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ABSTRACT ARTICLE HISTORY
Background: Triple-negative breast cancer (TNBC) is a highly aggressive form of breast cancer. Due Received 8 March 2024
to its lack of targeted therapy options, TNBC remains a significant clinical challenge. In this study, Revised 23 September 2024
we investigated the role of nuclear respiratory factor 3 (NRF3) and high-mobility group box 1 Accepted 8 October 2024
(HMGBT1) in the progression of TNBC. KEYWORDS
Methods: The study analyzed NRF3's clinical expression, differentially expressed genes (DEGs), and Triple-negative breast
immune infiltration in TNBC using the TCGA database and bioinformatics tools. Cellular functions of cancer; NRF3; ROS; HMGBT;
MDA-MB-468 and Hs578t cells were evaluated through MTT, colony formation, transwell, flow cytometry, macrophages

and western blotting. The regulatory function of NRF3 in TNBC cell lines was assessed using

Immunofluorescence, Immunohistochemistry, qRT-PCR, CHIP, luciferase assay, and ELISA. Moreover,

a xenograft model was established to investigate the role of NRF3 in TNBC in vivo.

Results: Low expression of NRF3 in TNBC tumors was associated with unfavorable prognosis and

transcripts from tumors with higher NRF3 levels were enriched in oxidative stress and immune-related

pathways. The subsequent gain- and loss-functional experiments indicated that NRF3 overexpression

significantly suppressed malignant phenotypes, MAPK/ERK signaling pathways, and epithelial-

mesenchymal transition (EMT), whereas it promoted reactive oxygen species (ROS) levels in TNBC.

Further mechanistic exploration showed that NRF3 inhibited TNBC cell function by regulating oxidative

stress-related genes to inhibit the MAPK/ERK signaling pathway by promoting the release of HMGBI1 via

ROS, thereby promoting M1 macrophage polarization.

Conclusion: NRF3 promotes M1 macrophage polarization through the ROS/HMGB1 axis, thereby

inhibiting the malignant progression of TNBC. It is expected to become a therapeutic biomarker for

TNBC.

CONTACT Mingming Quan @ aoxiangquan@163.com @ Taizhou Central Hospital (Taizhou University Hospital), Donghai Avenue 999, Taizhou, Zhejiang 318000
Supplemental data for this article can be accessed online at https://doi.org/10.1080/15384047.2024.2416221

© 2024 The Author(s). Published with license by Taylor & Francis Group, LLC.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits

unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the

posting of the Accepted Manuscript in a repository by the author(s) or with their consent.


http://orcid.org/0009-0000-4411-0920
https://doi.org/10.1080/15384047.2024.2416221
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/15384047.2024.2416221&domain=pdf&date_stamp=2024-10-23

2 (&) P.XINGETAL

& MAPK/ERK
signaling
pathway

Transcription  pMMmPs

é e

MAPKAPK2

1. Introduction

Breast cancer, a disease of high incidence and mortality rate,
is the second most prevalent cancer among women globally,
with over 2 million new cases and nearly 600,000 associated
mortalities annually."* Triple-negative breast cancer, which
represents 15-20% of all incident BC,” is a unique BC sub-
type due to its deficiency in targeted treatments, character-
ized by the lack of expression of three crucial markers,
estrogen receptors (ER), progesterone receptors (PR), and
human epidermal growth factor receptor 2 (HER2).* TNBC
is renowned for its poor prognosis, earning it the title of the
“King of BC”.”> Furthermore, the tumor microenvironment
(TME) plays a pivotal role in the progression and therapeu-
tic response of TNBC. The TME comprises a diverse ensem-
ble of cells, including cancer cells,”” fibroblasts,® endothelial
cells,” immune cells,'’ and the extracellular matrix."' TNBC
is characterized by significant infiltration of immune cells
which is often associated with aggressive behavior and poor
prognosis. Understanding how different immune cells influ-
ence the development and therapy response of TNBC is an
area of active research. However, due to the lack of action-
able targets, conventional therapeutic approaches for TNBC
are somewhat limited. Consequently, the comprehension of
TNBC progression mechanisms and identifying novel ther-
apeutic targets remain a significant area of research and
clinical interest.

CD86

M1 macrophages

Nuclear factor erythroid-2-like factor 3 (NRF3) is a member
of the Cap’ nn’ collar basic leucine zipper family of transcription
factors.'>" The remarkable development of human cancer
genome databases has strongly suggested the functional sig-
nificance of NRF3 in cancer. Specifically, elevated expression
NRF3 mRNA has been demonstrated across numerous cancer
types, including colorectal cancer and pancreatic
adenocarcinoma,'*'® suggesting an essential role for NRF3
in cancer progression. Moreover, NRF3 has been shown to
play a vital role in cancer progression-related processes such as
cell proliferation, invasion, and angiogenesis.'* Meanwhile,
NREF3 is instrumental in stress-associated transcriptional pro-
grams that activate protective responses against a variety of
cellular stressors, including oxidative injury and protein
aggregation.'” In the TME, NRF3 can influence the expression
of genes related to inflammation and immune regulation.'®'?
Besides, NRF3 mRNA expression is found to be significantly
elevated in a multitude of cancer types and has been identified
as one of the most prominently mutated genes across a total of
12 different cancer types.”* Nevertheless, the correlation
between high NRF3 mRNA levels and patient survival has
been described as either positive or negative depending on
the specific type of cancer (https://www.proteinatlas.org/
ENSG00000050344-NFE2L3/pathology). In certain instances,
the NRF3 transcription factor has been identified as a tumor
suppressor; for example, NRF3 was confirmed to suppress
squamous carcinogenesis.”’ Furthermore, our previous work
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has revealed that NRF3 inhibits BC cell invasion and prolifera-
tion, which potentially predicts a more favorable survival out-
come for BC patients.**

The high mobility group box-1 protein (HMGBI1) is
a widely recognized inflammation-associated protein that
exhibits dysregulation in a myriad of diseases, including arthri-
tis, sepsis, and atherosclerosis.”* > Intracellularly, HMGBI
functions as a DNA chaperone due to its highly conserved
nature as a chromatin-binding protein. Extracellularly, it
serves as a quintessential damage-associated molecular pat-
tern, capable of engaging with cytokines, chemokines, and
growth factors.”**” HMGB1 has been shown to play dual
roles in cancer biology; it can act as a tumor suppressor or
promoter depending on the cellular context and environment.
In many cancer types, including breast cancer, elevated levels
of HMGBI have been associated with poor prognosis and
increased metastasis.”® Consequently, HMGB1 emerges as
a promising therapeutic candidate in oncology. NRF3 is
a key regulator in multiple cancer types; however, its specific
role in TNBC remains to be fully elucidated. Prior studies have
demonstrated that HMGB1 exhibits elevated expression levels
in TNBC and serves as a significant prognostic indicator for
breast cancer progression and metastasis.”> Meanwhile, TNBC,
as the most aggressive form of BC, is still incurable and has
a high tendency to metastasize. It presents an extremely chal-
lenging disease that requires further in-depth study of the
complex mechanisms underlying it. This study aims to eluci-
date the role of NRF3 in TNBC progression and explore its
potential interaction with HMGBI1. By investigating these
molecular pathways, we hope to identify novel therapeutic
targets and improve the clinical outcomes for patients with
TNBC. (a flowchart to introduce the research methods used in
the study as shown in Figure S5).

2. Materials and methods
2.1. Data download and analyses

In this study, 1217 breast cancer samples normalized with log,
(count +1) expression were collected from the TCGA database
(https://www.cancer.gov/ccg/research/genome-sequencing
/tcga), including 1104 tumors and 113 normal tissue samples.
Based on the clinical information of the samples, the study
retained 122 TNBC samples that were negative for ER, PR, and
HER2 expression, and 113 normal breast tissue samples for
further analysis. The samples were divided into two groups
based on the median expression level of NRF3, and a Kaplan-
Meier (K-M) curve was used to analyze the survival of the
NREF3 gene in TNBC samples. Differential analysis was per-
formed between the high and low NRF3 expression groups,
with a differential gene threshold of fdrFilter = 0.05; log,
FCfilter=1. NRF3-related differential expressed genes
(DEGs) in TNBC were used for the Kyoto Encyclopedia of
Genes and Genomes (KEGG), Gene Ontology (GO), and Gene
Set Enrichment Analysis (GSEA). The CIBERSORT algorithm
in the “IOBR” package of R software was used for NRF3
immune infiltration analysis.

Breast cancer single-cell data was downloaded from the
GSE176078 dataset (https://www.ncbi.nlm.nih.gov/geo/
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query/acc.cgi?acc=GSE176078). The Seurat method was used
to re-cluster and group single-cell data and the PCA method
was used to reduce the dimensions of the main components.
The “JackStrawPlot” and “ElbowPlot” were used to determine
the selection of 1-30 dimensions for subsequent analysis of
single-cell data. The cluster category adjustment was con-
ducted using a k.param parameter of 20 and cell type identi-
fication was performed using a resolution of 0.2. Ten TNBC
samples were screened. The UMAP model, based on
Riemannian geometry and algebraic topology theory frame-
work, was used to reduce dimension mapping of cells in TNBC
samples. The “VInPlot” function was used to visualize the
expression of CD86 in the sample of NRF3 high and low
expression.

2.2. Cells and culture

The MDA-MB-468 (CL-0290A) and Hs578t (CL-0114) cell
lines of TNBC used in this study were purchased from
Pricella (Wuhan, China), and were respectively cultured in
Leibovitz’s L-15 medium (Pricella, Wuhan, China,
PM151010) or DMEM (Pricella, Wuhan, China, PM150210).
Both media contained 10% fetal bovine serum (FBS;
Invitrogen, CA, USA 15,070,063) and 1% Pen-strep (Procell,
Wuhan, China, PB180120). The cells were incubated at 37°C
with 5% CO, using an incubator (Thermo, MA, USA,
NO. 311).

2.3. Western blotting (WB)

WB assays were performed to detect the expression of pro-
teins. In brief, total proteins from pretreated cells were
extracted, and their concentration was evaluated using a BCA
Protein Assay kit (Takara, Beijing, China, T9300A). After
separating the protein samples via SDS-PAGE, they were
transferred onto a polyvinylidene fluoride (PVDF) membrane.
After blocking with 5% BSA (Solarbio, Beijing, China, A8020),
chemiluminescence was conducted utilizing ECL (Thermo,
Boston, USA 20,148) following incubation with primary and
secondary antibodies. Details of the antibodies used are shown
in Table 1.

2.4. Real-time reverse transcription PCR (qRT-PCR)

Total RNA was extracted from cells treated with Trizol reagent
(Ambion, USA 15,596,018), and 100 ng of total RNA was used
for reverse transcription using a cDNA synthesis kit (Takara,
Beijing, China, 6210A). The obtained cDNA was then used to
perform qPCR using an ABI-7500 system (Thermo Fisher,
Waltham, MA, USA 4,351,106). The relative mRNA expres-
sion levels were calculated using the 27" method and the
primers are listed in Table 2.

2.5. Transient transfection

To illustrate the role of NRF3 in TNBC cells, the NRF3 stably
overexpressed, and HMGBI stably silenced Hs578t cells and
the corresponding control cell were generated using lenti-
viruses. Briefly, 100 pL of NRF3-overexpressing (hereafter,
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Table 1. Information of antibodies.

Name Brand Article number Dilution rate Applications
NRF3 Proteintech 17745-1-AP 1:500-1:1000 WB
E-cadherin Santa Cruz sc-8426 1:1000 WB
N-cadherin Santa Cruz sc -59,987 1:1000 WB
Vimentin Abclonal A19607 1:2000 WB
MMP2 CST 4022 1:1000 WB
MMP9 Proteintech 10375-2-AP 1:1000 WB
ERK Proteintech 51068-1-AP 1:2000; 1:100 WB; IHC
MEK Proteintech 11049-1-AP 1:500 WB
HMGB1 Proteintech 10829-1-AP 1:1000; 1:6000 WB; CHIP
Ki67 Santa Cruz sc -376,764 1:1000 IHC
B-actin CcsT 4970 1:5000 WB
Table 2. Information of primers.

Names F(5-3) R(5-3) measured using a microplate reader (Molecular Device,

NRF3 TACCGTATTTATGATGGGACT GCTGACATTCAAGGGACAC California, USA).

SOD2 GGACAAACCTGAGCCCTAA GCGACCTTGCTCCTTATTG

Prx| TTTTACCCTCTTGACTTTAC AATCCTCCTTGTTTCTTGG

NQO1 CAGCGGCTTTGAAGAAGA GCAGGGGGAACTGGAATA 2.7. Transwell experiments

B-actin AGCAGTTGTAGCTACCCGCCCA GGCGGGCACGTTGAAGGTCT

Lenti-NRF3), HMGBI-silencing (hereafter, Lenti-sh-HMGBI)
, and the control lentivirus (hereafter, Lenti-control) (1 x 10®
Tu/mL) were obtained from Guannan Biological (Hangzhou,
China) to transfect Hs578t cells using lipofectamine 2000
(Invitrogen, Waltham, USA 11,668-019), respectively. After
72 hours of transfection, positive cells were screened with
0.2ug/mL  puromycin (Thermo Fisher, A1113802).
Subsequently, the efficiency of protein expression in stably
transfected cells was confirmed by Western blotting.

For the transient overexpression of NRF3 or NQOL1 and the
silencing of HMGB1 MDA-MB-468 and Hs578t cell lines, the
plasmids of siRNAs targeting the HMGB1 and the control
siRNAs, as well as the plasmids of overexpressed NRF3 or
NQO1 were provided by Hippo Bio (Hangzhou, China). The
overexpressed plasmids were cloned into the pcDNA3.1 vector
(Thermo Fisher, V79020). Then, MDA-MB-468 and Hs578t cells
were transfected above plasmids using Lipofectamine 2000 and
adding 50 pL Opti-MEM (Gibco, Grand Island, NY, USA 31,985-
-070) for 24 hours, respectively. Subsequently, the efficiency of
transfection was detected by Western blotting. The sequence
information is listed in Table 2 and information on the siRNAs
is as follows:

siR-NC-sense: UUCUCCGAACGAGUCACGUTT

siR-NC-antisense: ACGUGACUCGUUCGGAGAATT

siR-HMGB1-sense: CCGUUAUGAAAGAGAAAUGAA
siR-HMGBI1-antisense: UUCAUUUCUCUUUCAUAACGG

2.6. MTT assay

The MTT assays were applied for the detection of cell prolifera-
tion in MDA-MB-468 and Hs578t cells. In short, 100 pL cell
suspensions were seeded into 96-well plates at a concentration
of 2 x 10° cells/well. Then, cells were cultured in an incubator for
0, 24, 48 and 72 h. The liquid supernatant was removed at the
corresponding time points and 50 uL. MTT reagent (1 mg/mL)
(Beyotime, Shanghai, China, C0009S) was added. After incuba-
tion at 37°C for 3 h, DMSO was added to the plate (150 pL per
well) for dissolving the crystals. The absorbance at 570 nm was

To detect the migration and invasion abilities of MDA-
MB-468 and Hs578t cells, transwell experiments were
performed. For the migration assay, 100 pL pretreatment
cells suspension (1 x 10* cells) were seeded into the upper
transwell chambers (Millipore, MA, USA, CLS3396) con-
taining serum-free DMEM medium. The bottom compart-
ment of the plate included DMEM with 10% fetal bovine
serum (FBS). After 24 h of incubation, the migrating cells
were fixed with 4% paraformaldehyde (500 uL) for 15
minutes and subsequently stained with 0.1% crystal violet
(500 pL) for 30 minutes. Finally, images of cell migration
were observed with the microscope (Olympus Corp,
Tokyo, Japan, Olympus IX73) atx 100, and the number
of migrating cells was counted. For the invasion assay,
except that the transwell chamber was coated with pre-
diluted matrigel (Corning, NK, USA 354,234), the remain-
der of the experimental procedures were consistent with
the migration assay.

2.8. Colony formation assay

To examine the clone-forming ability of MDA-MB-468 and
Hs578t cells after the indicated treatments, the colony formation
assay was performed. Briefly, 100 uL cell suspension (5 x 10 cells/
mL) was cultured in a 6-well plate with the basic medium contain-
ing 10% FBS for 2 weeks. Throughout this period, the medium
was replaced with a fresh one every 3 days. Afterward, the med-
ium was removed, and cells were fixed with 4% paraformaldehyde
(1 mL) for 30 minutes, and then stained with 1% crystal violet (1
mL) for 20 minutes. Finally, cells were observed under
a microscope and counted using the Image processing software

(Image J).

2.9. Flow cytometry

The flow cytometry was implemented to determine cell
apoptosis and the level of Reactive Oxygen Species (ROS)
in MDA-MB-468 and Hs578t cells after designated pre-
treatment. For cell apoptosis, the procedures of detection
were performed using an Annexin V-FITC/7-AAD apop-
tosis detection kit (Procell, Wuhan, China, p-CA-202)



according to the producer’s directions. The results were
examined by a flow cytometer (Invitrogen, Waltham,
USA, Attune NxT).

For the level of ROS, a ROS Assay Kit (Beyotime, Shanghai,
China, S0033S) with the fluorescent probe DCFH-DA was
used. Briefly, cells were treated with the DCFH-DA diluted
in the serum-free medium at 1:1000 for incubation. After
incubation for 20 minutes, flow cytometry was used to imme-
diately detect the levels of total ROS.

2.10. Immunofluorescence (IF)

To explore the intracellular expression of HMGBI in the TNBC
cell lines with NRF3 overexpression, the IF experiment was
performed according to a previously published method.’® The
result was observed under an inverted fluorescent microscope
(OLYMPUS, CKX53, Japan). Additionally, an IF assay was also
performed to stain the sections of the transplanted tumor and
detect the levels of CD86, a biomarker of M1 macrophages, to
reveal the infiltration rate of M1 macrophages. Briefly, 5pm
paraffin sections were dewaxed and rehydrated, heated in citric
acid buffer (antigen repair solution, PH = 6.0), and then sealed
with 3% bovine serum albumin (Servicebio®, Wuhan, China,
GC305010) for 30 minutes. A mixture of primary antibody
CD86 (CST, USA, 91882T) and F4/80 (Thermo Fisher, 14-
4801-82) (CD86:F4/80 = 1:1) was added for overnight incuba-
tion. After incubation for 50 minutes with anti-mouse IgG,
HRP-linked antibody (CST, 7076 V), DAPI dye solution
(Servicebio®, G1012) was added for 10 minutes, and autofluor-
escence quenching agent (Servicebio®, G1221) was added for
5 minutes. The result was observed under an inverted fluores-
cent microscope after the section was sealed with an antifluor-
escent quenching agent (Servicebio®, G1401).

2.11. Enzyme-linked immunosorbent assay (ELISA)

The ELISA assay was used to examine the content of
HMGBI in MDA-MB-468 and Hs578t cells with NRF3 over-
expressed, and NRF3 overexpressed combined with ROS
inhibitor or HMGBI silenced, respectively. The experimen-
tal procedure of ELISA was conducted using an ELISA
detection kit (MEIMIAN, Jiangsu, China 12,907) in line
with the producer’s instructions. The result of ELISA was
examined using a microplate reader at the wavelength of
450 nm.

2.12. Dual-luciferase reporter

To validate the regulation relationship between NRF3 and
NQOI1, a Dual-luciferase reporter assay was performed.
The plasmid of NQO1 wild type and its mutant were
obtained from Hippo Bio (Hangzhou, China), and then
were cloned into the PGL3 vectors. The above plasmids
and the corresponding control plasmids were transfected
into MDA-MB-468 and Hs578t cells with NRF3 overex-
pression or the corresponding control cells using
Lipofectamine 2000 for 24 h, respectively. Finally, luciferase
activity was assessed using a Dual-Luciferase® Reporter
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Assay kit (Promega, USA, E1910) according to the manu-
facturer’s specifications.

2.13. Chromatin immunoprecipitation (ChIP)

According to the instructions of the CHIP-Seq High Sensitivity
Kit (Abcam, Cambridge, UK, ab185908), the NRF3-
overexpression MDA-MB-468 and Hs578t cells and the corre-
sponding control cells were cross-linked and immobilized to
form a protein-DNA complex. Next, the cells were collected and
ultrasonically broken to obtain DNA fragments. Subsequently,
immunoprecipitation was performed using antibodies and pro-
tein A/G MagPoly Beads. Then, a DNA Clean-Up Kit (Omega,
Norcross, GA, USA, D6296-01) was used to purify DNA, and
the enrichment degree of the target fragments was validated by
qPCR. The primer sequence is listed in Table 2.

2.14. Animal experiments

Experimental procedures of animal experiments in this work
were in accordance with the principles of the Guiding Principles
for the Breeding and Use of Animals in China. To construct the
xenograft tumor tissues, a total of 24 nude mice (4-week-old)
were purchased from Slaccas (Shanghai, China) and maintained
in the designated condition (pathogen-free, day/night: 12/12, 22°
C) for approximately 1 week. Then, the mice were subcutaneously
injected with 8 x 10° HMGB 1 stably silenced, stably NRF3-
overexpression Hs578t cells with or without silenced HMGB 1
and the corresponding control cells, respectively. Tumor growth
was monitored until the tumor volume reached 1500 mm® (long
diameter x short diameter® x1/2), the mice were euthanized, and
the tumors were isolated from the mice and photographed. The
weight of the tumor was calculated and the diameter was mea-
sured by a caliper (SYNTEK, Hangzhou, SY-119-200).

2.15. Immunohistochemistry (IHC)

The expression of Ki67 and p-ERK of the tumor tissues was
determined by the IHC assay. The tumor tissue slices of
HMGB 1 stably silenced, stably NRF3-overexpression Hs578t
cells with or without HMGB 1 silenced, and the corresponding
control were prepared to perform the IHC assay as previously
reported.”’ A microscope was used to observe the results.

2.16. TUNEL assay

The cell apoptosis of the tumor tissues with designated treat-
ment was detected with the TUNEL assay. After paraffin
embedding, the tumor tissues were cut into slices and de-
paraffinized. Then, the subsequent experimental procedures
followed by the manufacturer’s directions of the TUNEL cell
apoptosis detection kit (Abcam, Cambridge, UK, ab66110).
A microscope was used to observe the results.

2.17. Statistical analysis

The statistical analysis of the representative data was carried
out using GraphPad Prism 6.0. Statistical comparisons
between two groups were assessed by t-test and that of
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multiple groups were evaluated by one-way ANOVA. A p
value of less than 0.05 is considered significant.

3. Results

3.1. Expression and bioinformatic analysis of NRF3 in
TNBC

Current research and databases have documented a negative
association between NRF3 expression and poor prognosis,
indicating an essential role of NRF3 in cancer malignancy,”'
including BC. To explore the underlying mechanism of NRF3
in TNBC, we first observed its clinical information in TNBC
through the TCGA database. The box plot of the normalized
expression levels showed that NRF3 expression was signifi-
cantly higher in TNBC samples than in normal breast tissue.
(Figure la). There were notable differences expression of
NRF3 in different stages of TNBC, with the most obvious
difference in the early stage of cancer (Table 3). The subse-
quent statistical analysis of prognosis also indicated that the
overall survival of the high NRF3 expression group was better
than that of the low expression group (Figure 1b). The NRF3-
related DEGs were further obtained from the TCGA database.
The GO and KEGG enrichment analysis suggested that the
NRF3-related DEGs were enriched in the main pathways
including oxidative stress, inflammation-related pathways,
and the MAPK/ERK signal pathway, and the results were
further verified by the GSEA enrichment analysis
(Figure 1c-e). Besides, the data indicated that high expression
of NRF3 in TNBC was linked to increased levels of transcripts
associated with immune cells, indicating enhanced immune
surveillance functions (Figure 1f). Additionally, utilizing the
GSE176078 database for single-cell sequencing data to further
validate, a total of 10 TNBC samples were screened through
analysis and the UMAP model was used to reduce dimension
mapping of cells in TNBC samples (Figure S1 A). Three
samples exhibiting high and three with low NRF3 expression
were chosen, forming NRF3 high and low expression groups.
Macrophages in the 10 samples were screened, and it was
found that the enrichment degree of the M1 polarization
marker (CD86) in macrophages with high NRF3 expression
was higher than that in macrophages with low NRF3 expres-
sion. The “VInPlot” function was utilized to visualize the CD86
expression across samples. (Figure S1 B). This indicates that
macrophages in the high NRF3 expression group tend to be
more in the M1 state, meaning NRF3 promotes macrophage
polarization toward M1. All the data analyses showed that the
NRF3 may serve as an anticancer role in TNBC.

3.2. NRF3 inhibited the malignant phenotypes of TNBC
cells as a tumor suppressor

To further verify the role of NRF3 in TNBC, we first examined
the expression levels of NRF3 in different TNBC cell lines,
including HCC1937, Hs578t, MDA-MB-231, and MDA-MB
-468. As shown in Figure 2a, the expression levels of NRF3
were found to be significantly higher in the HCC1937 and

MDA-MB-231 cell lines, whereas they were notably lower in
the Hs578t and MDA-MB-468 cell lines. These latter two cell
lines were then utilized for further exploration of NRF3’s
function in the subsequent experiments. The NRF3-
overexpression MDA-MD-468 and Hs578t cell lines were con-
structed, and the efficiency of transient overexpression was
validated by WB assay (Figure 2b). Interestingly, our data
showed that NRF3-overexpression significantly suppressed
the proliferation, migration, invasion, and clonogenic abilities
of two TNBC cell lines, while promoting cell apoptosis
(Figure 2 c—f). Given that NRF3 plays a vital role in the EMT
process, inflammatory response, and the cellular response to
oxidative stress,”>>* we detected the expression levels of essen-
tial protein biomarkers of EMT, which are critical for cell
mobility and tumor metastasis,>> the expression of MMP
related to inflammation,’® and the levels of ROS. Not surpris-
ingly, our data revealed that overexpression of NRF3 effec-
tively inhibited the process of EMT, the expression of MMPs-
related proteins, and the activation of the MAPK/ERK signal-
ing pathway, while increasing the level of ROS in MDA-MB
-468 and Hs578t cell lines (Figure 3a-c). Meanwhile, NRF3
was also silenced in MDA-MB-231 cell lines and verified. As
shown in Figure S2&S3, silencing NRF3 reversed the previous
experimental results. All of these findings supported that
NRF3 may be deeply involved in the progression of TNBC as
a tumor suppressor through the process of EMT, inflamma-
tory, and oxidative stress response.

3.3. NRF3 inhibited the progression of TNBC by
regulating the oxidative stress to inactivate the MAPK/
ERK signaling pathway

Given that overexpression NRF3 inactivated the MAPK/ERK
signaling pathway and increased the level of ROS in MDA-MB
-468 and Hs578t cell lines, we performed the rescue experi-
ments using the N-Acetyl-L-cysteine (NAC), a ROS inhibitor,
to define the underlying mechanism for NRF3 in TNBC. As
shown in Figure 4 a-c, the inhibition effect of overexpression
NRF3 on the malignant phenotypes of TNBC cells could be
significantly reverted by ROS inhibitor, besides, its inhibition
effect on the MAPK/ERK signaling pathway was also signifi-
cantly impaired by applying the ROS inhibitor (Figure 4d). In
addition, through the analysis of mRNA expression levels of
genes related to antioxidant stress in TNBC cell lines with
NRF3 overexpression, we detected a significant downregula-
tion of NQO1 expression, which is likely due to the over-
expression of NRF3. Consequently, we further examined the
expression of NQO1 in NRF3-overexpressing cells and con-
firmed that it was indeed downregulated (Fig. S4 A). The
subsequent Luciferase and ChIP assays further verified the
regulatory relationship between NRF3 and NQO1 (Figure 5a,
b-c). We then increased the level of NQO1 and confirmed its
overexpression efficiency by WB (Fig. S4 B). More impor-
tantly, the rescue experiments confirmed that overexpression
of NRF3 and NQO1 combined in TNBC cell lines significantly
impaired the inhibition effect of NRF3 on cell proliferation,
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Figure 1. Expression and clinical significance of NRF3 in TNBC. TCGA database was used to analyze (a) the expression of NRF3 in the 122 TNBC samples and 113 normal
breast tissue samples, as well as (b) a Kaplan-Meier (k-m) curve was used to analyze the prognostic statistical analysis of NRF3 expression in TNBC samples. GSEA (c),
KEGG (d), and GO (e) were used to analyze the enrichment pathways of NRF3-related DEGs in TNBC samples. (f) The immune infiltration box plot showed the effect of
NRF3 expression in TNBC on immune cells.

migration, invasion, and the activation of MAPK/ERK signal-
ing pathways, and the promotion effect on ROS level

(Figure 5d-g). Taken together, our findings proved that
NRF3 was deeply involved in oxidative stress response by
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Table 3. The correlation between NRF3 expression and clinical significance of TNBC.

Character Level Low expression of NRF3 High expression of NRF3 P
Age <65 271 (32.5%) 340 (40.8%) 0.859
>;65 100 (12.0%) 122 (14.6%)

T T 106 (12.8%) 128 (15.4%) 0.945
T2 219 (26.4%) 280 (33.7%)
T3 29 (3.5%) 37 (4.5%)
T4 17 (2.0%) 5(1.8%)

N NO 153 (18.7%) 238 (29.1%) 0.003
N1 139 (17.0%) 148 (18.1%)
N2 51 (6.2%) 49 (6.0%)
N3 21 (2.6%) 20 (2.4%)

M Mo 322 (50.3%) 305 (47.7%) 0.202
M1 9(1.4%) 4 (0.6%)

Stage | 32 (5.6%) 0 (5.3%) 0.031
Il 155 (27.3%) 150 (26.5%)
1l 82 (14.5%) 60 (10.6%)
v 39 (6.9%) 19 (3.4%)

regulating its related gene expression and ROS level to inacti-
vate the MAPK/ERK signaling pathway, ultimately leading to
the inhibition of TNBC progression, at least partially.

3.4. NRF3 promoted the release of HMGB1 via ROS to
affect the polarization of macrophages thereby
suppressing the progression of TNBC

High mobility group box 1 (HMGB1), a non-histone nuclear
protein strongly linked to tumor progression and chemotherapy
resistance, has been reported to regulate the ROS/ERK1/2/cas-
pase-3/GSDME signaling involved in GSDME-mediated pyrop-
tosis in neuroblastoma.”” HMGBI can play different roles in
a variety of conditions and participate in the occurrence and
development of diseases, especially in inflammatory diseases
and cancer.”® As such, we hypothesized there was a certain
regulatory effect between HMGB1 and NRF3-mediated ROS
in TNBC. Based on this speculation, the intracellular expression
and extracellular release of HMGBI1 in TNBC cell lines with
NRF3 overexpression were analyzed. The IF result revealed that
HMGBI was not only expressed in the nucleus, but also the
cytoplasm, and ELISA assays showed that extracellular release of
HMGBI was positively associated with NRF3 overexpression
(Figure 6a,b). Given that HMGBI exerts its anti-tumor effect
through immunogenic cell death induction in BC cells,*® the
polarization of macrophages was detected, not surprisingly,
macrophages were mainly polarized toward M1 after interven-
tion with the culture supernatant of NRF3-overexpression
TNBC cell lines (Figure 6¢). Subsequently, we surprisingly
found that the cell supernatant of those macrophages possessed
a negative association with the proliferation, migration, and
invasion capacities of TNBC cell lines (Figure 6d,e), indicating
that NRF3 inhibited the malignant phenotype of TNBC by
inducing M1 polarization of macrophages. More surprisingly,
the rescue experiments confirmed that the promotion effect of
NRF3 on the intracellular expression and extracellular release of
HMGBI, and the M1 polarization of macrophages could be
significantly reverted by ROS inhibitor or silenced HMGBI in
NRF3-overexpression TNBC cell lines (Figure 7a-c). These
findings convincingly demonstrated that NRF3 suppressed the

progression of TNBC through its promotion effect on the intra-
cellular release of HMGBI via ROS to induce the M1 polariza-
tion of macrophages.

To further validate, we constructed a xenograft model to
illustrate the role of NRF3 in TNBC in vivo. We respectively
engineered stable Hs578t cell lines with HMGBI silencing,
stable Hs578t cell lines with and without HMGBI silencing
that overexpress NRF3, and corresponding control cells. Then,
WB assays were performed to detect the efficiency of protein
expression in stably transfected cell lines for the follow-up
experiments (Figure 8a). The data showed that NRF3 overex-
pression could inhibit tumor growth, which could be signifi-
cantly reverted by HMGBI1 silenced. This reversal was
specifically evident in tumor volume and weight (Figure 8b,c).
Additionally, the subsequent IHC assay further confirmed that
the levels of p-ERK and Ki67 were higher in the tumor tissues of
NRF3-overexpression combined with silenced HMGBI1 than
that the NRF3 overexpressed alone (Figure 8d), and the result
from the TUNEL assay also confirmed that HMGBI silenced
could significantly impair the promotion effect on cell apoptosis
of NRF3-overexpression tumor tissues (Figure 8e).
Unsurprisingly IF staining was performed on the tumor sections
of each group to detect the levels of CD86, a biomarker of M1
macrophages infiltration, which showed that NRF3 overexpres-
sion promoted the polarization of M1 macrophages (Figure 8f).
Taken together, these findings further supported that NRF3
could inhibit the progression of TNBC by regulating the expres-
sion of HMGBI in vivo.

4. Discussion

NRF3 has emerged as a promising druggable target for various
diseases, including cancer.”"* Its role in cellular antioxidant
responses and maintenance of redox homeostasis makes it an
attractive candidate for therapeutic intervention in diseases
characterized by dysregulated oxidative stress, such as
TNBC.*"** Additionally, NRF3 can influence TME by sup-
pressing inflammation and upregulating immunosuppressive
markers,*” making it a potential drug target. Targeting NRF3
could offer a novel therapeutic strategy that works in synergy
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Figure 2. Effect of NRF3 overexpression on biological function of TNBC. (a) The expression levels of NRF3 in different TNBC cell lines, including HCC1937, Hs578t, MDA-
MB-231, and MDA-MB-468, were detected by WB.NRF3 was overexpressed in both Hs578t and MDA-MB-468 cells. (b) WB was performed to detect the efficiency of
NRF3 overexpression. (c) The MTT assay was employed to assess the cell proliferation. (d) Cell migration and invasion were evaluated using the Transwell method. (e)
The colony formation assay was used to determine the clone-forming ability. (f) Cell apoptosis was analyzed by flow cytometry. Three independent experiments were
performed for all assays, *p < .05, **p < .01 versus the control group. Scale bar, 100 pm.

with current treatments like chemotherapy, radiotherapy, and
immunotherapy. For instance, NRF3 promotes UV-induced
keratinocyte apoptosis through suppression of cell adhesion.*’
In conclusion, NRF3 holds significant promise as a druggable
target in cancer treatment. However, more research is needed
to fully understand its complex functions and develop effective
NREF3-targeted therapies. Our previous research indicated that

NREF3 overexpression could inhibit the EMT process, reduce
the expression of MMPs, and suppress cell proliferation and
metastasis in BC cells, suggesting that NRF3 plays a necessary
role in suppressing BC metastasis.”> We wondered whether
NRF3 would exhibit the same inhibitory effect on TNBC,
a unique BC subtype known for its lack of targeted treatments.
In this study, we initially conducted bioanalysis to investigate



10 (&) P.XINGETAL.

a Hs578t
N
f2>.
N
N N
) 220
E-cadherin [ s 135 kDa £ .
N-cadherin 130kDa ¢ =
[ —] < *
Vimentin [semm =] 57 kDa . -
0.5 *k
MMP2 i : 72kDa 2
S0
MMPO [ —|o267kDa B & & ¢ & @
; F §F & S O
N > > N
B-actin E 42 kDa & R
Hs578t
b o
SN &
W 5 -pcDNA3.1
NRF3
p-ERK : 44,42 kDa § 20
515
ERK | e | 44,42 kDa 8
21.0 *
MEK E :45 kDa 2
éoo
B-actin 42kba - - - -
c Hs578t
NRF3

1000

1000 R4: 13.24090

SSC-A (1073)
SSC-A (1073)

10° 10 10" 100 10" 10 10° 100 100 10" 10" 10
DCF-A DCF-A

MDA-MB-468
2
% pcDNA3.1
Q&V\ V\QS‘ g WNRR3
w15 >
E- i 135kDa %
cadherin E g
N-cadherin : i: 130 kDa 1.0
imenti 57 kD e
o we ke *x
Vimentin EI a o5 N
MMP2  [&S <|72kDa o
MMP9 9267kDa $°0
e A
Bractin [ sm—42 kDa &L é&b & NN
.  MDA-VMB-468
S
& 3 5 PcDNA3.1
e NRF3
p-ERK [ = =|4442kDa  §20
£15
ERK |- /4 42 kDa 8
21.0
p-MEK [ga = |45 kDa SRF -
MEK ~|s w45 kDa ol
B-actin 42 kDa C . - - .
& & ¥ ¢

Q
MDA-MB-468
pcDNA3.1

100 R4: 0.310%

1000

00-

SSC-A (1073)
SSC-A (1073)

DCF-A

DCF-A
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<.01 versus the control group.

the expression and clinical significance of NRF3 in TNBC. Our
finding suggested that NRF3 expression correlates with a more
favorable prognosis and exerts different effects on different
TNBC stages. Meanwhile, our functional enrichment analysis
revealed that the NRF3-related DEGs were predominantly
enriched in pathways associated with oxidative stress, inflam-
mation, and the MAPK/ERK signal pathway in TNBC.
Subsequent biological function experiments showed that
NREF3 overexpression inhibited the malignant phenotype of
TNBC cells. However, this inhibitory effect was reversed
again when NRF3 was silenced. This suggests that NRF3 is
involved in the initiation and progression of TNBC as a tumor
suppressor.

It has been demonstrated that EMT plays a crucial biologi-
cal role in cancer progression, metastasis, and drug resistance.
Similarly, ROS has been shown to act as either a tumor sup-
pressor or a tumor promoter, depending on the tumor type
and context, through its induction of EMT.**** Additionally,
the inflammatory response within the tumor site generates
large amounts of ROS, produced by activated neutrophils
and macrophages.*® Moreover, mutations in key molecules of
the MAPK/ERK pathway and its dysregulation in various
human malignancies are widely recognized phenomena, and
the role of ROS in regulating the activation of the MAPK/ERK

signaling pathway is significant.” Based on this information,
we performed further assays to explore the mechanisms by
which NRF3 regulates the malignant phenotype in TNBC cell
lines. The findings indicated that NRF3 overexpression sup-
presses the EMT process, reduces the expression of MMPs-
related proteins, and inhibits the activation of the MAPK/ERK
signaling pathway. Meanwhile, NRF3 overexpression pro-
moted the ROS level in TNBC cell lines. Furthermore, when
NREF3 was treated with NAC, a ROS inhibitor, the malignant
phenotype of the cells was enhanced while the ROS level was
decreased. Simultaneously, NRF3 overexpression suppressed
the expression of genes involved in anti-oxidative stress
(NQOI1, SOD2, and prxI), suggesting NRF3 potentially regu-
lates these genes to inhibit the activation of the MAPK/ERK
signaling pathway. Rescue experiments indeed proved that
NQOL1 can reverse the inhibitory effects of NRF3 on the
malignant phenotype of TNBC cell lines, confirming that
NREF3 can suppress TNBC’s biological function through reg-
ulation of oxidative stress-related genes and inhibition of the
MAPK/ERK signaling pathway.

It is well-established that the levels of ROS regulate the
functional activity of STAT-1, MAPKs, and NF-kB, which
collectively result in the augmentation of proinflammatory
signaling cascades.*®* Notably, HMGBI, a non-histone
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Figure 4. NRF3 inhibited the biological function of TNBC by regulating the expression of oxidative stress-related genes and inhibiting the MAPK/ERK signaling pathway.
In Hs578t and MDA-MB-468 cells overexpressing NRF3, NAC was administered or not. (a)The transwell assay was utilized to examine alterations in cell invasion and
migration. (b) The MTT assay was conducted to evaluate the impact on cell proliferation. (c) The level of ROS was quantified using flow cytometry. (d) WB was employed
to assess the protein expression levels of MAPK/ERK signaling pathway biomarkers. Three independent experiments were performed for all assays, *p < .05, **p < .01

versus the control group. Scale bar, 100 um.

chromatin-associated protein, has been identified as an
upstream regulatory cytokine in inflammatory response.*’
Moreover, chronic inflammation-induced excessive produc-
tion of HMGBI1 is associated with tumorigenesis.”
Moreover, the positive feedback release or expression of

HMGBI1 and RAGE through the MAPK/ERK signaling path-
way in macrophages significantly promotes the polarization of
M1 macrophages.”® In this study, we found that the overex-
pression of NRF3 promotes the release of HMGBI1 in TNBC
cell lines and enhances M1 polarization of macrophages.
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Figure 5. The inhibition effect of NRF3 on the biological function of TNBC cell lines could be significantly impaired by NQO1 expression.(a) the expression of anti-
oxidative stress-related genes in Hs578t and MDA-MB-468 cell lines with NRF3 overexpression was detected by gPCR, including NQO1, SOD2, and Prxl. (b) The luciferase
assay was used to validate the regulation relationship between NRF3 and NQO1 in Hs578t and MDA-MB-468 cell lines. (c) A ChIP assay was employed to detect the
enrichment degree of NQO1 in the Hs578t and MDA-MB-468 cell lines with NRF3 overexpression. The Hs578t and MDA-MB-468 cell lines were engineered to
overexpress either NRF3 alone or a combination of NRF3 and NQOT1. (d) The MTT assay was conducted to evaluate the impact on cell proliferation. (e) The transwell
assay was utilized to examine alterations in cell invasion and migration. (f) The level of ROS was quantified using flow cytometry. (g) WB was employed to assess the
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Figure 6. NRF3 promoted the release of HMGB1, thereby promoting M1 polarization of macrophages, and ultimately inhibiting the biological function of TNBC. (a) The
intracellular expression and (b) extracellular release of HMGB1 in Hs578t and MDA-MB-468 cell lines with NRF3 overexpression were detected by IF and ELISA assay,
respectively. Scale bar, 20 pm. (c) Flow cytometry assay was used to detect the polarization of macrophages after intervention with the culture supernatant of NRF3-
overexpression TNBC cell lines. The untreated Hs578t and MDA-MB-468 cell lines were cultured in the supernatant derived from macrophages that had been induced
by NRF3 overexpression. Subsequent MTT assays (d) confirmed the regulation of this macrophage culture supernatant on tumor cell proliferation, while transwell
assays (e) verified its effects on cell migration and invasion. Three independent experiments were performed for all assays, *p < .05, **p < .01 versus the control group.

Scale bar, 100 um.

Furthermore, gain- and loss-function experiments further ver-
ify that the effects of NRF3 described above were regulated via
ROS and ultimately inhibited the biological function of TNBC
cell lines. The further in vivo assays indicated that NRF3
inhibits the growth of TNBC through HMBGI.

Studies conducted previously have extensively explored the
oncogenic potential of NRF3 across various tumor types.
Specifically, NRF3 overexpression has been linked to an
increase in the potential for tumorigenesis within the colon
and other tissues by enhancing cell proliferation and inhibiting
the proteasomal degradation of tumor suppressors.” It is
surprising that we found that NRF3 did not enhance tumor-

igenesis but inhibited cell proliferation, migration, invasion,
and colony formation, promoting apoptosis, suggesting that
NREF3 potentially serves as a tumor suppressor factor in TNBC
cells. Specifically, our findings have pinpointed that NRF3
facilitates the release of HMGBI1 from cells via ROS, subse-
quently causing the polarization of macrophages toward the
M1 phenotype, which ultimately suppresses the biological
functions of TNBC and curbs tumor growth, offering
a promising potential therapeutic target for TNBC. Similar to
our findings regarding the inhibitory effect of NRF3, several
reports currently support its role as a tumor suppressor. For
instance, NRF3 deficiency confers mice’s susceptibility to
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Figure 7. The promotion effect of NRF3 on the release of HMGB1 via ROS, thereby promoting M1 polarization of macrophages, could be significantly impaired by ROS
inhibitor and HMGB1 silenced. IF and ELISA assays were performed to detect (a) the intracellular expression and (b) the extracellular release of HMGB1 in the
overexpressed NRF3 hs578t and MDA-MB-468 cell lines combined with ROS inhibitor or HMGB1 silenced, respectively. Scale bar, 20 pm. (c) The effect on the
polarization of macrophages was detected by a flow cytometry experiment in the overexpressed NRF3 hs578t and MDA-MB-468 cell lines combined with ROS inhibitor
or HMGBT1 silenced. Three independent experiments were performed for all assays, *p < .05, **p < .01 versus the control group.

T-cell lymphoblastic lymphoma, and the loss of NRF3 expres-
sion reduces CRC cell apoptosis and increases cell growth of
CRC, thereby promoting CRC malignancy.”> Consequently,
the positive and negative effects of NRF3 in cancer progres-
sion may be influenced by the tissue the tumor stage, and the
oncogenic stimulus, which could be further explored in the
future. In addition, we have initially explored the underlying
regulatory mechanisms of NRF3 on the malignant suppres-
sion of TNBC cell lines. However, the specific relationship
between ROS, HMGB1, and MAPK/ERK signaling pathways

requires more elucidation. Future studies should also aim to
validate these findings in more clinically relevant models to
gain insight into the mechanism of NRF3 in tumor biology
and to find novel therapeutic targets.

5. Conclusions

This work unveiled a novel mechanism for NRF3 functions
and the regulatory mechanism of NRF3 in TNBC cell lines.
Mechanistically, NRF3 enhanced the release of HMGBI1 via
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Figure 8. NRF3 inhibited the growth of TNBC through HMBG1 in vivo. The lentiviruses were used to generate the NRF3 alone overexpressed, HMGB1 alone silently
expressed stable Hs578t cell line and their co-expression Hs578t cell line. The designated Hs578t cells was performed to construct a xenograft model using nude mice.
(a) WB assay was used to identify the protein expression of stably transfected cell lines (n = 3). (b)&;(c) the xenograft tumors were isolated from the nude mice. The
volume and weight of the tumors were recorded continuously (n = 6). (d) The IHC assays were used to confirm the p-ERK and Ki67 expression levels in tumor tissues (n
=3). Scale bar, 20 um. (e) The TUNEL assay was used to examine the expression of apoptosis in tumor tissues (n = 3). Scale bar, 20 um. (f) IF was used to detect the
infiltration ratio of M1 macrophages in tumor tissues (n = 3). Scale bar, 20 um. *p < .05, **p < .01 versus the control group.

ROS thus activating the M1 polarization of macrophages, ORCID
ultimately leading to inhibition of the progression of

Mingming Quan (1) http://orcid.org/0009-0000-4411-0920
TNBC.
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