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Abstract. Defects in the replication, maintenance, and repair of mitochondrial DNA (mtDNA) constitute a growing and
genetically heterogeneous group of mitochondrial disorders. Multiple genes participate in these processes, including thymidine kinase 2 (TK2) encoding the mitochondrial matrix protein TK2, a critical component of the mitochondrial nucleotide
salvage pathway. TK2 deficiency (TK2d) causes mtDNA depletion, multiple deletions, or both, which manifest predominantly as mitochondrial myopathy. A wide clinical spectrum phenotype includes a severe, rapidly progressive, early onset
form (median survival: < 2 years); a less severe childhood-onset form; and a late-onset form with a variably slower rate of
progression. Clinical presentation typically includes progressive weakness of limb, neck, facial, oropharyngeal, and respiratory muscle, whereas limb myopathy with ptosis, ophthalmoparesis, and respiratory involvement is more common in the
late-onset form. Deoxynucleoside monophosphates and deoxynucleosides that can bypass the TK2 enzyme defect have been
assessed in a mouse model, as well as under open-label compassionate use (expanded access) in TK2d patients, indicating
clinical efficacy with a favorable side-effect profile. This treatment is currently undergoing testing in clinical trials intended to
support approval in the US and European Union (EU). In the early expanded access program, growth differentiation factor 15
(GDF-15) appears to be a useful biomarker that correlates with therapeutic response. With the advent of a specific treatment
and given the high morbidity and mortality associated with TK2d, clinicians need to know how to recognize and diagnose
this disorder. Here, we summarize translational research about this rare condition emphasizing clinical aspects.
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DISORDERS OF MITOCHONDRIAL DNA
MAINTENANCE
Defects in the replication, maintenance, and repair
machinery of mitochondrial DNA (mtDNA), as
well as encoding proteins involved in nucleotide
metabolism, constitute a growing and genetically heterogeneous group of mitochondrial disorders [1, 2].
∗ Correspondence to: Michio Hirano, MD, Lucy G. Moses Professor, Department of Neurology, Columbia University Irving
Medical Center, 630 West 168th Street, P&S 4-423, New York,
NY 10032, USA. Tel.: +1 212 305 1048; Fax: +1 212 305 3986;
E-mail: mh29@cumc.columbia.edu.

Alterations in genes involved in these processes lead
to abnormalities in mtDNA quality (multiple deletions and point mutations), quantity (depletion), or
both. These disease-associated, gene-encoded proteins can be classified into 4 functional groups: 1)
proteins required for mtDNA replication, repair, and
maintenance; 2) nucleotide metabolism enzymes; 3)
factors involved in mitochondrial dynamics; and 4)
proteins with other functions.
Enzymes (genes) directly required for mtDNA
integrity include: polymerase ␥ (POLG) and its
processivity subunit (encoded by POLG2), Twinkle
helicase (TWNK), DNA replication helicase/nuclease
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2 (DNA2), single-stranded DNA binding protein
1 (SSBP1), ribonuclease H1 (RNASEH1), and
mitochondrial genome maintenance exonuclease 1
(MGME1) [3–8]. In addition to these factors directly
involved in mtDNA upkeep, mtDNA integrity
requires balanced pools of its deoxynucleoside
triphosphate (dNTP) building blocks, which require
enzymes such as: thymidine kinase 2 (TK2),
ribonucleotide reductase M2 B subunit (RRM2B),
deoxyguanosine kinase (dGK), and thymidine
phosphorylase (TYMP) [9–12]. Two deoxyribonucleoside kinases that are expressed in mitochondria
are responsible for phosphorylating 4 purine and
pyrimidine deoxyribonucleosides: TK2, which
phosphorylates deoxythymidine (dThd) and deoxycytidine (dCtd) to deoxythymidine monophosphate
(dTMP) and deoxycytidine monophosphate (dCMP),
which are further phosphorylated to generate the
pyrimidine deoxynucleoside triphosphates (dNTPs)
that are incorporated into replicating mtDNA;
[13] and deoxyguanosine kinase (dGK), which
phosphorylates deoxyguanosine and deoxyadenosine. TK2 is present in virtually all cells [13, 14].
TK2 also phosphorylates a number of pyrimidine
nucleoside analogues, such as zidovudine (AZT)
used in anti-HIV therapy, and thus may play an
important role in the mitochondrial toxicity observed
in antiviral and anticancer therapies using nucleoside
analogues [15]. Thus, TK2 and dGK catalyze the
phosphorylation of all 4 endogenous deoxynucleosides to their respective monophosphates and are
therefore essential for mtDNA maintenance and,
consequently, mitochondrial functions in tissues.
Autosomal recessive TK2 mutations cause TK2
deficiency (TK2d), a rare mitochondrial disease that
manifests primarily as a myopathy. Because of its
rarity, most clinicians are not aware of this disease.
However, recognition and early diagnosis of this
condition have become important as new therapies
are being developed and a pharmacological therapy
is being evaluated in clinical trials. This review
provides a summary of the current understanding of
TK2d and addresses the need for greater awareness
of this disease.
TK2D: PRECLINICAL INVESTIGATION
OF PATHOMECHANISMS AND THERAPY
Mouse models recapitulate the severe early onset
human phenotype
In 2008, our group and Zhou et al. reported 2
models of Tk2-deficient mice: a knock-in model

for a common pathogenic mutation, p.His121Asn in
humans (p.His126Asn in mice) [16], and a knockout mouse using a targeting vector in which exon
IV and part of exon V were replaced, producing
a truncated protein [17]. In both models, homozygous mutant mice had normal development until 7
to 10 days of age; they then displayed a severe
phenotype involving rapidly progressive weakness
and fatal encephalomyopathy, initially manifesting as
decreased ambulation, unstable gait, coarse tremor,
and growth retardation. Most of the Tk2 mutant
animals died at 14 to 16 days of age, with no animal surviving more than 30 days. In the knock-in
model, mtDNA depletion was expressed in all analyzed organs but, curiously, the brain was the only
organ that also showed early defects of oxidative
phosphorylation (OXPHOS) complex proteins and
activities. In the knock-out model, animals were progressively and severely hypothermic from 10 days of
age, possibly due to brown adipose tissue or central
nervous system (CNS) involvement.
Although both mouse models did not reproduce
the human myopathic phenotype, they recapitulated many aspects of the severe form of TK2
encephalomyopathy, allowing for a deeper pathomechanistic understanding of the disease. These animal
models confirmed the hypothesis that the loss of
TK2 activity caused dNTP pool imbalances with
low deoxythymidine triphosphate (dTTP) and deoxycytidine triphosphate (dCTP) levels and produced
mtDNA depletion and defects of mitochondrial respiratory chain (RC) activity. In the knock-out model,
mtDNA copy levels were normal at birth and progressively declined during the first 2 weeks of life,
suggesting that the dNTP supply for mtDNA replication during fetal development is derived from de novo
cytosolic dNTP synthesis. In the knock-in model,
despite partial depletion of mtDNA in different tissues like heart, muscle, kidney, and liver, activities
of mitochondrial OXPHOS enzymes and levels of
mtDNA-encoded polypeptides were maintained at
levels similar to controls, indicating transcriptional
or translational compensation for the mtDNA defect
[18].
Based on the mutant Tk2 mouse model data,
Garone et al. developed a deoxycytidine monophosphate (dCMP) and deoxythymidine monophosphate
(dTMP) supplementation therapy in the Tk2 knockin mouse model to bypass the Tk2 biochemical
defect [19]. Oral treatment of the Tk2 H126N knockin mouse (Tk2KI ) with dCtd + dThd (each at 260
or 520 mg/kg/day) delayed disease onset and pro-
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longed the median lifespan of the animals by 2- to
3-fold in a dose-dependent manner. Thus, this therapy slowed, but did not stop, the disease process.
Although efficacy of dTMP + dCMP therapy in the
mouse model was established, rapid catabolism of
these deoxynucleotides to dCtd + dThd suggested
that deoxynucleosides were the active therapeutic
agents.

the other hand, in humans, with the exception of low
TK2 activity in muscle [25], little is known about
TK1 expression and TK2 activity of mutant proteins
in affected tissues from patients. It has been proposed
that the low basal activity of TK2 in muscle accounts
for the vulnerability of this tissue and/or that the residual activity of the mutant TK2 protein also determines
the phenotype.

TK1 and dCK play crucial roles in response to
deoxynucleoside therapy
Thymidine kinase activity is present in cells as
2 enzymes: TK1, which is present at the cytosol,
and TK2, which resides in the mitochondrial matrix
[14]. TK1 converts cytosolic dThd to dTMP whereas
cytosolic dCtd is phosphorylated by deoxycytidine
kinase (dCK). Both dCMP and dTMP are transported
from the cytosol to the mitochondria through pyrimidine nucleotide carriers PNC1 and PNC2 [20–22].
TK2, which is essential for intra-mitochondrial
pyrimidine salvage, phosphorylates both dCtd and
dThd to generate dCMP and dTMP, which are
subsequently phosphorylated to dCTP and dTTP
for incorporation into replicating mtDNA. dTTP
self-regulates DNA precursor synthesis by negative
feedback of TK1 [23]. TK1 activity declines sharply
from high activity in S-phase replicating cells to low
activity in quiescent cells. In contrast, TK2 expression is not cell-cycle dependent; therefore, its activity
becomes functionally relevant after cell-cycle arrest
when most of the cytosolic machinery that generates dNTPs is down-regulated. Thus, the period of
pyrimidine salvage transition from the predominantly
cytosolic TK1 to the mitochondrial TK2 determines
when cells in different organs become susceptible to
TK2 defects.
Dorado et al. showed that in wild-type mice, Tk2
activity is constant in the second week of life, while
Tk1 activity decreases significantly between postnatal days 8 and 13, during the time period that
Tk2KI mice begin to manifest weakness and growth
retardation [18]. More recently, Lopez-Gomez et al.
showed that despite greater bioavailability of dCtd
and dThd with parenteral treatment over oral treatment in Tk2KI mice, there was no improvement in the
phenotype or survival [24]. These data indicate that
down-regulation of Tk1 in most murine tissues during
development prevents those tissues from maintaining
responses to the dCtd + dThd therapy. Thus, downregulation of Tk1 activity unmasks Tk2 deficiency
in Tk2KI mice and correlates with the early onset of
severe mtDNA depletion in the brain and heart. On

Efﬁcacy of AAV-mediated gene therapy alone or
synergistically with deoxynucleoside in Tk2
knockin mice
In 2021, our group reported that adeno-associated
virus serotype 9 (AAV9) delivery of human TK2
cDNA to Tk2KI mice efficiently rescued Tk2 activity
in all the tissues tested except the kidneys, delayed
disease onset, and increased lifespan [26]. Furthermore, addition of deoxycytidine and deoxythymidine
supplementation to AAV9 + adeno-associated virus
serotype 2 (AAV2) treated Tk2KI mice dramatically
improved mtDNA copy numbers in the liver and kidneys, animal growth, and lifespan beyond changes
seen with either deoxynucleoside therapy or gene
therapy alone. Further studies are necessary, but these
findings indicate that combining gene and pharmacological therapy might be a potent treatment for severe
early onset cases.
TK2D: CLINICAL FEATURES
Phenotypic spectrum
Different subtypes of TK2d have been reported
based upon retrospective assessments of age-at-onset
with early onset variably defined as ≤1, ≤2, or ≤4
years, childhood-onset defined as > 1, > 2 or > 4 year
and < 12 years, and late-onset as > 12 years [27–29].
However, in the absence of prospective natural history studies, it is not possible to determine which
subtype classification is most accurate. Our clinical
experience suggests there are still three forms but
expressed on a wider spectrum ranging from early
(infantile or ≤1 year), childhood- (> 1 to ≤12 years),
and late-onset (> 12 years). (Table 1) In this review,
we consider early onset to be ≤1 year. In general,
early onset cases are associated with a rapid and progressive phenotype, while the disease progression in
the late-onset form is also continuous and debilitating, but generally slower. (Figure 1) Although the
isolated myopathic form is the most frequent presentation across age groups, in the early onset cases
other organs can be affected, including the brain,
heart, kidney, liver, and heart, manifesting as recur-
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Table 1
Clinical manifestations and muscle histological features of TK2d [27–29]
Early Onset (≤1 year)

Clinical
symptoms

Histopathology

Laboratory
findings

Biomarkers

Neuroimaging

Differential
diagnosis

Childhood-Onset (> 1 through 12
Years)

Late-Onset (> 12 years old)

• Early symptoms preceding evident
• Progressive proximal limb
• Progressive proximal limb, axial
motor weakness include: intestinal
myopathy, Gowers’ sign. In some
neck flexor and facial muscle
dysmotility, esophageal reflux with
cases, facial diplegia, CPEO,
weakness frequently associated
recurrent vomiting, and failure to
ptosis, and dysphagia
with ptosis, ophthalmoparesis, and
thrive
• < 20% of the patients showed
bulbar weakness
• Usually, severe myopathic form.
extraskeletal muscle involvement
• Diaphragmatic involvement is
• One-third of patients have
including hearing loss, cognitive
very characteristic, occurring in
extraskeletal muscle manifestations
decline, encephalopathy,
almost all patients with an early
including: dysphagia, multiple bone
prolonged QT, arrhythmia,
onset and slow progression. In
fractures, nephropathy, rigid spine,
multiple bone fractures, renal
some cases, CPEO+ respiratory
coma episodes, and cardiomyopathy
tubulopathy, and gynecomastia
phenotype
• 30% of patients have CNS
• Dysphagia and speech
involvement: seizures,
disturbances are common
encephalopathy, lissencephaly,
• In some cases, hearing loss and
cognitive impairment, microcephaly,
sensory peripheral neuropathy
bilateral optic atrophy
• Combined variable dystrophic alterations with increased fiber size variability, centrally located nuclei,
and connective and fat tissue replacement with mitochondrial dysfunction evident as numerous COX-deficient
fibers, ragged-red fibers, or both
• In some cases, “SMA-like” findings with atrophic and hypertrophic fibers distributed as single fibers or in
groups and type 1 fiber preponderance
CKa elevation (usually > 1000 U/L),
CKa elevation (usually > 1000 U/L), CKa levels ranging from normal to
Lactic acidemiab ,
Lactic acidemiab ,
2435 U/L
Transit elevation of liver enzymes
Transit elevation of liver enzymes
Slightly increased or normal lactate
(including ASTc , ALTd , GGTe ,
(including ASTc , ALTd , GGTe ,
levelsb
bilirubinf ),
bilirubinf ),
Phosphatase alkalineg elevation
Phosphatase alkalineg elevation
Baseline GDF-15h (> 10,000 pg/mL,
Baseline GDF-15h (> 1,000 pg/mL, Baseline GDF-15h (> 1,000 pg/mL,
mean)
mean)
mean)
FGF-21i (> 1,000 pg/mL)
FGF-21i (100–1000 pg/mL)
FGF-21i (100–1000 pg/mL)
In multisystemic forms: cerebral
Usually normal
Usually normal
atrophy, and, less frequently, white
matter and basal ganglia abnormalities
• SMA type 1 or 2
• Limb-girdle muscular dystrophy
• Autosomal-recessive CPEO due to
• Pompe disease (acid maltase
• SMA type 3
multiple mtDNA deletions
deficiency)
• Pompe disease
syndromes (primary mutations in
• Congenital myopathies
• Ocular manifestations with facial
POLG1, POLG2, TWNK, MPV17,
Other mtDNA-depletion syndromes
weakness and dysphagia can
DGUOK, and RRM2B)
(RRM2B, SUCLA2, SUCLG1) in
mimic congenital myasthenic
• SMA type 3 or 4
encephalomyopathic forms
syndromes
• Pompe disease
• Limb-girdle muscular dystrophy
• MYH2 myopathy

ALT, alanine aminotransferase; AST, aspartate aminotransferase; CK, creatine kinase; CNS, central nervous system; COX, cytochrome c
oxidase; CPEO, chronic progressive external ophthalmoplegia; FGF-21, fibroblast growth factor 21; GDF-15, growth/differentiation factor
15; GGT, gamma glutamyl transferase; mtDNA, mitochondrial DNA; MYH2, myosin heavy chain 2; RRFs, ragged-red fibers; SMA, spinal
muscular atrophy. a CK reference range: males/females ≤3 months: not established; males > 3 months: 39–308 U/L, females > 3 months:
26–192 U/L [54]. b Lactate reference range: 0–0.25 mmol/L [54]. c AST reference range: males/females 0–11 months: not established; males
1–13 years: 8–60 U/L, males ≥14 years: 8–48 U/L; females 1–13 years: 8–50 U/L, females ≥14 years: 8–43 U/L [54]. d ALT reference range:
males/females < 1 year: not established; males ≥1 year: 7–55 U/L; females ≥1 year: 7–45 U/L [54]. e GGT reference range: males/females
0–11 months: < 178 U/L, 12 months to < 6 years: < 21 U/L, 7–12 years: < 24 U/L; males 13–17 years: < 43 U/L, males ≥18 years: 8–61 U/L;
females 13–17 years: < 26 U/L, females ≥18 years: 5–36 U/L [54]. f Total bilirubin reference range: 7–14 days: < 15.0 mg/dL, 15 days to 17
years: ≤1 mg/dL, ≥18 years: ≤1.2 mg/dL [54]. g Alkaline phosphatase reference range: males/females 0–14 days: 83–248 U/L, 15 days to
< 1 year: 122–469 U/L, 1 to < 10 years: 142–335 U/L, 10 to < 13 years: 129–417 U/L; males 13 to < 15 years: 116–468 U/L, males 15 to < 17
years: 82–331 U/L, males 17 to < 19 years: 55–149 U/L, males ≥19 years: 40–129 U/L; females 13 to < 15 years: 57–254 U/L, females 15 to
< 17 years: 50–117 U/L, females ≥17 years: 35–104 U/L [54]. h GDF-15 reference range: ≥3 months: ≤750 pg/mL [54]. i FGF-21 reference
range: < 350 pg/mL as calculated from 95th percentile of control subjects [47].
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Fig. 1. Spectrum of TK2d Clinical Phenotypes and mtDNA Alterations. C, control; mtDNA, mitochondrial DNA; nDNA, nuclear DNA; Pt,
patient; y, years. Varying onset and rates of progression in TK2d are indicated by the spectrum of orange hues. Early and childhood-onset
cases characterized by mtDNA depletion are associated with a rapidly progressing, severe myopathy (as represented by the darker orange
color). Multiple mtDNA deletions are observed in late-onset cases and patients with this form typically exhibit a slower progressing, yet still
debilitating form of TK2d (noted as a progressive change in orange).

rent seizures, encephalopathy, cognitive impairment,
episodic coma, sensorineural hearing loss, nephropathy, liver dysfunction/failure, or cardiac ventricular
hypertrophy. In the childhood-onset form, TK2d
has been associated with a spinal muscular atrophy
(SMA)-like lower motor neuron presentation, as well
as limb-girdle muscular dystrophy-like presentations
[27, 28, 30–32]. In many childhood- and adult-onset
cases, limb weakness is accompanied by chronic progressive external ophthalmoplegia (CPEO), ptosis,
and severe involvement of oropharyngeal and respiratory muscles (although the brain and heart are
spared), with occasional extra-muscular manifestations such as peripheral neuropathy and hearing loss
[27–29].

Early onset form (≤1 year old)
In the early onset form, symptoms that often
precede motor weakness include intestinal dysmotility, esophageal reflux with recurrent vomiting,
and failure to thrive. After a normal early motor
developmental phase of variable duration, patients
predominantly present with motor regression paired
with proximal limb weakness and head drop, which
progresses rapidly to fatality in the majority of
cases within 1 year of follow-up due to respiratory failure [27, 28]. Approximately one-third of the
infantile-onset patients have had non-skeletal muscle
manifestations including: dysphagia, multiple bone
fractures, nephropathy, rigid spine, coma episodes,
cardiomyopathy, biventricular hypertrophy, arrhythmia, esophageal atresia, severe peripartum asphyxia,
anemia, thrombosis, capillary leak syndrome, bilateral chylothorax, and occipital skin necrosis [27].
In addition, another one-third may have CNS
abnormalities, including: seizures, encephalopathy,
cognitive impairment, brain atrophy, lissencephaly,

microcephaly, and bilateral optic atrophy. Hypertrophic cardiomyopathy is rare in TK2d and has
been reported in only 3 cases. Liver steatosis has
been reported in 1 patient [27] and has been
described in 1 unpublished case; thus, additional studies should be undertaken, including liver ultrasound
and gamma glutamyl transferase (GGT) measurement in TK2d associated with increased levels of
aspartate aminotransferase (AST) and alanine aminotransferase (ALT), which may be elevated due to
myopathy.
Childhood-onset form (> 1 to ≤12 years old)
In the childhood-onset form, which we believe
may include patients with disease onset from > 1 to
12 years, moderate to rapidly progressive myopathy
evolves and differentiates the intermediate phenotype
spectrum of the disease between the rapidly progressive and sometimes multisystemic early onset
and the more sluggishly progressive adult-onset
phenotype. Typically, progressive proximal limb
myopathy with Gowers signs, dropped head, and
myopathic histological changes are seen. In many
cases, facial diplegia, CPEO, ptosis, dysphagia, and
restrictive lung disease are present and may be a
clue to the diagnosis. Muscle weakness occasionally
resembles SMA type 3 with a progressive clinical
course leading to wheelchair-bound status in the
majority (60%) of patients, and invasive or noninvasive ventilator dependency in 55% of patients
[27]. Less than 20% of the patients showed nonskeletal muscle involvement including hearing loss,
as well as 1 patient each with cognitive decline,
encephalopathy, prolonged QT interval, arrhythmias, multiple bone fractures, renal tubulopathy,
and gynecomastia. CNS involvement is uncommon
(10%) [27].
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Late-onset form (> 12 years old)
Domı́nguez-González reported 18 patients with
a more homogeneous phenotypic pattern in lateonset TK2d than the early and childhood-onset
forms. The patients manifested progressive proximal limb, scapular, neck, and facial muscle weakness
frequently associated with ptosis, ophthalmoparesis, and lower bulbar weakness [29]. The mean
age-at-onset was 31 years, but in retrospect, most
patients had earlier subtle symptoms such as fatigue
and exercise intolerance. In addition to typical
mitochondrial disease manifestations such as limb
myopathic weakness and CPEO, early respiratory
muscle involvement was very characteristic occurring in almost all patients with slow progression,
leading to non-invasive ventilation (NIV) in 12 of
18 (67%) of patients. In some cases, CPEO, restrictive lung disease, or both were disproportionately
severe relative to limb muscle weakness. In fact, isolated CPEO may be the first clinical manifestation
in very late-onset cases. Because respiratory muscle weakness is an early and subacute manifestation
of TK2d, it is critical to screen for restrictive lung
disease and nocturnal hypoventilation during clinical evaluation of these patients, regardless of the
severity of the skeletal myopathy. Dysphagia and
speech disturbances are common late-onset manifestations resulting in weight loss and anarthria in
severe cases. In almost 30% of patients, gastrostromy
tube was initiated on average 19.6 years after clinical
onset of the disease [29]. Other less frequent manifestations included axonal sensory polyneuropathy,
hearing loss, and infrequent cardiac involvement.
Although less severe than the early onset form of
TK2d, the late-onset disease causes severe morbidity
with muscle weakness impairing functions, restrictive lung disease requiring NIV in most patients, and
gastrostomy tube for dysphagia in nearly one-third of
patients.
Epidemiology
Mitochondrial diseases (MDs) are rare diseases
but, among rare disorders, they are relatively frequent, with an overall estimated prevalence of
11.5:100,000 [33–36]. Mitochondrial DNA depletion/deletion syndrome (MDDS) is comprised of a
discrete group of autosomal MDs characterized by
significantly decreased mtDNA copy numbers, multiple mtDNA deletions, or both, in affected tissues.
As in all ultra-rare disorders, it is challenging to accurately estimate the prevalence of TK2d, a relatively

newly characterized and not widely known disease;
therefore, this disease is likely to be underdiagnosed. More than 30 distinct TK2 pathogenic variants
have been identified, making allele frequency calculations difficult. Additionally, TK2 has only recently
been added to nuclear gene panels for MDDS and
myopathies, and it is still not included in some
gene panels for neuromuscular diseases and muscular dystrophies. We have estimated the prevalence of
TK2d in a stepwise manner, applying established epidemiology of larger mitochondrial disease categories
and utilizing peer-reviewed publications in which
pools of patients from these larger categories were
positively genotyped. There is no ethnic predilection for TK2d, allowing for extrapolation across
regions, although our cohort of patients suggests an
increased predilection for Hispanic ethnicity (Hirano
and Berardo, personal observation). Mutation analysis of patients with different forms of MDDs found
12.5% of the screened patients had pathogenic TK2
variants [37]. An additional study that similarly
screened a pool of MDDS myopathy patients for
specific gene defects revealed 10% had pathogenic
TK2 variants [31]. A third study found 18% of a
diverse MDDS cohort had pathogenic TK2 mutations, while a minimum of 10% of MDDS myopathy
patients and a maximum of 18% of all MDDS patients
were found to have TK2d [38]. Based on the established prevalence rates for the larger categories of
mitochondrial diseases referenced, one can estimate
a minimum prevalence of TK2d at 600 patients and a
maximum prevalence of 2700 TK2-deficient patients
in the United States.
Diagnosis
Laboratory ﬁndings
HyperCKemia is a common finding in almost
all patients with TK2d, with significant elevations (> 1000 U/L) in the early onset phenotype
(Table 1). Other laboratory abnormalities include
venous lactate, aspartate transaminase, alanine
aminotransaminase, and lactate dehydrogenase elevations which are more prominent in the early onset
form. Garone et al. reported creatine kinase (CK)
elevations (272–6500 U/L) among 57 TK2d patients
with transient normal values in only 2 patients with
early onset myopathy and 4 patients with childhoodonset myopathy, indicating that a normal CK does not
exclude TK2d [27]. Temporary CK elevations were
observed in the setting of myoglobinuria (1 case) and
acute rhabdomyolysis (2 cases).
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Neuroimaging
When CNS is involved, neuroimaging may show
cerebral atrophy and, less frequently, white matter
and basal ganglia abnormalities, particularly in early
onset patients [27, 28]. Other less frequent abnormalities include cerebellar (vermis) atrophy, immature
myelination, and lissencephaly on brain magnetic
resonance imaging or histological postmortem studies [27] and diffuse leukoencephalopathy with rapid
loss of supratentorial white and grey matter [39].
Muscle biopsy ﬁndings
Unlike other forms of mitochondrial myopathy, muscle histology can show severe dystrophic
alterations in TK2d with necrotic and regenerating myofibers, increased centrally located nuclei,
fiber-size variability, and connective and fat tissue replacement. Muscle histological analysis of 36
patients summarized by Garone et al. showed myopathic changes, including atrophic and/or necrotic
fibers, fiber size variability, increased central nuclei,
type 1 predominance, sarcoplasmic vacuoles, lipid
droplets or fat replacement of muscle tissue, and
fibrosis or increase of connective tissue [27]. Muscle histochemistry typically shows mitochondrial
dysfunction with numerous cytochrome c oxidase
(COX)-deficient and/or ragged-red fibers (RRFs).
“SMA-like” findings with atrophic and hypertrophic
fibers, distributed in groups or single fibers, and type
1 fiber preponderance can be seen [30–32].
Levels of mtDNA measured in muscle tissue from
55 cases had an average of 14% mtDNA content. Patients with early onset TK2d manifest severe
mtDNA depletion in muscle, while individuals with
the more indolent late-onset form typically show multiple mtDNA deletions in muscle [27]. (Figure 1) In
the 15 cases where mtDNA content was normal, the
onset of disease occurred later, at an average age of 19
years. In contrast, OXPHOS enzyme activities have
been shown to be more variable; only 20% to 74%
of confirmed TK2d patients have had deficiencies in
OXPHOS activities [28].
Molecular Genetics
The TK2 gene is located at chromosome 16q21 and
spans 42,410 base pairs with 10 exons encoding a 265
amino acid protein. The TK2 mRNA length is 5114
nucleotides with a 3.8 kilobase long 3’-untranslanted
region (NM 004614.5). Since the first description
in 2001, there have been more than 100 patients
with this gene described worldwide [12, 27–29, 40].
Pathogenic variants are identified in all 10 exons and
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there is no clear overall genotype–phenotype correlation. Frequent pathogenic variants include p.Thr108
Met, p.Asn58Ser, p.Arg130Trp, p.Lys202del, p.His
121Asn and p.Arg183Trp. The pathogenic variant
p.Arg130Trp appears to be associated with the most
severe phenotype, with CNS involvement during
the first months of life [41]. Homozygosity for
p.Arg183Trp has been associated with myopathy and
severe mtDNA depletion restricted to skeletal muscle
[42]. p.Lys202del (in either homozygosity or compound heterozygosity) has only been identified in
individuals with adult-onset TK2d forms. In addition, p.Ala139Val and p.Phe70Ser were described in
a severe-onset form with hypertrophic cardiomyopathy.
Differential diagnosis
Although the new era of massive sequencing has
led us to a change in diagnostic approach, clinical
clues are still important to refine our workup studies.
Neck extensor weakness causing dropped head syndrome can also be an early manifestation in all age
groups and indicates early axial muscle involvement.
In the early onset form TK2 myopathy, alternative differential diagnoses include SMA type 1 or 2, Pompe
disease, congenital myopathies, and other mtDNAdepletion syndromes, including RRM2B, SUCLA2,
and SUCLG1 in the severe encephalomyopathic
forms. Common renal tubulopathy/nephrocalcinosis,
sensorineural hearing loss, and abnormal lipid deposition, rather than dystrophic features on muscle
biopsy, may differentiate RRM2B from TK2 [43].
In contrast, SUCLA2 and SUCLG1 phenotypes frequently manifest as psychomotor delay rather than
motor regression and include additional manifestations such as scoliosis/kyphosis, abnormal movement
disorders like dystonia, athetoid or chorea, and hearing loss, which distinguish those disorders from the
predominantly myopathic presentation of TK2d [44].
Motor neuron conditions such as SMA should be
considered, since some reports showed electromyography findings consistent with a motor neuron
disorder with active denervation with fibrillations and
chronic partial reinnervation with severe loss of motor
unit potentials [30, 45]. Although cardiomyopathy is
not a frequent manifestation of TK2d, when present,
the condition can be confused with Pompe disease.
Nevertheless, the unique combination of prominent
dystrophic changes and mitochondrial histochemical defects in the muscle biopsy are morphological
clues to the diagnosis of TK2d as opposed to
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Pompe disease and other early onset neuromuscular
disorders [27].
In the childhood-onset forms, where ambulation
is preserved, SMA type 3 should be considered, as
well as ocular manifestations with facial weakness
and dysphagia which can mimic congenital myasthenic syndromes. Adult forms of TK2 myopathy,
which manifests as CPEO, dysphagia, and muscle
weakness, need to be included in the broad spectrum
of autosomal CPEO with multiple mtDNA deletions due to mutations in genes such as POLG and
POLG2, TWNK, MPV17, DGUOK, and RRM2B, as
well as primary mtDNA point mutations and single deletions. The combination of ptosis and severe
dysphagia can mimic oculopharyngeal muscular dystrophy, although extraocular and other voluntary
muscles are affected later in the disease than in TK2d
and display an autosomal dominant inheritance pattern. In late-onset TK2d with prominent respiratory
muscle involvement, Pompe disease should always be
considered as a differential diagnosis [29]. Prominent
scapular winging and facial weakness may mimic
fascioscapulohumeral dystrophy.
Treatment
Recently, an open-label, multicenter compassionate-use study enrolled 16 TK2d patients to assess
the efficacy of oral deoxynucleoside monophosphates and deoxynucleoside treatment [40]. Some
patients were initially treated with dTMP and dCMP
and later switched to dThd and dCtd (all but one
individual), when cell and mouse studies showed
that deoxynucleosides (dThd, dCtd) were the active
agents. Doses were titrated up to 400 mg/kg/day
depending on tolerance. No major adverse effects
were observed except for diarrhea, and in a few
adult cases, transaminase elevation. The authors conclude that the therapy exerted striking effects on
survival in early onset severe myopathy patients by
increasing muscle strength, which enabled reduction
or discontinuation of mechanical ventilation (2 of 4
patients) and gastrostomy feeding (2 of 3 patients),
as well as allowing two patients to walk. In contrast to early onset patients, in late-onset patients
therapy produced smaller beneficial effects, with
stabilization or mild improvements in motor and respiratory functions, which are clinically important
outcomes in this progressive disease. The greater
therapeutic response in the early onset compared to
late-onset subjects may be due to early intervention
before irreversible muscle damage (e.g. fibrosis, fatty

tissue replacement of muscle or both) or to greater
reversibility of mtDNA depletion relative to mtDNA
multiple deletions. Unfortunately, there are no data
on muscle biopsies from subjects who have clinically
improved on deoxynucleoside or deoxynucleotide
therapy. To overcome biases and incomplete data
collection inherent in an expanded access program
lacking a unitary study protocol, a phase 2 prospective, open-label treatment study to assess the safety
and efficacy of the dCtd/dThd compounds (MT1621
Modis/Zogenix Therapeutics) in all forms of TK2d
patients is ongoing (NCT03845712) and additional
clinical trials are being pursued with the intent to
support approval in the US and EU.
Biomarkers
Because a potential treatment is being developed
for this particular condition and promising drugs for
MDs are under investigation in preclinical and clinical trial studies, specific and sensitive biomarkers
are needed to select patients for further investigation
and to monitor the disease progression and efficacy of treatment. In 2011, data from 67 patients
with confirmed mitochondrial OXPHOS deficiencies
and muscle disease suggested that fibroblast growth
factor-21 (FGF-21), a member of the FGF family,
might be applied as a first-line diagnostic test for
these disorders [46]. FGF-21 is involved in a variety
of biological processes, including embryonic development, cell growth, morphogenesis, tissue repair,
tumor growth, and invasion level. Additional publications suggested another growth factor, growth
differentiation factor-15 (GDF-15), may be more sensitive and specific than FGF-21 for the diagnosis of
MDs, and even measurement of both GDF-15 and
FGF-21 improved disease detection ability, compared
to either one independently [47–50]. Nevertheless,
another publication showed that combining both
biomarkers does not increase the diagnostic utility
significantly over that for GDF-15 alone, indicating
that there is little synergistic diagnostic benefit in
using both biomarkers together [51]. In contrast, a
recent prospective cohort study confirmed that induction of FGF-21 and GDF-15 is highly restricted to
muscle-manifesting disorders caused by defects in
mtDNA expression [52]. Analysis of both muscle and
biomarkers showed that only 39% of patients with
genetically verified mitochondrial disease showed
mitochondrial pathology in muscle, while those
biomarkers were elevated in 62% of patients with
genetically verified mitochondrial disease [52].
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For TK2 myopathy specifically, FGF-15 and GDF15 levels were tested in serum from 24 patients with
TK2d treated with oral deoxynucleosides [53]. Both
levels were elevated above normal in all untreated
patients at baseline and significantly higher in the
infantile and childhood forms. After treatment, GDF15 levels in all cases showed significant declines with
time, which was accompanied by improvement in
clinical outcome measures such as a 6-minute walk
test and body mass index. Furthermore, in a few cases,
discontinuation of the treatment was associated with
GDF-15 elevation over time. In contrast, decreases
in FGF-21 with treatment were less prominent and
consistent. Although more data are required to understand the utility of these biomarkers in mitochondrial
disease, for TK2d, GDF-15 appears to be a promising biomarker of disease severity and response to
treatment with deoxynucleosides.
CONCLUSIONS
TK2 myopathy is considered an ultra-rare myopathy belonging to the MDDS spectrum. Clinical
features include a wide range of manifestations
at variable ages-at-onset. The early onset form
manifests typically as a pure myopathy combining progressive limb, neck, facial, oropharyngeal,
and respiratory muscle weakness, although severe
encephalomyopathic forms have been described. In
the childhood- and late-onset forms, limb myopathy
is usually associated with ptosis, ophthalmoparesis, dysphagia, and respiratory involvement. Early
onset TK2 myopathy should be included in the
differential diagnosis of SMA, Pompe disease, congenital myopathies, and other MDDS; however, these
diagnoses can be distinguished based upon clinical, electrophysiological, and muscle histological
findings. Ultimately, genetic testing provides the
definitive diagnosis; therefore, TK2 analysis should
be included in congenital myopathy and muscular
dystrophy panels, in light of recent developments
leading towards a promising pharmacological treatment for this particular condition.
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C, Domı́nguez-González C, et al. Retrospective natural
history of thymidine kinase 2 deficiency. J Med Genet.
2018;55(8):515-21.
Wang J, Kim E, Dai H, Stefans V, Vogel H, Al Jasmi F,
et al. Clinical and molecular spectrum of thymidine kinase
2-related mtDNA maintenance defect. Mol Genet Metab.
2018;124(2):124-30.
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