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Background: Drug-resistance is a major obstacle to the treatment of breast cancer.
Circular RNA (circRNA) circ-MMP11 has been reported to be promoting the progression
of breast cancer. This study is designed to explore the role and mechanism of circ-
MMP11 in lapatinib resistance in breast cancer.

Methods: Circ-MMP11, microRNA-153-3p (miR-153-3p), and Anillin (ANLN) levels were
detected by real-time quantitative polymerase chain reaction (RT-gPCR). Cell viability,
number of colonies, apoptosis, migration, and invasion were detected by 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT), colony formation, flow
cytometry, and transwell assays, respectively. Exosomes were exerted and detected by
differential centrifugation and a transmission electron microscope. The protein levels of
CD63, CD9, and ANLN were assessed by western blot assay. The binding relationship
between miR-153-3p and circ-MMP11 or ANLN was predicted by circinteractome or
starbase, and then verified by a dual-luciferase reporter assay and RNA pull-down assay.
The biological role of circ-MMP11 on breast cancer tumor growth and drug resistance
was detected by the xenograft tumor model in vivo.

Results: Circ-MMP11 and ANLN were highly expressed, and miR-153-3p was decreased in
LR breast cancer tissues and cells. Circ-MMP11 could be transported by exosomes.
Furthermore, circ-MMP11 knockdown promoted lapatinib sensitivity by repressing cell
viability, colony number, migration, invasion, and boosting apoptosis in LR breast cancer
cells. Circ-MMP11 deficiency improved the drug sensitivity of breast cancer in vivo.
Mechanically, circ-MMP11 could regulate ANLN expression through sponging miR-153-3p.

Conclusion: Circ-MMP11 could be transferred by exosomes in breast cancer cells. And
circ-MMP11 functioned as a sponge of miR-153-3p to regulate ANLN expression,
thereby promoting lapatinib resistance in breast cancer cells, providing therapeutic
targets for the treatment of breast cancer.
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INTRODUCTION

Like malignant tumors, breast cancer has caused a serious
burden on the patient’s quality of life and psychological state
(1). According to cancer statistics by 2020, there is approximately
30% breast cancer in females diagnosed cancer in the United
States, especially among younger women aged 20 to 59 years (2).
The early detection of breast cancer is relatively difficult in China,
most patients usually are diagnosed at an advanced stage with a
poor prognosis. Notably, lapatinib, an oral small-molecule
tyrosine kinase inhibitor, has greatly improved the clinical
benefits due to the high efficiency and low side effects (3, 4).
Unfortunately, like other molecular targeting drugs, innate or
acquired lapatinib resistance is becoming somewhat
compromised for the treatment of human cancer clinically (5-
7). Thus, to identify effective therapeutic targets to increase the
lapatinib sensitivity in breast cancer, it is necessary to explore the
molecular mechanism of drug resistance.

In recent decades, circular RNAs (circRNAs), a class of
non-coding transcripts, have attracted extensive attention
owing to their unique closed-loop structure (8). Mounting
evidence has suggested that circRNAs were implicated in the
formation and development of human tumors, serving as
oncogenes or tumor suppressors. Furthermore, it was
previously documented the involvement of dysregulated
circRNAs in the development of drug-resistance in breast
cancer (9). The forced expression of circ-RNF111 promoted
paclitaxel resistance, cell growth, metastasis, and glycolysis
through the miR-140-5p/E2F3 axis in breast cancer (10).
Also, circRNA_0025202 weakened the malignancy and
improved the tamoxifen sensitivity of breast cancer cells by
sponging miR-182-5p (11). In a recent report, circ-MMP11
(hsa_circ_0062558) functioned as a competitive endogenous
RNA (ceRNA) of miR-1204 to accelerate the progression of
breast cancer (12). Nevertheless, little is known about the
value of circ-MMP11 in drug-resistance and progression of
breast cancer.

A group of 40-100 nm membrane vesicles, exosomes have
been verified to be activity released into the extracellular
environment by tumor cells (13). It is becoming increasingly
apparent that tumor-derived exosomes are correlated with
metastasis and drug resistance in different cancers (14). Some
literature has shown that circRNAs widely exist in exosomes,
which suggests the clinical significance of exosomal circRNA
in the diagnosis and prognosis of human tumors (15).
Actually, several reports have demonstrated that exosomal
circRNAs played a vital role in tumor progression and drug-
resistance in human cancers (16, 17). To our knowledge,
whether circ-MMP11 can be transferred by exosomes is
still unknown.

In this study, our data showed that circ-MMPI11 was
upregulated in the lapatinib-resistant (LR) breast cancer tissues
and cells. Furthermore, these findings suggested that circ-
MMP11 could be mediated transfer by exosomes, and circ-
MMP11 could enhance the lapatinib resistance through
regulating the miR-153-3p/Anillin (ANLN) in breast cancer.

MATERIALS AND METHODS

Clinical Samples and Cell Culture

According to the response to the advanced breast cancer after
treatment with lapatinib based molecular targeted therapy from
the breast clinic of The Affilicated Huaian No.1 People’s Hospital
of Nanjing Medical University were divided into two groups: 27
drug-resistant patients and 21 drug-sensitive patients followed
by the collection of tissues samples. Written informed consent
was signed from each participant. Also our experiment was
approved by the Ethics Committee of The Affiliated Huaian
No.1 People’s Hospital of Nanjing Medical University.

Normal human mammary epithelial cell line (MCF-10A:
ATCC® CCL-10317), and human breast cancer cell lines
(MDA-MB-231: ATCC® HTB-26 and MCE-7: ATCC® HTB-
22) were provided by the American Type Culture Collection
(ATCC, Manassas, VA, USA). At 37°C with an atmosphere of 5%
CO, in the incubator, cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco, Rockville, MD, USA) with 10%
fetal bovine serum (FBS; Invitrogen, Carlsbad, CA, USA). In
addition, LR breast cancer cell lines (MDA-MB-231/LR and
MCE-7/LR cells) were established from parental cells through
gradual exposure to increasing lapatinib (Sigma-Aldrich, St.
Louis, MO, USA) concentrations (for 5 to 250 nM) as
previously described (18).

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

Based on the instruction of TRIzol reagent (Invitrogen), total RNA
from tissues and cells were 1V%enerated, followed by synthesis for
cDNA with a PrimeScript'" RT Master Mix (TaKaRa, Tokyo,
Japan). And then, on a 7500 Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA), qPCR analysis was performed
with a SYBR Green PCR kit (TaKaRa). The glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was acted as an endogenous
control for circ-MMP11, linear MMP11, and ANLN, whereas U6
was used for miR-153-3p. Then, the 27**“* method was employed
for the calculation of relative RNA expression. The primers in this
study were presented in Table 1.

TABLE 1 | The sequences of primers for RT-qPCR used in this study.

Names Sequences (5°-3’)

Circ-MMP11: Forward CTAGCTATGCCTACTTCCTGCG

Circ-MMP11: Reverse CCAGAGCCTTCACCTTCACA
Linear MMP11: Forward GCAGGGACTACTGGCGTTTC
Linear MMP11: Reverse CGCGCAGGAAGTAGGCATAG
MiR-153-3p: Forward TTGCATAGTCACAAAAGTGAT
MiR-153-3p: Reverse CAGTGCGTGTCGTGG AGT
ANLN: Forward CAGACAGTTCCATCCAAGGGAG
ANLN: Reverse CTTGACAACGCTCTCCAAAGCG
U6: Forward CTCGCTTCGGCAGCACA

U6: Reverse AACGCTTCACGAATTTGCGT
GAPDH: Forward GTGGACCTGACCTGCCGTCT
GAPDH: Reverse GGAGGAGTGGGTGTCGCTGT
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Drug Resistance Assay

In this assay, lapatinib resistance and cell viability were detected
by 3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2-H-tetrazolium
bromide (MTT, Sigma-Aldrich) assay. For the analysis of
lapatinib resistance, un-transfected or transfected cells were
treated with different doses of lapatinib (0, 4, 8, 12, 16, 20, 24,
28, and 32 nM) for 48 h. Subsequently, at the specified time
points, 20 ul MTT solution (5 mg/ml, Sigma-Aldrich) was added
into each well for another 4 h, and then, 150 ul dimethyl
sulfoxide (DMSO, Sigma-Aldrich) was added for dissolution
for formed formazan crystals. At last, a microplate reader (Bio-
Tek Instruments, Hopkinton, MA, USA) was used for
measurement of cell absorbance at 490 nm, and the relative
survival curve shown the concentration of lapatinib causing 50%
inhibition of growth (ICsy). For detection of cell viability,
transfected cells were conducted using MTT assay at the
indicated time points.

Ribonuclease R (RNase R) and Subcellular
Fractionation Assay

For RNase R digestion, RNase R (3 U/mg, Epicentre, San Diego,
California, USA) was applied for the treatment of total RNA at
37°C, followed by incubation for 15 min. After purification, the
samples were subject to RT-qPCR analysis of circ-MMP11 and
linear MMP11 levels.

For subcellular fractionation assay, MDA-MB-231/LR and
MCE-7/LR cells were suspended in cytoplasm lysis buffer,
followed by centrifugation for the separation of cell fractions.
Then, the supernatant was transferred to fresh RNase-free tubes,
while nucleus lysis buffer was added into other fresh RNase-free
tubes with the pellet. After extraction of cytoplasmic and nuclear
RNA with TRIzol regent (Invitrogen), RT-qPCR assay was
applied to detect the expression of circ-MMP11, U6 (nucleus
control), and GAPDH (cytoplasm control), respectively.

Exosome Detection and Treatment

For exosome detection, exosomes from LR breast cancer cells in
line with the operation manual of ultracentrifugation and total
exosome isolation kit (Invitrogen). Subsequently, according to
the previously described (19), a transmission electron
microscope (HT7700, Hitachi, Tokyo, Japan) was carried out
for the examination of extracted exosomes.

For inhibition of exosome generation, LR cells were treated
with or untreated the inhibitor of exosome release GW4869
(Sigma-Aldrich) at 10 uM concentration for 48 h. Then, the
expression level of circ-MMP11 in the culture supernatants was
detected using RT-qPCR assay.

Western Blot Assay

After the extraction of total proteins from exosomes or cells
using RIPA buffer (Beyotime, Nantong, China), the treated
samples (50 Lg) were separated via 10% SDS-PAGE and
moved to nitrocellulose membranes (Millipore, Bedford, MA,
USA), followed by blockage with 5% nonfat milk for 1 h. Then,
the membranes were incubated with primary antibodies CD63
(1:1,000, ab216130, Abcam, Cambridge, MA, USA), CD9

(1:1,000, ab92726, Abcam), ANLN (1:1,000, ab211872,
Abcam), and GAPDH (1:1,000, ab9485, Abcam) at 4°C
overnight, which were further probed with the secondary
antibody: horseradish peroxidase-conjugated goat-anti-rabbit
(ab205178, 1:10,000, Abcam) for 1h. As per the guide book of
the ECL detection kit (GE Healthcare, Piscataway, NJ, USA), the
bands were detected in this study.

Cell Transfection

Circ-MMP11 small interfering RNA (si-circ-MMP11, 5’-
ACACAGTTGTTTTCTAGCTAT-3’), si-ANLN (5’-
GCAAACAACTAGAAACCAATT-3’), miR-153-3p mimic
(miR-153-3p, 5-TTGCATAGTCACAAAAGTGATC-3’), miR-
153-3p inhibitor (anti-miR-153-3p, 5-GATCACTTTT
GTGACTATGCAA-3’), and their negative controls (si-NC,
miR-NC, and anti-miR-NC) were acquired from Ribobio
(Guangzhou, China). Meanwhile, circ-MMP11 or ANLN
overexpression vector was constructed by the introduction of
the sequence of circc-MMPI11 or ANLN into pcDNA3.1 vector
(Invitrogen), namely pcDNA3.1-circ-MMP11 (circ-MMP11) or
pcDNA3.1-ANLN (ANLN), and pcDNA3.1 empty vector
(Invitrogen) worked as their controls (vector, pcDNA). With
the help of Lipofectamine 3000 (Invitrogen), all transfection of
MDA-MB-231/LR and MCEF-7/LR cells was conducted. After
incubation for 48 h, cells were acquired for
subsequent experiments.

Colony Formation Assay

Transfected MDA-MB-231/LR and MCF-7/LR cells (5 x 10>
cells/well) were introduced into six-well plates, followed by
incubation for 2 weeks at 37°C. After discarding the medium,
these cells were stained with 0.1% crystal violet (Sigma-Aldrich)
after being fixed in 4% paraformaldehyde for 30 min. At last,
visible colonies were imaged with microscopy (Nikon, Tokyo,
Japan), followed by calculation with Image J (NIH, Bethesda,
MD, USA).

Cell Apoptosis Assay

In the assay, transfected MDA-MB-231/LR and MCF-7/LR cells
were harvested, followed by fixation with ethanol (Sigma-
Aldrich) for 2 h. After re-resuspended in Binding Buffer,
treated cells were stained with 5 pl Annexin (V-fluorescein
isothiocyanate) V-FITC (Selleck, Shanghai, China) and 10 pl
Propidium Iodide (PI) (Selleck) in the dark for 10 min. Then, a
FACSan flow cytometry (BD Bioscience, San Jose, CA, USA) was
used for the detection of apoptosis rates.

Transwell Assays

For migration assay, transfected MDA-MB-231/LR and MCF-7/LR
cells at the density of 5 x 10* cells/well were added to the upper
chamber (Costar, Cambridge, Massachusetts, USA) with serum-
free culture medium, followed by addition with the medium
containing 10% FBS (Invitrogen) into the bottom counterpart.
Some 24 h later, the cells attached to the bottom surface were
stained with 0.1% crystal violet after being fixed methanol for
30 min. Then, the migrated cells were analyzed with an inverted
microscope (Tecan, Switzerland, magnification x100). For invasion
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assay, cells (1 x 10° cells/well) were plated in the upper chamber
(Costar) of matrigel-coated inserts (BD Bioscience, San Jose, CA,
USA), and the subsequent test procedure was consistent with the
migration assay.

Dual-Luciferase Reporter Assay

The underlying binding sites between miR-153-3p and circ-
MMPI11 or ANLN 3’UTR were predicated using
circinteractome or Starbase software and the following dual-
luciferase reporter assay verified the prediction. In brief, the
sequences of circ-MMP11 and ANLN 3’UTR possessing wild-
type (WT) or the site-directed mutant-type (MUT)
(QuikChange Site-Directed Mutagenesis kit, Stratagene, La
Jolla, CA, USA) miR-153-3p binding sites were amplified and
cloned into pmirGLO plasmids (Promega, Madison, WI, USA).
Whereafter, referring to the instruction guidelines of
Lipofectamine 3000 (Invitrogen), the constructed reporter
vectors and miR-153-3p or miR-NC were co-transfected into
MDA-MB-231/LR and MCEF-7/LR cells. After incubation for
48 h, the assessment of firefly and renilla luciferase activity
was performed using a dual-luciferase reporter assay
system (Promega).

RNA Pull-Down Assay

According to the producer’s instructions of Lipofectamine
RNAiMax Reagent (Invitrogen), biotin-labeled miR-153-3p or
miR-NC (bio-miR-153-3p or bio-miR-NC) were transfected into
MDA-MB-231/LR and MCF-7/LR cells. After harvesting and
sonicating, the cell lysates were treated with streptavidin agarose
beads (Invitrogen) for 2 h to pull down the biotin-coupled RNA
complex. Finally, the RNeasy Mini Kit (Qiagen, Duesseldorf,
Germany) was applied to refine the samples, which then were
further analyzed using RT-qPCR assay.

Tumor Xenograft Assay

This experiment got the approval of the Animal Ethics
Committee of The Affiliated Huaian No.1 People’s Hospital of
Nanjing Medical University. First of all, GeneChem (Shanghai,
China) provided a stable circ-MMP11 knockdown vector:
lentiviral-based short hairpin RNA (shRNA) targeting circ-
MMPI11 (sh-circ-MMP11) and negative control (sh-NC).
Then, female BALB/C nude mice (Vital River Laboratory,
Beijing, China), aged 3-4 weeks old, were kept in a specific
pathogen-free environment, and divided into four groups (the
sh-NC group, the sh-NC + Lapatinib group, the sh-circ-MMP11
group, and the sh-circ-MMPI11 + Lapatinib group). The mice
(n = eight per group) were subcutaneously injected the right
flank with MDA-MB-231/LR cells (6 x 10°) with sh-circ-MMP11
or sh-NC, and intraperitoneally injected with Lapatinib. Eight days
after the injection, the mice were administrated with 20 mg/kg
lapatinib (the sh-NC + Lapatinib group and the sh-circ-MMP11 +
Lapatinib group) or the same amount of PBS (the sh-NC group and
the sh-circ-MMP11 group) every three days. Tumor volume was
measured at the indicated time points (8, 11, 14, 17, 21, and 23
days). Some 23 days after treatments, the tumors were obtained,
followed by a photograph, weight, and analysis with RT-
qPCR assay.

Statistical Analysis

All statistical analyses in this study were carried out using
GraphPad Prism7 software. Between two and multiple groups
were compared with Student’s f-test or one-way analysis of
variance (ANOVA) with Tukey’s tests. The assessment data
were exhibited as the mean + standard deviation (SD). Pearson
correlation analysis was applied for expression correlation
between miR-153-3p and circ-MMP11 or ANLN. A P-value of
less than 0.05 was deemed as statistically significant.

RESULTS

Circ-MMP11 Expression Was Upregulated
in LR Breast Cancer Tissues and Cells

First of all, to investigate the role of circ-MMPI11 on lapatinib
resistance in breast cancer, its expression level was detected by
RT-qPCR assay. As presented in Figure 1A, circ-MMP11 level
was increased in the drug-resistant group (n = 27) compared
with the drug-sensitive group (n = 21). Meanwhile, ROC curve
analysis was conducted to assess the potential of circ-MMP11 as
a diagnostic marker for breast cancer patients. As presented
Figure 1C, the ROC curve data suggested that the AUC reached
0.9444 in circ-MMP11 (Figure 1B). Based on Kaplan-Meier
analysis, the LR breast cancer patients in the low circ-MMP11
level group had a higher survival rate than those in the high circ-
MMP11 level group (Figure 1C). Next, we further explored the
lapatinib resistance in breast cancer cells. In this assay, cells were
first treated with different concentrations of lapatinib for 48 h,
followed by an assessment of ICsy value through MTT assay.
According to the data shown in Figure 1D, ICsy value of
lapatinib in MDA-MB-231/LR and MCEF-7/LR cells was
significantly higher than that in MDA-MB-231 and MCEF-7
cells, suggesting the production of LR resistance in MDA-MB-
231/LR and MCF-7/LR cells. Moreover, we further verified that
circ-MMP11 was apparently upregulated in MDA-MB-231/LR
and MCEF-7/LR cells in comparison with normal human
mammary epithelial cell line (MCF-10A) and their parental
cell lines (MDA-MB-231 and MCEF-7) (Figure 1E). Then, to
detect the stability of circ-MMP11, MDA-MB-231/LR and MCEF-
7/LR cells were treated with RNase R. As displayed in Figures 1F, G,
the treatment of RNase R decreased the RNA level of Linear
MMP11, while had no evident effect on circ-MMP11. Besides, the
subcellular fractionation assay validated the cytoplasmic localization
of circ-MMP11 in MCF-10A cells (Figure 1H). Meanwhile, circ-
MMP11 was also predominantly located in the cytoplasm of MDA-
MB-231/LR and MCF-7/LR cells (Figures 11, J), manifesting the
underlying post-transcriptional regulatory mechanism of circ-
MMP11 in LR breast cancer cells.

Circ-MMP11 Was Transported

by Exosomes

Then, we further explored whether circ-MMP11 could be
transported by the exosome. To begin with, exosome were
extracted from MDA-MB-231/LR and MCEF-7/LR cells,
followed by the detection of exosomes morphology using the
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transmission electron microscope. As presented in Figure 2A,
the diameter of exosomes was about 100 nm, which was a typical
rounded particle. Also, western blot assay demonstrated the
expression of exosomal marker protein CD63 and CD9 in LR cell
lines relative to the parental cell lines (Figures 2A and S1). Of note,
we found that the level of exo-circ-MMPI11 derived from drug-
resistant cells was also higher than that of both drug-sensitive cells
and MCF-10A cells (Figure 2B). Next, to verify whether circ-
MMP11 could be delivered by exosomes, exosomes from resistant

[ Exosome treatment

Fkkk
dkkk

o

2

[
o

1
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exosomes from MCF-10A cells (Figure 2C). Also, we applied
GW4869, a known blocker for exosomes, to inhibit the exosome
secretion. And we noticed that the expression level of exo-circ-
MMP11 was lower in cultured media of MDA-MB-231/LR and
MCF-7/LR cells treated with GW4869 than that in cultured media
of cells without GW4869 (Figure 2D). Besides, our data suggested
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that GW4869 treatment decreased miR-153-3p and ANLN level
and cell proliferation ability (Figure S2). All of the results suggested
that circ-MMP11 could be transported by exosomes.

Circ-MMP11 Knockdown Enhanced
Lapatinib Sensitivity in LR Breast

Cancer Cells

In view of the high expression of circ-MMP11 in LR-resistant
breast cancer cells, we knocked down circ-MMP11 in MDA-MB-
231/LR and MCF-7/LR cells. Results indicated that circ-MMP11
level was significantly downregulated in si-circ-MMP11-
transfected MDA-MB-231/LR and MCF-7/LR cells versus in
that in si-NC-transfected cells (Figure 3A). Subsequently, the
loss-of-function experiments were applied to probe the effect of
circ-MMPI11 on the lapatinib resistance. ICs, determination
presented that circ-MMP11 knockdown repressed the lapatinib
resistance in MDA-MB-231/LR and MCEF-7/LR cells
(Figure 3B). Functionally, the results of MTT and colony
formation assays suggested that the introduction of si-circ-
MMPI11 remarkably hindered cell viability and colony
formation was remarkably hindered after the introduction of

si-circ-MMP11 in MDA-MB-231/LR and MCF-7/LR cells
(Figures 3C, D). Also, enhanced cell apoptosis was noted
caused by the downregulation of circ-MMP11 in MDA-MB-
231/LR and MCF-7/LR cells (Figure 3E). Meanwhile, transwell
results indicated that circ-MMP11 deficiency prominently
impaired the abilities of migration (Figure 3F) and invasion
(Figure 3G) in MDA-MB-231/LR and MCEF-7/LR cells. These
mentioned results discovered that circ-MMPI11 silencing
sensitized MDA-MB-231/LR and MCF-7/LR cells to lapatinib.

Circ-MMP11 Directly Interacted With
miR-153-3p in LR Breast Cancer Cells
CircRNAs have been reported to perform the functional effect
through interacting with specific miRNAs. Thus, we used the
web-based tool circinteractome software to seek the underlying
target miRNAs of circ-MMP11. As shown in Figure 4A, miR-
153-3p was predicted to possess some complementary bases
pairing with circ-MMP11. The following dual-luciferase
reporter assay further verified the prediction. Data indicated
that the luciferase activity in MDA-MB-231/LR and MCF-7/LR
cells transfected with WT-circ-MMP11 and miR-153-3p mimic
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FIGURE 3 | Circ-MMP11 knockdown decreased lapatinib resistance in LR breast cancer cells. MDA-MB-231/LR and MCF-7/LR cells were transfected with si-NC
and si-circ-MMP11. (A) Expression level of circ-MMP11 was detected in transfected MDA-MB-231/LR and MCF-7/LR cells. (B) ICsq value of lapatinib was detected
in transfected MDA-MB-231/LR and MCF-7/LR cells using MTT assay. (C) Cell viability was analyzed in transfected MDA-MB-231/LR and MCF-7/LR cells by MTT
assay. (D) Number of colonies was detected in transfected MDA-MB-231/LR and MCF-7/LR cells by cell colony formation assay. (E) Apoptosis rates were assessed
in transfected MDA-MB-231/LR and MCF-7/LR cells by flow cytometry assay. (F, G) Capacities of migration and invasion were examined in transfected MDA-MB-
231/LR and MCF-7/LR cells by transwell assay. **P < 0.01, **P < 0.001, ***P < 0.0001 (ANOVA with Tukey'’s tests), circ-MMP11 relative to GAPDH.
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FIGURE 4 | MiR-153-3p was a direct target of circ-MMP11 in LR breast cancer cells. (A) The binding between circ-MMP11 and miR-153-3p was predicated by
using circinteractome software. (B, C) Dual-luciferase reporter assay was applied to analyze the prediction in MDA-MB-231/LR and MCF-7/LR cells. (D, E) RNA pull-
down assay was conducted to detect the interaction between circ-MMP11 and miR-153-3p. (F) Relative miR-153-3p expression was detected in 21 chemo-
sensitive tissues and 27 drug-resistant tissues. (G) Expression correlation between circ-MMP11 with miR-153-3p in drug-resistant tissues was analyzed by using
Pearson correlation analysis. (H) Expression level of miR-153-3p was detected in MCF-10A, MDA-MB-231, MDA-MB-231/LR, MCF-7, MCF-7/LR cells.

(1) Circ-MMP11 level was measured in MDA-MB-231/LR and MCF-7/LR cells transfected with vector and circ-MMP11. (J) MiR-153-3p level was assessed in MDA-
MB-231/LR and MCF-7/LR cells transfected with si-NC, si-circ-MMP11, vector, and circ-MMP11. *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001 (Student’s t-
test or ANOVA with Tukey’s tests), circ-MMP11 relative to GAPDH, miR-153-3p relative to UB.

was markedly suppressed compared with that in cells transfected
with WT-circ-MMP11 and miR-NC, whereas there was no
remarkable effect in the cells with MUT-circ-MMP11
(Figures 4B, C). To verify the direct interaction between circ-
MMP11 and miR-153-3p, RNA pull-down assay was performed
in MDA-MB-231/LR and MCEF-7/LR cells. As shown in
Figures 4D, E, circcMMP11 enrichment in the bio-miR-153-
3p group was higher than in the bio-miR-NC group. Also, we
found that compared to the drug-sensitive tissues, miR-153-3p
level was obviously downregulated and inversely associated with
circ-MMPI11 level in drug-resistant tissues (Figures 4F, G).
Synchronously, the trend of miR-153-3p expression in breast
cancer cellular level was consistent with that in tissues
(Figure 4H). Besides, we detected that the authentic effect of
circ-MMP11 on miR-153-3p level in LR breast cancer cells. First,
the overexpression efficiency of pcDNA-circ-MMP11 was

measured and presented in MDA-MB-231/LR and MCF-7/LR
cells (Figure 4I). Then, RT-qPCR assay suggested that the
deficiency of circ-MMPI11 increased the expression level of
miR-153-3p, on the contrary, the overexpression of circ-
MMP11 blocked miR-153-3p level in MDA-MB-231/LR and
MCE-7/LR cells (Figure 4J). Taken together, these data
suggested that circ-MMPI1 interacted with miR-153-3p to
repress its expression.

Circ-MMP11 Silencing Decreased
Lapatinib Resistance in LR Breast Cancer
Cells by Modulating miR-153-3p

Considering the regulatory effect of circ-MMP11 on miR-153-3p
expression in MDA-MB-231/LR and MCF-7/LR cells, we further
investigated whether the impact of circ-MMP11 on LR resistance
was linked to the miR-153-3p. As presented in Figure 5A, the
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FIGURE 5 | Downregulation of miR-153-3p mitigated circ-MMP11 silencing-mediated lapatinio sensitivity in LR breast cancer cells. MDA-MB-231/LR and MCF-7/LR cells
were transfected with si-NGC, si-circ-MMP11, si-circ-MMP11-+anti-miR-NC, and si-circ-MMP11+ anti-miR-153-3p. (A) The expression level of miR-1563-3p was measured in
transfected MDA-MB-231/LR and MCF-7/LR cells. (B) ICsq value of lapatinib was detected by MTT assay in transfected MDA-MB-231/LR and MCF-7/LR celis. (C, D) Cell
viability and clone number were determined by MTT and cell colony formation assays in transfected MDA-MB-231/LR and MCF-7/LR cels. (E) Apoptosis rate was evaluated
by flow cytometry assay in transfected MDA-MB-231/LR and MCF-7/LR cells. (F, G) Abilities of migration and invasion were monitored by transwell assays in transfected
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downregulation of circ-MMP11 distinctly intensified miR-153-
3p expression level, which was counteracted by the introduction
of anti-miR-153-3p in MDA-MB-231/LR and MCF-7/LR cells.
Moreover, ICs, determination indicated that si-circ-MMP11

effectively blocked lapatinib resistance in MDA-MB-231/LR
and MCEF-7/LR cells, while the downregulation of miR-153-3p
evidently abolished the effect (Figure 5B). Functional analysis
suggested that miR-153-3p inhibitor could significantly
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ameliorate the suppressive effect of circ-MMP11 knockdown on
cell viability and colony formation in MDA-MB-231/LR and
MCE-7/LR cells (Figures 5C, D). In addition, circ-MMP11
deletion-mediated enhancement in cell apoptosis and decline
in the abilities of migration and invasion were abrogated after co-
transfection of anti-miR-153-3p in MDA-MB-231/LR and MCEF-
7/LR cells (Figures 5E-G). These mentioned results unraveled
that circ-MMP11 knockdown improved lapatinib sensitivity
through interacting with miR-153-3p in LR breast cancer cells.

ANLN Worked as the Target of miR-
153-3p in LR Breast Cancer Cells

Then, in order to further explore the regulatory mechanism of
miR-153-3p in breast cancer cells, bioinformatics software
Starbase was applied to search the candidate target genes of
miR-153-3p. As a result, we found that there were some binding
sites between miR-153-3p and ANLN 3’UTR (Figure 6A).
Consistent with the bioinformatics analysis, dual-luciferase
reporter results suggested that miR-153-3p mimic could reduce
the luciferase activity of WT-ANLN 3’UTR reporter but not that

of MUT-ANLN 3’UTR reporter in MDA-MB-231/LR and MCF-
7/LR cells (Figures 6B, C). And RNA pull-down assay suggested
that the ANLN enrichment was significantly enhanced in the
bio-miR-153-3p group compared with the bio-miR-NC group
(Figures 6D, E). In addition, GEPIA analysis suggested that the
expression level of ANLN was upregulated in 1,085 breast
invasive carcinoma (BRCA) tissues when compared with 291
normal tissues (Figure 6F). Apart from that, negatively
correlated with miR-153-3p expression level, ANLN was
upregulated in the drug-resistant group (Figures 6G, H).
Consistently, western blot analysis displayed that ANLN
protein level was increased in the drug-resistant tissues and
LR-resistant breast cancer cells versus their respective controls
(Figures 61, J). Subsequently, we further identify the influence of
miR-153-3p expression on ANLN in LR-resistant breast cancer
cells. The transfection efficiency of miR-153-3p mimic or miR-
153-3p inhibitor was detected and exhibited in MDA-MB-231/
LR and MCEF-7/LR cells (Figure 6K). Then, we found that the
upregulation of miR-153-3p could curb the protein level of
ANLN, and the downregulation of miR-153-3p could augment
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ANLN protein level in MDA-MB-231/LR and MCF-7/LR cells
(Figure 6L). All in all, miR-153-3p directly interacted with
ANLN in LR breast cancer cells.

MiR-153-3p Elevated Lapatinib Sensitivity
by Targeting ANLN in LR Breast

Cancer Cells

As mentioned above, miR-153-3p played an important role in
lapatinib resistance in LR breast cancer cells. Meanwhile, ANLN
acted as a latent target of miR-153-3p. Therefore, we further
explored the relationship between miR-153-3p and ANLN in
lapatinib resistance of LR breast cancer cells. As displayed in
Figure 7A, the upregulation of miR-153-3p suppressed ANLN
protein level in MDA-MB-231/LR and MCE-7/LR cells, whereas
the re-introduction of pcDNA-ANLN evidently relieved the
effects. Drug resistance assay showed that miR-153-3p mimic
decreased lapatinib resistance in MDA-MB-231/LR and MCE-7/
LR cells, which was obviously overturned due to the
overexpression of ANLN (Figure 7B). What’s more, decreased
cell viability and colony number caused by the upregulation of
miR-153-3p was abolished by pcDNA-ANLN in MDA-MB-231/
LR and MCF-7/LR cells (Figures 7C, D). Additional, enforced
expression of ANLN effectively reversed miR-153-3p inhibitor-
induced increase in cell apoptosis and repression in the abilities
of migration and invasion in MDA-MB-231/LR and MCF-7/LR
cells (Figures 7E-G). All of these data suggested that miR-153-
3p could attenuate lapatinib resistance by regulating ANLN in
LR breast cancer cells.

ANLN Was Positively Regulated Through
the circ-MMP11/miR-153-3p

Based on the above results, we inferred that the regulatory role of
circ-MMP11 could be mediated by the miR-153-3p/ANLN axis
in LR breast cancer cells. To validate the speculation, rescue
assays were carried out in MDA-MB-231/LR and MCEF-7/LR
cells. The results of western blot assays exhibited that the
deficiency of circ-MMPI11 repressed the protein level of
ANLN; however, anti-miR-153-3p could significantly abolish
the inhibitory impact of si-circ-MMP11 on ANLN expression
in MDA-MB-231/LR and MCF-7/LR cells (Figures 8A, B). Also,
we showed the exosomal circ-MMP11/miR-153-3p/ANLN axis
in cell growth, metastasis, and chemotherapy resistance in LR-
resistant breast cancer cells (Figure 8C). Besides, our data also
suggested that exo-circ-MMP11-secreted by LR breast cancer
cells accelerated lapatinib resistance, proliferation, migration,
invasion of breast cancer cells by regulating the miR-153-3p/
ANLN axis (Figure S3). In addition, the functional analysis
suggested that the downregulation of ANLN partly reversed the
suppressive role of exo-circ-MMPI11 on cell growth and
metastasis in breast cancer cells (Figure S4).

Circ-MMP11 Knockdown Impeded

Tumor Growth and Elevated Lapatinib
Sensitivity In Vivo

Furthermore, to identify the functional role of circ-MMPI11 on
lapatinib resistance in vivo, mice xenograft models of breast cancer

were established. To begin with, our data suggested that circ-
MMP11 expression was significantly decreased in sh-circ-
MMP11-introduced MDA-MB-231/LR cells relative to cells with
sh-NC (Figure 9A). After that, xenograft formation assay revealed
that the tumor volume and weight were declined in the presence of
circ-MMP11 downregulation or lapatinib treatment, hinting at the
repression role of circ-MMP11 knockdown or lapatinib treatment
on tumor growth (Figures 9B, C). Interestingly, we found that
combined sh-circ-MMP11 and lapatinib showed a more distinct
suppression on tumor growth. Also, our data proved that the
expression levels of circ-MMP11 and ANLN were significantly
decreased in tumor tissues derived from the sh-circ-MMP11 groups
relative to the sh-NC groups (Figures 9D, F), while miR-153-3p
expression presented an opposite trend in this xenograft
(Figure 9E). In a word, circ-MMP11 knockdown improved
lapatinib sensitivity of breast cancer in vivo.

DISCUSSION

Currently, lapatinib-based molecular targeted therapy has been
considered particularly effective in the majority of cancer cases, but
the lapatinib resistance is limiting the effectiveness of treatment in
patients (20, 21). Furthermore, circRNAs have attracted wide
attention to the important role in tumor progression and drug
resistance (22). For example, hsa_circ_0063809 as an underlying
biomarker, could confer paclitaxel resistance through binding to the
miR-1252 in epithelial ovarian cancer (23). Analogously, circ-
HIPK3 improved the gemcitabine resistance through promoting
cell viability and metastasis in pancreatic cancer cells (24). However,
the analysis of circRNAs and lapatinib resistance in breast cancer
has not been reported. Besides, exosomes have attracted wide
attention for the new means of intracellular communication (25,
26). Through selectively packaging, secreting, and transferring
ncRNAs between cells, tumor-derived exosomes could participate
in the numerous hallmarks of breast cancer, including proliferation,
metastasis, and drug resistance (17, 27, 28). Of note, exosomal
circRNAs have been a hot research area for their important role in
various human cancers (29-31). As a new circRNA, circ-MMP11
has been presented the carcinogenesis by boosting cell proliferation
and migration in breast cancer (12). In this work, circ-MMP11 was
first identified to display the high expression in LR breast cancer
tissues and cells, implying that circ-MMP11 might participate in the
lapatinib resistance in breast cancer. Moreover, our data suggested
that exosomal circ-MMP11 level was increased in LR breast cancer
tissues. Importantly, we found that circ-MMP11 could be
transferred by exosomes in breast cancer, suggesting the
significance of circ-MMP11 in breast cancer cells.

Therefore, circ-MMP11 was chosen for in-depth investigations
in breast cancer. In this paper, our data verified that circ-MMP11
knockdown could enhance the lapatinib sensitivity, hinder cell
viability, colony number, migration, invasion, and induce
apoptosis in LR breast cancer cells in vitro. Apart from that, the
repression role of circ-MMP11 deficiency on tumor growth and
lapatinib resistance of breast cancer cells was verified in vivo. In
other words, we were first demonstrated that circ-MMP11
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conferred lapatinib resistance in LR breast cancer cells in vitro and
in vivo.

As widely believed, circRNAs predominantly located in the
cytoplasm could exert biological function through acting as a
ceRNA or sponge of microRNAs (miRNAs). The cytoplasmic
expression of circ-MMP11 in breast cancer cells and LR breast
cancer cells indicated the post-transcriptional regulatory
mechanism of circ-MMP11 in breast cancer. Here, miR-153-3p
as a target of circ-MMP11 was verified in LR breast cancer cells.
Meanwhile, miR-153-3p has exhibited a vital role in breast cancer
progression by inhibiting malignant behaviors and tumorigenesis
(32). Also, it has confirmed the involvement of miR-153-3p and
drug resistance in diverse human cancers (33, 34). The current work
shows the low expression of miR-153-3p in LR breast cancer.
Functionally, the downregulation of miR-153-3p partly reversed
circ-MMP11 knockdown-mediated enhancement in lapatinib
sensitivity, and decrease cell growth and metastasis of LR breast
cancer cells. Several studies have stated that miRNAs could regulate
tumor progression by interacting with mRNAs. In this paper,
ANLN was verified to be a target of miR-153-3p. As an actin-
binding protein, ANLN has been presented to be frequently
upregulated in some human cancers (35-37), including breast
cancer (38). Moreover, earlier kinds of literature have described
that the ANLN expression could mediate drug-resistance of breast
cancer cells to doxorubicin and anthracycline (39, 40). Here, our
data proved that ANLN was over-expressed and negatively
associated with a miR-153-3p level in LR breast cancer tissues. In
addition, the overexpression of ANLN could abrogate the
suppressive action of miR-153-3p on lapatinib resistance, cell
growth, and metastasis of LR breast cancer cells.

Additionally, to further validate the regulatory role of circ-
MMP11 could be mediated by the miR-153-3p/ANLN axis in LR
breast cancer cells, rescue assays were performed. As expected, the
downregulation of circ-MMP11 could repress ANLN expression
level in LR breast cancer cells, and miR-153-3p knockdown partially
eliminated the suppression effect of circ-MMP11 silencing on
ANLN expression, further supporting the circ-MMP11/miR-153-
3p/ANLN axis in LR breast cancer cells. In addition, our results also
confirmed that the regulatory role of exo-circ-MMP11 on lapatinib
resistance, cell growth, and metastasis could be mediated by the
miR-153-3p/ANLN axis in LR breast cancer cells. Given that circ-
MMP11 could be transferred by exosomes in breast cancer, and the
effects of GW4869 on miR-153-3p and ANLN in this assay. We will
continue to explore the regulatory role of exosomal circ-MMP11 on
lapatinib resistance by regulating the miR-153-3p/ANLN axis in
subsequent study.

CONCLUSION

In summary, these results discovered that circ-MMP11 could be
transferred by exosomes, and circ-MMP11 could elevate lapatinib
resistance by regulating the miR-153-3p/ANLN axis in breast
cancer cells. Our findings provided a better understanding of the
mechanism of lapatinib resistance in breast cancer cells, hinting ata
promising circRNA-targeted therapy for breast cancer.
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Supplementary Figure 2 | The effects of GW4869 on miR-153-3p and ANLN
level, and proliferation ability in breast cancer cells. (A) miR-153-3p level was
detected by RT-gPCR assay. (B) ANLN protein level was detected by western blot
assay. (C) Cell viability was analyzed by MTT assay.

Supplementary Figure 3 | Exosomal circ-MMP11 promoted lapatinib resistance,
proliferation, migration, and invasion in lapatinib-sensitive breast cancer cells by interacting
with miR-153-3p/ANLN axis. (A-E) MDA-MB-231 and MCF-7 cells were respectively
treated with Exo-control or Exo-circ-MMP1 1-derived from MDA-MB-231/LR and
MCF-7/LR cells. (A) ICsq value of lapatinib was analyzed in treated MDA-MB-231 and
MCF-7 cells by MTT assay. (B) Cell viability of treated MDA-MB-231 and MCF-7 cells was
measured by MTT assay. (C) Number of colonies of treated MDA-MB-231 and MCF-7
cellswas examined by cellcolony formationassay. (D, E) Migration and invasion capacities
of treated MDA-MB-231 and MCF-7 cells were tested by Transwell assay. (F) ANLN
protein level was detected in MDA-MB-231 and MCF-7 cells treated with PBS,
exo-circ-MMP11, exo-circ-MMP11+miR-NC, exo-circ-MMP11+miR-153-3p by
western blot assay. *P < 0.01, **P < 0.001, ***P < 0.0001. (ANOVA with Tukey’s
tests), ANLN relative to GAPDH.

Supplementary Figure 4 | The downregulation of ANLN could abolish the effects
of exo-circ-MMP11 on lapatinib resistance, proliferation, migration, and invasion in
lapatinib-sensitive breast cancer cells. MDA-MB-231/LR and MCF-7/LR cells were
treated with Exo-control or, Exo-circ-MMP11, Exo-circ-MMP11+si-NC, and Exo-
circ-MMP11+si-ANLN. (A) ANLN protein level was detected in treated MDA-MB-
231/LR and MCF-7/LR cells by western blot assay. (B) ICsq value of lapatinib was
detected in treated MDA-MB-231/LR and MCF-7/LR cells using MTT assay. (C)
Cell viability was measured in treated MDA-MB-231/LR and MCF-7/LR cells by
MTT assay. (D) The number of colonies was examined in treated MDA-MB-231/LR
and MCF-7/LR cells by cell colony formation assay. (E, F) Capacities of migration
and invasion were tested in treated MDA-MB-231/LR and MCF-7/LR cells by
Transwell assay. “*P <0.01, ***P < 0.001, ****P < 0.0001. (ANOVA with Tukey’s
tests), ANLN relative to GAPDH.
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