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The failure in effective cancer treatment is thought to be attributed to a subpopulation of tumor cells with stem
cell-like properties. These cancer stem cells (CSCs) are intimately linked to tumor initiation, heterogeneity,
maintenance, recurrence and metastasis. Increasing evidence supports the view that a tight redox regulation is
crucial for CSC proliferation, tumorigenicity, therapy resistance and metastasis in many cancer types. Since the
distinct metabolic and epigenetic states of CSCs may influence ROS levels, and hence their malignancy, ROS
modulating agents hold promise in their utility as anti-CSC agents that may improve the durability of current

cancer treatments. This review will focus on (i) how ROS levels are regulated for CSCs to elicit their hallmark
features; (ii) the link between ROS and metabolic plasticity of CSCs; and (iii) how ROS may interface with
epigenetics that would enable CSCs to thrive in a stressful tumor microenvironment and survive therapeutic

insults.

1. Redox homeostasis and signaling

Reactive oxygen species (ROS) is a collective term used to describe
oxygen-containing, chemically reactive molecules [1]. The tight control
of ROS generation and elimination is of paramount importance to
normal and cancer cells since ROS (low to moderate levels)-mediated
cell signaling can significantly impact a variety of cellular pathways,
including cell growth, differentiation, survival and angiogenesis [2-4].
Interestingly, cancer cells and CSCs appear to have distinct redox pro-
files, with CSCs exhibiting redox patterns that are more similar to
normal stem cells. We will briefly touch upon the basics of redox
homeostasis and signaling, and refer the reader elsewhere for a com-
prehensive review of this topic [5-7].

1.1. ROS generation

The mitochondria is the primary endogenous source of ROS in
mammalian cells as ROS is a by-product of oxidative phosphorylation
(OXPHOS) [8]. The enzyme complexes of the electron transport chain,
mainly complex I and complex III, leak free electrons which drive the
monoelectronic O, reduction to superoxide (0,"), that is rapidly re-
duced by superoxide dismutases (SODs) to H,O, (a non-radical ROS)
[9,10]. Simultaneously, by the well-described Fenton reaction, Fe?*
and H,0, can react with each other to yield *OH radicals [11]. The

NADPH oxidase (NOX) family of membrane-bound enzymes represents
another major endogenous source of ROS [12]. All members of the NOX
family are able to drive the NADPH-dependent reduction of O, to O~
[12,13]. In addition to O5~, NOX4, dual oxidase 1 (DUOX1) and DUOX2
generate regulated levels of H,O, [14,15]. Other endogenous sources of
ROS include enzymes such as oxidases (e.g. xanthine oxidase) and
oxygenases (e.g. cytochrome P450), peroxisomal oxidative metabolism
and oxidative protein folding in the endoplasmic recticulum [16-18].
Lastly, ROS is also produced by exogenous agents, including che-
motherapy, radiation, heavy metals (or metal complexes), atmospheric
pollutants, chemicals, drugs and xenobiotics [19,20].

The current paradigm is that cancer cells generate higher levels of
ROS than normal cells due to the activation of oncogenes, inactivation
of tumor suppressor genes, aberrant metabolism, mitochondrial mal-
function, inflammation or genotoxic stress [3,21,22], and this is com-
pensated for by a more robust antioxidant system (Fig. 1) [23,24].
Consequently, cancer cells have a lower buffering capacity against
disruptions in ROS levels [23,25].

1.2. ROS scavenging
When ROS production exceeds the activity of antioxidant defense,

oxidative stress ensues and this is associated with many disease states,
including autoimmunity and cancer [5,11]. Optimal ROS scavenger
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Fig. 1. Redox homeostasis in normal and cancer cells. (a) Normal cells maintain a low level of ROS for physiological function and constantly scavenge to remove
excess ROS. Oxidative stress is induced if excessive ROS or antioxidants disrupts the delicate redox balance; this could result in cell death and damage. (b) Cancer
cells inherently produce higher level of ROS than normal cells that is counterbalanced by greater ROS scavenging activity. Several therapies such as chemotherapy,
pro-oxidant treatment and antioxidant inhibition or treatment target redox homeostasis in cancer cells to induce cytotoxic cell death.

systems are required to keep ROS levels in check and include enzymatic
antioxidants such as SODs, catalases, thioredoxins, peroxiredoxins,
glutathione peroxidases, p38-mitogen-activated protein kinases
(MAPKs) and various sirtuins (SIRTs) [26-30]. Non-enzymatic anti-
oxidants such as glutathione (GSH), vitamin C (ascorbate), vitamin E
(tocopherols) and polyphenols, also act directly on oxidative agents
[31].

1.3. Redox signaling

The deployment of ROS in cell signaling is known as redox signaling
[32]. At redox-sensitive amino acid residues such as cysteine and me-
thionine, ROS can oxidize cellular proteins to allosterically change their
conformation and function [33,34]. With a longer half-life than other
ROS agents, H,O, acts as a second messenger for intracellular signaling
through cysteine-based modifications [35], while other ROS agents,
including O,™ and *OH, are more associated with cellular damage [7].

Redox sensors detect changes in ROS levels and initiate an appro-
priate cellular response that culminate in antioxidant responses, gene
transcription, differentiation, cell growth, cell proliferation and apop-
tosis [33,36]. Several transcription factors have established roles in
redox sensing, including members of the forkhead box O (FOXO) fa-
mily, hypoxia inducible factors (HIFs), kelch-like ECH-associated pro-
tein 1 (KEAP1) with nuclear factor erythoid 2 (NRF2) and the p53
tumor suppressor. The direct and indirect effect of ROS on these mo-
lecules have been widely reported and reviewed [37-41]. Diverse

enzyme families are also amenable to redox modulation, including ki-
nases such as AKT kinases, MAPKs, ataxia-telangiectasia mutated
(ATM), and mammalian target of rapamycin (mTOR), as well as phos-
phatases like phosphate and tensin homolog (PTEN) and SIRTs
[25,33,41,42]. The downstream pathways of these enzymes are often
involved in the mediation of ROS levels, for instance, through mod-
ulation of transcription factors (e.g FOXOs) [38,43].

2. Redox regulation in cancer stem cells

Cancer is a disease of heterogeneity at the genetic, phenotypic and
functional levels. CSCs represent a subpopulation of cancer cells with
robust self-renewal capacity, multipotency and tumorigenic potential,
and contribute to tumor heterogeneity by perpetuating themselves and
generating various differentiated progenitors (Fig. 2). The CSCs are
widely associated with various clinical hallmark features of cancer,
including therapy resistance, tumor recurrence, invasiveness and me-
tastasis [44]. An emerging theme is that CSCs are not homogeneous
even within the same tumor; rather, they may be heterogeneous in their
cell cycle, metabolic and redox profiles, which may explain for the lack
of a congruent correlation between ROS levels and CSC function from
various studies. Here, we will summarize the findings that highlight the
importance of redox regulation in supporting the hallmark features of
CSC and attempt to crystallize a coherent view from these studies.
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Fig. 2. Cancer stem cell origin, state and fate. (a) CSCs may arise from the accumulation of gene mutations in normal stem cells or the acquisition of a stem cell-
like state (“dedifferentiation”) in progenitor cells or pre-malignant cancer cells due to cumulative gene mutations. (b) In order to self-renew and remain in an
undifferentiated state, CSCs interact with the tumor microenvironment and rely on unique redox, epigenetic and metabolic states, as well as a variety of cell signaling
pathways (e.g. Hedgehog, Wnt and Notch). (c) Depending on the extracellular and intracellular signaling, CSCs may exist in a slow-cycling (or quiescent) state or
proliferative state. Induction of CSC death could occur due to environmental stressors or CSC-targeted therapies. CSCs can also generate differentiated progenies or
undergo transdifferentiation into cells of different lineages such as pericytes and endothelial cells. Tumor heterogeneity is thus maintained by quiescent and
proliferative CSCs with long term self-renewal potential, as well as more differentiated CSCs. Dotted arrows indicate interaction between groups.

2.1. Robust self-renewal/proliferation and tumorigenic potential

CSCs are thought to possess robust self-renewal and tumorigenic
potential, which is often assessed by the ability of CSCs to generate
tumor xenograft (in vivo) or tumorspheres (in vitro) either with or
without limiting dilutions. In T-cell acute lymphoblastic leukemia, the
ROS'", CD44* CSCs are highly enriched in leukemia-initiating cells
[45]. Low levels of ROS in the CSCs are due to the downregulation of
PKC-6 that is repressed by Notchl through RUNX3 and RUNX1. Simi-
larly, in Hoxa9+ Meisl-induced acute myeloid leukemia (AML) the
frequency of CSCs positively correlates with the expression of Gpx3 (a
ROS scavenging enzyme) and low levels of ROS [46]. Consistent with
the idea that low levels of ROS are required for the maintenance of
leukemia CSCs, disulfiram/copper (an aldehyde dehydrogenase in-
hibitor) selectively eliminates CSCs by increasing ROS levels through
the downregulation of NRF2 and upregulation of JNK pathway [47].

In hepatocellular carcinoma (HCC) cells, disulfiram treatment re-
duces CSC marker expression, tumorsphere formation and tumor-
igenicity in xenograft experiments in a ROS-p38 MAPK pathway-de-
pendent manner [48]. These suggest that liver CSCs may prefer a low
ROS cellular environment. Indeed, liver CSCs reduce mitochondrial
OXPHOS and ROS production through NANOG that is in turn regulated
by the Toll-like receptor 4 (TLR4)-E2F1 axis [49]. Notably, paraquat
(an inducer of ROS) treatment or NANOG silencing decreases tumor-
sphere formation of liver CSCs.

While CSCs in leukemia and liver cancer favor a ROS'®" environ-
ment, the opposite appears to apply for CSCs in glioblastoma and breast
cancer. In glioblastoma, CD133% CSCs have higher levels of ROS than
non-CSCs, although the pharmacologic and genetic modulation of su-
peroxide levels did not affect CSC growth and viability [50,51]. How-
ever, glioblastoma CSCs overexpress GTP cyclohydrolase 1 (GCH1), a
rate-limiting enzyme in a biosynthetic pathway for the production
tetrahydrobiopterin (BH4), a cofactor for nitric oxide synthase [52].
The depletion of GCH1 reduces CSC growth and tumorigenicity, sug-
gesting that high NO levels may be crucial for CSC activity in glio-
blastoma. In triple-negative breast cancer, CSCs have higher levels of
ROS than non-CSCs due to elevated mitochondria biogenesis that is
regulated by MYC and MCL1 [53]. High levels of ROS stabilize HIF1a
and hence increased mammosphere formation.

In summary, the most compelling evidence is that ROS levels are
lower in leukemia and liver CSCs when compared to non-CSCs, and this
is required for the proliferation/self-renewal and tumorigenicity of
CSCs. More rigorous experiments that take into account the potential
cell cycle and redox heterogeneity of CSCs, as well as cancer subtype
differences will be necessary to evaluate if ROS levels may directly
impact CSC activity in other cancer types.

2.2. Therapy resistance

The role of dysregulated ROS levels in CSC therapy resistance is well
supported in numerous studies. In AML, the ROS'°", quiescent leukemic
cells exhibit CSC properties and overexpress B-cell lymphoma 2 (Bcl-2),
an anti-apoptotic protein [54]. The inhibition of Bcl-2 increased mi-
tochondrial ROS levels, decreased GSH levels and selectively eliminated
therapy-resistant, quiescent CSCs. In colorectal cancer, ROS®" CSCs
with low proteasome activity are enriched after radiation and che-
motherapeutic treatment [55]. These CSCs overexpress EID3 which
upon depletion overcomes therapy resistance of colorectal cancer cells.

In HCC, chemotherapeutic drugs or radiation treatment invariably
result in the enrichment of CSCs with a ROS'" profile that is accom-
panied with either the ability to reduce ROS-induced DNA damage after
genotoxic insult, increased GSH levels or MAPK/PI3K activation
[56-58]. Importantly, the inhibition of CD13 (a liver CSC marker) or
treatment of CD133™ CSCs with sulfasalazine (a potent xCT inhibitor)
overcomes resistance to chemotherapeutic and radiation treatment by
increasing ROS levels in the resistant cells [56,58,59]. In pancreatic
adenocarcinoma, ROS°Y CSC are also implicated in radioresistance
[60,61]. Glutamine deprivation or the inhibition of non-canonical
glutamine metabolism sensitizes pancreatic CSCs to radiation treatment
in vitro and in tumor xenograft experiments via intracellular ROS ac-
cumulation [60].

Stem cell maintenance pathways can also contribute to therapy
resistance. For example, radiation induces the expression of Jagged-1
and intracellular Notch-ICD in CD24~/'°"/CD44 " -enriched breast
CSCs, indicating the activation of the developmental Notchl signaling
pathway [62]. These breast CSCs exhibited higher radioresistance and
lower ROS levels (suggesting higher reactive species scavenger levels)
than non-breast CSCs. Collectively, all the above studies converge to a
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Table 1
Identified metabolic phenotypes for various cancers.
Types of cancer Metabolic processes Effect on ROS levels and CSC state and fate Ref.
involved
Breast CSCs Glycolysis Low FBP1 expression in basal-like breast cancer promotes glycolysis while suppressing OXPHOS, thereby reducing [77,81]
ROS levels and maintaining CSC population.
Breast CSCs rely on fermentative glycolysis and are sensitive to glycolysis inhibitor treatment. They overexpress [82]
several antioxidant enzymes such as mitochondrial SOD to counteract excessive ROS production.
Glycolysis and OXPHOS Mesenchymal-like breast CSCs have enhanced glycolysis and require a low level of ROS to maintain their quiescent  [64]
state. On the other hand, epithelial-like breast CSCs are OXPHOS-dependent and have a higher level of mitochondrial
ROS.
Brain CSCs OXPHOS Induction of H,0, and 0,® generation in glioma stem cells occurred through electron transport chain activation. [83]
FAO Glioblastoma stem and progenitor cells are less glycolytic than differentiated glioma cells. GSCs consume less glucose  [84]
and produce less lactate while maintaining higher ATP levels than their differentiated progeny.
In glioblastoma, inhibition of FAO causes a profound drop in NADPH levels and an increase in ROS levels. [85]
Colon CSCs Glycolysis The colon CSC secretome is enriched in proteins involved in glycolysis and gluconeogenesis, and have enhanced anti-  [86]
oxidant networks, suggesting that the maintenance of low ROS levels contributes to their intrinsic drug resistance.
Leukemia CSCs OXPHOS In acute myeloid leukemia, ROS'°Y CSCs are defined by quiescent cell cycle status, low energy production and Bcl-2  [54]
overexpression. However, these CSCs are paradoxically dependent on OXPHOS. Bcl-2 inhibition suppresses OXPHOS
and increases mitochondrial ROS.
Liver CSCs Glycolysis and FAO In HCC, CSCs with repressed ROS generation have increased glycolysis and FAO accompanied by lower OXPHOS. [49]
Ovarian CSCs OXPHOS More stem-like CD44 " /CD117* ovarian CSCs contain higher levels of H,0, than CD44* /CD117" cells. The epithelial ~ [87]
ovarian CSCs privilege OXPHOS and inhibition of the mitochondrial respiratory chain induces cell death.
Pancreatic CSCs Glycolysis In gemcitabine-resistant pancreatic CSCs, the up-regulation of glycolysis and maintenance of low ROS promotes [65]

stemness, EMT and therapeutic resistant phenotypes.

Glutamine metabolism

ROS'®" CSCs are reliant on the non-canonical glutamine metabolic pathway and glutamine deprivation significantly ~ [60]

inhibited CSC self-renewal and sensitizes CSC to irradiation.

model whereby high ROS induction may be useful in the eradication of
therapy-resistant CSCs across multiple cancer types.

2.3. Epithelial-mesenchymal transition

In epithelial-mesenchymal transition (EMT), a polarized epithelial
cell that typically associates with the basement membrane, undergoes
multiple biochemical changes that enables it to transform into a me-
senchymal cell phenotype, including increased migratory capacity, in-
vasiveness, elevated resistance to apoptosis, and enhanced production
of extracellular matrix components [63]. An emerging view is that ROS
signaling mechanisms could influence the EMT-like phenotype of CSCs.
In breast cancer, the ROS'" mesenchymal CSC are more sensitive to
glycolysis inhibitor than the ROS"®" epithelial CSC, which are more
oxidative and reliant on the NRF2 antioxidant response [64]. Hypoxic
and metabolic stressors promote the mesenchymal to epithelial state
transition through ROS-mediated activation of the AMPK-HIFla axis.
Importantly, co-inhibition of glycolysis and antioxidant (e.g. thior-
edoxin and GSH) pathways targets both mesenchymal and epithelial
CSC.

In pancreatic cancer, 2-deoxy-p-glucose or H,O, treatment enhances
cytotoxicity of gemcitabine, and suppresses CSC (including expression
of CSC markers) and EMT phenotypes (including EMT marker expres-
sion and migration) of a gemcitabine-resistant pancreatic cell line,
which could be reversed by N-Acetyl cysteine (NAC) treatment [65]. In
lung cancer, CD24'°% CSC express low levels of DUOX1 when compared
to the CD24™&" non-CSC [66]. Silencing DUOX1 (which should pre-
sumably decrease H,0, levels) increases CSC frequency, mesenchymal
gene expression, tumor invasiveness and resistance to tyrosine kinase
inhibitor.

In HCC, the treatment of liver cancer cell lines with transforming
growth factor-beta (TGF-B) increases the expression of mesenchymal
markers and CD13, and tumorigenicity [67]. Higher ROS levels and
stem cell maintenance gene (BMI1 and Notch1) expression are reported
in the CD13*/N-cadherin™ cells than the CD13*/N-cadherin  cells,
reinforcing the idea of CSC and hence ROS heterogeneity. In general,
the majority of studies have revealed a trend implicating low levels of
ROS and the EMT phenotype of CSCs.

3. Metabolism and redox in CSCs

The reciprocal crosstalk between redox balance and metabolism has
been gaining attention due to their implications in malignant progres-
sion and therapy resistance in cancer [23]. Recent studies support the
view that the metabolic state of CSCs differ between cancer types,
subtypes of the same cancer and even cycling states within the same
tumor [44,54,68,69]. To add on to this complexity, the CSCs readily
switch their metabolic profile according to their needs (i.e. metabolic
plasticity) [68]. An interesting study by Sancho et al. [70] demon-
strated metabolic heterogeneity within pancreatic CSCs by character-
izing a pre-existing pro-glycolytic subpopulation of CSCs with enhanced
metformin resistance. Treatment with metformin resulted in the ex-
pansion of the pro-glycolytic subpopulation, which suggested a meta-
bolic switch of the OXPHOS-dependent CSCs.

In addition, secondary metabolic processes such as glutaminolysis,
fatty acid oxidation (FAO) and one-carbon metabolism, can be acti-
vated in CSCs as additional means of energy generation, contributing to
the complexity of CSC metabolism [6,71-75]. Chen et al. [49] de-
monstrated that NANOG contributes to HCC progression in mice by
repressing OXPHOS activity and mitochondrial ROS generation, while
activating FAO to support CSC self-renewal and drug resistance
[49,76]. Notably, the restoration of OXPHOS activity and inhibition of
FAO renders CSCs susceptible to sorafenib, highlighting a potential
strategy to combat chemoresistance of HCC.

In basal-like breast CSCs, pro-glycolytic metabolic reprogramming
decreases ROS production and enhances stem-like properties and in
vitro tumorsphere formation [77]. Luo et al. [64] later showed that
mesenchymal-like breast CSCs (M-BCSCs) similarly prefer glycolysis
and maintain low ROS levels. Additionally, the study demonstrated that
H,0, treatment would force M-BCSCs into an epithelial-like, OXPHOS-
enriched phenotype and application of NAC reverses this metabolic
state-switch [64]. This serves as evidence supporting metabolic plasti-
city of breast CSCs and underscores the intimate link between CSC
metabolism and ROS regulation [68,78-80].

It is noteworthy that the maintenance of low ROS levels does not
always correspond to a preference for glycolysis. Lagadinou et al. [54]
demonstrated that leukemia CSCs have characteristically low levels of
0O,", but are surprisingly reliant on BCL-2-mediated OXPHOS for
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Fig. 3. Targeting the hallmarks of cancer stem cell. Redox regulation plays a crucial role in maintenance of the CSCs via downregulating the ROS or upregulating
the antioxidants. Targeting the regulatory factors involved in these pathways seems promising to overcome therapy resistance and relapse. In addition, developing
drugs or molecules that would aid in the delivery of anti-cancer therapeutics at the hypoxic CSC niche for example, nanoparticles and promotor drugs should aid in
the efficacy of these drugs.

Table 2
Anti-CSCs agents that operate by directly or indirectly perturbing ROS levels.
Types of cancer Potential drugs/inhibitors Mechanism of action Ref.
Breast cancer A Copper(I) Phenanthroline Disrupts mitochondrial function by ROS generation in CSCs [111]
Metallopeptide
KPT-6566, peptidyl-prolyl isomerase Generates ROS and DNA damage by release of a quinone-mimicking drug ~ [112]
inhibitor upon covalently binding to the catalytic site of PIN1
Ironomycin (AM5), Synthetic derivative of = Causes depletion of iron in cytoplasm and sequestration of iron in [113]
salinomycin lysosomes, leading to iron-mediated production of ROS in lysosomes,
lysosomal membrane permeabilization and cell death by ferroptosis in
CSCs.
anti-xCT DNA vaccination Anti-xCT can alter CSC redox balance, impairing metastasis and increasing  [114]
CSC chemosensitivity.
Leukemia E3330, redox-specific inhibitor Inhibitor of Ref-1 which is crucial in cellular response to DNA damage and  [115]
redox regulation resulting in potent inhibition of viability of leukemia T
cells
Disulfiram + Cu Induces simultaneous ROS-JNK pathway activation and inhibition of the [116]
pro-survival NRF2 and NF-kB pathways in CSCs.
Lung cancer LBL21, synthetic analogue of naturally Induces apoptosis partly by ROS accumulation and activating endoplasmic ~ [61]
occurring phenethyl isothiocyanate recticulum stress sensors and partly by depleting GSH in CSCs
(PEITC)
Pancreatic cancer MK-0752, y-secretase inhibitor (GSI) GSIs inhibit the proteolytic function of presenilin enzymes, resulting in [117,118]
intact form of Notch. ROS has been suggested to modulate Notch signaling.
Glioblastoma Napabucasin BBI608 suppresses cancer stemness by targeting STAT3-driven gene Mason WP
(BBI608) in Combination With transcription. STAT3 transcription factor can be activated by ROS. http://clinicaltrials.gov/show/
Temozolomide NCT02315534

Breast cancer stem
cells

Advanced solid
tumors

Bevacizumab (humanized anti-VEGF
monoclonal IgG; antibody)

Amcasertib (BBI503) cancer cell stemness
kinase inhibitor

Selectively inhibits circulating VEGF from binding to its cell surface
receptors. Known to also increase ROS levels.

Potential antineoplastic activity, known to target NANOG. Inhibits CSC
survival pathways that assist in CSC and heterogeneous cancer cell growth.
These pathways may be involved in metabolism and ROS modulation.

[119]

Boston Biomedical, Inc
https://clinicaltrials.gov/ct2/
show/NCT01781455

survival and maintenance of a quiescent, stem-like state. A summary of

therapeutics.

how specific metabolic processes may influence CSC state and fate in a
variety of cancer types is shown in Table 1. Notwithstanding the

complexity of CSC metabolism and ROS regulation, this area clearly
warrants further investigation as the modulation of CSC metabolism
represents an attractive and actionable avenue for novel CSC

4. ROS, epigenetics and CSCs

The acquisition of a stem cell-like phenotype in cancer cells is often
accompanied by the accumulation of driver mutations in a wide range
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of epigenetic regulators, resulting in the uncontrolled self-renewal and
repression of cellular differentiation of the resulting cells [88,89]. In-
deed, epigenetic alterations can affect the expression of metabolism and
antioxidant defense genes, deregulating ROS levels that are conducive
for CSC growth. In basal-like breast cancer, the Snail-G9a-DNMT1
complex decreases ROS levels by repressing fructose-1,6-biphosphatase
transcription, increasing CSC-like characteristics [77]. In AML, TXNIP is
downregulated due to PRC2-mediated gene silencing [90]. Disruption
of PRC2, either by 3-Deazaneplanocin A (DZNep; a histone methyl-
transferase inhibitor) treatment or EZH2 knockdown, reactivates
TXNIP, inhibits TXN activity, increases ROS and apoptosis of leukemia
CSCs. Moreover, ROS can directly alter the expression and thus activity
of DNA methyltransferases (DNMTs), histone acetyltransferases (HATSs),
histone deacetylases (HDACs) or microRNAs (miRNA) [91-93], re-
sulting in gene expression changes that may or may not be compatible
with CSC function.

MiRNAs are an emerging class of epigenetic regulators which con-
trol gene expression at the post-transcriptional level through mRNA
translation and stability [94-96]. They play critical roles in fine-tuning
a wide array of biological processes and have been increasingly sug-
gested to direct the fate of stem cells and CSCs into specific lineages
[97-100]. ROS levels upregulate several miRNAs, including miR-21,
miR-146a, miR-200 family and miR-210 [100-102]. For instance,
members of the miR-200 family are upregulated by oxidative stress, and
can decrease CSC self-renewal through downregulated expression of
proteins in CSC maintenance pathways, including BMII, Suzl2, and
Notchl [103]. Conversely, ROS levels could reduce the activity of
miRNAs such as miR-let-7 family, which may negatively regulate EMT
and CSC features [104,105].

5. Future outlook

According to the CSC model, stem cell-like cancer cells with the
greatest proliferative and tumorigenic potential, reside at the apex of
cellular hierarchy, leading to the promise that the eradication of CSCs
should reduce cancer relapse and treatment failure. Given the emerging
view that ROS levels can impact CSC stemness, metabolism and epi-
genome, ROS modulating agents may have efficacy in anti-CSC therapy.
Indeed, there are a variety of strategies that exploit ROS perturbations,
either directly or indirectly, to target the hallmark features of CSCs
(Fig. 3 and Table 2). Given the importance of the tumor micro-
environment on CSC plasticity and therapy resistance, the effectiveness
of anti-CSC therapies may be further enhanced by the concurrent tar-
geting of angiogenic and stromal factors, including anti-vasculature
therapies (such as anti-VEGF antibodies-bevacizumab, anti-EGFR anti-
bodies-cetuximab or small molecules like erlotonib) that lead to nu-
trient and oxygen starvation, and reduce tumor interstitial pressure aid
in enhanced cytotoxic drug uptake [106-108]. Lastly, the development
of nanoparticles and promoter drugs to enhance the delivery of anti-
CSC agents into the hypoxic CSC niche should also improve the efficacy
of these drug [109,110].

Acknowledgment
DSTO acknowledges grants from the National Research
Foundation (NRF-NRFF2017-01) and National University of

Singapore (NUS). DSTO is a recipient of the National Research
Foundation Fellowship and NUS President’s Assistant Professorship.
BWLL is a recipient of the NUS Research Scholarship.

References

[1] Y.R. Li, Z. Jia, M.A.M. Trush, Defining ROS in biology and medicine, Cell Med.
Press 1 (2016) 9-21.

[2] S. Ding, C. Li, N. Cheng, X. Cui, X. Xu, G. Zhou, Redox regulation in cancer stem
cells, Oxid. Med. Cell. Longev. 2015 (2015) 750798.

[3]
[4]

[5

[6

[7

[8]
[91
[10]

[11]

[12]

[13]

[14]

[15]

[16]
[17]
[18]
[19]
[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]
[35]
[36]

[37]

Redox Biology 25 (2019) 101056

S. Kumari, A.K. Badana, M.M. G, S. G, R. Malla, Reactive oxygen species: a key
constituent in cancer survival, Biomark. Insights (2018).

K.R. Martin, J.C. Barrett, Reactive oxygen species as double-edged swords in
cellular processes: low-dose cell signaling versus high-dose toxicity, Hum. Exp.
Toxicol. 21 (2002) 71-75.

D. Kienhofer, S. Boeltz, M.H. Hoffmann, Reactive oxygen homeostasis — the bal-
ance for preventing autoimmunity, Lupus 25 (2016) 943-954.

E. Panieri, M.M. Santoro, ROS homeostasis and metabolism: a dangerous liaison in
cancer cells, Cell Death Dis. 7 (2016) e2253.

M. Schieber, N.S. Chandel, ROS function in redox signaling and oxidative stress,
Curr. Biol. 24 (2014) R453-R462.

A. Boveris, E. Cadenas, Mitochondrial production of hydrogen peroxide regulation
by nitric oxide and the role of ubisemiquinone, Crit. Rev. (2000).

M.D. Brand, The sites and topology of mitochondrial superoxide production, Exp.
Gerontol. 45 (2010) 466-472.

F.L. Muller, Y. Liu, H. Van Remmen, Complex III releases superoxide to both sides
of the inner mitochondrial membrane, J. Biol. Chem. 279 (2004) 49064-49073.
C. Hegedis, K. Kovécs, Z. Polgér, Z. Regdon, E. Szabo, A. Robaszkiewicz,

H.J. Forman, A. Martner, L. Viradg, Redox control of cancer cell destruction, Redox
Biol. 16 (2018) 59-74.

J.L. Meitzler, S. Antony, Y. Wu, A. Juhasz, H. Liu, G. Jiang, J. Lu, K. Roy,

J.H. Doroshow, NADPH oxidases: a perspective on reactive oxygen species pro-
duction in tumor biology, Antioxid. Redox Signal. 20 (2014) 2873-2889.

A. Maturana, K.-H. Krause, N. Demaurex, NOX family NADPH oxidases: do they
have built-in proton channels? J. Gen. Physiol. 120 (2002) 781-786.

R. Forteza, M. Salathe, F. Miot, R. Forteza, G.E. Conner, Regulated hydrogen
peroxide production by duox in human airway epithelial cells, Am. J. Respir. Cell
Mol. Biol. 32 (2005) 462-469.

K.D. Martyn, L.M. Frederick, K. Von Loehneysen, M.C. Dinauer, U.G. Knaus,
Functional analysis of Nox4 reveals unique characteristics compared to other
NADPH oxidases, Cell Signal. 18 (2006) 69-82.

S.S. Cao, R.J. Kaufman, Endoplasmic reticulum stress and oxidative stress in cell
fate decision and human disease, Antioxid. Redox Signal. 21 (2014) 396-413.
E.G. Hrycay, S.M. Bandiera, Involvement of cytochrome P450 in reactive oxygen
species formation and cancer, Adv. Pharmacol. 74 (2015) 35-84.

M. Schrader, H.D. Fahimi, Peroxisomes and oxidative stress, Biochim. Biophys.
Acta — Mol. Cell Res. 1763 (2006) 1755-1766.

K. Naidoo, M. Birch-Machin, Oxidative stress and ageing: the influence of en-
vironmental pollution, sunlight and diet on skin, Cosmetics 4 (2017) 4.

D.V. Parke, A. Sapota, Chemical toxicity and reactive oxygen species, Int. J.
Occup. Med. Environ. Health 9 (1996) 331-340.

1. He, L. Luo, S.J. Proctor, P.G. Middleton, E.L. Blakely, R.W. Taylor,

D.M. Turnbull, Somatic mitochondrial DNA mutations in adult-onset leukaemia,
Leukemia 17 (2003) 2487-2491.

M. Ogrunc, R. Di Micco, M. Liontos, L. Bombardelli, M. Mione, M. Fumagalli,
V.G. Gorgoulis, F. D’adda Di Fagagna, Oncogene-induced reactive oxygen species
fuel hyperproliferation and DNA damage response activation, Cell Death Differ. 21
(2014) 998-1012.

C. Gorrini, L.S. Harris, T.W. Mak, Modulation of oxidative stress as an anticancer
strategy, Nat. Publ. Gr. 12 (2013).

D. Zhou, L. Shao, D.R. Spitz, Reactive oxygen species in normal and tumor stem
cells, Adv. Cancer. Res. 122 (2014) 1-67.

B. Marengo, M. Nitti, A.L. Furfaro, R. Colla, C. De Ciucis, U.M. Marinari,

M.A. Pronzato, N. Traverso, C. Domenicotti, Redox homeostasis and cellular an-
tioxidant systems: crucial players in cancer growth and therapy, Oxid. Med. Cell.
Longev. 2016 (2016).

I.A. Abreu, D.E. Cabelli, Superoxide dismutases-a review of the metal-associated
mechanistic variations, BBA — Proteins Proteom. 1804 (2009) 263-274.

N. Chandimali, D. Jeong, T. Kwon, N. Chandimali, D.K. Jeong, T. Kwon,
Peroxiredoxin II regulates cancer stem cells and stemness-associated properties of
cancers, Cancers 10 (2018) 305.

P. Heusch, M. Canton, S. Aker, A. Van De Sand, I. Konietzka, T. Rassaf, S. Menazza,
O.E. Brodde, F. Di Lisa, G. Heusch, R. Schulz, The contribution of reactive oxygen
species and p38 mitogen-activated protein kinase to myofilament oxidation and
progression of heart failure in rabbits, Br. J. Pharmacol. 160 (2010) 1408-1416.
J.W. Hwang, H. Yao, S. Caito, LK. Sundar, I. Rahman, Redox regulation of SIRT1 in
inflammation and cellular senescence, Free Radic. Biol. Med. 61 (2013) 95-110.
P. Rangarajan, A. Karthikeyan, J. Lu, E.A. Ling, S.T. Dheen, Sirtuin 3 regulates
Foxo3a-mediated antioxidant pathway in microglia, Neuroscience 311 (2015)
398-414.

F. Ahmadinejad, S. Geir Mgller, M. Hashemzadeh-Chaleshtori, G. Bidkhori, M.-
S. Jami, Molecular mechanisms behind free radical scavengers function against
oxidative stress, Antioxidants 6 (2017) 51.

H. Kamata, H. Hirata, Redox regulation of cellular signalling, Cell Signal. 11
(1999) 1-14.

D.Q. Tan, T. Suda, Reactive oxygen species and mitochondrial homeostasis as
regulators of stem cell fate and function, Antioxid. Redox Signal. 29 (2017)
(ars.2017.7273).

Y. Wang, J. Yang, J. Yi, Redox sensing by proteins: oxidative modifications on
cysteines and the consequent events, Antioxid. Redox Signal. 16 (2012) 649-657.
K.M. Holmstrom, T. Finkel, Cellular mechanisms and physiological consequences
of redox-dependent signalling, Nat. Rev. Mol. Cell Biol. 15 (2014) 411-421.

D. Ortiz de Orué Lucana, Redox sensing: novel avenues and paradigms, Antioxid.
Redox Signal. 16 (2012) 636-638.

X.M. Yamamoto, T.W. Kensler, H. Motohashi, The KEAP1-NRF2 system: a thiol-
based sensor-effector apparatus for maintaining redox homeostasis, Physiol. Rev.


http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref1
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref1
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref2
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref2
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref3
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref3
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref4
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref4
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref4
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref5
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref5
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref6
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref6
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref7
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref7
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref8
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref8
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref9
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref9
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref10
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref10
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref11
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref11
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref11
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref12
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref12
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref12
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref13
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref13
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref14
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref14
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref14
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref15
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref15
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref15
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref16
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref16
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref17
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref17
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref18
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref18
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref19
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref19
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref20
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref20
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref21
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref21
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref21
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref22
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref22
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref22
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref22
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref23
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref23
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref24
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref24
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref25
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref25
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref25
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref25
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref26
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref26
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref27
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref27
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref27
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref28
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref28
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref28
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref28
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref29
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref29
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref30
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref30
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref30
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref31
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref31
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref31
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref32
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref32
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref33
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref33
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref33
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref34
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref34
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref35
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref35
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref36
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref36
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref37
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref37

B.W.L.

[38]

[39]

[40]

[41]
[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[571

[58]

[59]

Lee, et al.

98 (2018) 1169-1203.

L.-O. Klotz, C. Sdnchez-Ramos, 1. Prieto-Arroyo, P. Urbanek, H. Steinbrenner,

M. Monsalve, Redox regulation of FoxO transcription factors, Redox Biol. 6 (2015)
51-72.

T. Zhao, Y. Zhu, A. Morinibu, M. Kobayashi, K. Shinomiya, S. Itasaka,

M. Yoshimura, G. Guo, M. Hiraoka, H. Harada, HIF-1-mediated metabolic repro-
gramming reduces ROS levels and facilitates the metastatic colonization of cancers
in lungs, Sci. Rep. 4 (2015) 3793.

J.-Y. Yang, C.S. Zong, W. Xia, H. Yamaguchi, Q. Ding, X. Xie, J.-Y. Lang, C.-C. Lai,
C.-J. Chang, W.-C. Huang, H. Huang, H.-P. Kuo, D.-F. Lee, L.-Y. Li, H.-C. Lien, X.
Cheng, K.-J. Chang, C.-D. Hsiao, F.-J. Tsai, C.-H. Tsai, A.A. Sahin, W.J. Muller, G.B.
Mills, D. Yu, G.N. Hortobagyi, M.-C. Hung, ERK promotes tumorigenesis by in-
hibiting FOXO3a via MDM2-mediated degradation, 2008.

C.L. Bigarella, R. Liang, S. Ghaffari, Stem cells and the impact of ROS signaling,
Development 141 (2014) 4206-4218.

D.B. Zorov, M. Juhaszova, S.J. Sollott, Mitochondrial reactive oxygen species
(ROS) and ROS-induced ROS release, Physiol. Rev. 94 (2014) 909-950.

M. Putker, H.R. Vos, K. van Dorenmalen, H. de Ruiter, A.G. Duran, B. Snel,
B.M.T. Burgering, M. Vermeulen, T.B. Dansen, Evolutionary acquisition of cy-
steines determines FOXO paralog-specific redox signaling, Antioxid. Redox Signal.
22 (2015) 15-28.

P. Sancho, D. Barneda, C. Heeschen, Hallmarks of cancer stem cell metabolism, Br.
J. Cancer 114 (2016) 1305-1312.

V. Giambra, C.R. Jenkins, H. Wang, S.H. Lam, O.0. Shevchuk, O. Nemirovsky,
C. Wai, S. Gusscott, M.Y. Chiang, J.C. Aster, R.K. Humphries, C. Eaves, A.P. Weng,
NOTCH1 promotes T cell leukemia-initiating activity by RUNX-mediated regula-
tion of PKC-6 and reactive oxygen species, Nat. Med. 18 (2012) 1693-1698.

O. Herault, K.J. Hope, E. Deneault, N. Mayotte, J. Chagraoui, B.T. Wilhelm,

S. Cellot, M. Sauvageau, M.A. Andrade-Navarro, J. Hébert, G. Sauvageau, A role
for GPx3 in activity of normal and leukemia stem cells, J. Exp. Med. 209 (2012)
895-901.

B. Xu, S. Wang, R. Li, K. Chen, L. He, M. Deng, V. Kannappan, J. Zha, H. Dong,
W. Wang, Disulfiram/copper selectively eradicates AML leukemia stem cells in
vitro and in vivo by simultaneous induction of ROS-JNK and inhibition of NF-
kappab and Nrf2, Cell Death Dis. 8 (2017) e2797.

T. Chiba, E. Suzuki, K. Yuki, Y. Zen, M. Oshima, S. Miyagi, A. Saraya, S. Koide,
T. Motoyama, S. Ogasawara, Y. Ooka, A. Tawada, T. Nakatsura, T. Hayashi,

T. Yamashita, S. Kaneko, M. Miyazaki, A. Iwama, O. Yokosuka, Disulfiram era-
dicates tumor-initiating hepatocellular carcinoma cells in ROS-p38 MAPK
pathway-dependent and -independent manners, PLoS One 9 (2014) 1-11.

C.L. Chen, D.B. Uthaya Kumar, V. Punj, J. Xu, L. Sher, S.M. Tahara, S. Hess,

K. Machida, NANOG metabolically reprograms tumor-initiating stem-like cells
through tumorigenic changes in oxidative phosphorylation and datty acid meta-
bolism, Cell Metab. 23 (2016) 206-219.

L.W. Koh, G.R. Koh, F.S. Ng, T.B. Toh, E. Sandanaraj, Y.K. Chong, M. Phong,

G. Tucker-Kellogg, O.L. Kon, W.H. Ng, L.LH. Ng, M.V. Clement, S. Pervaiz, B.T. Ang,
C.S. Tang, A distinct reactive oxygen species profile confers chemoresistance in
glioma-propagating cells and associates with patient survival outcome, Antioxid.
Redox Signal. 19 (2013) 2261-2279.

M. Venere, P. Hamerlik, Q. Wu, R.D. Rasmussen, L.A. Song, A. Vasanji, N. Tenley,
W.A. Flavahan, A.B. Hjelmeland, J. Bartek, J.N. Rich, Therapeutic targeting of
constitutive PARP activation compromises stem cell phenotype and survival of
glioblastoma-initiating cells, Cell Death Differ. 21 (2014) 258-269.

A.N. Tran, K. Walker, D.G. Harrison, W. Chen, J. Mobley, L. Hocevar,

J.R. Hackney, R.S. Sedaka, J.S. Pollock, M.S. Goldberg, D. Hambardzumyan,

S.J. Cooper, Y. Gillespie, A.B. Hjelmeland, Reactive species balance via GTP cy-
clohydrolase I regulates glioblastoma growth and tumor initiating cell main-
tenance, Neuro Oncol. 20 (2018) 1055-1067.

K. min Lee, J.M. Giltnane, J.M. Balko, L.J. Schwarz, A.L. Guerrero-Zotano,

K.E. Hutchinson, M.J. Nixon, M.V. Estrada, V. Sadnchez, M.E. Sanders, T. Lee,

H. Gémez, A. Lluch, J.A. Pérez-Fidalgo, M.M. Wolf, G. Andrejeva, J.C. Rathmell,
S.W. Fesik, C.L. Arteaga, MYC and MCL1 cooperatively promote chemotherapy-
resistant breast cancer stem cells via regulation of mitochondrial oxidative phos-
phorylation, Cell Metab. 26 (2017) (633-647.€7).

E.D. Lagadinou, A. Sach, K. Callahan, R.M. Rossi, J. Sarah, M. Minhajuddin,
J.M. Ashton, S. Pei, V. Grose, K.M.O. Dwyer, J.L. Liesveld, P.S. Brookes,

M.W. Becker, C.T. Jordan, BCL-2 inhibition targets oxidative phosphorylation and
selectively eradicates quiescent human leukemia stem cells, Cell Stem Cell 12
(2014) 329-341.

K. Munakata, M. Uemura, S. Tanaka, K. Kawai, T. Kitahara, M. Miyo, Y. Kano,
S. Nishikawa, T. Fukusumi, Y. Takahashi, T. Hata, J. Nishimura, I. Takemasa,

T. Mizushima, M. Ikenaga, T. Kato, K. Murata, J.M. Carethers, H. Yamamoto,

Y. Doki, M. Mori, Cancer stem-like properties in colorectal cancer cells with low
proteasome activity, Clin. Cancer Res. 22 (2016) 5277-5286.

N. Haraguchi, H. Ishii, K. Mimori, F. Tanaka, M. Ohkuma, H.M. Kim, H. Akita,
D. Takiuchi, H. Hatano, H. Nagano, G.F. Barnard, Y. Doki, M. Mori, CD13 is a
therapeutic target in human liver cancer stem cells, J. Clin. Invest. 120 (2010)
3326-3339.

L.S. Piao, W. Hur, T.K. Kim, S.W. Hong, S.W. Kim, J.E. Choi, P.S. Sung, M.J. Song,
B.C. Lee, D. Hwang, S.K. Yoon, CD133+ liver cancer stem cells modulate radio-
resistance in human hepatocellular carcinoma, Cancer Lett. 315 (2012) 129-137.
Y. Song, J. Jang, T.H. Shin, S.M. Bae, J.S. Kim, K.M. Kim, S.J. Myung, E.K. Choi,
H.R. Seo, Sulfasalazine attenuates evading anticancer response of CD133-positive
hepatocellular carcinoma cells, J. Exp. Clin. Cancer Res. 36 (2017) 38.

J. Zhang, C. Fang, M. Qu, H. Wu, X. Wang, H. Zhang, H. Ma, Z. Zhang, Y. Huang,
L. Shi, S. Liang, Z. Gao, W. Song, X. Wang, CD13 inhibition enhances cytotoxic

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]
[72]
[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

Redox Biology 25 (2019) 101056

effect of chemotherapy agents, Front. Pharmacol. 9 (2018) 1042.

D. Li, Z. Fu, R. Chen, X. Zhao, Y. Zhou, B. Zeng, M. Yu, Q. Zhou, Q. Lin, W. Gao,
H. Ye, J. Zhou, Z. Li, Y. Liu, R. Chen, Inhibition of glutamine metabolism coun-
teracts pancreatic cancer stem cell features and sensitizes cells to radiotherapy,
Oncotarget 6 (2015).

J. Wang, B. Luo, X. Li, W. Lu, J. Yang, Y. Hu, P. Huang, S. Wen, Inhibition of
cancer growth in vitro and in vivo by a novel ROS-modulating agent with ability to
eliminate stem-like cancer cells, Cell Death Dis. 8 (2017) e2887.

T.M. Phillips, W.H. McBride, F. Pajonk, The response of CD24(-/low)/CD44 +
breast cancer-initiating cells to radiation, J. Natl. Cancer Inst. 98 (2006)
1777-1785.

R. Kalluri, R.a. Weinberg, The basics of epithelial-mesenchymal transition, J. Clin.
Invest. 119 (2009) 1420-1428.

M. Luo, L. Shang, M.D. Brooks, E. Jiagge, Y. Zhu, J.M. Buschhaus, S. Conley,
M.A. Fath, A. Davis, E. Gheordunescu, Y. Wang, R. Harouaka, A. Lozier, D. Triner,
S. McDermott, S.D. Merajver, G.D. Luker, D.R. Spitz, M.S. Wicha, Targeting breast
cancer stem cell state equilibrium through modulation of redox signaling, Cell
Metab. 28 (2018) (69-86.€6).

J. Zhao, J. Li, H.A. Schl6Rer, F. Popp, M.C. Popp, H. Alakus, K.W. Jauch,

C.J. Bruns, Y. Zhao, Targeting cancer stem cells and their niche: current ther-
apeutic implications and challenges in pancreatic cancer, Stem Cells Int. 2017
(2017).

A.C. Little, D. Sham, M. Hristova, K. Danyal, D.E. Heppner, R.A. Bauer,

L.M. Sipsey, A. Habibovic, A. Van Der Vliet, DUOX1 silencing in lung cancer
promotes EMT, cancer stem cell characteristics and invasive properties,
Oncogenesis 5 (2016) 1-11.

H.M. Kim, N. Haraguchi, H. Ishii, M. Ohkuma, M. Okano, K. Mimori, H. Eguchi,
H. Yamamoto, H. Nagano, M. Sekimoto, Y. Doki, M. Mori, Increased CD13 ex-
pression reduces reactive oxygen species, promoting survival of liver cancer stem
cells via an epithelial-mesenchymal transition-like phenomenon, Ann. Surg.
Oncol. 19 (Suppl. 3) (2012) S539-S548.

N. Ahmed, R. Escalona, D. Leung, E. Chan, G. Kannourakis, Tumour micro-
environment and metabolic plasticity in cancer and cancer stem cells: perspectives
on metabolic and immune regulatory signatures in chemoresistant ovarian cancer
stem cells, Semin. Cancer Biol. (2018).

M. Yi, J. Li, S. Chen, J. Cai, Y. Ban, Q. Peng, Y. Zhou, Z. Zeng, S. Peng, X. Li,
W. Xiong, G. Li, B. Xiang, Emerging role of lipid metabolism alterations in cancer
stem cells, J. Exp. Clin. Cancer Res. 37 (2018) 1-18.

P. Sancho, E. Burgos-Ramos, A. Tavera, T. Bou Kheir, P. Jagust, M. Schoenhals,
D. Barneda, K. Sellers, R. Campos-Olivas, O. Grana, C.R. Viera, M. Yuneva,

B. Sainz, C. Heeschen, O. Grana, C.R. Viera, M. Yuneva, B. Sainz Jr., C. Heeschen,
MYC/PGC-1a balance determines the metabolic phenotype and plasticity of
pancreatic cancer stem cells, Cell Metab. 22 (2015) 590-605.

L. Alberghina, D. Gaglio, Redox control of glutamine utilization in cancer, Cell
Death Dis. 5 (2014).

E. Currie, A. Schulze, R. Zechner, T.C. Walther, R.V. Farese, Cellular fatty acid
metabolism and cancer, Cell Metab. 18 (2013) 153-161.

P. Jiang, W. Du, M. Wu, Regulation of the pentose phosphate pathway in cancer,
Protein Cell 5 (2014) 592-602.

W.C. Zhang, S.C. Ng, H. Yang, A. Rai, S. Umashankar, S. Ma, B.S. Soh, L.L. Sun,
B.C. Tai, M.E. Nga, K.K. Bhakoo, S.R. Jayapal, M. Nichane, Q. Yu, D.A. Ahmed,
C. Tan, W.P. Sing, J. Tam, A. Thirugananam, M.S. Noghabi, Y.H. Pang, H.S. Ang,
P. Robson, P. Kaldis, R.A. Soo, S. Swarup, E.H. Lim, B. Lim, Glycine decarboxylase
activity drives non-small cell lung cancer tumor-initiating cells and tumorigenesis,
Cell 148 (2012) 259-272.

J. Li, S. Condello, J. Thomes-Pepin, X. Ma, Y. Xia, T.D. Hurley, D. Matei,

J.X. Cheng, Lipid desaturation is a metabolic marker and therapeutic target of
ovarian cancer stem cells, Cell Stem Cell 20 (2017) (303-314.e5).

E.M. De Francesco, M. Maggiolini, H.B. Tanowitz, F. Sotgia, M.P. Lisanti,
Targeting hypoxic cancer stem cells (CSCs) with doxycycline: implications for
optimizing anti-angiogenic therapy, Oncotarget 8 (2017) 56126-56142.

C. Dong, T. Yuan, Y. Wu, Y. Wang, T.W.M. Fan, S. Miriyala, Y. Lin, J. Yao, J. Shi,
T. Kang, P. Lorkiewicz, D. St Clair, M.C. Hung, B.M. Evers, B.P. Zhou, Loss of FBP1
by snail-mediated repression provides metabolic advantages in basal-like breast
cancer, Cancer Cell 23 (2013) 316-331.

C. Chen, Y. Liu, R. Liu, T. Ikenoue, K.-L. Guan, Y. Liu, P. Zheng, TSC-mTOR
maintains quiescence and function of hematopoietic stem cells by repressing mi-
tochondrial biogenesis and reactive oxygen species, J. Exp. Med. 205 (2008)
2397-2408.

J. Peixoto, J. Lima, Metabolic traits of cancer stem cells, Dis. Model. Mech. 11
(2018) (dmmO033464).

M. Peiris-Pagi;Yss, U.E. Martinez-Outschoorn, R.G. Pestell, F. Sotgia, M.P. Lisanti,
Cancer stem cell metabolism, Breast Cancer Res. 18 (2016) 55.

M.S. Schieber, N.S. Chandel, ROS links glucose metabolism to breast cancer stem
cell and emt phenotype, Cancer Cell 23 (2013) 265-267.

D. Ciavardelli, C. Rossi, D. Barcaroli, S. Volpe, A. Consalvo, M. Zucchelli, A. De
Cola, E. Scavo, R. Carollo, D. D’Agostino, F. Forli, S. D’Aguanno, M. Todaro,

G. Stassi, C. Di Ilio, V. De Laurenzi, A. Urbani, Breast cancer stem cells rely on
fermentative glycolysis and are sensitive to 2-deoxyglucose treatment, Cell Death
Dis. 5 (2014) 1-12.

S. Yuan, Y. Lu, J. Yang, G. Chen, S. Kim, L. Feng, M. Ogasawara, N. Hammoudi,
W. Lu, H. Zhang, J. Liu, H. Colman, J.S. Lee, X.N. Li, R.H. Xu, P. Huang, F. Wang,
Metabolic activation of mitochondria in glioma stem cells promotes cancer de-
velopment through a reactive oxygen species-mediated mechanism, Stem Cell Res.
Ther. 6 (2015) 1-15.

E. Vlashi, C. Lagadec, L. Vergnes, T. Matsutani, K. Masui, M. Poulou, R. Popescu,


http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref37
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref38
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref38
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref38
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref39
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref39
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref39
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref39
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref40
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref40
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref41
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref41
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref42
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref42
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref42
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref42
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref43
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref43
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref44
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref44
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref44
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref44
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref45
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref45
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref45
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref45
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref46
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref46
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref46
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref46
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref47
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref47
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref47
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref47
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref47
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref48
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref48
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref48
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref48
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref49
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref49
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref49
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref49
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref49
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref50
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref50
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref50
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref50
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref51
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref51
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref51
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref51
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref51
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref52
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref52
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref52
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref52
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref52
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref52
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref53
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref53
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref53
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref53
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref53
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref54
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref54
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref54
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref54
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref54
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref55
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref55
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref55
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref55
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref56
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref56
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref56
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref57
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref57
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref57
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref58
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref58
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref58
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref59
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref59
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref59
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref59
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref60
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref60
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref60
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref61
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref61
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref61
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref62
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref62
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref63
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref63
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref63
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref63
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref63
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref64
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref64
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref64
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref64
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref65
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref65
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref65
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref65
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref66
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref66
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref66
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref66
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref66
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref67
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref67
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref67
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref67
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref68
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref68
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref68
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref69
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref69
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref69
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref69
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref69
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref70
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref70
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref71
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref71
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref72
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref72
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref73
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref73
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref73
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref73
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref73
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref73
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref74
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref74
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref74
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref75
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref75
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref75
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref76
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref76
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref76
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref76
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref77
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref77
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref77
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref77
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref78
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref78
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref79
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref79
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref80
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref80
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref81
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref81
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref81
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref81
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref81
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref82
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref82
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref82
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref82
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref82
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref83

B.W.L. Lee, et al.

[85]

[86]

871

[88]
[89]

[90]

[91]

[92]

[93]

[94]
[95]
[96]
[971
[98]
[99]

[100]

[101]

[102]

L. Della Donna, P. Evers, C. Dekmezian, K. Reue, H. Christofk, P.S. Mischel,

F. Pajonk, Metabolic state of glioma stem cells and nontumorigenic cells, Proc.
Natl. Acad. Sci. USA 108 (2011) 16062-16067.

L.S. Pike, A.L. Smift, N.J. Croteau, D.A. Ferrick, M. Wu, Inhibition of fatty acid
oxidation by etomoxir impairs NADPH production and increases reactive oxygen
species resulting in ATP depletion and cell death in human glioblastoma cells,
Biochim. Biophys. Acta — Bioenerg. 1807 (2011) 726-731.

B.L. Emmink, A. Verheem, W.J. Van Houdt, E.J.A. Steller, K.M. Govaert,

T.V. Pham, S.R. Piersma, .H.M. Borel Rinkes, C.R. Jimenez, O. Kranenburg, The
secretome of colon cancer stem cells contains drug-metabolizing enzymes, J.
Proteom. 91 (2013) 84-96.

A. Pasto, C. Bellio, G. Pilotto, V. Ciminale, M. Silic-Benussi, G. Guzzo, A. Rasola,
C. Frasson, G. Nardo, E. Zulato, M.O. Nicoletto, M. Manicone, S. Indraccolo,

A. Amadori, Cancer stem cells from epithelial ovarian cancer patients privilege
oxidative phosphorylation, and resist glucose deprivation, Oncotarget 5 (2014).
T.B. Toh, J.J. Lim, E.K.-H. Chow, Epigenetics in cancer stem cells, Mol. Cancer 16
(2017) 29.

E.N. Wainwright, P. Scaffidi, Epigenetics and cancer stem cells: unleashing, hi-
jacking, and restricting cellular plasticity, Trends Cancer 3 (2017) 372-386.

J. Zhou, C. Bi, L.L. Cheong, S. Mahara, S.C. Liu, K.G. Tay, T.L. Koh, Q. Yu,

W.J. Chng, The histone methyltransferase inhibitor, DZNep, up-regulates TXNIP,
increases ROS production, and targets leukemia cells in AML, Blood 118 (2011)
2830-2839.

Q. Wu, X. Ni, ROS-mediated DNA methylation pattern alterations in carcinogen-
esis, Curr. Drug Targets 16 (2015) 13-19.

J.B. Coulter, C.M. O’Driscoll, J.P. Bressler, Hydroquinone increases 5-hydro-
xymethylcytosine formation through ten eleven translocation 1 (TET1) 5-me-
thylcytosine dioxygenase, J. Biol. Chem. 288 (2013) 28792-28800.

B. Thienpont, J. Steinbacher, H. Zhao, F. D’Anna, A. Kuchnio, A. Ploumakis,

B. Ghesquiére, L. Van Dyck, B. Boeckx, L. Schoonjans, E. Hermans, F. Amant,
V.N. Kristensen, K.P. Koh, M. Mazzone, M.L. Coleman, T. Carell, P. Carmeliet,
Di Lambrechts, Tumour hypoxia causes DNA hypermethylation by reducing TET
activity, Nature 537 (2016) 63-68.

D.P. Bartel, MicroRNAs: target recognition and regulatory functions, Cell 136
(2009) 215-233.

L.F.R. Gebert, I.J. MacRae, Regulation of microRNA function in animals, Nat. Rev.
Mol. Cell Biol. (2018).

A.L. Kasinski, F.J. Slack, MicroRNAs en route to the clinic: progress in validating
and targeting microRNAs for cancer therapy, Nat. Rev. Cancer 11 (2011).

K.N. Ivey, D. Srivastava, MicroRNAs as regulators of differentiation and cell fate
decisions, Cell Stem Cell 7 (2010) 36-41.

M.M.J. Mens, M. Ghanbari, Cell cycle regulation of stem cells by microRNAs, Stem
Cell Rev. Rep. (2018) 309-322.

R. Takahashi, H. Miyazaki, T. Ochiya, The role of microRNAs in the regulation of
cancer stem cells, Front. Genet. 4 (2014) 1-11.

X. Sun, X. Jiao, T.G. Pestell, C. Fan, S. Qin, E. Mirabelli, H. Ren, R.G. Pestell,
MicroRNAs and cancer stem cells: the sword and the shield, Oncogene 33 (2014)
4967-4977.

1. Dando, M. Cordani, E.D. Pozza, G. Biondani, M. Donadelli, M. Palmieri,
Antioxidant mechanisms and ROS-related microRNAs in cancer stem cells, Oxid.
Med. Cell. Longev. 2015 (2015) 425708.

X. Zhang, W.-L. Ng, P. Wang, L. Tian, E. Werner, H. Wang, P. Doetsch, Y. Wang,
MicroRNA-21 modulates the levels of reactive oxygen species levels by targeting
SOD3 and TNFa, Cancer Res. 72 (2012) 4707-4713.

[103]

[104]

[105]
[106]
[107]
[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

Redox Biology 25 (2019) 101056

F. Balzano, S. Cruciani, V. Basoli, S. Santaniello, F. Facchin, C. Ventura, M. Maioli,
MiR200 and MiR302: two big families influencing stem cell behavior, Molecules
23 (2018).

C.J. Chang, C.C. Hsu, C.H. Chang, L.L. Tsai, Y.C. Chang, S.W. Lu, C.H. Yu,

H.S. Huang, J.J. Wang, C.H. Tsai, M.Y. Chou, C.C. Yu, F.W. Hu, Let-7d functions as
novel regulator of epithelial-mesenchymal transition and chemoresistant property
in oral cancer, Oncol. Rep. 26 (2011) 1003-1010.

M.F. McCarty, Metformin may antagonize Lin28 and/or Lin28B activity, thereby
boosting let-7 levels and antagonizing cancer progression, Med. Hypotheses 78
(2012) 262-269.

R.K. Jain, Taming vessels to treat cancer, Sci. Am. 298 (2008) 56-63.

N. Ferrara, Vascular endothelial growth factor: basic science and clinical progress,
Endocr. Rev. 25 (2004) 581-611.

M. Prieto-Vila, R.U. Takahashi, W. Usuba, 1. Kohama, T. Ochiya, Drug resistance
driven by cancer stem cells and their niche, Int. J. Mol. Sci. 18 (2017).

B. Bao, A.S. Azmi, S. Ali, A. Ahmad, Y. Li, S. Banerjee, D. Kong, F.H. Sarkar, The
biological kinship of hypoxia with CSC and EMT and their relationship with de-
regulated expression of miRNAs and tumor aggressiveness, Biochim. Biophys. Acta
2012 (1826) 272-296.

F. Marcucci, G. Stassi, R. De Maria, Epithelial-mesenchymal transition: a new
target in anticancer drug discovery, Nat. Rev. Drug Discov. 15 (2016) 311-325.
K. Laws, G. Bineva-Todd, A. Eskandari, C. Lu, N. O'Reilly, K. Suntharalingam, A
copper(Il) phenanthroline metallopeptide that targets and disrupts mitochondrial
function in breast cancer stem cells, Angew. Chem. — Int. Ed. 57 (2018) 287-291.
E. Campaner, A. Rustighi, A. Zannini, A. Cristiani, S. Piazza, Y. Ciani, O. Kalid,
G. Golan, E. Baloglu, S. Shacham, B. Valsasina, U. Cucchi, A.C. Pippione,

M.L. Lolli, B. Giabbai, P. Storici, P. Carloni, G. Rossetti, F. Benvenuti, E. Bello,
M. D’Incalci, E. Cappuzzello, A. Rosato, G. Del Sal, A covalent PIN1 inhibitor se-
lectively targets cancer cells by a dual mechanism of action, Nat. Commun. 8
(2017).

T.T. Mai, A. Hamai, A. Hienzsch, T. Caneque, S. Muller, J. Wicinski, O. Cabaud,
C. Leroy, A. David, V. Acevedo, A. Ryo, C. Ginestier, D. Birnbaum, E. Charafe-
Jauffret, P. Codogno, M. Mehrpour, R. Rodriguez, Salinomycin kills cancer stem
cells by sequestering iron in lysosomes, Nat. Chem. 9 (2017) 1025-1033.

S. Lanzardo, L. Conti, R. Rooke, R. Ruiu, N. Accart, E. Bolli, M. Arigoni,

M. Macagno, G. Barrera, S. Pizzimenti, L. Aurisicchio, R.A. Calogero, F. Cavallo,
Immunotargeting of antigen xCT attenuates stem-like cell behavior and metastatic
progression in breast cancer, Cancer Res. 76 (2016) 62-72.

J. Ding, M.L. Fishel, A.M. Reed, E. McAdams, M.B. Czader, A.A. Cardoso,

M.R. Kelley, Ref-1/APE1 as a transcriptional regulator and novel therapeutic
target in pediatric T-cell leukemia, Mol. Cancer Ther. 16 (2017) 1401-1411.
N.C. Yip, L.S. Fombon, P. Liu, S. Brown, V. Kannappan, A.L. Armesilla, B. Xu,

J. Cassidy, J.L. Darling, W. Wang, Disulfiram modulated ROS-MAPK and NFB
pathways and targeted breast cancer cells with cancer stem cell-like properties, Br.
J. Cancer 104 (2011) 1564-1574.

R. Schreck, P. Rieber, P.A. Baeuerle, Reactive oxygen intermediates as apparently
widely used messengers in the activation of the NF-kappa B transcription factor
and HIV-1, EMBO J. 10 (1991) 2247-2258.

C. Caliceti, P. Nigro, P. Rizzo, R. Ferrari, ROS, notch, and Wnt signaling pathways:
crosstalk between three major regulators of cardiovascular biology, Biomed. Res.
Int. 2014 (2014).

F. Kazazi-Hyseni, J.H. Beijnen, J.H. Schellens, Bevacizumab, Oncologist 15 (2010)
819-825.


http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref83
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref83
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref83
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref84
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref84
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref84
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref84
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref85
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref85
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref85
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref85
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref86
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref86
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref86
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref86
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref87
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref87
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref88
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref88
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref89
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref89
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref89
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref89
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref90
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref90
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref91
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref91
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref91
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref92
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref92
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref92
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref92
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref92
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref93
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref93
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref94
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref94
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref95
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref95
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref96
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref96
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref97
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref97
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref98
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref98
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref99
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref99
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref99
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref100
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref100
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref100
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref101
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref101
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref101
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref102
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref102
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref102
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref103
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref103
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref103
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref103
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref104
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref104
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref104
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref105
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref106
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref106
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref107
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref107
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref108
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref108
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref108
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref108
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref109
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref109
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref110
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref110
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref110
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref111
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref111
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref111
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref111
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref111
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref111
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref112
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref112
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref112
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref112
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref113
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref113
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref113
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref113
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref114
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref114
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref114
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref115
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref115
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref115
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref115
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref116
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref116
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref116
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref117
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref117
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref117
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref118
http://refhub.elsevier.com/S2213-2317(18)30899-1/sbref118

	Redox regulation of cell state and fate
	Redox homeostasis and signaling
	ROS generation
	ROS scavenging
	Redox signaling

	Redox regulation in cancer stem cells
	Robust self-renewal/proliferation and tumorigenic potential
	Therapy resistance
	Epithelial-mesenchymal transition

	Metabolism and redox in CSCs
	ROS, epigenetics and CSCs
	Future outlook
	Acknowledgment
	References




