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Abstract: Cancer entails an imbalance between cellular renewal and death, which consequently leads to uncontrolled cell prolife-

ration. Oxidative stress has been established as one of the key factors that trigger cancer. Eukaryotic cells have efficient intracellular
cytoprotection systems. In this regard, the Keap 1-NRF2 signaling pathway is one of the most important mechanisms involved in cell
defense and survival in response to xenobiotics and oxidative stress. New evidence suggests that NRF2 may have a dual role in
cancer. In one hand, it may protect normal cells against carcinogenesis; whereas in cancer cells it induces the expression of genes
involved in survival and proliferation which ultimately lead to chemo-resistance. The induction of NRF2 results in an accelerated
detoxification of carcinogenic molecules from the environment. One of the major concerns regarding NRF2 activators which are
currently used in pharmacological therapy is cytotoxicity due to off-target effects. In light of current evidence indicating that the
constitutive activation of NRF2 could promote cancer progression and also aid in the development of resistance against anticarcinogenic drugs; it appears logical that the pharmacological inhibition of NRF2 may constitute and adequate alternative for cancer
treatment. Thus, further investigation will be needed to clearly establish the specificity and mechanism of action of these and other
possible inhibitors of NRF2, before they can be proposed in therapies for cancer patients.
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Cancer and NRF2
Cancer is a disease that affects 14.1 million people each year,
constituting a main cause of death worldwide [1]. In simple terms,
cancer is the imbalance between cellular renewal and death,
consequently leading to uncontrolled cell proliferation. Oxidative
stress has been established as one of the key factors that trigger cancer,
where extrinsic and intrinsic factors contribute to the imbalance
between production and elimination of reactive oxygen species (ROS).
The constant exposure to harmful chemicals from the environment,
drugs, heavy metals, radiation as well as toxic metabolites and proinflammatory cytokines, also contributes to increasing the oxidative
stress.
Free radicals are compounds that have an unpaired number of
electrons which allow them to induce oxidative stress by damaging
other molecules such as proteins, lipids or DNA, and consequently
lead to loss of function and cell cytotoxicity. To avoid these deleterious
effects, eukaryotic cells have efficient intracellular cytoprotection
systems. The Keap 1- NRF2 signaling pathway (Kelch like ECH
associated protein - Nuclear factor erythroid 2 [NF-E2] related factor
2, respectively) is one of the most important mechanisms involved in
cell defense and survival against xenobiotics and oxidative stress [2].
This pathway is activated in response to endogenous and exogenous
stress. In normal conditions, the expression of NRF2 is very low, due
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to its binding to Keap I, an adaptor protein for Cullin 3 (Cul3), that
latter being a ligase capable of ubiquitinating NRF2, in turn labeling it
forproteosomal degradation [3]. Under oxidative stress, oxidative
modifications in Keap I reduces its binding to NRF2, altering its
ubiquitination and allowing NRF2 to be translocated into the nucleus.
This scenario could be induced by using electrophilic compounds
such as tert-butyl hydroquinone (tBHQ), which is able to interact
with cysteine residues in Keap I [4]. TBHQ has been shown to not
interfere in KeapI and NRF2 interaction, acting instead by
inactivating Keap I and consequently, allowing the intracellular
accumulation and stabilization of NRF2 [5].
Once in the nucleus, NRF2 can bind to Antioxidant Response
Elements (ARE) which are regulatory regions upstream of specific
genes and induce their expression. Such genes correspond to
detoxification enzymes like NAD(P)H:quinoneoxidoreductase 1
(NQO1) and Glutathione-S-Transferase (GST); as well as antioxidant
enzymes like Hemeoxygenase 1 (HMOX-1). In addition, NRF2
regulate proteosomal proteins and chaperones, suggesting that this
transcription factor may have an important role in removal and repair
of damaged proteins [2-6]. Overall, the main function of NRF2 is to
activate the antioxidant intracellular response through induction of
the expression of many genes which are involved in the defense
against extrinsic/intrinsic factors, xenobiotics, or oxidative stress. This
defense mechanism plays a major role in cell survival, and it had been
established that its activation protects against several diseases (i.e,
neurodegenerative, diabetes, photo- oxidative stress, cardiovascular
disease, inflammation, pulmonary fibrosis, acute pulmonary injury,
and cancer) [7].
As aforementioned, oxidative stress plays a key role in
carcinogenesis including its initiation and progression, by inducing an
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increase in cellular metabolism as well as mitochondrial activity, both
of which are required for cell proliferation and tumor growth [8, 9].
In relation to this, new evidence suggests that NRF2 may have a dual
role in cancer. In one hand, it may protect normal cells against
carcinogenesis; while in cancer cells, it induces the expression of
genes involved in survival and proliferation which ultimately lead to
chemo-resistance [9]. Several genes induced by NRF2, including
NQ01 and GST, are overexpressed in cancer cells, suggesting they
may be helping to decrease the amount of ROS and hence arrest DNA
damage.
Chemotherapy-resistant cancer cells express high levels of GSH
as well as other metabolic enzymes, and drug efflux pumps whose
gene expression are regulated by NRF2. Thus, the hyperactivity of the
Keap I-NRF2 signaling pathway leads to an unpromising diagnosis
in patients [8].
The expression of NRF2 is induced during the development of
drug resistance, suggesting that NRF2 may contribute to intrinsic and
acquired chemoresistance [7]. Currently, resistance had been
reported for several chemotherapeutic drugs such as etoposide,
carboplatin, cisplatin, 5-fluorouracil, and doxorubicin [10-11].
Mutations in Keap I y NRF2 has been reported in about 0.9% of
all cancer cases examined in COSMIC 2016 (COSMIC: http://
cancer.sanger.ac.uk/cosmic). Interestingly, NRF2 mutants are unable
to bind Keap I, leading to a constitutive activation of the pathway,
even in absence of oxidative stress. Similarly, mutations in Keap I also
affect its binding capacity to NRF2 [5]. This evidence presents NRF2
as an attractive therapeutic target against cancer; and currently, two
strategies had been developed: the inhibition and induction of NRF2.
The induction of Nrf2 reportedly results in an accelerated detoxification of carcinogenic molecules from the environment as well as an
increased protection of the body against chemical carcinogenesis.
Molecules that interfere with the binding KEAPI-NRF2 are called
"NRF2 activators", and most of them act by binding the DC domain
in KeapI which is specific for NRF2 [5]. Some of these molecules have
a natural origin and are obtained from plants, such as: sulforaphane
(SF), curcumin, epigallocatechin-3-gallate, resveratrol, cafestrol,
kahweol, cinnamonyl-based compounds, zerumbone, garlic oganosulfur compounds, lycopene, and carnosol [7, 8, 9-12]. These
compounds exert their effects through the activation of phase II
detoxification enzymes, antioxidants, and transporters which protect
the cell from carcinogenic elements. One of the major concerns
regarding NRF2 activators which are currently used in pharmacological therapy is their cytotoxicity due to off-target effects; especially
because these compounds may interact with cysteine residues in
proteins involved in multiple intracellular signaling pathways that
cross-talk with Keap 1-NRF2 [13].
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Due to all the evidence indicating that the constitutive activation
of NRF2 could promote cancer progression and also aid in the
development of resistance against anti-carcinogenic drugs; it appears
that the pharmacological inhibition of NRF2 may be a better
alternative for cancer treatment, especially in cases with exhibit high
levels of NRF2. Plant extracts like brusatol are able to inhibit the
NRF2 pathway. Alternatively, small molecules that also act as
inhibitors are: ascorbic acid, luteolin, ochratoxin A, and trigonelline
[14]. Interestingly, some of these compounds have been reported as
inhibitors of NRF2 in some studies, yet they act like activators in
others. Thus, further investigation will be needed to clearly establish
the specificity and mode of action of these and other possible
inhibitors of NRF2, before they can be proposed in therapies for
Cancer patients.
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