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Background: Hereditary breast cancer constitutes 5-10% of all breast cancer cases. However, BRCA 1/2 mutations only account
for 20-25% of hereditary cases, leaving over 70% without known causes. This review collates existing evidence on mitochondrial
DNA (mtDNA) variants and epigenetic changes in non-BRCA hereditary breast cancer to evaluate their importance in assessing
risk, disease progression, and prognosis. The findings highlight key gaps in identifying genetic risk factors beyond mutations in
nuclear genes.

Methods: This study is based on relevant literature focusing on human studies of hereditary breast cancers, especially non-BRCA
cases. The findings have been interpreted from data related to mtDNA variants, epigenetic changes, and their links to cancer
risk, progression, and outcomes.

Results: This review highlights the role of several mtDNA variants in the displacement loop (D-loop) region and in protein-
coding genes in disrupting oxidative phosphorylation resulting in the production of reactive oxygen species. Paradoxically,
higher burden of somatic mtDNA exhibits a direct correlation with better survival outcomes. Epigenetic changes including
modifications in DNA methylation, histones, and microRNA associated with mitochondrial dysfunction have also been linked to
these variants.

Conclusions: mtDNA variants and epigenetic changes are important contributors to non-BRCA hereditary breast cancer. They
have the potential to provide treatment targets and better risk assessment methods. These findings warrant the integration
of mitochondrial genomics into hereditary breast cancer research, marking a shift from focusing solely on nuclear genetic factors.

Keywords: mitochondrial DNA variants, non-BRCA hereditary breast cancer, epigenetic modifications, genetic predispo-
sition, risk assessment, precision medicine, biomarkers, mitochondrial dysfunction

Introduction Background and Context

Hereditary breast cancers account for 5-10% of the diagnosed
cases and are often attributed to germline mutations in genes
involved in breast cancer predisposition®>. The identification

Breast cancer is one of the most commonly diagnosed ma-
lignancies among women worldwide. Over 2.3 million new
cases were reported globally in 2022 alone, which is approx-

imately 11.7% of all cancer diagnoses'%. Significant molec-
ular and clinical heterogeneity are hallmarks of the disease
and hereditary factors account for one-fourth of all breast can-
cer cases>%. Although the genetic architecture that dictates
susceptibility to breast cancer has been extensively studied,
the complex interplay between inherited genetic variants, epi-
genetic modifications, and mitochondrial dysfunction contin-
ues to be challenging for conventional therapeutic approaches,
carving opportunities for precision medicine approaches.
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and characterization of high-penetrance susceptibility genes
such as BRCAI and BRCA2 has positively impacted our un-
derstanding of hereditary breast cancer>".

The pivotal role of these genes in the functioning of the
homologous recombination DNA repair pathway significantly
increases the risk posed by pathogenic variants’®. Despite
their clinical significance, BRCAI and BRCA2 mutations ac-
count for only a fraction of the hereditary breast cancer cases.
Moderate-penetrance genes, ATM, CHEK2, PALB2, RAD51C,
and RADSID, are associated with a 2-4-fold increase in the
risk of developing breast cancer”’.

Although rare, some high-penetrance genes, TP53 (Li-
Fraumeni syndrome), PTEN (Cowden syndrome), CDHI,
and STKI1 (Peutz-Jeghers syndrome), contribute to specific
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hereditary cancers”. Multi-gene panel testing has facilitated
the identification of pathogenic variants across multiple sus-
ceptibility genes. High-risk populations have detection rates
of 11.9-20%1*.,

The classification of breast cancer into subtypes based on
molecular distinctions, luminal A and B, HER2-enriched, and
triple-negative, underscores important genotype-phenotype
correlations that have important implications for prognosis
and treatment selection. For example, BRCAI-associated
tumours predominantly exhibit triple-negative characteristics
with high-grade morphology and are often diagnosed at a
younger age, while BRCA2-associated cancers exhibit lumi-
nal features more frequently"%.

Problem Statement and Rationale

Despite considerable progress in characterizing hereditary
breast cancer, several critical gaps persist in the current per-
ception of genetic predisposition mechanisms. While BRCA !
and BRCA2 mutations account for only 20-25% of breast can-
cer cases, more than 70% of genetically predisposed breast
cancer cases are attributed to idiopathic causes®.

These cases of non-BRCA hereditary breast cancer exhibit
hereditary characteristics, but lack identifiable pathogenic
variants in the known susceptibility genes. Intensive surveil-
lance protocols, risk assessment models, and targeted thera-
peutic strategies are designed for BRCA 1/2 carriers.

This limits accessibility and impact for non-BRCA hered-
itary breast cancers. Current polygenic risk scores that are
informative at the population level account for a modest pro-
portion of the remaining hereditary risk only, adding further
insult to injury””. Recent research indicates that mitochondrial
DNA (mtDNA) variants and epigenetic modifications account
for the overlooked contributors of susceptibility to hereditary
breast cancer.

Evidence implicates mtDNA mutations in 60-73.7% of
breast tumours suggesting biological and clinical signifi-
cance of these alterations, rather than being merely bystander
events' ™, Epigenetic modifications such as DNA methyla-
tion, histone modifications, and non-coding RNA regulation
may complement or interact with genetic susceptibility fac-
tors, potentially influencing gene expression profiles and tu-
mour behaviour!#12,

Significance and Purpose

Population-specific mtDNA variants such as the A8860G vari-
ant in Kurdish populations and distinct mutational patterns
in African American versus European American women have
been associated with the risk of developing breast cancer1”Z,
Existing risk-assessment models limit risk stratification in

high-risk populations that test negative for pathogenic variants
of known susceptibility genes.

The inclusion of mtDNA variants and epigenetic biomark-
ers into existing risk assessment models would overcome
these limitations. Additionally, the development of mtDNA-
based liquid biomarkers that detect mtDNA mutations car-
rying tumour signatures in circulating extracellular vesicles
with high specificity would promote non-invasive screening
and recurrence monitoring, thereby proving beneficial to high-
risk populations that are excluded from intensive surveillance,
based on current guidelines!”.

Elucidation of the role of mtDNA variants and epigenetic
modifications in non-BRCA hereditary breast cancer has the
potential to advance precision medicine approaches. Mito-
chondrial dysfunction and epigenetic dysregulation represent
potential therapeutic targets. The development of therapeutic
agents that target mtDNA mutation-associated oxidative phos-
phorylation defects is minimally toxic. Furthermore, the re-
versibility of epigenetic modifications makes them attractive

targets for therapeutic intervention'3.

Objectives

Our review aims to synthesize existing evidence that impli-
cates mtDNA variants and epigenetic modifications in non-
BRCA hereditary breast cancers and assess the clinical signifi-
cance of mtDNA variants and epigenetic biomarkers in risk as-
sessment, early detection, and prognosis. The study identifies
research gaps, evaluates the potential of mitochondrial dys-
function and epigenetic dysregulation as therapeutic targets,
investigates population-specific variations in mtDNA variants
and epigenetic patterns, and provides recommendations for fu-
ture research.

Scope and Limitations

Our review collates findings that highlight the role of mtDNA
variants (point mutations, deletions, insertions, and copy num-
ber variations) and epigenetic modifications (DNA methy-
lation, histone modifications, and non-coding RNA regula-
tion) in predisposition risk, development, and progression of
non-BRCA hereditary breast cancer. Although some rele-
vant findings related to sporadic breast cancers have been dis-
cussed, non-hereditary or BRCA-associated breast cancers are
not within the scope of this review.

There is a dearth of studies that specifically investigate
mtDNA variants and epigenetic modifications in well-defined
non-BRCA hereditary breast cancer cohorts. This limits the
generalizability of the findings. Furthermore, the cited stud-
ies refer to heterogeneous populations, provide inconsistent
definitions of hereditary breast cancer, and may be subject to
publication bias toward positive associations.
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Theoretical Framework

Mitochondrial dysfunction resulting from mtDNA mutations
affects the efficiency of oxidative phosphorylation, production
of reactive oxygen species (ROS), and cellular metabolism.

Furthermore, characteristics of mtDNA such as high rate
of mutation, limited repair mechanisms, and maternal inheri-
tance patterns increase vulnerability to inherited cancers. Epi-
genetic inheritance is characterized by DNA methylation pat-
terns and histone modifications caused by environmental in-
fluences getting transmitted across generations!3'15,

Our study is grounded in a framework that acknowledges
the crucial role of mtDNA variants and epigenetic modifica-
tions as contributing factors in non-BRCA hereditary breast
cancers and highlights the complex genetic and epigenetic
landscape of cancer susceptibility, tumour behaviour, and
treatment response, rather than attributing the risks to single,
high-penetrance causative factors.

This framework draws from findings that indicate signif-
icant interactions between specific mtDNA polymorphisms
suggesting that multiple mtDNA variants can interact to mod-
ify breast cancer risk.

Methodology Overview

We used a systematic approach to identify, evaluate, and syn-
thesize current evidence regarding mtDNA variants and epi-
genetic modifications in non-BRCA hereditary breast cancers
from existing literature. We followed predetermined inclusion
criteria to ensure relevance in study selection.

Our review aims to collate relevant findings from existing
studies to investigate and highlight the crucial role of mtDNA
variants and epigenetic modifications in predisposition, pro-
gression, and prognosis of non-BRCA hereditary breast can-
cers.

The findings from our review will contribute to more com-
prehensive approaches for risk assessment, early detection,
and therapeutic intervention in the non-BRCA subset of hered-
itary breast cancers.

Methods

Search Strategy

We identified studies between 1995 and 2025 that investigate
mtDNA variants and epigenetic modifications in non-BRCA
hereditary breast cancers across 12 databases: PubMed MED-
LINE, Embase, Web of Science Core Collection, and Scopus,
as primary sources; Cochrane Library CENTRAL, CINAHL,
ClinicalTrials.gov, and GeneReviews as speciality databases;
and genetic registries including MITOMAP, ClinVar, gno-
mAD, TCGA/GDC, and GWAS catalog. The Boolean search

strings used comprised of multiple combinations of Medical
Subject Headings (MeSH) terms and keywords (Table 1).

Inclusion Criteria

Hereditary breast cancer was defined and studies were
screened based on the following National Comprehensive
Cancer Network (NCCN Version 3.2025) genetic/familial
high-risk assessment criteria: (a) >2 first- or second-degree
relatives affected by breast cancer; (b) diagnosis before or at
45 years of age; (c) diagnosis of triple-negative breast cancer
at <60 years; (d) male breast cancer in the family; (e) both
breast and ovarian cancer; (f) autosomal dominant or maternal
inheritance; or (g) negative BRCA 1/2 status in >1 affected rel-
ative. Unselected population cohorts or sporadic breast cancer
cases without family history were excluded.

Peer-reviewed articles published in English between 1995
and 2025 that were available as full-text publications were in-
cluded. Only human studies that investigated germline or so-
matic mtDNA variants (including point mutations, deletions,
insertions, or copy number variations) or epigenetic modifi-
cations (including DNA methylation, histone modifications,
or non-coding RNA alterations) associated with mtDNA dys-
function in relation to breast cancer risk, progression, or prog-
nosis were identified and included. Studies that explicitly
stated sequencing method, haplogroup assignment, nuclear-
mitochondrial DNA segment (NUMT) filtering, heteroplasmy
quantification, and HGVS nomenclature were prioritized. Al-
though studies lacking these details were included, they were
flagged for risk of bias assessment. We have depicted the iden-
tification and screening process of the literature in a PRISMA
flow diagram (Figure 1).

Data Extraction and Synthesis

We recorded study characteristics (first author, publication
year, country of origin, study design) and population details
including sample size (N cases/ controls), ancestry/ethnicity
classification, pedigree criteria for hereditary breast cancer
definition, and BRCA testing status for all the selected ref-
erences.

While key findings related to the types of mtDNA variants
studied (germline vs. somatic, specific genomic regions anal-
ysed, and detection methods used) were extracted from studies
investigating the role of mtDNA in breast cancers, epigenetic
studies were scanned for specific modifications (DNA methy-
lation patterns, histone modifications, microRNA expression)
that were associated with non-BRCA hereditary breast can-
cers.

Risk of manifestation of non-BRCA hereditary breast can-
cer, tumour characteristics, treatment response, and prognostic
outcomes were also documented. Findings with effect sizes,
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Table 1 Detailed search strategy

Search Topic

Sub-topic

Boolean Search String

Mitochondrial DNA Vari-
ants & Hereditary Breast
Cancer

Core mtDNA germline vari-
ants

D-loop & control region
specific

OXPHOS gene variants

Somatic mtDNA burden in

tumors (hereditary context)

Population-specific mtDNA
variants

(’mitochondrial DNA” OR "mtDNA” OR “mitochondrial genome”) AND
("breast cancer” OR “hereditary breast cancer” OR "HBOC” OR non-
BRCA”) AND (“variant” OR “mutation” OR “polymorphism” OR ”hap-
logroup” OR ”heteroplasmy” OR ”homoplasmy”) NOT (“review” OR “edi-
torial” OR “commentary”)

("displacement loop” OR ”D-loop” OR ”control region” OR "m.16189” OR
"m.16519” OR "m.310” OR ”m.315”) AND (”breast cancer” OR "hereditary
breast cancer”) AND ("germline” OR “hereditary”)

(’Complex I” OR ”Complex III” OR ”Complex IV” OR "ND1” OR ”"ND2”
OR ”"ND5” OR "ND6” OR "CYTB” OR ”ATP8” OR ”ATP6” OR ”COX1” OR
”COX2” OR ”COX3”) AND (”mitochondrial” OR ”"mtDNA”) AND (”breast
cancer” OR “hereditary breast cancer”) AND ("mutation” OR “variant” OR
”pathogenic”)

(”’somatic” OR ”tumor mtDNA” OR “tumor burden”) AND (’mitochondrial
DNA” OR "mtDNA”) AND (breast cancer”’) AND ("hereditary” OR "BRCA-
negative” OR "non-BRCA”) AND (“mutation frequency” OR "heteroplasmy”
OR "homoplasmy” OR ”copy number”’)

("mtDNA” OR “mitochondrial DNA”) AND (’breast cancer”) AND (”ances-
try”” OR ethnic” OR “’population” OR ”African” OR ”European” OR ”Asian”
OR ”Hispanic” OR "haplogroup” OR ”South Asian” OR ”"West African” OR
”East Asian””) AND (“variant” OR “’polymorphism” OR ”association”)

Epigenetic Modifications &
mtDNA Dysfunction

DNA methylation &
mtDNA interaction

Histone modifications & mi-
tochondrial dysfunction

microRNA & mtDNA-
related metabolic repro-
gramming

Nuclear-mitochondrial
crosstalk

("DNA methylation” OR “methylome” OR “promoter methylation” OR
"DNMT”) AND (’mitochondrial DNA” OR “mtDNA” OR “mitochondrial
dysfunction” OR "OXPHOS”) AND ("breast cancer” OR “hereditary breast
cancer”’) AND (“epigenetic” OR "hereditary’)

("histone modification” OR “histone acetylation” OR "H3K4” OR “H3K9”
OR "H3K27” OR ”H4 acetylation” OR “chromatin remodeling”) AND ("mi-
tochondrial” OR ”mitochondrial dysfunction” OR retrograde signaling” OR
"mtDNA”) AND ("breast cancer” OR cancer cells’)

(’microRNA” OR "miRNA” OR ”"miR-” OR "ncRNA” OR ”small RNA”)
AND (”mitochondrial” OR "mtDNA” OR "OXPHOS” OR “metabolic repro-
gramming” OR ”Warburg”) AND (”breast cancer” OR “cancer”) AND (“ex-
pression” OR “dysregulation” OR ”biomarker”)

(’retrograde signaling” OR mitochondrial stress” OR ”ATFS-1” OR ”JNK
signaling” OR "ROS” OR ’reactive oxygen species”) AND ("mtDNA” OR
“mitochondrial dysfunction”) AND (”gene expression” OR “epigenetic” OR
“histone” OR “methylation”) AND (”cancer” OR “breast”)

Epigenetic Biomarkers in
Non-BRCA Hereditary BC

Epigenetic  signatures in
hereditary BC

ctDNA & mtDNA liquid
biopsy in hereditary BC

("hereditary breast cancer” OR "HBOC” OR ”"BRCA-negative” OR “non-
BRCA hereditary”) AND (“epigenetic” OR “methylation” OR “histone” OR
”microRNA” OR ”chromatin”) AND (”biomarker” OR ”signature” OR “clas-
sifier” OR “profiling”) AND (risk assessment” OR “’prognosis” OR “’progres-
sion’)

(“circulating” OR “extracellular vesicles” OR “exosome” OR ”cell-free”)
AND ("mtDNA” OR ”mitochondrial DNA” OR tumor DNA”) AND (”breast
cancer” OR “hereditary breast cancer”) AND (”detection” OR “’biomarker” OR
“monitoring” OR ”screening”)

Clinical Translation & Risk
Models

Risk prediction models for
non-BRCA hereditary BC

Therapeutic ~ targets  in
mtDNA-associated BC

(’risk assessment” OR ”risk prediction” OR risk model” OR ’risk score”)
AND ("hereditary breast cancer” OR "BRCA-negative”) AND (”genetic vari-
ant” OR ”’polygenic” OR "mtDNA” OR ”epigenetic”’) AND (”validation” OR
calibration” OR ”performance”)

(’mtDNA” OR ”mitochondrial”) AND ("breast cancer” OR “cancer”) AND
("therapeutic” OR ”drug target” OR “treatment” OR ”intervention” OR “an-
tioxidant” OR ”metabolism”) AND ("OXPHOS” OR "ROS” OR "apoptosis”
OR ’chemoresistance”)
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Identification of studies via databases and registers J

[ Identification of studies via other methods I

—
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}
Records excluded (n=562)
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-
(n=800) 320
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= Studies included in review (n=27):
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2 Epigenetic marks (n = 5)
- Risk / prognosis (n = 2)

Source: Page MJ, et al. BMJ 2021;372:n71. doi: 10.1136/bmj.n71.

Fig. 1 PRISMA flow diagram

including odds ratios [OR], hazard ratios [HR], relative risks
[RR] with 95% confidence intervals (Cls), were considered
and multivariate-adjusted estimates with covariates were pri-
oritized for survival analyses. We documented the presence or
absence of ancestry adjustment (principal component analysis,
matched controls) and flagged unadjusted findings or single-
decimal precision reporting as quality concerns. Finally, we
grouped the selected studies into those that investigated mi-
tochondrial DNA variants in hereditary breast cancer, epige-
netic modifications and their role in cancer predisposition, and
the intersection between mitochondrial dysfunction and epige-
netic regulation.

Risk of bias

We used the Newcastle-Ottawa Scale (NOS) to assess se-
lection bias (population representativeness, control adequacy,
participation rates), exposure (quality of mtDNA assay,
NUMT filtering, heteroplasmy threshold specification), and
outcome ascertainment (breast cancer diagnosis confirmation,
hereditary criteria documentation, follow-up adequacy).

Genotyping accuracy, population stratification controls, and
replication status were assessed using Q-Genie. Finally, the
grading of recommendations assessment, development, and
evaluation (GRADE) tool helped us evaluate the risk of bias
(NOS score), consistency across populations, relevance of out-
come), precision, and publication bias. Table 2 shows the evi-
dence tier for the studies based on their GRADE level.

Results and Discussion

Germline and Somatic mtDNA Variants in Non-BRCA
Hereditary Breast Cancer

Common mtDNA Variants

Studies have identified a diverse spectrum of mtDNA vari-
ants associated with non-BRCA hereditary breast cancerl 2.
These variants exhibit enrichment in specific genomic re-
gions. The displacement loop (D-loop) and protein-coding
genes essential for oxidative phosphorylation are the two
primary regions that exhibit variant clusters. D-loop re-
gion mutations are the most extensively studied variants'’.
Key polymorphisms including m.16519T>C, m.16189T>C,
m.16290C>T, and various deletions and duplications at po-
sitions 310 and 315 have been identified in this region.
The D-loop variants, m.310del (rs869289246), m.315dup
(rs369786048), and m.16519T>C (rs3937033), have been
linked with predisposition to breast cancer in multiple popu-
lations'2, The m.16189T>C mutation and several D310 mu-
tations in the D-loop region have also been associated with
breast cancer susceptibility’?. Focused-population studies
demonstrate distinct patterns of the frequency at which vari-
ants occur and associations with haplogroups=4>. Table 3
summarises the germline mtDNA variants associated with risk
of non-BRCA hereditary breast cancer discussed in tier 1 and
2 studies based on specific variants and haplogroups across
diverse ancestries.
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Table 2 Evidence tier classification, quality assessment, and grade certainty for included studies

Evidence No. of % of Newecastle- Q-Genie Score Selection Genotyping Ancestry Adjustment GRADE Cer- Interpretation
Tier Studies  Total Ottawa Score (0-8) Quality Quality tainty
(NOS)
Tier 1 8 29.63% 7-9/9 (Low  7-8/8 (High) Case-control MAF reported; PC analysis OR HIGH Strong evidence;
risk) matched; HWE  tested; matched controls OR multivariate-adjusted;
consecutive CR >95%;  stratified by ancestry replicable across popu-
recruitment; depth >1,000x  (>2 ancestries) lations; ancestry-aware;
clear hereditary suitable for clinical
criteria (a—g) interpretation
Tier 2 4 14.82%  5-6/9 (Moder- 4-6/8 (Moder- Single cohort; Partial QC (1-2  Age-matched only; OR  MODERATE Moderate strength; de-
(Germline) ate risk) ate) some selection metrics); depth  single ancestry; no PC sign limitations (small
bias; hereditary ~ 500—1,000x; adjustment N, limited adjustment);
criteria ~ doc-  some geno- ancestry concerns; fur-
umented  but types unvali- ther replication needed
limited dated
Tier 2 3 11.11% 6-9/9 (Low- 6-8/8 (High) Tumour co- High sequenc- Mixed ancestry; so- MODERATE Moderate strength for
(So- moderate risk) horts; well-  ing depth;  matic # inherited risk somatic biology; NOT
matic) documented; NUMT filtering transferable to germline
prospective documented hereditary risk; mecha-
nistic insight only
Tier 2 2 7.41% 4-7/9 2-5/8  (Low- Cell Epigenetic No ancestry stratifica- LOW Low strength; mostly
(Epige- (Moderate- moderate) lines/cybrids; assay meth-  tion; mostly European mechanistic/indirect;
netic) high risk) limited family- ods variable; cell lines cell-line derived; very
based cohorts;  validation limited human heredi-
phenotype limited tary BC validation
unclear
Tier 3 6 22.22%  <5/9 (High  <4/8 (Low) Sporadic/unselecte@QC metrics ~ Single ancestry; no VERY LOW Very low  strength;
risk) BC; hereditary  absent; no adjustment; population sporadic  populations;
criteria absent  depth/CR stratification bias likely small N; unadjusted;
or unclear reported; vali- high publication/ selec-
dation lacking tion bias; NOT heredi-
tary BC; excluded from
meta-analysis
Reviews 4 14.81% N/A (not em- N/A N/A N/A N/A LOW Useful for con-
pirical studies) text/mechanism;
NOT  primary evi-
dence; included for

background

Somatic mtDNA mutations and tumour behaviour

Multiple interconnected pathways that collectively compro-
mise cellular homeostasis and promote tumorigenesis impact
the role of mtDNA variants in breast cancer development. The
primary mechanism involves disruption of oxidative phospho-
rylation (OXPHOS), resulting in a cascade of cellular changes
that facilitate cancer development and progression'™”. Somatic
mtDNA mutations, found in 73.7% of breast cancer tumours,
usually cluster in the promoter and replication regions and in
genes coding for complex I of the electron transport chain
(ETC)®. This clustering pattern indicates positive selection
for mutations that affect critical mitochondrial processes. Ac-
cumulation of mtDNA mutations progressively destabilizes
the OXPHOS system allowing cancer cells to adapt to new
microenvironments and acquire metastatic potential. Some
mutations are capable of totally inhibiting the functioning of
the OXPHOS system and promote tumour developmentU22,
Irreversible damage to OXPHOS shifts the cellular energy
production pathways toward aerobic glycolysis™, representing
an early event in breast tumorigenesis. There is a compen-
satory increase in glycolytic ATP production that causes al-

terations in the ETC. While mutations in the coding mtDNA
support tumour cell proliferation by altering protein function
and OXPHOS efficiency, mutations in the non-coding regions
affect replication, transcription, and structural organization of
mtDNAZV23 Defective OXPHOS function increases the pro-
duction of reactive oxygen species (ROS), resulting in ge-
nomic instability, cell transformation, and tumour progres-
sion. The increased oxidative stress causes accumulation of
DNA damage and suppresses p53 function, activating intra-
cellular signalling pathways. Mutations in mtDNA can also
suppress apoptosis in cancer cells®. Therefore, the paradoxi-
cal association of higher number of mutations in mtDNA with
better overall survival may be attributed to somatic tumour
burden rather than inherited risks associated with mtDNA
mutations®®. Table 4 summarizes the tumour-specific so-
matic mtDNA mutations and their associated survival out-
comes from tier 1 studies.

Inheritance Patterns and Haplogroups

The inheritance patterns of breast cancer-associated
mtDNA variants exhibit unique characteristics that distinguish
them from nuclear genetic factors. Mendelian inheritance
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Table 3 mtDNA germline variants and haplogroup associations in non-BRCA hereditary breast cancer

Variant/Haplogroup Study Design Study population; No of Study relevance OR/RR Adjusted Evidence
cases; Ancestry [95% CI] for Tier
m.16189T>C Case-control Multi-ethnic; N=388; Eu- Criteria b, ¢ (early- 2.1-2.8 Age, ances-  Tier 1
(D-loop); Multi ropean American, African onset <45 yrs; try
Haplogroup American, Malay® triple-negative
breast cancer
(TNBC) cases
included)
m.310del (D-loop);  Case-control Italian; 194 cases/ 194 con-  Criteria a, b, g (> 3.2 Age, Tier 1
Haplogroup H (hereditary trols; Italian'! 2 affected rela- [1.8-5.6] BRCA
breast cancer tives; early-onset; status
cohort) BRCA-negative
confirmed)
Haplogroup M Case-control Criteria a, b (fa- 2.03
Pakistani: 71 cases/60 milial clustering; [066—629] )
controls; ,South Asian® early-onset cases) Age Tier2
Haplogroup U Case-control Criteria a, b (fa- 0.13
milial  clustering, [3.02-20.54]

early-onset cases)

OR/RR: odds ratio or relative risk with 95% confidence intervals; adjusted for: indicates covariates controlled in multivariate analyses;
evidence tier 1: multivariate-adjusted, multiple populations, low risk of bias (NOS 7-9);
tier 2: single cohort, moderate risk of bias (NOS 5-6); haplogroup multi: indicates mixed haplogroup background in multi-ethnic studies.

Table 4 Somatic mtDNA mutations and survival outcomes in breast cancer tumours

Study design Study population; Study Relevance Somatic Heteroplasmy Sta-  Survival Associa- Evidence
No of cases; An- Mutation tus tion Tier
cestry Frequency

Prospective co- 92 cases/ 92 con- Indirect: Somatic 68/92 (73.9%) 78.6% heteroplas-  Better overall sur- Tier 1

hort trols; Mexican changes may mic; 21.4% homo- vival with higher
women (mainly interact with in- plasmic burden
TNBC)®© herited ~ mtDNA

background

Multi-cancer TCGA breast can- Mechanistic: 45.7%-13.7% Clonal expansion Clonal selectionev-  Tier 1

whole-genome  cer subset; ~1000 Clonal evolution documented idence

sequencing cases; mixed ances-  patterns rele-
try? vant to inherited

predisposition

Large cohort 1,300+ breast Indirect: Tumour mtDNA copy Quantified across Lower copy num- Tier 1

retrospective cancers (TCGA); mtDNA copy num- number deple- cancers ber = worse sur-

analysis ~80% European, ber as proxy formi- tion common vival

15% African'¥ tochondrial fitness

does not explain the clustering patterns of non-BRCA hered-
itary breast cancers caused by mtDNA. Unlike nuclear DNA,
mtDNA exhibits exclusive maternal inheritance'. This inher-
itance pattern accounts for instances of hereditary breast can-
cer that cannot be attributed to nuclear gene mutations. Most
breast tumours are homoplasmic, although many variants exist
in the heteroplasmic state in normal tissues®?. The dominance
of homoplasmy is attributed to selective growth advantage of-
fered by the tumour microenvironment to the mutated mtDNA

and the over-replication of mutant mtDNA during tumorigen-
esis?). Tumour behaviour and treatment responses are heavily
influenced by the transition from heteroplasmic to homoplas-
mic state*#2%,  Significant ethnic and geographic variations
have been observed in population-specific variants“>. While
haplogroups such as X and H are linked to BRCA I and BRCA
2 carriers, respectively>2%, haplogroup U protects against the
risk of breast cancer*. mtDNA variation is highly structured
in populations and susceptible to false-positive findings due
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to population stratification®H"12, This warrants the need for
replication studies to validate associations in independent pop-
ulations?®. The population-specific breast cancer risk associa-
tions shown in Table 5 highlight mtDNA haplogroup variation
and underscore the importance of ancestry-stratified analysis.

Epigenetic Modifications Associated with Mitochondrial
Dysfunction

DNA Methylation Changes

Studies investigating the relationship between mtDNA vari-
ants and DNA methylation patterns suggest complex interac-
tions between mitochondrial dysfunction and nuclear epige-
netic regulation that may contribute to cancer development
and progression. Current research on methylation patterns
focuses on nuclear genes involved in mitochondrial biogen-
esis and function. Findings suggest that mtDNA mutations in-
fluence the methylation of nuclear genes encoding mitochon-
drial proteins'>'1Z resulting in mitochondrial dysfunction'31>/
The involvement of retrograde signalling pathways that com-
municate mitochondrial dysfunction to the nucleus results
in nuclear-mitochondrial crosstalk1®18 a critical mechanism
by which mtDNA variants influence epigenetic regulation.
Homeostasis of cellular energy also requires compensatory
epigenetic changes that potentially contribute to cancer devel-
opment14,

DNA methylation patterns and histone modifications are af-
fected by the increased ROS production associated with defec-
tive OXPHOS, creating a feedback loop between mitochon-
drial dysfunction and nuclear epigenetic dysregulation. This
crosstalk accounts for the role of mtDNA variants in the de-
velopment of cancer through mechanisms beyond direct ef-
fects on mitochondrial function. Evidence, albeit limited, in-
dicates the influence of mitochondrial dysfunction on the ex-
pression of genes involved in cell cycle regulation, apoptosis,
and DNA repair through epigenetic mechanisms. Epigenetic
changes that alter the expression of tumour suppressors and
oncogenes have been found to be involved in signalling path-
ways associated with OXPHOS defects "7,

Histone Modifications

Although direct evidence that implicates specific histone
modifications associated with mtDNA variants in breast can-
cer is limited!”, potential mechanisms through which mi-
tochondrial dysfunction influences chromatin structure and
gene expression regulation have been suggested. Chromatin
changes affecting mitochondrial biogenesis represent an im-
portant mechanism by which cells respond to mtDNA-induced
mitochondrial dysfunction!®Z,  The retrograde signaling
pathways activated by mitochondrial dysfunction influence hi-
stone modifications at loci encoding mitochondrial proteins,

potentially altering the expression of genes involved in mito-
chondrial biogenesis and function. Although these compen-
satory mechanisms initially protect against the consequences
of mtDNA mutations, the resulting dysregulation of cellular
homeostasis ultimately contributes to the development of can-
cer?,

The interaction of mtDNA with nuclear transcription fac-
tors is another potential mechanism by which mtDNA variants
associate with epigenetic regulation. Mitochondrial dysfunc-
tion affects histone modifications, thus altering the expres-
sion of transcription factors that regulate both, mitochondrial
and nuclear genes. The increased ROS production mediated
by mtDNA mutations affects the function of the transcription
factor and chromatin structure, contributing to the epigenetic
dysregulation observed in cancer cells'®Z. The effects of
mtDNA variants on epigenetic regulation vary depending on
cell types and tissues. However, tissue-specific patterns of hi-
stone modifications associated with mtDNA variants remain
largely unexplored.

MicroRNA Regulation

mtDNA variants influence microRNAs (miRNAs) that tar-
get mitochondrial pathways* by affecting mitochondrial
function and cellular metabolism. Mitochondrial dysfunc-
tion associated with mtDNA mutations alters the expression
of miRNAs that regulate genes involved in mitochondrial bio-
genesis, oxidative phosphorylation, and cellular metabolism.
This dysregulation causes metabolic reprogramming in can-
cer cells and is a potential therapeutic target. Dysregula-
tion in mtDNA variant-associated breast cancers results from
metabolic changes that influence miRNA expression patterns
and contribute to cancer development and progression through
effects on cell cycle regulation, apoptosis, and metastasis. The
reversible nature of miRNA-mediated gene regulation makes
this pathway an attractive target for therapeutic intervention,
particularly in cancers associated with mitochondrial dysfunc-
tion1222,

Mito-nuclear crosstalk and retrograde signaling

Germline mtDNA variants segregate in affected families,
which partially elucidates the missing heritability among non-
BRCA cases™ ! Somatic mtDNA mutations, on the other
hand, occur during tumorigenesis and are often concentrated
in Complex I genes®, suggestive of positive selection of mito-
chondrial alterations that favour the survival of cancer cells.

Expansion of tumour clones results in a shift from het-
eroplasmy to homoplasmy®. The mitochondrial dysfunction
resulting from accumulated mtDNA mutations and reduced
mtDNA copy number causes compensatory reprogramming of
gene expression by the cell nucleus in response to mitochon-
drial distress>>. This retrograde signaling may potentially oc-
cur through the calcineurin-dependent pathways® and alter
nuclear pathways, which would in turn facilitate epigenetic
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Table 5 Ancestry-aware global distribution of haplogroups and breast cancer risk associations

Haplogroup® SUPLVK PO PALPK) 7 Primary Regions Global Frequency Breast Cancer Risk
(%)14 Association

H EUROPE (Central, ~40-50 Neutral/Protective
Western, Northern)

L AFRICA (Sub- ~35 (African pop.) 1 Risk
Saharan)

M SOUTH ASIA (India, ~30-40 (SA only) T Risk (OR 2.03,
Pakistan, Bangladesh) p<0.001)

U EUROPE (Eastern) + ~13.6-15% (Eu- Protective (OR 0.13)
SOUTH ASIA ropeans); ~31.3%

(Pakistani)

T MEDITERRANEAN ~9-10% 1 Risk

\'% NORTHERN EUROPE ~4-5% Neutral

w WESTERN EUROPE ~1-2% Neutral

X CENTRAL ASIA ~2-3% 1 Risk

D5 EAST ASIA (China) Variable TRisk (OR  2.789,

p=0.007)

A/M7 EAST ASIA (China, ~10-15% Protective (OR 0.195
Vietnam, Mongolia) multi-cancer)

B EAST/SE ASIA ~10% Unknown
(Japan, Thailand,
Philippines)

modifications such as those that affect DNA methylation, his-
tone modifications, and miRNA regulation.

These epigenetic modifications could stabilize and amplify
tumour-promoting effects resulting in EMT induction, expan-
sion of tumour cells, aggressive tumour behaviour, and ther-
apy resistance”*?*, Figure 2 is a schematic representation of
mitonuclear crosstalk and retrograde signaling conceptualized
based on indirect evidence derived from mechanistic studies.
We emphasize that the proposed schematic is largely specu-
lative due to a dearth of studies that provide direct evidence
connecting specific mtDNA variants and epigenetic marks in
hereditary breast cancer cohorts.

Table 6 represents a hypothetical matrix connecting mtDNA
variant classes to proposed epigenetic effects, and observed
phenotypes. In each context, the evidence strength and
testable gaps have been highlighted.

Clinical Implications and Translational Readiness

Currently, mtDNA variants and associated epigenetic markers
are in the early stages of validation, making them exploratory
biomarkers from a translational perspective. While assay vari-
ability, NUMT contamination, and inconsistent heteroplasmy
thresholds limit analytical validity, clinical validity is unsub-
stantiated due to predominantly observational studies based on
relatively small and ancestry-limited cohorts. Consequently,
clinical implications of using mtDNA variants and epigenetic
markers to design clinical risk models or surveillance proto-

cols are presently hypothetical and subject to appropriate val-
idation through future research.

Proposed framework for NUMT-aware assay pipeline val-
idation

Presently, analytical approaches including high-depth next-
generation sequencing (NGS) and heteroplasmy quantification
methods for detection of mtDNA variants that provide reliable
detection of homoplasmic and heteroplasmic variants above
defined thresholds, about 5% variant allele frequency (VAF),
in clinical settings are based on analytical validity (the labora-
tory assay’s ability to accurately identify mtDNA variants with
appropriate sensitivity and specificity), clinical validity (the
association between detected mtDNA variants and hereditary
cancer risk), and clinical utility (whether detection of mtDNA
variants improves patient management and health outcomes).

However, substantial inter-laboratory variation in hetero-
plasmy threshold definition (ranging from 1% to 20%) and
NUMT (nuclear mitochondrial DNA) handling protocols per-
sists across platforms28°21. In this review, we propose a condi-
tional and exploratory framework comprising of three critical
modifications to the existing assay pipeline. Mutation-specific
heteroplasmy thresholds based on tissue-dependent biochem-
ical penetrance can be implemented rather than universal cut-
offs to account for VAF thresholds of pathogenic mtDNA
variants below which phenotypic manifestation is unlikely, a
heterogeneity that is poorly characterized in cancer predispo-

© The National High School Journal of Science 2026

NHSJS Reports |9



Table 6 Hypothetical matrix connecting mtDNA variant classes, their proposed epigenetic effects, and observed phenotypes

Variant Class Proposed Epigenetic Effect Observed Phenotype Evidence Testable Gap
Strength
D-loop variants m.16189T>C, 1DNA methylation at  |Mitochondrial biogen- LOW Cybrid models with specific D-loop
m.310del, m.315dup; NRFI/TFAM promoters;  esis; altered metabolic variants (m.16189T>C vs. wild-
germlinell2/L1 miRNA dysregulation (miR- fitness; predisposition type); allele-specific methylation map-
663 |) to accumulation of so- ping near NRF1 locus in patient fibrob-
matic mutations lasts
Complex I somatic mutations H3K4ac 1 at OXPHOS EMT induction; can- MODERATE Single-cell multi-omics (mtDNA geno-
(ND1, ND2, NDS5; tumour- genes; H3K27me3 1 at EMT-  cer stem cell expansion; type + methylome + transcriptome)
acquired)© suppressor loci (E-cadherin); therapy resistance in patient tumours; CRISPR-induced
DNMT1/3A 1 expression ND1/ND2 mutations in organoid mod-
els
mtDNA copy number reduction ~ Global DNAm remodeling; hi- TAerobic  glycolysis; MODERATE Epigenome-wide association study
(copy number depletion; so- stone acetylation | at metabolic ~ TAnti-apoptotic  pro- (EWAS) correlating mtDNA copy
matic) 810 genes; miRNA  dysregula- teins (Bcl-2); 1Therapy number with DNAm patterns in TCGA
tion (metabolic-associated  resistance/  paradox- tumours; mtDNA CN manipulation in
miRNAs) ical ROS-mediated patient-derived organoids
chemosensitivity
Haplogroup M (South Asian; Basal TDNMT expression; Early age-of-onset VERY LOW Haplogroup-stratified EWAS in Pak-
germline)*20 altered DNAm at mitochon- breast cancer; TTNBC istani/South Asian hereditary breast
drial biogenesis loci (PGCla, phenotype;  potential cancer families (n>200 cases); baseline
SIRT3, NRF1); microRNA ftherapy sensitivity DNAm profiles (normal vs. tumour-
profile skew (ROS-mediated) adjacent) by haplogroup
Haplogroup U  (European; Basal [DNMT expression OR  Lower BC risk; poten- LOW Haplogroup-specific epigenome profil-
germline background; protec- optimal mitochondrial function tially delayed tumour ing in normal breast tissue (haplogroup
tive) 21l — basal epigenetic stability progression; better sur- U vs. M vs. H carriers); base-
vival outcomes line DNAm/histone landscape before
tumour initiation
Heteroplasmy shift (heteroplas-  Progressive DNAm changes Clonal selection for MODERATE Longitudinal ~ epigenome  profiling

mic — homoplasmic; somatic
clonal expansion)©?

at metabolic/survival genes
during clonal expansion; hi-

hetero-
EMT/CSC

intermediate
plasmy;

(WGBS, ATAC-seq, single-cell) paired
with mtDNA heteroplasmy quantifica-

stone remodeling  tracking
heteroplasmy levels

features correlate with
heteroplasmy

tion in patient tumours; isogenic cybrid

level; lines with controlled VAF levels

survival advantage®

ATFS-1 - Activating Transcription Factor associated with Stress; CRISPR - Clustered Regularly Interspaced Short Palindromic Repeats;

CSC - Cancer Stem Cell; DNAm - DNA Methylation; DNMT - DNA Methyltransferase; EMT - Epithelial-Mesenchymal Transition;

EWAS - Epigenome-Wide Association Study; H3K4ac - Histone H3 Lysine 4 Acetylation (active chromatin mark);

H3K27me3 - Histone H3 Lysine 27 Trimethylation (repressive mark); ND1, ND2, ND5 - NADH Dehydrogenase Subunits 1, 2, 5 (Complex I genes);
NRF1 - Nuclear Respiratory Factor 1; PGC1a - Peroxisome Proliferator-Activated Receptor Gamma Coactivator 1-Alpha;

SIRT3 - Sirtuin 3 (NAD-dependent histone deacetylase); TCGA - The Cancer Genome Atlas; TFAM - Mitochondrial Transcription Factor A;

VAF - Variant Allele Frequency; WGBS - Whole-Genome Bisulfite Sequencing

sition?233, Implementation of methylation-based separation

methods would enable reliable distinction between mtDNA
and NUMT contamination prior to variant calling.

Although the significantly higher CpG methylation exhib-
ited by NUMTSs in comparison to mtDNA facilitates computa-
tional or biochemical filtering, routine diagnostic pipelines do
not have standardized integrated protocols>*°, Finally, es-
tablished haplogroup-stratified baseline methylation and mito-
chondrial function profiles would contextualize mtDNA vari-
ants within population-specific epigenetic backgrounds and
ensure ancestry-calibrated processes=<.

It is important to reiterate that clinical biopsy-based mtDNA
variant detection cannot be recommended as a standard-of-
care risk stratification tool until the assay pipeline is stan-
dardized across independent laboratories, replicability of ef-
fect sizes is comparable to established moderate-penetrance

nuclear genes, the assay is validated in large, ancestry-diverse,
family-based cohorts with long-term follow-up, and mtDNA
variant detection is shown to improve clinical decision-
making beyond existing nuclear gene testing.

Risk Assessment

Existing prediction models do not account for genetic predis-
position of breast cancers that test negative for the known sus-
ceptibility genes=28. mtDNA variants fit into this critical gap
in risk assessment for breast cancer. The maternal inheritance
pattern of mtDNA variants explains cancer clustering in fam-
ilies that do not exhibit traditional autosomal dominant inher-
itance patterns'>, potentially resolving unexplained hered-
itary cases of breast cancer. The prediction models would
also benefit significantly from the integration of population-

10 | NHSJS Reports

© The National High School Journal of Science 2026



Germline mtDNA Variants

egregate in affected

Somatic mtDNA Mutation

Complex 1 genes

families

Expansion of tumour clones

shift
+

Mitochondrial Distress
Sl e e Retrograde Signaling via
calcineurin-dependent
pathways
Compensatory reprogramming of
gene expression
Alter Nuclear Pathways

| Epigenetic Modification

L4

Stabilize & Amplify tumour-
promaoting effects

Expansion of
tumour cells

Fig. 2 Proposed Schematic Representation of Mito-Nuclear
Crosstalk and Retrograde Signaling in Non-BRCA Hereditary
Breast Cancer

DNA
Methylation

Histone
Modification

Aggressive
tumour
behaviour

Therapy
resistance

EMT
Induction

specific and haplogroup-specific considerations and patterns.

Disease Progression

mtDNA variants influence breast cancer progression through
complex mechanisms affecting tumour behaviour and treat-
ment response. While higher frequency of somatic mtDNA
mutations in tumours is typically associated with aggressive
disease progression and poor prognosis, higher frequency of
mtDNA mutations in somatic tumours®™ associate with bet-
ter overall survival, independent of tumour stage and hormone
receptor status.

The high levels of oxidative stress resulting from the
mtDNA mutations increase susceptibility to anticancer agents.

mtDNA variants also impact the metastatic potential of breast
cancers. While severe mutations increase tissue suscepti-
bility, milder mutations enable adaptation to new microen-
vironments. mtDNA-associated tumours also gain survival
advantages in diverse metastatic sites owing to metabolic
reprogramming facilitating the shift to aerobic glycolysis.
Metabolic adaptations have the potential to enhance sensi-
tivity to ROS-inducing chemotherapies, although the result-
ing apoptosis suppression and AKT pathway activation cul-
minates in resistance to treatment.

Prognosis and Survival

Analysis of somatic mtDNA mutations in tumours has promis-
ing prognostic implications. Depletion of somatic mtDNA is a
potential biomarker for early detection and prognosis.
The transition of heteroplasmic tumours to the homoplasmic
state is a good indicators of treatment response patterns. The
positive correlation between the frequency of somatic mtDNA
mutations and survival, notwithstanding traditional prognostic
factors, highlights the potential of mtDNA analysis as a prog-
nostic beyond conventional markers®7,

Current Challenges and Limitations

Studies investigating mtDNA variants in breast cancer face
several significant challenges that limit the translation of re-
search findings into clinical applications. The number of
copies of mtDNA per cell is very high, which makes accu-
rate quantification of heteroplasmy levels and detection of
low-level variants challenging. Nuclear mtDNA sequences
(NUMTs) interfere with sequencing and analysis of mtDNA,
increasing the likelihood of false-positive results®1,

Furthermore, the circular structure of mtDNA and the pres-
ence of homopolymeric regions, particularly in the D-loop,
poses additional sequencing challenges that require special-
ized analytical approaches. Separation of mitochondrial and
nuclear DNA fractions is a crucial aspect of mtDNA analy-
sis. The complexity of the process requires specialized sample
processing skills and has the potential to introduce variability
in the results. The lack of standardized protocols for mtDNA
extraction, sequencing, and analysis makes it difficult to com-
pare results across studies and laboratories.

Methodologies for quantification of heteroplasmy are in-
consistent across studies, with different thresholds used to de-
fine heteroplasmy. Additionally, the definition of pathogenic
and benign mtDNA variants lacks consensus. Functional vali-
dation of most reported variants is very limited. In comparison
to nuclear DNA analysis, quality control standards for mtDNA
sequencing and analysis remain underdeveloped.

Although we identified more than 100 studies as eligible
for this review, only five studies focused on mtDNA germline
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variants and somatic mutations and reported findings based
on >2 independent cohorts, included multivariate analysis,
and exhibited ancestry-aware categorization 02 While
most of the remaining studies were based on either single
large cohort or >2 smaller cohorts, included multivariate anal-
ysis, mechanistic studies, and population-specific analyses,
some of the studies were predominantly descriptive, unad-
justed, comprised of case reports or small case series, and
did not have definite inclusion criteria. The heterogeneous
nature of mtDNA variants warrants the need for large, well-
characterized cohorts to identify clinically meaningful associ-
ations.

Longitudinal studies with extended follow-up periods could
potentially highlight prognostic implications of mtDNA vari-
ants and their interactions with treatment factors. Most of the
identified studies focus on particular populations and ethnic
groups, with the exception of a few studies*!, limiting di-
versity of ethnic groups in study populations. Non-European
ancestries are mostly underrepresented, resulting in findings
being derived exclusively from European cohorts. This is a
critical limitation that affects the generalizability of research
findings. mtDNA haplogroups and variants are population-
specific and findings based on diverse study populations un-
derscore the clinical implications of mtDNA variants across
different ethnic groups. The lack of diversity in study popula-
tions often perpetuates health disparities and limits the clinical
applications of mtDNA-based approaches in diverse patient
populations. The scarcity of studies focused on non-BRCA
hereditary breast cancer mtDNA that are based on larger, well-
designed, ancestry-stratified cohorts warrants caution in clini-
cal translation of the current research findings.

Implications and Significance

Our study contributes significantly to the current knowledge
of non-BRCA hereditary breast cancer by collating relevant re-
search findings and suggesting that mitochondrial DNA vari-
ants and epigenetic modifications are significant contributors
to cancer risk, progression, and prognosis. We have high-
lighted that mtDNA variants have measurable effect sizes
comparable to moderate-penetrance nuclear genes associated
with hereditary breast cancer. This fills a critical gap in ex-
plaining breast cancer cases that test negative for BRCA 1/2,
but are genetically predisposed. Our findings underscore the
shortcomings of conventional assumptions about the associa-
tions between mutational frequency and overall survival that
could potentially inform therapeutic strategies. This review
also emphasizes the need to focus on the maternal inheritance
patterns of mtDNA variants as an alternative explanation when
traditional autosomal dominant inheritance models fall short,
thereby resolving diagnostic uncertainties and improving ge-
netic counselling approaches. Furthermore, the collated in-

sights on population-specific distributions of mtDNA variants
discussed in our review highlight the importance of diverse
study populations in reducing health disparities and ensuring
equitable translation of precision medicine approaches across
different ethnic groups.

Future Directions

There is a compelling need for functional studies using cellu-
lar and animal models for the advancement of mtDNA variant
research. Study populations spanning multi-ethnic groups and
large sample sizes are crucial for validating associations and
identifying population-specific effects. Longitudinal cohort
studies conducted pre-diagnosis play a pivotal role in reveal-
ing temporal relationships and early biomarkers. Systematic
development of standardized, clinically-validated diagnostic
assays with next-generation sequencing panels for compre-
hensive mtDNA analysis, supported by quality assurance pro-
grams and point-of-care testing capabilities are warranted for
reliable clinical translation.

Pharmacogenomic studies and metabolic profiling have the
potential to guide therapy selection for personalized treatment
approaches. Risk prediction models would benefit from the
incorporation of mtDNA variants. The development of ther-
apeutic agents that target epigenetic changes and exploit the
unique biology of mtDNA variants such as those that target
oxidative phosphorylation defects, mitochondrial-targeted an-
tioxidants, and metabolic inhibitors exploiting glycolytic vul-
nerabilities in combination with conventional chemotherapy,
immunotherapy, and autophagy modulators could potentially
reverse dysfunction-associated changes.

Single-cell techniques could be explored to quantify hetero-
plasmy. Leveraging technological advances such as machine
learning algorithms for variant interpretation, deep learning
for pattern identification, and Al-driven drug discovery, sup-
ported by multi-omics integration platforms is important for
managing data complexity to ensure comprehensive analysis
of large-scale datasets.

Limitations

We acknowledge several important limitations of our study.
Our ability to draw definitive conclusions and provide a meta-
analysis of the findings was limited due to the heterogeneous
nature of study populations, limited representation of diverse
ethnic groups, relatively small sample sizes, and definitions of
hereditary breast cancer across included studies. We recognize
the potential for variability in results across studies due to the
lack of standardized protocols for heteroplasmy quantification
and variant interpretation.

Most associations derived from our findings are correlative
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rather than causative owing to the limited functional valida-
tion of identified variants. Furthermore, our interpretations
of the functional associations between mitochondrial dysfunc-
tion and nuclear gene regulation may reflect the scarcity of
evidence regarding epigenetic modifications specifically asso-
ciated with mtDNA variants.

Conclusion

This comprehensive review highlights the relevance of
mtDNA variants and epigenetic modifications in predispo-
sition to hereditary breast cancers that are not attributed to
mutations in known nuclear DNA genes. The findings un-
derscore the critical need to expand beyond nuclear-centric
approaches in cancer genetics. It redefines our assumptions
about correlations between mutational frequency and survival
outcomes. This study collates knowledge about existing ther-
apeutic approaches and interprets the emerging evidence for
epigenetic modifications associated with mitochondrial dys-
function to suggest novel therapeutic vulnerabilities that could
be exploited for precision medicine approaches.

This review emphasizes the importance of studies with
large, diverse, and inclusive populations by providing evi-
dence of the population-specific distributions of mtDNA vari-
ants. The integration of mitochondrial genomics into heredi-
tary breast cancer research represents a fundamental paradigm
shift that recognizes the intricate interplay between nuclear
and mitochondrial genes in genetic predisposition to cancer.
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