
Vol.:(0123456789)1 3

Cellular and Molecular Life Sciences (2021) 78:3803–3816 
https://doi.org/10.1007/s00018-021-03773-2

REVIEW

Mitochondrial dynamics in cancer stem cells

Dane T. Sessions1 · David F. Kashatus1

Accepted: 8 January 2021 / Published online: 13 February 2021 
© The Author(s), under exclusive licence to Springer Nature Switzerland AG part of Springer Nature 2021

Abstract
Many tumors are now understood to be heterogenous cell populations arising from a minority of epithelial-like cancer stem 
cells (CSCs). CSCs demonstrate distinctive metabolic signatures from the more differentiated surrounding tumor bulk that 
confer resistance to traditional chemotherapeutic regimens and potential for tumor relapse. Many CSC phenotypes includ-
ing metabolism, epithelial-to-mesenchymal transition, cellular signaling pathway activity, and others, arise from altered 
mitochondrial function and turnover, which are regulated by constant cycles of mitochondrial fusion and fission. Further, 
recycling of mitochondria through mitophagy in CSCs is associated with maintenance of reactive oxygen species levels that 
dictate gene expression. The protein machinery that drives mitochondrial dynamics is surprisingly simple and may represent 
attractive new therapeutic avenues to target CSC metabolism and selectively eradicate tumor-generating cells to reduce the 
risks of metastasis and relapse for a variety of tumor types.
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Introduction

Death from cancer currently ranks as second only to heart 
disease in number of deaths per year within the United 
States [1]. This burden reflects an urgent need for a greater 
understanding of the diversity of tumor biology to propel 
the development of effective therapeutic tools or combi-
nations of currently existing medicines to target cancer in 
novel ways. To this end, recent research in cancer biology 
has reshaped the way that the cellular makeup and physi-
ology of many solid and liquid tumors are understood by 
offering a hierarchical model of tumor organization to better 
explain cancer outcomes in both the laboratory and clinic. 
This interpretation, termed the cancer stem cell model, has 
been reviewed extensively elsewhere [2, 3], and states that 
for numerous tumors, there exists substantial cellular hetero-
geneity established from a minority of long-lived stem cells 
that slowly and asymmetrically divide to self-replicate and 
give rise to daughter cells. Daughter cells have impressive 

short-term proliferative capacity to form the bulk of tumors 
and to differentiate into more mature cell types, but lack sig-
nificant tumor-initiating capability. Experimental evidence 
for this model of cancer has so-far been most robust in stud-
ies of glioblastoma [4, 5], leukemia [6, 7], breast [8, 9], lung 
[10, 11], and colorectal cancers [12]. Cancer stem cells are 
also known to be inherently resistant to conventional chemo-
therapeutic regimens and are believed to be the source of 
relapse after clinical remission. Therefore, increased under-
standing and appreciation for cancer stem cell biology are 
paramount to the development of new therapeutic regimens 
that aim to destroy this population of cells and to eradicate 
tumors in a manner that minimizes risk of future relapse.

Cancer stem cells often represent a small minority of cells 
within a tumor, thus identification and isolation of these cells 
away from non-CSCs is crucial for efforts aimed at charac-
terizing their biology. To this end, groups typically rely on 
the expression of cell surface markers that suggest stemness 
based on either their expression in non-cancer stem cells 
or coexpression with stemness markers in cancer cell sub-
populations. Single surface epitope expression is often used 
for these means, but combinations of gene expression are 
also frequently employed in different systems. For example, 
CD133 positivity is used extensively to mark cancer stem 
cells in colon [13], lung [14], and brain [15] CSCs, whereas 
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a CD24−CD44+ population is often purified as breast can-
cer stem cells [9]. Stemness is also frequently measured by 
functional behaviors such as capacity of cells to form tumor 
spheres, termed spherogenicity, colony formation, limiting 
dilution assays, and serial transplantation assay performance.

Traditional chemotherapeutic regimens capitalize on 
destroying vastly proliferative cells, and can be quite suc-
cessful in shrinking primary tumors. Unfortunately, these 
tumors often relapse, potentially due to CSC quiescence-
driven therapeutic evasion and continued proliferation of 
daughter cells that repopulate tumors. This process is similar 
to the regrowth of epithelia in the body after initial insult, 
where basal somatic stem cells are tasked with regeneration 
of the cellular differentiation hierarchy that makes up that 
particular tissue. These intrinsic properties permit survival 
of CSCs which then resume the process of tumor expan-
sion; however, it is becoming increasingly clear that external 
signals from the tumor microenvironment also drive cancer 
stem cell phenotypes and must be considered as well, as 
reviewed by Prager et al. [16]. Similar to non-cancer stem 
cells, it appears that cancer stem cell phenotypes can be 
markedly plastic and informed by signals from the niche 
they inhabit. It has been observed that upon selective abla-
tion of LGR5+ colorectal cancer stem cells, differentiated 
daughter cells migrate into the CSC niche and dedifferentiate 
into LGR5+ CSCs to drive further tumor growth after abla-
tion cessation [12, 17]. In contrast, Chen et al. found ablation 
of glioma cancer stem cells does not result in restoration 
of CSCs by differentiated progeny [4]. These results sug-
gest that this phenomenon may be tissue-specific and make 
imperative our consideration of the tumor microenvironment 
on cancer stem cell physiology and therapeutic development.

Each of the cellular behaviors that distinguish CSCs from 
the tumor bulk and surrounding non-transformed stroma 
have been intimately linked with altered mitochondrial 
function. Mitochondria perform an array of vital functions 
including orchestration of cellular metabolism, sequestration 
of calcium, production of reactive oxygen species, synthesis 
of metabolic intermediates that remodel chromatin, and the 
primary hubs of apoptotic regulation [18]. These operations 
receive input from extracellular and intracellular signals to 
allow cells to adapt to stress and environmental change. 
Research in mitochondrial biology in the past two decades 
has begun to elucidate how mitochondrial dynamics, or 
the process of mitochondrial remodeling through constant 
cycles of organellar fusion and fission, contributes to normal 
cellular physiology and how it is co-opted to drive tumori-
genesis [19]. Because cancer stem cells and mitochondria in 
cancer have been summarized thoroughly elsewhere [2, 3, 
18], this review will focus primarily on how mitochondrial 
dynamics in particular empowers cancer stem cell behavior 
and how it may serve as a new target of therapeutic focus.

Mitochondrial dynamics

In contrast to the classical electron micrograph images of 
mitochondria as bean-shaped and discrete organelles in 
the cytoplasm, mitochondrial shape and size are incred-
ibly dynamic and can be impressively heterogeneous even 
within a single cell. Continuous processes of mitochon-
drial fusion that merge shorter mitochondrial fragments 
into larger, more interconnected structures are balanced by 
fission, which severs longer mitochondrial networks into 
smaller particles [20]. Perhaps unexpectedly, the protein 
machinery that drives mitochondrial fusion and fission is 
strikingly simple. Fission is generally initiated upon mito-
chondrial membrane constriction by endoplasmic reticu-
lum contacts [21]. Next, the large cytoplasmic GTPase 
dynamin-related protein 1, or DRP1, is recruited to mito-
chondria where it oligomerizes and spiralizes on the outer 
mitochondrial membrane before constricting upon GTP 
hydrolysis to cleave a mitochondrion into two [22]. Cur-
rently, there exists conflicting evidence of whether other 
proteins such as dynamin 2 are required to completely 
sever mitochondria, but the role of DRP1 in this process is 
paramount [23–25]. DRP1 also possesses multiple amino 
acid residues subject to post-translational modification that 
modulate its activity. Phosphorylation at serine 616 (S616) 
has been extensively demonstrated as a fission-activating 
modification [26, 27], whereas phosphorylation at S637 
decreases fission activity of DRP1[28].

Mitochondrial fusion relies primarily on three other 
GTPases. Outer mitochondrial membrane fusion is accom-
plished by outer membrane-bound mitofusin 1 (MFN1) 
and mitofusin 2 (MFN2) [29]. These proteins form both 
heterodimers and homodimers that then hydrolyze GTP to 
bring together and fuse the outer membranes of two mito-
chondria [30]. Fusion of inner mitochondrial membranes 
relies on the action of optic atrophy 1 (OPA1) which lines 
the inner mitochondrial membrane to integrate two mem-
branes into one and also serves to maintain mitochondrial 
cristae structural fidelity [31, 32]. Interestingly, OPA1 
is cleaved from a fusiogenic long form (L-OPA1) into 
a pro-fission short form (S-OPA1) by proteases includ-
ing YME1L and OMA1, with the ratio between the long 
and short forms dictating OPA1 action and mitochondrial 
morphology [33–35]. Mitofusins 1 and 2 offer functional 
redundancy in that both must be ablated to achieve signifi-
cant impairment in mitochondrial fusion whereas removal 
of functional OPA1 alone is sufficient to accomplish simi-
lar means.

One consequence of fission–fusion cycling is the mix-
ing of internal contents upon inner and outer mitochon-
drial membrane fusion, allowing areas of local dysfunction 
to be compensated for by intact neighboring regions in the 
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newly formed mitochondrion [36]. Regions of mitochon-
dria that harbor severely dysfunctional machinery such as 
electron transport chain complexes can be purified from 
the population by mitochondrial fission and targeted for 
degradation through a number of mitochondria-specific 
autophagy pathways, termed mitophagy [37]. Immediately 
following fission, one sister mitochondrion remains polar-
ized with its mitochondrial membrane potential (MMP) 
intact whereas the other sister mitochondrion is depolar-
ized. This depolarization acts as a functional challenge to 
newly formed fragments that must successfully repolarize 
or else face mitophagic degradation and elimination from 
the cellular mitochondrial pool [38]. Mitophagy therefore 
serves in mitochondrial quality control and is primarily 
carried about by either the PINK1-Parkin pathway or the 
BNIP3L/NIX and FUNDC1 pathway. Briefly, the PINK1-
Parkin pathway works through stabilization of the kinase 
PINK1 on the mitochondrial outer membrane upon mito-
chondrion depolarization. PINK1 then phosphorylates 
ubiquitin chains present on mitochondrial outer membrane 
proteins, which in turn promotes recruitment of the E3 
ubiquitin ligase Parkin. Parkin recruitment leads to addi-
tional ubiquitination of outer membrane proteins leading 
to the subsequent recruitment of autophagy receptors and 
the targeted removal of these depolarized mitochondria 
[39]. NIX and FUNDC1 are mitochondrial outer mem-
brane proteins that can directly act as mitophagy receptors 
that interact with LC3 to promote autophagosome forma-
tion and facilitate mitochondrial degradation [40, 41]. 
The interaction between these receptors and LC3 can be 
induced by a variety of stimuli and is regulated through 
post-translational modifications.

Apart from content mixing and quality control, mitochon-
drial dynamics also dictate mitochondrial size and morphol-
ogy. Both the average size and distribution of mitochondrial 
sizes within any given cell depends on dominance of fission, 
which favors smaller mitochondria, or fusion, which gener-
ates larger networks. Mitochondrial size affects function, as 
highly fused tubular mitochondrial networks demonstrate 
increased ATP synthase dimerization and ATP synthesis, 
and decreased degradation compared to fragmented mito-
chondria [42]. Conversely, smaller mitochondria are fre-
quently observed in so-called “immature” cell states such 
as those in somatic stem cells and many tumor cells that 
have high-fission activity [43–46]. This fragmented mor-
phology has been largely associated with heightened rates 
of glycolytic flux, decreased oxidative phosphorylation 
activity, increased reactive oxygen species (ROS) forma-
tion, and increased efficiency of both elimination through 
mitophagy as well as intracellular mitochondrial mobil-
ity [19]. Although these generalizations do not faithfully 
describe all cell types and contexts, the effects of mitochon-
drial dynamics on stem cells in the context of health and 

disease are beginning to yield intriguing patterns and a base 
of knowledge from which to grow.

The sensitivity of mitochondrial dynamics to intracellu-
lar and extracellular signaling coupled with the functional 
changes that mitochondrial dynamics can impose within 
a cell place this process as a key mediator of phenotypic 
change in response to stimuli. Given the myriad challenges 
that cancer cells must overcome to form primary tumors and 
then metastasize, it is unsurprising that the field of cancer 
is beginning to uncover critical ways in which modulating 
mitochondrial dynamics aids cells in their journey through 
transformation to metastasis.

Signaling pathway effects on mitochondrial 
dynamics

A primary function of mitochondria is to allow cells to 
adjust to cues originating from both extracellular and intra-
cellular environments. To accomplish this, mitochondria 
must be sensitive to changes in signaling pathway activa-
tions through alterations in metabolism and morphology 
which then feed back to modulate activity of other signaling 
pathways. Because the effects of various signaling pathways 
on mitochondrial dynamics have been reviewed extensively 
elsewhere [47], we will provide only a brief discussion to 
establish some structure for how these pathways may fit into 
a cancer stem cell framework.

The RAS-MAPK axis is perhaps the most well-annotated 
pathway with regard to its effects on mitochondrial dynam-
ics and spans many cellular model systems. Multiple groups 
including our own have identified that ERK directly phos-
phorylates DRP1 on serine 616 to potentiate DRP1-mediated 
mitochondrial fission [26, 48]. Since ERK activation lies 
downstream of RAS, RAF, and MEK activity, increased 
flux through any part of this cascade increases DRP1 fission 
activity and decreases mitochondrial size. ERK-mediated 
phosphorylation of DRP1 has been demonstrated by our 
group and others to be required for RAS-mediated tumori-
genesis in multiple cancer types including pancreatic ductal 
adenocarcinoma [26] and melanoma [48], as well as for 
nuclear reprogramming of MEFs into epithelial-like colonies 
through overexpression of pluripotency factors [49]. Moreo-
ver, ERK kinase has been found to directly phosphorylate 
T562 of MFN1, decreasing its ability to tether mitochondria 
together and therefore preventing mitochondrial fusion [50].

Multiple groups have implicated the PI3K-AKT path-
way as a pro-mitochondrial fission pathway. Tondera et al. 
found that in PC3 prostate cancer cells, the mitochondrial 
protein MTP18 (MTFP1) promotes mitochondrial fis-
sion and cellular proliferation, and that its expression is 
upregulated with increased PI3K activity, independent of 
AKT activity [51]. They also describe an anti-apoptotic 
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role for MTP18 in HaCaT keratinocytes as evidenced 
by increased cleaved PARP following UVB exposure in 
MTP18 knockdown conditions [51]. Conversely, in neu-
rons treated with Amyloid β, calcium influx stimulates 
CaMKII-mediated phosphorylation and activation of 
AKT which itself directly phosphorylates DRP1 S616 to 
increase mitochondrial fission [52]. In this system, Kim 
et al. observed an increase in apoptosis following mito-
chondrial fragmentation, in contrast to the findings in PC3 
cells. It therefore seems that PI3K-AKT governance of 
mitochondrial morphology stems from multiple nodes in 
this pathway and demonstrates the complexity of signal 
integration on mitochondrial dynamics.

MYC is a transcription factor proto-oncogene that has 
been extensively studied across multiple cancer types 
and is associated with promotion of cell proliferation 
and growth. Effects of MYC on mitochondrial dynamics 
are variable depending on cellular context, but in Bur-
kitt lymphoma, MYC directly occupies the DRP1 pro-
moter to increase DRP1 transcription and mitochondrial 
fission [53]. A pro-fragmentation function of MYC has 
also been reported in mouse embryonic fibroblasts where 
c-Myc overexpression alone increases DRP1 localization 
to mitochondria and increased phosphorylation at S579 of 
DRP1, a post-translational modification that is fissiogenic 
as evidenced by increased mitochondrial fragmentation in 
phosphomimetic mutants at this residue [54]. Conversely, 
in breast mammary epithelia, c-Myc is an important driver 
of mitochondrial fusion through PLD6 activity and inhibi-
tion of YAP/TAZ function which is crucial in maintenance 
of stemness phenotypes [55].

Execution of mitochondrial fission is also achieved 
through activation of the cellular stress sensor AMP-
activated protein kinase (AMPK). In studies of U2OS 
cells, AMPK expression is necessary for mitochondrial 
fragmentation following introduction of mitochondrial 
stressors antimycin-A and rotenone [56]. Further, chemi-
cal activation of AMPK in the absence of these stressors 
produces significant mitochondrial fission mediated by 
direct phosphorylation at S155 and S172 of Mitochon-
drial Fission Factor (MFF) which serves as a receptor to 
recruit DRP1 to mitochondria [56]. Additionally, signal-
ing pathway strength, including that of AMPK, can be 
influenced by mitochondrial dynamics as well. In a model 
of glioblastoma, Xie et al. discovered that knockdown of 
DRP1 expression decreases oxygen consumption rate and 
increases cell stress, activating AMPK [57]. These reports 
exemplify how mitochondrial function is altered by incom-
ing signals and how mitochondria then affect signaling 
strength of pathways that are sensitive to mitochondrial 
outputs.

Mitochondrial dynamics in cancer stem cell 
metabolism

Reorganization of mitochondrial structure through mito-
chondrial fusion and fission is known to be associated 
with a host of functional outcomes in the context of non-
transformed stem cells as well as cancer stem cells. A 
wide variety of metabolic phenotypes are associated with 
mitochondrial morphologies that are highly dependent on 
tissue type and differentiation status. Classically, imma-
ture cell types such as embryonic stem cells and many 
tumor cells demonstrate highly fragmented mitochondria 
that rely on aerobic glycolysis for energy production [45, 
46]. Elevated rates of glycolysis, even in the presence of 
oxygen, permit use of glycolytic intermediates in ana-
bolic metabolism to fuel cell growth and proliferation 
through increased synthesis of essential building blocks 
such as nucleotides and lipids [58]. Additionally, meta-
bolic phenotypes coordinated by mitochondria have been 
well described to affect cellular identity reprogramming 
through modulation of chromatin accessibility [59, 60].

Mitochondria orchestrate gene expression through syn-
thesis of metabolites that form retrograde signals by serv-
ing as cofactors and substrates for gene expression-modi-
fying enzymes. The majority of research on mitochondrial 
intermediate-driven gene expression changes has focused 
on production of acetyl-CoA [61, 62], alpha-ketoglutarate 
[63], succinate [64], and reactive oxygen species [65, 66]. 
Included within this group of enzymes are the Ten-eleven 
translocation (TET) and PHD families of DNA and histone 
demethylases, respectively, which are both activated by high 
levels of alpha-ketoglutarate and inhibited by succinate and 
fumarate [67]. Additionally, Jumonji domain-containing his-
tone demethylase activity is also reliant on alpha-ketoglut-
arate. Acetyl-CoA synthesized in the cytoplasm from mito-
chondrial-derived citrate is the substrate for acetylation of 
histones, DNA, and cytosolic enzymes. Alterations in levels 
of reactive oxygen species synthesized within mitochondria 
can both directly modify enzymes such as p38 MAPK [68] 
and DUSP6 [69], and activate antioxidant programs such as 
the NRF2 pathway that modulate gene expression through 
direct binding of ROS-sensitive transcription factors [70]. 
Additionally, mitochondrial content affects mitochondrial 
capacity to buffer cytosolic calcium, which modulates activ-
ity of calcium-sensitive cellular signaling such as that medi-
ated by Calcineurin [71], as discussed in greater detail in 
the therapeutic resistance section. Retrograde signaling net-
works can form significant interactions in which one mito-
chondrial metabolite may influence activation of another 
mitochondrial retrograde signaling program, as exemplified 
by work in the Avadhani lab demonstrating mitochondrial 
ROS activation of calcineurin signaling [72].
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Mitochondrial metabolite-sensitive signaling is regulated 
by mitochondrial dynamics and affects cellular metabolism. 
In elegant studies of mouse embryonic cortex development, 
Khacho et al. demonstrated that neural stem cell (NSC) 
mitochondrial morphology exhibits a transient fragmenta-
tion phase critical to differentiation [73]. In this work, highly 
glycolytic SOX2+ NSCs with elongated mitochondria dif-
ferentiate into SOX2− TBR2+ neural progenitors that exhibit 
increased oxidative phosphorylation and fragmented mito-
chondrial morphology. When progenitors then differentiate 
further into DCX+ neurons, their mitochondria revert to 
a fused network morphology. Genetic inhibition of mito-
chondrial fragmentation through depletion of DRP1 blocks 
the conversion of neural stem cells into the more differenti-
ated progenitor cells in vivo, indicating decreased differen-
tiation potential and increased self-renewal, a finding also 
supported by in vitro neurosphere formation assays. Con-
versely, knockout of fusion components MFN1/2 or OPA1 
knockdown decreases self-renewal in vivo and in vitro. 
Interestingly, knockout of either DRP1 or MFN1/2 increases 
oxygen consumption rate but does not impair mitochondrial 
function. This group also found that a highly interconnected 
mitochondrial morphology is linked with decreased reactive 
oxygen species formation and increased transcription of self-
renewal genes. Upon mitochondrial fragmentation, mito-
chondrial ROS levels rise and stimulate the ROS-protection 
transcription factor NRF2 which inhibits self-renewal genes 
and promotes transcription of differentiation genes [73].

In contrast, Folmes et al. found that mouse embryonic 
fibroblasts (MEFs) demonstrate well-connected mitochon-
drial networks with abundant cristae that are converted 
to highly fragmented and cristae-poor populations when 
they are reprogrammed into induced pluripotent stem cells 
(iPSCs) [74]. This morphological change is coupled with 
a departure from oxidative phosphorylation-predominant 
metabolism in differentiated MEFs into a highly glycolytic 
metabolism in iPSCs. Increases in glycolytic gene expression 
profiles precede activation of pluripotency genes, adding a 
temporal relationship between engagement of glycolytic 
metabolism and nuclear reprogramming [74]. Additionally, 
dedifferentiation is severely diminished upon inhibition of 
glycolytic capacity [74]. Their findings support the notion 
that mitochondrial dynamics are intimately linked with met-
abolic phenotypes that inform differentiation status and plas-
ticity. These studies and those of Khacho also demonstrate 
how different tissue types display varying dependencies on 
both mitochondrial morphology and metabolism to support 
stem versus more differentiated cellular phenotypes. This 
is a critical concept to justify future investigations of the 
influence that mitochondrial dynamics holds on metabolism 
of different populations of stem cells throughout the body.

Focusing on stem cells in the context of cancer, Civ-
enni et  al. discovered that metastatic and hormone 

treatment-refractory prostate cancer cells upregulate mito-
chondrial fission factor (MFF) compared to primary tumor 
and normal prostate counterparts [75]. MFF functions as 
a mitochondrial receptor to which DRP1 binds to initiate 
constriction and mitochondrial fission. Knockdown of MFF 
decreases cancer stem cell proliferation in in vitro tumor 
sphere formation assays and significantly decreases in vivo 
tumor growth. Interestingly, MFF knockdown is associated 
with significant reductions in both oxygen consumption rate 
and spare respiratory capacity of tumor stem cells in tumor 
sphere assays, but not in adherent cells representative of the 
tumor bulk [75]. This indicates that even within a tumor, the 
stem-like cell populations can exhibit differential metabolic 
dependencies on mitochondrial dynamics machinery from 
the more differentiated non-stem tumor bulk.

The results in prostate cancer stem cells were supported 
by investigations in a patient-derived xenograph model of 
glioblastoma. Xie et al. found that brain tumor-initiating 
cells (BTICs), the cancer stem cell equivalent, display a 
significantly more fragmented mitochondrial morphology 
compared to the more differentiated non-BTIC tumor cells 
[57]. Additionally, even though the total levels of DRP1 are 
comparable between BTIC and non-BTIC cells, levels of 
activating phospho-S616 are elevated in BTIC versus non-
BTIC. Conversely, the expression of the DRP1-inactivating 
phopho-S637 is reduced in the stem cell population versus 
the more differentiated tumor bulk. This observation was 
tested functionally by differentiating BTIC into non-BTIC, 
which over the course of differentiation leads to decreases 
in phospho-S616 and increases in phospho-S637 of DRP1, 
suggesting significant inactivation. To further complement 
the functional importance of activating and inactivating 
phosphorylations of DRP1 in glioblastoma differentiation 
and stemness, the group overexpressed phosphomimetic 
S616 and phospho-dead S637 DRP1 in differentiated non-
BTICs and observed decreased expression of glioblastoma 
differentiation markers GFAP and MAP2 and concomitant 
increased expression of stemness markers such as NES, 
NANOG, SSEA-1 (FUT4), and Oct4, among others. Meta-
bolically, shRNA knockdown of DRP1 in BTIC decreases 
oxygen consumption rate, with basal OCR falling to half 
of control knockdown and maximal OCR reaching only 
one-third of that in control knockdown. DRP1 knockdown 
cells also demonstrate decreased in vitro proliferation and 
tumor sphere formation, as well as inhibition of in vivo 
tumor growth [57]. These studies highlight the importance 
of mitochondrial dynamics in glioblastoma metabolism and 
stemness gene expression, and suggest that future therapy for 
this disease may benefit from drugs that affect mitochondrial 
dynamics.

Two publications in the last six years from the Jordan lab 
have shed light on the relationship between mitochondrial 
morphology, metabolism, and cancer stem cell identity in 
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acute myeloid leukemia. Leukemic stem cells (LSCs) in 
primary AML samples are purified from non-LSCs based 
on low levels of reactive oxygen species in LSCs compared 
to ROS-high non-LSCs [76]. These leukemic stem cells are 
metabolically dormant compared to non-LSCs and exhibit 
lower levels of oxidative phosphorylation, glycolysis, and 
ATP, although their diminished metabolic needs were met 
primarily through oxidative phosphorylation. LSCs display 
fewer and highly fragmented mitochondria compared to non-
LSCs that results from increased expression of pro-fission 
FIS1 following AMPK activation [77]. Treatment with mito-
chondrial stressor valinomycin causes significant accumula-
tion of mitochondria in non-LSCs with more fused mito-
chondria compared to LSCs, indicating that FIS1-mediated 
mitochondrial fission is critical to clearing damaged mito-
chondria in LSCs and that non-LSCs were unable to do so. 
Further, knockdown of FIS1 in primary AML inactivates the 
myeloid anti-differentiation gene GSK3, therefore promoting 
cellular differentiation and reducing maintenance of cancer 
stem cell identity. In all, this group delineated a mechanism 
by which AML leukemic stem cells are characterized by low 
levels of ROS and preserve stem cell identity through mito-
chondrial fragmentation-dependent elimination of stressed 
mitochondria [76, 77].

Mitochondrial dynamics in cancer stem cell 
metastasis

Most deaths from cancer occur following metastasis of the 
primary tumor to a distant site and not due to stress of the 
primary tumor itself. Cancer stem cells are well-equipped 
to make the epithelial-to-mesenchymal transition (EMT) 
to facilitate physical transit from tissue of origin to site of 
metastasis through unique and numerous mitochondrial 
processes [78]. Induction of EMT drives highly glycolytic 
metabolism [79–81], which is dependent on mitochondrial 
dynamics, as MFN1 knockdown promotes fragmented mito-
chondrial morphology, increases expression of glycolysis 
genes, and increases cancer cell migration and metastasis 
[82]. EMT also involves the downregulation of epithelial 
gene expression such as cell–cell adhesion marker E-cad-
herin and upregulation of motility and polarization genes 
necessary for cells to transit across tissues and into circu-
latory systems. This process is regulated by signaling net-
works such as AMPK and linked with marked changes in 
mitochondrial intracellular localization as mitochondria are 
trafficked to the cellular leading edge to fuel local reactions 
around structures involved in cellular motility such as focal 
adhesions [83, 84]. In fact, the oncogenic transcription factor 
MYC directly binds to the promoters of DRP1 and mito-
chondrial trafficking genes including RHOT1, RHOT2, and 
TRAK2 to promote mitochondrial fission and motility within 

cells (Fig. 1a) [53]. Mitochondrial fission permits mitochon-
drial redistribution along the cortical actin cytoskeleton 
which is inhibited upon knockdown of MYC or any of the 
trafficking genes. Further, cells with decreased mitochon-
drial fragmentation and trafficking demonstrate signifi-
cantly impaired focal adhesion dynamics, cellular motility, 
and invasion capacity [53]. In agreement with these results, 
Desai et al. found that destabilizing mitochondrial dynam-
ics to favor fusion in breast cancer cells by overexpressing 
OPA1 or a dominant-negative DRP1 inhibits the anterior 
localization of mitochondria between the nucleus and lead-
ing edge of migrating cells [85]. Failure to properly traffic 
mitochondria to the anterior compartment causes slower 
cellular migration and decreases directional persistence 
[85]. Both of the above studies speak to the critical role that 
proper mitochondrial dynamics plays in intracellular motil-
ity of mitochondria to sustain reorganization and function 
of molecular structures that propel cancer cells movement.

Apart from the effects of mitochondrial dynamics on 
intracellular redistribution, changes in mitochondrial mor-
phology can direct EMT through gene expression altera-
tions as well. Numerous tumors, including breast cancer, 
colorectal cancer, and lung cancer, have inherently low 
copy numbers of the mitochondrial genome (mtDNA) [86]. 
Experimental reduction in mtDNA copy number in breast 
cancer leads to cells with fewer and more fragmented mito-
chondria, and greater spherogenic potential and proportion 
of CD44high/CD24low cells, both markers of stemness, that 
are reverted upon mtDNA restoration [71]. Depletion of 
mtDNA also reduces mitochondrial calcium sequestration 
within the cell which then stimulates Calcineurin-dependent 
upregulation of EMT gene expression and increases cellular 
movement velocity and in vitro invasion (Fig. 1b) [71].

Another focus of mitochondrial function in cancer stem 
cell EMT comes from mitochondrial production of reactive 
oxygen species. In breast cancer and colon adenocarcinoma 
tumor spheres, cancer stem cells isolated for high levels of 
reactive oxygen species (RH-TS) were more successful in 
establishing metastases than were the ROS-low cells (RL-
TS) from the same parental spheres [65]. By transmission 
electron microscopy, RH-TS harbor swollen and cristae-poor 
mitochondria whereas RL-TS mitochondria are denser with 
well-formed cristae. Additionally, ROS-high cells demon-
strate a gene expression signature of increased fatty acid 
beta-oxidation and ROS detoxification programs compared 
to ROS-low cells. This pattern is paralleled by increased 
MAPK pathway activity through oxidation of ROS-sensitive 
p38 MAPK and upregulation of classic EMT gene expres-
sion such as MMP1 and LOX [65]. Conversely, in studies 
of normal human mammary epithelial cells, forced EMT 
through overexpression of EMT master transcription fac-
tor SNAIL or treatment with TGFβ increases mitochon-
drial fusion by upregulating MFN1 [87]. Interestingly, the 
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MFN1-PKCς complex is required in this system to tether 
fused mitochondria to the cortical membrane, which upon 
asymmetric cell division, ensures that mitochondria are une-
qually segregated between the two daughter cells. Daugh-
ter cells that retain fused mitochondrial networks exhibit 
increased glutathione synthesis and protection from reactive 
oxygen species, which drives stem cell self-renewal whereas 
cells that receive fewer mitochondria progress through lumi-
nal differentiation. Knockdown of MFN1 decreases stemness 
measured by spherogenic potential in both normal mam-
mary epithelial cells and in BT549 and MDA-MB-231 stem 
cell-rich breast cancer cell lines [87]. Because the role of 
MFN1 in EMT somewhat conflicts between studies assess-
ing MFN1-driven glycolysis in EMT and these studies, it is 
important to explore the relationships between mitochon-
drial dynamics components and EMT across multiple sys-
tems and tumor types. In general, these studies demonstrate 
the critical role of mitochondrial structure in determining 
mitochondrial segregation and function, such as ROS syn-
thesis, and highlight how structure can act both upstream 
and downstream of EMT signaling activation. This complex-
ity is also exemplified by studies in esophageal squamous 

cell carcinoma (ESCC) in which activation of EMT through 
TGFβ stimulation increases expression of CSC marker 
CD44 in a parkin-dependent manner [88]. Knockdown of 
parkin suppresses mitophagy, increases levels of mitochon-
drial ROS, and decreases proportion of CD44high cells. Cel-
lular turnover of mitochondria to control concentrations of 
mitochondrial metabolites like ROS is an emerging theme 
that appears to affect many cellular phenotypes such as iden-
tity, EMT, and therapeutic resistance as we will explore in 
the next section.

Mitochondrial dynamics in cancer stem cell 
therapeutic resistance

Much of the rationale for research on cancer stem cells lies 
in the historical failure of traditional therapeutic regimens 
to achieve tumor remission without relapse. Therefore, 
investigation into how CSCs may be efficiently targeted 
while sparing non-transformed host tissue is critical to 
therapy development and treatment success. The iden-
tification of cancer stem cells and tumor heterogeneity 

Fig. 1   Mechanisms of mito-
chondrial dynamics-mediated 
EMT. a Myc upregulates 
expression of DRP1 and 
mitochondrial trafficking genes 
RHOT1 and TRAK2 by binding 
their promoter regions. Upregu-
lation of these components 
increases mitochondrial motility 
to the cellular leading edge to 
promote focal adhesion complex 
(FAC) dynamics important for 
cellular migration, invasion, and 
metastasis [53]. b Depletion of 
mitochondrial DNA leads to 
mitochondrial fragmentation, 
which decreases mitochondrial 
calcium buffering. Increased 
cytosolic calcium activates cal-
cineurin signaling to upregulate 
EMT gene expression [71]
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driving tumor formation and relapse is itself monumental, 
but insufficient to achieve these ambitious goals. Further 
inquiry into how cancer stem cells evade traditional thera-
pies and what vulnerabilities they demonstrate for poten-
tial targeting is crucial. Because identified mechanisms of 
therapeutic resistance are often tissue- or tumor-specific, 
this section is subdivided by tumor type.

Pancreatic ductal adenocarcinoma (PDAC) CSCs:
Studies by Viale et al. strongly support the notion that 

targeting the tumor bulk is often unsuccessful at elimi-
nating cancer stem cells [89]. In their work, spontaneous 
PDAC tumor cells surviving complete KRASG12D abla-
tion are characterized as pancreatic cancer stem cells by 
CD133+ and CD44high expression and demonstrate upreg-
ulation of mitochondrial biogenesis transcription factor 
PGC1A and increased mitochondrial mass. Surviving 
cells also display significant differences in mitochondrial 
morphology, increased dependency on oxygen consump-
tion, decreased glycolytic flux, and increased sensitivity to 
OXPHOS inhibition. ATP synthase inhibitor oligomycin 
significantly diminishes in vitro spherogenic potential of 
these cells and extends lifespan of mice subject to tumor 
relapse compared to vehicle control [89]. These studies 
nicely support both the existence of differential metabolic 
profiles of the tumor bulk versus CSCs and how pharma-
cotherapy aimed at mitochondrial function in CSCs may 
be most effective in preventing relapse.

Gynecological CSCs:
In cervical and ovarian cancers, Kong et al. found that 

mitochondrial fusion may endow therapeutic resistance 
[90]. Cisplatin treatment in chemosensitive cells with 
an intermediate mitochondrial morphology phenotype 
induces massive mitochondrial fragmentation and apop-
tosis whereas chemoresistant cells exhibit very intercon-
nected and tubular mitochondrial networks both before 
and after treatment. One proposed mechanism for mainte-
nance of fused morphology is decreased OMA1 protease-
mediated processing of OPA1. Cisplatin treatment did not 
affect the ratio of the pro-fusion long form L-OPA1 to 
the fissiogenic S-OPA1 in chemoresistant cells, but led 
to decreased relative L-OPA1 and increased S-OPA1 in 
chemosensitive cells [90]. Alternatively, Zampieri et al. 
find that mitochondrial morphology in cisplatin-sensitive 
versus cisplatin-resistant cells is cell line dependent, 
where resistant COV-362 cells demonstrate an abundance 
of networked mitochondria compared to sensitive cells, 
but SKOV-3 cells demonstrate no such difference [91]. 
Both cell lines display upregulation of mitophagy and 
dependence on mitophagy to maintain CSC phenotypes 
like clonogenicity in the context of cisplatin resistance, 
indicating that regardless of mitochondrial morphology, 
targeting mitophagy may be efficacious.

Breast CSCs:

Therapeutic resistance in breast cancer stem cells 
(BCSCs) is mediated by increased fatty acid oxidation 
through upregulation of CPT1B [92]. CPT1B is the long 
chain fatty acid transporter localized to mitochondria, and 
serves as the rate-limiting step in fatty acid oxidation. Con-
sistent with this, BCSCs exhibit a significant decrease in 
cell proliferation, tumor sphere formation, and proportion 
of tumor-initiating cells upon pharmacologic inhibition 
of CPT1B. Additionally, non-CSCs demonstrate perinu-
clear mitochondrial distribution whereas BCSCs exhibit 
a branched network phenotype [92]. Similarly, mitochon-
drial metabolism through ROS synthesis was discovered to 
drive breast CSC identity and therapeutic resistance through 
increased ROS-sensitive HIF1A activity [93]. Generation 
of chemotherapy-resistant breast cancer cell lines induces 
upregulation of MYC and the anti-apoptotic and Bcl-2 
family protein MCL1. This is accompanied by increases in 
proportion of breast CSCs, mammosphere formation, oxi-
dative phosphorylation, and mitochondrial ROS. Morpho-
logically, knockdown of MCL1 leads to fragmentation of 
elongated mitochondrial networks into smaller and rounder 
mitochondria. Similarly, MYC knockdown decreases the 
number of mitochondria per cell as measured by transmis-
sion electron microscopy and mtDNA content. MYC and 
MCL1 were found to cooperate in maintenance of breast 
CSC identity by increasing mitochondrial biogenesis and 
ROS-mediated HIF1A stabilization. HIF1A activates stem 
cell genes, including NANOG [93]. These groups present 
strong evidence for BCSC chemotherapeutic resistance 
driven by metabolic transitions accompanied by elongated 
mitochondrial network morphology and points to fatty acid 
oxidation inhibition as a new therapeutic avenue to eradicate 
breast cancer stem cells.

Lung CSCs:
Studies of lung adenocarcinoma present another interest-

ing mechanism of therapeutic resistance in CSCs through 
alteration of one-carbon metabolism. One-carbon metabo-
lism comprises the transfer of one-carbon units between mol-
ecules and is mediated by various species of folate, most of 
which are unable to traverse the mitochondrial membranes, 
so compartment-specific enzymes exist to restore levels of 
necessary forms of folate for reactions in the cytosol and 
mitochondria. These reactions are critical for many ana-
bolic pathways including nucleotide synthesis, amino acid 
homeostasis, oxidation–reduction protection, and epigenetic 
manipulation [94]. Mitochondrial methylenetetrahydrofolate 
dehydrogenase 2 (MTHFD2) activity generates folate inter-
mediates used for the synthesis of purine nucleotides. Over-
expression of this enzyme has been previously identified in a 
meta-analysis of human tumor gene expression, but its sig-
nificance to cancer stem cell biology in particular has been 
largely unexplored [95]. An exception comes from studies of 
lung adenocarcinoma cancer stem cells in which expression 
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of MTHFD2 is crucial for tumorigenesis and expression of 
stem cell genes. Knockdown of MTHFD2 in this system 
decreases tumor-initiating cell frequency, tumor sphere 
formation, and expression of stem cell transcription factor 
SOX2. Additionally, lung adenocarcinoma cells resistant to 
the EGFR inhibitor gefitinib demonstrate significant upregu-
lation of MTHFD2 compared to the chemosensitive parental 
cell line and a marked sensitivity to MTHFD2 knockdown. 
This work implicates one-carbon metabolism in cancer stem 
cell gene expression signatures and development of thera-
peutic resistance; however, it is yet to be determined how 
mitochondrial dynamics itself may influence one-carbon 
metabolism enzyme activity or substrate availability. It is 
possible that mitochondrial morphology or turnover may 
affect efficiency of one-carbon metabolism, but further stud-
ies directly manipulating mitochondrial dynamics machinery 
will be required to address this.

Glioblastoma CSCs:
Another mechanism by which mitochondrial dynamics 

appears to dictate drug resistance in cancer stem cells is 
through mitophagy-mediated mitochondrial quality control. 
The mitophagy receptor NIX is upregulated in glioblastoma 
stem cells (GSCs) residing in the hypoxic tumor niche [96]. 
Knockdown of NIX in GSCs decreases the expression of 
stemness markers CD133, Oct4, and SOX2, and attenuates 
GSC cell viability [96]. Further, NIX knockdown increases 
survival compared to control in a xenograft model. The NIX 
promoter contains both antioxidant response and hypoxia 
response elements, causing NIX upregulation in the pres-
ence of either hypoxia or elevated levels of reactive oxygen 
species. In hypoxia, there is a time-dependent decrease in 
mitochondrial mass in GSCs upon hypoxia treatment, which 
is prevented by NIX knockdown. Interestingly, NIX also pro-
motes activity of the mTOR pathway, leading to stimulation 
of hypoxia signaling which itself has been shown to upregu-
late expression of the multidrug resistance (MDR1) gene 
[97]. It is therefore feasible that maintenance of hypoxia 
signaling through mitophagy confers chemotherapeutic 
resistance.

Colorectal CSCs:
Studies in colorectal cancer agree with those in glio-

blastoma in describing chemoresistance of CSCs by 
means of mitophagy [98]. In this system, expression 
of NIX/BNIP3L and mitophagy activity is upregulated 
in colorectal CSCs compared to non-CSCs. Treatment 
with mitochondrial ROS-inducing doxorubicin causes 
mitochondrial mass to decrease as BNIP3L expression 
increases and autophagy components colocalize with 
mitochondria. This occurs to a greater extent in CSCs and 
leads to decreased levels of mitochondrial superoxide in 
CSCs than non-CSCs [98]. Mitophagy therefore appears 
to be a strong defense against doxorubicin-induced mito-
chondrial ROS. Although the authors do not comment 

on mitochondrial morphology per se, it would be worth-
while to explore how mitochondrial fusion and fission are 
affected in the context of mitophagy-mediated chemother-
apy resistance and whether manipulation of fusion-fission 
components affects cellular resistance and mitophagy 
phenotypes.

Acute myeloid leukemia CSCs:
Leukemic stem cells (LSC) in acute myeloid leukemia 

appear to also rely on low levels of reactive oxygen spe-
cies to potentiate chemoresistance [76]. Primary AML 
stem cells purified by selection for low levels of ROS 
demonstrate an increase in mitochondrial respiration, 
upregulation of anti-apoptotic protein BCL-2, and exqui-
site resistance to the standard AML chemotherapy agent 
daunorubicin. This group did not explore changes in mito-
chondrial dynamics specifically in LSCs versus non-stem 
AML cells, but high FIS1 expression has been reported as 
a risk factor for poor clinical response in AML [7]. FIS1 
plays a role in mitochondrial fission and mitophagy, so it is 
tempting to draw links between studies in AML and those 
in colorectal CSCs to hypothesize that FIS1 increases the 
rate of mitophagy to depress mitochondrial ROS and main-
tain stemness and resistance mechanisms in AML.

Interestingly, radiotherapy exposure has also been found 
to promote cancer stem cell phenotypes including EMT 
and metastatic potential, CSC marker expression, and 
metabolic changes in many tumor types such as prostate, 
breast, and lung cancer [99]. One mechanism by which 
this occurs is through radiotherapy-induced mitochondrial 
production of reactive oxygen species that then activate 
transcription factors critical to these processes such as 
SNAIL for EMT and HIF1A for numerous CSC pheno-
types. Although data specifically on mitochondrial dynam-
ics in the context of irradiation effects on cancer stem cells 
are lacking, Patten et al. have found that upon irradiation, 
mesenchymal stem cells exhibit elevated mitochondrial 
oxidative phosphorylation, increased electron transport 
chain supercomplex formation, and slight mitochondrial 
elongation [100]. These changes occur as adaptations to 
decrease DNA damage after an initial priming dose of 
radiation before treatment with a full dose. Addition-
ally, this priming behavior is dependent on mitochondrial 
dynamics, as OPA1 knockout MEFs are unable to exhibit 
priming and demonstrate no significant difference in DNA 
damage after a full dose regardless of priming irradiation 
[64]. It is therefore possible that similar changes in mito-
chondrial morphology occur within cancer stem cells after 
radiotherapy given the mitochondrial metabolic response 
that CSCs exhibit following radiotherapy and that chemo-
therapy administration often leads to a similar metabolic 
profile associated with increased mitochondrial mass and 
fusion into extended networks.
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Conclusions

Although the field of mitochondrial dynamics is still in 
its adolescence, it is becoming increasingly evident that 
mitochondrial fusion–fission cycling and its command of 
mitochondrial size are powerful dictators of mitochon-
drial metabolism in health and disease. The molecular 
mechanisms that drive mitochondrial fission and fusion 
are surprisingly simple, with, as far as we know, only a few 
proteins being absolutely instrumental in these processes. 
This knowledge coupled with the power that mitochondrial 
dynamics machinery exerts over essential mitochondrial 
functions like coordination of metabolism, formation of 
reactive oxygen species, and the rate of mitophagy makes 
the development of specific and potent pharmacologic 
inhibitors, and perhaps potentiators, of proteins such as 
DRP1, MFN1, MFN2, and OPA1 imperative. These tools 
would enable investigators and clinicians to bypass the 
complex cell signaling effects that modulate mitochondrial 
dynamics proteins upstream of their action and to enforce 
certain mitochondrial phenotypes in cells that may be most 
sensitive to these changes.

Although the details of how mitochondrial dynamics 
affect mitochondrial metabolism and chemotherapeutic 
resistance in cancer stem cells are heterogeneous across 
tumor types, in general, it appears that CSCs rely heavily 
on oxidative phosphorylation and mitophagy for mainte-
nance of stem cell character and for survival under chemo-
therapeutic challenge (Fig. 2). Because many traditional 
therapies have historically targeted features of the tumor 
bulk, often characterized by high rate of proliferation and 
growth, achieving remission has remained an enormous 
challenge as cancer stem cells may repopulate the tumor 
niche after treatment cessation. Further insights into how 
mitochondrial dynamics affect mitochondrial function in 
cancer stem cells will inform future treatment; however, it 
is also critical to gain a deeper understanding of tumor het-
erogeneity to appreciate how therapy affects cancer stem 
cell populations and tumors more broadly. For instance, 
how well do CSC markers perform in identifying tumor 
initiation capacity between histologically similar tumors 
from different patients? How does culturing technique 
affect CSC proportions and phenotypes? How do different 
subpopulations of CSCs within the same tumor compare to 
each other based on CSC marker expression and metabolic 

Fig. 2   General phenotypes 
associated with mitochondrial 
fission or fusion in cancer stem 
cells (CSCs). Oncogenic signal-
ing pathways affect mitochon-
drial dynamics and vice versa; 
for example, MAPK signaling 
increases mitochondrial fission 
whereas Myc has mixed effects. 
Mitochondrial fission is gener-
ally associated with increased 
rates of mitophagy, EMT, and 
glycolysis. Conversely, mito-
chondrial fusion is frequently 
associated with increased 
oxidative phosphorylation and 
therapeutic resistance
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Table 1   Studies with direct manipulation of mitochondrial dynamics machinery

Model system Mitochondrial dynamics perturbation Major findings References

Human mammary epithelial cells Mdivi-1
Drp1 K38A overexpression

Drp1 inhibition decreases YAP/TAZ-dependent 
clonogenicity

[55]

Human primary AML and AML cell lines Fis1 shRNA knockdown Fis1 knockdown inhibits mitophagy, colony 
formation, and engraftment potential

[77]

Human glioblastoma PDX Drp1 S616E S637A overexpression
Drp1 shRNA knockdown

Drp1 S616E S637A overexpression inhibits 
differentiation and upregulates stemness gene 
expression

Drp1 knockdown decreases OCR, in vitro 
proliferation, spherogenesis, and in vivo tumor 
growth

[57]

Mouse embryonic cortex development Drp1 or Mfn1/2 knockout
Opa1 shRNA knockdown

Inhibition of mitochondrial fission decreases 
ROS production and neural stem cell dif-
ferentiation

Inhibition of mitochondrial fusion promotes 
ROS production and differentiation

[73]

Human prostate cancer cell lines Mff shRNA knockdown Mff knockdown decreases OCR, cell prolifera-
tion, spherogenesis, and in vivo tumor growth

[75]

Human mammary epithelial cells
Human breast cancer cell lines

Mfn1 knockdown Mfn1 knockdown decreases stemness and tumor 
sphere formation

[87]

Mouse embryonic fibroblasts Opa1 knockout Opa1 knockout inhibits protective priming to 
irradiation exposure

[100]

signatures? Although groups have made some progress on 
this front [101], much work remains. Identifying the extent 
and patterns of tumor heterogeneity and how it associates 
with cellular metabolism is vital to therapy aimed at CSC 
destruction. Approaching these questions will rely on new 
techniques to assess complex CSC phenotypes in vivo and 
may benefit from combining lineage tracing approaches 
with single-cell metabolomics and single-cell gene expres-
sion analysis.

Novel therapeutic avenues will likely come from devel-
opment of new chemotherapeutics and adapting currently 
available and FDA-approved medicines toward CSC destruc-
tion. Experimental evidence that the latter is possible comes 
from studies of colorectal cancer stem cells. Treatment of 
colorectal cancer cell lines with standard chemotherapeutic 
agent oxaliplatin demonstrates a dose-dependent enrich-
ment of colorectal CSCs [102]. These cells exhibit stand-
ard CSC behaviors such as slow rates of cell proliferation 
and elevated sphere-forming potential, as well as increased 
activation of autophagy and lysosomal pathways. Treatment 
with the antimalarial lysosomal inhibitor mefloquine vastly 
inhibits the expression of key lysosomal proteins LAMP1 
and LAMP2, as well as mitophagy components PINK1 and 
Parkin, and leads to mitochondrial ballooning and dissolu-
tion of cristae structure in CSCs, but not in healthy tissue. 
Combination therapy of mefloquine with oxaliplatin almost 
completely attenuates CSC growth in three xenograft mouse 
models [102]. These results encourage the discovery of 

new combinations of current medicines that capitalize on 
the unique metabolic and morphologic signatures of mito-
chondria in cancer stem cells. Additionally, although the 
manner through which mitochondrial-derived ROS affect 
cancer stem cells is still controversial, pharmacologic mod-
ulation of ROS levels in cancer may be worth exploring, 
especially because of the availability of clinically approved 
mitochondrial-targeted antioxidants like MitoQ [103], which 
is currently being tested in clinical trials for inflammatory 
and vascular diseases.

Ultimately, it will take a concerted effort to further delin-
eate patterns of mitochondrial dynamics and metabolism 
that differentiate cancer stem cells from the tumor bulk and 
healthy host tissue. This will demand a new focus and under-
standing of the role cancer stem cells specifically play in the 
formation and maintenance of tumors, as well as the variety 
of mitochondrial phenotypes that they demonstrate, which 
render them sensitive to treatments that target mitochondrial 
functions. To gain the most insight, future work should also 
focus on directly perturbing mitochondrial dynamics com-
ponents (Table 1) as opposed to relying solely on proposed 
inhibitors that may have off-target effects.
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