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Mitochondrial diseases are clinically and genetically heterogeneous disorders,
caused by pathogenic variants in either the nuclear or mitochondrial genome.
This heterogeneity is particularly striking for disease caused by variants in
mitochondrial DNA-encoded tRNA (mt-tRNA) genes, posing challenges for
both the treatment of patients and understanding the molecular pathology. In
this review, we consider disease caused by the two most common pathogenic
mt-tRNA variants: m.3243A>G (within MT-TL1, encoding mt-tRNALeu(UUR))
and m.8344A>G (within MT-TK, encoding mt-tRNALys), which together
account for the vast majority of all mt-tRNA-related disease. We compare and
contrast the clinical disease they are associated with, as well as their molecular
pathologies, and consider what is known about the likely molecular mecha-
nisms of disease. Finally, we discuss the role of mitochondrial–nuclear cross-
talk in the manifestation of mt-tRNA-associated disease and how research in
this area not only has the potential to uncover molecular mechanisms responsi-
ble for the vast clinical heterogeneity associated with these variants but also
pave the way to develop treatment options for these devastating diseases.

Keywords: heteroplasmy; m.3243A>G; m.8344A>G; MELAS; MERRF;
mitochondrial disease; mitochondrial DNA; mitochondrial tRNA

Mitochondria are the principal generators of adenosine
triphosphate (ATP) within eukaryotic cells via a pro-
cess referred to as oxidative phosphorylation
(OXPHOS). Mitochondria are double membrane-
bound organelles that are uniquely controlled by their
own multicopy genome and that of the nucleus. The
human mitochondrial DNA (mtDNA) is a maternally
inherited double-stranded circular genome of
16 569 bp. The overwhelming majority of mitochon-
drial proteins are encoded by the nuclear genome [1],
but the mtDNA encodes 13 polypeptides, each of which
forms a core subunit in one of the OXPHOS

complexes, with the exception of complex II, which is
entirely nuclear-encoded (Fig. 1A) [2,3]. To translate
these 13 mtDNA-encoded proteins, mitochondria con-
tain their own set of ribosomes; the proteins for the
mitochondrial translation machinery are nuclear-en-
coded, translated in the cytoplasm and transported into
the mitochondrial matrix, but all of the essential RNA
species (16S and 12S ribosomal RNAs and 22 mt-
tRNAs) are mtDNA-encoded [4]. The dual genetic ori-
gin of mitochondrial ribosomes and the respiratory
chain imposes a unique challenge for human cells, the
need to tightly coordinate the expression of the
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MELAS, encephalopathy and stroke-like episodes; MERRF, myoclonic epilepsy associated with ragged-red fibres; mito-nuclear, mitochondrial
to nuclear; mt-aaRSs, mitochondrial aminoacyl-tRNA synthetases; mt-tRNA, mitochondrial tRNA; OXPHOS, oxidative phosphorylation.
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mitochondrial genome with the nucleo-cytoplasmic
gene expression machinery. Failure to coordinate these
processes results in stress and dysfunction, triggering
surveillance mechanisms to protect the cell from disrup-
tions in mitochondria. However, chronic perturbations
of the system will ultimately lead to human disease [5].

Pathogenic variants in mitochondrial tRNAs cause a
wide range of disease phenotypes, but high-energy-con-
suming tissues such as those forming the neuromuscu-
lar and nervous systems are particularly vulnerable. As
outlined above, mt-tRNAs are required for mitochon-
drial protein biosynthesis. Establishing a fully func-
tional tRNA molecule (cytoplasmic or mitochondrial)
requires a multitude of post- and cotranslational modi-
fication steps, including 50 and 30 processing, CAA
addition and aminoacylation, as well as a myriad of
chemical RNA base modifications. tRNA-modifying
enzymes (writer enzymes) have been reported to
account for more than a hundred distinct post-tran-
scriptional modifications on both the ribonucleotide
purine/pyrimidine bases and the sugar backbone. The
mt-tRNA-modifying enzymes and the consequential
mt-tRNA modifications (Fig. 1B) constitute another
level of structural information ancillary to the primary
structure for folding and recognition, and have both
been associated with human pathologies [].

Throughout evolution, mammalian mt-tRNA genes
have also accumulated mutations at significantly
higher rate compared with their cytoplasmic counter-
parts, and as a result, human mt-tRNAs are struc-
turally condensed and fragile. It has been suggested
that this reduced structural complexity in mammalian
mt-tRNAs is compensated by primary sequence-inde-
pendent induced-fit adaptation of and to the cognate
mitochondrial aminoacyl-tRNA synthetases (mt-
aaRSs) [7]. This interaction has potentially important
implications for our understanding of mt-tRNA muta-
tion disease and pathology. In line with this

evolutionary trend, the majority of disease-causing
mtDNA mutations in humans are mapped to mt-
tRNA genes. However, the highly polymorphic nature
of mt-tRNA genes hampers the characterisation of
novel substitutions found in patients as pathogenic.
Also, genetic heterogeneity between cells and tissues
seems to be highly relevant for diseases caused by mt-
tRNA mutations and a better understanding of the
very complex genotype–phenotype relationship in this
group of disorders is of the greatest importance [8,9].

As exemplars of mitochondrial disease caused by
defects in mt-tRNA molecules, we consider the two
most common pathogenic mt-tRNA variants, namely
m.3243A>G (within MT-TL1 , encoding mt-tRNALeu

(UUR)) and m.8344A>G (within MT-TK, encoding mt-
tRNALys), which together account for ~ 85% of all
mt-tRNA-related mitochondrial disease [10]. They
both pose significant challenges for clinical manage-
ment and genetic counselling as their phenotypic spec-
tra are highly heterogeneous, disease burden varies
widely between patients, and treatment options are
limited. This complexity is linked with the multicopy
nature of mtDNA, which permits the existence of
more than one species of mtDNA molecule within a
cell, a status known as heteroplasmy (Box 1). Both
m.3243A>G and m.8344A>G are heteroplasmic, and
the proportion of the disease-associated allele can vary
from 0% to near 100%. Maternal transmission of
these heteroplasmic variants through the mitochondrial
bottleneck in oogenesis results in variable levels of the
pathogenic allele in the offspring of female carriers,
contributing to this heterogeneity and highlighting the
importance of providing reproductive options for
female carriers (reviewed in Ref. [11]). Understanding
the molecular pathogenesis of these variants and how
they cause such varied disease is critically important
for the clinical management of patients, but there is
much we currently do not know.

Fig. 1. Mitochondrial tRNAs are encoded by the human mitochondrial genome. (A) Schematic representation of the double-stranded circular
human mitochondrial DNA (16.6 kb). The outer circle represents the guanine-rich heavy strand, which is transcribed from heavy strand
promoters 1 and 2 (HSPs), and the inner circle represents the cytosine-rich light strand, transcribed from the light-strand promoter (LSP).
Thirteen protein-coding genes encode essential components of the respiratory chain: seven complex I (green; MT-ND1 to MT-ND6 and MT-
ND4L); one complex III (purple; MT-CYB); three complex IV (yellow; MT-CO1 to MT-CO3); and two mitochondrial ATP synthase (blue; MT-
ATP6 and MT-ATP8) subunits. The mitochondrial genome also encodes all of the RNA species required for translation of these polypeptides:
MT-RNR1 and MT-RNR2 encode mitochondrial 12S and 16S rRNAs (red), and 22 genes encoding mt-tRNA molecules are distributed
throughout the genome (grey bars; mt-tRNA molecules illustrated as clover-leaf structures with three letter amino acid codes). The two
pathogenic variants discussed in this review, m.3243A>G and m.8344A>G, are found within the genes for mt-tRNALeu(UUR) (Leu-1) and mt-
tRNALys (Lys), which are highlighted in red. (B) Schematic depicting the secondary structure of mitochondrial mt-tRNALeu(UUR) and mt-
tRNALys highlighting the position of m.3243A>G and m.8344A>G (red). Specific RNA modifications and their responsible ‘writer’ enzymes
are colour-coded. Abbreviations for modified nucleosides are as follows: m1A (1-methyladenosine), m1G (1-methylguanosine), m2G
(N2-methylguanosine), m5C (5-methylcytidine), sm5U (5-taurinomethyluridine), sm5s2U (5-taurinomethyl-2-thiouridine), t6A
(N6-threonylcarbamoyladenosine), � (pseudouridine).
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Box 1. Heteroplasmy

A: Intracellular variability. The multicopy nature of the mitochondrial genome gives rise to heteroplasmy; the coexis-
tence of more than one species of mtDNA molecule within the same cell. Consequently, the proportion of variant
alleles within cells can vary from 0% to 100%. Cells at the extremes, containing only one mtDNA species, are termed
homoplasmic. Cells that contain a mixture of mtDNA species are termed heteroplasmic. Both m.3243A>G and
m.8344A>G are heteroplasmic mtDNA variants, as depicted by the presence of both wild-type (blue) and variant
(red) alleles within the same cell.
B: Schematic representation of skeletal muscle tissue showing variability in heteroplasmy between fibres. Cells within tis-
sues show mosaicism; the majority of cells will be heteroplasmic but it is possible for some cells to become homoplas-
mic, or near homoplasmic, for either wild-type or variant alleles. Both random segregation of mitochondria into
daughter cells during cell division and clonal expansion (due to either random or selective mtDNA replication) con-
tribute to this heterogeneity. The underlying distribution of heteroplasmy within the tissue can be assessed using
quantitative, single-cell assessments.
C: Levels of m.3243A>G vary between tissues within an individual. Blood, urine and skeletal muscle samples are fre-
quently taken to assess carrier status and heteroplasmy for pathogenic mtDNA variants as they are relatively easily
accessible. These measurements represent homogenate tissue levels, and they can vary from tissue to tissue. For
m.3243A>G, mitotic tissues, such as blood, show an age-related decline in levels of the pathogenic allele and levels in
urine are highly variable, whereas levels are more stable in muscle. In patients with the m.8344A>G variant, levels of
the pathogenic allele are uniformly distributed across all tissues.

In this review, we outline the phenotypic spectra
associated with both m.3243A>G and m.8344A>G
and the complexities involved in assessing the effect
of variant allele heteroplasmy level on disease burden.
Although both variants affect the translation of
mtDNA-encoded proteins and consequently impact
OXPHOS function, their molecular pathology and
the role of the nucleus in the cellular response to
their presence, such as the mitochondrial integrated

stress response (ISRmt), are not fully understood. We
also discuss the advantages of using patient-derived
tissue to study the underlying pathogenic molec-
ular mechanisms and cellular responses and con-
sider how hypothesis-driven and knowledge-discovery
approaches can be combined to identify factors
involved in the vast phenotypic heterogeneity of mt-
tRNA-related disease, with the ultimate aim of
improving patient care.
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Variability in disease burden and
progression

Clinical phenotypes of m.3243A>G

The heteroplasmic m.3243A>G variant was first identi-
fied as pathogenic 30 years ago, within a cohort of
patients suffering from a maternally inherited syn-
drome characterised by mitochondrial myopathy,
encephalopathy and stroke-like episodes (MELAS)
[12–14]. Aetiologically distinct from vascular strokes,
the stroke-like episodes associated with MELAS are
acute or subacute metabolic crises resulting in brain
lesions that often cross anatomical, vascular bound-
aries and frequently occur before the age of 40 years
[15]. Although it has been estimated that 80% of
MELAS cases are caused by m.3243A>G [16–18], rarer
mtDNA variants have also been associated with this
neurometabolic syndrome, including the m.3271T>C
and m.3291T>C MT-TL1 variants [16,19]. Pathogenic
variants within 10 other mt-tRNA genes [20–32] and
variants in genes encoding mtDNA-encoded structural
subunits of complex I, complex III and complex IV
also cause MELAS [33–41]. A MELAS-like phenotype
associated with mutations in the nuclear gene encoding
the catalytic subunit of the mitochondrial DNA poly-
merase gamma (POLG) has also been reported [42].

Despite its initial identification in patients with
MELAS, only 15–40% of patients clinically diagnosed
as carriers of m.3243A>G have a MELAS diagnosis
[43,44]. The most common syndrome associated with
m.3243A>G is MIDD (maternally inherited diabetes
and deafness) [45], but PEO (progressive external oph-
thalmoplegia) [46] and, more rarely, MERRF [47] and
Leigh syndrome (a progressive subacute-necrotising
encephalomyelopathy, often presenting within the first
months or years of life) [48] are also associated. How-
ever, classifying patients by these classic syndromes
does not fully describe the wide phenotypic spectrum;
many patients exhibit overlap syndromes, some display
phenotypes that do not fit a syndromic diagnosis, and
others are asymptomatic [43].

Cohort studies can give us insight into the relative
incidence of the large number of clinical phenotypes
associated with m.3243A>G and are less susceptible to
publication bias than case studies, although differences
in ascertainment and diagnostic criteria can make
comparisons between studies challenging [43,44,49–52].
Nevertheless, it is clear that hearing loss, gastrointesti-
nal disturbances, diabetes/glucose intolerance, cerebel-
lar ataxia, myopathy/exercise intolerance, cardiac
involvement, ptosis and psychiatric involvement are
among the most common m.34243A>G-related

phenotypic features (Fig. 2). The reported incidence of
stroke-like episodes in m.3243A>G carriers varies con-
siderably, probably reflecting differing ascertainment
and follow-up strategies; the frequency is 17% in the
UK Mitochondrial Disease Patient Cohort and 5% in
a Dutch cohort of 34 pedigrees, both of which have
actively recruited matrilineal relatives of probands,
whereas the Nationwide Italian Collaborative Network
of Mitochondrial Diseases cohort reports 40%
[44,50,52].

Other reported clinical features include cognitive
impairment/developmental delay [49], neuropathy [53],
PEO [46], retinopathy [54], optic neuropathy [47], dys-
phonia/dysarthria [52,55], migraine [56], growth fail-
ure/short stature [57] and sudden adult death [58].
Less frequently, m.3243A>G has also been associated
with a wide range of additional features, including
renal failure [59], neuroendocrine dysfunction [60] and
vasculitis [61], further widening the phenotypic spec-
trum associated with this variant.

Disease related to m.3243A>G is progressive and
results in a phenotypic profile that changes over time.
This is exemplified in an Italian cohort study (n = 126;
6.3% asymptomatic), which reported hearing loss
(31%), generalised seizures (18%) and diabetes (18%)
as the most common phenotypes at disease onset (mean
age of onset in symptomatic patients was 23.4
� 15.6 years). At last evaluation (36.0 � 20.7 years),
these had all increased in frequency (58%, 37% and
41%, respectively) and ptosis/ophthalmoparesis,
migraine, muscle weakness, exercise intolerance and
heart disease were also present at a frequency > 30%
[44]. Progressive disease in patients with MELAS and
their carrier relatives has also been reported in a
prospective cohort study of American patients [49]. Sig-
nificant associations between some traits hint towards a
similar underlying aetiology or a contemporaneous
trigger in already vulnerable tissues, for example sei-
zures, encephalopathy and stroke-like episodes; dia-
betes and deafness; cognitive impairment with a
number of CNS traits (e.g. stroke-like episodes,
encephalopathy, cerebellar ataxia and dysphonia/dysar-
thria); and cerebellar ataxia with a number of traits
(e.g. myopathy, hearing impairment and dysphonia/
dysarthria) [52].

These headline figures give us an indication of the
broad range of phenotypic features associated with
m.3243A>G, but many show a wide range of severities
and are often progressive; for example, ‘gastrointesti-
nal disturbances’ could be characterised by episodes of
irritable bowel and/or constipation but can also indi-
cate that a patient has experienced severe gastrointesti-
nal pseudo-obstruction (paralytic ileus; ~ 10%
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patients), which can be fatal in the situation of con-
comitant stroke-like episodes [62]. Similarly, psychi-
atric involvement is observed in ~ 70% and can often
be mild and transient (e.g. a short period of depres-
sion), but in ~ 20–40%, it can be more severe, war-
ranting specialist treatment (e.g. bipolar disorder,
psychosis, self-harm or suicide attempts), and may be
linked to cerebellar atrophy [52,63–65]. Clinically vali-
dated scores such as the Newcastle Mitochondrial Dis-
ease Adult Scale (NMDAS) and the Newcastle
Paediatric Mitochondrial Disease Scale (NPMDS) can
be used to record both the presence and severity of
phenotypes, aiding more direct comparisons between
cohorts [66,67].

Clinical phenotypes of m.8344A>G

The involvement of mitochondrial dysfunction in a
syndrome characterised by myoclonus (quick, involun-
tary skeletal muscle jerks), and epilepsy was reported
in two unrelated patients by Fukuhara et al. [68] in

1980, and termed MERRF (myoclonic epilepsy associ-
ated with ragged-red fibres). Ragged-red fibres
(RRFs), so named due to their excessively red appear-
ance when stained with Gomori’s trichrome and the
ragged outer edge of the fibre caused by the accumula-
tion of abnormal subsarcolemmal mitochondria, are
histopathological hallmarks of mitochondrial disease
observed in patient muscle biopsies [68,69]. A decade
later, after Wallace et al. [70] had demonstrated the
presence of a maternally inherited mtDNA variant, a
heteroplasmic A-to-G transition at position 8344 in
the mitochondrial genome within MT-TK was identi-
fied as the cause of MERRF syndrome [71], a finding
that was corroborated later that year [72]; further evi-
dence suggested that it was pathogenic, causing abnor-
mal mitochondrial translation, and was shown to have
arisen independently in three different individuals with
MERRF [73]. Other variants within MT-TK have also
been associated with the MERRF phenotype, for
example m.8356T>C and m.8363G>A [74,75], as well
as variants in five other mt-tRNA genes

Fig. 2. Comparison of the phenotypic features of m.3243A>G and m.8344A>G-related disease. For m.8344A>G, phenotypic frequencies (at
last evaluation) were obtained from Refs [95,97]. For m.3243A>G, frequencies were obtained from Refs [44,50–52,65]. Phenotypes are
grouped into neurological (purple), muscle-related (red) and others (light blue) and ordered by frequency in m.3243A>G patients. Stroke-like
episodes, cognitive impairment, diabetes and gut dysmotility are notably higher in frequency in m.3243A>G patients, whereas ataxia,
psychiatric features, myoclonus and myopathy/exercise intolerance are higher in m.8344A>G patients. Lipomas are a noticeable feature of
m.8344A>G but not m.3243A>G-related disease. For phenotypes where more than one estimate of frequency is reported in the literature,
the highest estimate is shown in a lighter shade, with the lowest estimate in a darker shade, thus depicting an estimated range.
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[21,27,47,76,77] and MT-ND5 [78], but m.8344A>G
remains the most common pathogenic variant associ-
ated with the MERRF phenotype [10].

In the 30 years since the identification of
m.8344A>G, over 350 additional mutation carriers
have been reported in the literature and the phenotypic
spectrum associated with this pathogenic variant has
expanded from the canonical phenotypes of myoclo-
nus, seizures, cerebellar ataxia and mitochondrial
myopathy to include many others such as hearing
impairment [71], lipomas [79], ptosis and ophthalmo-
paresis [80], cardiac abnormalities [81,82], respiratory
impairment with sleep disorders [83] and diabetes [84]
(Fig. 2).

Less commonly, m.8344A>G has been reported to
cause a severe childhood presentation of Leigh syn-
drome, global developmental delay, hypotonia, ataxia,
dystonia and ophthalmologic abnormalities [46,85–89].
m.8344A>G is also the cause of the independently
described Ekbom’s syndrome (photomyoclonus, cere-
bellar ataxia and cervical lipoma) [90]. Stroke-like epi-
sodes and gastrointestinal dysfunction (paralytic ileus),
both more commonly associated with the m.3243A>G
variant, have also been linked to m.8344A>G [91].
Distal weakness with respiratory insufficiency was
reported in one patient [92] and Parkinsonism in
another [93], although m.8344A>G is not a common
cause of Parkinsonism [94]. Although many of these
studies have not investigated the possibility of the
presence of mtDNA cis-modifiers, some report familial
studies in which other maternal relatives do not exhibit
such severe clinical manifestations, suggesting that
something else may be modulating the phenotype in
these individuals [85,88]. However, maternal inheri-
tance of more severe phenotypes has been observed in
some pedigrees, which might indicate the presence of
cis-modifiers [86,87].

As m.8344A>G is less frequent than m.3243A>G,
fewer and smaller cohort studies have been performed,
but they still provide insight into the full phenotypic
spectrum. Mancuso et al. [95] reported phenotype data
from 42 individuals carrying m.8344A>G, representing
12.4% of all patients with pathogenic mtDNA variants
in the Italian Collaborative Network of Mitochondrial
Diseases. The mean age of onset was 30.1 � 18.4 years
(range 0–66), although they observed childhood onset
(< 16 years) in 35.7% and about 10% were asymp-
tomatic. Signs of neuromuscular dysfunction were pre-
sent in 76.5% of symptomatic adult patients,
consistent with a previous study [96]; muscle weakness
(58.8%), exercise intolerance (44.1%), generalised sei-
zures (35.3%), hearing loss (35.3%) and multiple lipo-
mas (32.4%) were also common phenotypes (> 30%).

By combining clinical data from their 42 individuals
with that of 282 cases available in the literature, Man-
cuso et al. estimated that the most common pheno-
types across all reported carriers were myoclonus,
muscle weakness and ataxia (35–45%), followed by
generalised seizures and hearing loss (25–34.9%), then
cognitive impairment, multiple lipomas, neuropathy
and exercise intolerance (15–24.9%). The least com-
mon were ptosis/ophthalmoparesis, optic atrophy, car-
diomyopathy, muscle wasting, respiratory impairment,
diabetes, muscle pain, tremor and migraine (5–14.9%)
[95].

A more recent cohort study from the German net-
work for mitochondrial disorders (mitoNET) reported
a slightly lower age of onset (24.5 � 10.9 years; range
6–48) but with a similar rate of childhood onset (25%)
[97]. These authors reported that a larger proportion of
patients had myoclonus, muscle weakness, ataxia, sei-
zures and hearing loss (58–72%), respiratory impair-
ment, increased CK, migraine and psychiatric
involvement (45–54%) and gastrointestinal dysmotility
and swallowing impairment (35–38%). However, the
proportion of patients with RRFs was lower (63% vs.
96%). Interestingly, another small cohort study
(n = 15) also reported a much higher proportion of
patients with respiratory impairment (67%), with
nearly 50% of patients requiring either nocturnal venti-
lator support or tracheostomy with mechanical ventila-
tion [83]. Different ascertainment methodologies may
account for some of the discrepancies in prevalence
data; for example, the German study excluded 22 symp-
tomatic family members who had not been genetically
confirmed to carry m.8344A>G [97]; however, it is clear
from these cohort studies that the phenotypic spectrum
is wide and multisystemic and can overlap with pheno-
types associated with other pathogenic mtDNA vari-
ants, such as m.3243A>G (e.g. stroke-like episodes).

Both m.3243A>G and m.8344A>G present with
wide, overlapping clinical spectra. Consequently, iden-
tifying the underlying cause of a patient’s disease is
frequently dependent upon obtaining a molecular diag-
nosis. Although lipomas are more commonly associ-
ated with m.8344A>G, and a family history of
deafness and diabetes might point towards
m.3243A>G (Fig. 2), phenotypic features are diverse
and most patients, especially those with m.3243A>G,
do not fit a syndromic diagnosis. Therefore, in the
diagnostic setting, patients who are suspected of carry-
ing a pathogenic mtDNA variant will be screened for
a number of common variants, m.3243A>G and
m.8344A>G among them [98].

Currently, our understanding of the phenotypic
spectrum associated with both m.3243A>G and
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m.8344A>G is biased towards individuals who have
been referred for genetic testing, that is patients show-
ing symptoms linked to mitochondrial disease and
their relatives. However, an estimated 140–250 in
100 000 individuals carry the m.3243A>G variant
[99,100], which is 40–70 times higher than the esti-
mated disease prevalence of 3.5 in 100 000 [10]. This
implies that the proportion of asymptomatic carriers is
high. Disease prevalence (0.2 in 100 000) is far lower
for m.8344A>G, and we lack a good estimate of car-
rier frequency, but asymptomatic or mildly affected
carriers are also likely to be present in the general pop-
ulation [10,100]. Recent developments in the collection
of large population-based genetic and phenotypic data-
sets, such as the Genomics England’s 100 000 Gen-
omes Project and the UK Biobank [101,102], may
allow us to begin to build a more comprehensive pic-
ture of the phenotypic spectrum at a population level,
although the continued longitudinal and thorough
phenotype profiling that is performed within mito-
chondrial disease clinics and research environments
will continue to deepen our knowledge of the pheno-
types associated with these highly heterogeneous disor-
ders. This will be essential if we are to gain a deeper
understanding of the additional factors associated with
an increased likelihood of severe disease in individuals
who carry m.3243A>G or m.8344A>G.

Heteroplasmy and mtDNA copy number, disease
burden and progression

Both m.3243A>G and m.8344A>G are heteroplasmic
variants (Box 1). It is very tempting therefore to
hypothesise that the vast clinical heterogeneity
observed in individuals carrying these mt-tRNA vari-
ants could be attributed to differences in levels of the
variant allele between cells, tissues and individuals. In
reality, the relationship between pathogenic mt-tRNA
levels and clinical phenotype is not straightforward.

Both m.3243A>G and m.8344A>G are functionally
recessive in vitro; low levels (6–15%) of wild-type
mtDNA are capable of rescuing mitochondrial transla-
tion, complex IV activity and oxygen consumption to
near-normal levels [103,104]. However, the picture is
more complicated in vivo; high levels of m.3243A>G
have a dominant-negative effect in skeletal muscle
fibres, impeding rescue of the respiratory chain defect
by increased wild-type mtDNA copy number [105].
For both variants, mutation-associated phenotypes are
observed in some patients who harbour low levels of
mutated mtDNA, whereas some individuals with high
mutation levels only manifest mild symptoms
[97,106,107].

With regard to m.3243A>G, deciphering the rela-
tionship between the level of the pathogenic (G) allele
and disease burden or clinical phenotype is further
complicated by an age-related negative selection
against this G allele in easily sampled mitotic tissues,
such as the blood [108–111]; in contrast, levels in post-
mitotic tissues such as the muscle appear to be more
stable [106]. Blood levels can be corrected for age to
more accurately reflect the likely levels of m.3243A>G
within the postmitotic tissues most affected by the
mitochondrial dysfunction. Indeed, despite interindi-
vidual variation in the rate of this age-related decline,
age-corrected blood m.3243A>G levels are better cor-
related with total disease burden and progression than
urine levels and are just as good as muscle levels in
this respect [106]. Despite this, models using age and
age-corrected m.3243A>G levels can only explain
~ 27% of the variability in disease burden that we
observe. Increased muscle mtDNA copy number has
some protective effect (increasing the explained varia-
tion to ~ 40%), implying that a higher wild-type
mtDNA content may rescue mitochondrial dysfunc-
tion, but the lower mtDNA copy number in more
severely affected individuals may simply reflect decon-
ditioning of skeletal muscle due to decreased levels of
physical activity within these patients [106,112].

The relatively high frequency of m.3243A>G has
allowed the relationship between variant level and phe-
notype to be explored in large cohorts. The first of
these studies reported higher frequencies of severe neu-
rological phenotypes, such as stroke-like episodes, epi-
lepsy and ataxia, in patients with higher m.3243A>G
levels, but the opposite was the case for features such
as CPEO, myopathy and deafness; this apparent para-
dox may result from earlier presentations in individu-
als with neurological symptoms and highlights the
need to also consider age when studying progressive
disorders [96]. Later studies failed to use m.3243A>G
levels to predict specific phenotypes, although patients
with MELAS tend to have higher levels compared
with their carrier relatives [44,49,51]. Most recently, in
a cohort study of 238 adult carriers of m.3243A>G,
increasing mutation levels were significantly associated
with increasing severity of cerebellar ataxia, cognition,
neuropathy, dysphonia–dysarthria, seizures,
encephalopathy, stroke-like episodes, hearing impair-
ment, myopathy, diabetes and cardiovascular involve-
ment; cerebellar ataxia, neuropathy, hearing,
myopathy, diabetes and cardiovascular involvement
were more severe with increasing age [52]. Both
migraine and seizures were found to be more severe in
younger individuals, likely reflecting earlier presenta-
tions in these individuals. Hearing impairment,
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