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Novel biallelic TK2 mutations cause ot

mitochondrial DNA depletion syndrome
with infantile early-onset lipid storage
myopathy

Duoling Li'"®, Yixin Shi'"®, Hanhan Sun', Chuanzhu Yan'® and Yan Lin'"

Abstract

Background Mutations in the TK2 gene are strongly associated with mitochondrial DNA depletion syndrome (MDS),
a severe condition with high mortality and poor outcomes. Although many MDS cases are reported, those linked
to TK2 mutations with lipid deposition are rare. Large deletions in the TK2 gene are even rarer.

Methods We conducted whole-exome sequencing to find the gene linked to MDS, followed by genomic

and structural analyses, histopathological, and functional analyses to assess the mutations' pathogenicity. Additionally,
a HEK293T cell model with TK2 mutations was created to investigate the impact of large deletions on mitochondrial
function.

Results The patient was found to have a novel compound heterozygous mutation in the TK2 gene, consisting

of a large deletion spanning exons 5-10 (E5-E10 del) and a previously reported missense mutation (c.311C> A,
p.Arg104His). Analysis of the patient’s muscle tissue demonstrated a marked reduction in mtDNA content

and a significant impairment in overall mitochondrial function. In the HEK293T cell model, the group with the deletion
mutation exhibited a notable reduction in TK2 protein expression and levels of mitochondrial complex subunits

when compared to the control group. Furthermore, there was an observed increase in ROS levels, a decrease in ATP
production, and compromised mitochondrial respiratory chain function. Moreover, we conducted a comprehensive
review of the previously reported genotypic and phenotypic spectrum of TK2 mutations in the literature.

Conclusions This case report underscores the detrimental impact of large fragment deletion mutations in the TK2
gene and elucidates their role in the pathogenesis of MDS. It broadens the spectrum of known TK2 mutations
and enhances our understanding of the structural and functional consequences of these mutations.
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Introduction

Mitochondrial DNA depletion syndrome (MDS) is a
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impacting various tissues such as skeletal muscle, liver,
and brain, leading to a range of systemic or tissue-specific
manifestations [4, 5].

MDS has been linked to mutations in 8 genes, includ-
ing thymidine kinase 2 (TK2), deoxyguanosine kinase
(DGUOK), polymerase gamma (POLG), ATP-dependent
and GTP-dependent succinyl coenzyme A synthetase
ligases (SUCLA2 and SUCLGI), MPV17, mitochondrial
twinkle helicase, and the cytoplasmic p53-inducible small
subunit of ribonucleotide reductase (RRM2B), have been
implicated in the pathogenesis of MDS [5, 6]. Notably,
mutations in TK2 are predominantly associated with the
myopathic variant of MDS [5, 7-9].

Mammalian cells possess two distinct thymidine
kinases, TK1 and TK2, which catalyze the phosphoryla-
tion of thymidine (dThd) and 2’-deoxyuridine (dUrd) to
their monophosphate forms [10]. Notably, TK2 serves
as the exclusive pyrimidine nucleoside salvage enzyme
in quiescent tissues such as skeletal muscle [11, 12].
Encoded by a nuclear gene located on chromosome 16
and targeted to the mitochondria, TK2 plays a critical
role in the biosynthesis of DNA precursors necessary for
mitochondrial DNA replication and in regulating the lev-
els of deoxyribonucleotide triphosphate pools [13-15].
Disruption of these pools can lead to mutations or dele-
tions in newly synthesized nuclear DNA or mitochon-
drial DNA, both of which encode essential components
of the mitochondrial respiratory chain.

In this study, we document a case of an infant diag-
nosed with MDS, presenting as infantile early-onset lipid
storage myopathy. This condition was caused by biallelic
mutations in the TK2 gene, including a large deletion
spanning exons 5 through 10 and a missense mutation,
c.311G>A (p.Argl04His). To elucidate the pathogenic
implications of these genetic changes, a series of experi-
ments were performed using muscle samples and geneti-
cally modified cell lines. Furthermore, we provide a
detailed overview of the clinical and pathological mani-
festations associated with TK2 mutations.

Materials and methods

Patients

The female patient, born following a full-term
pregnancy and vaginal delivery. By 3 months of age, she
demonstrated the ability to turn over, and by 5 months,
she could sit without support. However, at 8 months, she
began to display symptoms of neck muscle weakness,
decreased physical endurance, weak crying, and
challenges maintaining seated or prone positions without
assistance, occasionally exhibiting bucking movements.
On physical examination, she exhibited alertness and
cognitive acuity. Her cranial nerve functions were within
normal limits, with no evidence of ophthalmoplegia,
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ptosis, or tongue fasciculations. Tendon reflexes were
absent. The patient presented with diffuse hypotonia,
generalized weakness, and absent tendon reflexes.

By 11 months of age, her spontaneous movements
decreased, leading to respiratory dyspnea and the need
for mechanical ventilation and nasogastric tube feed-
ing. Laboratory analysis showed elevated venous lactate
levels of 3.8 mmol/L (reference range: 1.5-2.99 mmol/L)
and serum creatine kinase (CK) levels of 2157 U/L. Brain
MRI results were within normal limits. Electromyogra-
phy (EMG) demonstrated myogenic alterations, while
metabolic analysis showed heightened levels of urine
organic acid and serum acylcarnitine, notably elevated
3-hydroxybutyrate. Unfortunately, at 13 months of age,
she experienced severe respiratory distress, ultimately
resulting in her passing. Informed consent for both diag-
nosis and research participation was obtained from the
patient’s parents. The study protocol was approved by the
ethics committee of Qilu Hospital.

DNA extraction and library preparation

DNA was extracted from peripheral blood using the
MagPure Tissue & Blood DNA LQ Kit (Magen, China).
DNA concentrations were quantified using a Qubit fluo-
rometer with the Qubit dsDNA HS Assay Kit (Invitrogen,
USA). DNA libraries were prepared using the VAHTS
Universal Plus DNA Library Prep Kit for MGI V2 and
the VAHTS Dual UMI UDB Adapters Set 1 for MGI
(Vazyme, China). Intermediate purification steps were
performed with Agencourt AMPure XP beads (Beck-
man Coulter, USA). The quality and concentration of the
libraries were evaluated with the Qubit dsSDNA HS Assay
Kit.

Genomic analysis

The DNA libraries were sequenced on the DNBSEQ-T7
platform (MGI, China). After bioinformatics filtering,
2036 mutations were retained for analysis. Mutations
were ranked based on clinical phenotypic correlation,
and each gene was assessed for phenotypic consistency,
inheritance patterns, and pathogenicity. A point muta-
tion in the TK2 gene (c.311G > A) was identified. Further
analysis of the TK2 gene revealed a large deletion, which
was confirmed through BAM plots and additional sample
comparisons.

MLPA and mtDNA deletion analysis

Multiplex Ligation-dependent Probe Amplification
(MLPA) was performed using a synthetic probe mix tar-
geting six genes associated with mtDNA depletion syn-
drome, including TK2 (MRC-Holland, P089-B1). DNA
ligation and amplification were conducted following the
manufacturer’s instructions, with results analyzed using
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Coffalyser.Net software. For mtDNA deletion analysis,
regions flanking common deletion sites were amplified
using KOD FX Neo polymerase (Toyobo, Japan) with
specific primers [16].The PCR products were purified
using Agencourt AMPure XP beads and analyzed by 1%
agarose gel electrophoresis to confirm product size and
detect deletions. Detailed primer sequences are provided
in Supplementary Material 1.

Protein structural analysis of mutations

To examine the structural consequences of the
p.-Argl04His mutation and the deletion spanning exons 5
to 10 (E5-E10 del) in the TK2 protein, we accessed both
wild-type and mutant protein structures from the Alpha-
Fold Protein Structure Database. Utilizing PyMOL, a
molecular visualization software, we performed a com-
parative structural analysis to detect any conformational
disparities [17]. The full-length protein, comprising 265
amino acids, was meticulously analyzed to pinpoint the
locations of these genetic alterations. Specifically, we
compared the wild-type arginine at position 104 with the
mutant histidine to observe alterations in local structural
dynamics and hydrogen bonding. Additionally, we gener-
ated a model to visualize the hypothetical impact of the
E5-E10 deletion on the protein structure, focusing on the
its potential implications for protein function.

Histopathological examination

Muscle biopsy samples were collected from the left biceps
brachii of the proband. Histopathological examination
involved the preparation of serial cryosections measur-
ing 10 um in thickness. The staining procedures utilized
in this study encompassed hematoxylin and eosin (H&E)
for overall morphology, modified Gomori trichrome
(MGT) for visualization of mitochondrial abnormali-
ties, succinate dehydrogenase (SDH) and cytochrome
¢ oxidase (COX) for mitochondrial activity, as well as
SDH-COX double staining to evaluate the functionality
of the mitochondrial respiratory chain. Additionally, Oil
Red O (ORO) staining was employed to emphasize lipid
accumulation.

Cell culture and transfection procedures

HEK293T cells, sourced from the American Type Cul-
ture Collection (ATCC), were maintained in Dulbecco’s
Modified Eagle Medium (DMEM; Gibco) supplemented
with 10% v/v fetal bovine serum (FBS; Gibco, USA) and
100 U/ml penicillin/streptomycin (Sigma, USA) [18]. The
cells were incubated in a controlled environment at 37 °C
with 5% CO, and adequate humidity. Prior to transfec-
tion, cells in 6-well plates were cultured until reaching
60-70% confluence. Transfections were carried out using
Lipofectamine 2000 (Invitrogen, L11668019) according
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to the manufacturer’s recommended protocol. Various
genetic constructs, including TK2 siRNA to knock down
TK2 expression. Cells were either treated with a scram-
ble plasmid (Scramble), or transfected with TK2 deletion
plasmid (Dele) or TK2 total plasmid (Total). Following
transfection, the cells were incubated at 37 °C with 5%
CO, for 48 h to facilitate efficient gene silencing. The
sequences of the small interfering siRNA and plasmids
can be found in supplementary material 2.

Western blot analysis

Protein samples ranging from 15 to 30 ug were extracted
from muscle homogenates and various transfected cell
lines using radioimmunoprecipitation assay (RIPA) lysis
buffer (Beyotime, China), supplemented with a combina-
tion of protease and phosphatase inhibitors. The Western
blotting protocol involved protein electrophoresis, mem-
brane transfer, and blocking procedures, subsequently
followed by the application of primary antibodies. The
primary antibodies utilized in this study included anti-
TK2 (ARP61417_P050, Aviva, USA), OXPHOS cocktail
(ab110413, ab110411, Abcam, UK), anti-ATP6 (55313-1-
AP, Proteintech, USA), anti-ATP8 (26123-1-AP, Protein-
tech, USA), anti-CO4 (11242-1-AP, Proteintech, USA),
anti-CYB (ab81215, Abcam, UK), anti-ND5 (55410-1-AP,
Proteintech, USA), anti-VDAC1 (ab15895, Abcam, UK),
anti-CO2 (55070-1-AP, Proteintech, USA), anti-p-actin
(ab8226, Abcam, UK), and anti-TUBULIN (A12289,
abclonal, China) as loading controls. Detection was per-
formed using Horseradish peroxidase (HRP)-conjugated
secondary antibodies, specifically goat anti-mouse IgG
and goat anti-rabbit IgG (Jackson). Using a Tanon 5500
camera system, we captured the resulting images of
protein bands using Western ECL Substrate (Millipore,
USA).

Quantification of mtDNA copy number

mtDNA copy number was determined using quantitative
PCR (qPCR). Total DNA was extracted from both con-
trol and patient samples. Relative mtDNA content was
assessed by comparing the threshold cycle values of a
mitochondrial gene to a nuclear reference gene [19]. The
real-time PCR was performed using SYBR qPCR Master
Mix (Vazyme, Q712-02/03). Results were analyzed using
the AACt method, normalizing mtDNA quantities to
the control, expressed as a percentage. Detailed primer
sequences are provided in Supplementary Material 1.

Measurement of ROS level

In order to assess reactive oxygen species (ROS)
production, cells were collected and reconstituted in
phosphate-buffered saline (PBS) at a concentration of
1x1076 cells/ml. Subsequently, the cells were exposed



Li et al. Orphanet Journal of Rare Diseases (2025) 20:130

to 5 uM DCFH-DA (Solarbio, CA1410) for a duration of
15 min to facilitate ROS staining [20]. Following staining,
the cells underwent thorough washing to eliminate any
excess dye. The fluorescence intensity, serving as an
indicator of ROS levels, was then quantified through flow
cytometry analysis.

Quantification of cellular ATP levels

ATP production was quantified using the ATP Assay Kit
(Beyotime, S0027). We lysed 1x 1076 cells in 200 pL of
the provided ATP assay buffer. From this lysate, 10 pL
was transferred to a 96-well plate and mixed with 90 uL
of ATP reaction mixture. Luminescence was measured
following the manufacturer’s protocol to assess ATP syn-
thesis [21]. To accurately determine the ATP concentra-
tions in our samples, we generated a standard curve using
ATP standards included in the kit. Results were reported
as concentrations of ATP in the samples.

Mitochondrial stress test

To examine the impact of genetic variations on mito-
chondrial function, we conducted mitochondrial stress
tests using a Seahorse XFe24 analyzer (Agilent, USA),
Seahorse analyzes mitochondrial function by measuring
the oxygen consumption rate (OCR) in cells. HEK293T
cells from various transfection groups (4x1074 cells
each) were plated on an XFe24 plate and allowed to
adhere within a CO2 incubator [16, 22]. For the assay,
mitochondrial inhibitors were introduced to the culture:
1 uM oligomycin to assess ATP-linked OCR, 1 pM FCCP
to determine maximal respiratory capacity, and 0.5 uM
each of rotenone and antimycin A to evaluate both basal
respiration and proton leak. This protocol facilitates
detailed profiling of mitochondrial dynamics in live cells.

Mitochondrial respiratory complex assay

To evaluate the performance of individual mitochon-
drial respiratory chain complexes, we used the Seahorse
XFe24 Analyzer, which assesses mitochondrial func-
tion by measuring the OCR in cells [22]. HEK293T cells
were transitioned from their standard growth medium
to a mitochondrial assay solution (MAS) buffer. Cell
permeabilization was achieved with 25 pg/ml digitonin
to enhance substrate accessibility. The activity of each
complex was then sequentially inhibited using specific
compounds: 2 pM rotenone, 10 mM succinate, 5 pM
antimycin A, 10 mM ascorbate, and 500 pM TMPD. The
pH of all solutions and subsequent injections was rig-
orously maintained at 7.4 to ensure optimal enzymatic
function and assay reproducibility.
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Statistical analysis

Statistical evaluations were performed using Graph-
Pad Prism software (version 9.0). All quantitative data
are presented as means *standard deviations (SDs).
Difference among groups were analyzed by two-tailed
unpaired Student’s t-test and with a significance thresh-
old of P<0.05. All assays were repeated at least three
times.

Results

Genetic analysis

Whole genome sequencing in the proband revealed
compound heterozygous molecular defects in the TK2
gene (NM_004614.5). The first mutation is novel large
deletion from exons 5-10 (g.66545871_66565372del),
causing a major change in the protein’s structure and
potentially leading to the loss of functional domains.
Through MLPA analysis, we determined that this
deletion mutation was inherited from the patient’s
mother. The second mutation, a missense mutation
(c.311G>A) resulting in a p.Argl04His amino acid
substitution, was inherited from the father. This
missense mutation has been previously reported by
Garone et al. [24] (Fig. 1A, B). Based on the variant
classification criteria PVS1_Strong, PM2_Supporting,
and PP4, the deletion mutation spanning exons 5
to 10 is classified as likely pathogenic. According to
the ACMG guidelines, the c.311G>A variant was
classified as a likely pathogenic variant (PM1+4PM2_
Supporting+ PM3+PP4). Analysis of conservation
across various mammalian species indicated that the
amino acid residue at position 104 is highly conserved,
suggesting its potential importance in protein function
(Fig. 1C). Structural predictions suggest that the
p-Argl04His substitution could affect protein stability
and function by changing its hydrogen bonding
network and spatial configuration. The exon 5-10
deletion creates a severely shortened protein lacking
important regions for function, potentially causing
significant impairment in mitochondrial function
(Fig. 1D).

Histopathological study

Serial sections of the biceps brachii revealed
pathological features consistent with typical metabolic
myopathy. Histochemical staining demonstrated
significant variability in fiber size, along with numerous
COX-negative fibers, which showed enhanced succinate
dehydrogenase staining, indicating mitochondrial
dysfunction. Additionally, ORO staining revealed a
marked accumulation of lipid droplets (Fig. 2).
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Fig. 1 Characterization of the TK2 compound heterozygous mutations in the patient. A Pedigree diagram of the family indicating the inheritance
of the TK2 compound heterozygous mutations. B Sanger sequencing chromatograms showing the heterozygous c.311G> A mutation

in the proband and the father (I-2). The large deletion mutation (E5-E10 del) in the proband was detected through MLPA, and this mutation

was inherited from the patient’s mother. C In silico prediction of the pathogenicity of the c311G> A (p.Arg104His) mutation using the PolyPhen-2
software. The missense mutation is predicted to be "probably damaging". D Schematic of the TK2 protein structure a showing the location

of the missense mutation (p.Arg104His) and the large deletion (E5-E10 del) mutation. Structural modeling b depicts the predicted impact of the p.
Arg104His mutation on protein conformation. Structural modeling € shows the severe truncation resulting from the E5-E10 deletion
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Fig. 2 Histopathological characterization of the patient. A H&E staining revealed slight variability in muscle fiber size, with dark subsarcolemmal

staining in several fibers. B MGT staining revealed numerous RRFs (arrow). C ORO staining highlights extensive lipid droplet accumulation (asterisks).
D COX staining demonstrates COX-negative fibers (arrow). E SDH staining shows increased SDH activity in many fibers (arrow). F Combined
COX-SDH staining identifies fibers with both COX deficiency and SDH positivity (arrow). H&E, hematoxylin and eosin; MGT, modified Gomori
trichrome; RRFs, ragged red fibers; ORO, Oil Red O COX, cytochrome ¢ oxidase; SDH, succinate dehydrogenase; RBFs, ragged blue fibers. Scale bar:

50 um

Novel biallelic TK2 mutations reduced the expression levels
of TK2 and mitochondrial proteins

To evaluate the impact of the patient’s biallelic
mutations on TK2 protein levels, we conducted
Western blot analysis on muscle samples obtained
from patients and age- and gender-matched controls.
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The results demonstrated a significant reduction in
total TK2 protein levels in the patient’s muscle sample
(Fig. 3A). Additionally, we examined the effect of the
TK2 mutations on the synthesis of respiratory chain
complex subunits encoded by both nDNA and mtDNA.
The patient’s muscle biopsy demonstrated a significant
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Fig. 3 TK2 expression, mitochondrial protein levels, and mtDNA copy number in muscle samples from patient and control. A Western blot analysis
of TK2 protein levels in muscle samples from the patient (Pat) and control (Con). A significant reduction in TK2 expression is observed in the patient’s
muscle. B Western blot analysis of mitochondrial respiratory chain complex subunits in muscle samples. The analysis includes subunits of complex

I (CI-ND5), complex Il (CII-SDHB), complex Il (ClII-FUQCRC2, ClI-CYB), complex IV (CIV-CO2, CIV-CO4), and complex V (CV-ATP5A, CV-ATP6, CV-ATPS).
The expression levels of mitochondrial proteins are significantly lower in the patient’s muscle. C Quantification of mtDNA copy number in muscle
samples, showing a significant reduction in the patient compared to the control (***p <0.001)
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reduction in the levels of several essential proteins,
such as UQCRC2, CO2, ATP8, ATP6, CO4, CYB, and
ND5 (Fig. 3B). Given that TK2 mutations are linked
to MDS, we quantified mtDNA copy number in the
muscle samples and found a substantial decrease, with
levels dropping to 25% relative to controls (Fig. 3C).

TK2 large deletion mutation severely impairs

the expression of mitochondrial proteins

The TK2 c.311G>A mutation was classified as Likely
Pathogenic, whereas the large deletion was designated
as a VUS. Since deletion mutations are very rare and
the other allele of deletion mutations in most patients
is a pathogenic missense mutation, in order to further
explore the role of deletion mutations in them, we
constructed a TK2 deletion mutant cell model for
research.Using the HEK293T cell line, we generated
TK2 knockdown (Scramble), TK2 deletion mutants
(Dele), and TK2 knockdown-corrected cells (Total),
while also culturing normal HEK293T cells as a control
group (Control) (Fig. 4A). Western blot analysis of TK2
protein expression levels across the four cell groups
revealed significantly reduced TK2 protein expression
in the Dele group, with levels at 53.5% compared to
control group and 50.1% compared to Total group
(Fig. 4B). Furthermore, we conducted an analysis of
the protein levels of mitochondrial respiratory chain
complex subunits across different cell groups. Relative
to both the Control and the Total group, the Dele group
exhibited a marked reduction in the expression of several
mitochondrial complex subunit proteins, including
ATP5A (61.6%, 79.1%), UQCRC2 (52.2%, 66.3%), CO1
(62.4%, 60.1%) (Fig. 4C).

TK2 large deletion mutation contributed to mitochondrial
respiration deficiency

Reactive oxygen species (ROS) are well-recognized
byproducts  generated during energy-demanding
conditions, often considered harmful reactive molecules
that can damage cellular structures. In this study, ROS
levels were assessed using DCFH-DA fluorescence
intensity, which was significantly elevated in the Dele
group compared to the Control (177.2%) and Total
(169.6%) groups (Fig. 5A). Additionally, ATP production
was markedly reduced in the Dele group, compared to the
Control (31.5%) and Total (35.7%) groups (Fig. 5B). We
further analyzed the OCR in these four cell groups. Basal
respiration (47.3%, 55.7%), maximum respiration (29.4%,
41.6%), and ATP-linked OCR (39.7%, 49.8%) in Dele
cells were significantly lower compared to the Control
and Total cells (Fig. 5C). To investigate the site-specific
effects of this mutation on mitochondrial respiratory
chain (MRC) activity, we measured complex I-, II-, and
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IV-mediated respiration. Our results revealed that Dele
group exhibited marked reductions in respiration across
all complexes (I 40.6%, 43.8%, II 32.3%, 51.3%, and IV
12.5%, 23.9%) compared to the Control and Total groups
(Fig. 5D).

The spectrum of TK2 mutations

The TK2 gene is located on chromosome 16, with
an mRNA length of 5114 nucleotides, including a
3.8-kilobase pair 3" UTR region, and consists of 10 exons
(NM_004614.5) [23]. To provide a thorough depiction
of the distribution and categorization of mutation sites
within the gene, we have precisely mapped 75 distinct
reported mutation sites onto the gene’s structural
framework (Fig. 6A). Among these, missense mutations
are the most frequently observed, with 51 sites identified.
Conversely, reports of large deletion mutations are
extremely rare, with only one mutation currently
documented. Furthermore, the documented mutation
sites are predominantly clustered in exons 5 and 8
(Fig. 6B, C).

To further investigate the clinical features and muta-
tion characteristics of patients with TK2 gene muta-
tions, we reviewed 250 reported cases. We excluded
200 patients due to incomplete data on onset time and
clinical presentation. Ultimately, 50 cases with relatively
complete patient data were selected for further analy-
sis. These cases included 29 male and 21 female patients
from diverse ethnic backgrounds. Based on age of onset,
patients were categorized into three groups: early-onset
(<1 year, 15 cases), childhood-onset (>1-12 years, 26
cases), and late-onset (> 12 years, 9 cases). Among these
50 cases, nearly half experienced respiratory failure, and
almost all exhibited elevated CK levels. Muscle biopsy
results show that approximately 60% of patients exhibit
muscle fibers with both RRF and COX deficiency, while
around 20% of patients display lipid accumulation. How-
ever, in patients with 7K2 mutations, increased lipid
droplet accumulation in muscle has often been associ-
ated with poorer prognosis. The most frequent TK2
mutations were ¢.323C>T (p.Thr108Met), present in 18
alleles, and ¢.361C> A (p.His121Asn), present in 7 alleles.
Further analysis revealed that missense mutations were
the most common type, comprising 76% of the muta-
tions, followed by frameshift mutations (12%), nonsense
mutations (6%), and splice site mutations (4%). Dele-
tion mutations were the rarest, accounting for only 1%
(Table 1).

Discussion

MDS is a group of rare autosomal recessive mitochondrial
disorders first described in 1991. These disorders are
characterized by a significant reduction in mtDNA
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Fig.4 Construction of TK2 deletion cell model and analysis of TK2 and mitochondrial protein levels. A Schematic representation

of the experimental design. HEK 293T cells were treated with TK2 siRNA to knock down TK2 expression. Cells were either left untreated, treated
with a scramble siRNA control, or transfected with TK2 deletion plasmid (Dele) or TK2 total plasmid (Total). B Western blot analysis of TK2 protein
levels across the different experimental groups revealed a significant reduction in TK2 expression in the TK2 (Dele) group compared to the control
and TK2 (Total) groups. C Western blot analysis of mitochondrial respiratory chain subunits (CV-ATP5A, ClII-UQCRC2, CIV-CO1) across the different
experimental groups revealed a significant reduction in mitochondrial protein levels in the TK2 (Dele) group compared to the control and TK2
(Total) groups. The graphs quantify the expression levels of the respective subunits. Statistical significance is indicated by *p < 0.05, **p <0.01,
***n <0.001, and non-significant differences are denoted as (ns)

content, leading to a variety of clinical manifestations
that can affect multiple organ systems, including skeletal
muscle, liver, and brain. TK2-related MDS is particularly
rare, with only around 60 cases reported globally since

its first description in 2001. Moreover, skeletal muscle
has a significantly higher demand for mtDNA-encoded
proteins compared to other tissues, such as the liver
and brain, yet exhibits relatively low TK2 activity [2].
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Fig. 5 Analysis of ROS levels, ATP production, and mitochondrial respiration in TK2 deletion cell. A Flow cytometry analysis of ROS levels using
DCFH-DA fluorescence intensity. The graph on the right shows the quantification of DCFH-DA fluorescence, indicating significantly elevated ROS
levels in the TK2 (Dele) group compared to control and TK2 (Total) groups. B Measurement of ATP production rates in the different experimental
groups. The relative rate of ATP production is significantly lower in the TK2 (Dele) group compared to the control and TK2 (Total) groups,
while no significant difference is observed between the control and scramble groups. C OCR analysis using the Seahorse Bioscience XFe 24
Extracellular Flux Analyzer to measure mitochondrial respiration. The graph depicts basal respiration, maximal respiration, and ATP production
in the different groups. The TK2 (Dele) group shows significant reductions in all parameters compared to the control and TK2 (Total) groups. D
Analysis of mitochondrial complex-specific respiration (complexes |, Il, and IV) using the Seahorse Bioscience XFe 24. The graphs show reduced
activity in all complexes in the TK2 (Dele) group compared to the control and TK2 (Total) groups. Statistical significance is represented as *p <0.05,
**p<0.01, ***p <0.001, and non-significant differences as (ns)

This discrepancy may explain why TK2-related diseases  heterozygous mutations in the TK2 gene: a large
predominantly manifest in skeletal muscle. deletion spanning exons 5-10, and a missense mutation,

In this study, we describe a case involving a neonate  ¢.311G>A (p.Argl04His). The missense mutation,
diagnosed with MDS, characterized by two compound has been previously documented by Garone et al.
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[24]. Several lines of evidence suggest that the novel
compound heterozygous mutations are pathogenic. First,
the patient exhibited clinical symptoms and pathological
features consistent with early-onset mitochondrial
disease. Second, these genetic defects co-segregated with
the observed phenotype in the affected family. Third,
a significant reduction in mtDNA copy number was
identified in muscle samples from the patient. Fourth, the
compound heterozygous mutations resulted in decreased
expression of MRC complexes, with a particularly
pronounced effect on the expression levels of subunits
from complexes I, III, and IV.

Clinically, TK2 deficiency is characterized by a range
of symptoms, including hypotonia, muscle weakness,
ptosis, and exercise intolerance, which are typical of
mitochondrial myopathies [9, 25-27]. Besides present-
ing as mitochondrial myopathy, TK2 mutations may also
be associated with other clinical manifestations, includ-
ing sensorineural hearing loss, PEO/PMM with multiple
mtDNA deletions, early-onset encephalopathy, SMA-
like phenotype, and multisystemic involvement [28—30].
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Fig. 6 Mutation Spectrum of the TK2 Gene. A Schematic representation of the TK2 gene structure. Mutations are color-coded according to type:
missense mutations (red), frameshift mutations (green), splicing substitutions (purple), nonsense mutations (orange), and deletion mutations
(blue). The diagram visualizes the mutation landscape. B Pie chart showing the proportion of different types of mutations in the TK2 gene.
Missense mutations are the most common, followed by frameshift, splicing substitutions, nonsense, and deletion mutations. C Pie chart illustrating
the proportion of mutations across each exon of the TK2 gene. Exons 5 and 8 contain the highest percentage of mutations

In our case, the patient presented with severe hypoto-
nia, consistent with the classical clinical features of TK2
deficiency. It is worth noting that our patient developed
symptoms as early as infancy, and the patient’s condi-
tion deteriorated rapidly and died within 5 months after
onset. Considering the in-frame deletion of exons 5-10
in the TK2 gene in our patient, we hypothesize that this
leads to the production of a truncated protein. The trun-
cated protein lacks essential functional domains, which
likely severely impacts its biological function. This may
be a major contributing factor to the severity of the clini-
cal symptoms observed.

Genotypic analysis of 50 patients revealed a high
incidence of the p.Thr108Met mutation, with a broad
range of disease onset: 4 cases were early-onset, 2
were childhood-onset, and 4 were late-onset. Disease
severity varied among patients, which is consistent with
the findings of Ceballos et al. [13]. Additionally, in the
analysis of 8 late-onset cases, we identified 2 patients
with the p. Lys202del mutation, which was exclusive to
the late-onset group. One patient was heterozygous
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for p.Thr192Lys, while the other had a homozygous
p-Lys202del mutation. Both patients exhibited normal
electromyography and respiratory chain enzyme
activity, and did not experience severe infantile disease,
suggesting that p.Lys202del is a mild variant, as reported
by Wang et al. [23].

Previous studies have focused on point mutations and
small deletions, limiting our understanding of the full
spectrum of TK2 mutations in MDS. For example, the
p-Lys202del mutation, which results in an in-frame dele-
tion, is associated with a mild clinical phenotype, char-
acterized by delayed onset and slow progression [13]. In
contrast, we identified a significant 29.9 kb deletion in the
TK?2 gene of an infant, spanning exons 5-10. The break-
points of this deletion lie within introns, causing an in-
frame loss of the coding sequence. As this deletion also
includes the 3’ UTR region, it disrupts normal transcrip-
tion. Unlike the late-onset pattern seen in p.Lys202del
cases, the infant exhibited early onset, severe symptoms,
and rapid disease progression.

Additionally, in our muscle histology study, we
observed a marked increase in lipid droplets, which
suggests a possible disruption in fatty acid metabolism.
A similar observation of lipid accumulation in muscle
biopsy was reported by Marti in a Spanish case with a
TK2 mutation [30]. Mitochondrial function is critical
for the development and differentiation of adipose tis-
sue, and there is evidence that alterations in mtDNA can
disrupt adipose tissue metabolism [31]. An in vivo study
on Tk2~'~ mice also revealed significant changes in mito-
chondrial proteins, respiratory complex activities, and
genes associated with lipid metabolism [32]. Further-
more, MRC disorders, have previously been reported in
a patient with lipid accumulation, suggesting impaired
mitochondrial fatty acid oxidation [33]. In our patient,
the extensive lipid droplet deposition was a key observa-
tion, and we also noted a decline in MRC function, which
initially led us to consider a lipid storage disorder.

Currently, there are no effective treatments for MDS
caused by TK2 mutations. However, nucleoside-based
therapy, which involves supplementation with exogenous
deoxycytidine(dCtd) and dThd, represents a promising
experimental approach for TK2 deficiency. Studies in
Tk2HI26N knock-in mice treated with oral dCMP and
dTMP extended their lifespan by 2—3 times [34]. Further
research in Tk2~/~ mice revealed that skeletal muscle is the
primary target of dCtd+dThd therapy [35]. Additionally,
a clinical study involving 16 patients with TK2 deficiency
demonstrated that nucleoside therapy could reverse
early-onset quadriplegia, halt mechanical ventilation,
and stop percutaneous endoscopic gastrostomy (PEG),
resulting in significant functional improvement. Fifteen
of these patients, who received oral dCtd+dThd, showed
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remarkable clinical benefits [36]. These findings highlight
the critical importance of early genetic diagnosis and the
timely initiation of deoxynucleoside therapy, which can
improve respiratory muscle function and significantly
extend the survival of MDS patients associated with TK2
mutations.

In summary, this study revealed the effect of a new com-
pound heterozygous mutation of the TK2 gene on mito-
chondrial function, focusing on the large fragment deletion
mutation sites that have never been reported, and verified
its pathogenicity. In addition, our study enriches the TK2
gene lineage and expands the understanding of mitochon-
drial myopathy caused by TK2 gene mutation, which lays
a foundation for further understanding of the disease and
proposing possible improved diagnosis and treatment
methods in the future.
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