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CircMMP11 acts as a ce-circRNA in breast
cancer progression by regulating miR-1204

Zehuan Li'*, Zhanghan Chen?", Yanling Feng?, Guohua Hu3, Ying Jiang3

1Department of General Surgery, Zhongshan Hospital, Fudan University, Shanghai, China; 2Department of
Pathology, Shanghai Public Health Clinical Center, Fudan University, Shanghai, China; 3Department of General
Surgery, Xiamen Branch, Zhongshan Hospital, Fudan University, Fujian, China. "Equal contributors.

Received November 18, 2019; Accepted May 15, 2020; Epub June 15, 2020; Published June 30, 2020

Abstract: Background: Numerous studies have found that circular RNAs (circRNA) can serve as competing endog-
enous RNA (ceRNA) in cancer progression while the expression profiles and functions of competitive endogenous
circRNAs (ce-circRNAs) in breast cancer (BC) have not been determined. Methods: Six pairs of tissue samples were
selected to perform ceRNA microarray, and The Cancer Genome Atlas (TCGA) data was also included to explore the
ce-circRNA profiling of BC. The expression of one of the top upregulated circRNAs, circMMP11, was confirmed by
gRT-PCR in both breast cancer cell lines and tissues. We also analyzed the clinical impact of cicMMP11 on BC.
To explore the functions of circMMP11 in BC, experiments referring to cell proliferation and migration were per-
formed. The regulatory effect of circMMP11 on miRNA and its target genes was explored to confirm its ce-circRNA
mechanisms in BC. Results: gRT-PCR analyses verified that circMMP11 was successfully transfected and positively
associated with a poorer clinicopathology of BC. The inhibition of circMMP11 suppressed cell proliferation and
migration of BC. The luciferase reporter assay revealed that circMMP11 and MMP11 could bind to miR-1204 and
that circMMP11 acted as a ce-circRNA by regulating the expression of MMP11 via sponging miR-1204. Conclusions:
The circMMP11/miR-1204/MMP11 axis regulates breast cancer progression via a competitive endogenous RNA
(ceRNA) mechanism. CircMMP11 may serve as a potential therapeutic target in BC.
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Introduction ic acid degrading enzymes due to the lack of a
free 5’-cap structure and the 3’-poly-A tail, mak-
ing them well expressed and more stable than
their linear counterparts. With the development
and advancement of high-throughput sequ-
encing technique and bioinformatics analysis,
thousands of circRNAs have been discovered
in mammalian cells and regarded as functional
molecules in various biological processes ins-
tead of as a byproduct of splicing errors [4]. In
recent decades, it has been extensively re-
vealed that circRNAs are involved in the initia-
tion and development of a large number of dis-
eases, including the carcinogenesis and cancer

Breast cancer (BC) is one of the three most
common cancers worldwide. Despite the im-
proved prognosis of patients with BC resulting
from early diagnosis, radical surgery and the
development of adjuvant therapy, BC remains
the most common cancer among women, ex-
hibiting the highest morbidity and mortality
[1]. According to the newest data from Global
Cancer Statistics 2018, over 2 million females
are newly diagnosed with BC (24.2% of the to-
tal cases) and more than 60 thousand deaths
are caused by BC (15.0%). The discovery of
novel biomarkers is warranted for the early

detection, treatment and prognosis of BC [2].

As a new type of endogenous RNA, circular
RNAs (circRNAs) represent a class of continu-
ous covalently closed single-stranded RNA
molecules [3]. CircRNAs can escape exonucle-

progression [5]. Some circRNAs function as
competing endogenous RNAs (ceRNAs), an
important class of posttranscriptional regula-
tors, and alter the gene expression of key tu-
morigenic or tumor-suppressive genes throu-
gh a miRNA-mediated mechanism [6]. In this
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study, we regarded these circRNAs as compet-
ing endogenous circRNAs (ce-circRNAs). Seve-
ral ce-circRNA have been discovered in can-
cers. For instance, cTFRC promotes bladder
carcinoma progression as the sponge of miR-
107 [7]. CircTP63 promotes lung squamous
cell carcinoma progression by regulating miR-
873-3p [8]. CircKIF4A regulates triple-negative
BC (TNBC) progression by regulating miR-375
[9]. More importantly, due to the high expres-
sion levels and increased stability of these
RNAs, ce-circRNAs may be exceptionally effec-
tive modulators of the crosstalk among linear
ceRNAs [10].

In this study, we detected differentially expre-
ssed circRNAs in BC tissue through microarray
analysis and found a large number of suspe-
cted dysregulated ce-circRNAs. Among these
RNAs, we determined that circMMP11 was sig-
nificantly overexpressed in BC tissues, charac-
terized its clinical significance and biological
functions, and explored the potential molecu-
lar mechanism of circMMP11 in BC.

Materials and methods
Patients and specimens

We collected 119 pairs of primary breast can-
cer tissue and adjacent normal breast tissue
from patients diagnosed with breast cancer at
Zhongshan Hospital affiliated with Fudan Uni-
versity from June 2013 to March 2018, and we
stored them at -80°C until usage. The diagno-
sis of all cases required tissue biopsy by two
senior pathologists. Signed written informed
consent was obtained from all the patients.
Tumor volume was calculated as the length *
width?/2. The protocols used in this study
were approved by the Medical Ethics Commit-
tees at Zhongshan Hospital.

Cell lines and culture

All the cell lines were purchased from the
Culture Collection of the Chinese Academy of
Sciences (Shanghai, China), including human
mammary epithelial cell lines (HBL-100) and
breast cancer cell lines (MCF7, T47D, MDA-
MB-453, MDA-MB-231, MDA-MB-468 and Hs
578T). All the cell lines were passaged for
fewer than six months and cultured according
to the supplier’s instructions.
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RNA extraction

Total RNA was extracted and purified using
TRIzol reagent (Invitrogen) and the miRNeasy
Mini Kit (Qiagen, USA) following the manufac-
turer’s instructions. Total RNA was quantified
by using a DS-11 spectrophotometer (Deno-
vix) and assessed with an Agilent Bioanalyzer
2100 (CA, US) to inspect RNA integration.
A260/280 (1.8~2.1) and A260/230 > 2.0 were
regarded as a qualified RNA sample.

Microarray analysis

Six pairs of breast cancer and paracancerous
tissues were used for microarray assay to
investigate the potential dysregulated ce-cir-
cRNAs. As previously described, the Agilent
SBC circRNA microarray includes 88,371 cir-
cRNAs and 18,853 mRNAs [11]. The detailed
procedures including RNA amplification and
labeling, cRNA refinement and hybridization,
slides fixing and scanning were described in our
previous studies [12]. Feature Extraction soft-
ware 10.7 (CA, US) was applied to extract raw
data. The quantile algorithm and limma pack-
ages in R were used for data normalization.
Aberrantly expressed RNAs between breast
cancer and paracancerous tissues were identi-
fied and retained by screening the fold change
>2.0,P<0.05.

Quantitative real-time polymerase chain reac-
tion analysis (QRT-PCR)

To detect circRNA, cDNA was synthesized by
reverse transcribing 500 ng of RNA using
PrimeScript RT Reagent (TaKaRa, Cat. #RR-
047A) on a TL00™ Thermal Cycler system (Bio-
Rad, US) and then subjected to qPCR using
the SYBR Premix Ex Tag™ kit (TakaRa, Cat.
#RR820A) on a ABI 7500 system (Thermo
Fisher Scientific, USA). The 18S served as an
internal control for circRNA and mRNA, while
U6 was used for miRNA. The quantification was
calculated by the 222t method. The primers
are listed in Table S1. Comparisons between
groups were analyzed with unpaired t test.
Means + standard deviation (SD) were used to
present the data. P-values < 0.05 were consid-
ered to be significant.

Bioinformatics analysis

RNA-seq data from The Cancer Genome Atlas
(TCGA) were analyzed using the edgeR pack-
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age. The miRNAs were predicted with the Cir-
cinteractome (https://circinteractome.nia.nih.
gov/) database and MRE analysis (Biotech-
nology, Shanghai). The mRNAs targeted by miR-
NAs were predicted using the TargetScan V7.2
(http://www.targetscan.org/vert_72/), miRDB
(http://mirdb.org/) and TargetMiner (http://
www.mybiosoftware.com/targetminer-micror-
na-target-prediction.html) databases. Overall
survival (0S) and disease-free survival (DFS)
curves were generated using the Kaplan-Meier
method and survival differences were evaluat-
ed using the log-rank test in Gepia2 (http://
gepia2.cancer-pku.cn/#index) and Kaplan-Me-
ier Plotter Breast Cancer (http://kmplot.com/
analysis/index.php?p=service&cancer=breast)
[13]. Venn diagrams were generated using an
online tool (http://bioinformatics.psb.ugent.be/
webtools/Venn/) and RNA interaction networks
were determined using cytoscape v3.6.1.

Construction and transfection of siRNA

Three siRNAs targeting circMMP11 were de-
signed and synthesized by RiboBio (Guang-
zhou, China). For cell transfection, cells were
seeded in 6-well plates and cultured overnight
to 50%-70% confluence before transfection.
siRNAs or corresponding controls (RiboBio,
Guangzhou) were transfected at a final concen-
tration of 50 nM with Lipofectamine 3000
(Thermo Fisher Scientific, USA) according to the
manufacturer’s protocol. The third siRNA with
the best knockdown efficiency was used in
subsequent functional studies. In addition,
mMiRNA mimics or its negative control (Ribo-
Bio, Guangzhou) were transiently transfected
according to the same procedure.

Cell counting kit-8 assay

Cell proliferation was assessed using the Cell
Counting Kit-8 assay (BBI, Cat. #£60633). Cells
(2x10°%) were seeded into 96-well plates and
incubated at 37°C with 5% CO,. To each well,
10 pL CCK-8 solution was added at 12 h, 24 h,
48 h and 72 h after transfection. After 2 h of
incubation at 37°C, the absorbance at 450 nm
was measured using the EPOCH2 microplate
reader (BioTek, USA). The experiments and
those mentioned below were performed in trip-
licate. Comparisons between groups were ana-
lyzed with the unpaired t test. Means + stan-
dard deviation (SD) were used to present quan-
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titative data. P-values < 0.05 were considered
to be significant.

Colony formation assay

The cells were seeded in 6-well plates at a den-
sity of 1x10°2 cells/well and incubated at 37°C
for 2 weeks. Colonies were fixed with 4% para-
formaldehyde and stained with crystal violet for
15 min. Cell colonies were dried out at room
temperature and then analyzed using ImageJ
1.51k (NIH, USA). Comparisons between groups
were analyzed with the unpaired t test. Means
+ standard deviations (SDs) were used to pres-
ent quantitative data. P-values < 0.05 were
considered to be significant.

Transwell assays

The invasive and migratory capacities of breast
cancer cells were evaluated using transwell
plates (Cat. #3422, Corning). For this assay,
2x10* cells were suspended in 200 uL serum-
free medium after transfection and inoculated
into the upper chambers coated with or without
60 pl of 1:6 diluted Matrigel (Corning, Cat.
#354234). RPMI 1640 containing 10% FBS
was added to the lower chambers as a che-
moattractant. After incubation for 24 h at
37°C, cells that migrated to the bottom of the
membrane were fixed with 4% paraformalde-
hyde then stained and with crystal violet so-
lution for 15 min. Photos of the dried plates
were captured using a microscope (Olympus,
IX51S8F3). All cells were counted at 200x
magnification under a microscope. Cell count-
ing was carried out using Image) 1.51k (NIH,
USA). Comparisons between groups were ana-
lyzed with the unpaired t test. Means + stan-
dard deviations (SDs) were used to present
quantitative data. P-values < 0.05 were consid-
ered to be significant.

Nuclear-cytoplasmic fractionation

Cytoplasmic and nuclear RNA isolation were
performed with the Cytoplasmic & Nuclear RNA
Purification Kit (BIOTEK, Canada) following the
manufacturer’s instruction. Briefly, the cells
were lysed with Lysis buffer J and centrifuged
to separate cell fractions. The supernatant and
pellet were separately transferred to fresh
RNase-free tubes and Buffer SK was added for
deeper lysis. Then the sample was bound with
ethanol and washed with Wash Solution A. The
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cytoplasmic and nuclear RNA was eluted with
Elution Buffer E.

Dual luciferase reporter assay

Luciferase reporter vectors carrying the full-
length wild-type predicted miR-1204 binding
sequences for the circMMP11 (psiCHECK2-cir-
cMMP11-wt) or mutant type (psiCHECK2-circ-
MMP11-mut) were constructed. Luciferase re-
porter vector with miR-1204 mimics or nega-
tive control was transfected at a final concen-
tration of 100 nM into HEK-293T cells at 60%-
70% confluency. After 48 h of incubation, the
luciferase activity in each group was tested
using the Dual Luciferase Reporter Gene As-
say Kit (YEASEN) with a FlexStation 3 system
(Molecular Devices). Comparisons between
groups were analyzed with the unpaired t test.
Means * standard deviations (SDs) were used
to present quantitative data. P-values < 0.05
were considered to be significant.

Statistical analysis

Comparisons between groups were analyzed
with unpaired t tests or x? tests. Means + st-
andard deviations (SDs) were used to present
quantitative data. The overall survival (OS)
curve was plotted using the Kaplan-Meier
method, and survival differences were eva-
luated using a log-rank test. The correlation
between groups was analyzed by Pearson cor-
relation. P-values < 0.05 were considered to
be significant. Statistical analyses were per-
formed using SPSS 23.0 (IBM, US) and Gra-
phPad Prism 7.0 (GraphPad Software Inc., US).

Results
ceRNA expression profiling in BC

We reanalyzed the ceRNA microarray data to
explore the profiles of ce-circRNA in BC. The
intersection of the RNA-seq data from TCGA
and differentially expressed (DE) genes from
our ceRNA array consists of 477 genes which
were referred to as common genes (Figure 1A).
Then, we combined these 477 common genes
with the host genes (HGs) of the DE circRNAs
from our microarray data and identified 167 DE
circRNA HGs (Figure 1B). In total, 99 DE cir-
cRNA HGs were upregulated, and 68 DE cir-
cRNA HGs were downregulated, in the BC tis-
sues, which was consistent with the express-
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ion level of the DE circRNAs. Part of the DE
circRNAs and common DE circRNA HGs were
listed in Table S2. The heatmaps of identified
DE circRNA HGs and DE circRNAs which may
compose the potential ce-circRNA profiles of
BC are shown in Figure 1C and 1D.

circMMP11 is upregulated and correlated with
poor clinical characteristics of BC

The top 10 upregulated and top 10 downregu-
lated circRNAs among the above DE circRNAs
were illustrated in Figure 2A. The top upregu-
lated circRNA, hsa_circ_0062558, was verified
in breast cancer cell lines and tissues using
gRT-PCR. According to the human reference
genome (GRCh37/hg19), hsa_circ_0062558,
located at chr22g11.23: 24115036-2412-
6503, is 906 bp in length and assumed to be
derived from the eighth exon of MMP11 (ma-
trix metallopeptidase 11) gene (Figure 2B).
Therefore, we named hsa_circ_0062558 “circ-
MMP11”. We confirmed the sequence of PCR
product by DNA sequencing and confirmed the
spicing site of circMMP11 which was the same
with the database (Figure 2C). The divergent
primer designed for circMMP11 and the con-
vergent primer for MMP11 at different exons
are shown in Figure 2D. qRT-PCR showed that
both circMMP11 and its linear counterpart
were both upregulated in BC cell lines (Figure
2E and 2F). To investigate the clinical signifi-
cance of circMMP11 in BC, a cohort of 113 BC
patients was recruited. As shown in Figure 2G,
we detected expression level of circMMP11 in
113 pairs of breast cancer tissues and adja-
cent normal tissues and found that circMMP11
was significantly upregulated in BC tissues
(Difference between means = 153+33.81, 95%
Cl: 86.4 to0 219.6, P < 0.0001). To compare the
relation of circMMP11 level with clinicopatho-
logical characteristics of BC patients, the
patients were separated into “high” and “low”
two groups by the median level of circMMP11
expression which was 30.85. It is shown in
Table 1 that circMMP11 was positively associ-
ated with lymph node metastasis and TNM
stage (P = 0.018 and 0.003, respectively),
which indicates that circMMP11 plays a pivotal
role in BC progression. Additionally, we explored
the expression of MMP11 by Gepia2 and per-
formed Kaplan-Meier survival analysis by ana-
lyzing BC RNA-seq data from TCGA and found
that MMP11 was highly expressed in BC tissue
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Figure 1. ceRNA expression profiling in BC. A. Venn Diagrams showing that the 477 common genes identified through
combining TCGA data and ceRNA microarray. B. 167 common DE circRNA HGs were observed by overlapping 477
common genes and HGs of DE circRNA in our ceRNA array. C. Heatmap of 167 common DE circRNA HGs in six pairs

of human BC cancerous tissues and adjacent normal tissues. D. 799 circRNAs transcribed from 167 common DE
circRNA HGs. DE: differentially expressed; HG: host gene.
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Figure 2. circMMP11 is upregulated in BC cells and tissue and correlated with poor clinical characteristics of BC.
A. Heatmap of the top 10 aberrantly expressed circRNAs. B. circMMP11 is located on Chr.22 and consisted of the
eighth exon of MMP11. C. Splicing site of circMMP11 verified by DNA sequencing. D. The divergent primer designed
for circMMP11 and the convergent primer for MMP11 at different exons. E, F. circMMP11 and linear MMP11 were
both upregulated in BC cell lines. G. circMMP11 expression level was higher in BC tissues (BC) than in adjacent
nontumor tissues (ADJ) detected by qRT-PCR (n = 113). H. Expression level of MMP11 was higher in BC tissue than
in normal tissue which was analyzed through Gepia2. I. Higher level of MMP11 was associated with poorer survival
of patients with BC. Data were shown as the mean + SD, *P < 0.05.
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Table 1. Clinicopathological characteristics and circMMP11 expression
in breast cancer tissue

Variables (nCzaslels?)) IOWCIrCMMpl::;igh Chi-square P value
Age (years) 0.429 0.512
<50 43 20 (46.5%) 23 (53.5%)
> 50 70 37 (52.9%) 33 (47.1%)
Tumor volumes 0.546 0.460
<2.0cm?® 41 19 (46.3%) 22 (53.7%)
>2.0cmd 69 37 (53.6%) 32 (46.4%)

LN infiltrated 5.592 0.018*

No 65 39 (60.0%) 26 (40.0%)
Yes 48 18 (37.5%) 30 (62.5%)

TNM staging 9.009  0.003**
-l 93 53 (57.0%) 40 (43%)
-1v 20 4 (20.0%) 16 (80.0%)

ER 0.425 0.514
~++ 66 35 (53.0%) 31 (47.0%)
+++ a7 22 (46.8%) 25 (53.2%)

PR 1.143 0.285

~tt 95 50 (52.6%) 45 (47.4%)
ot 18 7(38.9%) 11 (61.1%)

HER2 3791  0.052
et 91 50 (54.9%) 41 (45.1%)
o+t 22 7(31.8%) 15 (68.2%)

Ki67 0.039  0.844
< 14% 21 11 (52.4%) 10 (47.6%)
> 14% 92 46 (50.0%) 46 (50.0%)

proliferation of T47D,
MDA-MB-231 and Hs
578T (Figure 3C-E). circ-
MMP11 knockdown al-
so reduced the colony
formation ability of th-
ese cells (Figure 3F and
3G). Transwell assay wi-
thout Matrigel revealed
that cell migration was
significantly suppressed
in circMMP11 silenced
group (Figure 3H and
3l). Transwell assay with
Matrigel also revealed
that knockdown of circ-
MMP11 significantly re-
duced cell invasive ca-
pability (Figure 3J and
3K).

circMMP11 acts as a
sponge for miR-1204

The nuclear and cyto-
plasm of BC cell lines
were fractionated for
RNA extraction. Then we
confirmed by gRT-PCR
that approximately 70%
or more of circMMP11

*P < 0.05, **P < 0.01, statistically significant.

(Figure 2H) and was associated with poorer
survival of patients with BC (HR = 1.27 [1.04-
1.54], P = 0.018) (Figure 2I).

Silencing of circMMP11 inhibits BC cell prolif-
eration, migration and invasion

Three siRNAs were constructed to explore the
function of circMMP11 in BC. These three siR-
NAs cover the back-splicing site of circMMP11
to knock down the expression level of circ-
MMP11 (Figure 3A). After transfection with cir-
cMMP11 siRNAs into T47D, MDA-MB-231 and
Hs 578T cell lines, the efficiency of circMMP11
silencing was measured and confirmed by qRT-
PCR. The inhibition was relatively successful
with siRNA3 so that it was regarded as si-circ-
MMP11 and used in the following experiments
(Figure 3B). A CCK-8 assay showed that circ-
MMP11 knockdown significantly inhibited cell
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was predominantly local-
ized in the cytoplasm of
all the three BC cell lines
(Figure 4A), which indicated that circMMP11
might serve as a ce-circRNA to regulate miR-
NAs in the cytoplasm. Therefore, we predicted
the potential circRNA/miRNA interaction th-
rough Circinteractome and MRE analysis and
screen out six candidate miRNA, that is, miR-
661, miR-1204, miR-1207-5p, MiR-4736, miR-
4763-3p and miR-7150 by the standard of the
most MRE and the highest context score. In
addition, potential miRNA/mRNA interactions
were predicted by multiple databases, includ-
ing TargetScan, miRDB and TargetMiner, and
our microarray data. The predicted potential
RNA interactions were illustrated in Figure 4B.
We detected the miRNAs expression level in
BC cell lines after silencing of circMMP11 and
found that miR-1204 was concurrently upregu-
lated in all three cell lines (P < 0.05) (Figure
4C-E). Moreover, the expression of miR-1204
was significantly downregulated in BC cell lines
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578T. F, G. circMMP11 knockdown reduced the colony formation ability of these cells. H, I. Transwell assay without
Matrigel revealed that cell migration was significantly suppressed in circMMP11 silenced group. J, K. Transwell as-
say with Matrigel revealed that knockdown of circMMP11 significantly reduced cell invasive capability. Data were
shown as the mean £ SD, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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mutated miR-1204 binding sites (circMMP11-mut). I, J. After transfection of miR-1204 mimics, the expression of
circMMP11 was suppressed. Data were shown as the mean + SD, *P < 0.05, **P < 0.01, ***P < 0.001, ****P

< 0.0001.

(Figure 4G). The binding sites of miR-1204 were
found based on the circMMP11 sequence
(Figure 4F). Subsequently, luciferase reporter
assay showed reduction of the luciferase in-
tensity after cotransfection of wild type lucifer-
ase reporter and miR-1204 mimics, while the
mutated luciferase reporter showed no such
effect (Figure 4H), which confirmed the exis-
tence of the binding sites. Additionally, after
transfection of miR-1204 mimics (Figure 4l),
the expression of circMMP11 was suppressed
(P < 0.01), which further indicates that circ-
MMP11 could act as a sponge for miR-1204
(Figure 4J). Collectively, these data demon-
strated that circMMP11 could act as a sponge
for miR-1204 in BC.

MMP11 is directly targeted by miR-1204 and
indirectly regulated by circMMP11

An algorithm containing three databases (Tar-
getScan, miRDB and TargetMimer) together
with our microarray data were used to identify
the putative targets genes of miR-1204 in
human BC. We predicted four candidate genes
as MMP11, GPRIN1, NR3C2 and SCL19A3
(Figure 5A). Then, we detected the expression
level of these four mRNAs in BC cells transfect-
ed with miR-1204 mimics and found that
MMP11 was significantly downregulated in all
the three cell lines (P < 0.01) (Figure 5B). In
addition, silencing of circMMP11 could also
inhibit the expression of linear MMP11 (P <
0.01) (Figure 5C). We further detected the
expression level of MMP11 in BC tissue sam-
ples by gqRT-PCR and found that MMP11 expres-
sion level was not only upregulated in BC
(Figure 5D) but also correlated with that of circ-
MMP11 (R = 0.8347, P < 0.0001) (Figure 5E).
Intriguingly, MMP11 and circMMP11 have the
same binding sites of miR-1204 (Figure 5F). To
confirm this finding, we constructed a lucifer-
ase reporter vector with the full-length MMP11
3-UTR containing target sites for miR-1204
downstream of the luciferase gene (MMP11 wt)
and a mutant version of psiCHECK2-MMP11-
3'UTR within the seed region (MMP11 mut).
The result showed a significant decrease in
luciferase activity when cotransfected with
miR-1204 mimics instead of with negative con-
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trol while there was not a significant difference
in luciferase activity when cotransfected with
mutant luciferase reporter (Figure 5G). These
data suggested that circMMP11 could regulate
the expression of MMP11 through serving as a
ce-circRNA for miR-1204 in BC.

CircMMP11/miR-1204/MMP11 axis affects
BC progression

We further explored whether circMMP11 exert-
ed its biological function through circMMP11/
miR1204/MMP11 axis as a ce-circRNA. When
miR-1204 mimic and si-circMMP11 were co-
transfected into MDA-MB-231 cell line, the re-
pression of circMMP11 and MMP11 were both
reinforced. Additionally, when miR-1204 inhibi-
tor was cotransfected with si-circMMP11, the
repression effects were both reversed (Figure
6A). CCK-8 assay and colony formation assay
showed that the miR-1204 mimics can inten-
sify the proliferation-inhibiting effects induced
by silencing of circMMP11 in MDA-MB-231
cells while the miR-1204 inhibitor can reverse
it (Figure 6B-D). In addition, miR-1204 mimics
together with si-circMMP11 also distinctly in-
hibited the migration ability (Figure 6E and 6F)
as well as the invasion ability (Figure 6G and
6H) of MDA-MB-231 considerably more than si-
circMMP11 alone in Transwell assay without
or with matrix Matrigel (P < 0.01). In summary,
these data demonstrated that circMMP11
might serve as a ce-circRNA for miR-1204 to
regulate MMP11 expression, thereby leading
to the progression of BC.

Discussion

Many RNAs, including miRNAs, IncRNAs and
circRNAs have been reported to regulate bre-
ast cancer (BC) development [14-16]. The ce-
RNA hypothesis postulates that any RNA tran-
script including ncRNAs that harbor MREs can
sequester miRNAs from other targets sharing
the same MREs and thus regulate their expres-
sion. The functional interactions among ceRNA
networks are helpful to coordinate biologic pro-
cesses and can contribute to disease patho-
genesis [17]. However, the amount and func-
tions of circRNAs act as ceRNA in BC have not
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Figure 5. MMP11 is directly targeted by miR-1204 and indirectly regulated by circMMP11. A. Venn diagram of the
four candidate mRNAs predicted through multiple databases and microarray. B. MMP11 was screened out as poten-
tial target by gqRT-PCR analysis in BC cell lines transfected with control (mimic-NC) or miR-1204 mimics. C. Silencing
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been determined. As is well-known, most ce- Functionally, downregulation of circMMP11
circRNAs with high expression can upregulate could extensively inhibit cell proliferation, mi-
their HGs through ceRNA mechanisms and vice gration and invasion, which means that circ-
versa. To the best of our knowledge, this study MMP11 plays a vital role in BC progression and
is the first to combine the ceRNA microarray may be a potential therapeutic target of BC.
and TCGA data to conduct the profiling of ce-

circRNA expression in BC. Additionally, to the Mechanistically, circMMP11 might function as
best of our knowledge, we used the largest- a ce-circRNA by sponging miR-1204 to elimi-
ever number of tissue samples for microarray. nate the effect on its target gene MMP11 in
From our study, a large amount of aberrantly breast cancer progression. In this study, we
expressed circRNAs were identified. We verified found that miR-1204 could bind both circ-
a never reported circRNA and termed it circ- MMP11 and MMP11, suggesting that circ-
MMP11. CircMMP11 was significantly upregu- MMP11 could function as a miR-1204 sponge
lated in human BC tissue and correlated wi- to regulate MMP11 expression through ceRNA
th lymph node metastasis and clinical stage. mechanism. This possibility was verified in both
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while the miR-1204 inhibitor can reverse it. (E, F) miR-1204 mimics together with si-circMMP11 distinctly inhibited
the migration ability of MDA-MB-231 cells. (G, H) miR-1204 mimics together with si-circMMP11 distinctly inhibited
the invasion ability of MDA-MB-231 cells. Data were shown as the mean + SD, *P < 0.05, **P < 0.01, ***P <

0.001, ****P < 0.0001.

bioinformatic analyses and luciferase reporter
assays. Moreover, knockdown of circMMP11
increased the expression of miR-1204 while
reducing that of MMP11. Meanwhile, overex-
pression of miR-1204 amplified the effect of
circMMP11 knockdown. Collectively, our data
suggested that circMMP11 plays an important
role in the progression of BC as a ce-circRNA
which is linked with MMP11 through miR-
1204.

MiR-1204 is a newly discovered microRNA
whose function, to date, is complex in differ-
ent cancers. On one hand, miR-1204 could
promote hepatocellular carcinoma progression
through activating MAPK and c-Jun/AP1 signal-
ing [18] or could promote epithelial-mesenchy-
mal transition and metastasis by targeting VDR
in breast cancer [19]. On the other, this RNA
may sensitize nasopharyngeal carcinoma cells
to paclitaxel [20]. As was reported previously,
MMP11 can be targeted by miR-125a-3p and
miR-145 in thyroid cancer and breast cancer,
respectively [21, 22]. This study is the first to
indicate that MMP11 can also be directly regu-
lated by miR-1204 and indirectly regulated by
circMMP11. MMP11, also known as stromely-
sin-3, is widely regarded as a poor prognosis
paracrine factor in invasive breast cancers [23,
24]. However, the mammary physiological func-
tion of MMP11 is unignorable. MMP11 was
reported to be essentially involved in postnatal
mammary gland morphogenesis for favoring
mammary gland branching and epithelial cell
outgrowth and invasion through adjacent con-
nective tissues in the mammary gland postna-
tal development [25]. Additionally, whether di-
rectly targeting linear MMP11 induces adver-
se reaction has not been determined. Taken
together, the results of this study indicate that
circMMP11 might be a better therapeutic tar-
get than linear MMP11.

Conclusion

Our study indicates that circMMP11 is signifi-
cantly upregulated and correlated with poor
clinical characteristics in BC. CircMMP11 was
observed to promote proliferation, migration
and invasion of BC and regulate MMP11 expre-
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ssion via sponging miR-1204 to exert its ce-
circRNA activity. The circMMP11/miR-1204/
MMP11 axis regulates BC progression via the
ceRNA mechanism. Therefore, circMMP11 rep-
resents a potential target in BC therapy.
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Table S1. Primers used for gRT-PCR

Target Primer Sequence

Hsa_circ_0062558 F CTAGCTATGCCTACTTCCTGCG
R CCAGAGCCTTCACCTTCACA

MMP11 F GGAGAAGACGGACCTCACCTACAG
R CAGTACCTGGCGAAGTCGATCATG

GPRIN1 F CCCCTCCCCAACCTGCTTCTC
R AGGACACAGGCTCTGGCTTCC

NR3C2 F GCTGGAAGAAATGATTGCATCA
R AACTTCTTTGACTTTCGTGCTC

SCL19A3 F GGCCTACTACGCCTACATATAC
R TGACGTTGAGGTAAAAGTACGA

18S F GTAACCCGTTGAACCCCATT
R CCATCCAATCGGTAGTAGCG

GAPDH F CAGGAGGCATTGCTGATGAT
R GAAGGCTGGGGCTCATTT

Hsa-miR-661 RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACGCGC
F TGCCTGGGTCTCTGGCCT

Hsa-miR-1204 RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACATAATG
F GCGTCGTGGCCTGGTCTC

Hsa-miR-1207 RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCCCCTC
F CGTGGCAGGGAGGCTGG

Hsa-miR-4736 RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCAGCCC
F GCGCGAGGCAGGTTATCT

Hsa-miR-4763-3p RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCCCGCC
F GCAGGGGCTGGTGCTG

Hsa-miR-7150 RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTACCTC
F CGCGCTGGCAGGGGGA

miRNA Universal R AGTGCAGGGTCCGAGGTATT

ue F CTCGCTTCGGCAGCACA
R AACGCTTCACGAATTTGCGT
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Table S2. Part of DE circRNAs and common DE genes as host genes in BC (fold change > £10, P <

0.05)

circRNA_ID Fold change P value Best transcript  Host gene Fold change P value
hsa_circ_0069094  103.613626 0.0024 NM_005980 S100P 68.69675 0.0021
hsa_circ_0062558 23.567239 0.0007 NM_005940 MMP11 29.80927 0.0007
hsa_circ_0074026 17.7777225 0.0065 NM_002653 PITX1 17.7219 0.0053
hsa_circ_0074027 17.1288669 0.0042 NM_002653 PITX1 17.7219 0.0053
hsa_circ_0079876 15.3805703 0.0005 NM_018685 ANLN 8.402977 0.0028
hsa_circ_0079866 14.9940773 0.0002 NM_018685 ANLN 8.402977 0.0028
hsa_circ_0001925  12.6093883 0.0005 NM_012310 KIF4A 8.248154 0.0008
hsa_circ_0079872 12.5857654 0.0003 NM_018685 ANLN 8.402977 0.0028
hsa_circ_0015977 12.3346156 0.0007 NM_014176 UBE2T 8.724626 0.0013
hsa_circ_0079878  12.2509349 0.0014 NM_018685 ANLN 8.402977 0.0028
hsa_circ_0079944 11.9347553 0.0030 NM_002192 INHBA 8.253856 0.0067
hsa_circ_0090955  11.7859099 0.0019 NM_012310 KIF4A 8.248154 0.0008
hsa_circ_0007051 11.2504408 0.0020 NM_030919 FAM83D 12.67857 0.0028
hsa_circ_0015763 10.9603632 0.0022 NM_018136 ASPM 5.985841 0.0104
hsa_circ_0012026 10.7941726 0.0143 NM_001255 CDC20 7.659971 0.0274
hsa_circ_0015765 10.0719392 0.0007 NM_018136 ASPM 5.985841 0.0104
hsa_circ_0017545 -10.540751 0.0054 NM_003739 AKR1C3 -8.21863 0.0073
hsa_circ_0066033 -10.749973 0.0003 NM_020163 SEMA3G -8.17348 0.0012
hsa_circ_0074574 -10.789315 0.0063 NM_002084 GPX3 -12.2012 0.0193
hsa_circ_0017544 -12.174178 0.0073 NM_003739 AKR1C3 -8.21863 0.0073
hsa_circ_0017532 -13.693181 0.0160 NM_001353 AKR1C1 -13.4497 0.0118
hsa_circ_0074576 -14.143032 0.0088 NM_002084 GPX3 -12.2012 0.0193
hsa_circ_0017650 -15.71248 0.0005 NM_030569 ITIH5 -22.415 0.0011
hsa_circ_0017546 -16.153601 0.0097 NM_003739 AKR1C3 -8.21863 0.0073
hsa_circ_0017528 -16.294634 0.0138 NM_001353 AKR1C1 -13.4497 0.0118
hsa_circ_0017538 -18.242858 0.0217 NM_001353 AKR1C1 -13.4497 0.0118
hsa_circ_0017535 -19.83211 0.0158 NM_001353 AKR1C1 -13.4497 0.0118
hsa_circ_0017536 -24.758651 0.0129 NM_001353 AKR1C1 -13.4497 0.0118
hsa_circ_0017537 -26.490034 0.0143 NM_001353 AKR1C1 -13.4497 0.0118
hsa_circ_0019218 -46.176021 0.0107 NM_006744 RBP4 -52.1616 0.0039
hsa_circ_0019217 -68.617726 0.0057 NM_006744 RBP4 -52.1616 0.0039




