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Abstract
Background: Breast cancer is widespread in females. The role of circular RNA
(circRNA) in breast cancer has aroused much attention. However, the function of sev-
eral circRNAs remain unclear. The aim of our study was to determine the role of
circ_0001955 in breast cancer.
Methods: Quantitative real-time PCR (qPCR) and western blot was employed for
expression analysis of circ_0001955, miR-1299 and glucose transporter 1 (GLUT1).
Cell functions including proliferation, apoptosis, migration, invasion and angiogenesis,
were assessed using EdU, flow cytometry, transwell and tube formation assays. Glycol-
ysis metabolism was assessed according to glucose consumption, lactate production
and ATP content. Dual-luciferase reporter assay and RIP assay were utilized to vali-
date the binding between miR-1299 and circ_0001955 or GLUT1. The effects of
circ_0001955 in vivo were observed by animal study.
Results: Upregulation of circ_0001955 was detected in breast cancer. Knockdown of
circ_0001955 inhibited breast cancer cell proliferation, migration, invasion, angiogenesis
and glycolysis. MiR-1299 was a target of circ_0001955, and its repression reversed the
effects of circ_0001955 knockdown. Moreover, circ_0001955 targeted miR-1299 to posi-
tively regulate GLUT1 expression. GLUT1 overexpression reversed the effects of miR-
1299 enrichment. GLUT1 knockdown was verified to block tumor growth in vivo.
Conclusions: Circ_0001955 was found to promote breast cancer malignant develop-
ment via targeting of the miR-1299/GLUT1 pathway, which contributes to our under-
standing of the pathogenesis of breast cancer.
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INTRODUCTION

Female breast cancer is the most common cancer in women,
and a total of 2.3 million new cases were diagnosed in 2020.1

The incidence rate of breast cancer is rapidly increasing, lead-
ing to a low survival rate.1 The pathogenesis of breast cancer is
complex, with poor therapeutic outcomes due to disease het-
erogeneity, therapeutic target variety, therapeutic resistance,
metastasis and recurrence.2 The understanding of breast cancer
biology reports that molecular anomaly, such as the deregula-
tion of oncogenes, tumor suppressor genes and oncogenic sig-
naling pathways, is closely related to the development of

cancer.3–5 Therefore, the study of dysregulated molecules in
breast cancer may be conducive to the understanding of molec-
ular anomaly in cancer development.

Circular RNAs (circRNAs) are a class of non-coding
RNA molecules characterized by closed-loop structures.
These special RNAs widely exist in mammals and take part
in various cancer-related cellular processes, such as prolifer-
ation, angiogenesis, metastasis, drug resistance and energy
metabolism.6,7 Relative to linear transcripts, circRNAs har-
bor no free 50 and 30 terminals in structure and thus have
higher stability,8 which make circRNAs more advantageous
as biomarkers. CircRNAs that function as oncogenes or
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tumor suppressor genes have been widely revealed in breast
cancer. For example, circKIF4A has been found to be
upregulated in breast cancer, and its absence repressed can-
cer cell proliferation and migration.9 In contrast,
circ_0025202 has been reported to be downregulated in
breast cancer, and circ_0025202 overexpression blocked
cancer cell proliferation, migration and drug-resistance.10

Various circRNAs exert different functional pattern in can-
cer development, and the study of these oncogenic drivers
or tumor suppressors provides a basis for targeted therapies.
CircRNA sequencing profile identifies a large number of cir-
cRNAs that are differently expressed in breast cancer. How-
ever, the function of numerous circRNAs in this disorder
remain unknown. Here, we analyzed circRNA microarray
from the public GEO database and identified the
upregulation of circ_0001955 in breast tumor tissues in the
GSE101123 dataset, which implies the involvement of
circ_0001955 in breast cancer. However, the detailed func-
tions of circ_0001955 have not yet been fully explored.

CircRNAs attract a great deal of research attention because
they may contribute to gene regulation through a variety of
roles, including functioning as an miRNA sponge, interacting
with RNA-binding proteins, regulation of transcription and
splicing, and protein translation.11 Importantly, circRNAs func-
tion as an miRNA sponge to decoy miRNA and correspond-
ingly regulate the expression of downstream genes.12 For
instance, circ_0025202 acted as miR-182-5p sponge to further
modulate the expression and activity of FOXO3a.10 With the
application of circRNA-specific bioinformatics databases,13,14

miRNAs potentially targeted by certain circRNA are easily
predicted. Thereupon, miR-1299 was predicted to be a target
of circ_0001955, and miR-1299 bound to glucose transporter
1 (GLUT1) 30UTR to suppress GLUT1 expression. However,
the relationship between circ_0001955, miR-1299 and GLUT1
has not yet been clarified. It is therefore of significance to inves-
tigate whether miR-1299 and GLUT1 are involved in
circ_0001955 regulatory networks.

The present study investigated the functions of
circ_0001955 in breast cancer cell malignant behaviors and
in animal models. In addition, we addressed the interaction
between miR-1299 and circ_0001955 or GLUT1 in cancer
progression, so as to provide a new mechanism regarding
the function of circ_0001955 in breast cancer.

METHODS

Clinical tissues

All tissues, including cancer tissues (n = 51) and adjacent
normal tissues (n = 51), were excised from patients with
breast cancer who underwent surgery at The Central Hospi-
tal of Enshi Tujia and Miao Autonomous Prefecture. None
of the patients had previously undergone chemotherapy or
radiotherapy. All patients had signed their written informed
consent. Tissues excised from bodies were treated with liq-
uid nitrogen and stored at �80�C freezer. All procedures

were approved by the Ethics Committee of The Central
Hospital of Enshi Tujia and Miao Autonomous Prefecture.

Cell lines and cell culture

MDA-MB-453, SKBR3 and MCF-10A cells were all obtained
from TongPai Biotechnology (Shanghai, China) and cul-
tured in Leibovitz-15 (with 10% FBS), McCoy’s 5A (with
10% FBS) and DMEM (with 10% FBS), respectively. A tem-
perature incubator (37�C) supplemented with 5% CO2 was
used to culture the cells.

Quantitative real-time PCR (qPCR)

Total RNA was isolated from samples with the use of a Tri-
zol reagent (Sigma-Aldrich). Afterwards, reverse transcrip-
tion was implemented according to the instructions from a
PrimeScript RT reagent Kit (Takara) or miRcute Plus
miRNA First-Strand cDNA Kit (TianGen), followed by
qPCR amplification using a SYBR Premix Ex Taq (Takara).
Herein, we adopted β-actin or U6 to normalize the data.
Relative expression was processed by 2�44Ct method.
Primer sequences are listed in Table 1.

RNase R treatment

Total RNA was isolated, exposed to RNase R (BioVision) for
30 min at 37�C and the treated RNA was then subjected
to qPCR.

TAB L E 1 Primer sequences used in this study

Name Primers for PCR (50–30)

circ_0001955

Forward ACTCGAGAAAGCCACACACA

Reverse CTCCAGCACCATGGCATTAT

CSNK1G1

Forward GGAAAGAGAGAAACCACCGC

Reverse TTGTAACCTGGTCCAGCAGT

GLUT1 (SLC2A1)

Forward GAGCAGCTACCCTGGATGTC

Reverse GGAAGCACATGCCCACAATG

miR-1299

Forward GTATGATTCTGGAATTCTGTGT

Reverse CTCAACTGGTGTCGTGGAG

β-Actin

Forward CTTCGCGGGCGACGAT

Reverse CCACATAGGAATCCTTCTGACC

U6

Forward CTCGCTTCGGCAGCACA

Reverse AACGCTTCACGAATTTGCGT
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Subcellular location assay

To determine the distribution of circ_0001955 in cytoplasm
or in nucleus, cytoplasmic RNA and nuclear RNA were sep-
arately isolated from MDA-MB-453 and SKBR3 cells using
the PARIS kit (Thermo Fisher). RNA from different frac-
tions was then subjected to qPCR.

Cell transfection

Small interference RNA (siRNA) targeting circ_0001955,
including si-circ_0001955#1 and circ_0001955#2, and mat-
ched scramble control (si-NC) were provided by Ribobio.
The mimic and inhibitor of miR-1299 (miR-1299 and in-
miR-1299) and matched negative controls (miR-con and in-
miR-con) were purchased from Ribobio. GLUT1 sequence
was cloned into pcDNA vector for GLUT1 overexpression
(GLUT1) by Tsingke. Cell transfection was implemented
with the use of lipofectamine 3000 reagent (Invitrogen).

EdU assay

As previously mentioned,15 EdU assay was performed using
the EdU incorporation proliferation assay kit (Beyotime). Cell
nucleus was stained using DAPI (Beyotime). All staining was
observed under a fluorescence microscope (Nikon).

Western blot assay

Total protein separated by 10% SDS-PAGE was transferred
onto PVDF membranes (Beyotime). Membranes were sub-
sequently exposed to 5% nonfat milk for protein blocking.
The primary antibodies, such as anti-PCNA (ab92552;
Abcam), anti-GLUT1 (ab115730) and anti-β-actin (ab8227),
were used to culture membranes overnight at 4�C. HRP-
conjugated secondary antibody (ab205718) was next used to
culture membranes for 2 h at room temperature. Finally, an
ECL kit (Beyotime) was utilized to visualize protein signals.

Wound healing assay

Cells were seeded into 24-well plates (5 � 104 cell/well) and
then maintained at 37�C overnight. At 90% of cell confluence,
cell surface was scratched with a sterile pipette tip to mimic a
wound. Photographs of wound distance were immediately
recorded using light microscopy. After culturing cells for 24 h,
wound distance was again recorded by light microscopy.

Transwell assay

Transwell chambers coated with matrigel were used for inva-
sion analysis. In brief, a total of 5 � 104 cells were collected

into serum-depleted culture medium and then supplemented
into the top of chambers. Meantime, the lower chambers were
added with matched culture medium containing 20% FBS.
Cells in chambers were induced to invade for 24 h. Subse-
quently, cells across the membrane to the lower surface of
chambers were fixed with methanol and stained with crystal
violet. Five random fields were used to count the number of
cells under a microscope (Nikon; 100� amplification).

Flow cytometry assay

At 48 h after transfection, cells were collected and adminis-
tered with an Annexin V-FITC Apoptosis Detection Kit
(Beyotime). In brief, cells were resuspended in Annexin V-
FITC binding buffer and then stained using Annexin V-
FITC and propidium iodide (PI). The apoptotic cells were
identified using a flow cytometer (Beckman Coulter).

Tube formation assay

The conditioned culture medium of MDA-MB-453 and
SKBR3 cells with various transfections was collected.
Human umbilical vein endothelial cells (HUVECs) cultured
in the conditioned culture medium were then plated into
96-well plates coated with matrigel (2 � 104 cells/well).
After incubation for 6 h, the capillary structure was observed
under a microscope (Nikon).

Glycolysis assessment

Glucose consumption, lactate production and ATP content
were investigated using glucose assay, lactate assay and ATP
assay kits, all purchased from Sigma-Aldrich. According to
the different instructions, these indexes were determined to
assess oxidative stress.

Dual-luciferase reporter assay

The potential binding site between circ_0001955 and miR-
1299 was predicted by circular RNA Interactome (https://
circinteractome.nia.nih.gov/) and circAtlas (http://circatlas.
biols.ac.cn/). Next, the wild-type (WT) and mutant-type
(MUT) sequence fragments of circ_0001955 were generated
and constructed into pmirGlO vector. Likewise, the potential
binding site between miR-1299 and GLUT1 30UTR was
predicted by microT-CDS (http://diana.imis.athena-
innovation.gr/DianaTools/index.php?r=microT_CDS/index),
and the WT and MUT sequence fragments of GLUT1 30UTR
were also generated and cloned into pmirGLO vector. The
fusion reporter vectors were respectively transfected with miR-
1299 or miR-con into MDA-MB-453 and SKBR3 cells, and cells
were cultured for 48 h. Afterwards, luciferase activity was exam-
ined using a dual-luciferase reporter assay system (Promega).
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RIP assay

Using a Magna RIP RNA-binding protein immunoprecipita-
tion kit (Emd Millipore), cell lysates were prepared. Mag-
netic beads were preincubated with anti-Ago2 or anti-IgG.
Cell lysates were incubated with bead-antibody complexes.
RNA compounds precipitated into beads were eluted and
isolated using trizol reagent. The expression of
circ_0001955, miR-1299 and GLUT1 was checked by qPCR.

Animal model

Xenograft model was established in nude mice (balb/c,
female, 6-week-old) purchased from Vital River Laboratory
Animal (Beijing, China). In brief, short-hairpin RNA
targeting circ_0001955 (sh-circ_0001955) and matched con-
trol (sh-con) were synthesized and inserted into lentiviral

vector by Geneseed. Nude mice were housed and randomly
divided into three groups (n = 6 per group) and subcutane-
ously injected with SKBR3 cells infected with lentiviral-
packaged sh-circ_0001955 or sh-con. Nude mice in the
mock group were only subcutaneously injected with SKBR3
cells. One week later, tumor volume was measured once a
week (length � width2 � 1/2). Then, 4 weeks later, the nude
mice were killed to remove tumor tissues for further analy-
sis. All animal study procedures were approved by the Ani-
mal Care and Use Committee of The Central Hospital of
Enshi Tujia and Miao Autonomous Prefecture.

Statistical analysis

The experimental data were obtained from three indepen-
dent experiments. Data processing and statistical analysis
were implemented using GraphPad Prism 5.0 (GraphPad).

F I G U R E 1 Circ_0001955 was
highly expressed in breast cancer.
(a) A GEO dataset showed that
circ_0001955 was one of the
upregulated circRNAs in breast
cancer. (b) Circ_0001955 expression
in cancer tissues and normal tissues
was detected by qPCR.
(c) Circ_0001955 expression in
MCF-10A, MDA-MB-453 and
SKBR3 cells was detected by qPCR.
(d–e) Subcellular location of
circ_0001955. (f, g) the existence of
circ_0001955 was verified using
RNase R. (h) The production of
circ_0001955 from CSNK1G1
gene. *p < 0.05

916 CHENG ET AL.



For correlation analysis, Pearson’s analysis was utilized. For
difference comparison, Student’s t-test or analysis of vari-
ance was utilized as appropriate. Data are expressed as the
mean � standard deviation, and p-values <0.05 were consid-
ered statistically significant.

RESULTS

Circ_0001955 expression upregulated in breast
cancer tissues and cells

A circRNA expression profile presented that circ_0001955
was one of the upregulated circRNAs in breast cancer tissues
(n = 8) relative to normal tissues (n = 3) (Figure 1a). We
then validated the expression of circ_0001955 in clinical
samples and cell lines. As shown in Figure 1b, c,
circ_0001955 expression was strikingly higher in cancer tis-
sues and cancer cell lines (MDA-MB-453 and SKBR3) rela-
tive to normal tissues and non-cancer cells (MCF-10A),
respectively. Circ_0001955 was principally distributed in the
cytoplasm but not in the nucleus (Figure 1d, e). The resis-
tance of circ_0001955 to RNase R confirmed the existence

of circ_0001955 (Figure 1f, g). The production of
circ_0001955 from CSNK1G1 was displayed in Figure 1h,
showing that circ_0001955 was derived from the
exon7-exon12 regions of CSNK1G1 gene.

Circ_0001955 deficiency suppressed breast
cancer cell malignant phenotypes

Two siRNA oligos targeting circ_0001955 were synthesized
to mediate circ_0001955 knockdown, and circ_0001955
expression was notably decreased in MDA-MB-453 and
SKBR3 cells with si-circ_0001955#1 or si-circ_0001955#2

transfection (Figure 2a). The transfection of si-
circ_0001955#2 resulted in a lower level of circ_0001955,
and thus cells transfected with si-circ_0001955#2 were used
in the following assays. By EdU assay, circ_0001955 knock-
down markedly reduced the number of EdU-positive cells
(Figure 2b, c), hinting that circ_0001955 knockdown
blocked cell proliferation, which was verified by the
decreased level of PCNA in si-circ_0001955#2-transfected
cells (Figure 2d, e). Wound healing and transwell assays
showed that cell migration and cell invasion were

F I G U R E 2 Circ_0001955 knockdown attenuated breast cancer cell proliferation, migration, invasion, angiogenesis and glycolysis. (a) The efficiency of
si-circ_0001955#1 and si-circ_0001955#2 was checked by qPCR. (b, c) The role of circ_0001955 on cell proliferation was assessed by EdU assay. (d, e) PCNA
expression was detected by western blot to assess cell proliferation. (f, –i) The role of circ_0001955 on cell migration and cell invasion was assessed by wound
healing and transwell assays. (j, k) The role of circ_0001955 on cell apoptosis was identified by flow cytometry assay. (l, m) The role of circ_0001955 on
angiogenesis was evaluated by tube formation assay. (n–p) The role of circ_0001955 on glycolysis metabolism was assessed by monitoring glucose
consumption, lactate production and ATP level. *p < 0.05
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considerably repressed by si-circ_0001955#2 transfection
(Figure 2f–i). Knockdown of circ_0001955 strongly pro-
moted the apoptotic rate of MDA-MB-453 and SKBR3 cells
by flow cytometry assay (Figure 2j, k). In addition,
circ_0001955 knockdown inhibited angiogenesis of MDA-
MB-453 and SKBR3 cells via tube formation assay
(Figure 2l, m). Moreover, the levels of glucose consumption,
lactate production and ATP were remarkably suppressed by
circ_0001955 knockdown in MDA-MB-453 and SKBR3 cells
(Figure 2n–p). All data supported that circ_0001955 knock-
down blocked breast cancer cell malignant development.

MiR-1299, targeted by circ_0001955,
downregulated in breast cancer

A total of 5 miRNAs targeted by circ_0001955 were com-
monly predicted by the circular RNA interactoma and cir-
cAtlas 2.0 public databases (Figure S1). We then performed a
pulldown assay and used circ_0001955 probe to enrich the
potential miRNAs. As a result, miR-1299 showed the highest
abundance compared to other miRNAs (Figure S1B, C), and
miR-1299 was thus chosen in our study. Circ_0001955

contained a special binding site with miR-1299 (Figure 3a). The
WT and MUT constructs of circ_0001955 were generated
for dual-luciferase reporter assay, showing that luciferase
activity was notably lessened in cells by miR-1299 and
circ_0001955-WT cotransfection (Figure 3b, c). In addition,
both circ_0001955 and miR-1299 could be abundantly enriched
by anti-Ago2 antibody in the RIP assay, suggesting that the
binding between circ_0001955 and miR-1299 might be medi-
ated by Ago2 (Figure 3d, e). MiR-1299 expression was strik-
ingly lower in cancer tissues relative to normal tissues
(Figure 3f), and miR-1299 expression showed negative correla-
tion with circ_0001955 expression in cancer tissues (Figure 3g).
MiR-1299 expression was also reduced in MDA-MB-453 and
SKBR3 cells relative to MCF-10A cells (Figure 3h), and its
expression was reinforced in MDA-MB-453 and SKBR3 cells
after circ_0001955 knockdown (Figure 3i).

MiR-1299 inhibition reversed the functional
role of circ_0001955 deficiency

Transfection of in-miR-1299 significantly weakened miR-
1299 expression in MDA-MB-453 and SKBR3 cells

F I G U R E 3 Circ_0001955 bound to miR-1299. (a) The predicted binding site between circ_0001955 and miR-1299. (b, c) Their binding was validated by
dual-luciferase reporter assay. (d, e) The binding between circ_0001955 and miR-1299 was validated by RIP assay. (f) MiR-1299 expression in breast cancer
tissues and normal tissues was detected by qPCR. (g) The correlation between miR-1299 expression and circ_0001955 expression in cancer tissues. (h) MiR-
1299 expression in MCF-10A, MDA-MB-453 and SKBR3 cells was detected by qPCR. (i) MiR-1299 expression in MDA-MB-453 and SKBR3 cells after
circ_0001955 knockdown was detected by qPCR. *p < 0.05
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(Figure 4a, b). Then, miR-1299 expression was notably
enhanced in cells transfected with si-circ_0001955#2,
while its expression was repressed in cells transfected
with si-circ_0001955#2 + in-miR-1299 (Figure 4c, d). In
function, the inhibitory effects of circ_0001955 knock-
down on cell proliferation, migration, invasion and
angiogenesis were all reversed by the inhibition of miR-
1299 (Figure 4e–l, o, p). In addition, si-circ_0001955#2-
induced cell apoptosis was largely alleviated by si-
circ_0001955#2 + in-miR-1299 in MDA-MB-453 and
SKBR3 cells (Figure 4m, n). Inhibition of glucose con-
sumption, lactate production and ATP content caused by
circ_0001955 knockdown in MDA-MB-453 and SKBR3
cells was also largely restored by additional miR-1299
deficiency (Figure 4q–v). The data introduced that
circ_0001955 deficiency suppressed breast cancer cell
proliferation, migration, invasion, angiogenesis and gly-
colysis via upregulating miR-1299.

MiR-1299 binding between GLUT1 30UTR

By the prediction of microT-CDS, miR-1299 contained a
special binding site with GLUT1 30UTR (Figure 5a). The
binding between miR-1299 and GLUT1 30UTR was then
verified by dual-luciferase reporter assay and RIP assay,
showing the decrease of luciferase activity in MDA-MB-453
and SKBR3 cells transfected with miR-1299 and
GLUT1-30UTR-WT and the enrichment of GLUT1 and
miR-1299 in anti-Ago2-governed RIP group (Figure 5b–e).
The expression of GLUT1 mRNA was notably elevated in
cancer tissues and showed negative correlation with miR-
1299 expression (Figure 5f, g). The expression of GLUT1
protein was also markedly increased in cancer tissues and
cell lines (Figure 5h, i). Moreover, miR-1299 expression was
enriched in MDA-MB-453 and SKBR3 cells transfected with
miR-1299 (Figure 5j), and the enrichment of miR-1299 in
MDA-MB-453 and SKBR3 cells significantly reduced the

F I G U R E 4 MiR-1299 inhibition reversed the effects of circ_0001955 knockdown. (a, b) the efficiency of in-miR-1299 was examined by qPCR. (c, d) in
MDA-MB-453 and SKBR3 cells transfected with si-circ_0001955#2 or si-circ_0001955#2 + in-miR-1299, miR-1299 expression was measured by qPCR. (e, f )
Cell proliferation in these cells was evaluated by EdU assay. (g, h) PCNA expression detected by western blot was used to assess cell proliferation. (i–l) Cell
migration and cell invasion in these cells were evaluated by wound healing assay and transwell assay. (m, n) Cell apoptosis in these cells was evaluated by flow
cytometry assay. (o, p) Angiogenesis in these cells was assessed by tube formation assay. (q–v) Glycolysis metabolism in these cells was evaluated by glucose
consumption, lactate production and ATP level. *p < 0.05
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expression of GLUT1 (Figure 5k). The data verified that
GLUT1 was a target of miR-1299.

GLUT1 overexpression reversed the functional
role of miR-1299 enrichment

The use of GLUT1 overexpression vector considerably
enhanced the expression of GLUT1 protein in MDA-MB-
453 and SKBR3 cells (Figure 6a, b). Then, GLUT1 expres-
sion was notably weakened in MDA-MB-453 and SKBR3
cells transfected with miR-1299, while its expression was

restored in cells transfected with miR-1299 + GLUT1
(Figure 6c, d). In function, miR-1299 enrichment-inhibited
cell proliferation was recovered by GLUT1 reintroduction
(Figure 6e, f), which was verified by the enhanced expression
of PCNA in MDA-MB-453 and SKBR3 cells miR-1299
+ GLUT1 (Figure 6g, h). Besides, miR-1299 enrichment-
blocked cell migration and cell invasion were also promoted
by GLUT1 overexpression (Figure 6i, l; Figure S2). In con-
trast, miR-1299 upregulation-induced cell apoptosis was
relieved by the reintroduction of GLUT1 (Figure 6m, n;
Figure S2). MiR-1299 enrichment also suppressed tube for-
mation ability of MDA-MB-453 and SKBR3 cells, while

F I G U R E 5 MiR-1299 bound to GLUT1 30UTR. (a) The predicted binding site between miR-1299 and GLUT1 30UTR. (b, c) The binding site between
miR-1299 and GLUT1 was confirmed by dual-luciferase reporter assay. (d, e) The binding between miR-1299 and GLUT1 was confirmed by RIP assay. (f)
GLUT1 expression in cancer tissues and normal tissues was detected by qPCR. (g) The correlation between GLUT1 expression and miR-1299 expression.
(h) GLUT1 expression in cancer tissues and normal tissues was detected by western blot. (i) GLUT1 expression in MCF-10A, MDA-MB-453 and SKBR3 cells
was measured by western blot. (j) The efficiency of miR-1299 mimic was checked by qPCR. (k) GLUT1 expression in MDA-MB-453 and SKBR3 cells after
miR-1299 enrichment was measured by western blot. *p < 0.05
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F I G U R E 6 GLUT1 overexpression reversed the role of miR-1299 mimic. (a, b) The efficiency of GLUT1 overexpression was checked by western blot
assay. (c, d) In MDA-MB-453 and SKBR3 cells transfected with miR-1299 or miR-1299 + GLUT1, GLUT1 protein level was measured by western blot. (e, f)
Cell proliferation in these cells was assessed by EdU assay. (g, h) PCNA expression detected by western blot was used to assess cell proliferation. (i–l) Cell
migration and cell invasion in these cells were evaluated by wound healing assay and transwell assay. (m, n) Cell apoptosis in these cells was evaluated by flow
cytometry assay. (o–p) Angiogenesis in these cells was assessed by tube formation assay. (q–v) Glycolysis metabolism in these cells was evaluated by glucose
consumption, lactate production and ATP level. *p < 0.05

F I G U R E 7 Circ_0001955 positively regulated GLUT1 expression via targeting miR-1299. (a) the correlation between GLUT1 expression and
circ_0001955 expression in cancer tissues. (b, c) GLUT1 protein level in MDA-MB-453 and SKBR3 cells transfected with si-circ_0001955#2 or si-
circ_0001955#2 + in-miR-1299 was measured by western blot. *p < 0.05
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GLUT1 overexpression partly abolished the effect of miR-
1299 (Figure 6o, p; Figure S2). Additionally, miR-1299
upregulation-depleted glucose consumption, lactate produc-
tion and ATP content were all largely restored by GLUT1
overexpression (Figure 6q–v). The data advocated that miR-
1299 inhibited breast cancer cell malignant properties via
repressing GLUT1.

Circ_0001955 positively regulated GLUT1
expression via targeting miR-1299

Moreover, we discovered that GLUT1 mRNA expression in
cancer tissues was positively correlated with circ_0001955
expression (r = 0.5477, p < 0.0001, Figure 7a). In addition,
the expression of GLUT1 was notably declined in MDA-
MB-453 and SKBR3 cells transfected with si-circ_0001955#2,
while its expression was largely recovered in cells transfected
with si-circ_0001955#2 + in-miR-1299 (Figure 7b, c). We
concluded that circ_0001955 positively regulated GLUT1
expression via targeting miR-1299.

Circ_0001955 downregulation inhibited
tumorigenesis in vivo

To verify the functional role of circ_0001955 in vivo, animal
models were established in nude mice. The data in
Figure 8a–c noticeably revealed that circ_0001955 down-
regulation slowed tumor growth, leading to poor tumor vol-
ume and weight. The expression of circ_0001955, miR-1299
and GLUT1 was then examined in the tumor tissues
removed from the mice. The expression of circ_0001955

and GLUT1 protein was decreased, while the expression of
miR-1299 was strengthened in tumor tissues removed from
sh-circ_0001955-administered mice (Figure 8d–f). The data
verified that circ_0001955 knockdown inhibited tumor
growth via upregulating miR-1299 and downregulating
GLUT1.

DISCUSSION

The considerable role of circRNA in cancer biology has pre-
viously been widely confirmed, and several circRNAs have
been proposed as novel biomarkers and therapeutic targets
for various cancers.16 Our study investigated the role of
circ_0001955 and discovered that circ_0001955 regulated
breast cancer development via affecting cancer cell prolifera-
tion, migration, invasion, survival, angiogenesis and glycoly-
sis metabolism. We further verified that circ_0001955
regulated breast cancer biology via positively modulating
GLUT1 expression via acting as miR-1299 sponge. The data
enriched the regulatory networks of circ_0001955 in breast
cancer.

The carcinogenic role of circ_0001955 has been
acknowledged in diverse cancers. RNA sequencing data
identified that circ_0001955 was highly expressed in hepato-
cellular carcinoma (HCC) samples, which was verified by
qPCR assay. In function, circ_0001955 overexpression pro-
moted HCC cell proliferation and tumorigenesis in vivo.17

Likewise, knockdown of circ_0001955 remarkably restrained
HCC cell proliferation, migration, invasion and angiogene-
sis.18,19 The upregulation of circ_0001955 has also been
identified in colorectal cancer.18 Interestingly, a GEO dataset
(GSE101123) also illustrated that circ_0001955 was

F I G U R E 8 Circ_0001955 downregulation blocked tumor growth in vivo. (a–c) In animal models, tumor volume, tumor weight and tumor size were
recorded to assess tumor growth. (d–f) The expression of circ_0001955, miR-1299 and GLUT1 in the removed tumor tissues was measured by qPCR or
western blot. *p < 0.05
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overexpressed in breast tumor tissues by RNA sequencing
analysis, which was validated by qPCR data in our study.
Consistent with previous studies,18,19 we ensured that
circ_0001955-silenced breast cancer cells had inhibitory cell
proliferative, migratory and invasive capacities. The growth
of solid tumors depends on blood vessels that provide nutri-
tion and oxygen to the tumor.20 In addition, aerobic glycoly-
sis is a vital metabolic feature of tumor cells, which
contributes to energy production and biosynthetic capability
in tumor biology.21 We thus assessed the role of
circ_0001955 on angiogenesis and glycolysis metabolism,
and silencing circ_0001955 largely suppressed the ability of
angiogenesis and glycolysis in tumor cells. Moreover, the
carcinogenic role of circ_0001955 was verified by animal
study. These characteristics of circ_0001955 in breast cancer
hinted that the targeted inhibition of circ_0001955 might be
promising to prevent breast cancer development.

In previous studies, several miRNAs targeted by
circ_0001955 have been identified.17,18 Herein, miR-1299
was newly identified target of circ_0001955. We observed
that miR-1299 harbored poor expression in breast tumor
tissues and cells, which was consistent with previous
findings.22 In addition, miR-1299 was also determined to
be targeted by several oncogenic circRNAs, such as
circ_0136666 and circ_0006528, and these circRNAs
promoted breast cancer cell growth, metastasis and
chemoresistance via sequestering miR-1299 expression.22,23

Additionally, poor expression of miR-1299 has also been
observed in other cancers, such as HCC and ovarian cancer,
and miR-1299 has been found to serve as a tumor suppres-
sor to block the malignant development of these cancers.24,25

In our study, we identified that miR-1299 enrichment
inhibited breast cancer cell proliferation, angiogenesis,
migration, invasion and glycolysis. However, circ_0001955
acted as an miR-1299 sponge to sequester miR-1299 expres-
sion and attenuate the antitumor effect of miR-1299. The
interaction between circ_0001955 and miR-1299 in breast
cancer is for the first time proposed in our study.

GLUT1, encoded by SLC2A1, is a principal transporter
of glucose and contributes to glycolysis metabolism in can-
cer development.26 The aberrant upregulation of GLUT1
has frequently been observed in various cancers, including
breast cancer.27–29 In triple-negative breast cancer, GLUT1
targeted epidermal growth factor receptor and integrin sig-
naling to accelerate cancer cell growth, migration and inva-
sion.30 In addition, GLUT1 facilitated glycolysis in breast
cancer to aggravate cancer cell oncogenic phenotypes.31

Knockdown of GLUT1 has also been shown to strengthen
chemoresistance in breast cancer cells.32 Consistent with
previous data, we found that GLUT1 was overexpressed in
breast cancer tissues and cells. In addition, the antitumor
effects of miR-1299 enrichment, including proliferation,
angiogenesis, migration, invasion and glycolysis, were all
abolished by GLUT1 overexpression, thus verifiying the car-
cinogenic role of GLUT1.

In conclusion, in our study we determined that
circ_0001955 is highly expressed in breast cancer. Deficiency

of circ_0001955 blocked breast cancer development via
depleting cancer cell proliferation, angiogenesis, migration,
invasion and glycolysis, which was achieved by the regulation
of miR-1299/GLUT1 pathway by circ_0001955. Our study
addressed a new mechanism regarding circ_0001955 function
in breast cancer, supporting the finding that targeted inhibi-
tion of circ_0001955 might be a therapeutic strategy for
breast cancer.
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