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ABSTRACT

The nuclear factor erythroid 2-related factor 2 (NRF2) is an important cellular defense factor that regulates antioxidant and detoxifying gene 
expression. While NRF2 protects cells from oxidative stress, misregulation has been associated with cancer growth. Mutations in NRF2 or its 
inhibitor Kelch-like ECH-associated protein 1 can cause prolonged activation, which promotes tumor development, chemoresistance, and cancer 
cell survival. Understanding the NRF2 pathway is critical for designing targeted therapeutics, especially in cancers including lung, breast, and 
esophageal cancer, where NRF2 overexpression is associated with a poor prognosis and treatment resistance. The potential of NRF2 inhibitors 
in overcoming chemoresistance emphasizes their importance as a therapeutic target in cancer treatment. This review examines the molecular 
structure and regulatory mechanisms of NRF2, highlighting its dual role as both a tumor suppressor and an oncogene.
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The nuclear factor erythroid 2-related factor 2 
(NRF2), is one of the key genes involved in cellular 
defense mechanisms. This gene activates the 
transcriptional factor at the cellular level through 
its genetic codes when inflammation or injury 
occurs. The NRF2 is known for its function in 
regulating the expression levels of antioxidant 
proteins or peptides that play a role in protecting 
against oxidative damage at both the cellular and 
molecular levels. Under normal conditions, NRF2 
exists in its inactive form in the cytoplasm, bound 
to Kelch-like ECH-associated protein 1 (KEAP1). 
Upon oxidative damage, inflammation, or injury, 
NRF2 is activated and dissociates from KEAP1, 
translocating to the nucleus. Through various 
vesicles, NRF2 passes through nuclear pores and 
binds to antioxidant response elements (AREs) 
located in the promoter regions of target genes, 
thereby regulating transcriptional activity.[1-3]

Activated NRF2, having dissociated from 
KEAP1, leads to the upregulation of various 
cytoprotective genes, including those responsible 
for the synthesis of enzyme molecules such 
as NAD(P)H: quinone oxidoreductase 1 and 
glutathione S-transferases, which are involved 
in detoxification processes.[1,2] This mechanism 
holds significant importance in cancer biology, 
as NRF2 contributes to chemoresistance and, 
through its antioxidant properties, facilitates 
tumor growth, thereby promoting the survival 
of cancer cells. This response is critical for 
maintaining cellular redox balance and defending 
against the harmful effects of reactive oxygen 
species (ROS) produced by metabolic activities 
or environmental stressors. For example, studies 
have demonstrated that NRF2 activation can 
reduce the effects of xenobiotics and oxidative 
stress, preventing carcinogenesis and increasing 
cell survival.[4,5] For instance, mutations in KEAP1 
or NRF2 itself result in the constitutive activation 
of NRF2, which has been observed in various 
types of cancer, including lung cancer.[6]

It is evident that NRF2 plays a role in 
numerous physiological functions, including 
spermatogenesis and male reproductive health. 
Genetic modifications leading to defects or 
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deficiencies in NRF2 can disrupt the chemistry 
of spermatogenesis. Polymorphisms have been 
identified in the NRF2 gene promoter, suggesting 
that genetic variations may influence individual 
susceptibility to oxidative stress-related diseases.[7]

MOLECULAR STRUCTURE AND 
REGULATORY MECHANISMS OF 

NRF2 GENE
The molecular structure of NRF2 is 

characterized by several functional domains that 
facilitate its regulatory functions, including a 
basic leucine zipper (bZIP) domain required for 
dimerization and deoxyribonucleic acid binding 
and a Nrf2-ECH homology 2 (Neh2) domain that 
interacts with its repressor KEAP1.

The details of the molecular flow together 
with the interaction of the NRF2 gene with 
KEAP1 are available. The Neh2 domain facilitates 
ubiquitination and degradation of NRF2. It 
also facilitates its interaction with the KEAP1 
molecule. The binding of KEAP1 to the NRF2 
gene for its interaction has been indicated by 
molecular structural studies. The Neh2 domain 
carries specific motifs for KEAP1 recognition. It 
makes NRF2 a target for proteasomal degradation 
when oxidative stress levels are low.[8] The bZIP 
domain in NRF2 is a structural motif involved in 
molecular interactions. It enables NRF2 to interact 
with the sMaf protein, forming a functional 
heterodimer. This interaction is important for 
the binding of AREs located in the promoters of 
genes. This heterodimerization is important for 
the transcriptional activation of genes involved 
in antioxidant and detoxification processes.[9] 
Another molecular domain, Neh1, initiates the 
transcriptional processes of target genes. It 
accelerates the transcriptional process of NRF2 
by molecular reaction with co-activators such as 
CBP/p-300.[10] The Neh3, another domain of 
NRF2 involved in transcriptional activation, is 
functional in the molecular regulation of NRF2.[11]

The KEAP1 molecule functions as an E3 
ubiquitin ligase and retains NRF2 in the cytoplasm, 
assisting in its degradation. When cells are exposed 
to oxidative stress or electrophilic components, 
the KEAP-NRF2 interaction is disrupted, leading 
to stabilization and nuclear translocation of 
NRF2. The biochemical reactions occurring here 
stimulate the transcriptional process of many 

cytoprotective genes of NRF2. The functional 
activity of NRF2 is regulated by processes 
known as post-translational modifications such as 
phosphorylation, acetylation, and ubiquitination. 
Fyn kinases increase the stability of NRF2 and 
promote its nuclear accumulation. Acetylation 
also triggers transcriptional activation of NRF2 
and potentiates the cellular antioxidant response. 
The nuclear factor erythroid 2-related factor 2 
binding to AREs is mediated by NRF2-sMaf. This 
binding increases the specificity of NRF2 gene 
expression and allows the coordination of various 
metabolic pathways, including those involved in 
glutathione synthesis. Another unique feature 
of NRF2 is its feedback mechanism. The BTB 
and CNC homology 1 (BACH1) regulates and 
modulates the expression of genes that inhibit its 
activity. By regulating the feedback mechanism 
like BACH1, the NRF2 gene also prevents 
overactivation. Activation, regulation, and 
modulation of NRF2 are not limited to molecular 
interactions. Various environmental factors or 
chemical components contribute to the function 
of NRF2. Components such as sulforaphane and 
curcumin are photochemicals and have been 
reported to stimulate the activation of NRF2 and 
increase the expression of antioxidant genes.[12-20]

MOLECULAR MECHANISMS OF NRF2 
IN CANCER DEVELOPMENT

The NRF2 gene encodes a transcription 
factor that plays a crucial role in cellular 
defense mechanisms against oxidative stress 
and inflammation. Its involvement in cancer 
development is multifaceted, influencing various 
pathways that contribute to tumorigenesis, 
metastasis, and drug resistance. Understanding 
the molecular mechanisms of NRF2 in cancer is 
essential for developing targeted therapies and 
improving patient outcomes. The involvement of 
NRF2 in drug resistance is critical for the molecular 
development of cancer. This critical function 
stimulates anti-apoptotic protein molecules, 
allowing cancer cells to escape chemotherapy and 
promoting survival. For example, NRF2 activation 
in pancreatic cancer has been associated with 
increased resistance to gemcitabine, a widely 
used chemotherapeutic agent. This resistance is 
mediated by the upregulation of genes involved 
in detoxification and cell survival, highlighting the 
dual role of NRF2 as both tumor protector and 
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oncogene.[21] Signaling pathways interact with 
NRF2 in tumor development. In head and neck 
squamous cell carcinoma, it has been reported 
to cooperate with the NOTCH signaling pathway 
and promote malignant progression through the 
NRF2-GPX2-NOTCH3 axis. The NRF2 optimizes 
and modulates the activity of other transcription 
factors such as HIF1a, which is crucial for 
adaptive responses to hypoxia and contributes to 
the glycolytic phenotype of tumors.[22,23] Mutations 
in the NRF2 gene or genetic modifications in one 
of its co-modulator molecules, KEAP1, lead to 
abnormal morphological activation of NRF2. This 
morphology is implicated in various cancers. As 
a result of its structural biology, abnormal NRF2 
induces uncontrolled growth, proliferation, and 
survival of cells. Epigenetic modifications also 
contribute to this complex functioning.[24]

NRF2 AND ITS EFFECTS ON 
CANCER TREATMENT

Chemoresistance is a kind of resistance 
mechanism developed by cells against 
chemotherapy drug treatment, which is one of the 
traditional treatment methods. High expression 
levels of NRF2 accelerate the functioning and 
increase the levels of genes functionally involved 
in detoxification and antioxidant processes. 
The NRF2 transcriptional factor has been 
associated with poor prognosis in cancer types 
such as breast, colorectal, and pancreatic. The 
chemoresistance function of NRF2 was confirmed 
in a study on pancreatic cancer by its resistance 
to chemotherapeutic agents such as docetaxel and 
doxorubicin.[25,26]

The chemoresistance property of NRF2 
has been an idea for the cancer treatment 
strategies developed. NRF2-targeted and 
sensitively developed chemotherapeutic agents 
can suppress NRF2 and act as inhibitors. One 
of the chemotherapeutic agents, brusatol, is an 
NRF2 inhibitor. Brusatol increases the sensitivity 
of pancreatic cancer cells to gemcitabine by down-
regulating the activity of NRF2. Such approaches 
break the chemotherapeutic resistance mechanism 
of the NRF2 transcriptional factor and increase its 
sensitivity to chemotherapeutic agents.[27]

The NRF2 molecule is known to be involved 
in metabolic reprogramming. The physiological 
functioning of cancer cells, such as migration, 

invasion, energy demand, and survival, is related 
to cancer metabolism. The nuclear factor erythroid 
2-related factor 2 is involved in the metabolic 
reprogramming of cancer cells by promoting 
pathways that support rapid growth and survival. 
It reorganizes the pentose-phosphate pathway 
provides substrates essential for cancer cells and 
reshapes the crucial metabolism of glucose and 
glutamine. Precisely targeted therapies inhibit 
NRF2 and thus target cancer metabolism.[28]

While NRF2 activation can protect normal 
cells from oxidative damage, long-term activation 
in cancer cells can promote tumor development 
and metastasis. The NRF2 is hypothesized to 
improve cancer cells’ migratory and invasive 
characteristics by upregulating certain signaling 
pathways, such as the RhoA/ROCK pathway in 
breast cancer. This dual role makes therapeutic 
targeting of NRF2 difficult, as inhibiting its 
function may have unexpected implications for 
normal cellular processes.[25]

The NRF2 is typically activated in non-small 
cell lung cancer, which is often caused by KEAP1 
gene alterations or direct NRF2 mutations. 
These mutations activate NRF2 constitutively, 
promoting cancer cell survival and resistance 
to chemotherapy. High NRF2 expression is 
associated with a bad prognosis in lung cancer 
patients, as it increases the expression of genes 
involved in detoxification and antioxidant defense, 
allowing cancer cells to tolerate oxidative stress 
from treatments.[29]

In breast cancer, NRF2 has been linked 
to tumor growth and metastasis. Elevated 
NRF2 levels have been linked to enhanced cell 
proliferation and migration, which contributes 
to the aggressive nature of certain breast 
cancer subtypes. The nuclear factor erythroid 
2-related factor 2 activation can cause resistance 
to chemotherapeutic drugs, affecting therapy 
outcomes. According to research, inhibiting NRF2 
may make breast cancer cells more susceptible 
to chemotherapy, opening up a new treatment 
route.[30]

The nuclear factor erythroid 2-related factor 2 
has an important function in esophageal cancer 
by encouraging metabolic reprogramming and 
reducing ROS levels. According to studies, NRF2 
activation promotes esophageal cancer cell 
growth and survival under oxidative stress. This 
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shows that NRF2 may be a target for therapeutic 
intervention in esophageal cancer.[31]

While cervical cancer, also known as cervical 
cancer, is caused by mutations or defects in 
KEAP1 as a result of genetic modifications, 
the silencing of molecules that function 
for the regulation of KEAP1 by epigenetic 
modifications also shows the cancer function 
of NRF2. Structural modification of NRF2 
contributes to cell survival and meaningless 
proliferation in cancer cells and affects the 
phenotypic characterization of cancer-causing 
cells. In addition to existing therapies or as a 
refuge for palliative treatments, targeted therapy 
of NRF2 is a new idea that will pave the way 
for both personalized medicine and alternative 
modern medicine.[32]

The nuclear factor erythroid 2-related 
factor 2 has been reported as a poor prognosis 
in cancer types and derivatives. Resistance to 
chemotherapy in pancreatic cancer supports 
this phenomenon. Its activation in stellate cells, 
which are pancreatic cells, accelerates the 
tumorigenesis process as it functions to support 
the tumor microenvironment. When this is 
taken into account, targeted therapies become 
important. Precise-targeted therapies inhibit the 
activation of NRF2 and increase its sensitivity to 
chemotherapeutic agents.[33]

Glioblastoma, a cancerous form of 
glioblastoma, which is one of the cells of the 
neuronal network system and a cancer form 
of glial cells that usually provide nutrition and 
support to the cells of the nervous system, 
has been associated with the activation of 
NRF2. The nuclear factor erythroid 2-related 
factor 2 is known to inhibit cell proliferation 
and anti-apoptotic function of cancerous cells 
in glioblastoma. When the activation of NRF2 is 
blocked or inhibited, the growth of glioma cells 
is reduced in both in vitro and in vivo studies. 
This study demonstrates the functionality of 
NRF2 activation in glioma cells. Blocking the 
functioning of the NRF2 factor may slow and 
stop this aggressive form of cancer.[34]

The nuclear factor erythroid 2-related 
factor 2 activation in head and neck squamous 
cell carcinoma has been reported to play a role 
in tumor development and metastasis. It regulates 
the expression of genes associated with cell 

proliferation and survival, contributing to the 
aggressive nature of head and neck cancers. 
Silencing NRF2 or inhibiting its functioning will 
be effective in the treatment of head and neck 
squamous cell carcinomas.[35]

In conclusion, overexpression of the NRF2 
transcriptional factor in case of defects or mutations 
that occur through genetic modifications has been 
reported to play a role in mechanisms such as 
meaningless proliferation, cell growth, survival, 
escape from apoptosis, which are processes of 
carcinogenesis or tumorigenesis. The nuclear 
factor erythroid 2-related factor 2, which is 
functional in various cancer derivatives or types, 
can develop resistance to chemotherapeutic 
agents, making it highly attractive for targeted 
therapies. In the future, pre-clinical and clinical 
studies in line with clinical findings will help 
to elucidate the molecular biology of cancer 
by targeting and inhibiting NRF2 in cancer 
research.
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