@ﬁ SPANDIDOS
,3,‘ PUBLICATIONS

ONCOLOGY LETTERS 17: 3765-3776, 2019

Differential microRNA expression profiles
determined by next-generation sequencing in three
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Abstract. Fulvestrant resistance is a major clinical issue in
the treatment of endocrine-based breast cancer. MicroRNAs
(miRNAs) are known to serve an important role in tumor
chemoresistance. In the present study, the association between
miRNA expression profiles and fulvestrant resistance was
investigated in human breast cancer cell lines. Three fulves-
trant-resistant breast cancer cell lines, namely MCF-7-CC,
MCF-7-TT and MCF-7-21, were established using the human
breast cancer cell line MCF-7 as the parental cell line and
fulvestrant as the screening drug in vitro. Next-generation
sequencing was used to determine the miRNA expression
profiles in these cell lines. Subsequently, Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analyses were performed to determine the biological
functions of differentially expressed miRNAs. In total, 1,536
miRNAs were detected in all the samples, including 1,240
known miRNAs and 296 predicted miRNAs. It was observed
that the differential miRNA expression profiles varied
among the three fulvestrant-resistant cell lines (MCF-7-CC,
MCEF-7-TT and MCF-7-21), and certain differentially expressed
miRNAs were only detected in one or two of the cell lines.
A total of 257 miRNAs that were differentially expressed
between MCF-7-CC and MCF-7 cells were detected, among
which 69 miRNAs were upregulated and 188 miRNAs were
downregulated. In addition, 270 miRNAs with significantly
different expression between MCF-7-TT and MCF-7 cells
were observed, including 180 upregulated and 90 down-
regulated miRNAs. Between MCF-7-21 and MCF-7 cells, a
total of 227 miRNAs were differentially expressed, among
which 52 miRNAs were upregulated and 175 miRNAs were
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downregulated. The miRNAs that were differentially expressed
in the three fulvestrant-resistant cell lines as compared with
the parental MCF-7 cell line were primarily involved in the
following biological processes: Biological regulation, extracel-
lular matrix-receptor interaction, the Notch signaling pathway
and focal adhesion. Taken together, the results suggested that
miR-143, miR-145, miR-137, miR-424 and miR-21 may serve
important roles in fulvestrant resistance in breast cancer. The
study findings may provide a basis for further research on the
treatment of fulvestrant-resistant breast cancer.

Introduction

Breast cancer is one of the most common types of tumor in
women, and has been estimated to account for 29% of all
novel cases of cancer diagnosed among American women in
2016 (1). Breast cancer is an endocrine-dependent cancer, with
~70% of cases being estrogen receptor positive (ER"). Estrogen
has been reported to stimulate tumor growth, and endocrine
therapy is one of the main treatment strategies for ER* breast
cancer patients, decreasing the estrogen levels or inhibiting the
function of estrogen. Effective endocrine therapy is important
for the treatment of breast cancer, and reduces the rate of
relapse and mortality of patients.

Fulvestrant, a selective ER downregulator (SERD), is
specifically used to treat postmenopausal breast cancer patients
following the failure of first-line endocrine therapies (such as
tamoxifen). SERDs function by binding to and blocking the ER,
thus leading to the inhibition of estrogen signaling by targeting
the ER (2). However, drug resistance is a factor that limits the
efficacy of fulvestrant. Certain breast cancer patients acquire
resistance against fulvestrant as a result of long-term treatment
through various mechanisms, including glycoprotein 88 overex-
pression (3), functional interaction of human epidermal growth
factor receptor 2 (HER2)/neu with HER3 (4), and methylation of
the ER promoter region (5). It is crucial to understand the under-
lying mechanisms involved in fulvestrant resistance, since it is
a major clinical obstacle in breast cancer treatment; however,
these mechanisms remain unknown.

Aberrant expression of microRNAs (miRNAs) is
considered to be one of the numerous mechanisms of drug
resistance (6). miRNAs are a class of small non-coding
RNAs (with a length of ~22 nucleotides) that regulate gene
expression at the post-transcriptional level by binding to the
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3'-untranslated region (3'UTR) of target mRNAs to either
inhibit mRNA translation or target the molecule for degrada-
tion. miRNAs participate in a series of important biological
processes, including cell proliferation, differentiation and
apoptosis, as well as signal transduction (7,8). A number of
studies in recent years have reported that aberrant expression
of miRNA is closely associated with drug resistance in breast
cancer, including fulvestrant resistance (9-11). However, the
differential miRNA expression profiles of fulvestrant-resistant
human breast cancer cell lines have rarely been studied. Thus,
three different fulvestrant-resistant cell lines were estab-
lished in the current study, which represent a variety of drug
resistance conditions. These cells may exhibit exogenous or
endogenous resistance-associated characteristics, as reported
previously (12-16).

The current study aimed to investigate the association
between differential miRNA expression profiles and fulves-
trant resistance in human breast cancer cells. The known
and predicted miRNAs were detected by next-generation
sequencing, which has a stronger ability to identify genes
compared with DNA microarray (17).

Materials and methods

Cells and reagents. The human breast cancer cell line MCF-7
was purchased from the American Type Culture Collection
(ATCC; Manassas, VA, USA) and cultured in Dulbecco's
modified Eagle's medium (DMEM; HyClone; GE Healthcare
Life Sciences, Logan, UT, USA) supplemented with 10%
fetal bovine serum (FBS; HyClone; GE Healthcare Life
Sciences) at 37°C in a humidified atmosphere containing 5%
CO,. Fulvestrant was purchased from Sigma-Aldrich (Merck
KGaA, Darmstadt, Germany).

Establishment of three fulvestrant-resistant cell lines

Establishment of MCF-7-CC cell line. An MCF-7-CC cell
line was established using the human breast cancer cell line
MCEF-7, which served as the parental cell line. Resistance was
induced using fulvestrant as the screening drug by stepwise
induction, starting with a low concentration (12.5 nM) of
fulvestrant (13). This method was conducted in two sequen-
tial phases: Adaptation and consolidation. In the adaptation
phase, MCF-7 cells were cultured in complete medium until
the adhesion rate reached 70%; next, 12.5 nM fulvestrant was
added to cells plated in DMEM (containing phenol red) with
5% FBS for 72 h. Apoptotic cells were then removed and the
complete medium was replaced until the viable cells reached
a 70% adherence rate. This process was repeated twice,
and MCF-7 cells were collectively incubated with 12.5 nM
fulvestrant for a total of three times. Subsequently, the treated
cells were incubated with 25, 50, 100, 200, 400, 800 and 1,00
0 nM fulvestrant, respectively, in the same manner. Previous
studies (14,15) reported using 100 nM fulvestrant to establish
the fulvestrant-resistant cell line in medium containing char-
coal-stripped FBS. However, medium containing FBS was used
in the current study; thus, it was necessary to increase the fulves-
trant concentration, and 1,000 nM was used as the final dose.
In the consolidation phase, cells incubated with 1,000 nM
fulvestrant in DMEM were then treated with 1,200 nM
fulvestrant for an additional 10 times until normal growth was

GUO et al: miRNA EXPRESSION PROFILES IN FULVESTRANT-RESISTANT BREAST CANCER CELL LINES

observed, indicating that the MCF-7-CC cell line was success-
fully established.

Establishment of MCF-7-TT cell line. An MCF-7-TT cell line
was established by stepwise temporal induction, beginning
with a high concentration of fulvestrant (13). The process of
induction was also divided into two stages, including adapta-
tion and consolidation. Briefly, MCF-7 cells were cultured in
complete medium until the adhesion rate reached 70%. Next,
the complete medium (DMEM with 10% FBS) was discarded,
and the screening medium [DMEM (containing phenol red)
with 5% FBS] with 1,000 nM fulvestrant was used to induce
the cells for 1 h. The screening medium was discarded and
replaced with complete culture medium subsequent to washing
three times with PBS (Hyclone; GE Healthcare Life Sciences).
Apoptotic cells were then removed and the complete medium
was replaced until the viable cells reached a 70% adherence
rate. This process was repeated twice, and the MCF-7 cells
were collectively induced with 1,000 nM fulvestrant for 1 h for
a total of three times. Subsequently, 2,4, 8, 12,24,36 and 48 h
of induction were sequentially performed with 1,000 nM
fulvestrant following the aforementioned screening proce-
dure. In the consolidation phase, the cell line obtained from
the adaptation stage was cultured in 1,000 nM fulvestrant
containing medium for 72 h for a total of ten times, following
which the MCF-7-TT cell line was successfully established.

Establishment of MCF-7-21 cell line. An MCF-7-21 cell
line was established using the human breast cancer cell line
MCF-7 as the parental cell line, which was incubated with a
high concentration of fulvestrant for 21 days (16). MCF-7 cells
were cultured in the DMEM (containing phenol red) with 5%
FBS, and then 1,000 nM fulvestrant was added to the medium.
MCF-7 cells were cultured for 21 days, following which the
MCF-7-21 cell line was successfully established.

Total cellular RNA extraction. Total RNA of the three fulves-
trant-resistant cell lines was extracted using TRIzol reagent
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA,
USA) according to the manufacturer's protocol. A NanoDrop
spectrophotometer (Thermo Fisher Scientific, Inc.), Qubit 2.0
fluorometer (Thermo Fisher Scientific, Inc.) and an Agilent
2100 bioanalyzer (Agilent Technologies, Inc., Santa Clara,
CA, USA) were used to detect the purity, concentration and
integrity of RNA samples, respectively.

Small RNA library construction and sequencing. miRNA
high-throughput sequencing was performed by Beijing
Biomarker Biotechnology Co., Ltd. (Beijing, China), and the
small RNA library was constructed and sequenced as follows:
A total of 1.5 yg RNA was used as the initial sample, and
the volume was made up to 6 ul with water. The library was
constructed using the small RNA Sample Prep kit (Illumina,
Inc., San Diego, CA, USA) following the manufacturer's
recommendations. As a phosphate group was present at the
5' terminus and a hydroxyl group at the 3' terminus, small
RNAs were ligated at the 3' and 5' ends using T4 RNA Ligase
1 and T4 RNA Ligase 2 (truncated), respectively. Next,
cDNA was synthesized by reverse transcription (RT) with a
RevertAid First Strand cDNA Synthesis kit (Thermo Fisher
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Table I. Sequences of primers using for reverse transcription-quantitative polymerase chain reaction.

Target Forward primer (5'-3") Reverse primer (5'-3")
U6 CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT
miR-582-3p TAACTGGTTGAACAAC GTGCAGGGTCCGAGGT
miR-143-5p GGTGCAGTGCTGCATC GTGCAGGGTCCGAGGT
miR-145-5p GTCCAGTTTTCCCAGGA GTGCAGGGTCCGAGGT

miR, microRNA.

Scientific, Inc.), and the cDNA fragments were subsequently
amplified by polymerase chain reaction (PCR), cloned and
sequenced. The target gene fragment was isolated by a gel
separation technique, cut and collected as a small RNA library.
Following the generation of the library, the concentration of
the constructed library was detected by Qubit 2.0 device, and
the library was diluted to a concentration of 1 ng/ul. The insert
size was then tested using the Agilent 2100 bioanalyzer and
the working concentration of the library was determined by
a quantitative PCR (qPCR) method to obtain a high-quality
library. High-throughput sequencing of the library was finally
performed on the Illumina HiSeq 2500 sequencing platform
(Illumina, Inc.).

miRNA identification and differential expression analysis.
MiRDeep2 software was used to identify known miRNAs
and predict novel miRNAs (18). The expression of miRNAs
in each sample was analyzed statistically, and the expression
level was normalized using a transcript per million algo-
rithm (19). The thresholds for significant miRNA differential
expression analysis were set as follows: llog, fold change
(FO)I of =1 and false discovery rate (FDR) of <0.01. The
FC represents the ratio of expression between two samples.
The significant P-value obtained from the hypothesis can be
expressed as the probability of miRNAs expressing no differ-
ence between the fulvestrant-resistant cell line and MCF-7
cell line. As the differential expression analysis of miRNAs
is an independent statistical hypothesis test for the expression
of multiple miRNAs, false-positive results may be detected.
Thus, the Benjamini-Hochberg correction method was used
to test the P-value obtained from the hypothesis. Finally, the
FDR was used as the key indicator of differential expression
of miRNAs during the screening process (20). The genes
obtained from the differential expression analysis were
referred to as differentially expressed genes (DEG). Cluster
analysis for differentially expressed miRNAs was performed
using Heatmap Illustrator software (21).

Validation of three selected differentially expressed miRNAs
by RT-gPCR. RT-qPCR was used to confirm the expression
levels of three miRNAs, namely miR-582-3p, miR-143-5p
and miR-145-5p. These miRNAs were obtained from the
next-generation sequencing analysis and were differen-
tially expressed in all three fulvestrant-resistant cell lines
compared with the parental MCF-7 cell line. Briefly, the
extracted total cellular RNA was reverse transcribed into
cDNA using a miScript II Reverse Transcription kit (Qiagen

GmbH, Hilden, Germany) according to the manufacturer's
protocol. qPCR was then performed using a LightCycler®
480 IT Real-time PCR instrument (Roche Diagnostics, Basel,
Switzerland) with 10-u1 PCR reaction mixture, containing
1 ul cDNA, 5 pl 2X LightCycler® 480 SYBR Green I Master
(Roche Diagnostics), 0.2 ul universal primer (Qiagen GmbH),
0.2 ul miRNA-specific primer and 3.6 ul nuclease-free
water. The primer sequences are presented in Table I. U6
small nuclear RNA was used as the internal control for the
normalization of miRNA expression. The reaction mixture
was pre-incubated at 95°C for 10 min, followed by 40 cycles
of 95°C for 10sec and 60°C for 30 sec. Each sample was run
in triplicate. The relative expression of the selected differ-
entially expressed miRNAs was calculated using the 2-44¢4
method (22).

Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analyses of target genes.
MicroRNA.org, a comprehensive resource of miRNA target
predictions and expression profiles (23), and the RNAhybrid
tool that is primarily used as a means for miRNA target
prediction (24) were used to predict the DEGs. Wallenius'
non-central hypergeometric distribution-based analysis of GO
enrichment of the DEGs was implemented using the GOseq
R packages (25). In addition, KOBAS software (26) was
used to assess the statistical enrichment of DEGs in KEGG
pathways.

Statistical analysis. SPSS version 22 (IBM Corp., Armonk,
NY, USA) was used for statistical analysis. Differences were
evaluated using one-way analysis of variance with a post-hoc
Student-Newman-Keuls test. P<0.05 was considered to indi-
cate a statistically significant difference.

Results

Expression profile of miRNAs in fulvestrant-resistant cell
lines. A next-generation sequencing instrument (Illumina
HiSeq 2500) was used to detect the expression profile of
differentially expressed miRNAs. The results revealed that
1,536 miRNAs were detected in all samples, including 1,240
known miRNAs and 296 predicted miRNAs. A total of 257
miRNAs with significant differences between MCF-7-CC and
MCF-7 cells were identified (P<0.05), of which 69 miRNAs
were upregulated (P<0.05), and 188 were downregulated
(P<0.05). There were 270 differentially expressed miRNAs
between MCF-7-TT and MCEFE-7 cells (P<0.05), of which
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Table II. Statistical data of differentially expressed miRNAs in fulvestrant-resistant cell lines as compared with the MCF-7

parental cell line.

Differentially expressed miRNAs

Cell lines Total no. Upregulated Downregulated
MCF-7 vs. MCF-7-CC 257 69 188
MCEF-7 vs. MCF-7-TT 270 180 90
MCF-7 vs. MCF-7-21 227 52 175

miRNA, microRNA.

MCF-7 vs. MCF-7-CC

MCF-7 vs. MCF-7-21

MCF-7 vs. MCF-7-TT

Figure 1. Overview of differentially expressed miRNAs in three fulvestrant-resistant cells compared with the MCF-7 parental cell line. A Venn diagram
illustrates the overlapping results of the differentially expressed miRNAs in MCF-7-CC vs. MCF-7, MCF-7-TT vs. MCF-7, and MCF-7-21 vs. MCF-7 cells.
Circles include the numbers of both upregulated and downregulated miRNAs of each pair-wise comparison. miRNA, microRNA.

180 miRNAs were upregulated (P<0.05) and 90 were down-
regulated (P<0.05). It was also observed that 227 miRNAs
exhibited significantly different expression between MCF-7-21
and MCF-7 cells (P<0.05), of which 52 miRNAs were upregu-
lated (P<0.05) and 175 miRNAs were downregulated (P<0.05).
These results are listed in Table II.

The overlapping results of the differentially expressed
miRNAs in MCF-7-CC vs. MCF-7, MCF-7-TT vs. MCF-7, and
MCF-7-21 vs. MCF-7 cells are displayed in Fig. 1. In total,
there were 77 common differentially expressed miRNAs
across the three drug-resistant cell lines, including miR-1246,
miR-143, miR-145, miR-424 and miR-137. Additionally, 42
miRNAs were differentially expressed only in MCF-7-21 vs.
MCEF-7 cells, including miR-188-5p, miR-4326 and miR-542,
while 51 miRNAs were only differentially expressed in
MCEF-7-CC vs. MCF-7 cells, including let-7c-3p, miR-199b-3p

and miR-210-3p. Furthermore, 146 miRNAs that were differ-
entially expressed only in MCF-7-TT vs. MCF-7 cells were
reported, including miR-101-3p, miR-141-5p and miR-15a.
Overall, the results revealed that the differential miRNA
expression profiles varied among the three fulvestrant-resis-
tant cell lines, and that certain miRNAs were differentially
expressed in all three MCF-7-CC, MCF-7-TT and MCF-7-21
cell lines; however, a number of miRNAs were only reported
in one or two of the cell lines. The significantly upregulated
or downregulated miRNAs in the three drug-resistant breast
cancer cell lines are presented in Table III. miR-148a, miR-31,
miR-21, miR-498 and miR-29b were significantly upregulated,
while miR-143, miR-145, miR-424 and miR-137 were signifi-
cantly downregulated in the fulvestrant-resistant cell lines.
Subsequently, differentially expressed miRNAs with the same
or similar expression profile were clustered by hierarchical
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Table III. Certain of the differentially expressed miRNA in the three fulvestrant-resistant breast cancer cell lines.
Upregulated miRNAs Downregulated miRNAs

Cell lines miRNA log,FC P-value miRNA log,FC P-value

MCF-7 vs. MCE-7-CC miR-148a-3p 29113 P<0.01 miR-137 -4.2516 P<0.01
miR-31-3p 1.3064 P<0.01 miR-143-5p -5.4926 P<0.01
miR-215-5p 3.3344 P<0.01 miR-145-5p -3.4729 P<0.01
miR-489-5p 24.5083 P<0.01 miR-424-3p -2.807 P<0.01
miR-182-5p 1.5574 P<0.01 miR-335-3p -26.0166 P<0.01
miR-1-3p 2.0917 P<0.01 miR-221-3p -1.3765 P<0.01
miR-498-3p 24.5083 P<0.01 miR-222-5p -1.221 P<0.01
miR-582-3p 1.4994 P<0.01 miR-26b-3p -2.1457 P<0.01

MCF-7 vs. MCF-7-TT miR-122-5p 3.9638 P<0.01 miR-137 -2.5543 P<0.01
miR-21-3p 1.5632 P<0.01 miR-143-5p -3.0583 P<0.01
miR-148a-3p 1.5609 P<0.01 miR-145-5p -2.6236 P<0.01
miR-422a 2.3538 P<0.01 miR-146a-5p -5.0017 P<0.01
miR-29a-5p 1.1446 P<0.01 miR-424-3p -3.4994 P<0.01
miR-31-3p 1.0498 P<0.01 miR-504-5p -2.5182 P<0.01
miR-629-5p 2.0143 P<0.01 miR-342-3p -1.9604 P<0.01
miR-582-3p 1.0648 P<0.01 miR-935 -2.3213 P<0.01

MCF-7 vs. MCF-7-21 miR-148a-3p 3.3875 P<0.01 miR-137 -2.5542 P<0.01
miR-182-5p 1.6882 P<0.01 miR-143-5p -3.6957 P<0.01
miR-99a-3p 1.0275 P<0.01 miR-145-5p -1.8248 P<0.01
miR-100-5p 1.2957 P<0.01 miR-221-3p -1.2638 P<0.01
miR-29b-3p 1.4432 P<0.01 miR-222-5p -2.3876 P<0.01
miR-215-5p 4251 P<0.01 miR-424-3p -1.072 P<0.01
miR-182-5p 1.6882 P<0.01 miR-127-3p -25.3999 P<0.01
miR-582-3p 2.3284 P<0.01 miR-1276 -3.828267 P<0.01

miRNA/miR, microRNA.

cluster analysis. The clustering results of differently expressed
miRNAs are shown as a heat map in Fig. 2.

RT-qPCR validation of three selected differentially expressed
miRNAs. RT-qPCR was used to validate the expression of
three selected differentially expressed miRNAs, namely
miR-582-3p, miR-143-5p and miR-145-5p, which were signifi-
cantly differentially expressed in the three fulvestrant-resistant
cell lines compared with the parental MCF-7 cell line (Fig. 3).
This demonstrated that the expression profiles of these
miRNAs detected by RT-qPCR were consistent with the result
of next-generation sequencing.

GO and KEGG pathway analyses of differentially expressed
miRNAs. To further understand the biological function of the
predicted targets, GO and KEGG pathway enrichment anal-
yses were performed. The results of GO enrichment analysis
were similar in the three fulvestrant-resistant cell lines. The
analysis of differential miRNA expression in MCF-7 vs.
MCEF-7-CC, MCF-7 vs. MCF-7-TT, and MCF-7 vs. MCF-7-21
cells are shown in Fig. 4A-C, respectively. GO annotation
analysis included three categories, as follows: Biological
process, cellular component and molecular function. The

targets of the differentially expressed miRNAs were associ-
ated to the biological processes of biological regulation,
metabolism, response to stimulus, hormone secretion and cell
killing. The enriched cellular components were primarily
associated with cell, organelle, membrane and cell junction.
In addition, the main molecular functions were reported to be
binding, catalytic activity, molecular transducer activity and
chemoattractant activity.

Furthermore, the significant results of KEGG pathway
enrichment analysis for MCF-7 vs. MCF-7-CC, MCF-7
vs. MCF-7-TT, and MCF-7 vs. MCF-7-21 cells are listed
in Fig. 5A-C, respectively. The targets of the differentially
expressed miRNAs in MCF-7 vs. MCF-7-CC cells were mark-
edly enriched in the extracellular matrix (ECM)-receptor
interaction, Notch signaling pathway, focal adhesion and
ErbB signaling pathways. In MCF-7 vs. MCF-7-TT cells, the
markedly enriched pathways included osteoclast differentia-
tion, melanogenesis, basal cell carcinoma, glycosaminoglycan
biosynthesis-chondroitin sulfate and ECM-receptor interac-
tion. Finally, in MCF-7 vs. MCF-7-21 cells, the markedly
enriched pathways included the ECM-receptor interaction,
focal adhesion, glycosaminoglycan biosynthesis-chondroitin
sulfate and Notch signaling.
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Figure 2. Hierarchical cluster of differentially expressed microRNAs in MCF-7, MCF-7-CC, MCF-7-TT and MCF-7-21 cell lines. The heatmap shows differ-
entially expressed miRNA within a hierarchical cluster. Rows represent different miRNAs and columns represent different samples. The color scale illustrates
the relative expression levels of miRNAs. Red indicates high relative expression levels of miRNAs, and blue indicates low relative expression levels of

miRNAs. miRNA, microRNA.
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Figure 3. Validation of three selected differentially expressed miRNAs by
reverse transcription-quantitative polymerase chain reaction. The relative
expression levels of miR-582-3p, miR-143-5p and miR-145-5p in the MCF-7
and three fulvestrant-resistant cell lines are displayed. U6 small nuclear RNA
was used as the internal control for the normalization of miRNA expression.
“P<0.01. miRNA/miR, microRNA.

Discussion

miRNAs regulate gene expression at the post-transcriptional
level. Evidence suggests that miRNAs are often dysregulated
in human tumors, and can function as oncogenes or tumor
suppressors (27), serving important roles in the tumor progres-
sion. It has been reported that the aberrant expression of
miRNA is associated with drug resistance (6). Understanding
the targets of miRNAs and the underlying mechanism of drug
resistance can contribute to new developments in the treatment
of drug resistance in breast cancer.

In the present study, the differential expression of miRNAs
in MCF-7 cells and three fulvestrant-resistant breast cancer
cell lines was detected by next-generation sequencing. It was
observed that the differential miRNA expression profiles were
different among the three fulvestrant-resistant cell lines as
compared with the parental MCF-7 cells, and certain miRNAs
were only differentially expressed in only one or two of the
cell lines. RT-qPCR was then performed to further validate the
expression levels of miR-582-3p, miR-143-5p and miR-145-5p
in MCF-7 and fulvestrant-resistant breast cancer cell lines,
and the results were consistent with those of next-generation
sequencing. According to the study findings, miR-148a,
miR-31, miR-21, miR-498 and miR-29b were significantly
upregulated, while miR-143, miR-145, miR-424 and miR-137
were significantly downregulated in fulvestrant-resistant cell
lines.

Several previous studies have demonstrated that miR-143
and miR-145 are downregulated in breast cancer. For instance,
miR-143 has been reported to function as a tumor suppressor
in breast cancer by downregulating DNA methyltransferase
3A (DNMT3A) expression. The downregulation of miR-143
in breast cancer can lead to the overexpression of DNMT3A,
which induces the hypermethylation and silencing of tumor
suppressor genes, while contributing to tumorigenesis (28).
A number of studies reported that the overexpression of
miR-145 inhibited breast cancer cell invasion and metastasis
by regulating the expression of tumor metastasis-associated
suppressor genes, such as mucin 1, matrix metalloproteinase-11
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and ADAM metallopeptidase domain 17, while this miRNA
was also able to inhibit cell growth by targeting rhotekin and
c-Myc (29-31). Our previous study also demonstrated that
miR-145 overexpression induced alterations in the whole tran-
scriptome and inhibited breast cancer development (32). Tumor
suppressor miRNAs, such as miR-143 and miR-145, inhibit
ERBB3 expression, and consequently suppress the prolif-
eration and invasion of breast cancer cells (33). In the current
study, the results of next-generation sequencing revealed that
miR-143 and miR-145 were significantly downregulated in
the three fulvestrant-resistant cell lines, which may be asso-
ciated to drug resistance. Thus, it can be speculated that the
interaction between miR-143/145 and their targets may serve
an important role in fulvestrant resistance; however, this field
requires further study.

Steroid receptor coactivator 3 (SRC3) is a SRC member
of the pl160 family, which is frequently amplified in breast
cancer (34). miR-137 downregulates the SRC3 gene by
targeting its 3'UTR, and inhibits cell proliferation and drug
resistance (35). Overexpression of miR-137 in breast cancer
cells can also reduce proliferation and migration by downreg-
ulating lysine demethylase 5B, estrogen-related receptor o and
C-terminal-binding protein 1 (36-38). Zhu et al (39) reported
that miR-137 was downregulated in multiple drug-resistant
cell lines, including MCF-7/ADM. The overexpression of
miR-137 was able to enhance the sensitivity of breast cancer
cells to chemotherapeutic agents by modulating the expression
of P-glycoprotein by targeting Y box binding protein 1. In the
present study, miR-137 was downregulated in fulvestrant-resis-
tant cell lines, suggesting that drug sensitivity was reduced
and drug resistance was enhanced. Therefore, based on these
findings, it is speculated that the expression of miR-137 may
alter the sensitivity of breast cancer cells to fulvestrant, and
thus miR-137 may serve as a predictor of endocrine therapy.

The present study results alsoindicated that miR-424 expres-
sion was significantly downregulated in fulvestrant-resistant
cell lines, which is consistent with the findings of a recent
study (40). It has been reported that miR-424 was associated
with drug resistance in breast cancer. Silencing of miR-424
was reported to activate the phosphoinositide 3-kinase/protein
kinase B/mammalian target of rapamycin (PI3K/AKT/mTOR)
signaling pathway and lead to the resistance of MCF-7 cells
to letrozole (41). Rodriguez-Barrueco et al (42) demonstrated
that a loss of the miRNA cluster miR-424(322)/503 may
induce resistance to chemotherapeutic drugs by modulating
the expression levels of insulin-like growth factor 1 receptor
and B-cell lymphoma 2. According to the aforementioned
observations, it can be speculated that miR-424 may affect
its corresponding targets and alter the signaling pathway to
induce fulvestrant resistance. Thus, miR-424 may be used
as a potential biomarker in the diagnosis and prognosis of
fulvestrant-resistant breast cancer.

As an oncomiRNA, miR-21 has been reported to be overex-
pressed in numerous types of tumor, including head and neck
squamous cell carcinoma, and colon and breast cancer (43).
miR-21 may promote breast cancer invasion and metastasis by
regulating the metastasis-associated tumor suppressor gene,
tropomyosin 1 (44). Blower et al (45) reported that miR-21
was associated with the potency of anticancer agents and
chemoresistance, suggesting that miR-21 may be involved in
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Figure 5. KEGG pathway analysis of differentially expressed microRNAs between the following pairs of cell lines: (A) MCF-7 vs. MCF-7-CC; (B) MCF-7 vs.
MCF-7-TT; and (C) MCF-7 vs. MCF-7-21. Each shape in the graph represents a KEGG pathway, which are listed on the right. The enrichment factor shown
on the horizontal axis indicates the ratio of DEGs annotated to the pathway to all genes. A greater enrichment factor indicates higher significance of the
enrichment level of the DEGs in the pathway. The ordinate is -log,, (Q value), and Q value is the P-value adjusted by multiple hypothesis testing. Thus, a greater
ordinate indicates a more reliable significance of the enriched DEGs in the pathway. The pathways represented by different shapes in the upper right corner of
the graph are of greater referential value. KEGG, Kyoto Encyclopedia of Genes and Genomes; DEG, differentially expressed gene.
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breast cancer drug resistance. It has also been demonstrated
that the silencing of miR-21 confers sensitivity to tamoxifen
and fulvestrant by enhancing autophagic cell death through
inhibition of the PI3K/AKT/mTOR signaling pathway in
breast cancer cells (46). The results of the present study indi-
cated that miR-21 expression was increased in the MCF-7-TT
cell line; thus, it is proposed that the overexpression of miR-21
may reduce the sensitivity of cells to fulvestrant and enhance
drug resistance. Zhou et al (47) also reported that miR-21 may
be associated with fulvestrant resistance. Estradiol was able
to repress the expression of miR-21 by activating the ER in
MCF-7 cells, which may explain how fulvestrant, as a pure
antiestrogen agent, can increase the expression of miR-21 (48).
Therefore, the interaction between Estradiol and miR-21 may
be closely associated with fulvestrant resistance.

In the present study, miR-221-3p and miR-222-5p were
downregulated in MCF-7-CC and MCF-7-21 cell lines,
which was inconsistent with previous studies. Rao et al (9)
and Xin et al (40) reported that miR-221 and miR-222 were
upregulated in a fulvestrant-resistant cell line. In these
studies, hormone-free medium with 10% charcoal-stripped
FBS was used without phenol red to culture a fulves-
trant-resistant cell line, as reported previously (14). However,
the present study used DMEM (originally containing phenol
red) with 5% FBS, which has estrogenic activity (49). Thus,
the different results may be due to the effects of estrogenic
activity in the media used. It has been reported that medium
containing charcoal-stripped serum mimics postmenopausal
conditions, while unstripped serum mimics premenopausal
conditions (12), suggesting that the fulvestrant-resistant cell
lines obtained in the current study may exhibit cell behaviors
associated with premenopausal conditions. Furthermore, ER
expression levels were indicated to be markedly reduced in
fulvestrant-resistant cells under premenopausal conditions,
whereas almost no expression of ER was detected in fulves-
trant-resistant cells under postmenopausal conditions (12).
The mechanisms of resistance to estrogen antagonists differ
under premenopausal and postmenopausal conditions, which
may account for the inconsistencies between the present study
results and those of previous studies (9,40). In addition, the
ER directly suppresses miR-221 and miR-222 expression in
breast cancer by recruiting the corepressors nuclear receptor
corepressor and silencing mediator of retinoic acid and
thyroid hormone receptor (50). Further studies are required
to determine the various mechanisms underlying fulvestrant
resistance in premenopausal and postmenopausal conditions,
and to elucidate the roles of miR-221 and miR-222 in fulves-
trant resistance.

GO and KEGG pathway analyses were performed in the
current study to further understand the biological function of
the predicted targets and their potential roles in the develop-
ment of fulvestrant resistance. Although there were a few
differences in the KEGG enriched pathways among the three
resistant cell lines, the results indicated that the targets of the
differentially expressed miRNAs were primarily involved in
ECM-receptor interaction, the Notch signaling pathway and
focal adhesion. Previous studies (51-56) have demonstrated
that these pathways were involved in the progression and
metastasis of cancer. It has also been reported that abnormal
Notch signaling may contribute to mammary carcinogenesis
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by deregulating the self-renewal ability of normal mammary
stem cells (52). Further studies are needed to verify whether
these pathways are associated with fulvestrant resistance.

The establishment of a drug-resistant cell line model
in vitro may aid future investigation into the mechanism
underlying drug resistance. Additionally, different methods to
induce resistance are likely to result in various mechanisms of
resistance. DMEM with 5% FBS and phenol red was used to
culture the fulvestrant-resistant cell lines in the present study,
which may be considered to represent the patient condition
in vitro (12). In the present study, three fulvestrant-resistant
cell lines were established by three different methods, which
may represent different drug resistance conditions. These
cell lines may have exogenous or endogenous resistance
characteristics, similar to the conditions of patients. Thus,
these different fulvestrant-resistant cell lines were used to
investigate the association between differential miRNA
expression profiles and fulvestrant resistance of human breast
cancer cell lines. The MCF-7-CC cell line was established
by stepwise induction, starting with low concentrations of
fulvestrant. Following treatment with the corresponding
concentration of fulvestrant screening medium, replacement
of the drug-free complete medium, removal of apoptotic cells
and proliferation of viable cells, tumor cells were allowed
an appropriate buffer time to activate certain physiological
pathways and adapt to stimulation with the drug in order
to acquire resistance. It has been reported the induction of
a drug-resistant cell line in a stepwise manner resulted in
alterations in the physiology, genetics and remodeling, and
cells acquired resistance during the process of screening
and culturing (57,58). Therefore, it can be speculated that the
MCF-7-CC cell line established in the current study may be
an acquired drug-resistant cell line. For the drug-resistant cell
line MCF-7-TT, which was established in a stepwise temporal
manner starting with a high concentration of fulvestrant, the
induction time increased gradually from 1 to 48 h, and then
to 72 h. During the induction, apoptotic cells were removed
and viable cells proliferated, which provided a buffer time
for repair of slightly damaged cells and eliminate relatively
drug sensitive and severely damaged cells; however, cells with
inherent relatively resistant properties were maintained. Yang
and Trujillo (59) reported that discontinuous screening and
cultivating resistant cells with high concentrations is mainly
conducted by inducing the death of sensitive cells with high
concentrations of drugs and maintaining those with inher-
ently drug-resistant properties. Therefore, it is speculated that
the MCF-7-TT cell line obtained in the current study may
arise from a combination of exogenous and endogenous resis-
tance-associated factors. Finally, for the drug-resistant cell
line MCF-7-21, drug resistance was established by incubating
the cells with a high concentration of fulvestrant for 21 days;
apoptotic cells were not removed, while viable cells did not
proliferate during the induction. As a period of time for cells
to adapt to treatment with fulvestrant was not provided, it is
speculated that MCF-7-21 may be an endogenous resistant
cell line. However, it was difficult to distinguish between the
endogenous and acquired forms of resistance. The differential
miRNA expression profiles varied among the three fulves-
trant-resistant cell lines, suggesting that the drug-resistant
cell lines may undertake different molecular mechanisms of



fulvestrant resistance. Therefore, further study is required to
elucidate the association among these mechanisms.

In conclusion, the current study investigated the asso-
ciation between differential miRNA expression profiles
and fulvestrant resistance in human breast cancer cells. A
number of differentially expressed miRNAs were identified
in the present study. The current results suggest that miR-143,
miR-145, miR-424, miR-137 and miR-21 may serve important
roles in fulvestrant resistance in breast cancer and may be
potential targets for breast cancer treatment. As there are few
studies regarding the mechanisms of miRNAs in fulvestrant
resistance, the present study may provide the basis for future
research into fulvestrant resistance and development of new
strategies for the treatment of patients with fulvestrant-resis-
tant breast cancer. The functional analysis of miRNAs in
fulvestrant resistance will also serve an important role in the
treatment of drug-resistant breast cancer. According to the
results of this preliminary study, one or several differentially
expressed miRNAs of interest will be selected in our further
studies, which will investigate the association between
miRNAs and fulvestrant resistance.
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