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Abstract. MicroRNAs (miRNAs or miRs) regulate gene 
expression by negatively modulating the stability or trans-
lational efficiency of their target genes by targeting the 
3'-untranslated region (3'-UTR). Aberrant miRNA expression 
has been reported in various types of cancer; miRNAs can func-
tion as either oncogenes or tumor suppressor genes in cancer. 
In this study, we examined the expression level of miR-101 in 
breast cancer tissues and cell lines by RT-qPCR, and found that 
miR-101 expression was downregulated in breast cancer tissues 
and cell lines; indeed, in 6 of the 28 tissue samples, miR-101 
could not be detected. Furthermore, miR-101, when transfected 
into SKBR3 cells, inhibited cell proliferation and promoted 
apoptosis, while miR-101 inhibitor had the opposite effect. A 
dual-luciferase reporter assay revealed that miR-101 targeted 
the 3'-UTR of eyes absent homolog 1 (Drosophila) (EYA1). 
Western blot analysis demonstrated a significantly decreased 
protein level of EYA1 in the SKBR3 cells transfected with 
miR-101 mimic, whereas transfection with miR-101 inhibitor 
led to an increased level of EYA1. Moreover, an increased 
expression of EYA1 was also found in breast cancer tissues 
and cell lines. The silencing of EYA1 using siRNA targeting 
EYA1 (EYA1-siRNA) significantly inhibited SKBR3 cell 
proliferation and promoted apoptosis, and also suppressed the 
increased proliferation induced by transfection with miR-101 
inhibitor. The protein expression levels of Notch signaling 
components (jagged1, Hes1 and Hey1) were significantly 
decreased by transfection with miR-101 mimic and EYA1-
siRNA, and were increased by transfection with miR-101 
inhibitor. Furthermore, the elevated protein expression levels of 
jagged1, Hes1 and Hey1 induced by transfection with miR-101 

inhibitor in the SKBR3 cells were significantly decreased by 
transfection with EYA1-siRNA. Taken together, these results 
suggest that miR-101 is down regulated in breast cancer, and 
can inhibit cell proliferation and promote apoptosis by targeting 
EYA1 through the Notch signaling pathway.

Introduction

Breast cancer is the most frequently diagnosed type of cancer 
and the leading cause of cancer-related mortality in women 
worldwide, accounting for 1.7 million cases and 521,900 deaths 
in 2012 (1). Although methods for the screening and treat-
ment of breast cancer have improved over the years (2), the 
molecular pathogenesis of breast cancer remains unclear and 
breast cancer remains a major public health challenge (3).

MicroRNAs (miRNAs or miRs) are small non-coding 
RNA molecules that modulate gene expression by negatively 
regulating the stability or translational efficiency of their target 
mRNAs by targeting the 3'-untranslated region (3'-UTR) (4). 
More than 474 miRNA genes have been identified in the 
human genome, and over 10% of the protein-coding mRNAs 
may be conserved targets of miRNAs (5,6), which suggests an 
important role of miRNAs in biological processes in humans. 
It has been shown that miRNAs are aberrantly expressed or 
mutated in cancer, and the analysis of miRNA profiles can help 
to distinguish between normal and cancerous tissue (7). The 
majority of miRNAs, such as miR-21 and miR-155, are overex-
pressed in several human cancers (8-11), while other miRNAs, 
such as Let-7 and miR-34, are frequently downregulated in 
human cancers (12-15); thus, miRNAs can function as either 
oncogenes or tumor suppressor genes (16). Various cellular 
processes, including proliferation, apoptosis, cell cycle progres-
sion, differentiation and metastasis, have been implicated to 
be under the regulation of miRNAs (17-19). All these above-
mentioned studies suggest an important role of miRNAs in the 
development of cancer. A complete understanding of miRNAs 
and cancer may provide new insight into the molecular mecha-
nisms underlying tumorigenesis.

Breast cancer was one of the first solid tumors in which 
miRNA expression was profiled. Iorio et al (20) identified 
29 miRNAs whose expression was significantly dysregulated 
in breast cancer compared to normal breast tissues, including 
miR-10b and miR-125b, which were downregulated, and 
miR-145 and miR-21, which were upregulated in breast cancer. 

MicroRNA-101 inhibits cell proliferation and induces apoptosis 
by targeting EYA1 in breast cancer

HAITAO GUAN,  ZHIJUN DAI,  YUGUANG MA,  ZHONGWEI WANG,  XIAOXU LIU  and  XIJING WANG

Department of Oncology, The Second Affiliated Hospital of Xi'an Jiaotong University, Xi'an, Shaanxi 710004, P.R. China

Received August 4, 2015;  Accepted March 22, 2016

DOI: 10.3892/ijmm.2016.2557

Correspondence to: Dr Haitao Guan, Department of Oncology, 
The Second Affiliated Hospital of Xi'an Jiaotong University, 
157 Xiwu Road, Xi'an, Shaanxi 710004, P.R. China
E-mail: haitaoguancn@163.com

Abbreviations: miRNA or miR, microRNA; 3'-UTR, 3'-untranslated 
region; EYA1, eyes absent homolog 1 (Drosophila)

Key words: breast cancer, microRNA-101, eyes absent homolog 1 
(Drosophila), proliferation, apoptosis



GUAN et al:  MicroRNA-101 INHIBITS CELL PROLIFERATION IN BREAST CANCER1644

miR-101 was also downregulated in breast cancer (20), and its 
established targets include enhancer of zeste homolog 2 (EZH2), 
DNA methyltransferase 3A (DNMT3A), and microphthalmia-
associated transcription factor (MITF) (21-23). However, there 
are only a few studies available on the potential function of 
miR-101 in breast cancer (20,41).

The eyes absent (Drosophila) (EYA) proteins are crucial 
regulators in the development of the eye (24,25). Four homologs 
of the EYA family proteins (EYA 1-4) are defined by a conserved 
275-amino acid carboxyl-terminal motif, referred to as the EYA 
domain (ED). The overexpression of EYA family proteins has 
been reported in many cancer cell lines, including in ovarian and 
breast cancer cell lines (26,27), and it has also been reported that 
the overexpression of EYA proteins promotes cell proliferation 
through the epidermal growth factor receptor (EGFR)/RAS/
mitogen-activated protein kinase (MAPK) and Notch signaling 
pathways (28,29). EYA1 is an essential transactivated gene 
whose mutation can cause branchio-oto-renal and branchio-oto 
syndromes. The overexpression of EYA1 has been observed in 
cancers (30,31), and EYA1 can form a transcription complex 
with sine oculis homeobox 1 (SIX 1), which regulates expres-
sion of a number of downstream target genes that are important 
for cell proliferation, survival and migration (32). Although 
EYA1 has been shown to play an important role in cancer devel-
opment and progression, whether miRNAs can regulate EYA1 
expression has not yet been reported, at least to the best of our 
knowledge. Thus, our study aimed to assess the expression level 
of miR-101 and to elucidate the regulatory effects of miR-101 in 
breast cancer.

Materials and methods

Human tissue specimens. Breast cancer and normal adjacent 
breast tissues were obtained from 28 patients with breast cancer 
who had not received any pre-operative cancer treatments at 
the Second Affiliated Hospital of Xi'an Jiaotong University, 
Xi'an, China. The tissue samples obtained from surgery were 
frozen in liquid nitrogen immediately. Informed consent was 
obtained from all patients. This study was approved by the 
Ethics Committee of the Second Affiliated Hospital of Xi'an 
Jiaotong University.

Cell culture. The breast cancer cell lines, MDA-MB-231, 
T-47D, SKBR3, MCF-7, BT474 and HS578T, and the 
normal breast epithelial cell line, MCF-10, were all obtained 
from ATCC (Manassas, VA, USA) and were cultured in 
Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, 
CA, USA) containing 1% penicillin/streptomycin (Sigma, 
St. Louis, MO, USA) and supplemented with 10% fetal bovine 
serum (Invitrogen) in a 5% CO2 cell culture incubator.

miRNA transfection and small RNA interference. The 
SKBR3 cells were seeded in 6-well plates, and miR-101 
mimic (miR-101) or its negative control (NC-miR), and miR-101 
inhibitor (miR-101-in) or its negative control (miR-NC-in) 
(Dharmacon, Lafayette, CO, USA), were transfected into 
the cells using Lipofectamine 2000 transfection reagent 
(Invitrogen) according to the instructions provided by the 
manufacturer. The cells were harvested for analysis after being 
incubated for 48 h.

To knockdown EYA1 expression, siRNA targeting 
EYA1 (EYA1-siRNA) and its negative control (EYA1-NC) 
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) were trans-
fected into the SKBR3 cells. Following culture for 48 h, the 
cells were harvested and the expression level of miR-101 and 
EYA1 was measured as described below.

Cell proliferation assay. Cell proliferation was determined 
using CCK-8 reagent (Beyotime, Nantong, China) according 
to the manufacturer's instructions. The cells were plated into a 
96-well plate at 5x104 cells/well. After 1, 2, 3, 4 and 5 days, the 
cells were treated with CCK-8 reagent and incubated for 2 h. The 
absorbance was measured using a Bio-Rad microplate reader 
(Bio-Rad, Hercules, CA, USA) at a wavelength of 450 nm.

Apoptosis assay. Apoptotic cells were detected using 
the Annexin V-FITC/PI apoptosis detection kit (Abcam, 
Cambridge, UK). In brief, 1x105 cells were harvested and 
incubated with Annexin V-FITC for 5 min in the dark, and 
then stained with PI for a further 5 min. The apoptotic cells 
were analyzed using a FACSCalibur flow cytometer (Becton 
Dickinson, San Jose, CA, USA).

Reverse transcription-quantitative PCR (RT-qPCR). To determine 
the abundance of miR-101, total miRNAs were extracted from 
the SKBR3 cells using the miRcute miRNA isolation kit 
(Tiangen, Beijing, China), and cDNA was synthesized using 
the miRcute miRNA First-Strand cDNA synthesis 
kit (Tiangen). qPCR was performed using the miScript SYBR 
Green PCR kit (Qiagen, Valencia, CA, USA) according to the 
manufacturers instructions. U6 was used as a quantitative and 
qualitative control to normalize miRNA expression. The RT-PCR 
primers for miR-101 were forward, 5'-TGGGCTACAGTACT 
GTGATA-3' and reverse, 5'-TGCGTGTCGTGGAGTC-3' as 
previously described (36).

To determine the mRNA expression level of EYA1, total 
RNA was extracted from the SKBR3 cells using TRIzol 
reagent (Invitrogen), and cDNA was synthesized using MMLV 
reverse transcriptase (Clontech, Palo Alto, CA, USA). qPCR 
was performed using TaqMan PCR Master Mix and an ICycler 
system (Beijing Solarbio Science & Technology Co., Ltd., 
Beijing, China). β-actin was used as a negative control. The 
RT-PCR primers for EYA1 [as previously described (33)] were 
forward, 5'-TAACGGACAGGACCTAAGCA-3' and reverse, 
5'-TTTCTCATCCAgTCCACACC-3'.

Target prediction. To determine whether EYA1 is a direct 
tareget of miR-101, we searched for the potential targets of 
miR-101 using the prediction programs, microRNA.org (http://
www.microrna.org/microrna/home.do), TargetScan (http://
www.targetscan.org/vert_60/) and PicTar (http://www.pictar.
org/cgi-bin/PicTar_vertebrate.cgi). 

Dual-luciferase reporter assay. The SKBR3 cells co-transfected 
with miR-101 mimic and luciferase reporter constructs containing 
a wild-type or mutant EYA1 3'-UTR (Promega, Madison, WI, 
USA) were seeded into a 24-well plate. Forty-eight hours later, 
the cells were harvested and the luciferase activity was analyzed 
using the dual-luciferase reporter assay kit (Promega). All trans-
fection experiments were reproduced at least 3 times.
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Western blot analysis. The SKBR3 cells were lysed with RIPA 
buffer (Beyotime, Bejing, China) to extract total protein, and 
the protein concentration was quantified using the Bradford 
assay (Beyotime). A total of 20 µg protein was separated 
by electrophoresis on a 12% SDS-PAGE gel. Proteins were 
transferred onto nitrocellulose membranes (Bio-Rad), and 
then incubated with 2% non-fat milk to block non-specific 
binding for 1 h at 37˚C. The membranes were then incubated 
with the following primary antibodies: rabbit anti-EYA1 
(ab85009), rabbit anti-jagged1 (ab7771), rabbit anti-Hey1 
(ab22614) and rabbit anti-Hes1 (ab71559) polyclonal anti-
bodies (Abcam) overnight at 4˚C. The membranes were washed 
with TAS-Tween (TBST) 3 times, and then incubated with 
secondary antibody horseradish peroxidase (HRP)-conjugated 
goat anti-rabbit IgG (ab6762; Abcam) for 4 h at 37˚C. Proteins 
were detected using an enhanced chemiluminescence detection 
system (Amersham, Piscataway, NJ, USA) after washing with 
TBST 3 times.

Statistical analysis. Data are presented as the means ± stan-
dard deviation (SD) and the statistically significant differences 
between different groups were analyzed using SPSS 18.0 soft-
ware (SPSS nc., Chicago, IL, USA) and the Student's t-test. 
A value of p<0.05 was considered to indicate a statistically 
significant difference.

Results

miR-101 is downregulated in breast cancer tissues and cell 
lines. The results of RT-qPCR revealed that miR-101 was signif-
icantly downregulated in the breast cancer tissues compared 
with the normal adjacent breast tissues, and miR-101 could not 
be detected in 6 of the 28 breast cancer tissues (Fig. 1A, p<0.05). 
The expression of miR-101 was also examined in 6 breast cancer 
cell lines, and the results revealed that miR-101 was markedly 
downregulated in all 6 breast cancer cell lines compared with 
the normal breast epithelial cell line, MCF-10 (Fig. 1B, p<0.05).

miR-101 regulates cell proliferation and apoptosis. The 
downregulation or even the loss of miR-101 in breast cancer 
suggested that it may play a role in the development and 
progression of breast cancer. To determine the role of miR-101 
in breast cancer, we transfected miR-101, miR-101-in or their 
negative control into the SKBR3 cells, and examined the 
effects of miR-101 on breast cancer cell proliferation by CCK-8 
assay. The results revealed that transfection with miR-101 
significantly upregulated miR-101 expression, whereas 
transfection with miR-101-in significantly downregulated 
miR-101 expression (Fig. 2A, p<0.05). The overexpres-
sion of miR-101 significantly decreased the proliferation of 
the SKBR3 cells, and the decreased expression of miR-101 
promoted the proliferation of the SKBR3 cells in a time-
dependent manner (Fig. 2B, p<0.05). To determine whether 
miR-101 also regulates the apoptosis of breast cancer cells, 
we examined the apoptosis of the SKBR3 cells transfected 
with miR-101 or miR-101-in using an Annexin V-FITC assay. 
A marked increase in apoptosis was induced by transfection 
with miR-101 mimic in the SKBR3 cells (Fig. 2C, p<0.05).

miR-101 directly targets EYA1 in breast cancer cells. To 
elucidate the potential molecular mechanisms responsible for 
the inhibitory effects of miR-101 on the proliferation of breast 
cancer cells and its apoptosis promoting effects, we searched for 
the potential targets of miR-101 using the prediction programs 
microRNA.org, TargetScan and PicTar. Two conserved pairing 
target regions (position 198-204 and 1899-1906) between the 
EYA1 3'-UTR and miR-101 were found, and according to the 
context++ score, position 1899-1906 was selected for further 
analysis (Fig. 3A), suggesting that EYA1 may be a potential target 
of miR-101. To determine whether miR-101 directly targets the 
3'-UTR region of EYA1, a dual-luciferase reporter assay was 
performed. Transfection with miR-101 significantly reduced 
the luciferase reporter activity of the wild-type EYA1 3'-UTR 
compared with the luciferase reporter activity of the mutant 
3'-UTR. Conversely, miR-101 caused no significant changes in 

Figure 1. miR-101 expression is downregulated in breast cancer tissues and cell lines. (A) Breast cancer tissues were obtained from breast cancer patients and 
frozen in liquid nitrogen immediately. An RT-qPCR assay was used to measured miR-101 expression. n=28 samples; *p<0.05 vs. adjacent normal tissue. (B) Six 
breast cancer cell lines and the MCF-10 breast epithelial cell line were cultured in Dulbecco's modified Eagle's medium, and miR-101 expression was analyzed 
by RT-qPCR. n=3 experiments, *p<0.05 vs. MCF-10 cells.
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the expression of the transcript containing the mutant 3'-UTR of 
EYA1. The luciferase activity of the reporter plasmid was also 
not affected by transfection with miR-101 inhibitor (Fig. 3B).

As miR-101 suppressed the luciferase transcript containing 
the wild-type EYA1 3'-UTR, we speculated that miR-101 
may regulate the expression of EYA1 in breast cancer. To 
verify this, we examined the potential regulatory effect of 
miR-101 on the expression of EYA1. miR-101 or miR-101-in 
was transfected into the SKBR3 cells. Western blot analysis 
revealed a significantly decreased protein level of EYA1 in 
the SKBR3 cells transfected with miR-101 compared with the 
controls (Fig. 3C, p<0.05).

EYA1 is overexpressed in breast cancer tissues and cell lines. 
As EYA1 was found to be a direct target of miR-101 and 
miR-101 expression was found to be downregulated in breast 
cancer, we examined the expression level of EYA1 in the 
breast cancer tissues and cell lines. The expression of EYA1 
was significantly higher in the breast cancer tissues than the 
adjacent normal breast tissues (Fig. 4A, p<0.05). RT-qPCR 
analysis of the breast cancer cell lines also revealed that EYA1 
expression in the breast cancer cell lines, apart from the T-47D 
cell line, was significantly upregulated (Fig. 4B, p<0.05).

EYA1 is involved in the regulation of cell proliferation 
and apoptosis by miR-101. EYA1 is a crucial regulator of 
cell growth in cancers (31). Our study explored the role of 
EYA1 in the regulatory effects of miR-101 in breast cancer. 
The expression of EYA1 was silenced using EYA1-
siRNA (p<0.05, Fig. 5A). CCK-8 assay was then performed 
to examine the proliferation of the SKBR3 cells transfected 
with miR-101, miR-101-in, or EYA1-siRNA, or co-transfected 
with EYA1-siRNA and miR-101 inhibitor. The inhibitor of 
miR-101 (miR-101-in) promoted cell proliferation. When 
the cells were transfected with miR-101 or EYA1-siRNA, 
cell proliferation decreased markedly (p<0.05, Fig. 5B). 
Transfection with EYA1-siRNA also significantly inhibited 
the increased proliferation and decreased the apoptosis that 
was induced by the miR-101-inhibitor. The Annexin V-FITC 
assay indicated that miR-101 promoted apoptosis and that 
miR-101-in inhibited apoptosis, whereas EYA1-siRNA and 
co-transfection with EYA1-siRNA and miR-101-in promoted 
apoptosis (p<0.05, Fig. 5C).

miR-101 regulates the Notch signaling pathway through EYA1. 
To determine the signaling pathway involved in the regulatory 
effects of miR-101 in breast cancer, we analyzed the Notch 

Figure 2. miR-101 regulates SKBR3 cell proliferation and apoptosis. (A) SKBR3 cells were transfected with miR-101 mimic (miR-101) or its negative control (NC), 
and inhibitor miR-101 (miR-101-in) or its negative control (NC-in). miR-101 expression was examined by RT-qPCR. n=3 experiments; *p<0.05 vs. control (untrans-
fected cells). (B) SKBR3 cells were transfected with miR-101 or miR-101-in, and cell proliferation was measured at different time points (1, 2, 3, 4 and 5 days) using 
a CCK-8 assay. n=3 experiments; *p<0.05 vs. control at the corresponding time point. (C) SKBR3 cells were transfected with miR-101 or miR-101-in, and apoptosis 
was determined using the Annexin V-FITC/PI apoptosis detection kit. n=3 experiments; *p<0.05 vs. control (untransfected cells).
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signaling pathway. The expression level of jagged1, one of the 
important ligands of Notch, and Hes1 and Hey1, the down-
stream genes of the Notch pathway, were analyzed in SKBR3 
cells transfected with miR-101, miR-101-in or EYA1-siRNA. 
The protein expression levels of jagged1, Hes1 and Hey1 were 
significantly decreased following transfection with miR-101 
and EYA1-siRNA, but were increased following transfection 
with miR-10-in (p<0.05). Furthermore, the elevated protein 

expression levels of jagged1, Hes1 and Hey1 induced by 
miR-101-in in the SKBR3 cells were significantly decreased 
by transfection with EYA1-siRNA (p<0.05, Fig. 6).

Discussion

The dysregulation of miRNAs has frequently been reported 
in several types of cancer (34). Increasing evidence has 

Figure 3. miR-101 directly downregulates the expression of EYA1. (A) The predicted miR-101 target sequence in the wild-type EYA1 3'-UTR and a similar 
sequence containing mutations (EYA1-3'-UTR). (B) Dual-luciferase assay of SKBR3 cells co-transfected with miR-101 and luciferase reporter constructs 
containing wild-type or mutant EYA1 3'-UTR. (C) Western blot analysis of EYA1 expression in SKBR3 cells transfected with miR-101 or miR-101-in. 
n=3 experiments; *p<0.05 vs. control (untransfected cells).

Figure 4. EYA1 is overexpressed in breast cancer tissues and cell lines. (A) Breast cancer tissues were obtained from breast cancer patients and frozen in liquid 
nitrogen immediately. An RT-qPCR assay was used to measured EYA1 expression. n=28 samples; *p<0.05 vs. adjacent normal tissue. (B) Six breast cancer cell 
lines and the breast epithelial cell line MCF-10 were cultured in Dulbecco's modified Eagle's medium and the EYA1 expression was analyzed by RT-qPCR. 
n=3 experiments; *p<0.05 vs. MCF-10 cells.
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demonstrated a cancerocidal or carcinogenic role of miRNAs 
in mediating the process of tumorigenesis and the behavior 
of cancer cells (35). In the present study, we confirmed that 
miR-101 expression was downregulated or even lost in human 
cancer tissues and cell lines. We also found that miR-101 inhib-
ited cell growth and promoted apoptosis in vitro. We further 
demonstrated that EYA1 is a functional target of miR-101, 
and that miR-101 regulates cell behavior by targeting EYA1 
through the Notch signaling pathway.

miRNA-101 has been shown to be downregulated in 
gastric cancer, glioblastoma, prostate cancer, colon cancer and 
hepatocellular carcinoma, and is involved in cell migration, 

invasion, proliferation and apoptosis (36-40). The decreased 
expression of miR-101 has also been detected in human breast 
cancer tissues (20). In this study, we detected the expression 
of miR-101 in human breast cancer tissues and cell lines, and 
found that miR-101 was downregulated in both tissues and cell 
lines compared with adjacent normal tissues and cells, respec-
tively. Indeed, the expression of miR-101 was not detectable 
in 6 of the 28 breast cancer tissues, which is in accordance 
with the study by Varambally et al (41), who found that 6 of 
29 breast cancer tissues were negative for miR-101. Thus, we 
speculated that miR-101 may function as a tumor suppressor 
gene in breast cancer. To verify this, we examined cell prolif-

Figure 5. EYA1 is involved in the regulation of cell proliferation and apoptosis by miR-101. (A) SKBR3 cells were transfected with miR-101, miR-101-in, or 
EYA-1 siRNA, or co-transfected with miR-101-in and EYA1-siRNA. (C) Cell proliferation was detected by CCK-8 assay. (B) SKBR3 cells were transfected with 
miR-101, miR-101-in, or EYA-1 siRNA, or co-transfected with miR-101-in and EYA1-siRNA. Apoptosis was examined using the Annexin V-FITC/PI apoptosis 
detection kit. n=3 experiments; *p<0.05 vs. control (untransfected cells), #p<0.05 vs. transfection with miR-101-in.
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eration and apoptosis following the up- or downregulation of 
miR-101 by transfecting the cells with miR-101 or miR-101-in, 
respectively. The overexpression of miR-101 inhibited cell 
proliferation and promoted apoptosis, whereas the downregu-
lation of miR-101 exerted an opposite effect, indicating that 
miR-101 may serve as a novel therapeutic marker in breast 
cancer patients.

Cancer is a complex disease that is strongly dependent 
on the regulation of gene expression. mRNAs exert their 
regulatory effects by base-pairing with their target mRNAs, 
and a single miRNA can regulate multiple downstream 
target mRNAs. Although proto-oncogene MYCN, histone 
methyltransferase EZH2 and DNM3A have been reported to 
be targets of miR-101 in cancers (22,41,42), the regulatory 
effects of miR-101 in cancer are not yet fully understood. 
Thus, in the present study, we searched for the target gene 
of miR-101 on microRNA.org, TargetScan and PicTar. Two 
conserved pairing target regions between the EYA1 3'-UTR 
and miR-101 were found. Position 1899-1906 was selected 
for further analysis through luciferase reporter assays. The 
results confirmed that EYA1 is a direct target of miR-101, and 
furthermore, miR-101 downregulated the protein expression of 

EYA1. EYA1 is an important factor of the retinal determina-
tion gene network involved in organismal development (43).  
The dysregulation of EYA1 has been reported in many types 
of cancer in recent years (33,44,45); however, the role of EYA1 
in tumor growth may vary in different types of cancer. The 
decreased expression of EYA1 in gastric tumor samples has 
been described, and EYA1 has been shown to negatively 
correlate with tumor size, lymphatic invasion and distant 
metastasis (33). 

Wu et al (31) investigated the expression of EYA1 and 
showed that it was upregulated both in breast cancer tissues 
and cell lines, and that EYA1 contributed to cancer cell 
growth by promoting cell proliferation and DNA synthesis, 
and also reduced apoptosis. Our study demonstrated that 
the expression level of EYA1 was significantly upregulated 
in breast cancer tissues and cells, and that the knockdown of 
EYA1 inhibited the effects of miR-101 on cell proliferation 
and apoptosis. Taken together, our study indicates that the 
regulatory effects of miR-101 on the growth and development 
of breast cancer may be partly mediated by targeting EYA1.

Notch is one of the fundamental signaling pathways that 
regulates embryonic cell fate decisions, differentiation, prolif-

Figure 6. miR-101 regulates the Notch signaling pathway via EYA1. (A) Representative western blot showing the expression of jagged1, Hes1 and Hey1 in 
all groups, and a column diagram showing the quantification of (B) jagged1, (C) Hes1 and (D) Hey1. The column indicates thye means ± SEM. *p<0.05 vs. 
control (untransfected cells), #p<0.05 vs. transfection with miR-101-in.
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eration and patterning (46,47). The dysregulation of Notch 
signaling was discovered in various types of cancer and has 
been shown to correlate with cell cycle progression, prolifera-
tion and apoptosis (48,49). The aberrant activation of the Notch 
pathway leads to adenocarcinoma of the mammary gland (50). 
Stylianou et al (51) demonstrated that activated Notch signaling 
protects breast cancer cells from apoptosis. Our study revealed 
that Notch was the downstream signaling pathway of EYA1, 
which was under the regulatory effect of miR-101.

In conclusion, our results demonstrate that miR-101 is 
downregulated both in breast cancer tissues and cell lines, and 
that it directly downregulates the expression of EYA1 at the 
post-translational level. The Notch signaling pathway is also 
proposed to play an important role in the regulatory effects of 
miR-101. Considering these results, miR-101 may be used as a 
potential therapeutic marker in breast cancer.
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