts
and EF-G1) and release factors (eRF1 and ICT1), plus
several translational activators (TACO1 and LRP130)
and specific tRNA base modifiers (TRMU and PUS1).

Mutations in genes encoding mRNA polyadenylation
factors, ribosomal proteins, ribosomal protein assem-
bly factors, aminoacyl-tRNA synthetases, elongation
factors, release factors, translational activators, and tRNA
modifiers have been associated with a rapidly expand-
ing group of human diseases (Box 2). The discovery of
mtRNA translation defects was prompted by frequent
clinical observations of patients, usually infants, with
severe neurological involvement (often manifesting as
Leigh syndrome, leukodystrophy or recessive ataxia),
hepatocerebral syndrome or cardiomyopathy, and lactic
acidosis. The biochemical hallmark of these disorders—
and the clue to their mitochondrial aetiology—was
the combined deficiency of multiple respiratory chain
enzymes without evidence of altered mtDNA mainte-
nance (no mtDNA depletion or multiple deletions).***
Homozygosity or candidate gene mapping, integrative
genomics, and whole-exome sequencing uncovered the
molecular genetic basis of these disorders.>56¢

Notably, at least one condition involving impaired
mtRNA translation—namely, acute liver failure of infancy
due to mutations in the tRNA-modifying gene TRMU—is
potentially reversible.®” This situation is reminiscent of
the aforementioned reversible COX-deficient myopathy
associated with a homoplasmic mutation in tRNAS",
Interestingly, TRMU protein modifies three tRNAs, one
of which is tRNA®", and one patient with reversible COX-
deficient myopathy harboured a mutation in TRMU
rather than in tRNAS %8

Our understanding of disorders of mtRNA transla-
tion is clearly a work in progress, as shown by the recent
discovery in two laboratories of mutations in a gene
(RMND1) that has previously been associated not with
mtDNA translation, but with a possible role in assembly
of ribosomal proteins.**”

Defects of the MIM lipid milieu

The phospholipid component of the MIM, in
which the respiratory chain resides, provides much
more than a passive cell scaffold. Alterations of the
lipid milieu are increasingly being associated with
mitochondrial encephalomyopathies.

Cardiolipin—a dimeric molecule composed of two
phosphatidylglycerol moieties connected by a glycerol
group”'—is the signature mitochondrial phospholipid and
a major component of the MIM, where it is synthesized.
Cardiolipin contains four acyl chains, the composition of
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Figure 3 | Structure and function of the MAM. The ER communicates with
mitochondria via the MAM, a specialized subregion of the ER with the characteristics
of a lipid raft. The MAM is the regulatory site in the cell for phospholipid metabolism,
cholesterol ester and fatty acid metabolism, lipid droplet formation, calcium
homeostasis, and mitochondrial dynamics. Abbreviations: APP, amyloid precursor
protein; CE, cholesteryl ester; ER, endoplasmic reticulum; MAM, mitochondria-
associated ER membrane; PC, phosphatidylcholine; PE, phosphatidylethanolamine;
PS, phosphatidylserine; TAG, triacylglycerol, VDAC, voltage-dependent anion-selective
channel. Original image courtesy of E. Area-Gomez, Columbia University, NY, USA.

which depends on the deacylation-reacylation activity
of tafazzin, a phospholipid-lysophospholipid transacylase
that confers cell-type and tissue specificity.”>”* Cardiolipin
deficiency was first documented in the early 2000s in cul-
tured fibroblasts from patients with Barth syndrome—an
X-linked mitochondrial myopathy and cardiopathy, with
neutropenia and stunted growth.”*” Since then, four new
disease entities characterized by deficiencies in different
phospholipids have been identified in rapid succession
(Box 2). Similarly to Barth syndrome, Sengers syndrome
primarily affects heart and muscle, with the distinctive
additional clinical feature of congenital cataracts. Despite
convincing evidence that ADP-ATP translocase 1 (ANT1)
was missing from muscle of patients with this condition,
no mutation was found in the corresponding gene, and
whole-exome sequencing subsequently revealed muta-
tions in the acylglycerol kinase gene.”® Acylglycerol
kinase catalyses the phosphorylation of diacylglycerol and
monoacylglycerol to form phosphatidic acid or lysophos-
phatidic acid. Loss of either of these two phospholipids
presumably prevents assembly of ANT1 in the MIM,
but the mechanism is currently unknown.”® Notably, as
phosphatidic acid is a precursor of cardiolipin, it thereby
provides a point of convergence in Sengers syndrome and
Barth syndrome, which could explain some of the clinical
similarities between the two disorders.

The mitochondria-associated endoplasmic reticulum
(ER) membrane (MAM) is a close physical and func-
tional association between the ER and mitochondria.
These membranes consist of specialized detergent-
insoluble lipid raft domains that are rich in cholesterol
and sphingolipids, and function as platforms for mem-
brane proteins (Figure 3).”” MAMs are involved in mul-
tiple functions, including lipid transport, cholesterol
metabolism, calcium signalling, energy metabolism,
apoptosis and mitochondrial dynamics. Although the
MAM is a recently described subcellular structure—
the structure, although not with the acronym MAM, was
first described in 19907®*—diseases related to MAM
dysfunction are already being recognized.”-*?

In 1998, a new condition characterized by congeni-
tal myopathy and mental retardation was reported.®
The unusual muscle morphology, which included giant
mitochondria that were displaced to the periphery of the
fibres, was later observed in spontaneously mutant dys-
trophic mice that harboured changes in the gene encod-
ing choline kinase-( (Chkb).** Sequencing of CHKB in 15
patients with the disorder revealed 11 pathogenic muta-
tions.® CHKB catalyses the first step in the biosynthesis
of phosphatidylcholine—a phospholipid that is formed
through a biosynthetic pathway within the MAM. The
relationship between phospholipid abnormality and
mitochondrial dysfunction could, therefore, be medi-
ated through the MAM. Several proteins involved in
mitochondrial dynamics are also integral parts of the
MAM,* raising the possibility that MAM dysfunction
might explain both the increased size and the intra-
cellular displacement of mitochondria in patients with
CHKB mutations.®!

The role of the MAM in the aetiology of mitochondrial
diseases that are caused by altered MIM phospholipid
composition was confirmed in another disorder, termed
MEGDEL, which is characterized by 3-methylglutaconic
aciduria type IV,¥” deafness, and Leigh syndrome-like
encephalopathy. In this case, whole-exome sequencing
revealed mutations in SERACI. The SERACI protein is
located in the MAM and controls exchange of phospho-
lipids between the ER and mitochondria.®® Analysis of
fibroblasts from patients with MEGDEL revealed altera-
tion in the distribution of phosphatidylglycerol species
and in the composition of cardiolipin subspecies.
Quantitative or qualitative alterations in cardiolipin
could, therefore, be a common denominator in the
pathogenesis of disorders other than Barth syndrome.

Defects of mitochondrial dynamics

In keeping with their bacterial origin, mitochondria
constantly move, fuse and divide, often forming tubular
networks that favour a balanced distribution of energy
throughout the cell.* Interference with mitochondrial
motility, fusion or fission results in disease (Box 2), and
the nervous system is particularly susceptible as it is
highly dependent on oxidative energy, and mitochon-
dria must travel long distances along central axons and
peripheral nerves.

Mitochondrial fusion requires coordinated action of
pro-fusion GTPases in the mitochondrial outer mem-
brane (MOM), namely mitofusins MFN1 and MFN2,
and in the MIM (such as OPA1), together with MIM
scaffolding proteins (prohibitin 2 and stomatin-like
protein 2). Mitochondrial fission requires cytosolic
dynamin-related protein 1 (DRP1; also a GTPase),
which is recruited to the MOM together with two part-
ners: mitochondrial fission 1 (FIS1) and mitochondrial
fission factor (MFF).”® Once recruited to the MOM,
DRP1 forms a spiral that wraps around the mito-
chondrion like a noose and severs the mitochondrial
membranes using GTP hydrolysis.

Mutations in fusion proteins, such as MFN2 or
GDAPI, result in Charcot-Marie-Tooth neuropathies
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(types 2A and 4A).°-% However, mutations in the MFN2
gene have also been associated with a multisystem dis-
order that includes mitochondrial myopathy with multi-
ple mtDNA deletions and depletion—that is, a defect of
mtDNA maintenance (discussed below).’*** Disorders
of mitochondrial fission are less common than dis-
orders of mitochondrial fusion, but mutations in DRP1
have been reported in an infant with mitochondrial and
peroxisomal abnormalities, lactic acidosis, and a rapidly
fatal encephalopathy with microcephaly, abnormal brain
development and optic atrophy.”® A second patient with
defective mitochondrial fission was identified through
homozygosity mapping and mito-exome sequencing in
the child of a consanguineous family with developmen-
tal delay, microcephaly and optic atrophy.”” This infant
harboured a homozygous mutation in MFF, and both
his clinical presentation and the morphological features
of his cultured fibroblasts (excessive tubular pattern of
mitochondria and peroxisomes) were similar to those
observed in the aforementioned patient with a DRP1I
mutation. The role of altered mitochondrial dynamics in
neurological diseases is beyond the scope of this Review,
but is addressed elsewhere.”*%

Defects of mtDNA maintenance

Mitochondria in eukaryotic cells have lost much of
their original independent function, with the nucleus
performing the role of mtDNA maintenance, including
replication and integrity. When the dialogue between
the two genomes becomes impaired, the resulting
diseases are characterized by mtDNA depletion, mul-
tiple mtDNA deletions, and site-specific mtDNA
point mutations.'

Initially, a simplistic concept was proposed whereby
mtDNA depletion and mtDNA multiple deletions were
distinct conditions with characteristic and distinguish-
able phenotypes. Following the advent of whole-genome
sequencing, however, it is now recognized that the two
conditions often coexist, and that mutations in the same
genes can predominantly cause either mtDNA depletion
or multiple mtDNA deletions (Table 2). Impairment of
mtDNA maintenance can be attributable to defects in
the replication machinery or in the intramitochondrial
pool of deoxynucleoside triphosphates (dANTPs), the
DNA building blocks.

Defects in replication machinery

The replicative machinery (replisome) includes the
catalytic subunit of polymerase y (encoded by the POLG
gene), the accessory subunit (encoded by POLG2), and
the replicative helicases Twinkle (encoded by PEO1)'*
and DNA2.'® Study of the POLG gene provides the ulti-
mate example of how a single mutant gene can cause
either mtDNA depletion or multiple mtDNA deletions
and result in diverse syndromes. Depending largely on
which of the three POLG domains (polymerase, exo-
nuclease or linker region) harbours the mutation(s), the
clinical phenotype ranges from a severe hepatocerebral
disorder of infancy or childhood (known as Alpers syn-
drome), through to adult-onset autosomal dominant or

Table 2 | Defects of mtDNA maintenance
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Mutated mtDNA depletion Multiple mtDNA deletions

gene

TK2 Infantile or adult myopathy Adult autosomal recessive PEO
SMA phenocopy

DGUOK Infantile hepato-cerebral syndrome  Adult myopathy+PEO

PEO1 Hepato-cerebral syndrome Infantile-  Adult autosomal dominant PEO-plus
onset spinocerebellar ataxia

SUCLA2 Infantile encephalomyopathy —

SUCLG1 Infantile encephalomyopathy —
Methylmalonic aciduria

RRM2B Infantile encephalomyopathy Adult autosomal dominant or

autosomal recessive PEO-plus

MPV17 Infantile hepatocerebral syndrome  Adult autosomal recessive PEO-plus
Navajo neurohepatopathy

TYMP Mitochondrial neurogastrointestinal ~ Mitochondrial neurogastrointestinal
encephalomyopathy encephalomyopathy

POLG Hepato-cerebral syndrome (Alpers  Adult autosomal dominant or
syndrome) autosomal recessive PEO-plus;

SANDO; MIRAS

POLG2 — Adult autosomal dominant PEO

ANT1 — Adult autosomal dominant PEO-plus

OPA1 — DOA; PEO-plus

MFN2 — DOA-plus

GFER — Congenital cataract, encephalomyopathy

Abbreviations: DOA, dominant optic atrophy; MIRAS, mitochondrial recessive ataxia syndrome; mtDNA,
mitochondrial DNA; PEO, progressive external ophthalmoplegia; SANDO, sensory ataxic neuropathy,

dysarthria and ophthalmoparesis; SMA, spinal muscular atrophy.

autosomal recessive progressive external ophthalmo-
plegia (AD-PEO or AR-PEO, respectively), to par-
kinsonism and other clinical phenotypes, including
sensory ataxic neuropathy, dysarthria and ophthalmo-
paresis (SANDO), or mitochondrial recessive ataxia syn-
drome.'?>!* Mutations in PEOI usually cause adult-onset
AD-PEO with multiple mtDNA deletions, but can also
cause Alpers-like autosomal recessive hepatocerebral
syndrome with mtDNA liver depletion, or infantile-
onset spinocerebellar ataxia (IOSCA)—a disease that is
prevalent in the Finnish population and is characterized
by mtDNA depletion in the brain.'?

Defects involving the dNTP pool

An adequate and balanced pool of the four dNTPs
(dATP, dGTP, dCTP and dTTP) is necessary to provide
the precursors of mtDNA replication. Defects in six
enzymes that control the delicate balance of the INTP
pool have been associated primarily with mtDNA
depletion,'® and result in four major syndromes
(Table 2): myopathy (caused by mutations in TK2);
hepatoencephalopathy (associated with mutations in
DGUOK); encephalomyopathy (linked to mutations
in SUCLA2, SUCLGI or RRM2B); and mitochondrial
neurogastrointestinal encephalomyopathy (MNGIE;
caused by mutations in TYMP). The function of a
seventh protein, MPV17, which is localized to the MIM,
has not yet been clarified, but mutations in MPV17
cause severe mtDNA depletion associated with either
encephalohepatopathy or Navajo neurohepatopathy,
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a disease that is endemic in the Navajo population of
southwestern USA.1

Transgenic mice have been generated for all of the
disorders of mtDNA maintenance, and are providing
valuable information on pathogenesis and therapeutic
approaches. In Tk2-knockout mice, for example, the CNS
is as severely affected as skeletal muscle, thus reprodu-
cing the frequent spinal muscular atrophy phenocopy
that is manifest in patients with TK2 deficiency.'®®

Other defects
An additional gene, OPA1I, has been shown to be asso-
ciated with myopathy and PEO.'-'3 This finding
was unexpected because mutations in OPA1 were ini-
tially associated with purely ophthalmological condi-
tions, namely dominant optic atrophy (DOA) or Kjer
disease,'*!® and the gene product, OPA1, is a MIM
protein associated with mitochondrial fusion rather
than with mitochondrial maintenance. However, a syn-
dromic disorder termed DOA-plus has emerged, and is
characterized by the generally sequential appearance of
optic atrophy with visual failure, sensorineural deafness,
ataxia, myopathy, axonal sensory-motor polyneuro-
pathy, and PEO.'"* Muscle biopsy in these patients
shows scattered ragged-blue, COX-negative fibres, and
long-range PCR reveals multiple mtDNA deletions.
Interestingly, the proportion of COX-negative fibres is
much higher in patients with DOA-plus than in those
with nonsyndromic DOA. OPAL1 is now known to be
involved in both mitochondrial membrane dynamics and
mtDNA maintenance; in fact, a specific OPA1 isoform
facilitates tethering of nucleoids to the MIM—a func-
tion that is of crucial importance for mtDNA replication
and distribution.!'¢ In addition, OPA1 mutations lead
to impairment of the OXPHOS system, as documented
in studies of primary skin fibroblasts,"'” muscle histo-
chemistry, and *'P-MRS studies of muscle, which showed
reduction of phosphorylation potential and impairment
of ATP production.''®

The heuristic value of deep-sequencing of DNA
in puzzling cases is illustrated by the discovery of the
first identified mitochondrial exonuclease, mitochon-
drial genome maintenance exonuclease 1 (encoded
by C200rf72, renamed MGMEI), which is involved in
mtDNA replication. MGME]I mutations are responsible
for a childhood-onset or adult-onset syndrome charac-
terized by PEO, emaciation and respiratory failure, and
associated with both mtDNA depletion and multiple
mtDNA deletions in muscle.!”?

Diagnosis: Ariadne’s threads

Patients with suspected mitochondrial disease repre-
sent a considerable diagnostic challenge. Greek mythol-
ogy tells us how Theseus, after killing the Minotaur in
the Labyrinth of Crete, was helped out of that maze by
Ariadne, who gave him a skein of wool that he unwound
on his way in and rewound on his way out. Are there
‘Ariadne’s threads’ that can direct the modern-day
neurologist, if not to the correct diagnosis, at least to the
likely disease category?

Family history

Maternal inheritance of a disorder is indicative of an
mtDNA-related disease, but can be obscured owing to
heteroplasmy. A family history must, therefore, be taken
meticulously, acknowledging ‘soft signs’ in the maternal
lineage, such as short stature, migraines, hearing loss,
diabetes, exercise intolerance, and psychiatric disorders
(especially depression). We should not forget, however,
that disorders due to single mtDNA deletions (such
as KSS, PS and CPEO) are almost always sporadic,'®
including diseases due to de novo mutations, such as
most changes affecting the mitochondrial DNA cyto-
chrome b gene (MTCYB)."?! Parental consanguinity
suggests autosomal recessive inheritance, and homo-
zygosity mapping has helped to identify several mutated
nuclear genes.

Multisystem disorders

Multisystem disorders are indicative of both mtDNA-
related and nDNA-related disease. However, some
syndromes are so typically associated with mtDNA
mutations (KSS, PS, MELAS, MERRF, NARP, MILS
and LHON) or with mutations in specific nuclear genes
(MNGIE, SANDO, Alpers syndrome and DOA) that
they provide useful shortcuts to the molecular diagnosis,
as sequencing can be targeted to these common disease-
associated genes. By contrast, a diagnosis of Leigh syn-
drome indicates a mitochondrial disease, but provides
little information about which genome is involved
or in which subgroup of mitochondrial disorders the
patient should be categorized. Application of whole-
exome sequencing in patients with Leigh syndrome of
unknown cause has already revealed novel mutated genes
in this disorder.

Three organs—namely, the heart, liver and kidney—are
often involved in mitochondrial diseases, usually together
with the brain, but occasionally in the absence of encepha-
lopathy. Hypertrophic cardiomyopathy, often rapidly fatal
but sometimes chronic as in Barth syndrome, can be the
presenting and predominant feature. Liver involvement
is typically associated with mtDNA depletion or defects
of mtDNA translation (‘hepatocerebral syndromes’), but
can occasionally be seen as part of direct or indirect hits
to respiratory chain complexes. Nephropathy typically
presents as proximal tubulopathy with Fanconi syndrome
(a disorder that is characterized by failed reabsorption
and excessive urinary excretion of glucose, amino acids,
uric acid, phosphate and bicarbonate), but presentation
as glomerulonephrosis with albuminuria should raise
suspicion of CoQ,, deficiency.

PEO

If diagnoses of myasthenia gravis and oculopharyngeal
muscular dystrophy are excluded, PEO is a strong clue
to mitochondrial dysfunction. The extreme vulnerabil-
ity of extraocular muscles to mitochondrial dysfunction
correlates with their dependence on oxidative metabo-
lism. PEO is commonly associated with primary mtDNA
large-scale rearrangements (such as in KSS and CPEO)
and with nDNA-related defects of mtDNA maintenance,
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which also result in mtDNA deletions or depletion.
Sporadic cases of PEO suggest primary mtDNA muta-
tions, whereas autosomal dominant or recessive inher-
itance suggests disorders of mtDNA maintenance.
Maternal inheritance is rare, but reports exist of PEO
due to mutations in mtDNA tRNA genes, including the
common MELAS mutation m.3243A>G.'*

Onset

Onset varies widely between mtDNA-related diseases,
even within members of the same family, probably
owing to varying degrees of heteroplasmy.'® In most
Mendelian disorders, with the exception of some defects
of mtDNA maintenance (especially those with multiple
mtDNA deletions), onset is in infancy or early childhood
and often follows several months of normal development.
Prenatal manifestations of mitochondrial disorders are
uncommon, as shown by the rare occurrence of arthro-
gryposis and dysmorphisms. In a few instances, foetal
cardiopathy is revealed on foetal bradycardia analysis or
on echocardiography. Adult onset is frequent in disorders
of intergenomic communications (most notably multi-
ple mtDNA deletions with PEO), probably owing to the
gradual accumulation of mtDNA defects.

Laboratory tests

Lactic acidosis is a hallmark of all mitochondrial diseases,
but is neither invariably present nor necessarily severe.
Increased lactate in the CSF, detectable by 'H-MRS, is a
frequent finding in patients with these conditions.

Serum creatine kinase is only mildly elevated in most
mitochondrial disorders. In mtDNA depletion myopathy
due to TK2 deficiency, however, increased serum levels
of creatine kinase serves as a diagnostic red flag.

In 2011, fibroblast growth factor 21 (FGF-21) was
introduced as a valuable new serum or plasma biomarker
for detection of mitochondrial disorders, especially those
involving skeletal muscle.’? Although the diagnostic
accuracy of FGF-21 is better than that of all conventional
biomarkers, including lactate, the test has not yet been
widely used, possibly because it requires ELISA, which
is not routinely available, or simply owing to reluctance
from the clinical community to adopt this new assay.

Muscle biopsy
Despite its invasive nature, muscle biopsy remains the
gold standard for diagnosis of mitochondrial diseases,
especially those due to primary mtDNA mutations.™*
Systematic analysis of frozen, cross-sectioned muscle with
histochemical reactions for COX, succinate dehydro-
genase (SDH) or both provides valuable diagnostic clues.
The SDH stain reflects the activity of complex II of
the respiratory chain—the only complex that is entirely
encoded by nDNA. Consequently, this stain is unaffected
by deleterious mutations of mtDNA and provides an
excellent marker of mitochondrial abundance. By con-
trast, the three catalytic subunits of COX are encoded
by mtDNA, and the COX stain is an excellent index
of mtDNA function. As well as mutations in COX I,
COX II or COX III, any mtDNA mutation that impairs
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Figure 4 | Muscle biopsy in patients with mitochondrial disease. a | In a patient
with MERRF (harbouring a mitochondrial DNA point mutation that impairs
mitochondrial protein synthesis), two ragged-red fibres are evident with the
modified Gomori trichrome stain. b—d | Using the SDH stain, the same fibres
appear ‘ragged blue’ (part b) but are COX-negative (part c¢), and stain blue with the
combined COX and SDH stain (COX-deficient fibres stain a lighter blue; part d).
Abbreviations: MERRF, myoclonus epilepsy with ragged-red fibres; SDH, succinate

dehydrogenase. Image first printed in Molecular Neurology.*5®

mitochondrial protein synthesis (that is, large-scale dele-
tions or point mutations in tRNA or ribosomal RNA
genes) results in a decrease in or lack of COX staining.

Importantly, heteroplasmic mtDNA mutations are
unevenly distributed along syncytial muscle fibres,
such that adjacent segmental sections can have widely
varying amounts of mutant mtDNAs. Cross sections of
the muscle biopsy from patients harbouring pathogenic
mtDNA mutations, therefore, reveal a mosaic pattern of
COX-negative and COX-positive fibres (Figure 4).

Mitochondria proliferate in response to energy
failure, so COX deficiency is often accompanied by
excess mitochondria, showing as hyperintense SDH
stain (these fibres are termed ‘ragged-blue’ by analogy
with the ‘ragged-red’ fibres revealed with the modified
Gomori trichrome stain; Figure 4). A mosaic pattern of
normally stained fibres mixed with ragged-blue COX-
negative fibres in a muscle biopsy is a robust clue to
the diagnosis of an mtDNA-related disease affecting
mitochondrial protein synthesis (or, more rarely, affect-
ing one of the three mtDNA-encoded COX subunits).
A mosaic pattern of ragged-blue but COX-positive fibres
suggests a mutation in an mtDNA gene that encodes a
respiratory chain subunit other than COX I, II, or III
(for example, a gene encoding a complex I subunit or
cytochrome b).'*

Heteroplasmy explains not only the mosaic distribution
of COX-negative fibres, but also the varying degrees of
‘COX negativity, as some fibres have a deficiency rather
than a lack of staining. To help reveal the COX-deficient
fibres, the combined COX-SDH stain is extremely
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effective: when the two stains are superimposed in normal
fibres, the brown COX stain prevails and overshadows the
blue SDH stain. However, even a small decrease in COX
activity allows the SDH stain to shine through, making
the COX-deficient fibres appear blue. This technique has
also been used to reveal COX-deficient motor neurons in
patients with amyotrophic lateral sclerosis,'>> MELAS,"
and other mtDNA-related diseases.'*

In Mendelian disorders such as COX-deficient Leigh
syndrome, muscle histochemistry shows diffuse COX
deficiency,'?” which is an important diagnostic clue
(Figure 4). Conversely, owing to the overlapping features
of Mendelian and mitochondrial genetics, muscle biop-
sies from patients with defects of mtDNA maintenance—
and especially from cases of PEO with multiple mtDNA
deletions—show a mosaic pattern of COX-negative
ragged-blue fibres. This morphological pattern, together
with a family history suggestive of Mendelian inherit-
ance, should prompt a search for mutations in mtDNA
maintenance genes, even in clinically atypical cases.!!%

Ultrastructural studies of muscle are usually only
confirmatory in that they show mitochondrial prolif-
eration. However, the presence of paracrystalline inclu-
sions, consisting of crystals of creatine kinase, reinforces
the diagnosis of mitochondrial diseases; the presence of
giant displaced mitochondria suggests impaired mito-
chondrial dynamics;*! and abnormal cristae are typical
of Barth syndrome.'?

Biochemistry

Biochemical analysis is usually conducted in frozen
muscle tissue or cultured fibroblasts. A detailed, step-
by-step procedure for the measurement of the activities
of complexes I-1V is available,'” and should facilitate
comparison of data among laboratories.

Individual respiratory complex deficiencies are
expected to occur in patients with mutations in mtDNA
protein-coding genes and in individuals with mutations
in genes encoding single respiratory chain subunits
(direct hits) or assembly genes for specific complexes
(indirect hits). As the respiratory chain is organized in
supercomplexes, however, a severe defect in one complex
is likely to be accompanied by less-severe defects in one
or more additional complexes. For example, mutations
in the MTCYB gene cause defects not only of complex III
but also of complex I.'*!

Impaired biochemical activities of all complexes that
contain subunits encoded by mtDNA suggest either
mutations in mtDNA genes controlling protein synthe-
sis globally (tRNA or ribosomal RNA genes, single dele-
tions) or mutations in nDNA genes controlling mtDNA
maintenance (multiple deletions, depletion, defects of
mtDNA translation, defects of the MIM lipid milieu).

Particular biochemical patterns exist that are sug-
gestive of specific problems. For example, combined
defects of complexes IT and III are often associated with
primary CoQ, deficiency, whereas combined defects of
complexes I, IT and III may be attributable to defective
assembly of the FeS cluster proteins, particularly if they
are accompanied by aconitase deficiency."!

Therapeutic approaches

Mitochondrial diseases are defined here as defects of the
respiratory chain, but no panacea for respiratory chain
dysfunction and no universal therapy for mitochondrial
disorders currently exist. Nevertheless, pharmacological
treatments (for example, antiepileptic drugs) and surgical
remedies (such as blepharoplasty) are useful in prolong-
ing and improving the lives of patients with mitochondrial
disease. Several strategies aimed at curing (or even prevent-
ing) mitochondrial diseases have shown promise in vitro
or in animals, or have produced encouraging preliminary
results in humans, and are briefly reviewed below.

Enhancement of respiratory chain function

The most obvious therapeutic approach to mitochon-
drial disorders is to enhance respiratory chain function,
thereby mitigating both energy crisis (ATP deficit) and
oxidative stress (toxic build-up of ROS). The compound
used widely in patients with mitochondrial disease
is CoQ,,, owing to the pivotal role of this molecule in
electron transport, its antioxidant properties, and its
safety even at high doses. With the exception of some
patients with primary CoQ , deficiency who show a
dramatic improvement following CoQ,, supplementa-
tion,"> however, the effects of CoQ, are largely modest
and subjective.’*® Two synthetic analogues of CoQ,,—
idebenone and parabenzoquinone—seem more prom-
ising. Idebenone, a short-chain benzoquinone, has
shown positive results in two studies of patients with
LHON."**1% The second compound, a parabenzo-
quinone named EPI-743, has so far been tested only in
open-label studies: this compound reversed vision loss
in four of five patients with LHON,*® produced clinical
improvement in 12 children with various mitochondrial
disorders,'”” and arrested or reversed disease progression
in 13 children with genetically proven Leigh syndrome.'*

Elimination of noxious compounds

The second logical therapeutic approach to mitochon-
drial disease is to eliminate the noxious compounds
that accumulate in these disorders. To decrease brain
lactate in patients with MELAS, we used dichloro-
acetate, which keeps pyruvate dehydrogenase in the
active form and favours lactate oxidation. However, this
agent had unacceptable neurotoxicity, leading to treat-
ment discontinuation.’* A more promising ‘detoxifying
therapy’ seems to be allogeneic haematopoetic stem-
cell transplantation (AHSCT) aimed at restoring suffi-
cient thymidine phosphorylase activity in patients with
MNGIE to normalize circulating, toxic levels of thymi-
dine and deoxyuridine."*? As of 2010, five of 11 patients
with MNGIE who had undergone AHSCT were alive,
and had normal blood thymidine phosphorylase activ-
ity and virtually undetectable levels of thymidine and
deoxyuridine. A safety study of AHSCT in patients with
MNGIE is under way.

Shifting of heteroplasmy
For mtDNA-related disorders, an obvious but challen-
ging goal is to shift heteroplasmy to lower the mutation
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load to subthreshold levels. Several strategies have
been attempted in cybrid cell lines, often with good
results. When deprived of glucose and exposed to
ketogenic media, cybrids harbouring single mtDNA
deletions shifted their heteroplasmy level and recov-
ered mitochondrial function, probably through
selective mitochondrial autophagy (mitophagy).!*
A genetic approach to heteroplasmic shifting involves
use of restriction endonucleases to eliminate spe-
cific pathogenic mutations.!*! Dormant stem cells
in skeletal muscle (satellite cells) have fewer mtDNA
mutations than do adult muscle fibres, and muscle
regeneration after induced myonecrosis was used to shift
heteroplasmy in a patient with strabismus.*?

Alteration of mitochondrial dynamics
Mitochondrial dynamics could be exploited therapeuti-
cally in two opposing ways. Mitochondrial fission could
be enhanced to favour mitophagy, a natural ‘quality
control function that sequesters and eliminates dysfunc-
tional mitochondria, perhaps sensing their abnormally
low membrane potential.'**!** Alternatively, enhance-
ment of mitochondrial fusion and ‘networking’ would
allow complementation of ‘bad’ and ‘good’ mitochondria
and normalization of overall mitochondrial function.*

If mitochondrial proliferation is a futile compensa-
tory attempt, a potential therapeutic approach could
be to try to improve on nature’s strategy by enhancing
mitochondrial biogenesis through activation of the
transcriptional co-activator PGC-1a. The advantage
over disease-induced mitochondrial proliferation,
which favours mutated mtDNAs, is that pharmaco-
logical upregulation of mitochondrial biosynthesis
increases numbers of all mtDNA molecules, allowing
wild-type genomes to compensate for mutated ones.
Encouraging results have been obtained in four mouse
models of COX deficiency.!*>!6

Gene therapy

For nDNA-related mitochondrial disorders, ‘classic’
gene therapy is an option, but well-known issues are
associated with this approach, including choice of
appropriate viral or nonviral vectors, delivery to the
affected tissues, and potential immunological reactions.
Nonetheless, adeno-associated virus-mediated gene
transfer has proven successful in two animal models:
the Ant]l mutant mouse,'*” and a mouse model of
ethylmalonic encephalomyopathy.'*®
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Cytoplasmic transfer

For mtDNA-related diseases, many of which are dev-
astating and undiagnosable before birth, the ultimate
goal is to prevent their occurrence altogether via cyto-
plasmic transfer. In this approach, the nucleus of an
in vitro-fertilized oocyte from a carrier is transferred to
an enucleated oocyte from a normal donor: the embryo
will have the nDNA of the biological parents but the
mtDNA of a normal mitochondrial donor. In nonhuman
primate experiments using spindle-chromosomal
complex transfer, the infants were healthy and devoid
of maternal mtDNA." The same technique was applied
to fertilized'™ and unfertilized but parthenogenically
activated’ human oocytes, and the cells were found
to develop into normal blastocysts and contain exclu-
sively donor mtDNA. Moreover, only donor mtDNA was
detected after stem-cell lines from blastocysts were dif-
ferentiated into neurons, cardiomyocytes and p-cells.!!
Similar results were obtained in the UK after pronuclear
transfer in abnormally fertilized human oocytes devel-
oped to the blastocyst stage.'>> Despite some minor con-
cerns,' the stage seems set for approval of this technique
for therapeutic application in the UK and the USA.

Conclusions

Mitochondrial disorders in neurology are either
underdiagnosed (“what is this bizarre syndrome?”) or
overdiagnosed (“this syndrome is so bizarre that it must
be mitochondrial”). Here, we have outlined the complex
genetic control of the mitochondrial respiratory chain,
and described the typical clinical features that are asso-
ciated with various genetic subgroups of mitochondrial
disorders. These diagnostic clues can orient clinicians
towards the correct molecular defect, which makes
genetic counselling and prenatal diagnosis possible.
Therapy for mitochondrial diseases is woefully inad-
equate and mostly palliative, but innovative therapeutic
strategies developed in in vitro or animal models bode
well for human application in the near future.
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