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Many tumors consist of heterogeneous cell populations derived from a minority of cancer stem cells (CSCs),
which possess distinct metabolic profiles that contribute to resistance against conventional anticancer therapy
and increase the risk of tumor relapse. These unique CSC phenotypes are largely supported by altered mito-
chondrial function and turnover, regulated through continuous cycles of mitochondrial biogenesis, fission,
fusion, and mitophagy. Consequently, understanding mitochondrial regulatory mechanisms in CSCs could reveal
novel targets for cancer therapy. This article explores how mitochondrial dynamics contribute to CSC metabolic

adaptation and drug resistance, alongside recent advances in the development of mitochondria-targeted drugs

and their therapeutic usage.

1. Introduction

Cancer remains one of the leading causes of morbidity and mortality
worldwide [1]. Despite advances in therapy, recurrence and metastasis
continue to limit patient survival [1]. A growing body of evidence
supports the existence of a distinct subpopulation of cancer cells, namely
cancer stem cells (CSCs), that may play a central role in tumor initiation,
progression, and therapy resistance [2,3]. The origin of CSCs is not fully
understood, but several hypotheses have been proposed. CSCs may arise
from normal adult stem cells or progenitor cells that acquire oncogenic
mutations, transforming them into tumor-initiating cells; on the other
hand, differentiated or partially differentiated malignant cells may
regain stem-like features under selective pressures, such as genetic
instability or therapeutic stress [4]. Irrespective of these origins, CSCs
exhibit several hallmark properties that distinguish them from the bulk
tumor population: they can replicate indefinitely, maintaining their
subgroup within the tumor over time; similar to normal stem cells, they
can give rise to heterogeneous cell types that compose the tumor,
contributing to its cellular diversity; only CSCs demonstrate the capacity
to initiate cancer formation when transplanted into immunocompro-
mised mice, often requiring far fewer cells than non-CSCs to generate a
tumor mass; they are highly resistant to conventional therapies such as
chemotherapy and radiation, attributed to mechanisms including
quiescent cell cycle status, enhanced DNA repair capacity, high
expression of drug efflux pumps, and anti-apoptotic signaling; CSCs are
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identified and isolated based on the expression of specific surface
markers, such as CD44, CD133, and aldehyde dehydrogenase 1 (ALDH1)
[2-4]. The identification of these stem-like traits has revolutionized our
understanding of cancer heterogeneity and treatment failure. More
importantly, targeting CSC biological characteristics offers a promising
avenue for developing more effective and durable therapies [2-4].
Mitochondria, often described as the powerhouses of the cell, are
central to a diverse array of essential cellular functions that extend well
beyond their classical role in ATP generation via oxidative phosphory-
lation (OXPHOS) [3,5]. These organelles are intricately involved in the
regulation of calcium homeostasis, modulation of intracellular reactive
oxygen species (ROS) levels, and initiation and execution of pro-
grammed cell death pathways, particularly apoptosis. Collectively, these
roles underscore mitochondrial function as a dynamic signaling hub that
influences a wide spectrum of cellular outcomes [3,5]. Crucially, mito-
chondria possess the unique ability to integrate multiple intracellular
signals and respond to various extracellular environmental
cues—ranging from nutrient availability to oxidative and genotoxic
stress. This integrative capacity enables cells, including CSCs, to
dynamically and effectively adapt to changing physiological and path-
ological conditions, thereby promoting enhanced survival, metabolic
flexibility, and proliferative capacity even under adverse or treatment-
resistant microenvironments [5-7]. A key aspect of mitochondrial
adaptability lies in their highly dynamic nature. Mitochondria
constantly undergo morphological and functional remodeling through
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coordinated processes such as mitochondrial biogenesis, fusion, fission,
and mitophagy. These dynamic events are not only fundamental for
preserving mitochondrial integrity and maintaining overall cellular
homeostasis, but are now recognized as critical regulators of cellular
identity and fate decisions [5-7]. In CSCs, these processes have been
shown to influence core properties associated with stemness, including
self-renewal, differentiation blockade, and resistance to therapeutic
stress. For instance, mitochondrial fusion promotes oxidative meta-
bolism and supports the quiescent state characteristic of many CSCs,
while fission is often linked to increased mitochondrial fragmentation,
metabolic reprogramming, and readiness for cell division [8]. Similarly,
mitophagy plays an essential role in the selective removal of damaged
mitochondria, thereby preventing excessive ROS accumulation and
ensuring mitochondrial quality control—features particularly important
for maintaining the long-term viability and genomic stability of CSCs
[9,10]. Importantly, these mitochondrial quality control mechanisms
are not merely passive or background housekeeping processes. Instead,
they are deeply embedded in the regulatory circuits that define the
malignant behavior of CSCs. Through their influence on redox signaling,
metabolite availability, and apoptotic threshold, mitochondrial dy-
namics actively shape the metabolic and signaling landscape within
CSCs, reinforcing their tumor-initiating capacity, adaptability, and
resilience to therapy. This mitochondrial-centric perspective highlights
the dual role of these organelles as both facilitators of metabolic fitness
and drivers of oncogenic signaling [11].

While the broader implications of mitochondrial metabolism and
bioenergetics in CSC biology have been extensively reviewed in the
literature [6,7], this article focuses specifically on the role of mito-
chondrial dynamics in supporting CSC identity, survival, and tumori-
genic potential. In addition, we explore the emerging therapeutic
potential of targeting mitochondrial dynamics as a novel strategy to
selectively disrupt CSC function. By exploiting the unique mitochondrial
dependencies and vulnerabilities of CSCs, such interventions hold sig-
nificant promise for overcoming conventional treatment resistance,
reducing tumor relapse, and ultimately improving long-term clinical
outcomes in patients with various malignancies.
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2. Mitochondrial biogenesis, content and distribution in cancer
stem cells

As illustrated in Fig. 1, mitochondrial biogenesis is the cellular pro-
cess of generating new mitochondria, typically in response to increased
energy demands or to replace damaged organelles. This process involves
coordinated synthesis of nuclear and mitochondrial components,
including mitochondrial DNA (mtDNA) replication. A central regulator
of this pathway is the peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC-1a), which stimulates the expression of genes
that drive mitochondrial generation and distribution [12]. Remarkably,
these mechanisms are deeply implicated in the control of CSC traits
among a variety of malignancies.

2.1. PGC-la

As previously mentioned, PGC-1a is widely recognized as a principal
driver of mitochondrial biogenesis. Mechanistically, it activates nuclear
respiratory factors (NRF1 and NRF2) and mitochondrial transcription
factor A (TFAM) upon nuclear translocation, thereby promoting mito-
chondrial protein production and mitochondrial proliferation. Beyond
this, it interacts with several nuclear receptors—including peroxisome
proliferator-activated receptors (PPARs), estrogen-related receptors
(ERRs), hepatic nuclear factors (HNFs), liver X receptors (LXRs), far-
nesoid X receptor (FXR), retinoic acid receptor (RARx), and the gluco-
corticoid receptor—to modulate broader aspects of energy metabolism
[12]. Interestingly, Lisanti and colleagues were among the first to show
that PGC-1la is significantly upregulated within the stem cell niche of
breast tumors. This upregulation contributes to an increased mito-
chondrial mass specifically within these stem-like cellular compart-
ments, suggesting that enhanced mitochondrial biogenesis supports the
metabolic demands and self-renewal capacity of SCs in breast cancer
[13,14]. Following this seminal work, subsequent studies have corrob-
orated these findings across a range of other malignancies, including
melanoma and cholangiocarcinoma, indicating that the elevation of
PGC-la expression and the associated mitochondrial expansion may
represent a conserved metabolic adaptation within CSC populations in
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Fig. 1. Mitochondrial biogenesis, fission, and fusion in cancer stem cells. Emerging evidence indicates that cancer stem cells (CSCs) are characterized by improved
mitochondrial dynamics. In particular, they display increased PGC-1o~driven mitochondrial biogenesis, leading to the perinuclear localization of a high number of
mitochondria. However, some studies suggest that mitochondrial DNA (mtDNA) content in CSCs is lower than in their differentiated counterparts. Parallelly, both
mitochondrial fission and fusion seem to be upregulated in cancer stem-like populations, due to overexpression of key mitochondrial proteins such as DRP1, FIS1,
MFF, OPA1, and MFN1. Altogether, these processes finely orchestrate CSC state, metabolism, and drug resistance.
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diverse tumor types [15,16]. More recently, PGC-1a has also been linked
to drug resistance in CSCs. In a study by Viale et al., pancreatic tumor
cells that survived KRAS®!?P ablation—characterized by CD133* and
CD44"8" expression—exhibited elevated PGC-1a levels and increased
mitochondrial mass [17]. These surviving CSCs displayed altered
mitochondrial morphology, greater reliance on OXPHOS, reduced
glycolytic activity, and heightened sensitivity to OXPHOS inhibitors in
relapse-prone mouse models [17]. These findings highlight the funda-
mental metabolic differences between bulk tumor cells and CSCs,
emphasizing that the latter strongly rely on mitochondrial function for
energy production and survival under stress. This metabolic distinction
not only reinforces the unique vulnerabilities of CSCs but also supports
the strategic targeting of mitochondrial pathways to selectively elimi-
nate these therapy-resistant cell populations: by disrupting mitochon-
drial biogenesis in CSCs, it may be possible to prevent tumor relapse,
reduce metastasis, and increase treatment efficacy.

2.2. mtDNA

In contrast to the above evidence, several studies suggest that a
reduced mtDNA copy number is also associated with stemness in various
CSC populations. In cancers such as colon, thyroid and lung carcinoma,
CSCs have been shown to harbor significantly fewer mtDNA copies
compared to their more differentiated counterparts [18,19]. Similar
results have been observed in prostate, ovarian and esophageal squa-
mous cell cancer models, where ethidium bromide-induced mtDNA
depletion increased stem-related gene expression and resistance to
radio- and chemotherapy [20,21]. This might represent a compensatory
response to mitochondrial dysfunction or mtDNA damage caused by
oxidative stress, hypoxia, or treatment pressure within the tumor
microenvironment. While nuclear-encoded transcriptional coactivators
can drive the production of mitochondrial proteins and promote
biogenesis, defects in mtDNA replication or maintenance may limit
mtDNA copy number. In this regard, it should be noted that CSCs often
adopt a “lean” mitochondrial phenotype that sustains key functions such
as redox homeostasis and apoptosis resistance, even with reduced
mtDNA content [22]. In this scenario, the mitochondrial-to-nuclear
communication is supposed to strongly influence dedifferentiation and
self-renewal [8]. Supporting this hypothesis, a study in human mam-
mary epithelial cells (hMECs) showed that reduced mtDNA levels acti-
vate a calcineurin-dependent mitochondrial retrograde signaling
pathway, triggering epithelial-to-mesenchymal transition (EMT)-like
reprogramming. This transition leads to loss of polarity, increased
migration and invasion, and acquisition of self-renewing stem-like traits.
Crucially, restoring mtDNA content reverses these stem-like character-
istics, indicating that mitochondrial dysfunction precedes and poten-
tially initiates changes in cell identity [23]. These insights unveil a
compelling therapeutic opportunity: targeting the mitochondrial retro-
grade signaling cascade to selectively eliminate the stem-like cellular
populations that persist despite conventional treatments. This strategy
not only addresses a key driver of treatment failure and tumor recur-
rence but also opens the door to novel interventions that exploit the
unique mitochondrial dependencies of CSCs.

2.3. Mitochondrial positioning

Numerous studies have demonstrated that the accumulation of
mitochondria at the leading edge of the cell membrane enhances cell
motility and invasive capacity, thereby promoting cancer cell metastasis
[24]. However, unlike the mitochondrial distribution observed in
differentiated cancer cells, CSCs typically exhibit a more pronounced
perinuclear mitochondrial localization. For example, in acute myeloid
leukemia (AML) stem populations, mitochondria are concentrated in a
dense, crescent-shaped cluster around the nucleus, while in differenti-
ated cells, they display a more diffuse distribution pattern [25]. Similar
perinuclear mitochondrial arrangements have also been observed in
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lung and thyroid cancer stem-like subgroups [18,26]. Importantly, the
perinuclear mitochondrial distribution in CSCs is not static. Mitochon-
dria can be dynamically redistributed to respond to local needs for en-
ergy, calcium regulation, redox balance, and other cellular functions,
which in turn can influence stemness and cell identity. Notably, a study
found that aged mitochondria in hMECs are predominantly located near
the nucleus, whereas younger mitochondria are more evenly dispersed
across the mitochondrial network [27]. During cell division, hMEC
daughter cells that inherit fewer aged mitochondria retain more stem-
like properties—a process reliant on the differential subcellular locali-
zation of aged versus young mitochondria. Inhibiting mitochondrial
division disrupts this perinuclear clustering of aged mitochondria,
thereby impeding their asymmetric distribution and leading to a loss of
stem-like characteristics [27]. Despite these observations, the functional
significance of this specific mitochondrial positioning in CSCs remains
unclear and warrants further investigation; we hypothesize that peri-
nuclear mitochondrial clustering may help meet the energy demands of
the nucleus during the CSC resting state or may act as a regulatory hub
for nuclear signaling pathways that regulate CSC maintenance and
propagation.

3. Mitochondrial fission and fusion in cancer stem cells

Mitochondrial morphology, governed by the dynamic balance be-
tween fission and fusion, plays a critical role in regulating both cellular
metabolism and apoptosis [40]. Fission is primarily driven by dynamin-
related protein 1 (DRP1), which translocates to the mitochondrial outer
membrane (MOM), where it interacts with fission-related proteins, such
as mitochondrial fission 1 protein (FIS1) and mitochondrial fission
factor (MFF). In contrast, fusion is mediated by mitofusins 1 and 2
(MFN1 and 2) on the outer membrane and optic atrophy 1 (OPA1) on the
inner mitochondrial membrane [40]. These opposing processes ensure
mitochondrial homeostasis and adapt mitochondrial networks to
cellular demands. More importantly, mitochondrial dynamics act both
upstream and downstream of CSC signaling and are essential for main-
taining the functional heterogeneity that characterizes CSC populations
(Fig. 1).

3.1. DRP1, FIS1, and MFF

Xie et al. led the way in demonstrating that glioblastoma SCs exhibit
a more fragmented mitochondrial morphology than their non-SC
counterparts [28]. Although total DRP1 levels were comparable be-
tween the two cell populations, phosphorylation at DRP1-S616 (an
activating modification) was significantly higher in CSCs, while phos-
phorylation at DRP1-S637 (an inactivating site) was lower. During CSC
differentiation into non-CSCs, DRP1-S616 levels decreased and DRP1-
S637 increased, indicating dynamic regulation of mitochondrial
fission. To test functional relevance, the authors overexpressed DRP1
mutants mimicking S616 phosphorylation or preventing S637 phos-
phorylation in non-CSCs; these modifications led to reduced expression
of differentiation markers (glial fibrillary acidic protein—GFAP,
microtubule associated protein 2—MAP2) and increased expression of
stemness genes (NANOG, octamer-binding transcription factor
4—O0CT4, NES, stage-specific embryonic antigen 1—SSEA-1/FUT4,).
Conversely, knockdown of DRP1 in CSCs caused a dramatic drop in basal
and maximal oxygen consumption rate (OCR), reduced proliferation,
impaired sphere formation in vitro, and significantly suppressed tumor
growth in vivo [28]. Likewise, DRP1 is crucial in orchestrating the
asymmetric division of hepatocellular carcinoma stem cells, sustaining
the self-renewing CSC population while simultaneously producing
differentiated tumor cells that contribute to intratumoral heterogeneity
[29]. In this context, DRP1-mediated mitochondrial dynamics appear to
be a critical determinant of how cellular fate decisions are regulated
during cell division. Intriguingly, studies have revealed that the
expression levels of DRP1 are inversely correlated with those of yin yang
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2 (YY2), a zinc-finger transcription factor known for its tumor-
suppressive properties across multiple cancer types. This inverse rela-
tionship suggests a potential regulatory axis wherein downregulation of
YY2 may relieve inhibition on DRP1, thereby enhancing mitochondrial
fission and promoting tumor persistence and recurrence over time [29].
In this scenario, it should be emphasized that environmental factors also
influence mitochondrial morphology in CSCs. For example, under
glutamine-limited conditions, ROS production activates the mitogen-
activated protein kinase (MAPK) signaling pathway in ovarian and
colorectal carcinoma, leading to phosphorylation of DRP1 at Ser616.
This phosphorylated DRP1 promotes mitochondrial fragmentation and
increases the population of stem-like cells marked by CD44 and CD117/
CD45. In addition, glutamine deprivation causes fragmented mito-
chondria to cluster near the nucleus and reduces cell proliferation, both
typical features of CSCs [30]. Similarly, a low extracellular pH (6.5)
preserves stemness and a quiescent state in brain tumor-initiating cells
by inducing a shift from tubular to circular mitochondrial morphology.
This transformation is reversible: returning the pH to 7.4 reactivates
CSCs and restores the tubular mitochondrial structure [31]. These ob-
servations not only point out the correlation between mitochondrial
fission and cancer stem-like traits but also highlight how mitochondrial
architecture responds to microenvironmental changes, with implica-
tions for cancer metabolism and therapy.

Recent evidence has sharpened our comprehension of DRP1 role in
CSCs. In ovarian squamous cell carcinoma SCs, the mitochondrial
network is notably fragmented, due to DRP1 upregulation [32]. When
DRP1 expression is reduced through knockdown experiments, mito-
chondria become elongated, which results in increased levels of
a-ketoglutarate (a-KG). This metabolic shift enhances glutaminolysis by
increasing the expression of ASCT2, a key glutamine transporter,
thereby fueling the tricarboxylic acid (TCA) cycle. Elevated o-KG then
facilitates the demethylation of the histone marker H3K27me3, which in
turn downregulates SLUG, a transcription factor closely associated with
the maintenance of stemness and EMT. Importantly, this disruption of
mitochondrial dynamics and the subsequent metabolic and epigenetic
changes sensitize ovarian squamous cell carcinoma SCs cells to ferrop-
tosis, a form of regulated cell death, thus amplifying the anticancer ef-
fects observed when DRP1 is suppressed [32]. Likewise, the depletion of
DRP1 causes significant disruption to mitochondrial stability when os-
teosarcoma SCs are exposed to chemotherapeutic agents such as
cisplatin or doxorubicin, compromising the ability of these cells to
maintain proper function under drug-induced stress and markedly
decreasing their resistance to chemotherapy [33]. Taken together, these
works indicate that DRP1 plays a critical role in enabling CSCs to survive
and adapt to the cytotoxic effects of commonly used cancer treatments
and that targeting this protein may overcome mechanisms of drug
resistance.

In AML, work from the Jordan lab has further clarified the connec-
tion between mitochondrial fission and CSC identity. Leukemic SCs from
primary AML samples are identified by their low ROS levels compared to
non-CSCs [34]. They are metabolically quiescent, with reduced glycol-
ysis, mitochondrial respiration and ATP production, yet rely predomi-
nantly on OXPHOS to meet their limited energy needs. Morphologically,
they contain fewer and more fragmented mitochondria, as a result of
increased expression of the pro-fission protein FIS1, upregulated via
AMPK activation [35]. When exposed to the mitochondrial stressor
valinomycin, non-CSCs accumulated fused, dysfunctional mitochondria,
whereas CSCs efficiently cleared damaged mitochondria via FIS1-
mediated fission. Knockdown of FIS1 impaired this quality control
mechanism, inactivated the anti-differentiation gene GSK3, and pro-
moted cellular differentiation—thus undermining CSC identity [34,35].
These studies illustrate a CSC model in which mitochondrial fragmen-
tation supports low ROS levels and the selective removal of damaged
mitochondria, preserving overall stem-like properties. Indeed, by tightly
regulating mitochondrial quality and function, mitochondrial fission not
only protects leukemic SCs from oxidative damage but also supports
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their ability to survive and drive tumor progression under adverse
conditions.

In accordance with the above findings, MFF has been observed to be
upregulated in prostate CSCs, where it promotes a substantial increase in
OCR and spare respiratory capacity [36]. Remarkably, silencing MFF
reduced CSC proliferation in prostasphere formation assays and signif-
icantly inhibited tumor growth in vivo [36]. On the other hand, over-
expression of MFF in liver CSCs—where it is also significantly
upregulated—enhanced mitochondrial fission, stemness, and tumor-
initiating capacity in mice [37]. More recent mechanistic studies have
shown that carnitine palmitoyltransferase 1A (CPT1A) facilitates the
succinylation of MFF through its lysine succinyltransferase (LSTase)
activity, a critical step for mitochondria-associated membrane forma-
tion and activation of sterol regulatory element-binding protein 1
(SREBP1); targeting CPT1A LSTase function reduces the stem-like
properties of ovarian CSCs and potentiates the efficacy of cisplatin in
both cell cultures and animal models [38]. Comparable results have
been obtained in glioblastoma, where overexpression of CPT1A was
found to suppress the self-renewal capacity of CSCs. Interestingly, this
inhibitory effect on CSC maintenance occurred even though CPT1A
upregulation was associated with increased phosphorylation of DRP1 at
serine 637 (Ser637), which promotes mitochondrial fusion rather than
fission [39]. Collectively, these data suggest that CSCs depend on unique
patterns of mitochondrial dynamics that differ significantly from those
observed in their more differentiated tumor cell counterparts. This
specialized regulation of mitochondrial behavior may confer metabolic
flexibility, enhanced stress resistance, and the capacity for sustained
self-renewal, all of which are critical for CSC maintenance and tumor
propagation. Understanding these distinct mitochondrial dynamics in
CSCs offers important insights into their biology and highlights novel
targets for therapeutic intervention aimed at selectively disrupting CSC
function without affecting normal or differentiated tumor cells.

Based on the above evidence, we can conclude that mitochondrial
fission plays a crucial role in maintaining cancer stemness. Recent
studies suggest that enhanced mitochondrial fission, driven by increased
expression or activation of DRP1, FIS1 and MFF, supports CSC properties
such as self-renewal, metabolic plasticity, and resistance to therapy. By
promoting a fragmented mitochondrial network, CSCs can more easily
shift between glycolysis and OXPHOS, adapting their metabolism to
environmental stress. Moreover, mitochondrial fission has been linked
to the maintenance of a quiescent state and evasion of apoptosis, both of
which are key contributors to CSC-mediated tumor relapse and metas-
tasis. The upregulation of these mitochondrial mechanisms is therefore a
critical determinant of CSC fate and represents a promising therapeutic
target for disrupting tumor initiation and recurrence.

3.2. OPA1 and MFN1

In cervical and ovarian cancers, mitochondrial fusion has also been
linked to CSC phenotypes. Kong et al. found that cisplatin-sensitive cells,
which typically show an intermediate mitochondrial morphology, un-
dergo extensive mitochondrial fragmentation and apoptosis upon
cisplatin treatment. In contrast, chemoresistant cells maintain highly
interconnected, tubular mitochondrial networks both before and after
treatment [40]. A key mechanism supporting this fused morphology
may involve reduced activity of OMA1 protease, which normally pro-
cesses OPA1l: in chemoresistant cells, cisplatin treatment does not
significantly alter the ratio of long (L-OPA1, pro-fusion) to short (S-
OPALl, fission-promoting) forms, while in chemosensitive cells, L-OPA1
decreases and S-OPA1 increases—shifting the balance toward fission
[40]. However, the role of mitochondrial morphology in ovarian cancer
drug resistance appears to vary by cell type. Zampieri and colleagues
reported that cisplatin-resistant COV-362 cells show extensive mito-
chondrial networking compared to sensitive cells, while no such
morphological differences are observed in SKOV-3 cell line; despite
these differences, both cell types exhibit upregulated mitophagy and
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rely on it to maintain CSC traits, such as clonogenic potential, under
chemotherapeutic stress [41]. This suggests that targeting mitophagy
may be a broadly effective strategy to eliminate CSCs, regardless of their
mitochondrial structure. In particular, this approach holds promise for
overcoming resistance mechanisms that allow CSCs to evade conven-
tional treatments and contribute to tumor relapse.

As in gynecologic malignancies, high OPA1 expression and enhanced
mitochondrial fusion have recently emerged as key metabolic features of
the CSCs from pancreatic and lung carcinoma [42,43]. Specifically in the
latter, stem-like populations have been reported to exhibit elevated
lipogenesis, which upregulates OPA1 expression through SAM pointed
domain-containing ETS transcription factor (SPDEF). As a result, high
OPAL levels promote mitochondrial fusion and reinforce cell stemness.
These metabolic adaptations, characterized by elevated lipogenesis,
SPDEF, and OPA1, were confirmed in primary CSCs isolated from lung
cancer patients; consistently, inhibition of lipogenesis and mitochon-
drial fusion significantly suppressed CSC expansion and the growth of
patient-derived lung cancer organoids [43]. Overall, these experimental
observations demonstrate that lipogenesis regulates mitochondrial dy-
namics through SPDEF-mediated induction of OPA1, forming a critical
axis that sustains CSC maintenance and tumor growth in human lung
carcinoma; targeting this lipogenesis-mitochondrial fusion pathway
may therefore represent a promising therapeutic strategy for eradicating
CSCs and improving therapy outcomes.

Interestingly, mitochondrial fusion also plays a role in normal and
cancerous hMECs undergoing EMT. In normal hMECs, EMT induced by
SNAIL overexpression or transforming growth factor-beta (TGFp)
treatment enhances mitochondrial fusion through increased expression
of MFN1 [44]. In this context, a MFN1-PKC{ complex tethers fused
mitochondria to the cortical membrane, ensuring asymmetric mito-
chondrial segregation during cell division: the daughter cells that inherit
more fused mitochondria exhibit increased glutathione synthesis and
protection from ROS, promoting stem-like characteristics; conversely,
the daughter cells receiving fewer mitochondria undergo luminal dif-
ferentiation. Importantly, MFN1 knockdown reduces stemness,
measured by reduced sphere-forming capacity, in both normal epithelial
cells and BT549 and MDA-MB-231 breast cancer cell lines, which are
enriched in stem-like populations [44]. Although these findings
emphasize MFN1 role in promoting EMT and stemness through mito-
chondrial fusion, some studies associate MFN1-driven glycolysis with
EMT in opposing ways [45]. This underscores the intricate and highly
context-dependent nature of mitochondrial dynamics across different
tumor types and experimental models, reflecting the diverse ways in
which cancer cells regulate mitochondrial fission, fusion, and quality
control to adapt to their specific microenvironmental and metabolic
demands. Such complexity highlights the critical need for broader and
more comprehensive investigations to unravel the nuanced roles of
mitochondrial behavior in cancer progression and therapy resistance.
Expanding research in this area will be essential for identifying uni-
versally applicable targets as well as tumor-specific vulnerabilities, ul-
timately informing the development of more precise and effective
mitochondrial-targeted therapies.

Overall, it clearly emerges that mitochondrial fusion, mediated by
proteins such as OPA1 and MFN1, is essential for regulating CSC func-
tion. A fused mitochondrial morphology promotes mitochondrial
integrity, supports OXPHOS, and facilitates the efficient use of metabolic
substrates—traits associated with CSC survival and self-renewal. In
addition, it is linked to enhanced bioenergetic capacity and ROS buff-
ering, both of which help sustain the stem-like phenotype and resistance
to therapy. These observations highlight the potential of mitochondrial
fusion as a target for cancer treatment.

4. Mitophagy in cancer stem cells

As shown in Fig. 2, mitophagy, a specialized form of autophagy,
plays a critical role in maintaining cellular health by selectively
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Fig. 2. Mitophagy in cancer stem cells. By exploiting a variety of signaling
pathways, cancer stem cells (CSCs) activate PINK1/Parkin- and BNIP3L-
mediated mitophagy to prevent oxidative stress and inhibit apoptosis, thus
leading to increased resistance to stressful conditions, including chemotherapy.

removing damaged or dysfunctional mitochondria, thereby preserving
essential cellular functions and metabolic homeostasis. This tightly
regulated process ensures mitochondrial quality control and is funda-
mental to cellular adaptation under stress [46]. Interestingly, mitophagy
exhibits a dual and context-dependent role in the landscape of cancer
biology [47]. During the early stages of cellular transformation,
mitophagy serves as a protective mechanism, safeguarding genomic
integrity and preventing the accumulation of oxidative stress, thereby
acting as a barrier against carcinogenesis. However, once cancer is
established, mitophagy shifts from a tumor-suppressive function to a
tumor-promoting one, particularly by supporting the survival of CSCs
under hostile conditions such as cytotoxic therapy or hypoxia. This pro-
survival role is achieved largely through the inhibition of apoptosis and
the preservation of mitochondrial function, which collectively
contribute to treatment resistance and disease progression [47]. For
example, in hepatic CSCs, mitophagy inhibits the tumor suppressor
protein p53, a key regulator of apoptosis and genomic stability; this
suppression facilitates the activation of core pluripotency transcription
factors, including NANOG, OCT4, and SOX2, which are essential for
maintaining the stem-like characteristics of CSCs and promoting their
expansion [48]. Within the same cell subtype, aberrant adenosine-to-
inosine (A-to-I) RNA editing mediated by adenosine deaminase acting
on RNA 1 (ADAR1) induces a metabolic reprogramming toward
OXPHOS, enabling the maintenance of stem-like phenotypes via PINK1/
Parkin-dependent mitophagy; this phenotypic switch confers adaptation
to cellular stress and unique metastatic potential [49]. Likewise, in brain
CSCs, the DRP1/FIS1 axis contributes to the mitophagy-mediated sta-
bilization of mitochondrial respiratory cristae architecture, resulting in
robust disease progression [50]; in particular, this process seems to be
initiated by cyclin-dependent kinase 5 (CDK5) [28]. Comparable results
have been obtained in lung CSCs, where a positive relationship between
mitophagic activity and cell stemness was highlighted. At the mecha-
nistic level, augmentation of mitophagy in the stem-like subpopulation
is induced by FIS1 through mitochondrial fission [51]; more impor-
tantly, the accumulation of mtDNA within lysosomes functions as an
endogenous ligand for Toll-like receptor 9 (TLR9) that supports mito-
chondrial metabolism through the Notchl/AMPK signaling cascade
[52]. Interestingly, the AMPK/FIS1 axis also triggers the autophagic-
dependent mitochondrial turnover in AML SCs, allowing this cell sub-
population to manage intracellular ROS levels effectively; of note,
pharmacological or genetic inhibition of FIS1 disrupts mitophagy,
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leading to elevated oxidative stress and a significant reduction in stem-
like properties [35]. In the context of bladder cancer, SET and MYND
domain-containing protein 2 (SMYD2), a well-known protein-lysine
methyltransferase, upregulates the expression of pyrroline-5-
carboxylate reductase 1 (PYCR1) by catalyzing the trimethylation of
histone H3 at lysine 4 (H3K4me3); this epigenetic modification culmi-
nates into the activation of the PINK1/Parkin-mediated mitophagic flux,
determining the propagation of CSCs [53]. In pancreatic cancer, CSCs
exploit mitophagy by modulating the interferon-stimulated gene 15
(ISG15) signaling pathway: trough ISGylation of mitochondrial proteins,
these cells maintain mitochondrial integrity and sustain their self-
renewal [54]. Finally, in oral and gastrointestinal tumors, mitophagy
fuels cancer stemness by modulating a variety of signaling pathways,
including the p52-ZER6/insulin-like growth factor 1 receptor (IGF1R)
axis as well as molecular cascades associated with TGFp, DAZ-associated
protein 1 (DAZAP1), and clusterin [55-58]. Collectively, these findings
underscore the pivotal role of mitophagic activity in modulating mito-
chondrial dynamics and turnover across various cancer types. This
process not only facilitates metabolic flexibility and resistance to cell
death but also reinforces stem-like traits and supports EMT, identifying
mitophagy as a key player in cancer stem cell biology and a potential
therapeutic target in oncology.

CSCs harness mitophagy not only to sustain their defining stem-like
properties but also as a crucial mechanism for preserving intracellular
homeostasis under stressful conditions, including chemotherapy [47].
By selectively eliminating damaged or dysfunctional mitochondria,
CSCs can mitigate oxidative stress, maintain metabolic flexibility, and
prevent the accumulation of cytotoxic mitochondrial byproducts,
thereby enhancing their survival and contributing to treatment resis-
tance. This capacity to finely tune mitochondrial quality control posi-
tions mitophagy as a central player in the development of
chemoresistance across various tumor types [47]. A clear example of
this is observed in colorectal CSCs, where exposure to the chemothera-
peutic agent doxorubicin leads to an upregulation of BCL2/adenovirus
E1B 19 kDa protein-interacting protein 3-like (BNIP3L)-mediated
mitophagy; this increase in mitophagic flux facilitates the clearance of
impaired mitochondria and lowers the overall oxidative burden,
allowing CSCs to better withstand the cytotoxic effects of the drug [59].
These data align with findings in glioblastoma, where CSCs residing in
hypoxic niches within the tumor microenvironment display elevated
levels of both BNIP3L and mitophagic activity in comparison to non-CSC
populations: BNIP3L plays a pivotal role in maintaining mitochondrial
integrity under low-oxygen conditions and supports the stemness of
these cells by regulating key pluripotency and CSC markers, including
CD133, OCT4, and SOX2; experimental knockdown of BNIP3L impairs
mitochondrial quality control, reduces CSC viability, and notably im-
proves survival outcomes in xenograft models, underscoring its thera-
peutic relevance [60]. Similarly, in oral squamous cell carcinoma,
increased mitophagic activity has been linked to resistance against
cisplatin, a commonly used chemotherapeutic agent; in this context,
elevated mitophagy not only promotes drug tolerance but also reinforces
the expression of stemness-associated traits, enabling CSCs to persist and
repopulate the tumor following treatment [61]. Finally, PIWI-like pro-
tein 1 (PIWIL1), a key member of the Argonaute protein family, induces
the formation of autophagosomes, particularly mitophagosomes, in
multiple myeloma cells by disrupting mitochondrial calcium signaling
and regulating components of the canonical PINK1/Parkin mitophagy
pathway; this process increases the proportion of side population cells
and upregulates stem cell-associated gene expression, eventually
contributing to chemotherapeutic resistance both in vitro and in vivo
[62]. Taken together, these insights highlight mitophagy as a critical
cellular defense strategy that enables CSCs to resist chemotherapy by
mitigating mitochondrial dysfunction and oxidative stress. This pro-
tective mechanism contributes not only to therapeutic resistance but
also to the persistence and recurrence of cancer following treatment. As
such, targeting mitophagy—either directly or by disrupting its
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regulatory networks, including those involved in mitochondrial fission
and fusion—represents a promising avenue for sensitizing CSCs to
treatment and overcoming drug resistance in a variety of malignancies.

5. Mitochondrial dynamics as a target for cancer stem cell
eradication

CSCs represent a small but highly influential subpopulation within
tumors, acting as principal drivers of tumor initiation, progression,
recurrence, metastasis, and resistance to conventional therapies. Mito-
chondria are deeply integrated into the biology of CSCs, serving not only
as powerhouses for energy production but also as hubs for metabolic
flexibility, redox regulation, and apoptotic signaling. This centrality of
mitochondria to CSC function makes them a compelling therapeutic
target [6,7]. In particular, targeting the entire mitochondrial life-
cycle—from biogenesis to mitophagy, through fission and fusion—offers
a promising strategy to reduce mitochondrial adaptability and restore
CSC sensitivity to standard treatments (Table 1).

Traditional inhibitors of the ETC, such as oligomycin, rotenone, and
CCCP, have laid the groundwork for targeting mitochondrial meta-
bolism. In particular, a number of small-molecule inhibitors that spe-
cifically target mitochondrial OXPHOS complex I, including BAY 87-
2243, TACS-010759, metformin, and phenformin, have demonstrated
significant antitumor activity in different preclinical cancer models,
positioning them as promising antitumor therapeutic agents [63].
Mechanistically, these compounds interfere with mitochondrial respi-
ration, thereby reducing ATP production and inducing metabolic stress
in CSCs, which often rely heavily on OXPHOS for survival and prolif-
eration. Despite their encouraging efficacy, the clinical translation of
these inhibitors remains substantially limited due to concerns regarding
their toxicity profiles. Indeed, because of their broad and largely non-
selective mechanisms of action, these agents tend to affect not only
malignant cells but also healthy, metabolically active tissues. As a result,
patients frequently experience a range of adverse side effects, including
but not limited to fatigue, nausea, vomiting, diarrhea, lactic acidosis,
elevated blood lactate levels, and peripheral neuropathy [63]. These
toxicities present significant challenges to the safe and effective use of
complex I inhibitors in clinical settings and highlight the need for more
targeted strategies or combination therapies that can mitigate off-target
effects while preserving antitumor efficacy. In this setting, recent years
have witnessed the emergence of more sophisticated and selective
agents targeting other aspects of mitochondrial function. Notably, in-
hibitors of PGC-1a, such as XCT790 and SR-18292, have demonstrated
potent anti-CSC activity in preclinical models of breast cancer, chol-
angiocarcinoma, and melanoma. These compounds block mitochondrial
expansion and metabolic reprogramming, impairing CSC propagation
[14,16,64]. In parallel, repurposing of widely used antibiotics, including
doxycycline, tigecycline, and azithromycin, has opened a new avenue in
CSC-targeted therapy. These antibiotics exert off-target effects by
inhibiting mitochondrial ribosomes and biogenesis, ultimately sup-
pressing CSC viability and self-renewal capacity. Their safety profiles
and existing clinical approval make them attractive candidates for
combination therapy with standard chemotherapeutic agents, poten-
tially as part of first-line treatment regimens [65]. Finally, a promising
class of therapeutics includes mitochondrial RNA polymerase inhibitors
like IMT1, which block mtDNA transcription and protein synthesis
without disrupting overall OXPHOS or causing damage to non-
malignant cells. These agents represent a more targeted approach,
exploiting the reliance of CSCs on mitochondrial-encoded proteins while
sparing normal tissue metabolism [66].

Targeting mitochondrial structure has also shown therapeutic po-
tential. Inhibitors of mitochondrial fission, such as Mdivi-1, which
blocks the activity of DRP1, have been found to reduce proliferation and
promote apoptosis in CSCs derived from glioblastoma, breast, lung,
pancreatic, and oral cancers in vitro [67-72]. On the opposite side of the
dynamic balance, fusion inhibition by targeting OPA1 with compounds
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Table 1
Mitochondrial inhibitors in cancer therapy.
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Drug Mechanism of action

Clinical development

Tumor type References

BAY 87-2243, IACS-010759, metformin, and phenformin OXPHOS inhibition

Various Preclinical studies; phase I [63]

trial (metformin)

XCT790 and SR-18292 PGC-1a inhibition Breast cancer, Preclinical studies [14,16,64]
cholangiocarcinoma, and
melanoma
Doxycycline, tigecycline, and azithromycin Inhibition of mitochondrial Various Preclinical studies [65]
ribosomes
IMT1 Inhibition of mitochondrial Osteosarcoma Preclinical studies [66]
DNA transcription
Mdivi-1 DRP1 inhibition Glioblastoma, breast, lung, and Preclinical studies [67-72]
pancreatic cancer
MYLS22, BTM-3528, BTM-3566, and AOH1996 OPA1 inhibition Breast and lung cancer, lymphoma, Preclinical studies [73-76]
and leukemia
MFI8 MFNT1 inhibition Breast cancer Preclinical studies [77]
PKI-402, liensinine, sanguinarine, fluorizoline, and XRK3F2 Pro-survival mitophagy Breast, liver, and lung cancer, Preclinical studies [78-83]
inhibition leukemia
PMI and LCL-461 Pro-death mitophagy Leukemia and liver cancer Preclinical studies [84,85]
activation
Genipin, alternol, lupeol, tocotrienols, mensacarcin, gracillin, Mitochondrial dysfunction Various Preclinical studies [87-98]

polyphillin I, berberine, cordycepin, and quambalarine B

like MYLS22, BTM-3528, BTM-3566, and AOH1996 has also demon-
strated efficacy, leading to tumor growth suppression in vivo [73-76].
Likewise, pharmacological inhibition of MFN1 by MFI8 has been found
to restore tamoxifen-induced apoptosis in resistant breast cancer cells,
emphasizing the role of mitochondrial fusion in acquired drug resistance
and the potential benefit of its modulation in overcoming therapeutic
barriers [77]. Although much of this research remains in the early
stages, these findings underscore the vulnerability of cancers to distur-
bances in mitochondrial morphology and distribution, suggesting that
these alterations might be employed to selectively deplete CSC pop-
ulations. Strategically disrupting mitochondrial structural organization
offers a potential means to impair the metabolic adaptability and sur-
vival pathways of CSCs, thereby diminishing tumor aggressiveness and
therapeutic resistance. These reports highlight a promising direction for
the development of targeted treatments that modulate mitochondrial
dynamics to improve the overall effectiveness of cancer therapies.

The above review highlights the importance of mitophagy in tumor
initiation and progression, as well as its involvement in supporting
metabolic reprogramming, cancer cell stemness, and resistance to
chemotherapy. In particular, this mechanism plays a dual role in cancer:
on the one hand, regulated mitophagic flux helps remove damaged
mitochondria, preserves cellular homeostasis and metabolic function,
and promotes cell survival in hostile environments; on the other hand,
excessive mitophagy can eliminate healthy mitochondria, impair mito-
chondrial function, and disrupt energy production, ultimately leading to
cell death [47]. Therefore, targeting the mitophagic pathway could in-
fluence the balance between tumor growth and cell death, making the
modulation—either inhibition or activation—of this process a potential
therapeutic approach in cancer treatment. In this context, both
mitophagy inhibitors and inducers are now under extensive study for
cancer management. For example, it has been shown that inhibition of
mitophagy through PKI-402, a potent inactivator of PI3K and mTOR,
isoquinoline alkaloids (i.e. liensinine and sanguinarine), and fluorizo-
line, a synthetic molecule that targets mitochondrial prohibitins, leads
to apoptosis in a variety of tumor models [78-82]. Parallelly, XRK3F2
and PMI, two compounds that block and trigger p62-mediated
mitophagy respectively, have shown great potential in eliminating
neuroblastoma, hepatocarcinoma, and hematopoietic cancer cells
[83,84]. Similarly, activation of the ceramide stress pathway by LCL-461
can induce mitophagy to promote cell death in AML [85]. Even though

these data still need to be confirmed in the context of CSCs, they open to
the possibility of specifically targeting mitophagy to eradicate essen-
tially all tumor types.

Despite these advances, a significant challenge remains: achieving
specificity in mitochondrial-targeted therapies. Because mitochondria
are essential to virtually all cell types, including healthy tissues, off-
target toxicity is a major concern. To overcome this critical limitation,
researchers are increasingly turning to nanotechnology as a promising
strategy to enhance the precision of drug delivery specifically to cancer
cell mitochondria [86]. Nanocarriers, such as liposomes, dendrimers,
micelles, and various polymeric or inorganic nanoparticles, can be
custom-designed with highly specific physicochemical properties,
including size, surface charge, ligand functionalization, and controlled-
release mechanisms. These design features allow nanocarriers to selec-
tively home in on tumor cells, penetrate cellular membranes, and deliver
therapeutic agents directly into the mitochondrial compartment. By
enhancing intracellular targeting and accumulation within cancer cells,
particularly CSCs, nanotechnology-based systems not only increase drug
efficacy but also reduce systemic exposure and toxicity to normal tis-
sues. Moreover, mitochondrial-targeting ligands, such as triphenyl-
phosphonium (TPP) cations, are often conjugated to nanocarriers to
further enhance mitochondrial localization and therapeutic precision
[86]. In parallel, a growing body of research is exploring the potential of
naturally derived compounds to selectively target mitochondrial vul-
nerabilities in CSCs. These compounds, many of which originate from
traditional medicinal plants, exhibit unique bioactive properties that
interfere with mitochondrial function in cancer cells while exhibiting
low toxicity toward healthy tissues. Examples include terpenoids (i.e.
genipin, alternol, lupeol, and tocotrienols), flavonoids (i.e. mensa-
carcin), saponins (i.e. gracillin and polyphillin I), alkaloids (i.e.
berberine and cordycepin), and quinones (i.e. quambalarine B). Pre-
clinical studies have reported promising anti-cancer activity for these
agents, often accompanied by minimal side effects, making them
attractive candidates for further development [87-98]. Together, these
advances reflect a multifaceted approach to refining mitochondrial-
targeted therapy—leveraging both engineered nanotechnologies and
bioactive natural compounds. Such strategies offer considerable poten-
tial for integration into personalized or combinatory oncology regimens,
ultimately aiming to improve therapeutic efficacy while reducing harm
to normal tissues. Continued research in this direction is essential to
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realize the full clinical potential of mitochondrial-targeted cancer
treatments.

In summary, therapies targeting mitochondrial dynamics offer a
promising strategy to disrupt CSC maintenance and overcome treatment
resistance. Indeed, by disrupting the dynamic equilibrium between
mitochondrial processes, these pharmacological strategies can selec-
tively target the unique mitochondrial dependencies of CSCs, impairing
their self-renewal and tumor-initiating capacity. Combining mitochon-
drial dynamics modulators with conventional treatments holds potential
for improving clinical outcomes by eliminating CSC populations that
often drive relapse and metastasis.

6. Conclusions and future perspectives

Mitochondria serve as pivotal regulators of multiple critical cellular
processes in CSCs, including metabolism, differentiation, survival, and
resistance to therapeutic interventions. Their central role in these
functions makes these organelles highly attractive and promising targets
for anticancer therapies. However, the inherent dynamic nature of
mitochondrial structure and distribution within heterogeneous cancer
cell populations poses significant challenges for the development and
efficacy of mitochondria-targeted drugs. Different mitochondrial sub-
populations within a tumor can govern distinct cellular activities, such
as energy production, ROS management, and apoptotic signaling,
complicating efforts to design interventions that uniformly impact all
relevant mitochondrial functions. This complexity often results in the
partial failure of current therapeutic approaches that do not fully ac-
count for mitochondrial heterogeneity. Moreover, broad-spectrum
mitochondrial inhibitors risk unintended collateral damage to healthy,
non-cancerous tissues, given that mitochondria are essential organelles
in virtually all cell types. This off-target toxicity underscores critical
gaps in our understanding of the regulation of mitochondrial dynamics
specifically within cancerous versus normal cells. To address these
challenges effectively, it is imperative to consider the metabolic and
functional heterogeneity that exists not only between tumors but also
within individual tumors—referred to as intratumor heterogeneity—-
which encompasses variations in metabolic signatures and distinct be-
haviors of cancer subpopulations, including CSCs and more
differentiated cancer cells. Recent technological advances, particularly
in single-cell sequencing and lineage-tracing methodologies, provide
unprecedented opportunities to dissect this complexity at a granular
level. These approaches enable researchers to map mitochondrial phe-
notypes and metabolic states in individual cancer cells, uncovering the
intricate interplay between mitochondrial dynamics and cellular iden-
tity within the tumor microenvironment. From a therapeutic point of
view, promising avenues currently under exploration include the
repurposing of FDA-approved drugs—such as certain antibiotics—that
have off-target effects on mitochondrial biogenesis and function, offer-
ing a potentially faster route to clinical application. In addition, inno-
vative delivery platforms like nanocarriers are being developed to
improve the precision and efficacy of mitochondrial-targeted agents,
minimizing systemic toxicity by ensuring selective accumulation within
tumor mitochondria. Parallel to this, the use of non-toxic, naturally
derived phytochemicals offers an alternative or complementary strategy
to modulate mitochondrial dynamics with reduced side effects. Ulti-
mately, future progress in combating CSC-driven tumor growth and
therapeutic resistance hinges on deepening our mechanistic under-
standing of mitochondrial dynamics and their regulatory networks
within CSCs. By focusing on the precise manipulation of key mito-
chondrial regulators involved in biogenesis, fission, fusion, and
mitophagy, it may be possible to develop refined therapies that selec-
tively eradicate cancer cells while preserving normal tissue function.
Such targeted approaches hold great promise for overcoming current
treatment limitations and achieving durable cancer remission.
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