Panahizadeh et al. Cancer Cell International ~ (2024) 24:234 Cancer Cell International
https://doi.org/10.1186/512935-024-03430-1

The interplay between microRNAs and Nrf2
signaling in human cancers
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Abstract

MicroRNAs (miRNAs), as a class of nonprotein-coding RNAs, post-transcriptionally regulate the expression of
target genes by base pairing to 3-untranslated regions (3'-UTRs). Nuclear factor E2-related factor 2 (Nrf2) has
been identified as a critical component of the antioxidant defense mechanism. Dysregulation is associated

with chemoresistance and radioresistance in cancerous cells. MiRNA-mediated regulation of the Nrf2 signaling
pathway has been shown to have important implications for the development of various cancers. In this article,
we review the roles of miRNAs as regulators of the Nrf2 pathway in different human cancers. Ras-associated
binding (Rab) proteins have an essential role regulation of vesicle transport, as well as oncogenic functions in
preventing chemotherapy efficacy and cancer development. More importantly, increased evidence indicated that
the interaction between miRNAs and Rabs has been determined to play critical roles in cancer therapy. However,
the significant limitations in using miRNAs for therapeutic applications include cross-targeting and instability of
miRNAs. The detailed aspect of the interaction of miRNAs and Rabs is not clearly understood. In the current review,
we highlighted the involvement of these molecules as regulators of the Nrf2 pathway in cancer pathogenesis.
Potential methods and several obstacles in developing miRNAs as an anticancer therapy are also mentioned.
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Introduction

The incidence of human cancer is rising globally due
to economic growth, aging, and globalization. Despite
the excellent survival rate brought about by advances
in diagnostic and therapeutic techniques, the burden of
cancer is continually increasing. In 2040, there will likely
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activation of Nrf2 in many malignancies enhances can-
cer cell proliferation [2]. More significantly, it has been
shown that Nrf2 promotes the chemoresistance and the
radioresistance of cancerous cells. This indicates the
promising potential of Nrf2 inhibition as an attempt to
treat cancer [3, 4].

Several efforts have been made to affect the Nrf2
signaling pathway to prevent and treat cancer. Most
MicroRNAs (miRNAs) hybridize with the 3’ untranslated
region (3’'UTR) of target mRNAs in a sequence-specific
manner and thereby block the translation of mRNAs
in ribosomes and/or facilitate the mRNA degrada-
tion. In recent years, there has been increasing evidence
that miRNAs also bind in the coding region (CDS) and
5UTR, but the implication of these interactions remains
obscure because they have a smaller impact on mRNA
stability compared with miRNA-target interactions that
involve 3° UTRs. Finally, different families of miRNAs
that are broadly expressed but are active in different con-
texts show distinct preferences for the CDS, 3' UTR, and
5UTR [5, 6].

MicroRNAs can influence the 3" UTR of Nrf2 mRNA
at different stages, making them one of the potential
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upstream modulators of the Nrf2 signaling pathway. The
Nrf2 pathway has been demonstrated to be regulated by
miRNAs via various key mechanisms, such as altering
Nrf2 nuclear translocation, impacting Nrf2 expression,
controlling Nrf2 upstream mediators, and modulating
Kelch-like ECH-associated protein 1 (Keapl), as a nega-
tive regulator of Nrf2 (Fig. 1) [7-10]. Accumulating evi-
dence suggests that miRNA-mediated regulation of the
Nrf2 signaling pathway has important implications for
developing various cancers [11, 12]. Here, we summarize
the roles of miRNAs as regulators of the Nrf2 pathway in
different human cancers.

Esophageal cancer
Esophageal cancer ranks as the sixth leading cause of
cancer-related deaths globally. In 2020, approximately
604,000 new cases were diagnosed worldwide, resulting
in around 544,000 deaths [1]. ESCC accounts for nearly
90% of all esophageal cancer cases worldwide and is prev-
alent in Eastern and Central Asia, as well as in East and
South Africa [13].

MiRNAs play critical roles in the pathogenesis of
ESCC. Therefore, clarifying epigenetic changes in
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Fig. 1 Representation of the intricate interplay between Nrf2, microRNAs, several signaling pathways and ROS generation in mediating chemoresistance
and radioresistance in cancer cells: This schematic illustrates the pivotal role of Nrf2 in mediating chemoresistance and radioresistance through its interac-
tions with various MicroRNAs, which modulate ROS generation. The intricate network depicted elucidates the interconnected pathways through which
Nrf2 and MicroRNAs contribute to the adaptive responses of cancer cells to chemotherapy and radiotherapy. By showcasing the regulatory crosstalk
among Nrf2, MicroRNAs, and ROS generation in the context of resistance mechanisms, this figure provides valuable insights into potential therapeutic

targets for overcoming treatment resistance in cancer
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microRNA expression and molecular mechanisms
involved in ESCC and identifying molecular targets will
help improve the disease’s prevention, early diagnosis,
management, and prognosis [14]. Han et al. conducted
a recent study on miR-27b-3p expression in ESCC. They
observed a significant downregulation of miR-27b-3p in
ESCC tissues compared to adjacent tissues. Furthermore,
lower miR-27b-3p expression correlated with TNM
stage, poor cell differentiation, and lymph node metasta-
sis. Functionally, miR-27b-3p inhibited cell proliferation,
invasion, and migration in ESCC cells, with overexpres-
sion of miR-27b-3p leading to decreased Nrf2 protein
expression. Additionally, higher Nrf2 mRNA expression
in ESCC tissues was associated with advanced lymph
node metastasis and TNM stage. Taken together, these
findings confirmed the role of miR-27b-3p in suppress-
ing ESCC progression through Nrf2 targeting [15]. In
another study, Mei Liu et al. showed the impact of Meth-
ylseleninic acid (MSA) on the Keapl/Nrf2 pathway in
ESCC cells. Treatment with MSA in both KYSE180 and
KYSE150 cell lines led to decreased Keapl and increased
Nrf2 expression at the protein level. These findings sug-
gested that Keapl serves as a direct target of miR-200a
in ESCC cells. Furthermore, MSA treatment induced
miR-200a expression through KLF4 mediation. How-
ever, KLF4 knockdown prevented MSA-induced miR-
200a expression, establishing a connection among KLF4,
Keapl downregulation, and Nrf2 upregulation by MSA
[16]. These data support the notion that the chemopre-
ventive property of MSA in esophageal carcinogenesis
may depend on the regulation of the KLF4/miR-200a/
Keap1/Nrf2 axis.

Gastric cancer (GC)

GC is a significant health concern characterized by che-
moresistance and poor overall survival in advanced
stages. Epidemiological data confirm GC is the fifth most
common cause of cancer and the fourth most frequent
cause of cancer-related death worldwide. In 2020, over
1,089,000 new GC cases were diagnosed globally [1, 17,
18].

In cancer pathogenesis, abnormally expressed miR-
NAs can act as oncogenic miRNAs or tumor suppressors.
Studies have shown that Nrf2 has the ability to regulate
several miRNAs [19, 20]. Furthermore, numerous can-
cer—related miRNAs have been discovered to be upreg-
ulated or downregulated in GC [21, 22]. For example,
Dong et al. identified dysregulation of cancer-related
miRNAs in gastric cancer. Their study revealed that
transfection with miR-101 mimics significantly increased
apoptotic protein expression, including activated Cas-
pase-3 and Bcl-2-associated X protein (Bax). MiR-101
notably reduced the proliferative abilities of GC cells and
inhibited overall cell proliferation. In addition, miR-101
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was found to interact with Nrf2 mRNAs via complemen-
tary sites in the 3’-UTR, suggesting a negative regulatory
role of miR-101 on Nrf2. The miR-101/Nrf2 axis appears
to play a crucial role in gastric mucosal epithelial cell
apoptosis and proliferation. Thus, overexpressing miR-
101 to downregulate Nrf2 holds promise as a therapeutic
strategy for gastric cancer [23].

Breast cancer

Breast cancer is one of the most preventable cancers,
the leading cause of global cancer incidence, and the 5th
reason for cancer-related death worldwide [1]. The most
common type of breast cancer is invasive ductal carci-
noma (in 50-75% of patients), and the preceding is inva-
sive lobular carcinoma (in 5-15% of patients) [24].

Nrf2 increases phase II detoxifying and anti-oxidant
enzymes such as glucuronosyl transferases, y-glutamyl
cysteine synthetase, NQO1, and GSTs via binding to anti-
oxidant response elements [25, 26]. These roles of Nrf2
are associated with the interaction between Nrf2 and
Keapl. According to recent studies, the miR-200 fam-
ily plays vital functions in the proliferation of cancerous
cells, especially breast cancer. Therefore, the targeting of
the Nrf2/Keapl/miR-200 axis could be an appropriate
choice for breast cancer treatment [27, 28]. Eades et al.
illustrated that the expression of miR-200 is attenuated in
breast cancer cells and dysregulation of miR-200 results
in down-regulation of Nrf2 and Keapl protein expres-
sion [29]. Suberoylanilide hydroxamic acid (SAHA) as
a histone deacetylase (HDAC) inhibitor causes the re-
expression of epigenetically silenced genes, and it can
be used in the treatment of various neoplastic cells [30].
In another study, treatment of breast cancer cells with
SAHA reduced proliferation rate through up-regulation
of miR-200 Nrf2. Therefore, epigenetic treatment (HDAC
inhibitors) can constrain breast cancer cell growth, in
part, via activation of the Nrf2-dependent antioxidant
pathways, mediated by the re-expression of miR-200a
and the targeting of the Keapl 3’-UTR. [29].

As a vital member of the tumor microenvironment,
hypoxia has crucial functions in the proliferation, migra-
tion, metastasis, and angiogenesis of cancerous cells [31].
Hif-1a is a prolyl hydroxylase domain-containing protein
that regulates the response of cells to hypoxia through
its interaction with ROS [32]. Hypoxia causes oxidative
stress by producing ROS, and this process activates Nrf2,
which regulates Hif-1a [33]. Previous studies indicated
that hypoxia up-regulates Hif-la and HO-1 expression
through Nrf2 transition into the nucleus and target-
ing the PI3K/AKkt signaling pathway [34]. Altogether, the
examination of hypoxia mechanisms is critical because
it represents a barrier to the cancer treatment approach.
In 2021, Mahajan et al. revealed that hypoxic condi-
tions attenuated miR-140 expression and enhanced the
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expression of HO-1 and Nrf2 in breast cancer cells. Con-
versely, up-regulation of miR-140 decreased the expres-
sion of Hif-1a under hypoxia conditions. They showed
that miR-140 up-regulation inhibits colony formation
and proliferation under hypoxia in breast cancer cells by
reducing cell adhesion on collagen IV, laminin, and fibro-
nectin. Over-expression of miR-140 suppresses breast
cancer angiogenesis by decreasing the secretion of IL-8,
VEGE, and Nrf2 [35].

Blasio et al. showed that the higher Nrf2 expres-
sion leads to the decreased expression of miR-29b-1-5p
in MDA-MB-231 cells. Nrf2 decreases ROS genera-
tion, improving MDA-MB-231 cell proliferation, while
miR-29b-1-5p increases intracellular ROS, reducing cell
growth rate. Nrf2 phosphorylation needs nuclear trans-
location and transcription activation that mediates with
some protein kinases such as AKT. Also, miR-29b-1-5p
overexpression caused a significant decrease in p-AKT
levels. In contrast, Nrf2 activation raised the levels of p-
AKT. And, miR-29b-1-5p suppresses the Nrf2 by regulat-
ing the AKT pathway. Overall, the present study reveals
that NRF2 activation downregulates miR-29b-1-5p, sug-
gesting that NRF2 can also exert its protective effect by
regulating miR-29b-1-5p [36].

The miR-101 overexpression could diminish the prolif-
eration rate and colony formation of MCE-7 breast can-
cer cells. Also, miR-101 significantly raised the apoptosis
rate of MCEF-7 cells by downregulation of Nrf2 expres-
sion [37].

In another study, Lee et al. showed that silencing Nrf2
reduced ATP production and mitochondrial membrane
potential (MMP) levels. Also, HIF-la collection lev-
els were significantly decreased in MDA-MB-231 and
MCE-7 breast cancer cell lines. These findings suggest
that Nrf2 pathway silencing suppresses the glycolysis
pathway across hypoxia conditions through HIF-1a dys-
regulation. Also, it has been shown that miR-181c overex-
pression is a mediator for regulating, HIF-1a signaling in
Nrf2-silenced breast cancer cell lines. Hypoxic cell lines
might undergo catabolic procedures to recompense oxi-
dative stress under hypoxic situations, and Nrf2-silencing
suppresses hypoxia-mediated catabolism. The most cru-
cial catabolic program under hypoxic circumstances is
autophagy, and activation of HIF-1a-mediated autophagy
is repressed in hypoxic Nrf2-silenced cells. Overexpres-
sion of miR-181c drives the impairment in activation of
HIF-1a/BNIP3-mediated autophagy in Nrf2-silenced
breast cancer cells [38].

Two-thirds of human breast cancers are estrogen-
dependent, and oxidative stress plays an important role
in estrogen-induced breast carcinogenesis [39, 40].
The functions of microRNA-93 and transcription fac-
tor Nrf2 in mammary cells have been investigated by
Singh et al., to describe the molecular mechanism of

Page 4 of 12

estrogen-associated breast cancers. This investiga-
tion showed that estrogen (E2) treatment significantly
increases miR-93 expression and downregulates Nrf2
expression in mammary tumors, rat mammary tissues,
and human neoplastic breast epithelial cell line T47D
and human normal (non-neoplastic) breast epithelial cell
line MCF-10 A compared to respective controls. On the
other hand, Vitamin C (as an antioxidant) inhibits the
estrogen-mediated increase in miR-93 and upregulates
Nrf2. So, there is an inverse association between Nrf2
protein expression and miR-93 expression. It also proved
that antimiR-93-mediated silencing of miR-93 increases
protein expression of Nrf2-regulated genes and Nrf2 in
MCEF-10 A and T47D cell lines. In contrast, transfection
of premiR-93 decreases Nrf2 protein expression in MCF-
10 A and T47D cells. Therefore, Nrf2 is a potential target
of miR-93. MiR-93 increases the migratory properties,
mammosphere, and clonability formation of MCF-10 A
cells, contributing to their carcinogenic potential. MiR-
93 inhibits apoptosis by decreasing caspase-3/7 activity
and increases oxidative DNA damage in MCF-10 A cells
compared to control cells [41].

Nrf2 is a transcription factor involved in antioxidant
response. It promotes antioxidant enzyme expression
and protects cells from carcinogen-induced DNA dam-
age. Therefore, loss of Nrf2 contributes to carcinogenesis
[42]. Nrf2 is regulated post-translationally by the Keapl
protein. It is also regulated at the transcription and trans-
lation levels. MiRNAs can inhibit gene expression by
binding to the 3"UTR region of target mRNAs [43]. Yang
et al. investigated the miR-28 effect on Nrf2 regulation in
another study. MiR-28 and Nrf2 expression were assessed
in the MCE-7 cell line and normal human mammary epi-
thelial cells (HMEC). The results revealed higher levels of
Nrf2 expression and lower levels of miR-28 in the MCF-7
cell line compared to HMEC. There was an inverse rela-
tionship between the expression pattern of miR-28 and
Nrf2 in both cell lines. This study demonstrated that
estrogen treatment increases Nrf2 mRNAs and decreases
miR-28 levels in HMEC compared to control groups.
MiR-28 negatively regulated Nrf2 expression by target-
ing 3’UTR of Nrf2 mRNA. It also decreased Nrf2 protein
stability. Inhibition of Nrf2 expression by miR-28 was
interestingly independent of Keapl protein. This study
also suggested that loss of Nrf2 can potentiate colony for-
mation in the MCF-7 cell line [44].

Acute myeloid leukemia (AML)

Nrf2 is a crucial regulator of oxidative stress conditions
that protects cells from ROS by the regulation of sev-
eral cytoprotective genes, including HO-1 and NQO1
[45]. Nrf2 contributes not only to the malignant phe-
notype of AML but also contributes to AML resistance
to standard chemotherapy [46]. It has been shown that
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miRNAs expression may become dysregulated in some
cancers, and they could be regulated by Nrf2 [47]. Shah
et al. investigated the Nrf2 effects on miRNAs in human
AML cells. Experiments on THP-1 cells (human leu-
kemia monocytic cell line derived from AML) showed
that enhanced Nrf2 activity declines miR-29B expression
and increases miR-125B in AML. Further tests revealed
that miR-125B1 and miR-29B1, but not miR-125B2 and
miR-29B2 are regulated by Nrf2. This study demon-
strated that Nrf2 binds to antioxidant response element
(ARE) regions in the promoters of miR-125B1 and miR-
29B1, especially the miR-125B1 ARES5 site and miR-29B1
ARES3 site. It has been shown that Nrf2 and miR-125B1
are increased in AML in comparison with normal CD34*
hematopoietic stem cells (HSC), while miR-29B1 is
reduced in AML compared with normal CG34* HSC
[48]. Upregulation of miR-125B exerts an oncogenic role
through downregulation of miR-29B, represses apopto-
sis, increases proliferation, and suppresses apoptosis [49].
AML with normal Nrf2 and normal miR-125B and miR-
29B expression was much more sensitive to daunorubicin
than AML patient samples that had high Nrf2 expres-
sion and thus high miR-125B and low miR-29B expres-
sion. Moreover, transfection of miR-125B antagomiR
and miR-29B mimics the primary AML and increases
the sensitivity of these AML cells to daunorubicin. miR-
29B and MiR-125B synergistically affect chemoresistance
and AML survival, probably by deregulating target genes
including BAK1, AKT2, or STAT3. In conclusion, NRF2
regulation of miR-29B and miR-125B promotes the sur-
vival of cancer cells and their alteration increases the
response to cytotoxic chemotherapy in AML [48].

Multiple myeloma (MM)

MM is an infrequent blood disease, responsible for 1% of
cancers and 10% of all hematological malignancies, and
is the second most common blood cancer [50]. MM is
known for bone marrow (BM) infiltration of monoclonal
plasma cells (PC) that secrete monoclonal antibodies that
can be found in the blood or urine [51].

Dysregulation of miRNAs expression has been shown
in Multiple Myeloma [52]. The expression of miRNAs
in MM cells can be decreased or increased compared
to normal cells and these miRNAs act as oncogenes or
tumor suppressors [53]. Kong et al. revealed that the miR-
17-5p overexpression enhanced cell growth, colony for-
mation, and cell-cycle progression from G1 to S, in MM
cells. Also, miR-17-5p overexpression remarkably dimin-
ished the ferroportin (FPN1) expression. In patients with
MM, Nrf2 levels were significantly lower, which charac-
terizes patients with a poor prognosis, and knocking out
Nrf2 increased miR-17-5p expression in MM cells. Over-
expressing Nrf2 increased FPN1 levels, and miR-17-5p
overexpression suppressed FPN1 upregulation caused
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by Nrf2 overexpression. Diminished expression of FPN1
in MM patients is associated with short event-free sur-
vival. Actually, Nrf2 directly activated ferroportin expres-
sion or inhibited miR-17-5p to target intracellular FPN1,
leading to a better understanding that iron metabolism is
mediated via the regulation of FPNI. This study detects
new roles of both miRNAs and iron-regulatory proteins
(IRPs) as post-transcriptional, iron-responsive regulators
of iron regulation in MM cell survival and growth [54].

Neuroblastoma

Neuroblastoma is the highest extracranial solid tumor in
children. The heterogeneity of patients varies from low-
risk cases, described as better outcomes spontaneously
or treated only with surgery, to high-risk cases, defined as
consequences of treatment failures.

The activity of the transcription factor that binds to the
promoter region of miRNAs is likely to be a determining
factor in miRNA expression. The Nrf2 has been docu-
mented to regulate the expression of different miRNAs
48, 52].

Recent studies have demonstrated Nrf2 silencing by
miR-144, miR-28, and miR-43a in non-neural neuroblas-
toma cells [55]. Narasimhan et al. evaluated the effects
of miRs153/27a/142-5p/144 on Nrf2 in SH-SY5Y cells
(derived from neuroblastoma). MiR-144/153/27a/142-5p
could inhibit Nrf2 gene expression through 3" UTR bind-
ing and down-modulating Nrf2 expression in SH-SY5Y
neuronal cells. MiR-induced inhibition of Nrf2 occurs in
a Keapl-independent manner. Mutations in these miR
binding sites Nrf2 3"UTR prevent them from interacting,
suggesting that Nrf2 is a direct regulatory target of these
miRs. Furthermore, Nrf2-dependent redox homeostasis
could be regulated in this neuronal system by regulation
of levels of the following miRs: miR-144/miR-153/ miR-
27a/miR142-5p [56].

Nasopharyngeal carcinoma (NPC)

NPC is an uncommon malignancy worldwide. Never-
theless, it is endemic in some regions like Southeast
Asia, North Africa, and the Arctic [57]. Epidemiological
trends revealed a decline in incidence, even in endemic
regions, and mortality during the past decade [58]. How-
ever, the problem is that more than %70 of NPC patients
were diagnosed at advanced stages which decreased their
median survival to 3 years. This has made it necessary to
improve diagnostic and therapeutic methods for NPC
(59, 60].

In 2020, Huang et al. indicated that Raf kinase inhibi-
tor protein (RKIP) exerts its inhibitory effect on NRF/
NQOL1 through upregulating miR-450b-5p, which binds
and inhibits Nrf2 in NPC directly. They demonstrated
that RKIP was downregulated and Nrf2 and NQO1 were
significantly upregulated in NPC tissues. In addition,
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they marked that RKIP and miR-450b-5p, as favorable
prognostic indicators, were significantly lower in radiore-
sistant NPC tissues, while Nrf2 and NQO1 were signifi-
cantly higher, which makes them unfavorable prognostic
indicators. RKIP and miR-450b-5p downregulation and
Nrf2 and NQO1 upregulation were mutually related
to malignant pathological parameters, including pri-
mary T stages, lymph nodes (N), Metastasis, and TNM
stage. They concluded that the RKIP/miR-450b-5p/Nrf2/
NQOI axis has a crucial role in the radioresistance of
NPC and could be a potential target for improving NPC
clinical treatment [61].

Hepatocellular carcinoma

Hepatocellular carcinoma (HCC) has been regarded as
one of the predominant reasons for cancer-related death.
While HCC incidence is increasing globally, its incidence
rates are higher in Asia compared to North America and
Europe [62, 63]. Infection with hepatitis B virus, alcohol
drinking, and a lower intake of calcium and vitamin D
are associated with an increased incidence of HCC [64].
Although a wide range of therapeutic choices is used for
HCC, chemotherapy is one of the essential approaches to
HCC treatment. However, it usually fails because of the
inherent resistance of cancerous cells due to DNA dam-
age. The research findings have shown the role of miRNA
on a tumor suppressor or oncogenic function mediated
differentiation, cell proliferation, and apoptosis. MiRNA-
Nrf2 interplay can affect diverse tumor properties,
including chemo-resistance [65, 66].

In a recent study, Shi et al. revealed that the over-
expression of miR-141 resulted in 5-fluorouracil (5-FU)
resistance in HCC cancerous cells by the down-regula-
tion of Keapl expression. On the other hand, transfec-
tion with miR-141 mimics caused miR-141 activation
and Keapl suppression, which led to the re-activation
of the Nrf2-dependent antioxidant pathways, inducing
5-FU resistance in hepatocellular carcinoma cells [67].
In a similar study, this same group illustrated that the
down-regulation of miR-340 develops cisplatin resistance
in HCC cells by up-regulating Nrf2 expression. Interest-
ingly, they also confirmed that miR-340 mimics reduced
Nrf2-dependent antioxidant pathway and attenuated
chemo-resistance to cisplatin in HCC cells [68]. Wu et
al. revealed that the over-expression of IncRNA-NRAL
causes the down-regulation of miR-340 and its target
gene Nrf2 [69]. In addition, Zhou et al. demonstrated that
the miR-144 expression was reduced in HCC cells. This
down-regulation of miR-144 leads to over-expression
of Nrf2 and HO-1 proteins in Bel-7402 cells resistant
to 5-FU. Their results also confirmed that the transfec-
tion with miR-144 mimics improves the chemo-sensi-
tivity and enhances apoptosis in Bel-7402 cells resistant
to 5-FU through down-regulation of the Nrf2/HO-1
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pathway. So, these findings suggest that the targeting of
miR-144 can be used as a new strategy in HCC treatment
[70]. In another study, Shi et al. proved that down-reg-
ulation of miR-340 caused cisplatin chemo-resistance in
HepG2 cells through up-regulation of Nrf2. Their results
demonstrated that the transfection of HCC cells with
miR-340 mimics increased the sensitivity of these cells
to cisplatin via attenuating Nrf2 expression. They have
represented a different mechanism that miR-340 could
potentially increase the sensitivity of HepG2/CDDP cell
lines, at least in part, by inhibiting Nrf2 expression [68].

Apigenin, as an Nrf2 activator, is a natural compound
that is used in the treatment of different cancers, includ-
ing lung, colon, ovarian, skin, and prostate cancer. Api-
genin is crucial in suppressing proliferation and inducing
apoptosis in these cancerous cells. Furthermore, the co-
treatment of apigenin with a chemotherapeutic agent
improves chemo-sensitivity and apoptosis through mod-
ulating B-catenin, PI3K-Akt, and NF-«kb signaling path-
ways [71-73]. Gao et al. illustrated that the treatment
of BEL-7402 HCC cells resistant to doxorubicin with
apigenin improves chemo-sensitivity to doxorubicin via
up-regulation of miR-101 and down-regulation of Nrf2
protein. Therefore, apigenin improves doxorubicin sen-
sitivity by modifying the miR-101/Nrf2 pathway and can
potentially be used in combination with doxorubicin to
enhance chemotherapy response in HCC [74].

Lung cancer

Lung cancer is a malignant tumor that has the highest
cancer-related death worldwide. With 18% 5-year sur-
vival. Surgery resection, radiotherapy, and chemotherapy
are the typical strategies used in lung cancer treatment
[75, 76]. Cisplatin is an anti-cancer agent that induces
apoptosis of lung cancerous cells by inhibiting DNA syn-
thesis. The resistance to chemotherapeutic agents such as
cisplatin is the main cause of the low survival rate in lung
cancer patients [77]. So, it is necessary to discover molec-
ular mechanisms of chemo-resistance in lung cancer to
increase the survival rate of patients.

Dysregulation of miRNAs plays a role in cancer pro-
gression [78]. The evidence shows that miRNAs can
mediate resistance to radiotherapy and chemotherapy in
various cancers, especially lung cancer [79]. On the other
hand, Nrf2 is specifically activated in various cancers
and can cause chemoresistance, cancer progression, and
metastasis [80]. NRF2 has been found to either inhibit
or activate the miRNAs expression in various cancers,
including lung cancer [81].

Yin et al. indicated that the expression of miR-144 was
reduced in lung cancer cells. They confirmed that the
transfection of lung cancer cells with miR-144 mimics
overcomes cisplatin resistance through attenuating Nrf2
mRNA and protein [82]. LncRNAs have essential roles in
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biological processes, including chemo-resistance, pair-
ing with RNA polymerase II, influencing the transcrip-
tion of genes, participating in epigenetic procedures, and
modulating splicing through competing with many RNA
molecules for binding to miRNAs. For example, LncRNA
UCA1 promotes cell growth epigenetically, suppressing
p21 and miR-495 expression [83, 84]. Li et al. illustrated
that the up-regulation of LncRNA UCA1 and Nrf2 and
down-regulation of miR-495 induces cisplatin chemo-
resistance in A549 and H460 lung cancer cells. They also
demonstrated that the transfection of A549 and H460
cells with miR-490 mimics attenuated the luciferase
activity of wild-type UCA1 [85].

Ferroptosis is a new class of cell death that has bio-
chemical and morphological properties different from
other types. The production of lipid ROS is increased, but
glutathione is decreased in ferroptosis. Erastin has been
recognized as a prototype of discovered Ras-selective
ferroptotic compounds [86, 87]. In 2020, Gai et al. dis-
played that the co-delivery of erastin and a nano-delivery
system based on folate-modified liposomes (FA-LP) sig-
nificantly enriched the apoptosis of non-small cell lung
cancer (NSCLC) in vitro and in vivo. They also proved
that IncRNA-MT1DP reduced Nrf2 expression level and
raised the sensitivity of Nrf2-overexpressed NSCLC cells
to elastin-induced ferroptosis by stabilizing miR-365a
[88].

Ionizing radiation is one of the curative nonsurgical
strategies for the treatment of solid tumor cells, espe-
cially NSCLC. However, the resistance of NSCLC to
radiotherapy restricts the usage of this approach. The tar-
geting of some signaling pathways and microRNAs that
cause radiotherapy resistance enhances the outcomes
in NSCLC patients [89, 90]. MiR-200c is an important
regulator of the EMT process that is downregulated in
NSCLC. MiR-200c down-regulation contributes to the
increase in cell proliferation, migration, and metastasis.
So, therapeutic delivery of miR-200 can improve the radi-
ation efficacy and decrease the metastasis rate of NSCLC
cells [91]. Cortez et al. showed that the transfection of
A549 lung cancer cells with miR-200c sensitizes tumor
cells to cytotoxic effects of radiation by down-regulation
of RAD51, PRDX2, GABP/Nrf2, and SESN1 genes and
up-regulation of y-H2AX, and p21 [92].

While IR beams are used in the treatment of cancers,
the injury of the lungs is a severe challenge in patients
receiving radiation therapy. The lung damage appears
1-6 months after completion of radiation therapy with
clinical manifestations such as progressive pneumonitis
[93]. Previous studies demonstrated that Nrf2 has a criti-
cal function in radioprotection. IR produces free radicals,
stabilizes Nrf2, and leads to the activation of anti-inflam-
mation and antioxidant genes, including HO-1, GSTs,
and NQO1 by Nrf2 [94]. In another mechanism, BRCA1
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binds to cytoplasmic Nrf2 and causes radioprotection by
preventing Nrf2 degradation [95]. In the study conducted
by Duru et al., IR treatment improved the expression lev-
els of BRCA1 and Nrf2 proteins and facilitated BRCA1
translocation from the nucleus to the cytoplasm, lead-
ing to BRCAl-dependent nuclear translocation of Nrf2.
They also found that knocking down BRCA1 with siRNA
enhances the Keapl protein. According to their study,
miR-140 is a new Nrf2 target gene, and its over-expres-
sion suppresses the self-renewal of lung fibroblasts [81].

Arsenic trioxide (ATO) enhances apoptosis by caus-
ing oxidative stress and DNA damage in cancerous cells,
including prostate, renal, hepatic, acute promyelocytic
leukemia (APL), sarcoma, and lung cancers. Previous
research revealed that lung cancer cells indicated more
resistance to ATO compared to other cancers. So, the
investigation of ATO-resistance mechanisms is necessary
for the treatment of lung cancer [96—98]. In the study
completed by Gu et al., the expression of miR-155 and
Nrf2 protein levels were more elevated in A549 ATO-
resistant cells compared to non-resistant A549 calls.
The transfection of A549 ATO-resistant cells with miR-
155 mimic inhibited the colony formation of these can-
cerous cells by up-regulating Bax and Bcl2 expression.
They also proved that the expression of Nrf2, HO-1, and
NQO1 was up-regulated in A549 resistant to ATO cells
transfected with the miR-155 mimic. This study provides
new insight into the role of miR-155 in mediating ATO
resistance in lung cancer cells by activating the Nrf2 sig-
naling pathway, increasing cellular antioxidant capacity,
and promoting cell survival by modulating cell apoptosis.
According to these results, miR-155 can be considered a
new therapeutic purpose to combat ATO resistance in
lung cancer [98].

Pancreatic cancer

Pancreatic cancer (PC) is a notoriously fatal malignancy
with high mortality, and the 5-year survival rate for PC is
6%. PC is the third most frequent tumor in the USA and
the seventh most common cause of cancer-related death
worldwide. Familial history, smoking, obesity, alcohol,
diabetes mellitus, gender, age, and chronic inflammation
are the main risk factors for PC [99, 100]. The diagnosis
of PC is a significant concern because of the non-specific
symptoms and the proximity of blood vessels in patients
with PC. Surgical resection is the only approach for the
cure of PC patients. However, the chemotherapy regime
FOLFIRONOX is the best palliative strategy in the treat-
ment of PC patients [101, 102].

Recent studies indicated that miRNAs had an essential
function in the initiation and biological processes of PC
cells. For instance, the down-regulation of miR-373 facili-
tates the metastasis of PC cells, and the up-regulation of
miR-373 improves gemcitabine chemo-sensitivity of PC
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cells via targeting Cyclin D2 [103]. Another target gene
of miR-373, Nrf2, can act as a drug target for antioxidant
therapy because it improves antioxidant enzyme expres-
sion in response to oxidative stresses. On the other hand,
SIRT1 can increase the expression levels of Nrf2 [104,
105]. In 2019, Yin et al. revealed that over-expression of
miR-373 significantly decreased the proliferation of pan-
creatic cancer cells by reducing the expression of SIRT1
in PANC-1 and AsPC-1. The miR-373 up-regulation and
SIRT1 down-regulation improve apoptosis-related pro-
teins such as caspase-3, caspase-8, caspase-9, and BAX
and suppress BCL-2 and PARP proteins. They also indi-
cated that the expression of Nrf2, PGC-1a, and eNOS
proteins was attenuated and increased iNOS protein in
miR-373mimics and shSIRTI-transfected PC cells. Alto-
gether, their results suggested that miR-373 up-regula-
tion and SIRT1 down-regulation induced cell death in
pancreatic cancerous cells by suppressing the PGC-1a/
Nrf2 pathway, which could highlight miR-373 as a thera-
peutic target in pancreatic cancer [106].

miR- 101, miR- 144
miR- 141, miR- 340

miR- 144, miR- 153,
miR- 27a, miR- 142
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Colorectal cancer

Colorectal cancer (CRC) is one of the most commonly
occurring cancers in adults globally, and it leads to almost
935,000 cancer-related deaths. The incidence rate and
mortality of CRC are rising in developed countries with
a Western way of life. Obesity, alcohol, smoking, diabe-
tes mellitus, familial history, inflammatory bowel disease,
and excessive consumption of red meat are some of the
important risk factors for CRC [107]. Dysregulation of
microRNA expression levels is associated with various
biological processes, such as metastasis, proliferation,
invasion, and chemo-resistance in CRC cells. In addition,
microRNAs can be used as markers for early diagnosis,
prognosis, predictive high-risk patients, predictive 5-year
survival, and recurrence in CRC patients. So, the target-
ing of these molecules may have a crucial effect on the
diagnosis and treatment of CRC [108]. Nowadays, the use
of herbal compounds such as curcumin has become nec-
essary in the treatment of cancers. Recent studies proved
that curcumin can exert its anti-cancer effects by regu-
lating some microRNAs and signaling pathways in CRC

miR- 140, miR- 495
miR- 365, miR- 200
miR- 155

- | iR - 29b, miR- 125b

TR~ 200, miR- 101

miR- 140, miR- 29b

miR- 181¢, miR- 93,
miR- 28

miR- 27b, miR- 200

Fig. 2 Schematic representation of the interactions between Nrf2 and multiple MicroRNAs in various types of cancer
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[109]. In the study conducted by Liu et al., they demon-
strated that curcumin actives NRF2 gene, which leads to
up-regulation of miR-34a and miR-34b/c by binding to
their promoters region in CRC cells Overall, the tumor
suppressive ability of curcumin is mediated through the
activation of the Nrf2/miR-34 pathway, suggesting a new
strategy to activate miR-34 genes in cancers as therapeu-
tic targets [110].

Conclusion

Today, the focus is on therapies that target signaling
pathways and critical molecules in the biology of vari-
ous cancer cells. MicroRNAs have emerged as key critical
regulators of the Nrf2 signaling pathway in various can-
cers (Fig. 2), offering the potential for therapeutic modu-
lation. Numerous studies across different types of cancer
have highlighted the intricate relationship between miR-
NAs and Nrf2 in cancer development and progression.
The dysregulation of miRNAs and their interaction with
Nrf2 have been linked to chemoresistance, radioresis-
tance, and cancer development in these malignancies.
Furthermore, the identification of NRF2-related miRNA
dysregulation in tumor biopsy samples may facilitate the
development of personalized clinical treatments related
to each patient’s specific tumor characteristics. This
approach has the potential to expand the range of avail-
able treatments, thus improving 5-year survival rates for
patients with gastric, lung, breast, colorectal, esophagus,
hepatocellular, pancreas, nasopharyngeal, MM, AML,
and neuroblastoma cancers. In addition, targeting these
regulatory pathways holds promise for overcoming che-
moresistance, inhibiting cancer cell proliferation, and
improving clinical outcomes in a wide range of malignan-
cies. However, further researches are needed to elucidate
the intricate mechanisms of miRNA-mediated regula-
tion of the Nrf2 pathway and its implications in cancer
therapy.
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