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Abstract. Solute carrier family 12 member 5 (SLC12A5) is an 
oncogene in numerous types of cancer, however its function in 
breast cancer (BC) remains elusive. ETS translocation variant 
4 (ETV4) promotes BC. Therefore, the present study aimed 
to elucidate the role of SLC12A5 in ferroptosis and glucose 
metabolism in BC cells as well as to understand the underlying 
mechanism. Analysis of data from the UALCAN database 
demonstrated expression levels of SLC12A5 in BC and its 
association with prognosis. Reverse transcription‑quantitative 
PCR and western blotting were conducted to evaluate the 
expression levels of SLC12A5 and ETV4 in BC cells. The 
abilities of BC cells to proliferate, migrate and invade were 
assessed using Cell Counting Kit‑8, colony formation, wound 
healing and Transwell assays. Thiobarbituric acid reactive 
substances assay and a C11 BODIPY 581/591 probe were 
used to evaluate lipid peroxidation. Ferroptosis resistance was 
evaluated by the measurement of Fe2+ and ferroptosis‑related 
solute carrier family 7a member 11 (SLC7A11), glutathione 
peroxidase 4 (GPX4), acyl‑CoA synthetase long‑chain family 
member 4 (ACSL4) and transferrin receptor 1 (TFR1) protein 
levels. Glycolysis was assessed via evaluation of extracellular 
acidification rate, oxygen consumption rate, lactate production 
and glucose consumption. Finally, luciferase reporter and 
chromatin immunoprecipitation assay were used to verify 
the interaction between ETV4 and the SLC12A5 promoter. 
UALCAN database analysis indicated that SLC12A5 was 
upregulated in BC tissues and cells and that SLC12A5 
elevation indicated a poor prognosis of patients with BC. 
SLC12A5 knockdown suppressed the BC cell proliferative, 
migratory and invasive capabilities. Moreover, SLC12A5 
knockdown decreased BC cell ferroptosis resistance and 

glucose metabolism reprogramming. The transcription factor 
ETV4 was demonstrated to bind to the SLC12A5 promoter 
and upregulate its transcription. Furthermore, ETV4 over‑
expression counteracted the suppressive effect of SLC12A5 
knockdown on the BC cell proliferative, migratory and 
invasive abilities, as well as on ferroptosis resistance and 
glucose metabolism reprogramming. Transcriptional activa‑
tion of SLC12A5 by ETV4 modulated the migration, invasion, 
ferroptosis resistance and glucose metabolism reprogramming 
of BC cells.

Introduction

Breast cancer (BC) is a prevalent tumor that threatens the lives 
and health of patients (1). The latest global cancer statistics 
indicated that 310,720 female patients were diagnosed with 
BC in 2024 in the United States (2). Globally, BC remains the 
most common type of malignancy in female patients, with at 
least 500,000 BC‑associated mortalities each year. In recent 
years, with changes in lifestyle and environment, the incidence 
of BC is increasing year by year, and the onset age is becoming 
younger (3). Although early diagnosis and novel treatment 
methods such as surgery, postoperative chemotherapy and 
hormone and targeted therapy have rapidly progressed, the 
prevalence and mortality rates of BC remain high with the 
5‑year survival rate of patients with metastatic BC <30% (4‑6). 
Moreover, certain patients still encounter rapid tumor progres‑
sion following treatment and exhibit a poor prognosis  (7). 
Therefore, it is key to evaluate novel and reliable molecular 
markers and therapeutic targets for BC treatment.

Ferroptosis is a non‑apoptotic form of regulated cell 
death characterized by iron dependency and lipid peroxida‑
tion (8). When the levels of intracellular iron ions increase, 
the production of lipid reactive oxygen species (ROS) also 
increases. GPX4 is required to maintain the balance between 
ROS production and clearance; when this is not sustained, 
ferroptosis occurs (9). System Xc is an antioxidant system 
widely distributed in the phospholipid bilayer, composed 
of two SLC7A11 subunits and a SLC3A2 heterodimer (10). 
Increases in SLC7A11 and GPX4 inhibit occurrence of ferrop‑
tosis. Moreover, circulating iron binds to TF in the form of 
Fe3+ and enters the cell via TFR1. ACSL4 is required for ROS 
accumulation, so elevated levels of TFR1 and ACSL4 promote 
ferroptosis (11). Emerging studies have shown that ferroptosis 
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pathway can repress tumor growth and kill tumor cells, which 
may be a new idea for antitumor treatment (9,11). In particular, 
ferroptosis is closely involved in the development of BC (12).

Solute carrier family  12 member  5 (SLC12A5) is 
primarily responsible for transporting chloride ions in and 
out of the cell and serves a role in regulating cell volume (13). 
Initially, researchers focused on the role of SLC12A5 in 
the nervous system and it was reported that SLC12A5 is 
upregulated in glioblastoma, where it enhances chloride ion 
transport ability of glioma cells and facilitates alteration of 
cell size and morphology as well as metastasis (14). With 
advancement of biological research, further studies reported 
that SLC12A5 is upregulated in a number of types of cancer 
and that SLC12A5 upregulation promotes numerous tumor 
characteristics and indicates poor patient prognosis (14‑17). 
A previous study reported that increased levels of SLC12A5 
are associated with poor prognosis in patients with hepato‑
cellular carcinoma (HCC) and SLC12A5 inhibits ferroptosis 
in HCC to promote tumorigenesis through upregulating 
expression of the cystine transporter xCT (18). Moreover, 
SLC12A5 is highly expressed in human bladder tumors and 
linked to poor survival in patients with uroepithelial carci‑
noma of the bladder. Upregulation of SLC12A5/SRY‑box 
transcription factor 18 facilitates tumor invasion and metas‑
tasis  (19). Furthermore, SLC12A5 is amplified, which is 
accompanied with the concurrent amplification of an 8‑gene 
Signature (TNF‑α, IL‑1β, IL‑6, MMP1, MMP9, TGF‑β1, 
TGF‑βRII, EGFR) derived based on these macrophage‑tumor 
interactions in BC (20).

Avian erythroblastosis virus E‑26 transformation specific 
(ETS) translocation variant 4 (ETV4) is a member of the 
PEA3 subfamily of ETS transcription factor  (21). PEA3 
subfamily influences cancer progression and metastasis by 
regulating cell cycle, apoptosis, epithelial‑mesenchymal 
transition, cell migration and invasion, development of 
cancer stem cell phenotypes and chemotherapy resis‑
tance  (22). ETV4 gene is located on chromosome 17q21 
and binds to adenovirus E1A enhancer element. ETV4 has 
a highly conserved 85‑amino acid ETS domain that binds to 
DNA, thus ETV4 can modulate expression of genes which 
regulate the proliferation and metastasis of cancer cells (23). 
Moreover, ETV4 has been reported to enhance glycolytic 
activity and stemness in BC (24). ETV4 controls HK1 expres‑
sion and glycolysis‑lactate production to activate mTORC1 
by relieving Tuberous sclerosis complex 2 (TSC2) repression 
of Ras homolog enriched in brain (Rheb) in non‑small cell 
lung cancer cells by regulating glycolysis‑lactate produc‑
tion (25). However, to the best of our knowledge, expression 
of SLC12A5 and ETV4 in BC and their role in the develop‑
ment of BC remains unclear. Therefore, the present study 
aimed to assess the role of SLC12A5 in BC and clarify the 
mechanism underlying its effects in this disease.

Materials and methods

Bioinformatics analysis. SLC12A5 gene expression in the 
tissue of patients with BC and the association of SLC12A5 
with poor prognosis in these patients were analyzed using the 
University of ALabama at Birmingham CANcer data analysis 
Portal (UALCAN) database (ualcan.path.uab.edu) from TCGA 

database (26). The binding site of ETV4 and the SLC12A5 
promoter was predicted using HumanTFDB database (bioinfo.
life.hust.edu.cn/HumanTFDB/#!/, version 3.0 (27). Moreover, 
expression of SLC12A5 in BC cell lines was analyzed by 
Cancer Cell Line Encyclopedia (CCLE) project (depmap.
org/portal/ccle/) (28).

Cell lines. The human normal mammary epithelial cell line 
MCF10A and BC cell lines MCF‑7, Hs578T, T47D and BT‑549 
were purchased from Cellverse Bioscience Technology 
Co., Ltd. MCF10A cells were cultured in DMEM/F12 with 
L‑glutamine and 5% horse serum (Thermo Fisher Scientific, 
Inc.), 20 ng/ml epidermal growth factor, 0.5 µg/ml hydrocorti‑
sone, 100 ng/ml cholera toxin and 10 µg/ml insulin (all Gibco; 
Thermo Fisher Scientific, Inc.) and 1% penicillin/streptomycin 
(1:100; Thermo Fisher Scientific, Inc.) at 37˚C with 5% CO2. BC 
cell lines were cultivated in DMEM (Thermo Fisher Scientific, 
Inc.) supplemented with 10% fetal bovine serum (FBS; Gibco; 
Thermo Fisher Scientific, Inc.) and 1% penicillin‑streptomycin 
at 37˚C with 5% CO2.

Cell transfection. ETV4‑overexpressing plasmid were 
constructed by inserting the ETV4 coding sequence into a 
pcDNA3.1 plasmid (General Biosystems, Inc.). An empty 
pcDNA3.1 vector was used as the negative control (oe‑NC). 
The specific short hairpin (sh)RNA sequences targeting 
SLC12A5 (sh‑SLC12A5‑1, 5'‑GCA​ATG​CAA​TGA​AGT​
TGA​A‑3' and sh‑SLC12A5‑2, 5'‑GGA​GAG​GTT​GCA​AAC​
CAA​A‑3'), ETV4 (sh‑ETV4‑1, 5'‑GGT​GGT​GAT​CAA​ACA​
GGA​A‑3' and sh‑ETV4‑2, 5'‑GGA​ATG​GAG​TTC​AAG​CTC​
A‑3'), negative control (sh‑NC, 5'‑CCG​GCA​ACA​AGA​TGA​
AGA​GCA​CCA​ACTC‑3') were cloned into the pLKO.1‑puro 
vector (Sigma, St. Louis, USA). An empty pLKO.1‑puro 
vector was used as the control. These plasmids and 
shRNAs were constructed by Shanghai GenePharma Co., 
Ltd. A total of 5 µg plasmid or 5 µg shRNA was transfected 
into MCF7 cells using Lipofectamine 2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.) at 37˚C for 48 h, according 
to the manufacturer's instructions. After culturing for 
2 days at 37˚C, cells were used for the following experi‑
ments. Untransfected cells were referred to as the Control 
group.

Cell Counting Kit‑8 (CCK‑8) assay. MCF‑7 cells were seeded 
in 96‑well plates at 3x103 cells/well and incubated for 24, 
48 and 72 h at 37˚C with 5% CO2 and saturated humidity. 
Subsequently, 10  µl of CCK‑8 solution (Beijing Solarbio 
Science & Technology Co., Ltd.) was added to each well and 
incubated for 1 h. The OD value at 450 nm was then measured 
using a microplate reader (Biochrom, Ltd.).

Colony formation assay. Transfected MCF‑7 cells were 
inoculated into 6‑well plates (500 cells/well). Following a 
2‑week incubation in DMEM with 10% FBS at 37˚C, the cells 
were fixed with 4% paraformaldehyde at room temperature 
for 25 min and stained with 0.1% crystal violet for 10 min at 
room temperature. Colonies (>50 cells) were counted manu‑
ally in five fields of view using a light microscope (Olympus 
Corporation; magnification, x10). Each group was replicated 
for five times.
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Wound healing assay. MCF‑7 cells transfected with 
sh‑SLC12A5 in the presence or absence of oe‑ETV4 or oe‑NC 
were seeded into 6‑well plates at 5x105 cells/well and incu‑
bated in DMEM with 10% FBS at 37˚C until 90% confluency 
was reached. A straight scratch in the cell monolayer was 
made to create a denuded zone using a pipette tip. The cells 
were then incubated for 24 h in serum‑free DMEM medium 
and images of the wound surface and number of migrated 
cells were captured under an inverted microscope (Olympus 
Corporation; magnification, x100). Five fields were randomly 
chosen and analyzed in each well. The relative migration rate 
was calculated as follows: (wound width at 0 h‑wound width at 
24 h)/wound width at 0 h x100.

Transwell assay. MCF‑7 cells were collected and suspended at 
a final concentration of 2x105 cells/ml in serum‑free DMEM 
(Thermo Fisher Scientific, Inc.). A total of 200 µl cell suspen‑
sion was transferred to the upper wells of Transwell chambers 
(Corning, Inc.) coated with 0.1 ml Matrigel (Becton, Dickinson 
and Company) at 37˚C for 1 h and DMEM containing 10% FBS 
was placed in the lower chamber. Following 24 h incubation at 
37˚C, a cotton swab was used to remove cells in the upper 
chamber, while cells in the lower chamber were fixed with 
100% methanol at room temperature for 10 min and stained 
with 0.5% crystal violet for 10  min at room temperature. 
Finally, a light microscope (Olympus Corporation; magnifica‑
tion x100) was used for cell counting. Five randomly chosen 
fields were counted for each group.

Measurement of lipid peroxidation. Thiobarbituric acid 
reactive substances (TBARS) assay was performed to 
estimate lipid peroxidation in MCF‑7 cells. For this, 7 µl 
500 mM butylated hydroxyanisole and 0.25 ml 15% (w/v) 
trichloroacetic acid were added to the cell lysate, which was 
centrifuged at 1,000 x g for 5 min at 4˚C. The supernatant 
was collected and 0.5 ml 0.375% (w/v) TB was added. After 
10 min boiling at 95˚C, the levels of TBARS were estimated 
using a microplate reader (Thermo Fisher Scientific, Inc.) 
at 532 nm.

BODIPY 581/591 C11 probe (Thermo Fisher Scientific, 
Inc.) was also used to detect lipid peroxidation. Transfected 
MCF‑7 cells were incubated with 10  µM C11 BODIPY 
581/591 probe for 10 min at 37˚C. The presence of green 
fluorescence indicated oxidized probe; red fluorescence 
indicated non‑oxidized probe. ImageJ (version 1.8.0; National 
Institutes of Health) was used to assess the levels of BODIPY 
581/591 C11, calculated as the ratio of green fluorescence/total 
fluorescence.

Detection of Fe2+ levels. MCF‑7 cells were transfected with 
sh‑SLC12A5 in the presence or absence of oe‑ETV4 or oe‑NC. 
Fe2+ levels were measured using an Iron Assay kit purchased 
from Abcam (cat. no. ab83366) at 593 nm, according to the 
manufacturer's instructions.

Extracellular acidification rate (ECAR) analysis. XF96 
Extracellular Flux Analyzer (Agilent Technologies, Inc.) 
with Seahorse XFp Glycolysis Stress Test kit (Agilent 
Technologies, Inc.) was used to measure ECAR in MCF‑7 
cells. Transfected MCF‑7 cells were inoculated into wells 

of the Seahorse XF plate at 1x104 cells/well and exposed 
to glucose (1 µM), oligomycin (1 µM) and 2‑deoxyglucose 
(500 mM) at 37˚C for 1 h. Finally, the results were analyzed 
by Seahorse XF96 Wave software (version 2.6; Seahorse 
Bioscience; Agilent Technologies) and ECAR was calculated 
as mpH/min.

Evaluation of oxygen consumption rate (OCR). The OCR 
was measured using a Seahorse XF Cell Mito Stress Test 
kit (cat.  no.  103010‑100; Seahorse Bioscience; Agilent 
Technologies, Inc). The sensor cartridge of the XFp analyzer 
was calibrated for 24 h in a non‑CO2 incubator at 37˚C. Cells 
were cultured in XFp cell culture plates at 5,000 cells/well at 
37˚C for 24 h. After transfection, MCF‑7 cells were incubated 
in 180 µl assay medium (XF Base Medium, 1 mM pyruvate, 
5.5 mM glucose and 2 mM L‑glutamine, pH 7.4) for 1 h at 
37˚C in a non‑CO2 incubator, according to the manufac‑
turer's protocol. The results were analyzed by Seahorse XF96 
Wave software (version 2.6; Seahorse Bioscience; Agilent 
Technologies).

Measurement of lactate production and glucose consumption. 
MCF‑7 cells were transfected with sh‑SLC12A5 in the pres‑
ence or absence of oe‑ETV4. Cells were cultured for 24 h at 
37˚C and the cell medium was collected for lactate and glucose 
measurement using Lactate Assay Kit (cat.  no. MAK064; 
Sigma‑Aldrich; Merck KGaA) and Glucose Assay kit 
(cat. no. MAK476; Sigma‑Aldrich; Merck KGaA), respectively 
according to the manufacturer's instructions.

Dual‑luciferase reporter assay. Activity of SLC12A5 
promoter was evaluated using a dual‑luciferase reporter assay. 
Briefly, SLC12A5 promoter fragments including the wild‑type 
(WT) or mutant (MUT) target sites for ETV4 were cloned 
into the pGL3‑Control vector (Promega Corporation) to 
create the reporter vectors SLC12A5‑WT or SLC12A5‑MUT, 
respectively (Data S1). Luciferase reporter vectors and oe‑NC 
or oe‑ETV4 were co‑transfected into MCF‑7 cells for 48 h at 
37˚C using Lipofectamine 2000. After 48 h incubation at 37˚C, 
Dual‑Luciferase Reporter Assay (Promega Corporation) was 
used for estimation of relative luciferase activities; luciferase 
activity was normalized to Renilla.

Chromatin immunoprecipitation (ChIP) assay. MCF‑7 Cells 
were cross‑linked with 1% formaldehyde for 10 min at 37˚C, 
then quenched with 2.5 M glycine at room temperature for 
5 min. Subsequently, cells were harvested by centrifugation 
at 300 x g for 3 min at room temperature, washed with PBS, 
and lysed in SDS lysis buffer (Upstate Biotechnology, Inc.), 
and the chromatin from the cell lysates was sonicated with a 
10‑sec on and 10‑sec off mode for 12 cycles on ice to shear 
DNA into fragments at 20 kHz. Following sonication, the 
samples were centrifuged at 13,000 x g for 10 min at 4˚C. 
Subsequently, the supernatant (100 µg) was pre‑absorbed by 
50 µl protein G beads and was incubated with magnetic beads 
conjugated to 5 µg ETV4 antibody (1/200; cat. no. 65763; Cell 
Signaling Technology), Next, the mixture was washed with 
eluate buffer. The cross‑linking was reversed by 5 M NaCl 
followed by incubation at 65˚C overnight. The precipitated 
DNA was analyzed by PCR to amplify the ETV4 binding site. 
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The results were normalized to the DNA precipitated by 5 µg 
IgG (1/100; cat. no. ab172730; Abcam).

RNA extraction and reverse transcription‑quantitative 
PCR (RT‑qPCR). The concentration of total RNA isolated 
from 1x106 MCF10A and BC cell lines using TRIzol 
(Invitrogen; Thermo Fisher Scientific, Inc.) was quantified 
using a NanoDrop 3000 spectrophotometer (Thermo Fisher 
Scientific, Inc.). RNA was reverse‑transcribed into cDNA 
using PrimeScript RT Master Mix (Takara Bio, Inc.) at 
25˚C for 5 min, 42˚C for 30 min, 85˚C for 5 min and 4˚C for 
5 min. qPCR was performed using SYBR Premix Ex Taq™ 
II kit (Takara Bio, Inc.). The thermocycling conditions were 
as follows: Initial denaturation at 95˚C for 3 min, followed 
by 35 cycles of 95˚C for 30 sec, 60˚C for 30 sec and 72˚C 
for 1 min, with final extension step at 72˚C for 7 min. The 
following primer pairs were used for qPCR: SLC12A5 
forward  (F), 5'‑TCC​CTC​CTA​GAG​CCT​GGT​TG‑3' and 
reverse (R), 5'‑TTG​GGG​TTG​CCA​TCA​CCT​TT‑3'; ETV4 F, 
5'‑GAA​AAA​CAA​GTC​GGT​GCG​CT‑3' and R, 5'‑TTG​CTG​
CTG​AAG​GTG​TAG​GG‑3' and GAPDH F, 5'‑GGG​AAA​CTG​
TGG​CGT​GAT‑3' and R, 5'‑GAG​TGG​GTG​TCG​CTG​TTG​
A‑3'. mRNA level was quantified using the 2‑ΔΔCq method (29) 
and normalized to the internal reference gene GAPDH.

Western blot assay. The isolation of total protein from 
sample MCF10A and BC cell lines was conducted using 
RIPA buffer (Auragene Bioscience Co.) and the proteins 
were quantified using the bicinchoninic acid assay 
(Beyotime Institute of Biotechnology). Following separa‑
tion by 10% SDS‑PAGE (Bio‑Rad Laboratories, Inc.), 
proteins (30  µg) were transferred to PVDF membranes 
(MilliporeSigma). The membranes were blocked with 5% 
skimmed milk in 0.1% tris‑buffered saline with Tween‑20 
for 1 h at room temperature, then incubated with primary 
antibodies against SLC12A5 (1:1,000; cat. no. ab259969; 
Abcam), SLC7A11 (1:1,000; cat.  no.  ab175186; Abcam), 
glutathione peroxidase 4 (GPX4; 1:1,000; cat. no. ab125066; 
Abcam), acyl‑CoA synthetase long chain family member 4 
(ACSL4; 1:1,000; cat. no.  ab205197, Abcam), transferrin 
receptor 1 (TFR1; 1:1,000; cat. no. ab109259; Abcam), ETV4 
(1:1,000; cat. no.  ab70425; Abcam) and β‑actin (1:1,000, 
cat.  no.  ab8227; Abcam) overnight at 4˚C, followed by 
incubation with HRP‑conjugated goat anti‑rabbit (1:5,000; 
cat.  no.  sc‑2004; Santa Cruz Biotechnology, Inc.) or 
anti‑mouse secondary antibodies (1:5,000; cat. no. sc‑2005; 
Santa Cruz Biotechnology, Inc.) for 1 h at room tempera‑
ture. The protein bands were visualized using Amersham 
ECL Prime Western blotting detection reagent (Cytiva) 
in accordance with the manufacturer's instructions. 
Protein expression was quantified using ImageJ software 
(version 1.49; National Institutes of Health).

Statistical analysis. The data were analyzed using SPSS 23.0 
software (IBM Corp.) and presented as the mean ± standard 
deviation from at least three independent experiments. For the 
comparison of multiple groups, one‑way ANOVA followed by 
Bonferroni's post hoc test was used, while unpaired Student's 
t‑test was applied for two groups. P<0.05 was considered to 
indicate a statistically significant difference.

Results

SLC12A5 is upregulated in BC tissue and cells. To evaluate 
the biological role of SLC12A5 in BC, SLC12A5 expression 
in BC tissue and cells was initially assessed. The results from 
the UALCAN database demonstrated that SLC12A5 expres‑
sion was notably increased in tissues from patients with BC 
compared with normal tissues (Fig. 1A). Similarly, high expres‑
sion of SLC12A5 in BC tissues was associated with worse 
prognosis, compared with patients with low/medium SLC12A5 
expression according to the UALCAN database (Fig. 1B). 
Moreover, RT‑qPCR and western blotting demonstrated that 
the mRNA and protein expression levels of SLC12A5 were 
both significantly increased in BC cell lines including MCF7, 
Hs578T, T47D and BT‑549 cells compared with the normal 
mammary epithelial cell line MCF10A (Fig. 1C and D). As 
MCF‑7 cells had a notably higher SLC12A5 expression than 
the other BC cell lines assessed, this cell line was used for 
further experiments. CCLE data also demonstrated that 
MCF‑7 cells had the highest SLC12A5 mRNA expression of 
these cell lines (Fig. 1E).

SLC12A5 knockdown attenuates proliferation, migration 
and invasion of MCF‑7 cells. To evaluate the biological role 
of SLC12A5 in BC cells, SLC12A5 expression was knocked 
down by transfection with sh‑SLC12A5‑1/2 (Fig. 2A and B). 
sh‑SLC12A5‑1 had a greater knockdown effect and was 
selected for subsequent assays. MCF‑7 cell proliferation 
was significantly reduced following SLC12A5 knockdown 
compared with the sh‑NC group (Fig.  2C). The colony 
formation assay also demonstrated that the number of cell 
colonies was notably decreased by sh‑SLC12A5‑1 transfection 
compared with sh‑NC group (Fig. 2D). Furthermore, wound 
healing assay demonstrated that cell migration decreased 
in cells transfected with sh‑SLC12A5‑1 (Fig.  2E). Also, 
Transwell assay demonstrated that the number of invaded cells 
was significantly reduced when SLC12A5 was down‑regulated 
(Fig. 2F).

SLC12A5 knockdown alleviates ferroptosis resistance in 
MCF‑7 cells. To evaluate the effects of SLC12A5 knockdown 
on ferroptosis resistance in BC cells, TBARS assay was 
conducted. SLC12A5 knockdown significantly increased 
production of TBARS in MCF‑7 cells compared with the 
sh‑NC group (Fig. 3A). Furthermore, the levels of oxidized 
C11 were markedly increased while the levels of non‑oxidized 
C11 were reduced following the knockdown of SLC12A5 
(Fig. 3B). Moreover, SLC12A5 knockdown led to increased 
levels of Fe2+ (Fig. 3C). Similarly, western blotting demon‑
strated that levels of ferroptosis‑related proteins SLC7A11 and 
GPX4 significantly decreased, whereas levels of ASCL4 and 
TFR1 significantly increased in SLC12A5‑knockdown cells 
compared with the sh‑NC group (Fig. 3D).

Knockdown of SLC12A5 inhibits reprogramming of glucose 
metabolism in MCF‑7 cells. Transfection with sh‑SLC12A5 
decreased ECAR compared with the NC group (Fig. 4A). 
Moreover, SLC12A5 knockdown markedly increased OCR 
in MCF‑7 cells compared with the sh‑NC group (Fig. 4B). 
Moreover, knockdown of SLC12A5 significantly repressed 
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lactate release (Fig. 4C). Also, down‑regulation of SLC12A5 
reduced glucose uptake (Fig. 4D).

ETV4 transcription factor binds to SLC12A5 promoter and 
upregulates SLC12A5 expression. Both ETV4 mRNA and 
protein expression were significantly increased in MCF‑7 cells 
compared with MCF10A cells (Fig. 5A and B). To identify the 
role of ETV4 in BC cells, oe‑ETV4 and ETV4‑knockdown 
plasmids were transfected into MCF‑7 cells. The transfection 
efficiency was assessed using RT‑qPCR and western blotting, 
which demonstrated that the ETV4 mRNA and protein expres‑
sion significantly increased in the oe‑EVT4 group compared 
with the oe‑NC group (Fig. 5C and D). sh‑ETV4‑1 had a greater 
knockdown effect and was selected for the following assays 
(named as sh‑ETV4‑1). There was a significant increase in 
SLC12A5 expression following ETV4 overexpression and a 
significant decrease in SLC12A5 mRNA and protein expression 
following ETV4 knockdown compared with the corresponding 
NC (Fig. 5E and F). To verify the interaction between ETV4 
and SLC12A5, the binding site of ETV4 on the SLC12A5 

promoter sequence was predicted using HumanTFDB database 
(SLC12A5 WT: CTC​CAC​TCA​CTC​TCT​TCC​AGA​CAC​AAT​
G; SLC12A5 MUT: CTC​ACA​GAC​AGA​GAG​GAA​CTC​ACA​
CAT​G) (Fig. 5G). Moreover, luciferase reporter assay demon‑
strated that the luciferase activity in SLC12A5‑WT cells was 
significantly increased by ETV4 overexpression compared with 
oe‑NC group, while no significant change in luciferase activity 
was observed in the SLC12A5‑MUT groups with ETV4 overex‑
pression (Fig. 5H). ChIP assay also demonstrated a significant 
enrichment of SLC12A5 in the ETV4 group compared with the 
IgG group (Fig. 5I).

Overexpression of ETV4 partially reverses the inhibitory 
effect of SLC12A5 knockdown on migration, invasion, 
ferroptosis resistance and glucose metabolism of BC cells. 
The role of ETV4 in SLC12A5‑modulated migration and 
invasion, ferroptosis resistance and glucose metabolism in 
MCF‑7 cells was determined. CCK‑8 assay demonstrated that 
in SLC12A5‑silencing cells, co‑transfection of sh‑SLC12A5‑1 
and oe‑ETV4 increased cell proliferation rate again (Fig. 6A). 

Figure 1. SLC12A5 is upregulated in BC tissues and cells. UALCAN database demonstrated (A) upregulation of SLC12A5 in BC tissues and (B) association 
between SLC12A5 upregulation and poor prognosis of patients with BC. The mRNA (C) and protein levels (D) of SLC12A5 in normal mammary epithelial 
cell line MCF10A and BC cells were detected using reverse transcription‑quantitative PCR and western blot. (E) SLC12A5 expression in BC cell lines by 
The Cancer Cell Line Encyclopedia. *P<0.05, **P<0.01 and ***P<0.001. BC, breast cancer; TCGA, The Cancer Genome Atlas; SLC12A5, solute carrier family 
12 member 5; TPM, transcript per million; UALCAN, University of ALabama at Birmingham CANcer data analysis Portal.
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Colony formation assay demonstrated that relative to the 
sh‑SLC12A5‑1 + oe‑NC group, concurrent down‑regulation of 
SLC12A5 and overexpression of ETV4 enhanced the colony 
numbers (Fig. 6B). The reduced cell migration rate caused by 

SLC12A5 knockdown was enhanced again by co‑transfection 
of sh‑SLC12A5‑1 and oe‑ETV4 (Fig. 6C). Cell invasion ability 
was weakened in SLC12A5‑depleting cells and was promoted 
again by further ETV4 overexpression (Fig. 6C and D).

Figure 2. SLC12A5 knockdown attenuates proliferation, migration, invasion of MCF‑7 cells. (A) mRNA and (B) protein levels of SLC12A5 in MCF‑7 cells 
were measured using reverse transcription‑quantitative PCR and western blotting following transfection with sh‑SLC12A5. Cell proliferation was measured 
by (C) Cell Counting Kit‑8 and (D) colony formation assay. (E) Wound healing assay was performed to assess cell migration. (F) Transwell assay was used 
to detect cell invasion. Magnification x100. ***P<0.001 compared with sh‑NC. sh, short hairpin; NC, negative control; SLC12A5, Solute carrier family 12 
member 5.
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Furthermore, overexpression of ETV4 significantly 
decreased the production of TBARS (Fig. 7A) and notably 
decreased the levels of Fe2+ (Fig.  7C) compared with 
SLC12A5‑knockdown cells without ETV4 overexpression. 
Moreover, an increase in red fluorescence and a decrease in 
green fluorescence was observed in MCF‑7 cells co‑trans‑
fected with sh‑SLC12A5‑1 and oe‑ETV4 compared with 
sh‑SLC12A5‑1 alone (Fig. 7B). Consistently, ETV4 overex‑
pression significantly increased protein levels of SLC7A11 and 
GPX4 and significantly decreased protein levels of ASCL4 
and TFR1 compared with SLC12A5 knockdown alone 
(Fig. 7D). Finally, further overexpression of ETV4 increased 
the ECAR in SLC12A5‑silencing cells (Fig. 8A). Compared 
with the sh‑SLC12A5‑1 + oe‑NC group, OCR value was 
decreased in the sh‑SLC12A5‑1 + oe‑ETV4 group (Fig. 8B). 
Also, SLC12A5 knockdown inhibited lactate production, 
which was partially reversed by further up‑regulation of 
ETV4 (Fig. 8C). Similarly, overexpression of ETV4 promoted 
glucose consumption that was declined in cells transfected 
with sh‑SLC12A5‑1 (Fig. 8D).

Figure 3. SLC12A5 knockdown alleviates ferroptosis resistance in MCF‑7 cells. (A) TBARS assay and (B) C11 BODIPY 581/591 probe were used to assess 
lipid peroxidation. (C) Levels of Fe2+ in MCF‑7 cells with or without transfection with sh‑SLC12A5. Magnification, x100. (D) Western blotting was used to 
evaluate protein levels of SLC7A11, GPX4, ACSL4 and TFR1. ***P<0.001. TBARS, thiobarbituric acid reactive substances; sh, short hairpin; NC, negative 
control; SLC12A5, solute carrier family 12 member 5; GPX4, glutathione peroxidase 4; ACSL4, Acyl‑CoA synthetase long‑chain family 4; TFR1, transferrin 
receptor 1.

Figure  4. Knockdown of SLC12A5 inhibits reprogramming of glucose 
metabolism in MCF‑7 cells. (A) ECAR, (B) OCR, (C) lactic acid production 
and (D) glucose consumption in MCF‑7 cells with or without transfection 
with sh‑SLC12A5 were assessed. **P<0.01 and ***P<0.001. ECAR, extracel‑
lular acidification rate; OCR, oxygen consumption rate; sh, short hairpin; 
NC, negative control; SLC12A5, solute carrier family 12 member 5; oligo, 
oligonucleotide; 2‑DG, 2‑deoxyglucose.
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Figure 5. Transcription factor ETV4 binds to SLC12A5 promoter and upregulates SLC12A5 expression. (A) mRNA and (B) protein levels of ETV4 in normal 
mammary epithelial cell line MCF10A and MCF‑7 cells were measured using RT‑qPCR and western blotting. (C) mRNA and (D) protein levels of ETV4 and 
(E) mRNA and (F) protein levels of SLC12A5 were detected by RT‑qPCR and western blotting in MCF‑7 cells after ETV4 was overexpressed or knocked 
down. (G) Binding site of ETV4 and SLC12A5 promoter. (H) SLC12A5 promoter activity was evaluated by luciferase reporter assay. (I) Chromatin immuno‑
precipitation assay was performed to detect the binding of ETV4 to the WT and MUT SLC12A5 promotor. *P<0.05, **P<0.01 and ***P<0.001. sh, short hairpin; 
NC, negative control; oe, overexpression; WT, wild‑type; MUT, mutant; RT‑qPCR, reverse transcription‑quantitative PCR; sh, short hairpin; NC, negative 
control; SLC12A5, solute carrier family 12 member 5; TSS, transcription start site; ETV4, E‑twenty‑six‑specific sequence variant 4.

Figure 6. Overexpression of ETV4 partially reverses the inhibitory effect of SLC12A5 knockdown on the migration and invasion of breast cancer cells. Cell 
proliferation was identified by (A) Cell Counting Kit‑8 (***P<0.001 vs. Control; ##P<0.01 compared with sh‑SLC12A5 + oe‑NC) and (B) colony formation 
assay. (C) Wound healing assay was performed to assess cell migration. (D) Transwell assay was used to detect cell invasion. Magnification, x100. ***P<0.001 
compared with Control or sh‑SLC12A5 + oe‑NC. sh, short hairpin; NC, negative control; oe, overexpression; ETV4, E‑twenty‑six‑specific sequence variant 4; 
SLC12A5, Solute carrier family 12 member 5.
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Figure 7. Overexpression of ETV4 partially reverses the inhibitory effect of SLC12A5 knockdown on ferroptosis resistance of BC cells. (A) TBARS 
assay and (B) C11 BODIPY 581/591 probe were used to assess lipid peroxidation. (C) Levels of Fe2+ in MCF‑7 cells transfected with sh‑SLC12A5 with or 
without oe‑ETV4. Magnification, x100. (D) Western blotting was used to evaluate protein levels of SLC7A11, GPX4, ACSL4 and TFR1. *P<0.05, **P<0.01 
and ***P<0.001. TBARS, thiobarbituric acid reactive substances; sh, short hairpin; NC, negative control; oe, overexpression; ETV4, E‑26‑specific sequence 
variant 4; SLC12A5, solute carrier family 12 member 5; GPX4, glutathione peroxidase 4; ACSL4, Acyl‑CoA synthetase long‑chain family 4; TFR1, transferrin 
receptor 1.
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Discussion

BC is the most commonly diagnosed malignancy in female 
patients worldwide and the second highest contributor to 
cancer‑related mortality in female patients (30). The inci‑
dence and mortality rates of BC continue to rise worldwide, 
posing a threat to the physical and mental health and lives of 
patients (31). Hence, early diagnosis and monitoring of BC 
is key. The demand for identification of effective biomarkers 
for BC, particularly novel molecular therapeutic targets, has 
been highlighted (32). In the present study, it was demon‑
strated that SLC12A5 was upregulated in BC tissue and cells 
and ETV4 was overexpressed in BC cells and high SLC12A5 
expression was positively associated with poor prognosis 
in patients with BC. SLC12A5 knockdown ameliorated 
MCF‑7 cell proliferation, migration, ferroptosis resistance 
and glucose metabolism reprogramming. Moreover, ETV4 
overexpression promoted SLC12A5 transcription and ETV4 
overexpression reversed the anticancer effects of SLC12A5 
knockdown in MCF‑7 cells.

SLC12A5 can promote intracellular transport of 
K+ and Cl‑ ions  (33). Previous studies have shown that 
SLC12A5 expression is elevated in numerous tumor types 
and high expression is typically associated with a poor 
prognosis (34,35). Yang et al (36) reported that FEZF1 anti‑
sense RNA 1 (FEZF1‑AS1) is highly expressed in cervical 
cancer (CC) cells and that increased levels of FEZF1‑AS1 
increases the proliferation, migration and invasion capa‑
bilities of CC cells. FEZF1‑AS1 also decreases apoptosis 
via the microRNA‑367‑3p/SLC12A5 signaling axis. Another 

study reported that high expression of SLC12A5 protein 
indicates an aggressive and/or invasive phenotype in ovarian 
cancer (37). In the present study, SLC12A5 was increased in 
BC tissues and was associated with poor prognosis according 
to the analysis of data from the UALCAN database. Increased 
SLC12A5 expression in BC cell lines was verified by in vitro 
experiments.

HumanTFDB website was used to evaluate the upstream 
and downstream mechanisms of SLC12A5. Numerous 
transcription factors are reported to bind to the SLC12A5 
promoter, among which only ETV4 is reported to be associated 
with ferroptosis resistance and glucose metabolic reprogram‑
ming (24,38). Therefore, the role of ETV4 was further assessed. 
Yuan et al (39) reported that high ETV4 expression increases 
the risk of distant metastasis in patients with triple‑negative 
BC, leading to poor prognosis. Furthermore, ETV4 facilitates 
the proliferation, migration, invasion and anchorage‑indepen‑
dent growth of mammary tumors in mice (40). In the present 
study, it was demonstrated that ETV4 expression was elevated 
in BC compared with the control cells. To evaluate the interac‑
tion between ETV4 and SLC12A5, the binding site of ETV4 in 
the SLC12A5 promoter was predicted using the HumanTFDB 
database and confirmed experimentally by luciferase reporter 
and ChIP assays.

Wang  et  al  (38) reported that ETV4 knockdown 
facilitates ferroptosis to inhibit the progression of papillary 
thyroid carcinoma through the downregulation of SLC7A11. 
Verma  et  al  (41) used RNA sequencing to evaluate the 
role of genes in the metabolic reprogramming and drug 
resistance of prostate cancer; upregulation of SLC12A5 
was associated with higher lactate/citrate uptake and lower 
glucose uptake in drug‑resistant cells. In human BC tissues, 
ETV4 expression is associated with the glycolytic signaling 
pathway and ETV4 deficiency markedly suppresses the 
expression of glycolytic enzymes such as hexokinase  2 
and lactate dehydrogenase A and decreases glucose 
uptake and lactate release in BC cells (24). Similarly, the 
present study demonstrated that SLC12A5 knockdown in 
MCF‑7 cells promoted ferroptosis and decreased glucose 
metabolism reprogramming, which were reversed following 
overexpression of ETV4.

However, the present experiments were performed in cell 
lines only, with no verification from patient samples. Moreover, 
the association between the expression of SLC12A5 and ETV4 
in BC and healthy controls should be assessed. Future studies 
should assess the SLC12A5 expression by immunofluorescence 
staining, immunohistochemistry staining and evaluate the 
association between SLC12A5 and ETV4 in clinical samples. 
Tumor microenvironment, including immune cell infiltration, 
serves a role in cancer progression and outcomes (42). It is 
possible that the role of SLC12A5 may exert an effect on 
immune filtration. Thus, the association between SLC12A5 
expression and immune cell infiltration in BC should be 
assessed.

In conclusion, the present study reported a mechanism of 
SLC12A5 regulated by ETV4 in BC cells, which may serve a 
role in ferroptosis and glucose metabolism. The present study 
may therefore contribute to the understanding of BC patho‑
genesis and offer prospective therapeutic targets for patients 
with BC.

Figure 8. Overexpression of ETV4 partially reverses the inhibitory effect of 
SLC12A5 silencing on glucose metabolism of BC cells. (A) ECAR, (B) OCR, 
(C)  lactic acid production and (D) glucose consumption in MCF‑7 cells 
transfected with sh‑SLC12A5 with or without oe‑ETV4 were assessed. 
*P<0.05 and ***P<0.001. ECAR, extracellular acidification rate; OCR, 
oxygen consumption rate; sh, short hairpin; NC, negative control; ETV4, 
E‑twenty‑six‑specific sequence variant 4; SLC12A5, Solute carrier family 12 
member 5; 2‑DG, 2‑deoxyglucose; oligo, oligonucleotide.
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