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Abstract. The present study aimed to investigate the effect 
of the long noncoding RNA cancer susceptibility candidate 9 
(CASC9) on doxorubicin (DOX)‑resistant breast cancer and to 
reveal the potential underlying mechanisms. The expression of 
CASC9 in breast cancer tissues and cell lines, in addition to 
drug‑resistant breast cancer cells (MCF‑7/DOX), was detected 
by reverse transcription‑quantitative polymerase chain reac-
tion. Subsequently, MCF‑7/DOX cells were transfected with 
the silencing vector pS‑CASC9, containing enhancer of zeste 
homolog 2 (EZH2), multidrug resistance protein 1 (MDR1) or 
control small interfering (si)RNAs. The viability, apoptosis, 
migration and invasion of the transfected cells were assessed 
via an MTT assay, flow cytometry and a Transwell assay, 
respectively. The expression levels of apoptosis‑associated 
proteins (apoptosis regulator Bcl‑2, apoptosis regulator BAX, 
caspase‑3 and caspase‑9) were determined by western blot-
ting. An RNA pull‑down assay was performed to identify 
CASC9‑binding candidates. In addition, the expression levels 
of the MDR1 gene and its encoded protein, P‑glycoprotein, 
were detected. CASC9 expression was upregulated in breast 
cancer tissues and cell lines, and drug‑resistant breast cancer 
cells. CASC9 knockdown significantly inhibited the growth 
and metastasis of drug‑resistant breast cancer cells, and 
decreased the half‑maximal inhibitory concentration DOX 
in MCF‑7/DOX cells. The RNA pull‑down assay revealed 
that CASC9 engaged EZH2; EZH2 siRNA significantly 
inhibited the cell growth, metastasis and chemoresistance 
of MCF‑7/DOX cells. Additionally, EZH2 may regulate the 

MDR1 gene. The present study demonstrated the oncogenic 
role of CASC9 in drug‑resistant breast cancer by binding to 
EZH2 and regulating the MDR1 gene. Modulation of CASC9 
expression may be a promising target in the therapy of breast 
cancer and drug‑resistant breast cancer.

Introduction

Breast cancer is the most common form of female cancer 
worldwide (1). It is a phenotypically and genetically complex 
disease; the progression and development of breast cancer 
has been associated with many factors (2). According to the 
report of the World Health Organization, there were 1.68 
million cases of and 522,000 mortalities due to breast cancer 
in 2012 (3). Chemotherapy is the principal therapeutic method 
for patients with breast cancer (4); doxorubicin (DOX) is one 
of the most effective chemotherapeutic drugs for the treatment 
of breast cancer, which may induce regression of metastatic 
breast cancer  (5). However, the effectiveness of DOX is 
hindered by the capacity of tumor cells to develop resistance to 
anticancer therapies (6). Therefore, understanding the mecha-
nism of cancer‑specific drug resistance may help to inhibit or 
overcome this resistance in breast cancer (7).

The causes of cancer‑specific drug resistance have been 
associated with drug‑induced karyotypic alterations, random 
drug‑induced mutational events and non‑mutational alterations 
of gene function (8‑10). Additionally, studies have reported 
another mechanism of non‑mutational regulation of gene func-
tion mediated by non‑protein‑coding RNAs (ncRNAs) (11,12). 
Long  (l)ncRNAs are RNA molecules with >200  nucleo-
tides (13). Extensive studies have suggested that lncRNAs serve 
key regulatory roles in numerous biological processes, which 
are increasingly recognized as biomarkers of numerous types 
of cancer, including breast cancer  (14,15). lncRNA cancer 
susceptibility candidate 9 (CASC9), located in the human 
chromosome 8q21.11, was originally reported to be abnormally 
expressed in esophageal squamous cell carcinoma (16). Recent 
studies indicated that CASC9 is associated with a variety of 
cancer types, including gastric cancer and nasopharyngeal 
carcinoma (17,18). The role of CASC9 in breast cancer and 
drug‑resistant breast cancer remains to be examined.
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To the best of our knowledge, the effect of CASC9 on 
DOX‑resistant breast cancer cells was investigated for the first 
time in the present study. Additionally, the potential mecha-
nisms of CASC9 in breast cancer drug‑resistant cells were 
evaluated by investigating the interactions between CASC9 
and multidrug resistance 1 (MDR1). The present study aimed 
to provide some theoretical basis for the underlying mecha-
nism of DOX‑resistant breast cancer.

Materials and methods

Tissue collection. Paired breast cancer and adjacent normal 
breast tissues were obtained from 48  female patients (age 
50±11  years) undergoing surgical breast cancer resection 
between January 2012  and December  2013 at The First 
Affiliated Hospital, University of South China (Hengyang, 
China). The clinicopathological data of patients are presented 
in Table I. The patients did not receive local or systemic treat-
ment prior to surgery. All of the resected tissues were stored 
at ‑80˚C until total RNA extraction. The pathological stage, 
grade, nodal status and estrogen receptor status of samples 
were appraised by an experienced pathologist. American Joint 
Committee on Cancer stages were used to characterize the 
stages of patient samples. The experiments were approved 
by the Research Ethics Committee of the First Affiliated 
Hospital, University of South China; all patients provided 
written informed consent.

Cell lines and cell culture. The human breast adenocarci-
noma MCF‑7 (HTB‑22™) and MCF‑7/doxorubicin (DOX) 
cell lines were cultured using Iscove's modified Dulbecco's 
medium (Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany) 
containing 40  Ag/ml gentamicin and 10% newborn calf 
serum (HyClone; GE Healthcare Life Sciences, Logan, UT, 
USA) at 37˚C in an atmosphere with 5% CO2. MDA‑MB‑231 
(HTB‑26™), MDA‑MB‑157 (HTB‑24™), and MDA‑MB‑468 
(HTB‑132™) human breast cancer cell lines were maintained in 
Dulbecco's modified Eagle's medium (DMEM; Sigma‑Aldrich; 
Merck KGaA) supplemented with 10% fetal bovine serum (FBS; 
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), 
100 U/ml penicillin, and 100 µg/ml streptomycin. The normal 
human mammary epithelial cell line (MCF10A; CRL‑10317™) 
was cultured in DMEM. All cell lines were purchased from the 
American Type Culture Collection (Manassas, VA, USA). The 
drug‑resistant variant (MCF‑7/DOX) of the MCF‑7 cell line was 
induced by stepwise selection following prolonged (>6 months) 
treatment of MCF‑7 cells with increasing concentrations of 
DOX at a range of (0.5‑25 nmol/l) in the medium (19). Following 
6 months of culturing in the presence of DOX, the half‑maximal 
inhibitory concentrations (IC50) for the MCF‑7/DOX and 
parental MCF‑7 cells were 24 and 1 Amol/l DOX, respectively. 
Cells were seeded at a density of 0.5x106 viable cells per 100‑mm 
plate, and the medium was replaced every other day for 6 days. 
Trypsinized cells were washed with PBS and frozen at ‑80˚C 
immediately until subsequent analyses.

Vector construction and transfection. The silencing vector 
pS‑CASC9 and empty pSilencer [negative control (NC), 
termed si‑NC] were purchased from Guangzhou FitGene 
Biotechnology Co., Ltd. (Guangdong, China), and MCF‑7/DOX 

cells at a density of 1x105 were transfected using Lipofectamine® 

3000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.), 
according to the manufacturer's protocols, following 24 h 
of culturing. The cell lines that expressed the vectors stably 
were selected using 400  µg/ml Geneticin (Invitrogen; 
Thermo Fisher Scientific, Inc.) for 2 weeks. Knockdown was 
confirmed and measured by reverse transcription‑quantitative 
polymerase chain reaction (RT‑qPCR). Enhancer of zeste 
homolog 2 (EZH2), MDR1 and control siRNAs were synthe-
sized by Shanghai GenePharma Co., Ltd. (Shanghai, China). 
The sequences were: Si‑EZH2‑1 sense, GUG​UAU​GAG​UUU​
AGA​GUC​ATT‑3'; si‑MDR1 sense, CAG​AAA​GCU​UAG​UAC​
CAA​AdT​dT; and si‑NC sense, UAA​CGA​CGC​GAC​GAC​GUA​
AdT​dT. Cells were seeded in a 6‑well plate and cultured in 
antibiotic‑ and serum‑free medium. At 60% confluence, cells 
were transfected using Oligofectamine® 2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.). Cells were refreshed with 
regular medium after 4‑6 h of transfection and subjected to 
the measurement of knockdown efficiency using RT‑qPCR.

To overexpress EZH2, the plasmid pcDNA‑EZH2 was 
constructed by introducing a BamHI‑EcoRI fragment 
containing the EZH2 cDNA into the same sites as pcDNA3.1. 
The pcDNA‑EZH2 plasmid was transfected into MCF‑7/DOX 
and the cell line stably expressing EZH2 was screened using 
G418.

RNA pull‑down assay. The RNA pull‑down assay was 
performed to identify the CASC9‑binding candidate using a 
Pierce Magnetic RNA‑Protein Pull‑Down kit (Pierce; Thermo 
Fisher Scientific, Inc.). Briefly, the target RNA and antisense 
control RNA were labeled with biotin at the 3' end and purified 
using a Pierce RNA 3' End Desthiobiotinylation kit (Thermo 
Fisher Scientific, Inc.). A labeled RNA probe (50 pmol) was 
used to bind to streptavidin magnetic beads following incuba-
tion in 1X RNA Capture buffer for 30 min at room temperature. 
Subsequently, 200 µg protein was incubated in protein‑RNA 
binding buffer for 150 min at 4˚C with agitation. The final 
RNA‑magnetic bead‑protein complexes were washed three 
times with wash buffer. Subsequently, 12 µl elution buffer was 
added to retrieve the pull‑down protein products. The retrieved 
proteins were resolved in gradient 4‑12% gel electrophoresis 
followed by mass spectrometry (MS) identification. In detail, 
proteins precipitated by RNA pull‑down assays were subjected 
to NuPAGE 4‑12% BisTris gel electrophoresis and examined 
with silver stain using the Pierce Silver Stain kit (cat. no. 24612; 
Pierce; Thermo Fisher Scientific, Inc.). Specific bands only 
in the sense CASC9 lane were excised and analyzed by MS 
(GeneScience Pharmaceuticals Co., Ltd., Beijing, China).

Cell survival assay. Cell survival was determined using 
an MTT assay. Cells were plated in 96‑well plates at 
5x104  cells/well and 20  µl of MTT solution (5  mg/ml; 
Sigma‑Aldrich; Merck KGaA) was added to each well for 4 h 
of incubation. The MTT solution was then removed and 200 µl 
dimethyl sulfoxide (Sigma‑Aldrich; Merck KGaA) was added 
to dissolve the crystals. Optical density was measured at a 
wavelength of 490 nm using a microplate reader.

RT‑qPCR. Total RNA was isolated using the RNAiso™ Plus 
kit (Takara Bio, Inc., Otsu, Japan), and 1 µg total RNA was 
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reverse‑transcribed at 70˚C into first‑strand cDNA using a 
Takara RNA PCR kit (AMV) v3.0 (Takara Biotechnology Co., 
Ltd., Dalian, China). The primer sequences used were as 
follows: Human EZH2 gene forward, 5'‑GCC​AGA​CTG​GGA​
AGA​AAT​CTG‑3' and reverse, 5'‑TGT​GCT​GGA​AAA​TCC​
AAG​TCA‑3'; MDR1 gene forward, 5'‑CCC​ATC​ATT​GCA​ATA​
GCA​GG‑3' and reverse, 5'‑GTT​CAA​ACT​TCT​GCT​CCT​GA‑3'; 
and β‑actin (internal control) forward, 5'‑ACC​CCC​ACT​GAA​
AAA​GAT​GA‑3' and reverse, 5'‑ATC​TTC​AAA CCT​CAT​GAT​
G‑3'. Following heating to 94˚C for 2 min, the experimental 
reaction (50 µl) was subjected to 32 cycles of 94˚C for 30 sec, 
61˚C for 30 sec, and 72˚C for 30 sec. The expression levels were 
calculated using the 2‑ΔΔCq method (20).

Apoptosis analysis. Cells were trypsinized, and washed 
with cold PBS, and subsequently suspended in PBS. The 
apoptotic cells were detected by Annexin V and propidium 
iodide  (PI) dual labeling using an Annexin V‑fluorescein 
isothiocyanate (FITC) kit (Beijing Biosea Biotechnology Co., 
Ltd., Beijing, China), according to the manufacturer's proto-
cols. A total of 24 h following cell transfection, breast cancer 
MCF‑7 (HTB‑22™) and MCF‑7/DOX cells were cultured in 
serum‑free DMEM. The cells were harvested and washed 
three times using PBS buffer (pH 7.4), and then resuspended in 
staining buffer. Subsequently, 5 µl Annexin V‑FITC and 5 µl 
PI was added into the cells and incubated at room temperature 

for 10 min. The mixtures were analyzed using a FACScan 
flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). 
Annexin V‑positive and PI‑negative cells were considered to 
be apoptotic cells. The apoptotic cells were analyzed using 
CellQuest software (version 3.0; BD Biosciences).

Cell migration and invasion assays. For the migration assay, at 
48 h post‑transfection, 5x104 cells in serum‑free medium were 
placed into the upper chamber of an insert (8‑mm pore size; 
EMD Millipore, Billerica, MA, USA). For the invasion assay, 
1x105 cells in serum‑free medium were placed into the upper 
chamber of an insert coated with Matrigel. The lower chamber 
was filled with medium containing 10%  FBS. Following 
incubation at 37˚C for 24 h, the cells remaining on the upper 
membrane were removed with cotton wool; cells migrating or 
invading through the membrane were stained with methanol 
and 0.1% crystal violet at room temperature, and imaged and 
counted using an IX71 inverted microscope at x400 magnifi-
cation (Olympus Corporation, Tokyo, Japan).

Western blot analysis. Cells were washed twice with ice‑cold 
PBS, and lysed using 2 ml lysis buffer (radioimmunoprecipita-
tion assay buffer; Sangon Biotech Co., Ltd., Shanghai, China). 
The supernatant was collected following centrifugation at 
6,000 x g for 15 min at 4˚C and cell lysates were matched 
for protein concentration using a bicinchoninic acid protein 

Table I. Clinicopathological data of patients.

	 Expression of CASC9
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Clinicopathological feature	 No. patients	 Lower	 Higher	 P‑value

Age, years				    0.246
  ≤50	 20	 4	 16
  >50	 28	 3	 25
Histological grade				    0.023
  Grade 1 and 2	 33	 10	 23
  Grade 3	 15	 4	 11
Tumor size, cm				    0.342
  ≤2	 26	 4	 22
  >2	 22	 3	 19
Lymph node metastasis				    0.017
  Absent	 18	 15	 3
  Present	 30	 8	 22
AJCC stage				    0.188
  I and II	 26	 3	 23
  III and IV	 22	 4	 18
Lymphovascular invasion				    0.034
  Absent	 20	 3	 17
  Present	 28	 6	 22
ER expression				    0.026
  Negative	 14	 3	 11
  Positive	 34	 6	 28

CASC9, cancer susceptibility candidate 9; ER, estrogen receptor; AJCC, American Joint Committee on Cancer.
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assay kit (Pierce; Thermo Fisher Scientific, Inc.). Protein 
samples (50 µg per lane) were loaded onto a 10% SDS‑PAGE 
gel and transferred onto nitrocellulose membranes, and 
subsequently blocked in 5% non‑fat milk at 4˚C overnight. 
The membrane was incubated with primary antibodies with 
dilution 1:1,000 (Bcl2, cat. no. ab32124; Bax, cat. no. ab32503; 
caspase‑3, cat. no. ab32150; caspase‑9, cat. no. ab138412; and 
EZH2, cat. no. ab191250; all from Abcam, Cambridge, UK) 
for 2  h at room temperature, and subsequently incubated 
with HRP‑conjugated secondary antibodies (cat. no. ab6721; 
dilution 1:5,000; Abcam) for 1 h at room temperature. The 
bands were visualized using enhanced chemiluminescence 
substrates (Thermo Fisher Scientific, Inc.).

Statistical analysis. All experiments were independently 
repeated three times. Values are presented as the mean ± stan-
dard deviation. SPSS 16.0 software (SPSS, Inc., Chicago, IL, 
USA) was used for statistical analysis. The analysis of multiple 
groups was performed with one‑way analysis of variance with 
Dunnett's post hoc test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

CASC9 is upregulated in breast cancer tissues and breast 
cancer drug‑resistant cell lines. To investigate the effects of 
CASC9 on breast cancer, the expression of CASC9 in breast 
cancer tissues and cell lines was detected. The results of the 
RT‑qPCR analysis revealed that CASC9 was significantly 
upregulated in breast cancer tissues (Fig. 1A) and cell lines 
(MCF‑7, MCF‑7/DOX, MDA‑MB‑231, MDA‑MB‑157 and 
MDA‑MB‑468) compared with in adjacent normal tissues 
and normal human mammary epithelial cells MCF10A 
(Fig. 1B and 1C). These results suggested that CASC9 may 
serve an important role in the pathogenesis and mechanism of 
drug‑resistance in breast cancer.

CASC9 knockdown inhibits the growth, metastasis and 
chemoresistance of drug‑resistant breast cancer cells. To 
study whether abnormal expression of CASC9 affected the 
growth and metastasis of drug‑resistant breast cancer cells, 
MCF‑7/DOX cells that stably expressed a CASC9 silencing 
vector were established. The knockdown of CASC9 was 
confirmed by RT‑qPCR (Fig.  2A). Subsequently, the cell 
viability, apoptosis, migration and invasion of MCF‑7/DOX 
cells following CASC9 knockdown was investigated. As 
presented in Fig. 2B, CASC9 knockdown significantly inhib-
ited the cell viability of MCF‑7/DOX cells from 72  h 
following cell culture. The results of the flow cytometry 
demonstrated that CASC9 knockdown significantly increased 
the apoptosis of MCF‑7/DOX cells (Fig. 2C). The expression 
levels of apoptosis‑associated proteins [apoptosis regulator 
Bcl‑2 (Bcl‑2), apoptosis regulator BAX (Bax), caspase‑3 
and caspase‑9] are presented in Fig.  2D. The expression 
levels of Bcl‑2, pro‑caspase‑3 and pro‑caspase‑9 decreased 
significantly following CASC9 knockdown, whereas Bax, 
cleaved‑caspase‑3 and cleaved‑caspase‑9 increased mark-
edly. A Transwell assay revealed that CASC9 knockdown in 
MCF‑7/DOX cells significantly impeded cell migration and 
invasion (Fig. 2E and 2F).

In addition, the IC50 of DOX in MCF‑7/DOX cells 
following CASC9 knockdown was detected. CASC9 knock-
down in MCF‑7/DOX cells significantly decreased the IC50 of 
DOX (Fig. 2G).

Identification of EZH2 as a CASC9 binding protein. To further 
understand the underlying mechanism of CASC9 in breast 
cancer cells, a protein that potentially interacts with CASC9 
was investigated using RNA pull‑down assays followed by MS 
(Fig. 3A). EZH2 is a transcriptional repressor, which has been 
reported to be a marker of aggressive breast cancer (21); EZH2 
may interact with CASC9. Therefore, CASC9 was conjugated 
to D‑Biotin, and the associations between CASC9 and EZH2 
were analyzed using recombinant EZH2 via the in vitro strep-
tavidin‑binding assay. As a result, EZH2 was demonstrated 
to be a binding protein of CASC9 (Fig. 3B). To investigate 
whether CASC9 affected the stability of EZH2, MCF‑7 cells 
were transfected with Flag‑CASC9 and the expression of 
EZH2 was detected. As presented in Fig. 3C, overexpressed 
CASC9 may significantly increase the protein expression of 
EZH2. Furthermore, the IC50 of DOX in MCF‑7/DOX cells 
following CASC9 knockdown and EZH2 overexpression 
was determined. CASC9 knockdown significantly decreased 
the IC50 of DOX (Fig. 3D). Conversely, EZH2 overexpres-
sion reversed the inhibitory effect of CASC9 knockdown 
on the IC50 of DOX, which suggested that CASC9 promoted 
DOX‑resistance by binding with EZH2.

EZH2 expression is increased in breast cancer tissues and 
breast cancer drug‑resistant cell lines. The expression levels 
of EZH2 in breast cancer tissues and cells was detected. As 
presented in Fig. 3E, EZH2 expression levels were signifi-
cantly higher in breast cancer tissues compared with in the 
adjacent normal tissues. Additionally, EZH2 expression 
within the breast cancer cells (MDA‑MB‑231, MDA‑MB‑157 
and MDA‑MB‑468) and MCF‑7/DOX cells was significantly 
higher compared with in MCF10A cells. Additionally, 
compared with MCF‑7, MDA‑MB‑231, MDA‑MB‑157 and 
MDA‑MB‑468, EZH2 expression in MCF‑7/DOX was signifi-
cantly increased (Fig. 3F).

Effects of EZH2 siRNA on the cell growth, metastasis and 
chemoresistance of drug‑resistant breast cancer cells. To 
investigate whether the abnormal expression of EZH2 affected 
the growth and metastasis of drug‑resistant breast cancer cells, 
MCF‑7/DOX cells were transfected with EZH2 siRNA. The 
expression levels of EZH2 decreased significantly post‑trans-
fection (Fig. 4A and B). Cell viability, apoptosis, migration 
and invasion following EZH2 silencing were detected. As 
Presented in Fig. 4C, EZH2 silencing significantly inhibited the 
viability of MCF‑7/DOX cells from 72 h following cell culture. 
Flow cytometry revealed that EZH2 silencing significantly 
increased the apoptotic rate of MCF‑7/DOX cells (Fig. 4D). 
Additionally, the expression levels of Bcl‑2, pro‑caspase‑3 
and pro‑caspase‑9 decreased markedly, while those of Bax, 
cleaved‑caspase‑3 and cleaved‑caspase‑9 increased markedly 
following EZH2 knockdown (Fig. 4E). The Transwell assay 
revealed that EZH2 silencing significantly inhibited cell migra-
tion and invasion (Fig. 4F and G). The IC50 of MCF‑7/DOX 
cells to DOX following EZH2 knockdown were investigated; 
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EZH2 knockdown in MCF‑7/DOX cells decreased the IC50 of 
DOX significantly (Fig. 4H).

Effects of EZH2 siRNA on the expression of MDR1/
P‑glycoprotein (P‑gp). Previously, it was suggested that the 

multidrug resistance of tumors is associated with the MDR1 
gene (22). Therefore, the expression levels of the MDR1 gene 
and its encoded protein P‑gp in drug‑resistant breast cancer 
cells were detected. The expression levels of MDR1/P‑gp in 
MCF‑7/DOX cells increased significantly compared with in 

Figure 1. Expression of long noncoding RNA CASC9 in breast cancer tissue and cell lines. (A) Expression levels of CASC9 in breast cancer tissue. 
**P<0.01 vs. non‑tumor tissue. (B) MCF‑7 and drug‑resistant MCF‑7/DOX breast cancer cells were detected via reverse transcription‑quantitative polymerase 
chain reaction. **P<0.01 vs. MCF10A group; ###P<0.001 vs. MCF‑7 group C; ++P<0.01. (C) The relative mRNA expression of CASC9 in three variants of the 
MDA‑MB cell line. **P<0.01 vs. MCF10A group. CASC9, cancer susceptibility candidate 9; DOX, doxorubicin.

Figure 2. Effects of CASC9 on the growth and metastasis of drug‑resistant breast cancer cells MCF‑7/DOX. (A) Relative expression levels of CASC9 fol-
lowing cell transfection as confirmed by reverse transcription‑quantitative polymerase chain reaction. Alterations in the (B) cell viability and (C) apoptosis of 
MCF‑7/DOX cells following CASC9 knockdown. (D) Expression levels of apoptosis‑associated proteins (Bcl‑2, Bax, caspase‑3 and caspase‑9) in MCF‑7/DOX 
following CASC9 knockdown. Alterations in the (E) cell migration and (F) invasion abilities of MCF‑7/DOX cells following CASC9 knockdown. (G) Alterations 
in the IC50 of DOX in MCF‑7/DOX cells following CASC9 knockdown. **P<0.05, **P<0.01 and ***P<0.001 vs. the control group. Bcl‑2, apoptosis regulator 
Bcl‑2; Bax, apoptosis regulator BAX; CASC9, cancer susceptibility candidate 9; DOX, doxorubicin; IC50, half‑maximal inhibitory concentration.
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MCF‑7, MDA‑MB‑231, MDA‑MB‑157 and MDA‑MB‑468 
cells (Fig. 5A).

It has been reported that RNA interference‑mediated 
EZH2 depletion may reduce MDR1 expression and sensitize 
multidrug‑resistant tumor cells to chemotherapy  (23‑25). 
Considering the well‑established role of EZH2 in regulating 
MDR1/P‑gp expression in certain cancer types, the effects 
of EZH2 depletion on MDR1/P‑gp levels were detected in 

drug‑resistant breast cancer cells. As presented in Fig. 5B, 
EZH2 silencing resulted in suppressed MDR1/P‑gp expression 
compared with in cells transfected with control or siRNA‑NC.

Effects of CASC9 on the cell growth, metastasis and 
chemoresistance of drug‑resistant breast cancer cells via 
regulation of MDR1 expression. To further explore the 
mechanisms underlying the influence of CASC9 on the cell 

Figure 3. Target gene expression of EZH2 and the correlation between EZH2 and CASC9. (A) EZH2 bound to CASC9 as detected by an RNA pull‑down 
assay. (B-D) Overexpressed CASC9 significantly increased the protein expression of EZH2. (E) The expression levels of EZH2 in breast cancer tissue detected 
by RT‑qPCR. (F) Expression level of EZH2 in breast cells MCF‑7, MDA‑MB‑231, MDA‑MB‑157 and MDA‑MB‑468, and drug‑resistant breast cancer cells 
MCF‑7/DOX detected by RT‑qPCR. **P<0.05 and ***P<0.001 vs. the control group; #P<0.05 vs. MCF‑7/DOX. CASC9, cancer susceptibility candidate 9; DOX, 
doxorubicin; EZH2, enhancer of zeste homolog; NC, negative control; pS, vector; RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction.
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growth, metastasis and chemoresistance of MCF‑7/DOX cells, 
MDR1 was silenced by transfecting MCF‑7/DOX cells with 
MDR1 siRNA. The knockdown effect was confirmed by 
measuring the mRNA and protein expression levels (Fig. 5C). 
Subsequent analysis demonstrated that compared with the 
CASC9 knockdown and control groups, cell viability in the 
CASC9 knockdown + si‑MDR1 group decreased significantly 

(Fig.  5D). Additionally, CASC9 knockdown  +  si‑MDR1 
further promoted apoptosis in MCF‑7/DOX cells (Fig. 5E), 
and affected the expression of apoptosis‑associated proteins 
(Fig. 5F). Furthermore, significant reductions in the migra-
tion and invasion of MCF‑7/DOX cells were detected in the 
CASC9 knockdown + si‑MDR1 group compared with the 
CASC9 knockdown and control groups (Fig. 5G and 5H).

Figure 4. Effects of EZH2 on the growth and metastasis of drug‑resistant breast cancer cells MCF‑7/DOX. Relative expression levels of EZH2 following 
cell transfection, confirmed by (A) reverse transcription‑quantitative polymerase chain reaction and (B) western blotting. Alterations in the (C) cell viability 
and (D) apoptosis of MCF‑7/DOX following EZH2 silencing. (E) Expression levels of apoptosis‑associated proteins (Bcl‑2, Bax, caspase‑3 and caspase‑9) 
in MCF‑7/DOX following EZH2 silencing. Alterations in the (F) cell migration and (G) invasion abilities of MCF‑7/DOX cells following EZH2 silencing. 
(H) Alterations in the IC50 of DOX in MCF‑7/DOX cells following EZH2 silencing. *P<0.05, **P<0.01 and ***P<0.001 vs. the control group. Bcl‑2, apoptosis 
regulator Bcl‑2; Bax, apoptosis regulator BAX; DOX, doxorubicin; EZH2, enhancer of zeste homolog; NC, negative control; si, small interfering RNA.
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Figure 5. Effects of EZH2 on the growth and metastasis of drug‑resistant breast cancer cells MCF‑7/DOX. (A) Relative expression levels of MDR1/P‑gp 
in MCF‑7, MDA‑MB‑231, MDA‑MB‑157, and MDA‑MB‑468 and MCF‑7/DOX cells detected by RT‑qPCR and western blotting. ***P<0.001 vs. MCF10A 
group; #P<0.05 vs. MCF‑7/DOX group. (B) Relative expression levels of MDR1/P‑gp following EZH2 silencing as detected by RT‑qPCR and western blotting. 
***P<0.001 vs. control group. (C) Relative expression levels of MDR1 following cell transfection as confirmed by RT‑qPCR and western blotting. **P<0.01 vs. con-
trol group. Alterations in the (D) cell viability of MCF‑7/DOX following CASC9 and MDR1 knockdown. *P<0.05, **P<0.01 and ***P<0.001 vs. pS‑NC + si‑NC 
group; #P<0.05 vs. pS‑CASC9 group. (E) Apoptosis of MCF‑7/DOX following CASC9 and MDR1 knockdown. **P<0.01 and ***P<0.001 vs. pS‑NC + si‑NC 
group; #P<0.05 vs. pS‑CASC9 group. (F) Expression levels of apoptosis‑associated proteins (Bcl‑2, Bax, caspase‑3 and caspase‑9) in MCF‑7/DOX following 
CASC9 and MDR1 knockdown. Alterations in the (G) cell migration and (H) invasion abilities of MCF‑7/DOX cells following CASC9 and MDR1 knockdown. 
*P<0.05, **P<0.01 and ***P<0.001 vs. pS‑NC + si‑NC group; #P<0.05 vs. pS‑CASC9 group. Bcl‑2, apoptosis regulator Bcl‑2; Bax, apoptosis regulator BAX; 
DOX, doxorubicin; EZH2, enhancer of zeste homolog; NC, negative control; P‑gp, P‑glycoprotein; pS, vector; RT‑qPCR, reverse transcription‑quantitative 
polymerase chain reaction; si, small interfering RNA; CASC9, cancer susceptibility candidate 9; MDR1, multidrug resistance protein 1.
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Discussion

The results of the present study revealed that CASC9 was 
upregulated in breast cancer tissues and cell lines, in addi-
tion to drug‑resistant breast cancer cells. CASC9 knockdown 
inhibited the growth and metastasis of drug‑resistant breast 
cancer cells, and decreased the IC50 of DOX in MCF‑7/DOX 
cells. In addition, further study indicated that CASC9 bound 
to EZH2 which regulated the MDR1 gene, a crucial factor in 
drug resistance. These interactions may serve an important 
role in the development of breast cancer cell resistance to 
chemotherapeutic drugs.

CASC9 was originally detected in esophageal squamous 
cell carcinoma, and a higher expression level of CASC9 was 
correlated with poor differentiation in esophageal squamous cell 
carcinoma (16,26). A recent study demonstrated that CASC9 
was frequently overexpressed in gastric cancer. Furthermore, 
it may promote cell growth and chemoresistance to adriamycin 
in gastric cancer (27). To the best of our knowledge, the present 
was the first to suggest the upregulation of CASC9 in breast 
cancer. Furthermore, CASC9 knockdown inhibited cell growth 
and metastasis, and reduced the chemoresistance of drug‑resis-
tant breast cancer cells to DOX. These findings were consistent 
with the previously mentioned studies, and may indicate the 
important role of CASC9 in human cancer.

EZH2, a transcriptional repressor, has been suggested to 
serve a critical role in the tumorigenic process as it has been 
revealed to be overexpressed in a number of malignancies, 
including lymphoma (28), prostate cancer (29) and bladder 
cancer (30). Importantly, numerous studies have confirmed that 
increased expression of EZH2 is associated with a high histo-
logical grade and worse survival in breast cancer, suggesting 
its promising role as a prognostic biomarker in aggressive 
breast cancer  (21,31). In the present study, RNA pull‑down 
assays revealed that EZH2 potentially interacted with CASC9. 
Overexpressed CASC9 significantly increased the protein expression 
of EZH2. In addition, EZH2 silencing inhibited cell growth and 
metastasis, and reduced the IC50 of DOX in MCF‑7/DOX cells. 
Therefore, CASC9 may serve roles in breast cancer progres-
sion and chemoresistance to DOX by binding to EZH2.

Studies have reported that the multidrug resistance of a 
tumor may be caused by MDR1/P‑gp, which is encoded by 
the human MDR1 gene. MDR1/P‑gp is an integral membrane 
protein, whose function is the energy‑dependent export of 
substances from the inside of cells and from membranes to 
the outside (32,33). MDR1/P‑gp is considered to render tumor 
cells resistant to chemotherapy via the effective elimination 
of these agents from cancer cells  (34). Notably, numerous 
studies have reported that the silencing of EZH2 may lead 
to decreases in MDR1 expression (23,24). The results of the 
present study revealed that EZH2 silencing suppressed the 
expression of MDR1/P‑gp in MCF‑7/DOX cells, suggesting 
that EZH2 may be involved in the transcriptional regulation of 
MDR1, consistent with the aforementioned studies.

In conclusion, the present study demonstrated the onco-
genic role of CASC9 in breast cancer and drug‑resistant breast 
cancer cells by binding to EZH2 and regulating the MDR1 
gene. These findings indicated that the modulation of CASC9 
expression may be a promising target in therapy of breast 
cancer and drug‑resistant breast cancer.
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