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Abstract: Breast cancer (BC) is the most frequently diagnosed malignancy in the world. Accumulating evidence has
indicated that circular RNAs (circRNAs) play essential roles in BC. Here we investigated the biological functions of
circATP2C as a competing endogenous RNA (ceRNA) in BC development. We found that circATP2C1 expression was
upregulated in BC cells and tissues and was significantly associated with the poor overall survival in BC patients.
CircATP2C1 is more resistant to RNase R exonuclease and Actinomycin D than is the linear mRNA of ATP2C1.
CircATP2C1-knockdown inhibited the viability, colony proliferation and invasion abilities, while increasing the apop-
tosis rates of BC cells in vitro, as well as inhibiting tumor mass, size and weight in vivo. Upregulation of miR-432
and miR-335 inhibited CCND1 expression in BC cells. Both miR-432/miR-335 specifically bind to the 3’-UTR of
circATP2C1 and CCND1 (CyclinD1). The inhibition of the aggression of BC cells by circATP2C1-knockdown was res-
cued by co-transfection of miR-432/miR-335 inhibitors. In conclusion, circATP2C1 promotes BC oncogenesis and
metastasis by sponging miR-432/miR-335 to abolish the inhibition of the target gene, CCND1. This study suggests

that circATP2C1 has implications for BC diagnosis and treatment.
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Introduction

Breast cancer (BC) ranks first among diagnosed
malignancies and second in principal malignan-
cy-related death in females worldwide, account-
ing for around 30% of diagnosed cases and
15% of mortality-to-incidence. Approximately
10% of BC patients are associated with genetic
susceptibility or family history [1-3]. Early diag-
nosis and target therapies could be promising
strategies to improve the survival rate of BC
patients. For instance, some molecules have
been identified as the markers of early diagno-
sis to improve the efficacy of treatment [3].
However, a large fraction of BC patients is still
suffering from the recurrence and metastasis
of tumors and drug resistance. Therefore, it is
urgently required to discover novel biomar-
kers and elucidate potential molecular me-
chanisms.

Circular RNAs (circRNAs) represent a novel clus-
ter of single-stranded endogenous non-coding
RNAs (ncRNAs), which could be used as poten-
tial novel biomarkers for disease diagnosis and
target therapies [4-6]. Increasing evidence
reports that circRNAs are commonly expressed
in human tissues, mainly serving as competing
endogenous RNAs (ceRNAs) by sponging
microRNAs (miRNAs) [7-12]. For example, cir-
cFOXK2 facilitates the oncogenesis of BC via
the IGF2BP3/miR-370 axis [13]. CircTADA2As
suppresses BC progression and metastasis by
targeting the miR-203a-3p/S0OCS3 axis [14].
Besides, circRNA DDX21 acts as a prognostic
factor and sponges the miR-1264/QKI axis to
suppress the progression of triple-negative
breast cancer (TNBC) [15]. Downregulation of
circATP2C1 inhibits endometrial cancer by
modulating miR-298/CTNND1 signaling [16].
However, the function and associated molecu-
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lar mechanisms of circATP2C1 in BC carcino-
genesis and development have not been
reported.

CircRNAs typically sponge miRNA regulate the
expression of downstream target genes [7-9,
12, 17, 18], thereby modulating carcinogenesis
and malignancy progression [5, 11, 19, 20]. For
example, circ-TRIO promotes TNBC progression
by regulating the miR-432-5p/CCDC58 axis
[24]. Circ_0008039 promotes BC cell prolifera-
tion and migration by regulating the miR-432-
5p/E2F3 axis [22]. Circular RNA 0007255 regu-
lates BC progression through the miR-335-5p/
SIX2 axis [23]. However, the function of miR-
432-5p and miR-335 in BC progression has not
been reported.

CCND1 belongs to the cyclin family, which is
highly conserved and is characterized by peri-
odic protein abundance throughout cell cycles
[24]. CCND1 has been implicated in cancer pro-
gression. For example, AURKB promotes gas-
tric cancer progression by increasing CCND1
expression [25]. CCND1 silencing suppresses
the differentiation of liver cancer stem cells
and overcomes the resistance to 5-Fluorouracil
in hepatocellular carcinoma [26]. FGFR1 regu-
lates the proliferation and metastasis of lung
cancer by targeting CCND1 [27]. Reportedly
CCND1 contributes to the malignant behavior
of BC cells in vitro and in vivo. For instance,
CCND1 expression was regulated by miR-374b
to inhibit BC progression [28]. CircPSMA1 facili-
tates tumorigenesis, metastasis, and migration
in TNBC through the miR-637/Akt1/B3-catenin
CCND1 axis [29]. However, how circRNAs regu-
late CCND1 expression in BC is unknown.

This study aimed to explore the biological func-
tions of circATP2C1 in BC carcinogenesis and
development, thus providing novel biomarkers
to improve the survival rate of patients with BC
in future clinical practices.

Materials and methods
Reagents

Dulbecco’s modified Eagle medium (DMEM),
RNase®, and fetal bovine serum (FBS) were
obtained from Sigma-Aldrich Inc. (St. Louis,
USA). Bestar qPCR RT kit and Bestar qPCR
MasterMix kit were provided by DBI Bioscience
Inc. (Beijing, China). The regents of RNA immu-
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noprecipitation and RNA-binding protein immu-
noprecipitation were purchased from Millipore
(Burlington, MA, USA). CCK-8 assay kit was pro-
vided by Dojindo Corp (Kyushu, Japan). RIPA
Cell Lysis Buffer and PMSF were bought from
Beyotime Biotechnology (Nanjing, China). Dual-
luciferase reporter assay reagents and pmir-
GLO dual luciferase reporter plasmid were pro-
vided by Promega Inc. (Shanghai, China).
Annexin V-FITC apoptosis kit was bought from
Sizhengbai (Beijing, China). Antibodies against
CCND1 (Cat #MA5-16356) and GAPDH (Cat
#MA1-16757), Pierce™ Magnetic RNA-Protein
Pull-Down Kit, RNAiMax, and Lipofectamine
3000 with Plus Reagent were bought from
Thermo Fisher Scientific Inc. (Waltham, USA).

Patient tissue collection and ethics

The cancerous tissues and adjoining normal
tissues were dissected from 60 BC patients
during surgical treatment at Affiliated Hospital
of lJiaxing University (the First Hospital of
Jiaxing). No chemotherapies or radiotherapies
had been performed on these patients before
surgery. Tissue specimens were immediately
frozen in liquid nitrogen and stored at -80°C
before use.

Current study was approved by the Ethics
Committee of Affiliated Hospital of Jiaxing
University (the First Hospital of Jiaxing) and per-
formed following the 2013 revised Declaration
of Helsinki. Each participant provided written
informed consent.

Cells and cultures

The human BC cells (MDA-MB-453, MDA-MB-
231, BT-549, and SUM-159) and the human
mammary epithelial cells (MCF-10A) were
bought from the Cell Bank of Chinese Academy
of Sciences (Shanghai, China) and were main-
tained in Dulbecco’s Modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum
(FBS) at 37°C under 5% CO, atmosphere in a
humidified incubator.

Cell transfection

Small interfering RNA (siRNA) of circATP2C1
(si-circATP2C1), miR-432/miR-335 mimics,
miR-432/miR-335 inhibitors, CCND1 overex-
pression plasmid (CCND1), and respective neg-
ative controls were provided by Shanghai
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GenePharma Co., Ltd. (Shanghai, China). Cell
transfection was performed using RNAiMax
and Lipofectamine 3000 with Plus Reagent.

RNA stability examination

The stability of linear ATP2C1 mRNA and circAT-
P2C1 were compared by quantifying the RNA
levels using RT-qPCR after treatment with 2 ug/
mL of actinomycin D for O, 6, 12, and 24 h, or 5
U/ug RNase® for 20 minutes at 37°C.

RNA extraction and RT-qPCR assay

Cellular RNAs were extracted from BC tissues
and cells by TRIzol. Bestar gPCRRT kit was used
to synthesize cDNAs. RT-gPCR assay was per-
formed on a 7500 Fast Real-Time PCR system
(Applied Biosystems, USA). GAPDH (for circRNA
and mRNA) and U6 (for miRNA) were adopted
as the endogenous reference genes. Relative
RNA expression was calculated with the com-
parative threshold cycle (222°) method [30].

Human circRNA microarray data collection
and processing

The expression profiles of circRNAs in five
pairs of BC and adjoining non-tumor breast
tissues in the GEO database (accession num-
ber: GSE182471) (https://www.ncbi.nIm.nih.
gov/geo) were determined by the platform of
074301 Arraystar Human CircRNA Microarray
V2. Significantly differentially expressed cir-
cRNAs (DEcircRNAs) were then screened by
using the limma package in the R software with
a cut-off criterion of |logFC (foldchange)| > 1, P
< 0.05.

Prediction of potential binding targets

The potential binding targets of circRNAs and
mMiRNAs were predicted using online tools.
Circular RNA interactome (https://circinterac-
tome.nia.nih.gov/) was applied to predict the
miRNAs bound by circATP2C1. Targetscan
(http://www.targetscan.org/) was used to pre-
dict downstream mRNAs targeted by miR-432
or miR-335.

Luciferase assay

Relative luciferase activity was evaluated by a
dual-luciferase reporter assay system. Circ-
ATP2C1 and CCND1 reporter gene as well as
the wild-type (wt) or mutant type (mut) of the 3’

3435

non-coding region (3’-UTR) of CCND1 were syn-
thesized and subcloned into the pmirGLO dual-
luciferase reporter plasmid. Then luciferase
activity was determined with a dual luciferase
assay system in cells 48 h after the transfec-
tion of the wt or mut circATP2C1 or CCND1
reporter plasmid and miR-432 or miR-335
mimics.

RNA-pulldown

Pierce™ Magnetic RNA-Protein Pull-Down Kit
was applied for the enrichment of the miRNAs
targeted by circATP2C1 following the manufac-
turer’s instructions. The enriched miRNAs were
eluted and subjected to RT-gPCR assay.

RNA immunoprecipitation (RIP) assay

The Magna RIP RNA-Binding Protein Immuno-
precipitation reagent was used for RIP assay.
Cell lysates were isolated by RIPA lysis buffer
containing protease and RNase inhibitors and
were then incubated with Argonaute-2 (AGO2)
or control immunoglobulin G (IgG)-coated
beads followed by treatment with proteinase K.
RT-gPCR was performed to determine the
abundance of immunoprecipitated RNAs.

Cell viability assay

Cells (5 x 103 cells/well) were seeded in 96-well
plates and cultured at 37°C for O, 24, 48, and
72 h. A CCK-8 assay kit was applied to check
cell viability following the manufacturer’s guide-
lines. A microplate reader was used to read the
optional density (OD) value at 450 nm.

Colony proliferation ability assay

The proliferation ability of BC cells was evalu-
ated by seeding the cells in a 6-well plate (3000
cells/well) and routinely cultured for two weeks.
The colonies were photographed and counted
under a microscope after fix in 4% paraformal-
dehyde and staining with crystal violet.

Apoptosis assay

The apoptosis rate was detected by the annex-
in V-FITC apoptosis kit following the manufac-
ture’s guideline. After double staining with PI
and Annexin V-FITC, the apoptosis rate was
analyzed using a FACScan flow cytometer (BD
Biosciences, San Jose, USA).
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Transwell cell invasion assay

The cell invasion ability was determined using a
24-well Transwell (Corning Costar, Tewksbury,
USA). In brief, 500 yL of medium containing
10% FBS was added in the lower well, and 2 x
105 cells in 300 uL of serum-free medium were
applied to the removable chamber of the
Transwell. After 24 h of cell culturing, the cells
that migrated to the opposite side of the remov-
able chamber were fixed in 4% paraformalde-
hyde and stained with crystal violet for counting
and imaging under a microscope.

Western blot assay

Protein expression levels were determined by
Western blot assay. Total proteins were isolat-
ed by the RIPA buffer containing 10% PMSF
followed by separation by 8% sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). The separated proteins were then
blotted to a PVDF membrane followed by block-
ing in 5% non-fat milk and incubation with the
primary antibodies against CCND1 and GAPDH.
Finally, the blot was developed with chemilumi-
nescent substrates and photographed by the
ChemiDoc Touch Imaging System (Bio-Rad,
Hercules, USA).

Nude mouse model for tumor formation evalu-
ation

Twelve 4-week-old female BALB/c nude mice
were bought from Shanghai SLAC Laboratory
Animal Co., Ltd. (Shanghai, China) and were
assigned to two groups (n = 6): (1) si-NC group
injected with MDA-MB-231 cells; (2) si-circAT-
P2C1 injected with MDA-MB-231 cells with cir-
cATP2C1 knockdown. Each experiment was
conducted following the ethical rules for animal
experiments in a pathogen-free laboratory in
the animal center of Affiliated Hospital of
Jiaxing University (the First Hospital of Jiaxing).
1 x 10° MDA-MB-231 cells in 100 L of culture
medium were injected subcutaneously into the
right flank of each mouse. The tumor sizes were
routinely measured once a week for 5 weeks,
and the tumors were dissected from the model
mice that were sacrificed by anesthesia and
cervical dislocation. Finally, the tumors were
photographed and weighed.

Statistical analysis

Data were reported as mean + standard devia-
tion. Statistical analyses were performed in
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SPSS 23.0 (SPSS Inc., Chicago, IL, USA). One-
way ANOVA was used to detect significance
among multiple groups, and two-tailed
Student’s t test was used for two-groups.
Kaplan-Meier curves were plotted to compare
the overall survival rate of patients. P < 0.05
was statistically different.

Results

The circATP2C1 expression is up-regulated in
BC cells and tissues

To investigate the circRNAs involved in BC
progression, we analyzed the GSE182471 data-
set from the GEO database to detect the
differentially expressed circRNAs (DEcircRNAs)
between cancerous and paracancerous tissues
of 5 BC patients using the R language limma
package. The analysis identified 119 circRNAs
that were down-regulated and 372 circRNAs
that were up-regulated in BC tissues (Figure
1A, 1B). CircATP2C1 (has_circ_0005797),
which is derived from the exons 2-7 of APT2C1
(Figure 1C), was identified to be a significantly
up-regulated circRNA in BC tissues (Figure 1B).
This upregulation was validated by the higher
expression level of circATP2C1 in cancerous tis-
sues than in the normal tissues of 60 BC
patients (Figure 1D). Furthermore, the associa-
tion between the circATP2C1 expression with
the clinical outcome of BC patients was
explored by the Kaplan-Meier method. The
results displayed that the patients exhibiting
higher circATP2C1 expression showed signifi-
cantly shorter overall survival time (Figure 1E),
which suggested that the high circATP2C1
expression resulted in the poor prognosis of
BC patients. Moreover, circATP2C1 expression
levels in the BC cell lines (MDA-MB-453, MDA-
MB-231, BT-549, and SUM-159) were signifi-
cantly higher than in the human normal breast
epithelial cell line, MCF-10A (Figure 1F).

To confirm the circular nature of circATP2C1,
both circATP2C1 and the linear mRNA of
ATP2C1 were treated with RNase R exonucle-
ase and Actinomycin D in MDA-MB-231 cells.
The data showed that the circATP2C1 level was
not significantly affected, whereas the linear
mRNA level was dramatically decreased after
treatment with RNase R exonuclease (Figure
1G) and Actinomycin D (Figure 1H). This result
indicated that the circATP2C1 is more resistant
to RNase R exonuclease and Actinomycin D
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Figure 1. CircATP2C1 expression is upregulated in breast cancer tissues. (A, B) CircRNA expression was compared
between 5 pairs of cancerous and paracancerous normal tissues from BC patients in the GEO database GSE182471
by the R language limma package. (A) Volcano and (B) Heatmap of the differently expressed circRNAs (DEcircRNAs).
(C) CircATP2C1 is formed by the reverse splicing of the exons 2-7 of the host gene APT2C1. (D) RT-qPCR verified
circATP2C1 expression in the cancerous and paracancerous tissues of 60 BC patients. (E) Kaplan-Meier analysis
of the association of circATP2C1 expression with the overall survival time of patients. (F) RT-gPCR determined cir-
CcATP2C1 expression in the BC cells (MDA-MB-453, MDA-MB-231, BT-549, SUM-159) and the human normal breast
epithelial cells (MCF-10A). The levels of ATP2C1 linear mRNA and circATP2C1 were detected by RT-qPCR in total RNA
extracted from MDA-MB-231 cells (G) treated with RNase R at 37 °C for 30 minutes, and (H) treated with Actinomy-

cin D for O, 6,12, and 24 h. **P < 0.01.

than the linear mRNA, thereby confirming the
circular structure of circATP2C1.

Together, the data suggest that circATP2C1
coregulation is significantly related to tumori-
genesis and poor prognosis of BC patients.
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Knockdown of circATP2C1 inhibits BC progres-
sion

To unravel the function of circATP2C1 in BC pro-
gression, circATP2C1 was knocked down in
MDA-MB-231 and BT-549 cells by two specific
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Figure 2. Knockdown of circATP2C1 inhibits BC progression. (A) RT-gPCR analysis confirmed that circATP2C1 was
effectively silenced by si-circATP2C1 in the MDA-MB-231 and BT-549 cells. (B, C) Effect of circATP2C1-knockdown
on the growth of MDA-MB-231 and BT-549 cells, (B) the viability assessed by CCK8 assay and (C) the colony prolif-
eration determined by colony formation assay. (D) Effect of circATP2C1-knockdown on the invasion ability of MDA-
MB-231 and BT-549 cells evaluated by Transwell with Matrigel. (E) Effect of circATP2C1-knockdown on the apopto-
sis of MDA-MB-231 and BT-549 cells evaluated by Flow cytometer.

si-CircATP2C1 (si-circ#1 and si-circ#2). RT-gPCR
showed that both si-circ#1 and si-circ#2 effec-
tively knocked down circATP2C1 expression by
more than 50% (Figure 2A). Next, the effect of
circATP2C1-knockdown on cell growth was
determined. CCK-8 assay discovered that cir-
cATP2C1-knockdown significantly reduced the
viability of MDA-MB-231 and BT-549 cells
(Figure 2B). Furthermore, colony formation test
showed that circATP2C1-knockdown signifi-
cantly reduced the proliferation ability of
MDA-MB-231 and BT-549 cells (Figure 2C).
Moreover, transwell test by Matrigel revealed
that circATP2C1-knockdown significantly redu-
ced the invasion ability of the two cell lines
(Figure 2D). On the other hand, flow cytometer
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test showed that circATP2C1-knockdown sig-
nificantly increased the apoptosis rates of the
two cell lines (Figure 2E). The evidence indi-
cates that circATP2C1-knockdown significantly
inhibits the oncogenesis and progression of BC
cells in vitro.

CircATP2C1 sponges miR-432 and miR-335 in
BC cells

To identify the miRNAs targeted by circATP2C1,
the circular RNA interactome (https://circinter-
actome.nia.nih.gov/) was used to predict the
miRNAs that might specifically bind to circAT-
P2C1 (Figure 3A). Then the specific bindings of
CircATP2C1 to each of the predicted miRNAs

Am J Cancer Res 2023;13(8):3433-3448
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Figure 3. CircATP2C1 acts as a sponge of miR-432 and miR-335. A. miRNA binding sequences in circATP2C1 pre-
dicted by the circular RNA interactome (https://circinteractome.nia.nih.gov/). B. miRNA enrichment was deter-
mined by RT-gPCR after pulldown with nucleic acid probes of circATP2C1 in MDA-MB-231 and TB-549 cells. C, D.
Dual-luciferase reporter assay in the MDA-MB-231 and BT-549 cells co-transfected with circATP2C1 wild-type (wt)
or mutated reporter (mut) and miR-432/miR-335 mimics (miR-432/miR-335). E. Effect of circATP2C1-knockdown
on the expressions of miR-432 and miR-335 in MDA-MB-231 and TB-549 cells. F. Expressions of miR-432 and miR-
335 in the cancerous and paracancerous tissues of the 60 BC patients. **P < 0.01.

were verified by pulldown experiments in MDA-
MB-231 and TB-549 cells. RT-gPCR found that
the circRNA probe effectively enriched both
miR-432 and miR-335 (Figure 3B). Further-
more, dual-luciferase reporter test revealed
that luciferase activity in the wt group trans-
fected with wild-type circATP2C1 reporter gene
and the mimics of miR-432 or miR-335 was sig-
nificantly decreased (Figure 3C and 3D), while
was not when the miRNA binding site in circAT-

3439

P2C = was mutated (Figure 3C and 3D).
Moreover, the interaction between circATP2C1
and miR-432/miR-335 was examined by deter-
mining MiR-432/miR-335 expression levels in
BC cells (Figure 3E) with or without circATP2C1-
knockdown, as well as in the cancerous and
paracancerous tissues of 60 BC patients
(Figure 3F). The data revealed that both miR-
432 and miR-335 were significantly up-regulat-
ed when circATP2C1 was knocked down in

Am J Cancer Res 2023;13(8):3433-3448
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MDA-MB-231 and BT-549 cells (Figure 3E).
Both miR-432 and miR-335 were statistically
significantly down-regulated in cancerous tis-
sues compared to the paired paracancerous
normal tissues (Figure 3D). Together, these
findings suggest that both miR-432 and miR-
335 are targeted bycircATP2C1.

CCND1 (CyclinD1) is a target of miR-432 and
miR-335 in BC cells

Having demonstrated that miR-432 and miR-
335 are targets ofcircATP2C1, we set out to
identify the target gene of these two miRNAs.
We used TargetScan (http://www.targetscan.
org/) to predict the genes containing potential
binding sites of miR-432 or miR-335 and found
prospective binding sites in the 3’'UTR of CCND1
(Figure 4A). Next, the dual-luciferase reporter
test showed that luciferase activity in MDA-
MB-231 and BT-549 cells that were transfected
with wild-type (wt) CCND1 reporter gene and
either of miR-432 and miR-335 was significant-
ly inhibited, but was not when the predicted
binding sites in the 3'UTR of CCND1 were
mutated (Figure 4A and 4B). Furthermore, the
AGO2 immunoprecipitation assay showed that
the captured miR-335 and miR-432 were
enriched in the CCND1 fraction rather than the
IgG fraction (Figure 4C). Moreover, the mRNA
and protein levels of CCND1 in MDA-MB-231
and BT-549 cells were significantly downregu-
lated when miR-432 or miR-335 was overex-
pressed, while increased when miR-432 or
miR-335 was knocked down (Figure 4D and
4E). Consistently, CCND1 was significantly up-
regulated at both mRNA (Figure 4F) and protein
(Figure 4G) levels in the cancerous tissues rela-
tive to the paired adjoining normal tissues of 60
BC patients. Taken together, our data suggest
that CCND1 is a target of both miR-432 and
miR-335 in BC cells.

CircATP2C1 promotes BC development by reg-
ulating the miR-432/miR-335/CCND1 axis

To further investigate whether circATP2C1 pro-
motes BC progression via regulating the miR-
432/miR-335/CCND1 signaling, we first detect-
ed CCND1 expression by RT-gPCR and Western
blot assays in MDA-MB-231 and BT-549 cells
that were transfected with siRNAs of circ
ATP2C1 plusmiR-432/miR-335 inhibitors. The
results showed that the mRNA and protein lev-
els of CCND1 were significantly downregulated
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in MDA-MB-231 and BT-549 cells in which cir-
CATP2C1 was knocked down. The downregula-
tion of CCND1 was fully restored by co-transfec-
tion of the inhibitor of either miR-432 or
miR-335 (Figure 5A and 5B). Furthermore, the
colony formation and Transwell tests showed
that the proliferation (Figure 5C) and invasion
(Figure 5D) ability of MDA-MB-231 and BT-549
cells were significantly inhibited by circATP2C1-
knockdown, which was almost fully rescued by
co-transfection of either miR-432 inhibitor or
miR-335 inhibitor (Figure 5C and 5D).
Meanwhile, the flow cytometer found that the
apoptosis rate (Figure 5E) and the cells that
were arrested at GO/G1 phase (Figure 5F) were
significantly increased after circATP2C1-knock-
down, which was almost fully rescued by co-
transfection of either miR-432 inhibitor or miR-
335 inhibitor (Figure 5E and 5F). These findings
suggest that circATP2C1 upregulates CCND1
level by sponging miR-432 and miR-335 in BC
cells.

To validate the promoting role of circATP2C1 in
BC development in vivo, we subcutaneously
injected si-NC- or si-circATP2C1-transfected
MDA-MB-231cells into the nude mice. We
found that circATP2C1-knockdown significantly
repressed the tumor formation of MDA-MB-231
cells in vivo, as evidenced by significantly
reduced tumor masses (Figure 6A), tumor sizes
(Figure 6B), and tumor weights (Figure 6C).
Moreover, western blot was performed to
detect the apoptosis, invasion, and prolifera-
tion markers in cancer tissues (Figure 6D). The
results indicated that down-regulation of
decreased BCL2 expression, while increasing
the expression of Bax and caspase 9 signifi-
cantly. In addition, the expression of the epithe-
lial marker, E-cadherin, was increased signifi-
cantly, but the expressions of the mesenchymal
markers, N-cadherin and Snail, as well as the
proliferate-related markers, PCNA and MMP9,
were decreased dramatically when circATP2C1
was knocked down in cancer tissues. Together,
these results indicated that circATP2C1-knock-
down inhibited cell proliferation and invasion
while promoting apoptosis in vivo.

Based on the results we described above, the
molecular mechanism by which circATP2C1
regulates BC development was depicted in
Figure 7.

Am J Cancer Res 2023;13(8):3433-3448



Relative enrichment

Relative CCND1 level

Breast cancer progression is associated with circATP2C1

PKG p Luc2

B 15- MDA-MB-231
Poly (A) : = miR-NC
= miR-432
hRluc 1.0 = miR-335
P * H
=
S
m %% e
QQ
w
[ 0-
o wt  mut! mut2 mutboth
o
=
S 159 BT-549 = miR-NC
-% = miR-432
K} = MiR-335
©

wt  mut! mut2 mutboth

MDA-MB-231 BT-549 D
15- -Ant.' IgG 10- —Antf 1gG C MDA-MB-231  »= BT-549 -
mm Anti Ago2 == Anti Ago2 ** o ** o
» 6 [ 6 [
w87 8
10 *k Q.
0 *k 6 ok 6 4 -| 4
s 2
B . O *x
s O 21 21
27 2
0 L 0 0
2 N D = D ¢ O . [y
P IO N LN\ e R I e
3 & © & & C B A e Y & A e e
2\ o RS S “;’5{2',?56“\ AR \3\’“ (‘;‘,5’1,,‘2\56‘“ A \3“
MDA-MB-231 .
I
CCND1 w = s -. Q = MiR-NC
<
Q = 432 mimics
GAPDH RSP aS b en el -
% W 335 mimics
CCND1 el 5 == Inh-NC
- —-——_—— =432
o
GAPDH PGB SPGB en - - nh.335
. - S fL 6
@ @ (@B NG B o
«\\?‘b‘q;z,‘“\,bgo“‘\ AN e MDA-MB-231 BT-549
8 — G 5 081
<
6- o O 0.6
CCND1 - - 2,
47 <
GAPDH W P A e oo
2 a
z ot ?
S EFEEE
0- F§SESES
Tumor  Normal T RERLER
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Figure 5. CircATP2C1 promotes BC cell progression via miR-432/miR-335/CCND1 signaling axis. (A) RT-gPCR and (B) Western blot determined CCND1 expression
levels in MDA-MB-231 and BT-549 cells after circATP2C1-knockdown with or without co-transfection of miR-432 or miR-335 inhibitor (inh-432 or inh-335). (C) Colony
proliferation ability by colony formation assay, (D) Invasion ability assessed by Transwell with Matrigel, (E) Apoptosis rate determined by Flow cytometer and (F) cell
cycle detected by Flow cytometer of MDA-MB-231 and BT-549 cells after circATP2C1-knockdown with or without co-transfection of miR-432 or miR-335 inhibitor
(inh-432 or inh-335). **P < 0.01.
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Figure 6. CircATP2C1 promotes BC cell progression in vivo. (A) Tumor mass, (B) tumor size, and (C) tumor weight
in xenograft mouse model injected with MDA-MB-231 cells with or without circATP2C1-knockdown. (D) Expression
of apoptosis, invasion, and proliferation markers in BC cancer tissue sections was detected by Western blot after

circATP2C1-knockdown. **P < 0.01.

Discussion

BC is the most frequently diagnosed malignan-
cy in the world. The most updated statistics of
global cancer burden estimated 2.26 million
BC cases in 2020 [2, 3, 31]. Burgeoning evi-
dence shows that dysregulation of circRNAs is
closely associated with the apoptosis, prolifer-
ation, cell cycle arrest, invasion, and migration
of cancer cells, thus playing key roles in the car-
cinogenesis, development, and recurrence of
cancers [4, 5, 32]. Therefore, circRNAs are
thought to be excellent biomarkers for diagno-
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ses and the evaluation of prognosis and drug
resistance in BC [4-7, 32]. Therefore, under-
standing how circRNAs regulate BC progression
would be a promising approach to benefit the
prognosis of BC patients.

Here, using the limma package in the R soft-
ware to analyze the GSE182471 dataset, cir-
CATP2C1 was found to be up-regulated in BC
tissues. This upregulation was confirmed in 60
BC patients and four different BC cell lines.
Furthermore, the Kaplan-Meier plot identified
that patients exhibiting higher circATP2C1
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expressions had significantly shorter overall
survival time, suggesting a significant associa-
tion of circATP2C1 expression with the progno-
sis of BC patients.

Downregulation of circATP2C suppressed the
viability, colony proliferation, and invasion of BC
cells, induced cell cycle arrest and apoptosis,
and inhibited BC growth in vivo. These results
indicate that circATP2C1 acts as an oncogenet-
ic factor in BC carcinogenesis, development,
and metastasis, which potentiate circATP2C1
as a novel biomarker for early diagnosis and a
therapeutic target for BC treatment.

As one class of ncRNAs, miRNAs regulate gene

expression levels via binding to the 3'UTR of
target genes [33-37]. It is well known that
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abnormal miRNA expressions can
cause cancer and other diseases
[37-41]. Here, using bioinformat-
ics prediction, dual-luciferase re-
porter assay, and anti-AGO2 RIP,
we demonstrated the circATP2C1
targeted miR-432 and miR-335
and inhibited their expressions.

It has been reported that both
miR-432-5p and miR-335 are
human cancer inhibitors [23, 33,
42-44]. For instance, downregula-
tion of miR-432-5p by DRAIC en-
hanced BC growth [41]. Similarly,
miR-432-5p was sponged by circ-
ZNF609, which upregulated LRR-
C1 expression and ultimately pro-
moted [45]. LINCO1783 promoted
the growth and metastasis of
non-small cell lung cancer via
sponging miR-432-5p [46], and
circ-TRIO facilitated TNBC devel-
opment via regulating the miR-
s 432-5p/CCDC58 pathway [21].
Moreover, LINCO1087 facilitated
BC metastasis by sponging miR-
335-5p [47], and miR-335-5p pre-
vents uterine leiomyoma develop-
ment via targeting ARGLU1 [48].
Circ_103973 promoted cell prolif-
eration in cervical cancer by
sponging miR-335 [49]. In this
study, we validated that miR-432
and miR-335 were significantly
down-regulated in the cancerous
tissues compared to the paired paracancerous
normal tissues. Rescue experiments confirmed
the direct binding between circATP2C1 and the
two miRNAs, miR-432-5p and miR-335. These
findings indicate that circATP2C1 acts as an
oncogene in BC patients and functions by
sponging miR-432 and miR-335.

CCND1 is a critical regulator of the cell cycle
and oncogenesis of various cancers, including
BC. Upregulation of CCND1 promoted BC pro-
gression and is associated with the poor clini-
cal outcome, BC [50], and miR-93-5p regulates
oncogenesis and cancer immunity by targeting
PD-L1/CCND1 in BC [51]. The ceRNA hypothe-
sis posits that circRNAs competitively bind to
miRNAs to regulate the expression of down-
stream target genes. In the present study, bio-
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informatics analyses combined with the dual-
luciferase reporter assay, anti-AGO2 RIP and
rescue tests showed that CCND1 was targeted
by miR-432 and miR-335. CCND1 expression
in MDA-MB-231 and BT-549 cells was signifi-
cantly inhibited when miR-432 or miR-335
was overexpressed but was increased when
either of the two miRNAs was knocked down.
Moreover, CCND1 expression in MDA-MB-231
and BT-549 cells was downregulated by circAT-
P2C1-knockdown, which was almost fully
restored by co-transfection of either miR-432
inhibitor or miR-335 inhibitor. These findings
were validated by checking the colony forma-
tion ability, invasion ability, apoptosis rates and
cell cycle arrest in MDA-MB-231 and BT-549
cells. Taken together, our evidence demon-
strates that circATP2C1 acts as a ceRNA to
sponge both miR-432 and miR-335 to upregu-
late CCNDZ1 expression, thus promoting BC
development.

In conclusion, our current work highlighted the
prominence of the circATP2C1/miR-432/miR-
335/CCND1 axis in BC progression. Therefore,
suppressing circATP2C1 expression in BC cells
would be a strategy for treating BC.
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