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Abstract
Increasing evidence has indicated that circular RNAs (circRNAs) play a critical role in cancer development. However, only a
small number of circRNAs have been experimentally validated and functionally annotated. In this study, using a high-
throughput microarray assay, we identified a novel circRNA, circKDM4C, which was downregulated in breast cancer tissues
with metastasis. Furthermore, we analyzed a cohort of breast cancer patients and found that circKDM4C expression was
decreased in breast cancer tissues, and lower circKDM4C expression was associated with poor prognosis and metastasis in
breast cancer. Functionally, we demonstrated that circKDM4C significantly repressed breast cancer proliferation, metastasis,
and doxorubicin resistance in vitro and in vivo. Mechanistically, using a dual-luciferase activity assay and AGO2 RNA
immunoprecipitation, circKDM4C was identified as a miR-548p sponge. We also found that PBLD was a direct target of
miR-548p, which functioned as a tumor suppressor in breast cancer. Moreover, miR-548p overexpression was able to
reverse the circKDM4C-induced attenuation of malignant phenotypes and elevated expression of PBLD in breast cancer
cells. Taken together, our data indicate that circKDM4C might have considerable potential as a prognostic biomarker in
breast cancer, and support the notion that therapeutic targeting of circKDM4C/miR-548p/PBLD axis may be a promising
treatment approach for breast cancer patients.

Introduction

Breast cancer is one of the most commonly diagnosed and
life-threatening malignant tumors among women worldwide

[1]. Despite improvements in the diagnosis and therapeutic
strategies of this disease, the prognosis of breast cancer
patients is not satisfactory, predominantly due to the high
frequency of metastasis and chemoresistance [2–5]. There-
fore, better understanding of critical signaling pathways and
the discovery of novel therapeutic targets are urgently
needed to improve the prognosis of breast cancer patients.

Circular RNAs (circRNAs) were first misinterpreted as
products of splicing errors [6]. However, with advances in
high-throughput sequencing and bioinformatic analysis,
thousands of circRNAs have been identified and found to
play important roles in multiple cell types. CircRNAs are
generated by the nonsequential back-splicing of pre-mRNA
transcripts [7, 8] to form covalently closed continuous
loops, which render circRNAs more stable than liner tran-
scripts and insusceptible to RNase R. In addition, evidence
has shown that certain circRNAs are more abundant than
cognate mRNAs [9]. Due to their stability and abundance
[10], circRNAs are conserved across species and may act as
better biomarkers for human diseases [11].
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Some circRNAs have been detected in the cytoplasm and
act as miRNA sponges to participate in gene regulation
[12, 13]. They also have a critical role in human diseases,
especially cancers, as either oncogenes or tumor suppressor
genes via different targets in different cancers or different
stages [14]. CiRS-7 is one of the most well-known cir-
cRNAs, which can serve as a miR-7 sponge and regulate the
expression of several oncogenes in different cancers [15–
17]. Moreover, circHIPK3 has been shown to act as either a
tumor suppressor or an oncogene in different cancers
through various signaling pathways [18–21].

In the present study, we identified a novel circRNA
derived from the KDM4C gene, termed circKDM4C, as a
tumor suppressor in breast cancer. The expression of
circKDM4C was significantly downregulated in breast
cancer, and negatively associated with breast cancer pro-
gression and chemoresistance by regulating the miR-548p
activity. Our findings suggested that circRNAs may exert
regulatory functions in breast cancer and may be a potential
target for breast cancer therapy.

Results

CircKDM4C expression is decreased in breast cancer
and correlated with the prognosis of breast cancer
patients

To explore the roles of circRNAs in the development of
breast cancer, circRNA expression in breast cancer tissues
with or without metastasis was explored using microarray
analysis. The results showed that 51 circRNAs were sig-
nificantly differentially expressed with a fold change > 1.5
and P < 0.05 (Table S1). Hierarchical clustering showed the
ten most increased and decreased circRNAs (Fig. 1a). In
addition, the expression of circKDM4C in breast cancer
tissues with lymph node metastasis was decreased (Fig. 1b),
and lower expression of circKDM4C was associated with a
worse overall survival rate (Fig. 1c). CircKDM4C was
lower in breast cancer tissues than in matched adjacent
normal tissue (Fig. 1d) and was lower in breast cancer cells
than in normal breast cells (MCF10A) (Fig. 1e). Moreover,
the expression of circKDM4C was higher in cells with
lower metastatic abilities (such as MCF-7) compared with
cells with higher metastatic abilities (such as MDA-MB-
231), which further verifies the negative association
between the expression of circKDM4C and the metastatic
ability of breast cancer cells.

According to the circBase database, circKDM4C (hsa_-
circ_0001839) arose from the KDM4C gene on chr9:
6,880,011-6,893,232 and ultimately formed the mature
sequence with a length of 292 nt; and we validated the
putative circKDM4C junction by Sanger sequencing (Fig. 1f).

Moreover, circKDM4C was more resistant to RNase R than
linear KDM4C (Fig. 1g), and the half-life of circKDM4C
was longer than that of linear KDM4C (Fig. 1h). Subse-
quently, we designed convergent and divergent primers to
amplify circKDM4C and actin. Using cDNA and gDNA
from MDA-MB-231 and MCF-7 cells as templates, the
convergent primers could amplify both circKDM4C and
actin. However, the divergent primers could amplify only
circKDM4C using cDNA templates, but not gDNA tem-
plates (Fig. 1i). Together, these results demonstrate that
circKDM4C is downregulated in breast cancer cells and
breast cancer tissues; and that lower circKDM4C expression
is associated with a poor prognosis in breast cancer patients.

CircKDM4C inhibits the progression of breast cancer
cells in vitro

In an attempt to investigate the biological functions of
circKDM4C in breast cancer cells, we designed interference
sequences targeting the junction sites of circKDM4C (Fig. 2a).
These siRNAs significantly decreased the expression of
circKDM4C, but had no effect on its linear isoform (Figs. 2b
and S1a). Cell proliferation was measured by MTT and EdU
assays, and cell viability was increased by circKDM4C
knockdown (Figs. 2c, d and S1b). Then, flow cytometry
analysis was performed to evaluate whether circKDM4C
affects the cell cycle profile and apoptosis. CircKDM4C
knockdown promoted the progression of the cell cycle, as
indicated by the fact that fewer cells were distributed in G1
phase and more cells were distributed in S phase (Fig. 2e);
circKDM4C knockdown also led to a decreased apoptotic rate
(Fig. 2f). Consistently, western blot analysis showed that
circKDM4C knockdown could lead to decreased expression of
p53, Rb, and p21 (inhibitors of cell cycle progression), but
increased expression of CDK4, CDK6, and cyclin D1 (major
regulators of G1/S cell cycle checkpoint control) (Fig. 2g).
Moreover, transwell analysis demonstrated that circKDM4C
knockdown led to increased migration and invasion cap-
abilities in breast cancer cells, which was in accordance with
the wound healing assay results (Figs. 2h, i and S1c, d).
Subsequently, the tube formation ability of human umbilical
vein endothelial cells (HUVECs) was enhanced by treatment
with conditioned media (CM) from cells transfected with
siRNAs against circKDM4C (Fig. 2j). Given the essential role
of epithelial–mesenchymal transition (EMT) in the invasion
and migration of cancer cells, we further evaluated the influ-
ence of circKDM4C on EMT. Moreover, western blot analysis
also demonstrated that circKDM4C knockdown could
decrease the expression of epithelial markers and increase the
expression of mesenchymal markers (Fig. 2k), highlighting the
significant role of circKDM4C in regulating EMT in breast
cancer cells. At the morphologic level, circKDM4C-
overexpressed cells presented a round-like morphology,
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which is a typical epithelial phenotype, compared with the
corresponding control cells (Fig. S1e). Furthermore, ectopic
expression of circKDM4C inhibited cell growth, migration,

and invasion, and promoted cell apoptosis (Fig. S2a–f). These
findings collectively indicated that circKDM4C may inhibit
the progression of breast cancer cells in vitro.
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CircKDM4C inhibits the doxorubicin resistance of
breast cancer cells in vitro

Given the relationship between high metastatic ability and
enhanced chemoresistance, we further explored the effect of
circKDM4C on doxorubicin resistance. Lower expression of
circKDM4C was detected in doxorubicin-resistant cells com-
pared with parental cells (Fig. 3a), indicating its inhibitory role
in drug resistance. The IC50 value of doxorubicin was sig-
nificantly higher in cells transfected with si-circKDM4C than
in cells transfected with si-NC (Figs. 3b and S3a). We also
found that doxorubicin led to cell growth inhibition in a time-
dependent manner, and circKDM4C knockdown increased the
resistance of breast cancer cells to doxorubicin (Figs. 3c and
S3b). Consistently, MDA-MB-231/DOX cells transfected with
the circKDM4C expression vector showed attenuated cell
proliferation and decreased resistance to doxorubicin in a dose-
dependent manner and a time-dependent manner (Fig. 3d–f).
Colony formation assays revealed that circKDM4C knock-
down promoted the colony-forming capacity of breast cancer
cells (Fig. S3c). Moreover, cell proliferation was significantly
higher in circKDM4C-downregulated cells compared with
NC-transfected cells exposed to 0.4 μg/mL doxorubicin (Fig.
S3c). Similarly, circKDM4C overexpression led to the inhi-
bition of migration and invasion in doxorubicin-resistant cells
(Fig. 3g). CircKDM4C knockdown suppressed doxorubicin-
induced apoptosis, whereas circKDM4C overexpression led to
enhanced apoptosis (Figs. 3h, i and S3d), as determined by
flow cytometry and western blot assays. These results indi-
cated that circKDM4C decreased the resistance to doxorubicin
in breast cancer cells.

CircKDM4C acts as a miRNA sponge for miR-548p in
breast cancer cells

Using nuclear/cytosol fractionation assay, we demon-
strated that circKDM4C is predominately localized in the
cytoplasm (Fig. 4a). According to the Circular RNA
Interactome database, circKDM4C could act as a sponge
for several miRNAs. The top-ranking potential binding
sites of 11 miRNAs within the circKDM4C sequence are
listed (Fig. 4b, Table S2). The Kaplan–Meier Plotter tool
showed that high expression levels of miR-548p, miR-
587, miR-610, miR-558, miR-1245a, miR-634, and miR-
891b were associated with poor prognosis (Figs. 4c and
S4a), indicating that these genes may play an oncogenic
role in breast cancer. The expression of miR-548p was
higher in breast cancer cells than in normal breast cells
(Figs. 4d and S5a). CircKDM4C knockdown led to
increased expression of these miRNAs (Figs. 4e and S5b),
and increased expression of these miRNAs was found in
MDA-MB-231/DOX cells (Figs. 4f and S5c). Among
these changes, the change in miR-548p was the most
significant, thus, we chose miR-548p as a potential target
of circKDM4C. Luciferase assay revealed that miR-548p
mimics significantly decreased the luciferase reporter
activity of wild type but not mutant circKDM4C in a
dose-dependent manner (Fig. 4g). In addition, the results
of RIP assay showed that significantly more circKDM4C
and miR-548p were pulled down with anti-AGO2 anti-
bodies than with anti-IgG (Fig. 4h), suggesting an asso-
ciation between circKDM4C and miR-548p. Altogether,
these results implied that circKDM4C might function as a
ceRNA for miR-548p in breast cancer cells.

Overexpression of miR-548p promotes breast cancer
progression and reverses the tumor suppressor role
of circKDM4C in breast cancer cells

We then investigated the function of miR-548p in breast
cancer cells. Increased expression of miR-548p significantly
promoted the viability, migration, and invasion abilities of
the cells (Fig. 4i–k). Moreover, miR-548p overexpression
could promote DOX-resistance in breast cancer cells (Fig.
4l). Consistently, miR-548p mimics suppressed DOX-
induced cell apoptosis as determined by flow cytometry
(Figs. 4m and S5d). The rescue experiments showed that
miR-548p mimics could partly abrogate the circKDM4C
overexpression-mediated inhibition of proliferation, migra-
tion, invasion, and DOX-resistance in breast cancer cells
(Fig. 5a–d). Above all, these data suggested that
circKDM4C served as a tumor suppressor partly through
abolishing the oncogenic effect of miR-548p in breast
cancer cells.

Fig. 1 CircKDM4C is downregulated in breast cancer and correlated
with prognosis of breast cancer patients. a Hierarchical cluster analysis
of microarray data was used to show the differential circRNA profiles
in breast cancer with or without metastasis. Red and green denoted
high and low expression, respectively. Each group was analyzed in
triplicate. The expression of circKDM4C (has_circ_0001839) was
indicated with a red rectangle. b The Expression of circKDM4C was
decreased in breast cancer tissues with lymphatic metastasis. c
Kaplan–Meier analysis revealed a positive association between
circKDM4C expression and prognosis of breast cancer patients. d The
expression of circKDM4C was decreased in breast cancer tissues
compared with adjacent normal tissues. e qRT-PCR was used to
examine the expression of circKDM4C in different breast cancer cells
and normal breast cells. f The schematic diagram showed the genomic
locus of circKDM4C in KDM4C gene. The expression of circKDM4C
was validated by RT-PCR followed by sanger sequencing. Arrows
represent divergent primers that bind to the genomic region of
circKDM4C. g qRT-PCR analysis of circKDM4C and KDM4C RNA
after treatment with RNase R in MDA-MB-231 and MCF-7 cells. h
qRT-PCR analysis of circKDM4C and KDM4C RNA after treatment
with Actinomycin D at the indicated time points in MDA-MB-231 and
MCF-7 cells. i RT-PCR assay with divergent or convergent primers
indicated the existence of circKDM4C in MDA-MB-231 and MCF-7
cells. Actin was used as a negative control. (***p < 0.001)
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PBLD is downregulated in breast cancer tissues and
regulated by circKDM4C as a miR-548p sponge

Through overlapping the results of miRNA target prediction
by miRWalk, TargetScan, microT_CDS, mirDIP, and
miRDB, the 3′-UTRs of 13 candidates were considered as
putative targets of miR-548p (Fig. 6a, Table S3). We further
analyzed the expression of these potential target genes in
breast cancer tissues and their association with patient prog-
nosis using TCGA and GEO databases. Among them, phe-
nazine biosynthesis-like domain-containing protein (PBLD)
expression was significantly lower in breast cancer tissues
than in normal tissues (Fig. S6a). Moreover, high expression
of PBLD was associated with better overall survival and
disease free survival of breast cancer patients (Fig. S6b).
Therefore, PBLD was selected as a putative target of miR-
548p for further observation. MiR-548p mimics led to
decreased fluorescence of the wild-type PBLD 3′-UTR, but
had no effect on the mutant vectors (Fig. 6b). The mRNA and
protein levels of PBLD were remarkably inhibited after miR-
548p overexpression (Fig. 6c), in accordance with the
circKDM4C knockdown results (Figs. 6c, d and S6c), indi-
cating that circKDM4C could sponge miR-548p and mod-
ulate PBLD expression. The expression of PBLD in 35-
matched tissues was examined, and PBLD was lower in
breast cancer tissues compared with adjacent normal tissues
(Fig. 6e). Moreover, the expression of PBLD was decreased
in MDA-MB-231/DOX cells (Fig. 6f), indicating its sup-
pressive role in doxorubicin resistance in breast cancer. PBLD

knockdown significantly enhanced proliferation and doxor-
ubicin resistance of breast cancer cells (Figs. 6g–i and S6d).
The flow cytometry assays showed that PBLD knockdown
promoted cell cycle progression as indicated that fewer cells
were distributed in G1 phase (Fig. 6j); PBLD knockdown also
suppressed cell apoptosis (Fig. 6k). Moreover, PBLD
knockdown obviously promoted the migration and invasion
of breast cancer cells (Fig. 6l). Collectively, these findings
suggest that circKDM4C promotes breast cancer cell pro-
gression and doxorubicin resistance through protecting PBLD
from miR-548p-mediated degradation.

CircKDM4C overexpression attenuates breast cancer
progression and doxorubicin resistance in vivo

We further investigated the effects of increased circKDM4C
expression on regulating tumor growth, doxorubicin resis-
tance, and metastasis in vivo. The growth rates and tumor
weights of the xenograft tumors were lower in the high
circKDM4C expression group than in the control group
(Fig. 7a–c). Moreover, the circKDM4C-overexpressing
group treated with doxorubicin showed even greater
reductions in tumor volumes and tumor weights (Fig. 7a–c).
Consistently, circKDM4C overexpression significantly
increased PBLD expression and led to decreased miR-548p
expression; however, doxorubicin treatment resulted in the
opposite trends (Fig. S7a). IHC analysis also showed that
decreased ki67 and increased PBLD levels were identified
in the circKDM4C-overexpressing groups (Figs. 7d and
S7b). To establish a metastasis model, circKDM4C-
overexpressing and control MDA-MB-231 cells were
injected into BALB/c nude mice through tail veins. H&E
staining was performed to pathologically confirm the
metastatic nodules in the lungs (Fig. 7e). All five mice
injected with control cells developed metastatic nodules
with different sizes and quantities, whereas only two out of
five mice in the circKDM4C-overexpressing group exhib-
ited lung metastasis. Importantly, the volume and number of
lung metastatic nodules were lower in the circKDM4C-
overexpressing group than in the control group (Fig. 7e).
Overall, these data indicated that increased circKDM4C
expression efficiently suppressed growth, doxorubicin
resistance, and metastasis of breast cancer in vivo.

Discussion

Many studies have shown that circRNAs are dysregulated
in diverse cancer types, such as bladder cancer [21], gastric
cancer [22], non-small cell lung cancer [23, 24], clear cell
renal cell carcinoma [25], and hepatocellular carcinoma
[26]. In the present study, we screened differentially
expressed circRNAs in breast cancer tissues with or without

Fig. 2 CircKDM4C knockdown promotes proliferation, migration,
invasion, tube formation, and inhibits apoptosis of breast cancer cells.
a Schematic illustration was used to show the target sequences of the
siRNAs specific to the back-splicing junction of circKDM4C. b The
interfering efficacies of circKDM4C-targeting siRNAs on circKDM4C
and KDM4C mRNA were measured by qRT-PCR. MTT (c) and EdU
(d) assays of MDA-MB-231 and MDA-MB-468 cells transfected with
control or circKDM4C siRNAs were performed to evaluate cell pro-
liferative ability. e Cell cycle distributions in circKDM4C knockdown
cells were presented by flow cytometry. f Flow cytometry apoptosis
analysis of MDA-MB-231 and MDA-MB-468 cells transfected with
control or circKDM4C siRNAs. g Western blot was used to examine
the expression of cell cycle-related proteins after circKDM4C
knockdown. Si-circ was short for si-circKDM4C. h Cell migration and
invasion abilities of MDA-MB-231 and MDA-MB-468 cells trans-
fected with si-NC or si-circKDM4C were evaluated by the transwell
assays. i Wound healing assay was performed to examine the migra-
tion abilities after circKDM4C knockdown. j The tube formation of
HUVEC cells was promoted by treatment with the preconditioned
medium of MDA-MB-231 and MDA-MB-468 cells transfected with
circKDM4C siRNAs. k The overexpression of circKDM4C shifted the
cell morphology from a mesenchymal to an endothelial phenotype.
Cytoskeleton F-actin proteins were stained with FITC-phalloidin and
viewed under a fluorescence microscope at 100× (upper panel) and
400× (lower panel) magnifications. Western blot indicated that
circKDM4C was able to regulate the expression of EMT-related pro-
teins. Si-circ was short for si-circKDM4C. (***p < 0.001; ns, no
significance)
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metastasis, and focused on the function and potential
mechanism of decreased circKDM4C expression in breast
cancer progression.

Given the abundance and stability of circRNAs, they are
more suitable than other RNAs as potential cancer bio-
markers. Previous studies have identified many circRNAs,
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such as circPVT1 [11], circTCF25 [27], and circHIPK3 [19],
as cancer biomarkers in various cancers. Using a cohort of
219 breast cancer patients, we found that patients with low
circKDM4C expression had a significantly shorter overall
survival than those with high circKDM4C expression, and the
expression of circKDM4C was correlated with lymphatic
metastasis. Further studies showed that circKDM4C was
capable of regulating breast cancer cell proliferation, metas-
tasis, chemoresistance, and tumor growth both in vitro and
in vivo, indicating its tumor-suppressive role in breast cancer.
Recently, several studies revealed the significant role of cir-
cRNAs in the drug resistance of various cancers. Xiong et al.
identified 71 differentially expressed circRNAs between
chemoradiation-resistant colorectal cancer cells and parental
cells, which regulate several cancer and cancer-related path-
ways, such as AKT and WNT signaling [28]. Trough com-
paring adriamycin (ADM) resistant MCF-7 breast cancer cells
(MCF-7/ADM) and parental MCF-7 cells, 18 differentially
expressed circRNAs were identified, and the circ-0006528/
miR-7–5p/Raf1 axis was reported to play a role in breast
cancer chemoresistance [29]. Moreover, circPVT1, a potential
new biomarker for osteosarcoma patients, promoted resis-
tance to doxorubicin and cisplatin in OS cells through redu-
cing the expression of the classical drug resistance-related
gene ABCB1 [30]. Doxorubicin is one of the most commonly
used chemotherapeutics for breast cancer patients, however,
the development of chemoresistance has limited its clinical
application and little is known about the role of circRNAs in
breast cancer chemoresistance. In this study, we identified that
circKDM4C was downregulated in doxorubicin-resistant
breast cancer cells. CircKDM4C knockdown or over-
expression led to markedly increased or decreased doxor-
ubicin resistance, respectively. Moreover, circKDM4C

overexpression obviously inhibited the migration and inva-
sion ability of doxorubicin-resistant breast cancer cells, further
revealing the relationship between metastasis and chemore-
sistance [31, 32]. Cell apoptosis is one of the major effects of
chemotherapeutics treatment on cancer cells [33], and
circKDM4C could modulate the cells response to doxorubicin
through regulating doxorubicin-induced apoptosis.
CircKDM4C overexpression also improved the sensitivity of
breast cancer cells to doxorubicin in vivo, indicating that
circKDM4C may serve as a biomarker to predict the che-
moresponse and prognosis of breast cancer patients.

Numerous studies have shown that circRNAs may reg-
ulate the expression of oncogenic or tumor-suppressive
genes via acting as miRNA sponges [13]. For example, circ-
ITCH was able to suppress the Wnt/β-catenin pathway
through inhibiting various miRNAs in different cancers
[34–36]. CircHIPK3 was found to inhibit bladder cancer
progression via sponging miR-558 [21], or served as an
oncogene in colorectal cancer [19] and nasopharyngeal
carcinoma [37] through sponging miR-7 or miR-4288. We
found that circKDM4C was located mainly in the cyto-
plasm, which is thought to be a major characteristic of
miRNA sponges [38]. Using bioinformatics algorithms, we
predicted miR-548p as a potential target of circKDM4C,
and further confirmed it by luciferase and RIP assays. Our
data indicated that miR-548p overexpression significantly
promoted breast cancer cell proliferation, migration, and
invasion, and could partly abolish the circKDM4C-
mediated biological effects and increased PBLD expression.

PBLD, also termed MAWBP, is widely expressed in
human tissues, such as the liver, kidney, and stomach. Using
proteomic strategies, PBLD was first found to be down-
regulated in gastric cancer tissues and to have a high affinity
for MAWD [39]. Further study revealed that PBLD negatively
regulated gastric cancer cell growth and migration in vitro and
in vivo, and inhibited TGF-β1-induced EMT through sup-
pressing the phosphorylation and nuclear translocation of p-
Smad3 [40]. Moreover, the expression of PBLD was also
closely associated with the gastric cancer differentiation grade
through mediating the expression of differentiation-related
proteins, such as E-cadherin, pepsinogen C, N-cadherin, and
Snail, through TGF-β signaling [41]. In addition, PBLD has
been proven to be significantly downregulated in hepatocel-
lular carcinoma tissues, and low PBLD expression was asso-
ciated with a poor prognosis in HCC patients [42]. Using
microarray analysis, the attenuated hepatocellular carcinoma
cell growth and metastasis caused by PBLD overexpression
was associated with the inhibition of various tumor
progression-related signaling pathways, such as VEGF-A,
MAPK, NF-κB, EMT, angiogenesis, and others [43]. Until
now, however, there has been a lack of studies focusing on
PBLD expression and function in breast cancer. We confirmed
that the expression of PBLD was decreased in breast cancer

Fig. 3 CircKDM4C knockdown promotes resistance to doxorubicin of
breast cancer cells. a The expression level of circKDM4C was sig-
nificantly decreased in doxorubicin-resistant breast cancer cells com-
pared with parental cells. b The IC50 value and viability of MDA-MB-
231 cells in the si-circKDM4C group were increased compared with
the control group. c Doxorubicin of 0.4 μg/ml was further used to test
the promotion of drug resistance caused by circKDM4C knockdown in
MDA-MB-231 cells. d MTT cell proliferation assays performed in
MDA-MB-231/DOX cells transfected with circKDM4C expression
vector or control vector. e The IC50 value and viability of MDA-MB-
231/DOX cells in the circKDM4C-overexpressed group were
decreased compared with the control groups. f Doxorubicin of 0.4 μg/
ml was further used to test the inhibition of drug resistance caused by
circKDM4C overexpression in MDA-MB-231/DOX cells. g Transwell
assay was used to measure migration and invasion capacities in MDA-
MB-231/DOX cells transfected with circKDM4C expression vector or
control vector. h The cells were treated with 0.4 μg/ml doxorubicin for
indicated time, then flow cytometry was used to examine the effect of
circKDM4C on doxorubicin-induced apoptosis in MDA-MB-231 and
MDA-MB-231/DOX cells. i Western blot showed the effect of
circKDM4C and doxorubicin on the expression of apoptosis-related
proteins (p53, RB, BAX, caspase-8, cleaved caspase-8, caspase-9, and
cleaved caspase-9). (*P < 0.05, **P < 0.01, and ***P < 0.001)
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tissues and that PBLD knockdown led to enhanced progres-
sion and chemoresistance in breast cancer. Moreover,
circKDM4C promoted breast cancer progression by promoting

PBLD expression through interacting with miR-548p. Hence,
we provided further evidence for the posttranscriptional reg-
ulation of PBLD by a circRNA in breast cancer.
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In summary, we demonstrated for the first time that
circKDM4C was downregulated in breast cancer tissues and
cell lines. Our results not only elucidate the potential
mechanism by which circRNAs regulate the progression
and chemoresistance of breast cancer, but also suggest that
the circKDM4C/miR-548p/ PBLD axis could be a potential
therapeutic target for breast cancer patients.

Materials and methods

Patients and specimens

The breast cancer tissues tumor and normal tissues were
obtained from patients who were diagnosed with breast
cancer and undergone surgery from February 2009 to Jan-
uary 2015 in Qilu Hospital of Shandong University. The
median follow-up is 69 months. Tissue samples were stored
at −80 °C until RNA extraction. Informed consent for the
use of these clinical materials in research was obtained. All
experimental procedures were approved by the Ethical
Committee of Shandong University.

Microarray analysis

Total RNA from three breast cancer tissues with or without
metastasis was used for Arraystar Human circRNA Array

according to the standard protocols. Briefly, total RNAs
were digested with RNase R to eliminate linear RNAs, and
the enrich circRNAs were used to construct RNA libraries.
Then, the denatured single-stranded DNA molecules were
captured, amplified in situ as clusters and finally sequenced
on Illumina HiSeq Sequencer When the circRNA expres-
sion level changed at least 1.5-fold with p < 0.05, the cir-
cRNA expression was considered to be differentially
expressed.

Cell culture and cell transfection

All the cell lines were purchased from American Type
Culture Collection (ATCC, USA). The cell lines were
characterized by Genetic Testing Biotechnology Corpora-
tion (Suzhou, China) using short tandem repeat markers and
tested for negative mycoplasma contamination using
Mycoplasma Detection Kit (Sigma). Cells were routinely
cultured in Dulbecco’s modified Eagle’s medium (Invitro-
gen, Carlsbad, CA, USA) containing 10% fetal bovine
serum (FBS) (Hyclone), 100 U/ml penicillin, and 100 µg/ml
streptomycin in a humidified atmosphere containing 5%
CO2 at 37 °C. Lipofectamine 2000 regent (Invitrogen, MA,
USA) was used for cell transfection.

The sequences of exon 6, 7, and 8 of KDM4C with a
length of 292 bp were cloned into a pLCDH-ciR-vector
(Invitrogen, Carlsbad, CA, USA) to generate pLCDH-
circKDM4C constructs. The pLCDH-ciR empty vector
was used as negative control and the primers used for
vector construction was showed in Table S4. The trans-
fected cells were screened with puromycin (2 μg/ml) for
4 weeks to establish circKDM4C overexpression and
control cell lines. PBLD knockdown cell lines were
transfected with PBLD or shPBLD. All the mimics and
siRNAs were purchased from Applied Biological Mate-
rials (ABM, Canada).

RNA extraction and qRT-PCR

Total RNA was isolated from tissues or cells using Trizol
reagant (Invitrogen, USA). Then cDNA was synthesized
using PrimeScript reverse transcriptase (RT) reagent kit
(TaKaRa, Shiga, Japan). qRT-PCR was carried out using
the SYBR green PCR mix (Takara). Actin and U6
were used as the endogenous control for mRNA or
microRNAs, respectively. The primers were listed in
Table S4.

Actinomycin D and RNase R treatment

Transcription was prevented by the addition of 2 μg/ml
actinomycin D (Sigma-Aldrich, USA) or DMSO (Mock)
(Sigma-Aldrich, USA) as the negative control for indicated

Fig. 4 CircKDM4C serves as a sponge of miR-548p and miR-548p
promotes proliferation, migration, and invasion of breast cancer cells.
a qRT-PCR analysis of circKDM4C nuclear and cytoplasmic
expression levels in MDA-MB-231 cells. U6 was used as a nucleus
marker, and GAPDH was used as a cytosol marker. b A schematic
model showing the putative-binding sites for miRNAs and
circKDM4C. c Kaplan–Meier analysis revealed that high expression of
miR-548p was correlated with poor prognosis of breast cancer
patients. d The expression of miR-548p in different breast cancer cells
and normal breast cells was analyzed by qRT-PCR. e Knockdown of
circKDM4C led to increased expression of miR-548p. f The expres-
sion of miR-548p was increased in MDA-MB-231/DOX cells com-
pared with parental cells. g Schematic illustration showed the predicted
binding sites between circKDM4C and miR-548p, and mutation of
potential miR-548p-binding sequence in circKDM4C (upper). Luci-
ferase assays were performed in HEK293T cells transfected with
luciferase reporter containing circKDM4C sequence with wild-type or
mutant miR-548p-binding sites and the mimics of miR-548p or control
(lower). h RIP experiments were performed in HEK293T cells, and the
expression of miR-548p and circKDM4C in the AGO2 coprecipitation
was detected by qRT-PCR. i The efficiency of miR-548p over-
expression was determined by qRT-PCR. j MTT assays indicated the
increased proliferative ability in breast cancer cells transfected with
miR-548p mimics. k The migration and invasion capabilities of breast
cancer cells were promoted by miR-5480 overexpression. l Over-
expression of miR-548p led to increased resistance to doxorubicin of
breast cancer cells. m The cells were treated with 0.4 μg/ml doxor-
ubicin for indicated time, then the flow cytometry assay showed that
miR-548p overexpression attenuated doxorubicin-induced apoptosis in
breast cancer cells. (*P < 0.05, **P < 0.01, and ***P < 0.001)
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time. RNase R treatment is used to identify and confirm the
character of circRNA. The RNAs extracted from MDA-
MB-231 or MCF-7 cells were divided into two equal parts
respectively, one for RNase R treatment (RNase R) and the
other for nontreatment (Mock). Total RNA (2 μg) was
incubated for 30 min at 37 °C with 3 U/μg of RNase R.
After treatment with actinomycin D and RNase R, the RNA
expression levels of circKDM4C and KDM4C were

detected by qRT-PCR. The internal reference (actin) in the
mock group is used as the calculation standard [44].

Cell proliferation assay and in vitro chemosensitivity
assay

The transfected cells were seeded into 96-well plates at a
density of 1500 cells per well. After incubation overnight,

Fig. 5 Overexpression of miR-548p effectively reverses circKDM4C-
induced inhibition of cell progression and doxorubicin resistance. a–d
MDA-MB-231 and MDA-MB-468 cells transfected with miR-NC,
miR-548p, pLCDH-ciR, or circKDM4C alone or simultaneously. Then

the ability of cell proliferation, resistance to doxorubicin, migration,
and invasion was, respectively, assessed by MTT (a), IC50 analysis
(b), EdU assay (c), and the transwell migration and matrigel invasion
(d) assay. (*P < 0.05, **P < 0.01, and ***P < 0.001)
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the medium was replaced by the solutions containing
indicated concentrations of doxorubicin for the indicated
time. Then 20 μl of MTT (5 mg/ml) was added into the

wells and incubated for another 4 h. The supernatants
were aspirated and 100 μl of DMSO was add into the
wells. The absorbance values were measured using a
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Microplate Reader (Bio-Rad, Hercules, CA, USA) at
570 nm.

Establishment of doxorubicin-resistant cells

The doxorubicin-resistant breast cancer cells (MDA-MB-
231/DOX) were generated from the parental MDA-MB-231
cells by continuous exposure to increasing concentrations of
doxorubicin (Sigma, USA), starting from 0.01 μg/ml and
terminating with 1 μg/ml over a period of 6 months. To
maintain the DOX-resistant phenotype, MDA-MB-231/
DOX cells were incubated with the culture medium con-
taining 0.01 μg/ mL DOX.

Colony formation assay

The transfected cells were seeded into six-well plates at a
density of 500 cells per well with or without 0.4 μg/ml
doxorubicin. After 2 weeks, the cells were washed with
cold PBS twice, fixed with methanol, and stained with
0.1% crystal violet solution. Pictures were imaged and
counted.

EdU incorporation assay

The EdU Proliferation Kit (RiboBio Guangzhou, China)
was used to assess cell proliferation viability. Briefly, 48 h
after transfection, 1 × 104 cells were seeded in 96-well plate.
After incubation with 50 mM EdU for 2.5 h, the cells were
fixed with 4% paraformaldehyde (PFA) and stained with
Apollo Dye Solution. Hoechst was used to stain the nucleic

acid. Images were obtained with an Olympus microscope
(Olympus, Tokyo, Japan).

Cell cycle and apoptosis assays

For the cell cycle analysis, the transfected cells were stained
with propidium iodide (PI) in the dark for 30 min, cell cycle
distribution was measured by flow cytometry (Becton
Dickinson, NJ, USA). Annexin V Apoptosis Detection Kit
(BD Biosciences, NJ, USA) was used to detect cell apop-
tosis. Cells were collected and washed with ice cold PBS,
followed by stained with 5 μL Annexin V-FITC and 5 μL
PI, and incubated in the dark for 15 min. The ratio of
apoptotic cells was obtained by flow cytometry and data
were analyzed by FlowJo software.

Protein isolation and western blot

Cells were lysed with RIPA buffer and PMSF (Biocolors,
Shanghai, China), separated by 10% SDS-PAGE, and
electro-blotted onto a PVDF membrane (Millipore). After
blocking with 5% nonfat milk, the membrane was incubated
with various specific primary antibodies overnight at 4 °C.
Blots were washed and incubated with horseradish
peroxydase-coupled secondary antibodies (Millipore) for
2 h. The protein bands were detected using the Pro-lighting
HRP agent. Expression of β-actin was used as a loading
control. The primary antibodies and secondary antibodies
used were available in Table S5.

Transwell migration and matrigel invasion assays

For migration assay, 1 × 105 of transfected cells suspended
in the serum-free medium with Mitomycin C (5 µg/ml,
sigma) were added into the upper wells, while the lower
wells were filled with medium containing 20% FBS. After
incubation for 24–48 h, the infiltrating cells were fixed with
methanol and stained with 0.1% crystal violet. The invasion
assay was performed in the same way as the migration assay
except that the membrane was coated with matrigel. The
cells on the lower surface were photographed and counted
by ImageJ software.

Wound healing assay

Cells were seeded in a 24-well plate and incubated in
DMEM containing 10% FBS until a confluent monolayer
had formed. Then a sterile 200 µl plastic pipette tip was
used to make scratches on the single cell layer and PBS was
used to remove the detached cells. Cells were grown in
serum-free DMEM and Mitomycin C (5 µg/ml, sigma) to
inhibit cell proliferation, and images were captured at the

Fig. 6 CircKDM4C inhibited breast cancer cell progression and dox-
orubicin resistance through protecting PBLD from miR-548p-induced
degradation. a Schematic illustration showing the overlapping of the
target genes of miR-548p predicted by TargetScan, miRWalk, mirDIP,
miRDB, and microT_CDS. b Schematic illustration and luciferase
assay were used to show the regulatory relationship between miR-
548p and PBLD. c Overexpression of miR-548p in MDA-MB-231 and
MDA-MB-468 cells led to decreased PBLD mRNA (upper histo-
grams) and protein (lower bands) levels. d Knockdown of circKDM4C
caused reduced PBLD mRNA (upper histograms) and protein (lower
bands) expression. e The expression of PBLD was downregulated in
breast cancer tissues compared with adjacent normal tissues. f The
mRNA (upper histogram) and protein (lower bands) expression of
PBLD was decreased in cells with higher resistance to doxorubicin or
higher metastatic potential. g The knockdown efficiency of shPBLD
vectors was examined by qRT-PCR (upper histograms) and western
blot (lower bands). PBLD knockdown led to decreased proliferation
ability (h) and resistance to doxorubicin (i) of breast cancer cells. j
Flow cytometry assay was used to evaluate the effect of PBLD
knockdown on cell cycle. k PBLD knockdown led to attenuated cell
apoptosis. l Transwell assays revealed that PBLD knockdown pro-
moted migration and invasion abilities of breast cancer cells. (**P <
0.01, and ***P < 0.001)
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indicated times (0 and 48 h) using an Olympus light
microscope.

Tube formation assay

Transfected breast cancer cells were incubated for 48 h, and
then the medium was collected. After being centrifuged at
500 g to remove detached cells and centrifuged at 12000 × g
to discard cell debris, the condition medium (CM) was used
for subsequent coculture experiments.

HUVECs were seeded in 48-well plates (1 × 105 cells/
well) precoated with growth Matrigel (BD Biosciences, NJ,
USA), and then cultured in the indicated condition medium.
After 4–6 h of incubation, the formation of the tube network
was imaged and quantified using an inverted microscope.

Morphological analysis

circKDM4C-overexpressed MDA-MB-231 cells were fixed
with 4% PFA for 30 min and permeabilized with 0.1%

Fig. 7 Enforced expression of circKDM4C suppresses the growth,
doxorubicin resistance, and metastasis of breast cancer cells in vivo.
MDA-MB-231 cells were stably transfected with circKDM4C
expression vector or pLCDH-ciR vector and injected subcutaneously
into nude mice. When the average tumor size reached ~50 mm3,
doxorubicin was administered through intraperitoneal injection at a
dose of 1 mg/kg every five day for a total of five doses. a Photographs
illustrated tumors in xenografts. Scare bar= 1 cm. b Growth curve of
xenograft tumors after the first administration of doxorubicin. c

CircKDM4C overexpression or doxorubicin treatment significantly
decreased the tumor weight. d H&E staining showed the tissue mor-
phology and IHC staining analysis revealed of decreased expression of
proliferation index Ki67 and PBLD. Scare bar= 50 μm. e Repre-
sentative images of lung metastatic nodules and H&E staining of lungs
isolated from mice injected with circKDM4C or control vectors
transfected cells (n= 5 for each group). The corresponding statistical
plots were presented in lower panel. Scare bar= 50 μm. (***P <
0.001)
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Triton X-100 for 3 min at room temperature. Then cells
were stained for 60 min with 5 µg/ml of FITC-phalloidin
(Sigma, USA) and stained with DAPI for 15 min. After
rigorous washing, cultured cells on slips were viewed under
a fluorescence microscope.

RNA immunoprecipitation (RIP)

RIP assay was carried out by using a Magna RIP™ RNA-
Binding Protein Immunoprecipitation Kit (Millipore, Bill-
erica, MA) according to the manufacturer’s instructions.
Human anti-AGO2 antibody or negative control mouse IgG
(Millipore, Billerica, MA, USA) were used for RNA
immunoprecipitation assay. Extracted RNAs were analyzed
by qRT-PCR to detect the presence of circKDM4C and
miR-548p.

Luciferase reporter assay

Cells were cotransfected with pmirGLO plasmids contain-
ing wild or mutant circKDM4C or PBLD 3′UTR and
miRNA mimics using Lipofectamine 2000 (Invitrogen).
After 48 h, luciferase activities were determined by the
Dual-Luciferase Reporter Assay Kit (Promega). Results are
presented as ratios of luminescence from firefly to Renilla
luciferase.

In vivo tumorigenesis and metastasis assay

Female BALB/c nude mice (4 weeks old) were randomly
divided into two groups, with ten mice in each group.
MDA-MB-231 cells stably transfected with circKDM4C
overexpression plasmids or control vectors were injected
subcutaneously into the upper back of mice (3 × 106, 200 μl)
randomly. When the tumor volumes reached about 50 mm3,
mice in each group were randomly divided into two groups,
with five mice in each group. Then 1 mg/kg doxorubicin or
PBS was injected via the tail vein every 5 days. No blinding
was performed for the animal experiments. Tumor growth
was calculated by measuring the length (L) and width (W)
of the tumor every 5 days with a caliper. Tumor volume was
calculated as 1/2LW2. After 30 days, the mice were killed,
and the tumors were dissected and weighed. For metastasis
assay, 5 × 105 breast cancer cells were injected into the tail
veins of 4–5-week-old BALB/c nu/nu female mice ran-
domly. After 4 weeks, all the mice were killed under
anesthesia. The lungs were collected and fixed in 10%
formalin. For tissue morphology evaluation, hematoxylin
and eosin (HE) staining was performed. All procedures
were approved and conducted in conformity to the guide-
lines for animal experiments by Shandong University Ani-
mal Care and Use Committee.

Immunohistochemistry (IHC)

Tumor tissues were fixed and cut into 4 µm sections. The
slides were treated for antigen retrieval and incubated with
primary antibodies (PBLD, 1:200, Ki67, 1:200) overnight at
4 °C, following by peroxidase-conjugated secondary anti-
body for 2 h at room temperature. Then the tissue sections
were stained with diaminobenzidine, and counterstained
with hematoxylin. Olympus light microscope was used to
take photos for the representative areas.

Statistical analysis

The student’s t-test was performed to analyze whether two
experimental groups have significant difference. The data in
statistical tests are conformed to normal distribution and the
variance are similar. A two-tailed value of P < 0.05 was
considered statistically significant. Data are expressed as
mean ± S.D. from at least three independent experiments.
Survival analysis was performed by Kaplan–Meier curves
and log-rank test for significance.
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