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Simple Summary: Drug therapy is an important treatment for cancer patients; however, drug
resistance severely affects the survival time and quality of life of cancer patients. Oxidative phospho-
rylation (OXHPOS) is an important metabolic process in cells that drives cancer drug resistance and
exerts a significant influence on responses to anticancer therapy. Targeting OXPHOS can specifically
eliminate cancer stem cells and delay the acquisition of drug resistance. Hence, OXPHOS has become
a novel pharmacological target in cancer treatment. OXPHOS inhibitors in combination with conven-
tional therapies have significantly increased the efficacy of treatments and attenuated resistance to
anticancer drugs.

Abstract: Recent studies have shown that oxidative phosphorylation (OXPHOS) is a target for the
effective attenuation of cancer drug resistance. OXPHOS inhibitors can improve treatment responses
to anticancer therapy in certain cancers, such as melanomas, lymphomas, colon cancers, leukemias
and pancreatic ductal adenocarcinoma (PDAC). However, the effect of OXPHOS on cancer drug
resistance is complex and associated with cell types in the tumor microenvironment (TME). Cancer
cells universally promote OXPHOS activity through the activation of various signaling pathways, and
this activity is required for resistance to cancer therapy. Resistant cancer cells are prevalent among
cancer stem cells (CSCs), for which the main metabolic phenotype is increased OXPHOS. CSCs depend
on OXPHOS to survive targeting by anticancer drugs and can be selectively eradicated by OXPHOS
inhibitors. In contrast to that in cancer cells, mitochondrial OXPHOS is significantly downregulated
in tumor-infiltrating T cells, impairing antitumor immunity. In this review, we summarize novel
research showing the effect of OXPHOS on cancer drug resistance, thereby explaining how this
metabolic process plays a dual role in cancer progression. We highlight the underlying mechanisms
of metabolic reprogramming in cancer cells, as it is vital for discovering new drug targets.
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1. Introduction

In 1924, Otto Warburg found that cancer cells increased glucose uptake and augmented
glycolysis to elevate ATP production even when ample oxygen was available for oxidative
phosphorylation (OXHPOS), and this phenomenon was termed the Warburg effect. Warburg
thought that cancer cells showed defects in mitochondrial OXPHOS [1,2]. However, multiple
investigators later found that cancer cells carry functional mitochondria and show upregu-
lated OXPHOS activity following treatment with anticancer drugs [3–5]. In 2000, researchers
studying certain OXPHOS disorders discovered mutations in the structural OXPHOS genes
in hereditary paraganglioma (PGL), a vascularized tumor in the paraganglia [6,7]. This
work indicated that carcinogenesis is probably associated with mitochondrial gene mutations.
Cancer cells with mitochondrial gene mutations exhibit growth advantages during tumorige-
nesis [8]. Although mitochondrial function has been erroneously assumed to be inessential for
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tumorigenesis, mitochondrial metabolism has been a recurring target in cancer therapy [9–11].
Accumulating evidence suggests that in certain cancers, such as lymphomas and endometrial
carcinoma, OXPHOS is upregulated, and OXPHOS inhibitors can therefore exert a repressive
effect on these cancers [3,12].

Drug resistance severely affects the survival time and quality of life of cancer patients.
Moreover, drug resistance is mediated by complex mechanisms, such as drug efflux, the
TME, and overexpression of oncogenes. Recent data have demonstrated that mitochondrial
OXPHOS drives cancer drug resistance and exerts a significant influence on responses to
anticancer therapy [13–15]. OXPHOS is required for cancer cells to acquire drug resistance
in various cancers. Cancer cells show enhanced mitochondrial OXPHOS mediated by
the activation of several oncogenic signaling pathways. In hematologic malignancies,
cancer stem cells (CSCs) display metabolic remodeling and increased OXPHOS activity,
which enables them to adjust to the fluctuating TME. CSCs are thought to be enriched
and display chemotherapy resistance after exposure to antitumor drugs, inducing cancer
relapse. Targeting OXPHOS can specifically eliminate CSCs and delay the acquisition of
drug resistance [16–20]. Hence, OXPHOS has become a novel pharmacological target in
cancer treatment. OXPHOS inhibitors in combination with conventional therapies have
significantly increased the efficacy of treatments and attenuated resistance to anticancer
drugs [18,21–23].

2. The OXPHOS Metabolic Pathway

The OXPHOS system reduces the oxygen level and produces ATP through a series of
protein complexes, together termed the electron transport chain (ETC), which is embedded
in the mitochondrial inner membrane. The ETC consists of Complexes I–V and two electron
carriers, cytochrome c (Cyt c) and coenzyme Q (CoQ) [24,25]. The OXPHOS system is
controlled by both the nuclear and mitochondrial genomes. The mitochondrial genome
(mtDNA) encodes 13 protein subunits of the OXPHOS system, and the nuclear genome
encodes at least 70 OXPHOS subunits [26]. In the OXPHOS process, NADH transfers
electrons to Complex I. Electrons are subsequently transported to CoQ. Notably, flavin-
containing enzyme complexes can directly deliver electrons to CoQ. CoQ transfers electrons
to Complex IV through Complex III and Cyt c, and in this step, water is generated due
to oxygen reduction. Complexes I, III, and IV pump H+ from the mitochondrial matrix
into the intermembrane space, which generates a proton gradient. Eventually, Complex V
leverages this proton gradient to produce ATP (Figure 1).

OXPHOS genes are also regulated by several nuclear genes through various mech-
anisms [27–29]. PGC-1 is a transcriptional coactivator that promotes mitochondrial bio-
genesis and respiration by inducing uncoupling protein-2 (UCP-2). In addition, PGC-1
upregulates the expression of nuclear respiratory factor (NRF) 1 and 2, both of which are
associated with the mitochondrial bioenergetic machinery [30,31].

Defects in OXPHOS genes lead to a wide variety of mitochondrial disorders [32–34].
Leigh syndrome, a subcortical encephalopathy, is the most frequently diagnosed mitochondrial
disorder [35–37]. The typical symptoms include optic atrophy, ataxia, and hypotonia. Leigh
syndrome is caused by mutations in Complex I or Complex IV. Of note, researchers have
identified some mutations in the SDHD gene in PGL patients. SDHD encodes a small subunit
of cytochrome b, which is a component of the mitochondrial respiratory chain [7]. This study
suggests that mitochondria may play important roles in tumorigenesis.
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Figure 1. Mitochondrial OXPHOS system. Electrons are transferred via NADH to Complex I and 
then transported to CoQ. Flavin−containing enzyme complexes can directly deliver electrons to 
CoQ. CoQ transfers electrons to Complex IV through Complex III and Cyt c. In this step, oxygen is 
reduced to water. Complexes I, III, and IV pump H+ from the mitochondrial matrix into the inter-
membrane space, which generates a proton gradient. Eventually, Complex V leverages this proton 
gradient to produce ATP. 

OXPHOS genes are also regulated by several nuclear genes through various mecha-
nisms [27–29]. PGC−1 is a transcriptional coactivator that promotes mitochondrial biogen-
esis and respiration by inducing uncoupling protein−2 (UCP−2). In addition, PGC−1 up-
regulates the expression of nuclear respiratory factor (NRF) 1 and 2, both of which are 
associated with the mitochondrial bioenergetic machinery[30,31]. 

Defects in OXPHOS genes lead to a wide variety of mitochondrial disorders [32–34]. 
Leigh syndrome, a subcortical encephalopathy, is the most frequently diagnosed mito-
chondrial disorder [35–37]. The typical symptoms include optic atrophy, ataxia, and hy-
potonia. Leigh syndrome is caused by mutations in Complex I or Complex IV. Of note, 
researchers have identified some mutations in the SDHD gene in PGL patients. SDHD 
encodes a small subunit of cytochrome b, which is a component of the mitochondrial res-
piratory chain [7]. This study suggests that mitochondria may play important roles in tu-
morigenesis. 

3. Resistant Cancer Cells Display High OXPHOS Activity Levels 
Mitochondrial mutations in certain human tumors may contribute to cell prolifera-

tion advantages in tumorigenesis [8]. Drug−sensitive cancer cells promote glucose utiliza-
tion and undergo enhanced glycolysis, promoting their rapid proliferation. Resistant can-
cer cells exhibit reprogrammed metabolism, which drives an energy metabolism shift, me-
diated via the expression of certain oncogenes, toward OXPHOS [38] (Figure 2). 

Figure 1. Mitochondrial OXPHOS system. Electrons are transferred via NADH to Complex I and
then transported to CoQ. Flavin-containing enzyme complexes can directly deliver electrons to CoQ.
CoQ transfers electrons to Complex IV through Complex III and Cyt c. In this step, oxygen is reduced
to water. Complexes I, III, and IV pump H+ from the mitochondrial matrix into the intermembrane
space, which generates a proton gradient. Eventually, Complex V leverages this proton gradient to
produce ATP.

3. Resistant Cancer Cells Display High OXPHOS Activity Levels

Mitochondrial mutations in certain human tumors may contribute to cell proliferation
advantages in tumorigenesis [8]. Drug-sensitive cancer cells promote glucose utilization
and undergo enhanced glycolysis, promoting their rapid proliferation. Resistant cancer cells
exhibit reprogrammed metabolism, which drives an energy metabolism shift, mediated via
the expression of certain oncogenes, toward OXPHOS [38] (Figure 2).
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Figure 2. Resistant cancer cells display high OXPHOS activity. Activation of various oncogenic 
signaling pathways contributes to cancer drug resistance by upregulating OXPHOS activity in 
certain cancers, including breast cancer, ovarian cancer, and melanoma. 

3.1. OXPHOS in the Drug Resistance of Hematologic Malignancies 
The transition of energy metabolism to OXPHOS is common in hematologic malig-
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and acid ceramidase (AC), and they display increased OXPHOS, promoting drug re-
sistance. The SPHK1 inhibitor SK1−i and AC inhibitor SACLAC partially decrease 
OXPHOS activity [41]. 

Lymphoma cells activate the AMPK signaling pathway to inhibit the lymphoid tran-
scription regulator ID3, which leads to the upregulation of the PKA subunit PRKAR2B. In 
turn, PRKAR2B overexpression results in reduced ID3 protein levels. The pathway con-
sisting of ID3, AMPK, and PKA increases mitochondrial OXPHOS, which is involved in 
B−cell lymphoma 2 (BCL−2) inhibitor resistance [42]. Twenty percent of AML patients 
harbor IDH mutations, including IDH2 R140 and IDH1 R132 [43]. AML patients with IDH 
mutations display enhanced OXPHOS, which is induced by an increase in Complex I ac-
tivity. IDH1 mutant inhibitors fail to decrease mitochondrial respiration due to PGC1α 
activation and Akt inhibition. OXPHOS inhibitors improve the response to IDH1 mutant 
inhibitors in AML [44]. The internal tandem duplication (ITD) of the tyrosine kinase re-
ceptor FLT3 (FLT3−ITD) is a chromosomal aberration, occurring in 30% of AML patients 
[45,46]. FLT3 inhibitor gilteritinib is used as frontline treatment or AML patients. 
FLT3−ITD AML cells develop resistance to gilteritinib by switching from glycolysis to 
OXPHOS. Dihydroorotate dehydrogenase (DHODH), cyclin−dependent kinase 9 (CDK9), 
or protein arginine N−methyltransferase 5 (PRMT5) inhibition decreases OXPHOS activ-
ity and sensitizes cells to gilteritinib treatment [47]. 

3.2. OXPHOS in Drug Resistance of Solid Tumors 
In solid tumors, resistance to MEK inhibitors in human melanomas with BRAF and 
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Figure 2. Resistant cancer cells display high OXPHOS activity. Activation of various oncogenic
signaling pathways contributes to cancer drug resistance by upregulating OXPHOS activity in certain
cancers, including breast cancer, ovarian cancer, and melanoma.
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3.1. OXPHOS in the Drug Resistance of Hematologic Malignancies

The transition of energy metabolism to OXPHOS is common in hematologic malignan-
cies. Ceramide can target mitochondria and contribute to cell apoptosis [39,40]. Resistant
cells in acute myelogenous leukemia (AML) activate sphingosine kinase 1 (SPHK1) and acid
ceramidase (AC), and they display increased OXPHOS, promoting drug resistance. The
SPHK1 inhibitor SK1-i and AC inhibitor SACLAC partially decrease OXPHOS activity [41].

Lymphoma cells activate the AMPK signaling pathway to inhibit the lymphoid tran-
scription regulator ID3, which leads to the upregulation of the PKA subunit PRKAR2B. In
turn, PRKAR2B overexpression results in reduced ID3 protein levels. The pathway consist-
ing of ID3, AMPK, and PKA increases mitochondrial OXPHOS, which is involved in B-cell
lymphoma 2 (BCL-2) inhibitor resistance [42]. Twenty percent of AML patients harbor IDH
mutations, including IDH2 R140 and IDH1 R132 [43]. AML patients with IDH mutations
display enhanced OXPHOS, which is induced by an increase in Complex I activity. IDH1
mutant inhibitors fail to decrease mitochondrial respiration due to PGC1α activation and
Akt inhibition. OXPHOS inhibitors improve the response to IDH1 mutant inhibitors in
AML [44]. The internal tandem duplication (ITD) of the tyrosine kinase receptor FLT3
(FLT3-ITD) is a chromosomal aberration, occurring in 30% of AML patients [45,46]. FLT3
inhibitor gilteritinib is used as frontline treatment or AML patients. FLT3-ITD AML cells
develop resistance to gilteritinib by switching from glycolysis to OXPHOS. Dihydrooro-
tate dehydrogenase (DHODH), cyclin-dependent kinase 9 (CDK9), or protein arginine
N-methyltransferase 5 (PRMT5) inhibition decreases OXPHOS activity and sensitizes cells
to gilteritinib treatment [47].

3.2. OXPHOS in Drug Resistance of Solid Tumors

In solid tumors, resistance to MEK inhibitors in human melanomas with BRAF and
NRAS mutations is mediated by high OXPHOS activity, which is attenuated by mTORC1/2
inhibitors. Mechanistically, human melanomas with BRAF and NRAS mutations facilitate
MITF expression and upregulate the level of the transcriptional coactivator PGC1α. An
mTORC1/2 inhibitor promotes MITF translocation from the nucleus to the cytoplasm,
inhibiting PGC1α expression and OXPHOS activity [48]. PGC1α can synergize with
the histone deacetylase sirtuin 1 (SIRT1) to promote resistance to chemotherapy; this
synergistic effect is mediated by increased OXPHOS activities in colon cancer. Targeting
the SIRT1/PGC1a pathway inhibits mitochondrial OXPHOS, enhancing drug efficacy [49].

Breast CSCs (BCSCs) can overexpress MYC and MCL1 and thus survive cytotoxic
chemotherapy in triple-negative breast cancer (TNBC). MYC and MCL1 upregulate OX-
PHOS activity, which in turn increases HIF-1α expression to promote CSC enrichment [50].
BAY-876 is the first highly selective GLUT1 inhibitor that increases esophageal squamous
cell carcinoma (ESCC) cell sensitivity to cisplatin [51,52]. Some TNBC cell lines exhibit re-
sistance to BAY-876 through high levels of OXPHOS. On the other hand, BAY-876-sensitive
TNBC cells display low OXPHOS rate and increased glycolysis [53]. Similarly, ovarian
cancer (OC) cells increased oxidative metabolism to drive cisplatin resistance via the down-
regulation of tumor necrosis factor receptor-associated protein 1 (TRAP1). TRAP1-mediated
metabolic reprogramming significantly induces the upregulation of two members of the
multidrug resistance protein family, TAP1 and MDR1, activating IL signaling and stimu-
lating IL6 expression [54]. Histone deacetylase (HDAC) inhibitors have been used in the
treatment of hematologic malignancies [55]. However, HDAC inhibitors do not have a
therapeutic effect on solid tumors [56]. In glioblastoma (GBM), HDAC inhibitors result in
high OXPHOS activity mediated by elevated fatty acid oxidation (FAO). HDAC inhibitors
increase the expression of PGC1α to enhance OXPHOS, which is dependent on c-Myc [57].

3.3. ROS Levels in Cancer Cells and OXPHOS

Both an oxidative state and a glycolytic state are hallmarks of cancer cells, which
display a different metabolic signature than normal cells [58–60]. This difference results
from increased reactive oxygen species (ROS) levels and activated oncogenic pathways,
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such as the c-SRC, MYC and RAS pathways, in cancer cells. A specific hybrid state of
cancer cells promotes their metabolic plasticity [61]. High OXPHOS activity in resistant
cancer cells increases the levels of ROS. Upon reaching certain levels, ROS promote cancer
cell proliferation [62]. The ERK1/2 MAPK pathway can mediate cell proliferation when
ROS levels are low. Researchers have shown that ROS are mainly generated from the
Qo site in Complex III. Mitochondrial ROS mediate Kras-induced cell proliferation and
carcinogenesis by inhibiting ERK1/2 MAPK pathway activity [63].

However, excess ROS contribute to cancer cell death. Chemoresistant cancer cells
show enhanced ROS-scavenging system activity and decreased intracellular ROS levels,
enabling them to survive chemotherapy. Cisplatin-resistant ovarian carcinoma cells elevate
the pentose phosphate pathway (PPP), which promotes GSH production to maintain redox
homeostasis and contribute to cisplatin resistance [64,65]. Peroxiredoxin 3 (Prx3) is a
ROS detoxification gene. FoxM1 promotes Prx3 expression and decreases ROS levels in
gastric CSCs critical for chemoresistance [66]. Researchers have found that the leukemia
cell populations with decreased ROS levels are enriched with leukemia stem cells (LSCs)
and that LSCs depend on OXPHOS. This cell subpopulation exhibits upregulated BCL-
2, which is associated with the inhibition of the mitochondria-initiated pro-apoptotic
pathway. BCL-2 inhibitors selectively eradicate LSCs by increasing ROS production and
inhibiting OXPHOS activity [17]. Targeting the ROS-scavenging system probably reverses
chemotherapy resistance via ROS-induced cell death. Protoporphyrin is a photosensitizer
used in photodynamic therapy. Under laser irradiation, protoporphyrin can produce
hydroxyl anions and induce cancer cell death [67].

4. CSCs Undergo a Metabolic Transition between OXPHOS and Glycolysis
4.1. CSC Metabolism Remodeling and Promotion of Mitochondrial OXPHOS

CSCs constitute a subpopulation of self-renewing cells with differentiation potential.
These cells give rise to resistance to conventional therapies, contributing to a decrease in
the survival time of cancer patients [68–70].

CSCs activate DNA repair pathways and protect DNA from chemotherapy [71].
Translesion DNA synthesis (TLS) is a specialized DNA damage tolerance pathway medi-
ated by DNA polymerases of the Y-family and the B-family [72]. Ovarian CSCs promote
the expression of DNA polymerase η (Pol η), a member of the DNA polymerase Y-family.
Pol η mediates cisplatin resistance in ovarian CSCs by inducing TLS [73]. On the other
hand, CSCs show therapy resistance by increasing drug efflux activity [71]. ATP-binding
cassette transporters have ATP-binding domains, which are associated with multidrug
resistance [74]. ATP-binding cassette subfamily B member 1 (ABCB1) is elevated in CSCs
and contributes to MET inhibitor resistance in non-small cell lung cancer (NSCLC) [75].
Compared to non-CSCs, CSCs have been shown to have a distinct metabolic status in
various cancers. Metabolism reprogramming of CSCs is required for supporting stemness
properties [76,77]. The homeobox transcription factor NANOG maintains self-renewal
and pluripotency of embryonic cells in human development. However, overexpression of
NANOG leads to chemotherapy resistance in CSCs by regulating metabolic pathways [78].
CSCs activate FAO to induce sorafenib resistance, which is a kinase inhibitor used for hepa-
tocellular carcinoma (HCC). This resistance is dependent on the overexpression of NANOG.
Inhibition of FAO sensitizes CSCs to sorafenib [79]. Cyclophosphamide is an alkylating
antineoplastic agent that is used for the treatment of various cancers [80]. Aldehyde dehy-
drogenase 1 (ALDH1) may mediate cellular resistance to cyclophosphamide [81]. Colon
CSCs can secrete high levels of ALDH1 and neutralize the cytotoxicity of maphosphamide,
an active form of cyclophosphamide [82]. Anticancer drugs can enrich CSCs, remodel their
metabolism and promote mitochondrial OXPHOS [16,18,20].

The tyrosine kinase inhibitor (TKI) imatinib has become a pillar of chronic myeloid
leukemia (CML) treatment. However, LSCs acquire resistance that results in disease relapse.
In LSCs, oxidative metabolism is upregulated, which is crucial for surviving anticancer
drugs. Therefore, imatinib in combination with the mitochondrial translation inhibitor
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tigecycline can significantly eliminate LSCs and delay resistance to targeted therapy [16].
The DNA hypomethylating agent azacytidine, in combination with the BCL-2 inhibitor
venetoclax, suppresses Complex II activity by reducing sdhA glutathionylation, which
inhibits OXPHOS activity in acute myeloid leukemia stem cells (AML LSCs). Azacitidine +
venetoclax selectively eradicates LSCs and induces durable and deep responses in AML
patients [18]. However, in relapsed/refractory (R/R) AML patients, this treatment dis-
plays less efficacy. Azacitidine+ venetoclax cannot eliminate relapsed LSCs that promote
nicotinamide metabolism to induce OXPHOS. Nicotinamide phosphoribosyltransferase
(NAMPT) inhibitors specifically target relapsed LSCs by reducing OXPHOS activity but do
not affect normal hematopoietic stem cells [83].

Calcitonin receptor-like receptor (CALCRL) is involved in several processes, including
receptor internalization and the G protein-coupled receptor signaling pathway. CAL-
CRL inhibition impairs AML cell proliferation, decreases LSC enrichment and confers
chemotherapy sensitivity to AML cells. Mechanistically, CALCRL induces mitochondrial
OXPHOS required for BCL2 and E2F1 [84]. Bone marrow mesenchymal stem cells (BMSCs)
are heterogeneous populations that contain various progenitor cells. BMSCs are associated
with cell proliferation and immune regulation [85]. Nestin is a marker of neuroepithelial
stem cells. BMSCs expressing nestin contribute to the chemoresistance of LSCs. Nestin
BMSCs provide metabolic support to LSCs through OXPHOS and the TCA cycle [86].
NOTCH1 mutation is common in T-cell acute lymphoblastic leukemia (T-ALL), which is an
aggressive hematologic malignancy [87,88]. The OXPHOS pathway is driven by oncogenic
activation of NOTCH1 in T-ALL and plays a significant role in LSC function. NOTCH1
status affects LSC sensitivity to OXPHOS inhibitors. T-ALL cells with NOTCH1 mutations
show a greater response to OXPHOS inhibition than NOTCH1 -wt cells [89].

Signal transducer and activator of transcription 3 (STAT3), a cytoplasmic transcription
factor, is involved in various oncogenic signaling pathways [90]. STAT3 induces OXPHOS
activity in LSCs. At the molecular level, STAT3 promotes MYC expression in AML; in turn,
MYC regulates the transcription of SLC1A5, a neutral amino acid transporter gene. Inhibi-
tion of STAT3 can specifically eradicate AML CSCs and progenitor cells [91]. Similar to their
effect on hematologic malignancies, CSCs increase OXPHOS activity in solid tumors. A
subpopulation of PDAC cells survive mutated KRAS ablation. Resistant cells express cancer
stem cell markers with OXPHOS activation and impaired glycolysis. In the treatment of
OXPHOS inhibitors, resistant cells fail to upregulate glycolysis to compensate for decreased
ATP production. OXPHOS inhibitors specifically eradicate resistant cells [20]. Colon CSCs
exhibit increased ROS production and consume more oxygen than non-CSCs. Colon CSCs
exhibit upregulation of the mitochondrial gene PRX3, which promotes mitochondrial func-
tion and maintains cancer stemness. FOXM1 binds to the PRX3 promoter to enhance its
expression [92]. Deoxyguanosine kinase (DGUOK) is a mitochondrial deoxynucleoside
kinase associated with the salvage of purine deoxynucleoside. DGUOK promotes CSC
self-renewal in lung adenocarcinoma. At the molecular level, DGUOK facilitates Complex
I activity to maintain mitochondrial OXPHOS, which regulates the AMPK-YAP1 pathway
and maintains cancer cell stemness [93].

Notably, recent data demonstrate that chemotherapy-resistant cancer cells do not
necessarily exhibit stem cell features, which still increase mitochondrial respiration. Cy-
tarabine (Ara-C) is a nucleoside drug that is commonly used in the treatment of leukemia.
Researchers have shown that Ara-C treatment cannot induce LSC enrichment, a result
different from that of a previous study [94]. Ara-C-resistant cells increase OXPHOS activity
by promoting fatty acid oxidation and overexpression of CD36 [95]. Researchers have also
found that Ara-C leads to the upregulation of the ectonucleotidase CD39 in AML patients,
which is related to poor prognosis in the clinic. Increased CD39 activity contributes to Ara-C
resistance by promoting mitochondrial OXPHOS. Inhibition of CD39 activity inhibits the
metabolic shift triggered by Ara-C and increases AML cell sensitivity to Ara-C in vitro [96].
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4.2. Certain Drugs Cause Metabolic Transformation from OXPHOS to Glycolysis in CSCs

Although an increasing body of evidence shows that cancer therapy induces a metabolic
shift toward OXPHOS, researchers have also found that the transition of the metabolic
process from OXPHOS to glycolysis occurs in CSCs after treatment with certain antitumor
drugs [76,97,98].

Metformin is a biguanide used to treat type 2 diabetes. Metformin inhibits mito-
chondrial complex I to decrease OXPHOS activity [99]. Metformin has been suggested
to increase intracellular ROS levels and induce apoptosis in pancreatic CSCs. However,
CSCs treated with metformin eventually develop resistance, contributing to tumor pro-
gression [100]. In hepatocellular carcinoma (HCC) cells, metformin can lead to increased
OXPHOS. Mechanistically, TOMM34, a translocase in the outer mitochondrial membrane,
interacts with ATP5B and maintains OXPHOS activity in HCC cells treated with metformin.
The OXPHOS inhibitor gboxin sensitizes HCC to metformin by abrogating the interaction
between TOMM34 and ATP5B [101].

Metformin-resistant pancreatic CSCs exhibit specific metabolic features, including
downregulated OXPHOS and increased glycolytic activity. Mechanistically, upregulation
of MYC inhibits PGC-1α expression in metformin-resistant CSCs by binding to its promoter.
PGC-1α is associated with mitochondrial biogenesis and promotes OXPHOS. Interestingly,
the mitochondrial ROS inducer menadione can reverse resistance to metformin in pancreatic
CSCs. Menadione probably becomes a promising drug to attenuate the resistance of cancer
cells to OXPHOS inhibitors [102].

Researchers have also found that pancreatic CSCs upregulate the expression of interferon-
stimulated gene 15 (ISG15) and promote protein ISGylation. Loss of ISG15 impairs pancre-
atic CSC sphere formation capacity. ISG15 knockout contributes to reduced mitochondrial
ISGylation and decreased OXPHOS. Importantly, loss of ISG15/ISGylation reverses pan-
creatic CSC resistance to metformin [103]. Toll-like receptor 4 (TLR4) signaling activates
NANOG through E2F1 phosphorylation in HCC. NANOG impairs mitochondrial OX-
PHOS to reduce ROS production, which is associated with drug resistance. Mitochondrial
metabolic signaling linked with NANOG maintains tumor-initiating stem-like cells (TICs).
Upregulation of OXPHOS sensitizes TICs to the kinase inhibitor sorafenib in advanced
HCC [79].

5. OXPHOS Plays a Dual Role in Cancer Immunity
5.1. OXPHOS Contributes to Immunotherapy Resistance

Immune checkpoint therapy has led to great successes in cancer treatment and can enhance
T-cell responses to induce durable clinical responses for many kinds of cancers [104–106]. Target-
ing the programmed cell death protein-1 pathway (PD-1/PD-L1) and cytotoxic T lymphocyte–
associated antigen-4 (CTLA-4) has led to important clinical advances in cancer therapy [107–109].
However, this treatment can elicit only tumor regression in a fraction of patients. Some patients
do not respond; that is, they show primary resistance, while others develop acquired resistance
after the initial response [110–112]. Metabolic reprogramming occurs in immune cells and
cancer cells and contributes to immunotherapy resistance [113–115].

Melanoma cells resistant to anti-PD-1, anti-PD-L1 and anti-CTLA-4 immunotherapy
show increased OXPHOS activity. In melanoma patients resistant to anti-PD-1+ anti-
CTLA-4 immunotherapy, OXPHOS-related genes are upregulated. The OXPHOS inhibitor
metformin fails to sensitize resistant melanoma cells to immunotherapy [116]. A PD-1-
resistant murine tumor model showed greater oxidative metabolism than a PD-1-sensitive
model of non-small cell lung cancer (NSCLC). IACS-010759 is a Complex I inhibitor and
mediates apoptosis in AML dependent on OXPHOS [117]. IACS-010759 in combination
with radiotherapy sensitized the PD-1-resistant model to anti-PD-1 agents and prolonged
survival time. This combination treatment is being tested clinically [118].
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5.2. OXPHOS Affects Certain Types of Immune Cells in The TME

The influence of OXPHOS in immune cells on immunotherapy resistance is related
to certain types of immune cells in the TME [119] (Figure 3). Tumor-infiltrating T cells
have reduced mitochondrial OXPHOS activity and display mitochondrial dysfunction.
Nicotinamide riboside can improve the mitochondrial function of tumor-infiltrating T cells
and enhance responsiveness to PD-1 blockade [120]. Decreased mitochondrial mass in
tumor-infiltrating T cells is associated with high expression of immune inhibitory molecules
in the TME; these proteins include Tim-3, LAG-3, and PD-1. Inhibition of PGC1α con-
tributes to low OXPHOS activity, which is partially mediated by activation of the Akt
signaling pathway. Tumor-infiltrating T cells enhance antitumor immunity through PGC1α
overexpression [121]. Anti-PD-L1 agents promote the mitochondrial function of tumor-
reactive cytotoxic T lymphocytes (CTLs), inducing high ROS generation. In turn, ROS can
augment the T-cell-dependent antitumor activity of anti-PD-L1 agents. Mechanistically,
ROS activate AMPK and mTOR signaling, which upregulates PGC1α expression. PGC1α,
with its cofactor peroxisome proliferator-activated receptors (PPARs), mediates mitochon-
drial OXPHOS to enhance antitumor immunity. Hence, combinatorial therapy comprising
PGC1α activators with anti-PD-L1 agents is a promising strategy to improve the efficacy of
cancer immunotherapy [122].Cancers 2023, 15, x FOR PEER REVIEW 9 of 18 
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Figure 3. OXPHOS plays a dual role in cancer immunity. (A) Anti-PD-L1 agent promotes mitochon-
drial function in tumor-reactive cytotoxic T lymphocytes (CTLs). (B) The Foxp3-mediated metabolic
phenotype of Tregs may result in resistance to anticancer immunotherapy. (C) OXPHOS is required
for M2 macrophage differentiation. (D) Neutrophils may mediate immune suppression in the tumor
microenvironment (TME).

T-regulatory cells (Tregs) constitute a subset of helper T cells and maintain immune
equilibrium by inhibiting various immune cell activities [123]. Tregs facilitate OXPHOS
in low-glucose and high-lactate environments; these effects are induced by the expres-
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sion of forkhead box P3 (Foxp3). Treg suppressive function against T-effector (Teff) cells
is significantly reduced by mutation in ETC complex I. The Foxp3-mediated metabolic
phenotype of Tregs may result in resistance to anticancer immunotherapy [124]. However,
the effect of OXPHOS on Treg suppressive activity is heterogeneous. Fatty acid binding
protein 5(FABP5) is a lipid chaperone that promotes lipid uptake. Inhibition of FABP5
disrupts lipid metabolism, leading to reduced OXPHOS activity in Tregs. In contrast to
previous studies, FABP5 inhibition facilitates type I IFN signaling and Treg suppressive
activity [125].

Macrophages play an important role in inflammatory responses and tissue homeosta-
sis [126,127]. Macrophages differentiate into two main subtypes: proinflammatory M1
macrophages and anti-inflammatory M2 macrophages. M1 macrophages induce the death
of tumor cells and increase glycolysis. M2 macrophages mediate immune tolerance and
recruit Tregs to promote immunotherapy resistance with the metabolic signature of high
OXPHOS activity [128]. OXPHOS is required for M2 macrophage differentiation [129]. The
OXPHOS inhibitor oligomycin significantly decreases the expression of PD-L2 and RELMα,
which are M2 macrophage differentiation markers. Intriguingly, the glycolysis inhibitor
2-DG suppresses mitochondrial OXPHOS and impairs JAK/STAT6 pathway signaling to
inhibit M2 differentiation [130].

Neutrophils may mediate immune suppression in the TME. C-Kit is the receptor of
stem cell factor (SCF), which is a marker of neutrophil immaturity. The 4T1 mammary
tumors express SCF and promote OXPHOS activity in neutrophils via SCF-c-Kit signaling.
Tumor-elicited neutrophils upregulate the expression of Complexes I and IV, impairing the
function of tumor-infiltrating T cells [131].

6. OXPHOS Is a Novel Therapeutic Target That Can Be Leveraged to Overcome Cancer
Drug Resistance
6.1. OXPHOS Inhibitors in Cancer Therapy

Targeting OXPHOS in combination with standard therapy can specifically eradi-
cate resistant cells and prolong the survival time of cancer patients with certain can-
cers [16,18,132,133] (Table 1). OPB-51602 is a novel OXPHOS inhibitor that can repress
Complex I activity to diminish mitochondrial OXPHOS. OPB-51602 resensitizes patients
who develop resistance to EGFR TKI, resulting in tumor regression and profound metabolic
responses [22]. Imatinib therapy contributes to the enhancement of OXPHOS activity
and this metabolic phenotype may lead to imatinib resistance in gastrointestinal stromal
tumors (GISTs). Targeting OXPHOS with the mitochondrial OXPHOS inhibitor VLX600
is an effective strategy for counteracting imatinib resistance. VLX600 decreases the oxy-
gen consumption rate (OCR) in HCT116 cells and inhibits the activities of Complex I, II
and IV, leading to mitochondrial dysfunction and glucose dependence. VLX600 targets
quiescent cells in colon cancer, which significantly increases chemotherapy efficacy [21,134].
Mubritinib is a selective ERBB2 inhibitor with an anticancer effect in bladder, kidney and
prostate cancer [135]. A recent study finds that mubritinib displays anti-leukemic activity
by inhibiting NADH dehydrogenase activity. Chemotherapy-resistant AML cells with high
OXPHOS is sensitive to mubritinib, which is associated with poor outcome [136].

OXPHOS complexes are embedded in the mitochondrial inner membrane. The mi-
tochondrial outer membrane affects apoptosis by regulating the BCL-2 family of proteins.
Dual inhibition of OXPHOS and BCL-2 can delay the generation of drug resistance. BAM15
is a mitochondrial uncoupling agent targeting OXPHOS. ABT737 is a BCL-2 inhibitor. The
combination of BAM15 and ABT737 promotes melanoma cell apoptosis induced by MAPK
pathway inhibitors [137]. OXPHOS inhibitors selectively eliminate CSCs but do not affect
normal cells, improving the efficacy of anticancer drugs. High levels of aldehyde dehydro-
genase (ALDH) promote chemotherapy resistance and enhance cancer stemness. ALDH1A
family selective inhibitors (ALDH1Ai) target ovarian CSCs. ALDH1Ai upregulate UCPs
and inhibit OXPHOS activity to mediate necroptosis in ovarian CSCs [138].



Cancers 2023, 15, 62 10 of 17

6.2. Novel Potential Biomarkers to Enhance the Application of OXPHOS Inhibitors

While OXPHOS is a significant target for cancer therapy, it is hard to predict the efficacy
of OXPHOS inhibitors. Mitochondrial gene expression and TNBC type can predict the
efficacy of OXPHOS inhibitor IACS-010759. On the other hand, IACS-010759 resistance in
TNBC is associated with epithelial mesenchymal transition (EMT) signature and increased
expression of AXL, a member of the TAM family. IACS-010759 delays the resistance to
CDK4/6 inhibitor palbociclib in TNBC [139].

Genomic instability is related to tumorigenesis [140]. Homologous recombination-
defective (HRD) cancers are dependent on OXPHOS to supply NAD and ATP for the DNA
repair pathway. HRD cancer cells undergo metabolic reprogramming, including enhanced
OXPHOS and decreased glycolysis. OXPHOS activity confers metformin sensitivity to HRD
cancer cells and is associated with the efficacy of PARP inhibitors [141]. The mtDNA mutations
in some human tumors may contribute to cell proliferation advantages during tumorigen-
esis [8]. Mutations in the mitochondrial Complex I gene enable cancer cells to suppress
OXPHOS upregulation but sensitize them to Complex I inhibitor phenformin when in low-
glucose state [142]. The capacity of glucose utilization clearly affects sensitivity to the OXPHOS
inhibitor in cancer cells. Glucose transporter GLUT1 expression induces resistance to OXPHOS
inhibitors [143]. Similarly, overexpression of GLUT3 significantly minimizes phenformin sen-
sitivity in a low-glucose state [142]. On the other hand, inhibition of protein synthesis can
enhance OXPHOS inhibitor resistance [143]. Hence, mtDNA mutations, glucose uptake capac-
ity and protein synthesis rate may be novel potential biomarkers that can be used to enhance
the application of OXPHOS inhibitors in cancer therapy.

Table 1. A list of drugs related to OXPHOS systems for cancer therapy.

Therapeutic Agent Clinical Testing Phase Observations References

Inhibition of Complex I

IACS-010759 Preclinical

IACS-010759 is a Complex I inhibitor and mediates apoptosis in AML
dependent on OXPHOS; IACS-010759 in combination with radiotherapy
sensitized the PD-1-resistant model to anti-PD-1 agents and prolonged

survival time.

[117,118]

Phenformin Preclinical
Mutations in the mitochondrial Complex I gene enable cancer cells to

suppress OXPHOS upregulation but sensitize them to Complex I inhibitor
phenformin when in low-glucose state.

[142]

Metformin Several hundred trials
in progress

Metformin increases intracellular ROS levels and induces apoptosis in
pancreatic CSCs. [100]

Mubritinib Preclinical Mubritinib displays anti-leukemic activity by inhibiting NADH
dehydrogenase activity. [136]

OPB-51602 Phase I OPB-51602 resensitizes patients who develop resistance to EGFR TKI,
resulting in tumor regression and profound metabolic responses. [22]

Inhibition of Complex II

Lonidamine Phase III Lonidamine promotes anti-tumor activity of conventional cytotoxic drugs
in NSCLC. [121]

Inhibition of Complex III

Atovaquone Preclinical Atovaquone has anti-tumor activity and significantly eliminates CSCs in
breast cancer cells. [19]

Inhibition of Complex IV

Arsenic trioxide Clinical use for APL Arsenic trioxide acutely upregulates oxygen consumption and sensitizes
tumors to radiotherapy. [23]

Inhibition of Complex V

Oligomycin Preclinical Oligomycin specifically eliminates pancreatic CSCs resistant to
KRAS inhibitors. [20]

Gboxin Preclinical Gboxin sensitizes HCC to metformin by abrogating the interaction between
TOMM34 and ATP5B. [101]

Abbreviations: ROS, reactive oxygen species; CSCs, cancer stem cells; TKI, tyrosine kinase inhibitor; NSCLC,
non-small cell lung cancer; APL, acute promyelocytic leukemia; HCC, hepatocellular carcinoma.
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7. Conclusions

Recent studies have demonstrated that resistance to anticancer drugs depends on
OXPHOS in various cancers and that this resistance can be reversed by inhibiting mi-
tochondrial OXPHOS. Resistant cancer cells show activation of a variety of oncogenic
pathways that promote OXPHOS activity and cell survival after treatment with conven-
tional therapies. CSCs may be enriched among a minimal residual cancer cell population
after exposure to cytotoxic agents, leading to cancer recurrence. The metabolic signature of
CSCs is increased OXPHOS, which contributes to their insensitivity to cancer treatment.
The effect of oxidative metabolism differs among immune cells and it plays a dual role in
immunotherapy resistance. Downregulation of OXPHOS impairs the function of tumor-
infiltrating T cells and diminishes antitumor immune responses to immune checkpoint
therapy. OXPHOS inhibitors have significantly prevented or delayed cancer drug resistance
and sensitize resistant cancer cells to standard therapy in preclinical research. However,
the efficacy of OXPHOS inhibitors varies dramatically in different cancers. Sensitivity to
OXPHOS inhibitors is associated with complex factors, such as mtDNA mutations and
glycolysis, which need to be further explored to improve treatment responses. Strategies
to specifically target cancer cells and decrease their negative effects on immune cells are
important for increasing the application of OXPHOS inhibitors in clinical practice.

Author Contributions: Conceptualization, Z.Z. and Z.W.; methodology, Z.Z. and Y.M.; writing—
original draft preparation, Z.Z.; writing—review and editing, Z.W. and W.H.; supervision, W.H.;
funding acquisition, Z.W. and W.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (81871994,
82022037, 82203152). The Guangdong Provincial Natural Science Foundation for Distinguished Young
Scholars (2019B151502063). The Natural Science Foundation of Guangdong Province (2021B1515230009),
the Guangzhou Science and Technology Planning Program (201902020018).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Warburg, O. Über den Stoffwechsel der Carcinomzelle. Naturwissenschaften 1924, 12, 1131–1137. [CrossRef]
2. Warburg, O. On the origin of cancer cells. Science 1956, 123, 309–314. [CrossRef] [PubMed]
3. Ashton, T.M.; McKenna, W.G.; Kunz-Schughart, L.A.; Higgins, G.S. Oxidative Phosphorylation as an Emerging Target in Cancer

Therapy. Clin. Cancer Res. 2018, 24, 2482–2490. [CrossRef] [PubMed]
4. Erin, N.; Grahovac, J.; Brozovic, A.; Efferth, T. Tumor microenvironment and epithelial mesenchymal transition as targets to

overcome tumor multidrug resistance. Drug Resist. Updates Rev. Comment. Antimicrob. Anticancer. Chemother. 2020, 53, 100715.
[CrossRef] [PubMed]

5. Gonçalves, A.C.; Richiardone, E.; Jorge, J.; Polónia, B.; Xavier, C.P.R.; Salaroglio, I.C.; Riganti, C.; Vasconcelos, M.H.; Corbet,
C.; Sarmento-Ribeiro, A.B. Impact of cancer metabolism on therapy resistance—Clinical implications. Drug Resist. Updates Rev.
Comment. Antimicrob. Anticancer. Chemother. 2021, 59, 100797. [CrossRef] [PubMed]

6. Parfait, B.; Chretien, D.; Rötig, A.; Marsac, C.; Munnich, A.; Rustin, P. Compound heterozygous mutations in the flavoprotein
gene of the respiratory chain complex II in a patient with Leigh syndrome. Human Genet. 2000, 106, 236–243. [CrossRef]

7. Baysal, B.E.; Ferrell, R.E.; Willett-Brozick, J.E.; Lawrence, E.C.; Myssiorek, D.; Bosch, A.; van der Mey, A.; Taschner, P.E.; Rubinstein,
W.S.; Myers, E.N. Mutations in SDHD, a mitochondrial complex II gene, in hereditary paraganglioma. Science 2000, 287, 848–851.
[CrossRef]

8. Larman, T.C.; DePalma, S.R.; Hadjipanayis, A.G.; Protopopov, A.; Zhang, J.; Gabriel, S.B.; Chin, L.; Seidman, C.E.; Kucherlapati,
R.; Seidman, J.G. Spectrum of somatic mitochondrial mutations in five cancers. Proc. Natl. Acad. Sci. USA 2012, 109, 14087–14091.
[CrossRef]

9. Weinberg, S.E.; Chandel, N.S. Targeting mitochondria metabolism for cancer therapy. Nat. Chem Biol 2015, 11, 9–15. [CrossRef]
10. Viale, A.; Corti, D.; Draetta, G.F. Tumors and mitochondrial respiration: A neglected connection. Cancer Res. 2015, 75, 3685–3686.

[CrossRef]
11. Zong, W.X.; Rabinowitz, J.D.; White, E. Mitochondria and Cancer. Mol. Cell 2016, 61, 667–676. [CrossRef]
12. Szabo, I.; Zoratti, M.; Biasutto, L. Targeting mitochondrial ion channels for cancer therapy. Redox Biol. 2021, 42, 101846. [CrossRef]
13. Bosc, C.; Selak, M.A.; Sarry, J.E. Resistance Is Futile: Targeting Mitochondrial Energetics and Metabolism to Overcome Drug

Resistance in Cancer Treatment. Cell Metab. 2017, 26, 705–707. [CrossRef]

http://doi.org/10.1007/BF01504608
http://doi.org/10.1126/science.123.3191.309
http://www.ncbi.nlm.nih.gov/pubmed/13298683
http://doi.org/10.1158/1078-0432.CCR-17-3070
http://www.ncbi.nlm.nih.gov/pubmed/29420223
http://doi.org/10.1016/j.drup.2020.100715
http://www.ncbi.nlm.nih.gov/pubmed/32679188
http://doi.org/10.1016/j.drup.2021.100797
http://www.ncbi.nlm.nih.gov/pubmed/34955385
http://doi.org/10.1007/s004399900218
http://doi.org/10.1126/science.287.5454.848
http://doi.org/10.1073/pnas.1211502109
http://doi.org/10.1038/nchembio.1712
http://doi.org/10.1158/0008-5472.CAN-15-0491
http://doi.org/10.1016/j.molcel.2016.02.011
http://doi.org/10.1016/j.redox.2020.101846
http://doi.org/10.1016/j.cmet.2017.10.013


Cancers 2023, 15, 62 12 of 17

14. Sica, V.; Bravo-San Pedro, J.M.; Stoll, G.; Kroemer, G. Oxidative phosphorylation as a potential therapeutic target for cancer
therapy. Int. J. Cancer 2020, 146, 10–17. [CrossRef]

15. Kumar, P.R.; Moore, J.A.; Bowles, K.M.; Rushworth, S.A.; Moncrieff, M.D. Mitochondrial oxidative phosphorylation in cutaneous
melanoma. Br. J. Cancer 2021, 124, 115–123. [CrossRef]

16. Kuntz, E.M.; Baquero, P.; Michie, A.M.; Dunn, K.; Tardito, S.; Holyoake, T.L.; Helgason, G.V.; Gottlieb, E. Targeting mitochondrial
oxidative phosphorylation eradicates therapy-resistant chronic myeloid leukemia stem cells. Nat. Med. 2017, 23, 1234–1240.
[CrossRef]

17. Lagadinou, E.D.; Sach, A.; Callahan, K.; Rossi, R.M.; Neering, S.J.; Minhajuddin, M.; Ashton, J.M.; Pei, S.; Grose, V.; O’Dwyer,
K.M. BCL-2 inhibition targets oxidative phosphorylation and selectively eradicates quiescent human leukemia stem cells. Cell
Stem Cell 2013, 12, 329–341. [CrossRef]

18. Pollyea, D.A.; Stevens, B.M.; Jones, C.L.; Winters, A.; Pei, S.; Minhajuddin, M.; D’Alessandro, A.; Culp-Hill, R.; Riemondy, K.A.;
Gillen, A.E. Venetoclax with azacitidine disrupts energy metabolism and targets leukemia stem cells in patients with acute
myeloid leukemia. Nat. Med. 2018, 24, 1859–1866. [CrossRef]

19. Fiorillo, M.; Lamb, R.; Tanowitz, H.B.; Mutti, L.; Krstic-Demonacos, M.; Cappello, A.R.; Martinez-Outschoorn, U.E.; Sotgia,
F.; Lisanti, M.P. Repurposing atovaquone: Targeting mitochondrial complex III and OXPHOS to eradicate cancer stem cells.
Oncotarget 2016, 7, 34084–34099. [CrossRef]

20. Viale, A.; Pettazzoni, P.; Lyssiotis, C.A.; Ying, H.; Sánchez, N.; Marchesini, M.; Carugo, A.; Green, T.; Seth, S.; Giuliani, V. Oncogene
ablation-resistant pancreatic cancer cells depend on mitochondrial function. Nature 2014, 514, 628–632. [CrossRef]

21. Zhang, X.; Fryknäs, M.; Hernlund, E.; Fayad, W.; De Milito, A.; Olofsson, M.H.; Gogvadze, V.; Dang, L.; Påhlman, S.; Schughart,
L.A. Induction of mitochondrial dysfunction as a strategy for targeting tumour cells in metabolically compromised microenviron-
ments. Nat. Commun. 2014, 5, 3295. [CrossRef]

22. Hirpara, J.; Eu, J.Q.; Tan, J.K.M.; Wong, A.L.; Clement, M.V.; Kong, L.R.; Ohi, N.; Tsunoda, T.; Qu, J.; Goh, B.C. Metabolic
reprogramming of oncogene-addicted cancer cells to OXPHOS as a mechanism of drug resistance. Redox Biol. 2019, 25, 101076.
[CrossRef]

23. Diepart, C.; Karroum, O.; Magat, J.; Feron, O.; Verrax, J.; Calderon, P.B.; Grégoire, V.; Leveque, P.; Stockis, J.; Dauguet, N. Arsenic
trioxide treatment decreases the oxygen consumption rate of tumor cells and radiosensitizes solid tumors. Cancer Res. 2012, 72,
482–490. [CrossRef]

24. Hatefi, Y. The mitochondrial electron transport and oxidative phosphorylation system. Ann. Rev. Biochem. 1985, 54, 1015–1069.
[CrossRef]

25. Saraste, M. Oxidative phosphorylation at the fin de siècle. Science 1999, 283, 1488–1493. [CrossRef]
26. Munnich, A.; Rustin, P.; Rötig, A.; Chretien, D.; Bonnefont, J.P.; Nuttin, C.; Cormier, V.; Vassault, A.; Parvy, P.; Bardet, J.; et al.

Clinical aspects of mitochondrial disorders. J. Inherit. Metab. Dis. 1992, 15, 448–455. [CrossRef]
27. Gugneja, S.; Virbasius, C.M.; Scarpulla, R.C. Nuclear respiratory factors 1 and 2 utilize similar glutamine-containing clusters of

hydrophobic residues to activate transcription. Mol. Cell. Biol. 1996, 16, 5708–5716. [CrossRef]
28. Huo, L.; Scarpulla, R.C. Multiple 5’-untranslated exons in the nuclear respiratory factor 1 gene span 47 kb and contribute to

transcript heterogeneity and translational efficiency. Gene 1999, 233, 213–224. [CrossRef]
29. Vercellino, I.; Sazanov, L.A. The assembly, regulation and function of the mitochondrial respiratory chain. Nat. Rev. Mol. Cell Biol.

2022, 23, 141–161. [CrossRef]
30. Wu, Z.; Puigserver, P.; Andersson, U.; Zhang, C.; Adelmant, G.; Mootha, V.; Troy, A.; Cinti, S.; Lowell, B.; Scarpulla, R.C.

Mechanisms controlling mitochondrial biogenesis and respiration through the thermogenic coactivator PGC-1. Cell 1999, 98,
115–124. [CrossRef]

31. Di Liegro, C.M.; Bellafiore, M.; Izquierdo, J.M.; Rantanen, A.; Cuezva, J.M. 3′-untranslated regions of oxidative phosphorylation
mRNAs function in vivo as enhancers of translation. Biochem. J. 2000, 352 Pt 1, 109–115. [CrossRef]

32. Smeitink, J.; van den Heuvel, L.; DiMauro, S. The genetics and pathology of oxidative phosphorylation. Nat.Rev. Genet. 2001, 2,
342–352. [CrossRef]

33. DiMauro, S.; Bonilla, E.; De Vivo, D.C. Does the patient have a mitochondrial encephalomyopathy? J. Child Neurol. 1999, 14
(Suppl. 1), S23–S35. [CrossRef]

34. Russell, O.M.; Gorman, G.S.; Lightowlers, R.N.; Turnbull, D.M. Mitochondrial Diseases: Hope for the Future. Cell 2020, 181,
168–188. [CrossRef]

35. Leigh, D. Subacute necrotizing encephalomyelopathy in an infant. J. Neurol. Neurosurg. Psychiatry 1951, 14, 216–221. [CrossRef]
36. Rahman, S.; Blok, R.B.; Dahl, H.H.; Danks, D.M.; Kirby, D.M.; Chow, C.W.; Christodoulou, J.; Thorburn, D.R. Leigh syndrome:

Clinical features and biochemical and DNA abnormalities. Ann. Neurol. 1996, 39, 343–351. [CrossRef]
37. Lake, N.J.; Compton, A.G.; Rahman, S.; Thorburn, D.R. Leigh syndrome: One disorder, more than 75 monogenic causes. Ann.

Neurol. 2016, 79, 190–203. [CrossRef]
38. Lee, M.; Hirpara, J.L.; Eu, J.Q.; Sethi, G.; Wang, L.; Goh, B.C.; Wong, A.L. Targeting STAT3 and oxidative phosphorylation in

oncogene-addicted tumors. Redox Biol. 2019, 25, 101073. [CrossRef]
39. Morad, S.A.; Cabot, M.C. Ceramide-orchestrated signalling in cancer cells. Nat. Rev. Cancer 2013, 13, 51–65. [CrossRef]

http://doi.org/10.1002/ijc.32616
http://doi.org/10.1038/s41416-020-01159-y
http://doi.org/10.1038/nm.4399
http://doi.org/10.1016/j.stem.2012.12.013
http://doi.org/10.1038/s41591-018-0233-1
http://doi.org/10.18632/oncotarget.9122
http://doi.org/10.1038/nature13611
http://doi.org/10.1038/ncomms4295
http://doi.org/10.1016/j.redox.2018.101076
http://doi.org/10.1158/0008-5472.CAN-11-1755
http://doi.org/10.1146/annurev.bi.54.070185.005055
http://doi.org/10.1126/science.283.5407.1488
http://doi.org/10.1007/BF01799603
http://doi.org/10.1128/MCB.16.10.5708
http://doi.org/10.1016/S0378-1119(99)00135-3
http://doi.org/10.1038/s41580-021-00415-0
http://doi.org/10.1016/S0092-8674(00)80611-X
http://doi.org/10.1042/bj3520109
http://doi.org/10.1038/35072063
http://doi.org/10.1177/0883073899014001051
http://doi.org/10.1016/j.cell.2020.02.051
http://doi.org/10.1136/jnnp.14.3.216
http://doi.org/10.1002/ana.410390311
http://doi.org/10.1002/ana.24551
http://doi.org/10.1016/j.redox.2018.101073
http://doi.org/10.1038/nrc3398


Cancers 2023, 15, 62 13 of 17

40. Zheng, W.; Kollmeyer, J.; Symolon, H.; Momin, A.; Munter, E.; Wang, E.; Kelly, S.; Allegood, J.C.; Liu, Y.; Peng, Q. Ceramides and
other bioactive sphingolipid backbones in health and disease: Lipidomic analysis, metabolism and roles in membrane structure,
dynamics, signaling and autophagy. Biochim. Biophys. Acta 2006, 1758, 1864–1884. [CrossRef]

41. Kao, L.P.; Morad, S.A.F.; Davis, T.S.; MacDougall, M.R.; Kassai, M.; Abdelmageed, N.; Fox, T.E.; Kester, M.; Loughran, T.P., Jr.;
Abad, J.L. Chemotherapy selection pressure alters sphingolipid composition and mitochondrial bioenergetics in resistant HL-60
cells. J. Lipid Res. 2019, 60, 1590–1602. [CrossRef]

42. Guièze, R.; Liu, V.M.; Rosebrock, D.; Jourdain, A.A.; Hernández-Sánchez, M.; Martinez Zurita, A.; Sun, J.; Ten Hacken,
E.; Baranowski, K.; Thompson, P.A. Mitochondrial Reprogramming Underlies Resistance to BCL-2 Inhibition in Lymphoid
Malignancies. Cancer Cell 2019, 36, 369–384.e313. [CrossRef]

43. Liu, X.; Gong, Y. Isocitrate dehydrogenase inhibitors in acute myeloid leukemia. Biomark. Res. 2019, 7, 22. [CrossRef]
44. Stuani, L.; Sabatier, M.; Saland, E.; Cognet, G.; Poupin, N.; Bosc, C.; Castelli, F.A.; Gales, L.; Turtoi, E.; Montersino, C. Mitochondrial

metabolism supports resistance to IDH mutant inhibitors in acute myeloid leukemia. J. Exp. Med. 2021, 218. [CrossRef]
45. Quentmeier, H.; Reinhardt, J.; Zaborski, M.; Drexler, H.G. FLT3 mutations in acute myeloid leukemia cell lines. Leukemia 2003, 17,

120–124. [CrossRef]
46. Daver, N.; Schlenk, R.F.; Russell, N.H.; Levis, M.J. Targeting FLT3 mutations in AML: Review of current knowledge and evidence.

Leukemia 2019, 33, 299–312. [CrossRef]
47. Zhang, P.; Brinton, L.T.; Gharghabi, M.; Sher, S.; Williams, K.; Cannon, M.; Walker, J.S.; Canfield, D.; Beaver, L.; Cempre, C.B.

Targeting OXPHOS de novo purine synthesis as the nexus of FLT3 inhibitor-mediated synergistic antileukemic actions. Sci. Adv.
2022, 8, eabp9005. [CrossRef]

48. Gopal, Y.N.; Rizos, H.; Chen, G.; Deng, W.; Frederick, D.T.; Cooper, Z.A.; Scolyer, R.A.; Pupo, G.; Komurov, K.; Sehgal, V.
Inhibition of mTORC1/2 overcomes resistance to MAPK pathway inhibitors mediated by PGC1α and oxidative phosphorylation
in melanoma. Cancer Res. 2014, 74, 7037–7047. [CrossRef]

49. Vellinga, T.T.; Borovski, T.; de Boer, V.C.; Fatrai, S.; van Schelven, S.; Trumpi, K.; Verheem, A.; Snoeren, N.; Emmink, B.L.; Koster, J.
SIRT1/PGC1α-Dependent Increase in Oxidative Phosphorylation Supports Chemotherapy Resistance of Colon Cancer. Clin.
Cancer Res. Off. J. Am. Assoc. Cancer Res. 2015, 21, 2870–2879. [CrossRef]

50. Lee, K.M.; Giltnane, J.M.; Balko, J.M.; Schwarz, L.J.; Guerrero-Zotano, A.L.; Hutchinson, K.E.; Nixon, M.J.; Estrada, M.V.; Sánchez,
V.; Sanders, M.E. MYC and MCL1 Cooperatively Promote Chemotherapy-Resistant Breast Cancer Stem Cells via Regulation of
Mitochondrial Oxidative Phosphorylation. Cell Metab. 2017, 26, 633–647.e637. [CrossRef]

51. Siebeneicher, H.; Cleve, A.; Rehwinkel, H.; Neuhaus, R.; Heisler, I.; Müller, T.; Bauser, M.; Buchmann, B. Identification and
Optimization of the First Highly Selective GLUT1 Inhibitor BAY-876. ChemMedChem 2016, 11, 2261–2271. [CrossRef] [PubMed]

52. Sawayama, H.; Ogata, Y.; Ishimoto, T.; Mima, K.; Hiyoshi, Y.; Iwatsuki, M.; Baba, Y.; Miyamoto, Y.; Yoshida, N.; Baba, H. Glucose
transporter 1 regulates the proliferation and cisplatin sensitivity of esophageal cancer. Cancer Sci. 2019, 110, 1705–1714. [CrossRef]
[PubMed]

53. Wu, Q.; Ba-Alawi, W.; Deblois, G.; Cruickshank, J.; Duan, S.; Lima-Fernandes, E.; Haight, J.; Tonekaboni, S.A.M.; Fortier, A.M.;
Kuasne, H. GLUT1 inhibition blocks growth of RB1-positive triple negative breast cancer. Nat. Commun. 2020, 11, 4205. [CrossRef]
[PubMed]

54. Matassa, D.S.; Amoroso, M.R.; Lu, H.; Avolio, R.; Arzeni, D.; Procaccini, C.; Faicchia, D.; Maddalena, F.; Simeon, V.; Agliarulo, I.
Oxidative metabolism drives inflammation-induced platinum resistance in human ovarian cancer. Cell Death Differ. 2016, 23,
1542–1554. [CrossRef] [PubMed]

55. Yoon, S.; Eom, G.H. HDAC and HDAC Inhibitor: From Cancer to Cardiovascular Diseases. Chonnam Med. J. 2016, 52, 1–11.
[CrossRef]

56. Thurn, K.T.; Thomas, S.; Moore, A.; Munster, P.N. Rational therapeutic combinations with histone deacetylase inhibitors for the
treatment of cancer. Future Oncol. 2011, 7, 263–283. [CrossRef]

57. Nguyen, T.T.T.; Zhang, Y.; Shang, E.; Shu, C.; Torrini, C.; Zhao, J.; Bianchetti, E.; Mela, A.; Humala, N.; Mahajan, A. HDAC
inhibitors elicit metabolic reprogramming by targeting super-enhancers in glioblastoma models. J. Clin. Investig. 2020, 130,
3699–3716. [CrossRef]

58. Martínez-Reyes, I.; Chandel, N.S. Cancer metabolism: Looking forward. Nat. Rev. Cancer 2021, 21, 669–680. [CrossRef]
59. Pavlova, N.N.; Zhu, J.; Thompson, C.B. The hallmarks of cancer metabolism: Still emerging. Cell Metab. 2022, 34, 355–377.

[CrossRef]
60. de Heer, E.C.; Jalving, M.; Harris, A.L. HIFs, angiogenesis, and metabolism: Elusive enemies in breast cancer. J. Clin. Investig.

2020, 130, 5074–5087. [CrossRef]
61. Yu, L.; Lu, M.; Jia, D.; Ma, J.; Ben-Jacob, E.; Levine, H.; Kaipparettu, B.A.; Onuchic, J.N. Modeling the Genetic Regulation of

Cancer Metabolism: Interplay between Glycolysis and Oxidative Phosphorylation. Cancer Res. 2017, 77, 1564–1574. [CrossRef]
[PubMed]

62. Tuy, K.; Rickenbacker, L.; Hjelmeland, A.B. Reactive oxygen species produced by altered tumor metabolism impacts cancer stem
cell maintenance. Redox Biol. 2021, 44, 101953. [CrossRef] [PubMed]

63. Weinberg, F.; Hamanaka, R.; Wheaton, W.W.; Weinberg, S.; Joseph, J.; Lopez, M.; Kalyanaraman, B.; Mutlu, G.M.; Budinger, G.R.;
Chandel, N.S. Mitochondrial metabolism and ROS generation are essential for Kras-mediated tumorigenicity. Proc. Natl. Acad.
Sci. USA 2010, 107, 8788–8793. [CrossRef] [PubMed]

http://doi.org/10.1016/j.bbamem.2006.08.009
http://doi.org/10.1194/jlr.RA119000251
http://doi.org/10.1016/j.ccell.2019.08.005
http://doi.org/10.1186/s40364-019-0173-z
http://doi.org/10.1084/jem.20200924
http://doi.org/10.1038/sj.leu.2402740
http://doi.org/10.1038/s41375-018-0357-9
http://doi.org/10.1126/sciadv.abp9005
http://doi.org/10.1158/0008-5472.CAN-14-1392
http://doi.org/10.1158/1078-0432.CCR-14-2290
http://doi.org/10.1016/j.cmet.2017.09.009
http://doi.org/10.1002/cmdc.201600276
http://www.ncbi.nlm.nih.gov/pubmed/27552707
http://doi.org/10.1111/cas.13995
http://www.ncbi.nlm.nih.gov/pubmed/30861255
http://doi.org/10.1038/s41467-020-18020-8
http://www.ncbi.nlm.nih.gov/pubmed/32826891
http://doi.org/10.1038/cdd.2016.39
http://www.ncbi.nlm.nih.gov/pubmed/27206315
http://doi.org/10.4068/cmj.2016.52.1.1
http://doi.org/10.2217/fon.11.2
http://doi.org/10.1172/JCI129049
http://doi.org/10.1038/s41568-021-00378-6
http://doi.org/10.1016/j.cmet.2022.01.007
http://doi.org/10.1172/JCI137552
http://doi.org/10.1158/0008-5472.CAN-16-2074
http://www.ncbi.nlm.nih.gov/pubmed/28202516
http://doi.org/10.1016/j.redox.2021.101953
http://www.ncbi.nlm.nih.gov/pubmed/34052208
http://doi.org/10.1073/pnas.1003428107
http://www.ncbi.nlm.nih.gov/pubmed/20421486


Cancers 2023, 15, 62 14 of 17

64. Xu, Y.; Gao, W.; Zhang, Y.; Wu, S.; Liu, Y.; Deng, X.; Xie, L.; Yang, J.; Yu, H.; Su, J. ABT737 reverses cisplatin resistance by targeting
glucose metabolism of human ovarian cancer cells. Int. J. Oncol. 2018, 53, 1055–1068. [PubMed]

65. Borst, P.; Evers, R.; Kool, M.; Wijnholds, J. A family of drug transporters: The multidrug resistance-associated proteins. J. Natl.
Cancer Inst. 2000, 92, 1295–1302. [CrossRef]

66. Choi, H.J.; Jhe, Y.L.; Kim, J.; Lim, J.Y.; Lee, J.E.; Shin, M.K.; Cheong, J.H. FoxM1-dependent and fatty acid oxidation-mediated
ROS modulation is a cell-intrinsic drug resistance mechanism in cancer stem-like cells. Redox Biol. 2020, 36, 101589. [CrossRef]

67. Xu, X.; Wang, C.; Zhang, P.; Gao, X.; Guan, W.; Wang, F.; Li, X.; Yuan, J.; Dou, H.; Xu, G. Enhanced Intracellular Reactive Oxygen
Species by Photodynamic Therapy Effectively Promotes Chemoresistant Cell Death. Int. J. Biol. Sci. 2022, 18, 374–385. [CrossRef]

68. Najafi, M.; Mortezaee, K.; Majidpoor, J. Cancer stem cell (CSC) resistance drivers. Life Sci. 2019, 234, 116781. [CrossRef]
69. Yang, L.; Shi, P.; Zhao, G.; Xu, J.; Peng, W.; Zhang, J.; Zhang, G.; Wang, X.; Dong, Z.; Chen, F. Targeting cancer stem cell pathways

for cancer therapy. Signal Transduct. Target. Ther. 2020, 5, 8. [CrossRef]
70. Shibue, T.; Weinberg, R.A. EMT, CSCs, and drug resistance: The mechanistic link and clinical implications. Nat. Rev. Clin. Oncol.

2017, 14, 611–629. [CrossRef]
71. Zhou, H.M.; Zhang, J.G.; Zhang, X.; Li, Q. Targeting cancer stem cells for reversing therapy resistance: Mechanism, signaling, and

prospective agents. Signal Transduct. Target. Ther. 2021, 6, 62. [CrossRef]
72. Cybulla, E.; Vindigni, A. Leveraging the replication stress response to optimize cancer therapy. Nat. Rev. Cancer 2023, 23, 6–24.

[CrossRef]
73. Srivastava, A.K.; Han, C.; Zhao, R.; Cui, T.; Dai, Y.; Mao, C.; Zhao, W.; Zhang, X.; Yu, J.; Wang, Q.E. Enhanced expression of DNA

polymerase eta contributes to cisplatin resistance of ovarian cancer stem cells. Proc. Natl. Acad. Sci. USA 2015, 112, 4411–4416.
[CrossRef] [PubMed]

74. Klaassen, C.D.; Aleksunes, L.M. Xenobiotic, bile acid, and cholesterol transporters: Function and regulation. Pharmacol. Rev. 2010,
62, 1–96. [CrossRef] [PubMed]

75. Sugano, T.; Seike, M.; Noro, R.; Soeno, C.; Chiba, M.; Zou, F.; Nakamichi, S.; Nishijima, N.; Matsumoto, M.; Miyanaga, A.
Inhibition of ABCB1 Overcomes Cancer Stem Cell-like Properties and Acquired Resistance to MET Inhibitors in Non-Small Cell
Lung Cancer. Mol. Cancer Ther. 2015, 14, 2433–2440. [CrossRef] [PubMed]

76. Sancho, P.; Barneda, D.; Heeschen, C. Hallmarks of cancer stem cell metabolism. Br. J. Cancer 2016, 114, 1305–1312. [CrossRef]
[PubMed]

77. Wong, T.L.; Che, N.; Ma, S. Reprogramming of central carbon metabolism in cancer stem cells. Biochim. Biophys. Acta Mol. Basis
Dis. 2017, 1863, 1728–1738. [CrossRef]

78. Ervin, E.H.; French, R.; Chang, C.H.; Pauklin, S. Inside the stemness engine: Mechanistic links between deregulated transcription
factors and stemness in cancer. Sem. Cancer Biol. 2022, 87, 48–83. [CrossRef]

79. Chen, C.L.; Uthaya Kumar, D.B.; Punj, V.; Xu, J.; Sher, L.; Tahara, S.M.; Hess, S.; Machida, K. NANOG Metabolically Reprograms
Tumor-Initiating Stem-like Cells through Tumorigenic Changes in Oxidative Phosphorylation and Fatty Acid Metabolism. Cell
Metab. 2016, 23, 206–219. [CrossRef]

80. Ayza, M.A.; Zewdie, K.A.; Yigzaw, E.F.; Ayele, S.G.; Tesfaye, B.A.; Tafere, G.G.; Abrha, M.G. Potential Protective Effects of
Antioxidants against Cyclophosphamide-Induced Nephrotoxicity. Int. J. Nephrol. 2022, 2022, 5096825. [CrossRef]

81. Magni, M.; Shammah, S.; Schiró, R.; Mellado, W.; Dalla-Favera, R.; Gianni, A.M. Induction of cyclophosphamide-resistance by
aldehyde-dehydrogenase gene transfer. Blood 1996, 87, 1097–1103. [CrossRef] [PubMed]

82. Emmink, B.L.; Verheem, A.; Van Houdt, W.J.; Steller, E.J.; Govaert, K.M.; Pham, T.V.; Piersma, S.R.; Borel Rinkes, I.H.; Jimenez,
C.R.; Kranenburg, O. The secretome of colon cancer stem cells contains drug-metabolizing enzymes. J. Proteom. 2013, 91, 84–96.
[CrossRef] [PubMed]

83. Jones, C.L.; Stevens, B.M.; Pollyea, D.A.; Culp-Hill, R.; Reisz, J.A.; Nemkov, T.; Gehrke, S.; Gamboni, F.; Krug, A.; Winters, A.
Nicotinamide Metabolism Mediates Resistance to Venetoclax in Relapsed Acute Myeloid Leukemia Stem Cells. Cell Stem Cell
2020, 27, 748–764.e744. [CrossRef] [PubMed]

84. Larrue, C.; Guiraud, N.; Mouchel, P.L.; Dubois, M.; Farge, T.; Gotanègre, M.; Bosc, C.; Saland, E.; Nicolau-Travers, M.L.; Sabatier,
M. Adrenomedullin-CALCRL axis controls relapse-initiating drug tolerant acute myeloid leukemia cells. Nat. Commun. 2021, 12,
422. [CrossRef] [PubMed]

85. Ning, K.; Yang, B.; Chen, M.; Man, G.; Liu, S.; Wang, D.E.; Xu, H. Functional Heterogeneity of Bone Marrow Mesenchymal Stem
Cell Subpopulations in Physiology and Pathology. Int. J. Mol. Sci. 2022, 23, 11928. [CrossRef]

86. Forte, D.; García-Fernández, M.; Sánchez-Aguilera, A.; Stavropoulou, V.; Fielding, C.; Martín-Pérez, D.; López, J.A.; Costa, A.S.H.;
Tronci, L.; Nikitopoulou, E. Bone Marrow Mesenchymal Stem Cells Support Acute Myeloid Leukemia Bioenergetics and Enhance
Antioxidant Defense and Escape from Chemotherapy. Cell Metab. 2020, 32, 829–843.e829. [CrossRef]

87. Sanchez-Martin, M.; Ferrando, A. The NOTCH1-MYC highway toward T-cell acute lymphoblastic leukemia. Blood 2017, 129,
1124–1133. [CrossRef]

88. Chiang, M.Y.; Wang, Q.; Gormley, A.C.; Stein, S.J.; Xu, L.; Shestova, O.; Aster, J.C.; Pear, W.S. High selective pressure for Notch1
mutations that induce Myc in T-cell acute lymphoblastic leukemia. Blood 2016, 128, 2229–2240. [CrossRef]

89. Baran, N.; Lodi, A.; Dhungana, Y.; Herbrich, S.; Collins, M.; Sweeney, S.; Pandey, R.; Skwarska, A.; Patel, S.; Tremblay, M.
Inhibition of mitochondrial complex I reverses NOTCH1-driven metabolic reprogramming in T-cell acute lymphoblastic leukemia.
Nat. Commun. 2022, 13, 2801. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/30015875
http://doi.org/10.1093/jnci/92.16.1295
http://doi.org/10.1016/j.redox.2020.101589
http://doi.org/10.7150/ijbs.66602
http://doi.org/10.1016/j.lfs.2019.116781
http://doi.org/10.1038/s41392-020-0110-5
http://doi.org/10.1038/nrclinonc.2017.44
http://doi.org/10.1038/s41392-020-00430-1
http://doi.org/10.1038/s41568-022-00518-6
http://doi.org/10.1073/pnas.1421365112
http://www.ncbi.nlm.nih.gov/pubmed/25831546
http://doi.org/10.1124/pr.109.002014
http://www.ncbi.nlm.nih.gov/pubmed/20103563
http://doi.org/10.1158/1535-7163.MCT-15-0050
http://www.ncbi.nlm.nih.gov/pubmed/26351321
http://doi.org/10.1038/bjc.2016.152
http://www.ncbi.nlm.nih.gov/pubmed/27219018
http://doi.org/10.1016/j.bbadis.2017.05.012
http://doi.org/10.1016/j.semcancer.2022.11.001
http://doi.org/10.1016/j.cmet.2015.12.004
http://doi.org/10.1155/2022/5096825
http://doi.org/10.1182/blood.V87.3.1097.bloodjournal8731097
http://www.ncbi.nlm.nih.gov/pubmed/8562935
http://doi.org/10.1016/j.jprot.2013.06.027
http://www.ncbi.nlm.nih.gov/pubmed/23835434
http://doi.org/10.1016/j.stem.2020.07.021
http://www.ncbi.nlm.nih.gov/pubmed/32822582
http://doi.org/10.1038/s41467-020-20717-9
http://www.ncbi.nlm.nih.gov/pubmed/33462236
http://doi.org/10.3390/ijms231911928
http://doi.org/10.1016/j.cmet.2020.09.001
http://doi.org/10.1182/blood-2016-09-692582
http://doi.org/10.1182/blood-2016-01-692855
http://doi.org/10.1038/s41467-022-30396-3


Cancers 2023, 15, 62 15 of 17

90. Johnson, D.E.; O’Keefe, R.A.; Grandis, J.R. Targeting the IL-6/JAK/STAT3 signalling axis in cancer. Nat. Rev. Clin. Oncol. 2018, 15,
234–248. [CrossRef]

91. Amaya, M.L.; Inguva, A.; Pei, S.; Jones, C.; Krug, A.; Ye, H.; Minhajuddin, M.; Winters, A.; Furtek, S.L.; Gamboni, F. The
STAT3-MYC axis promotes survival of leukemia stem cells by regulating SLC1A5 and oxidative phosphorylation. Blood 2022, 139,
584–596. [CrossRef]

92. Song, I.S.; Jeong, Y.J.; Jeong, S.H.; Heo, H.J.; Kim, H.K.; Bae, K.B.; Park, Y.H.; Kim, S.U.; Kim, J.M.; Kim, N. FOXM1-Induced PRX3
Regulates Stemness and Survival of Colon Cancer Cells via Maintenance of Mitochondrial Function. Gastroenterology 2015, 149,
1006–1016.e1009. [CrossRef] [PubMed]

93. Lin, S.; Huang, C.; Sun, J.; Bollt, O.; Wang, X.; Martine, E.; Kang, J.; Taylor, M.D.; Fang, B.; Singh, P.K. The mitochondrial
deoxyguanosine kinase is required for cancer cell stemness in lung adenocarcinoma. EMBO Mol. Med. 2019, 11, e10849.
[CrossRef]

94. Ishikawa, F.; Yoshida, S.; Saito, Y.; Hijikata, A.; Kitamura, H.; Tanaka, S.; Nakamura, R.; Tanaka, T.; Tomiyama, H.; Saito, N.
Chemotherapy-resistant human AML stem cells home to and engraft within the bone-marrow endosteal region. Nat. Biotechnol.
2007, 25, 1315–1321. [CrossRef] [PubMed]

95. Farge, T.; Saland, E.; de Toni, F.; Aroua, N.; Hosseini, M.; Perry, R.; Bosc, C.; Sugita, M.; Stuani, L.; Fraisse, M. Chemotherapy-
Resistant Human Acute Myeloid Leukemia Cells Are Not Enriched for Leukemic Stem Cells but Require Oxidative Metabolism.
Cancer Discov. 2017, 7, 716–735. [CrossRef] [PubMed]

96. Aroua, N.; Boet, E.; Ghisi, M.; Nicolau-Travers, M.L.; Saland, E.; Gwilliam, R.; de Toni, F.; Hosseini, M.; Mouchel, P.L.; Farge, T.
Extracellular ATP and CD39 Activate cAMP-Mediated Mitochondrial Stress Response to Promote Cytarabine Resistance in Acute
Myeloid Leukemia. Cancer Discov. 2020, 10, 1544–1565. [CrossRef]

97. Perusina Lanfranca, M.; Thompson, J.K.; Bednar, F.; Halbrook, C.; Lyssiotis, C.; Levi, B.; Frankel, T.L. Metabolism and epigenetics
of pancreatic cancer stem cells. Semin. Cancer Biol. 2019, 57, 19–26. [CrossRef]

98. Kahlert, U.D.; Mooney, S.M.; Natsumeda, M.; Steiger, H.J.; Maciaczyk, J. Targeting cancer stem-like cells in glioblastoma and
colorectal cancer through metabolic pathways. Int. J. Cancer 2017, 140, 10–22. [CrossRef]

99. Pernicova, I.; Korbonits, M. Metformin–mode of action and clinical implications for diabetes and cancer. Nat. Rev. Endocrinol.
2014, 10, 143–156. [CrossRef]

100. Lonardo, E.; Cioffi, M.; Sancho, P.; Sanchez-Ripoll, Y.; Trabulo, S.M.; Dorado, J.; Balic, A.; Hidalgo, M.; Heeschen, C. Metformin
targets the metabolic achilles heel of human pancreatic cancer stem cells. PLoS ONE 2013, 8, e76518. [CrossRef]

101. Jin, P.; Jiang, J.; Zhou, L.; Huang, Z.; Qin, S.; Chen, H.N.; Peng, L.; Zhang, Z.; Li, B.; Luo, M. Disrupting metformin adaptation of
liver cancer cells by targeting the TOMM34/ATP5B axis. EMBO Mol. Med. 2022, e16082. [CrossRef] [PubMed]

102. Sancho, P.; Burgos-Ramos, E.; Tavera, A.; Bou Kheir, T.; Jagust, P.; Schoenhals, M.; Barneda, D.; Sellers, K.; Campos-Olivas, R.;
Graña, O. MYC/PGC-1α Balance Determines the Metabolic Phenotype and Plasticity of Pancreatic Cancer Stem Cells. Cell Metab.
2015, 22, 590–605. [CrossRef] [PubMed]

103. Alcalá, S.; Sancho, P.; Martinelli, P.; Navarro, D.; Pedrero, C.; Martín-Hijano, L.; Valle, S.; Earl, J.; Rodríguez-Serrano, M.;
Ruiz-Cañas, L. ISG15 and ISGylation is required for pancreatic cancer stem cell mitophagy and metabolic plasticity. Nat. Commun.
2020, 11, 2682. [CrossRef] [PubMed]

104. Sharma, P.; Siddiqui, B.A.; Anandhan, S.; Yadav, S.S.; Subudhi, S.K.; Gao, J.; Goswami, S.; Allison, J.P. The Next Decade of Immune
Checkpoint Therapy. Cancer Discov. 2021, 11, 838–857. [CrossRef] [PubMed]

105. Sharma, P.; Allison, J.P. Dissecting the mechanisms of immune checkpoint therapy. Nat. Rev. Immunol. 2020, 20, 75–76. [CrossRef]
[PubMed]

106. Ribas, A.; Wolchok, J.D. Cancer immunotherapy using checkpoint blockade. Science 2018, 359, 1350–1355. [CrossRef]
107. Sharma, P.; Allison, J.P. The future of immune checkpoint therapy. Science 2015, 348, 56–61. [CrossRef]
108. Topalian, S.L.; Drake, C.G.; Pardoll, D.M. Immune checkpoint blockade: A common denominator approach to cancer therapy.

Cancer Cell 2015, 27, 450–461. [CrossRef]
109. Postow, M.A.; Callahan, M.K.; Wolchok, J.D. Immune Checkpoint Blockade in Cancer Therapy. J. Clin. Oncol. 2015, 33, 1974–1982.

[CrossRef]
110. Zaretsky, J.M.; Garcia-Diaz, A.; Shin, D.S.; Escuin-Ordinas, H.; Hugo, W.; Hu-Lieskovan, S.; Torrejon, D.Y.; Abril-Rodriguez, G.;

Sandoval, S.; Barthly, L. Mutations Associated with Acquired Resistance to PD-1 Blockade in Melanoma. N. Engl. J. Med. 2016,
375, 819–829. [CrossRef] [PubMed]

111. Sharma, P.; Hu-Lieskovan, S.; Wargo, J.A.; Ribas, A. Primary, Adaptive, and Acquired Resistance to Cancer Immunotherapy. Cell
2017, 168, 707–723. [CrossRef]

112. Topalian, S.L.; Taube, J.M.; Pardoll, D.M. Neoadjuvant checkpoint blockade for cancer immunotherapy. Science 2020, 367, eaax0182.
[CrossRef]

113. Pulluri, B.; Kumar, A.; Shaheen, M.; Jeter, J.; Sundararajan, S. Tumor microenvironment changes leading to resistance of immune
checkpoint inhibitors in metastatic melanoma and strategies to overcome resistance. Pharmacol. Res. 2017, 123, 95–102. [CrossRef]
[PubMed]

114. Ramapriyan, R.; Caetano, M.S.; Barsoumian, H.B.; Mafra, A.C.P.; Zambalde, E.P.; Menon, H.; Tsouko, E.; Welsh, J.W.; Cortez,
M.A. Altered cancer metabolism in mechanisms of immunotherapy resistance. Pharmacol. Therap. 2019, 195, 162–171. [CrossRef]
[PubMed]

http://doi.org/10.1038/nrclinonc.2018.8
http://doi.org/10.1182/blood.2021013201
http://doi.org/10.1053/j.gastro.2015.06.007
http://www.ncbi.nlm.nih.gov/pubmed/26091938
http://doi.org/10.15252/emmm.201910849
http://doi.org/10.1038/nbt1350
http://www.ncbi.nlm.nih.gov/pubmed/17952057
http://doi.org/10.1158/2159-8290.CD-16-0441
http://www.ncbi.nlm.nih.gov/pubmed/28416471
http://doi.org/10.1158/2159-8290.CD-19-1008
http://doi.org/10.1016/j.semcancer.2018.09.008
http://doi.org/10.1002/ijc.30259
http://doi.org/10.1038/nrendo.2013.256
http://doi.org/10.1371/journal.pone.0076518
http://doi.org/10.15252/emmm.202216082
http://www.ncbi.nlm.nih.gov/pubmed/36321555
http://doi.org/10.1016/j.cmet.2015.08.015
http://www.ncbi.nlm.nih.gov/pubmed/26365176
http://doi.org/10.1038/s41467-020-16395-2
http://www.ncbi.nlm.nih.gov/pubmed/32472071
http://doi.org/10.1158/2159-8290.CD-20-1680
http://www.ncbi.nlm.nih.gov/pubmed/33811120
http://doi.org/10.1038/s41577-020-0275-8
http://www.ncbi.nlm.nih.gov/pubmed/31925406
http://doi.org/10.1126/science.aar4060
http://doi.org/10.1126/science.aaa8172
http://doi.org/10.1016/j.ccell.2015.03.001
http://doi.org/10.1200/JCO.2014.59.4358
http://doi.org/10.1056/NEJMoa1604958
http://www.ncbi.nlm.nih.gov/pubmed/27433843
http://doi.org/10.1016/j.cell.2017.01.017
http://doi.org/10.1126/science.aax0182
http://doi.org/10.1016/j.phrs.2017.07.006
http://www.ncbi.nlm.nih.gov/pubmed/28690075
http://doi.org/10.1016/j.pharmthera.2018.11.004
http://www.ncbi.nlm.nih.gov/pubmed/30439456


Cancers 2023, 15, 62 16 of 17

115. Leone, R.D.; Powell, J.D. Metabolism of immune cells in cancer. Nat. Rev. Cancer 2020, 20, 516–531. [CrossRef] [PubMed]
116. Jaiswal, A.R.; Liu, A.J.; Pudakalakatti, S.; Dutta, P.; Jayaprakash, P.; Bartkowiak, T.; Ager, C.R.; Wang, Z.Q.; Reuben, A.; Cooper,

Z.A. Melanoma Evolves Complete Immunotherapy Resistance through the Acquisition of a Hypermetabolic Phenotype. Cancer
Immunol. Res. 2020, 8, 1365–1380. [CrossRef]

117. Molina, J.R.; Sun, Y.; Protopopova, M.; Gera, S.; Bandi, M.; Bristow, C.; McAfoos, T.; Morlacchi, P.; Ackroyd, J.; Agip, A.A. An
inhibitor of oxidative phosphorylation exploits cancer vulnerability. Nat. Med. 2018, 24, 1036–1046. [CrossRef]

118. Chen, D.; Barsoumian, H.B.; Fischer, G.; Yang, L.; Verma, V.; Younes, A.I.; Hu, Y.; Masropour, F.; Klein, K.; Vellano, C. Combination
treatment with radiotherapy and a novel oxidative phosphorylation inhibitor overcomes PD-1 resistance and enhances antitumor
immunity. J. Immunother. Cancer 2020, 8, e000289. [CrossRef]

119. Biswas, S.K. Metabolic Reprogramming of Immune Cells in Cancer Progression. Immunity 2015, 43, 435–449. [CrossRef]
120. Yu, Y.R.; Imrichova, H.; Wang, H.; Chao, T.; Xiao, Z.; Gao, M.; Rincon-Restrepo, M.; Franco, F.; Genolet, R.; Cheng, W.C. Disturbed

mitochondrial dynamics in CD8(+) TILs reinforce T cell exhaustion. Nat. Immunol. 2020, 21, 1540–1551. [CrossRef]
121. Scharping, N.E.; Menk, A.V.; Moreci, R.S.; Whetstone, R.D.; Dadey, R.E.; Watkins, S.C.; Ferris, R.L.; Delgoffe, G.M. The

Tumor Microenvironment Represses T Cell Mitochondrial Biogenesis to Drive Intratumoral T Cell Metabolic Insufficiency and
Dysfunction. Immunity 2016, 45, 374–388. [CrossRef] [PubMed]

122. Chamoto, K.; Chowdhury, P.S.; Kumar, A.; Sonomura, K.; Matsuda, F.; Fagarasan, S.; Honjo, T. Mitochondrial activation chemicals
synergize with surface receptor PD-1 blockade for T cell-dependent antitumor activity. Proc. Natl. Acad. Sci. USA 2017, 114,
E761–E770. [CrossRef]

123. Okeke, E.B.; Uzonna, J.E. The Pivotal Role of Regulatory T Cells in the Regulation of Innate Immune Cells. Front. Immunol. 2019,
10, 680. [CrossRef] [PubMed]

124. Angelin, A.; Gil-de-Gómez, L.; Dahiya, S.; Jiao, J.; Guo, L.; Levine, M.H.; Wang, Z.; Quinn, W.J., 3rd; Kopinski, P.K.; Wang, L. Foxp3
Reprograms T Cell Metabolism to Function in Low-Glucose, High-Lactate Environments. Cell Metab. 2017, 25, 1282–1293.e1287.
[CrossRef]

125. Field, C.S.; Baixauli, F.; Kyle, R.L.; Puleston, D.J.; Cameron, A.M.; Sanin, D.E.; Hippen, K.L.; Loschi, M.; Thangavelu, G.; Corrado,
M.; et al. Mitochondrial Integrity Regulated by Lipid Metabolism Is a Cell-Intrinsic Checkpoint for Treg Suppressive Function.
Cell Metab. 2020, 31, 422–437.e425. [CrossRef] [PubMed]

126. Wynn, T.A.; Chawla, A.; Pollard, J.W. Macrophage biology in development, homeostasis and disease. Nature 2013, 496, 445–455.
[CrossRef]

127. Okabe, Y.; Medzhitov, R. Tissue biology perspective on macrophages. Nat. Immunol. 2016, 17, 9–17. [CrossRef]
128. Mehta, A.K.; Kadel, S.; Townsend, M.G.; Oliwa, M.; Guerriero, J.L. Macrophage Biology and Mechanisms of Immune Suppression

in Breast Cancer. Front. Immunol. 2021, 12, 643771. [CrossRef]
129. Vats, D.; Mukundan, L.; Odegaard, J.I.; Zhang, L.; Smith, K.L.; Morel, C.R.; Wagner, R.A.; Greaves, D.R.; Murray, P.J.; Chawla, A.

Oxidative metabolism and PGC-1beta attenuate macrophage-mediated inflammation. Cell Metab. 2006, 4, 13–24. [CrossRef]
130. Wang, F.; Zhang, S.; Vuckovic, I.; Jeon, R.; Lerman, A.; Folmes, C.D.; Dzeja, P.P.; Herrmann, J. Glycolytic Stimulation Is Not a

Requirement for M2 Macrophage Differentiation. Cell Metab. 2018, 28, 463–475.e464. [CrossRef]
131. Rice, C.M.; Davies, L.C.; Subleski, J.J.; Maio, N.; Gonzalez-Cotto, M.; Andrews, C.; Patel, N.L.; Palmieri, E.M.; Weiss, J.M.; Lee,

J.M.; et al. Tumour-elicited neutrophils engage mitochondrial metabolism to circumvent nutrient limitations and maintain
immune suppression. Nat. Commun. 2018, 9, 5099. [CrossRef]

132. Roesch, A.; Vultur, A.; Bogeski, I.; Wang, H.; Zimmermann, K.M.; Speicher, D.; Körbel, C.; Laschke, M.W.; Gimotty, P.A.;
Philipp, S.E.; et al. Overcoming intrinsic multidrug resistance in melanoma by blocking the mitochondrial respiratory chain of
slow-cycling JARID1B(high) cells. Cancer Cell 2013, 23, 811–825. [CrossRef] [PubMed]

133. Buccheri, G.; Ferrigno, D. A randomised trial of MACC chemotherapy with or without lonidamine in advanced non-small cell
lung cancer. Cuneo Lung Cancer Study Group (CuLCaSG). Eur. J. Cancer 1994, 30, 1424–1431. [CrossRef]

134. Vitiello, G.A.; Medina, B.D.; Zeng, S.; Bowler, T.G.; Zhang, J.Q.; Loo, J.K.; Param, N.J.; Liu, M.; Moral, A.J.; Zhao, J.N.; et al.
Mitochondrial Inhibition Augments the Efficacy of Imatinib by Resetting the Metabolic Phenotype of Gastrointestinal Stromal
Tumor. Clin. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2018, 24, 972–984. [CrossRef] [PubMed]

135. Nagasawa, J.; Mizokami, A.; Koshida, K.; Yoshida, S.; Naito, K.; Namiki, M. Novel HER2 selective tyrosine kinase inhibitor,
TAK-165, inhibits bladder, kidney and androgen-independent prostate cancer in vitro and in vivo. Int. J. Urol. Off. J. Jpn. Urol.
Assoc. 2006, 13, 587–592. [CrossRef] [PubMed]

136. Baccelli, I.; Gareau, Y.; Lehnertz, B.; Gingras, S.; Spinella, J.F.; Corneau, S.; Mayotte, N.; Girard, S.; Frechette, M.; Blouin-Chagnon,
V.; et al. Mubritinib Targets the Electron Transport Chain Complex I and Reveals the Landscape of OXPHOS Dependency in
Acute Myeloid Leukemia. Cancer Cell 2019, 36, 84–99.e88. [CrossRef]

137. Serasinghe, M.N.; Gelles, J.D.; Li, K.; Zhao, L.; Abbate, F.; Syku, M.; Mohammed, J.N.; Badal, B.; Rangel, C.A.; Hoehn, K.L.; et al.
Dual suppression of inner and outer mitochondrial membrane functions augments apoptotic responses to oncogenic MAPK
inhibition. Cell Death Dis. 2018, 9, 29. [CrossRef]

138. Chefetz, I.; Grimley, E.; Yang, K.; Hong, L.; Vinogradova, E.V.; Suciu, R.; Kovalenko, I.; Karnak, D.; Morgan, C.A.; Chtcherbinine,
M.; et al. A Pan-ALDH1A Inhibitor Induces Necroptosis in Ovarian Cancer Stem-like Cells. Cell Rep. 2019, 26, 3061–3075.e3066.
[CrossRef]

http://doi.org/10.1038/s41568-020-0273-y
http://www.ncbi.nlm.nih.gov/pubmed/32632251
http://doi.org/10.1158/2326-6066.CIR-19-0005
http://doi.org/10.1038/s41591-018-0052-4
http://doi.org/10.1136/jitc-2019-000289
http://doi.org/10.1016/j.immuni.2015.09.001
http://doi.org/10.1038/s41590-020-0793-3
http://doi.org/10.1016/j.immuni.2016.07.009
http://www.ncbi.nlm.nih.gov/pubmed/27496732
http://doi.org/10.1073/pnas.1620433114
http://doi.org/10.3389/fimmu.2019.00680
http://www.ncbi.nlm.nih.gov/pubmed/31024539
http://doi.org/10.1016/j.cmet.2016.12.018
http://doi.org/10.1016/j.cmet.2019.11.021
http://www.ncbi.nlm.nih.gov/pubmed/31883840
http://doi.org/10.1038/nature12034
http://doi.org/10.1038/ni.3320
http://doi.org/10.3389/fimmu.2021.643771
http://doi.org/10.1016/j.cmet.2006.05.011
http://doi.org/10.1016/j.cmet.2018.08.012
http://doi.org/10.1038/s41467-018-07505-2
http://doi.org/10.1016/j.ccr.2013.05.003
http://www.ncbi.nlm.nih.gov/pubmed/23764003
http://doi.org/10.1016/0959-8049(94)00286-E
http://doi.org/10.1158/1078-0432.CCR-17-2697
http://www.ncbi.nlm.nih.gov/pubmed/29246941
http://doi.org/10.1111/j.1442-2042.2006.01342.x
http://www.ncbi.nlm.nih.gov/pubmed/16771730
http://doi.org/10.1016/j.ccell.2019.06.003
http://doi.org/10.1038/s41419-017-0044-1
http://doi.org/10.1016/j.celrep.2019.02.032


Cancers 2023, 15, 62 17 of 17

139. Evans, K.W.; Yuca, E.; Scott, S.S.; Zhao, M.; Paez Arango, N.; Cruz Pico, C.X.; Saridogan, T.; Shariati, M.; Class, C.A.; Bristow, C.A.;
et al. Oxidative Phosphorylation Is a Metabolic Vulnerability in Chemotherapy-Resistant Triple-Negative Breast Cancer. Cancer
Res. 2021, 81, 5572–5581. [CrossRef]

140. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef]
141. Lahiguera, Á.; Hyroššová, P.; Figueras, A.; Garzón, D.; Moreno, R.; Soto-Cerrato, V.; McNeish, I.; Serra, V.; Lazaro, C.; Barretina,

P.; et al. Tumors defective in homologous recombination rely on oxidative metabolism: Relevance to treatments with PARP
inhibitors. EMBO Mol. Med. 2020, 12, e11217. [CrossRef] [PubMed]

142. Birsoy, K.; Possemato, R.; Lorbeer, F.K.; Bayraktar, E.C.; Thiru, P.; Yucel, B.; Wang, T.; Chen, W.W.; Clish, C.B.; Sabatini, D.M.
Metabolic determinants of cancer cell sensitivity to glucose limitation and biguanides. Nature 2014, 508, 108–112. [CrossRef]
[PubMed]

143. Kosaisawe, N.; Sparta, B.; Pargett, M.; Teragawa, C.K.; Albeck, J.G. Transient phases of OXPHOS inhibitor resistance reveal
underlying metabolic heterogeneity in single cells. Cell Metab. 2021, 33, 649–665.e648. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1158/0008-5472.CAN-20-3242
http://doi.org/10.1016/j.cell.2011.02.013
http://doi.org/10.15252/emmm.201911217
http://www.ncbi.nlm.nih.gov/pubmed/32400970
http://doi.org/10.1038/nature13110
http://www.ncbi.nlm.nih.gov/pubmed/24670634
http://doi.org/10.1016/j.cmet.2021.01.014
http://www.ncbi.nlm.nih.gov/pubmed/33561427

	Introduction 
	The OXPHOS Metabolic Pathway 
	Resistant Cancer Cells Display High OXPHOS Activity Levels 
	OXPHOS in the Drug Resistance of Hematologic Malignancies 
	OXPHOS in Drug Resistance of Solid Tumors 
	ROS Levels in Cancer Cells and OXPHOS 

	CSCs Undergo a Metabolic Transition between OXPHOS and Glycolysis 
	CSC Metabolism Remodeling and Promotion of Mitochondrial OXPHOS 
	Certain Drugs Cause Metabolic Transformation from OXPHOS to Glycolysis in CSCs 

	OXPHOS Plays a Dual Role in Cancer Immunity 
	OXPHOS Contributes to Immunotherapy Resistance 
	OXPHOS Affects Certain Types of Immune Cells in The TME 

	OXPHOS Is a Novel Therapeutic Target That Can Be Leveraged to Overcome Cancer Drug Resistance 
	OXPHOS Inhibitors in Cancer Therapy 
	Novel Potential Biomarkers to Enhance the Application of OXPHOS Inhibitors 

	Conclusions 
	References

