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Abstract. In patients with triple‑negative breast cancer 
(TNBC), high tumour mutation burden and aberrant oncogene 
expression profiles are some of the causes of poor prognosis. 
Therefore, it is necessary to identify aberrantly expressed 
oncogenes, since they have the potential to serve as thera‑
peutic targets. Transient receptor potential channel 5 opposite 
strand (TRPC5OS) has been previously shown to function as 
a novel tumour inducer. However, the underlying mechanism 
of TRPC5OS function in TNBC remain to be elucidated. 
Therefore, in the present study TRPC5OS expression was first 
measured in tissue samples of patients with TNBC and a panel 
of breast cancer cell lines (ZR‑75‑1, MDA‑MB‑453, SK‑BR‑3, 
JIMT‑1, BT474 and HCC1937) by using qRT‑PCR and Western 
blotting. Subsequently, the possible effects of TRPC5OS on 
MDA‑MB‑231 cells proliferation were determined using Cell 
Counting Kit‑8 and 5‑Ethynyl‑2'‑deoxyuridine assays after 
Lentiviral transfection of MDA‑MB‑231. In addition, potential 
interaction partners of TRPC5OS were explored using liquid 
chromatography‑mass spectrometry (LC‑MS)/MS. Gene 
expression patterns following TRPC5OS overexpression were 
also detected in MDA‑MB‑231 cells by using High‑throughput 
sequencing. Gene Ontology (GO) and Kyoto Encyclopaedia 
of Genes and Genomes (KEGG) analysis were then used to 

systematically verify the potential interactions among the 
TRPC5OS‑regulated genes. The potential relationship between 
TRPC5OS‑interacting proteins and gene expression patterns 
were studied using Search Tool for the Retrieval of Interacting 
Genes/Proteins (STRING) analysis. TRPC5OS expression was 
found to be significantly higher in TNBC tumour tissues and 
breast cancer cell lines compared with luminal tumour tissues 
and ZR‑75‑1. In addition, the overexpression of TRPC5OS 
significantly increased cell proliferation. High‑throughput 
sequencing results revealed that 5,256 genes exhibited differen‑
tial expression following TRPC5OS overexpression, including 
3,269 upregulated genes and 1,987 downregulated genes. GO 
analysis results indicated that the functions of these differen‑
tially expressed genes were enriched in the categories of ‘cell 
division’ and ‘cell proliferation’ regulation. KEGG analysis 
showed that the TRPC5OS‑regulated genes were associated 
with processes of ‘homologous recombination’ and ‘TNF 
signalling pathways’. Subsequently, 17 TRPC5OS‑interacting 
proteins were found using LC‑MS/MS and STRING analysis. 
The most important protein among interacting proteins was 
ENO1 which was associated with glycolysis and regulated 
proliferation of cancer. In summary, data from the present 
study suggest that TRPC5OS overexpression can increase 
TNBC cell proliferation and ENO1 may be a potential target 
protein mediated by TRPC5OS. Therefore, TRPC5OS may 
serve as a novel therapeutic target for TNBC.

Introduction

Over the last 5  years, the incidence of breast cancer has 
increased by 0.3% per year (1), although the mortality rate 
has decreased by 40% between 1989 and 2017 in the United 
States (1). However, the clinical prognosis from TNBC remains 
poor  (2). Compared with other subtypes of breast cancer, 
TNBC are relatively more common in younger patients, the 
clinical characteristics of which tend to be more aggres‑
sive (2). In addition, patients with TNBC frequently present 
with larger tumour masses, where lesions with higher grades 
are more likely to be detected (3‑5). In total ~33% patients 
with TNBC will develop metastatic disease (6,7). The lack of 
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effective therapeutic strategies for TNBC, such as endocrine 
therapy or targeted therapy, is one of the key reasons for the 
poor prognosis of TNBC (8). Therefore, further exploration 
of novel targets for the treatment of TNBC is warranted to 
improve the prognosis from this disease.

Transient receptor potential channels 5 (TRPC5) has been 
previously reported to regulate various biological processes 
such as oxidative stress, constitutively active TRPs, and 
neuronal cell death (9). Accumulating evidence suggests that 
TRPC5 can serve an important role in promoting resistance 
to chemotherapy in breast cancer (10‑12). As such, increased 
TRPC5 expression has been reported to induce the expres‑
sion of P‑glycoprotein in MCF‑7 cells  (12). Subsequently, 
P‑glycoprotein then functions to remove cytotoxic drugs from 
the cells to mediate chemotherapy resistance (13).

TRPC5 opposite strand (OS) is the antisense strand 
of TRPC5 and is also known as TRPC5 antisense RNA1 
(TRPC5‑AS1) (14). TRPC5OS has been previously found to 
encode a microprotein that consists of 111 amino acids and 
is highly expressed particularly in the testis (15). Genes that 
are specifically expressed in normal testicular tissues may 
serve an important role in liver cancers, such as the OY‑TES‑1 
gene. Under physiological conditions, OY‑TES‑1 mRNA is 
only expressed in the testis (13). However, its expression has 
been reported to be upregulated in several types of cancer, 
such as bladder cancer and breast cancer, where it has been 
shown to be a novel member of the cancer/testicular antigen 
family (14). In addition, the OSs of other important genes, such 
as long non‑coding RNA FOXD2 adjacent opposite strand 
RNA 1 (FOXD2‑AS1) and the antisense strand of HOXA11 
(HOXA11‑AS) may also be associated with the occurrence 
and development of breast cancer. There is evidence that 
interfering with HOXA11‑AS and FOXD2‑AS1 function can 
attenuate the invasive and migratory capabilities of breast 
cancer cells  (16,17). Therefore, it could be hypothesised 
that TRPC5OS may affect the physiology of tumours by 
regulating tumour progression, in turn affecting patient prog‑
nosis. However, little is known regarding the possible role of 
TRPC5OS in breast cancer. Therefore, in the present study, 
the aim is to elucidate the possible function and mechanism of 
TRPC5OS in TNBC, to explore its potential value as a novel 
therapeutic target.

Materials and methods

Cell lines and culture. The human breast cancer cell lines 
ZR‑75‑1, MDA‑MB‑453, SK‑BR‑3, JIMT‑1, BT474, HCC1937 
and SUM‑1315, in addition to the normal human breast cancer 
cell line MCF‑10A, were gifts from Professor Ziyi Fu (Breast 
Disease Laboratory, Women & Children Central Laboratory, 
First Affiliated Hospital, Nanjing Medical University). The 
human breast cancer cell lines MDA‑MB‑231 and MCF‑7 were 
purchased from The Cell Bank of Type Culture Collection 
of the Chinese Academy of Sciences (https://www.cellbank.
org.cn/). MCF‑10A, ZR‑75‑1, MDA‑MB‑453, SK‑BR‑3, 
JIMT‑1, BT474, HCC1937, MDA‑MB‑231, SUM‑1315 and 
MCF‑7 cells were cultured in high‑glucose DMEM (Gibco; 
Thermo Fisher Scientific, Inc.) supplemented with 10% (v/v) 
FBS (Gibco; Thermo Fisher Scientific, Inc.) 100 U/ml peni‑
cillin (Gibco; Thermo Fisher Scientific, Inc.) and 100 U/ml 

streptomycin (Gibco; Thermo Fisher Scientific, Inc.) in a humid‑
ified atmosphere with 5% CO2 at 37˚C. MCF‑10A cells are 
normal mammary epithelial cells (18), whereas BT474, MCF‑7 
and ZR‑75‑1 cells are luminal‑type breast cancer cells (18). 
HCC1937, MDA‑MB‑231 and SUM‑1315 are TNBC cells, 
whilst JIMT‑1, SK‑BR‑3 and MDA‑MB‑453 are oestrogen 
receptor (ER)‑, progesterone receptor (PR)‑, human epidermal 
growth factor receptor 2 (HER)+ breast cancer cells (18). All 
experiments were independently reproduced three times.

Patient tissue samples. A total of 30 pairs of breast cancer 
tissues and matching adjacent normal tissues (3‑5 cm from the 
edge of the breast cancer tissues) were obtained from Jiangsu 
Province Hospital (Table SI). All tissues were collected from 
2015‑2018 and tumour size was obtained from postoperative 
pathological reports. All patients were female and mean ± SD 
age was 53.17±11.94. Written informed consent was obtained 
from all patients recruited in the present study. The present 
study was approved by the Ethics Committee of Jiangsu 
Province Hospital (The First Hospital Affiliated Hospital 
with Nanjing Medical University; approval no. 2010‑SR‑091). 
The inclusion criteria were: i) Patients diagnosed with TNBC 
by immunohistochemical method after ultrasound‑guided 
core‑needle biopsy and ii) no active therapy prior to operative 
treatment. Patients undergoing neoadjuvant chemotherapy or 
with multiple neoplasm were excluded. Tissues were obtained 
by surgical resection and stored in a ‑80˚C refrigerator for 
utilization.

Lentiviral transfection of MDA‑MB‑231 and MCF‑7 cells. 
MDA‑MB‑231 and MCF‑7 cells were incubated in six‑well 
plates. After confluency reached 50%, cells were transfected 
with 5 µg/ml LV‑TRPC5OS, LV5 (NC; the overexpression 
control; EF‑1Af/GFP&Puro), LV‑193 (sh‑TRPC5OS, GGG​
AGA​ATT​TGT​CTC​TGA​AGT) and LV3 (NC; the knockdown 
control; H1/GFP&Puro) for 6 h. The generation system used 
was 3rd, the temporary cell line used was 293 cells (Chinese 
Academy of Medical Sciences Tumor Cell Bank). MOI=‑In 
(0.01)=4.6 pfu/cell. The ratio of the lentiviral plasmid: pack‑
aging vector: envelope=1:2:1. All agents and products were 
obtained from Shanghai GenePharma, Co., Ltd. In total, 
3 µg/ml puromycin (VWR, Avantor, Inc.) was used to screen 
cells that had been successfully transfected for 2 weeks at 
37˚C. Transfection efficiency was confirmed using fluores‑
cence microscopy following screening (magnification of 
fluorescence microscopy was x40).

Cell Counting Kit‑8 (CCK‑8) assay. A total of 2x103 
MDA‑MB‑231 or MCF‑7 cells in 100 µl high‑glucose DMEM 
culture solution per well were added into a 96‑well plate and 
incubated overnight. Subsequently, it was tested daily for 
≤6 days. Prior to testing, 90 µl serum‑free medium with 10 µl 
CCK‑8 labelling reagent (Dojindo, Molecular Technologies, 
Inc.) was added into each well and incubated for 2 h in the 
dark at 37˚C. The viability of the cells was then analysed 
by measuring their absorbance at 450 nm using an enzyme‑
labelled meter (Thermo Fisher Scientific, A33978, Inc.).

5‑Ethynyl‑2'‑deoxyuridine (EdU) assay. The EdU assay 
(Guangzhou RiboBio, C10310‑1 Co, Ltd.) was performed 
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according to the manufacturer's protocols. Briefly, 1x104 cells 
were incubated in 24‑well plates for 24 h at 37˚C. A total of 
2x103 MDA‑MB‑231 or MCF‑7 cells in 100 µl high‑glucose 
DMEM culture solution per were treated with 50 µM EdU 
for 2 h at 37˚C. After fixing for 15 min with 4% parafor‑
maldehyde at 37˚C, the cell membranes were permeabilised 
using 0.5% Triton X‑100 for 15 min at 37˚C. A total of 2x103 
MDA‑MB‑231 or MCF‑7 cells in 100 µl high‑glucose DMEM 
culture solution per were then treated with 100  µl 100:1 
diluted Hoechst 33342 for 30 min at room temperature and 
imaged using a fluorescence microscope (Nikon Corporation, 
x40). The images were analysed using ImageJ 1.8.0 (National 
Institutes of Health).

RNA extraction and reverse transcription‑quantitative PCR 
(RT‑qPCR). According to the manufacturer's protocol, TRIzol® 
(Invitrogen, 15596018) was added to the different cell lines to 
extract total RNA. All RNA samples were dissolved in DEPC 
water (Beyotime Institute of Biotechnology). The quality and 
concentration of total RNA was detected using NanoDrop® 
ND‑1000 (Thermo Fisher Scientific, Inc.). The total RNA 
was then reverse transcribed using the PrimeScript™ RT 
reagent kit (37˚C 15 min; 85˚C 5 sec; 4˚C for 5 min, Takara 
Bio, Inc.). SYBR Green qPCR Master Mix (Takara Bio, 
Code No. RR430S RR430A, Inc.) was added to the gener‑
ated cDNAs alongside the specific primers (obtained from 
TsingKe Biotechnology, Co., Ltd.), which were all dissolved 
in DEPC to a final volume of 10 µl (95˚C 30 sec; 95˚C 5 sec; 
60˚C 30 sec, number of cycles: 40; 95˚C 15 sec, 60˚C 60 sec, 
95˚C 15 sec). This system was then added to a 96‑well plate 
and tested using a LightCycler 480® Real Time PCR System 
(Roche Diagnostics). Each reaction was tested ≥ three times. 
Non‑specific amplification was detected using a dissolution 
curve. The sequences of the primers used were: TRPC5OS 
forward, 5'‑TCA​TTG​ATG​GAC​TTG​TTG​CTT​G‑3' and reserve, 
5'‑AAG​TCT​GAG​AGA​TCA​GGG​AGA​T‑3' and GAPDH 
(glyceraldehyde‑3‑phosphate dehydrogenase) forward, 5'‑GCT​
GCG​AAG​TGG​AAA​CCT​AC‑3' and reverse, 5'‑CCT​CCT​TCT​
GCA​CAC​ATT​TGA​A‑3'. The quantification method used for 
mRNA expression was comparative Cq method (19).

High‑throughput sequencing. The RNA was extracted 
as aforementioned following TRPC5OS overexpression. 
Agarose gel electrophoresis was used for assessing the 
integrity of the extracted RNAs, whereas quantification and 
further quality tests were performed using a NanoDrop® 
ND‑1000 (Thermo Fisher Scientific, Inc.). Subsequently, 
an NEB Next® Poly (A) mRNA Magnetic Isolation Module 
(New England BioLabs, E7490L, Inc.) was used for mRNA 
enrichment by adding to the total RNA extract. A library 
of the processed RNA product was established using the 
KAPA Stranded RNA‑Seq Library Prep kit (KK8401, 
Roche Diagnostics). The loading concentration of the final 
library was ≥200 ng/µl and total RNA was ≥2.5 µg. The 
sequence was generally greater than 200 nt, the direction of 
sequencing is 5'‑3'. The established library was sequenced 
using SeqPlex RNA amplification Kit (SEQR‑50RXN, 
Merck, Inc) on the Illumina HiSeq 4000 platform (Illumina, 
Inc.). The data was analysed by SUPPA2.0, Cytoscape 3.6.1 
and cd‑hit‑v4.8.1.

Bioinformatics analysis of differentially expressed genes 
(DEGs), screening the top 10 Gene Ontology (GO) and Kyoto 
Encyclopaedia of Genes and Genomes (KEGG). To explore 
the possible mechanism by which TRPC5OS exerts its effects, 
bioinformatics analysis was performed. Principal component 
analysis (PCA) was performed with princomp function of R 
(http://www.r‑ project.org/) in this experience. Scale function 
was used to perform z‑score processing on expression spec‑
trum before PCA dimensionality reduction. PC1 and PC2 are 
principal components 1 and 2 respectively, which are the two 
principal components with the highest proportion after dimen‑
sionality reduction and clustering by PCA algorithm. The 
GO database was used to perform GO functional enrichment 
analysis for the DEGs (www.geneontology.org). GO terms 
were sorted by their enrichment scores [‑log10 (P‑value)] before 
the top 10 terms were selected for further analysis (‘P‑value’ 
stands for the fisher exact test value of the term and was calcu‑
lated by DAVID databases after DEGs were inputted into). 
KEGG analysis was used to identify the pathways in which 
the DEGs were enriched (https://www.kegg.jp/), where the top 
10 KEGG terms were sorted and selected for further analysis. 
We input DEGs that exhibited >1.5‑fold change in expression 
into DAVID databases for GO and KEGG analysis.

In addition, protein‑protein interactions (PPIs) were 
analysed to elucidate the interactions among the targeted 
genes using Search Tool for the Retrieval of Interacting 
Genes/Proteins (STRING; www.string‑db.org/; active 
interaction sources: Textmining, Experiments, Databases, 
Co‑expression, Neighborhood, Gene Fusion, Co‑occurrence; 
required interaction score: 0.40). The network nodes repre‑
sented proteins, whereas the edges between nodes represented 
PPIs. PPI enrichment P‑value <0.05 means that proteins were 
defined as interactions among themselves. GEPIA 2 (www.
gepia2.cancer‑pku.cn/) was used to analyse the expression of 
enolase 1 (ENO1) in tumour and normal tissue samples(from 
the Jiangsu Province Hospital). Kaplan‑Meier curves followed 
by a log‑rank test of the overall survival of patients with breast 
cancer were analysed using KMplot (kmplot.com/analysis/). 
The patient survival data of KMplot came from GEO, EGA, 
and TCGA.

Western blotting. After cells were transfected with the 
TRPC5OS lentivirus, protein extraction was performed using 
RIPA Lysis Buffer (Beyotime Institute of Biotechnology). Total 
protein concentration in the supernatant was determined with 
Bicinchoninic Acid assay (Beyotime biotechnology, China). 
SDS‑PAGE Sample Loading Buffer (Beyotime Institute of 
Biotechnology) was added to the protein lysates and boiled 
to 95˚C for 5 min. These protein samples (10 ul/well) were 
resolved using 10% SDS‑PAGE and transferred onto PVDF. 
Subsequently, the membranes were blocked in QuickBlock™ 
Blocking Buffer for Western Blotting (Beyotime Institute 
of Biotechnology) for 15 min at room temperature. These 
membranes were then incubated with an anti‑β‑actin (Abcam, 
ab179467, 1:5,000) or anti‑TRPC5OS antibody (Dia‑an 
Biological Technology Incorporation; NP_001182505, 
1:5,000) at 4˚C for 12‑14 h. Subsequently, the membranes were 
washed three times and then incubated with HRP‑conjugated 
Affinipure Goat Anti‑Mouse and Anti‑Rabbit IgG antibodies 
(H+L; SA00001‑2; SA00001‑1; ProteinTech Group, Inc) for 
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2 h. The bands were observed by ECL chemiluminescence 
substrate (Biosharp, BL520A). Densitometry analysis was 
performed using ImageJ 1.8.0.

Co‑immunoprecipitation assay (Co‑IP). Co‑IP was performed 
using anti‑TRPC5OS (Dia‑an Biological Technology 
Incorporation; catalog number: NP_001182505) or rabbit 
IgG (control) (Thermo Fisher Scientific, Inc. catalog number: 
88804) antibodies using a classic magnetic Co‑IP kit according 
to the manufacturer's protocol (Thermo Fisher Scientific, Inc. 
catalog number: 88804). First, 10 µg antibody was incubated 
with the 1,000 ug protein in the cell lysate in a final volume of 
500 µl. This mixture was incubated on a wheel at 4˚C overnight. 
A total of 250 µg magnetic beads (IP antibody binds to protein 
A/G magnetic microbeads) conjugated to anti‑TRPC5OS 
or rabbit IgG (control) antibodies were added into a 1.5‑ml 
centrifuge tube, Wash Buffer was used to clean the magnetic 
beads three times. Subsequently, the protein‑antibody mixture 
was added this a centrifuge tube and mixed with the magnetic 
beads. This mixture was then incubated at room temperature 
for 1 h on rotation. Place the tubes on a magnetic separator 
(i.e. Millipore Cat. # 20‑400) and discard the supernatant 
after bead aggregation. Remove the tubes from the magnet. 
Add 0.5 ml of Wash Buffer to each tube and vortex briefly for 
three times. In total, 100 µl Low pH Elution Buffer was then 
added to the centrifuge tube and incubated for 10 min at room 
temperature. The supernatant was collected by centrifugation 
at 4˚C, 14,000 x g for 1 min, and magnetic beads were thrown 
away. The proteins eluted using the anti‑TRPC5OS or rabbit 
IgG (control) antibodies were then analysed using the Fast 
Silver Stain Kit (Fig. S1; Beyotime Institute of Biotechnology; 
catalog number: P0017S). These protein samples were 
then loaded into 10% SDS‑PAGE gels with 30 ul per well, 
and staining gels at 4˚C for 3 min. Liquid chromatography 
(LC)‑mass spectrometry (MS)/MS was performed using these 
last eluted supernatant immunoprecipitated proteins.

LC‑MS/MS. The protein was extracted using RIPA Lysis 
Buffer and the protein concentration of the samples were 
determined by using BCA Protein Assay Kit (Beyotime 
Institute of Biotechnology). Next, the samples underwent 
enzyme hydrolysis in solution and gel using formic acid (Fisher 
Scientific; A117‑50); acetonitrile (Fisher Scientific; A955‑4); 
trypsin (Promega; V528A); sep‑Pak C18 Desalination 
column (Waters; WAT200685); Peptides capture column 
Acclaim PepMap C18, 100 µm x20 mm (Thermo Scientific; 
cat. no. 164946); Peptides analytical column Acclaim PepMap 
C18, 75 µm x250 mm (Thermo Scientific; 164569). Appropriate 
volume 10 mmol/l DTT was added and placed in 56˚C water 
bath for 60 min. After cooling to room temperature, all liquid 
was absorbed, and then appropriate volume 55 mmol/l IAA 
was added and placed away from light for the 45 min at room 
temperature. Pancreatic enzyme solution was added and 
placed at 4˚C for 30 min. Whereafter, 25 mmol/l NH4HCO3 
was added and placed in 37˚C water bath overnight. After 
enzymatic hydrolysis, solid phase extraction enrichment and 
purification were performed. In LC‑MS/MS (Q‑Exactive 
liquid chromatograph‑ mass spectrometer (Thermo Fisher 
Scientific, Inc.); Ion transport tube temperature was 320˚C), 
the samples were separated on a Poroshell 120 C18 column 

(2.7 µm; 2.1x30 mm; Agilent Technologies, Inc, 689975‑302). 
The mobile phase consisted of the A phase (0.1% formic 
acid/pure water) and the B phase (100% acetonitrile). The flow 
rate of the mobile phase was 0.3 ml/min and the concentration 
gradient was 10% (0 min), 10% (1 min), 90% (4 min), 90% 
(8 min) and 10% (9 min) of the B phase. A total of 5 µl were 
injected each time. The mass spectrometer was connected to 
an ion source and the positive ionisation mode of the multiple 
reaction monitoring mode (MRM) was selected. Both Q1 and 
Q3 were set at Unit resolution. The flow rate of the drying gas 
(nitrogen) was 10 l/min and its temperature was maintained 
at 350˚C. The optimum capillary voltage was 5,500 V. The 
atomiser pressure was set to 35 psi. Data were collected 
and processed using an AB SCIEX Workstation Software 
(pAnalyst 1.62, Shanghai AB SCIEX Analytical Instrument 
Trading Co.). The peptides were monitored in the MRM.

Statistical analysis. Data from clinical tissue samples of 
30 patients were compared using a paired t‑test. One‑way 
ANOVA was used for comparing among multiple groups 
and the Tukey's post hoc test was used. Numerical data are 
presented as the mean  ±  standard deviation. P<0.05 was 
considered to indicate a statistically significant difference. 
Statistical analysis was performed using SPSS version 20 
(IBM Corp.). Each experiment was independently repeated 
three times except for RNA sequencing.

Results

TRPC5OS expression in the TNBC tissue samples and breast 
cancer cell lines. To measure the expression of TRPC5OS 
in tissue samples of patients with TNBC and in a panel of 
different breast cancer cell lines, mRNA expression levels 
of TRPC5OS were detected using RT‑qPCR. As shown in 
Fig. 1A, the mRNA expression levels of TRPC5OS in TNBC 
tumour tissues were significantly higher compared with those 
in the adjacent normal tissues. In addition, TRPC5OS expres‑
sion was found to be significantly higher in tissue samples from 
larger masses of tumours (≥3 cm; Fig. 1B). However, there was 
no difference in TRPC5OS expression between tissues from 
different histological grades (II and III; Fig. 1C). Among the 
different breast cancer cell lines, the mRNA expression levels 
of TRPC5OS were generally higher compared with those in 
the normal breast cell line MCF‑10A. However, compared 
with other breast cancer cells such as ZR‑75‑1, MDA‑MB‑453, 
SK‑BR‑3, JIMT‑1, BT474, the mRNA expression levels of 
TRPC5OS were significantly higher in TNBC cell lines, such 
as SUM‑1315 and MDA‑MB‑231 (Fig. 1D).

Transfection efficiency of lentiviral constructs in MDA‑MB‑231 
and MCF‑7 cells. To verify the transfection efficiency of the 
lentiviral constructs, fluorescence microscopy, western blot‑
ting and RT‑qPCR were performed following transfection and 
treatment with puromycin for 2 weeks. Green fluorescence 
protein expression was observed in >90% transfected cells 
(Fig. 2A). The green fluorescence comes from a fluorescent 
gene carried by the lentivirus itself. RT‑qPCR analysis 
demonstrated that both in MDA‑MB‑231 and MCF‑7 cells, 
the mRNA expression levels of TRPC5OS were significantly 
higher in TRPC5OS‑overexpressing cells compared with the 
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control cells (transfection of empty virus), whereas its expres‑
sion was significantly decreased in cells with TRPC5OS 
expression knocked down (Fig. 2B). Western blotting subse‑
quently showed that in MDA‑MB‑231 and MCF‑7 cells, 
the protein expression level of TRPC5OS was significantly 
increased by LV‑TRPC5OS transfection compared with that in 
its corresponding LV5 control (Fig. 2C and D). By contrast, it 
was significantly decreased by LV‑193 transfection compared 
with that in its corresponding LV3 control (Fig. 2C and D). 
These results suggest that lentiviral transfection was effective 
in MDA‑MB‑231 and MCF‑7 cells.

TRPC5OS promotes proliferation of breast cancer cells. 
CCK‑8 and EdU assays were next performed to detect the 
biological function of TRPC5OS in MDA‑MB‑231 and 
MCF‑7 cells. CCK‑8 assay results revealed that the prolif‑
erative ability was markedly increased following TRPC5OS 

overexpression but it was decreased following TRPC5OS 
knockdown (Fig. 3A and B) in MDA‑MB‑231 cells compared 
with those in their corresponding negative controls. The 
results of the CCK‑8 assay in MCF‑7 cells were consistent 
with those of MDA‑MB‑231 cells (Fig.  3C  and  D). EdU 
results also showed that cell viability was significantly 
increased in TRPC5OS‑overexpressing cells, whereas it was 
significantly decreased following TRPC5OS knockdown 
(Fig. 3C), compared with those in their corresponding negative 
controls. Therefore, these results suggest that the viability and 
proliferative abilities of MDA‑MB‑231 cells were promoted by 
TRPC5OS overexpression.

Identification of DEGs following TRPC5OS overexpression. 
To further investigate the effects of TRPC5OS overexpression, 
high‑throughput sequencing was used to screen for the DEGs 
following TRPC5OS overexpression in MDA‑MB‑231 cells. 

Figure 1. TRPC5OS expression in the tissue samples of patients with TNBC and in a panel of breast cancer cell lines. (A) mRNA expression levels of TRPC5OS 
were detected in the tissues of patients with TNBC using reverse transcription‑quantitative PCR. (B) The relationship between tumour size and TRPC5OS 
expression levels was calculated, where a tumour size cut‑off value of 3 cm was used. (C) Relationship between histological grade and TRPC5OS expression 
levels following stratification. (D) mRNA expression levels of TRPC5OS in MCF‑10A normal mammary epithelial cells compared with nine different breast 
cancer cell lines. HER‑2(‑), ER(+) cell lines were MCF‑7, BT‑474, ZR‑75‑1, where the HER‑2(+) cell lines were MDA‑MB‑453, SK‑BR‑3, JIMT‑1. TNBC cell 
lines were HCC1937, SUM1315 and MDA‑MB‑231. Each experiment was repeated ≥ three times. **P<0.01 and ***P<0.001 vs. MCF‑10A. TNBC, triple‑negative 
breast cancer; TRPC5OS, Transient receptor potential channel 5 opposite strand.
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The top 10 of upregulated and downregulated DEGs are shown 
in the supplemental material (Table SII). Inter‑group compar‑
ison and cluster analysis were then performed according to the 
fragments per kilobase of exon per million values of signifi‑
cant DEGs, where heat map was generated showing the gene 
expression pattern in the two different samples. There were 
significant differences between control (LV5) and TRPC5OS 
overexpressed MDA‑MB‑231 cell line (Fig. 4A). A scatter plot 
also described the overall distribution trend in the two samples. 
The results showed that a total of 5,256 genes were differen‑
tially expressed, including 3,269 upregulated genes and 1,987 
downregulated genes (fold change ≥1.5; Fig. 4B). The principal 
component analysis results showed the difference between 
control (LV5) and TRPC5OS overexpressed (LV‑TRPC5OS) 
MDA‑MB‑231 cell line. Significant differences in the expres‑
sion data were shown in Fig. 4C between control (LV5) and 
TRPC5OS overexpressed (LV‑TRPC5OS) MDA‑MB‑231 cell 
line. Correlation between the two samples can be seen in the 
heatmap diagrams of the sample correlation coefficients and 
indicated that the similarity of the two samples was high, the 

experiment was reliable, and the sample selection was reason‑
able (r‑value >0.92; Fig. 4D).

GO and KEGG analysis of DEGs. To further investigate 
whether these differential genes could serve a role in cancer 
proliferation, GO and KEGG analyses were performed to 
identify the biological functions and pathways associated with 
these aberrantly expressed genes. GO analysis revealed that 
the biological processes most commonly associated with the 
upregulated genes generally took part in the ‘cell division’ and 
‘DNA replication’ processes (Figs. 5A and S1A). By contrast, 
the biological processes most commonly associated with the 
downregulated genes were involved in ‘neutrophil degranula‑
tion’ and ‘cell proliferation regulation’ (Figs. 5B and S1C). The 
upregulated genes were primarily associated with the ‘cytosol’, 
‘nucleoplasm’ and ‘centrosome’ compartments (Fig.  5A), 
whereas the downregulated genes were primarily associated 
with the ‘extracellular exosome’ and ‘endoplasmic reticulum 
lumen’ compartments (Fig. 5B). The molecular functions of 
the upregulated genes were primarily associated with ‘protein 

Figure 2. Verification of lentivirus transfection efficiency. (A) GFP expression was observed in >90% of cells using fluorescence microscopy. (B) Reverse 
transcription‑quantitative qPCR was performed to measure the mRNA expression levels of TRPC5OS. (C) The protein expression levels of TRPC5OS were 
detected using western blotting. (D) Densitometry analysis of TRPC5OS protein expression was calculated using ImageJ and the differences in expression 
are expressed as the fold change. Each experiment was repeated ≥ three times. **P<0.01 and ***P<0.001 (LV5 vs LV‑TRPC5OS; LV3 vs LV‑193). TRPC5OS, 
Transient receptor potential channel 5 opposite strand; LV, lentivirus.
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Figure 3. TRPC5OS overexpression increases the proliferative ability of breast cancer cells. The proliferative ability of MDA‑MB‑231 cells was assessed 
using a Cell Counting Kit‑8 assay following (A) LV5, LV‑TRPC5OS, (B) LV3 or LV‑193 transfection. The proliferative ability of MCF‑7 cells was assessed 
using a Cell Counting Kit‑8 assay following (C) LV5, LV‑TRPC5OS, (D) LV3 or LV‑193 transfection. (E) An EdU‑incorporation assay was used to detect the 
proliferative ability of MDA‑MB‑231 cells following LV5, LV5‑TRPC5OS, LV3 or LV‑193 transfection. Scale bar, 100 µm. Each experiment was repeated at 
least three times. *P<0.05, **P<0.01 and ***P<0.001 (LV5 vs LV‑TRPC5OS; LV3 vs LV‑193). TRPC5OS, Transient receptor potential channel 5 opposite strand; 
LV, lentivirus.
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binding’, ‘RNA binding’ and ‘ATP binding’ (Fig. 5A), whilst 
those associated with the downregulated genes included 
‘protein binding’ and ‘2'‑5'‑oligoadenylate synthetase activity’ 
(Fig. 5B). The pathways of these aberrantly expression genes 
were then explored using KEGG analysis. The pathways of 
the upregulated genes included ‘homologous recombination’, 
the ‘Fanconi anaemia pathway’, ‘one carbon pool by folate’, 
‘inositol phosphate metabolism’, ‘pancreatic cancer’ and 
‘pyruvate metabolism’ (Figs. 5C and S1B). The biological 
pathways of the downregulated genes included ‘lysosome’, 
the ‘TNF signalling pathway’, the ‘HIF‑1 signalling pathway’, 
‘transcriptional misregulation in cancer’ and ‘hepatitis B’ 
(Figs. 5C and S1D).

Prediction of target proteins following TRPC5OS 
overexpression. To identify the potential target proteins 
following TRPC5OS overexpression, Co‑IP was performed. 
There was an obvious band near 40 kDA in TRPC5OS over‑
expression group which indicated that the molecular weight 
of the protein interacted with TRPC5OS was close to 40 kDA 
(Fig. S2) before the targeted proteins were predicted based on 
LC‑MS/MS analysis. Differential proteins that were identified 
at least twice out of the three runs were selected. The results 
revealed that 17 potential interacting targets of TRPC5OS were 
identified, including Annexin A1 (ANXA1), peroxiredoxin 1 
(PRDX1), enolase 1 (ENO1), LDHB (lactate dehydroge‑
nase B), YWHAQ (tyrosine 3‑monooxygenase/tryptophan 

Figure 4. Differentially expressed genes between the LV5 and TRPC5OS‑overexpressing groups of MDA‑MB‑231 cells. (A) Differentially expressed genes 
between LV5‑transfected and TRPC5OS‑overexpressing cells are shown in the heat map. Each row represents a gene, whereas each column represents a 
sample. Red represents significantly upregulated genes, whereas green represents significantly downregulated genes. (B) The overall distribution trend of the 
two samples can be seen in the scatter chart. Each dot in the scatter plot represents a gene, where the X‑ and Y‑axis coordinates represent the fragments per 
kilobase of exon per million mapped fragments expression values of the genes in the two samples. The two diagonal lines delineate the upregulation (upward 
site), downregulation(downward site), and unaltered (middle) genes. (C) Principal component analysis results showed the classification of expression profiles 
between the samples. Genes with a significant difference (One‑way ANOVA and Tukey's post hoc test ) in all samples were used for principal component 
analysis. Each colour represents one group, and each axis represents a principal component. (D) Correlation analysis was calculated to determine the similarity 
between LV5 and LV‑TRPC5OS transfected samples. The depth of blue represents the degree of correlation. The closer the Pearson correlation coefficient is 
to 1, the higher the similarity between the two samples. TRPC5OS, Transient receptor potential channel 5 opposite strand; LV, lentivirus.
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Figure 5. GO and KEGG pathway analysis of DEGs. GO analysis of the (A) upregulated and (B) downregulated DEGs are listed. (C) KEGG analysis of 
upregulated and downregulated DEGs is presented. GO, Gene Ontology; KEGG, Kyoto Encyclopaedia of Genes and Genomes; DE, differentially expressed; 
DEG, differentially expressed genes; sig, significant.

https://www.spandidos-publications.com/10.3892/ol.2022.13379
https://www.spandidos-publications.com/10.3892/ol.2022.13379
https://www.spandidos-publications.com/10.3892/ol.2022.13379


PENG et al:  EXPLORATION OF TRPC5OS FUNCTION AND MECHANISM 10

5‑monooxygenase activation protein theta), FLNC (filamin 
C), VDAC1 (voltage dependent anion channel 1), eukaryotic 
translation elongation factor 1 γ (EEF1G), ribosomal protein 
L7a), RPS3 (ribosomal protein S3), PCBP2 [poly(rC) binding 
protein 2], CCT6A (chaperonin containing TCP1 subunit 
6A), CS (citrate synthase), HNRNPD (heterogeneous nuclear 
ribonucleoprotein D), AKR7A2 (aldo‑keto reductase family 
7 member A2), CALR (calreticulin) and LCN1 (lipocalin 1) 
(Table SIII). Subsequently, PPI network analysis was performed 
to analyse the interactome of these 17 differentially‑expressed 
proteins. Proteins with the most interactions were selected, 
including ENO1, PRDX1 and EEF1G (Fig. 6A).

Interactions between the DEGs and proteins. Subsequently, 
three biological processes associated with proliferation from 
GO analysis were selected, namely cell division, RNA replica‑
tion and negative regulation of cell proliferation. The genes 
enriched in these biological processes were then subjected to 
PPI analysis with the target proteins. The genes that interacted 
with the target proteins are shown in Fig. 6B. The results 
showed that the interaction relationship among tumour protein 
p53, histone deacetylase 1 (HDAC1) and superoxide dismutase 
2 (SOD2), all of which are associated with proliferation, 
were the most significant. Deletion of TP53 has been found 
to promote glycolysis and tumour cell proliferation (20). A 
previous study showed that HDAC1 can mediate the acetyla‑
tion of ENO1, the upregulation of which could promote the 
biological activity of ENO1  (21) to in turn increase the 
proliferation of MDA‑MB‑231 and MCF‑7 cells. SOD2 is a 
mitochondrial enzyme that decreases the levels of reactive 
oxygen species (ROS) in the mitochondria (22). Low levels 
of ROS exerts a negative regulatory role on proliferation (23). 
To conclude, these DEGs aforementioned were all associated 
with cancer proliferation.

ENO1 may be a potential target protein mediated by 
TRPC5OS. Due to it exhibiting the most interactions with other 
target genes and proteins, ENO1 was chosen fo examination 
as a potential target protein of TRPC5OS. Western blotting 
revealed that the protein expression of ENO1 was signifi‑
cantly increased following TRPC5OS overexpression, but 
was significantly decreased following TRPC5OS knockdown 
compared with that in their corresponding negative controls 
(Fig. 7A and B). Expression of ENO1 was markedly higher 
in tumour tissues compared with that in the normal tissues 
based on GEPIA 2 analysis (Fig. 7C). Kaplan‑Meier curves 
and log‑rank tests of the overall survival of patients with breast 
cancer revealed that high expression levels of ENO1 were 
associated with poorer prognoses (Fig. 7D). Therefore, these 
data suggest that TRPC5OS may regulate the expression of 
ENO1, which may in turn be associated with less favourable 
outcomes in patients with breast cancer.

Discussion

At present, anthracyclines and taxanes are the primary treat‑
ment methods for breast cancer patients (24). However, the 
prognosis of patients with TNBC remains poor (25). Therefore, 
it remains necessary to identify novel targets for the treatment 
of TNBC. In a previous study, it was found that the levels of 

TRPC5OS expression were the highest in MDA‑MB‑231 cells, 
where overexpression of TRPC5OS could promote prolifera‑
tion and viability. Therefore, the present study investigated the 
potential function mechanism of TRPC5OS by overexpressing 
it or knocking down its expression in breast cancer cells.

The proliferative ability of MDA‑MB‑231 and MCF‑7 
cells was first measured after overexpressing TRPC5OS. The 
results revealed that TRPC5OS overexpression promoted 
the proliferation of the breast cancer cells and TRPC5OS 
knockdown inhibited the proliferation of breast cancer 
cells. Next, high‑throughput sequencing of samples from 
TRPC5OS‑overexpressing MDA‑MB‑231 cells and cells from 
the LV5 control group was performed. MDA‑MB‑231 cells 
are TNBC cells (26). Current treatment methods for breast 
cancer include surgery, chemotherapy, radiotherapy, endocrine 
therapy and targeted therapy  (27,28). However, due to the 
lack of ER, PR and HER‑2 expression (29), TNBC is char‑
acterized by a unique molecular profile, metastatic pattern, 
aggressive behavior and lack of an effective targeted therapy, 
lead to poor prognosis (3‑5). Targeting TRPC5OS for therapy 
may markedly improve the outcome of patients with TNBC. 
Therefore, MDA‑MB‑231 cells was used for RNA sequencing. 
Sequencing with only one cell line has been reported in other 
studies (30,31). In addition, it was found that TRPC5OS also 
served as a cancer‑promoting role in MCF‑7 cells, which is 
non‑TNBC by using EdU) assay. However, in future studies, 
the interactions between TRPC5OS and target proteins in 
MCF‑7 cells will need to be assessed.

The present study found that there were 5,256 DEGs 
between the two groups. Among these, 3,269  genes were 
upregulated and 1,987 genes were downregulated (fold change 
threshold >1.5). Subsequently, these DEGs were analysed using 
GO and KEGG. GO analysis revealed that the main biological 
processes involving these upregulated genes were ‘cell divi‑
sion’ and ‘DNA replication’, whereas the main biological 

Figure 6. PPI network analysis. (A) PPI network of the targeted proteins was 
established (ANXA1, PRDX1, ENO1, LDHB, YWHAQ, FLNC, VDAC1, 
EEF1G, RPL7A, RPS3, PCBP2, CCT6A, CS, HNRNPD, AKR7A2, CALR 
and LCN1). (B) Genes in the biological processes of Gene Ontology analysis 
that interacted closely with the targeted proteins were subjected to PPI anal‑
ysis. PPI, protein‑protein interaction; ANXA1, Annexin A1; peroxiredoxin 
1 (PRDX1), enolase 1 (ENO1), LDHB (lactate dehydrogenase B), YWHAQ 
(tyrosine 3‑monooxygenase/tryptophan 5‑monooxygenase activation protein 
theta), FLNC, filamin C; VDAC1 (voltage dependent anion channel 1), 
EEF1G, eukaryotic translation elongation factor 1 γ; RP, ribosomal protein; 
PCBP2 [poly(rC) binding protein 2], CCT6A (chaperonin containing TCP1 
subunit 6A), CS (citrate synthase), HNRNPD (heterogeneous nuclear ribonu‑
cleoprotein D), AKR7A2 (aldo‑keto reductase family 7 member A2), CALR 
(calreticulin) and LCN1 (lipocalin 1).
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processes involving the downregulated genes were ‘neutrophil 
degranulation’ and ‘cell proliferation regulation’. Cell division 
and DNA replication are closely associated with cell cycle 
progression and proliferation (32‑34), where dysregulation can 
lead to carcinogensis (35,36). Before DNA replication in the 
cell cycle, cells need to enter the G1 phase and release a large 
number of intracellular signals to regulate cell division (37). 
During this process, in cases of dysregulation, such as insuf‑
ficient or excessive chromosomal DNA replication, then cell 
division and proliferation would not be tightly regulated, 
resulting in the development of cancer (36).

Subsequent KEGG results showed that the main pathways 
these upregulated genes were associated with primarily took 
part in ‘homologous recombination’, whereas for the down‑
regulated genes, they primarily took part in ‘lysosome’ and 
‘TNF signalling pathways’. Gross chromosome rearrangement 
(GCR) and copy‑number variations (CNVs) are the result of 
incorrect DNA replication and are frequently observed features 
of cancer (38). Homologous recombination can cause replica‑
tion restarts, where such recombination‑restarted forks have 
high probabilities of error, leading to DNA replication errors, 
production of GCRs and gene amplification in cancer (28). In 

Figure 7. ENO1 expression analysis. (A) The protein expression levels of ENO1 were assessed using western blotting following LV5, LV‑TRPC5OS, LV3 
or LV‑193 transfection. (B) Densitometry analysis of ENO1 protein expression was calculated using ImageJ. (C) Expression levels of ENO1 in tumour and 
normal tissue samples were analysed using GEPIA 2. (D) Kaplan‑Meier curves and log‑rank test of the overall survival of patients with breast cancer (median 
cut‑off value). Each experiment was repeated ≥ three times. ***P<0.001. TRPC5OS, Transient receptor potential channel 5 opposite strand; ENO1, enolase 1; 
LV, lentivirus; HR, hazard ratio.
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addition, homologous recombination can result in the produc‑
tion of non‑recurrent CNVs in genomic diseases. HR proteins 
associate with the nascent strand behind the collapsed fork and 
subsequent strand invasion at the collapse site facilitates accu‑
rate HR‑dependent fork restart with the correct template (39). 
There is evidence that the lysosome pathway can regulate 
cancer proliferation (40). The proliferation of cancer cells leads 
to energy depletion, which in turn affects their proliferation (41). 
To overcome this obstacle, cancer cells typically use lysosomes 
to degrade macromolecules obtained from the microenviron‑
ment to produce ATP and synthesise metabolic substrates (42).

In the present study, GO and KEGG analyses revealed 
that biological processes and pathways are closely associated 
with proliferation. Therefore, the potential target proteins of 
TRPC5OS were next explored. Co‑IP followed by LC‑MS/MS 
analysis was thereby performed, following which proteins 
that were detected at least twice were used to establish a PPI 
network. From the analysis of the PPI network, three target 
proteins were selected (ENO1, PRDX1 and EEF1G) that had 
the most interactions and therefore were the most likely to be 
associated with cancer proliferation. ENO1 functions as a glyco‑
lytic enzyme in glycolysis (43,44). Accumulating evidence has 
reported that ENO1 is closely associated with tumour develop‑
ment (45‑47). ENO1 can regulate the proliferation, migration 
and invasion of glioma cells through the PI3K/Akt pathway (48). 
PRDX1 is a member of the peroxiredoxin family of antioxidant 
enzymes (49). The biological function of PRDX1 primarily 
depends on the proteins that interact with PRDX1, including 
macrophage migration inhibitory factor (MIF) and peptidylp‑
rolyl isomerase A (PPIA) (50). MIF can inhibit the peroxidase 
activity of PRDX1, whereas PPIA binds to all isoforms of 
PRDXs to enhance antioxidant activity, leading to tumori‑
genesis (50). EEF1G is a member of the EEF1 family, which 
transfers aminoacyl tRNAs to the ribosome (51). Accumulating 
evidence has shown that EEF1G serves a key role in cancer 
development  (52,53). EEF1G has also been associated with 
oncogene‑induced aging, which is an important mechanism that 
inhibits tumour formation, to prevent the uncontrolled prolifera‑
tion of tumour cells under the action of abnormal carcinogenic 
signals (53). Taken together, it was suggested that ENO1, PRDX1 
and EEF1G are all associated with tumorigenesis through the 
PI3K/AKT pathway, antioxidant activity alterations and OIS, 
respectively. In addition, interactions between differential genes 
and proteins were analysed based on the PPIs. Amongst ENO1, 
PRDX1 and EEF1G, given that ENO1 was closely associated 
with proliferation and had the most interactions with other 
target genes and proteins, it was considered to be a potential 
target protein downstream of TRPC5OS.

In conclusion, the function, biological processes and 
signalling pathways associated with TRPC5OS in TNBC 
were investigated in the present study, In addition, potential 
target proteins and interactions between differential genes and 
target proteins were analysed, which provided guidance and 
direction for future studies experiments. However, the lack of 
analysis in > one sample per cell line for RNA sequencing is 
a limitation to the present study. Additional samples should be 
analyzed to rule out any false positive. Results from the present 
study suggest that TRPC5OS may serve as a novel therapeutic 
target for the treatment of breast cancer. Therefore, exploring 
the mechanisms by which TRPC5OS regulates TNBC cell 

proliferation may provide novel insights for the development 
of clinically viable therapeutic strategies.
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