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Abstract

One of the most important factors involved in the response to oxidative stress (0S) is the nuclear factor erythroid 2-related factor 2 (Nrf2), which
regulates the expression of components such as antioxidative stress proteins and enzymes. Under normal conditions, Kelch-like ECH-associated pro-
tein 1 (Keap1) keeps Nrf2 in the cytoplasm, thus preventing its translocation to the nucleus and inhibiting its role. It has been established that Nrf2
has a dual function; on the one hand, it promotes angiogenesis and cancer cell metastasis while causing resistance to drugs and chemotherapy. On
the other hand, Nrf2 increases expression and proliferation of glutathione to protect cells against 0S. p53 is a tumour suppressor that activates the
apoptosis pathway in aging and cancer cells in addition to stimulating the glutaminolysis and antioxidant pathways. Cancer cells use the antioxidant
ability of p53 against 0S. Therefore, in the present study, we discussed function of Nrf2 and p53 in breast cancer (BC) cells to elucidate their role in

protection or destruction of cancer cells as well as their drug resistance or antioxidant properties.
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Introduction

Currently, breast cancer (BC) is considered one of
the most common cancers, and according to glob-
al statistics in 2020, 2.26 million people were diag-
nosed with breast cancer, and this cancer is the
main cause of death for women who die from can-
cer. Early diagnosis of the disease can prevent its
progression and increase the survival rate (1-3).
Based on histology, BC can be classified into two
groups: invasive carcinoma and carcinoma in situ
(CIS). Carcinoma in situ is divided into two sub-
groups: ductal (DCIS; more common) or lobular
(LCIS; less common). Ductal CIS is also divided into
five subgroups: micropapillary, papillary, solid,
comedo, and cribriform (4,5). Breast cancer is a
heterogeneous disease, in which various genetic
and environmental factors play a basic role in its
progress. With the increase of age until meno-
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pause, the rate of BC in women doubles. More-
over, women who have irregular menopause or
late menopause are more susceptible to BC. Nota-
bly, women who give birth to their first child be-
fore the age of 20 compared to women who have
their first child after the age of 30 are less likely to
develop BC. Environmental factors that increase
the risk of BC include alcohol intake, consuming a
diet containing saturated fat, exposure to ionizing
radiation, and inactivity. Breast cancer has an auto-
somal dominant inheritance and its incidence is
higher by about 10% in family members and first-
degree relatives (6-9). Reactive oxygen species
(ROS) are constantly produced in the human body
where they play various roles. These molecules are
kept in balance by the antioxidant system, which is
divided into two categories: enzymatic and non-
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enzymatic systems. The enzymatic system in-
cludes catalase, superoxide dismutase, and gluta-
thione peroxidase, and the non-enzymatic system
includes uric acid, tocopherols, glutathione (GSH),
and ascorbic acid (10,11). Reactive oxygen species
are produced by various sources, including exter-
nal sources such as exposure to xenobiotics and
ionizing radiation, and internal sources such as O,
production by xanthine oxidase, NADPH oxidase,
and the mitochondrial electron transport chain
(12-14). When the balance between the oxidant
and antioxidant systems is disrupted, the amount
of ROS production is raised, which ultimately leads
to oxidative stress (OS). Sometimes increasing the
expression of the antioxidant system, leads to cell
survival. If this upregulation does not occur, OS
leads to cell damage, which includes DNA damage
and mutations, lipid peroxidation, and amino acid
oxidation (15,16). One of the important pathways
of the antioxidant system in the body is related to
the nuclear factor erythroid-related factor 2 (Nrf2),
a transcription factor that is kept in the cytoplasm
by Kelch-like ECH-associated protein 1 (Keap1) un-
der normal conditions and cannot translocate to
the nucleus and play its role. However, when OS is
increased, Nrf2 is separated from Keap1 and enters
the nucleus, where it binds to the antioxidant re-
sponse elements (AREs) and reacts with musculo-
aponeurotic fibrosarcoma (Maf) proteins involving
phase Il detoxification enzymes and increase their
transcription. Mutations in Nrf2 and Keapl and
their pathways lead to cancer events (17,18). Differ-
ent factors in the cell can affect Nrf2, and different
genes are influenced by Nrf2. The Nrf2/Keapl
pathway plays a key role in maintaining cellular
homeostasis and has anti-cancer properties
(19,20). The first tumour suppressor gene identi-
fied was p53, which functions by limiting abnor-
mal proliferation of cells. In most cancer types, the
function of the p53 protein is disrupted. Under
normal conditions, the p53 protein is activated by
elevated intracellular stress, which subsequently
stimulates several signalling pathways (21). On the
other hand, p53 reduces intracellular oxidant by
increasing the expression of antioxidant enzymes
involving glutathione peroxidase (GPX1), aldehyde
dehydrogenase 4 (ALDH4) and Mn-superoxide dis-
mutase (Mn-SOD) (22). Alternatively, cJun N-termi-
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nal kinase (JNK) activation increases intramito-
chondrial ROS, which is suppressed by activated
p53 (23). Various studies have been conducted on
the mutual relationship between p53 and Nrf2,
and it has been demonstrated that mutations in
the p53 gene suppress or enhance the expression
of the Nrf2 gene (24,25). In order to combat OS,
Nrf2 and p53 promote glutaminolysis to provide
the glutamate and NADPH needed for GSH pro-
duction (26). According to the mentioned contents
of this study, the accumulation of ROS leads to
apoptosis caused by p53, and the activation of the
antioxidant system by Nrf2 prevents the induction
of apoptosis (27). As a result, in this study, we high-
lighted various function of the Nrf2 and p53 in-
cluding an extensive description of their role in
the regulation of BC cells and relationship be-
tween p53 and Nrf2 in BC, taking into account the
antioxidant role of these two proteins.

Methods

Our review involved searching for articles related
to our study on Google Scholar, PubMed, and Se-
mantic Scholar. Literature search was done be-
tween September 2022 and March 2023. We care-
fully selected studies that were relevant to the
topic of our article according to keywords includ-
ing p53, Nrf2, and BC. We used articles which were
written in English language and the abstract or full
text of these articles were available. We made a
concerted effort to use the most current article
available from 1992 to 2023. By doing so, we aimed
to ensure that our review was based on the latest
and most relevant research in the field. The exclu-
sion criteria included articles that were in lan-
guage other than English or were outside the time
frame of our study and were not related to the
subject of our study. The articles search flow is
showed in the Figure 1.

Nuclear factor erythroid 2-related factor 2

According to studies conducted on healthy cells,
Nrf2 is one of the crucial regulators of the antioxi-
dant response. Additionally, Nrf2 is activated by
oncogenic signalling, which is necessary to pro-
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Article search through PubMed,
Google Scholar and Semantic Scholar

(N =683)

Included articles (N = 119)

Articles were related to Nrf2, p53,
and relationship between Nrf2/p53
in breast cancer

Excluded articles (N = 564)

Articles were not related to Nrf2, p53,
and relationship between Nrf2/p53 in
breast cancer or were outside the
time frame of our study

FiGURE 1. Articles search flow chart. Nrf2 - nuclear factor erythroid 2-related factor 2.

tect cancer cells against OS (19,28). Nrf2 is a leu-
cine zipper protein belonging to the Cap’'n’Collar
family, which responds to cellular stress by bind-
ing to the ARE in the promoter region of the Nrf2
gene (29,30). The Nrf2 molecule consists of 597
amino acids with a molecular weight of about 66
kDa, which has six conserved domains in its struc-
ture, including Neh1 to Neh6. The Neh1 domain is
comprised of a leucine and a hydrophobic zipper
and is involved in dimerization and binding to the
ARE. By binding to Keap1, the Neh2 domain reduc-
es the stability of Nrf2 and accelerates conjugation
with ubiquitin, causing it to degrade more quickly.
Neh3, Neh4, and Neh5 domains mediate the Nrf2
transactivating effect via histone acetyltransferase
activity, and finally, Neh6 shortens the amount of
time that the molecule remains under stress con-
ditions when Keap1 is disabled (31-33). Nrf2 is rec-
ognized as a tumour suppressor that prevents
cancer or delays its onset due to the role it plays in
protecting the cells against stressors and oxidants
(34). Nrf2 can cause DNA damage and induce
apoptosis by stimulating the production of ROS in
cancer cells, and it can suppress the expression of
anti-apoptotic genes such as Bcl-2 and Bcl-xL and
increase the expression of pro-apoptotic genes
such as Bax and Bak (35,36). In addition, Nrf2 en-
hances immune surveillance by stimulating the
production of cytokines and chemokines, causing
the activation of immune cells such as T cells, nat-
ural killer cells and macrophages, which lead to
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destruction of cancer cells (37). On the other hand,
it has been observed that Nrf2 is aberrantly acti-
vated in breast tumours and is implicated in onco-
genesis (38,39). In addition, ROS induces NADPH
oxidation, which stimulates more Nrf2 production
(40). As mentioned, Nrf2 remains in a state of ubiq-
uitination and degradation by binding to Keapl],
and when the cell is exposed to OS, Nrf2 is sepa-
rated from Keapl and transported to the nucleus,
where it binds to the ARE and triggers the tran-
scription of anti-inflammatory and antioxidant
genes, which contribute to maintaining the bal-
ance of cellular redox homeostasis. Studies have
shown that Keapl has cysteine residues in its
structure, and the chemical modification of these
cysteines leads to the separation of Keapl from
Nrf2. In addition, some studies have speculated
that the phosphorylation of Nrf2 by the extracel-
lular protein kinase RNA-like ER kinase (PERK) ac-
celerates Keapl separation from Nrf2 (41,42). In
fact, Keapl can be considered as a molecular
switch for Nrf2 that can turn it on or off (31, 43-45).
Furthermore, in the cancer signalling pathway,
Nrf2 is also regulated by phosphoinositide 3-ki-
nase (PI3K) independently of Keapl. When the in-
sulin-like growth factor (IGF) receptor is activated
in the cell, phosphatidylinositol 4,5-bisphosphate
(PIP2) is phosphorylated by PI3K to generate phos-
phatidyl 3,4,5-triphosphate (PIP3), which is crucial
for protein kinase B (PKB; also known as Akt) activ-
ity and further inhibits downstream signals such
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as glycogen synthase kinase-3 (GSK-3() (46,47). If
Nrf2 is phosphorylated by GSK-3, it is readily rec-
ognized by [-transducin repeat-containing pro-
tein (B-TrCP), which facilitates the ubiquitination of
Nrf2 without the involvement of Keapl. In this re-
gard, when GSK-3p is inactivated by phosphoryla-
tion, the destruction of Nrf2 without the media-
tion of Keap1 is prevented, which increases Nrf2
(48). It has also been reported that the Nrf2 path-
way activated through several mechanisms. Nrf2 is
an antagonist of the phosphatase and tensin ho-
molog (PTEN); when PTEN concentration decreas-
es, Akt is activated and GSK-3f is inhibited, which
in turn reduces Nrf2 phosphorylation, thus pre-
venting the Nrf2 degradation independent of
Keapl. However, the downregulation of PTEN
leads to the upregulation of Nrf2 (49,50). Overall,
the activation of the PI3K/Akt pathway causes the
translocation of Nrf2 to the nucleus, independent
of Keap1, which increases cell proliferation and in-
tracellular metabolism (Figure 2) (51).

Nuclear factor erythroid 2-related factor
2 and breast cancer

As previously mentioned, Nrf2 is an important
regulatory factor of OS in the body, which is pre-
sent in all tissues and regulates antioxidant genes,
namely AREs in the promoter region, such as hae-
me oxygenase-1 (HO-1), glutathione S-transferases
(GSTs), and NAD(P)H-quinone oxidoreductase 1
(NQOM). It has been established that Nrf2 exhibits
a dual role against cancer and is implicated in both
tumour progression and tumour suppression. Pro-
longed activation of Nrf2 provides a suitable envi-
ronment for the growth of malignant cells and fa-
cilitates cell progression (44,52,53). One of the
most important challenges in BC treatment is drug
resistance in cancer cells. A study by Bekele et al.
showed that BC patients treated with tamoxifen
had low levels of OS due to the overexpression of
Nrf2, leading to poor treatment outcomes (54).
However, in another study conducted by Loignon
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FiIGURE 2. The regulation of Nrf2 through the PI3K signalling pathway and the subsequent signalling. AKT - protein kinase B. ARE -
antioxidant response element. 3-TrCP - beta-transducin repeats-containing proteins. IGF-1 - insulin-like growth factor 1. GSK-3 beta
- glycogen synthase kinase-3 beta. KEAP1 - Kelch-like ECH-associated protein 1. NRF2 - nuclear factor erythroid 2-related factor 2.
PI3Ks - phosphoinositide 3-kinases. PTEN - phosphatase and tensin homolog.
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et al. on MCF-7 cells, it was shown that the level of
Nrf2 significantly decreased in these cells with the
increase of Cul3, and when the Cul3 gene was si-
lenced by siRNAs, Nrf2 protein and the expression
of ABCC1 transporter were increased. Elevated ex-
pression of ABCC1 in MCF-7 cells leads to increased
drug resistance against doxorubicin and paclitaxel
(55). In doxorubicin-resistant BC cells, Nrf2 increas-
es drug resistance by increasing the expression of
P-glycoprotein (P-gp) and heat shock protein 70
levels (56,57). Nrf2 also increases the DNA repair of
BC stem cells by DNA-dependent protein kinase
(DNA-PK) expression. In addition, Nrf2 plays an im-
portant role in DNA repair by targeting p53-bind-
ing protein 1 (53BP1) (58,59). Under hypoxic condi-
tions, when ROS levels increase, Nrf2 expression
levels are increased by ROS, and the levels of
downstream enzymes of Nrf2, including gluta-
mate-cysteine ligase catalytic subunit (GCLC), in-
crease glutathione expression, which is also essen-
tial for intracellular detoxification. However, the
ROS-Nrf2-GCLC pathway increases the drug resist-
ance of cancer cells under hypoxic conditions. In
addition, according to this study, Nrf2 stimulates
the expression of detoxification protein MRP-1 and
antioxidant protein (GCLC/GCLM) (60). Also, study
by Bell and his colleagues showed that when hy-
poxia conditions occur inside the cell, about 4
hours later, the amount of ROS increases, and
about 4 hours later, ROS induces an increase in the
expression of Nrf2, which increases the amount of
Nrf2 reduces ROS (61). According to studies, Nrf2
induces drug resistance to doxorubicin and pacli-
taxel by increasing the expression of ABCC1 in BC
cells. The study by Ryoo and his colleagues
showed that there is a direct relationship between
Nrf2 and ABC transporters, and when Nrf2 is re-
duced, the amount of ABC is also reduced. Anoth-
er study in this field showed that, Nrf2-knock-
down, by influencing BCRP (ABCG2), reduce the
amount of drug resistance in BC (62-64). Another
factor related to the decrease in the antioxidant
capacity of cancer cells is a defect in the expres-
sion of the BRCAT gene, which reduces the expres-
sion of BRCAT, causing the negative regulation of
Nrf2. It has been shown that cells with a defective
BRCA1 are sensitive to hydrogen peroxide and ion-
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izing radiation (65). Another study indicated that
BRCAT1 increases the expression of p450s CYP1A1
and CYP1B1 independently of Nrf2 (66). According
to these findings, a defect in the function of Keap1-
Cul3 causes a significant rise in the chemical resist-
ance of cancer cells due to the resulting increase in
Nrf2. Mutations in Keap1 that lead to its inability to
bind to Nrf2 cause an increase in resistance to
treatment (67,68). DeNocola et al. revealed that
when K-Ras is produced at normal levels, it keeps
ROS levels low by increasing Nrf2, which enhances
the antioxidant response (28). In addition, the acti-
vation of the RAF pathway raises Nrf2 levels
through the activation of Jun. Some oncogenic
proteins such as Kras, Kraf and Myc, which increase
cell growth, increase the expression of Nrf2. Also,
the expression of various genes involved in pro-
tein synthesis and cell proliferation including
Notch1, phosphoglycerate dehydrogenase (PHG-
DH), phosphohydroxythreonine aminotransferase
(PSAT), nephronectin (NPNT), insulin-like growth
factor 1 (IGF1), vascular endothelial growth factor
C (VEGFC), serine hydroxymethyltransferase
(SHMT) and phosphoserine phosphatase (PSPH) is
regulated by Nrf2 (69). Several synthetic and natu-
ral compounds can suppress the expression of
Nrf2 protein. Among these compounds, ursolic
acid (UA) can be mentioned, which is a five-ring
triterpenoid carboxylic acid that has various prop-
erties such as antioxidant, anti-cancer and anti-in-
flammatory. In addition, UA suppresses the ex-
pression of Nrf2 and its phosphorylated form (70).
Brusatol has anticancer properties in various ma-
lignant cells through reducing Nrf2. By stimulating
the degradation of Nrf2, brusatol suppresses cell
migration and metastasis and increases the sensi-
tivity of cancer cells to cisplatin. Altersolanol B
(AB), a derived metabolite of fungal tetrahydroan-
thraquinone (THAQ), downregulates the expres-
sion of Nrf2 and its related antioxidant genes. Vari-
ous other compounds such as artemisinin, thia-
zole-indoline combination ML385, cardamonin,
Castanea crenata leaf extract, cordispin and some
MRNAs including miR-101 suppress Nrf2 in BC cells
in vitro (71,72). Other compounds that work in vivo
by affecting Nrf2 and inhibiting it, include brusa-
tol, which inhibit Nrf2 and its target gene (NQO1),
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erastin, and etc. (73). These findings support the
oncogenic role of Nrf2. Due to these findings, tar-
geting Nrf2 and reducing its function in cancer
cells may be a functional strategy to reduce the
survival of these cells under high oxidative stress
and make them sensitive to chemotherapy agents.

p53

One of the most important proteins that play a key
role in apoptosis and DNA repair is the “gatekeep-
er” gene, or p53, which is mutated in more than
50% of human cancers. Wild-type (WT) p53 gene
suppresses tumorigenesis and transformation and
blocks the cell cycle in the G1/S phase (74). The
roles of p53 gene include chromatin modification,
involvement in repair and recombination, cell cy-
cle regulation, aging, angiogenesis, and metasta-
sis (75). Mutations in the p53 gene usually lead to
aberrant expression of the p53 protein, which
causes protein accumulation in the nucleus of cell.
Given that p53 protein is closely related to the Bcl-
2 family, it induces apoptosis when translocated
into mitochondria. Moreover, p53 gene is closely
related to pro-apoptotic genes such as Noxa, BH3
interacting domain death agonist (Bid), p53 upreg-
ulated modulator of apoptosis (PUMA), and Bcl-
2-associated X protein (BAX) in cell apoptosis
(76,77). A study by Pappas et al. revealed that wild-
type p53 reinforces the expression of lysine de-
methylase 6A (KDM6A), TNFRSF10B, forkhead box
protein O1 (FOXO1), SPMMARI1CAT, cyclin-depen-
dent kinase inhibitor 1A (CDKN1A), serine/threo-
nine kinase 11 (STK11) , PUMA, pleckstrin homolo-
gy like domain family A member 3 (PHLDA3), and
FAT atypical cadherin 1 (FAT1) genes, which are tu-
mour suppressor genes, by binding to the pro-
moter and enhancer elements (78,79).

Breast cancer is one of the main causes of death
among women and most women with BC have
mutations in the p53 protein, which causes resis-
tance to treatment (80). Considering that the pre-
cise relationship between p53 mutation and drug
and treatment resistance is not known, other fac-
tors may be involved in this process. In humans,
the p53 gene consists of at least nine different iso-
forms, which are expressed differently in normal
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human tissues; for example, p53, p533, and p53y
isoforms are expressed in breast tissue. Each of
these isoforms has been identified in several types
of cancer (81,82). Tumour protein p53 (TP53) pro-
tein mutation is different in various cancer sub-
types; for instance, this mutation has been ob-
served in 88% of basal, 69% of apocrine molecular,
and 26% of ductal tumours (83). Long-term studies
have shown that ER(-) tumours, which mainly have
TP53 mutations, are more sensitive to chemother-
apy, while ER(+) tumours with TP53 WT are often
resistant to chemotherapy (84). However, in more
than 90% of BC patients with a mutated p53 gene
and metastatic breast tumour, this gene is also
mutated in the brain (85). Therefore, no effective
treatment is available for this type of mutation. In
breast tumours where p53 mutations are clonal
and present in all malignancies, it seems that can-
cer treatment with clonal mutations is more effec-
tive than subclonal mutations (86,87). Previously,
the treatment of mutant p53 was almost impossi-
ble, but recent studies have shown that certain
compounds, including  PK11007  (5-chloro-
2-(methylsulfonyl)-4-pyrimidinecarboxylic  acid),
APR-246(2(hydroxymethyl)-2-(methoxymethyl)
quinuclidin-3-one), 3-quinuclidinone derivatives,
and PRIMA-1 (2,2-bis(hydroxymethyl)quinuclidin-
3-one or APR-017), can react with mutant p53 and
convert it into the natural protein (88,89). Consid-
ering that protein/p53 mutation stabilizes the pro-
tein and its accumulation in cancer cells, in an ini-
tial study, immunohistochemistry was used to
identify p53. Stabilization of these mutant proteins
compared to WT proteins was carried out by post-
translational phosphorylation of Ser20 and Thr180,
cleavage of mutant p53 by mouse double minute
2 homolog (MDM2), and binding to stabilizing
proteins such as heat shock proteins (HSPs). Re-
cently, it has become apparent that some mutant
p53 proteins are not stabilized, and WT p53 can be
stabilized even without the mutation, which has
made the association between immunohisto-
chemistry and p53 detection less clear (90-95). In
another recent study, whole exome sequencing
was used to detect the presence of mutations in
p53 (96). According to the findings, the older tech-
niques of DNA sequence detection have been re-
placed by newer methods.
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Nuclear factor erythroid 2-related factor
2/p53 interaction in BC

Various mutations affect the activity of TP53,
which has an impact on numerous cell parame-
ters, including cell survival, proliferation, and inva-
sion. The most critical functions of modified p53
proteins are nucleotide metabolism, the regula-
tion of cyclin transformation, the deactivation of
p63/p73 tumour suppressors, integrin recycling,
and the Warburg effect (97-99). As mentioned
above, Nrf2 is a key regulator of the OS response.
Nrf2 interacts with other oncogenes, e.g.,, GMYC,
KRAS, and BRAF, which leads to a reduction in ROS
levels and promotes cytoprotective functions (28).
Mutant p53 affects transcription pathways
through the regulation of transcription factors, the
most important of which is the main regulator of
0S, i.e., Nrf2, which was identified as a common
factor in all p53 mutants. Subsequent research has
shown that the regulation of proteasome activity
by mutant p53 is mediated by Nrf2, which causes
resistance to drugs and chemotherapy (19,28,100).
A study by Meng et al. reported that propofol
causes the proliferation of the MDA-MB-231 can-
cer cell line by reducing apoptosis and cell stress
(101). Similar studies in this field have indicated
that propofol promotes the proliferation and mi-
gration of other cancer cells through the Nrf2
pathway (102-104). Zhang et al., in a study con-
ducted on liver cells, found that Nrf2 increased the
expression of the anti-apoptotic protein Bcl-xL and
decreased apoptosis, promoting hepatocellular
carcinoma (105). In one study, Nrf2 inhibitor PIK-75
was used, and it was shown that suppressing Nrf2,
cell apoptosis increases, while reducing cell prolif-
eration (101). In a study conducted by Gwon et al.
on p53-WT cells, sulforaphane (a known activator
of Nrf2) was used to investigate the relationship
between Nrf2 and p53. Their research revealed
that at low doses, sulforaphane led to the growth
of HCT116 cells expressing p53. They also showed
that sulforaphane inhibited tumour growth by en-
hancing mitochondrial biogenesis and respiration,
as well as inducing Nrf2-mediated antioxidant en-
zymes in cells with elevated p53 compared to p53-
deficient cells; eventually, these cells easily under-
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went apoptosis and died. The cells exhibited bi-
phasic growth when exposed to sulforaphane,
which was stimulated at concentrations < 5 pM,
whereas it was inhibited at concentrations > 10
MM in the presence of p53, which indicated that
the growth of HCT116 cells is mediated by the Nrf2
pathway regulated by p53 (106). The key feature of
p53 is that, as a tumour suppressor, it binds to the
promoter elements of antioxidant enzymes and
promotes their expression through Nrf2 (27,69). It
was found that p21-mediated p53 induces p62-
mediated degradation of Keap1 and subsequently
increases the expression of Nrf2 downstream
genes, leading to cell survival (107). Notably,
Shaul’s research showed that Nrf2 prevents the
degradation of p53 by 20S proteasome through
the interaction with NAD(P)H quinone dehydroge-
nase 1 (NQOT1) (108). When the intensity of OS rises
moderately in cells, p53 protects the cells by in-
creasing the expression of antioxidant enzymes.
On the contrary, when OS increases in cells, p53
boosts the expression of prooxidant genes and
causes cell apoptosis (109,110). According to the
studies, the Notch signalling pathway, which plays
a role in the growth and differentiation of cells, in-
creases the expression of Nrf2 and its downstream
genes, and on the other hand, Nrf2 regulates the
Notch signalling pathway, so disruption in each of
the Notch pathways and Nrf2 has been linked to
many diseases and cancers, including BC (111,112).
Also, the Notch signalling pathway and p53 pro-
tein can control each other’s production and ex-
pression, so the disruption of each of these, ad-
versely affects the other (113). This process eluci-
dates the comprehensive role of p53 in determin-
ing cell fate. In fact, p53 either causes cell survival
by increasing the antioxidant response mediated
by Nrf2, or causes cell death by inducing apoptosis
and prooxidant processes (Figure 3). p53 and Nrf2
have important clinical and laboratory applica-
tions and can be measured by using various meth-
ods, including Western blotting, immunohisto-
chemistry, quantitative PCR (QPCR) and enzyme-
linked immunosorbent assay (ELISA), which have
different levels of specificity, complexity, and accu-
racy. However, the stability of samples is not sure,
particularly in clinical condition, sample degrada-
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NRF2

FiGure 3. Crosstalk between Nrf2 and p53 in cells. NQO1 - NAD(P
molog. NRF2 - nuclear factor erythroid 2-related factor 2. KEAP1 -

tion can affect measurement accuracy. Another
method of evaluating NRF2 and TP53 gene expres-
sion is by reverse transcription polymerase chain
reaction (RT-PCR). Western blot procedures in-
clude the cell lysis using RIPA buffer that contained
protease inhibitors and then homogenization with
sonicator. The proteins were separated through
sodium dodecyl-sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred to nitro-
cellulose membranes. The membranes were
blocked with 5% milk for about one hour and then
incubated with primary antibodies specific to the
target protein overnight at 4°C. The membranes
were then incubated with secondary antibodies
for an hour at room temperature. The signals were
enhanced using enhanced chemiluminescence
and detected by X-film exposure. Protein levels
were quantified using Gel-Pro analyser software
(Media Cybernetics, L.P) (114-116). p53 and Nrf2
can be a potential therapeutic target for various
diseases including cancer, neurodegenerative dis-
eases, inflammatory disorders, and potential bio-
markers for cancer diagnosis, prognosis, and treat-
ment, and help to develop new diagnostic and
therapeutic strategies (117-119).
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)H quinone oxidoreductase 1. Mdm2 - mouse double minute 2 ho-
Kelch-like ECH-associated protein 1.

Conclusion

According to foundational study, Nrf2 causes cel-
lular redox balance in intracellular stress condi-
tions by increasing the expression of antioxidant
genes. In fact, Nrf2 acts as a double-edged sword
since an imbalance in the level of Nrf2 leads to the
development of various cancers. Moreover, the
p53 molecule regulates the expression of antioxi-
dant genes through its pro-oxidant and antioxi-
dant roles and protects the cell against OS. The ex-
pression level of intracellular p53 increases in re-
sponse to OS and intracellular stress, thereby trig-
gering apoptosis. The p53 molecule exerts an in-
fluence on the expression level of Nrf2 through
two distinct phases. In phase one, when the level
of OS in the cell is low, p53 increases cell survival
through the p21 pathway by increasing the ex-
pression of Nrf2, but phase two is when the level
of OS in the cell is high, and p53 increases apopto-
sis by decreasing the expression of Nrf2. Accord-
ing to these findings, we concluded that p53 and
Nrf2 have a pivotal role in regulating cell survival
and death pathways in BC cells by reciprocally reg-
ulating each other.
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In summary, the precise identification of the com-
munication pathways between p53 and NRF2 and
how they affect each other is challenging. From
one side, it is vital to know the safe and effective
compounds that specifically mutated p53 and
Nrf2, and the downstream pathways that play a
role in the development and progression of can-
cer. Unexpectedly, fighting cancer is a long pro-
cess, as cancers are skilled enough to escape treat-
ment and survive. In the future, extensive studies
and comprehensive knowledge about the interac-
tions, regulations, and drug responses of these
proteins can aid in the prognosis, early diagnosis,
and follow-up of BC treatment.

Acknowledgments

The authors would like to thank the Urmia Univer-
sity of Medical Sciences and Tabriz University for
supporting this research.

References

1. Wilkinson L, Gathani T. Understanding breast cancer as a
global health concern. The Brit. J. Radiol. 2022;95:20211033.
https://doi.org/10.1259/bjr.20211033

2. Valilo M, Dastmalchi N, Teimourian S, Safaralizadeh R. The
function of autophagy in the initiation, and development of
breast cancer. Curr Med Chem. 2023;30. https://doi.org/10.2
174/0929867330666230503145319

3. Khodabandeh Z, Valilo M, Velaei K, Pirpour Tazehkand A.
The potential role of nicotine in breast cancer initiation, de-
velopment, angiogenesis, invasion, metastasis, and resi-
stance to therapy. Breast Cancer. 2022;29:778-89. https://
doi.org/10.1007/512282-022-01369-7

4. Hadi NI. Evolution of breast cancer classification towar-
ds personalized medicine. J. Islamabad Med. Dent. Coll.
2019;8:57-9. https.//doi.org/10.35787/jimdc.v8i2.354

5. Malhotra GK, Zhao X, Band H, Band V. Histological, mo-
lecular and functional subtypes of breast cancers. Can-
cer Biol. Ther. 2010;10:955-60. https://doi.org/10.4161/
cbt.70.10.13879

6. McPherson K, Steel C, Dixon J. Breast cancer—epidemio-
logy, risk factors, and genetics. BMJ. 2000;321:624-8. https://
doi.org/10.1136/bmj.321.7261.624

7. Ahmad A, ed. Breast cancer metastasis and drug resistance:
challenges and progress. 2nd ed. Springer; 2019. https://doi.
0rg/10.1007/978-3-030-20301-6

8. Maghsoodi MS, Khosroshahi NS, Beilankouhi EAV, Valilo M,
Feizi MAH. VEGF-634G> C (rs2010963) Gene Polymorphism
and High Risk of Breast Cancer in the Northwest of Iran. In-
dian J Gynecol Oncol. 2023;21:1-5. https://doi.org/10.1007/
540944-022-00648-7

https://doi.org/10.11613/BM.2023.030504

Author contributions

The first draft of the manuscript was prepared by
Mohammad Valilo, Mir Amirhossein Sajadi and
Hadi Fakheri, and read and finalized by Moham-
mad Valilo. After the submission, as a correspond-
ing author, | invited Lei Xia, Wenbiao Ma and Ah-
mad Afrashteh, who are clinical and laboratory sci-
entists to include their inputs in order to improve
the quality of the review. Owing to inputs of Lei
Xia, Wenbiao Ma and Ahmad Afrashteh, | believe
that the readability and the quality of the work has
been substantially improved.

Potential conflict of interest

None declared.

Data availability statement

No data was generated during this study.

9. Momenimovahed Z, Salehiniya H. Epidemiological charac-
teristics of and risk factors for breast cancer in the world.
Breast Cancer (Dove Med Press). 2019;11:151-64. https://
doi.org/10.2147/BCTT.S176070

10. Mueller CF, Laude K, McNally JS, Harrison DG. Re-
dox mechanisms in blood vessels. Arterioscler. Thromb.
Vasc. Biol. 2005;25:274-8. https://doi.org/10.1161/01.
ATV.0000149143.04821.eb

11. Gurer-Orhan H, Ince E, Konyar D, Saso L, Suzen S. The role
of oxidative stress modulators in breast cancer. Curr Med
Chem. 2018;25:4084-101. https://doi.org/10.2174/0929867
324666170711114336

12. Fattah A, Amiri F, Mohammadian M, Alipourfard |, Vali-
lo M, Taheraghdam A, et al. Dysregulation of body an-
tioxidant content is related to initiation and progressi-
on of Parkinson’s disease. Neurosci. Lett. 2020;736:135297.
https://doi.org/10.1016/j.neulet.2020.135297

13. Mota A, Hemati-Dinarvand M, Taheraghdam AA, Nejaba-
ti HR, Ahmadi R, Ghasemnejad T, et al. Association of Pa-
raoxonsel (PON1) Genotypes with the Activity of PONT
in Patients with Parkinson’s Disease. Acta Neurol Taiwan.
2019;28:66-74.

14. Halliwell B, Gutteridge JM, eds. Free radicals in biology and
medicine. 5th ed. Oxford university press, USA; 2015. https://
doi.org/10.1093/acprof:0s0/9780198717478.001.0001

15. Hayes JD, Dinkova-Kostova AT, Tew KD. Oxidative stre-
ss in cancer. Cancer cell. 2020;38:167-97. https.//doi.
0rg/10.1016/j.ccell.2020.06.001

16. Klaunig JE. Oxidative stress and cancer. Curr. Pharm. Des.
2018;24:4771-8. https.//doi.org/10.2174/138161282566619
0215121712

Biochem Med (Zagreb) 2023,;33(3):030504

9


https://doi.org/10.1259/bjr.20211033
https://doi.org/10.2174/0929867330666230503145319
https://doi.org/10.2174/0929867330666230503145319
https://doi.org/10.1007/s12282-022-01369-7
https://doi.org/10.1007/s12282-022-01369-7
https://doi.org/10.35787/jimdc.v8i2.354
https://doi.org/10.4161/cbt.10.10.13879
https://doi.org/10.4161/cbt.10.10.13879
https://doi.org/10.1136/bmj.321.7261.624
https://doi.org/10.1136/bmj.321.7261.624
https://doi.org/10.1007/978-3-030-20301-6
https://doi.org/10.1007/978-3-030-20301-6
https://doi.org/10.1007/s40944-022-00648-7
https://doi.org/10.1007/s40944-022-00648-7
https://doi.org/10.2147/BCTT.S176070
https://doi.org/10.2147/BCTT.S176070
https://doi.org/10.1161/01.ATV.0000149143.04821.eb
https://doi.org/10.1161/01.ATV.0000149143.04821.eb
https://doi.org/10.2174/0929867324666170711114336
https://doi.org/10.2174/0929867324666170711114336
https://doi.org/10.1016/j.neulet.2020.135297
https://doi.org/10.1093/acprof:oso/9780198717478.001.0001
https://doi.org/10.1093/acprof:oso/9780198717478.001.0001
https://doi.org/10.1016/j.ccell.2020.06.001
https://doi.org/10.1016/j.ccell.2020.06.001
https://doi.org/10.2174/1381612825666190215121712
https://doi.org/10.2174/1381612825666190215121712

Xial.etal.

Nrf2/p53 in breast cancer

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Jeong Y, Hoang NT, Lovejoy A, Stehr H, Newman AM, Gentles
AJ, et al. Role of KEAP1/NRF2 and TP53 Mutations in Lung
Squamous Cell Carcinoma Development and Radiati-
on ResistanceKEAP1/NRF2 and TP53 in Lung Squamous
Cell Carcinoma. Cancer Discov. 2017;7:86-101. https://doi.
0rg/10.1158/2159-8290.CD-16-0127

Chio IIC, Jafarnejad SM, Ponz-Sarvise M, Park Y, Rivera K,
Palm W, et al. NRF2 promotes tumor maintenance by mo-
dulating mRNA translation in pancreatic cancer. Cell.
2016;166:963-76. https://doi.org/10.1016/j.cell.2016.06.056
Menegon S, Columbano A, Giordano S. The dual roles of
NRF2 in cancer. Trends Mol Med. 2016;22:578-93. https://
doi.org/10.1016/j.molmed.2016.05.002

Tao S, Wang S, Moghaddam SJ, Ooi A, Chapman E, Wong
PK, et al. Oncogenic KRAS confers chemoresistance by upre-
gulating NRF2. Cancer Res. 2014;74:7430-41. https://doi.
org/10.1158/0008-5472.CAN-14-1439

Hassan ZK, Elamin MH, Omer SA, Daghestani MH, Al-
Olayan ES, Elobeid MA, et al. Oleuropein induces apop-
tosis via the p53 pathway in breast cancer cells. Asian Pac
J Cancer Prev. 2014;14:6739-42. https.//doi.org/10.7314/
APJCP2013.14.11.6739

Sablina AA, Budanov AV, llyinskaya GV, Agapova LS,
Kravchenko JE, Chumakov PM. The antioxidant function
of the p53 tumor suppressor. Nat Med. 2005;11:1306-13.
https://doi.org/10.1038/nm1320

Huo Y, Yin S, Yan M, Win S, Aung Than T, Aghajan M, et al.
Protective role of p53 in acetaminophen hepatotoxicity. Free
Radic Biol Med. 2017;106:111-7. https://doi.org/10.1016/j.
freeradbiomed.2017.02.028

Tung M-C, Lin P-L, Wang Y-C, He T-Y, Lee M-C, Yeh S-D, et al.
Mutant p53 confers chemoresistance in non-small cell lung
cancer by upregulating Nrf2. Oncotarget. 2015;6:41692.
https://doi.org/10.18632/oncotarget.6150

Walerych D, Lisek K, Sommaggio R, Piazza S, Ciani Y, Da-
lla E, et al. Proteasome machinery is instrumental in a
common gain-of-function program of the p53 missense
mutants in cancer. Nat. Cell Biol. 2016,18:897-909. https://
doi.org/10.1038/ncb3380

Chen D, Tavana O, Chu B, Erber L, Chen Y, Baer R, et al.
NRF2 is a major target of ARF in p53-independent tu-
mor suppression. Mol Cell. 2017;68:224-32.e4. https.//doi.
0rg/10.1016/j.molcel.2017.09.009

Faraonio R, Vergara P, Di Marzo D, Pierantoni MG, Napo-
litano M, Russo T, et al. p53 suppresses the Nrf2-depen-
dent transcription of antioxidant response genes. J. Biol.
Chem. 2006;281:39776-84.  https://doi.org/10.1074/jbc.
M605707200

DeNicola GM, Karreth FA, Humpton TJ, Gopinathan A, Wei
G, Frese K, et al. Oncogene-induced Nrf2 transcription pro-
motes ROS detoxification and tumorigenesis. Nature.
2011,475:106-9. https://doi.org/10.1038/nature10189
Jaiswal AK. Nrf2 signaling in coordinated activati-
on of antioxidant gene expression. Free Radic Biol Med.
2004,36:1199-207.  https://doi.org/10.1016/].freeradbio-
med.2004.02.074

Nguyen T, Nioi P, Pickett CB. The Nrf2-antioxidant respon-
se element signaling pathway and its activation by oxi-

Biochem Med (Zagreb) 2023;33(3):030504

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

dative stress. J. Biol. Chem. 2009;284:13291-5. https://doi.
0rg/10.1074/jbc.R900010200

Zhang DD. Mechanistic studies of the Nrf2-Keap1 signa-
ling pathway. Drug Metab. Rev. 2006,38:769-89. https.//doi.
org/10.1080/03602530600971974

Zhang J, Hosoya T, Maruyama A, Nishikawa K, Maher JM,
Ohta T, et al. Nrf2 Neh5 domain is differentially utilized in
the transactivation of cytoprotective genes. Biochem. J.
2007;404:459-66. https://doi.org/10.1042/BJ20061611

Ohta K, Ohigashi M, Naganawa A, lkeda H, Sakai M, Nis-
hikawa J-i, et al. Histone acetyltransferase MOZ acts as a
co-activator of Nrf2-MafK and induces tumour marker
gene expression during hepatocarcinogenesis. Biochem. J.
2007;402:559-66. https.//doi.org/10.1042/BJ20061194
Kanematsu S, Yoshizawa K, Uehara N, Miki H, Sasaki T, Kuro
M, et al. Sulforaphane inhibits the growth of KPL-1 human
breast cancer cells in vitro and suppresses the growth and
metastasis of orthotopically transplanted KPL-1 cells in fe-
male athymic mice. Oncol Rep. 2011,;26:603-8.

Ismail MB, Rajendran P, AbuZahra HM, Veeraraghavan VP.
Mangiferin inhibits apoptosis in doxorubicin-induced vas-
cular endothelial cells via the Nrf2 signaling pathway.
Int J Mol Sci. 2021;22:4259. https://doi.org/10.3390/
ijms22084259

Xu Q, Zhang Z, Tang M, Xing C, Chen H, Zheng K, et al. En-
dogenous production of w-3 polyunsaturated fatty acids
mitigates cisplatin-induced myelosuppression by regula-
ting NRF2-MDM2-p53 signaling pathway. Free Radic Biol
Med. 2023;201:14-25. https://doi.org/10.1016/j.freeradbio-
med.2023.03.005

Huang R, Chen H, Liang J, Li Y, Yang J, Luo C, et al. Dual role
of reactive oxygen species and their application in cancer
therapy. J Cancer. 2021;12:5543. https://doi.org/10.7150/
jca.54699

Syed Alwi SS, Cavell BE, Donlevy A, Packham G. Differen-
tial induction of apoptosis in human breast cancer cell li-
nes by phenethyl isothiocyanate, a glutathione depleting
agent. Cell Stress Chaperones. 2012;17:529-38. https://doi.
org/10.1007/512192-012-0329-3

Zhong Y, Zhang F, Sun Z, Zhou W, Li ZY, You QD, et al. 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;52:824-34. https://doi.org/10.1002/mc.21921

Kumar H, Kumar RM, Bhattacharjee D, Somanna P, Jain V.
Role of Nrf2 signaling cascade in breast cancer: Strategies
and treatment. Front. Pharmacol. 2022;13:720076. https://
doi.org/10.3389/fphar.2022.720076

Nishimura K, Sano M, Ohtaka M, Furuta B, Umemura Y, Na-
kajima Y, et al. Development of defective and persistent Sen-
dai virus vector: a unique gene delivery/expression system
ideal for cell reprogramming. J Biol Chem. 2011,286:4760-
71. https://doi.org/10.1074/jbc.M110.183780

Eggler AL, Luo Y, van Breemen RB, Mesecar AD. Identificati-
on of the highly reactive cysteine 151 in the chemopreventi-
ve agent-sensor Keap 1 protein is method-dependent. Chem
Res Toxicol. 2007;20:1878-84. https://doi.org/10.1021/
tx700217¢

https://doi.org/10.11613/BM.2023.030504

10


https://doi.org/10.1158/2159-8290.CD-16-0127
https://doi.org/10.1158/2159-8290.CD-16-0127
https://doi.org/10.1016/j.cell.2016.06.056
https://doi.org/10.1016/j.molmed.2016.05.002
https://doi.org/10.1016/j.molmed.2016.05.002
https://doi.org/10.1158/0008-5472.CAN-14-1439
https://doi.org/10.1158/0008-5472.CAN-14-1439
https://doi.org/10.7314/APJCP.2013.14.11.6739
https://doi.org/10.7314/APJCP.2013.14.11.6739
https://doi.org/10.1038/nm1320
https://doi.org/10.1016/j.freeradbiomed.2017.02.028
https://doi.org/10.1016/j.freeradbiomed.2017.02.028
https://doi.org/10.18632/oncotarget.6150
https://doi.org/10.1038/ncb3380
https://doi.org/10.1038/ncb3380
https://doi.org/10.1016/j.molcel.2017.09.009
https://doi.org/10.1016/j.molcel.2017.09.009
https://doi.org/10.1074/jbc.M605707200
https://doi.org/10.1074/jbc.M605707200
https://doi.org/10.1038/nature10189
https://doi.org/10.1016/j.freeradbiomed.2004.02.074
https://doi.org/10.1016/j.freeradbiomed.2004.02.074
https://doi.org/10.1074/jbc.R900010200
https://doi.org/10.1074/jbc.R900010200
https://doi.org/10.1080/03602530600971974
https://doi.org/10.1080/03602530600971974
https://doi.org/10.1042/BJ20061611
https://doi.org/10.1042/BJ20061194
https://doi.org/10.3390/ijms22084259
https://doi.org/10.3390/ijms22084259
https://doi.org/10.1016/j.freeradbiomed.2023.03.005
https://doi.org/10.1016/j.freeradbiomed.2023.03.005
https://doi.org/10.7150/jca.54699
https://doi.org/10.7150/jca.54699
https://doi.org/10.1007/s12192-012-0329-3
https://doi.org/10.1007/s12192-012-0329-3
https://doi.org/10.1002/mc.21921
https://doi.org/10.3389/fphar.2022.720076
https://doi.org/10.3389/fphar.2022.720076
https://doi.org/10.1074/jbc.M110.183780
https://doi.org/10.1021/tx700217c
https://doi.org/10.1021/tx700217c

XiaL.etal.

Nrf2/p53 in breast cancer

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

Lu K, Alcivar AL, Ma J, Foo TK, Zywea S, Mahdi A, et al. NRF2
Induction Supporting Breast Cancer Cell Survival Is Ena-
bled by Oxidative Stress-Induced DPP3-KEAPI1 Interac-
tion DPP3, KEAP1, and NRF2 in Breast Cancer. Cancer Res.
2017;77:2881-92. https://doi.org/10.1158/0008-5472.CAN-
16-2204

Lau A, Villeneuve NF, Sun Z, Wong PK, Zhang DD. Dual roles
of Nrf2 in cancer. Pharmacol Res. 2008;58:262-70. https.//
doi.org/10.1016/j.phrs.2008.09.003

Fan Z, Wirth A, Chen D, Wruck C, Rauh M, Buchfelder M, et
al. Nrf2-Keap 1 pathway promotes cell proliferation and di-
minishes ferroptosis. Oncogenesis. 2017;6:e371. https.//doi.
org/10.1038/oncsis.2017.65

Klippel A, Kavanaugh WM, Pot D, Williams LT. A specific pro-
duct of phosphatidylinositol 3-kinase directly activates the
protein kinase Akt through its pleckstrin homology doma-
in. Mol Cell Biol. 1997;17:338-44. https://doi.org/10.1128/
MCB.17.1.338

Salazar M, Rojo Al, Velasco D, de Sagarra RM, Cuadra-
do A. Glycogen synthase kinase-3 inhibits the xenobio-
tic and antioxidant cell response by direct phosphorylati-
on and nuclear exclusion of the transcription factor Nrf2. J
Biol Chem. 2006;281:14841-51. https://doi.org/10.1074/jbc.
M513737200

Mitsuishi Y, Taguchi K, Kawatani Y, Shibata T, Nukiwa T,
Aburatani H, et al. Nrf2 redirects glucose and glutami-
ne into anabolic pathways in metabolic reprogramming.
Cancer Cell. 2012;22:66-79. https://doi.org/10.1016/].
€cr.2012.05.016

Taguchi K, Hirano I, Itoh T, Tanaka M, Miyajima A, Suzu-
ki A, et al. Nrf2 enhances cholangiocyte expansion in Pten-
deficient livers. Mol Cell Biol. 2014;34:900-13. https://doi.
org/10.1128/MCB.01384-13

Rojo Al, Rada P, Mendiola M, Ortega-Molina A, Wojdyla K,
Rogowska-Wrzesinska A, et al. The PTEN/NRF2 axis pro-
motes human carcinogenesis. Antioxid Redox Signal.
2014;21:2498-514. https.//doi.org/10.1089/ars.2014.5843
Song M-Y, Lee D-Y, Chun K-S, Kim E-H. The role of NRF2/
KEAP1 signaling pathway in cancer metabolism. Int J Mol
Sci. 2021,;22:4376. https://doi.org/10.3390/ijms22094376
Jaramillo MC, Zhang DD. The emerging role of the
Nrf2-Keap1 signaling pathway in cancer. Genes Dev.
2013;27:2179-91. https://doi.org/10.1101/gad.225680.113
Guo Y, Shen L. Overexpression of NRF 2 is correlated
with prognoses of patients with malignancies: A meta-
analysis. Thorac Cancer. 2017;8:558-64. https://doi.
org/10.1111/1759-7714.12462

Bekele RT, Venkatraman G, Liu R-Z, Tang X, Mi S, Benesch
MG, et al. Oxidative stress contributes to the tamoxifen-in-
duced killing of breast cancer cells: implications for tamoxi-
fen therapy and resistance. Sci Rep. 2016,6:21164. https://
doi.org/10.1038/srep21164

Loignon M, Miao W, Hu L, Bier A, Bismar TA, Scrivens PJ, et
al. Cul3 overexpression depletes Nrf2 in breast cancer and is
associated with sensitivity to carcinogens, to oxidative stre-
ss, and to chemotherapyReduced Nrf2 in Breast Cancer. Mol
Cancer Ther. 2009,8:2432-40. https://doi.org/10.1158/1535-
7163.MCT-08-1186

https://doi.org/10.11613/BM.2023.030504

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Carlisi D, De Blasio A, Drago-Ferrante R, Di Fiore R, Buttitta
G, Morreale M, et al. Parthenolide prevents resistance of
MDA-MB231 cells to doxorubicin and mitoxantrone: the
role of Nrf2. Cell Death Discov. 2017;3:17078. https.//doi.
0rg/10.1038/cddiscovery.2017.78

Sargazi Z, Yazdani Y, Tahavvori A, Youshanlouei HR, Alivirdiloo
V, Beilankouhi EAV, et al. NFR2/ABC transporter axis in drug re-
sistance of breast cancer cells. Mol Biol Rep. 2023;50:5407-14.
https.//doi.org/10.1007/511033-023-08384-7

Wang Y, Xu H, Liu T, Huang M, Butter P-P, Li C, et al. Temporal
DNA-PK activation drives genomic instability and therapy
resistance in glioma stem cells. JCI Insight. 2018;3:98096.
https://doi.org/10.1172/jci.insight.98096

Qin S, He X, Lin H, Schulte BA, Zhao M, Tew KD, et al. Nrf2
inhibition sensitizes breast cancer stem cells to ionizing ra-
diation via suppressing DNA repair. Free Radic Biol Med.
2021;169:238-47. https://doi.org/10.1016/j.freeradbio-
med.2021.04.006

Syu J-P, Chi J-T, Kung H-N. Nrf2 is the key to chemotherapy
resistance in MCF7 breast cancer cells under hypoxia. Onco-
target. 2016,7:14659-72. https://doi.org/10.18632/oncotar-
get.7406

Bell EL, Klimova TA, Eisenbart J, Schumacker PT, Chandel
NS. Mitochondrial reactive oxygen species trigger hypoxia-
inducible factor-dependent extension of the replicative
life span during hypoxia. Mol Cell Biol. 2007;27:5737-45.
https://doi.org/10.1128/MCB.02265-06

Loignon M, Miao W, Hu L, Bier A, Bismar TA, Scrivens PJ, et
al. Cul3 overexpression depletes Nrf2 in breast cancer and is
associated with sensitivity to carcinogens, to oxidative stre-
ss, and to chemotherapy. Mol Cancer Ther. 2009;8:2432-40.
https://doi.org/10.1158/1535-7163.MCT-08-1186

Almeida M, Soares M, Ramalhinho AC, Moutinho JF, Breiten-
feld L, Pereira L. The prognostic value of NRF2 in breast can-
cer patients: A systematic review with meta-analysis. Breast
Cancer Res Treat. 2020;179:523-32. https://doi.org/10.1007/
$10549-019-05494-4

Ryoo IG, Choi B-h, Kwak M-K. Activation of NRF2 by p62 and
proteasome reduction in sphere-forming breast carcinoma
cells. Oncotarget. 2015,6:8167-84. https://doi.org/10.18632/
oncotarget.3047

Yu L, Wang T, Que R, Yang J, Wang Z, Jiang X, et al. The po-
tentially protective role of ATP-binding cassette transporters
in preeclampsia via Nrf2. Pregnancy Hypertens. 2019;18:21-
8. https://doi.org/10.1016/].preghy.2019.08.002

Bae I, Fan S, Meng Q, Rih JK, Kim HJ, Kang HJ, et al. BRCAT
induces antioxidant gene expression and resistance to oxi-
dative stress. Cancer Res. 2004,64:7893-909. https://doi.
org/10.1158/0008-5472.CAN-04-1119

Nioi P, Nguyen T. A mutation of Keap 1 found in breast cancer
impairs its ability to repress Nrf2 activity. Biochem Biophys
Res Commun. 2007;362:816-21. https.//doi.org/10.1016/].
bbrc.2007.08.051

Sjéblom T, Jones S, Wood LD, Parsons DW, Lin J, Barber TD,
et al. The consensus coding sequences of human breast and
colorectal cancers. Science. 2006,314:268-74. https://doi.
org/10.1126/science.1133427

Biochem Med (Zagreb) 2023,;33(3):030504

11


https://doi.org/10.1158/0008-5472.CAN-16-2204
https://doi.org/10.1158/0008-5472.CAN-16-2204
https://doi.org/10.1016/j.phrs.2008.09.003
https://doi.org/10.1016/j.phrs.2008.09.003
https://doi.org/10.1038/oncsis.2017.65
https://doi.org/10.1038/oncsis.2017.65
https://doi.org/10.1128/MCB.17.1.338
https://doi.org/10.1128/MCB.17.1.338
https://doi.org/10.1074/jbc.M513737200
https://doi.org/10.1074/jbc.M513737200
https://doi.org/10.1016/j.ccr.2012.05.016
https://doi.org/10.1016/j.ccr.2012.05.016
https://doi.org/10.1128/MCB.01384-13
https://doi.org/10.1128/MCB.01384-13
https://doi.org/10.1089/ars.2014.5843
https://doi.org/10.3390/ijms22094376
https://doi.org/10.1101/gad.225680.113
https://doi.org/10.1111/1759-7714.12462
https://doi.org/10.1111/1759-7714.12462
https://doi.org/10.1038/srep21164
https://doi.org/10.1038/srep21164
https://doi.org/10.1158/1535-7163.MCT-08-1186
https://doi.org/10.1158/1535-7163.MCT-08-1186
https://doi.org/10.1038/cddiscovery.2017.78
https://doi.org/10.1038/cddiscovery.2017.78
https://doi.org/10.1007/s11033-023-08384-7
https://doi.org/10.1172/jci.insight.98096
https://doi.org/10.1016/j.freeradbiomed.2021.04.006
https://doi.org/10.1016/j.freeradbiomed.2021.04.006
https://doi.org/10.18632/oncotarget.7406
https://doi.org/10.18632/oncotarget.7406
https://doi.org/10.1128/MCB.02265-06
https://doi.org/10.1158/1535-7163.MCT-08-1186
https://doi.org/10.1007/s10549-019-05494-4
https://doi.org/10.1007/s10549-019-05494-4
https://doi.org/10.18632/oncotarget.3047
https://doi.org/10.18632/oncotarget.3047
https://doi.org/10.1016/j.preghy.2019.08.002
https://doi.org/10.1158/0008-5472.CAN-04-1119
https://doi.org/10.1158/0008-5472.CAN-04-1119
https://doi.org/10.1016/j.bbrc.2007.08.051
https://doi.org/10.1016/j.bbrc.2007.08.051
https://doi.org/10.1126/science.1133427
https://doi.org/10.1126/science.1133427

Xia

L.etal

Nrf2/p53 in breast cancer

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Rotblat B, Melino G, Knight RA. NRF2 and p53: Janu-
ses in cancer? Oncotarget. 2012;3:1272-83. https://doi.
org/10.18632/oncotarget.754

Zhang X, Li T, Gong ES, Liu RH. Antiproliferative activity of
ursolic acid in MDA-MB-231 human breast cancer cells
through Nrf2 pathway regulation. J Agric Food Chem.
2020;68:7404-15. https://doi.org/10.1021/acs.jafc.0c03202
Jin J, Qiu S, Wang P, Liang X, Huang F, Wu H, et al. Carda-
monin inhibits breast cancer growth by repressing HIF-
Ta-dependent metabolic reprogramming. J Exp Clin Can-
cer Res. 2019;38:377. https://doi.org/10.1186/5s13046-019-
1351-4

Siraj MA, Jacobs AT, Tan GT. Altersolanol B, a fungal te-
trahydroanthraquinone, inhibits the proliferation of estro-
gen receptor-expressing (ER+) human breast adenocarcino-
ma by modulating PI3K/AKT, p38/ERK MAPK and associated
signaling pathways. Chem Biol Interact. 2022;359:109916.
https://doi.org/10.1016/}.cbi.2022.109916

Ghareghomi S, Habibi-Rezaei M, Arese M, Saso L, Moosa-
vi-Movahedi AA. Nrf2 Modulation in Breast Cancer. Biome-
dicines. 2022;10:2668. https://doi.org/10.3390/biomedici-
nes10102668

Moll UM, Riou G, Levine AJ. Two distinct mechanisms al-
ter p53 in breast cancer: mutation and nuclear exclusion.
Proc Natl Acad Sci. 1992,89:7262-6. https.//doi.org/10.1073/
pnas.89.15.7262

Kaur RP, Vasudeva K, Kumar R, Munshi A. Role of p53 gene in
breast cancer: focus on mutation spectrum and therapeutic
strategies. Curr Pharm Des. 2018;24:3566-75. https://doi.org
/10.2174/1381612824666180926095709

Moll UM, Marchenko N, Zhang X. p53 and Nur77/TR3-tran-
scription factors that directly target mitochondria for cell
death induction. Oncogene. 2006;25:4725-43. https://doi.
0rg/10.1038/sj.onc.1209601

Chakraborty S, Mazumdar M, Mukherjee S, Bhattachar-
jee P, Adhikary A, Manna A, et al. Restoration of p53/miR-
34a regulatory axis decreases survival advantage and en-
sures Bax-dependent apoptosis of non-small cell lung car-
cinoma cells. FEBS letters. 2014;588:549-59. https.//doi.
0rg/10.1016/j.febslet.2013.11.040

Pappas K, Xu J, Zairis S, Resnick-Silverman L, Abate F, Ste-
inbach N, et al. p53 maintains baseline expression of multi-
ple tumor suppressor genes. Mol Cancer Res. 2017;15:1051-
62. https://doi.org/10.1158/1541-7786.MCR-17-0089
Huang Y, Liu N, Liu J, Liu Y, Zhang C, Long S, et al. Mutant
p53 drives cancer chemotherapy resistance due to loss of
function on activating transcription of PUMA. Cell Cycle.
2019;18:3442-55. https://doi.org/10.1080/15384101.2019.1
688951

Talib WH, Al-Hadid SA, Ali MBW, Al-Yasari IH, Ali MRA. Role
of curcumin in regulating p53 in breast cancer: An overview
of the mechanism of action. Breast Cancer (Dove Med Pre-
ss). 2018:207-17. https://doi.org/10.2147/BCTT.5167812
Fujita K, Mondal AM, Horikawa I, Nguyen GH, Kumamoto K,
Sohn JJ, et al. p53 isoforms A133p53 and p53(3 are endoge-
nous regulators of replicative cellular senescence. Nat Cell
Biol. 2009;11:1135-42. https://doi.org/10.1038/ncb1928

Biochem Med (Zagreb) 2023;33(3):030504

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Chen J, Ng SM, Chang C, Zhang Z, Bourdon J-C, Lane DP, et
al. p53 isoform A113p53 is a p53 target gene that antago-
nizes p53 apoptotic activity via BclxL activation in zebra-
fish. Genes Dev. 2009;23:278-90. https://doi.org/10.1101/
gad.1761609

Ellis MJ, Perou CM. The genomic landscape of breast can-
cer as a therapeutic roadmap. Cancer Discov. 2013;3:27-34.
https://doi.org/10.1158/2159-8290.CD-12-0462

Bunz F, Hwang PM, Torrance C, Waldman T, Zhang Y, Dille-
hay L, et al. Disruption of p53 in human cancer cells al-
ters the responses to therapeutic agents. J Clin Investig.
1999;104:263-9. https://doi.org/10.1172/JCI6863

Lo Nigro C, Vivenza D, Monteverde M, Lattanzio L, Gojis O,
Garrone O, et al. High frequency of complex TP53 muta-
tions in CNS metastases from breast cancer. Br J Cancer.
2012;106:397-404. https.//doi.org/10.1038/bjc.2011.464
McGranahan N, Favero F, De Bruin EC, Birkbak NJ, Szallasi
Z, Swanton C. Clonal status of actionable driver events and
the timing of mutational processes in cancer evolution. Sci
Transl Med. 2015;7:283ra54-ra54. https.//doi.org/10.1126/
scitranslmed.aaa 1408

Yates LR, Gerstung M, Knappskog S, Desmedt C, Gundem
G, Van Loo P et al. Subclonal diversification of primary
breast cancer revealed by multiregion sequencing. Nat
Med. 2015,;21,;751-9. https://doi.org/10.1038/nm.3886
Zhao D, Tahaney WM, Mazumdar A, Savage MI, Brown PH.
Molecularly targeted therapies for p53-mutant cancers.
Cell Mol Life Sci. 2017;74:4171-87. https://doi.org/10.1007/
s00018-017-2575-0

Duffy MJ, Synnott NC, Crown J. Mutant p53 as a target for
cancer treatment. Eur J Cancer. 2017;83:258-65. https://doi.
org/10.1016/j.ejca.2017.06.023

Vijayakumaran R, Tan KH, Miranda PJ, Haupt S, Haupt Y.
Regulation of mutant p53 protein expression. Front Oncol.
2015;5:284. https://doi.org/10.3389/fonc.2015.00284
Bouchalova P, Nenutil R, Muller P, Hrstka R, Appleyard MV,
Murray K, et al. Mutant p53 accumulation in human breast
cancer is not an intrinsic property or dependent on structu-
ral or functional disruption but is regulated by exogeno-
us stress and receptor status. J Pathol. 2014;233:238-46.
https://doi.org/10.1002/path.4356

Save V, Nylander K, Hall PA. Why is p53 protein stabilized in
neoplasia? Some answers but many more questions! J Pat-
hol. 1998;184:348-50. https://doi.org/10.1002/(SICI)1096-
9896(199804)184:4<348::AID-PATH1227>3.0.CO;2-0O

Isola J, Visakorpi T, Holli K, Kallioniemi O-P. Association of
overexpression of tumor suppressor protien p53 with rapid
cell proliferation and poor prognosis in node-negative bre-
ast cancer patients. JNCI: J Natl Cancer Inst. 1992;84:1109-
14. https://doi.org/10.1093/jnci/84.14.1109

Pharoah PD, Day N, Caldas C. Somatic mutations in the
p53 gene and prognosis in breast cancer: a meta-analysis.
Br J Cancer. 1999;80:1968-73. https://doi.org/10.1038/
5j.bjc.6690628

Petitjean A, Achatz M, Borresen-Dale A, Hainaut P, Olivier
M. TP53 mutations in human cancers: functional selection
and impact on cancer prognosis and outcomes. Oncogene.
2007;26:2157-65. https://doi.org/10.1038/sj.onc.1210302

https://doi.org/10.11613/BM.2023.030504

12


https://doi.org/10.18632/oncotarget.754
https://doi.org/10.18632/oncotarget.754
https://doi.org/10.1021/acs.jafc.0c03202
https://doi.org/10.1186/s13046-019-1351-4
https://doi.org/10.1186/s13046-019-1351-4
https://doi.org/10.1016/j.cbi.2022.109916
https://doi.org/10.3390/biomedicines10102668
https://doi.org/10.3390/biomedicines10102668
https://doi.org/10.1073/pnas.89.15.7262
https://doi.org/10.1073/pnas.89.15.7262
https://doi.org/10.2174/1381612824666180926095709
https://doi.org/10.2174/1381612824666180926095709
https://doi.org/10.1038/sj.onc.1209601
https://doi.org/10.1038/sj.onc.1209601
https://doi.org/10.1016/j.febslet.2013.11.040
https://doi.org/10.1016/j.febslet.2013.11.040
https://doi.org/10.1158/1541-7786.MCR-17-0089
https://doi.org/10.1080/15384101.2019.1688951
https://doi.org/10.1080/15384101.2019.1688951
https://doi.org/10.2147/BCTT.S167812
https://doi.org/10.1038/ncb1928
https://doi.org/10.1101/gad.1761609
https://doi.org/10.1101/gad.1761609
https://doi.org/10.1158/2159-8290.CD-12-0462
https://doi.org/10.1172/JCI6863
https://doi.org/10.1038/bjc.2011.464
https://doi.org/10.1126/scitranslmed.aaa1408
https://doi.org/10.1126/scitranslmed.aaa1408
https://doi.org/10.1038/nm.3886
https://doi.org/10.1007/s00018-017-2575-0
https://doi.org/10.1007/s00018-017-2575-0
https://doi.org/10.1016/j.ejca.2017.06.023
https://doi.org/10.1016/j.ejca.2017.06.023
https://doi.org/10.3389/fonc.2015.00284
https://doi.org/10.1002/path.4356
https://doi.org/10.1093/jnci/84.14.1109
https://doi.org/10.1038/sj.bjc.6690628
https://doi.org/10.1038/sj.bjc.6690628
https://doi.org/10.1038/sj.onc.1210302

XiaL.etal.

Nrf2/p53 in breast cancer

96.

97.

98.

99.

Silwal-Pandit L, Vollan HKM, Chin S-F, Rueda OM, McKinney
S, Osako T, et al. TP53 Mutation Spectrum in Breast Cancer
Is Subtype Specific and Has Distinct Prognostic Relevan-
ceTP53 in Breast Cancer. Clin Cancer Res. 2014,20:3569-80.
https://doi.org/10.1158/1078-0432.CCR-13-2943

Walerych D, Lisek K, Del Sal G. Mutant p53: one, no one, and
one hundred thousand. Front Oncol. 2015;5:289. https.//
doi.org/10.3389/fonc.2015.00289

Vickers NJ. Animal communication: when i‘m calling you,
will you answer too? Curr Biol. 2017;27:R713-R5. https://doi.
0rg/10.1016/j.cub.2017.05.064

Lisek K, Walerych D, Del Sal G. Mutant p53-Nrf2 axis regu-
lates the proteasome machinery in cancer. Mol Cell Oncol.
2016;4:e1217967. https://doi.org/10.1080/23723556.2016.1
217967

100. Gorrini C, Harris IS, Mak TW. Modulation of oxidative

101.

102.

103.

104.

105.

106.

107.

stress as an anticancer strategy. Nat Rev Drug Discov.
2013;12:931-47. https://doi.org/10.1038/nrd4002

Meng C, Song L, Wang J, Li D, Liu Y, Cui X. Propofol indu-
ces proliferation partially via downregulation of p53 pro-
tein and promotes migration via activation of the Nrf2
pathway in human breast cancer cell line MDA-MB-231.
Oncol Rep. 2017;37:841-8. https.//doi.org/10.3892/
0r.2016.5332

Xu YB, Du QH, Zhang MY, Yun P, He CY. Propofol suppre-
sses proliferation, invasion and angiogenesis by down-re-
gulating ERK-VEGF/MMP-9 signaling in Eca-109 esopha-
geal squamous cell carcinoma cells. Eur Rev Med Phar-
macol Sci. 2013;17:2486-94.

Hsu H-T, Tseng Y-T, Hsu Y-Y, Cheng K-I, Chou S-H, Lo Y-C.
Propofol attenuates lipopolysaccharide-induced reacti-
ve oxygen species production through activation of Nrf2/
GSH and suppression of NADPH oxidase in human alveo-
lar epithelial cells. Inflammation. 2015;38:415-23. https://
doi.org/10.1007/510753-014-0046-4

Chen J, Zhao W, Song Z, Chen H, Xie K, Zhao X, et al.
Effects of propofol on proliferation and apoptosis of
HCC827 cells. J. Xi'an Jiaotong Univ. (Med. Sci). 2014:361-
84.

Zhang M, Zhang C, Zhang L, Yang Q, Zhou S, Wen Q, et al.
Nrf2 is a potential prognostic marker and promotes pro-
liferation and invasion in human hepatocellular carcino-
ma. BMC Cancer. 2015;15:531. https.//doi.org/10.1186/
$§12885-015-1541-1

Gwon Y, Oh J, Kim J-S. Sulforaphane induces colorectal
cancer cell proliferation through Nrf2 activation in a
p53-dependent manner. Appl Biol Chem. 2020;63:1-11.
https://doi.org/10.1186/513765-020-00578-y

Chen W, Sun Z, Wang X-J, Jiang T, Huang Z, Fang D, et
al. Direct interaction between Nrf2 and p21Cip1/WAF1
upregulates the Nrf2-mediated antioxidant response.
Mol Cell. 2009;34:663-73. https://doi.org/10.1016/j.mol-
cel.2009.04.029

https://doi.org/10.11613/BM.2023.030504

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Tsvetkov P, Reuven N, Shaul Y. Ubiquitin-independent p53
proteasomal degradation. Cell Death Differ. 2010;17:103-
8. https://doi.org/10.1038/cdd.2009.67

Chen W, Jiang T, Wang H, Tao S, Lau A, Fang D, et al. Does
Nrf2 contribute to p53-mediated control of cell survi-
val and death? Antioxid Redox Signal. 2012;17:1670-5.
https://doi.org/10.1089/ars.2012.4674

Luo Q Beaver JM, Liu Y, Zhang Z. Dynamics of p53: A
master decider of cell fate. Genes. 2017,8:66. https://doi.
0rg/10.3390/genes8020066

Wakabayashi N, Chartoumpekis DV, Kensler TW. Cro-
sstalk between Nrf2 and Notch signaling. Free Radic Biol
Med. 2015;88:158-67. https://doi.org/10.1016/].freeradbi-
omed.2015.05.017

Vilchez Mercedes SA, Bocci F, Ahmed M, Eder I, Zhu N, Le-
vine H, et al. Nrf2 modulates the hybrid epithelial/me-
senchymal phenotype and Notch signaling during collec-
tive cancer migration. Front Mol Biosci. 2022;9:807324.
https.//doi.org/10.3389/fmolb.2022.807324

Dotto GP. Crosstalk of Notch with p53 and p63 in cancer
growth control. Nat Rev Cancer. 2009;9:587-95. https://
doi.org/10.1038/nrc2675

Sadia H, Bhinder MA, Irshad A, Zahid B, Ahmed R, Ashiq S,
et al. Determination of expression profile of p53 gene in
different grades of breast cancer tissues by real time PCR.
Afr Health Sci. 2020;20:1273-82. https://doi.org/10.4314/
ahs.v20i3.32

Psyrri A, Kountourakis P, Yu Z, Papadimitriou C, Markakis
S, Camp R, et al. Analysis of p53 protein expression levels
on ovarian cancer tissue microarray using automated qu-
antitative analysis elucidates prognostic patient subsets.
Ann Oncol. 2007;18:709-15. https://doi.org/10.1093/
annonc/mdl479

Xu H, Wu J, Zhang L, Gao L, Cheng Y. The measure-
ment of NRF2 and TP53 in blood expects radiotherape-
utic sensitivity in patients with esophageal cancer. Mol
Cell Probes. 2022;66:101860. https://doi.org/10.1016/j.
mcp.2022.101860

Brandes MS, Gray NE. NRF2 as a therapeu-
tic target in neurodegenerative diseases. ASN Ne-
uro. 2020;12:1759091419899782. https://doi.
org/10.1177/1759091419899782

Chang JR, Ghafouri M, Mukerjee R, Bagashev A, Cha-
brashvili T, Sawaya BE. Role of p53 in neurodegenerati-
ve diseases. Neurodegener Dis. 2012;9:68-80. https://doi.
0rg/10.1159/000329999

Marei HE, Althani A, Afifi N, Hasan A, Caceci T, Pozzoli G, et
al. p53 signaling in cancer progression and therapy. Can-
cer Cell Int. 2021,21:703. https://doi.org/10.1186/512935-
021-02396-8

Biochem Med (Zagreb) 2023,;33(3):030504

13


https://doi.org/10.1158/1078-0432.CCR-13-2943
https://doi.org/10.3389/fonc.2015.00289
https://doi.org/10.3389/fonc.2015.00289
https://doi.org/10.1016/j.cub.2017.05.064
https://doi.org/10.1016/j.cub.2017.05.064
https://doi.org/10.1080/23723556.2016.1217967
https://doi.org/10.1080/23723556.2016.1217967
https://doi.org/10.1038/nrd4002
https://doi.org/10.3892/or.2016.5332
https://doi.org/10.3892/or.2016.5332
https://doi.org/10.1007/s10753-014-0046-4
https://doi.org/10.1007/s10753-014-0046-4
https://doi.org/10.1186/s12885-015-1541-1
https://doi.org/10.1186/s12885-015-1541-1
https://doi.org/10.1186/s13765-020-00578-y
https://doi.org/10.1016/j.molcel.2009.04.029
https://doi.org/10.1016/j.molcel.2009.04.029
https://doi.org/10.1038/cdd.2009.67
https://doi.org/10.1089/ars.2012.4674
https://doi.org/10.3390/genes8020066
https://doi.org/10.3390/genes8020066
https://doi.org/10.1016/j.freeradbiomed.2015.05.017
https://doi.org/10.1016/j.freeradbiomed.2015.05.017
https://doi.org/10.3389/fmolb.2022.807324
https://doi.org/10.1038/nrc2675
https://doi.org/10.1038/nrc2675
https://doi.org/10.4314/ahs.v20i3.32
https://doi.org/10.4314/ahs.v20i3.32
https://doi.org/10.1093/annonc/mdl479
https://doi.org/10.1093/annonc/mdl479
https://doi.org/10.1016/j.mcp.2022.101860
https://doi.org/10.1016/j.mcp.2022.101860
https://doi.org/10.1177/1759091419899782
https://doi.org/10.1177/1759091419899782
https://doi.org/10.1159/000329999
https://doi.org/10.1159/000329999
https://doi.org/10.1186/s12935-021-02396-8
https://doi.org/10.1186/s12935-021-02396-8

