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Nrf3 promotes the proliferation and migration of triple-negative
breast cancer by activating PI3K/AKT/mTOR and
epithelial-mesenchymal transition
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Abstract. Nuclear factor erythroid 2-related factor 3 (Nrf3) is
increasingly implicated in multiple types of cancer; however, its
function in triple-negative breast cancer (TNBC) remains unclear.
This study aimed to examine the role of Nrf3 in TNBC. Compared
with adjacent normal tissues, TNBC tissues expressed higher
levels of Nrf3, and its expression was negatively correlated with
survival time. Additionally, Nrf3 knockdown reduced the prolif-
eration and migration of TNBC cells, whereas overexpression of
Nrf3 had the opposite effects in vitro and in vivo. Moreover, func-
tional enrichment of TNBC cells overexpressing Nrf3 allowed
for the identification of numerous genes and pathways that were
altered following Nrf3 overexpression. Further study showed
that overexpression of Nrf3 activated the PI3K/AKT/mTOR
signaling pathway and regulated the expression of proteins asso-
ciated with epithelial-mesenchymal transition. Nrf3 was found
to directly bind to pl10a promoter regions, as evidenced by
luciferase reporter and chromatin immunoprecipitation assays.
Furthermore, PI3K inhibitors partially decreased the prolif-
eration and migration of the Nrf3 overexpressing TNBC cells. In
conclusion, Nrf3 enhances cellular proliferation and migration by
activating PI3K/AKT/mTOR signaling pathways, highlighting a
novel therapeutic target for TNBC.

Introduction
Amongst all cancers diagnosed in women, breast cancer

accounts for 11.7% of cases and is the leading cause of
cancer-associated death in women worldwide (1). Breast
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cancer can be classified into four subtypes, depending on the
receptor status: Luminal A, luminal B, HER2 positive, and
triple-negative (2). The incidence of triple-negative breast
cancer (TNBC) is estimated to be 15-20% of all breast cancer
cases (3), and is characterized by a high rate of early recur-
rence and distant metastases compared with other types of
breast cancer (4). Owing to the lack of expression of estrogen
receptor (ER), progesterone receptor (PgR), and ERBB2
(HER?2), the current treatment methods for TNBC primarily
include surgery, radiotherapy, and chemotherapy (5). Although
significant progress has been achieved in the treatment
modalities and management strategies, the survival rates of
patients have not significantly improved. Thus, further investi-
gation of the underlying molecular mechanisms and biological
behaviors of TNBC, which will provide a solid foundation for
developing new therapeutic strategies, is vital.

Nuclear factor erythroid-derived 2-like 3 (Nrf3), also
known as NFE2L3, first identified in 1999, is a member of
the Cap‘n’Collar (CNC) family, which is comprised mainly
of Nrfl, Nrf2, BACHI, and BACH2 (6). The CNC family is
similar to leucine zippers in basic regions, indicating their
function may be similar (7). Recent research on Nrfl and Nrf2
has attracted notable attention, showing that the ability of
Nrf2 (8,9) to mediate metabolic reprogramming and increase
antioxidant capacity underlies the malignant behaviors of
NRF2-activated cancer cells, and that Nrf1 (10) protects cancer
cells from proteotoxicity induced by anticancer proteasome
inhibitors. However, there are few reports on Nrf3, partly due
to a lack of evident abnormalities, such as in gross anatomy
and multiple blood parameters in Nrf3-deficient mice (11).
Nonetheless, the role of Nrf3 differs from that of other CNC
family members, and is similar to the definitive role of Nrf2 in
oxidative stress (12). Nrfl maintains protein stability by main-
taining proteasome gene expression (13). Nrf3 is implicated in
multiple cellular processes, such as tumorigenesis (14), inflam-
mation, wound healing (15), and stem cell differentiation (16).
Consequently, Nrf3 has been identified as a critical component
of multiple types of cancer, including colon cancer (17) and
pancreatic cancer (18). Nrf3 may be involved in tumor growth
and invasion via the $-catenin/TCF4 signaling pathway, which
degrades the tumor suppressor p53 and Rb in a ubiquitin-inde-
pendent manner (19). Nrf3 also affects the cell cycle via the
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NF-kB-DUX4-CDK1 signaling pathway (17). Additionally,
Nrf3 knockdown in hepatocellular carcinoma cells resulted
in increased migration and epithelial-mesenchymal transi-
tion (EMT) (20). These studies suggest a potential involvement
of Nrf3 in tumorigenesis. However, there is insufficient
evidence to explain how Nrf3 plays a role in TNBC develop-
ment.

As a group of plasma membrane-associated lipid kinases,
three classes of PI3K exist: Class I, class II, and class III, each
characterized by their unique structure and specific substrate.
The class I PI3Ks are classified as class A and class B. A
class IA PI3K has two subunits: A regulatory subunit (P85)
and a catalytic subunit (P110). The catalytic subunits in class
IA PI3K are divided into three types: pl10a, pl110f, and
p110d, which correspond to the genes PIK3CA, PIK3CB,
and PIK3CD, respectively (21). Among these PI3K genes,
breast cancer is associated with p110 abnormal activation.
The PI3K/AKT/mTOR cascade, one of the primary signaling
pathways of tyrosine kinases, controls several cellular func-
tions, such as proliferation and protein synthesis. Additionally,
the overactivation of the PI3k/AKT/mTOR signaling pathway
results in various biological changes to breast cancer cells (22),
and P110a enhances the proliferation and migratory ability
of breast cancer cells by activating the EMT signaling
pathway (23,24).

In the present study, TNBC specimens showed higher
Nrf3 expression compared with other types of breast cancer
tissues and adjacent noncancerous tissues, and its expres-
sion was negatively associated with survival. Furthermore,
Nrf3 knockdown reduced cell proliferation and migration
in vitro and in vivo. In comparison, overexpression of Nrf3
had the opposite effect. Moreover, the results showed that
Nrf3 increased P110a, p-AKT, and p-mTOR expression and
regulated the expression of EMT-related proteins. The findings
suggest that Nrf3 may enhance the proliferation and migration
of TNBC by modulating PI3K/AKT/mTOR signaling, thereby
highlighting a novel therapeutic target for the management of
TNBC.

Materials and methods

Clinical samples and bioinformatics analysis. Breast cancer
and adjacent cancer tissues (n=105) were harvested at the
Affiliated Hospital of North Sichuan Medical College between
October 2018 and October 2021. It was confirmed that all
cancer cases were breast cancer, and the subtypes were also
confirmed. There were 35 TNBC cases, 35 Her2* cases, and 35
Lumina cases. The Cancer Genome Atlas (TCGA) and GTEX
were used to examine Nrf3 expression in breast cancer and
normal tissues. Preoperative radiotherapy and chemotherapy
were not administered to any patients. Related clinical data
were collected. All patients provided informed consent for the
use of clinical research materials.

Immunohistochemistry. Tissues were first fixed at room
temperature for 48 h in 4% formaldehyde solution, dehydrated
using an increasing series of alcohol solutions, deparaffinized
using a hyaline agent, embedded in paraffin and finally
sectioned into 4-uM thick sections and stored at 4°C. After
sectioning, antigen retrieval was performed using sodium

citrate for 25 min at 100°C in a water bath, followed by drying,
dewaxing and hydration using a decreasing series of alcohol
solutions. The sections were immersed in 3% hydrogen
peroxide for 15 min to quench endogenous peroxidase activity
and immediately incubated at 4°C overnight with primary anti-
bodies (rabbit anti-Nrf3 antibody; cat. no. PA5-99083; 1:50;
Thermo Fisher Scientific, Inc.). The following day, the samples
were incubated with the horseradish peroxidase-conjugated
secondary antibodies (cat. no. AB0101; Abways Technology)
for 1 h at 37°C. The slides were then stained with DAB (DAB
Plus Kit from MXB Biotechnologies) solution for 2 min at
room temperature, counterstained with hematoxylin for 30
sec and dried for blocking. Two experienced pathologists
evaluated the results according to the percentage of positively
stained tumor cells and staining intensity.

Positive staining degree was classified as 0, <10%; 1,
10-20%; 2, 21-50%; and 3, >50%. The staining intensity was
graded as follows: 0, no staining; 1, weak staining; 2, moderate
staining; and 3, strong staining. To calculate the final scores,
the score for the percentage stained was added to the score for
the staining intensity. The final scores were stratified as =6 and
<6, indicating high and low expression, respectively.

Cell culture and lentivirus transfection. MDA-MB-231 and
MDA-MB-468 (triple-negative breast cancer cell lines) were
provided by the National Collection of Authenticated Cell
Cultures. The PI3K pathway inhibitor, LY294002 (Selleck
Chemicals), was purchased in powder form, dissolved to
100 mM using DMSO, and then stored at -80°C. The Nrf3
lentiviral vector (sc-404543-LAC) and negative control were
obtained from Santa Cruz Biotechnology, Inc. Two shRNA
target sequences for Nrf3 were designed and inserted into the
pLKO.1 vector. shRNA plasmids were transfected with lenti-
viruses to generate a recombinant lentivirus. The Nrf3 shRNA
interference target sequences were based on our previous
study (25).

A total of 2x10° MDA-MB-231 or MDA-MB-468 cells
were seeded in each well, and cultured to 40% confluency.
In addition to the complete medium, lentiviral particles were
added at a final concentration of polybrene (5 pg/ml). After
mixing, the original medium was replaced, and infection was
allowed for 24 h. After 24 h, the medium was replaced and
puromycin hydrochloride was added to allow for screening for
48 h. The effect of overexpression and knockdown of Nrf3 was
determined using western blotting.

Western blotting. Cells were lysed using western & IP lysis
buffer (cat. no. PO013; Beyotime Instiute of Biotechnology).
The proteins were loaded on a 10% SDS gel, resolved using
SDS-PAGE, and then transferred to PVDF membranes.
Membranes were blocked in TBST with 5% skimmed milk.
Next, membranes were blocked with primary antibodies
at 4°C overnight, including anti-Nrf3 (cat. no. PA5-102015;
1:1,000; Thermo Fisher Scientific, Inc.), anti-PI3K pl110a
(cat. no. 4249; 1:1,000; Cell Signaling Technology, Inc.),
anti-phospho-Akt (S473) (cat. no. 4060; 1:1,000; Cell
Signaling Technology, Inc.), rabbit anti-phospho-Akt (Thr308)
(cat. no. 13038; 1:1,000; Cell Signaling Technology, Inc.),
anti-Akt (cat. no. 9272; 1:1,000; Cell Signaling Technology,
Inc.), anti-phospho-mTOR (Ser2448) (cat. no. 5536; 1:1,000;
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Cell Signaling Technology, Inc.), anti-mTOR (cat. no. 2972;
1:1,000; Cell Signaling Technology, Inc.), anti-E-cadherin
(cat. no. 20874-1-AP; 1:1,000; ProteinTech Group, Inc.),
anti-N-cadherin (cat. no. 22018-1-AP; 1:1,000; ProteinTech
Group, Inc.), anti-Vimentin (cat. no. 10366-1-AP; 1:1,000;
ProteinTech Group, Inc.), anti-MMP-3 (cat. no. 17873-1-AP;
1:1,000; ProteinTech Group, Inc.), anti-MMP-9
(cat. no. 10375-2-AP; 1:1,000; ProteinTech Group, Inc.) and
anti-GAPDH (cat. no. AB0036; 1:5,000; Abways Technology)
antibody. The following day, the membranes were incubated
with the relevant secondary antibody. Between and after
incubation with the antibodies, membranes were washed with
TBST. Signals were visualized using Immobilon ECL Ultra
Western HRP (cat. no. WBULSO0100, MilliporeSigma). The
results were analysed using a ChemiDoc XRS + Gel Imaging
System (Bio-Rad Laboratories, Inc).

Transcriptome sequencing and analysis. MDA-MB-231
and MDA-MB-231/Nrf3 cells were collected and prepared
for three paired biological replications. The samples were
send to oebiotech company (https://www.oebiotech.com/)
for sequencing. Total RNA was extracted using the mirVana
miRNA Isolation Kit (cat. no. 1561; Ambion; Thermo Fisher
Scientific, Inc.) following the manufacturer's protocols. RNA
integrity was evaluated using the Agilent 2100 Bioanalyzer
(Agilent Technologies, Inc.). The samples with RNA Integrity
Number (RIN) =7 were subjected to the subsequent analysis.
The libraries were constructed using TruSeq Stranded mRNA
LTSample Prep Kit (15 cycles; cat. no. RS-122-2103; Illumina,
Inc.) according to the manufacturer's instructions. The purified
library products were evaluated using the Agilent 2200 Tape
Station and Qubit®2.0 (Life Technologies; Thermo Fisher
Scientific, Inc.) and then diluted to 10 pM for cluster genera-
tion in situ on the pair-end flow cell followed by HiSeq2500
sequencing (2x150 bp). Raw data (raw reads) of fastq format
were firstly processed using Trimmomatic (version 0.36) (26)
and the low quality reads were removed to obtain the clean
reads. The clean reads were mapped to the human genome
(GRCh38) using HISAT?2.2.1 (27). The fragments per kilobase
of transcript per million mapped reads of each gene were calcu-
lated using Cufflinks 2.2.1 (28) and the read counts of each gene
were obtained by HTSeq-count version 2.0.4 (29) Differential
expression analysis was performed using the DESeq (2012)
R package (30). P<0.05 and fold-change >2 and <0.5 were
set as the thresholds for significant differential expression.
Hierarchical cluster analysis of differentially expressed genes
was performed to demonstrate the expression pattern of genes
in different groups. Gene set variation analysis (GSVA 1.24.2)
(R package) (31) was utilized to perform GSVA. The gene set
‘hall.v7.0.symbols.gmt’ was selected as the reference gene set.
P<0.05 was considered to indicate a statistically significant
difference. The transcriptome raw data has been deposited in
the Sequence Read Archive database (https:/www.ncbi.nlm.
nih.gov/sra; submission no. PRINA965920) .

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was isolated from MDA-MB-231 cells using TRIzol®.
The RNA was converted to cDNA using a RevertAid First
Strand cDNA Synthesis Kit according to the manufacturer's
protocol. gPCR was performed on a CFX Connect Real-Time
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PCR Detection System and SuperRealPreMix Plus SYBR
Green. Based on the 222 method (32), the relative RNA
expression was calculated. Table SI displays the detailed
primer sequences included in this study. The thermocycling
conditions were as follows: Initial denaturation at 94°C for
2 min, followed by 40 cycles of 94°C for 30 sec, 60°C for
30 sec and 72°C for 30 sec, and then a final extension at 72°C
for 10 min.

Cell proliferation and migration assay. CCK-8 experiments
(assays obtained from Dojindo Molecular Technologies, Inc.)
were used to determine cell proliferation. Approximately
5x10° cells per well were plated into a 96-well plate with
complete medium and cultured in an incubator. The spectro-
metric absorbance was determined using a microplate reader
at 450 nm. Each experiment was repeated three times.

For migration assays, wound healing, and Transwell assays
were used to investigate cell migration. Transwell assays
were performed as follows: 5x10% cells in 100 pl serum-free
medium was added to the upper chamber of a Transwell insert
without Matrigel. Supplemented medium was added to the
lower chamber as a chemoattractant. A cotton swab was used
to remove the cells on the upper side after 24 h of incubation.
A mixture of 4% formaldehyde and 0.1% crystal violet was
used to fix and stain migrated cells at room temperature for
20 min. Finally, the number of cells in three independent fields
was counted under a brightfield microscope (1X73; Olympus
Corporation) (magnification, x100).

For the wound healing assay, 5x10° cells per well were
added to a six-well plate. Once a confluent monolayer of cells
had formed, the monolayer was scratched and imaged after
becoming adherent, and then cultured in serum-free medium
for a further 24 h. The cells were imaged again in the same
location after washing with PBS.

Luciferase reporter assay. Nrf3, a transcript factor, is known
to bind antioxidant response element (ARE) sites, with the
core sequence of an ARE being 5'-TGACNNNGC-3'". The
pl10a promoter sequence was loaded to find multiple ARE
sites. Thus, Nrf3 may active P110a by binding ARE sites.
siRNA knockdown of Nrf3 expression and pCMV-Nrf3 over-
expression vector were purchased from Cyagen Biosciences.
The pl110a promoter was cloned into pEZX (-1,000 bp from
the transcription initiation site). The resulting full-length
reporter plasmid was termed pEZX-1000, which may contain
multiple Nrf3-binding sites. The deletion mutation reporters
(pEZX-714 and pEZX-418) were generated using this plasmid.
Plasmids and siRNAs were transfected into MDA-MB-231 and
MDA-MB-468 cells using Lipofectamine 3000 (Invitrogen;
Thermo Fisher Scientific, Inc.).

The MDA-MB-231 and MDA-MB-468 cells were seeded
in six-well plates and transfected with a pl110a full-length
reporter plasmid or deletion mutant promoter plasmid and
Nrf3-overexpressing vector, siNrf3, and the negative control
vector together with the PGL 4.74 TK-Luc reporter. After transfec-
tion (48 h later), the cell lysates were prepared. As directed by the
manufacturer, Firefly/Renilla luciferase values were determined
using a Dual-Luciferase Reporter Assay System (cat. no. E1910;
Promega Corporation). A GloMax-96 plate reader (Promega
Corporation) was used to measure the luciferase activity.
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ChIP. Pierce magnetic ChIP assays were performed using
the Pierce Magnetic ChIP Kit (cat. no. 88848; Thermo Fisher
Scientific, Inc.) according to the manufacturer's instructions.
Immunoprecipitation was performed using chromatin with
anti-Nrf3 and a normal rabbit-IgG antibody. ChIP-enriched
DNA was amplified and quantified using qPCR. The primer
sets at the Nrf3-binding sites for the pl10a promoter were:
Primer 1 forward, 5" AGCAAAAGGTCTCCACGAAGT
GAG-3' and reverse, 5'-CGCCGCTGTCAGTGGCTAAC-3";
and primer 2 forward, 5"-TCTCTACCCCAGCTCGCCTG-3'
and reverse, 5'-GATGCGCAAAGAAGCGGAAG-3'.

Animal experiments. The MDA-231, MDA-231/Nrf3,
MDA-231/ShNrf3#1, and MDA-231/shNrf3#2 tumor models
were established to investigate the role of Nrf3 in the prolif-
eration and metastasis of TNBC. A total of 20 nude female
mice were obtained from the Beijing HFK Biotechnology
Co., Ltd. and maintained in micro isolator cages to analyze
tumor growth. For subcutaneous inoculation, 5x10° cells
were resuspended in PBS and injected subcutaneously into
5-week-old mice (100 pl per mouse); four groups were formed
as follows: MDA-231, MDA-231/Nrf3, MDA-231/ShNrf3#1,
and MDA-231/shNrf3#2 (5 mice per group). The tumors were
measured every 3 days after their initial appearance. The
mice were sacrificed 40 days after the inoculation. Recovery
experiments were performed as described previously (25).
When tumors appeared, the mice were further divided into
three groups of mice: MDA-231(DMSO), MDA-231/Nrf3
(DMSO0), MDA-231/Nrf3 (LY294002, 20 mg/kg/day) (5 mice
per group). Treatment was performed for 14 days, and the mice
were sacrificed at the end of treatment by injection of sodium
pentobarbital (150 mg/kg).

For metastasis assays, a total of 20 female nude mice
provided by Beijing HFK Biotechnology Co., Ltd. PBS
was to resuspend 1x107 cells per ml, of which 100 ul was
injected into the tail veins of each mouse. Mice were divided
into four groups as follows: MDA-231, MDA-231/Nrf3,
MDA-231/ShNrf3#1, and MDA-231/shNrf3#2 (5 mice per
group). After 60 days, the mice were sacrificed, lungs were
excised and imaged. Subsequently, the lung tissues were fixed
in 4% formalin and embedded in paraffin, and then hematox-
ylin and eosin staining was performed. Mice were maintained
in pathogen-free conditions with a controlled temperature
(23+2°C), relative humidity (45-65%) and light/dark cycle
(12/12 h) with free access to food and water at all times. All
animal procedures were performed in accordance with the
North Sichuan Medical College's Animal Care Committee
and the guidelines of the Animal Protection Law of the
People's Republic of China (2009). All animal experiments
were approved by the Affiliated Hospital of North Sichuan
Medical College (approval no. 2022033).

Statistical analysis. Data are presented as the mean + standard
deviation. A one-way ANOVA followed by a post-hoc Tukey's
test or a Student's t-test was used to compare differences
between >3 or 2 groups, respectively. The y” test was performed
to analyze the relationship between clinical characteristics and
Nrf3 expression. P<0.05 was considered to indicate a statisti-
cally significant difference. Statistical analysis was performed
using IBM SPSS version 23 (IBM Corp.).

Table I. Association between Nrf3 expression and clinico-
pathological factors.

Nrf3 expression, n

Factors High* Low® P-value
Age, years 0.618
<50 31 14
=50 44 16
Pathological grade 0.096
1 4 0
2 62 22
3 9 8
Tumor size, cm 0.993
<2 36 14
=2 39 16
Lymph node metastasis 0.429
Present 26 8
Absent 49 22
TNM stage 0.225
vt 67 29
/v 8 1

sScores =6, °scores <6. Nrf3, nuclear factor erythroid 2-related
factor 3.

Results

Nrf3 expression is increased in TNBC, and its expression is
negatively associated with survival. Bioinformatics was used
to analyze Nrf3 mRNA expression in different types of breast
cancer. The findings revealed that Nrf3 expression in patients
with TNBC was upregulated compared to its expression in
other types of breast cancer and adjacent tissues, based on data
obtained from TCGA and GTEX (Fig. 1A-C). According to the
Kaplan-Meier survival curves, patients with TNBC expressing
high levels of Nrf3 had shorter survival times (Fig. 1D). The
correlation between Nrf3 and EMT-related genes was also
analyzed; the results are shown in Fig. SIA-D.

A total of 105 patients with breast cancer of different
pathological types were examined for expression of Nrf3
in their pathological tissues using immunohistochemistry.
Higher expression of Nrf3 was detected in TNBC tissues
compared with other types of breast cancer and adjacent
tissues (Fig. 1E and F). Analysis of the correlation between
clinical characteristics and Nrf3 expression was conducted
using a ¥’ test. The score for Nrf3 expression in breast cancer
was divided into high expression (scores =6) and low expres-
sion (scores <6). There was no association between Nrf3
expression and age, lymph node metastases, tumor sizes, or
TNM stage (Table I).

Overexpression of Nrf3 contributes to the proliferation
and migration of TNBC. TNBC cell lines stably overex-
pressing Nrf3 or with Nrf3 expression knocked down were
constructed to determine whether Nrf3 played a role in
the proliferation and migration of breast cancer cells.
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Figure 1. Nrf3 is upregulated in triple-negative breast cancer, and its expression is negatively associated with survival prognosis. (A) Differential expression
of Nrf3 mRNA levels in breast cancer and the paracancerous tissues. Normal tissues, n=112; tumor tissues, n=1,066. (B) Nrf3 mRNA expression levels in
normal breast tissue and different pathological types of breast cancer tissues. Normal tissues, n=112; tumor tissues, n=467; luminal, n=471; Her2*, n=29;
TNBC, n=117. (C) Differential expression of Nrf3 mRNA levels in breast cancer and the paracancerous tissues. (D) Kaplan-Meier survival analysis between
low and high Nrf3 expression breast cancer patients. Nrf3-low, n=54; Nrf3-high, n=72. P=0.025. (E) Representative images of immunohistochemical staining
and the (F) immunohistochemical score in 105 breast cancer patients with different pathological types. TNBC, n=35; Her2*,0 n=35; luminal, n=35. "P<0.05,
“P<0.01 and “*"P<0.0001. Nrf3, nuclear factor erythroid 2-related factor 3; TNBC, triple-negative breast cancer; TCGA, The Cancer Genome Atlas; GTEXx,

Genotype-Tissue Expression; BRCA, breast cancer.

Overexpression and knockdown of Nrf3 were confirmed
using western blotting (Fig. S2). Cells overexpressing Nrf3
were termed MDA-MB-231/Nrf3 and MDA-MB-468/Nrf3.
The cells in which Nrf3 expression was knocked down were
termed MDA-MB-231shNrf3#1, MDA-MB-231shNrf3#2,
MDA-MB-468shNrf3#1, and MDA-MB-468shNrf3#2.
CCK-8 assays showed that overexpression of Nf3 signifi-
cantly promoted the proliferation of TNBC cells, whereas
knockdown of Nrf3 reduced cell proliferation (Fig. 2). The role
of Nrf3 in migration of TNBC cells was examined using wound
healing and Transwell migration assays. The wound healing
assays showed that the migratory rate of MDA-MB-231/Nrf3
cells increased 7.3+0.2% compared to that of MDA-MB-231,

whereas the migration rate in MDA-MB-231/shNrf3 showed a
decrease of 8.2+0.15% (Fig. 2G). Additionally, the migratory
rate of MDA-MB-468/shNrf3 cells decreased by 4.15+0.85%
compared to that of MDA-MB-468 cells, whereas the migra-
tory rate of MDA-MB-468/Nrf3 cells increased by 5.4+0.2%
(Fig. 2H). For overexpression of Nrf3, the number of cells
passing through the Transwell membranes in the different
groups was 62+11 per field (MDA-MB-231), 161+17 per field
(MDA-MB-231/Nrf3), 142+8.7 per field (MDA-MB-468),
and 259+3.6 per field (MDA-MB-468/Nrf3) (Fig. 2E). For
Nrf3 knockdown, the number of cells passing through the
Transwell membranes was 82+29 per field (MDA-MB-231),
19+8.8 per field (MDA-MB-231/shRNA#1), 14+5 per field
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Figure 2. Overexpression of Nrf3 contributes to the proliferation and migration of TNBC, while knockdown of Nrf3 has the opposite effect. (A-D) The prolifer-
ative capacity of Nrf3 overexpression and knockdown was determined using a CCK-8 assay. (E and F) Transwell migration experiments and (G and H) wound
healing assays showed that Nrf3 overexpression increased the migration of breast cancer cells, whereas Nrf3 knockdown reduced migration. “P<0.05 and
“P<0.001. Nrf3, nuclear factor erythroid 2-related factor 3; TNBC, triple-negative breast cancer; OD, optical density; sh, short hairpin.

(MDA-MB-231/shRNA#2), 42+8.7 per field (MDA-MB-468),
12+2.6 per field (MB-468/shRNA#1), and 14+3 per field
(MDA-MB-468/shRNA#2) (Fig. 2F). These results demon-
strated that overexpression of Nrf3 increased the invasive
ability of TNBC cells, whereas knockdown of Nrf3 decreased
the invasive ability of the cells.

Tumor growth and metastasis in vivo. To confirm the role of
Nrf3 in promoting the proliferation and migration of TNBC
in vivo, Nrf3-overexpression, Nrf3-knockdown MDA-MB-231,
and MDA-MB-231 cells were injected. MDA-MB-231shNrf3#1
and MDA-MB-231shNrf3#2 cells failed to form subcutaneous
tumors; whereas only 4 out of 5 mice developed tumors
in the MDA-MB-231 group, whereas five out of five mice
developed tumors in the MDA-MB-231/Nrf3 group. The
average tumor weights in the different groups at the endpoint
were 0.091+0.070 g (MDA-MB-231/Nrf3) and 0.017+0.007 g
(MDA-MB-231) (Fig. 3A and B). Immunohistochemistry was
used to detect the expression of pl10a, Nrf3, E-cadherin,
N-cadherin, and vimentin. The results revealed that the
expression of pl10a, Nrf3, N-cadherin, and vimentin in the

MDA-MB-231/Nrf3 group was substantially higher compared
with the control group, whereas the expression of E-cadherin
exhibited the opposite trend (Fig. 3C and D). Fig. 3E-G
shows that the number of lung metastases in the different
groups was as follows: 3.2+0.4 (MDA-MB-231), 4.6+0.6
(MDA-MB-231/Nrf3), 0.4+0.5 (MDA-MB-231shNrf3#1), and
0.6+0.5 (MDA-MB-231shNrf3#2). The images of the entire
metastatic tumour experiment are shown in Fig. S3. These
data indicated that Nrf3 facilitated the growth and migration
of TNBC cells in vivo.

Nrf3 regulates the PI3K/AKT/mTOR pathway and expres-
sion of EMT-related proteins. To explore the underlying
mechanisms of Nrf3 in enhancing the growth and invasion of
breast cancer cells, transcriptome sequencing was performed
using three paired biological replications of MDA-MB-231
and MDA-MB-231/Nrf3 cells. Based on the sequencing data,
215 significantly differentially expressed genes, including 159
upregulated and 66 downregulated genes (Fig. S4). GSVA
showed that EMT-related genes were enriched, which is a
critical mechanism for cancer metastasis (Fig. 4A). The genes
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related to proliferation and migration were clustered and  result, RT-qPCR was used to examine the mRNA levels of the
are displayed using thermography (Fig. 4B). To validate this  above-related genes (p110a, MMP3, MMP9, TGF 1, TGF
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Figure 6. PI3K inhibitor partly reverses the proliferation and migration of Nrf3 overexpressing triple-negative breast cancer cells. (A) P110a, AKT, P-AKT,
mTOR, and p-mTOR expression following treatment with the PI3K inhibitor. (B-D) CCK-8 assays and animal experiments showed that the proliferative
ability of MDA-MB-231/Nrf3 cells was partly reduced when treated with the PI3K inhibitor. The migratory capacity was detected using (E and F) Transwell
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“P<0.05, “P<0.01 and ““P<0.001. Nrf3, nuclear factor erythroid 2-related factor 3; OD, optical density.

p2,IQGAPI, STAT3, TLR4, and ARF6). The most significant
change among these candidate molecules was in p110a in the
MDA-MB-231/Nrf3 cell line compared with MDA-MB-231
cells (Fig. 4C), which was consistent with transcriptome
sequencing. Additionally, the expression of the p110a protein
and its downstream molecules were further determined by
western blotting. Comparing the Nrf3 overexpression group
with the control group revealed that p-AKT and p-mTOR

expression was increased. However, the expression of AKT and
mTOR were not significantly altered (Fig. 4D). Furthermore,
owing to Nrf3 overexpression, N-cadherin, vimentin, MMP3,
and MMP9 expression increased, whereas E-cadherin expres-
sion decreased (Fig. 4E).

Nrf3 directly binds to the pl10a promoter and increases its
expression. A pl10a promoter was subcloned into the pEZX
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vector to determine whether Nrf3 regulated pl110a expression
in TNBC cells. The full-length reporter plasmid was designated
pEZX-1000, which contained two predicted Nrf3 binding sites
(<725 to -715 and -429 to -419). Additionally, two deletion muta-
tion reporters were constructed using this plasmid (pEZX-714
and pEZX-418). pEZX-1000, pEZX-714, and pEZX-418 plas-
mids were co-transfected with the Nrf3 expression vector into
the MDA-MB-231 cells. The results showed that Nrf3 enhanced
the activity of the full-length reporter (pEZX-1000) and the
deletion mutant reporter (pEZX-714), whereas the other deletion
mutant reporter (pEZX-418) did not exhibit the same activity
(Fig. 5A). Further, MDA-MB-231 and MDA-MB-468 cells were
co-transfected with pEZX-1000 and an Nrf3 expression vector
or siRNA Nrf3 (Fig. 5B and C) showed that overexpression
of Nrf3 enhanced p110a promoter activity. Conversely, Nrf3
knockdown attenuated the p110a promoter activity.

A ChIP assay was performed in MDA-MB-231 and
MDA-MB-468 cells to determine the mutual interactions
between Nrf3 and potential Nrf3-binding sites in the pl10a
promoter region. Primers were located at binding sites 1 (BS1)
and 2 (BS2) of the pl110a promoter (Fig. 5D). An anti-Nrf3
antibody immunoprecipitated significantly more chromatin in
MDA-MB-231/Nrf3 and MDA-MB-468/Nrf3 cells compared
with the control (Fig. 5E and F). These results suggest that
Nrf3 directly binds to the pl10a promoter region and affects
the transcriptional activity of pl10a in MDA-MB-231 and
MDA-MB-468 cells.

PI3K inhibitor partly reverses the effects of Nrf3 over-
expression. MDA-MB-231/Nrf3 cells were used for the
recovery experiments. Western blot analysis was performed
after cells were treated with the PI3K inhibitor, LY294002,
(Fig. 6A). The CCK-8 assays and animal experiments showed
that the PI3K inhibitor partly reversed the proliferation of
MDA-MB-231/Nrf3 cells in vitro and in vivo (Fig. 6B-D).
As measured by wound healing and Transwell assays, the
PI3K inhibitor attenuated the effect of Nrf3, resulting in the
migration of MDA-MB-231 cells (Fig. 6E-H). Based on these
findings, PI3K may be involved in regulating Nrf3-mediated
proliferation and migration in breast cancer cells.

Discussion

In the present study, Nrf3 was shown to play a critical role
in the proliferation and invasion of TNBC cells via the
PIBK/AKT/mTOR signaling pathway. First, Nrf3 expression
was evidently upregulated in TNBC tissues compared with the
noncancerous tissues, and its expression was associated with
worse survival times. Additionally, overexpression of Nrf3 was
shown to significantly enhance cell proliferation and migra-
tion in vitro and in vivo, while Nrf3 knockdown produced
the opposite results. Moreover, Nrf3 activated the PI3K/AKT
signaling pathway and regulated EMT-related protein expres-
sion. Luciferase and ChIP assays showed that Nrf3 positively
regulated PI3K expression. By inhibiting PI3K, the effect of
Nrf3 on cell growth and invasion was partially reversed.

Nrf3 is associated with the development and occurrence
of several types of cancer (33-35), and its function remains
contested. Chevillard er al (36) suggested that Nrf3 has a
protective effect in lymphoma; however, further validation at
the molecular level is lacking. Other reports have shown that

ONCOLOGY LETTERS 26: 443, 2023 11

— — —
- =~

™ o

N G |
N ADEN / @

~ -~
—Ed

~ Nucleus;_. i
Figure 7. Schematic showing how Nrf3 promotes the proliferation and metas-
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TNBC
Tumor growth and metastasis

Nrf3 may act as an oncogene to promote carcinogenesis, such
as in colon cancer (17), bladder cancer (18), and hepatocel-
lular carcinoma (37). Therefore, Nrf3 can function as both
an oncogene or tumor suppressor gene dependent on the type
of cancer. The results of the present study showed that Nrf3,
as an oncogene, increased the proliferation and migration of
TNBC cells in vitro and in vivo. Although Nrf3 expression was
previously reported to be reduced in breast cancer (38), the
results of the present study demonstrated that Nrf3 expression
in TNBC was higher than in adjacent tissues and other cancer
types. These differences in research findings may be attributed
to differences in sample sizes and tumor types.

The underlying mechanism of Nrf3 in promoting prolif-
eration and migration may involve the PI3K/AKT/mTOR
signaling pathway. The genes related to proliferation and
migration were determined using transcriptome sequencing
and qPCR. The results of the present study showed that
pl10a expression was most notably altered among the
candidate molecules. pl10a is the second most frequently
mutated gene in TNBC (39) and plays an important role in
regulating receptor tyrosine kinase (RTK) signaling, cell
growth, the cell cycle, and cell survival in breast cancer (40).
Expression of pl10a and its downstream molecules was also
detected. The PI3K/AKT/mTOR signaling pathway was
activated by Nrf3, which may be essential for the multiple
cellular activities observed (41), including cell metabolism,
cell growth and migration, and apoptosis. Hyperactivation
of PI3K/AKT/mTOR promotes cell growth and migration of
TNBC cells (42). Moreover, using the luciferase reporter and
ChIP assays, it was found that Nrf3 directly bound to the p110a.
promoter sequence. To the best of our knowledge, this is the
first study to show that Nrf3 is responsible for the activation of
p110a transcription.

During cancer metastasis, EMT also plays an important
role. EMT is characterized by the loss of epithelial markers, an
increase in mesenchymal markers, and increased cell migra-
tion (43,44). Activation of EMT has been shown to promote the
phenotypic association of proliferative migration, tumor induc-
tion, stem cell activity of tumor cells, and tumor drug resistance
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in breast cancer (45). Nrf3 knockdown reduces the migration
of hepatocellular carcinoma cells by inhibiting EMT (46). The
present study showed that the overexpression of Nrf3 upregulated
N-cadherin and vimentin expression whilst reducing E-cadherin
expression. In contrast, p110a also triggered EMT by inducing
the loss of E-cadherin (42). Thus, it is hypothesized that Nrf3
activated EMT via PI3K/AKT/mTOR signaling, although the
precise mechanism still requires further investigation.

The present study first revealed that Nrf3 promoted the
growth and migration of TNBC cells in vitro and in vivo.
Additionally, it was found that Nrf3 increased p110a, p-AKT,
and p-mTOR expression and regulated EMT expression-related
proteins. Luciferase reporter and ChIP assays showed that
Nrf3 increased pl110a promoter activity by directly binding to
the promoter region. A link between Nrf3 and p110a indicated
that Nrf3-mediated proliferation and migration of TNBC may
be related to PI3K/AKT/mTOR signaling (Fig. 7).

In conclusion, the present study results demonstrated that
Nrf3 facilitates the proliferation and migration of TNBC by
activating PI3K/AKT/mTOR signaling and EMT, thereby
providing a potential novel therapeutic target for TNBC.
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