Life Sciences 239 (2019) 116986

Contents lists available at ScienceDirect

Life Sciences

journal homepage: www.elsevier.com/locate/lifescie

Review article

The Role of Nrf2 signaling in cancer stem cells: From stemness and self- R

Check for

renewal to tumorigenesis and chemoresistance At

Houman Kahroba™®#, Masoud Shirmohamadi”, Mohammad Saeid Hejazi*"-, Nasser Samadi® "

@ Molecular Medicine Research Center, Tabriz University of Medical Sciences, Tabriz, Iran

Y Liver and Gastrointestinal Diseases Research Center, Tabriz University of Medical Sciences, Tabriz, Iran

¢ Biotechnology Research Center, Tabriz University of Medical Sciences, Tabriz, Iran

d Department of Molecular Medicine, Faculty of Advanced Medical Sciences, Tabriz University of Medical Sciences, Tabriz, Iran
€ Department of Pharmaceutical Biotechnology, Faculty of Pharmacy, Tabriz University of Medical Sciences, Tabriz, Iran

f Department of Biochemistry, Faculty of Medicine, Tabriz University of Medical Sciences, Tabriz, Iran

& Students Research Committee, Tabriz University of Medical Sciences, Tabriz, Iran

ARTICLE INFO ABSTRACT

Keywords: Cancer stem cells (CSCs) are subpopulation of tumor mass with exclusive abilities in self-renewing, stemness
Senescence maintaining, and differentiation into the various non-stem cancer cells to provoke tumorigenesis, metastasis
Quiescence dissemination, drug-resistant, and cancer recurrence. Reactive oxygen species (ROS) impair cellular function by
Nrf2 gene therapy oxidizing cell components containing proteins, lipids, and DNA. Tumor oxidant status is elevated due to high
NFE2L2 bolic activi infl f abnormal growth f; ki functi i

Mitochondria metabolic activity under influence of abnormal growth factors, cytokines and function ROS-producing enzymes,

including nitric oxide synthases, cyclooxygenases, and lipoxygenases. Nuclear factor-erythroid 2-related factor 2
(NRF2) is a transcriptional master regulator element which is believed to recognize cellular oxidative stress
followed by binding to promoter of cyto-protective and anti-oxidative genes to maintain cellular redox status
through promoting antioxidant response participants (glutathione peroxidase, glutathione reductase, thior-
edoxin reductase, ferritin, NADPH: quinone oxidoreductase 1). However, Nrf2 signaling protects malignant cells
from ROS damage against tumor growth and chemoresistance. In addition, Nrf2 is able to participate in dif-
ferentiation of certain stem cells by modulating autophagy procedure, also NRF2 provokes DNA damage re-
sponse and facilitates drug metabolism and drug resistance by controlling of downstream enzyme and trans-
porter members. In this review, we discuss the role of NRF2 in stemness, self-renewal ability, tumorigenesis and
chemoresistance of CSCs.

1. Introduction

Cancer is a disease with a high mortality rate which shows dynamic
nature due to heterogeneous cell population in tumor mass that har-
boring unique cellular and molecular signatures in inter-tumoral and/
or intra-tumoral sites [1]. Cancer stem cells (CSCs) comprise small
subpopulation of cancerous cells (both hematological and non-hema-
tological) which have exclusive abilities in self-renewing, stemness
maintaining and differentiation into the multitude non-stem cancer cell
linages to promote tumorigenesis, cancer dissemination, drug-resistant,
and cancer recurrence [2,3]. CSCs represent analogous characteristics
with normal stem or progenitor cells in self-renewal and differentiation
signaling pathways. Line of evidences support the role of epigenetic
alternations in induction of key signaling pathways for development

and function of CSCs [4].

Intra-cellular and extra-cellular oxidative stresses impair cellular
functions by oxidizing cell compartments (proteins, lipids, DNA) that
results in production of reactive oxygen species (ROSs) as bio-reactions
byproduct. ROS accumulation in the cells is able to trigger carcino-
genesis, cellular senescence or cell death. Oxidative stresses mainly
cause DNA damages in genome including base lesions, single- and
double-strand breaks and abasic sites which are commonly found in
cancer cells [5-7]. ROS, as the main oxidative stress, plays a dual role to
establish p53 mediated apoptosis or inhibition of apoptosis via stimu-
lation of certain oncogenes (Akt, ERK and c¢-MYC) to support cell pro-
liferation, malignant transformation and eventually metastasis [8].
CSCs-specific antioxidant response mechanisms mainly depend on
redox buffer glutathione and glucose metabolism which promote
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pentose phosphate pathway cycle to reduce the ROS concentration
[9,10].

Nuclear factor-erythroid 2-related factor 2 (NRF2) is a transcrip-
tional master regulator which senses the status of cellular oxidative
stress and regulates cell redox hemostasis by stimulating activity of
antioxidant responses elements (glutathione peroxidase, glutathione
reductase, thioredoxin reductase, ferritin, NADPH: quinone oxidor-
eductase 1) [8,11]. Protective function of Nrf2 is utilized by malignant
cells to establish a pro-survival tumoral environment for tumor growth
and supports the cancer cells for establishment of chemoresistance.
Notably, Nrf2 maintains the stemness of CSCs as a key factor for im-
provement of aggressiveness and chemoresistance of tumor cells
[12-15]. In this review, we summarized the role of Nrf2 signaling in
stemness and self-renewal characteristics of CSCs to promote tumor-
igenesis and chemoresistance.

2. Cancer stem cells

CSCs comprise tiny sub-group of cancerous cells in tumor bulk and
show similar characteristics with normal stem cells except in self-re-
newal ability and differentiation capability into the certain cell linages
[16]. Several main sources are considered for origin of CSCs including
mutated adult stem cells (by accumulation of carcinogenic mutations),
de-differentiation and reprograming of normal somatic cells, beside
originating from progenitor cells with partial self-renewal ability
[16-18]. Embryonic stem cell markers (octamer-binding transcription
factor 4 (oct4), Nanog homeobox, and sex determining region Y-box 2
(SRY)) are also reported to be expressed on CSCs. They implicate Wnt/
B-catenin, Hedgehog, and Notch pathways predominantly to maintain
self-renewal capacity as none-CSCs [19].

This small population is able to participate in tumorigenesis, cancer
dissemination, drug-resistant and also cancer recurrence [2]. Cellular
stemness in both CSCs and non-CSCs is established through activation
of certain molecular signaling networks including canonical Wnt, PI3K
and PTEN, Jagged/Notch, JAK/STAT, Hedgehog/GLI, and NF-xB
pathways. Also, the differentiation ability of stem cells is under influ-
ence of bone morphogenetic protein (BMP) and retinoic acid induced
pathways [2,20]. Recent studies also have revealed the role of Nrf2 in
preserving stemness, promoting aggressive tumorigenic and launching
chemoresistance in CSCs [13-15].

3. Structure and physio-pathological role of Nrf2

Nrf2 as a basic-region leucine zipper cytosolic transcription factor
(member of cap’n’collar (CNC) and/or CNC-bZIP family) senses oxida-
tive stress status of the cells (electrophilic, chemical and radiation-in-
duced) to regulate antioxidant responses through modulating expres-
sion of antioxidant and phase II detoxificant genes [21].

Nrf2 cooperates with small Maf family (MafF, MafG, MafK) or Jun
proteins to facilitate Nrf2 binding to the promoters of cyto-protective
and anti-oxidative genes for boosting transcription activity [22]. In
physiological condition, Nrf2 couples to its cytoplasmic inhibitory
molecule known as Kelch Like ECH Associated Protein 1 (Keapl) to
enable subsequent ubiquitination within Cullin E3 ligase for reducing
the activity. However, in stress condition, conformational alternation in
cysteine residues of Keapl releases Nrf2 and provides Nrf2 transloca-
tion into the nucleus to induce the expression of anti-stress genes [23].
Protein kinase C (PKC) dependent signaling is an alternative me-
chanism for direct regulation of Nrf2 activity through phosphorylation
of Ser40 to upregulate Nrf2 activity. Dysregulated activity of PKC is
reported to provoke cancer initiation and progression in Nrf2 depended
manner [24].

Mitochondrial ROS status as the main intrinsic is the main activator
of Nrf2 function, also Nrf2 in a bidirectional communication is able to
mediate mitochondria biogenesis and mitochondria depended apop-
tosis in a mutual manner [25]. In addition, Nrf2 participates in
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differentiation of adipose derived stem cells into the osteoblasts by
modulating autophagy procedure. NRF2 is able to stimulate DNA da-
mage response and also mediates drug metabolizing and -resistance
through regulation and induction of downstream drug-metabolism-
specific enzymes and transporters [26-29]. Despite transient activation
of Nrf2 in normal cells to overcome oxidative insults, prolonged upre-
gulation of Nrf2 in cancer cells not only causes reduction of ROS but
also provokes carcinogenesis and chemoresistance through alternation
of metabolic profile of malignant cells by upregulation of certain en-
zymes involved in glycolysis, anti-apoptotic activity (BCI2 and Bcl-XL)
and K-Ras, B-Raf, and Myc oncogenes to promote cancer progression
[30,31].

4. The role of Nrf2 in CSCs tumorigenicity and cancer progression

NRF2 gene (NFE2L2) is often mutated in cancers (in gain of function
manner), which causes over activation of Nrf2 to protect the cells
against undesired oxidative stresses. These mutations are associated
with therapy resistance which lead to poor clinical outcomes for pa-
tients [32]. Also, certain mutations of Keapl are able to initiate cancer
by constant inhibition of Nrf2 which reduces the cellular ability in re-
moving of chemical carcinogenesis [33]. Long term exposure of breast
cancer cells to the anti-cancer drugs is reported to result in generation
of CSC-like cells with low ROS levels besides upregulated glutathione
peroxidase and superoxide dismutase under influence of activated Nrf2
expression that suggest possible role of Nrf2 in establishment of CSCs
[34,35]. Examination of colon CSC-like cells revealed high concentra-
tion of NRF2-induced antioxidant and detoxifying proteins in total se-
cretome which demonstrates the key role of Nrf2 in maintenance of
CSCs metabolic status [36]. The results from both human and animal
models confirmed that airway basal stem cells change ROS content
from low to moderate to maintain self-renewal and proliferation ability
by stimulating Nrf2 to provoke Notch pathway [37]. Homozygous in-
activation of murine Keapl (inhibitor of Nrf2) provokes self-renewal
ability in airway basal stem cells which leads to proliferation, dis-
semination, and resistance to oxidative stresses and irradiation which is
due to over activated Nrf2 and subsequent dropping of intracellular
ROS content [38]. Nrf2 and Notch signaling pathways are commonly
mutated in cancers. Mutant Nrf2 and Notch mutual crosstalk in lung
tissue cells is considered as an important mechanism for carcinogenesis
[391.

Spheroid culture of ovarian cancer cells provides formation of stem
cell-like cells by obtaining stem cell features through positive-feedback
regulation loop. Nrf2 is responsible for optimum ROS levels which are
essential for self-renewal activity. Cytoplasmic and nuclear Nrf2 protein
levels indicates intense elevation in ovarian cancer spheroids in-
dependent of mRNA level to regulate autophagy activity for stimulating
self-renewal and preserving the quiescence of ovarian cancer spheroid
cells with stem cell-like characteristics [40]. CD44 is considered as a
CSC marker which is associated with high expression level of Nrf2.
CD44 modulates Nrf2 activation through expression of p62 in breast
CSCs to establish stem cell properties [41,42].

5. Nrf2 role in stemness and self-renewal of CSCs

The self-renewal capability in CSCs is mainly related to upregulated
expression of antioxidant enzymes, drug transporters, cell cycle quies-
cence, and enhanced DNA repair capacity [43]. ROS plays a significant
role in stem cell maintenance by promoting redox status to maintain
cellular quiescence self-renewal ability [19]. ROS are produced through
intracellular (mainly mitochondria) and/or extracellular sources. In-
teraction of ROS and antioxidant system activity results in three distinct
signaling pathways for cell proliferation, apoptosis, or differentiation
[8]. Redox homeostasis is reported to be an important regulatory factor
for cancer stemness which is predominantly under control of NRF2
signaling. CSCs comprise low levels of endogenous ROS in comparison
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Fig. 1. Role of Nrf2 in establishment of Warburg effect through GRP78/p-PERK/NRF2 signaling pathway to maintain stemness, self-renewal ability and invasiveness
for cancer stem cells (CSCs). Nrf2 activates over transcription of glycolytic genes in CSCs which results in over-production of pyruvate. Pyruvate is able to transform
to lactate to make an acidic pH for tumor environment, also pyruvate may be obtaining with mitochondria by Pyruvate dehydrogenase complex (PDH) to enter
tricarboxylic acid cycle (TCA). Mitochondria produces abundant amount of reactive oxygen species (ROS) during TCA which may induce CSCs damage. Therefore,
CSCs utilize GRP78/p-PERK/NRF2 signaling pathway to activate PKD1 to suppress PDH activity, hence low amount of pyruvate is entered to the TCA to lower
amount of ROS which is produced by mitochondria to provide more stemness and self-renewal ability, and invasion for CSCs.

to non-CSCs. Low ROS in CSCs mainly promotes stemness and tumor-
igenicity of the cells in contrast to high ROS CSCs [19,44] and also
decreased antioxidant activity in CSC mainly reduces the proliferation
ability and resistance of cancerous cells due to accumulation of oxida-
tive insults [45]. Nrf2 activation in CSCs stimulates glycolytic genes
transcription and also prevents tricarboxylic acid (TCA) cycle through
activating of pyruvate dehydrogenase kinase 1 (PDK1) to provoke
Warburg effect (for minimal ROS production in mitochondria) through
GRP78/p-PERK/NRF2 signaling pathway which finally results in
stemness maintenance of CSCs by reducing mitochondrial derived ROS
(Fig. 1), [46].

Mesenchymal stem cells (MSCs) as multipotent stem cells are able to
differentiate into osteoblast, chondrocyte and adipocyte. MSCs are
found in tumor microenvironment which stimulate cancer growth and
development by increasing the metastatic capability of cancer cells
through supporting their motility and invasiveness beside playing role
in formation of a metastatic niches [47,48]. Nrf2-negative-MSCs re-
present reduced expression of stem cell markers and subsequently lose
their ability for osteogenesis. On the other hand, upregulation of Nrf2 in
MSCs under oxidative stress sustains CSCs stemness by inducing ex-
pression of stem cell markers, promotes osteoblast differentiation and
inhibits apoptosis [49]. Studies on bone marrow derived MSCs is in-
dicated that Nrf2 positively regulates mRNA and protein levels of NAD-
dependent deacetylase sirtuin-1 (a deacetylase which regulates meta-
bolic activity in response to stress condition and also is able to reverse
cellular senescence in aged MSCs) by negative regulation under control
of p53 [50].

Nrf2 extreme overexpression in human embryonic stem -cells
(hESCs) is considered as a reason for self-renewal ability and main-
tenance of hESCs pluripotency, interestingly Nrf2 level indicates

significant decrease in concentration after hESCs differentiation into
the certain linages. Nrf2 is recognized as upstream controller for pro-
teasome which controls its activity in hESCs through POMP gene ex-
pression, intracellular Nrf2 level is mutually controlled by proteasome
activity which is crucial for self-renewal and pluripotency in hESCs that
established a feedback between Nrf2 and the proteasome to protect
against unintended loss of proteasome activity [51].

like adult stem cells, CSCs also apply similar stemness signaling
pathways which are often dysregulated [52]. There is no definite Nrf2
based DNA repair mechanism in CSCs but due to a study in mouse, it is
suggested that Nrf2 is able to bind to all antioxidant response elements
(ARE) (5-TGACXXXGC-3’) of 53BP1 gene in promoter region to sti-
mulate the expression of DNA damage recognition and repair elements
[53]. A list of Nrf2 targeted genes with ARE sequences is represented in
Table 1.

Several tumor suppressor genes including BRCA1 are reported to
participate in regulation of Nrf2 expression. BRCA1l-deficient mice
models revealed a significant down regulation in Nrf2-mediated anti-
oxidant response mainly because of disability of deficient BRCA1 in
binding to promoter region of NRF2 followed by marked decrease in
intracellular NRF2 mRNA expression level. Moreover, BRCAL is able to
directly interact with intracellular NRF2 to stabilize this molecule. This
phenomenon which is not proceeded in BRCAl-deficient mice induces
low Nrf2 protein instability [73].

Also, certain set of genes are introduced as direct targets for NRF2
which are involved in Wnt, Notch, and BMP pathways in mouse em-
bryonic fibroblasts and human lymphoid cells that may play a pivotal
role in stemness establishment for malignant behavior of cells [74,75].
Aldehyde dehydrogenase 1 family member A1 (ALDH1A1) which oxi-
dizes endogenous and exogenous aldehydes, indicates an overexpressed
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Table 1

List of genes regulated by Nrf2 in normal and cancer condition in human.
Category Function Gene(S) Reference
Drug De-Toxication Drug oxidation, reduction and AKR1B1, AKR1C1, ALDH3A1, CBR1, EPHX1, PTGR1, NQO1, CYP2A5, 1C2 [54-57]

hydrolysis

Drug conjugation and nucleophilic
trapping

Drug transport

GSH-based activity

TXN-based activity

Antioxidant activity

MGST1, SULT1A1, UGT1Al, UGT2B7, 1A6, 1A9, 2B7, MGST1

ABCB6, ABCC2, ABCC3, MRP2
GCLC, GCLM, GGT1, GLRX, GLS, GPX2, GSR1, SLC7A11 [54]
PRDX1, PRDX6, SRXN1, TXN1, TXNRD1

[54,55,58-60]

[54,55,61]

Anti ROS defense Prx1, GPx2, Prx6 [62-65]

Redox balance NQO1, HMOX1, TrxR, ¢GS, GCLc, GCLm, Gpx, GR, HO-1 [55,66]

Regeneration of oxidized molecules TrxR1 [67]
Metabolism Carbohydrate and NADPH G6PD, HDK1, ME1, PGD, TALDO1, TKT, UGDH [54]

Heme and iron BLVRA, BLVRB, FECH, FTH1, FTHL12, FTHL17, FTL1, HMOX1

Transcription factors MAFG, PPARG, PPARGC1B, RXRA

Ubiquitination KEAP1

Metal-binding protein MT1, FTL [68,69]
Mitochondrial Signaling  Apoptosis and biogenesis PARK7, NRF-1 [70,71]
Condition Function Genes References
Cancer Redox Balance AKR1C3, FTH1, GCLC, GCLM, GSR, ME1, NQO1, PIR, PRDX1, SLC7A11, SRXN1, TXN, [72]

TXNRD1

Response to Stress/Toxicity

AKR1C3, ASF1A, DNAJB4, EPHX1, FECH, GCLC, GCLM, GSR, GSTM3, MAFG, NQO1,

PANX2, PRDX1, SLC7A11, SRXN1, TLK1, TXN, TXNRD1
- ABCB6, ABCC3, ANXA10, KEAP1, NAMPT, NECAB2, SLC3A2, TKT, TMTC3, TRIM16L,

ZNF746

profile in CSCs which is considered as stemness marker. Upregulated
ALDH1A1 provokes Nrf2 activation through p62-associated pathway in
ALDHI1-high CSC-like ovarian cancer cells which establishes chemore-
sistance and tumorigenicity [76]. ATRA is a cytotoxic chemotherapy
drug which is able to repress ALDH1 activity. Treatment of CSC-like
with high concentration of ALDH results in blocking of ALDH which
subsequently suppresses ALDH-mediated Nrf2 activity in CSCs that
decreases tumor growth [77]. Ovarian clear cell carcinomas represents
stronger chemoresistance compared to epithelial ovarian cancer sub-
types which is due to stemness feature of the cancer with regard to
overexpression of ALDH1 and consequent connection to upregulation of
Nrf2 [78,79].

Nrf2 signals are reported to increase the proliferation of U251 and
U87 glioblastoma cell lines [80]. Nrf-2 upregulation is obsereved in
cytosol and nucleus of glioma CSCs in comparison to glioma non-CSCs.
MiR-153 in glioma represses self-renewal capability and drives cells
into the apoptosis, but miR-153 downregulation in glioma CSCs causes
overexpression of NRF2 (as a target gene) which promotes stemness in
the CSCs [81]. Targeting of Nrf2 expression in glioma stem-like cells
inhibits self-renewal ability [82].

6. Nrf2 mediated chemoresistance and anti-Nrf2 therapy in CSCs

CSCs are key players in tumor recurrence, they exhibit resistance to
conventional anticancer therapies by induction of ROS scavenging
molecules, drug transporters, and enhanced DNA repair capacity
[83,84]. NRF2 is capable to induce chemoresistance in sphere-cultured
of breast and colon cancer cells through upregulation of drug efflux
transporters [77,85]. NRF2 level is reported to be associated with
CD44-p62 signaling pathway in CD44+-high breast CSC-like cells,
which modulates clinical outcome of the patients. This observation
confirms participation of NRF2 in CSC-like properties improvement of
stress resistance-related characteristics of CSCs [41].

Mammosphere culture of breast cancer cell lines produces CSCs.
Recently it has been demonstrated that Nrf2 overexpression in mam-
mospheres stimulates downstream target genes of Nrf2 including NQO1
and GCLM to establish chemoresistance of mammosphere to taxol, on
the other hand, brusatol inactivates Nrf2 and confers CSCs with higher
ROS content which are sensitive to taxol treatment [86].

Various conditions are able to cause oxidative stress against cells
such as hypoxia, nutrient deficiency, radioactive injury, immune system

reactions and drug-derived cytotoxicity [87-89]. The cellular anti-oxi-
dant system continuously preserves redox hemostasis, Nrf2 as a basic
redox-sensitive factor is able to stimulate cyto-protective responses
against oxidative damage, inflammation, and programmed cell death
by transcriptional induction of a great number of self-defense genes
cooperating with phase II specific de-toxication and anti-oxidant stress
enzymes [90,91]. Application of RNA interference technology against
Nrf2 in glioma CSCs (in vivo and in vitro) decreased cloning efficiency
of the cells through downregulated levels of pluripotency-associated
transcription factors including BMI-1, Sox2 and cyclin E which resulted
in inhibition of tumorigenicity and self-renewal capacity (Nrf2 knock
down arrest cells in G2-M phase) [82]. CSCs frequently escape cancer
treatments; it is reported that NRF2 become stable by TGF-B tran-
scriptionally activated p21 which protects TGF-fB-activated squamous
cell carcinoma stem cells from cisplatin treatment through production
of glutathione. Therefore, Nrf2 knockdown by shRNA restores cisplatin
efficiency [78]. Overexpression of miR-153 in glioma CSCs restricts
expression of NRF2 which leads to chemotherapy sensitivity that may
result in apoptosis. The 153/Nrf-2/GPx1 signaling axis is the reported
pathway to induce chemotherapy sensitivity [81].

Overexpression of Nrf2 in cervical CSCs is described to upregulate
ABCG2 drug transporter, Bcl-2 and Bmi-1 expression causing tumor
progression and resistance to therapies [92]. Disulfiram/Copper treat-
ment on Leukemia stem cells (CD34*/CD38") prevents proliferation,
suppresses colony formation and induces apoptosis in vivo and in vitro
through stress-related ROS-C-jun NH2-terminal kinase pathway by in-
activation of pro-survival Nrf2 and nuclear factor-xB network [93].

Nrf2-Keap1 interaction in ovarian stem cell-like cells is considered
to be responsible for platinum resistance. Platinum-based neoadjuvant
chemotherapy on ovarian cancer patients resulted in decreased redox
profile due to elevated expression of keapl in cellular nucleus which
blocks Nrf2 activity against cytotoxic therapy [94].

Oncogenic activity of Nrf2 (by overexpression) in different cancers
is due to mutated NFE2L2 and keapl genes. Moreover, epigenetic me-
chanisms and interruption of numerous proteins in binding of Keapl
and Nrf2 take role in carcinogenicity of Nrf2. Small interfering RNA
molecules (siRNAs) against overexpressed Nrf2 in prostate, lung, and
endometrial cancers boosted significant outcome in cancer suppressing.
Keapl overexpression and Nrf2 specific miRNAs delivery are further
approaches in silencing of upregulated Nrf2 to develop better outcome
for traditional therapies [95-97].
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It has been recently reported that Hinokitiol, a natural bioactive
compound of aromatic tropolone, attenuates expression of Nrf2 in
glioma CSCs to suppress stem cell hallmarks which results in decreased
self-renewal ability, migration, invasiveness and colony formation [98].
MCF-7-derived CSCs with a CD44high/CD24low profile are able to form
mammospheres and demonstrate elevated expression of Nrf2. Castanea
crenata leaf extract is also a compound which effectively reduces Nrf2
level in cytoplasm by inhibiting translocation from nucleus. Combina-
tion therapy of Castanea crenata leaf extract with paclitaxel dramati-
cally increases cell death [99].

7 Conclusion

CSCs are small but significant cell population in tumor mass with
effective role in tumor development and chemoresistance. CSCs show
low ROS content in contrast to surrounding tumoral cells due to unique
antioxidant mechanism that declines oxidative insults to inhibit fun-
damental damages which may suspend cells to loose stemness and force
them toward apoptosis. Nrf2 as the main regulatory factor for ROS
level, regulates antioxidant profile in the cells through targeting nu-
merous set of genes and pathways including Wnt, Notch, and BMP. Nrf2
overexpression is essential for CSCs to maintains stemness as the
turning point of cancer invasion, progression, and chemoresistance.
Nrf2 concentration is raised at a constant rate in cancer cell lines and
cancer biopsies (lung, breast, esophagus, endometrial, and prostate
tumors).

Several molecular mechanisms are recognized to be involved in
Nrf2 activation during cancer which are generalizable to CSCs in-
cluding somatic mutations of Nrf2/Keapl, epigenetic silencing of the
Keapl expression, Nrf2/Keapl disruptors, abnormal accumulation of
proteins which compete Nrf2 for binding of Keapl, stress signaling,
Nrf2 mRNA processing, hormonal activation and oncogene-mediated
overexpression of Nrf2 [19,100].

Self-renewal ability is the direct result of stemness which protects
cells against exposure to chemo- and radio-therapies. Traditional
therapies target cellular metabolism and force malignant cells into the
apoptosis, but over expression of Nrf2 overcomes internal stress con-
dition through various pathways including autophagy. Therefore, redox
status of malignant cells is a critical point in cancer therapies. A line of
evidence has introduced NRF2 pathway as a driver of cancer progres-
sion, cancer dissemination, and cancer chemoresistance to therapies.
Nrf2 regulates the expression pattern of proteins which are known to
control cell growth, proliferation and the characteristics which are
shared by oncogenes. However, considering of an oncogenic role for
Nrf2 still is a debate because Nrf2 transient expression in cells is a key
factor to overcome chemical carcinogenesis [101]. However, Nrf2 ac-
tivators are considered as anti-cancer agents but over-expression of
Nrf2 is reported to induce chemoresistance in tumor cells [102]. Novel
approaches target tumors with traditional drugs in combination with
anti-Nrf2 compounds to maximize the oxidative insults to force cell
death. As a result, anti- Nrf2 therapies in cancers can be considered as a
promising approach to overcome cancer.

Funding
There are no funding sources for this paper.
Declaration of competing interest
The authors declare that they have no conflict of interest.

Acknowledgements

We are grateful to all colleagues from Tabriz University of Medical
Sciences who supported us.

Life Sciences 239 (2019) 116986

References

[1] I Dagogo-Jack, A.T. Shaw, Tumour heterogeneity and resistance to cancer
therapies, Nat. Rev. Clin. Oncol. 15 (2018) 81-94, https://doi.org/10.1038/
nrclinonc.2017.166.

[2] X. Jin, X. Jin, H. Kim, Cancer stem cells and differentiation therapy, Tumor Biol.
39 (2017), https://doi.org/10.1177/1010428317729933 101042831772993.

[3] L. Zhang, X. Wen, M. Li, S. Li, H. Zhao, Targeting cancer stem cells and signaling
pathways by resveratrol and pterostilbene, Biofactors 44 (2018) 61-68, https://
doi.org/10.1002/biof.1398.

[4] A.Z. Ayob, T.S. Ramasamy, Cancer stem cells as key drivers of tumour progression.
J. Biomed. Sci. 25 (2018) 20, https://doi.org/10.1186/512929-018-0426-4.

[5] T. HAZRA, A. DAS, S. DAS, S. CHOUDHURY, Y. KOW, R. ROY, Oxidative DNA
damage repair in mammalian cells: a new perspective, DNA Repair 6 (2007)
470-480, https://doi.org/10.1016/j.dnarep.2006.10.011.

[6] E.C. Friedberg, L.D. McDaniel, R.A. Schultz, The role of endogenous and exo-
genous DNA damage and mutagenesis, Curr. Opin. Genet. Dev. 14 (2004) 5-10,
https://doi.org/10.1016/j.gde.2003.11.001.

[7] E.S. Hwang, Senescence suppressors: their practical importance in replicative
lifespan extension in stem cells, Cell. Mol. Life Sci. 71 (2014) 4207-4219, https://
doi.org/10.1007/5s00018-014-1685-1.

[8] S. Sajadimajd, M. Khazaei, Oxidative stress and cancer: the role of Nrf2, Curr.
Cancer Drug Targets 18 (2018) 538-557, https://doi.org/10.2174/
1568009617666171002144228.

[9] V. Sosa, T. Moliné, R. Somoza, R. Paciucci, H. Kondoh, M.E. LLeonart, Oxidative
stress and cancer: an overview, Ageing Res. Rev. 12 (2013) 376-390, https://doi.
0rg/10.1016/j.arr.2012.10.004.

[10] F.K. El-Baz, R.A. Hussein, G.A.R. Abdel Jaleel, D.O. Saleh, Astaxanthin-rich hae-
matococcus pluvialis algal hepatic modulation in D-galactose-induced aging in
rats: role of Nrf2, Adv. Pharmaceut. Bull. 8 (2018) 523-528, https://doi.org/10.
15171/apb.2018.061.

[11] L.G. Higgins, M.O. Kelleher, I.M. Eggleston, K. Itoh, M. Yamamoto, J.D. Hayes,
Transcription factor Nrf2 mediates an adaptive response to sulforaphane that
protects fibroblasts in vitro against the cytotoxic effects of electrophiles, peroxides
and redox-cycling agents, Toxicol. Appl. Pharmacol. 237 (2009) 267-280, https://
doi.org/10.1016/j.taap.2009.03.005.

[12] T.W. Kensler, N. Wakabayashi, Nrf2: friend or foe for chemoprevention?
Carcinogenesis 31 (2010) 90-99, https://doi.org/10.1093/carcin/bgp231.

[13] E.N. Wainwright, P. Scaffidi, Epigenetics and cancer stem cells: unleashing, hi-
jacking, and restricting cellular plasticity, Trends in Cancer 3 (2017) 372-386,
https://doi.org/10.1016/j.trecan.2017.04.004.

[14] K.A. Kang, J.W. Hyun, Oxidative stress, Nrf2, and epigenetic modification con-
tribute to anticancer drug resistance. Toxicological Research 33 (2017) 1-5,
https://doi.org/10.5487/TR.2017.33.1.001.

[15] H. Kitamura, H. Motohashi, NRF2 addiction in cancer cells, Cancer Sci. 109 (2018)
900-911, https://doi.org/10.1111/cas.13537.

[16] R.B. Moharil, A. Dive, S. Khandekar, A. Bodhade, Cancer stem cells: an insight, J.
Oral Maxillofac. Pathol. 21 (2017) 463, https://doi.org/10.4103/jomfp.JOMFP_
132_16 JOMFP.

[17] M. Lépez-Lazaro, The stem cell division theory of cancer, Crit. Rev. Oncol.
Hematol. 123 (2018) 95-113, https://doi.org/10.1016/j.critrevonc.2018.01.010.

[18] J.P. Sullivan, J.D. Minna, J.W. Shay, Evidence for self-renewing lung cancer stem
cells and their implications in tumor initiation, progression, and targeted therapy,
Cancer Metastasis Rev. 29 (2010) 61-72, https://doi.org/10.1007/s10555-010-
9216-5.

[19] I Ryoo, S. Lee, M.-K. Kwak, Redox modulating NRF2: a potential mediator of
cancer stem cell resistance., Oxidative Medicine and Cellular Longevity 2016
(2016) 2428153, https://doi.org/10.1155/2016,/2428153.

[20] W.H. Matsui, Cancer stem cell signaling pathways. Medicine 95 (2016) S8-S19,
https://doi.org/10.1097/MD.0000000000004765.

[21] F. Jeddi, N. Soozangar, M.R. Sadeghi, M.H. Somi, N. Samadi, Contradictory roles
of Nrf2/Keap1 signaling pathway in cancer prevention/promotion and chemore-
sistance, DNA Repair 54 (2017) 13-21, https://doi.org/10.1016/J.DNAREP.2017.
03.008.

[22] S. Vomund, A. Schéfer, M.J. Parnham, B. Briine, A. von Knethen, Nrf2, the master
regulator of anti-oxidative responses. Int. J. Mol. Sci. 18 (2017), https://doi.org/
10.3390/ijms18122772.

[23] T. Suzuki, M. Yamamoto, Stress-sensing mechanisms and the physiological roles of
the Keap1-Nrf2 system during cellular stress. J. Biol. Chem. 292 (2017)
16817-16824, https://doi.org/10.1074/jbc.R117.800169.

[24] T. Ishii, E. Warabi, Mechanism of rapid nuclear factor-E2-related factor 2 (Nrf2)
activation via membrane-associated estrogen receptors: roles of NADPH oxidase 1,
neutral sphingomyelinase 2 and epidermal growth factor receptor (EGFR),
Antioxidants 8 (2019), https://doi.org/10.3390/antiox8030069.

[25] V.L. Payen, L.X. Zampieri, P.E. Porporato, P. Sonveaux, Pro- and antitumor effects
of mitochondrial reactive oxygen species, Cancer Metastasis Rev. 38 (2019)
189-203, https://doi.org/10.1007/s10555-019-09789-2.

[26] M. Kobayashi, M. Yamamoto, Nrf2-Keap1 regulation of cellular defense me-
chanisms against electrophiles and reactive oxygen species, Adv. Enzym. Regul. 46
(2006) 113-140, https://doi.org/10.1016/j.advenzreg.2006.01.007.

[27] J. Tao, H. Wang, Y. Zhai, H. Park, J. Wang, F. Ji, Z. Zhang, Downregulation of Nrf2
promotes autophagy-dependent osteoblastic differentiation of adipose-derived
mesenchymal stem cells. Exp. Cell Res. 349 (2016) 221-229, https://doi.org/10.
1016/j.yexcr.2016.09.013.

[28] J. Lewerenz, S.J. Hewett, Y. Huang, M. Lambros, P.W. Gout, P.W. Kalivas,


https://doi.org/10.1038/nrclinonc.2017.166
https://doi.org/10.1038/nrclinonc.2017.166
https://doi.org/10.1177/1010428317729933
https://doi.org/10.1002/biof.1398
https://doi.org/10.1002/biof.1398
https://doi.org/10.1186/s12929-018-0426-4
https://doi.org/10.1016/j.dnarep.2006.10.011
https://doi.org/10.1016/j.gde.2003.11.001
https://doi.org/10.1007/s00018-014-1685-1
https://doi.org/10.1007/s00018-014-1685-1
https://doi.org/10.2174/1568009617666171002144228
https://doi.org/10.2174/1568009617666171002144228
https://doi.org/10.1016/j.arr.2012.10.004
https://doi.org/10.1016/j.arr.2012.10.004
https://doi.org/10.15171/apb.2018.061
https://doi.org/10.15171/apb.2018.061
https://doi.org/10.1016/j.taap.2009.03.005
https://doi.org/10.1016/j.taap.2009.03.005
https://doi.org/10.1093/carcin/bgp231
https://doi.org/10.1016/j.trecan.2017.04.004
https://doi.org/10.5487/TR.2017.33.1.001
https://doi.org/10.1111/cas.13537
https://doi.org/10.4103/jomfp.JOMFP_132_16
https://doi.org/10.4103/jomfp.JOMFP_132_16
https://doi.org/10.1016/j.critrevonc.2018.01.010
https://doi.org/10.1007/s10555-010-9216-5
https://doi.org/10.1007/s10555-010-9216-5
https://doi.org/10.1155/2016/2428153
https://doi.org/10.1097/MD.0000000000004765
https://doi.org/10.1016/J.DNAREP.2017.03.008
https://doi.org/10.1016/J.DNAREP.2017.03.008
https://doi.org/10.3390/ijms18122772
https://doi.org/10.3390/ijms18122772
https://doi.org/10.1074/jbc.R117.800169
https://doi.org/10.3390/antiox8030069
https://doi.org/10.1007/s10555-019-09789-2
https://doi.org/10.1016/j.advenzreg.2006.01.007
https://doi.org/10.1016/j.yexcr.2016.09.013
https://doi.org/10.1016/j.yexcr.2016.09.013

H. Kahroba, et al.

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

A. Massie, I. Smolders, A. Methner, M. Pergande, S.B. Smith, V. Ganapathy,

P. Maher, The cystine/glutamate antiporter system x(c)(-) in health and disease:
from molecular mechanisms to novel therapeutic opportunities, Antioxidants
Redox Signal. 18 (2013) 522-555, https://doi.org/10.1089/ars.2011.4391.

J.M. Maher, M.Z. Dieter, L.M. Aleksunes, A.L. Slitt, G. Guo, Y. Tanaka,

G.L. Scheffer, J.Y. Chan, J.E. Manautou, Y. Chen, T.P. Dalton, M. Yamamoto,
C.D. Klaassen, Oxidative and electrophilic stress induces multidrug resistance-as-
sociated protein transporters via the nuclear factor-E2-related factor-2 transcrip-
tional pathway, Hepatology 46 (2007) 1597-1610, https://doi.org/10.1002/hep.
21831.

M.B. Sporn, K.T. Liby, NRF2 and cancer: the good, the bad and the importance of
context, Nat. Rev. Cancer 12 (2012) 564-571, https://doi.org/10.1038/nrc3278.
A. Singh, V. Misra, R.K. Thimmulappa, H. Lee, S. Ames, M.O. Hoque, J.G. Herman,
S.B. Baylin, D. Sidransky, E. Gabrielson, M. V Brock, S. Biswal, Dysfunctional
KEAP1-NRF2 interaction in non-small-cell lung cancer, PLoS Med. 3 (2006),
https://doi.org/10.1371/journal.pmed.0030420 e420.

M.J. Kerins, A. Ooi, A catalogue of somatic NRF2 gain-of-function mutations in
cancer, Sci. Rep. 8 (2018) 12846, https://doi.org/10.1038/541598-018-31281-0.
K. Taguchi, M. Yamamoto, The KEAP1-NRF2 system in cancer, Frontiers in
Oncology 7 (2017) 85, https://doi.org/10.3389/fonc.2017.00085.

S. Achuthan, T.R. Santhoshkumar, J. Prabhakar, S.A. Nair, M.R. Pillai, Drug-in-
duced senescence generates chemoresistant stemlike cells with low reactive
oxygen species, J. Biol. Chem. 286 (2011) 37813-37829, https://doi.org/10.
1074/jbc.M110.200675.

C. Aslan, S. Maralbashi, F. Salari, H. Kahroba, F. Sigaroodi, T. Kazemi,

P. Kharaziha, Tumor-derived exosomes: implication in angiogenesis and anti-
angiogenesis cancer therapy, J. Cell. Physiol. (2019), https://doi.org/10.1002/jcp.
28374.

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

T.V. Pham, S.R. Piersma, I.H.M. Borel Rinkes, C.R. Jimenez, O. Kranenburg, The
secretome of colon cancer stem cells contains drug-metabolizing enzymes, Journal
of Proteomics 91 (2013) 84-96, https://doi.org/10.1016/j.jprot.2013.06.027.
M.K. Paul, B. Bisht, D.O. Darmawan, R. Chiou, V.L. Ha, W.D. Wallace, A.T. Chon,
A.E. Hegab, T. Grogan, D.A. Elashoff, J.A. Alva-Ornelas, B.N. Gomperts, Dynamic
changes in intracellular ROS levels regulate airway basal stem cell homeostasis
through nrf2-dependent Notch signaling, Cell Stem Cell. 15 (2014) 199-214,
https://doi.org/10.1016/j.stem.2014.05.009.

Y. Jeong, N.T. Hoang, A. Lovejoy, H. Stehr, A.M. Newman, A.J. Gentles, W. Kong,
D. Truong, S. Martin, A. Chaudhuri, D. Heiser, L. Zhou, C. Say, J.N. Carter,

S.M. Hiniker, B.W. Loo, R.B. West, P. Beachy, A.A. Alizadeh, M. Diehn, M. Diehn,
Role of KEAP1/NRF2 and TP53 mutations in lung squamous cell carcinoma de-
velopment and radiation resistance. Cancer Discov. 7 (2017) 86-101, https://doi.
org/10.1158/2159-8290.CD-16-0127.

A. Sparaneo, F.P. Fabrizio, L.A. Muscarella, Nrf2 and Notch signaling in lung
cancer: near the crossroad. Oxidative Medicine and Cellular Longevity 2016
(2016) 7316492, https://doi.org/10.1155/2016/7316492.

Q. Wang, S. Bu, D. Xin, B. Li, L. Wang, D. Lai, Autophagy is indispensable for the
self-renewal and quiescence of ovarian cancer spheroid cells with stem cell-like
properties. Oxidative Medicine and Cellular Longevity 2018 (2018) 7010472,
https://doi.org/10.1155/2018/7010472.

1. Ryoo, B. Choi, S.-K. Ku, M.-K. Kwak, High CD44 expression mediates p62-as-
sociated NFE2L2/NRF2 activation in breast cancer stem cell-like cells: implica-
tions for cancer stem cell resistance, Redox Biology 17 (2018) 246-258, https://
doi.org/10.1016/j.redox.2018.04.015.

B. Nami, A. Ghasemi-Dizgah, A. Vaseghi, S. Laurent, P.C. Yang, D. Bernstein,

P. Ruiz-Lozano, V. Serpooshan, Overexpression of molecular chaperons GRP78
and GRP94 in CD44(hi)/CD24(lo) breast cancer stem cells., Biolmpacts, BI 6
(2016) 105-110, https://doi.org/10.15171/bi.2016.16.

S. Wu, H. Lu, Y. Bai, Nrf2 in cancers: a double-edged sword, Cancer Medicine 8
(2019) 2252-2267, https://doi.org/10.1002/CAM4.2101.

C.-W. Chang, Y.-S. Chen, S.-H. Chou, C.-L. Han, Y.-J. Chen, C.-C. Yang, C.-

Y. Huang, J.-F. Lo, Distinct subpopulations of head and neck cancer cells with
different levels of intracellular reactive oxygen species exhibit diverse stemness,
proliferation, and chemosensitivity, Cancer Res. 74 (2014) 6291-6305, https://
doi.org/10.1158/0008-5472.CAN-14-0626.

M. Diehn, R.W. Cho, N.A. Lobo, T. Kalisky, M.J. Dorie, A.N. Kulp, D. Qian,

J.S. Lam, L.E. Ailles, M. Wong, B. Joshua, M.J. Kaplan, I. Wapnir, F.M. Dirbas,
G. Somlo, C. Garberoglio, B. Paz, J. Shen, S.K. Lau, S.R. Quake, J.M. Brown,

L.L. Weissman, M.F. Clarke, Association of reactive oxygen species levels and
radioresistance in cancer stem cells, Nature 458 (2009) 780-783, https://doi.org/
10.1038/nature07733.

C.-W. Chang, Y.-S. Chen, Y.-G. Tsay, C.-L. Han, Y.-J. Chen, C.-C. Yang, K.-F. Hung,
C.-H. Lin, T.-Y. Huang, S.-Y. Kao, T.-C. Lee, J.-F. Lo, ROS-independent ER stress-
mediated NRF2 activation promotes warburg effect to maintain stemness-asso-
ciated properties of cancer-initiating cells, Cell Death Dis. 9 (2018), https://doi.
org/10.1038/541419-017-0250-X.

S.M. Ridge, F.J. Sullivan, S.A. Glynn, Mesenchymal stem cells: key players in
cancer progression, Mol. Cancer 16 (2017) 31, https://doi.org/10.1186/512943-
017-0597-8.

M. Mohammadzadeh-Vardin, M. Habibi Roudkenar, A. Jahanian-Najafabadi,
Adenovirus-mediated over-expression of Nrf2 within mesenchymal stem cells
(MSCs) protected rats against acute kidney injury, Adv. Pharmaceut. Bull. 5
(2015) 201-208, https://doi.org/10.15171/apb.2015.028.

Z. Yuan, J. Zhang, Y. Huang, Y. Zhang, W. Liu, G. Wang, Q. Zhang, G. Wang,

Y. Yang, H. Li, G. Chen, NRF2 overexpression in mesenchymal stem cells induces
stem-cell marker expression and enhances osteoblastic differentiation, Biochem.

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[591]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Life Sciences 239 (2019) 116986

Biophys. Res. Commun. 491 (2017) 228-235, https://doi.org/10.1016/].bbrc.
2017.07.083.

D.S. Yoon, Y. Choi, J.W. Lee, Cellular localization of NRF2 determines the self-
renewal and osteogenic differentiation potential of human MSCs via the
P53-SIRT1 axis, Cell Death Dis. 7 (2016), https://doi.org/10.1038/CDDIS.2016.3
€2093.

J. Jang, Y. Wang, H.-S. Kim, M.A. Lalli, K.S. Kosik, Nrf2, a regulator of the pro-
teasome, controls self-renewal and pluripotency in human embryonic stem cells,
Stem Cells (Dayton, Ohio) 32 (2014) 2616-2625, https://doi.org/10.1002/stem.
1764.

X. Jin, X. Jin, H. Kim, Cancer stem cells and differentiation therapy, Tumor Biol.
39 (2017), https://doi.org/10.1177,/1010428317729933 101042831772993.

E. Sonoda, M. Takata, Y.M. Yamashita, C. Morrison, S. Takeda, R. Kumar,

C. Cornelius, W.E. Wright, T.K. Pandita, J.W. Shay, Homologous DNA re-
combination in vertebrate cells. Proc. Natl. Acad. Sci. U.S.A. 98 (2001)
8388-8394, https://doi.org/10.1073/pnas.111006398.

A.D.-K.-T. in biochemical sciences, undefined 2014, J. Hayes, The Nrf2 regulatory
network provides an interface between redox and intermediary metabolism,
Elsevier. (n.d.) https://www.sciencedirect.com/science/article/pii/
50968000414000267 , Accessed date: 8 July 2019.

A. Cuadrado, G. Manda, A. Hassan, M.J. Alcaraz, C. Barbas, A. Daiber, P. Ghezzi,
R. Leén, M.G. Lépez, B. Oliva, M. Pajares, A.I. Rojo, N. Robledinos-Antén,

AM. Valverde, E. Guney, H.-H.H.W. Schmidt, Transcription factor NRF2 as a
therapeutic target for chronic diseases: a systems medicine approach., Pharmacol.
Rev. 70 (2018) 348-383, https://doi.org/10.1124/pr.117.014753.

... HL.-C. research in, undefined 2010, V. Lams4, A. Levonen, Cytochrome P450
2A5 constitutive expression and induction by heavy metals is dependent on redox-
sensitive transcription factor Nrf2 in liver, ACS Publications. (n.d.) https://pubs.
acs.org/doi/abs/10.1021/tx100084c , Accessed date: 8 July 2019.

A.S.-M. pharmacology, undefined 2006, H. Lou, S. Du, Q. Ji, Induction of AKR1C2
by phase II inducers: identification of a distal consensus antioxidant response
element regulated by NRF2, ASPET. (n.d.) http://molpharm.aspetjournals.org/
content/69/5/1662.short , Accessed date: 8 July 2019.

R.T.-J. of B. Chemistry, undefined 2007, M. Yueh, Nrf2-Keap1 signaling pathway
regulates human UGT1A1 expression in vitro and in transgenic UGT1 mice,
ASBMB. (n.d.) http://www.jbc.org/content/282/12,/8749.short , Accessed date: 8
July 2019.

... KK.-D.M. and, undefined 1999, P. Miinzel, S. Schmohl, H. Heel, Induction of
human UDP glucuronosyltransferases (UGT1A6, UGT1A9, and UGT2B7) by t-bu-
tylhydroquinone and 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin in Caco-2 cells,
ASPET. (n.d.) http://dmd.aspetjournals.org/content/27/5/569.short , Accessed
date: 8 July 2019.

M.Y.-M. pharmacology, undefined 2003, I. Jowsey, Q. Jiang, K. Itoh, Expression of
the aflatoxin B1-8, 9-epoxide-metabolizing murine glutathione S-transferase A3
subunit is regulated by the Nrf2 transcription factor through an, ASPET (n.d.),
http://molpharm.aspetjournals.org/content/64,/5/1018.short , Accessed date: 8
July 2019.

J. Maher, X. Cheng, A. Slitt, ... M.D.-D. metabolism and, undefined 2005,
Induction of the multidrug resistance-associated protein family of transporters by
chemical activators of receptor-mediated pathways in mouse liver, ASPET. (n.d.).
http://dmd.aspetjournals.org/content/33/7/956.short (accessed July 8, 2019).
T. Rangasamy, ... C.C.-T.J. of, undefined 2004, Genetic ablation of Nrf2 enhances
susceptibility to cigarette smoke-induced emphysema in mice, Am Soc Clin
Investig. (n.d.). https://www.jci.org/articles/view/21146 (accessed July 8, 2019).
Q.M.-M. pharmacology, undefined 2012, X. He, Redox regulation by nuclear factor
erythroid 2-related factor 2: gatekeeping for the basal and diabetes-induced ex-
pression of thioredoxin-interacting protein, ASPET. (n.d.) http://molpharm.
aspetjournals.org/content/82/5/887.short , Accessed date: 8 July 2019.

Y.-J. Kim, J.-Y. Ahn, P. Liang, C. Ip, Y. Zhang, Y.-M. Park, Human prx1 gene is a
target of Nrf2 and is up-regulated by hypoxia/reoxygenation: implication to tumor
biology, Cancer Res. 67 (2007) 546554, https://doi.org/10.1158/0008-5472.
CAN-06-2401.

... AF.-F.R.B., undefined 2009, I. Chowdhury, Y. Mo, L. Gao, A. Kazi, Oxidant
stress stimulates expression of the human peroxiredoxin 6 gene by a transcrip-
tional mechanism involving an antioxidant response element, Elsevier. (n.d.)
https://www.sciencedirect.com/science/article/pii/S0891584908005728 ,
Accessed date: 8 July 2019.

J. Reichard, G. Motz, A.P.-N. acids research, undefined 2007, Heme oxygenase-1
induction by NRF2 requires inactivation of the transcriptional repressor BACH1,
Academic.Oup.Com. (n.d.). https://academic.oup.com/nar/article-abstract/35/
21/7074/2375687 (accessed July 8, 2019).

A.-K. Rundlof, M. Carlsten, E.S.J. Arnér, The core promoter of human thioredoxin
reductase 1, J. Biol. Chem. 276 (2001) 30542-30551, https://doi.org/10.1074/
jbe.M101452200.

T. Dalton, R. Palmiter, G.A.-N. acids research, undefined 1994, Transcriptional
induction of the mouse metallothionein-I gene in hydrogen peroxide-treated Hepa
cells involves a composite major late transcription factor/antioxidant, Academic.
Oup.Com. (n.d.). https://academic.oup.com/nar/article-abstract/22/23/5016/
2400388 (accessed July 8, 2019).

K. Hintze, E.T. the N.A. of Sciences, undefined 2005, DNA and mRNA elements
with complementary responses to hemin, antioxidant inducers, and iron control
ferritin-L expression, National Acad Sciences. (n.d.). https://www.pnas.org/
content/102/42/15048.short (accessed July 8, 2019).

C. Piantadosi, M. Carraway, ... A.B.-C., undefined 2008, Heme oxygenase-1 reg-
ulates cardiac mitochondrial biogenesis via Nrf2-mediated transcriptional control
of nuclear respiratory factor-1, Am Heart Assoc.. (n.d.). https://www.ahajournals.


https://doi.org/10.1089/ars.2011.4391
https://doi.org/10.1002/hep.21831
https://doi.org/10.1002/hep.21831
https://doi.org/10.1038/nrc3278
https://doi.org/10.1371/journal.pmed.0030420
https://doi.org/10.1038/s41598-018-31281-0
https://doi.org/10.3389/fonc.2017.00085
https://doi.org/10.1074/jbc.M110.200675
https://doi.org/10.1074/jbc.M110.200675
https://doi.org/10.1002/jcp.28374
https://doi.org/10.1002/jcp.28374
https://doi.org/10.1016/j.jprot.2013.06.027
https://doi.org/10.1016/j.stem.2014.05.009
https://doi.org/10.1158/2159-8290.CD-16-0127
https://doi.org/10.1158/2159-8290.CD-16-0127
https://doi.org/10.1155/2016/7316492
https://doi.org/10.1155/2018/7010472
https://doi.org/10.1016/j.redox.2018.04.015
https://doi.org/10.1016/j.redox.2018.04.015
https://doi.org/10.15171/bi.2016.16
https://doi.org/10.1002/CAM4.2101
https://doi.org/10.1158/0008-5472.CAN-14-0626
https://doi.org/10.1158/0008-5472.CAN-14-0626
https://doi.org/10.1038/nature07733
https://doi.org/10.1038/nature07733
https://doi.org/10.1038/S41419-017-0250-X
https://doi.org/10.1038/S41419-017-0250-X
https://doi.org/10.1186/s12943-017-0597-8
https://doi.org/10.1186/s12943-017-0597-8
https://doi.org/10.15171/apb.2015.028
https://doi.org/10.1016/j.bbrc.2017.07.083
https://doi.org/10.1016/j.bbrc.2017.07.083
https://doi.org/10.1038/CDDIS.2016.3
https://doi.org/10.1038/CDDIS.2016.3
https://doi.org/10.1002/stem.1764
https://doi.org/10.1002/stem.1764
https://doi.org/10.1177/1010428317729933
https://doi.org/10.1073/pnas.111006398
https://www.sciencedirect.com/science/article/pii/S0968000414000267
https://www.sciencedirect.com/science/article/pii/S0968000414000267
https://doi.org/10.1124/pr.117.014753
https://pubs.acs.org/doi/abs/10.1021/tx100084c
https://pubs.acs.org/doi/abs/10.1021/tx100084c
http://molpharm.aspetjournals.org/content/69/5/1662.short
http://molpharm.aspetjournals.org/content/69/5/1662.short
http://www.jbc.org/content/282/12/8749.short
http://dmd.aspetjournals.org/content/27/5/569.short
http://molpharm.aspetjournals.org/content/64/5/1018.short
http://dmd.aspetjournals.org/content/33/7/956.short
https://www.jci.org/articles/view/21146
http://molpharm.aspetjournals.org/content/82/5/887.short
http://molpharm.aspetjournals.org/content/82/5/887.short
https://doi.org/10.1158/0008-5472.CAN-06-2401
https://doi.org/10.1158/0008-5472.CAN-06-2401
https://www.sciencedirect.com/science/article/pii/S0891584908005728
https://academic.oup.com/nar/article-abstract/35/21/7074/2375687
https://academic.oup.com/nar/article-abstract/35/21/7074/2375687
https://doi.org/10.1074/jbc.M101452200
https://doi.org/10.1074/jbc.M101452200
https://academic.oup.com/nar/article-abstract/22/23/5016/2400388
https://academic.oup.com/nar/article-abstract/22/23/5016/2400388
https://www.pnas.org/content/102/42/15048.short
https://www.pnas.org/content/102/42/15048.short
https://www.ahajournals.org/doi/abs/10.1161/01.RES.0000338597.71702.ad

H. Kahroba, et al.

[71]

[72]

[73]

[74]

[75]

[76]

771

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

org/doi/abs/10.1161/01.RES.0000338597.71702.ad (accessed July 8, 2019).
C.M. Clements, R.S. McNally, B.J. Conti, T.W. Mak, J.P.-Y. Ting, DJ-1, a cancer-
and Parkinson's disease-associated protein, stabilizes the antioxidant transcrip-
tional master regulator Nrf2, Proc. Natl. Acad. Sci. 103 (2006) 15091-15096,
https://doi.org/10.1073/pnas.0607260103.

D.C. Levings, X. Wang, D. Kohlhase, D.A. Bell, M. Slattery, A distinct class of an-
tioxidant response elements is consistently activated in tumors with NRF2 muta-
tions., Redox Biology 19 (2018) 235-249, https://doi.org/10.1016/j.redox.2018.
07.026.

C. Gorrini, P.S. Baniasadi, L.S. Harris, J. Silvester, S. Inoue, B. Snow, P.A. Joshi,
A. Wakeham, S.D. Molyneux, B. Martin, P. Bouwman, D.W. Cescon, A.J. Elia,

Z. Winterton-Perks, J. Cruickshank, D. Brenner, A. Tseng, M. Musgrave,

H.K. Berman, R. Khokha, J. Jonkers, T.W. Mak, M.L. Gauthier, BRCA1 interacts
with Nrf2 to regulate antioxidant signaling and cell survival. J. Exp. Med. 210
(2013) 1529-1544, https://doi.org/10.1084/jem.20121337.

B.N. Chorley, M.R. Campbell, X. Wang, M. Karaca, D. Sambandan, F. Bangura,
P. Xue, J. Pi, S.R. Kleeberger, D.A. Bell, Identification of novel NRF2-regulated
genes by ChIP-Seq: influence on retinoid X receptor alpha, Nucleic Acids Res. 40
(2012) 7416-7429, https://doi.org/10.1093/nar/gks409.

D. Malhotra, E. Portales-Casamar, A. Singh, S. Srivastava, D. Arenillas, C. Happel,
C. Shyr, N. Wakabayashi, T.W. Kensler, W.W. Wasserman, S. Biswal, Global
mapping of binding sites for Nrf2 identifies novel targets in cell survival response
through ChIP-Seq profiling and network analysis, Nucleic Acids Res. 38 (2010)
5718-5734, https://doi.org/10.1093/nar/gkq212.

C.N. Landen, B. Goodman, A.A. Katre, A.D. Steg, A.M. Nick, R.L. Stone, L.D. Miller,
P.V. Mejia, N.B. Jennings, D.M. Gershenson, R.C. Bast, R.L. Coleman, G. Lopez-
Berestein, A.K. Sood, Targeting aldehyde dehydrogenase cancer stem cells in
ovarian cancer, Mol. Cancer Ther. 9 (2010) 3186-3199, https://doi.org/10.1158/
1535-7163.MCT-10-0563.

D. Kim, B.-H. Choi, I.-G. Ryoo, M.-K. Kwak, High NRF2 level mediates cancer stem
cell-like properties of aldehyde dehydrogenase (ALDH)-high ovarian cancer cells:
inhibitory role of all-trans retinoic acid in ALDH/NRF2 signaling, Cell Death Dis. 9
(2018) 896, https://doi.org/10.1038/541419-018-0903-4.

T. Mizuno, N. Suzuki, H. Makino, T. Furui, E. Morii, H. Aoki, T. Kunisada, M. Yano,
S. Kuji, Y. Hirashima, A. Arakawa, S. Nishio, K. Ushijima, K. Ito, Y. Itani,

K. Morishige, Cancer stem-like cells of ovarian clear cell carcinoma are enriched in
the ALDH-high population associated with an accelerated scavenging system in
reactive oxygen species, Gynecol. Oncol. 137 (2015) 299-305, https://doi.org/10.
1016/j.ygyno.2014.12.005.

R. Pashaei-Asl, F. Pashaei-Asl, P. Mostafa Gharabaghi, K. Khodadadi, M. Ebrahimi,
E. Ebrahimie, M. Pashaiasl, The inhibitory effect of ginger extract on ovarian
cancer cell line; application of systems biology, Adv. Pharmaceut. Bull. 7 (2017)
241-249, https://doi.org/10.15171/apb.2017.029.

H. Pan, H. Wang, L. Zhu, X. Wang, Z. Cong, K. Sun, Y. Fan, The involvement of
Nrf2-ARE pathway in regulation of apoptosis in human glioblastoma cell U251,
Neurol. Res. 35 (2013) 71-78, https://doi.org/10.1179/1743132812Y.
0000000094.

W. Yang, Y. Shen, J. Wei, F. Liu, MicroRNA-153/Nrf-2/GPx1 pathway regulates
radiosensitivity and stemness of glioma stem cells via reactive oxygen species,
Oncotarget 6 (2015) 2200622027, https://doi.org/10.18632/oncotarget.4292.
J. Zhu, H. Wang, Q. Sun, X. Ji, L. Zhu, Z. Cong, Y. Zhou, H. Liu, M. Zhou, Nrf2 is
required to maintain the self-renewal of glioma stem cells, BMC Canc. 13 (2013)
380, https://doi.org/10.1186,/1471-2407-13-380.

A.A. Dayem, H.-Y. Choi, J.-H. Kim, S.-G. Cho, Role of oxidative stress in stem,
cancer, and cancer stem cells, Cancers 2 (2010) 859-884, https://doi.org/10.
3390/cancers2020859.

C. Blanpain, M. Mohrin, P.A. Sotiropoulou, E. Passegué, DNA-damage response in
tissue-specific and cancer stem cells, Cell Stem Cell. 8 (2011) 16-29, https://doi.
org/10.1016/j.stem.2010.12.012.

M.-E. Han, T.-Y. Jeon, S.-H. Hwang, Y.-S. Lee, H.-J. Kim, H.-E. Shim, S. Yoon, S.-
Y. Baek, B.-S. Kim, C.-D. Kang, S.-O. Oh, Cancer spheres from gastric cancer pa-
tients provide an ideal model system for cancer stem cell research, Cell. Mol. Life

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

Life Sciences 239 (2019) 116986

Sci. 68 (2011) 3589-3605, https://doi.org/10.1007/s00018-011-0672-z.

T. Wu, B.G. Harder, P.K. Wong, J.E. Lang, D.D. Zhang, Oxidative stress, mam-
mospheres and Nrf2-new implication for breast cancer therapy? Mol. Carcinog. 54
(2015) 1494-1502, https://doi.org/10.1002/mc.22202.

L. Yang, C. Lin, L. Wang, H. Guo, X. Wang, Hypoxia and hypoxia-inducible factors
in glioblastoma multiforme progression and therapeutic implications, Exp. Cell
Res. 318 (2012) 2417-2426, https://doi.org/10.1016/j.yexcr.2012.07.017.

J.M. Heddleston, Q. Wu, M. Rivera, S. Minhas, J.D. Lathia, A.E. Sloan,

O. Iliopoulos, A.B. Hjelmeland, J.N. Rich, Hypoxia-induced mixed-lineage leu-
kemia 1 regulates glioma stem cell tumorigenic potential. Cell Death Differ. 19
(2012) 428-439, https://doi.org/10.1038/cdd.2011.109.

A. Fallah, A. Sadeghinia, H. Kahroba, A. Samadi, H.R. Heidari, B. Bradaran,

S. Zeinali, O. Molavi, Therapeutic targeting of angiogenesis molecular pathways in
angiogenesis-dependent diseases, Biomed. Pharmacother. 110 (2019) 775-785,
https://doi.org/10.1016/J.BIOPHA.2018.12.022.

J. Alam, D. Stewart, C. Touchard, S. Boinapally, A.M.K. Choi, J.L. Cook, Nrf2, a
Cap'n'Collar transcription factor, regulates induction of the heme oxygenase-1
gene, J. Biol. Chem. 274 (1999) 26071-26078, https://doi.org/10.1074/jbc.274.
37.26071.

H. Motohashi, M. Yamamoto, Nrf2-Keap1 defines a physiologically important
stress response mechanism, Trends Mol. Med. 10 (2004) 549-557, https://doi.
org/10.1016/j.molmed.2004.09.003.

Y. Jia, J. Chen, H. Zhu, Z.-H. Jia, M.-H. Cui, Aberrantly elevated redox sensing
factor Nrf2 promotes cancer stem cell survival via enhanced transcriptional reg-
ulation of ABCG2 and Bcl-2/Bmi-1 genes, Oncol. Rep. 34 (2015) 2296-2304,
https://doi.org/10.3892/0r.2015.4214.

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-xB
and Nrf2, Cell Death Dis. 8 (2017) e2797, https://doi.org/10.1038/cddis.2017.
176.

M. Pylvis-Eerola, A. Liakka, U. Puistola, J. Koivunen, P. Karihtala, Cancer stem
cell properties as factors predictive of chemoresistance in neoadjuvantly-treated
patients with ovarian cancer., Anticancer Res.. 36(2016) 3425-3431. http://www.
ncbi.nlm.nih.gov/pubmed/27354603 (accessed June 6, 2019).

K.M. Kanninen, Y. Pomeshchik, H. Leinonen, T. Malm, J. Koistinaho, A.-

L. Levonen, Applications of the Keapl-Nrf2 system for gene and cell therapy, Free
Radic. Biol. Med. 88 (2015) 350-361, https://doi.org/10.1016/j.freeradbiomed.
2015.06.037.

J. Barar, Y. Omidi, Targeted gene therapy of cancer: second amendment toward
holistic therapy, Bioimpacts: BI 3 (2013) 49-51, https://doi.org/10.5681/bi.2013.
014.

S. Mahmoudi, M. Ghorbani, M. Sabzichi, F. Ramezani, H. Hamishehkar,

N. Samadi, Targeted hyaluronic acid-based lipid nanoparticle for apigenin de-
livery to induce Nrf2-dependent apoptosis in lung cancer cells, J. Drug Deliv. Sci.
Technol. 49 (2019) 268-276, https://doi.org/10.1016/J.JDDST.2018.11.013.
W.-C. Ouyang, Y.-W. Liao, P.-N. Chen, K.-H. Lu, C.-C. Yu, P.-L. Hsieh, Hinokitiol
suppresses cancer stemness and oncogenicity in glioma stem cells by Nrf2 reg-
ulation, Cancer Chemother. Pharmacol. 80 (2017) 411-419, https://doi.org/10.
1007/s00280-017-3381-y.

Y. Woo, J. Oh, J.-S. Kim, Suppression of Nrf2 activity by chestnut leaf extract
increases chemosensitivity of breast cancer stem cells to paclitaxel, Nutrients 9
(2017) 760, https://doi.org/10.3390/nu9070760.

B.-J. Jung, H.-S. Yoo, S. Shin, Y.-J. Park, S.-M. Jeon, Dysregulation of NRF2 in
cancer: from molecular mechanisms to therapeutic opportunities, Biomolecules &
Therapeutics 26 (2018) 57-68, https://doi.org/10.4062/biomolther.2017.195.
M. Rojo de la Vega, E. Chapman, D.D. Zhang, NRF2 and the hallmarks of cancer,
Cancer Cell 34 (2018) 21-43, https://doi.org/10.1016/j.ccell.2018.03.022.

J.-J. Qin, X.-D. Cheng, J. Zhang, W.-D. Zhang, Dual roles and therapeutic potential
of Keap1-Nrf2 pathway in pancreatic cancer: a systematic review, Cell Commun.
Signal. 17 (2019) 121, https://doi.org/10.1186/512964-019-0435-2.


https://www.ahajournals.org/doi/abs/10.1161/01.RES.0000338597.71702.ad
https://doi.org/10.1073/pnas.0607260103
https://doi.org/10.1016/j.redox.2018.07.026
https://doi.org/10.1016/j.redox.2018.07.026
https://doi.org/10.1084/jem.20121337
https://doi.org/10.1093/nar/gks409
https://doi.org/10.1093/nar/gkq212
https://doi.org/10.1158/1535-7163.MCT-10-0563
https://doi.org/10.1158/1535-7163.MCT-10-0563
https://doi.org/10.1038/s41419-018-0903-4
https://doi.org/10.1016/j.ygyno.2014.12.005
https://doi.org/10.1016/j.ygyno.2014.12.005
https://doi.org/10.15171/apb.2017.029
https://doi.org/10.1179/1743132812Y.0000000094
https://doi.org/10.1179/1743132812Y.0000000094
https://doi.org/10.18632/oncotarget.4292
https://doi.org/10.1186/1471-2407-13-380
https://doi.org/10.3390/cancers2020859
https://doi.org/10.3390/cancers2020859
https://doi.org/10.1016/j.stem.2010.12.012
https://doi.org/10.1016/j.stem.2010.12.012
https://doi.org/10.1007/s00018-011-0672-z
https://doi.org/10.1002/mc.22202
https://doi.org/10.1016/j.yexcr.2012.07.017
https://doi.org/10.1038/cdd.2011.109
https://doi.org/10.1016/J.BIOPHA.2018.12.022
https://doi.org/10.1074/jbc.274.37.26071
https://doi.org/10.1074/jbc.274.37.26071
https://doi.org/10.1016/j.molmed.2004.09.003
https://doi.org/10.1016/j.molmed.2004.09.003
https://doi.org/10.3892/or.2015.4214
https://doi.org/10.1038/cddis.2017.176
https://doi.org/10.1038/cddis.2017.176
http://www.ncbi.nlm.nih.gov/pubmed/27354603
http://www.ncbi.nlm.nih.gov/pubmed/27354603
https://doi.org/10.1016/j.freeradbiomed.2015.06.037
https://doi.org/10.1016/j.freeradbiomed.2015.06.037
https://doi.org/10.5681/bi.2013.014
https://doi.org/10.5681/bi.2013.014
https://doi.org/10.1016/J.JDDST.2018.11.013
https://doi.org/10.1007/s00280-017-3381-y
https://doi.org/10.1007/s00280-017-3381-y
https://doi.org/10.3390/nu9070760
https://doi.org/10.4062/biomolther.2017.195
https://doi.org/10.1016/j.ccell.2018.03.022
https://doi.org/10.1186/s12964-019-0435-2

	The Role of Nrf2 signaling in cancer stem cells: From stemness and self-renewal to tumorigenesis and chemoresistance
	Introduction
	Cancer stem cells
	Structure and physio-pathological role of Nrf2
	The role of Nrf2 in CSCs tumorigenicity and cancer progression
	Nrf2 role in stemness and self-renewal of CSCs
	Nrf2 mediated chemoresistance and anti-Nrf2 therapy in CSCs
	7Conclusion
	Funding
	mk:H1_9
	Acknowledgements
	References




