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Abstract

POLG-related disorders are a spectrum of mitochondrial diseases resulting
from mutations in the POLG gene, critical for mitochondrial DNA replication.
These disorders are a rare group of neurodegenerative mitochondrial diseases affecting
the genes encoding the alpha subunit of DNA polymerase gamma (Pol y). Pol y is the
only DNA polymerase capable of replicating mitochondrial DNA (mtDNA), which is
critical for mitochondrial function. Individuals with pathogenic POLG variants present
with a spectrum of symptoms, including seizures, early-onset photophobia, myopathy,
neuropathy, developmental impairment, and liver problems, which can lead to multiple
organ failure. This is a progressive and degenerative disease with a prognosis ranging
from 3 months to 12 years after diagnosis. In this mini-review, we explore the disorder, as
well as emerging evidence surrounding the use of nucleoside supplementation as a novel
therapeutic option. Preclinical and clinical trials suggest promising outcomes, including
improved mitochondrial function and reduced disease severity, with nucleoside therapy,
particularly in pediatric patients with mtDNA depletion syndromes. While findings are
encouraging, further research using larger multicenter trials is necessary to validate these
results across larger cohorts and broader phenotypes.
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Introduction

Mitochondrial diseases caused by nuclear gene mutations
affecting mitochondrial DNA (mtDNA) maintenance represent
a serious clinical challenge, with POLG mutations being among
the most common causes. POLG-related disorders are a subset of
mtDNA depletion syndromes characterized by mutations in the
nuclear-encoded POLG gene, which directly impair the replication
and repair of mtDNA. Unlike other mtDNA depletion syndromes
caused by defects in nucleotide synthesis or transport (e.g., TK2,
DGUOK, RRM2B),"> POLG disorders primarily involve dysfunction
of the mitochondrial DNA polymerase itself, leading to a broader
range of clinical phenotypes and often more complex management
considerations.> The POLG gene encodes the catalytic subunit of
mitochondrial DNA polymerase gamma (Pol y), essential for mtDNA
replication and repair. Deficiencies can result in progressive external
ophthalmoplegia, Alpers-Huttenlocher syndrome, ataxia-neuropathy
syndromes, and other severe phenotypes. This mini-review fills a
critical gap in the literature by synthesizing current evidence on
emerging therapies, such as nucleoside supplementation, for POLG-
related mitochondrial disorders, with particular focus on pediatric
populations,* evolving clinical trial findings, and the biochemical
rationale underpinning these interventions.’ Given the complexity
and heterogeneity of POLG mutations, this focused review highlights
recent advances while identifying key areas where further clinical
and translational research is needed to inform therapeutic decision-
making.

POLG-related disorders

POLG-related disorders are a diverse group of mitochondrial
diseases caused by mutations in the POLG gene, which encodes
the mitochondrial DNA polymerase gamma (Pol y), an enzyme
essential for replication and repair of the mitochondrial genome

(Figure 1). These mutations impair mtDNA maintenance, resulting
in mitochondrial DNA depletion or deletion syndromes (MDDS),
manifesting in a wide array of clinical phenotypes.*
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Figure | A summary description of POLG-related mitochondrial diseases.

More than 300 pathogenic variants of POLG have been identified.®’
These disorders affect an estimated 1 in 10,000 live births, making
them the most common inherited cause of mitochondrial dysfunction.?®
Approximately 2% of the general population are carriers of POLG
mutations,® and mitochondrial diseases, as a whole, are estimated to
affect 1 in 5,000 individuals worldwide® (Table 1).

The clinical presentation of POLG-related disorders is highly
variable and spans a spectrum that includes seizures, developmental
regression, myopathy, hepatopathy (including liver failure), and
peripheral neuropathy.®® Disease onset can occur at any age, from
infancy to late adulthood, and is typically categorized into early-
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onset, juvenile/adult-onset, and late-onset forms.® Early-onset
and juvenile/adult-onset variants are usually autosomal recessive,
involving biallelic mutations, whereas late-onset presentations, such
as progressive external ophthalmoplegia (PEO), are more commonly
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linked to heterozygous pathogenic variants and follow an autosomal
dominant pattern.® One particularly severe phenotype, Alpers-
Huttenlocher syndrome (AHS), occurs with an estimated incidence of
1 in 51,000 live births®® (Table 1).

Table | Summary of genotype-phenotype correlations on POLG-variants mitochondrial diseases (for a more comprehensive review')

Feature Biallelic POLG variants

Monoallelic POLG variants

Inheritance pattern Autosomal recessive

Genetic profile
homozygous)
Onset Typically early childhood

Common phenotypes

SANDO - MIRAS
mtDNA effect Depletion
Severity Often severe, systemic, progressive

Organs involved Multisystem (brain, liver, muscle, GI)
Common variants

Prognosis Often poor without intervention

Mutations in both alleles (e.g., compound heterozygous or

Alpers-Huttenlocher syndrome (AHS) - Childhood epilepsy -

A467T,W748S, G848S (recessive combinations)

Autosomal dominant

Mutation in one allele

Typically adulthood

Progressive External Ophthalmoplegia (PEO) -
Milder myopathy

Multiple deletions

Milder, often isolated features

Mostly muscle/nerve

Y955C, G923D (dominant)

Relatively stable; slower progression

Studies also suggest a modest influence of gender on disease
expression. Although POLG-related disorders affect both sexes,
disease onset and progression in females are often linked to hormonal
changes, particularly during puberty.” Furthermore, maternal folate
deficiency has been proposed as a contributing risk factor, potentially
exacerbating mitochondrial dysfunction by down regulating key
components of the electron transport chain, such as cytochrome c
oxidase.

Treatment landscape and investigational therapies for
POLG-related disorders

Supportive therapeutic strategies

The current management of POLG-related disorders is largely
supportive, with a focus on alleviating symptoms and improving quality
of life. Symptomatic treatment strategies include anticonvulsants for
seizure control. However, caution is warranted with certain agents like
valproic acid, due to its association with liver toxicity, particularly in
individuals with mitochondrial dysfunction.® Additional supportive
measures include muscle relaxants and pain medications, as well as
nutritional interventions such as ketogenic diets or feeding tubes,
and respiratory support using bi-level positive airway pressure
(BiPAP), continuous positive airway pressure (CPAP), or mechanical
ventilation when necessary'® (Table 2).

Nutritional support

Nutritional interventions, such as the ketogenic diet, have gained
attention as a therapeutic strategy in various mitochondrial disorders,
including POLG-related diseases, though their effectiveness remains
patient-specific and still investigational. The ketogenic diet is a
high-fat, low-carbohydrate, adequate-protein nutritional plan that
shifts the body’s primary energy source from glucose to ketone
bodies (e.g., B-hydroxybutyrate, acetoacetate).!"'? This shift reduces
reliance on glycolysis and mitochondrial oxidative phosphorylation,
which are often impaired in mitochondrial disease, and also provides
ketone bodies as alternative fuel substrates that can bypass certain
metabolic blocks and be more efficiently utilized by cells with
compromised mitochondria.”* Researchers have shown that this diet
enhances mitochondrial biogenesis, antioxidant defenses, and ATP
production by activating PGC-1a (peroxisome proliferator-activated
receptor gamma coactivator-1-Alpha) signaling and SIRT1, a NAD+
dependent deacetylase involved in mitochondrial regulation.' In
POLG disorders, energy failure due to mtDNA depletion or faulty

replication results in progressive neurodegeneration, seizures, and
myopathy.® The ketogenic diet is especially considered for intractable
epilepsy, a common and difficult to treat symptom in POLG patients.
Several case reports and small studies suggest that the ketogenic diet
can reduce seizure frequency and severity. Additionally, it might
preserve neuronal function (given that ketones are neuroprotective),
reduce glutamate toxicity, and improve mitochondrial function under
stress. Finally, it also reduces lactate accumulation, which can occur
due to impaired oxidative phosphorylation.’

Despite its potential, ketogenic diets must be used with caution
in POLG-related disorders due to the risk of liver dysfunction.’
Many patients have hepatopathy, and the high-fat content of the diet
can exacerbate this. Moreover, there is also a need for nutritional
monitoring. Valproate is a medication primarily used to treat epilepsy,
which is useful for preventing seizures. However, the use of Valproate
in POLG-related conditions (which is contraindicated) further
complicates the risk in patients because it is too associated with liver
toxicity. Thus, patient selection for the use of supportive measures
is critical because it may benefit patients with well-compensated
liver function and prominent seizures but could be harmful for others
(Table 2).

In addition, POLG-related conditions can present a risk of carnitine
deficiency, growth retardation in children, and gastrointestinal issues.®
Motor, neurological, and visual impairments can be manifested.® Those
are typically addressed with physical and speech therapy, while vision
and ptosis-related symptoms may benefit from corrective surgery or
prescription lenses. Ptosis-related symptoms refer to clinical signs
and complications associated with ptosis, which is the drooping of
the upper eyelid.® In the context of neurological or mitochondrial
disorders (like POLG-related diseases), ptosis is often bilateral
and progressive, resulting from weakness in the levator palpebrae
superioris muscle or issues with the oculomotor nerve. Ptosis is a key
diagnostic feature, often accompanied by external ophthalmoplegia,
and reflects mitochondrial involvement in the extraocular muscles.
Audiologic monitoring is also essential, with hearing aids or cochlear
implants employed in moderate to profound hearing loss.!

Disease-modifying therapeutic strategies

Despite the multidisciplinary nature of this care, all these
interventions do not halt disease progression, underscoring the need
for disease-modifying therapies.
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Table 2 Summary of the current and emerging therapeutic approaches for POLG-related mitochondrial diseases
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Therapeutic approach Description Beneficial effects Adverse effects References
Supportive Therapies
For seizure control.
Use with caution in liver failure.
. T Valproate: Anticonvulsant medication
. Antiseizure and antiepileptic o . - Rahman and
Anticonvulsants L primarily used to treat and prevent Liver toxicity 8
medication . . . S Copeland
seizures, but its use is contraindicated
in POLG-related conditions because
of liver toxicity.
Muscle relaxant and pain Help with muscle spasms and relief Ie affects the liver and
cle r L4 pw P kidneys. Dosage to be  UMDF®
medication from discomfort )
monitored closely.
Sma{l, frequent meals and a For nutritional support none UMDF'®
feeding tube
Breathing tubes, artificial
ventilation/mechanical
Respiratory Support ven.tl!atlorT, CPAP (Continuous To treat breathing disorders and sleep UMDE'"
Positive Airway Pressure), and apnea.
BPAP (Bilevel Positive Airway
Pressure).
Improves mitochondrial function
under stress. A Abbasi J,'
Reduces frequency and severity of ) .
. . . . Zhaoping L,
- High-fat, low-carb, adequate seizures. Risk of liver
Nutritional S A . . Rahman and
protein diet = ketogenic diet Preserves neuronal function (ketones  dysfunction. Copeland.®
are neuroprotective). P s
. Pedersen
Reduces glutamate toxicity.
Reduces lactate accumulation.
Physical speech therapy To a(?dress motor and neurological UMDE'"
impairments
Disease~Modifying Therapies
Antioxidants Alpha Lipoic Acid (ALA) Improves brain 'and skeletal muscle No serious side effects UMDE"
(600mg/day for 6-48 months) energy metabolism
Reduces symptoms and frequenc Gastrointestinal
Arginine & Citrulline ymprot quency disorders include
R of stroke-like episodes. Improves -
(precursor of nitric oxide, . diarrhea and nausea.
) . o cerebral blood flow and endothelial .
which stimulates vasodilation) ; Higher dose has more
function.
adverse effects.
Carnitine Carnitine deficiency
may be seen in POLG-related - -
- . L-Carnitine supplementation can
disorders, which may cause . . . . .
L . help improve lung function, cardiac Diarrhea, fatigue.
growth impairment. In carnitine -
. function, and muscle strength.
deficiency, the body cannot use
fats for energy.
Coenzyme Q10 and
Idebenone . .
EPI-743 (Vatiquinone) derived Few or no beneficial effects Insomnia, rash.
from vitamin E
- . Gastrointestinal side-
Some promise in Leigh syndrome, .
. effects. No serious
but not tested in POLG-related
e adverse effects were
conditions. S )
noted in clinical trials.
Nucleoside supplementation ) Mitur A,"” Lopez-
) - No serious safety 20 A
using deoxythymidine (dT) . . Gomez,” Marti et
. S Delayed disease progression and concerns reported. s
Nucleosides and deoxycytidine (dC), key . . ; ) - al.,” Berrahmoune
) ; improved survival Mild gastrointestinal- 2
substrates for mitochondrial related symbtoms et al.,”' Pekeles
DNA replication. 7mpP ’ etal*
Antioxidants stress in mitochondrial diseases with inconsistent results, Other

Antioxidants, including Alpha Lipoic Acid (ALA), Arginine,
Citrulline and Carnitine, have been used with variable results (Table
2). A limited number of experimental approaches have been explored
in recent years. For instance, antioxidants such as coenzyme Q10 and
idebenone have been trialed primarily aiming to mitigate oxidative

agents like EPI-743 (vatiquinone), a redox-active compound, have

patient group.

shown promise in Leigh syndrome, another mitochondrial disorder,
but have not yet been extensively tested in POLG-related conditions.'®
Similarly, targeting mitochondrial biogenesis through PGC-la
pathways has been proposed but lacks clinical trial validation in this
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Nucleoside supplementation therapy: A promising experimental
approach

In POLG-related disorders, mutations in the POLG gene impair
the function of DNA polymerase vy, the key enzyme responsible for
mitochondrial DNA (mtDNA) replication and repair. This dysfunction
leads to mtDNA depletion, particularly in post-mitotic tissues with
high energy demand (e.g., brain, muscle, liver), where the de novo
nucleotide synthesis pathway is limited."”

Supplementation with deoxycytidine (dC) and deoxythymidine
(dT) helps overcome the resulting nucleoside imbalance by enhancing
the mitochondrial salvage pathway, wherein these exogenous
nucleosides are phosphorylated into deoxynucleotide triphosphates
(dNTPs) within mitochondria. This process restores dCTP and dTTP
pools essential for mtDNA synthesis (Figure 2), thereby bypassing
the substrate limitations caused by POLG dysfunction.'® Experimental
models have shown that dC/dT therapy reduces replication stalling
and strand breaks, which are exacerbated by insufficient or imbalanced
dNTP pools in POLG dysfunction."” This supplementation also
indirectly supports mitochondrial biogenesis by stabilizing mtDNA
copy number, helping cells maintain adequate respiratory function.
Mechanistic studies suggest that increasing mitochondrial dNTP
availability can boost POL v activity and promote mtDNA replication,
even when upstream enzymatic pathways remain intact.” Altogether,
by restoring a balanced and sufficient mitochondrial dNTP pool,
dC/dT supplementation offers a promising biochemical strategy to
partially compensate for impaired POLG function, improving both
replication fidelity and mtDNA maintenance.

Deoxycytidine Deoxythymidine
(dC) (dT)

Salvage Pathway

Deoxynuclectide
Triphosphates (dNTPs)

+

Deoxynuclectide
Triphosphates (dNTPs)

Mitochondrion

mtDMNA Replication

Figure 2 Pathway summarizing dC/dT metabolism and mtDNA replication.

Thus, nucleoside dC/dT supplementation is one disease-modifying
strategy in POLG-related disorders (Table 3). These nucleosides
are natural DNA building blocks and can be phosphorylated by
mitochondrial enzymes such as thymidine kinase 2 (TK2), forming
dCTP and dTTP, key substrates for mitochondrial DNA replication."
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Preclinical studies in TK2-deficient mouse models demonstrated that
oral administration of dC and dT led to increased mtDNA levels,
delayed disease progression, and improved survival.? Notably, these
effects were seen after researchers determined that nucleotides like
dCMP and dTMP are rapidly metabolized to their nucleoside forms,
making dC and dT the more effective agents.

Table 3 Deoxycytidine/deoxythymidine (dC/dT) combination therapy in
treating POLG-related disorders

Aspect Details

Replenish mitochondrial dNTP pools to aid

Potential goal mtDNA replication

Deoxycytidine + Deoxythymidine (oral or IV

Drugs in studies)
. TK2 deficiency models; limited data in POLG
Best evidence h
disorders

Experimental
May be considered in early-onset mtDNA
depletion syndromes

Clinical use in POLG

Dosing, timing, genotype-specific response,

Challenges and long-term safety

Building on this concept, Marti et al.,* conducted an in vitro study
using fibroblasts from patients with various POLG mutations. They
found that supplementation with nucleosides promoted mtDNA
repopulation across all mutation types studied, regardless of whether
the mutations directly affected polymerase affinity for dNTPs. This
suggested that the therapy could be broadly effective in POLG-
related disorders, not just those with reduced nucleotide binding. In
this context, recent experiments conducted a Phase Il open-label trial
to evaluate whether combined dC/dT therapy could safely improve
outcomes in other patients with these disorders beyond POLG and
TK2 subtypes. Results from eight patients with mtDNA depletion due
to other gene mutations (FBXL4, SUCLG1, SUCL2, RRM2B) were
encouraging, with Newcastle Mitochondrial Disease Scale (NMDS)
scores improved in all participants except one who withdrew early,
with statistically significant improvements at 1 and 6 months follow-
ups.”! Additionally, of the five patients who had elevated levels of
the mitochondrial dysfunction biomarker GDF15 at baseline, four
showed reduced levels after treatment, including three cases of full
normalization. No serious safety concerns were reported, concluding
that dC/dT is a safe and therapeutically promising intervention for a
broad range of mtDNA depletion disorders.

Another significant clinical validation comes from another Phase
II open-label trial conducted at the Montreal Children’s Hospital,
evaluating a 1:1 dC/dT mixture in 10 pediatric patients with confirmed
POLG mutations.* Over six months, patients showed a mean
reduction in NMDS scores from 27.3 to 20.7, decreased serum levels
of GDF-15 (a biomarker of mitochondrial stress), EEG improvements
in 5 of 8 patients with abnormal baseline recordings, as well as no
serious adverse events, with only mild, self-limited gastrointestinal
complaints. While a few participants experienced these mild
gastrointestinal symptoms, such as diarrhea and constipation, these
effects were transient and did not lead to treatment discontinuation.
Furthermore, biochemical markers, including hepatic and renal
function parameters, remained stable, reinforcing the metabolic safety
of this intervention.

Clinically, all these findings offer hope for the first effective
treatment in this field, even though the research presents an open-
label design, small sample size, and short follow-up, limiting firm
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conclusions and underscoring the need for larger controlled studies
to confirm efficacy.

Mechanistic insights of nucleoside therapy

Although the precise mechanism of action of dC/dT therapy in
POLG-related disorders is not fully defined, it is hypothesized that
supplementation enhances the intracellular pool of deoxynucleoside
triphosphates (ANTPs), thereby supporting mtDNA replication even
in the presence of dysfunctional POLG enzymes.*> This approach
may help overcome reduced polymerase affinity caused by specific
mutations.

Additionally, emerging in vitro research has suggested that
dT supplementation may influence telomere biology, promoting
elongation and stabilization, an effect of particular interest given
reports of premature telomere shortening in POLG-deficient mouse
models.?

Compared to the standard of care, which is largely symptomatic
and includes anticonvulsants, nutritional support, and physical or
respiratory therapies, dC/dT therapy represents a potential disease-
modifying treatment. Clinical improvements were observed in
multiple domains, and these outcomes, coupled with the absence of
serious treatment-related risks, underscore the promise of nucleoside
supplementation as a therapeutic avenue distinct from current
palliative strategies.

Potential for broader application

Nucleoside supplementation is already under evaluation for TK2
deficiency, a mtDNA maintenance disorder, and shares mechanistic
parallels with POLG dysfunction.”® The overlapping biochemical
pathologies suggest that this strategy could be expanded to a wider
range of mitochondrial DNA depletion syndromes (MDDS) if
shown to be effective across different genotypic contexts. As current
trials have used relatively conservative dosing regimens in POLG
patients, further studies employing higher therapeutic doses, similar
to those trialed in TK2 models, may yield even more robust clinical
improvements. The pharmacokinetics of dC and dT also suggest they
are safe in pediatric use, with minimal renal clearance and unclear
hepatic processing in cases of renal impairment.'” Although not yet
FDA-approved, the drug combination has an orphan designation
for TK2 deficiency and is under continued investigation for POLG-
related disorders.”

Challenges and the need for continued evaluation

Despite the encouraging outcomes, dC/dT therapy remains
investigational. The main data reported thus far come from a
small, pediatric-only cohort within a single-center study, limiting
generalizability. The treatment is not yet available to the broader
patient population, and its long-term safety and efficacy remain to be
fully established through extended follow-up and multicenter trials.
Moreover, given the heterogeneity of POLG mutations (over 300
pathogenic variants identified to date), future studies must evaluate
the mutation-specific responses to therapy, as well as their potential
application in adult populations and other MDDS.

To advance the development of dC/dT therapy, there is a pressing
need to 1) identify and enroll more patients with genetically confirmed
POLG or MDDS diagnoses worldwide; 2) diversify patient cohorts to
include broader age ranges and mutation types; 3) establish long-term
monitoring protocols to assess sustained benefits and delayed adverse
effects; and 4) compare different dosing strategies to determine
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optimal therapeutic windows. Given the rarity of these disorders and
their devastating clinical trajectories, even incremental improvements
in treatment could translate into meaningful gains in patient outcomes
and quality of life.

Gene-editing breakthrough: a novel therapeutic path for POLG and

related disorders

A notable recent development in mitochondrial gene therapy
has introduced new possibilities for targeted treatment strategies
in POLG-related disorders.>* This promising research optimizes
Platinum TALENs (Transcription Activator-Like Effector Nucleases,
or pTALENS) to bidirectionally alter heteroplasmy levels (presence
of more than one type of mitochondrial DNA, mtDNA) in induced
pluripotent stem cells (iPSCs) derived from patients with the common
mtDNA  mutation m.32434>G. Their engineered mpTALENs
(specially modified pTALENSs) incorporate novel non-conventional
repeat-variable di-residues or RVDs (e.g., LK, WK, NM, Table 4).
These are key amino acid pairs in each module of a TALEN protein
that determine which DNA base the TALEN will recognize and bind.
In this study, the authors elegantly introduced obligate heterodimeric
Fokl domains, engineered versions of the DNA-cleaving component
of the Fokl restriction enzyme from Flavobacterium okeanokoites, to
enhance cleavage specificity and minimize off-target mitochondrial
DNA damage. These tools successfully shifted heteroplasmy levels
up or down in patient-derived cells while preserving pluripotency and
differentiation potential.*

Table 4 — Common and Non-Conventional RVDs - Lau, et al*®

RVD Amino acids Recognizes Type Notes
NI Asn-lle Adenine (A)  Conventional Naturablly
occurring
HD His-Asp Cytosine (C)  Conventional  High specificity
Less specifically,
NN Asn-Asn GorA Conventional it can bind
both G and A
. . Moderately
NG Asn-Gly Thymine (T)  Conventional .
specific

Non-Conventional RVDs Yahata et al.?*

RVD Amino acids Recognizes  Used for targeting

Improve specificity over NN,

LK Leu-Lys Guanine (G) avoids cross-recognition with A
WK Trp-lys Thiamine (T) Alternative to NG, good
cleavage
. Alternative to NI, Used for
NM Asn-Met Adenine (A) wild-type mtDNA targeting
Alternative to HD, reduced
HY His-Tyr Cytosine (C)  off-target risk.Also tested for

wild-type preference

Although this study focused on the m.32434>G mutation, linked
to Mitochondrial Encephalomyopathy, Lactic Acidosis, and stroke-
like episodes syndrome (MELAS syndrome), the approach, while
still experimental, holds clear translational potential for POLG-
related disorders by offering a model for precisely reducing mutant
mtDNA burdens. The ability to selectively edit mtDNA in either
direction represents a conceptual leap toward personalized, genotype-
specific therapies in mitochondrial medicine, including conditions
characterized by POLG dysfunction and mtDNA instability.
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Conclusion

Nucleoside supplementation offers a potentially promising
approach for POLG-related mitochondrial disorders. Encouraging
results from early-phase trials and laboratory studies support further
investigation. Future work should aim to clarify mechanisms,
optimize dosing, and expand access to this treatment through larger,
multicenter trials.

While not curative, dC/dT therapy may provide significant
symptomatic relief and slow disease progression. While results
are promising, challenges remain in generalizing findings due to
small sample sizes and limited patient diversity. The mechanism
of nucleoside therapy in the POLG context is not fully elucidated,
and more extensive trials including adult populations and various
genotypes are necessary.

There is also a need to explore dosing strategies, especially whether
higher doses could yield stronger outcomes, investigate telomere
stabilization, as emerging studies link nucleotide metabolism with
telomere maintenance, which may be impacted in POLG-related
aging phenotypes, perform multi-center studies to capture broader
genotypic and phenotypic variance, as well as examine long-term
outcomes, since existing studies report only short-term benefits.

In parallel, novel gene-editing strategies such as mitochondria-
targeted TALENs (mpTALENS) offer an exciting frontier for directly
manipulating mtDNA heteroplasmy. Although primarily studied in
m.3243 A>G disorders, their precise and bidirectional editing capacity
may eventually be adapted to address mtDNA instability in POLG-
related syndromes, expanding the therapeutic landscape beyond
nucleoside supplementation.
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