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The transcription factor Nrf2 (NF-E2 related factor 2) is a master regulator of the cell antioxidant response associated with tumor
growth and resistance to cytotoxic treatments. In particular, Nrf2 induces upregulation of cytoprotective genes by interacting with
the closely situated AREs (Antioxidant Response Elements) in response to endogenous or exogenous stress stimuli and takes part to
several oncogenic signaling pathways. Among these, the crosstalk with Notch pathway has been shown to enhance cytoprotection
andmaintenance of cellular homeostasis, tissue organization bymodulating cell proliferation kinetics, and stem cell self-renewal in
several organs.The role of Notch and Nrf2 related pathways in tumorigenesis is highly variable and when they are both abnormally
activated they can synergistically cause neoplastic proliferation by promoting cell survival, differentiation, invasion, andmetastases.
NFE2L2, KEAP1, and NOTCH genes family appear in the list of significantly mutated genes in tumors in both combined and
individual sets, supporting the crucial role that the aberrant Nrf2-Notch crosstalk might have in cancerogenesis. In this review, we
summarize current knowledge about the alterations of Nrf2 and Notch pathways and their reciprocal transcriptional regulation
throughout tumorigenesis and progression of lung tumors, supporting the potentiality of putative biomarkers and therapeutic
targets.

1. Introduction

Notch receptors (Notch1–Notch4) are a family of transmem-
brane proteins which interact with ligands of theDelta and/or
Jagged/Serrate family. These receptors play a key role in the
normal development of tissues and cell types, through diverse
effects on differentiation, survival, and proliferation [1–3]. In
tumors, Notch signaling has been observed to exert either
oncogenic or antiproliferative effects within the mechanisms
of cell invasion and metastases development.

The Nrf2 is a key regulator of the cell adaptive response
to reactive oxygen species (ROS) and xenobiotics through
the interaction with its master negative regulator, the Keap1
protein. Currently, the dark side of Nrf2 has emerged and
growing evidences suggest that constitutive upregulation of
Nrf2 is linked to cancer development and progression and
contributes to chemo- and radioresistance.

Notch and Nrf2 are both transcription factors and their
related pathways were discovered independently [4]. How-
ever, recent data have demonstrated the existence of a Nrf2-
Notch crosstalk which supports cytoprotection and improves

maintenance of cellular homeostasis and tissue organization.
This review will mainly focus on the available scientific data
which underlie the biological relevance of Nrf2 and Notch
pathways and their crosstalk in lung tumors and suggest the
potentiality of molecularly targeted agent combinations to
overcome resistance to therapies.

2. Notch Signaling

NOTCH genes encode for highly conserved cell membrane
receptors from Drosophila to humans that orchestrate a
complex signaling pathway involving a number of ligands,
negative and positive modifiers, and transcription factors [5].
In mammals, four Notch receptors (Notch1 to Notch4) and
two families ofNotch ligands (Jagged1 and Jagged2 andDelta-
like-1, Delta-like-3, and Delta-like-4) have been described
to play a critical role in the cell-contact-dependent cellular
communications [2, 3, 6].

Although the overall structure of Notch receptors is sim-
ilar, there are significant differences in the protein domains.
The Notch1–4 receptors share an extracellular portion which
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Figure 1: Canonical and noncanonical Notch signaling pathways. Notch signaling has a pleiotropic effect and is involved in cell survival,
cell proliferation, cell metabolism, and differentiation. Canonical Notch pathway is primed by interaction of the Notch protein with a cell
bound ligand. Upon interaction, Notch results cleaved, firstly by ADAM 10/17 protease and then by cleavage by the 𝛾- secretase. Furthermore,
Notch activated (NICD) translocates into nucleus and interacts with CSL protein, where, upon interaction, the proteins complex is converted
into a transcriptional activator of targets genes. Noncanonical Notch pathways may be activated either dependently or independently of
ligand interaction and may be 𝛾-secretase dependent or independent. Noncanonical Notch signaling interacts with mTORC2, AKT, Wnt,
HIF-1𝛼, NF𝜅B, and PI3K pathways at either the cytoplasmic or nuclear levels. The gene regulatory region of the major Notch1 transcript has
been described to possess a functional ARE through which Nrf2 can regulate Notch1 gene expression. In the activated state (orange arrow,
transient upon stress stimuli or constitutive due to mutations in tumor cells), de novo synthesized Nrf2 protein accumulates into the nucleus,
where it activates the transcription of several ARE-genes, including NOTCH1. In the basal state (green arrow), Keap1 binds Nrf2 and induces
its ubiquitination. Upon ubiquitination, Nrf2 is degraded by proteasome complex.

contains a variable number of epidermal growth factor-
(EGF-) like repeats: the Notch1 and Notch2 receptors contain
36 EGF repeats, whereas Notch3 contains 34 repeats and
Notch4 contains 29 repeats. The other difference is in the
transactivation domain (TAD). Notch1 and Notch2 contain
a strong and a weak TAD, respectively, Notch3 has a potent
but specific TAD best suited to the activation of the HES-
5 promoter. In contrast, Notch4 does not contain a TAD.
These structural differences may offer clues to the functional
divergence among mammalian Notch paralogs [7].

The EGF-like repeats of extracellular portion of Notch
are essential for ligand binding. The bond between ligands
and extracellular Notch domains activates the intracellu-
lar portion and promotes intracellular sequential prote-
olytic cleavages by a metalloproteases of ADAM’s family.
Then theNotch intracellular domain (NICD) is released from

the cytoplasmic membrane and translocates as active form
into the nucleus, where it enhances the expression of several
target genes encoding forHairy Enhancer of Split (HES) fam-
ily proteins, HES-related proteins (HEY), and p21cip1/waf1,
cyclinD1 and 3, c-myc, andHer2, in a cell-context-dependent
manner [3, 8, 9].

Beside this canonical pathway activation, additional non-
canonical Notch signaling pathways have been described.
These additional pathways are independent from CSL (CBF1,
Suppressor of Hairless, and Lag-1) transcription factor and
related to other different transcription factors, such as
beta-catenin, HIF-1a (hypoxia-inducible factor-1a), NF-kB
(nuclear factor kappa-light-chain-enhancer of activated B
cells), and estrogen receptor ER𝛼 (Figure 1) [10–13].

TheNotch transcriptional machinery and signaling path-
way are conserved among species, but in mammals this
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system shows the peculiarity to induce several, even opposite,
biological effects depending on specific tissue types [4, 14].
Notch signaling networks can regulate a wide range of events
in embryonic and postnatal development, including prolif-
eration, apoptosis, border formation, and cell fate decisions.
Aberrant expression of Notch receptors and Notch target
genes have been reported in different human malignancies,
including lung, skin, pancreas, breast, and colon cancers [15–
20]. In lung tumors, depending on the subtype or specific
molecular profiles, Notch family activity is often deregulated
and activates several oncogenic pathways via direct or indi-
rect induction [21, 22].

In a transgenic mouse model, Notch1 was overexpressed
in the alveolar epithelium and induced alveolar hyperplasia
and pulmonary adenomas through regulating type II lung
epithelial cells. Moreover, the concomitant expression of
MYC led to a progression to adenocarcinoma and metas-
tases, indicating a synergistic effect between Notch1 and
other oncogenes [23]. It has also been reported that Notch1
signaling plays a central role in the negative modulation of
cell growth in lung adenocarcinoma through the ADAM
metalloproteases and promotes apoptosis escape through a
negative modulation of the p53 stability at protein level.
These findings might explain the correlation between Notch1
activation and poor prognosis in NSCLC patients without
TP53 mutations [24–28]. Few data have been provided so
far concerning the roles of Notch1 in lung adenocarcinoma
harboring mutations in other lung cancer driver genes, such
as PIK3CA or EGFR (Epidermal Growth Factor Receptor).
In NSCLC cell lines, it has been preliminary observed that
the expression of the active form of Notch1 (NICD1) leads
to increased proliferation activity, malignant transformation,
and tumor growth in presence of EGF (Epidermal Growth
Factor), suggesting that EGFR activation may be essential
for Notch-mediated malignant transformation and tumor
growth [25].

Notch1 signaling has been shown to also act either as a
negative or as a positive regulator of Phosphatase and Tensin
Homologue gene (PTEN) transcription [29]. PTEN down-
regulation is modulated by Notch1 through the activation of
the transcription factor hair and enhancer of SPLIT (HES1),
whereas PTEN upregulation derives from the inhibition
of the binding protein suppressor of hairless (RBPJ), also
known as CBF-1 [30–32]. In NSCLC andmalignant mesothe-
lioma cells, the activation of PTEN transcription by Notch1
upregulation has been observed to lead the prosurvival
phosphatidylinositol 3-kinase (PI3K)/Akt/mammalian target
of rapamycin (mTOR) signaling pathway [29–32].

In contrast with the role of Notch1 in promoting tumor
initiation and progression,Notch2 shows a tumor suppressive
activity by mediating cell differentiation in lung carcino-
genesis. This evidence was also supported by immunohis-
tochemical analysis of human NSCLC samples showing the
loss or downregulation of Notch2 compared with normal
lung tissues [33, 34]. In malignant mesothelioma (MM) cells
Notch2 also appears to be diminished with a consequent
decrease of toxic effects and a general benefit for cells [35].
Finally, the effect of Notch3 in lung carcinoma has been
observed to be strongly dependent on cell type being a

tumor suppressor in Small Cell Lung Cancer (SCLC) and a
tumor promoting in NSCLC by differentially modulating cell
adhesion, EpithelialMesenchymal Transition (EMT), and cell
motility [36].

Various studies have assessed the clinicopathological
and prognostic value of Notch1 and Notch3 expression in
NSCLC, but the results remain controversial. NSCLC tissues
have significantly higher Notch1 protein levels compared
to lung normal tissues, with strong variations in different
studies and even within the same histotypes. Overall, Notch
signaling can be suggested as a valuable biomarker to predict
tumor progression in NSCLC. Overexpression of Notch1 and
Notch3 has been associatedwith increased risk of lymphnode
metastasis and advanced TNM (tumor size, lymph nodes,
and metastases) stages. Notch1 also represents an indepen-
dent prognostic factor in surgically resected adenocarcinoma
patients with a major impact in combination with VEGF-
A (Vascular Epidermal Growth Factor-Alpha) upregulation
[37, 38]. Future investigations might clarify the usefulness
of targeting Notch signaling in specific subpopulation of
NSCLC patients [39].

A key role of Notch signaling has been recently high-
lighted in the context of SCLC growth and resistance to ther-
apy. Stable expression of the active form of Nocth1 in SCLC
cells inhibits cell proliferation and decreases the expression
of several neuroendocrinemarkers [40].Moreover, alteration
of Notch-Ascl1-Rb-p53 axis has been recently described as
major driver of secondary transition from NSCLC to neu-
roendocrine phenotype and SCLC [41]. These findings pro-
vide a novel cellular mechanism for lung histology transition
[42] and suggest Notch signaling reactivation as a possible
therapeutic strategy for SCLC patients [43].

Finally, emerging evidences suggest that Notch signaling
participates to the process of EMT, a highly coordinated
process observed when epithelial cells lose some or most
epithelial characteristics and acquire properties that are
typical of mesenchymal cells. The transition of epithelial
cells to mesenchymal cells is essential during embryogen-
esis and includes phenotypic changes such as loss of cell-
cell adhesion, loss of cell polarity, and the acquisition of
migratory and invasive properties. Accumulating evidences
suggest that aberrant activation of the EMT developmental
program contributes to tumor initiation, invasion,metastasis,
and acquisition of therapeutic resistance [44, 45]. Notch,
Wnt, Hedgehog (Hh), and TGF-b pathways induce well-
differentiated epithelial cells to convert into motile mes-
enchymal cells in tumors via the activation of multiple EMT
transcription factors, including Twist, Snail, Slug, and ZEB
[46] and their deregulation correlates with poor clinical out-
comes [47]. These findings corroborate the hypothesis that
Notch1 and Notch3 may represent typical markers of stem-
like cells indifferent solid tumors, including lung cancer [48].

3. Mechanisms of Notch Deregulation
in Cancer

Notch receptors have been found deregulated in many
tumors, and the prevalence and location of mutations within
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each Notch receptor coding gene varied considerably accord-
ing to the tumor type [49]. Many identified mutations are
heterozygous and correlate with a haploinsufficiency in tissue
pattering and suggest that loss of a single copy functionally
impairs signaling and therefore induces tumorigenesis. In
general,NOTCH1 gene mutations are more frequently recog-
nized than in the other NOTCH receptor genes. This was in
part, but not entirely, due to the greater number of tumors
with Notch1 sequencing data. For head and neck cancer
(HNSCC) and lung and breast cancers, NOTCH1 mutations
were relatively recurrent (5–15%) and clustered at or near
identified important domains.

In lung cancer, the deregulation of the Notch pathway is
mainly correlated with activating missense mutations mostly
affecting the ligand-binding domain (EGF repeats 11 and 12)
or the ankyrin domains which lead to a ligand-independent
activation [50]. NOTCH1 activating mutations have been
defined as a common event in human NSCLC [51] and
have been correlated to poor prognosis and response to
therapy in lung patients without p53 mutations [52]. To note,
NOTCH1 mutations in SqCC appeared to be more frequent
than pulmonary adenocarcinoma, and their typical location
in close proximity of the ligand-binding domain leads to the
speculation that Notch1 is more likely to function as a tumor
suppressor in SqCC than in the adenocarcinoma histology
[49]. However, the real frequency of NOTCH1 mutations
in NSCLC remains to be determined. The limited size and
intrinsic variations of the just reported studied cohorts, along
with the differences in sequencing strategy, do not allow a
definitive conclusion on the magnitude of this event [53].

By contrast, mutations affecting theNOTCH family genes
have been widely assessed and described as one of the
most mutated pathways driving neuroendocrine features and
SCLC. Different missense changes affecting all NOTCH1–
NOTCH4 genes with different frequency in relation to the
different histologies of lung neuroendocrine tumors have
been reported [54]. In SCLC, frequent damaging mutations
have been identified in the extracellular domain with an
incidence of about 25%, suggesting that Notch may act a
tumor suppressor [55], leading to growth inhibition and
neuroendocrine markers reduction [56].

Mutations in NOTCH1–NOTCH4 family genes (28%)
have also been recently reported in Large Cell Neuroen-
docrine Cancer (LCNEC) by genomic analysis. Many muta-
tions were located in the extracellular EGF-like domain and
were mainly associated with NSCLC-like subgroup but differ
from the typical mutation pattern of lung adenocarcinoma.
This represents an additional, strong evidence of the crucial
role of Notch in lung neuroendocrine development [57].

In addition to directmutations ofNOTCH genes, alterna-
tive mechanisms of Notch deregulation have been reported
in lung cancers. Molecular profiling of alternative splicing
variants in lung adenocarcinoma have revealed frequent
alternative splicing events affecting the NUMB gene, sim-
ilar to primary breast and colon cancers. These abnormal
isoforms lack normal activity and aberrantly induce the
reduction of Numb protein expression levels and activation
of the Notch signaling pathway there by promoting cell
proliferation [58].

Finally, recent evidences indicate that there is a significant
crosstalk between Notch and microRNAs. As a key compo-
nent of the Notch-mediated transcription complex, Notch
can regulate expression of a number of microRNAs; at the
same time, Notch ligands, Notch receptors, or Notch effectors
are regulated by microRNAs [59]. Indeed, members of five
different families of miRNAs (miR-2, miR-4, miR-7, miR-11,
and miR-79) have been shown to negatively regulate Notch
target genes by recognizing conserved binding motifs within
their transcripts [60]. However, few evidences about the role
of this epigenetic mechanism of expression regulation have
been provided in lung cancer. Pharmacological induction
of miR-34a decreased the expression of Notch1 and its
downstream targets including HES-1, Cyclin D1, Survivin,
and Bcl-2, impairing Notch signaling, cell proliferation, and
invasion and inducing apoptosis in NSCLC cells [61].

4. Nrf2 Signaling

Nrf2 is a basic region-leucine zipper (bZIP) transcription
factor that acts as a master modulator of cellular protection
against carcinogens and oxidative damage in organisms.
Although diverse mechanisms might be involved, it is specu-
lated that the induction of phase II cytoprotective enzymes by
Nrf2 chemical inducers occurs, at least in part, bymodulating
the activities of intracellular signaling kinases [62]. In the
cellular basal state, the majority of de novo synthesized Nrf2
is repressed by physical interaction with Keap1, which is an
adaptor protein to Cullin 3- (Cul3-) dependent ubiquitina-
tion and proteasomal degradation [63–67]. When cells are
exposed to exogenous and endogenous toxic substances and
to oxidative damage, a specific pattern of Keap1 cysteine
modification arises [66]. By consequence, the Keap1 releases
Nrf2 which translocates into the nucleus where it forms a
heterodimer with small Maf proteins. This complex specifi-
cally recognizes enhancer sequences known as Antioxidant
Response Elements (AREs), located in the regulatory regions
of genes encoding for cellular defense enzymes, and activates
their expression through the transcription machinery [68,
69]. Several Nrf2 target genes have been identified so far,
and the number has increased through the recent technical
advances [70]. Apart from themajor cytoprotective functions
of Nrf2 targeted genes, many of these genes also play in
the context of oncogenesis, cell proliferation, apoptosis, and
tumor cell growth in many cancer types (Figure 2). Recently,
the involvement of Nrf2 has also been recognized in mito-
chondrial physiology as inductor of respiration substrates,
membrane potential maintenance, integrity, and biogenesis
[70–74].

Scientific findings in several neoplastic backgrounds
underlined how the Nrf2 activity is clearly connected
with oncogenic kinase pathways, structural proteins, hor-
monal regulation, other transcription factors, and epigenetic
enzymes involved in the pathogenesis of tumors [75].

The large-scale genomic studies of NSCLC byTheCancer
Genome Atlas (TCGA) consortium and others have sup-
ported that Nrf2 deregulation represents one of the major
cancer driver pathways in the specific histotypes of SqCC
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Figure 2: Keap1/Nrf2 axis in lung cancer. Under basal conditions (green arrow), Nrf2 is sequestered in the cytoplasm by the Keap1-Cul3
complex and rapidly degraded in the ubiquitin-proteasome dependent manner. This Keap1-mediated degradation activity requires two
reactive cysteine residues of Keap1, located into the IVR domain. Upon stress stimuli (orange arrow), modification of these cysteine residues
of Keap1 inhibits ubiquitin conjugation to Nrf2 by the Keap1-Cul3 complex, thereby provoking Nrf2-Keap1 impairment and resulting in the
nuclear accumulation of de novo synthesized Nrf2 protein and enhancement of target genes transcription.

where cigarette exposure can activate the oxidant stress
response [76] and LCNEC of the lung with Non-Small-
Cell Carcinoma features [77, 78]. Several mechanistic studies
proved opposite roles of Nrf2 during carcinogenesis, either
protective or promoting malignant progression [79]. The
latter is supported bymany clinical observations showing that
constitutive upregulation is strongly associated with cancer
development, progression, and resistance to conventional
chemotherapy and radiotherapy in NSCLC [79–82]. Mea-
suring nuclear Nrf2 abundance in NSCLC patients might
be a useful index to predict the efficacy of platinum-based
treatments. Nuclear accumulation of Nrf2 correlated with
worse NSCLC cancer-specific survival and worse progress-
free survival in three independent datasets of SqCC patients
treated with surgery only [83–85]. As the main negative reg-
ulator of Nrf2, Keap1 activity and impairment also correlated
with NSCLC survival. Our group discovered that NSCLC
patients harboringKEAP1 alterations had worse progression-
free survival compared with other patients [86]. Similarly,
Takahashi et al. found that KEAP1 mutations caused an
increase of Nrf2 expression in NSCLC patients and were

correlated with worse progression-free and overall survival
[87].

AlongwithKEAP1mutations, the expression levels of two
Nrf2 downstream transcripts expressions, Ho-1 [88, 89] and
Nqo1 [90–92], were found significantly associatedwith tumor
invasiveness and patients survival in NSCLC advanced stage.
In this regard, a recent extensive meta-analysis of microar-
ray data for 240 Nrf2-mediated genes expression signature
identify a group of 50 genes (NFE2L2-associated molecular
signature, NAMS) that predicts a worse clinical outcome in
60% of NSCLC cohorts analyzed. These data corroborate
the idea that NAMS could represent a promising prognostic
biomarker in human lung cancer [93]. Correlation of Nrf2
downstream transcripts expression with tumor invasiveness
and patients survival in NSCLC advanced stage has been also
reported for Ho-1 [88, 89] and Nqo1 [90–92].

Three major crosstalks between Nrf2 and other classical
oncogenic signaling pathways such as phosphatidylinositol
3-kinase (PI3K) [94], Kirsten retrovirus-associated DNA
sequence (K-ras), [95] and Notch [4] have been reported in
lung cancer as having a strong impact on tumor resistance
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outcome.The PI3K-Akt-mTOR pathway is commonly dereg-
ulated in several humanmalignancies includingNSCLC [96],
and activated PI3K signal increased accumulation of Nrf2
into the nucleus to enhance the transcription of enzymes
involved in the pentose phosphate pathway [72]. Since
radiotherapy agents can effectively induce apoptosis through
generation of ROS [97] it was observed that specific PI3K
inhibitor such as NVP-BKM120 can be used in SqCC to
decrease Nrf2 protein levels and sensitizeNFE2L2 or KEAP1-
mutant cells to radiation [94]. KRAS gene mutations occur
approximately in 20–30% of NSCLCs and confer to cancer
cells resistance and survival [98, 99]. Promoter analysis
showed that a TPA response element (TRE) located in exon1
of NFE2L2 gene was activated by Kras. Thus, oncogenic Kras
confers in NSCLC chemoresistance by upregulating Nrf2,
enhancing the antitumor efficacy of cisplatin and providing
a strong preclinical rationale to improve the management of
lung tumors harboring KRAS mutations with Nrf2 pathway
inhibitors [79, 95, 100].

5. Mechanisms of Nrf2 Deregulation in Cancer

Firstly described in NSCLC cell lines and tissues by Singh
et al. in 2006, molecular impairment of Keap1/Nrf2 axis
has been then extensively investigated in lung with different
mutation clusters found to be related to specific histological
subtypes. The overexpression of nuclear Nrf2 and the sub-
sequent increase in the antioxidant defense in lung cancer
cells are mainly related to genetic and epigenetic alterations
of the KEAP1 and NFE2L2 genes [101]. Somatic mutations
of the KEAP1 gene frequently affect the DC domain and
produce a decrease in Keap1-promoted Nrf2 ubiquitination
by Cul3 or the impairment of nuclear export of Nrf2 by
Keap1/Cul3 complexes. In both cases, under cellular stress
condition, Nrf2 escapes degradation and translocates into the
nucleus to induce the expression of its target genes [102–
104]. Mutations in NFE2L2 gene were also widely described
in lung tumors, suggesting a strong link between molecular
perturbations of theNrf2 pathway and tissue exposure toROS
[105]. NFE2L2 mutations should determine a constitutive
activation and have been found to mainly cluster within the
DLG and ETGE motifs, which are hotspot sites for Nrf2
binding to the Keap1 DC binding domain. In particular, the
ETGEmutant proteins are not ubiquitinated and concentrate
in the nucleus, whereasmutations in the DLG resulting in the
stabilization of Nrf2 increased its nuclear translocation and
Nrf2 de novomolecules synthesis [106, 107].

Mutations and copy number alterations of NFE2L2 and
KEAP1 and/or deletion or mutation of CUL3 were observed
in 25–34% of SqCC among the classical alterations associated
with this smoking-related histology subtype of lung cancer
[77, 84]. Instead, a low incidence of KEAP1 mutations
has been reported in advanced stage ADC patients with
different ethnicity (3–19%) and a lower incidence of EGFR
mutations [108, 109], except for papillary adenocarcinoma
tumors subtypes (60%) [110]. In addition, TCGA analysis of
lung adenocarcinomas has shown that the odds of a tumor
carrying a KEAP1 mutation increased more than sixfold

among tumors with LKB1 loss. LKB1-deficient tumors are
susceptible to oxidative stress because they are unable to
produce the appropriate adaptive responses in metabolism
and biosynthesis. The high level of overlap in loss of function
of KEAP1 and LKB1 genes may suggest that selective pressure
exists for the activation of Nrf2 as a secondary protective
mechanism to compensate for LKB1 loss [111].

More recently, new experimental evidences have demon-
strated a mutual regulation between Nrf2 and microRNAs,
especially in the mechanisms of tumor chemoresistance.
Indeed, several miRNAs have been validated to target Nrf2
and thus affect its signaling pathway, although only few data
have been collected in lung tumor [112–115]. On the other
hand, Nrf2 has been demonstrated to regulate the expression
of different miRNAs. For instance, functional studies in
human lung fibroblasts reported as Nrf2/miR-140 signaling
confers radioprotection by inducing Nrf2 nuclear transloca-
tion and subsequent activation ofmiR-140 transcription [116].
Moreover, miR-200a reactivation by histone deacetylation
has been reported to destabilize Keap1 transcript in resistant
lung tumor cell lines [117], whereas Nrf2-dependent regula-
tion of miR-1 and miR-206 has been described to crucially
promote non-small-cell lung proliferation and tumorigenesis
by modulating the pentose phosphate pathway [118].

Lately, KEAP1 alterations have emerged as an important
molecular feature of neuroendocrine tumors of the lung. By
performing genome/exome and transcriptome sequencing
Fernandez-Cuesta et al. have demonstrated that it is possible
to distinguish an LCNEC SCLC-like group, carryingMYCL1
amplifications and mutations in both RB1 and TP53 genes
from an AD/SQ-like group, harboring CDKN2A deletions,
TTF1 amplifications, and frequent mutations in KEAP1 and
STK11. This represents a picture of an evolutionary trunk that
can branch to SCLC or AD/SQ on the basis of a different
genetic background [112].These data have been confirmed by
Rekhtman et al., who reported an incidence of 31% of KEAP1
mutations in LCNEC NSCLC-like subset [78].

In addition to somatic mutations, other mechanisms
affecting Nrf2 expression in lung tumors have been found,
even though this field still remains mostly unexplored. For
instance, there are compelling evidences that epigenetic
regulation might play a key role in modulating Keap1/Nrf2
axis in lung cancer cells [119]. Hypermethylation of the
KEAP1 promoter region was firstly described by Wang et
al. as a pivotal mechanism in the modulation of the KEAP1
mRNA expression in cell lines and primary lung tumors that
could be restored by 5-Aza treatment [120]. A larger study
from our group on a cohort of resected primary NSCLCs
confirmed these results and further proposed the epigenetic
inactivation of KEAP1 by promoter hypermethylation as the
main mechanism which leads to reduced or absent Keap1
protein expression previously reported in NSCLC. Genetic
and epigenetic analyses on this cohort suggestKEAP1 biallelic
inactivation as molecular marker of worst prognosis [86]. It
has been recently demonstrated by in vitro analysis that the
methylation status of KEAP1 can also predict the tumor cells
sensitivity to radiation. Importantly, when radiation is com-
bined with the angiogenesis inhibitor Genestein, there is an
increase of ROS levels and cell apoptosis via overexpression



Oxidative Medicine and Cellular Longevity 7

of Nrf2, GSS, and Ho-1 in lung adenocarcinoma cells [121]. A
possible role of histone deacetylation/acetylation in the epige-
netic regulation of the Keap1/Nrf2 pathway has been reported
in human NSCLC, where hMOF-mediated acetylation of
Nrf2 increased its nuclear retention and the transcription
of its downstream genes, subsequently modulating tumor
growth and drug resistance [122]. This new role of histone
modification in the modulation of Nrf2 has been supported
by Li et al., who showed that decreased Ezh2 expression
significantly correlated with elevated expression of Nrf2 and
its target genes, both in lung cancer tissues and in cell lines
[113].

More recently, among the epigenetic mechanisms, new
experimental evidences have demonstrated that miRNAs
may crucially modulate the Nrf2 expression and affect its
signaling pathway in a chemoresistance context [114–116, 119].
Nevertheless, most of the data have been reported in epithe-
lial tumors such as breast and colon, whereas only few have
been provided in lung cancer. On the other hand, functional
studies on human lung fibroblasts reported as Nrf2/miR-140
signaling confer radioprotection by inducing Nrf2 nuclear
translocation and subsequent activation of miR-140 tran-
scription [117]. MiR-200a reactivation by histone deacety-
lation has been reported to destabilize Keap1 transcript in
resistant lung tumor cell lines [118], whereas Nrf2-dependent
regulation of miR-1 and miR-206 has described as crucial in
non-small-cell lung proliferation and tumorigenesis through
the modulation of the pentose phosphate pathway [123].

6. Nrf2-Notch Pathways Crosstalk in
Lung Cancer

Nrf2, Keap1, and Notch1 rank among the first frequently
mutated genes in tumors and were deemed to be significant
both in the combined sets of tumors and in individual
tumor types.This observation leads to the speculative general
notion that the outcome from aberrant Nrf2-Notch crosstalk
by molecular impairment in these genes might enhance
tumorigenesis and progression to cancer [4], especially in the
stem cell (SC) context.

A number of experimentalmodels have been employed to
demonstrate that Nrf2 is involved in the maintenance of the
stem cell phenotype. ROS have more recently been found to
have useful roles in SC proliferation and differentiation [129].
However, the functional significance of the ROS status in
different types of SCs, the downstream signaling events, and
the role of ROS in SC self-renewal for repair and homeostasis
is controversial [130–132]. In Drosophila intestinal stem cells,
loss of the CncCbZIP-CNC (cap-n-collar subfamily of basic
leucine zipper) transcription factor has been reported to
increase ROS levels and cell proliferation rates, suggesting
that CncC is required to keep the intestinal stem cells in a
state of quiescence and to prevent them from entering the
cell cycle [130]. In mouse hematopoietic stem cells, loss of
Nrf2 has been shown to lead to an expansion of the progenitor
pool of myeloid and lymphoid lineages, again suggesting that
Nrf2 supports stem cell renewal and proliferative quiescence
[133]. A reciprocal Nrf2-Notch transcriptional regulation has

been described in hepatobiliary system, having a key role in
liver development and in maintenance of hepatic function
and its deregulation might be one of the main pathways for
promoting cancer [134–136].

Less evidences have been provided for a clear Notch-Nrf2
crosstalk in lung cancer. The airway epithelium is constantly
exposed to environmental oxidants and therefore serves as an
interesting model system to study redox signaling. Cigarette
smoke is known to cause oxidative stress-induced airway
injury [137], diseases, and cancer airway-related through
well-known mechanisms [138].

Additionally, Nrf2 has been implicated in the self-renewal
of human airway basal stem cells, but in this case the flux
of ROS levels appeared to be the critical factor. In the
same context, Notch1 signaling pathway was implicated in
helping dynamic changes in ROS levels [138] and has been
noted to be essential in early lung development and in the
regulation of stem cell self-renewal; thus, when abnormally
activated these pathways can cause neoplastic proliferation,
representing an early event in tumorigenesis [139]. Beside
this, an inverse modulation of Notch by Nrf2 was observed.
The gene regulatory region of themajor Notch1 transcript has
been described to possess a functional ARE region through
which Nrf2 can directly regulate Notch1 gene expression,
thus promoting airway basal stem cells’ self-renewal [138,
140]. Finally, recent data have shown that Nrf2 strongly
regulates Notch1 activity and promotes radiation-induced
apoptosis throughNrf2mediatedNotch1 signaling inNSCLC
cells. Thus, Notch signaling is an important determinant in
radioresistance of lung cancer cells [141] (Figure 3).

An indirect suggestion of a functional interdependence in
the Notch and Nrf2 pathways comes from recently published
studies of genomic analysis in LCNECs. Genes mutation
profiling revealed a high incidence of NOTCH genes fam-
ily (33%) and KEAP1-NFE2L2 (39%) alterations in specific
subsets of LCNECs. In particular, NOTCH genes family
alterations represent one of the most relevant differences in
NSCLC-like LCNEC from classic lung adenocarcinoma and
are of particular interest because they give a strong evidence
for their crucial role of Notch receptors in neuroendocrine
fate specifications in normal and tumor development [55,
57]. However, despite the overall similarity, the most rel-
evant differences identified in SCLC-like LCNEC were an
elevated rate of KEAP1-NFE2L2 mutations that rarely occur
in conventional SCLC but are frequent in SqCC, suggesting
a stronger histogenetic relationship of some conventional
SCLCs and SqCCs [78]. Finally, frequent cooccurring muta-
tionsNFE2L2, KEAP1, andNOTCH1 in a study on more than
four thousand human cancers support the notion that the
outcome from aberrant Nrf2–Notch crosstalk by mutations
in these genes might specifically enhance tumorigenesis and
progression to cancer [142].

7. Therapeutic Targeting of Notch and
Nrf2 Pathways

The central role of Notch signaling in cancer, cancer stem
cell maintenance, and angiogenesis has significantly fostered
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NRF2

Notch

BCL2/cMYC

Cell survival

NRF2-KEAP1

miR-34a

miR-140

Pentose phosphate pathway/HDAC4

Glucose metabolism

Histone deacetylationmiR-200a

miR-1/miR-206

Metabolic gene
expression

Detoxification
genes

Ionizing radiation

NUMB

ROS

Cell proliferation
cell fate

cell cycle

Cyclin D1

Snail

p21

Figure 3: Integrated network of Nrf2-Notch crosstalk in lung. Links for biological events occurring in lung involving Nrf2 and Notch
interaction with other signaling networks. Black lines indicate interaction, green arrows indicate activation, and red arrows indicate
repression.

the transition from preclinical research into clinical appli-
cation of alternative targeted compounds, including small
molecule inhibitors and large mAbs (monoclonal antibodies)
targeting Notch signaling [143]. At the same time, the adju-
vant effect of these inhibitors in combination with current
chemotherapeutics is still under evaluation in different clini-
cal trials (Table 1) [144].

The interaction between Notch receptor(s) and ligand(s)
takes place within a tight cell-to-cell compartment. Following
ligand-receptor association, the sequential two-steps cleavage
by theADAM/TACE proteinase and 𝛾-secretase, respectively,
culminates in the functional activation of Notch signaling.
Numerous preclinical models have documented so far the
anticancer effects of different classes of compounds inhibiting
Notch signaling activation such as siRNAs, GSIs, and mAbs
[145], with encouraging results for clinical implementation
in combination with either chemotherapy or targeted agents
[146]. Among these, the oral GSI PF-0308414 showed clinical
activity in a phase I study in patientswith advanced stage solid
tumors [147].

In this context, Notch pathway inhibition is currently
under investigation as novel therapeutic option of SCLC. For
instance, the fully human IgG2 antibody Tarextumab (TRXT,
OMP59R5) combined with chemotherapy has been shown
to significantly reduce tumor recurrence in patient-derived
SCLC xenografts, by targeting Notch2/Notch3 [148]. On the
strength of these results, a phase I/II study of Tarextumab in

combination with six cycles of cisplatin and etoposide in ES-
SCLC, followed by Tarextumab maintenance (PINNACLE,
NCT01859741), is currently ongoing [149].

Alternative approaches for targeting Notch signaling
in lung cancer may include several natural agents, such
as curcumin (3,3-diindolylmethane, DIM), resveratrol 3,5-
bis (2,4-difluorobenzylidene)-4-piperidone (DiFiD), and epi-
gallocatechin-3-gallate (EGCG) [150], whose anticancer
activity has been demonstrated in both in vitro and in vivo
models of other solid tumors [151, 152].

Similarly, the pharmacological inhibition of Nrf2 signal-
ing may represent a further therapeutic strategy for cancer
treatment, especially in those patients carrying increased
levels of Nrf2 (Table 2). Indeed, recent reports have demon-
strated that the high levels of Nrf2 are significantly associated
to chemo- and radioresistance, rendering the development
of novel Nrf2 inhibitors particularly intriguing [153]. For
example, it has been demonstrated that all-trans retinoic acid
(ATRA) and retinoic acid receptor-𝛼 (RAR𝛼) agonists can
directly sequester Nrf2 and prevent its binding to the ARE,
leading to the global downregulation of Nrf2-dependent gene
expression [154]. Similar outcomes have been reported as
a result of the physical blocking of Nrf2 operated by other
nuclear receptors, such as peroxisome proliferator-activated
receptor-𝛾 (PPAR𝛾), estrogen receptor-𝛼 (ER𝛼), estrogen-
related receptor-𝛽 (ERR𝛽), and glucocorticoid receptor (GR)
[155].

https://clinicaltrials.gov/ct2/show/NCT01859741?term=NCT01859741&rank=1
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Table 2: Details of selected trials or scientific reports on therapeutic Nrf2-inhibition for lung cancer treatment.

Class Mechanism Drug Target Condition Development
phase Trial status/ID or scientific reports

Vitamin A
metabolite

All-trans retinoic
inhibits the basal
and inducible
activity of Nrf2

13-CRA
+ IFN-A+

Retinoid X
receptor

alpha binding
to Neh7
domain of

Nrf2

Recurrent
Squamous
Cell Lung
Cancer
(SqCC)

II Completed/NCT00002506

RAR-alpha
complex (with
Nrf2) is not able
to bind to ARE
and decreases
the Nrf2 ability
to activate
ARE-driven

genes

ATRA +
CDDP∗
+ MTC∗
+ NVB∗

Stage IIIB
or IV
NSCLC

II Unknown/NCT00005825

13-CRA
+ IFN-A+
+ PTX∗

Recurrent
Small Cell

Lung
Cancer
(SCLC)

II Completed/NCT00062010

ATRA +
PCB∗∗∗

Stage IIIB
or IV

NSCLC∗∗
II Completed/NCT01048645

Quinoid diterpene

Inducing
apoptosis by
sensitizing

A549/DDP cell
and inhibiting
Nrf2 pathway in
chemoresistant
lung carcinoma

CTS +
CDDP∗

Inhibitor of
STAT3 and
AChE

A549/DDP
cell line

In vitro and
in vivo

Xia et al., 2015 [124], Cell
PhysiolBiochem

Flavonoid

Inhibiting
ARE-driven gene
expression redox-
independently,
leading to a

dramatic decrease
in Nrf2 protein
levels with
depletion of
reduced

glutathione

LUT

SRC tyrosine
kinase

A549
adenocar-
cinoma
cell line

In vitro and
in vivo

Tang et al., 2011 [125], Free Radical
Biology & Medicine

Cell proliferation,
the expression of

Nrf2, and
antioxidant

enzyme were all
reduced in tumor
xenograft tissues
after cotreatment
and inhibiting

tumor cell growth

LUT +
CDDP∗

A549 cell
line in
athymic
nude mice

In vitro and
in vivo

Chian et al., 2014 [126], Biochemical
and Biophysical Research

Communication

Glycopeptide
antibiotic

Involveing
suppression of
Nrf2 activation,
inhibiting the

incorporation of
thymidine into
DNA strand, and
causing cell cycle
arrest in G2 and

in mitosis

BLM +
CDDP∗
+ 5-FU∗

+

Synthesis of
nucleic acid

A549
adenocar-
cinoma
cell line
LC-AI

squamous
cell line

NCI-H292
mucoepi-
dermoid
cell line

In vitro Homma et al., 2009 [127], Clin
Cancer Res

https://clinicaltrials.gov/ct2/show/NCT00002506?term=NCT00002506&rank=1
https://clinicaltrials.gov/ct2/show/NCT00005825?term=NCT00005825&rank=1
https://clinicaltrials.gov/ct2/show/NCT00062010?term=NCT00062010&rank=1
https://clinicaltrials.gov/ct2/show/NCT01048645?term=NCT01048645&rank=1
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Table 2: Continued.

Class Mechanism Drug Target Condition Development
phase Trial status/ID or scientific reports

Quassinoids

Inhibiting the
Nrf2-mediated
protective
response at

subnanomolar
concentration,

increase
ubiquitination,
enhancing Nrf2
degradation, and
reducing Nrf2
protein levels

Brusatol
Formation of

the first
peptide bond
between

puromycin
and

methionyl-
transfer
RNA

A549 cell
line

In vitro and
in vivo

Vartanian et al., 2016 [128],
Molecular & Cellular Proteomics

Cotreatment
inhibits the Nrf2

protective
mechanism, leads
to decreases cell
proliferation,
enhances

oxidative DNA
damage, and

reduces apoptosis

Brusatol
+

CDDP∗

Cell
culture
and

murine
A549

xenograft
models

In vitro and
in vivo Tao et al. [95], Cancer Res

AA panel of Nrf2 inhibitor cited in the table as follows: 13-CRA (13-cis-retinoic acid), ATRA (all-trans retinoic acid); CTS (cryptotanshinone); LUT (luteolin);
BLM (bleomycin); brusatol.
+Biological agent: IFN-A (interferon alpha).
∗Chemotherapy agent: CDDP (cisplatin), MTC (mitomycin C), NVB (vinorelbine tartrate); PTX (paclitaxel); 5-FU (fluorouracil).
∗∗ In this study patients that have already received paclitaxel and cisplatin (PC) were recruited.
∗∗∗PCB (placebo) means an innocuous medication given to the control group in experiments on the efficacy of a drug.
Each status of development phases results from https://www.clinicaltrials.gov/.

An increasing number of natural compounds are known
to also exert a strong effect on Nrf2, thus corroborating
the idea of a cross-link with Notch pathway. Among these,
sulforaphane thereby induces an activation of the Nrf2/Keap1
cellular detoxification cascade by reactingwith thiols of Keap1
DGR domain [156, 157], whereas benzo(a)pyrene(B(a)P) has
been shown to inhibits carcinogenesis process in lung mouse
model by promoting ROS-mediated apoptosis [158, 159].
Similar mechanism of action has been observed with Olti-
plraz, known as a dithiolthione substitute able to induce phase
II enzymes, which exhibited a chemoprevention effect in
mouse lung adenocarcinoma [160, 161]. Resveratrol restored
cigarette smoke exposure- (CSE-) depleted GSS (glutathione
synthetase) levels by upregulating GCL (𝛾-glutamate cysteine
ligase) by reducing CSE-mediated Nrf2 modifications [162].
Intriguingly, many studies has shown that curcumin, a nat-
ural phenolic compound, which is extracted from a member
of the ginger family, has a dually role as inhibitor of Notch1
in osteosarcoma cells and a Nrf2 activator in normal tissues
[163, 164].

In conclusion, the therapeutic Nrf2 targeting holds great
promise for the treatment of lung cancers especially because
it has documented a beneficial adjuvant effect in combination
with any category of chemotherapeutics, both ROS generat-
ing and non-ROS generating agents. To date, one limitation is
represented by the lack of few selective inhibitors forNrf2 and

related pathway.Another limitation is represented by the high
risk of off-target toxic effects that most of the Nrf2-targeting
drugs may generate due to unspecific interactions with other
proteins by their electrophilic surface [165]. Nevertheless,
the rational design of nonreactive small molecules directly
targeting the Keap1-Nrf2 pathway appears to be the most
promising strategy to limit the toxic effects often related to
indirect inhibitors and increases stability and bioavailability,
as compared with peptide inhibitors [166, 167].

8. Concluding Remarks

There are compelling evidences that developmental path-
ways, including Notch, act in concert with other pathways
such as Nrf2 pathway involved in resistance to therapy, rather
than as a simple on-off switch. Notch can play as tumor
suppressor or oncogene depending on the cell type [168] and
interestingly, Nrf2 likely functions in a similar fashion [169].
Nrf2 acts as a prosurvival factor through the expression of
its cytoprotective target genes, and molecular deregulation
of either Nrf2 or Keap1 is widely described in lung cancer,
such as Notch family impairment. In tumors, Nrf2 andNotch
signaling pathways appear to mutually regulate each other in
whichNotch1 is anNrf2 target gene andNrf2 is a RBPjk target
gene. The roles of the Nrf2-Notch bidirectional interaction
in driving or impeding a tumor lung phenotype are still

https://www.clinicaltrials.gov/
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unclear mainly in the context of stem cell renewal and cell
proliferation and differentiation. Pharmacological interven-
tions based on these transcription factors collaboration are
demanded close with a further explorations of the regulation
of this crosstalk in cellular and lung tissue context.
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G. Garćıa-Manero, “Oncogenic functions of the transcription
factor Nrf2,” Free Radical Biology andMedicine, vol. 65, pp. 750–
764, 2013.

[72] Y. Mitsuishi, K. Taguchi, Y. Kawatani et al., “Nrf2 redirects
glucose and glutamine into anabolic pathways in metabolic
reprogramming,” Cancer Cell, vol. 22, no. 1, pp. 66–79, 2012.

[73] S. K. Niture and A. K. Jaiswal, “Nrf2-induced antiapoptotic
Bcl-xL protein enhances cell survival and drug resistance,” Free
Radical Biology and Medicine, vol. 57, pp. 119–131, 2013.

[74] S. K. Niture and A. K. Jaiswal, “Nrf2 protein up-regulates
antiapoptotic protein Bcl-2 and prevents cellular apoptosis,”The
Journal of Biological Chemistry, vol. 287, no. 13, pp. 9873–9886,
2012.

[75] K. Taguchi, H. Motohashi, and M. Yamamoto, “Molecular
mechanisms of the Keap1-Nrf2 pathway in stress response and
cancer evolution,”Genes to Cells, vol. 16, no. 2, pp. 123–140, 2011.

[76] M. T. Landi, T. Dracheva, M. Rotunno et al., “Gene expression
signature of cigarette smoking and its role in lung adenocar-
cinoma development and survival,” PLoS ONE, vol. 3, no. 2,
Article ID e1651, 2008.

[77] The Cancer Genome Atlas Research Network, “Comprehen-
sive genomic characterization of squamous cell lung cancers,”
Nature, vol. 489, no. 7417, pp. 519–525, 2012.

[78] N. Rekhtman, M. C. Pietanza, M. D. Hellmann et al., “Next-
generation sequencing of pulmonary large cell neuroendocrine

carcinoma reveals small cell carcinoma-like and non-small cell
carcinoma-like subsets,”Clinical Cancer Research, vol. 22, no. 14,
pp. 3618–3629, 2016.

[79] H. Satoh, T. Moriguchi, J. Takai, M. Ebina, and M. Yamamoto,
“Nrf2 prevents initiation but accelerates progression through
the kras signaling pathway during lung carcinogenesis,” Cancer
Research, vol. 73, no. 13, pp. 4158–4168, 2013.

[80] H. M. Leinonen, E. Kansanen, P. Pölönen, M. Heinäniemi, and
A.-L. Levonen, “Dysregulation of the Keap1-Nrf2 pathway in
cancer,”Biochemical Society Transactions, vol. 43, no. 4, pp. 645–
649, 2015.

[81] Y. Huang, W. Li, Z.-Y. Su, and A.-N. T. Kong, “The complexity
of the Nrf2 pathway: beyond the antioxidant response,” Journal
of Nutritional Biochemistry, vol. 26, no. 12, pp. 1401–1413, 2015.

[82] S. Murakami and H. Motohashi, “Roles of Nrf2 in cell prolifer-
ation and differentiation,” Free Radical Biology and Medicine B,
vol. 88, pp. 168–178, 2015.

[83] H. Yang, W. Wang, Y. Zhang et al., “The role of NF-E2-
related factor 2 in predicting chemoresistance and prognosis in
advanced non-small-cell lung cancer,”Clinical Lung Cancer, vol.
12, no. 3, pp. 166–171, 2011.

[84] L. M. Solis, C. Behrens, W. Dong et al., “Nrf2 and Keap1
abnormalities in non-small cell lung carcinoma and association
with clinicopathologic features,” Clinical Cancer Research, vol.
16, no. 14, pp. 3743–3753, 2010.

[85] D.W. Cescon, D. She, S. Sakashita et al., “NRF2 pathway activa-
tion and adjuvant chemotherapy benefit in lung squamous cell
carcinoma,” Clinical Cancer Research, vol. 21, no. 11, pp. 2499–
2505, 2015.

[86] L. A. Muscarella, P. Parrella, V. D’Alessandro et al., “Frequent
epigenetics inactivation of KEAP1 gene in non-small cell lung
cancer,” Epigenetics, vol. 6, no. 6, pp. 710–719, 2011.

[87] T. Takahashi, M. Sonobe, T. Menju et al., “Mutations in Keap1
are a potential prognostic factor in resected non-small cell lung
cancer,” Journal of Surgical Oncology, vol. 101, no. 6, pp. 500–506,
2010.

[88] M. S. Degese, J. E. Mendizabal, N. A. Gandini et al., “Expression
of heme oxygenase-1 in non-small cell lung cancer (NSCLC)
and its correlation with clinical data,” Lung Cancer, vol. 77, no.
1, pp. 168–175, 2012.

[89] J.-R. Tsai, H.-M. Wang, P.-L. Liu et al., “High expression of
heme oxygenase-1 is associated with tumor invasiveness and
poor clinical outcome in non-small cell lung cancer patients,”
Cellular Oncology, vol. 35, no. 6, pp. 461–471, 2012.

[90] J. M. Kolesar, S. C. Pritchard, K. M. Kerr, K. Kim, M. C. Nicol-
son, andH.McLeod, “Evaluation of NQO1 gene expression and
variant allele in human NSCLC tumors and matched normal
lung tissue,” International Journal of Oncology, vol. 21, no. 5, pp.
1119–1124, 2002.

[91] J. M. Kolesar, S. E. Dahlberg, S. Marsh et al., “The NQO1∗2/∗2
polymorphism is associated with poor overall survival in
patients following resection of stages II and IIIa non-small cell
lung cancer,” Oncology Reports, vol. 25, no. 6, pp. 1765–1772,
2011.

[92] Z. Li, Y. Zhang, T. Jin et al., “NQO1 protein expression predicts
poor prognosis of non-small cell lung cancers,” BMC Cancer,
vol. 15, no. 1, article 207, 2015.

[93] Z. Qian, T. Zhou, C. I. Gurguis et al., “Nuclear factor, erythroid
2-like 2-associated molecular signature predicts lung cancer
survival,” Scientific Reports, vol. 5, article 16889, 2015.



Oxidative Medicine and Cellular Longevity 15

[94] M. E. Abazeed, D. J. Adams, K. E. Hurov et al., “Integrative
radiogenomic profiling of squamous cell lung cancer,” Cancer
Research, vol. 73, no. 20, pp. 6289–6298, 2013.

[95] S. Tao, S. Wang, S. J. Moghaddam et al., “Oncogenic KRAS con-
fers chemoresistance by upregulating NRF2,” Cancer Research,
vol. 74, no. 24, pp. 7430–7441, 2014.

[96] P. Y. Yip, “Phosphatidylinositol 3-kinase-AKT-mammalian tar-
get of rapamycin (PI3K-Akt-mTOR) signaling pathway in non-
small cell lung cancer,” Translational Lung Cancer Research, vol.
4, no. 2, pp. 165–176, 2015.

[97] S. Lee, M.-J. Lim, M.-H. Kim et al., “An effective strategy for
increasing the radiosensitivity of Human lung Cancer cells by
blocking Nrf2-dependent antioxidant responses,” Free Radical
Biology and Medicine, vol. 53, no. 4, pp. 807–816, 2012.

[98] T. D. Clay, P. A. Russell, H. Do et al., “Associations between the
IASLC/ATS/ERS lung adenocarcinoma classification and EGFR
and KRAS mutations,” Pathology, vol. 48, no. 1, pp. 17–24, 2016.

[99] B. Lee, T. Lee, S. H. Lee, Y. L. Choi, and J. Han, “Clinicopatho-
logic characteristics of EGFR, KRAS, and ALK alterations in
6,595 lung cancers,” Oncotarget, vol. 7, no. 17, pp. 23874–23884,
2016.

[100] G. M. DeNicola, F. A. Karreth, T. J. Humpton et al., “Oncogene-
induced Nrf2 transcription promotes ROS detoxification and
tumorigenesis,” Nature, vol. 475, no. 7354, pp. 106–110, 2011.

[101] A. Singh, V. Misra, R. K. Thimmulappa et al., “Dysfunctional
KEAP1-NRF2 interaction in non-small-cell lung cancer,” PLoS
Medicine, vol. 3, no. 10, article e420, 2006.

[102] S. K. Niture andA. K. Jaiswal, “Prothymosin-𝛼mediates nuclear
import of the INrf2/ Cul3⋅Rbx1 complex to degrade nuclear
Nrf2,” The Journal of Biological Chemistry, vol. 284, no. 20, pp.
13856–13868, 2009.

[103] O.-H. Lee, A. K. Jain, V. Papusha, and A. K. Jaiswal, “An auto-
regulatory loop between stress sensors INrf2 and Nrf2 controls
their cellular abundance,” Journal of Biological Chemistry, vol.
282, no. 50, pp. 36412–36420, 2007.

[104] Z. Sun, S. Zhang, J. Y. Chan, and D. D. Zhang, “Keap1 controls
postinduction repression of the Nrf2-mediated antioxidant
response by escorting nuclear export of Nrf2,” Molecular and
Cellular Biology, vol. 27, no. 18, pp. 6334–6349, 2007.

[105] Y. Mitsuishi, H. Motohashi, and M. Yamamoto, “The
Keap1-Nrf2 system in cancers: stress response and anabolic
metabolism,” Frontiers in Oncology, vol. 2, article 200, 2012.

[106] T. Shibata, T. Ohta, K. I. Tong et al., “Cancer related mutations
in NRF2 impair its recognition by Keap1-Cul3 E3 ligase and
promote malignancy,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 105, no. 36, pp.
13568–13573, 2008.

[107] Y. R. Kim, J. E.Oh,M. S. Kim et al., “OncogenicNRF2mutations
in squamous cell carcinomas of oesophagus and skin,” Journal
of Pathology, vol. 220, no. 4, pp. 446–451, 2010.

[108] Clinical Lung Cancer Genome Project (CLCGP) and Network
GenomicMedicine (NGM), “A genomics-based classification of
human lung tumors,” Science Translational Medicine, vol. 5, no.
209, p. 209ra153, 2013.

[109] Y. Kim, P. S. Hammerman, J. Kim et al., “Integrative and com-
parative genomic analysis of lung squamous cell carcinomas in
East Asian patients,” Journal of Clinical Oncology, vol. 32, no. 2,
pp. 121–128, 2014.

[110] Q.K. Li, A. Singh, S. Biswal, F. Askin, andE.Gabrielson, “KEAP1
genemutations andNRF2 activation are common in pulmonary
papillary adenocarcinoma,” Journal of Human Genetics, vol. 56,
no. 3, pp. 230–234, 2011.

[111] J. M. Kaufman, J. M. Amann, K. Park et al., “LKB1 loss induces
characteristic patterns of gene expression in human tumors
associated with NRF2 activation and attenuation of PI3K-AKT,”
Journal of Thoracic Oncology, vol. 9, no. 6, pp. 794–804, 2014.

[112] L. Fernandez-Cuesta,M. Peifer, X. Lu et al., “Abstract 1531: cross-
entity mutation analysis of lung neuroendocrine tumors sheds
light into their molecular origin and identifies new therapeutic
targets,” Cancer Research, vol. 74, no. 19, supplement, 2014.

[113] Z. Li, L. Xu, N. Tang et al., “The polycomb group protein EZH2
inhibits lung cancer cell growth by repressing the transcription
factor Nrf2,” FEBS Letters, vol. 588, no. 17, pp. 3000–3007, 2014.

[114] M. T. M. Van Jaarsveld, J. Helleman, A. W. M. Boersma et al.,
“miR-141 regulates KEAP1 andmodulates cisplatin sensitivity in
ovarian cancer cells,” Oncogene, vol. 32, no. 36, pp. 4284–4293,
2013.

[115] B. N. Chorley, M. R. Campbell, X. Wang et al., “Identification of
novel NRF2-regulated genes by ChIP-Seq: influence on retinoid
X receptor alpha,” Nucleic Acids Research, vol. 40, no. 15, pp.
7416–7429, 2012.

[116] N. M. Shah, S. A. Rushworth, M. Y. Murray, K. M. Bowles,
andD. J. MacEwan, “Understanding the role of NRF2-regulated
miRNAs in human malignancies,” Oncotarget, vol. 4, no. 8, pp.
1130–1142, 2013.

[117] N. Duru, R. Gernapudi, Y. Zhang et al., “NRF2/miR-140
signaling confers radioprotection to human lung fibroblasts,”
Cancer Letters, vol. 369, no. 1, pp. 184–191, 2015.

[118] T. Murray-Stewart, C. L. Hanigan, P. M. Woster, L. J. Marton,
and R. A. Casero Jr., “Histone deacetylase inhibition overcomes
drug resistance through a miRNA-dependent mechanism,”
Molecular Cancer Therapeutics, vol. 12, no. 10, pp. 2088–2099,
2013.

[119] Y. Guo, S. Yu, C. Zhang, and A. N. Kong, “Epigenetic regulation
of Keap1-Nrf2 signaling,” Free Radical Biology & Medicine, vol.
88, part B, pp. 337–349, 2015.

[120] R. Wang, J. An, F. Ji, H. Jiao, H. Sun, and D. Zhou, “Hyper-
methylation of the Keap1 gene in human lung cancer cell lines
and lung cancer tissues,” Biochemical and Biophysical Research
Communications, vol. 373, no. 1, pp. 151–154, 2008.

[121] X. Liu, C. Sun, B. Liu et al., “Genistein mediates the selective
radiosensitizing effect in NSCLC A549 cells via inhibiting
methylation of the keap1 gene promoter region,”Oncotarget, vol.
7, no. 19, pp. 27267–27279, 2016.

[122] Z. Chen, X. Ye, N. Tang et al., “The histone acetylranseferase
hMOF acetylates Nrf2 and regulates anti-drug responses in
human non-small cell lung cancer,” British Journal of Pharma-
cology, vol. 171, no. 13, pp. 3196–3211, 2014.

[123] A. Singh, C. Happel, S. K. Manna et al., “Transcription factor
NRF2 regulatesmiR-1 andmiR-206 to drive tumorigenesis,”The
Journal of Clinical Investigation, vol. 123, no. 7, pp. 2921–2934,
2013.

[124] C. Xia, X. Bai, X. Hou et al., “Cryptotanshinone reverses cis-
platin resistance of human lung carcinoma A549 cells through
down-regulating Nrf2 pathway,” Cellular Physiology and Bio-
chemistry, vol. 37, no. 2, pp. 816–824, 2015.

[125] X. Tang,H.Wang, L. Fan et al., “Luteolin inhibitsNrf2 leading to
negative regulation of the Nrf2/ARE pathway and sensitization
of human lung carcinoma A549 cells to therapeutic drugs,” Free
Radical Biology andMedicine, vol. 50, no. 11, pp. 1599–1609, 2011.

[126] S. Chian, R. Thapa, Z. Chi, X. J. Wang, and X. Tang, “Luteolin
inhibits the Nrf2 signaling pathway and tumor growth in vivo,”
Biochemical and Biophysical Research Communications, vol. 447,
no. 4, pp. 602–608, 2014.



16 Oxidative Medicine and Cellular Longevity

[127] S. Homma, Y. Ishii, Y. Morishima et al., “Nrf2 enhances cell
proliferation and resistance to anticancer drugs in human lung
cancer,” Clinical Cancer Research, vol. 15, no. 10, pp. 3423–3432,
2009.

[128] S. Vartanian, T. P. Ma, J. Lee et al., “Application of mass
spectrometry profiling to establish brusatol as an inhibitor of
global protein synthesis,” Molecular & Cellular Proteomics, vol.
15, no. 4, pp. 1220–1231, 2016.

[129] K. Wang, T. Zhang, Q. Dong, E. C. Nice, C. Huang, and Y. Wei,
“Redox homeostasis: the linchpin in stem cell self-renewal and
differentiation,”Cell Death andDisease, vol. 4, no. 3, article e537,
2013.

[130] C. E. Hochmuth, B. Biteau, D. Bohmann, and H. Jasper, “Redox
regulation by keap1 and Nrf2 controls intestinal stem cell
proliferation in drosophila,”Cell Stem Cell, vol. 8, no. 2, pp. 188–
199, 2011.

[131] Y.-Y. Jang and S. J. Sharkis, “A low level of reactive oxygen
species selects for primitive hematopoietic stem cells that may
reside in the low-oxygenic niche,” Blood, vol. 110, no. 8, pp.
3056–3063, 2007.

[132] J. E. Le Belle, N. M. Orozco, A. A. Paucar et al., “Proliferative
neural stem cells have high endogenous ROS levels that regulate
self-renewal and neurogenesis in a PI3K/Akt-dependant man-
ner,” Cell Stem Cell, vol. 8, no. 1, pp. 59–71, 2011.

[133] J. J. Tsai, J. A. Dudakov, K. Takahashi et al., “Nrf2 regulates
haematopoietic stem cell function,” Nature Cell Biology, vol. 15,
no. 3, pp. 309–316, 2013.

[134] N. Wakabayashi, S. Shin, S. L. Slocum et al., “Regulation of
Notch1 signaling by Nrf2: implications for tissue regeneration,”
Science Signaling, vol. 3, no. 130, article ra52, 2010.

[135] Y. Zong, A. Panikkar, J. Xu et al., “Notch signaling controls
liver development by regulating biliary differentiation,” Devel-
opment, vol. 136, no. 10, pp. 1727–1739, 2009.

[136] N.Wakabayashi, J. J. Skoko, D. V. Chartoumpekis et al., “Notch-
Nrf2 axis: regulation ofNrf2 gene expression and cytoprotection
by notch signaling,”Molecular and Cellular Biology, vol. 34, no.
4, pp. 653–663, 2014.

[137] E. Barreiro, V. I. Peinado, J. B. Galdiz et al., “Cigarette smoke-
induced oxidative stress: a role in chronic obstructive pul-
monary disease skeletal muscle dysfunction,” American Journal
of Respiratory andCritical CareMedicine, vol. 182, no. 4, pp. 477–
488, 2010.

[138] M. K. Paul, B. Bisht, D. O. Darmawan et al., “Dynamic changes
in intracellular ROS levels regulate airway basal stem cell
homeostasis through Nrf2-dependent notch signaling,” Cell
Stem Cell, vol. 15, no. 2, pp. 199–214, 2014.

[139] C. D. Peacock and D. N. Watkins, “Cancer stem cells and the
ontogeny of lung cancer,” Journal of Clinical Oncology, vol. 26,
no. 17, pp. 2883–2889, 2008.

[140] N. Wakabayashi, S. L. Slocum, J. J. Skoko, S. Shin, and T. W.
Kensler, “When NRF2 talks, who’s listening?” Antioxidants &
Redox Signaling, vol. 13, no. 11, pp. 1649–1663, 2010.

[141] Q. Zhao, A. Mao, J. Yan et al., “Downregulation of Nrf2
promotes radiation-induced apoptosis through Nrf2 mediated
Notch signaling in non-small cell lung cancer cells,” Interna-
tional Journal of Oncology, vol. 48, no. 2, pp. 765–773, 2016.

[142] M. S. Lawrence, P. Stojanov, C. H. Mermel et al., “Discovery
and saturation analysis of cancer genes across 21 tumour types,”
Nature, vol. 505, no. 7484, pp. 495–501, 2014.

[143] N. Takebe, D. Nguyen, and S. X. Yang, “Targeting Notch
signaling pathway in cancer: clinical development advances and

challenges,” Pharmacology and Therapeutics, vol. 141, no. 2, pp.
140–149, 2014.

[144] X. Yuan, H. Wu, H. Xu et al., “Notch signaling: an emerging
therapeutic target for cancer treatment,”Cancer Letters, vol. 369,
no. 1, pp. 20–27, 2015.

[145] Y. Wu, C. Cain-Hom, L. Choy et al., “Therapeutic antibody
targeting of individual Notch receptors,” Nature, vol. 464, no.
7291, pp. 1052–1057, 2010.

[146] R. Olsauskas-Kuprys, A. Zlobin, and C. Osipo, “Gamma secre-
tase inhibitors of Notch signaling,” OncoTargets and Therapy,
vol. 6, pp. 943–955, 2013.

[147] W. A. Messersmith, G. I. Shapiro, J. M. Cleary et al., “A
phase I, dose-finding study in patients with advanced solid
malignancies of the oral 𝛾-secretase inhibitor PF-03084014,”
Clinical Cancer Research, vol. 21, no. 1, pp. 60–67, 2015.

[148] W.-C. Yen,M.M. Fischer, F. Axelrod et al., “Targeting notch sig-
naling with a Notch2/Notch3 antagonist (tarextumab) inhibits
tumor growth and decreases tumor-initiating cell frequency,”
Clinical Cancer Research, vol. 21, no. 9, pp. 2084–2095, 2015.

[149] M. C. Pietanza, L. A. Byers, J. D. Minna, and C. M. Rudin,
“Small cell lung cancer: will recent progress lead to improved
outcomes?” Clinical Cancer Research, vol. 21, no. 10, pp. 2244–
2255, 2015.

[150] A. Ahmad, W. A. Sakr, and K. M. Rahman, “Novel targets for
detection of cancer and their modulation by chemopreventive
natural compounds,” Frontiers in Bioscience, vol. 4, pp. 410–425,
2012.

[151] S. N. Pinchot, R. Jaskula-Sztul, L. Ning et al., “Identification and
validation of Notch pathway activating compounds through a
novel high-throughput screening method,” Cancer, vol. 117, no.
7, pp. 1386–1398, 2011.

[152] D. Subramaniam, N. D. Nicholes, A. Dhar et al., “3,5-bis(2,4-
difluorobenzylidene)-4-piperidone, a novel compound that
affects pancreatic cancer growth and angiogenesis,” Molecular
Cancer Therapeutics, vol. 10, no. 11, pp. 2146–2156, 2011.

[153] M. C. Jaramillo and D. D. Zhang, “The emerging role of the
Nrf2-Keap1 signaling pathway in cancer,”Genes&Development,
vol. 27, no. 20, pp. 2179–2191, 2013.

[154] J. W. Xiu, J. D. Hayes, C. J. Henderson, and C. R. Wolf,
“Identification of retinoic acid as an inhibitor of transcription
factor Nrf2 through activation of retinoic acid receptor alpha,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 104, no. 49, pp. 19589–19594, 2007.

[155] S. H. Ki, I. J. Cho, D. W. Choi, and S. G. Kim, “Glucocorticoid
Receptor (GR)-associated SMRT binding to C/EBP𝛽 TAD and
Nrf2 Neh4/5: role of SMRT recruited to GR in GSTA2 gene
repression,” Molecular and Cellular Biology, vol. 25, no. 10, pp.
4150–4165, 2005.

[156] L. Yang, D. L. Palliyaguru, and T. W. Kensler, “Frugal chemo-
prevention: targeting Nrf2 with foods rich in sulforaphane,”
Seminars in Oncology, vol. 43, no. 1, pp. 146–153, 2016.

[157] F. Hong, M. L. Freeman, and D. C. Liebler, “Identification
of sensor cysteines in human Keap1 modified by the cancer
chemopreventive agent sulforaphane,” Chemical Research in
Toxicology, vol. 18, no. 12, pp. 1917–1926, 2005.

[158] D. Kalpana Deepa Priya, R. Gayathri, and D. Sakthisekaran,
“Role of sulforaphane in the anti-initiating mechanism of lung
carcinogenesis in vivo by modulating the metabolic activation
and detoxification of benzo(a)pyrene,” Biomedicine and Phar-
macotherapy, vol. 65, no. 1, pp. 9–16, 2011.



Oxidative Medicine and Cellular Longevity 17

[159] G. H. Jo, G.-Y. Kim, W.-J. Kim, K. Y. Park, and Y. H. Choi,
“Sulforaphane induces apoptosis in T24 human urinary bladder
cancer cells through a reactive oxygen species-mediated mito-
chondrial pathway: the involvement of endoplasmic reticulum
stress and the Nrf2 signaling pathway,” International Journal of
Oncology, vol. 45, no. 4, pp. 1497–1506, 2014.

[160] S. H. Choi, Y. M. Kim, J. M. Lee, and S. G. Kim, “Antioxidant
and mitochondrial protective effects of oxidized metabolites of
oltipraz,” Expert Opinion on Drug Metabolism and Toxicology,
vol. 6, no. 2, pp. 213–224, 2010.

[161] S. Sharma, P. Gao, and V. E. Steele, “The chemopreventive
efficacy of inhaled oltipraz particulates in the B[a]P-inducedA/J
mouse lung adenoma model,” Carcinogenesis, vol. 27, no. 8, pp.
1721–1727, 2006.

[162] A. Kode, S. Rajendrasozhan, S. Caito, S.-R. Yang, I. L. Megson,
and I. Rahman, “Resveratrol induces glutathione synthesis
by activation of Nrf2 and protects against cigarette smoke-
mediated oxidative stress in human lung epithelial cells,”
American Journal of Physiology—Lung Cellular and Molecular
Physiology, vol. 294, no. 3, pp. L478–L488, 2008.

[163] R. Garg, S. Gupta, and G. B. Maru, “Dietary curcumin
modulates transcriptional regulators of phase I and phase II
enzymes in benzo[a]pyrene-treated mice: mechanism of its
anti-initiating action,” Carcinogenesis, vol. 29, no. 5, pp. 1022–
1032, 2008.

[164] Y. Li, J. Zhang,D.Ma et al., “Curcumin inhibits proliferation and
invasion of osteosarcoma cells through inactivation of Notch-
1 signaling,” The FEBS Journal, vol. 279, no. 12, pp. 2247–2259,
2012.

[165] S. Magesh, Y. Chen, and L. Hu, “Small molecule modulators of
Keap1-Nrf2-ARE pathway as potential preventive and therapeu-
tic agents,” Medicinal Research Reviews, vol. 32, no. 4, pp. 687–
726, 2012.

[166] L. Hu, S. Magesh, L. Chen et al., “Discovery of a small-molecule
inhibitor and cellular probe of Keap1-Nrf2 protein-protein
interaction,” Bioorganic and Medicinal Chemistry Letters, vol.
23, no. 10, pp. 3039–3043, 2013.

[167] Z.-Y. Jiang,M.-C. Lu, L.-L. Xu et al., “Discovery of potent Keap1-
Nrf2 protein-protein interaction inhibitor based on molecular
binding determinants analysis,” Journal of Medicinal Chemistry,
vol. 57, no. 6, pp. 2736–2745, 2014.

[168] F. Radtke and K. Raj, “The role of Notch in tumorigenesis:
oncogene or tumour suppressor,” Nature Reviews Cancer, vol.
3, no. 10, pp. 756–767, 2003.

[169] A. Lau, N. F. Villeneuve, Z. Sun, P. K. Wong, and D. D. Zhang,
“Dual roles ofNrf2 in cancer,”Pharmacological Research, vol. 58,
no. 5-6, pp. 262–270, 2008.


