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NOVEL TK2 MUTATIONS AS A CAUSE OF
DELAYED MUSCLE MATURATION IN mtDNA
DEPLETION SYNDROME

Recessive mutations in TK2 cause a severe mito-
chondrial DNA depletion syndrome (MDS),1 char-
acterized by severe myopathy from early infancy.
Recent reports have suggested a wider clinical spec-
trum including encephalomyopathic form.1,2 We
report a patient with infantile-onset fatal encephalo-
myopathy presenting with extreme muscle fiber
immaturity.

Patient. The patient was a girl was born to noncon-
sanguineous healthy Japanese parents at 38 gestational
weeks. Soon after birth, she began to have seizures and
respiratory distress, requiring antiepileptic agents and
mechanical ventilation. Physical examination showed
facial weakness with narrow high-arched palate,
generalized hypotonia, and muscle weakness. Creatine
kinase level was 7,709 IU/L at 2 days of age. Venous
lactate concentrations were normal. Muscle CT
showed generalized muscle atrophy and fat tissue
replacement. Cardiac echogram revealed hypertrophic
cardiomyopathy. MRI of the brain displayed
lissencephaly, thin corpus callosum and ventricular
dilatation, and cerebellar hypoplasia. Serial brain CT
scans at 3 days (F1 figure 1A) and 1 month (figure 1B)
of age revealed rapid brain atrophy with markedly
dilated ventricles. She had progressive generalized
muscle weakness and atrophy. She died at 10 months
of age due to congestive heart failure. Permission for
autopsy was not obtained.

Biopsy of the biceps brachii at the age of 4 months
revealed that most of the fibers were extremely small,
measuring 4–6 mm in diameter. There was marked
endomysial fibrosis without necrotic or regenerating
fibers (figure 1C). Cytochrome c oxidase activity was
diffusely defective (figure e-1 at Neurology.org/ng).
Peripheral nerve bundles in the muscle were well
myelinated. There was no fiber-type grouping and
group atrophy suggesting peripheral nerve involve-
ment. On electron microscopy, almost all fibers were
small, measuring less than 5 mm in diameter. None of
the fibers appeared to be normal, showing 2 kinds of
major abnormalities: fibers filled with markedly pro-
liferated mitochondria with lipid droplets in about

half and markedly disorganized myofibrils in the
remainder. Large satellite cells with prominent nuclei
having dense heterochromatin were found in 14% of
the 100 fibers examined (figure 1F). Immunohisto-
chemistry for developmental (MHCd:Leica) and neo-
natal myosin heavy chain (MHCn:Leica) was
expressed in 24% and 50% of the muscle fibers,
respectively (figures 1D and e-2 and e-3), while in
age-matched controls, they made up less than 1% by
both stains (figures 1E and e-2 and 3), reflecting
a marked delay in muscle differentiation.

Whole-exome sequencing revealed 2 novel muta-
tions of TK2 AU2genes: c.125-1G.C substitution in
intron 1 and c.574A.G, p.R192G (GenBank Acces-
sion Number: NM_004614.4) (figure 1, G and H).
There were no relevant variants in mitochondrial genes
that can explain the disease. In support of the claim that
this missense mutation causes the disease, the mutation
at the same amino acid position R192K has been re-
ported to cause the disease.3 This amino acid is well
preserved among species (figure e-4). Sequencing of
cDNA from the patient’s muscle tissue demonstrated
that transcript from the allele carrying the missense
variant was only expressed (figure 1G). The intronic
mutation might cause aberrant splicing and nonsense-
mediated mRNA decay. We concluded that these mu-
tations are compound heterozygous and pathogenic,
although we could not obtain the parents’ DNA.

Mitochondrial respiratory chain enzyme activities
were markedly decreased in skeletal muscle (figure
e-5). Quantitative PCR revealed that mitochondrial
DNA (mtDNA) in skeletal muscle was markedly
reduced to 8% (figure e-6).

Discussion. Although TK2 mutations are known to
cause myopathy, some patients, including ours, had
CNS abnormalities.1,2,4 A recent article1 reported 2
brothers with rapidly progressive brain atrophy simi-
lar to our patient, whose muscles showed fat tissue
proliferation. It is not known why the phenotypic
variation occurs in TK2 mutations while mtDNA
depletion levels are similar. Of interest, R192K muta-
tion in the same amino acid was reported previously
in an MDS patient with pure myopathic form,
although the mtDNA was decreased to 8% as in
our patient (8%).3 Thus, we suspect that there may
be a phenotype-genotype correlation in this disease.
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The most striking finding in our patient is the de-
layed muscle maturation in TK2 mutation. Muscle
immaturity was confirmed by numerous positive

MHCd and MHCn on immunohistochemistry, and
poorly organized myofibrils and increased numbers of
satellite cells (14%). In normal neonatal muscle,

Figure 1 Brain imaging, muscle patholgy, immunohistochemistry, electron microscopy, and molecular genetic characterization

(A, B) Brain CT at age 3 days (A) and 1 month (B) shows rapidly progressive brain atrophy and ventricular dilatation. (C) In muscle biopsy stained with hema-
toxylin and eosin stain, most of the fibers are extremely small and embedded in fibrous tissue. (D) On immunohistochemistry for MHCd, developmental MHC
positive fibers stained green are markedly increased in the patient (D.a) but not in controls (D.b). (E) Two representative abnormal fibers on electron micros-
copy. The left fiber is filled with mitochondria (encircled) and lipid droplets (L). Some mitochondria contain paracrystalline inclusions (inset). The right fiber
contains poorly organized myofibrils (encircled). Satellite cell (S). (F, G) Whole-exome sequencing reveals c.574A.G and c.125-1G.C mutations. cDNA of
whole coding region from muscle shows that only the transcript with missense mutation was expressed. In this transcript, exon 1–2 boundary was normal,
suggesting that the other allele possibly with splice site mutation was decayed and not expressed.
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satellite cells make up less than 5%. Increased num-
bers of satellite cells were seen in immature fibers in
congenital myopathies and actively regenerating fi-
bers after necrosis. Half of the muscle fibers were
filled with extensively proliferated abnormal mito-
chondria. Several reports suggest that mitochondrial
biogenesis and activity are significantly increased dur-
ing myotube differentiation and maturation.4 We
suggest that mitochondrial respiratory chain activities
and mtDNA copy numbers are important factors for
muscle maturation.

This is the rare case of TK2-related encephalo-
myopathic MDS5 with delayed muscle maturation,
thus broadening the spectrum of the disease. It is
worthy to note that MDS with TK2mutation should
be suspected when a patient shows rapidly progressive
cerebral atrophy and immature skeletal muscle.
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