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Background: Circular RNAs (circRNAs) are a special class of noncoding RNAs that are
involved in gene regulation and compete with mRNA for miRNA binding sites. The roles of
circRNAs in cancer, especially breast cancer (BC), are poorly understood.

Materials and Methods: The expression levels of circRNA 0001073 (circ-1073) in BC
cells (BCCs) and tissues and peritumoural tissues were detected by real-time quantitative
reverse transcription-polymerase chain reaction. Kaplan—Meier analysis and receiver operat-
ing characteristic curves were used to evaluate relapse-free survival (RFS) and the diagnostic
value of circ-1073 for BC, respectively. The biological functions of circ-1073 were deter-
mined by cell counting kit-8 assays, colony formation assays, flow cytometry, wound-healing
assays, transwell assays, and xenograft model studies. RNA immunoprecipitation assays
were conducted to identify the connection between circ-1073 and human antigen R (HuR).
Results: Low circ-1073 expression was discovered in BCCs and BC tissues compared with
normal mammary epithelial cells and peritumoural tissues, respectively. Circ-1073 down-
regulation was significantly associated with an unfavourable prognosis, including a shorter
RFS, in BC patients. Circ-1073 is a valuable diagnostic biomarker for BC. Circ-1073
overexpression significantly inhibited BCC proliferation and induced apoptosis by increasing
Cleaved Caspase-3/9 levels. Moreover, circ-1073 upregulation significantly suppressed cell
mobility and epithelial-mesenchymal transition. Notably, xenograft tumour growth was
inhibited by the intratumoural injection of nanoparticles containing the circ-1073 plasmid
or by circ-1073 overexpression, and this inhibition was accompanied by HuR upregulation.
Conclusion: Circ-1073 functions as a tumour suppressor in BC, suggesting its potential as
a novel therapeutic target in BC.
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Introduction
Globally, breast cancer (BC) ranks first in female cancer-related morbidity and is
the second-leading threat to the lives of women.' Fortunately, numerous markers
and therapeutic strategies have been discovered for more precise and effective BC
treatment. Nonetheless, more work is needed.

Circular RNAs (circRNAs) belong to a special class of noncoding RNAs with
regulatory potential>> and are broadly expressed across cells and tissues.* CircRNAs

form single-stranded circular structures by covalent binding;>°® these molecules are
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more stable than linear RNAs and show greater resistance to
the exonuclease RNase R.”* Multiple circRNAs have been
shown to be more abundant (> 10-fold higher) than their
linear RNAs.”!'” However, circRNAs are usually expressed

11,12
at low levels,

suggesting they probably play a regulatory
role in splicing noise.” CircRNAs in nuclei modulate the
transcription of their parental genes in combination with
RNA polymerase I1."* Additionally, many elegant studies
have proven that circRNAs have modulatory function in

1415 yrothelial

multiple cancers, including gastric carcinoma,
carcinoma,'®!” bronchogenic carcinoma,'® and renal cell
carcinoma,'® with some circRNAs serving as tumour promo-
ters and others as tumour suppressors. Although some
knowledge of the characteristics and mechanism of
circRNA formation is available, the roles of circRNAs in
malignant tumours, especially BC, remain unclear.

Activin A receptor type 2A (ACVR2A), a member of
the transforming growth factor-beta superfamily, plays an
important role in mediating the function of activins.?’
ACVR2A expression was previously found to be down-
regulated in colon carcinoma, which was related to an
unfavourable prognosis.?! However, the roles of circular
ACVR2A in BC remain unknown.

In our study, we first identified circRNA 0001073 (circ-
1073) derived from the ACVR2A gene as a regulator in BC. We
detected circ-1073 expression in BC tissues and BC cells
(BCCs) and then analysed the clinical features of BC patients.
Importantly, we demonstrated the biological functions of circ-
1073 in BCCs. A brilliant previous study developed
ananoparticle-based siRNA transfer system that can be applied
to intratumoural injections for cancer therapy.”? We then used
a nano-transfection reagent to control tumour growth in vivo.
Interestingly, we discovered an interaction between circ-1073
and human antigen R (HuR; a typical RNA-binding protein,
RBP), which is known to inhibit cancer cell growth and
motility by binding circRNAs.”*?* HuR overexpression
suppresses BC progression by decreasing vascular endothelial
growth factor alpha (VEGFa) stability.>> Therefore, we
hypothesized that circ-1073 binds HuR to regulate the expres-
sion levels of downstream targets to influence the malignant
biological behaviour of tumour cells. In conclusion, circ-1073
may prove a novel strategy for the therapy of BC.

Materials and Methods

Mammary Tissues
In total, 112 paired BC tissues and peritumoural tissues
were obtained from surgical specimens from patients

with BC at the First Affiliated Hospital of Chongqing
Medical University. The clinical specimens were con-
firmed by pathological examination. The experiment was
approved by the Ethics Committees of the First Affiliated
Hospital of Chongqing Medical University. All patients
provided written informed consent which complied with
the 1964 the Declaration of Helsinki.

Cell Lines

Human BCCs (MDA-MB-231, MDA-MB-468, BT-549,
MCF-7, T47D, ZR-75-1, and SK-BR-3) and human nor-
mal breast epithelial MCF-10A cells were obtained from
American Type Culture Collection (ATCC). BCCs were
maintained in RPMI 1640 medium with 10% foetal bovine
serum (FBS; Gibco, Carlsbad, CA). MCF-10A cells were
maintained as described previously.’® All cells were cul-
tured at 37 °C in a 5% CO, incubator.

Transfection and Stable Cell Line

Construction

The human circ-1073 linear sequence (473 bp) was
synthesized and cloned into pcDNA3.1 (a mammalian
expression plasmid) by GeneCopoeia (Rockville, MD,
USA) to construct overexpression plasmids. Plasmids
were delivered into cells with Lipofectamine™ 3000 trans-
fection reagent (Invitrogen, Carlsbad, CA) following the
manufacturer’s protocols. Stable cell lines were obtained
by geneticin (G418) selection for 14 days.

Real-Time Quantitative Polymerase Chain
Reaction (RT-qPCR)

Total RNA was extracted from tissues and cell samples with
TRIzol Reagent (Invitrogen, Carlsbad, CA). RNA concen-
tration was detected using a Thermo Nanodrop 2000 spectro-
photometer (Waltham, MA). RNA quality was evaluated
according to the A260/A280 ratio. RNA was reverse tran-
scribed to produce cDNA with a Reverse Transcription Kit
(Promega, Madison, WI). RT-qPCR was performed using
GoTag SYBR Green (Promega, Madison, WI) with
a CFX96 Touch Deep Well RT-PCR System (Bio-Rad,
Hercules, CA). The specific primers are as follows: -actin
(forward: 5-CTCTGCCCGCATGAACCT-3', reverse: 5'-
CCACCATCCACATCCCAC-3") and circ-1073 (forward:
5-AGTCAGTTCCTTGTGGAGCC-3', reverse: 5'-GCAT
GGGTTCTGACGGACAT-3'). B-Actin was amplified as
the reference standard for normalization.
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Fluorescence in situ Hybridization (FISH)
FISH was conducted as previously described.”” A FITC-
labelled circ-1073 probe was constructed by Bersinbio
(Guangzhou, China) with the sequence 5-TACCAAGT
ATAGCACTTGAGTTGGAACAAG-3'. Circ-1073 signals
were detected with a FISH Kit (Bersinbio, Guangzhou,
China) following the manufacturer’s detailed instructions;
nuclei were stained with 4',6-diamidino-2-phenylindole
(DAPI). All photos were captured with an LSM 800 con-
focal microscope system (Zeiss, Germany).

Cell Proliferation

Cell proliferation was evaluated at specific time points with
Cell Counting Kit-8 (CCKS8; Beyotime, Shanghai, China).
BCCs were counted and plated into 96-well plates, and the
absorbance was detected at 450 nm using a microplate reader
(Infinite 200 PRO, TECAN, Mainnedorf, Switzerland).
Stable transfectants were plated at 1000 cells/well into
6-well plates in triplicate for colony formation assays. After
ten days, colonies were rinsed gently three times with phos-
phate-buffered saline (PBS), fixed in methanol and stained
with 0.1% crystal violet (Beyotime, Shanghai, China) for 15
min. The colonies were then imaged and quantified.

Apoptosis Analysis

Apoptosis was assessed using the Annexin V-FITC
Apoptosis Detection Kit (Invitrogen, Carlsbad, CA). First,
the cells were rinsed once in PBS and once in 1X Binding
Buffer. The cells were then suspended in a mixture contain-
ing 5 pL of FITC-Annexin V and 100 pL of 1X Binding
Buffer and incubated for 15 min at room temperature. After
being rinsed in 1X Binding Buffer, the cells were resus-
pended in a mixture of 5 pL of propidine iodide and 200
pL of 1X Binding Buffer. The data collected with
a FACSCanto flow cytometer (BD, Franklin Lakes, NJ)
were analysed by FlowJo 10.

Cell Migration and Invasion

Cell motility was assessed by wound-healing assays as
previously described.”® After a wound was created with
a sterile 10-pL tip, the cells were maintained in serum-free
medium and photographed by phase-contrast microscopy
(Leica DMI4000B, Bucks, UK) at specific time points. An
8-um pore size transwell chamber (Corning, Bedford, MA)
was utilized for cell migration assays, and Matrigel (BD,
Franklin Lakes, NJ) was added to these chambers for cell
invasion assays. Approximately 2 x 10* cells resuspended

in 100 pL of serum-free RPMI 1640 medium were plated
in the upper chamber, and approximately 600 pL of med-
ium with 10% FBS was placed in the lower chamber as an
artificial chemoattractant. After staining, the cells on the
underside of the membrane were imaged, and the migra-
tion and invasion results were statistically analysed.

Western Blotting (VVB)

Proteins were isolated from samples using RIPA lysis buffer
(Thermo Scientific, Waltham, MA) supplemented with
a protease inhibitor cocktail (Sigma-Aldrich, St. Louis,
MO). Protein concentration was determined and WB was
conducted as previously described.”® The primary antibodies
were as follows: anti-B-Tubulin (#86,298), anti-Cleaved
Caspase-9 (#9501), anti-Caspase 9 (#9502), anti-Cleaved
Caspase-3 (#9661), anti-Caspase 3 (#9662), anti-E-cadherin
(#3195), anti-Vimentin (#574), and anti-MMP9 (#3852)
(Cell Signaling Technology, Danvers, MA).

Immunofluorescence (IF)

Cells cultured overnight on slides were rinsed three times
with PBS and fixed in methanol for 15 min at room
temperature. After permeabilization with PBS containing
0.1% Triton X-100, the cells were rinsed with PBS and
blocked in 5% goat serum for 20 min at room temperature.
The cells were then incubated with anti-E-cadherin or anti-
Vimentin antibody overnight at 4 °C, rinsed with PBS, and
incubated with fluorescence-labelled secondary antibodies
for 0.5-1 h at 37 °C. The nuclei were counterstained with
DAPI for 5 min at room temperature. The cells were
rinsed with PBS and photographed using an LSM 800
confocal microscope system (Zeiss, Germany).

Xenograft Tumours and Micropoly
(MP)-Circ-1073 Treatment

Xenograft tumour models were established in 6-week-old
female nude mice upon the subcutaneous injection of sus-
pensions containing 5 x 10° MDA-MB-231-circ-1073 or
control cells (n = 5 per group). Tumours were measured,
and tumour volume was calculated using the classic formula
% (length x width®). Micropoly-transfecter'™ Tissue
Reagent (MT215, Micropoly Biotech, Shenzhen, China),
a highly efficient nano-transfection reagent, was utilized for
circ-1073 treatment. The mice received an intratumoural
injection of MP-control or MP-circ-1073 every 5 days for 1
month following the manufacturer’s instructions. The mix-
ture injected into each mouse consisted of 15 pl. of MP and
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15 pg of plasmid. The experiment has obtained approval by
the Institutional Ethics Committees of the First Affiliated
Hospital of Chongqing Medical University and were carried
out following the guidelines and regulations of the Animal
Care and Use Committees of the First Affiliated Hospital of
Chongqing Medical University. All mice were administered
standard feed and kept in specific pathogen-free house on
a 12 h light-dark cycle. Temperature was maintained at 24°C
+2°C and humidity was kept at 50%=+5%.

Immunohistochemistry (IHC)

[HC was performed as previously described.?® After incu-
bation with anti-Cleaved Caspase-3 or anti-HuR antibodies
(#12,582) overnight at 4 °C, the samples were incubated
with horseradish peroxidase (HRP)-conjugated secondary
antibodies for 10 min at 37 °C. All imaged were obtained
using an upright microscope (BX53, Olympus, Japan).

RNA Immunoprecipitation (RIP)

RIP assays were performed according to the Magna RIP™
RNA-Binding Protein Immunoprecipitation Kit (Millipore,
Billerica, MA) protocols. Coprecipitated RNAs were quan-
tified by RT-PCR with a specific primer for ELAVLI (HuR
coding gene). Total RNA (input) was used as a control.

Statistical Analysis

Statistical analysis was performed with GraphPad Prism 5.0
(San Diego, CA). Low circ-1073 expression was defined as
cases with a Ct value greater than the median (8.091); high
circ-1073 expression was defined as cases with a Ct value
less than the median. Data are presented as the mean =+
standard error of the mean (SEM) or the mean =+ standard
deviation (SD) of three independent experiments. Kaplan—
Meier survival curves were compared by the Log rank test.
Circ-1073 levels in BC were analysed to generate receiver
operating characteristic (ROC) curves; the diagnostic value
of circ-1073 was evaluated by the area under the curve
(AUC). Results with a p-value < 0.05 were classified as
statistically significant. Differences between groups were
analysed with two-tailed Student’s t-tests.

Results
Circ-1073 Expression Is Downregulated
in BCCs

As recorded in the cancer-specific circRNA database
(CSCD)* (http://gb.whu.edu.cn/CSCD/), 11 circRNAs
originate from the human ACVR2A gene, 6 of which

are expressed in cancer cells; however, only circ-1073
was expressed in MCF-7 cells and downregulated in
BCCs compared with MCF-10A cells (Figure 1A).
According to the RT-qPCR analysis, circ-1073 expres-
sion was clearly lower in BCCs than in MCF-10A cells
(p <0.001, Figure 1B). Circ-1073 is located on chromo-
some 2, and Sanger sequencing of the 473-nt circ-1073
was conducted to confirm head-to-tail splicing before
cyclization (Figure 1C). As covalent circularization ren-
ders an RNA highly resistant to exonuclease digestion,
circ-1073 was more resistant to RNase R treatment than
linear ACVR2A or p-actin, as determined by RT-qPCR
(p < 0.001, Figure 1D). Overall, these findings indicate
that circ-1073 is derived from the ACVR2A gene and that
circ-1073 expression is downregulated in BCCs.

Circ-1073 Expression Is Downregulated
in BC Tissues

Circ-1073 expression was lower in BC tissues than in peri-
tumoural mammary tissues (p < 0.001) (Figure 2A). The
clinical relevance of circ-1073 expression levels was ana-
lysed in 132 BC patients, and the results revealed that circ-
1073 was strongly related to age, tumour size, axillary lymph
node (ALN) status, and preoperative chemotherapy status
(Table 1). Low circ-1073 expression was significantly asso-
ciated with large tumours (p = 0.006, Figure 2B), ALN
positivity (p = 0.014, Figure 2C), and advanced Tumor
Node Metastasis (TNM) stage (p = 0.009, Figure 2D).
Furthermore, Kaplan—Meier survival curves indicated an
unfavourable relapse-free survival (RFS) in BC patients
with low circ-1073 expression (p = 0.038, Figure 2E).
A ROC curve was constructed to assess the potential of
circ-1073 as a biomarker for BC patients, and the AUC
was calculated to be 0.9898 (95% CI 0.9818 to 0.9979, p <
0.001) (Figure 2F); the optimal cut-off value was 6.68 with
92.42% sensitivity and 97.37% specificity. These data show
that circ-1073 expression is downregulated in BC tissues and
that circ-1073 may be a new diagnostic biomarker for BC.

Circ-1073 Suppresses BCCs Proliferation

and Promotes Apoptosis

To explore more characteristics of circ-1073, FISH was con-
ducted to determine the cytoplasmic and nuclear localization of
circ-1073 in MDA-MB-231 and BT-549 cells (Figure 3A). To
reveal the biological roles of circ-1073 in BCCs, MDA-MB
-231 and BT-549 cells, which have the lowest circ-1073

expression among BCCs, were transfected with the
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Figure | Circ-1073 expression is downregulated in breast cancer cells (BCCs). (A) Circ-1073 is predicted to be broadly expressed in diverse tumour cells, including MCF-7
cells, by the CSCD (http://gb.whu.edu.cn/CSCDY/). (B) Circ-1073 expression was downregulated in 7 BCCs compared with MCFI0A cells, as determined by RT-qPCR (p <
0.001). (C) A schematic illustration shows the genomic location of circ-1073 in its host gene, which was validated by Sanger sequencing. (D) Circ-1073 was at least 4-times
more resistant to RNase R than linear ACVR2A, as determined by RT-qPCR (p < 0.001). Mean * SD. ns = not significant; ***p < 0.001 by Student’s t-test.
Abbreviations: BCCs, breast cancer cells; CSCD, cancer-specific circRNA database; RT-qPCR, Real-time quantitative polymerase chain reaction.

pcDNA3.1-circ-1073 vector to establish overexpression cell
lines (indicated by circ-1073); the pcDNA3.1 plasmid was
used as a negative control (NC) (p < 0.01, Figure 3B). CCKS8
showed the reduced wviability of circ-1073-
overexpressing cells compared with NC cells (p < 0.001,

assays

Figure 3C). In addition, colony formation was markedly inhib-
ited by circ-1073 overexpression (p < 0.001, Figure 3D).
Furthermore, flow cytometry showed increased apoptosis of
circ-1073-overexpressing cells (p < 0.05, Figure 3E). Many
elegant studies have shown that increased Cleaved Caspase-3/
9 levels promote cell apoptosis.** > Based on WB, the levels
of'total Caspase 3/9 were unchanged, but Cleaved Caspase-3/9
accumulated in the circ-1073 group compared with the NC
group (p < 0.001, Figure 3F). In general, the data show that
circ-1073 inhibits proliferation and induces apoptosis, accom-
panied by elevated levels of Cleaved Caspase-3/9 in circ-1073-
overexpressing cells compared with control cells.

Circ-1073 Reduces BCCs Migration and
Invasion and Reverses Epithelial-

Mesenchymal Transition (EMT)

To further elucidate the biological function of circ-1073,
wound-healing assays were conducted, which demonstrated
the weakened motility of circ-1073-overexpressing MDA-MB
-231 (p = 0.003, Figure 4A) and BT-549 cells (p = 0.003,
Figure 4B). As shown by Transwell assays, circ-1073 over-
expression significantly reduced the migration and invasion of
MDA-MB-231 (p < 0.001, Figure 4C) and BT-549 cells
(p <0.001, Figure 4D). Scientists usually characterize MDA-
MB-231 cells as highly migratory and invasive mesenchymal-
like cells®® with low E-cadherin expression but high Vimentin
expression.”* Notably, phase contrast microscopy showed
a morphological change in MDA-MB-231 cells from
a mesenchymal-like phenotype to an epithelial-like phenotype

upon circ-1073 overexpression (Figure 4E), implying
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Figure 2 Low circ-1073 expression is associated with an unfavourable prognosis of BC patients and is valuable for BC diagnosis. (A) Circ-1073 expression was significantly
reduced in BC tissue samples compared with peritumoural tissue samples, as determined by RT-qPCR (p < 0.001). (B) Low circ-1073 expression correlated with large
tumour size (p = 0.006). (C) Decreased circ-1073 expression was observed in the ALN-positive group (p = 0.014). (D) Circ-1073 downregulation was markedly associated
with advanced TNM stage (p = 0.009). (E) The low circ-1073 expression group had a shorter RFS. (F) The area AUC was 0.9898 (95% confidence interval, 0.9818 to 0.9979,

p < 0.001). Mean % SD. *p < 0.05, **p < 0.01, and ***p < 0.001 by Student’s t-test.

Abbreviations: BC, breast cancer; RT-qPCR, Real-time quantitative polymerase chain reaction; ALN, axillary lymph node; TNM, Tumor Node Metastasis; RFS, relapse-free

survival; AUC, under the curve.

weakened EMT. Therefore, we detected EMT marker levels
by IF and discovered increased E-cadherin expression but
decreased Vimentin expression in circ-1073-overexpressing
MDA-MB-231 (Figure 4F) and BT-549 cells (Figure 4G).

Collectively, these findings show that circ-1073 overexpres-
sion hinders BCC migration and invasion, upregulates
E-cadherin

expression.

expression, and downregulates Vimentin
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Table | Analysis of the Relationship Between Circ-1073 Level and Clinicopathological Factors
Characteristics Group Number of Cases circ-1073
Low Expression High Expression p value

Age <50 67 35 32 < 0.00 |##*
>50 65 32 33

Pathology grading >l 24 10 14 0.124
<ll 95 52 43
No data 13

Diameter (cm) >2 92 51 41 0.006**
<2 40 17 23

SLN Positive 50 27 23 0.273
Negative 52 25 27
No data 30

ALN Positive 45 28 17 0.014*
Negative 44 18 26
No data 43

TNM stage | 34 14 20 0.009%*
Il 92 48 44
11l 6 6 0

Preoperative chemotherapy Yes 20 13 0.04*
No 112 6l 51

ER Positive 92 46 46 0.356
Negative 40 22 18

PR Positive 82 42 40 0.339
Negative 50 26 24

HER2 Positive 116 6l 55 0.116
Negative 16 9

P53 Positive 91 48 43 0.808
Negative 41 20 21

Note: Asterisks (¥) indicate statistical significance (*P < 0.05; **P < 0.01; ***P < 0.001).
Abbreviations: SLN, sentinel lymph node; ALN, axillary lymph node; TNM, tumor node metastasis.

Circ-1073 Effectively Delays Xenograft

Tumour Growth

Stable MDA-MB-231 cell lines overexpressing circ-1073 or
NC were subcutaneously injected into female nude mice, and
mice injected with NC cells were randomized into the control
and MP-circ-1073 groups. As an innovative approach, the
mice in the MP-circ-1073 group received intratumoural
injections of circ-1073 in a mixture with MP (Figure 5A);
the control mice were injected with MP alone. Interestingly,
tumour growth was significantly impeded in the circ-1073-
overexpressing and MP-circ-1073 groups compared with the
control groups (p < 0.05, Figure 5B-D). Since WB showed
increased Cleaved Caspase-3 levels in BCCs, IHC was

performed, and Cleaved Caspase-3 levels were clearly ele-
vated in the circ-1073-overexpressing and MP-circ-1073
groups (p < 0.05, Figure SE). Studies have revealed that
circ-1073 suppresses tumorigenesis.

The RBP HuR Interacts with Circ-1073

To explore the mechanism by which circ-1073 impedes
two databases, CircInteractome
and CSCD, were
employed to predict RBPs and binding sites. Surprisingly,
HuR was predicted to be the RBP for circ-1073. The results
of analysis using carRAPID, another database (http://ser
that

tumour progression,

(https://circinteractome.nia.nih.gov/)

vice.tartaglialab.com/page/catrapid group), showed
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Figure 3 Circ-1073 overexpression inhibits BCCs proliferation and induces apoptosis. (A) The cytoplasmic and nuclear localization of circ-1073 in MDA-MB-231 (upper)
and BT-549 cells (lower) was detected by FISH. (B) Circ-1073 overexpression was verified by RT-qPCR (p < 0.01). (C) Circ-1073-overexpressing cells (Circ-1073) had
reduced viability compared with NC cells, as assessed by CCK8 assays (p < 0.001). (D) Circ-1073 upregulation decreased colony formation by MDA-MB-231 (upper, p <
0.001) and BT-549 cells (lower, p < 0.001). (E) Circ-1073 overexpression induced apoptosis in BCCs (p < 0.05). (F) Total Caspase 3/9 levels were unchanged, but Cleaved
Caspase-3/9 levels were elevated in circ-1073-overexpressing cells compared with NC cells (p < 0.001). Mean + SEM. ns = not significant; *p < 0.05, **p < 0.01, and ***p <
0.001 by Student’s t-test. Scale bar: 10 pm.

Abbreviations: BCCs, breast cancer cells; FISH, fluorescence in situ hybridization; DAPI, 4',6-diamidino-2-phenylindole; RT-qPCR, Real-time quantitative polymerase chain
reaction; NC, negative control; CCK8, Cell Counting Kit-8; Pl, propidine iodide.

circ-1073 potentially interacts with HuR (Figure 6A), and
RIP was performed to confirm binding between circ-1073
and HuR (Figure 6B). Notably, HuR expression was mark-
edly higher in the circ-1073 and MP groups than in the NC
group (p < 0.01, Figure 6C). Our findings illustrate that HuR
levels decrease through binding overexpressed circ-1073.

The conclusions of our in vitro and in vivo experiments
are summarized in Figure 7.

Discussion
CircRNAs were discovered in the cytoplasm of eukaryotic
cells and defined as transcripts resulting from splicing
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Figure 4 Circ-1073 hampers BCC migration, invasion and EMT. (A) Circ-1073-overexpressing MDA-MB-231 (p = 0.003) and (B) BT-549 cells (p = 0.003) had weaker
motility, as shown in wound-healing assays. (C) The overexpression of circ-1073 significantly slowed the migration and invasion of MDA-MB-231 (p < 0.001) and (D) BT-549
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Figure 5 Circ-1073 effectively inhibits xenograft tumour growth. (A) A schematic illustration shows the workflow of MP injections in vivo. (B) The graph displays reduced
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0.05). Mean * SD. ns = not significant; ***p < 0.001 by Student’s t-test.
Abbreviations: MP, micropoly; NC, negative control; IHC, immunohistochemistry.

errors.>>® Later, circRNAs were found in large numbers
by high-throughput sequencing.”’ Emerging studies have
revealed the features of circRNAs in mammalian cells and
have shown that they are derived from exons,38 introns,39
or exon-intron regions.*® Most circRNAs, including circ-
1073, originate from exons and are covalently closed RNA
molecules produced by back-splicing.*' Despite the wide-
spread expression of circRNAs in most tissues, an influen-
tial study accurately measured circRNA levels in normal
and cancerous tissues and found that circRNAs were
commonly expressed at lower levels in highly dividing
cells, particularly tumour cells.*” After predicting the

distribution of circ-1073 in MCF-7 cells, we discovered
reduced circ-1073 expression in BC and hypothesized that
this decrease may be responsible for the malignant beha-
viour of BCCs. In our study, low circ-1073 expression was
linked to poor clinical features and thus may be
a diagnostic marker for BC. As expected, our work indi-
cates that circ-1073 significantly slows the growth of
BCCs. Previous research has indicated that circRNAs not
only suppress cancer cell proliferation but also inhibit

migration and invasion;****

we had similar observations,
ie, circ-1073 attenuated the aggressive behaviours of

BCCs. Surprisingly, we found that circ-1073 reverted
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1073 and HuR was verified by RIP assays. (C) HuR expression was significantly
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0.01).

Abbreviations: HuR, human antigen R; IgG, immunoglobulin G; RIP, RNA immuno
precipitation; NC, negative control; MP, micropoly.

BCCs from a mesenchymal phenotype to an epithelial
phenotype.

After observing the antitumour effects in vitro, we next
explored the function of circ-1073 in vivo and detected
a marked decrease in tumour growth rate. In many studies,
the target gene is edited in cells that are then injected to
generate subcutaneous tumours; these modified cells often
show delayed tumour growth. Nonetheless, we innova-
tively applied Micropoly-transfecter, a plasmid delivery
system, to deliver the circ-1073 plasmid by intratumoural
injection to inhibit tumour progression. Nanoparticles have
intravenous

been applied in many ways, such as

injection®” and tail vein injection,*® to treat tumours, and
nanoparticles are a promising tool for cancer treatment. To
initially determine the mechanism of tumour suppression
by circ-1073, Circlnteractome was queried, and HuR was
predicted as the RBP that interacts with circ-1073. In our
work, elevated HuR expression was achieved by circ-1073

overexpression in vivo. As reported in various articles,

— Stimulation
— Inhibition

allgnant biological behawours

Figure 7 A schematic diagram of the role of circ-1073 in BCCs as indicated by the
results of this study. Circ-1073 plays an important role in tumour suppression by
binding HuR. During apoptosis, circ-1073 increases cleaved-Caspase 3/9 levels. In
terms of EMT, circ-1073 increases E-cadherin expression but decreases Vimentin
expression. As a result, cell growth and metastasis potential are attenuated.

Abbreviations: BCCs, breast cancer cells; EMT, epithelial-mesenchymal transition.

circRNA cyclization is mediated by the binding of RBPs
to introns flanking the circRNA-encoding exons.*’
Therefore, HuR likely binds circ-1073 to promote its
cyclization and exert biological functions. Regrettably,
we have not thoroughly explored the molecular features
and mechanism of the connection between circ-1073
and HuR.

A previous study reported that circRNA-100,269 levels
were downregulated in gastric carcinoma and negatively
related to those of miR-630; circRNA-100,269 overexpres-
sion evidently suppresses tumour cell proliferation.*®
Another study showed that circRNA-LARP4 impedes gastric
cancer cell growth and motility as a miR-424-5p sponge.*’
Notably, a recent study published in Molecular Cancer iden-
tified circ-1073 as a promising tumour suppressor in bladder
cancer, stating that circ-1073 suppresses bladder cancer cell
proliferation and metastasis by sponging miR-626.° All of
these previous studies mentioned the classic mechanism of
circRNA function, namely, circRNAs act as miRNA sponges
through mechanical binding. With the development of bioin-
formatics, this approach is increasingly used for data mining
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in studies on circRNAs. As shown by Circlnteractome, 15
miRNAs potentially interact with circ-1073. However, we
did not delve deeply into the relationships between circ-1073
and its miRNAs.

Conclusion

Our research elucidated not only the expression profile and
clinical importance of circ-1073 in BC but also the biolo-
gical effects and preliminary mechanism through which
circ-1073 impedes BC progression. In an innovative
approach, we used MP to introduce circ-1073 for the treat-
ment of BC in a mouse model. We deduce that circ-1073
binds to HuR and increases HuR expression to inhibit the
malignant biological behaviour of BCCs by increasing
cleaved-Caspase 3/9 and E-cadherin levels. However,
further work is necessary to clarify the detailed molecular
mechanism of circ-1073. Nano-based MP delivery of circ-
1073 is a potential candidate strategy for BC treatment.
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