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Abstract 

NF-E2-related factor 2 (Nrf2) transcription factor has contradictory roles in cancer, which can act as a tumor sup‑
pressor or a proto-oncogene in different cell conditions (depending on the cell type and the conditions of the cell 
environment). Nrf2 pathway regulates several cellular processes, including signaling, energy metabolism, autophagy, 
inflammation, redox homeostasis, and antioxidant regulation. As a result, it plays a crucial role in cell survival. Con‑
versely, Nrf2 protects cancerous cells from apoptosis and increases proliferation, angiogenesis, and metastasis. It 
promotes resistance to chemotherapy and radiotherapy in various solid tumors and hematological malignancies, so 
we want to elucidate the role of Nrf2 in cancer and the positive point of its targeting. Also, in the past few years, many 
studies have shown that Nrf2 protects cancer cells, especially leukemic cells, from the effects of chemotherapeutic 
drugs. The present paper summarizes these studies to scrutinize whether targeting Nrf2 combined with chemother‑
apy would be a therapeutic approach for leukemia treatment. Also, we discussed how Nrf2 and NF-κB work together 
to control the cellular redox pathway. The role of these two factors in inflammation (antagonistic) and leukemia 
(synergistic) is also summarized.
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Introduction
Leukemia is a group of blood and bone marrow cancers 
that can be fatal at any age [1]. Scientists classify leuke-
mia into different groups based on its speed of progres-
sion and the type of involved cells. Leukemia is classified 
into acute and chronic groups according to how fast it 
progresses. Acute leukemia is more common in children 
than chronic leukemia, usually in adults [2]. Another type 
of leukemia classification is the kind of affected white 
blood cells; lymphocytic and myelogenous. Concern-
ing the mentioned classifications, scientists categorized 
leukemia into four significant groups acute lymphocytic 
leukemia (ALL), chronic lymphocytic leukemia (CLL), 

acute myeloid leukemia (AML), and chronic myeloid 
leukemia (CML) [3, 4]. The symptoms of leukemia are 
usually unclear and non-specific and include lymphad-
enopathy, thrombocytopenia, fever, fatigue, weight loss, 
bone pain, bruising, and bleeding [5, 6]. Leukemia’s most 
common treatment options are chemotherapy, radiation 
therapy, immunotherapy with interferon, and hemat-
opoietic stem cell transplantation [7, 8]. However, these 
standard therapies can cause various complications like 
tumor lysis syndrome and serious infections (due to 
immunosuppression and recurrence of the disease) [9]. 
Some patients do not respond to current treatments and 
become resistant to them. Accordingly, identifying new 
therapeutic targets to improve survival rates for patients 
with leukemia is very important.

The human NF-E2-related factor (Nrf2) protein is a 
master regulator of ARE-bearing genes that regulate and 
induce the expression of cytoprotective and antioxidant 
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genes to maintain redox homeostasis. More than 600 
genes are regulated by the Nrf2 signaling pathway, with 
more than 200 encoding cytoprotective proteins linked 
to inflammation, cancer, neurological disorders, aging, 
cardiovascular disease, and other serious illnesses. Fur-
thermore, mounting evidence is that the Nrf2 signal-
ing pathway is dysregulated in many malignancies, 
resulting in abnormal Nrf2 expression. Also, due to its 
ability to regulate the expression of many genes that 
modulate apoptosis, cell survival, proliferation, inflam-
mation, tumor metastasis, and angiogenesis, the tran-
scription factor Nrf2 is critical for cancer cell survival 
[10, 11]. In normal cells, following exposure of cells to 
oxidative and electrophilic stresses, Nrf2 is released into 
the cytoplasm and transported to the nucleus. Subse-
quently, nuclear Nrf2 transcribes several genes involved 
in the oxidative response, which protects against DNA 
damage and inflammation [12, 13].

On the other hand, aberrant expression and function of 
Nrf2 defend cancer cells against radio- or chemotherapy. 
Nrf2 overactivation also causes oncogenic cell prolifera-
tion and survival in many cancers, especially leukemia 
[14–16]. This review summarized the current knowledge 
about Nrf2 and its essential role in leukemia progression 
and drug resistance. In addition, we also described recent 
targeting mechanisms and novel therapeutic approaches 
in the final part of the study. Therefore, future studies 
could reveal how targeting this factor may increase the 
sensitivity of leukemic cells to chemotherapy.

NRF2
Nrf2 structure
Human Nrf2 (also known as a nuclear factor, erythroid 
2-like 2; NFE2L2) gene is located at locus 2q31.2 on chro-
mosome 2 and encodes multiple isoforms produced by 
alternative splicing. Nrf2 is a member of the cap′n′collar 
family of basic leucine zipper (bZip) transcription factors 
and consists of various functional domains, including 
seven highly conserved Nrf2-ECH homology domains 
(Neh1-Neh7), among which Neh1, 3,4, and 5 are associ-
ated with Nrf2 activation, and Neh2, 6, and 7 are involved 
in the blockade of Nrf2 protein [17–19]. Neh1 is a basic 
leucine-zipper (bZip) containing domain that attaches to 
the musculoaponeurotic fibrosarcoma (Maf) protein and 
promoter region of DNA. Neh3 is located at the C-termi-
nus of the protein and is involved in Maf recognition ele-
ments (MARE) activation [20, 21]. Neh2 and Neh6 have 
critical roles in Nrf2 ubiquitination and proteasomal deg-
radation. The Neh2 domain in the N-terminal site binds 
Keap1 (Kelch-like ECH-associated protein 1) and Nrf2 
adaptor protein in a specific E3 ubiquitin ligase complex. 
Neh2 domain possesses two key motifs, DLG and ETGE, 
with high and low affinity for Keap1 [22, 23] (Fig.  1a). 

Keap1 consists of three domains: BTB, IVR, and KLECH. 
The BTB domain at the N-terminal is dimerized with 
Cul3 and forms a hinge and lock-like inhibitory structure 
following Nrf2 inhibition. The IVR domain is an oxida-
tion condition sensor at the Keap1 C terminal adjacent 
to the KLECH [24, 25] (Fig.  1b). The researchers used 
CRISPR/Cas9 to deactivate the Nrf2 gene in A549 cells 
by cutting the Neh4 and Neh5 domains in lung cancer 
cells which altered the Nrf2 nuclear export signal (NES) 
region. The protein is phenotypically prevented from 
traveling into the nucleus after translation. A549 cells 
with this gene deletion were shown to have a decreased 
proliferation phenotype in tissue culture and to be more 
sensitive to chemotherapeutic drugs such as cisplatin and 
carboplatin. These findings were supported by xenograft 
mouse models in which homozygous mutant cells pro-
liferate slower than wild-type cells, even in the absence 
of pharmacological therapy. The growth of tumors was 
stopped for 16  days, and the size of tumors in samples 
treated with CRISPR-directed gene editing and chemo-
therapy decreased significantly [26]. Accordingly, we can 
suppress the Nrf2 activator domains in cancer therapy by 
using the CRISPR/Cas9 technique, which impedes Nrf2 
attachment. Also, in gene targeting, one ought to pay 
attention to the characteristics of Nrf2 within the sort of 
cancer to what effect this inhibition has on the manner 
of development or worsening cancer. Moreover, in leu-
kemia target therapy, intervention in any of the pathways 
involved in signaling and Nrf2 activation seems to be a 
promising strategy.

Nrf2 signaling 
Under normal cellular conditions, Nrf2 is repressed in 
the cytoplasm by inhibitory molecules such as Keap1, 
which leads to ubiquitination and proteasomal degrada-
tion through cullin3 (CUL3), which contains E3 ubiq-
uitin ligase. However, oxidative stress conditions lead 
to structural changes in Keap1, which affect disulfide 
bonds and cause Nrf2 to be released from Keap1 [27, 28] 
(Fig. 1c). The released Nrf2 is translocated to the nucleus 
and forms a heterodimer with small MAF proteins. As a 
transcription factor, the Nrf2/MAF heterodimer binds 
to the ARE region of the chromosomal enhancer and 
activates the transcription of hundreds of genes, includ-
ing detoxifying and cytoprotective genes. Transcribed 
genes reduce ROS expression and maintain cell homeo-
stasis [29–31] (Fig.  2). Under normal conditions, Nrf2 
maintains cellular redox homeostasis and regulates cell 
proliferation, which is the molecular basis of Nrf2’s role 
in cancer prevention [13]. But, there are several path-
ways to explain how the Nrf2 signaling pathway is con-
stitutively active in certain cancers: (a) Oncogenic Myc, 
K-Ras, and B-Raf mutations promote Nrf2 transcription 
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Fig. 1  Interaction of Keap1 and Nrf2. Keap1 (an Nrf2 inhibitor) has three major domains: BTB, IVR, and Kelch. The BTB domain is involved in 
Keap1 dimerization, CUL3 binding, and ROS sensing by C151 (Cys). The Kelch domain consists of six Kelch repeats, which bind to Nrf2 and P65 
proteins. The IVR domain is also a redox-sensing domain (a). Nrf2 has seven domains; Neh2 is the Keap1 binding domain through DLG and ETGE 
motif interaction. Neh4, 5, 3 domains are critical for transactivation. Moreover, Nrf2, through the Neh3 domain, binds to the ARE region of the 
chromosome. The Neh6 domain has serine (S) residues in the DSGIS motif. GSK3β phosphorylates this motif and supports recognition by βTrCP, and 
Neh1 interacts with small MAF proteins (b). Under normal conditions, Nrf2 has been suppressed through binding to the Kelch domain of Keap1, but 
in the presence of ROS or malignant cells, the release of Nrf2 from Keap1 occurs, and the transfer of Nrf2 to the nucleus alters the pattern of gene 
expression (c)
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via mitogen-activated protein kinases (MAPKs) [32] (b) 
Somatic mutations in Keap1, Nrf2, or Cul3 that disrupt 
the Nrf2/Keap1 interaction [33] (c) Exons in Nrf2 mRNA 

are lost, resulting in Nrf2 mutants that do not interact 
with Keap1 [34] (d) Keap1 epigenetic DNA methylation 
lowers Keap1 expression [35] (e) PTEN tumor suppressor 

Fig. 2  Nrf2 signaling pathway in the malignant cells. In normal conditions, three E3 ubiquitin ligases suppress Nrf2 by forming an inhibitory 
complex (Keap1-CUL3-RBX1, β-TrCP-SKP1-CUL1-RBX1, and HRD1). However, in leukemic cells or under oxidative stress, Nrf2 is released from this 
negative regulator and activates the transcription of target genes after forming heterodimers with sMAF. Moreover, Nurse-like cells produce Baff in 
the malignant cell microenvironment that induces ROR1 and Baff receptor expression on the malignant cells, leading to an inflammatory cytokine 
(NF-κB, IL6, TNF) increase inside the leukemic cells and recruitment of P65p, which binds to Keap1, and releases Nrf2 from the Keap1-CUL3-RBX1 
inhibitory complex
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gene mutations and epigenetic changes raise Nrf2 lev-
els [36] (f ) Proteins that compete with Keap1 include 
BRCA2 partner and localizer (PALB2), dipeptidyl pepti-
dase 3 (DPP3), Wilms tumor gene on the X chromosome 
(WTX), p21, and p62 [37] (g) Keap1 cysteine succination 
due to loss-of-function mutation [38].

Multiple signaling pathways are implicated in both 
Nrf2 suppression and activation, allowing for fine-tuning 
Nrf2 signaling under different physiological situations.

Nrf2 activation
Nrf2 turnover is high in terms of homeostasis and lack 
of oxidative response [39]. However, in oxidative reac-
tions like ROS-activating signaling, the existence of 
electrophiles, and autophagy disorder, electrons bind to 
sulfhydryl groups at the Keap1 surface, which changes 
the structure of the Keap1 protein. Following the Keap1 
structure alteration, Nrf2 is dissociated from Keap1 and 
activated [40]. Nrf2 stabilization occurs as a result of 
different mechanisms; in the first model, the "hinge and 
lock" model (a) (Keap1 separation), peripheral electrons 
attach to the cysteine roots (Cys273, Cys288) of Keap1 
protein in electrophilic and oxidative stress conditions, 
which leads to structural changes of Keap1 and results 
in modification-dissociation of Nrf2 protein, which 
increases Nrf2 accumulation in the nucleus (shown 
with anti-Nrf2 immunoblot assay). So, the reduction of 
Cys273 and Cys288 roots of Keap1 (in the IVR domain) 
induces ubiquitin-proteasomal degradation of Nrf2. 
These alterations prevent the formation of the "hinge 
and latch" model, disrupt the proteasome degradation 
of Nrf2, and stabilize Nrf2 in the cytoplasm. Researchers 
highlighted that repression of Nrf2 activity needs both 
Keap1 roots (Cys273 and Cys288). These roots play a cru-
cial role in the regulatory pathway [41, 42]. Furthermore, 
in a luciferase reporter test, a Keap1 mutant lacking the 
IVR domain lost its ability to decrease Nrf2 activity. In 
contrast, an Nrf2 model protein (Neh2-green fluores-
cent protein [GFP]) can be sequestered in the cytoplasm 
by the mutant Keap1. As a result, an alternate model 
emerged in which oxidative alteration or mutation of the 
cysteine residues in Keap1 impacts the rapid turnover 
mechanism of Nrf2 [42]. The second, "Cul3 separation" 
model (b), explains Nrf2 turnover in response to cellu-
lar redox state alterations in a Cul3-dependent mode. A 
coordinated cascade including an E1 ubiquitin-activating 
enzyme, an E2-conjugating enzyme, and an E3 ubiqui-
tin ligase leads to ubiquitination. Cullin-RING E3 ligases 
have a RING motif that arranges E2 binding, allow-
ing ubiquitin to transfer from the E2 to the target pro-
tein’s lysine (Nrf2), leading to target protein degradation. 
Cysteine151 (Cys151) of Keap1 as an adaptor of Cul3 
binding to Nrf2. Peripheral electrons affect this bond and 

disrupt the interaction between Keap1 and Cul3 proteins. 
Dissociation of Keap1 and Cul3 hinders Nrf2 ubiquitina-
tion, and finally, Nrf2 stabilizes freely in the cytoplasm 
[43].

Autophagy‑dysregulation and Nrf2
P62 protein (or sequestosome 1 [SQSTM1]) is an essen-
tial regulator of Nrf2, which acts in a Keap1-dependent 
manner through a non-canonical pathway of NF-κB [44, 
45]. Generally, P62, as a scaffold protein, binds to the 
cargo and directs it to the autophagosome for degradation 
[46, 47]. The P62 competes with Nrf2 for binding to the 
Keap1. As p62 contains a high-affinity motif for Keap1, 
it sequesters Keap1, brings it to the autophagosome, and 
consequently rescues Nrf2 from Keap1-dependent deg-
radation [44, 48, 49]. Notably, the P62-mediated Nrf2 
regulation axis disrupts autophagy and increases NF-κB 
expression levels [44, 45] (Fig.  2). Recent studies have 
proven the synergistic effect of elevated Nrf2 and NF-κB, 
which ultimately disrupt the autophagy pathway and 
involve inflammatory cell responses [50].

Suppression of Nrf2
Keap1‑dependent regulation of Nrf2  Kelch, a Drosophila 
actin-binding protein, is the closest homolog to Keap1, 
suggesting that Keap1 is an Nrf2 cytoplasmic effector. The 
cytoplasmic protein Keap1 was unknown to the research-
ers. At first, they thought Nrf2 prevents its own activation 
in an unknown mechanism. Also, they thought that the 
DNA-binding activity of Nrf2 is dramatically increased 
in response to electrophilic chemicals. Their findings 
show that Keap1 suppresses Nrf2 and that changes in 
Keap1 cysteine roots in the presence of electrons boost 
Nrf2 activation. To investigate the molecular mechanisms 
that activate Nrf2 and hence transduce oxidative stress 
signals, Itoh et al. first examined the structure and func-
tional domains of the Nrf2 protein, a comparison of the 
human, chicken, and mouse Nrf2 molecules revealed that 
they were cross-species homologs. Consequently, they 
are referred to hereafter as Nrf2. As a result of this com-
parison, they discovered an experimental localization of 
a domain inside the cNrf2 molecule capable of negatively 
controlling its activity in transfected cells. They discovered 
that this domain is linked to a new cytoplasmic protein 
that inhibits Nrf2’s transactivation potential. Research-
ers gave this new protein the name Keap1 [51]. Also, data 
showed that Neh2 appears to be a structurally composite 
domain divided into two subregions upon closer analysis. 
The 32-amino-acid amino-terminal region of Neh2 is rich 
in hydrophobic residues and shares many similarities with 
the amino-terminal regions of Nrf1 and the C. elegans 
Skn-1 transcription factors. On the other hand, the car-
boxy-terminal half of Neh2, which corresponds to amino 
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acid residues 33–73, is hydrophilic and not conserved 
among CNC family members. Because the carboxy-ter-
minal half of Neh2 is conserved across species, it could 
represent a key functional domain unique to Nrf2 [51]. 
Keap1 diametrically binds to the Neh2 domain (ETGE and 
DLG motifs) and negatively affects Nrf2 activation. Also, 
it is an essential adaptor protein for the cullin3 (Cul3) 
containing E3 ubiquitin ligase [40, 51, 52]. Cul3 assem-
bles with Keap1 and makes a framework that provides 
the basis for binding E3 ligase (RBX1) to the Keap1/Nrf2 
dimer, whereby seven lysine residues of Nrf2 are ubiquit-
inated [53]. In the following, AAA + ATPase p97 extracts 
ubiquitylated Nrf2 from the complex and then transports 
it to 26 s proteasome for the degradation process [54–56] 
(Fig.  2). Keap1 deficiency causes constitutive activation 
of Nrf2-dependent genes, although postnatal mortality 
in Keap1-deficient mice is reversed in mice lacking Nrf2 
and Keap1 [56, 57]. Furthermore, the Nrf2- Keap1 con-
nection is hampered by cyclin-dependent kinase inhibitor 
1 (p21), a prominent target of the tumor suppressor p53. 
P21 interacts directly with the DLG and ETGE domains of 
Nrf2, preventing Keap1 binding in response to oxidative 
stress [58]. Post-translational modifications of Nrf2, such 
as phosphorylation and glycation, can influence Keap1-
mediated regulation of Nrf2 activity. In response to oxida-
tive stress, protein kinase C (PKC) phosphorylates Nrf2 
at Ser40, preventing Keap1 binding and promoting Nrf2 
nuclear accumulation [59]. AMPK, the cellular energy 
sensor, phosphorylates Nrf2 at Ser550, a residue within 
the canonical nuclear export signal, promoting its nuclear 
accumulation [60]. Glycation of Nrf2 promotes Keap1-
mediated Nrf2 degradation and reduces Nrf2 interaction 
with sMAF proteins. In addition, Fructosamine-3-kinase 
(FN3K) phosphorylates the associated sugars to reverse 
Nrf2 glycation [61].

Generally, we found that under constant oxidative 
stress and abundant electrons, structural changes arise 
in Keap1 that induce the Nrf2 release from the Keap1-
CUL3-RBX1 inhibitory complex, which shows the inhibi-
tion of the "hinge and lock" model formation. Moreover, 
post-translational modifications can influence Keap1-
mediated regulation of Nrf2 activity.

b‑TrCP‑dependent regulation of  Nrf2  Glycogen syn-
thase kinase-3 (GSK-3) phosphorylates and inactivates 
the glycogen synthase enzyme. Two different isoforms 
were identified for GSK-3: alpha (GSK-3α) and beta 
(GSK-3β). GSK3β is involved in cellular metabolism, 
nerve cell growth, body pattern formation, and other cell 
signaling pathways [62, 63]. Keap1-independent activa-
tion of GSK3β leads to Nrf2 inhibition [64]. Neh6 con-
sists of two motifs, including DSGIS and DSAPGS, which 
are recognized separately by the F box domain of the 

β-transducing repeat-containing protein (βTrCP) [65, 
66]. GSK3β induces phosphorylation of the DSGIS motif 
at Ser344 and Ser347 of Neh6 and enhances the affinity of 
βTrCP for its target, Nrf2 [66–68]. In the nucleus, β-TrCP 
binds to the ubiquitin ligase complex SKP1-CUL1-RBX1 
E3 via its F-box motif and ubiquitylates nuclear Nrf2 
independent of Keap1, which results in Nrf2 inhibition 
[65, 66] (Fig. 2). GSK-3 activity is suppressed in response 
to insulin and growth factors by the phosphatidylinosi-
tol-3 kinase (PI3K) and protein kinase B (PKB/AKT) axis. 
Thus, PI3K/AKT increases Nrf2 activity while GSK-3 
suppresses it. Surprisingly, the phosphatase and tension 
homolog (PTEN) works as a redox sensor and a signifi-
cant antagonist of the PI3K/AKT signaling cascade [69].

In addition to Keap1, these studies introduce Nrf2 
inhibitors such as GSK-3β and βTrCP, which act down-
stream of GSK-3β. In this case, the use of a therapeutic 
formulation to increase the affinity of these enzymes and 
make them more effective in the possible suppression of 
Nrf2 can be helpful.

Hrd1‑dependent regulation of  Nrf2  Ubiquitin-Protein 
Ligase E3 Synoviolin (also known as HMG-CoA reduc-
tase degradation protein 1 (Hrd1)) is a crucial ubiquitin 
ligase in the endoplasmic reticulum (ER) that is known as 
a regulator of Nrf2 in cirrhosis. Unfolded protein response 
(UPR) is induced by increased ROS levels and ER stress in 
the cirrhotic liver. Accumulated unfolded proteins in the 
ER lumen bind to Bip molecules, resulting in Bip detach-
ment from the IRE1a monomer, and then free IRE1a starts 
an endogenous pathway [70, 71]. IRE1a cuts unspliced 
XBP1u mRNA and produces XBP1s. Subsequently, XBP1s 
transcriptionally activate the expression of genes involved 
in ER-related degradation (ERAD), such as HRD1. HRD1 
interaction with the Nrf2 Neh4 and Neh5 domains medi-
ates Nrf2 degradation in ER stress conditions [72] (Fig. 2). 
The control of Nrf2 by Hrd1 is less understood, as only 
limited studies of each system have been reported.

Recent studies highlight the role of Nrf2 in controlling 
cirrhosis, so targeting Nrf2 in cirrhosis may be promis-
ing. In addition, these studies also introduce another 
Nrf2 negative regulator (HRD1) that is activated during 
enfold protein accumulation or cirrhosis.

Nrf2 function
Nrf2 activates the transcription of several genes, such 
as redox signaling, then protects cells against the effects 
of exogenous and endogenous insults such as xenobiot-
ics and oxidative stress [73, 74]. Besides, several studies 
on Nrf2 confirmed it as an essential tumor suppressor, 
and its inhibition in mice increased cancer risk [75–78]. 
Researchers found that in Nrf2−/− mice, detoxification of 
N-nitrosobutyl (4hydroxybutyl) amine (BBN) carcinogen 
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was impaired and increased the risk of bladder and liver 
carcinoma. On the other hand, wild-type mice responded 
more strongly to oltipraz (inducing an enzyme phase 2 
response) than Nrf2−/− mice [75]. This study shows the 
opposite role of Nrf2 compared to previous studies and 
highlights that activation of this pathway signaling causes 
a reduction in the risk of liver and lung cancer. Also, fol-
lowing diesel exhaust exposure, Nrf2-null mice had an 
enhanced production of DNA adducts in the lung [79]. In 
Nrf2-null mice, acetaminophen-induced liver damage is 
more severe [80]. Smoking-induced emphysema is more 
common in Nrf2-null mice [81]. In Nrf2-null mice, bleo-
mycin-induced lung fibrosis is exacerbated [82]. Accord-
ing to a recent study, Nrf2 protects against pulmonary 
fibrosis via controlling intracellular ROS levels and the 
balance of Th1 and Th2 cells [83]. In line with the previ-
ous studies, suppressing Nrf2 by siRNA in HepG2 cells 
(hepatocellular carcinoma cell line) increased colony for-
mation, cell growth, migration, metastasis, and plasticity 
[76]. The above studies have shown that suppressing Nrf2 
in leukemia can be promising and can also progress blad-
der and liver carcinomas.

According to cancer type and stage, Nrf2 has different 
functions. Nrf2 acts as a double-edged sword as the Nrf2 
signaling pathway can protect the growth and survival of 
both normal and malignant cells. Accordingly, Nrf2 can 
be considered a proto-oncogene, although more research 
is needed [84–86]. Generally, Nrf2 promotes cancer hall-
marks, including angiogenesis, metastasis, proliferation, 

invasion, growth, survival, and resistance to chemother-
apy and radiotherapy (Fig. 3).

Nrf2 as a gene inducer
Nrf2 quickly reduces the vulnerability of cells to oxidants 
and electrophiles by triggering the transcriptional acti-
vation of over a hundred cytoprotective genes, through 
suppression of ROS signaling, including the antioxidants 
such as ferritin, glutathione-S-reductase (GSR), gluta-
myl cysteine ligase-modulator (GCLM), and -catalytic 
(GCLC), phase-I drug oxidation enzyme NAD(P)H: 
quinone oxidoreductase 1 (NQO1), and cytoprotective 
enzyme heme oxygenase-1 (HO-1) [11, 14, 15, 87–89] 
(Fig. 2). Also, other transcription factors such as NF-κB 
and AP-1 are involved in Nrf2 expression regarding 
HO-1. In solid tumors like prostate cancer [90, 91], HO-1 
is overexpressed at higher levels and correlated with 
increased tumor angiogenesis [88, 92–94].

Proliferation
Cell proliferation genes like NOTCH1, NPNT, BMPR1A, 
IGF1, ITGB2, PDGFC, VEGFC, and JAG1, have been 
shown to regulate Nrf2 [95, 96]. Some proteins, like 
PTEN phosphatase, are involved in the PI3K-AKT (PKB) 
signaling pathway, regulating cell survival. Previous 
studies have confirmed that in various diseases, includ-
ing cancer and diabetes, the PI3K-AKT (PKB) signaling 
pathway is increased. Mutations in the PTENs and PI3K-
AKT (PKB) pathways cause Nrf2 overactivation, which 

Fig. 3  Dual function of Nrf2. Depending on cellular conditions, Nrf2 can play both an oncogenic role (in malignant cells) and a tumor suppressor 
role (in normal cells)
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increases cell proliferation and cancer risk [97]. In addi-
tion, studies have shown the upregulation of Nrf2 and its 
target genes (AKR1c1, GCLC) in pancreatic cancer cell 
lines (Suit-2, MiaPaca-2, FAMPAC cells)[98]. This study 
showed more vital staining of cytoplasmic Nrf2 in most 
tumors than benign ducts. Silencing Nrf2 with a siRNA 
cut the cell lines’ lifespan and growth rate, making them 
more sensitive to chemotherapy and radiotherapy. Nrf2 
helps pancreatic cancer cell lines grow and become 
immortal [98], and targeting it in pancreatic adenocar-
cinoma is as promising as leukemia. Moreover, Nrf2 
induces the differentiation of various cell types, including 
osteoclasts, adipocytes, hematopoietic stem cells (HSCs), 
and hepatocytes. Also, it is involved in the proliferation 
of airway basal stem cells (ABSCs), satellite cells (SCs), 
neuronal progenitor cells (NPCs), hepatocytes, and can-
cer cells [99]. In general, most studies confirm the role 
of Nrf2 in increased cell proliferation and introduce this 
process as a factor in treatment resistance.

Apoptosis
Nrf2 directly suppresses apoptosis by inducing the 
expression of BCL-2 and BCL-Xl [100]. Nrf2 also inhib-
its the intracellular apoptosis pathway by blocking 
cytochrome C release from mitochondria [101]. Studies 
on Nrf2 and its relation to apoptosis demonstrate that 
after treatment with cytotoxic agents such as cyclophos-
phamide or etoposide, Nrf2 represses intracellular and 
extracellular apoptosis pathways by suppressing cas-
pase-7–3 activation [102, 103]. Therefore, upregulation 
of BCL-2 increases Nrf2 activity [104]. Nrf2 depletion 
using siRNA in periodontal ligament stem cells (PSCs) 
enhances caspase 3 and 9 and increases Bax at both pro-
tein and mRNA levels [105].

Conversely, activating Nrf2 with Sulforaphane in THP1 
cells reduces mycobacterial infection and induces apop-
tosis in cell lines by activating caspase 3/7 independent 
apoptosis pathways [106]. In another study, researchers 
used Baicalin to induce apoptosis in H9c2 cells. Baicalin 
induced the Nrf2/HO-1 and HIF1a/BNIP3 pathways and 
increased apoptosis in H9c2 cells [107]. Although there 
are conflicting studies on the role of Nrf2 in inducing 
apoptosis, presented studies have shown that Nrf2 activ-
ity in cancer cells suppresses apoptosis.

Angiogenesis
Endothelial cells (EC) that line blood vessels have long 
been known to affect vascular health, repair, and illness 
(e.g., plaque formation in atherosclerosis). Endothelial 
cells have recently been discovered to function in tumor 
formation. Researchers discovered that pro-inflam-
matory signaling and spontaneous metastasis of lung 
cancers in mice could be stimulated by dysfunctionally 

activated endothelial cells (DEC). Furthermore, data 
showed that in DEC, Snail and Twist transcript levels 
increased, many pro-inflammatory NF-κB target genes 
(e.g., GMCSF, IL-8, IL-6, and E-selectin) were signifi-
cantly enhanced, STAT3 phosphorylation increased, and 
the expression of leukocyte adhesion molecules VCAM1 
and ICAM1 were increased simultaneously, which trig-
gered endothelial-to-mesenchymal transition (EndMT) 
and metastasis. Conversely, healthy ECs stimulate vascu-
lar repair and prevent tumor invasiveness and metastasis 
[108]. Nrf2 plays a crucial role in forming mouse cerebral 
microvascular endothelial cells (bEnd.3). Under hypoxia 
conditions, Nrf2 expression increases temporarily in 
bEnd.3 cells induce the PI3K/Akt pathway while stimu-
lating angiogenesis by increasing VEGF. Nrf2 blockage 
suppresses proliferation, endothelial tube formation, 
metastasis, and VEGF expression in hypoxia-induced 
bEnd.3 cells [109]. Thus, Nrf2 targeting brain strokes 
and leukemia can improve the healing process. Addition-
ally, Nrf2 has a central role in the angiogenesis of glio-
blastoma. Blockage of Nrf2 signaling in glioblastoma 
decreases the expression of HIF-1a and VEGF due to 
angiogenesis [110, 111]. Moreover, another study showed 
that Nrf2 depletion in colon cancer xenograft-mouse 
models inhibited angiogenesis and suppressed VEGF 
and HIF-1a expression levels [112]. It has also been dem-
onstrated that Nrf2 blockage significantly reduces the 
endothelial cells’ survival, proliferation, and angiogenesis 
capacity in a posterior limb ischemia model[113]. Gener-
ally, most studies have proven that Nrf2 knockdown can 
reduce angiogenesis in xenograft-bearing mouse models. 
Blockage of Nrf2 can inhibit tumor growth by reducing 
the expression level of some genes involved in cell growth 
like HIF-1a, VEGF, PDGF, angiopoietin, and angiogenin 
[110, 112, 114].

Therefore, the role of Nrf2 in inducing angiogenesis in 
leukemia is consistent with other studies, and its target-
ing inhibits the development of new blood vessels.

Metastasis
Nrf2 plays a dual role in cancer cells. Nrf2 enhances 
EMT by regulating N-cadherin, E-cadherin, vimentin, 
Slug, and L1CAM [115, 116]. Nrf2 has a pro-invasive/
metastatic role in the Colo357 cell line (pancreatic ductal 
adenocarcinoma) and HPDE cells (human pancreatic 
duct epithelial); it inhibits E-cadherin as well as reduces 
TGF-β1, induces Smad 2/3, and increases the JNK path-
way in Colo357 and HPDE cells [115]. In addition, Nrf2 
is involved in the metastasis of Eca-109 cells (squa-
mous cell carcinoma) under hypoxic conditions [116]. It 
has also been reported that in non-small cell lung can-
cer (NSCLC), resistant to radiotherapy, the expression 
of Nrf2 and NOTCH1 increases synergistically. The 



Page 9 of 24Khodakarami et al. Cancer Cell International          (2022) 22:241 	

inhibition of these two factors in A549 and H460 cell 
lines caused reduced E-cadherin and increased N-cad-
herin and matrix metallopeptidase (MMP)-2/9. Thus, 
targeting Nrf2 and NOTCH1 is a pivotal regulator of 
EMT that reduces radiotherapy resistance and metas-
tasis in lung cancer [117, 118]. Moreover, Nrf2 released 
by Keap1 deactivation induced lung cancer metastases 
through suppression of Bach1 (another pivotal regula-
tor of EMT) degradation in a Ho-1-dependent manner, 
so targeting Ho-1 or Nrf2 blockade can decrease lung 
cancer metastases [119]. In contrast, in in vivo research, 
DIM (3,3′-diindolylmethane) reduced DNMT expres-
sion and reversed Nrf2 CpG methylation status, result-
ing in increased expression of Nrf2 and Nrf2-target gene 
NQO1. TRAMP mice fed a DIM-supplemented diet had 
significantly reduced tumorigenesis and metastatic rates 
than the untreated control group. In prostate tissues, 
DIM increased apoptosis, decreased cell proliferation, 
and elevated Nrf2 and Nrf2-target gene NQO1 expres-
sion [120]. Another in vitro study on breast cancer cells 
showed that Nrf2 depletion in the MCF7 and MDA-
MB-231 cell lines decreased proliferation and metasta-
ses by suppressing the RhoA/ROCK pathway [121–124]. 
Notably, decreased adhesion molecules and increased 
EMT are associated with metastasis in cancerous cells 
[125, 126].

In summary, Nrf2 is involved in metastasis, treatment 
resistance, and the progression of many cancers, includ-
ing pancreatic cancer, squamous cell carcinoma, lung 
cancer, breast cancer, and leukemia.

The immunologic function of Nrf2
Nrf2 expression under normal conditions causes homeo-
stasis of the immune system and prevents tumorigenesis, 
while Nrf2 supports cancer progression in cancerous 
cells [40]. Activating Nrf2 by inflammatory mediators 
such as prostaglandin, nitric oxide, and nitro fatty acids 
reduces inflammatory cytokines such as TNF α, IL-6, 
IL-1β, and NF-κB expression. Therefore, Nrf2 and NF-κB 
control the ROS level by reducing and increasing inflam-
mation, respectively [127–132]. Accordingly, it has been 
demonstrated that downregulation of Nrf2 in mice is 
associated with persistent inflammation [127, 133, 134].

Nrf2 is involved in the functional development of 
CD8 + T cells through Glutathione (GSH) production 
[135, 136]. Since the naïve T CD8+ cells cannot produce 
GSH, macrophages produce GSH to help T cells develop 
their function. Accordingly, it has been shown that when 
Nrf2 has not expressed in bone marrow-derived mac-
rophages, the functional evolution of CD8+ T cells is 
impaired due to low GSH expression [135]. Nrf2-null 
mice demonstrated higher levels of ROS and increased 
MDSC numbers than the wild type due to an abortive 

antigen recognition pathway and cellular energy metabo-
lism in T CD8+ cells [78, 137–139].

Nrf2 and inflammation
To clarify the role of Nrf2 in inflammation, we should 
first discuss the cross-talk between Nrf2 and NF-κB 
(Fig.  4). In normal cells, the absence of Nrf2 increases 
NF-κB, which then enhances the production of cytokines, 
and inflammatory mediators (IL-1, IL-6, IL-10, TNF-α, 
COX, NO, iNOS), and adhesion molecules (ICAM-1, 
VCAM-1) [140, 141]. Nrf2 inhibits NF-κB expression 
in several ways. For example, in the presence of NF-κB, 
Keap1 released from the Nrf2 inhibitory complex then 
binds to IKKβ (IκBα inhibitor; IκBα is a negative regu-
lator of NF-kB), causing ubiquitination and degradation 
of IKKβ (Fig.  4). Moreover, HO1 plays a role in heme 
metabolism by catalyzing the cleavage of heme’s por-
phyrin ring into Fe2 + , CO, and biliverdin, which is then 
changed to bilirubin. These enzyme products directly 
suppress p65 (one of the NF-κB subunits) and reduce cell 
adhesion molecules [142]. Furthermore, analyses of Nrf2-
null MEFs demonstrated increased NF-κB by enhancing 
IKKβ activity, which increased IκBα phosphorylation 
and eventual destruction [143]. Conversely, in cancer 
cells, including leukemia cells, Nrf2 activation does not 
inhibit NF-κB but acts synergistically, ultimately leading 
to cancer progression and resistance to treatment. In this 
case, a combination of antioxidant compounds and anti-
inflammatory drugs can be helpful. P65 plays a dual role 
in modulating Nrf2 activity; specific cell types increase 
Nrf2 protein levels and enhance target gene expression in 
response to TNF-α[144, 145]. Therefore, Nrf2 and NF-κB 
are two essential transcription factors that control cel-
lular oxidative stress and inflammation responses. Many 
diseases, including neurodegeneration, autoimmunity, 
and tumors, are linked to an imbalance between the Nrf2 
and NF-κB pathways [146].

Functional interaction of Nrf2 with inflammatory media-
tors  In oxidative stress, activation of NF-κB leads to 
pro-inflammatory cytokines that stimulate the NF-κB 
production loop; Nrf2 negatively affects this cytokine 
production and NF-κB activation. In the colons of Nrf2-
null mice, increased expression of IL-1, IL-6, iNOS, 
and COX2 cytokines, but Nrf2 activity suppresses their 
expression [147]. Using ChIP-seq and ChIP-qPCR, the 
researchers showed that binding Nrf2 to the IL-1 and IL-6 
cytokine promoter inhibits the recruitment of RNA Pol II 
and cytokine transcription [129]. In addition, researchers 
in the experimental model of autoimmune encephalitis 
found that Nrf2 inhibited Th1, Th17, and Il-17 expression 
and improved disease process outcomes [148].
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Role of  Nrf2 in  the  regulation of  cell adhesion molecules 
and regulation of protease/antiprotease balance  CAMs 
are cell surface receptors that bind to cells or the extra-
cellular matrix. They play a role in cell recognition, acti-
vation, signaling, migration,  proliferation, and differen-
tiation.  ICAM-1 and VCAM-1 are prominent members 
of the immunoglobulin superfamily among the CAMs. 
ICAM-1 expression and promoter activity of VCAM-1 
are both inhibited by Nrf2 [149]. Several CAMs, includ-
ing CD-14, TREM1, SELE, SELP, and VCAM-1, had con-
siderably higher pulmonary expression in Nrf2−/− mice 
[143]. In addition, cell proliferation, migration, differenti-
ation, wound healing, angiogenesis, apoptosis, and tumor 
metastasis are all regulated by MMPs, which are abundant 
in the extracellular matrix. In inflammatory bowel disease, 
Nrf2/HO-1expression decreased MMP-9 and MMP-7, 
finally helping to reduce inflammation; The skin damage 
caused by UV irradiation is more severe in Nrf2 knock-
out mice than in WT mice, and MMP-9 and MIP-2 (mac-
rophage inflammatory protein-2 is a crucial modulator of 
neutrophil recruitment) levels are much higher [150, 151]. 
In chondrosarcoma cells, Nrf2-knockout promotes the 
production of pro-inflammatory cytokines (TNF-, IL-6, 

and IL-1), MMP1, MMP3, and MMP13 in an osteoarthri-
tis model [152]. As a result, the Nrf2 pathway affects pro-
tease/antiprotease balance directly or indirectly through 
the Nrf2-influenced NF-κB pathway in inflammation. In 
addition, Nrf2 reduces adhesion molecules and migration 
and controls the expression of proteases in normal cells, 
which reduces inflammation.

Role of Nrf2 in inflammasome signaling and Nrf2‑depend-
ent anti‑inflammatory drugs  The NLR family’s pyrin 
domain-containing 3 (NLRP3) inflammasome is a pro-
tein complex that acts as a pathogen recognition receptor 
(PRR) and recognizes a variety of microbial and oxidative 
stress signals, including pathogen-associated molecular 
patterns (PAMPs), damage-associated molecular pattern 
molecules (DAMPs), and reactive oxygen species (ROS). 
The stimulated NLRP3 inflammasome causes caspase-1 
to cleave and the pro-inflammatory cytokine interleukin-1 
(IL-1β) to be secreted, which leads to pyroptosis, a type of 
cell death that defends hosts from a variety of pathogens. 
NQO1 (an Nrf2 target gene) inhibits NLRP3 inflamma-
some activation, NLRP3 inflammasome assembly, cas-
pase-1 cleavage, and IL-1β generation in macrophages. 

Fig. 4  Cross-Talk Between Nrf2 And NF-κΒ. In response to NF-κΒ activators such as pro-inflammatory cytokines (IL-1, TNF-α), LPS, inflammation, 
and ROS, normal cells induce phosphorylation of IKKβ, which causes phosphorylation and degradation of IκBα (a negative regulator of NF-κΒ). Then 
NF-κΒ (P65/P50) migrates to the nucleus and triggers gene transcription involved in inflammation. However, Nrf2 suppresses NF-κΒ activation 
and inflammation directly through Keap1 attachment, or Ho-1 induces P65 suppression. Conversely, in malignant cells, Nrf2 and NF-κΒ act 
synergistically
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Furthermore, tert-butylhydroquinone (tBHQ) and dime-
thyl fumarate (DMF), both are Nrf2 activators, inhibit 
NLRP3 transcription [153, 154]. Even though Nrf2 inhib-
its NLRP3 function, it activates the NLRP3 and AIM2 
inflammasomes. The Nrf2-knockout mouse macrophages 
showed impaired activation of the NLRP3 and AIM2, but 
not the NLRC4 inflammasome, according to Haitao Wen 
and colleagues [155]. Since Nrf2 is a key player in reducing 
inflammation, anti-inflammatory drugs like 2-benzyllaw-
sone, itaconate, fumarate, and herbals contain curcumin, 
isothiocyanates, and anthocyanins, as well as nonsteroidal 
anti-inflammatory drugs like Aspirin and Celecoxib, work 
by activating Nrf2. These drugs reduce inflammation by 
activating Nrf2 [145, 150].

Role of Nrf2 in the regulation of genome instability
Controlling the concentration of intracellular ROS is one 
of the most critical issues in maintaining genomic insta-
bility. Nrf2 neutralizes ROS, while Nrf2 levels decline 
with age. As a result, if ROS are not effectively removed, 
oxidative stress will enhance and trigger the disease. Usu-
ally, aging has been linked to a decline in cell signaling, 
increased protein dysfunction/misfolding/aggregation, 
and an elevated risk of cancer and cell death. Increased 
expression of Nrf2’s negative regulators and a general 
decrease in Nrf2 protein expression and pathway respon-
siveness have been attributed to Nrf2’s steady decline 
with age [156, 157]. Cancer is widely considered to be 
an age-related disease. An increased frequency of DNA 
damage/replication errors in aged cells, low-dose car-
cinogen exposure, and variations in the levels of certain 
pro- and anti-tumorigenic proteins are all contributing 
causes (e.g., p53) [156]. Genomic instability in cancer 
is characterized by a lack of DNA damage repair, which 
results in an increased frequency of mutations and chro-
mosomal abnormalities, similar to aging. During DNA 
duplication, replication errors become more common as 
one gets older. Because the base excision repair machin-
ery is less effective, neurological and cancer-causing 
mutations are more likely. Nrf2’s target genes, including 
p53-binding protein (53BP1) and DNA repair protein 
RAD51 homolog 1, play essential roles in both Homolo-
gous Recombination (HR) and Non-Homologous End 
Joining (NHEJ) (RAD51). By binding to the exposed ends 
of broken DNA strands and limiting the recruitment of 
repair complexes, 53BP1 promotes NHEJ by preventing 
the resection stage of HR. It has been shown (in vitro and 
in  vivo) that Nrf2 activation by synthetic triterpenoids 
is a viable candidate target for protecting the gastroin-
testinal tract against acute ionizing radiation (IR) [158]. 
When 53BP1 promotes NHEJ by blocking the HR resec-
tion step, the Ku dimeric protein complex attaches to the 
damaged ends of the DNA, resulting in strand ligation.

RAD51, on the other hand, is an essential protein in 
HR because it forms a nucleoprotein filament on DNA 
that helps in the pairing stage of homologous strands. It 
has also been demonstrated that inhibiting Nrf2 in A549 
or MCF7 cells resulted in a significant slowdown in DNA 
repair compared to respective radiation controls. Also, 
the presence of persistent DNA damage in the presence 
of free radical scavenger N-acetyl cysteine revealed that 
Nrf2’s role in DNA repair was unrelated to its antioxi-
dant capabilities [159]. These Nrf2 target genes aid DNA 
repair in both studies, which impedes aging and can-
cer. So, downregulation of Nrf2 abrogates DNA repair, 
which leads to a rise in overall mutations. Other studies 
have also highlighted the role of Nrf2 in gene instabil-
ity; for example, in comparison to wild-type mice, Nrf2 
knockout mice had a significantly higher incidence of 
gastric neoplasia caused by benzo[a]pyrene [160]. Also, 
researchers found that various oxidative stress and 
anti-oxidative stress genes are highly altered in myelo-
proliferative neoplasms (MPNs) using whole blood tran-
scriptional profiling of Philadelphia-negative CML [161].

As previously mentioned, Nrf2 target genes are essen-
tial in both the HR and NHEJ parts of DNA repair, which 
are critical in reducing genomic instability, which is a 
significant cause of cancer. Nrf2 target genes are also 
essential mediators of xenobiotics and drug metabolism, 
which helps convert hazardous xenobiotics into more 
minor toxic forms, reducing carcinogen buildup and can-
cer. Nevertheless, it seems that Nrf2 plays a different role 
after cancer initiation and in higher stages of cancer.

Pros and cons of the available strategies for targeting Nrf2
There is ample evidence that Nrf2 activation can reduce 
carcinogenesis, particularly in its early stages. Mice lack-
ing Nrf2 are more prone to redox changes and drug tox-
icity [162]. However, constitutive Nrf2 activation leads 
to the growth of different malignancies and significantly 
enhances cancer resistance. Also, excessive Nrf2 expres-
sion is always associated with a poor clinical outcome 
[163].

Nrf2 suppression in tumor cells disrupts tumor metab-
olism, prevents ROS detoxification, and enhances sen-
sitivity to chemotherapeutic drugs and radiotherapy. 
Moreover, Nrf2 suppression in cancer cells and healthy 
tissues increases sensitivity to carcinogens and impairs 
anti-tumor immune responses [69]. Cancer cells have 
abnormal Nrf2 activation for numerous advantages. 
Autophagy boosts cancer growth and survival by saving 
intracellular components to provide metabolic substrates, 
thus boosting nutrient starvation resistance. In turn, 
Nrf2 increases autophagy inhibition adaptation in cancer 
cells by increasing the production of proteasome subu-
nits [164]. Also, it promotes tumor vascular endothelial 
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development by activating and maintaining the hypoxia-
inducible factor (HIF-1) pathway [112]. Nrf2 has also 
been linked to the epithelial-mesenchymal transition in 
some studies [40]. As a result, targeted Nrf2 inhibition 
would be the most crucial strategy for reversing the pro-
tumoral impacts of constitutive Nrf2 activation.

Available strategies for targeting Nrf2 include direct 
Nrf2 inhibitors (inhibition of protein synthesis, inhibi-
tion of Nrf2 transcriptional activity, inhibition of Nrf2 
accumulation in the nucleus by Trigonelline, inhibition of 
P62-Keap1 association, inhibition of PI3K/AKT, inhibi-
tion of FN3K, and activation of the Brain-Specific Kinase 
2), and alternative ways to target Nrf2/Keap1 mutant 
cancers (direct inhibition of the cystine/glutamate anti-
porter system, inhibition of the Pentose phosphate 
pathway, NQO1 bioactivatable drugs, and Aldo–Keto 
Reductases) [69].

In summary, researchers previously concentrated 
on designing different therapeutics for cancer patients 
with Nrf2 stimulation by finding specific Nrf2 inhibi-
tors. Recent studies showed that systemic suppression 
of Nrf2 could promote tumor growth. More targeted 
and effective inhibitors and more mechanistic research 
are required to understand how Nrf2 suppression affects 
both Nrf2-addicted cancer cells and healthy cells in the 
microenvironment.

Nrf2 in leukemia
Shibata et al. identified somatic mutations in Nrf2 in dif-
ferent tumors such as lung, head and neck, adenocarci-
nomas, and large cell neuroendocrine carcinomas [165]. 
Mutations in the Nrf2 genes can promote solid tumors 
and hematological malignancies. Moreover, Nrf2 muta-
tions may reduce the sensitivity to chemotherapy and 
radiotherapy. However, more studies are needed to clar-
ify the role of Nrf2 in leukemia progression.

Our main aim in this study is to determine the role of 
this transcription factor in different types of leukemia 
(Table 1) and whether Nrf2 would be a suitable target to 
treat these malignancies.

In 2012, about 350,000 new cases of leukemia (2.5 per-
cent of all new cancer cases) were reported. The lowest 
leukemia incidence rate was observed in Middle and 
West Africa (less than 3 per 100,000 males and less than 
2 per 100,000 females). Besides, the highest incidence 
rate was reported in North America and Australia/New 
Zealand (more than 10 per 100,000 males and 7 per 
100,000 females) [166, 167]. Leukemia is more common 
in Western countries, and men are more at risk than 
women [168]. It is supposed that different environmental, 
genetic, and epigenetic factors play essential roles in leu-
kemia occurrence [169–171].

Nrf2 increases the expression of drug efflux pumps due 
to its reducing ROS and neutralizing electrophilic com-
pounds. This action excretes drug chemicals from malig-
nant cells and inhibits the accumulation of drugs within 
cells. Nrf2 also enhances the expression of anti-apoptotic 
proteins BCL2 and NF-κB Interplay in regulating the 
cellular redox pathway, which promotes cell survival. 
Nrf2 can regulate enzymes involved in drug metabo-
lism, including GST, UDP-glucuronosyltransferases, 
and NQO1, and causes chemotherapy resistance [88, 
144, 172, 173]. In the following, we will discuss the role 
of Nrf2 in leukemia and try to determine the role of this 
transcription factor in survival, apoptosis, metastasis, 
and other cellular metabolic pathways.

Nrf2 and Chronic myeloid leukemia (CML)
CML begins in specific bone marrow hematopoietic 
cells (myeloid cells) that generate red blood cells, plate-
lets, and most white blood cells (except lymphocytes). In 
CML, a genetic change results in a chromosomal trans-
location between chromosomes (9–22), also known as 
the Philadelphia chromosome. BCR/Abl, oncogene origi-
nated from this fusion which encodes a 210  kDa onco-
protein. Over time, malignant cells can spread to other 
body parts, including the spleen. CML is relatively slow 
but can progress rapidly to acute leukemia, making it 
challenging to treat. CML is more common in adults but 
also rare in children [174, 175].

Bonovolias et  al. demonstrated that Nrf2 targets like 
HO-1 and NQO1 suppressed the anti-apoptotic Bcl-2a 
and Bcl-2b genes, which increased drug resistance to 
imatinib and reduced apoptosis in K-562 and KU-812 
human CML cell lines [176]. Therefore, Nrf2 targeting 
increased the sensitivity of the leukemic cells to imatinib. 
Additionally, in a study by Xu et  al., the expression of 
Nrf2 and its target gene TrxR reduced the sensitivity of 
the K562/G01 imatinib-resistant cell line to imatinib 
therapy.

Interestingly, Nrf2 silencing in the K562/G01 cell line 
with specific siRNA enhanced ROS generation, reduced 
cell proliferation, and increased imatinib-induced apop-
tosis [177]. It has also been shown that the extract of the 
Chinese plant Triptolide (TPL), which has been used to 
treat autoimmune diseases such as rheumatoid arthri-
tis, asthma, and transplant rejection, could be a natural 
inhibitor of Nrf2. Also, It has been shown that the com-
bination of TPL with DOX and imatinib could reduce 
HIF-1α, Nrf2 expression, and drug resistance in HL60/A 
(AML) and K562/G (CML) cell lines. The mRNA level 
of both HIF-1α and Nrf2 was measured by Western 
blot and RT-PCR methods to confirm the effect of TPL 
in reducing their expression. The results showed that 
resistant cell lines had higher levels of HIF-1α and Nrf2 
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Table 1  Nrf2 in leukemia

Type of 
leukemia

Type of study Cell line Study results Refs

CML In vitro K-562 and KU-812 Nrf2 gene targets such as HO-1 and NQO1 
increased imatinib resistance and decreased 
apoptosis in CML

[176]

CML In vitro K562/G01 When Nrf2 expression was inhibited by siRNA, 
reactive oxygen species (ROS) and the rate of 
apoptosis in response to imatinib increased, and 
cell proliferation decreased

[177]

CML In vitro HL60/A(AML)
and K562 /G(CML)

Using Triptolide, a natural inhibitor of Nrf2, 
along with other drugs such as doxorubicin and 
imatinib, reduced HIF-1a, Nrf2, and drug resist‑
ance

[178]

CML In vitro and in vivo K562/A02 and NOD/SCID mice Wogonin, an Nrf2 inhibitor, reduced Adriamycin 
resistance by inhibiting the Stat3/NF-κB—signal‑
ing

[179, 180]

CML In vitro K562 Chaetominine disrupted the PI3K/Akt/Nrf2 signal‑
ing pathway, inhibited the MRP1-mediated drug 
efflux pump, induced Bax apoptotic protein, and 
inhibited anti-apoptotic proteins

[181]

AML In vitro Blood samples from 15 AML patients (PBMC) Malignant AML stem cells increased NF-κB expres‑
sion, responsible for high Nrf2 expression

[144, 186]

AML In vitro THP-1, HL60, U937, and AML 193 In cells resistant to TNF-induced cell death, the 
Nrf2 pathway is activated

[187]

AML In vitro 17 patients with AML and THP-1, HL60, and U937 1) Simultaneous inhibition of HO-1 and NF-κB 
might be fluent in increasing apoptosis
2) high expression of Nrf2 as a result of NF-κB 
expression

[91]

AML In vitro and in vivo THP-1, HL-60, U937, and CAMs of chicken eggs 4f drug-based therapy induces programmed cell 
death (dependent on mitochondria) by decreas‑
ing the level of Nrf2 protein and increasing cas‑
pase-3, cleaved poly (ADP-ribose) protein levels, 
a pro-apoptotic protein. Also, tumor growth was 
inhibited by 4f in a chick embryo model

[188]

AML In vitro THP-1 and U937 Several Nrf2 inhibitors were identified, including 
ATRA, brusatol, and luteolin, which sensitized 
cells to arsenic trioxide (As2O3), etoposide, and 
doxorubicin

[189]

AML In vitro HL60, Molm13, THP-1, and U937 Nrf2 inhibitor, Cytarabine, and Daunorubicin 
decreased drug resistance in AML

[190]

AML In vitro KG1 Leukemia stem cells are resistant to apoptosis by 
activating the PERK/Nrf2 signaling pathway

[191]

AML In vitro and in vivo KG1α, Kasumi-1 and NOD/SCID mice Disulfiram/copper, which had an inhibitory effect 
on NF-κB and Nrf2, killed the malignant stem cells 
in AML

[192]

AML In vitro ALL (REH, MOLT4)
AML (MOLM-14)

Inhibition of MAPK/ERK and PI3K/AKT pathways 
reduced the expression of Nrf2, which was 
associated with downregulation of target genes, 
upregulation of ROS, and increased apoptosis

[193]

AML In vitro U937
HL60

Nrf2 activators in AML cell line U937 prevented 
the toxicity of calcium (dimethyl fumarate (DMF), 
tert-butyl hydroquinone, or carnosic acid

[194, 195]

AML In vitro U937, MOLM-13, HL-60, THP1, KG1a Combination therapy with cytarabine (AraC), 
DHA, and EPA in AML cell lines increased cell 
cytotoxicity

[196]

APL In vitro PR9 (U937 cell line with zinc inducible PML/RARa 
expression)

1) Nrf2 expression in APL is lower than in AML 
because some inhibitory mechanisms hinder Nrf2 
transcription activity
2) suppressing Nrf2 activity in APL made cells sen‑
sitive to treatment with high doses of ascorbate

[199]
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compared to treated cell lines. Interestingly, TPL-treated 
cell lines not only had lower HIF-1α levels, but HIF-1α 
downstream genes, including BNIP3, VEGF, and CAIX, 
were also downregulated [178]. Moreover, Wogonin 
(5,7-dihydroxy-8-methoxy flavone), a natural compound 
of the flavonoids group, categorized as an Nrf2 inhibi-
tor, is extracted from the root of Scutellaria baicalinase’s 
Georgi and is considered an anti-cancer agent. Wogonin 
has multiple functions like phosphorylation of IκBα and 
IKKβ, reducing p65 and Nrf2 levels, suppressing NF-κΒ 
activity and blocking STAT3 and P3IK signaling path-
ways. Wogonin can also reverse multidrug-resistant 
response (MDR), the major problem in CML therapy 
failure. It has been shown that treatment of the K562/
A02 CML cell line by the Nrf2 inhibitor, Wogonin, is 
associated with a blockade of the Stat3/NF-κB signaling 
pathway and a reduction of Adriamycin resistance. The 
studies on the Adriamycin-Resistant (ADR) K562/A02 
cell line found that NF-κΒ expression levels were high, 
which led to the further expression of anti-apoptotic 
proteins, secretion of pro-inflammatory cytokines, and 
increasing MDR phenotype. High expression of Nrf2 
concerning HO-1 causes expression of NF-κΒ and AP-1. 
To better understand the relationship between Nrf2 and 
NF-κΒ transcription factors, K562/A02 cell line was 
treated with an NF-κΒ activator (LPS), which was associ-
ated with an increase in the Nrf2 expression level [179, 
180].

Furthermore, NOD/SCID immunodeficient mice were 
inoculated with K562 and K562/A02 cells. The trans-
planted animals then received ADR (4  mg/kg) intrave-
nous injections twice a week for 4  weeks, followed by 
Wogonin (40  mg/kg) intravenous injections every other 

day. Flow cytometry was used to detect CD13+ cells in 
the BM, PB, and spleen. The combination group showed 
a significant reduction in CD13+ cells in BM and PB 
cells. Organs (spleen and liver) were also collected and 
weighed from the animals. The spleen of the control 
group showed normal histology, with splenic paren-
chyma composed of normal white and red pulp and a 
typical splenic capsule and trabeculae, whereas the liver 
of the leukemia-induced group demonstrated invasion 
by neoplastic cells and multiple foci of extramedullary 
hematopoiesis. The liver histology was normal after treat-
ment with ADR and Wogonin [179].In a further study on 
Nrf2 to find novel therapeutic strategies in leukemia, Yao 
et  al. introduced chaetominine as a cytotoxic alkaloid 
that could disrupt the PI3K/Akt/Nrf2 signaling pathway. 
Chaetominine also inhibited the MRP1-mediated drug 
efflux pump, blocked the anti-apoptotic protein Bcl2, 
induced Bax apoptotic protein, and reduced drug resist-
ance to Adriamycin (ADR). Notably, chaetominine dra-
matically reversed drug resistance and decreased drug 
efflux in the K562/Adr leukemia cell line by repressing 
the PI3K/Akt/Nrf2 pathway. Dysregulation of the PI3K/
Akt/Nrf2 axis decreased MRP1, which increased intra-
cellular ADR accumulation [181].

Most studies have shown an increase in Nrf2 expres-
sion in CML cases. Recently, suppression of this tran-
scription factor has been proposed as a new therapeutic 
target to overcome chemotherapy resistance and increase 
the apoptosis rate in malignant cells. For this reason, 
suppressing Nrf2 expression through various inhibi-
tory pathways such as siRNA technology and natural 
compounds (TPL, Wogonin, chaetominine) could help 
decrease drug resistance in CML.

Table 1  (continued)

Type of 
leukemia

Type of study Cell line Study results Refs

APL In vitro NB4 NF-κB increased Nrf2 expression and leukemia 
progression

[200]

CLL In vitro Blood samples (PBMC) The PBMC of patients with CLL had higher levels 
of Nrf2 than normal blood samples

[203]

CLL In vitro Blood samples (PBMC) Increased ROR1 expression in CLL cells increases 
APRIL and BAFF-R expression, leading to the 
recruitment and accumulation of the p62 protein, 
which triggers several separate signaling path‑
ways such as Nrf2

[204]

ALL In silico – The Nrf2 inhibitory pathway and activation of this 
factor are disrupted in patients with ALL

[205]

ALL In vitro REH, MOLT-4 Inhibition of MAPK/ERK and PI3K/AKT pathways 
reduced Nrf2/NF-κΒ and drug resistance
The combination of MAPK/ERK pathway inhibitors 
plus topoisomerase II inhibitor treatment syner‑
gistically increased the production of ROS and 
caused apoptosis in leukemic cells

[193, 207, 208]
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Nrf2 and Acute myeloid leukemia (AML)
AML accounts for one-third of all cases of acute leuke-
mia in childhood and adolescence and is more common 
in middle age (60 years) [182]. This malignancy is caused 
by genetic disorders and other risk factors that affect 
the myeloid progenitor stem cells [183–185]. Leukemic 
stem  cells  (LSCs) (CD34+/CD38−/CD123+) have the 
power of self-renewing and limitless proliferation, and 
as they grow, they produce large numbers of leukemic 
cells. LSCs in AML have a high expression of NF-κB, but 
normal unstimulated stem cells do not express this fac-
tor. Therefore, targeting NF-κB is a suitable therapeutic 
target in leukemia. A study on the blood samples derived 
from 15 AML patients and the electrophoretic mobility 
shift assay (EMSA) detected that malignant AML stem 
cells have NF-κB binding activity not seen in normal stem 
cells. It is demonstrated that this NF-κB binding activity 
confirmed Nrf2 overexpression in LSCs. In that study, 
researchers used proteasome inhibitors (MG-132) that 
inhibited the degradation of NF-κB suppressors (IκBα). 
This proteasome inhibitor decreased NF-κB activity 
and increased IκBα. In malignant cells, NF-κB reduc-
tion induced apoptosis and reduced drug resistance but 
did not affect normal cells [186]. In a study on AML cell 
lines, including THP-1, HL60, U937, and AML193, these 
cells were resistant to TNF-induced cell death. Acti-
vation of the Nrf2 pathway induced the production of 
HO-1 and NF-κB, making cells resistant to apoptosis and 
TNF-induced cell death. Cell lines were exposed to the 
TNF cytokine to induce apoptosis, while the NF-κB path-
way was inhibited by BAY 11–7082. Interestingly, TNF 
induced death cell signaling or amplified growth signal 
by binding to TNFR1 and TNFR2 [187]. Besides, a study 
on 17 patients with AML and a human AML cell line, 
and THP-1, demonstrated that despite the high NF-κB 
expression in AML patients, inhibition of this factor (with 
BAY 11–7082) did not significantly increase the rate of 
apoptosis. The researchers proved that the simultaneous 
inhibition of HO-1 and NF-κB might effectively increase 
apoptosis. On the other hand, the level of HO-1 mRNA 
was increased in cell lines treated by BAY 11–7082. This 
study confirmed the presence of another regulatory path-
way (supposed to be Nrf2) that controls the process of 
chemotherapy resistance and apoptosis [91]. Moreover, 
Rushworth et al. introduced the high expression of Nrf2 
due to the NF-κB expression. This study proved NF-κB 
as a factor in chemotherapy resistance, enhancing leuke-
mia’s progression in overexpression cases. Furthermore, 
Rushworth et  al. determined the regulatory effects of 
NF-κB on Nrf2. NF-κB and Nrf2 mRNAs were reduced in 
BAY 11–7082 treated THP-1, HL60, and U937 cell lines. 
Also, chemotherapy administration in Nrf2 knockdown 
cells decreased colony formation ability and enhanced 

apoptosis [91]. Many studies also had similar results 
in HL60, THP-1, and U937 cell lines [144, 187]. Zhang 
et al. evaluated the effect of the Nrf2 inhibitor, pyrazolyl 
hydroxamic acid derivative (4f ), on three AML cell lines, 
including THP-1, HL-60, U937, and chick embryo model. 
In this study, 4f could reduce cell line growth in a dose-
dependent manner so that with increasing drug concen-
tration, cytotoxicity was increased. The rate of apoptosis 
and necrosis of cell lines treated with 4f was assessed by 
flow cytometry. The results demonstrated an increase in 
apoptosis levels in treated cell lines. Also, the effect of 
the Nrf2 activator, tert-butylhydroquinone (TBHQ), on 
cell lines was investigated; TBHQ therapy increased Nrf2 
protein levels and cell viability while decreasing C-cas-
pase-3 and C-PARP (poly-ADP-ribose-polymerase). 
Therefore, 4f drug-based therapy-induced programmed 
cell death (dependent on mitochondria) decreases the 
level of Nrf2 protein and increases caspase-3 and cleaved 
poly (ADP-Ribose) protein levels. On the other hand, it 
increased the expression of Bax, a pro-apoptotic protein. 
In addition, the researchers seeded AML cells on chicken 
egg CAMs and assessed the tumor-growth-inhibitory 
effect of compound 4f therapy in  vivo. Data demon-
strated that 4f treatment reduced tumor size in CAMs 
compared to controls, and 4f-treated tumor sections had 
an increased number of apoptotic cells compared to con-
trols [188]. Peng et  al. showed that knockdown of Nrf2 
by lentiviral shRNA or Nrf2 inhibitors such as isonico-
tinic acid amides, isoniazid, and ethionamide in THP-1 
and U937 cell lines, could enhance the effect of chemical 
compounds, including arsenic trioxide (As2O3), etopo-
side, and doxorubicin. On the other hand, in this study, 
several Nrf2 inhibitor molecules were identified, includ-
ing ATRA, brusatol, and luteolin [189]. In another study, 
Karathedath et al. used Bristol, an Nrf2 inhibitor, in the 
AML human cell lines (HL60, Molm13, THP-1, and 
U937) along with Cytarabine (Ara-C) and Daunorubicin 
(Dnr), to decrease drug resistance and enhance apop-
tosis in AML cells. They showed that brusatol reduces 
colony formation and Nrf2 protein levels [190]. It is also 
demonstrated that LSCs activate the PERK/Nrf2 signal-
ing pathway and, through this pathway, inhibit apopto-
sis induction. PERK/Nrf2 pathway silencing by specific 
siRNAs in the KG1 leukemic cell line increased sus-
ceptibility to apoptosis. It is confirmed that G9a (a new 
histone methyltransferase; HMTase) overexpression is 
associated with poor survival and enhances disease pro-
gression, metastasis, and chemotherapy resistance. This 
study highlights the role of epigenetic modifications in 
leukemia and suggests PERK/Nrf2 pathway inhibition 
as a potential therapeutic approach in AML. It has been 
shown that G9a inhibition with BIX-01294 in U937 and 
KG1 cells suppresses the PERK/Nrf2 signaling pathway 
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and induces apoptosis in these cell lines. Thus PERK/
Nrf2 signaling attenuated the BIX-01294 mediated effects 
like ROS generation and apoptosis. Combination therapy 
of U937 and KG1 cell lines by BIX-01294 and PERK/
Nrf2 pathway inhibitors also increased C-caspase3 and 
C-PARP levels and induced phosphorylation of p38. Fur-
thermore, flow cytometry results showed increased lev-
els of apoptosis in cell lines that were treated [191]. In 
another study, Xu et al. used Disulfiram/copper (DS/Cu), 
which inhibited NF-κB and Nrf2 factors, simultaneously 
activated the ROS-JNK pathway, and destroyed malig-
nant stem cells in AML. The results of the MTT assay for 
DS on KG1α cells showed an increase in cell proliferation 
with an IC50 value of 0.54 ± 0.18 μM. Moreover, the com-
bination therapy of DS and Cu (DS/Cu) reduced the IC50 
value to 0.21 ± 0.03 μM. Cell lines exposed to (DS / Cu) 
were also examined at different times by a DCFH-DA-
based assay. Results showed an increase in ROS levels in 
treated cells. Thus, it was proved that DS/Cu specifically 
targets LSC in AML, inhibits proliferation, induces apop-
tosis, and suppresses colony formation in LSCs [192]. 
Moreover, researchers analyzed the anti-cancer effects of 
DS/Cu in vivo by injecting CD34+/CD38 KG1 cells into 
SCID mice to produce a leukemia mouse model. Tumor 
development was significantly slowed after DS/Cu ther-
apy [192]. Further investigation showed that the MAPK/
ERK and PI3K/AKT pathways stimulate NF-κB and Nrf2. 
The researchers discovered that inhibiting the NF-κB and 
Nrf2 pathways with the ERK1/2 inhibitor AZD0364 and 
the PI3K inhibitor ZSTK474 could reduce the expres-
sion of Nrf2 and ROS in ALL (REH, MOLT-4) and AML 
(MOLM-14) cell lines [193].

Conversely, vitamin D derivatives differentiate imma-
ture cells in AML, but high doses of these derivatives 
cause calcium toxicity and deposition in the kidneys. 
Researchers have used Nrf2 activators, including dime-
thyl fumarate, tert-butyl hydroquinone, or carnosic acid, 
which are used as adjuvants and vitamin D to reduce 
its dose in the U937 AML cell line to prevent the toxic-
ity of calcium [194, 195]. Pico et  al. also showed that 
the increased expression of Nrf2 in the AML cell line 
exposed to docosahexaenoic acid (DHA) and eicosa-
pentaenoic acid (EPA) was associated with changes in 
mitochondrial metabolic pathways and malignant cell 
apoptosis. In treated cell lines with DHA and EPA, mito-
chondrial energy metabolism changed from oxidative 
respiration to glycolytic metabolism during the Warburg 
effect, which led to upregulation of Nrf2 and ROS levels, 
downregulation of COX and PGE2 (decrease metastasis), 
inhibition of NF-κB and PI3K/Akt pathway, and suppres-
sion of angiogenesis. Besides, combination therapy with 
cytarabine (AraC), DHA, and EPA in the AML cell line 
increased cell cytotoxicity [196].

In summary, most studies have shown that increased 
expression of this transcription factor exacerbates the 
disease and causes chemotherapy resistance. So, target-
ing this biomarker with various inhibitors reduces resist-
ance and induces apoptosis.

However, a few conflicting studies suggest that increas-
ing Nrf2 expression is influential in treating AML. There-
fore, more investigation is needed to clarify the role of 
Nrf2 in AML.

Nrf2 and Acute promyelocytic leukemia (APML, APL)
Acute promyelocytic leukemia (APML, APL) is a sub-
type of acute myeloid leukemia (AML) associated with 
an abnormal accumulation of immature granulocytes 
called promyelocytes in the bone marrow and blood. 
95% of APL cases are characterized by a reciprocal chro-
mosomal translocation of t(15;17) (q24; q21) [197, 198]. 
Banella et  al. studied the PR9 cell line (a U937-derived 
cell line containing zinc-inducible PML/RARA) and 
Mock control cells (a PML/RARA-lacking U937 cell line). 
They revealed that Nrf2 expression in APL is lower than 
in AML because some inhibitory mechanisms hinder 
Nrf2 transcription activity. On the other hand, suppress-
ing Nrf2 activity in APL made cells sensitive to treatment 
with high doses of ascorbate. In this study, researchers 
found that the Nrf2 level declines and the PML-RARα 
fusion protein increase in APL [199]. It has been shown 
that high doses of ascorbate preferentially induce apopto-
sis in leukemic blast cells derived from APL patients. This 
study also defined various mechanisms involved in leuke-
mic blast cell killing, like inhibition of Nrf2 function by 
PML/RARa, and impediment of Nrf2 translocation to the 
nucleus through enhancing the PML/RARa-Nrf2 attach-
ment and elevating Nrf2 degradation in the cytoplasm in 
a Keap1- dependent manner [199].

Rubio et al. demonstrated the role of NF-κB in increas-
ing Nrf2 expression on the NB4 leukemic cell line, which 
was associated with disease progression. This study intro-
duced the role of two antioxidant compounds (Quercetin 
and Esculetin) on the leukemic cell line. They found that 
Quercetin had a suppressing effect on the proliferation 
and growth of the leukemic cell lines. Quercetin activated 
caspase protein and mitochondrial-dependent cell death 
apoptosis pathways in leukemic P39 cells through down-
regulation of anti-apoptotic proteins (Bcl2, Mcl-1, and 
Bcl-xl) and stimulation of pro-apoptotic protein (Bax). 
Escalation is a tyrosinase inhibitor that induces apopto-
sis in U937, HL-60, and NB4 (APL cell line) cells. They 
investigated the effects of Quercetin and Esculetinon 
inhibitors on the NB4 cell line alone and in combination. 
The study showed that treated cell lines with Quercetin 
had elevated levels of Nrf2 and decreased levels of NF-κB 
in the cytosol. Also, the level of Nrf2 in the nucleus 
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decreased. In treated cell lines with Esculetin, the Nrf2 
level in the nucleus increased. Interestingly, the com-
bined effect of Quercetin and Esculetin showed elevation 
of Nrf2 and NF-κB in the nucleus. On the other hand, the 
NF-κB inhibitor reduced Nrf2 expression in treated cells 
[200].

In summary, various methods for reducing Nrf2 
expression in APL cells exist. Compared to other AML 
subtypes, APL is more sensitive to chemotherapy. Stud-
ies propose the connection between Nrf2 and NF-κΒ, 
and targeting these factors can be considered effective 
for increasing the survival rate of patients with APL and 
their response to chemotherapy and other leukemia.

Nrf2 and chronic lymphocytic leukemia (CLL)
Chronic lymphocytic leukemia (CLL) is the most com-
mon adult leukemia in the Western world. It is a type of 
cancer that chronically affects the progenitor lymphoid 
lineage of bone marrow cells [201, 202]. Many people 
have no symptoms for at least a few years and manage 
their disease by regular monitoring without treatment. 
Nevertheless, the cells grow and spread over time to 
other body parts, like the lymph nodes, liver, and spleen 
[88].

It has been demonstrated that compounds such as 
unsaturated carbonyls, sulfhydryl reactive metals, and 
isothiocyanates significantly induce Nrf2 in CLL periph-
eral blood mononuclear cells (PBMCs).

Furthermore, qPCR and immunoblot analysis of CLL 
patients’ PBMCs revealed that they had higher levels 
of Nrf2 than normal blood samples. Furthermore, the 
results showed that the α-β unsaturated carbonyl func-
tional group is necessary for Nrf2 activation and cell 
cytotoxicity [203]. A recent study by Lopez et al. showed 
that BAFF production by nurse-like cells (NLC) increases 
Receptor Tyrosine Kinase Like Orphan Receptor 1 
(ROR1) receptor expression in CLL cells. The increased 
ROR1 enhanced A proliferation-inducing ligand (APRIL) 
and B cell activation factor receptor (BAFF-R) or BLyS 
receptor 3 (BR3) expression. Downstream signaling of 
these pathways leads to the recruitment and accumula-
tion of the p62 protein (autophagy and ubiquitin signal-
ing adapter, upregulating mTORC1 signaling), which 
triggers several signaling pathways for Nrf2 expression 
(Fig.  2). Nrf2 overexpression reduced the ROS level, 
induced chemo-resistance, and activated the mTORC1 
metabolic pathway and NF-κB pathway (by inducing p65 
phosphorylation). Identically, BAFF incitement in CLL 
cells decreased mt-ROS accumulation. This process indi-
cated the importance of the tumor microenvironment. 
They demonstrated that IKKβ inhibitors, the responsible 
kinase for canonical NF-κB signaling, increased inflam-
mation due to NLRP3 overactivation and led to disease 

progression. Also, p62 erosion stimulated NLRP3 inflam-
masome activation. Humanized Cirmtuzumab antibody, 
which inhibits ROR1, was used to block these signaling 
pathways and had fewer side effects [204].

In summary, tumor microenvironments promote the 
progression of chronic lymphocytic leukemia (CLL) and 
chemotherapy resistance, making it challenging to design 
the correct treatment. Moreover, Nrf2 is elevated in the 
CLL microenvironment and plays an essential role in leu-
kemia cell survival. However, few studies are available on 
the role of Nrf2 in CLL, so future studies are needed to 
elucidate the role of this transcription factor completely.

Nrf2 and acute lymphocytic leukemia (ALL)
Acute lymphocytic/ lymphoblastic leukemia (ALL) can 
progress rapidly and, if left untreated, can be fatal within 
a few months. ALL is commonly seen in children. This 
type of leukemia involves the early (immature) forms 
of lymphocytes and has different subtypes that cause 
malignancy in B and T cells. The Philadelphia (Ph ’) 
chromosome, which is formed during the translocation 
of chromosomes (9; 22) (q34; ql1), most often manifests 
itself in CML and some patients with ALL (5 to 20%) [72, 
205]. ALL are routinely treated with cytosine arabinoside, 
doxorubicin, cyclophosphamide, and methotrexate. It is 
demonstrated that upregulation of Nrf2 enhances chem-
otherapy resistance and causes the survival of malignant 
cells. Besides, gain-of-function mutations of Nrf2 and 
loss-of-function mutations of Keap1 cause several can-
cers and provoke drug and radiation resistance. In an in-
silico study by Akın-Balı et al., 6 to 8 new mutations in the 
Nrf2-Keap1 signaling pathway were identified, indicating 
a disruption of the Nrf2 inhibitory pathway and activa-
tion of this factor in patients with ALL. In this study, 30 
ALL patients (20 girls and 10 boys) aged between 1 and 
14  years (mean age ¼ 5.4  years) participated. Through 
DNA sequencing by PolyPhen-2 program analysis, path-
ological mutations were recognized in NF-κB1, Keap1, 
and p62 pathways. Analysis of mutations showed 18 
changes (11 nucleotide substitutions, three deletions, and 
four insertions). These changes were detected in 22 (73%) 
of 30 pediatric ALL patients [206].

The mitogen-activated protein kinase (MAPK)/extra-
cellular signal kinase (ERK) and phosphatidylinositol 
3-kinase (PI3K)/protein kinase B (AKT) signaling path-
ways are essential pathways that take part in numerous 
cellular functions, like cell durability, proliferation, dif-
ferentiation, drug resistance, and apoptosis. Overactiva-
tion of these pathways is prevalent in many cancers, such 
as leukemia, which are significant causes of cancer drug 
resistance. Thus, targeting this signaling pathway can 
suppress cell proliferation and induce apoptosis. Gajda 
et  al. demonstrated that inhibiting the MAPK/ERK and 
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PI3K/AKT pathways reduces Nrf2/NF-κΒ levels and pre-
vents drug resistance in REH and MOLT-4 ALL cell lines 
[193]. Furthermore, a combination of MAPK/ERK path-
way inhibitors plus topoisomerase II inhibitor treatment 
synergistically increased the production of ROS and 
caused apoptosis in leukemic cells [207, 208].

Increased GSH, Trx, and TrxR expression levels were 
seen in ALL, AML, and CLL patients, partly due to 
Nrf2 activation. Also, Trx initiated the PI3K/AKT path-
way. In this study, researchers exposed REH, MOLT-4 
(ALL), MOLM-14 (AML), and K562 (CML) cell lines 
to AZD0364 and/or ZSTK474. The results showed that 
therapy decreased cell viability in REH, MOLT-4, and 
MOLM-14b cells but was ineffective in K562 cells. Also, 
the ROS level was increased. On the other hand, expres-
sion analysis showed a decrease in NF-κB, Nrf2, HO-1, 
and TrxR proteins in REH, MOLT-4, and MOLM-14b 
cells, whereas the level of HO-1 in the K562 cell line 
increased. In addition, the increased apoptosis levels 
were confirmed by flow cytometric analysis in AML and 
ALL cell lines [193].

In summary, the studies showed an increased expres-
sion of Nrf2 and its target genes in ALL. On the other 
hand, DNA sequencing confirmed the presence of muta-
tions in NF-κB1, Nrf2, Keap1, and p62 pathways, which 
disrupt the Nrf2 inhibitory pathway and cause stimu-
lation of this transcription factor in ALL and result in 
decreased apoptosis in the malignant cell, and chemo-
therapy resistance. In addition, phosphorylation and acti-
vation of transcription factors such as MAPK/ERK and 
PI3K/AKT, which are located upstream or downstream 
of Nrf2, stimulate the expression of Nrf2/NF-κΒ. There-
fore, targeting these biomarkers can be promising in 
treating leukemia and increasing patient survival.

Conclusion
This review is more comprehensive than the recent 
papers in the field [12, 13], and it also summarizes the 
available evidence to evaluate the role of Nrf2 in various 
leukemia [209]. Nrf2 is a poor prognostic marker in leu-
kemia [210] and affects the expression of several critical 
target genes in leukemia progression [92, 211, 212]. Over-
expression of Nrf2 induces different signaling pathways, 
stimulates the accumulation of P62 protein that leads to 
autophagy pathways, induces cytokines, and increases 
various kinases’ expression. Also, Nrf2 increases or 
decreases structural proteins, including E-cadherin, and 
modulates various signaling pathways such as Nrf2/
NF-κΒ, MAPK/ERK, and PI3K/AKT signaling pathways 
inducing the expression of anti-apoptotic proteins and 
triggers chemotherapy resistance [41, 203].

Several studies suggest that inhibiting Nrf2-related 
antioxidant processes may be a practical and promising 

treatment strategy for inducing prooxidizing effects 
in the cancer cell microenvironment and triggering 
ROS-dependent cell death in various human cancers 
[213, 214]. Also, Nrf2 inhibitors and activators are used 
in cancer therapy and inflammatory diseases accord-
ing to the type and stage of cancer [41]. Nrf2 activators 
play a cytoprotective role, protecting healthy cells from 
carcinogens. On the other hand, Nrf2 inhibitors sup-
press cancer cell proliferation and inhibit metastasis and 
angiogenesis in various myeloid and lymphoid leukemia 
[88, 215]. Furthermore, inhibition of Nrf2, whether by 
knockdown techniques, siRNA, or the use of inhibitory 
compounds, combined with current frontline therapies, 
stops cell growth and causes apoptosis in malignant cells, 
which should be investigated in subsequent studies [92, 
216–218]. Given Nrf2’s available location at the pivotal 
point of various pathways, pharmacologic manipulations 
of downstream effectors or upstream regulators of Nrf2 
signaling could produce significant  anti-tumor  effects 
and synergize with already established drugs [219].

In summary, due to the function and overexpression of 
Nrf2 in the various types of leukemia and cancer, inhibi-
tion of this transcription factor alone or in combination 
with other cancer therapies such as immunotherapy or 
chemotherapy can be considered a novel promising ther-
apeutic target; for example, combining therapy of CML 
patients with Nrf2-siRNA and imatinib enhanced the rate 
of apoptosis and reduced imatinib resistance [177]. Also, 
AML patients were less resistant to treatment when the 
Nrf2 inhibitor was used with cytotoxic drugs like Cytara-
bine and Daunorubicin [190].

So, it is likely that throughout the near future, more 
studies will search for other valuable ways of preventing 
the pro-oncogenic roles of Nrf2 and protecting its bio-
logical effects. The challenge is finding new and effective 
ways that don’t have other targets. On the other hand, it 
is important to note that finding new Nrf2/ARE inhibi-
tors with the right potency, specificity, and safety is still 
a significant challenge in cancer research and could lead 
to a breakthrough in the hard fight against leukemia and 
cancer.

Acknowledgements
We would like to thank Tabriz University of Medical Sciences for supporting 
this study.

Author contributions
AK, SA: Searching, Writing, VK, AK: Figure design, ShA, PJ, HM: Review and edit‑
ing, JG, MH: Searching, FJ: Project administration, Writing, editing, All authors 
reviewed the manuscript. All authors read and approved the final manuscript.

Funding
We would like to thank Tabriz University of Medical Sciences for the financial 
support of this study (grant number: 66163 and 66377). We would also like to 
thank Mr. Koosha Sepasi for his excellent contribution to this study.



Page 19 of 24Khodakarami et al. Cancer Cell International          (2022) 22:241 	

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Immunology Research Center, Tabriz University of Medical Sciences, Tabriz, 
Iran. 2 Student Research Committee, Tabriz University of Medical Sciences, 
Tabriz, Iran. 3 Department of Immunology, School of Medicine, Kermanshah 
University of Medical Sciences, Kermanshah, Iran. 4 Non-Communicable 
Diseases Research Center, Alborz University of Medical Sciences, Karaj, Iran. 
5 Noncommunicable Diseases Research Center, Bam University of Medi‑
cal Sciences, Bam, Iran. 6 Bioclinicum, Department of Oncology‑Pathology, 
Karolinska Institute, Stockholm, Sweden. 7 Department of Immunology, School 
of Medicine, Bushehr University of Medical Sciences, Bushehr, Iran. 8 Depart‑
ment of Immunology, Faculty of Medicine, Tabriz University of Medical Sci‑
ences, Tabriz, Iran. 9 Research Center for Integrative Medicine in Aging, Aging 
Research Institute, Tabriz University of Medical Sciences, Tabriz, Iran. 

Received: 11 December 2021   Accepted: 19 July 2022

References
	 1.	 Juliusson G, Hough R. Leukemia. Prog Tumor Res. 2016;43:87–100.
	 2.	 Pui C-H. Childhood leukemias. N Engl J Med. 1995;332(24):1618–30.
	 3.	 Banjar H, Adelson D, Brown F, Chaudhri N. Intelligent tech‑

niques using molecular data analysis in leukaemia: an opportu‑
nity for personalized medicine support system. Biomed Res Int. 
2017;2017:3587309–3587309.

	 4.	 Thanh T, Vununu C, Atoev S, Lee S-H, Kwon K-R. Leukemia blood 
cell image classification using convolutional neural network. IJCTE. 
2018;10(2):54–8.

	 5.	 Davis AS, Viera AJ, Mead MD. Leukemia: an overview for primary care. 
Am Fam Physician. 2014;89(9):731–8.

	 6.	 Hallek M, Cheson BD, Catovsky D, Caligaris-Cappio F, Dighiero G, Döh‑
ner H, Hillmen P, Keating MJ, Montserrat E, Rai KR, et al. Guidelines for 
the diagnosis and treatment of chronic lymphocytic leukemia: a report 
from the International Workshop on Chronic Lymphocytic Leukemia 
updating the National Cancer Institute-Working Group 1996 guidelines. 
Blood. 2008;111(12):5446–56.

	 7.	 Jadidi-Niaragh F, Ghalamfarsa G, Yousefi M, Tabrizi MH, Shokri F. Regula‑
tory T cells in chronic lymphocytic leukemia: implication for immuno‑
therapeutic interventions. Tumour Biol. 2013;34(4):2031–9.

	 8.	 Medinger M, Lengerke C, Passweg J. Novel therapeutic options in acute 
myeloid leukemia. Leukemia Res Rep. 2016;6:39–49.

	 9.	 Coiffier B, Altman A, Pui CH, Younes A, Cairo MS. Guidelines for the man‑
agement of pediatric and adult tumor lysis syndrome: an evidence-
based review. J Clin Oncol. 2008;26(16):2767–78.

	 10.	 Kanninen K, Heikkinen R, Malm T, Rolova T, Kuhmonen S, Leinonen H, 
Ylä-Herttuala S, Tanila H, Levonen A-L, Koistinaho M. Intrahippocam‑
pal injection of a lentiviral vector expressing Nrf2 improves spatial 
learning in a mouse model of Alzheimer’s disease. Proc Natl Acad Sci. 
2009;106(38):16505–10.

	 11.	 Pietsch EC, Chan JY, Torti FM, Torti SV. Nrf2 mediates the induction 
of ferritin H in response to xenobiotics and cancer chemopreventive 
dithiolethiones. J Biol Chem. 2003;278(4):2361–9.

	 12.	 Panieri E, Saso L. Potential Applications of NRF2 Inhibitors in Cancer 
Therapy. Oxid Med Cell Longev. 2019;2019:8592348.

	 13.	 Wu S, Lu H, Bai Y. Nrf2 in cancers: A double-edged sword. Cancer Med. 
2019;8(5):2252–67.

	 14.	 He X, Chen MG, Lin GX, Ma Q. Arsenic induces NAD (P) H-quinone 
oxidoreductase I by disrupting the Nrf2· Keap1· Cul3 complex and 
recruiting Nrf2· Maf to the antioxidant response element enhancer. J 
Biol Chem. 2006;281(33):23620–31.

	 15.	 Rushworth SA, Chen X-L, Mackman N, Ogborne RM, O’Connell MA. 
Lipopolysaccharide-induced heme oxygenase-1 expression in 
human monocytic cells is mediated via Nrf2 and protein kinase C. J 
Immunol. 2005;175(7):4408–15.

	 16.	 Zimta A-A, Cenariu D, Irimie A, Magdo L, Nabavi SM, Atanasov AG, 
Berindan-Neagoe I. The role of Nrf2 activity in cancer development 
and progression. Cancers (Basel). 2019;11(11):1755.

	 17.	 Sykiotis GP, Bohmann D. Stress-activated cap’n’collar transcription 
factors in aging and human disease. Sci Signal. 2010. https://​doi.​org/​
10.​1126/​scisi​gnal.​3112r​e3.

	 18.	 Tong KI, Katoh Y, Kusunoki H, Itoh K, Tanaka T, Yamamoto M. Keap1 
recruits Neh2 through binding to ETGE and DLG motifs: characteri‑
zation of the two-site molecular recognition model. Mol Cell Biol. 
2006;26(8):2887–900.

	 19.	 Tong KI, Padmanabhan B, Kobayashi A, Shang C, Hirotsu Y, Yokoyama 
S, Yamamoto M. Different electrostatic potentials define ETGE and 
DLG motifs as hinge and latch in oxidative stress response. Mol Cell 
Biol. 2007;27(21):7511–21.

	 20.	 Madden SK, Itzhaki LS. Structural and mechanistic insights into the 
Keap1-Nrf2 system as a route to drug discovery. Biochim Biophys 
Acta. 2020;1868(7): 140405.

	 21.	 Motohashi H, Katsuoka F, Engel JD, Yamamoto M. Small Maf proteins 
serve as transcriptional cofactors for keratinocyte differentia‑
tion in the Keap1–Nrf2 regulatory pathway. Proc Natl Acad Sci. 
2004;101(17):6379–84.

	 22.	 Hayes JD, Dinkova-Kostova AT. The Nrf2 regulatory network provides 
an interface between redox and intermediary metabolism. Trends 
Biochem Sci. 2014;39(4):199–218.

	 23.	 Ma Q. Role of nrf2 in oxidative stress and toxicity. Annu Rev Pharma‑
col Toxicol. 2013;53:401–26.

	 24.	 Furukawa M, Xiong Y. BTB protein Keap1 targets antioxidant tran‑
scription factor Nrf2 for ubiquitination by the Cullin 3-Roc1 ligase. 
Mol Cell Biol. 2005;25(1):162–71.

	 25.	 Zipper LM, Mulcahy RT. The Keap1 BTB/POZ dimerization func‑
tion is required to sequester Nrf2 in cytoplasm. J Biol Chem. 
2002;277(39):36544–52.

	 26.	 Bialk P, Wang Y, Banas K, Kmiec EB. Functional gene knockout of NRF2 
increases chemosensitivity of human lung cancer A549 cells in vitro 
and in a xenograft mouse model. Mol Ther Oncolytics. 2018;11:75–89.

	 27.	 Nguyen T, Sherratt PJ, Huang H-C, Yang CS, Pickett CB. Increased pro‑
tein stability as a mechanism that enhances Nrf2-mediated transcrip‑
tional activation of the antioxidant response element Degradation of 
Nrf2 by the 26 S proteasome. J Biol Chem. 2003;278(7):4536–41.

	 28.	 Stewart D, Killeen E, Naquin R, Alam S, Alam J. Degradation of 
transcription factor Nrf2 via the ubiquitin-proteasome pathway and 
stabilization by cadmium. J Biol Chem. 2003;278(4):2396–402.

	 29.	 Rushmore TH, Morton MR, Pickett CB. The antioxidant responsive 
element Activation by oxidative stress and identification of the DNA 
consensus sequence required for functional activity. J Biol Chem. 
1991;266(18):11632–9.

	 30.	 Telakowski-Hopkins CA, King RG, Pickett CB. Glutathione S-trans‑
ferase Ya subunit gene: identification of regulatory elements 
required for basal level and inducible expression. Proc Natl Acad Sci. 
1988;85(4):1000–4.

	 31.	 Wakabayashi N, Itoh K, Wakabayashi J, Motohashi H, Noda S, Taka‑
hashi S, Imakado S, Kotsuji T, Otsuka F, Roop DR. Keap1-null mutation 
leads to postnatal lethality due to constitutive Nrf2 activation. Nat 
Genet. 2003;35(3):238–45.

	 32.	 DeNicola GM, Karreth FA, Humpton TJ, Gopinathan A, Wei C, Frese 
K, Mangal D, Yu KH, Yeo CJ, Calhoun ES, et al. Oncogene-induced 
Nrf2 transcription promotes ROS detoxification and tumorigenesis. 
Nature. 2011;475(7354):106–9.

	 33.	 Yoo NJ, Kim HR, Kim YR, An CH, Lee SH. Somatic mutations of 
the KEAP1 gene in common solid cancers. Histopathology. 
2012;60(6):943–52.

https://doi.org/10.1126/scisignal.3112re3
https://doi.org/10.1126/scisignal.3112re3


Page 20 of 24Khodakarami et al. Cancer Cell International          (2022) 22:241 

	 34.	 Goldstein LD, Lee J, Gnad F, Klijn C, Schaub A, Reeder J, Daemen A, 
Bakalarski CE, Holcomb T, Shames DS, et al. Recurrent loss of NFE2L2 
Exon 2 is a mechanism for Nrf2 pathway activation in human cancers. 
Cell Rep. 2016;16(10):2605–17.

	 35.	 Hanada N, Takahata T, Zhou Q, Ye X, Sun R, Itoh J, Ishiguro A, Kijima H, 
Mimura J, Itoh K, et al. Methylation of the KEAP1 gene promoter region 
in human colorectal cancer. BMC Cancer. 2012;12:66.

	 36.	 Mitsuishi Y, Taguchi K, Kawatani Y, Shibata T, Nukiwa T, Aburatani H, 
Yamamoto M, Motohashi H. Nrf2 redirects glucose and glutamine 
into anabolic pathways in metabolic reprogramming. Cancer Cell. 
2012;22(1):66–79.

	 37.	 Hast BE, Goldfarb D, Mulvaney KM, Hast MA, Siesser PF, Yan F, Hayes 
DN, Major MB. Proteomic analysis of ubiquitin ligase KEAP1 reveals 
associated proteins that inhibit NRF2 ubiquitination. Cancer Res. 
2013;73(7):2199–210.

	 38.	 Adam J, Hatipoglu E, O’Flaherty L, Ternette N, Sahgal N, Lockstone 
H, Baban D, Nye E, Stamp GW, Wolhuter K, et al. Renal cyst formation 
in Fh1-deficient mice is independent of the Hif/Phd pathway: roles 
for fumarate in KEAP1 succination and Nrf2 signaling. Cancer Cell. 
2011;20(4):524–37.

	 39.	 McMahon M, Thomas N, Itoh K, Yamamoto M, Hayes JD. Redox-regu‑
lated turnover of Nrf2 is determined by at least two separate protein 
domains, the redox-sensitive Neh2 degron and the redox-insensitive 
Neh6 degron. J Biol Chem. 2004;279(30):31556–67.

	 40.	 de la RojoVega M, Chapman E, Zhang DD. NRF2 and the hallmarks of 
cancer. Cancer Cell. 2018;34(1):21–43.

	 41.	 Gañán-Gómez I, Wei Y, Yang H, Boyano-Adánez MC, García-Manero G. 
Oncogenic functions of the transcription factor Nrf2. Free Radical Biol 
Med. 2013;65:750–64.

	 42.	 Kobayashi A, Kang MI, Watai Y, Tong KI, Shibata T, Uchida K, Yamamoto 
M. Oxidative and electrophilic stresses activate Nrf2 through inhibition 
of ubiquitination activity of Keap1. Mol Cell Biol. 2006;26(1):221–9.

	 43.	 Rachakonda G, Xiong Y, Sekhar KR, Stamer SL, Liebler DC, Freeman 
ML. Covalent modification at Cys151 dissociates the electrophile 
sensor Keap1 from the ubiquitin ligase CUL3. Chem Res Toxicol. 
2008;21(3):705–10.

	 44.	 Komatsu M, Kurokawa H, Waguri S, Taguchi K, Kobayashi A, Ichimura Y, 
Sou Y-S, Ueno I, Sakamoto A, Tong KI. The selective autophagy substrate 
p62 activates the stress responsive transcription factor Nrf2 through 
inactivation of Keap1. Nat Cell Biol. 2010;12(3):213–23.

	 45.	 Lau A, Wang X-J, Zhao F, Villeneuve NF, Wu T, Jiang T, Sun Z, White E, 
Zhang DD. A noncanonical mechanism of Nrf2 activation by autophagy 
deficiency: direct interaction between Keap1 and p62. Mol Cell Biol. 
2010;30(13):3275–85.

	 46.	 Jiang T, Harder B, De La Vega MR, Wong PK, Chapman E, Zhang 
DD. p62 links autophagy and Nrf2 signaling. Free Radical Biol Med. 
2015;88:199–204.

	 47.	 Komatsu M, Ichimura Y. Physiological significance of selective degrada‑
tion of p62 by autophagy. FEBS Lett. 2010;584(7):1374–8.

	 48.	 Ichimura Y, Waguri S, Sou Y-S, Kageyama S, Hasegawa J, Ishimura R, 
Saito T, Yang Y, Kouno T, Fukutomi T. Phosphorylation of p62 acti‑
vates the Keap1-Nrf2 pathway during selective autophagy. Mol Cell. 
2013;51(5):618–31.

	 49.	 Lau A, Zheng Y, Tao S, Wang H, Whitman SA, White E, Zhang DD. Arsenic 
inhibits autophagic flux, activating the Nrf2-Keap1 pathway in a 
p62-dependent manner. Mol Cell Biol. 2013;33(12):2436–46.

	 50.	 Peng Q, Liu H, Luo Z, Zhao H, Wang X, Guan X. Effect of autophagy on 
ferroptosis in foam cells via Nrf2. Mol Cell Biochem. 2022. https://​doi.​
org/​10.​1007/​s11010-​021-​04347-3.

	 51.	 Itoh K, Wakabayashi N, Katoh Y, Ishii T, Igarashi K, Engel JD, Yamamoto 
M. Keap1 represses nuclear activation of antioxidant responsive ele‑
ments by Nrf2 through binding to the amino-terminal Neh2 domain. 
Genes Dev. 1999;13(1):76–86.

	 52.	 McMahon M, Thomas N, Itoh K, Yamamoto M, Hayes JD. Dimerization 
of substrate adaptors can facilitate cullin-mediated ubiquitylation of 
proteins by a “Tethering” mechanism a two-site interaction model for 
the Nrf2-Keap1 complex. J Biol Chem. 2006;281(34):24756–68.

	 53.	 Zhuang M, Calabrese MF, Liu J, Waddell MB, Nourse A, Hammel M, Miller 
DJ, Walden H, Duda DM, Seyedin SN. Structures of SPOP-substrate 
complexes: insights into molecular architectures of BTB-Cul3 ubiquitin 
ligases. Mol Cell. 2009;36(1):39–50.

	 54.	 Ponsford AH. A systematic analysis of the human Nrf2 network. United 
Kingdom: The University of Liverpool; 2016.

	 55.	 Tao S, Park SL, De La Vega MR, Zhang DD, Wondrak GT. Systemic 
administration of the apocarotenoid bixin protects skin against solar 
UV-induced damage through activation of NRF2. Free Radical Biol Med. 
2015;89:690–700.

	 56.	 Zhang DD, Lo S-C, Cross JV, Templeton DJ, Hannink M. Keap1 is a redox-
regulated substrate adaptor protein for a Cul3-dependent ubiquitin 
ligase complex. Mol Cell Biol. 2004;24(24):10941–53.

	 57.	 Wakabayashi N, Itoh K, Wakabayashi J, Motohashi H, Noda S, Takahashi 
S, Imakado S, Kotsuji T, Otsuka F, Roop DR, Harada T, Engel JD, Yama‑
moto M. 717 Keap1-null mutation leads to postnatal lethality due to 
constitutive Nrf2 activation. Nat Genet. 2003;718(35):238–45.

	 58.	 Chen W, Sun Z, Wang XJ, Jiang T, Huang Z, Fang D, Zhang DD. Direct 
interaction between Nrf2 and p21(Cip1/WAF1) upregulates the Nrf2-
mediated antioxidant response. Mol Cell. 2009;34(6):663–73.

	 59.	 Bloom DA, Jaiswal AK. Phosphorylation of Nrf2 at Ser40 by protein 
kinase C in response to antioxidants leads to the release of Nrf2 from 
INrf2, but is not required for Nrf2 stabilization/accumulation in the 
nucleus and transcriptional activation of antioxidant response element-
mediated NAD(P)H:quinone oxidoreductase-1 gene expression. J Biol 
Chem. 2003;278(45):44675–82.

	 60.	 Joo MS, Kim WD, Lee KY, Kim JH, Koo JH, Kim SG. AMPK facilitates 
nuclear accumulation of Nrf2 by phosphorylating at serine 550. Mol 
Cell Biol. 2016;36(14):1931–42.

	 61.	 Sanghvi VR, Leibold J, Mina M, Mohan P, Berishaj M, Li Z, Miele 
MM, Lailler N, Zhao C, de Stanchina E, et al. The oncogenic action 
of nrf2 depends on de-glycation by fructosamine-3-kinase. Cell. 
2019;178(4):807-819.e821.

	 62.	 Plyte SE, Hughes K, Nikolakaki E, Pulverer BJ, Woodgett JR. Glycogen 
synthase kinase-3: functions in oncogenesis and development. Biochim 
Biophys Acta Rev Cancer. 1992;1114(2–3):147–62.

	 63.	 Stambolic V, Woodgett JR. Mitogen inactivation of glycogen synthase 
kinase-3β in intact cells via serine 9 phosphorylation. Biochem J. 
1994;303(3):701–4.

	 64.	 Rojo AI, Sagarra MRD, Cuadrado A. GSK-3β down-regulates the tran‑
scription factor Nrf2 after oxidant damage: relevance to exposure of 
neuronal cells to oxidative stress. J Neurochem. 2008;105(1):192–202.

	 65.	 Chowdhry S, Zhang Y, McMahon M, Sutherland C, Cuadrado A, Hayes 
JD. Nrf2 is controlled by two distinct β-TrCP recognition motifs in its 
Neh6 domain, one of which can be modulated by GSK-3 activity. Onco‑
gene. 2013;32(32):3765–81.

	 66.	 Rada P, Rojo AI, Evrard-Todeschi N, Innamorato NG, Cotte A, Jaworski T, 
Tobón-Velasco JC, Devijver H, García-Mayoral MF, Van Leuven F. Struc‑
tural and functional characterization of Nrf2 degradation by the glyco‑
gen synthase kinase 3/β-TrCP axis. Mol Cell Biol. 2012;32(17):3486–99.

	 67.	 Chen L, Zhu Y, Zhou J, Wu R, Yang N, Bao Q, Xu X. Luteolin alleviates 
epithelial-mesenchymal transformation induced by oxidative injury in 
ARPE-19 cell via Nrf2 and AKT/GSK-3β pathway. Oxid Med Cell Longev. 
2022;2022:2265725.

	 68.	 Salazar M, Rojo AI, Velasco D, de Sagarra RM, Cuadrado A. Glycogen syn‑
thase kinase-3β inhibits the xenobiotic and antioxidant cell response 
by direct phosphorylation and nuclear exclusion of the transcription 
factor Nrf2. J Biol Chem. 2006;281(21):14841–51.

	 69.	 Torrente L, DeNicola GM. Targeting NRF2 and its downstream pro‑
cesses: opportunities and challenges. Annu Rev Pharmacol Toxicol. 
2022;62:279–300.

	 70.	 Meakin PJ, Chowdhry S, Sharma RS, Ashford FB, Walsh SV, McCrimmon 
RJ, Dinkova-Kostova AT, Dillon JF, Hayes JD, Ashford ML. Susceptibility 
of Nrf2-null mice to steatohepatitis and cirrhosis upon consumption 
of a high-fat diet is associated with oxidative stress, perturbation of 
the unfolded protein response, and disturbance in the expression 
of metabolic enzymes but not with insulin resistance. Mol Cell Biol. 
2014;34(17):3305–20.

	 71.	 Wang M, Kaufman RJ. The impact of the endoplasmic reticulum 
protein-folding environment on cancer development. Nat Rev Cancer. 
2014;14(9):581–97.

	 72.	 Wu T, Zhao F, Gao B, Tan C, Yagishita N, Nakajima T, Wong PK, Chapman 
E, Fang D, Zhang DD. Hrd1 suppresses Nrf2-mediated cellular protec‑
tion during liver cirrhosis. Genes Dev. 2014;28(7):708–22.

https://doi.org/10.1007/s11010-021-04347-3
https://doi.org/10.1007/s11010-021-04347-3


Page 21 of 24Khodakarami et al. Cancer Cell International          (2022) 22:241 	

	 73.	 Menegon S, Columbano A, Giordano S. The dual roles of NRF2 in can‑
cer. Trends Mol Med. 2016;22(7):578–93.

	 74.	 Motohashi H, Yamamoto M. Nrf2–Keap1 defines a physiologi‑
cally important stress response mechanism. Trends Mol Med. 
2004;10(11):549–57.

	 75.	 Iida K, Itoh K, Kumagai Y, Oyasu R, Hattori K, Kawai K, Shimazui T, 
Akaza H, Yamamoto M. Nrf2 is essential for the chemopreventive 
efficacy of oltipraz against urinary bladder carcinogenesis. Can Res. 
2004;64(18):6424–31.

	 76.	 Rachakonda G, Sekhar KR, Jowhar D, Samson PC, Wikswo JP, Beau‑
champ RD, Datta PK, Freeman ML. Increased cell migration and plastic‑
ity in Nrf2-deficient cancer cell lines. Oncogene. 2010;29(25):3703–14.

	 77.	 Ramos-Gomez M, Dolan PM, Itoh K, Yamamoto M, Kensler TW. Interac‑
tive effects of nrf2 genotype and oltipraz on benzo [a] pyrene–DNA 
adducts and tumor yield in mice. Carcinogenesis. 2003;24(3):461–7.

	 78.	 Satoh H, Moriguchi T, Taguchi K, Takai J, Maher JM, Suzuki T, Winnard 
PT Jr, Raman V, Ebina M, Nukiwa T. Nrf2-deficiency creates a respon‑
sive microenvironment for metastasis to the lung. Carcinogenesis. 
2010;31(10):1833–43.

	 79.	 Aoki Y, Sato H, Nishimura N, Takahashi S, Itoh K, Yamamoto M. Acceler‑
ated DNA adduct formation in the lung of the Nrf2 knockout mouse 
exposed to diesel exhaust. Toxicol Appl Pharmacol. 2001;173(3):154–60.

	 80.	 Enomoto A, Itoh K, Nagayoshi E, Haruta J, Kimura T, O’Connor T, Harada 
T, Yamamoto M. High sensitivity of Nrf2 knockout mice to acetami‑
nophen hepatotoxicity associated with decreased expression of ARE-
regulated drug metabolizing enzymes and antioxidant genes. Toxicol 
Sci. 2001;59(1):169–77.

	 81.	 Rangasamy T, Cho CY, Thimmulappa RK, Zhen L, Srisuma SS, Kensler TW, 
Yamamoto M, Petrache I, Tuder RM, Biswal S. Genetic ablation of Nrf2 
enhances susceptibility to cigarette smoke-induced emphysema in 
mice. J Clin Invest. 2004;114(9):1248–59.

	 82.	 Cho HY, Reddy SP, Yamamoto M, Kleeberger SR. The transcription factor 
NRF2 protects against pulmonary fibrosis. FASEB J. 2004;18(11):1258–60.

	 83.	 Kikuchi N, Ishii Y, Morishima Y, Yageta Y, Haraguchi N, Itoh K, Yamamoto 
M, Hizawa N. Nrf2 protects against pulmonary fibrosis by regulating the 
lung oxidant level and Th1/Th2 balance. Respir Res. 2010;11(1):31.

	 84.	 Lau A, Villeneuve NF, Sun Z, Wong PK, Zhang DD. Dual roles of Nrf2 in 
cancer. Pharmacol Res. 2008;58(5–6):262–70.

	 85.	 Sporn MB, Liby KT. NRF2 and cancer: the good, the bad and the impor‑
tance of context. Nat Rev Cancer. 2012;12(8):564–71.

	 86.	 Wang X-J, Sun Z, Villeneuve NF, Zhang S, Zhao F, Li Y, Chen W, Yi X, 
Zheng W, Wondrak GT. Nrf2 enhances resistance of cancer cells 
to chemotherapeutic drugs, the dark side of Nrf2. Carcinogenesis. 
2008;29(6):1235–43.

	 87.	 Itoh K, Chiba T, Takahashi S, Ishii T, Igarashi K, Katoh Y, Oyake T, Hayashi 
N, Satoh K, Hatayama I. An Nrf2/small Maf heterodimer medi‑
ates the induction of phase II detoxifying enzyme genes through 
antioxidant response elements. Biochem Biophys Res Commun. 
1997;236(2):313–22.

	 88.	 Rushworth SA, MacEwan DJ. The role of nrf2 and cytoprotection in 
regulating chemotherapy resistance of human leukemia cells. Cancers 
(Basel). 2011;3(2):1605–21.

	 89.	 Rushworth SA, MacEwan DJ, O’Connell MA. Lipopolysaccharide-
induced expression of NAD (P) H: quinone oxidoreductase 1 and heme 
oxygenase-1 protects against excessive inflammatory responses in 
human monocytes. J Immunol. 2008;181(10):6730–7.

	 90.	 Lavrovsky Y, Schwartzman ML, Levere RD, Kappas A, Abraham NG. 
Identification of binding sites for transcription factors NF-kappa B and 
AP-2 in the promoter region of the human heme oxygenase 1 gene. 
Proc Natl Acad Sci. 1994;91(13):5987–91.

	 91.	 Rushworth SA, Bowles KM, Raninga P, MacEwan DJ. NF-κB–inhibited 
acute myeloid leukemia cells are rescued from apoptosis by heme 
oxygenase-1 induction. Can Res. 2010;70(7):2973–83.

	 92.	 Goodman AI, Choudhury M, Da Silva J-L, Schwartzman ML, Abraham 
NG. Overexpression of the heme oxygenase gene in renal cell carci‑
noma. Proc Soc Exp Biol Med. 1997;214(1):54–75.

	 93.	 Hara E, Takahashi K, Tominaga T, Kumabe T, Kayama T, Suzuki H, Fujita H, 
Yoshimoto T, Shirato K, Shibahara S. Expression of heme oxygenase and 
inducible nitric oxide synthase mRNA in human brain tumors. Biochem 
Biophys Res Commun. 1996;224(1):153–8.

	 94.	 Sunamura M, Duda DG, Ghattas MH, Lozonschi L, Motoi F, Yamauchi J-I, 
Matsuno S, Shibahara S, Abraham NG. Heme oxygenase-1 acceler‑
ates tumor angiogenesis of human pancreatic cancer. Angiogenesis. 
2003;6(1):15–24.

	 95.	 Malhotra D, Portales-Casamar E, Singh A, Srivastava S, Arenillas D, 
Happel C, Shyr C, Wakabayashi N, Kensler TW, Wasserman WW. Global 
mapping of binding sites for Nrf2 identifies novel targets in cell survival 
response through ChIP-Seq profiling and network analysis. Nucleic 
Acids Res. 2010;38(17):5718–34.

	 96.	 Wakabayashi N, Shin S, Slocum SL, Agoston ES, Wakabayashi J, Kwak 
M-K, Misra V, Biswal S, Yamamoto M, Kensler TW. Regulation of notch1 
signaling by nrf2: implications for tissue regeneration. Sci Signal. 2010. 
https://​doi.​org/​10.​1126/​scisi​gnal.​20007​62.

	 97.	 Rojo AI, Rada P, Mendiola M, Ortega-Molina A, Wojdyla K, Rogowska-
Wrzesinska A, Hardisson D, Serrano M, Cuadrado A. The PTEN/
NRF2 axis promotes human carcinogenesis. Antioxid Redox Signal. 
2014;21(18):2498–514.

	 98.	 Lister A, Nedjadi T, Kitteringham NR, Campbell F, Costello E, Lloyd B, 
Copple IM, Williams S, Owen A, Neoptolemos JP. Nrf2 is overexpressed 
in pancreatic cancer: implications for cell proliferation and therapy. Mol 
Cancer. 2011;10(1):1–13.

	 99.	 Murakami S, Motohashi H. Roles of Nrf2 in cell proliferation and dif‑
ferentiation. Free Radical Biol Med. 2015;88:168–78.

	100.	 Cha H-Y, Lee B-S, Chang JW, Park JK, Han JH, Kim Y-S, Shin YS, Byeon 
HK, Kim C-H. Downregulation of Nrf2 by the combination of TRAIL 
and Valproic acid induces apoptotic cell death of TRAIL-resistant 
papillary thyroid cancer cells via suppression of Bcl-xL. Cancer Lett. 
2016;372(1):65–74.

	101.	 Ebrahimi R, Sepand MR, Seyednejad SA, Omidi A, Akbariani M, Gholami 
M, Sabzevari O. Ellagic acid reduces methotrexate-induced apoptosis 
and mitochondrial dysfunction via up-regulating Nrf2 expression and 
inhibiting the IĸBα/NFĸB in rats. DARU J Pharm Sci. 2019;27(2):721–33.

	102.	 Niture SK, Jaiswal AK. Nrf2 protein up-regulates antiapop‑
totic protein Bcl-2 and prevents cellular apoptosis. J Biol Chem. 
2012;287(13):9873–86.

	103.	 Tung M-C, Lin P-L, Wang Y-C, He T-Y, Lee M-C, Yeh S-D, Chen C-Y, Lee H. 
Mutant p53 confers chemoresistance in non-small cell lung cancer by 
upregulating Nrf2. Oncotarget. 2015;6(39):41692.

	104.	 Ruefli-Brasse A, Reed JC. Therapeutics targeting Bcl-2 in hematological 
malignancies. Biochemical Journal. 2017;474(21):3643–57.

	105.	 Liu Y, Yang H, Wen Y, Li B, Zhao Y, Xing J, Zhang M, Chen Y. Nrf2 inhibits 
periodontal ligament stem cell apoptosis under excessive oxidative 
stress. Int J Mol Sci. 2017;18(5):1076.

	106.	 Bonay M, Deramaudt TB. Nrf2: new insight in cell apoptosis. Cell Death 
Dis. 2015;6: e1897.

	107.	 Yu H, Chen B, Ren Q. Baicalin relieves hypoxia-aroused H9c2 cell apop‑
tosis by activating Nrf2/HO-1-mediated HIF1α/BNIP3 pathway. Artif 
Cells Nanomed Biotechnol. 2019;47(1):3657–63.

	108.	 Franses JW, Drosu NC, Gibson WJ, Chitalia VC, Edelman ER. Dysfunc‑
tional endothelial cells directly stimulate cancer inflammation and 
metastasis. Int J Cancer. 2013;133(6):1334–44.

	109.	 Huang Y, Mao Y, Li H, Shen G, Nan G. Knockdown of Nrf2 inhibits 
angiogenesis by downregulating VEGF expression through PI3K/Akt 
signaling pathway in cerebral microvascular endothelial cells under 
hypoxic conditions. Biochem Cell Biol. 2018;96(4):475–82.

	110.	 Ji X, Wang H, Zhu J, Zhu L, Pan H, Li W, Zhou Y, Cong Z, Yan F, Chen 
S. Knockdown of Nrf2 suppresses glioblastoma angiogenesis 
by inhibiting hypoxia-induced activation of HIF-1α. Int J Cancer. 
2014;135(3):574–84.

	111.	 Srivastava A, Fatima K, Fatima E, Singh A, Singh A, Shukla A, Luqman S, 
Shanker K, Chanda D, Khan F, et al. Fluorinated benzylidene indanone 
exhibits antiproliferative activity through modulation of microtubule 
dynamics and antiangiogenic activity. Eur J Pharm Sci. 2020;154: 
105513.

	112.	 Kim T-H. Hur E-g, Kang S-J, Kim J-A, Thapa D, Lee YM, Ku SK, Jung Y, Kwak 
M-K: NRF2 blockade suppresses colon tumor angiogenesis by inhibit‑
ing hypoxia-induced activation of HIF-1α. Can Res. 2011;71(6):2260–75.

	113.	 Guo Z, Mo Z. Keap1-Nrf2 signaling pathway in angiogenesis and vascu‑
lar diseases. J Tissue Eng Regen Med. 2020;14(6):869–83.

https://doi.org/10.1126/scisignal.2000762


Page 22 of 24Khodakarami et al. Cancer Cell International          (2022) 22:241 

	114.	 Li L, Pan H, Wang H, Li X, Bu X, Wang Q, Gao Y, Wen G, Zhou Y, Cong 
Z. Interplay between VEGF and Nrf2 regulates angiogenesis due to 
intracranial venous hypertension. Sci Rep. 2016;6:37338.

	115.	 Arfmann-Knübel S, Struck B, Genrich G, Helm O, Sipos B, Sebens S, 
Schäfer H. The crosstalk between Nrf2 and TGF-β1 in the epithelial-
mesenchymal transition of pancreatic duct epithelial cells. PLoS ONE. 
2015;10(7): e0132978.

	116.	 Shen H, Yang Y, Xia S, Rao B, Zhang J, Wang J. Blockage of Nrf2 
suppresses the migration and invasion of esophageal squamous 
cell carcinoma cells in hypoxic microenvironment. Dis Esophagus. 
2014;27(7):685–92.

	117.	 Zhao Q, Mao A, Guo R, Zhang L, Yan J, Sun C, Tang J, Ye Y, Zhang Y, 
Zhang H. Suppression of radiation-induced migration of non-small 
cell lung cancer through inhibition of Nrf2-Notch Axis. Oncotarget. 
2017;8(22):36603.

	118.	 Wakabayashi N, Skoko JJ, Chartoumpekis DV, Kimura S, Slocum SL, 
Noda K, Palliyaguru DL, Fujimuro M, Boley PA, Tanaka Y. Notch-Nrf2 axis: 
regulation of Nrf2 gene expression and cytoprotection by notch signal‑
ing. Mol Cell Biol. 2014;34(4):653–63.

	119.	 Lignitto L, LeBoeuf SE, Homer H, Jiang S, Askenazi M, Karakousi TR, Pass 
HI, Bhutkar AJ, Tsirigos A, Ueberheide B, et al. Nrf2 activation promotes 
lung cancer metastasis by inhibiting the degradation of bach1. Cell. 
2019;178(2):316-329.e318.

	120.	 Wu T-Y, Khor TO, Su Z-Y, Saw CLL, Shu L, Cheung K-L, Huang Y, Yu S. 
Kong A-NT: Epigenetic modifications of Nrf2 by 3, 3′-diindolylmethane 
in vitro in TRAMP C1 cell line and in vivo TRAMP prostate tumors. AAPS 
J. 2013;15(3):864–74.

	121.	 Singh A, Mohanty I, Singh J, Rattan S. BDNF augments rat internal 
anal sphincter smooth muscle tone via RhoA/ROCK signaling and 
nonadrenergic noncholinergic relaxation via increased NO release. Am 
J Physiol Gastrointest Liver Physiol. 2020;318(1):G23-g33.

	122.	 Singh A, Rattan S. BDNF rescues aging-associated internal anal 
sphincter dysfunction. Am J Physiol Gastrointest Liver Physiol. 
2021;321(1):G87-g97.

	123.	 Singh A, Singh J, Rattan S. Evidence for the presence and release of 
BDNF in the neuronal and non-neuronal structures of the internal anal 
sphincter. Neurogastroenterol Motil. 2022;34(4): e14099.

	124.	 Zhang C, Wang H-J, Bao Q-C, Wang L, Guo T-K, Chen W-L, Xu L-L, Zhou 
H-S, Bian J-L, Yang Y-R. NRF2 promotes breast cancer cell proliferation 
and metastasis by increasing RhoA/ROCK pathway signal transduction. 
Oncotarget. 2016;7(45):73593.

	125.	 Zhang X, Liang D, Guo L, Liang W, Jiang Y, Li H, Zhao Y, Lu S, Chi Z. 
Curcumin protects renal tubular epithelial cells from high glucose-
induced epithelial-to-mesenchymal transition through Nrf2-mediated 
upregulation of heme oxygenase-1. Mol Med Rep. 2015;12(1):1347–55.

	126.	 Zhou W, Mo X, Cui W, Zhang Z, Li D, Li L, Xu L, Yao H, Gao J. Nrf2 inhibits 
epithelial-mesenchymal transition by suppressing snail expression dur‑
ing pulmonary fibrosis. Sci Rep. 2016;6:38646.

	127.	 Itoh K, Mochizuki M, Ishii Y, Ishii T, Shibata T, Kawamoto Y, Kelly V, 
Sekizawa K, Uchida K, Yamamoto M. Transcription factor Nrf2 regulates 
inflammation by mediating the effect of 15-deoxy-Δ12, 14-prostaglan‑
din J2. Mol Cell Biol. 2004;24(1):36–45.

	128.	 Kansanen E, Bonacci G, Schopfer FJ, Kuosmanen SM, Tong KI, Leinonen 
H, Woodcock SR, Yamamoto M, Carlberg C, Ylä-Herttuala S. Electrophilic 
nitro-fatty acids activate NRF2 by a KEAP1 cysteine 151-independent 
mechanism. J Biol Chem. 2011;286(16):14019–27.

	129.	 Kobayashi EH, Suzuki T, Funayama R, Nagashima T, Hayashi M, Sekine H, 
Tanaka N, Moriguchi T, Motohashi H, Nakayama K, et al. Nrf2 suppresses 
macrophage inflammatory response by blocking proinflammatory 
cytokine transcription. Nat Commun. 2016;7:11624.

	130.	 Long M, Tao S, De La Vega MR, Jiang T, Wen Q, Park SL, Zhang DD, Won‑
drak GT. Nrf2-dependent suppression of azoxymethane/dextran sulfate 
sodium–induced colon carcinogenesis by the cinnamon-derived 
dietary factor cinnamaldehyde. Cancer Prev Res. 2015;8(5):444–54.

	131.	 McMahon M, Lamont DJ, Beattie KA, Hayes JD. Keap1 perceives stress 
via three sensors for the endogenous signaling molecules nitric oxide, 
zinc, and alkenals. Proc Natl Acad Sci. 2010;107(44):18838–43.

	132.	 Um H-C, Jang J-H, Kim D-H, Lee C, Surh Y-J. Nitric oxide activates 
Nrf2 through S-nitrosylation of Keap1 in PC12 cells. Nitric Oxide. 
2011;25(2):161–8.

	133.	 Johnson DA, Amirahmadi S, Ward C, Fabry Z, Johnson JA. The absence 
of the pro-antioxidant transcription factor Nrf2 exacerbates experimen‑
tal autoimmune encephalomyelitis. Toxicol Sci. 2010;114(2):237–46.

	134.	 Kong X, Thimmulappa R, Kombairaju P, Biswal S. NADPH oxidase-
dependent reactive oxygen species mediate amplified TLR4 signaling 
and sepsis-induced mortality in Nrf2-deficient mice. J Immunol. 
2010;185(1):569–77.

	135.	 Lisa KS, Sha W, Kuchler L, Daiber A, Giegerich AK, Weigert A, Knape 
T, Snodgrass R, Schröder K, Brandes RP. Loss of Nrf2 in bone marrow-
derived macrophages impairs antigen-driven CD8+ T cell function by 
limiting GSH and Cys availability. Free Radical Biol Med. 2015;83:77–88.

	136.	 Morito N, Yoh K, Itoh K, Hirayama A, Koyama A, Yamamoto M, Takahashi 
S. Nrf2 regulates the sensitivity of death receptor signals by affecting 
intracellular glutathione levels. Oncogene. 2003;22(58):9275–81.

	137.	 Kusmartsev S, Nefedova Y, Yoder D, Gabrilovich DI. Antigen-specific 
inhibition of CD8+ T cell response by immature myeloid cells in cancer 
is mediated by reactive oxygen species. J Immunol. 2004;172(2):989–99.

	138.	 Nagaraj S, Gupta K, Pisarev V, Kinarsky L, Sherman S, Kang L, Herber DL, 
Schneck J, Gabrilovich DI. Altered recognition of antigen is a mecha‑
nism of CD8+ T cell tolerance in cancer. Nat Med. 2007;13(7):828–35.

	139.	 Yazdani Y, Mohammadnia-Afrouzi M, Yousefi M, Anvari E, Ghalamfarsa G, 
Hasannia H, Sadreddini S, Jadidi-Niaragh F. Myeloid-derived suppressor 
cells in B cell malignancies. Tumour Biol. 2015;36(10):7339–53.

	140.	 Wardyn JD, Ponsford AH, Sanderson CM. Dissecting molecular cross-
talk between Nrf2 and NF-κB response pathways. Biochem Soc Trans. 
2015;43(4):621–6.

	141.	 Ryan DG, Knatko EV, Casey AM, Hukelmann JL, Dayalan Naidu S, Brenes 
AJ, Ekkunagul T, Baker C, Higgins M, Tronci L, et al. Nrf2 activation repro‑
grams macrophage intermediary metabolism and suppresses the type 
I interferon response. iScience. 2022;25(2):103827.

	142.	 Ahmed SMU, Luo L, Namani A, Wang XJ, Tang X. Nrf2 signaling 
pathway: pivotal roles in inflammation. Biochim Biophys Acta. 
2017;1863(2):585–97.

	143.	 Thimmulappa RK, Lee H, Rangasamy T, Reddy SP, Yamamoto M, 
Kensler TW, Biswal S. Nrf2 is a critical regulator of the innate immune 
response and survival during experimental sepsis. J Clin Investig. 
2016;116(4):984–95.

	144.	 Rushworth SA, Zaitseva L, Murray MY, Shah NM, Bowles KM, Mac‑
Ewan DJ. The high Nrf2 expression in human acute myeloid leuke‑
mia is driven by NF-κB and underlies its chemo-resistance. Blood. 
2012;120(26):5188–98.

	145.	 Yadav P, Iqbal H, Kumar K, Kumar P, Mishra D, Singh A, Pal A, Mukhopad‑
hyay P, Vamadevan B, Singh D, et al. 2-Benzyllawsone protects against 
polymicrobial sepsis and vascular hyporeactivity in swiss albino mice. 
Eur J Pharmacol. 2022;917: 174757.

	146.	 Lai C, Chen Z, Ding Y, Chen Q, Su S, Liu H, Ni R, Tang Z. Rapamycin 
attenuated zinc-induced tau phosphorylation and oxidative stress in 
rats: involvement of dual mTOR/p70S6K and Nrf2/HO-1 Pathways. Front 
Immunol. 2022;13: 782434.

	147.	 Khor TO, Huang M-T, Kwon KH, Chan JY, Reddy BS, Kong A-N. Nrf2-
deficient mice have an increased susceptibility to dextran sulfate 
sodium–induced colitis. Can Res. 2006;66(24):11580–4.

	148.	 Pareek TK, Belkadi A, Kesavapany S, Zaremba A, Loh SL, Bai L, Cohen 
ML, Meyer C, Liby KT, Miller RH, et al. Triterpenoid modulation of IL-17 
and Nrf-2 expression ameliorates neuroinflammation and promotes 
remyelination in autoimmune encephalomyelitis. Sci Rep. 2011;1:201.

	149.	 Chen XL, Varner SE, Rao AS, Grey JY, Thomas S, Cook CK, Wasserman MA, 
Medford RM, Jaiswal AK, Kunsch C. Laminar flow induction of antioxi‑
dant response element-mediated genes in endothelial cells. A novel 
anti-inflammatory mechanism. J Biol Chem. 2003;278(2):703–11.

	150.	 Saha S, Buttari B, Panieri E, Profumo E, Saso L. An overview of 
Nrf2 signaling pathway and its role in inflammation. Molecules. 
2020;25(22):5474.

	151.	 Yang PM, Wu ZZ, Zhang YQ, Wung BS. Lycopene inhibits ICAM-1 expres‑
sion and NF-κB activation by Nrf2-regulated cell redox state in human 
retinal pigment epithelial cells. Life Sci. 2016;155:94–101.

	152.	 Cai D, Yin S, Yang J, Jiang Q, Cao W. Histone deacetylase inhibition 
activates Nrf2 and protects against osteoarthritis. Arthritis Res Ther. 
2015;17:269.

	153.	 Liu X, Zhang X, Ding Y, Zhou W, Tao L, Lu P, Wang Y, Hu R. Nuclear factor 
E2-related factor-2 negatively regulates NLRP3 inflammasome activity 



Page 23 of 24Khodakarami et al. Cancer Cell International          (2022) 22:241 	

by inhibiting reactive oxygen species-induced NLRP3 priming. Antioxid 
Redox Signal. 2017;26(1):28–43.

	154.	 Liu X, Zhou W, Zhang X, Lu P, Du Q, Tao L, Ding Y, Wang Y, Hu R. Dime‑
thyl fumarate ameliorates dextran sulfate sodium-induced murine 
experimental colitis by activating Nrf2 and suppressing NLRP3 inflam‑
masome activation. Biochem Pharmacol. 2016;112:37–49.

	155.	 Zhao C, Gillette DD, Li X, Zhang Z, Wen H. Nuclear factor E2-related fac‑
tor-2 (Nrf2) is required for NLRP3 and AIM2 inflammasome activation. J 
Biol Chem. 2014;289(24):17020–9.

	156.	 Serrano M, Blasco MA. Cancer and ageing: convergent and divergent 
mechanisms. Nat Rev Mol Cell Biol. 2007;8(9):715–22.

	157.	 Zhang H, Davies KJ, Forman HJ. Oxidative stress response and Nrf2 
signaling in aging. Free Radical Biol Med. 2015;88:314–36.

	158.	 Kim SB, Pandita RK, Eskiocak U, Ly P, Kaisani A, Kumar R, Cornelius C, 
Wright WE, Pandita TK, Shay JW. Targeting of Nrf2 induces DNA damage 
signaling and protects colonic epithelial cells from ionizing radiation. 
Proc Natl Acad Sci. 2012;109(43):E2949–55.

	159.	 Jayakumar S, Pal D, Sandur SK. Nrf2 facilitates repair of radiation 
induced DNA damage through homologous recombination repair 
pathway in a ROS independent manner in cancer cells. Mutat Res. 
2015;779:33–45.

	160.	 Fahey JW, Haristoy X, Dolan PM, Kensler TW, Scholtus I, Stephenson KK, 
Talalay P, Lozniewski A. Sulforaphane inhibits extracellular, intracellular, 
and antibiotic-resistant strains of Helicobacter pylori and prevents 
benzo[a]pyrene-induced stomach tumors. Proc Natl Acad Sci USA. 
2002;99(11):7610–5.

	161.	 Hasselbalch HC, Thomassen M, Riley CH, Kjær L, Larsen TS, Jensen MK, 
Bjerrum OW, Kruse TA, Skov V. Whole blood transcriptional profiling 
reveals deregulation of oxidative and antioxidative defence genes in 
myelofibrosis and related neoplasms. Potential implications of down‑
regulation of Nrf2 for genomic instability and disease progression. PLoS 
ONE. 2014;9(11):e112786.

	162.	 Okawa H, Motohashi H, Kobayashi A, Aburatani H, Kensler TW, Yama‑
moto M. Hepatocyte-specific deletion of the keap1 gene activates Nrf2 
and confers potent resistance against acute drug toxicity. Biochem 
Biophys Res Commun. 2006;339(1):79–88.

	163.	 Solis LM, Behrens C, Dong W, Suraokar M, Ozburn NC, Moran CA, 
Corvalan AH, Biswal S, Swisher SG, Bekele BN, et al. Nrf2 and Keap1 
abnormalities in non-small cell lung carcinoma and association with 
clinicopathologic features. Clin Cancer Res. 2010;16(14):3743–53.

	164.	 Towers CG, Fitzwalter BE, Regan D, Goodspeed A, Morgan MJ, Liu CW, 
Gustafson DL, Thorburn A. Cancer cells upregulate NRF2 signaling to 
adapt to autophagy inhibition. Dev Cell. 2019;50(6):690-703.e696.

	165.	 Shibata T, Ohta T, Tong KI, Kokubu A, Odogawa R, Tsuta K, Asamura H, 
Yamamoto M, Hirohashi S. Cancer related mutations in NRF2 impair its 
recognition by Keap1-Cul3 E3 ligase and promote malignancy. Proc 
Natl Acad Sci. 2008;105(36):13568–73.

	166.	 Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C, Rebelo M, Parkin 
DM, Forman D, Bray F. Cancer incidence and mortality worldwide: 
sources, methods and major patterns in GLOBOCAN 2012. Int J Cancer. 
2015;136(5):E359–86.

	167.	 Mjali A, Al-Shammari HHJ, Abbas NT, Azeez ZD, Abbas SK. Leukemia 
Epidemiology in Karbala province of Iraq. Asian Pacific J Cancer Care. 
2019;4(4):135–9.

	168.	 Rodriguez-Abreu D, Bordoni A, Zucca E. Epidemiology of hematological 
malignancies. Ann Oncol. 2007;18:i3–8.

	169.	 Brownson RC, Novotny TE, Perry MC. Cigarette smoking and adult 
leukemia: a meta-analysis. Arch Intern Med. 1993;153(4):469–75.

	170.	 Hamblin TJ, Davis Z, Gardiner A, Oscier DG, Stevenson FK. Unmutated 
Ig VH genes are associated with a more aggressive form of chronic 
lymphocytic leukemia. Blood. 1999;94(6):1848–54.

	171.	 Rothman N, Smith MT, Hayes RB, Traver RD. Hoener B-a, Campleman S, 
Li G-L, Dosemeci M, Linet M, Zhang L: Benzene poisoning, a risk factor 
for hematological malignancy, is associated with the NQO1 609C→ 
T mutation and rapid fractional excretion of chlorzoxazone. Can Res. 
1997;57(14):2839–42.

	172.	 Bai X, Chen Y, Hou X, Huang M, Jin J. Emerging role of NRF2 in chem‑
oresistance by regulating drug-metabolizing enzymes and efflux 
transporters. Drug Metab Rev. 2016;48(4):541–67.

	173.	 Su X, Jiang X, Meng L, Dong X, Shen Y, Xin Y. Anticancer activity of sul‑
foraphane: the epigenetic mechanisms and the Nrf2 signaling pathway. 

Oxidative Med Cell Longev. 2018. https://​doi.​org/​10.​1155/​2018/​54381​
79.

	174.	 de Klein A, van Kessel AG, Grosveld G, Bartram CR, Hagemeijer A, 
Bootsma D, Spurr NK, Heisterkamp N, Groffen J, Stephenson JR. A 
cellular oncogene is translocated to the Philadelphia chromosome in 
chronic myelocytic leukaemia. Nature. 1982;300(5894):765–7.

	175.	 Rowley JD. A new consistent chromosomal abnormality in chronic 
myelogenous leukaemia identified by quinacrine fluorescence and 
Giemsa staining. Nature. 1973;243(5405):290–3.

	176.	 Bonovolias ID, Tsiftsoglou AS. Hemin counteracts the repression of 
Bcl-2 and NrF2 genes and the cell killing induced by imatinib in human 
Bcr-Abl (+) CML cells. Oncol Res Featur Preclin Clin Cancer Ther. 
2009;17(11–12):535–47.

	177.	 Xu L, Zhao Y, Pan F, Zhu M, Yao L, Liu Y, Feng J, Xiong J, Chen X, Ren 
F, et al. Inhibition of the Nrf2-TrxR axis sensitizes the drug-resistant 
chronic myelogenous leukemia cell line K562/G01 to imatinib treat‑
ments. Biomed Res Int. 2019;2019:6502793.

	178.	 Chen F, Liu Y, Wang S, Guo X, Shi P, Wang W, Xu B. Triptolide, a Chinese 
herbal extract, enhances drug sensitivity of resistant myeloid leukemia 
cell lines through downregulation of HIF-1α and Nrf2. Pharmacog‑
enomics. 2013;14(11):1305–17.

	179.	 Xu X, Zhang X, Zhang Y, Yang L, Liu Y, Huang S, Lu L, Kong L, Li Z, Guo 
Q, et al. Wogonin reversed resistant human myelogenous leukemia 
cells via inhibiting Nrf2 signaling by Stat3/NF-κB inactivation. Sci Rep. 
2017;7:39950.

	180.	 Xu X, Zhang Y, Li W, Miao H, Zhang H, Zhou Y, Li Z, You Q, Zhao L, Guo 
Q. Wogonin reverses multi-drug resistance of human myelogenous 
leukemia K562/A02 cells via downregulation of MRP1 expression 
by inhibiting Nrf2/ARE signaling pathway. Biochem Pharmacol. 
2014;92(2):220–34.

	181.	 Yao J, Wei X, Lu Y. Chaetominine reduces MRP1-mediated drug resist‑
ance via inhibiting PI3K/Akt/Nrf2 signaling pathway in K562/Adr human 
leukemia cells. Biochem Biophys Res Commun. 2016;473(4):867–73.

	182.	 Braun T, Carvalho G, Fabre C, Grosjean J, Fenaux P, Kroemer G. 
Targeting NF-κB in hematologic malignancies. Cell Death Differ. 
2006;13(5):748–58.

	183.	 Jordan C. Unique molecular and cellular features of acute myelogenous 
leukemia stem cells. Leukemia. 2002;16(4):559–62.

	184.	 Juliusson G, Antunovic P, Derolf Å, Lehmann S, Möllgård L, Stockelberg 
D, Tidefelt U, Wahlin A, Höglund M. Age and acute myeloid leukemia: 
real world data on decision to treat and outcomes from the Swedish 
Acute Leukemia Registry. Blood. 2009;113(18):4179–87.

	185.	 Lowenberg B, Downing JR, Burnett A. Acute myeloid leukemia. N Engl J 
Med. 1999;341(14):1051–62.

	186.	 Guzman ML, Neering SJ, Upchurch D, Grimes B, Howard DS, Rizzieri 
DA, Luger SM, Jordan CT. Nuclear factor-κB is constitutively acti‑
vated in primitive human acute myelogenous leukemia cells. Blood. 
2001;98(8):2301–7.

	187.	 Rushworth SA, MacEwan DJ. HO-1 underlies resistance of AML cells to 
TNF-induced apoptosis. Blood. 2008;111(7):3793–801.

	188.	 Zhang J, Su L, Ye Q, Zhang S, Kung H, Jiang F, Jiang G, Miao J, Zhao B. 
Discovery of a novel Nrf2 inhibitor that induces apoptosis of human 
acute myeloid leukemia cells. Oncotarget. 2017;8(5):7625.

	189.	 Peng H, Wang H, Xue P, Hou Y, Dong J, Zhou T, Qu W, Peng S, Li J, Carmi‑
chael PL, et al. Suppression of NRF2-ARE activity sensitizes chemothera‑
peutic agent-induced cytotoxicity in human acute monocytic leukemia 
cells. Toxicol Appl Pharmacol. 2016;292:1–7.

	190.	 Karathedath S, Rajamani BM, Musheer Aalam SM, Abraham A, Vara‑
tharajan S, Krishnamurthy P, Mathews V, Velayudhan SR, Balasubrama‑
nian P. Role of NF-E2 related factor 2 (Nrf2) on chemotherapy resistance 
in acute myeloid leukemia (AML) and the effect of pharmacological 
inhibition of Nrf2. PLoS ONE. 2017;12(5): e0177227.

	191.	 Jang JE, Eom JI, Jeung HK, Chung H, Kim YR, Kim JS, Cheong JW, Min YH. 
PERK/NRF2 and autophagy form a resistance mechanism against G9a 
inhibition in leukemia stem cells. J Exp Clin Cancer Res. 2020;39(1):66.

	192.	 Xu B, Wang S, Li R, Chen K, He L, Deng M, Kannappan V, Zha J, Dong H, 
Wang W. Disulfiram/copper selectively eradicates AML leukemia stem 
cells in vitro and in vivo by simultaneous induction of ROS-JNK and 
inhibition of NF-κB and Nrf2. Cell Death Dis. 2017;8(5): e2797.

	193.	 Jasek-Gajda E, Jurkowska H, Jasińska M, Lis GJ. Targeting the MAPK/ERK 
and PI3K/AKT signaling pathways affects NRF2, Trx and GSH antioxidant 

https://doi.org/10.1155/2018/5438179
https://doi.org/10.1155/2018/5438179


Page 24 of 24Khodakarami et al. Cancer Cell International          (2022) 22:241 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

systems in leukemia cells. Antioxidants. 2020. https://​doi.​org/​10.​3390/​
antio​x9070​633.

	194.	 Bobilev I, Novik V, Levi I, Shpilberg O, Levy J, Sharoni Y, Studzinski GP, 
Danilenko M. The Nrf2 transcription factor is a positive regulator of 
myeloid differentiation of acute myeloid leukemia cells. Cancer Biol 
Ther. 2011;11(3):317–29.

	195.	 Nachliely M, Trachtenberg A, Khalfin B, Nalbandyan K, Cohen-Lahav 
M, Yasuda K, Sakaki T, Kutner A, Danilenko M. Dimethyl fumarate and 
vitamin D derivatives cooperatively enhance VDR and Nrf2 signaling in 
differentiating AML cells in vitro and inhibit leukemia progression in a 
xenograft mouse model. J Steroid Biochem Mol Biol. 2019;188:8–16.

	196.	 Picou F, Debeissat C, Bourgeais J, Gallay N, Ferrié E, Foucault A, Ravalet 
N, Maciejewski A, Vallet N, Ducrocq E, et al. n-3 Polyunsaturated fatty 
acids induce acute myeloid leukemia cell death associated with mito‑
chondrial glycolytic switch and Nrf2 pathway activation. Pharmacol 
Res. 2018;136:45–55.

	197.	 Grignani F, De Matteis S, Nervi C, Tomassoni L, Gelmetti V, Cioce M, 
Fanelli M, Ruthardt M, Ferrara FF, Zamir I. Fusion proteins of the retinoic 
acid receptor-α recruit histone deacetylase in promyelocytic leukaemia. 
Nature. 1998;391(6669):815–8.

	198.	 Wang K, Wang P, Shi J, Zhu X, He M, Jia X, Yang X, Qiu F, Jin W, Qian 
M. PML/RARα targets promoter regions containing PU. 1 consensus 
and RARE half sites in acute promyelocytic leukemia. Cancer Cell. 
2010;17(2):186–97.

	199.	 Banella C, Catalano G, Travaglini S, Divona M, Masciarelli S, Guerrera G, 
Fazi F, Lo Coco F, Voso MT, Noguera N. PML/RARa interferes with NRF2 
transcriptional activity increasing the sensitivity to ascorbate of acute 
promyelocytic leukemia cells. Cancers. 2019;12(1):95.

	200.	 Rubio V, García-Pérez AI, Herráez A, Diez JC. Different roles of Nrf2 and 
NFKB in the antioxidant imbalance produced by esculetin or quercetin 
on NB4 leukemia cells. Chem Biol Interact. 2018;294:158–66.

	201.	 Ghalamfarsa G, Hadinia A, Yousefi M, Jadidi-Niaragh F. The role of natu‑
ral killer T cells in B cell malignancies. Tumour Biol. 2013;34(3):1349–60.

	202.	 Jadidi-Niaragh F, Jeddi-Tehrani M, Ansaripour B, Razavi SM, Sharifian RA, 
Shokri F. Reduced frequency of NKT-like cells in patients with progres‑
sive chronic lymphocytic leukemia. Med Oncol. 2012;29(5):3561–9.

	203.	 Jain A, Lamark T, Sjøttem E, Larsen KB, Awuh JA, Øvervatn A, McMahon 
M, Hayes JD, Johansen T. p62/SQSTM1 is a target gene for transcrip‑
tion factor NRF2 and creates a positive feedback loop by inducing 
antioxidant response element-driven gene transcription. J Biol Chem. 
2010;285(29):22576–91.

	204.	 Sanchez-Lopez E, Ghia EM, Antonucci L, Sharma N, Rassenti LZ, Xu J, 
Sun B, Kipps TJ, Karin M. NF-κB-p62-NRF2 survival signaling is associated 
with high ROR1 expression in chronic lymphocytic leukemia. Cell Death 
Differ. 2020;27(7):2206–16.

	205.	 Akın-Balı DF, Al-Khafaji K, Aktas SH, Taskin-Tok T. Bioinformatic and 
computational analysis for predominant mutations of the Nrf2/Keap1 
complex in pediatric leukemia. J Biomol Struct Dynam. 2020;39:1–14.

	206.	 Akın-Balı DF, Aktas SH, Unal MA, Kankılıc T. Identification of novel Nrf2/
Keap1 pathway mutations in pediatric acute lymphoblastic leukemia. 
Pediatr Hematol Oncol. 2020;37(1):58–75.

	207.	 Jasek-Gajda E, Gajda M, Jasińska M, Litwin JA, Lis GJ. TAK-733, a selec‑
tive MEK inhibitor, enhances voreloxin-induced apoptosis in myeloid 
leukemia cells. Anticancer Res. 2018;38(11):6147–56.

	208.	 Jasek-Gajda E, Jurkowska H, Jasińska M, Litwin JA, Lis GJ. Combina‑
tion of ERK2 inhibitor VX-11e and voreloxin synergistically enhances 
anti-proliferative and pro-apoptotic effects in leukemia cells. Apoptosis. 
2019;24(11):849–61.

	209.	 Shibata T, Saito S, Kokubu A, Suzuki T, Yamamoto M, Hirohashi S. Global 
downstream pathway analysis reveals a dependence of oncogenic 
NF-E2–related factor 2 mutation on the mTOR growth signaling path‑
way. Can Res. 2010;70(22):9095–105.

	210.	 Takahashi T, Sonobe M, Menju T, Nakayama E, Mino N, Iwakiri S, Nagai 
S, Sato K, Miyahara R, Okubo K. Mutations in Keap1 are a potential 
prognostic factor in resected non-small cell lung cancer. J Surg Oncol. 
2010;101(6):500–6.

	211.	 Kowalik MA, Guzzo G, Morandi A, Perra A, Menegon S, Masgras I, 
Trevisan E, Angioni MM, Fornari F, Quagliata L. Metabolic reprogram‑
ming identifies the most aggressive lesions at early phases of hepatic 
carcinogenesis. Oncotarget. 2016;7(22):32375.

	212.	 Maines MD, Abrahamsson P-A. Expression of heme oxygenase-1 
(HSP32) in human prostate: normal, hyperplastic, and tumor tissue 
distribution. Urology. 1996;47(5):727–33.

	213.	 Choi BH, Ryu DY, Ryoo IG, Kwak MK. NFE2L2/NRF2 silencing-inducible 
miR-206 targets c-MET/EGFR and suppresses BCRP/ABCG2 in cancer 
cells. Oncotarget. 2017;8(63):107188–205.

	214.	 Murakami Y, Sugiyama K, Ebinuma H, Nakamoto N, Ojiro K, Chu PS, 
Taniki N, Saito Y, Teratani T, Koda Y, et al. Dual effects of the Nrf2 inhibitor 
for inhibition of hepatitis C virus and hepatic cancer cells. BMC Cancer. 
2018;18(1):680.

	215.	 Taguchi K, Yamamoto M. The KEAP1-NRF2 system in cancer. Front 
Oncol. 2017;7:85.

	216.	 Ma X, Zhang J, Liu S, Huang Y, Chen B, Wang D. Nrf2 knockdown by 
shRNA inhibits tumor growth and increases efficacy of chemotherapy 
in cervical cancer. Cancer Chemother Pharmacol. 2012;69(2):485–94.

	217.	 Shim G-S, Manandhar S, Shin D-H, Kim T-H, Kwak M-K. Acquisition of 
doxorubicin resistance in ovarian carcinoma cells accompanies activa‑
tion of the NRF2 pathway. Free Radical Biol Med. 2009;47(11):1619–31.

	218.	 Zhong Y, Zhang F, Sun Z, Zhou W, Li ZY, You QD, Guo QL, Hu R. Drug 
resistance associates with activation of Nrf2 in MCF-7/DOX cells, and 
wogonin reverses it by down-regulating Nrf2-mediated cellular defense 
response. Mol Carcinog. 2013;52(10):824–34.

	219.	 Lee YJ, Im JH, Lee DM, Park JS, Won SY, Cho MK, Nam HS, Lee YJ, Lee SH. 
Synergistic inhibition of mesothelioma cell growth by the combination 
of clofarabine and resveratrol involves Nrf2 downregulation. BMB Rep. 
2012;45(11):647–52.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.3390/antiox9070633
https://doi.org/10.3390/antiox9070633

	The molecular biology and therapeutic potential of Nrf2 in leukemia
	Abstract 
	Introduction
	NRF2
	Nrf2 structure
	Nrf2 signaling 
	Nrf2 activation
	Autophagy-dysregulation and Nrf2
	Suppression of Nrf2
	Keap1-dependent regulation of Nrf2 
	b-TrCP-dependent regulation of Nrf2 
	Hrd1-dependent regulation of Nrf2 


	Nrf2 function
	Nrf2 as a gene inducer
	Proliferation
	Apoptosis
	Angiogenesis
	Metastasis
	The immunologic function of Nrf2
	Nrf2 and inflammation
	Functional interaction of Nrf2 with inflammatory mediators 
	Role of Nrf2 in the regulation of cell adhesion molecules and regulation of proteaseantiprotease balance 
	Role of Nrf2 in inflammasome signaling and Nrf2-dependent anti-inflammatory drugs 

	Role of Nrf2 in the regulation of genome instability

	Pros and cons of the available strategies for targeting Nrf2
	Nrf2 in leukemia
	Nrf2 and Chronic myeloid leukemia (CML)
	Nrf2 and Acute myeloid leukemia (AML)
	Nrf2 and Acute promyelocytic leukemia (APML, APL)
	Nrf2 and chronic lymphocytic leukemia (CLL)
	Nrf2 and acute lymphocytic leukemia (ALL)


	Conclusion
	Acknowledgements
	References




