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ABSTRACT

Background and Objectives: Circular RNAs play a vital role in developing triple-negative
breast cancer (TNBC). Likewise, the function of circRNAs in TNBC resistance to chemotherapy
remains largely unknown. Here, we aimed to investigate whether circPLK1 has a biological
effect on anthracycline resistance in TNBC. Methods: We identified circPLK1—a circRNA—
using a circRNA microarray in TNBC cells and paired TNBC samples. We assessed the role
of circPLK1 in anthracycline resistance in TNBC. Cytotoxicity assay, colony formation assay,
and flow cytometry were performed as functional experiments. Western blot analysis, gRT-
PCR, in situ hybridization, and immunohistochemistry were used to evaluate the expression of
circPLK1, miR-940, and ETS1. RNA immunoprecipitation and luciferase reporter assay were
conducted to evaluate the interaction among circPLK1, miR-940, and ETS1. We evaluated the
prognosis value of circPLK1 and ETS1 in 240 TNBC patients. Results: The upregulation of
circPLK1 in non-pCR TNBC patients receiving anthracyclines-based neoadjuvant chemotherapy
was significantly associated with aggressive characteristics. Colony formation and doxorubicin
resistance of TNBC cells were promoted by circPLK1 overexpression but inhibited by circPLK1
knockdown in vitro. circPLK1 overexpression facilitated doxorubicin resistance of TNBC in the
nude mouse xenograft model. We found that circPLK1 could promote ETS1 expression by
sponging miR-940. High circPLK1 and ETS1 expression were significantly associated with
reduced survival in TNBC. Conclusion: circPLK1 plays a vital role in the resistance of TNBC
to anthracycline and is associated with poor prognosis. The inhibition of circPLK1 may be a
practical therapeutic approach to modulate anthracycline resistance in TNBC.
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INTRODUCTION

Triple-negative breast cancer (TNBC),
characterized by negative expression of ER,
PR, and ERBB2 receptors, is challenging to
treat.'! In contrast to other subtypes that
could be treated with targeted therapies,
chemotherapy remains the current
treatment option for TNBC patients.?
Breast cancer is believed to follow the
principle by “The clonal evolution theory”
and finally to invasive and metastatic

stages.’! The aim of chemotherapy is to
reduce the likelihood of cancer invasive
and recurrence.l! However, cytotoxic
chemotherapy produces mixed results.
Some TNBC patients rapidly develop
resistance to chemotherapy, leading to a
high incidence of early relapse. Therefore,
further research into the mechanisms of
TNBC therapeutic resistance is required. It
is urgent to identify novel molecular targeted
strategies to improve the therapeutic benefit
of chemotherapy and the prognosis of
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TNBC patients.F!

The circular RNA (citcRNAs) family is a class of non-
coding RNA with a cyclic structure and exist widely in
eukaryotes.l! Some circRNAs have been identified as a
necessary type of competing endogenous RNA (ceRNA)
and as essential epigenetic regulators with crucial roles in
tumor initiation and malignant progression. They contain
multiple binding sites for microRNAs (miRNAs), which
sponge miRNAs and modulate the expression of miRINAs’
target genes by participating in a circRNA-miRNA-
mRNA regulatory network. MiRNAs are functioning
extensively in various cellular processes such as apoptosis
and carcinogenesis.*” Our previous research found that
some circular RNAs played a vital role in breast cancer
tumorigenesis, development and metastases, such as
circEZH, "M and circEPSTT1." The role of circRNAs
in regulating therapy resistance has attracted increasing
attention. For instance, in gastric cancer cells, circAKT3
could target the miR-198/PIK3R1 axis and effectively
affect cisplatin sensitivity.'" CDR1as (hsa_circ_0001946)
can affect the sensitivity of non-small cell lung cancer cells
to cisplatin.”'High hsa_circ_100053 expression predicted
imatinib resistance in chronic myeloid leukemia.!""
However, the function of circRNAs in TNBC drug

resistance remains largely unknown.

To determine the possible roles of citcRNAs in TNBC,
we performed circRNA microarrays in TNBC patients’
samples and four cell lines (one MCF-10A and three
TNBC cell lines) and found 11 upregulated circRNAs
in the TNBC tumor. To explore the potential role of
circRNAs in chemoresistance, we performed qRT-PCR for
5 upregulated citcRNAs in 20 cases of TNBC patients who
later received neoadjuvant chemotherapy (anthracyclines-
based). We found that hsa_circ_038632, which originates
from exons of the Polo-like kinase 1 (PLK1) gene and is
termed circPLK1, was significantly upregulated in tumor
tissues of non-PCR patients. Our previous study found
that circPLK1 regulated tumor progression through
the ceRNA mechanism and was a prognostic factor in
TNBC.["'Here we evaluated the functions of circPLK1 in
TNBC anthracycline resistance. Understanding of TNBC
chemoresistance might provide a new therapeutic approach
for TNBC patients.

MATERIALS AND METHODS

CircRNA microarray

This study analyzed three pairs of TNBC patients’
tumors and matched normal breast tissues, normal
mammary epithelial cell lines MCF-10A, and three TNBC
cell lines (MDA-MB-231, BT549 and MDA-MB-468)
(Supplementary Figure STA and S1B). We used Arraystar

Human circRNA Array V2 (Aksomics, Shanghai, China)
in this study. All procedures were defined in our previous
studies."""”) CirtcRNAs with a fold change of > 2.0 or
< —2.0 (P < 0.05) were screened and presented using
hierarchical clustering,

Cell culture and cell transfection

MCF-10A, 184A1, MDA-MB-231, BT20, HCC38, MDA-
MB-468, HCC18006, BT549, MCF-7, MDA-MB-415,
BT483, BT474, T47D, Skbr-3 and HEK 293T cells were
obtained from the ATCC database (Manassas, VA, USA).
All cells were cultured according to the ATCC’s protocols
(ATCC; https://www.atcc.otg/). MDA-MB-231/DOX
was a drug resistance cell subline and cultivated using
the stepwise increasing method of low-concentration
doxorubicin (DOX) (Sigma Aldrich, MO, USA). DOX
was added to the culture medium of MDA-MB-231/DOX
cells at a concentration of 0.01 g/ml. Phosphorylated
deoxyribonucleic acid single strand or plasmid transfection
was performed using Lipofectamine 3000.

Patient samples

We collected patient samples who received breast cancer
treatment at Sun Yat-Sen University Cancer Centre. We
obtained a written informed consent from each participant
before study participation and treatment. The response was
evaluated using the Response Evaluation Criteria in Solid
Tumors guidelines (version 1.1). Defining a pathological
complete response (pCR) as the absence of residual
invasive breast carcinoma in both breast and axillary nodes.
This study was conducted according to local regulations
and the Declaration of Helsinki. This study was approved
by the Ethics Committee of Sun Yat-Sen University Cancer
Center Health Authority (GZR2017-163) and the Ethics
Committee of Guangdong Provincial People’s Hospital
(2019-040H-1).

Quantitative reverse transcription polymerase
chain reaction (qrt-pcr)

Primer information is provided in Supplementary Table
S1. The detailed steps are described in our previous study.

RNase R digestion

RNA (2 pg) was incubated with or without RNase R (3
U/ug, Epicenter Biotechnologies, Shanghai, China) for
20 min at 37 °C to confirm the circRNA characteristics.

Fluorescence in situ hybridization (FISH)

Fluorescence 7 situ hybridization (FISH) was performed
using the Fluorescence iz situ Hybridization Kit (RiboBio,
Guangzhou, China) and a specific probe against circPLK1.
After hybridization, the cells were washed using saline
sodium citrate solution for 5 min and stained with 4,
6-diamidino-2-phenylindole dihydrochloride (DAPI) for
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10 min without light. The cells were then photographed
using a fluorescence microscope.

Oligonucleotide transfection

Transfections were performed using Lipofectamine 3000
(Invitrogen, Cat#1.3000015, CA, USA) according to the
manufacturer’s instructions. All siRNAs targeting circPLK1
were synthesized by GenePharma (Shanghai, China). The
sequences that were used are presented in Supplementary
Table S2. GeneCopoeia (Rockville, MD, USA) synthesized
miRNA mimics and miRNA inhibitors.

Cell counting kit 8 (CCKS8) assay

CCKS8 experiments were performed using the CCKS8
Kit (Dojindo Laboratories, Japan) according to the
manufacturer’s instructions as described previously."”

Colony formation assay

At 48 h after transfection, the cells were harvested and
seeded in six-well plates at 500 cells per well and cultured
for 14 days (treated with or without docetaxel in the first
48 h). The colonies in each well were stained with crystal
violet solution 2% ethanol and 0.5% crystal violet), imaged
and counted.

Apoptosis assay

The cells were treated with or without DOX (1 umol/L)
for 48 h and harvested. Andy Fluor 488 Annexin V and PI
Apoptosis Kit was used to detect cell apoptosis, according
to the manufacturer’s protocol (GeneCopoeia, Rockville,
MD, USA).

5-ethynyl-2'-deoxyuridine (EdU) assay
Edu assay was performed using the IClick™EdU Andy
Fluor™488 Flow Cytometry Assay Kit (GeneCopoeia,
Rockville, MD, USA). The specific procedures were
conducted according to our previous study.!"'!

Dual-luciferase reporter assay

To generate wild-type plasmids (circPLK1 WT and
ETS1 3’UTR WT) and mutant-type plasmids (circPLK1
MT and ETS1 3’UTR Mut), the wild-type sequence of
circPLK1 or ETS1 containing miR-940 binding sites or
the mutant sequences were amplified and inserted into
pmirGlO luciferase reporter vector (Promega, WI, USA).
The sequence information is provided in Supplementary
Figure S2A and S2B. HEK 293T cells, MDA-MB-231
cells, or BT549 cells were subjected to trypsin digestion,
followed by centrifugation and resuspension in complete
culture medium. The resuspended cells were then seeded
into a 96-well plate, which was subsequently placed in a
cell incubator for cultivation. The seeding density was
adjusted to 50%—60% growth density on the following
day. Subsequently, the cells were subjected to serum

deprivation by switching to serum-free medium and were
starved for 0.5 h. During this period, the transfection
mixture was prepared as follows: Initially, 10 pLL of Opti-
MEM medium (Gibco, Thermo Fisher Scientific, MS,
USA). was added to a sterile EP tube. In Solution A, 0.2
ug of wild-type plasmid/mutant plasmid and 5 pmol
of miR-940 inhibitors, miR-940 mimics, or NC were
thoroughly mixed with Opti-MEM medium. Concurrently,
10 pL. of Opti-MEM medium was combined with 0.3
uL. of Lipofectamine 3000 (Invitrogen, CA, USA) to
form Solution B. After a 5-minute incubation at room
temperature, Solutions A and B were mixed thoroughly
and allowed to stand at room temperature for an additional
20 min. Following a 6-hour incubation, complete culture
medium was added to the cells, and they were continued
to be cultured. Cells were harvested 48 h later. Luciferase
reporter assay using the Dual-Luciferase reporter assay
system (Promega, WI, USA). Relative luciferase activity
was normalized to the Renilla luciferase internal control.
Triplicate independent experiments were also performed.

Establishment of cell lines with stable circPLK1
overexpression

For constructing of the pLVX-puro plasmid and packaging
of the circPLK1 overexpression, we used the empty
plasmid as a negative control (Vector). All generated
constructs were confirmed by sequencing. CircPLK1
overexpressing cells were named circPLK1/231 and
circPLK1/BT549; the corresponding control cells were
named Vector/231 and Vector/BT549.

RNA immunoprecipitation assay

In accordance with the manufacturet’s instructions, RIP
was performed using a Thermo Scientific RIP kit (Thermo
Fisher Scientific, Waltham, MA, USA). The human anti-
AGO, antibody (Millipore, Billerica, MA, USA) or negative
control IgG (Abcam, MA, USA) were used for RNA
immunoprecipitation assay.

Western blot

Cell lysates were prepared using radioimmunoprecipitation
assay (RIPA) buffer (CWBIO, Cat#CW2333S, Beijing,
China) supplemented with a protease inhibitor cocktail
(Roche, Cat# 04693116001, Mannheim, Germany) and a
phosphatase inhibitor cocktail (Roche, Cat# 04906837001,
Mannheim, Germany). Western blot was performed as
desctibed previously.''! Primary antibodies include anti-
ETS1 (1 ¢ 500, Abcam, Cat# ab186844, MA, USA) and
anti-B-actin antibody (1: 1000, Affinity biosciences OH,
Cat# AF7018, USA). Prestained Protein Marker 11 (10-200
kDa, Servicebio, Cat#G2058, Wuhan, China) were used
as standard. Protein bands were visualized using ECL
reagents (Thermo Fisher Scientific, Cat#34577, Waltham,
MA, USA).
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Mouse xenograft model

All animal experimental protocols were approved by
the Institutional Animal Care and Use Committee of
Guangdong Provincial People’s Hospital (2019-040A-1).
CircPLK1-overexpressed (circPLK1/231) and control
cells (Vector/231) were collected and suspended in 200
ul. of phosphate-buffered saline (PBS) (5%10° cells per
mL). There are five 4-week-old female BALB/c nude
mice in each group. Cells were injected into the mammary
fat pads of nude mice. Ten days after cell injection, the
mice were injected intrapetitoneally with 1 mg/kg DOX
or PBS (once per 3 days) four times. Tumor cell growth
every 4 days was monitored using bioluminescence imaging
(PerkinElmer, Waltham, MA, USA). Tumor volume was
calculated as 0.52XLXW? (L = length, and W = width).
After 28 days of growth, tumors were harvested and
samples were collected for further analysis. The mice were
sacrificed under anesthesia to minimize discomfort and
pain: intraperitoneal injections of sodium pentobarbital
(50 mg/kg) were followed by cervical dislocation.

Immunohistochemistry (IHC) and in situ
hybridization (ISH) analysis

Tumor tissues were embedded in paraffin and cut into
4-um sections. ISH and IHC analyses were performed as
described previously. The circPLK1 probe for ISH was
Digoxin-5-TGCAGCTCCAGGAGAGAGAATATTC-
3-Digoxin. The intensity of circPLK1 or ETS1 staining
was scored as follows: 1 (no staining), 2 (weak staining),
3 (moderate staining), or 4 (strong staining). The low
expression group is defined as IHC or ISH scores of 1 or
2. The high expression group is defined as IHC or ISH
scores of 3 or 4. Two pathologists conducted a blinded
evaluation of the IHC and ISH scores.

Statistical analysis

The statistical tests indicated in the figure legends were
calculated using GraphPad Prism 8.0 software unless
specially indicated. Two-tailed Students’ t-tests were
used to determine statistical significance. The categorical
variables were analyzed using the Chi-square test or Fishers
exact test. P < 0.05 was considered statistically significant.
Survivals were depicted using Kaplan-Meier plots. Survival
differences were assessed using log-rank tests (SPSS version
19.0). The data are presented as mean + standard error of
mean (SEM) unless otherwise indicated.

RESULTS

CircPLK1 is upregulated and associated with
non-pCR in TNBC

CircRNA expression in cell lines (MCF-10A, MDA-
MB-231, BT549 and MDA-MB-468) and three TNBC
tumor and non-cancerous matched breast tissue (NCMT)

samples from patients were explored using microarray
analysis (Supplementary Figure 1A and 1B). We found some
circRNAs with consistent differential expression trends
at the cell line level (MCF-10A »s. three TNBC cell lines)
and the patient tissue level (TNBC »5. NCMT). The result
demonstrated that 11 circular RNAs were upregulated,
whereas 3 circular RNAs were downregulated in both
TNBC cell lines and TNBC tumor (Figure 1A). Only
has_circ_038632 upregulated fold change 3.0 in both cell
line and patient tissue levels (Figure 1B). Using the human
reference genome (GRCh37 / hg19), has_circ_038632 was
generated from the PLK1 (polo-like kinase) gene, which
we termed circPLK1. The predicted PCR products were
amplified using divergent primers across the circPLK1
junction and then confirmed using Sanger sequencing
(Figure 1C). We confirmed the circular nature of circPLK1
through the RNase R digestion method (Figure 1D).
Nuclear and cytoplasmic fractionation assay in MDA-
MB-231 and BT549 cells (Figure 1E) and FISH (Figure 1F)
in MDA-MB-231 revealed circPLK1 was predominantly
localized in the cytoplasm. We tested circPLK1 expression
levels in 2 normal mammary epithelial cell lines, six TNBC
cell lines and six non-TNBC cell lines (Supplementary
Figure 1C). There were 37 pairs of tissues from TNBC
and normal breast tissue matched. More than 89% (33/37)
of the tumors exhibited increased circPLK1 (P < 0.001)
(Supplementary Figure 1D). To explore the biological roles
of circPLK1 in anthracycline resistance, we performed
qRT-PCR for circPLK1 in 20 cases of TNBC patients
who received neoadjuvant chemotherapy (including an
anthracycline, 10 pCR cases, and 10 non-pCR cases). The
results revealed that circPLK1 expression in the non-pCR
group was significantly higher than that in the pCR group
(P < 0.001) (Figure 1G).

CircPLK1 enhanced the anthracycline resistance
of TNBC cells

Given the inverse relationship between pCR and
chemoresistance, we further explored whether circPLK1
affected TNBC anthracycline resistance. Higher expression
of circPLK1 was detected in MDA-MB-231/ADR
(doxorubicin-resistant cells) compared with MDA-MB-231,
indicating it might be related to drug resistance (Figure 2A).
Three siRNAs for the back-splice sequence of circPLK1
were designed and verified (Figure 2B). We investigated
the effect of circPLK1 on anthracycline resistance in
MDA-MB-231/ADR cells. Transfected MDA-MB-231/
ARD cells were treated with different doses of doxorubicin
for 48 h. As presented in Figure 2C, the depletion of
circPLK1 decreased the cell viability compared with in
si-NC transfected cells or cells without transfections. We
found that 1 umol/L. doxorubicin treatment had minimal
effect on the colony formation of MDA-MB-231/
ADR cells, but when circPLK1 was knocked down, the
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the cytoplasm or nucleus of MIDA-NMB-231 (left) and BT549 (right) cells. (F) FISH for circPLK1 in MDA-IVIB-231. Nuclei were stained with DAPI. Scale bar, 20
mm. (G) The expression of circPLK1 in 10 pCR cases and 10 non-pCR cases. ****P < 0.0001.
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colony formation decreased sharply (Figure 2D). Based
on apoptosis assay results, after doxorubicin treatment,
circPLK1 siRNA transfected cells exhibited a higher
percentage of apoptotic cells than NC or si-NC transfected
cells (Figure 2E). Moreover, the circPLK1 overexpression
significantly promoted MDA-MB-231 and BT549 cell
viability (Figure 2F), colony formation (Figure 2G), and
suppressed doxorubicin-induced cell apoptosis (Figure 2H).

CircPLK1 acted as a miRNA sponge of miR-940
Accotding to the Circlnteractome database,'” circPLK1
served as a molecular sponge for miRNA. In those
miRNAs, we found that miR-940 had three potential
binding sites within the circPLK1 sequence (Figure 3A).
Previous studies have indicated that circRNAs have the
potential to function as miRNA sponges if they can form
a circRNA-AGO,-miRNA complex by binding to AGO,
and miRNAs.""¥'Therefore, to investigate the existence of
a circPLK1-AGO,-miR-940 complex, we conducted RIP
experiments. The RIP assay on Ago2 revealed a dominant
enrichment of circPLK1 and miR-940 to Ago2 in MDA-
MB-231 and BT549 cells (Figure 3B). The recruitment
of circPLK1 to the Ago2-related RNA-induced silencing
complex allows it to interact with miR-940. In luciferase
reporter assays, compared with the control group,
overexpression of miR-940 reduced the luciferase activity
of wild reporter by nearly 50% but had no effect on
circPLK1-Mut reporter luciferase activity (Figure 3C).
Conversely, an increase in luciferase activity was observed
when the wild-type luciferase reporter was co-transfected
with a miR-940 inhibitor (Figure 3D). These findings
provide compelling evidence for the targeting relationship
between circPLK1 and miR-940. Importantly, miR-940 did
not significantly alter circPLK1 level, demonstrating that
circPLK1 was not digested by miR-940 (Figure 3E). In
colony formation assays (Figure 3F) and EAU assays (Figure
3G), the knockdown of circPLK1 in MDA-MB-231 could
attenuate the miR-940 knockdown effects.

ETS1 is a direct target gene of miR-940 and
regulated by circPLK1

Using four published algorithms (miRWalk (http://zmf.
umm.uni-heidelberg.de/), miRDB," TARGETMINER™
and TargetScan ', a list of predicted miR-940 target
genes was generated. Algorithms predicted ETS1 as a
target (Figure 4A and 4B). Notably, the accumulation of
ETS1 in breast cancer cells promotes tumor growth and
multidrug-resistance was reported.”>”! Therefore, ETS1
was selected for further observation. We constructed
the full-length ETS1 3-UTR luciferase reporter vectors
with or without mutant of miR-940 target sites in the
seed region. The results demonstrated that miR-940
mimics led to decreased fluorescence of the wild-type
ETS1 3°-UTR but did not affect on the mutant vectors

(Figure 4C). qRT-PCR revealed that miR-940 mimics had
minimal effects on the ETST mRNA level (Figure 4D).
Western blots revealed that the level of ETS1 protein was
significantly decreased (Figure 4E). We also found that
the knockdown of circPLK1 reduced the ETS1 protein
levels (Figure 4F). As shown by colony formation and
EdU assays, the knockdown of ETST1 also attenuated the
effects of miR-940 knockdown on clone formation ability
and proliferation (Figure 4G and 4H).

The tumor-promoting roles of circPLK1
overexpression in vivo

To further confirm the aforementioned findings,
we used a nude mouse xenograft model was used.
citcPLK1-overexpressing (citcPLK1/231) and control
cells (Vector/231) were injected subcutaneously into the
mammary fat pads of nude mice, followed by DOX or
PBS treatment. The photos of xenograft tumors, tumor
volume and tumor weight were shown (Figure 5A-D).
Furthermore, we performed immunohistochemistry
(Figure 5E) and western blots (Figure 5IF) detection on the
xenograft tumors. We found that the expression of ETS1
was increased in circPLK1/231 group tumors compared
with Vector/231 group tumors.

High circPLK1 and high ETS1 expression predict
poor prognosis in TNBC

We determined whether circPLK1 affects ETS1 expression
levels in 240 TNBC tissue samples. The clinicopathological
information of the 240 female TNBC patients were shown
in Supplementary Table S3. Representative ISH and IHC
images are shown in Figure 6A. As demonstrated by ISH
analysis of a tumor microarray (7 = 240), 42.9% of the
samples (# = 103) exhibited high circPLK1 expression
levels. By contrast, 39.2% (n = 94) of the tumor samples
exhibited high ETS1 expression. ETS1 expression was
higher in the high circPLK1 expression group than in the
low circPLK1 expression group (Figure 6B). The clinical
prognosis results revealed that patients with high circPLK1
and high ETS1 expression were significantly associated
with reduced disease free survival (DFS) (Figure 6C) and
overall survival (OS)(Figure 6D). We further detected
the expression of ETS1 and circPLK1 in the 20 patients
who received neoadjuvant chemotherapy. The results
demonstrated that when circPLK1 and ETS1 were both
highly expressed, the non-pCR rate of patients was the
highest (Figure 6E).

DISCUSSION

The improvements in TNBC survival have been associated
with the increased use of neoadjuvant or adjuvant
chemotherapy. Anthracyclines are cell cycle non-specific
chemotherapeutic agents that can induce DNA damage
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Figure 3: circPLK1 serves as a miRNA sponge for miR-940. (A) Schematic of the predicted miR-940 sites in the circPLK1 on circInteractome (https://circinteractome.
nia.nih.gov/). (B) RNA immunoprecipitation assay revealed the enrichment of circPLK1 and miR-940 on Ago2 relative to IgG in MIDA-MIB-231 and BT549 cells.
**P < 0.01. (C) Luciferase assay of MIDA-NB-231 and BT549 cells co-transfected with a scrambled control, miR-940 mimics. **P < 0.01. (D) control-LNA, or
miR-940-LNA and a luciferase reporter containing circPLK1-WT (circPLK1-WT (542-548), circPLK1-WT (642-648) and circPLK1-WT (799-805) were mixed at
equal ratios.) or mutant constructs with mutated miR-940 binding sites (circPLK1-MT: circPLK1-MT (542-548), circPLK1-MT (642-648) and circPLK1-MT (799-
805) were mixed at equal ratios.) . *P < 0.05, **P < 0.01. (E) qRT-PCR analysis of circPLK1 after transfection with a scrambled control or miR-940 mimics in
MDA-MB-231 and BT549 cells. (F) Colony formation assay and (G) EdU assay were performed in MIDA-MB-231 transduced with NC+ control-LNA, si-circ-1+

control-LNA, NC+miR-940-LNA or si-circ-1+ miR-940-LNA.

leading to increased toxicity. Anthracyclines serve as
cornerstone chemotherapy in the treatment of TNBC
patients. However, TNBC is very heterogeneous, as
evidenced by genetic and gene expression profiling studies.
Congenital or acquired resistance significantly influences
anthracycline efficacy in TNBC.¥ The mechanisms of
tumor resistance toward anthracycline have not been fully
defined. CircPLK1 is a circular RNA generated from
the PLK1 gene. Our previous studies have investigated
circRNA profiling in breast cancer using a high-throughput
circRNA Array and have found abundant differentially
expressed circRNAs. We demonstrated the role of some
circRNAs, including circPLK1, on breast cancer growth
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and lung metastasis. circPLK1 also has been proven to act
as a carcinogenic driver in osteosarcoma,” lung cancer,”
and malignant pleural mesothelioma.”*”! By regulating
the miR-4500/IGF1 axis, circPLK1 silence inhibited
breast cancer cell growth, migration, and invasion.” In
osteosarcoma, circ0038632 (circPLK1) sponged miR-186
to upregulate the expression of DNMT3A and to promote
tumort progression. Upregulation of exosomal circPLK1
promotes non-small cell lung cancer by interacting with
miR-1294 and high mobility group protein A1.% By
regulating miR-1294/HMGA1, circPLK1 also promotes
malignant pleural mesothelioma development.? In the
present study, we discovered the significance of circPLK1
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Figure 4: ETS1 is a direct target gene of miR-940 and regulated by circPLK1. (A) Venn diagram (miRWalk, miRDB, TARGETMINER and TargetScan) representing
the overlap of co-target genes of miR-940. (B) Schematic of the predicted miR-940 site in the 3'UTR of ETS1 mRNA. (C) HEK 293T cells were co-transfected with
wild-type (ETS1-3'UTR-wt) or mutant (ETS1-3'UTR-mut) 3'UTR luciferase reporter constructs as indicated, and either with miR-940 or non-targeting scrambled
control. **P < 0.01, ***P < 0.001. (D) qRT-PCR analysis of ETS1 mRNA after transfection with a scrambled control, miR-940 mimics, control-LNA, or miR-
940-LNA. (E) Western blot determined the effect of miR-940 mimics or miR-940-LNA on ETS1 protein expression in MDA-MB-231 and BT549 cells. (F) Western
blot determined the effect of knockdown of circPLK1 on ETS1 protein expression in MDA-NMB-231 and BT549 cells. We used MDA-NMB-231/ADR for (G) Colony
formation and (H) EdU assays, the knockdown of ETS1 also attenuated the knockdown effects of miR-940 in the presence of doxorubicin (1 pmol/L) for 48 h.
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Figure 5: The tumor-promoting roles of circPLK1 overexpression in vivo. (A) Growth curves of individual tumors are shown. (B) Final tumor weights of xenograft tumors
at sacrifice. ***P < 0.001. (C) Tumors from circPLK1/231 and Vector/231 mice treated with PBS or DOX are shown. (D) Representative images of tumors which
were detected by luciferase signals. (E) Each tumor was analyzed ETS1 by IHC analysis (Scale bar = 50 um) and (F) western blot. Representative images for display.

in the anthracycline resistance of TNBC.

CircRNAs are found in multiple tissues, possessing
distinct expression patterns and exerting specific roles
during tumor progression. There is growing evidence for
the role of circRNAs in gene expression regulation.””!
CircRNAs are abundant, stable, and considered mote
appropriate tumor biomarkers than other RNAs. Previous
investigations have discussed the role of circRNAs in drug
resistance. For instance, cESRP1 enhances drug sensitivity
by inhibiting TGF-3-mediated EMT in small-cell lung
cancer.” Downregulation of two circRNAs transcribed
from EIF3a reversed cisplatin resistance in lung cancer.P"!
In osteosarcoma, the circ_0001258 can regulate GSTM2
levels and was confirmed to contribute to resistance to
cisplatin-based chemotherapeutics.’? By sponging miR-
1252, circCELSR1 can upregulate FOXR2 expression

to contribute to paclitaxel resistance in ovarian cancer.
However, the roles of circRNAs in TNBC anthracycline
resistance have not been thoroughly explored.

Here, we demonstrated that circPLK1 upregulates ETS]
via miR-940 suppression to confer anthracycline resistance
in TNBC (Figure 7). Higher expression of circPLK1 was
detected in non-pCR patients compared with pCR patients
in TNBC. Overexpression or knockdown of circPLK1
could affect the viability, colony formation, and apoptosis
of doxorubicin-resistant cells. The mechanism of circPLK1
in TNBC anthracycline resistance was explored and verified.
CircPLK1 was predominantly localized in the cytoplasm.
Numerous studies have confirmed that cirtcRNAs in the
cytoplasm could regulate gene expression of genes by acting
as miRNA sponges.’ We screened candidate miRNAs to
circPLK1 using bioinformatic approaches and focused on
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(E) qRT-PCR analysis of circPLK1 and ETS1 in tumor tissues of 20 TNBC patients who received anthracyclines-based neoadjuvant chemotherapy. ***P < 0.001.

miR-940. MiR-940 was confirmed as a tumor suppressor
in TNBC. Liu ¢z al. reported that TNBC with decreased
miR-940 and low miR-940 expression could predict poor
prognosis.’” Hou e al. found that miR-940 potentially
targeted ZNIF24 and inhibited TNBC proliferation and
migration.”! Our study found that the knockdown of
circPLK1 promoted miR-940 expression, whereas it was
inhibited upon the overexpression of circPLK1 in TNBC
cells. We also found a sponging interaction between
circPLK1 and miR-940.

Furthermore, comprehensive bio-informatics analyses
and cell experiments proved that ETS1 was a direct
target gene of miR-940 and regulated by circPLK1. ETS1
belongs to the member of the ETS family of transcription
factors. It has been implicated as oncogenes and directly
regulates several genes involved in invasion and metastasis,
such as integrins and matrix metalloproteinase.”? A
major obstacle in tumor therapy is tumor cell resistance
to anti-cancer drugs. ETS1 is involved in the drug
resistance of pancreatic cancer, ovarian cancer, prostate
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cancer, hepatocellular carcinoma, bladder cancer and
breast cancer.’’*! The effect of ETS1 on tumor drug
resistance involves different pathways. For instance, in
hepatocellular carcinoma, ETS1 regulates mitochondrial
ROS pathways to mediate sorafenib resistance.*'! The
ETS1/miR-23a-3p/ACSL4 axis contributes to sorafenib
resistance by regulating ferroptosis.*?! High expression
levels of MDR1 were the cause of cisplatin resistance
in T24R2 cisplatin-resistant human bladder cancer
cells, and MDR1 promoter activity was dependent on
transcription factor ETS1. In breast cancer, ETS1 is
primarily expressed in the triple-negative sub-type.*!
Reducing in ETS1 expression enhances chemo-sensitivity
to cisplatin and reverses NF-kappaB activation in MDA-
MB-231/DDP cells (a cisplatin resistance TNBC cell
line) and subcutaneous tumor transplants.*”! Our study
found that circPLK1 overexpression increased ETS1
expression and facilitated anthracycline resistance of
TNBC 77 vivo. ETS1 expression was positively correlated
with circPLK1 expression in TNBC tissue. In addition,
it was confirmed that the prognosis of TNBC with high
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Figure 7: A schematic diagram. circPLK1 upregulates ETS1 via miR-940 suppression to confer anthracycline resistance in TNBC.

circPLK1 and ETS1 expression was poor. In this regard,
circPLK1 might eventually serve as a pharmacodynamic
biomarker, as a prognostic biomarker, or perhaps both in
TNBC. Meanwhile, the mechanism of ETS1 affects the
sensitivity of TNBC to DOX is worthy of further study.

There are some limitations to our study. We used siRNA
technology to knock down circPLK1. The siRNA
technique has a risk of off-target effects, which might result
in false-negative or false-positive results. Besides TNBC, it
remains unclear whether circPLK1 confers anthracycline
resistance in the other breast cancer subtypes and whether
additional regulatory mechanisms are involved. The effects
of circPLK1 on the sensitivity of other drugs remain to
be clarified.

CONCLUSION

In summary, circPLK1 plays a vital role in the resistance
of TNBC to anthracycline and is associated with
poor prognosis. circPLK1 offers potential utility as
a pharmacodynamic and prognostic biomarker. The
inhibition of circPLK1 may be a practical therapeutic

approach to modulate anthracycline resistance in TNBC.
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