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Targeting mitochondria: a novel approach s
for treating platinum-resistant ovarian cancer
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Abstract

Ovarian cancer is a prevalent gynecologic malignancy with the second-highest mortality rate among gynecologic
malignancies. Platinum-based chemotherapy is the first-line treatment for ovarian cancer; however, a majority

of patients with ovarian cancer experience relapse and develop platinum resistance following initial treatment.
Despite extensive research on the mechanisms of platinum resistance at the nuclear level, the issue of platinum
resistance in ovarian cancer remains largely unresolved. It is noteworthy that mitochondrial DNA (mtDNA)

exhibits higher affinity for platinum compared to nuclear DNA (nDNA). Mutations in mtDNA can modulate tumor
chemosensitivity through various mechanisms, including DNA damage responses, shifts in energy metabolism,
maintenance of Reactive Oxygen Species (ROS) homeostasis, and alterations in mitochondrial dynamics.
Concurrently, retrograde signals produced by mtDNA mutations and their subsequent cascades establish
communication with the nucleus, leading to the reorganization of the nuclear transcriptome and governing the
transcription of genes and signaling pathways associated with chemoresistance. Furthermore, mitochondrial
translocation among cells emerges as a crucial factor influencing the effectiveness of chemotherapy in ovarian
cancer. This review aims to explore the role and mechanism of mitochondria in platinum resistance, with a specific
focus on mtDNA mutations and the resulting metabolic reprogramming, ROS regulation, changes in mitochondrial
dynamics, mitochondria-nucleus communication, and mitochondrial transfer.

Highlights
- Directly targeting mitochondria is one of the main mechanisms by which platinum induces apoptosis in
tumor cells.

- mtDNA mutations occur frequently in ovarian cancer and significantly contribute to platinum resistance.

- The metabolic heterogeneity induced by mtDNA mutations can directly drive platinum resistance in ovarian
cancer cells.

- Targeting mitochondria could be a novel approach for platinum-resistant ovarian cancer.
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Introduction

As the sole double-membrane organelle harboring its
independent genome within eukaryotic cells, mitochon-
dria are not only the energy source of the organism, but
also play a vital role in enabling the organism to respond
to a variety of stress factors, including external drugs,
nutritional changes, and environmental shifts.

Platinum-based chemotherapy regimens, including
cisplatin, carboplatin, and oxaliplatin, remain a first-line
treatment for ovarian cancer. These agents are globally
approved as standard DNA damage inducers for treat-
ing malignancies. It is noteworthy that, beyond nuclear
DNA(nDNA), mitochondria DNA(mtDNA) is also a tar-
get of these drugs, and several studies have indicated that
mtDNA exhibits a significantly higher affinity for plati-
num than nDNA [1-3].

Cytoplasmic heterozygous cells with different mtDNA
haplotypes have indicated a potential link between cis-
platin sensitivity and mtDNA background [4]. The denu-
cleation assays have demonstrated that platinum-induced
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apoptotic signaling pathways can occur independently
of DNA damage [5-10]. Sabelle Gourdier et al. discov-
ered that oxaliplatin-induced apoptosis primarily occurs
by triggering the Bax/Bak-dependent apoptotic pathway
in mitochondria [6]. The presence or absence of nDNA
had no effect on the cisplatin sensitivity of head and neck
squamous cell carcinoma cells, whereas mtDNA-free
cells exhibited 4-5 times more resistance to cisplatin
compared to their parental cells. Cisplatin shows a pref-
erence for binding to mitochondrial membrane proteins,
particularly voltage-dependent anion channel proteins,
leading to mitochondria damage rather than the nuclear
damage [1]. Taken together, direct effect on mitochon-
dria may be an essential mechanism through which plati-
num induces apoptosis in tumor cells.

This review aims to obtain crucial insights for precision
medicine and establish a framework for development of
cancer therapy strategies that target both the nucleus and
the mitochondria by comprehending the roles and modes
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of mitochondria and mtDNA, as well as the communica-
tion between mitochondria and the nucleus.

mtDNA mutations occur frequently in ovarian
cancer and significantly contribute to platinum
resistance

The nucleotide excision repair pathway is the primary
mechanism for repairing DNA damage induced by plat-
inum-nDNA adduct [7]. The higher initial binding capac-
ity of platinum to mtDNA, the absence of the nucleotide
excision repair pathway in mtDNA, and the proximity of
mtDNA to ROS generated in the organelle contribute to
a mutation rate in mtDNA nearly 10-times higher than
that in nuclear DNA [8].

The Cancer Genome Atlas (TCGA) sequence analysis
of 226 pairs of tumors and normal tissues from five types
of cancers reveals a median frequency of 36% for mtDNA
mutations in ovarian adenocarcinomas [9]. Additionally,
Liu and Van et al. found that somatic mtDNA mutations
were present in 60% of the ovarian cancer samples [10].

Compared to individuals without mtDNA mutations,
patients with high-grade serous ovarian cancer (HGSOC)
harbor modest heterogeneous pathogenic somatic muta-
tions were found to be more prone to developing plati-
num resistance and experiencing recurrence [11]. Some
theories suggest that the progression of cancer may align
with the time needed for mutant mtDNA or cellular
homogeneity to become predominant [12]. In addition,
tumor growth and drug resistance require the structural
and functional integrity of mitochondrial electron trans-
port chain (ETC) complex [13].

Research by Flora et al., revealed that ovarian cancers
treated with carboplatin-paclitaxel chemotherapy devel-
oped a MTND4 m.10875T > C missense mutation, which
results in mild energy defects and triggers drug resis-
tance. These tumors exhibited an eosinophilic pheno-
type, displaying a senescence-like phenotype with a low
proliferative index and hypoxia adaptation incapacity,
while the missense mutation was absent in pre-chemo-
therapy tumors [14].

Additionally, mtDNA mutations can affect ovarian can-
cer drug resistance via metabolism, ROS generation, and
communication with cell nucleus.

mtDNA mutations confer resistance to platinum-
based treatments through regulating cancer cell
metabolism (Fig. 1)

Metabolic flexibility

Metabolic flexibility associated with heterogeneous
mtDNA mutations contributed significantly to chemo-
therapy resistance of ovarian cancer cells. In patients
with HGSOC, the presence of heterogeneous pathogenic
somatic mtDNA mutations is associated with higher
rates of platinum resistance and recurrence. Tumor
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tissues with these mutations exhibit a notably elevated
lactate/pyruvate ratio compared to tissues without the
mutation, indicating a shift from oxidative phosphoryla-
tion (OXPHOS) to glycolysis [11]. Cell lines carrying the
MTND5 mutation also undergo metabolic switch from
OXPHOS to glycolysis, and increased mutation hetero-
geneity promote early stage tumor development, possibly
through alteration of ROS generation and apoptosis [15].
Furthermore, it has been observed that tumor cells with
mutant mtDNA may possess a replication advantage,
resist drug induced apoptosis, and finally retain cells with
homogenous mutant mitochondria [16, 17].

Current evidence indicates that the OXPHOS path-
way remains active in tumor cells. Both established
ovarian cancer cell lines and patient-derived ovarian
cancer cells displaying drug resistance exhibit elevated
levels of OXPHOS, glycolysis, glutathione (GSH) and
lipid metabolism. This metabolic flexibility allows cells to
switch between OXPHOS and glycolysis, enhancing their
resistance to platinum-based treatments [18—20]. Che-
motherapy-resistant ovarian cancer cells demonstrated
an increased capability for mitochondrial respiration,
and ATP production through OXPHOS [21, 22]. Exces-
sive reliance on OXPHOS can generate harmful ROS
that hinder cell proliferation. This transition may slow
cell growth but enable persistence and spread in smaller
numbers.

Ovarian cancer cells in the tumor microenvironment
undergo aerobic glycolysis (Warburg effect) and the lac-
tate produced is translocated to adjacent endothelial
cells and cancer-associated fibroblasts to support angio-
genesis and tumour invasion [23]. However, the classical
Warburg effect cannot explain the efficient ATP synthe-
sis and intact mitochondrial function of tumors. There is
accumulating evidence that ‘the reverse Warburg effect’
occurs in fibroblasts in the tumor microenvironment,
where lactate created by aerobic glycolysis is transported
back into the cancer cells to stimulate anabolic activi-
ties [24, 25]. In advanced epithelial ovarian cancer, the
tumor-stroma proportion has been shown to be prog-
nostic in chemotherapy-resistant patients [26], which is
twice as high as in chemo-sensitive patients and corre-
lates with significantly shorter progression-free survival
and overall survival [27].

Energy transfer between cells in the tumor microen-
vironment also drives chemoresistance. Over 80% of
ovarian cancers metastasize to the adipose of the greater
omentum. Through co-cultures of human ovarian cancer
cells with adipocytes, it was observed that the adipocytes
supply cancer cells with high-energy mitochondrial fuels,
mainly free fatty acids, through catabolism. This process
enhances cancer cells OXPHOS capacity, promoting
chemoresistance and distant metastasis [28]. Proteomic
analysis also revealed substantial lipidomic changes and
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Fig. 1 Mitochondrial DNA (mtDNA) mutations affect the responsiveness of ovarian cancer cells to platinum-based drugs by modulating their interaction
with the tumor microenvironment and the nucleus. Initially, mtDNA mutations in ovarian cancer cells disrupt their metabolism, resulting in increased
metabolic flexibility and reliance on glutamate, and altered production of epigenetic modifiers. This metabolic imbalance alters the metabolic signaling
to the nucleus and modifies the epigenetic profile of nuclear DNA, leading to chemoresistance. Additionally, the altered microenvironment can enhance
the oncogenic effect of cells within the microenvironment, such as fibroblasts, and guide these cells to provide essential metabolites to cancer cells,
thereby promoting the metabolic adaptation of ovarian cancer cells to platinum-based drugs. OXPHOS: Oxidative Phosphorylation; TCA: Tricarboxylic

acid cycle; FFA: Free fatty acid; a-KG: a-ketoglutarate. GIn: Glutamine

up-regulation of lipid metabolism proteins in co-cultured
ovarian cancer cells. Among these, FABP4, a lipid chap-
erone protein, serves a key regulator of lipid responses
[29]. However, the precise role of mtDNA mutations in
regulating metabolic heterogeneity remains unclear.

Imbalance in reactive oxygen species (ROS) homeostasis
Mutations in mtDNA serve as both a trigger and a con-
sequence of increased ROS within the mitochondria
[15]. MtDNA is susceptible to ROS damage from the
stroma due to its lack of histone protection. Mutations
in mtDNA lead to diminished mitochondrial function
by modifying the mitochondrial membrane potential or
the redox state of electron carriers upstream and down-
stream, both processes resulting in ROS generation.

The regulation of mitochondrial ROS levels signifi-
cantly impacts chemosensitivity of tumor cells [30].
When the mitochondria-mediated antioxidant system

successfully balances the ROS levels, it triggers gene
expression changes in cancer cells. These alterations
involve activation of pro-oncogenic transcription fac-
tors, suppressing tumor suppressor genes, and increased
levels of genes exhibiting pro-oncogenic metabolic traits,
promoting cancer initiation, progression, and drug resis-
tance. Conversely, if ROS scavenging falls short of ROS
production, oxidation-induced apoptosis occures [31].
mtDNA mutations also play a direct role in mediat-
ing ROS-regulated resistance [32]. Exposure to ROS
induced by anticancer drugs and hypoxia helps cancer
cells developing adaptive mechanisms that ultimately
favor the growth of drug-resistant clones [33—35]. The
transcription factor hypoxia-inducible factor HIF-1a is a
critical molecule in this process [36]. Cisplatin-resistant
ovarian cancer cells maintain elevated HIF-la levels,
and knocking down of HIF-1a is able to reprogram aero-
bic glycolysis to OXPHOS and induce cell death [37]. To
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avoid excessive generation of ROS, cancer cells undergo
metabolic reprogramming towards an aerobic glycolytic,
generating NADPH through pathways like the pentose
phosphate pathway (PPP) and the adenosine mono-
phosphate-activated protein kinase. Additionally, can-
cer cells upregulate the production of antioxidants such
as nuclear factor red lineage 2-related factor 2 (NRF2).
Consequently, the heightened expression of these meta-
bolic factors and antioxidants in several cancer types,
including ovarian cancer, contribute to chemotherapy
resistance [38, 39]. Despite the complexity of the ROS
regulation pathway, it is possible to discover the deter-
minants of ROS signaling mediated by chemotherapy.
Groundbreaking research by Zhang et al. revealed that
the CHK1-SSBP1 pathway mediates nuclear H,O, accu-
mulation and resistance to platinum drugs in ovarian
cancer cells [40].

The retrograde signals caused by altered metabolites

The majority of mitochondrial proteins are nucleus-
encoded. Precise coordination between the two genomes
is essential for the expression of the mitochondrial pro-
teome in both tumor cells and healthy cells. Retrograde
signals from dysfunctional mitochondria are relayed to
the nucleus, promoting a reorganization of the nuclear
transcriptome and activation of genes and signaling path-
ways associated with cancer.

Mitochondrial retrograde signals are facilitated by the
contact sites which comprising a multiprotein complex
(including ACBD3, PKA, AKAP95 and TSPO) that teth-
ers mitochondria to the nucleus, to regulates the cellular
response to stress [41]. The translocator protein TSPO
can also restrict PARK2-mediated ubiquitination of
mitochondrial proteins, resulting in an accumulation of
dysfunctional mitochondria [42].

PPAR-coactivator 1 (PGC1), a crucial mitochondrial
biogenesis regulator [43], also mediates retrograde sig-
naling. Cisplatin-resistant ovarian cancer cells exhibit
high levels of PGC-1a, boosting mitochondrial biogen-
esis and reducing apoptosis [44]. In SKOV3/DDP cells,
mitochondria ROS production stimulates the nucleus,
increasing PGCla expression and contributing to drug
resistance [45, 46]. Deng et al. propose a feedback loop
between PGCla and NRF2 that regulates antioxidant
and proteasomal activity, thereby contributes to cispla-
tin resistance in ovarian cancer cells [47]. Furthermore,
PGC-1a boosts apoptotic resistance in ovarian cancer
cells by facilitating HK2-VDAC1 binding and upregulat-
ing HSP70 gene transcription [48].

High expression of PGCla and P can identify ovarian
cancer patients who may benefit from OXPHOS inhibi-
tors, thereby potentially delaying disease progression
[49]. Unfortunately, PGCla expression varies across
different tissue sources and tumor cells, and excessive
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expression may not always result in treatment resistance
in all individuals. Ovarian clear-cell carcinoma lacking
PGCla/TFAM and with low ERa/Ki-67 are resistant
to chemotherapeutic drugs, while HGSOC with high
OXPHOS showed high expression of PGCla, TFAM,
and ERa, and high Ki-67 expression, is sensitive to plat-
inum-based chemotherapy [50, 51].

Signaling molecules involved in the process include
Ca2+, ROS and misfolded proteins [52].

Mitochondrial unfolded protein response (UPRmt)

The increased demand for mitochondrial activity in
tumors leads to the generation of mitochondrial ROS,
mtDNA mutations, and misfolded proteins, causing det-
rimental effects. To counteract this, tumor cells activate
the UPRmt to maintain protein homeostasis, prevent
mitochondrial apoptosis, and enhance drug resistance.

In the C. elegans model, ATFS-1/ATF5 triggers
UPRmt. Under normal conditions, ATFS-1, the homo-
logue of ATF1 in humans, containing mitochondrial tar-
geting sequences, is transported into mitochondria for
degradation [53]. However, in dysfunctional mitochon-
dria, it relocates to the nucleus, accumulating and acti-
vating UPRmt. ATFS-1 also interacts with the promoters
of OXPHOS genes in both mitochondria and the nucleus,
fine-tuning the expression of OXPHOS genes to optimize
mitochondprial respiration [54]. The mammalian UPRmt
involves more intricate mechanisms, with mitochondria
ROS and cytoplasmic mitochondrial protein precursors
(c-mtProt) as crucial signals initiating the UPRmt and
promoting a nuclear transcriptional response [55]. Phos-
phorylation of eIF2a induces the expression of genes con-
taining open reading frames in the 5’UTR region, such as
ATF5, ATF4, and CHOP.

Drug-resistance cancers often exhibit considerable
activation of the UPRmt. In ovarian cancer cells, upregu-
lated ATF5 inhibits apoptosis by transcribing BCL2 and
MCL1 [56]. Ovarian tumors upregulate HSP60 [57], an
UPRmt effector protein that regulates metabolism by
modulating the AMPK-mTORCI1 pathway. Chemother-
apy-resistant ovarian cancer cells are notably sensitized
by an HSP60 antibody combined with cisplatin [58].
Resistant cells also elevate levels of Caseinolytic protease
P (ClpP), which facilitates cellular exocytosis of cisplatin,
maintains DNA stability by reducing the production of
cisplatin-DNA adducts, and decreases sensitivity to che-
motherapy [59].

Mitochondrial calcium homeostasis

Mitochondria, known for Ca2+storage, regulate
Ca2+uptake and efflux through nucleus-encoded genes.
Alterations in mitochondrial Ca2+signaling can influ-
ence malignant transformation, tumor growth, and che-
motherapy response [60, 61].
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Chemotherapeutic drugs prompt Ca2+transfer from
the endoplasmic reticulum to mitochondria, triggering
the opening of the mitochondrial permeability transition
pore and release of various mitochondrial proteins, such
as cytochrome C, into the cytoplasm, leading to apop-
tosis [62]. Certain proteins in mitochondria-associated
endoplasmic reticulum membranes (BCL2, RAS, AKT,
PTEN) regulate apoptosis by modulating the transfer
of Ca2+, thereby leading to the effectiveness of chemo-
therapy drugs. Disruption of Ca2+homeostasis either
through interfering of Ca2+channel or the endoplas-
mic reticulum stress axis could change the sensitivity of
ovarian cancer to platinum [63, 64]. High Mitochondrial
Calcium Uptake 1 (MICU1) expression, low mitochon-
drial calcium, and cisplatin resistance is seen in glycolytic
ovarian cancer, with MICU]1 silencing enhancing cispla-
tin efficacy [65].

A study by Lee et al. demonstrated calcium channel
blockers’ synergistic effects in reducing ovarian cancer
stem cell-like traits, inhibiting viability, proliferation, and
enhancing cisplatin efficacy [66].

Epigenetic effects

The nuclear genome is intricately organized, with DNA
and histone epigenetic modifications regulating gene
expression by modulating chromatin accessibility and
providing binding sites for regulatory proteins. Mito-
chondrial metabolites like acetyl coenzyme A, S-Ade-
nosyl Methionine, and 2-Hydroxyglutarate contribute to
epigenetic regulation of DNA and histone. For example,
histone and DNA methyltransferases in the nucleus
use S-Adenosyl Methionine as a methyl group donor.
Researchers analyzing metabolomics data and post-tran-
scriptional histone modifications in cytoplasmic hybrid
cell lines with varying levels of the tRNALeu (UUR)
m.3243G mutation discovered that increased levels of
this specific mtDNA mutation resulted in alterations in
mitochondrial intermediates and redox status, leading
to significant changes in histone modification. At high
heterozygosity mutations (90-100%), levels of glucose-
derived acetyl coenzyme A were reduced, resulting in
decreased histone H4 acetylation. In contrast, moder-
ate heterozygosity mutations (69-70%) led to elevated
a-ketoglutarate levels, which were inversely correlated
with histone H3 methylation [34].

In ovarian cancer, while direct evidence linking mito-
chondrial metabolites to epigenetic modifications and
resistance is limited, chemotherapy-induced epigenetic
changes contribute to resistance. Post-chemotherapy,
ovarian cancer stem cells remaining in HGSOC display
characteristics such as aldehyde dehydrogenase posi-
tive (ALDH+), rendering them highly resistant to treat-
ment. These cells exhibit increased DNA methylation in
gene promoter regions associated with differentiation
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pathways, leading to chromatin compaction and gene
expression repression. The DNA methyltransferase inhib-
itor SGI-110 can induce differentiation in ALDH + cells,
making them more sensitive to platinum-based therapies
[67].

Histone acetylation governs the activity of distal
enhancers, super enhancers and their associated genes,
influencing the transcriptional program that leads to
platinum resistance in ovarian cancer [68]. The relation-
ship between super enhancer-driven mechanisms and
chemoresistance in ovarian cancer involves the modula-
tion of cancer stem cell formation, cellular plasticity, the
tumor microenvironment, gene linked to chemoresis-
tance, ncRNAs, and tumor immunity [69]. Methylation
and acetylation modifications of various sites on histone
H3, as well as DNA methylation changes in specific genes
like H3K79 methylation, H3K27 methylation, FANCF
methylation, and Fanconi anemia pathway, have been
linked to cisplatin sensitivity in ovarian cancers [70-72].

Targeting epigenetic modifications can enhance che-
mosensitivity and reverse acquired resistance in ovarian
cancer, potentially through combining chemotherapy
with immunotherapy [73]. This suggests that mtDNA
mutations may play a role in tumor resistance by influ-
encing metabolites that impact epigenetic alterations.

mtDNA damage signaling regulates platinum
resistance via the cGAS/STING signaling pathway
and multiple modes of cell death (Fig. 2)

The cGAS/STING signaling pathway

The efficacy of cancer chemotherapy is significantly
affected by anti-tumor immunity. Mitochondria serve as
crucial components in innate immune recognition [74]. It
can affect the immunogenicity of cancer cells and T cell
activity through two pathways: (1) cGAS/STING path-
way: mtDNA initially activates cGAS, which then trans-
forms ATP/GTP into cGAMDP, activates the downstream
protein STING. This activation leads to the expression of
ISGs genes. (2) MAVS/RIG-I/MDAS5 pathway: Cytoplas-
mic dsRNA activates RIG-I and MDA5, which interact
with the mitochondrial protein MAVS, triggering down-
stream effector TRAF proteins. This interaction forms
the MAVS signaling complex, inducing the expression of
interferon-stimulated genes.

West et al. demonstrated that mtDNA is safeguarded
from degradation and cytoplasmic release by the mito-
chondrial transcription factor TFAM [75]. However, dys-
regulated TFAM expression, mitochondrial stress, and
damage can lead to the release of mtDNA into the cyto-
plasm, activating the cGAS/STING pathway and induc-
ing immunogenic cell death (ICD).

Cisplatin has been found to enhance the antican-
cer properties by stimulating type I IFN production
[76]. DNA damage caused by chemotherapy leads to
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micronuclei formation, triggering an innate anti-tumor
immune response [77]. Additionally, tumor cells under-
going necrosis and releasing mtDNA are crucial for
cisplatin-induced immune activation. Moreover, tumor-
derived cGAMP from cancer cells is transferred to non-
cancer cells, activating STING and fostering anti-tumor
immunity [77]. Additionally, it has been uncovered that
tumor cells undergoing necrosis under the influence of
receptor-interacting protein kinase 3 (RIPK3) and releas-
ing mtDNA are crucial for cisplatin-induced immune
activation [78, 79]. Due to chromatin interference with
micronuclei promoted by cGAS DNA sensing, mtDNA
may hold greater significance than micronuclear DNA.

In advanced cancer stages, impairment of the cGAS-
STING pathway gene expression is common, while
epigenetic modifications hinder c¢GAS and STING
expression in ovarian cancer cells, contributing to
immune evasion and drug resistance [80].

STING activation has been linked to mediating chemo-
resistance, with the expression of type I IFN-stimulated
genes associated with resistance to chemotherapy across

various tumor types [81, 82]. In ovarian cancer, height-
ened expression of HDAC4 following chemotherapy can
deacetylate STAT1, thereby promoting resistance to plat-
inum-based treatments [83]. Based on these findings, it
seems that combining STING agonists with DNA-dam-
aging drugs could present a novel therapeutic strategy,
potentially leading to a sensitizing effect in cells respond
to ICD.

Cell death in relation to platinum resistance

The main mechanism of action of chemotherapeutic
drugs is to induce apoptosis in tumor cells. Recent stud-
ies have shown that tumor metabolic reprogramming
can sensitize cancer cells to non-apoptotic forms of pro-
grammed cell death, including autophagy, necrosis, and
ferroptosis. Mitochondria are pivotal in regulating the
diverse forms of cell death that can impact the respon-
siveness to chemotherapy or the development of resis-
tance to it.
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Autophagy

Autophagy, a cellular process that transports cytoplas-
mic components to lysosomes for degradation and recy-
cling, is regulated by autophagy-associated genes. It plays
a dual role in tumor cells. On the one hand, it acts as a
tumor suppressor by eliminating damaged proteins and
organelles, reducing oxidative stress within cells, and
averting genetic damage that could lead to cancer. On
the other hand, autophagy mediates mitochondrial pres-
ervation in ovarian cancer cells with acquired resistance
after cisplatin treatment. For instance, the rate-limiting
enzyme of glycolysis HK2 promotes cisplatin resistance
in ovarian cancer by boosting cisplatin-induced, ERK-
mediated autophagy [84]. Blocking autophagy can result
in fetal DNA damage and subsequent mitochondria-
mediated apoptosis [85]. In hypoxic microenvironments,
HIFla induces autophagy and inhibits apoptosis, render-
ing OVCARS3 cells resistant to cisplatin [86].

The status of P53 has been demonstrated to impact
the efficacy of autophagy inhibition in certain tumors. In
ovarian cancer with p53 mutation, the cytoplasmic trans-
location and phosphorylation of HIF-la and HDAC4
triggered by p53 and RAS signaling molecules govern
both apoptotic and autophagic pathways, thereby influ-
encing cisplatin resistance [87].

Given the crucial role of autophagy in cancer che-
motherapy, altering autophagy has been recognized as
a potentially valuable strategy to sensitize cancer cells
to chemotherapy. Chloroquine (CQ) and its analogue
hydroxychloroquine (HCQ) have been employed as
autophagy inhibitors in various tumors, including ovarian
cancer. Combining CQ with cisplatin enhances the effec-
tiveness of chemotherapy in both cisplatin-sensitive and
cisplatin-resistant cancers [88]. It is worth noting that the
beneficial therapeutic strategy of autophagy inhibition in
combination with cisplatin is closely related to the tumor
type. Exploring how to strategically target autophagy to
overcome chemoresistance while mitigating the impact
of systemic autophagy inhibition on normal tissues in
cancer patients is a subject for future investigation.

Necrosis

Necrosis is a form of programmed, caspase-indepen-
dent cell death that is typically associated with a pro-
inflammatory response [89]. The tumor necrosis factor
a (TNFa) is involved in the activation of the receptor-
interacting protein kinases RIPK1 and RIPK3, resulting
in the formation of necrosomes. Subsequently, RIPK3
phosphorylates the mixed-spectrum kinase structural
domain-like pseudokinase (MLKL), activating it, which
then triggers the opening of the mitochondrial perme-
ability transition pore and cell death. In some cell types,
mitochondrial ROS facilitate the initiation of necrosis by
promoting the autophosphorylation of RIPK1. This sets
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off a feed-forward activation mechanism where RIPK3
kinase boosts the activity of the pyruvate dehydrogenase
complex, leading to increased aerobic respiration and
elevated ROS Production [90].

Inducing cell necrosis is a strategy to heighten the plati-
num sensitivity of tumor cells. Treatment with inhibitors
of “inhibitors of apoptotic proteins” (IAPs) combined
with caspase inhibitors selectively triggers TNFa- and
RIPK3-dependent cell death in various ovarian cancer-
resistant cell lines and patient xenograft models [91]. Dey
and colleagues discovered that targeting chemotherapy-
resistant ovarian cancers that overexpress BMI1, where
apoptotic pathways are often compromised, could inhibit
the PINKI1-PARK2-dependent mitochondrial pathway,
leading to necroptosis [92].

Cisplatin elicits a more robust concurrent effect com-
pared to oxaliplatin or carboplatin by activating RIPK3-
dependent necrosis in tumor cells, lead to the release of
mtDNA, initiation of the cyclic GMP-AMP synthase-
Type I IEN genes pathway, and Type I IFN secretion [78].
The absence of RIPK3 or mtDNA in tumor cells contrib-
ute to their resistance to cisplatin.

Ferroptosis

The mechanism of ferroptosis was discovered by Dixon
et al. [93]. It occurs under two major conditions, first,
lipid peroxidation resulting from the suppression of the
cystine/glutamate inverse transporter (SLC7A11) or glu-
tathione peroxidase 4 (GPX4). GPX4 converts endog-
enous lipid peroxides from PUFAs-OOH to PUFAs-OH
by using GSH as a cofactor, thus preventing the accumu-
lation of intracellular ROS. The second is iron overload.
Circulating Fe3+binds to the transferrin and enters the
cell through endocytosis transport. The Fenton reaction
subsequently converts Fe3+to Fe2+, which in turn gener-
ates lipid peroxides.

Ovarian cancer cells exhibit iron-dependency, with
reduced ferroportin 1(FPN1) and transferrin recep-
tor (TFR1) in tumor tissues from patients with HGSOC
[94]. Targeting ferroptosis to combat chemoresistance in
ovarian cancer could capitalized on increased lipid per-
oxidation and abnormal iron accumulation. In ovarian
cancer patients, high co-expression levels of SLC7A11
and GPX4 correlate with a 60-fold increase in platinum
resistance compared to those with low co-expression lev-
els [95]. Gentric et al. discovered that the PML-PGC-1a
axis, regulated by oxidative stress, and ferroptosis collec-
tively enhance sensitivity to traditionally chemotherapy
in HGSOCs with high OXPHOS [51]. Additionally, over-
expression of SCD1 and FADS2, two crucial fatty acid
desaturases, in peritoneal water-sourced ovarian cancer
cells accelerates lipid metabolic activity, tumor invasive-
ness, and mediated cisplatin resistance [96]. Inhibit-
ing fatty acid metabolism induces ferroptosis in ovarian
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cancer, synergizing with cisplatin to impede peritoneal
metastasis.

Mitochondrial dynamics and mitochondria transfer
contributes to platinum resistance of ovarian

cancer cells

Mitochondria dynamics

In whole genome sequencing data encompassing 2658
tumor samples from 38 tumor types, mitochondrial copy
numbers exhibited significant variation among differ-
ent tumor types and even within the same tumor type,
with ovarian cancers displaying the highest copy num-
ber at 644 copies/cell [97]. The mitochondrial content,
mitochondrial ROS, and apoptosis in cisplatin resistant
HGSOC cell lines are lower compared to sensitive cells
[98].

Mitochondria exhibit morphologically flexibility and
dynamics, creating a dynamic mitochondrial network
through processes like cristae remodeling, fusion, and
fission [99], which are involved in the regulation of cell
apoptosis. The cisplatin-resistant ovarian cancer cells
typically exhibit elevated levels of mitochondrial fusion
proteins like MEN2, OPA1, prohibitin 1 (PHB1), and ser-
ine 637 phosphorylated DRP1 [100], [101]. An E3 ubiq-
uitin ligase complex, CRL4, which inhibits mitochondrial
fission by regulating the phosphorylation of DRP1 at
Ser637, and inhibits mitophagy, was significantly upregu-
lated in cisplatin-resistant ovarian cancer cells [102].

However, hypoxia-induced ROS can trigger resis-
tance to cisplatin by promoting mitochondrial fission
and downregulating mitochondrial fusion proteins
[103], indicating that dynamics of mitochondria may also
serve as a strategy for cells to adapt to the tumor micro-
environment and resist therapy.

Mitochondria transfer

Tumors are now regarded as intricate systems where
tumor and stromal components engage in extensive
interactions. Beyond the transfer of energy between cells,
the transfer of mitochondria and mtDNA also contrib-
utes to platinum resistance. Several studies have under-
scored the importance of mitochondrial exchange in
maintaining tissue homeostasis, with implications for
enhancing chemosensitivity in tumor cells.

Give the substantial mitochondrial damage and high
energy demands in cancer cells, the transfer of mito-
chondria from donor cells-often originating from mes-
enchymal origin and fibroblasts-to damaged tumor cells
(those with defective or deleted mtDNA), can restore
respiration, boost proliferative and migratory capabili-
ties, reduce ROS levels, and heighten drug resistance
[104, 105]. Pioneering work by Lou and Pasquier et al.
has highlighted tunneling nanotubes (TNTs) as conduits
facilitating direct communication between stromal cells
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and cancer cells, or between cancer cells themselves,
enabling mitochondrial transfer—an important mecha-
nism observed in various tumors [106]. TNT formation
occurs more frequently between platinum-resistant ovar-
ian cancer cells cultures under hypoxic conditions com-
pared to chemotherapy-sensitive malignant or benign
epithelial cells, and TNT promotes angiogenesis in
platinum-resistant cells [107, 108]. Moreover, exosome
fractions and increased exocellular secretion of mito-
chondrial derived vesicles, which contains mitochondria
with mutated mtDNA, are directed from resistant cells
to sensitive cells’ mitochondria, contributing to acquired
and extended chemoresistance in ovarian cancer cells
[109, 110].

Conversely, studies have revealed that mitochondria
originating from mesenchymal stem cells do not transfer
to cells carrying human pathogenic mtDNA mutations
(such as A3243G mutation or 4,977 bp deletion), but only
to cells with nearly complete mitochondrial dysfunction
[111].

Summary and outlook

mtDNA mutations, especially those induced by chemo-
therapeutic agents like platinum, hold significant clini-
cal relevance. Delving deeply into these mutations is
expected to offer vital insights for identifying high-risk
individuals, screening pre-cancerous lesions, monitoring
cancer progression, and predicting the prognosis of ovar-
ian cancer.

Unfortunately, functional investigations into muta-
tions at specific mitochondrial loci are still scarce. The
question of whether the known mitochondrial muta-
tions are pathogenic or confer drug-resistance remains
unanswered, primarily due to limitations in mitochon-
drial base editing technology. There is a pressing need to
develop enhanced tools, including more accessible mito-
chondrial base editors, to delve into mtDNA mutations.
With the advent of single-cell sequencing technology,
research on mitochondrial mutations in both drug-sen-
sitive and drug-resistant ovarian cancers can progress by
sequencing mtDNA at the single-cell level.

Under specific clinical circumstances, studies have
revealed that proteins typically localized in the nucleus
or cytoplasm, such Estrogen receptor-f [112], can trans-
locate into mitochondria and influence cellular activities.
The integration of spatial transcriptomics and proteomics
at the mitochondrial level is anticipated to yield valuable
insights into the identification of mitochondria-localized
proteins and their functions in physiological and patho-
logical contexts.

Targeting mitochondria have shown great potential
for the treatment of platinum resistant ovarian cancer
cells. Drugs targeting mitochondrial metabolism, such
as metformin and 2-Deoxy-D-Glucose (2-DG), have



Cui et al. Journal of Translational Medicine (2024) 22:968

demonstrated promising results in preclinical studies
across various cancers, including ovarian cancer [113—
115]. Furthermore, enhancing platinum sensitivity can
be accomplished by specifically targeting mitochondria
through delivering agents specifically to mitochondria
to affect mtDNA [116, 117], utilizing drugs that disrupt
the Tricarboxylic acid cycle (TCA) to impede ATP pro-
duction, and employing agents that target proteins in
the ETC [118]. As our understanding of mitochondrial
biology deepens, the development and utilization of
mitochondria-targeted therapeutics are expected to rise.
These tailored treatments hold great potential for the
effective management of ovarian cancer, particularly in
drug-resistant cases, in the near future.

Conclusion

Mutations in mtDNA contribute to platinum resistance
of ovarian cancer by affecting mitochondrial function
and communication with the cell nucleus. Targeting
mitochondria could provide a new approach to tackle
platinum-resistant ovarian cancer.
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