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Abstract: The nuclear factor-erythroid 2-related factor 2 (Nrf2) is able to control the redox balance in the cells re-
sponding to oxidative damage and other stress signals. The Nrf2 upregulation can elevate the levels of antioxidant
enzymes to support against damage and death. In spite of protective function of Nrf2 in the physiological conditions,
the stimulation of Nrf2 in the cancer has been in favour of tumorigenesis. Since the dysregulation of molecular
pathways and mutations/deletions are common in tumors, Nrf2 can be a promising therapeutic target. The Nrf2
overexpression can prevent cell death in tumor and by increasing the survival rate of cancer cells, ensures the
carcinogenesis. Moreover, the induction of Nrf2 can promote the invasion and metastasis of tumor cells. The Nrf2
upregulation stimulates EMT to increase cancer metastasis. Furthermore, regarding the protective function of Nrf2,
its stimulation triggers chemoresistance. The natural products can regulate Nrf2 in the cancer therapy and reverse
drug resistance. Moreover, nanostructures can specifically target Nrf2 signaling in cancer therapy. The current re-
view discusses the potential function of Nrf2 in the proliferation, metastasis and drug resistance. Then, the capacity

of natural products and nanostructures for suppressing Nrf2-mediated cancer progression is discussed.
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Introduction

Cancer refers to a large and complex group of
diseases that are characterized from normal
cells by the uncontrolled growth and spread of
abnormal cells throughout the body of the
patient [1, 2]. It is possible for cancers to affect
a wide variety of tissues and organs, increasing
its mortality rate [3]. The malignant behaviour
of tumor cells has led to their ability in the
development of resistance into therapies such
as immune evasion [4] and drug resistance [5].
Highlighting the factors involved in the progres-
sion of cancer and its development can provide
new insights for its treatment, as it has high
mortality and morbidity and put heavy socio-
economic costs. Cancer is caused by genetic
abnormalities occurring in the DNA [6, 7]. Such
abnormalities are responsible for impairing the
normal regulatory processes of the cells which

in turn leads to uncontrolled cell proliferation
and division. These mutations can be caused
by a wide variety of factors, including a genetic
predisposition, exposure to carcinogens includ-
ing nicotine and UV radiation, and some viral
infections. Genetic predisposition is another
factor that can play a significant role in the
development and induction of these mutations,
promoting carcinogenesis. In spite of this, there
are a number of cases lacking the track into the
specific causes due to the heterogeneous na-
ture of cancer and the involvement of different
factors in its progression [8, 9]. One of the most
distinguishing features of cancer is its propen-
sity to invade neighbouring tissues and, once it
has progressed to a more advanced stage, to
undergo metastasis, in which it spreads to
unreachable parts of the body by way of the cir-
culatory system or the lymphatic system [10,
11]. The aggressive behaviour of tumor cells
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and their invasion into other tissues can affect
the normal function, increasing lethality. Until
now, multiple kinds of cancers have been iden-
tified affecting different parts of body, known
as solid and haematological tumors with spe-
cific features. Although there are many differ-
ent types of cancer, the most common manifes-
tations are breast cancer, lung cancer, prostate
cancer, and colorectal cancer [12]. The treat-
ment and symptoms are specific for each type
of cancer and in order to improve therapy, pre-
cision medicine has been introduced [13, 14].
The diagnosis of cancer is based on a physical
examination, various imaging modalities, and
biopsies. This evaluation is vital for the precise
classification, extent and location of malignan-
cy. The liquid biopsy [15, 16] and nanoparticle-
empowered diagnosis [17, 18] have been also
introduced for the cancer.

More efforts should be made on staging of can-
cer, as it can determine the severity of disease
and is beneficial for directing the future thera-
pies. A number of cancer types are localized in
the place of their origin, but other types grow
and spread into other parts of body, causing
metastasis. The treatment procedure of cancer
is based on the cancer type, its stage and
patient’s health. Surgical intervention, chemo-
therapy, radiation treatment, immunotherapy,
targeted therapy, and hormone therapy are a
number of therapeutic modalities for cancer
[19-24]. There have been significant advance-
ments made in the field of precision medicine
in recent years, directing better individualized
therapies [25, 26]. This has resulted improve-
ment in the survival rate of patients. In addi-
tion, the preventative measures have been
made for the cancer. The lifestyle, smoking,
diet and physical activity can affect the pro-
cess of cancer development. By vaccinations
against specific viruses, such as human papil-
lomavirus (HPV) and hepatitis B, the risk of
cancer development can be decreased, espe-
cially for cervical cancer and head and neck
cancer [27-30]. The frequent screenings for
cancer including mammograms and colonosco-
pies, have improved the potential for the early
diagnosis of cancer. The knowledge towards
aetiology of cancer should be improved and
innovative therapeutic methods, and ways for
early diagnosis should be a priority. In the
recent years, there have been significant pro-
gresses in the field of cancer research, espe-
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cially immunotherapy and targeted treatments
[31, 32].

In spite of introducing different kinds of thera-
pies for cancer, it is still incurable and there-
fore, new kinds of therapies should be intro-
duced. The most prominent changes in the
tumor cells is the genomic profile alteration.
Therefore, novel kinds of therapies should be
directed towards the specific targeting of most
prominent factors for cancer. The current re-
view focuses on the specific regulation and
function of Nrf2 in cancer. The function of Nrf2
in the regulation of proliferation, metastasis,
cell death mechanisms and EMT is discussed.
Then, the regulation of Nrf2 by non-coding
RNAs and the role of Nrf2 in the drug resis-
tance is evaluated. Finally, the modulation of
Nrf2 by natural products and nanoparticles for
providing new perspectives in cancer therapy is
discussed.

Nrf2: basics and signalling

Nuclear factor erythroid 2-related factor 2 (also
known as Nrf2) is a transcription factor that
belongs to the Cap‘n’Collar (CNC) subfamily of
basic leucine zipper (bZip) transcription factors.
NRF2 is encoded by the NFE2L2 gene, which is
also known as the Nuclear Factor, Erythroid 2
Like 2 gene. Other important members of this
CNC subfamily include nuclear factor erythroid-
derived 2 (NFE2), nuclear factor RF1, nuclear
factor RF2, and nuclear factor RF3. These tran-
scription factors have unique features in the
cells, along with the regulation of gene ex-
pression [33]. Upon the heterodimer forma-
tion, Nrf2 is able to generate coordination with
the musculoaponeurotic fibrosarcoma proteins
(MAFs) K, G, and F. This provides the capacity to
attach to antioxidant response elements and
stimulate the transcription of particular genes
[34]. The protein Nrf2 is composed of seven dif-
ferent NRF2ECH homology (Neh) domains, all
of which have their own unique activities. Neh1
domain’s bZip works with MAFs [34], while
Neh2 domain’s two ETGE and DLG motifs ex-
clusively bind to the Kelch domain of Kelch-
like ECH-associated protein 1 (KEAP1). In turn,
KEAP1 controls the ubiquitination and degra-
dation of NRF2 [34]. The C-terminal Neh3
domain is a transcriptional activation domain
interacts with the protein [35]. In addition,
Neh4 and Neh5 contribute to transcriptional
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Figure 1. An overview of Nrf2 signaling. Nrf2 is a regulator of redox balance and when there is oxidative damage,
the stimulation of Nrf2 occurs. This prevents the proteasomal degradation of Nrf2 and therefore, its upregulation
can enhance its nuclear transfer to induce antioxidant defense system.

activation by interacting with CREB-binding pro-
tein (CBP), a protein that is active as a histone
acetyltransferase [35].

This permits Neh4 and Nehb to be a part in the
process. The Neh6 domain is rich in serine resi-
dues and contains two-transducin repeat-con-
taining protein (-TrCP) degrons known as DSGIS
and DSAPGS. These degrons are involved in the
degradation of Nrf2 [36-39]. Finally, the cyto-
protective function of Nrf2 is suppressed re-
sulting from an interaction between the Neh7
domain and the retinoic X receptor alpha
(RXRa) [40]. Keapl is a protein that is com-
prised of 624 different amino acids and en-
riched in cysteine; in humans, it contains 27
different cysteine residues. This protein is com-
prised of five separate domains, including
N-terminal region (NTR), tramtrack and Bric-a-
Brac (BTB) domain central intervening region
(IVR) with a nuclear export signal (NES) account-
ing for directing Keapl to the cytoplasm. The
C-terminal domain (CTR) is comprised of six
Kelch repeats. The BTB domain interacts with
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Keapl, leading to the formation of homodi-
mers, and it also contributes in the protein
association with the cullin-based E3 ligase
(Cul3). Due to this association, the Keapl-
Cul3-RBX1 (Ring box protein-1) E3 ligase com-
plex is finally generated. On the other hand,
Kelch repeats can increase the potential of
Keapl in binding to proteins including Nrf2 and
p62 regulating cellular processes (Figure 1)
[41].

There are several downstream factors regulat-
ed by Nrf2. In the regulation of antioxidant
defense system and ROS levels, Nrf2 can affect
expression level of HO-1, NQO1 and decrease
the ROS levels to diminish oxidative damage.
This balance and reinforcement of antioxidant
defense system are required for the cell prolif-
eration, as the high levels of ROS levels can
impair the cellular and biological mechanisms
[42]. In addition, Nrf2 is able to control the lev-
els of cell cycle proteins including CDKs and
cyclins to increase cell cycle progression and
proliferation. Moreover, the CDK inhibitors in-
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cluding p21 and p27 are downregulated by
Nrf2 [43]. The glucose metabolism can be
increased by Nrf2 to provide the energy sup-
plies for the biosynthesis and cell division in
supporting cell proliferation [44]. Nrf2 also
demonstrates interaction with oncogenes and
onco-suppressor factors. As an example, p53
can suppress Nrf2 to decrease the cellular pro-
liferation in response to stress signals [45].
PI3K/Akt and other related pathways are regu-
lated by Nrf2 in controlling cell proliferation and
survival. Nrf2 induces the phosphorylation of
AKT in enhancing growth and viability [46].
Finally, the interaction of Nrf2 with the epigen-
etic factors can affect other genes in regulating
proliferation.

The molecular profile of Nrf2 has been well-
understood and the factors participating in its
induction and the related proteins have been
recognized. When there is an increase in reac-
tive oxygen species (ROS), the protein Nrf2 is
separated from Keapl and translocates into
the nucleus [47]. Keapl is a member of the
Kelch family of proteins (KLHL), and it attaches
to the Neh2 domain of Nrf2 in a specific region
covering amino acids 69 to 84 and adjacent to
the ETGE motif [35]. This region has been locat-
ed at the middle of protein. Keapl is the protein
accounting for the ubiquitination of the lysine
in the Neh2 domain, leading to the degradation
of Nrf2 by the proteasome. Keapl provides
the connection of Nrf2 with the ubiquitination
ligase Cul-3 (also known as Cullin-3) [48].
Moreover, Nrf2 is affected by the different fac-
tors. These mechanisms include translational,
post-translational, transcriptional, and epigen-
etic processes. The adaptor protein called p62
provides transporting ubiquitinated proteins to
the autophagosome through Keapl interac-
tion, leading to the nuclear translocation of
Nrf2 [49]. Noteworthy, Nrf2 utilizes p62 to regu-
late its own activity [50]. Additionally, P21
upregulates Nrf2 through direct interaction
enhancing Nrf2 protein stability [51]. In adipo-
cyte-associated macrophages, globular adipo-
nectin (gAcrp) as a hormone can cause an
increase in the generation of pro-inflammatory
cytokines including tumour necrosis factor-
alpha (TNF-a) and interleukin 1-beta (IL-1pB).
Moreover, it also enhances the levels of p62,
reducing pro-inflammatory cytokines [52]. P62
also interacts with Keapl, increasing Keapl
degradation [49, 53]. Nrf2 shows interaction
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with V-Maf Avian Musculoaponeurotic Fibro-
sarcoma Oncogene MAF proteins (sMAF) to
generate heterodimers. Such heterodimers can
control genes including antioxidant response
elements (AREs) or MAF recognition elements
(MAREs) [54, 55]. Approximately 250 genes,
the majority of which contribute to the endoge-
nous antioxidant defence and the detoxification
of ROS, are affected by the generation of Nrf2
[56, 57]. The factors including NAD(P)H dehy-
drogenase (quinone) 1 (NQOZ1), Glutathione
S-transferase 1 (GST) [58], heme oxygenase-1
(HMOX1), glutamate-cysteine ligase (GCL), per-
oxiredoxins, and enzymes associated to Glu-
tathione (GSH) [59] synthesis are downstream
targets of Nrf2. The mutations in Nrf2 or Keapl
can affect Nrf2 signaling [60]. The increasing
evidence has shown that Nrf2 upregulation in
cancer can accelerate progression and devel-
opment drug resistance. Moreover, pharmaco-
logical compounds and natural products regu-
lating Nrf2 in disease therapy have been
introduced. The next sections emphasize on
the function of Nrf2 in cancer progression and
therapy resistance development.

Nrf2 in cancer proliferation and metastasis

Owing to the function of Nrf2 in cancer progres-
sion, the studies have focused on the role of
this pathway in increasing proliferation and
metastasis of tumor cells with an emphasis to
the related pathways. Both proliferation and
metastasis are the threats to the cancer pa-
tients, especially metastasis that allows the
tumor cells for migrating into other parts of
body and such dissemination leads to the
establishment of new colonies for the cancer
progression. The Nrf2 upregulation is not spe-
cific to a certain type of cancer and its upregu-
lation can accelerate tumorigenesis in various
cancer types. The presence of SPOP mutations
in the prostate cancer can facilitate cancer pro-
gression. The SPOP mutations stimulate au-
tophagy through p62/SQSTM1 axis and induce
Nrf2 axis to promote cancer progression [61].
In the previous section, it was shown that p62
and Nrf2 have interactions and a continuation
to the previous study could be understanding
the interaction of p62 and Nrf2 after the SPOP
mutations in prostate cancer. An interesting
point is the co-regulation of Nrf2 and autopha-
gy in the human cancers. The deficiency of
PKCMA/1 can accelerate the progression of liver
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tumor and such loss of PKCA/1 stimulates pro-
tective autophagy and enhances Nrf2 expres-
sion to facilitate progression of liver tumor [62].
The role of Nrf2 in the acceleration of cancer
metastasis has been fully understood. The lung
cancer metastasis is a threat to the human and
the upregulation of Nrf2 prevents the degrada-
tion of Bach1 and through enhancing the stabil-
ity of Bachl1, Nrf2 enhances cancer invasion
and migration [63]. The increase in the progres-
sion of cancer can endow the drug resistance
in tumor cells. Although the role of Nrf2 in the
stimulation of drug resistance is discussed with
details in section 8, but it is of importance to
mention that increase in the stability of Nrf2
can be induced by DUB3 to cause chemoresis-
tance [64]. Since Nrf2 promotes proliferation
and metastasis of cancer cells, the involve-
ment of Nrf2 in the drug resistance is inevita-
ble. Furthermore, the upregulation of Nrf2 can
cause the poor prognosis in lung cancer [65].
Therefore, Nrf2 has the potential to be consid-
ered as a reliable and independent prognostic
factor in cancer.

An important aspect is the involvement of
Nrf2 in the metabolic reprogramming of cancer
cells. The Nrf2 causes metabolic vulnerability
in the lung cancer and through upregulation
of ALDH3A1, Nrf2 stimulates NADH-reductive
stress [66]. The function of Nrf2 in the regula-
tion of metabolism in cancer is more evident by
regulation of glycolysis. The glycolysis was first
recognized in liver tumor [67] and it is charac-
terized by increase in the uptake of glucose,
lactate generation, implicating in enhancing
proliferation, invasion, chemoresistance and
immune evasion [68]. The progression of hepa-
tocellular carcinoma can be suppressed by the
function of UBR7. The UBR7 is upregulated by
ALKBHb5. Then, UBRY increases Keapl levels to
suppress Nrf2/Bachl axis, inhibiting HK2 func-
tion and suppressing glycolysis in disrupting
the progression of hepatocellular carcinoma
[69]. The stimulation of Nrf2 by upstream medi-
ators can increase proliferation and metasta-
sis. Therefore, silencing upstream inducers of
Nrf2 can impair tumorigenesis. The knock-
down of GLS1 can suppress Nrf2/autophagy
axis to impair progression of colorectal cancer
[70]. The increase in the progression of cancer
can be obtained through the reducing cell
death. The upregulation of APOC1 in glioblas-
toma suppresses Keapl to upregulate Nrf2,

3939

preventing ferroptosis and improving the pro-
gression [71]. It appears that the tumor-pro-
moting role of Nrf2 dependent on the De-
glycation by fructosamine-3-kinase [72]. The
increase in the metastasis of cancer cells can
be obtained by the function of HIF-1a. The Nrf2
upregulation in breast cancer causes overex-
pression of G6PD that in turn, elevates levels
of NADPH. The upregulated NADPH prevents
ROS and through upregulation of HIF-1«, over-
expression of Notch1 occurs to enhance metas-
tasis of cancer cells through EMT induction
[73]. The stabilization of Nrf2 by USP11 can
increase progression and survival of tumor
cells through inhibition of ferroptosis that is a
good signature for ensuring tumorigenesis [74].
In order to suppress Nrf2 axis, the upregulation
of Keapl as the negative regulator of Nrf2 is
suggested. MOAP-1 is able to cause dissocia-
tion of p62/SQSTM1 to cause Keapl release
for the suppression of Nrf2 [75]. Hence, these
studies briefly demonstrate role of Nrf2 in
increasing proliferation and metastasis, sum-
marized in Table 1 and Figure 2.

Nrf2 and cell death mechanisms
Ferroptosis

Iron accumulation and lipid peroxidation are
the two hallmarks of ferroptosis, as a kind of
cell death. In contrast to other well-known pro-
cesses of cell death including apoptosis,
necroptosis, and autophagy, ferroptosis has
received much attention [90]. By inhibiting the
generation of lipid peroxides, the GPX4 is a
potent regulator of ferroptosis [91] that its
upregulation prevents ferroptosis. The xCT anti-
porter system is another essential component
that is linked to the mechanism of ferroptosis.
This system is essential for the transfer of
extracellular cystine for intracellular glutamate,
which is a precursor for the antioxidant gluta-
thione (GSH) [92]. Inhibiting XCT and GPX4 can
result in the death of cancer cells that have
developed resistance to conventional chemo-
therapy and radiation treatment [93]. Blocking
XCT reduces the amount of GSH in the body
through suppressing the uptake of cysteine,
improving drug sensitivity [94, 95]. On the
other hand, mesenchymal cancer cells that
are resistant to therapy can be rendered sensi-
tive to ferroptotic cell death by blocking GPX4
[96]. Targeting the lipid peroxidation pathway
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Table 1. The function of Nrf2 in increasing cancer progression

Cancer Molecular profile Remark Ref
Thyorid cancer TIAM1/Nrf2/HO-1  ALKBH5 suppresses Nrf2/HO-1 axis through regulating TIAM1 to induce ferroptosis and [76]
suppress cancer progression
Pancreatic cancer TRIM2/Nrf2 TRIM2 promotes stimulates ROS/Nrf2 axis to enhance FAK levels in tumorigenesis [77]
Lung cancer Nestin/Keap1/Nrf2 Nestin competes with Keap1l to increase stability of Nrf2 [78]
Colon cancer ARD1 ARD1 increases stability of Nrf2 in colon tumorigenesis [79]
Bladder cancer WTAP WTAP increases Nrf2 stability to prevent ferroptosis [80]
Cervical cancer UCHL3 UCHL3 increases Nrf2 stability to cause metastasis [81]
Gastric cancer GSTM3 GSTM3 is upregulated by Nrf2 [82]
Due to presence of positive feedback loop, GSTM3 competes with Keap1 to increase Nrf2
stability
Colon cancer Nrf2 Nrf2 controls phosphorylation of Akt and ERK in the regulation of apoptosis and cancer [83]
progression
Prostate cancer Nrf2 Nrf2 silencing increases cell death and sensitizes to cisplatin [84]
Lung cancer Nrf2 For exerting the proliferative function of Nrf2, the presence of ERBB3 and IGF1R is required [85]
Osteosarcoma DDRGK1 DDRGK1 promotes Nrf2 expression through Keapl suppression to accelerate progression and  [86]
induce drug resistance
Prostate cancer STC1 STC1 depletion suppresses Nrf2/HO-1 axis to impair glycolysis and induce ferroptosis [87]
Prostate cancer - A combination of Nrf2 inhibitor and autophagy suppressor synergistically suppress tumor [88]
progression
Lung cancer BRD4 BRD4 suppresses Nrf2 activity to disrupt redox metabolism [89]
"9se,, .-"""""”m"‘"’-. .--‘"’""““m"”-.
y ""lu...,,mm_.,...u""" IVEREE LT N e oten,,. \
“"'"--.......,.“.....»— st m'."::‘.,:\‘.\.,,._ n.,...--’“"'m.m"”.M"‘*M*M:.-"M .’.""-o.:““ P00 0e0seansesnsereesttt? .-""M 3
. “M-m .....--“""M"' g Uy .""--..n..........--m”""'““
oo WTAP

Cancer cell
ferroptosis

d
—@

il
&

8

DDRGK

Redox
metabolism

‘—

“& 9 Cancer
® g-!/: metastasis
Stability — =

N\
A\
Wi
4
]

o o BRD4 Cancer drug

/ ° . . \ resistance

Figure 2. Association of Nrf2 with the proliferation and metastasis of tumor cells. The upregulation of Nrf2 by UCHL3
can enhance the metastasis of cancer cells. Moreover, nestin impairs Keapl to upregulate Nrf2 in causing tumori-
genesis. The upregulation of Nrf2 by WTAP reduces ferroptosis, while ALKBH5 promotes ferroptosis through Nrf2
downregulation. Moreover, DDRGK1 induces drug resistance through Nrf2 upregulation.
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that protects against ferroptosis can make
therapy-resistant cancer cells more suscepti-
ble to the ferroptosis-induced form of cell death
[971]. Since ferroptosis can significantly improve
suppressing cancer progression, the studies
have focused on application of GPX4 inhibitors
to accelerate ferroptosis. However, the upregu-
lation of Nrf2 can cause resistance to these
compounds. As a result, downregulation of
Nrf2 can increase the sensitivity to GPX4 in-
hibitor-mediated ferroptosis in head and neck
cancer [98]. This is also repeated for the
colorectal cancer and the administration of
cetuximab can inhibit Nrf2/HO-1 axis to pro-
mote ferroptosis [99]. Therefore, Nrf2 upregu-
lation is considered as a barrier towards the
stimulation of ferroptosis in cancer. The in-
crease in the expression of Nrf2 promotes xCT
levels to prevent ferroptosis, accelerating the
proliferation of cancer [100]. When the ferrop-
tosis is suppressed in cancer, it can cause the
development of chemoresistance. The down-
regulation of Nrf2 increases ferroptosis and
prevents cisplatin resistance in head and neck
cancer [101]. The upregulation of Nrf2 in can-
cer can promote GPX4 that is an impediment
towards ferroptosis induction. The overexpres-
sion of Nrf2/GPX4 axis is mediated by KIF20A
through enhancing NUAK1 expression to cause
ferroptosis inhibition and enhance oxaliplatin
resistance in colorectal cancer [102]. Due to
the function of LTBP2 in increasing Nrf2 expres-
sion, it upregulates GPX4 and xCT to induce
resistance to ferroptosis in gastric tumor [103].
The application of new genetic tools such as
CRISPR has enabled to screen the factors regu-
lating ferroptosis in cancer that upregulation of
Nrf2 and its association with GPX4 can prevent
ferroptosis [104]. The increase in the degrada-
tion of Nrf2 by MIB1 can increase the ferropto-
sis induction in cancer [103]. Therefore, the
upregulation of Nrf2 suppresses ferroptosis
mainly through induction of antioxidant defen-
se system and overexpression of GPX4. Table 2
summarizes Nrf2 and ferroptosis interaction in
cancer.

Apoptosis

There is a requirement for providing the bal-
ance between cell survival and death [132];
nevertheless, disruption in this balance can
lead to the development of diseases including
cancer. Apoptosis, categorized into extrinsic or
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the intrinsic pathways, is one of the most im-
portant forms of programmed cell death, which
was first detected in the 1840s during the
development of toads [133]. This was the first
observation of cell death. A kind of protease
called caspase is essential for the morphologi-
cal and biochemical alterations occurring in
apoptotic cells. These alterations are caused
by the caspases [134, 135]. The extrinsic route
participates in the binding of death receptors
to their respective ligands, which subsequent-
ly activates caspases, which in turn triggers
apoptosis [135]. An intricate interaction occur-
ring between pro-apoptotic and anti-apoptotic
BCL-2 family proteins throughout the intrinsic
route, known as mitochondrial apoptosis [136].
The interaction of Nrf2 and apoptosis can
determine the progression of cancer. The regu-
lation of apoptosis and ferroptosis in hepato-
cellular carcinoma can be provided by CPLX2;
the downregulation of NRF2 occurs as a result
of CPLX2 depletion, showing the role of this fac-
tor in inhibition of apoptosis and ferroptosis
[137]. However, there is a controversy that
phloretin can stimulate mitochondrial apopto-
sis through STAT3 downregulation and subse-
quent Nrf2 upregulation to impair progression,
proliferation and invasion of pancreatic cancer
[138]. Noteworthy, the suppression of protec-
tive autophagy and Nrf2 downregulation by
fisetin can accelerate apoptosis in colorectal
cancer [139]. Therefore, Nrf2 has ability of reg-
ulating apoptosis in human cancers and its
function is dual and like a double-edged sword.

Autophagy

Autophagy is considered as one of the highly
conserved evolutionary mechanisms. The deg-
radation of different cellular components in-
cluding cytoplasmic macromolecules, aggre-
gated proteins, damaged organelles, or infec-
tions, is a part of this process. Lysosomal
enzymes are accountable for the degradation
of these components upon their transfer to
lysosomes. As a result of this degradation,
nucleotides, amino acids, fatty acids, sugars,
and ATP are recycled, all of which are subse-
quently recycled back into the cytoplasm of the
cell. Overall, autophagy functions as a double-
edged sword. Autophagy is vital for the elimina-
tion of damaged proteins and organelles, the-
reby conserving the quality and quantity of cel-
lular components. Moreover, it participates in
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Table 2. The Nrf2 and ferroptosis interaction in cancer

Molecular profile Remark Ref
HIF-10/IRP1/TFR1 and Trabectedin stimulates ferroptosis in lung cancer through suppressing Nrf2/GPX4 and [105]
Keapl/Nrf2/GPX4 upregulation of TFR1
Nrf2/HO-1 Nrf2/HO-1 suppression by ginkgetin to stimulate ferroptosis in lung cancer [106]
AMPK/Nrf2/HMOX1 AMPK/Nrf2/HMOX1 stimulation by vitamin C to accelerate ferroptosis in pancreatic cancer [107]
P62/Keapl/Nrf2 Metformin and sorafenib combination stimulates ferroptosis in hepatocellular carcinoma [108]
through Nrf2 downregulation
Keapl/Nrf2/HO-1 Ferroptosis induction and stimulation of Keap1/Nrf2 suppress EMT in gastric cancer [109]
P62/Keapl/Nrf2 L-selenocystine’s ability to inhibit Nrf2 and autophagy, along with its effect on the [110]
p62-Keap-1-Nrf2 axis, leads to the selective death of Nrf2-dependent colorectal cancer cells
Nrf2 The efficacy of phototherapy in tumor suppression increases by Nrf2 suppression and [111]
ferroptosis induction
GSK3B/Nrf2 Silenced GSK3p increases Nrf2 expression to suppress ferroptosis in breast cancer [112]
miR-365a-3p/NRF2 MT1DP loaded by folate-modified liposomes makes non-small cell lung cancer cells more sen- [113]
sitive to the effects of erastin-induced ferroptosis via modulating the miR-365a-3p/NRF2 axis
CAMKK2 CAMKK2 increases Nrf2 expression to suppress ferroptosis in melanoma [114]
IGF2BP3/Nrf2 IGF2BP3 increases Nrf2 stability to suppress ferroptosis in hepatocellular carcinoma [115]
Nrf2 Impairing the function of Nrf2 can increase ferroptosis in hepatocellular carcinoma [116]
Nrf2/xCT AdipoR1 suppresses Nrf2/xCT axis to enhance ferroptosis in hepatocellular carcinoma [117]
VEGFR2/Nrf2 Apatinib suppresses VEGFR2/Nrf2 to induce ferroptosis in glioma [118]
Nrf2 Pizotifen suppresses Nrf2 to increase ferroptosis in esophageal cancer [119]
Nrf2/HO-1 Nrf2/HO-1 downregulation by metformin in ferroptosis induction [120]
Nrf2 Oxaliplatin downregulates Nrf2 to increase oxidative damage and ferroptosis [121]
Nrf2 Increased degradation of Nrf2 by lysionotin in ferroptosis induction [122]
Nrf2/GPX4 Nrf2/GPX4 suppression by wogonin to induce ferroptosis in pancreatic cancer [123]
Nrf2 Nrf2 downregulation by ibrutinib to mediate ferroptosis in colorectal cancer [124]
NRF2/HO-1 NRF2/HO-1 downregulation by norcantharidin to stimulate ferroptosis in ovarian cancer [125]
Nrf2/HO-1 Nrf2/HO-1 stimulation by levistilide a to mediate fgerroptosis in breast cancer [126]
Nrf2/GPX4 AGuIX nanostructures suppress Nrf2/GPX4 axis to increase ferroptosis in cancer [127]
Stat3/p53/NRF2 Ginsenoside Rh3 downregulates Nrf2 to accelerate ferroptosis in colorectal cancer [128]
Nrf2/HO-1/NQO1 Eriodictyol suppresses Nrf2/HO-1/NQO1 to mediate ferroptosis and mitochondrial dysfunction [129]
in ovarian cancer
SIRT6/Nrf2/GPX4 Isoorientin suppresses SIRT6/Nrf2/GPX4 axis to enhance ferroptosis in lung cancer [130]
Nrf2/HO-1 Acetaminophen suppresses Nrf2/HO-1 axis to induce ferroptosis in lung cancer [131]

preserving the metabolism during stress sig-
nals [140]. The initiation of autophagy occurs
through the generation of isolated membranes
known as phagophores. The origin of these
membranes is believed to be the endoplasmic
reticulum, trans-Golgi, and endosomes. This
phagophore engulfs the intracellular compo-
nents including protein aggregates, organelles,
and ribosomes, leading to the formation of a
double-membrane structure called autophago-
some. Then, autophagosomes fuses with lyso-
somes upon maturation to degrade the content
using proteases. Using this mechanism, lyso-
somal transporters participate in the transfer
of amino acids and other by-products of degra-
dation back into the cytoplasm. After recycling,
these components can re-use for the synthesis
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of macromolecules and preserving cellular
metabolism [141]. The increasing evidence has
shown the potential of autophagy in the regula-
tion of cancer progression, drug resistance and
as a therapeutic target of pharmacological
compounds [142, 143]. The experiments have
highlighted the interaction of autophagy and
Nrf2 in the tumor progression. The upregula-
tion of p62 can suppress autophagy. Apatinib
increases ROS levels to suppress Nrf2 axis,
leading to p62 downregulation and increase in
autophagic cell death [144]. The overexpres-
sion of BDH2 can increases Nrf2 degradation
through the function of Keapl. Then, Nrf2 func-
tion is suppressed to increase ROS levels in
impairing the Akt and mTOR phosphorylation,
causing autophagy in gastric cancer therapy
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[113]. The upregulation of TRIM13 in lung can-
cer can increase Nrf2 suppression and through
p62 degradation, it stimulates autophagy and
disrupts the cancer progression [145]. However,
a complexity at the present is the dual function
of autophagy. Although the previous studies
highlighted the role of autophagy and its inter-
action with Nrf2 in tumor suppression, the
stimulation of autophagy can also accelerate
tumorigenesis, known as protective or carcino-
genic autophagy. The overexpression of Nrf2 in
lung cancer can stimulate autophagy in facili-
tating tumor progression [146]. Moreover, the
exposure of cancer cells to the treatment
should be performed carefully due to the inter-
action of Nrf2 with autophagy mechanism. The
treatment of lung cancer with isodeoxyelephan-
topin increases nuclear transfer of Nrf2 due to
the Keapl degradation. Then, Nrf2 promotes
HO-1 and p62 levels. The overexpression p62
further degrades Keapl to induce Nrf2 axis
and on the other hand, p62 promotes survival
of lung tumor through autophagy induction
[147]. The interaction of Nrf2 and p62 has
been a problem in the treatment of cancer. The
overexpression of JNK/ERK in cancer can stim-
ulate autophagy through Beclin-1 upregulation,
causing autophagy and increasing p62 levels.
Then, p62 suppresses Keapl to stimulate Nrf2
axis, enhancing proliferation of cancer [148].
Since autophagy can also accelerate cancer
progression, the dual suppression of autopha-
gy and Nrf2 can stimulate apoptosis through
increasing ROS generation and causing endo-
plasmic reticulum (ER) stress in pancreatic can-
cer [149]. Therefore, the accumulating data
demonstrate the interaction of Nrf2 and auto-
phagy in cancer [150-154].

Pyroptosis

A kind of cell death was identified in 1992 in
mouse macrophages that had been infected
with Shigella flexneri [155]. This cell death was
a result of the infection. The induction of a pro-
tein called inflammatory caspase-1 occurred
during the process of cell death that was
caused by Shigella flexneri or Salmonella [156,
157]. At first, it was believed that this kind of
cell death was a caspase-dependent process
mimicking apoptosis. On the other hand, Cook-
son and colleagues made the discovery in
2001 that the death of cells caused by
Salmonella had specific properties that were
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unique from apoptosis. This kind of cell death
was called pyroptosis, since in contrast to
apoptotic cells, macrophages infected with Sal-
monella undergo cell enlargement and mem-
brane degradation [158, 159]. This led to the
using word “pyroptosis” to characterize it from
apoptosis [159]. The development of pores in
the cell membrane, the rupture of the mem-
brane, the enlargement of the cell, and the dis-
charge of the contents of the cell are all hall-
marks of the pyroptotic. IL-1 and IL-18 are
released during pyroptosis and have the dual
function of both increasing inflammation and
stimulating immunological responses [160,
161]. The interaction of Nrf2 and pyroptosis is
observed in human cancers. The overexpres-
sion of Nrf2 can suppress both ferroptosis and
pyroptosis. Nrf2 reduces ROS levels to down-
regulate caspase-3. The reduced caspase-3
downregulates GSDME-N to prevent pyroptosis.
Moreover, Nrf2 promotes GPX4 levels to sup-
press ferroptosis [162].

Necroptosis

Necroptosis is a kind of inflammatory cell dea-
th that is observed upon the upregulation of
death domain receptors. Necroptosis was first
found as an alternative to apoptosis. This kind
of cell death, distinct from apoptosis, is related
to infections and wound healing. The classical
death receptor-mediated necroptotic pathway
comprised of RIPK1-RIPK3-MLKL, is induced
upon the stimulation of death domain recep-
tors including TNFR and Fas, and Toll-like re-
ceptor-3/4 (TLR3/4) [163]. The microliposom-
es containing B2 plasmid can accelerate Nrf2-
regulated oxidative damage to increase necrop-
tosis through upregulation of RIPK3 (Figure 3)
[164].

Nrf2 mechanism and EMT

Most of the cancer-related deaths are due to
the metastasis and therefore, it is of high
importance to understand the mechanisms
involved in the metastasis regulation. Jean
Claude first explored the phrase “metastasis”
in 1829. It comes from the Greek terms “meta”,
meaning “next”, and “stasis”, meaning “place-
ment”. Metastasis refers to the spread and
invasion of cancerous cells from the primary
site to other areas of the body, which can ulti-
mately result in the development of secondary
tumours and colonies and is one of the main
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Figure 3. Nrf2 and cell death mechanisms in cancer. The main regulation is related to the apoptosis, autophagy and
ferroptosis. About the regulation of autophagy by Nrf2, it should be considered that function of autophagy in cancer
is like a double-edged sword and it has ability of impairing/accelerating tumorigenesis and reversing/inducing drug
resistance. Moreover, upregulation of autophagy can prevent apoptosis and ferroptosis in tumor cells.

reasons of cancer-related death. EMT is a kind
of biological mechanism contributing to cancer
metastasis. Recent studies have shown that
EMT plays a critical part in cancer cell invasion
and therapy resistance. During EMT, cells expe-
rience loss of adhesion between neighbouring
cells and the extracellular matrix. This leads to
the cells features that are more typical of mes-
enchymal cells. This leads to the detachment
of cells from the original colony and infiltration
into the tissues and organs in the surrounding
area and distant regions. In addition to cancer,
EMT also plays an essential role in the develop-
ment of embryos, the formation of scar tissue
and wound healing [165, 166]. The stimulation
of EMT has been considered as a factor in
enhancing tumor progression, metastasis, dis-
semination and chemoresistance [167, 168].
The stimulation of Nrf2 can promote metasta-
sis of cancer through EMT induction. The pres-
ence of lactic acid can increase Nrf2 levels to
induce M2 polarization of macrophages. Then,
they secrete VEGF to increase Nrf2 transfer to
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nucleus in EMT induction [169]. Since Nrf2 is
related to ROS and ROS levels are changed by
mitochondria, there is an interaction between
mitochondria and Nrf2. The increased levels of
Ca?* levels in the cytoplasm can transfer into
mitochondria to activate MCURL1 in increasing
ROS levels. The upregulation of ROS to promote
Nrf2 levels to upregulate NICD1. Then, NICD1
increases Snail expression to induce EMT in
hepatocellular carcinoma invasion [170]. Note-
worthy, the function of ROS is more than regu-
lating Nrf2 and it can bind to promoter of genes.
The ROS can induce hypomethylation of PRDX5
in upregulation of STAT3, inducing Nrf2 axis
and promoting EMT in lung cancer invasion
[171]. On the other hand, since STAT3 is a cyto-
kine-related factor, the high levels of IL-6 can
induce STAT3 to promote Nrf2 levels in causing
EMT in pancreatic cancer [172]. The upregula-
tion of UBE2E2 in the nucleus promotes Nrf2
expression. Then, levels of p62 increase to
overexpress Snail in EMT induction through
E-cadherin downregulation [173]. The thera-

Am J Cancer Res 2024;14(8):3935-3961



Nrf2 in human cancers

peutic compounds regulating Nrf2 can im-
pair metastasis of cancer cells. Pedunculoside
downregulates Nrf2 and MAPK to suppress
EMT, metastasis and gefitinib resistance [174].
Jolly and colleagues have provided a hypothe-
sis that Nrf2 upregulation causes partial EMT
and can cause hybrid EMT phenotype [175].
The presence of hypoxia can also increase the
progression of cancer. Hypoxia increases Nrf2
expression to downregulate miR-27a, inducing
EMT and enhancing cancer progression [176].
Moreover, the overexpression of Nrf2 can
increase Notchl expression to induce EMT
through N-cadherin overexpression and E-cad-
herin downregulation [177].

Non-coding RNAs in the regulation of Nrf2

The non-coding RNAs are a large family of RNAs
lacking protein coding potential and they con-
tribute to the major functions including biologi-
cal and molecular pathway control. The first
type is microRNAs (miRNAs) with short length
less than 25 nts and capacity of gene expres-
sion modulation or translation suppressing.
The recent studies have highlighted the mu-
tual interaction of miRNAs and Nrf2 in human
tumors. In the cancer cells showing Nrf2 down-
regulation, there is upregulation of miR-206
that can downregulate c-MET and EGFR [178].
Therefore, it can be concluded that miRNA
expression can be also regulated by Nrf2. The
regulation of Nrf2 by miRNAs can change the
process of cancer progression. miR-141-3p
upregulation in ovarian tumor accelerates tu-
morigenesis and it stimulates the M2 polariza-
tion of macrophages through Keapl suppres-
sion and subsequent induction of Nrf2 [179].
However, when miRNAs suppress Nrf2 axis,
the progression of cancer reduces. The breast
tumor progression significantly enhances in
hypoxic condition. miR-140-5p downregulates
Nrf2/HO-1 axis to impair progression in hypo-
xia [180]. The miRNAs can directly and in-
directly regulate the expression level of Nrf2.
SIRT1 stimulates Nrf2 in increasing progres-
sion of pancreatic cancer. miR-373 downregu-
lates SIRT1 expression to suppress Nrf2 axis,
increases BAX and caspase expression and
stimulate oxidative damage, impairing tumor
proliferation and triggering apoptosis [181].
The interesting point is that miRNA expression
can be increased by Nrf2 in enhancing tumor
progression. Nrf2 is able to enhance levels of
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miR-125B, while it downregulates miR-29B to
accelerate progression of leukemia and incre-
ase survival of cancer cells [182]. Furthermore,
the upregulation of Nrf2 by miR-155 can pre-
vent apoptosis, causing arsenic trioxide resis-
tance in lung tumor [183]. However, miRNAs
are not the only regulators of Nrf2 in cancer
and circular RNAs (circRNAs) are another type
that can participate in carcinogenic modula-
tion. CircRNAs, have recently been recognised
as important players in the field of cancer biol-
ogy. These non-coding RNA molecules are dis-
tinguished by the presence of a loop structure
that is covalently closed. This structure gives
resistance to the cleavage of the loop by exo-
nucleases. CircRNAs have a role in a variety of
characteristics of cancer, including carcinogen-
esis, treatment resistance, and metastasis.
They perform this by a variety of methods,
including as sponging miRNAs, interacting with
RNA-binding proteins, and influencing alterna-
tive splicing. These processes all coordinate
together to modulate gene expression. De-
pending on their targets and the environment
within the cell, circular RNAs have the poten-
tial to either promote or inhibit the growth of
tumours. Because the dysregulation of these
circRNAs is linked to a wide variety of malignan-
cies, they provide intriguing diagnostic and
therapeutic targets for the treatment and man-
agement of cancer. The function of circRNAs in
the cancer can be found in some recent reviews
[184-186]. The circKEAP1 is able to impair pro-
gression of lung cancer. CircRNAs have ability
of sponging miRNAs in the regulation of Nrf2.
CircKEAP1 sponges miR-141-3p and through
upregulation of Keapl, it impairs Nrf2 axis to
reduce progression of lung cancer [187].
Another member of non-coding RNA family is
long non-coding RNAs (IncRNAs). Long non-
coding RNAs, often known as IncRNAs, have
recently been recognised as important players
in the field of cancer biology. These non-pro-
tein-coding RNA molecules, which are generally
longer than 200 nts, are implicated in a variety
of the processes that lead to the development
of tumours. LncRNAs are capable of influencing
gene expression, cell proliferation, and metas-
tasis, and can function either as oncogenes or
tumour suppressors. LncRNAs are also involved
in the pathways, leading to the therapy resis-
tance, and they have the potential to act as
biomarkers for the diagnosis and prognosis of
cancer. When it comes to cancer, having a com-
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Table 3. The regulation of Nrf2 by non-coding RNAs in cancer

Non-coding Remark

Cancer type RNA Ref

Breast cancer miR-200a  miR-200a increases Nrf2 expression through Keapl downregulation to [193]
induce antioxidant signalling

Breast cancer miR-101 Nrf2 downregulation by miR-101 to induce apoptosis [194]

Lung cancer miR-144-3p  Nrf2 suppresses activation of miR-144-3p to induce cisplatin resistance [195]

Esophageal cancer

miR-142-5p Upregulation of miR-142-5p by polygalacin D downregulates Nrf2 in cancer  [196]

suppression and apoptosis induction

Lung cancer miR-1290  Upregulation of miR-1290 by COX-2 stimulates in CAF induction and [197]
enhancing cancer progression

Esophageal cancer miR-27b-3p  miR-27b-3p downregulates Nrf2 to suppress cancer progression [198]
Breast cancer miR-93 miR-93 suppresses Nrf2 expression [199]
Hepatocellular carcinoma miR-340-5p NRAL stimulates cisplatin resistance through miR-340-5p sponging to [200]
upregulate Nrf2
Hepatocellular carcinoma miR-101 Apigenin increases miR-101 expression to suppress Nrf2 axis [201]
Hepatocellular carcinoma miR-340 miR-340 downregulates Nrf2 in suppressing cisplatin resistance [202]
Hepatocellular carcinoma miR-141 miR-141 stimulates Nrf2 through Keapl suppression in drug resistance [203]
Leukemia miR-144-3p miR-144-3p downregulates Nrf2 expression [204]

Prostate cancer

LMNTD2-AS1 LMNTD2-AS1 interacts with Nrf2 through binding to FUS in increasing [205]
cancer progression

Prostate cancer TUG1 TUG1 increases Nrf2 expression to elevate proliferation and invasion [206]
Esophageal cancer TUG1 TUG1 upregulates Nrf2 to induce cisplatin resistance [207]
Colorectal cancer LINCO0239 LINC00239 increases Nrf2 stability through Keap1 inhibition for [208]

suppressing ferroptosis

prehensive understanding of the complex func-
tions that IncRNAs play opens up new gate-
ways for the development of therapeutics and
personalised treatment regimens. The function
of IncRNAs in cancer can be found in some
recent reviews [188-190]. The IncRNA-mediat-
ed regulation of Nrf2 can also determine the
fate and progressive behaviour of cancer. More-
over, the IncRNAs and circRNAs have similarity
in the standpoint that both of them can sponge
miRNAs and regulate their expression. The low
expression of INcRNA SLC7A11-AS1 can impair
tumor progression. The upregulation of INncRNA
SLC7A11-AS1 promotes the levels of SLC7A11
and enhances the nuclear transfer of Nrf2,
causing tumorigenesis in colorectal cancer
[191]. Furthermore, the interaction of IncRNAs
and Nrf2 can determine the chemotherapy
resistance in cancer. The IncCRNA MIR4435-
2HG upregulates Nrf2 and HO-1 expression to
trigger cisplatin resistance (Table 3) [192].
Table 3 summarizes the non-coding RNA and
Nrf2 interaction in cancer. Figure 4 shows the
regulation of Nrf2 by non-coding RNAs.

Nrf2 in resistance

One of the biggest hurdles for the treatment
of cancer is chemoresistance. The different
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mechanisms participating in the development
of resistance have been identified. These pro-
cesses occur due to the heterogeneity, onco-
genic mutations, epigenetic changes, cancer
stem cell, and interactions with the surround-
ing environment, including the immune system
and the microenvironment. Moreover, these
mechanisms include interactions between the
tumour and cancer stem cells. The anti-cancer
impacts caused by conventional chemotherapy
are based of increasing ROS levels. However,
tumor cells have shown potential in adapting
into this condition, causing drug resistance.
This can happen whether the oxidative stress is
caused spontaneously or by pharmaceuticals
[209]. The word drug resistance is considered
as the capacity of cancer cells to survive even
upon exposure to various anti-cancer com-
pounds [210]. The researchers have focused
on understanding the underlying molecular
pathways participating in the drug resistance.
This has been evaluated from the different st-
andpoints [211, 212]. According to Bukowski’s
research in 2020 [212], drug resistance can be
intrinsic or acquired and can resulting from
certain genetic and epigenetic changes as well
as alterations in the tumour microenvironment
components and interactions. The drug resis-
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tion of Nrf2.

tance also results from the genetic mutations.
The acidic pH of tumor microenvironment also
determines the drug resistance. Taylor in 2015
and Andrei in 2020 [213, 214] brought atten-
tion to the development of unique 3D systems
mimicking the tumor microenvironment as well
as proton pump inhibitors (PPls) as complicat-
ed tools for the purpose of better understand-
ing drug resistance in cancer and finding ways
to overcome it. According to a research [215],
the alterations in the cellular processes can
result in drug resistance. A number of these
mechanisms include oxidative stress, DNA
damage repair, apoptosis, and autophagy.
Furthermore, increase in drug efflux, organelle
sequestration, metabolism, and targeting con-
tribute to the chemoresistance [216].

The increasing evidence has shown the role of
Nrf2 in the stimulation of drug and cell death
resistance in human cancers. Since genetic
mutations and dysregulation of molecular path-
ways commonly occur in cancer, understanding
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the role of Nrf2 in tumorigenesis and drug
resistance can broaden the knowledge to-
wards the development more effective thera-
peutics in the near future. FAM117B is capable
of inducing chemoresistance in gastric cancer
through Keapl suppression to upregulate Nrf2
[119]. Therefore, suppression of Nrf2 can
impair the process of chemoresistance. The
administration of tangerein can suppress Nrf2
axis in suppressing tumor proliferation and
drug resistance [217]. This study highlights the
function of Nrf2 in chemoresistance and evalu-
ating it as a “druggable target” to reverse this
condition. One of the leading causes of death
around the world is esophageal cancer in which
5-year survival rate of this tumor is lower than
20%. Chemotherapy and radiation are the com-
mon therapeutic modalities for esophageal
cancer. However, the dysregulation of molecu-
lar factors in the esophageal cancer can ca-
use chemoresistance. The downregulation of
SO0X17 and subsequent overexpression of Nrf2
cause drug resistance in esophageal cancer
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[121]. In the normal conditions, the ubiquitina-
tion of Nrf2 by Keapl1/Cul3 complex occurs to
induce Nrf2 degradation. However, during cis-
platin resistance development, the function of
Keapl/Cul3 is disturbed. Then, upregulation of
Nrf2 occurs that upon epigenetic modification
of target genes including GPX4, GCLC, GCLM,
HO-1 and GSH, among others, the apoptosis
and ferroptosis are suppressed to enhance
growth and progression of cancer cells in drug
resistance development [218]. For ubiquitina-
tion of Nrf2, the K48-linked polyubiquitin ch-
ains are affected that USP8 prevents the ubig-
uitination of such chains in the structure of
Nrf2 in improving its stability and inducing gem-
citabine resistance in pancreatic cancer [219].
The expression level of Nrf2 can also be regu-
lated by the hormones and therefore, the devel-
opment of drug resistance is more evident in
the tumor cells that are dependent on the hor-
mones for their progression. In the prostate
cancer, the presence of hormones can acceler-
ate the process of cancer drug resistance
development. The estrogen and estradiol (E2)
can enter the cancer cells and transfer the
nucleus. Then, ERa transfers to nucleus and
comprises a complex, called E2/ERa complex
that interacts with ERE to upregulate Nrf2. The
activated Nrf2 axis increases levels of GCLC,
ABCC2, ABCB1, ABCG2, Bcl-2, CD44 and oth-
ers to reduce ROS levels, causing chemoresis-
tance in prostate cancer [220]. Therefore, the
reason for the cancer drug resistance develop-
ment is mainly due to the function of Nrf2 in
increasing the expression level and activity of
downstream targets that support tumor cells
against insults. The upregulation of Nrf2 can
occur through TMED2 function in inhibiting
Keapl, causing upregulation of HO-1 and NQO1
to induce cisplatin resistance in breast cancer
[221]. It appears that Nrf2 participates in the
intrinsic resistance. For the cisplatin, it should
increase the levels of ROS in activation of JNK,
upregulation of caspase-3 and -9 to induce
apoptosis. Therefore, increase in the levels of
ROS is vital for apoptosis induction in tumor
cells by cisplatin. However, upregulation of Nrf2
through TNFAIP2 can overexpress HMOX1,
NQO1, SOD2 and CAT in reducing ROS levels
and inducing cisplatin resistance [222]. The
function of Nrf2 in causing drug resistance has
been confirmed in different human cancers
including renal cancer [223], lung carcinoma
[224-226], breast cancer [227], bladder tumor
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[228], ovarian cancer [229] and leukemia
[230], conferring the versatile function of Nrf2
in cancer drug resistance.

Natural products and pharmacological com-
pounds targeting Nrf2

The function of Nrf2 in the regulation of carci-
nogenesis has been well-documented. Note-
worthy, since Nrf2 is a “druggable target”, it
can be affected by natural and pharmacologi-
cal compounds in the treatment of cancer.
Although the previous sections demonstrate
the oncogenic function of Nrf2 and it creates
the notion that Nrf2 should be suppressed,
the anti-cancer compounds stimulate/sup-
press Nrf2 in the treatment of cancer. One of
the issues is the role of Nrf2 in the stimulation
of ferroptosis resistance. It has been reported
that tagitinin C is able to stimulate ER stress to
promote Nrf2 expression, upregulating HO-1,
increasing lipid peroxidation and causing fer-
roptosis in colorectal cancer [231]. This study
highlights the fact that stimulation of Nrf2 can
enhance the lipid peroxidation to cause ferrop-
tosis in tumor cells, while previous studies have
shown the role of Nrf2 upregulation in stimula-
tion of ferroptosis resistance. Therefore, the
function of Nrf2 requires more investigation in
cancer and maybe it shows double function
in cancer. 4,4’-dimethoxychalcone (DMC) has
capacity of suppressing cancer growth and
stimulation of G2/m arrest. DMC promotes
Keapl degradation through ubiquitin pathway
to induce Nrf2/HMOX1 axis. Moreover, DMC
suppresses FECH to accelerate ferroptosis in
cancer [232]. Considering the previous stu-
dies, a new hypothesis reveals that neferine
has ability of ferroptosis induction in thyroid
cancer. Neferine suppresses Nrf2 axis to down-
regulate HO-1 and NQO1 in stimulation of fer-
roptosis in thyroid tumor [233]. Therefore, func-
tion of Nrf2 in cancer is like a double-edged
sword and its induction or stimulation can
impair cancer progression. Noteworthy, when
Nrf2 expression is regulated, it can affect the
drug sensitivity and stemness of cancer cells.
The luteolin administration can downregulate
Nrf2, HO-1 and Cripto-1 to impair stemness
and increase drug sensitivity in breast cancer
[234]. For the treatment of endometrial hyper-
plasia and cancer, the application of progestin
is suggested. However, the tumor cells have
ability of developing resistance to these thera-
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pies. Brusatol suppresses NRF2/TET1/AKR1C1
to enhance the response of cancer cells to pro-
gestin [235]. However, if expression level of
Nrf2 increases in response to a drug, it can
cause cancer progression. The propofol admin-
istration promotes Nrf2 expression to impair
ferroptosis and enhance distant invasion of
cancer [236]. Therefore, it is suggested to use
the compounds suppressing Nrf2 for the treat-
ment of cancer.

Nanoparticles as Nrf2 inhibitors

The field of nanotechnology has received much
attention in the recent years for the treatment
of cancer. The nanoparticles can provide the
sustained delivery of drugs [237] and they can
be used for targeting specific mechanisms for
the progression suppression of cancer cells
[238-240]. In the current section, the role of
nanostructures for the treatment of cancer
through regulation of Nrf2 is discussed. The
best strategy is to load siRNA suppressing Nrf2
in nanoparticles to specifically deliver into can-
cer cells. The nanobubbles are able to deliver
Nrf2-siRNA and they release it in response to
ultrasound to enhance the response of mela-
noma cells to cisplatin therapy. The encapsula-
tion efficiency of these nanobubbles is 90%
and they demonstrate high cellular uptake
[241]. Another strategy is to load chemothe-
rapy drugs in nanoparticles for increasing their
potential. In the recent years, the process of
loading chemotherapy drugs in nanostructures
for suppressing cancer progression has sig-
nificantly improved tumor elimination activity
[242]. The PLGA-PEG nanoparticles can deliver
oridonin to breast cancer cells, suppressing
Nrf2 axis in increasing ROS production and
causing apoptosis [243]. However, an experi-
ment highlights the fact that stimulation of Nrf2
and ROS generation by B-Sitosterol-assisted
silver nanostructures can trigger mitochondrial
apoptosis in hepatocellular carcinoma [244].
The nanoparticles can affect the underlying
mechanisms regulating Nrf2 in cancer progres-
sion regulation. The zero-valent-iron nanostruc-
tures enhance the AMPK levels, while they sup-
press mTOR to upregulate GSK3p and B-TrCP.
Moreover, this results in downregulation of Nrf2
to reduce levels of SLC7A11, GPX4, AIFM2 and
AKR1 in causing ferroptosis and impairing pro-
gression of cancer [245]. Therefore, regulation
of Nrf2 by nanoparticles is of importance in
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cancer therapy [246]. However, one of the limi-
tations of current study is lack of significant
attention to the properties and type of nanopar-
ticles as well as designing novel nanocarriers
and they have only focused on the cargo.
Moreover, the specific attention should be
directed towards application of nanoenzymes
for the suppression of Nrf2 in cancer therapy.

Conclusion

The current challenges for the treatment of
cancer are still present and the death of cancer
patients results from several factors, mainly
metastasis and therapy resistance of tumor
cells. Up to 90% of cancer-related deaths are
due to the metastasis and invasion of cancer
cells. Moreover, cancer metastasis can inter-
fere with the potential of surgical resection in
removal of tumor cells. On the other hand, the
resistance to therapy has caused problems in
the treatment of cancer patients. The muta-
tions, deletions and amplifications occurring in
cancer cells can accelerate the progression.
The dysregulation of Nrf2 and its amplification
have been considered as the main factors in
the process of tumorigenesis ad enhancing the
progression of cancer. The current paper was
allotted to evaluate the potential of Nrf2 in car-
cinogenesis through regulation of important
biological mechanisms in cancer cells. The in-
teraction of Nrf2 with cell death mechanisms is
observed in cancer that Nrf2 prevents apopto-
sis and ferroptosis, while it promotes protective
autophagy to ensure tumor progression. More-
over, EMT induction by Nrf2 axis can accelerate
the metastasis and invasion of cancer. The
overexpression of Nrf2 causes drug resistance
and radioresistance that is due to the potential
of Nrf2 in increasing survival rate, proliferation
and causing cell death resistance in tumor
cells. Since radiotherapy causes DNA damage
and Nrf2 has association with DNA damage
repair, the function of Nrf2 in causing radiore-
sistance is conceivable. Moreover, the sup-
pression of Nrf2 by pharmacological com-
pounds and nanoparticles can disrupt tumor
progression. As a result, the function of Nrf2 in
cancer is pleiotropic and targeting this path-
way can significant suppress the progression
of cancer. The benefit of nanoparticles is that
they can carry cargo in a targeted way and spe-
cifically deliver to the tumor cells for suppres-
sion of Nrf2 and impairing cancer progression.
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