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Abstract. Tamoxifen (TAM) resistance is a substantial chal-
lenge in the treatment of estrogen receptor (ER)-positive breast 
cancer. Previous studies have revealed an important role of 
microRNA (miRNA/miR)-26a in TAM resistance in breast 
cancer. However, the mechanism underlying the regulatory 
effects of miR-26a on TAM resistance remains to be eluci-
dated. The expression levels of miR-26a in ER-positive breast 
cancer were detected by reverse transcription-quantitative 
polymerase chain reaction. E2F transcription factor 7 (E2F7) 
and MYC proto-oncogene, bHLH transcription factor (MYC) 
levels were detected by western blotting. The present study 
demonstrated that miR-26a expression was reduced in 
ER-positive breast cancer compared with in normal breast 
tissues, whereas E2F7 expression was significantly elevated. 
Furthermore, an inverse correlation between miR-26a and 
E2F7 expression was detected in ER-positive breast cancer. 
The results indicated that miR-26a directly inhibited E2F7 
expression through translational inhibition and indirectly 
inhibited MYC expression partly via E2F7 repression. E2F7, 
in turn, decreased miR-26a expression via MYC-induced 
transcriptional inhibition of miRNAs. Furthermore, trans-
fection with miR-26a mimics increased the expression of 
its host genes (CTD small phosphatase like and CTD small 
phosphatase 2), whereas ectopic E2F7 expression abrogated 
the effects of miR-26a. These findings indicated that miR-26a 
and E2F7 may form a double-negative feedback loop, resulting 
in downregulation of miR-26a and upregulation of E2F7 in 
ER-positive breast cancer. Both miR-26a knockdown and 

E2F7 overexpression conferred resistance to TAM in MCF-7 
cells. Conversely, miR-26a overexpression and E2F7 silencing 
resensitized MCF-7 resistant cells to TAM. These findings 
revealed that a feedback loop between miR-26a and E2F7 may 
promote TAM resistance in ER-positive breast cancer.

Introduction

Breast cancer is one of the most prevalent female malignan-
cies and the second leading cause of mortality among all 
cancers in women (1). Approximately 70% of breast cancers 
are estrogen receptor (ER)-positive and can be treated with 
endocrine therapy, such as tamoxifen (TAM) (2). TAM is an 
anti-estrogen agent, which suppresses ER activity by competi-
tively binding to the ER in ER-positive breast cancer (3). TAM 
has been used as a first-line adjuvant treatment for patients 
with ER-positive breast cancer; however, 50% of patients 
with ER-positive breast cancer will eventually develop TAM 
resistance, presenting a huge obstacle to breast cancer treat-
ment (4). Therefore, further understanding of the mechanism 
underlying TAM resistance may provide novel therapeutic 
strategies to overcome drug resistance.

MicroRNAs (miRNAs/miRs) function as post-tran-
scriptional regulators by binding to the 3'-untranslated 
region (3'-UTR) of target mRNAs, thus resulting in transla-
tional repression or degradation of the target mRNAs (5). 
Accumulating evidence has suggested that dysregulation of 
miRNAs serves an important role in cancer development (6,7). 
miR-26a is localized in the introns of genes coding for 
carboxy-terminal domain RNA polymerase II polypeptide A 
small phosphatase family proteins: CTD small phosphatase 
like (CTDSPL; miR-26a-1 host gene) and CTD small phospha-
tase 2 (CTDSP2; miR-26a-2 host gene) (8,9). miR-26a exhibits 
low expression in breast cancer, and inhibits breast carcinogen-
esis and metastasis by directly targeting enhancer of zeste 2 
polycomb repressive complex 2 subunit (EZH2) and metad-
herin (10,11). A previous study reported that increasing levels 
of miR-26a are significantly associated with clinical outcomes 
of TAM treatment in breast cancer (12). Furthermore, miR-26a 
is differentially expressed in TAM-resistant breast cancer cells 
compared with in the parental MCF-7 cell line (13); however, 
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the mechanism by which miR-26a regulates TAM resistance 
is unclear.

The E2F transcription factor (E2F) family can be divided 
into transcriptional activators (E2F1-E2F3) and repressors 
(E2F4-E2F8) (14). The E2F family members have an impor-
tant role in cell cycle control (15). E2F7 overexpression in 
keratinocytes and osteosarcoma cells results in an accumula-
tion of G1 phase cells and proliferation suppression (15-17). 
Conversely, E2F7 is able to inhibit apoptosis by repressing 
E2F1 activity (16,18). Notably, previous studies have revealed 
that E2F7 is overexpressed in numerous types of cancer, such 
as squamous cell carcinoma (SCC), endometrial cancer and 
ovarian cancer (16,19,20). Furthermore, in SCC cells, inhibition 
of E2F7 increases sensitivity to ultraviolet-induced DNA damage 
and doxorubicin-induced cytotoxicity by antagonizing E2F1-
induced apoptosis (16). In addition, E2F7 can directly increase 
the transcription and activity of the sphingosine kinase-1/sphin-
gosine 1-phosphate axis, resulting in protein kinase B activation 
and subsequent doxorubicin resistance (21). Therefore, E2F7 may 
serve an important role in drug resistance during cancer therapy.

The aim of the study was to explore the role of miR-26a and 
E2F7 in TAM resistance. The present study demonstrated that 
miR-26a was inhibited in ER-positive breast cancer, whereas 
E2F7 was significantly elevated. miR-26a directly inhibited 
E2F7 expression through translational inhibition and indi-
rectly inhibited MYC proto-oncogene, bHLH transcription 
factor (MYC) expression partly through suppressing E2F7. 
E2F7 knockdown, in turn, promoted miR-26a expression by 
decreasing MYC recruitment to the miR-26a gene promoter. 
In addition, both miR-26a knockdown and E2F7 overexpres-
sion conferred resistance to TAM in breast cancer cells. These 
findings suggested that miR-26a and E2F7 may form a double-
negative feedback loop that contributes to TAM resistance in 
ER-positive breast cancer.

Materials and methods

Cell culture and transfection. Breast cancer cell lines MCF-7, 
T47D, BT474, SKBR3, MDA-MB-231 and Hs578T, and 
the normal breast cell line MCF-10A were purchased from 
American Type Culture Collection (Manassas, VA, USA). The 
breast cancer cells were cultured in Dulbecco's modified Eagle's 
Medium (DMEM; Hyclone; GE Healthcare Life Sciences, 
Logan, UT, USA) supplemented with 10% fetal bovine serum 
(FBS; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA) at 37˚C in a humidified atmosphere containing 5% CO2. 
The MCF-10A cell line was cultured in DMEM/F12 (1:1) 
(Hyclone; GE Healthcare Life Sciences) supplemented with 
5% FBS, 10 µg/ml insulin, 20 ng/ml epidermal growth factor, 
100 ng/ml cholera toxin and 0.5 mg/ml hydrocortisone at 37˚C 
and 5% CO2. TAM-resistant MCF-7 cells (MCF-7R) were 
established from MCF-7 cells following a long-term culture 
with 1 µM 4-hydroxytamoxifen (Sigma-Aldrich; Merck KGaA, 
Darmstadt, Germany) as previously described (22,23).

miR-26a mimics, miR-26a inhibitors, E2F7 small inter-
fering RNA (siRNA) and MYC siRNA, and the corresponding 
negative controls were synthesized by Shanghai GenePharma 
Co., Ltd. (Shanghai, China). The sequences of the oligo-
nucleotides are provided in Table I. All transfections were 
conducted using Lipofectamine® 2000 (Invitrogen; Thermo 

Fisher Scientific, Inc.) according to the manufacturer's 
protocol. MCF7 and T47D are widely used as experimental 
models in the study of ER-positive breast cancer; therefore, 
the subsequent experiments were mainly performed using 
these two cell lines. Briefly, MCF-7, T47D and MCF-7R 
cells were plated in 6-well plates at a density of 1x106 cells/
well overnight. Subsequently, the cells were transfected with 
miR-26a mimics or inhibitors, siRNA or corresponding nega-
tive controls (50 nM). Total RNA and protein were isolated 48 
or 72 h post-transfection, respectively.

Clinical samples. All clinical samples (35 pairs of ER-positive 
breast cancer and normal adjacent breast tissues) were obtained 
from the First Affiliated Hospital of Xi'an Jiaotong University 
(Xi'an, China) between September 2015 and October 2017. 
The present study was approved by the Ethics Committee of 
Xi'an Jiaotong University First Affiliated Hospital and each 
patient provided written informed consent. The specimens 
were resected and frozen in liquid nitrogen immediately 
after surgery. None of the patients received chemotherapy 
or radiation therapy prior to the study. Patient characteristics 
are summarized in Table II. Classification of the tumors as 
ER-positive breast cancer was determined according to the 
2009 St. Gallen's Consensus guidelines for ER and proges-
terone receptor (PgR) markers (24). In addition, to explore 
the clinical significance of miR-26a and E2F7 in ER-positive 
breast cancer, RNA-Sequencing and miRNA-Sequencing data 
from The Cancer Genome Atlas (TCGA) database (http://tcga-
data.nci.nih.gov/) were analyzed. A total of 431 ER-positive 
breast cancer cases with explicit ER, PgR, human epidermal 
growth factor receptor 2 and menopausal status data were 
included in the analysis.

Plasmid construction. To construct an E2F7-expressing plasmid 
(pcDNA3.1-E2F7), a 2,795-bp DNA fragment containing the 
coding sequence of E2F7 was amplified by PCR from MCF-7 
cDNA and cloned into the XbaI and EcoRI sites of a pcDNA3.1 
vector (Invitrogen; Thermo Fisher Scientific, Inc.). The cells 
were plated in 6-well plates (1x106 cells/well) overnight to 
ensure 70% confluence. Then the cells were transfected with 
the vectors (4 µg/well) using Lipofectamine® 2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.) at 37˚C for 6 h. The primers 
used are shown in Table I. The pcDNA3.1 (+) vector was used 
as a negative control.

Reverse transcription-quantitative polymerase chain reaction 
(RT-qPCR). Total RNA was isolated using TRIzol® (Invitrogen; 
Thermo Fisher Scientific, Inc.) according to the manufacturer's 
protocol. cDNA was synthesized from RNA using a PrimeScript™ 
RT Reagent kit (Takara Biotechnology Co., Ltd., Dalian, China) 
as previously described (25). RT-qPCR was performed using 
SYBR® Premix Ex Taq™ II (Tli RNaseH Plus 2X; Takara 
Biotechnology Co., Ltd.) on a CFX96™ Real-Time PCR 
Detection system (Bio-Rad Laboratories, Inc., Hercules, CA, 
USA). The thermocycling conditions were as follows: 30 sec at 
95˚C, followed by 40 cycles of 5 sec at 95˚C, 30 sec at 60˚C and 
72˚C for 45 sec. U6 and β-actin were used as internal controls for 
miR-26a and E2F7, respectively. The relative expression levels of 
target genes were calculated using the 2-ΔΔCq method (26). The 
PCR primer sequences are presented in Table I.
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Western blot analysis. Total protein was extracted from cells 
using radioimmunoprecipitation assay buffer (Thermo Fisher 
Scientific, Inc.) with proteinase inhibitor (Roche Applied 
Science, Mannheim, Germany). The protein concentration 
was measured using a Protein Bicinchoninic Acid Assay kit 
(Thermo Scientific, Inc.). An equal amount of protein (20 µg) 
mixed with 2X SDS loading buffer was loaded per lane. The 
proteins were separated by 10% SDS-PAGE and transferred 
onto nitrocellulose membranes (Bio-Rad Laboratories, 
Inc.). The membranes were incubated at room temperature 
for 2 h with 5% nonfat milk to block nonspecific binding. 

Subsequently, the membranes were incubated for 12 h at 4˚C 
with the following primary antibodies: Anti-MYC (1:1,000; 
cat. no. sc-764; Santa Cruz Biotechnology, Inc., Dallas, TX, 
USA) and anti-E2F7 (1:1,000; cat. no. ab56022; Abcam, 
Cambridge, MA, USA). The membranes were then incubated 
with horseradish peroxidase-conjugated secondary antibodies 
(1:5,000; cat. no. sc-2004; Santa Cruz Biotechnology, Inc.) 
at room temperature for 2 h. Anti-β-actin antibody (1:5,000; 
A5441; Sigma-Aldrich, Merck KGaA) was used as a loading 
control. The protein bands were visualized using an enhanced 
chemiluminescence substrate (EMD Millipore, Billerica, MA, 
USA). The results were quantified using ImageJ software 
(version 1.50b; National Institutes of Health, Bethesda, MD, 
USA).

MTT assay. A total of 24 h post-transfection, the cells were 
seeded in 96-well plates at a density of 4x103 cells/well. 
Following treatment with or without 1 µM 4-hydroxytamoxifen 
for 24, 48, 72 and 96 h, cell viability was detected using the 
MTT assay. MTT solution (20 µl; 5 mg/ml) was added to each 
well and the cells were incubated at 37˚C for 4 h. Subsequently, 
the medium containing MTT solution was discarded, and 
150 µl dimethyl sulfoxide was added to the wells. The absor-
bance of each well was measured at 570 nm using a microplate 
reader (Bio-Rad Laboratories, Inc.).

Cell cycle analysis. MCF-7 and MCF-7R cells were seeded in 
the presence of 1 µM 4-hydroxytamoxifen or ethanol solvent. 
After 72 h, the cells were trypsinized, washed with PBS and 
fixed with 70% ethanol at 4˚C overnight. The cells were then 
stained with propidium iodide (Sigma-Aldrich; Merck KGaA) 
for 30 min and analyzed by flow cytometry (FACSCalibur; 
BD Biosciences, Franklin Lakes, NJ, USA) with the ModFit 
software (Verity Software House, Inc., Topsham, ME, USA).

Luciferase activity assay. The Targetscan database (http://www.
targetscan.org/mamm_31/) was used to identify predicted 

Table I. Oligonucleotides used in the present study.

Gene name Sequence (5'-3')

Primers for RT-qPCR
  E2F7-F GTCAGCCCTCACTAAACCTAAG
  E2F7-R TGCGTTGGATGCTCTTGG
  MYC-F TTCGGGTAGTGGAAAACCAG
  MYC-R CAGCAGCTCGAATTTCTTCC
  CTDSPL-F TGCTGAGGGAGGGGAGTGAG
  CTDSPL-R GCAGCATGCCACAGGTTGTC
  CTDSP2-F ATGTTGGCCAGTCAAGTTCC
  CTDSP2-R CTGTCACCTCTGGGAGCAG
  ACTB-F CCTTCTACAATGAGCTGCGT
  ACTB-R CCTGGATAGCAACGTACATG
  miR-26a-F GCCCGCTTCAAGTAATCCAGG
  miR-26a-R GTGCAGGGTCCGAGGT
  U6-F CCTGCGCAAGGATGAC
  U6-R GTGCAGGGTCCGAGGT
  ChIP-miR-26a1-F GGAGAGACTGGGAGCGAGTGT
  ChIP-miR-26a1-R CAAACTCACAACCTCCCGGT
  ChIP-miR-26a2-F CTCCATCTGTGAGCGGCC
  ChIP-miR-26a2-R AAAATAGCAAAGCTCCCGACTG
Primers for plasmid construction
  pcDNA3.1-E2F7-F CTCTAGATAGGAAAGCAGGGATGGA
  pcDNA3.1-E2F7-R GGAATTCTCACGATGTGTGCGTTGG
Other oligonucleotides
  miR-26a mimics
  (sense) UUCAAGUAAUCCAGGAUAGGCU
  miR-26a mimics
  (antisense) CCUAUCCUGGAUUACUUGAAUU
  miR-26a inhibitors AGCCUAUCCUGGAUUACUUGAA
  E2F7 siRNA
  (sense) GCAAAUGGCCUACCUCCAATT
  E2F7 siRNA
  (antisense) UUGGAGGUAGGCCAUUUGCTT
  MYC siRNA
  (sense) GGUGAUCCAGACUCUGACCUU
  MYC siRNA
  (antisense) AAGGUCAGAGUCUGGAUCACC

ACTB, β-actin; ChIP, chromatin immunoprecipitation; CTDSP2, CTD 
small phosphatase 2; CTDSPL, CTD small phosphatase like; E2F7, E2F 
transcription factor 7; F, forward; miR-26a, microRNA-26a; MYC, MYC 
proto-oncogene, bHLH transcription factor; R, reverse; RT-qPCR, reverse 
transcription-quantitative polymerase chain reaction; siRNA, small inter-
fering RNA.

Table II. Patient characteristics.

Characteristics Count

Age (mean ± standard deviation) 50.4±10.8
TNM stage
  I-II 25
  III 10
PgR status
  Positive 27
  Negative   8
HER2 status
  Positive 16
  Negative 19
Histological type
 Ductal 31
 Lobular   4

HER2, human epidermal growth factor receptor 2; PgR, progesterone 
receptor.
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targets of miR-26a. A fragment of the E2F7 3'-UTR containing 
two miR-26a-binding sites was cloned into a pGL3-control 
vector (Promega Corporation, Madison, WI, USA). The seed 
sequences in the E2F7 3'-UTR complementary to miR-26a 
were mutated using a QuikChange II Site-Directed Mutagenesis 
kit (Stratagene; Agilent Technologies GmbH, Waldbronn, 
Germany). MCF-7 cells were plated in 24-well plates and 
co-transfected with 100 ng firefly luciferase report vector and 
10 ng pRL-TK vector containing Renilla luciferase (Promega 
Corporation), together with 50 nM miR-26a mimics or nega-
tive control mimics. Co-transfection was performed with 
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.) at 37˚C for 6 h. Subsequently, 48 h post-transfection, the 
cells were assayed for firefly and Renilla luciferase activities 
using a Dual-Luciferase Reporter Assay system (Promega 
Corporation), according to manufacturer's protocol.

Chromatin immunoprecipitation (ChIP). The miR-26a 
promoter sequence was analyzed using UCSC Genome Browser 
(http://genome.ucsc.edu). ChIP was performed as previously 
described (27,28). Briefly, cells were cross-linked with 1% form-
aldehyde for 10 min at 37˚C and resuspended in lysis buffer on 
ice for 15 min. Samples were sonicated on ice at a frequency of 
20 kHz (on 5 sec and off 12 sec for 13 cycles) to shear chromatin 
to fragments of 200-1,000 base pairs. The DNA fragments were 
used in immunoprecipitation with the antibody anti-MYC (cat. 

no. sc-764; Santa Cruz Biotechnology, Inc.). The primers used 
for subsequent RT-qPCR are presented in Table I.

Statistical analysis. All statistical analyses were performed 
using SPSS software (version 20.0; IBM Corp., Armonk, NY, 
USA). All data are presented as the means ± standard devia-
tion of at least three independent experiments. The statistical 
significance of continuous variables was determined using 
Student's t-test (two-tailed) or Mann-Whitney U test. Multiple 
group comparisons were analyzed with one-way analysis of 
variance followed by Dunnett's or least significant difference 
post hoc tests. For categorical variables, statistical significance 
was determined using the χ2 test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Expression of miR-26a and E2F7 in ER-positive breast 
cancer. The present study analyzed miR-26a and E2F7 
expression in 35 pairs of ER-positive breast cancer tissues and 
matched adjacent normal breast tissues using RT-qPCR. The 
results demonstrated that miR-26a expression was reduced 
in ER-positive breast cancer compared with in the matched 
normal breast tissues, whereas E2F7 expression was signifi-
cantly elevated (Fig. 1A). In addition, E2F7 expression was 
inversely correlated with miR-26a expression in ER-positive 

Figure 1. Expression levels of miR-26a and E2F7 in ER-positive breast cancer. (A) miR-26a and E2F7 expression in ER-positive breast cancer was detected by 
RT-qPCR. NAT, n=35, ER+, n=35. **P<0.01. (B) Correlation between miR-26a and E2F7 expression in ER-positive breast cancer was analyzed. (C) miR-26a 
levels in breast cancer cell lines and a normal breast cell line were analyzed by RT-qPCR. Data are presented as the means ± standard deviation of three inde-
pendent experiments. *P<0.05 and **P<0.01 vs. MCF-10A cells (one-way analysis of variance followed by Dunnett's test). (D) miR-26a expression data in TCGA 
miRNA-Seq and E2F7 expression data in TCGA RNA-Seq were analyzed. Normal, n=104 for miRNA-Seq and n=113 for RNA-Seq; ER+, n=431. **P<0.01. 
(E) Correlation between miR-26a and E2F7 expression in ER-positive breast cancer cases in TCGA database was analyzed. E2F7, E2F transcription factor 7; 
ER, estrogen receptor; miR-26a, microRNA 26a; NAT, normal adjacent breast tissues; r, correlation coefficient; RT-qPCR, reverse transcription-quantitative 
polymerase chain reaction; TCGA, The Cancer Genome Atlas.
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breast cancer (Fig. 1B). Subsequently, the present study deter-
mined that miR-26a levels in breast cancer cell lines were 
decreased compared with in the MCF-10A cell line (Fig. 1C). 
These results suggested that miR-26a may be downregulated 
in ER-positive breast cancer, whereas E2F7 may be upregu-
lated.

To verify this conclusion, miR-26a and E2F7 expression 
were evaluated in ER-positive breast cancer cases contained 
in TCGA) database. Consistent with the RT-qPCR results, 
miR-26a exhibited reduced expression, whereas E2F7 expres-
sion was higher, in ER-positive breast cancer compared with 
in normal breast tissues (Fig. 1D). In addition, an inverse 
correlation between miR-26a and E2F7 expression was 
identified (Fig. 1E). Subsequently, the association of miR-26a 
and E2F7 expression with clinicopathological factors was 
analyzed using TCGA data. The results demonstrated that 
both miR-26a and E2F7 expression levels were associated 
with histological type; in addition, miR-26a levels were 
correlated with tumor size and E2F7 levels with age at diag-
nosis (Table III).

miR-26a inhibits E2F7 and MYC expression. A previous 
study demonstrated that miR-26a inhibits E2F7 expression by 

directly binding to its 3'-UTR in acute myeloid leukemia (AML) 
cells (29). To further investigate whether miR-26a inhibits 
E2F7 expression in breast cancer cells, the present study intro-
duced miR-26a mimics into MCF-7 and T47D cells. RT-qPCR 
analysis demonstrated that miR-26a expression was elevated 
in cells transfected with miR-26a mimics compared with the 
negative control (Fig. 2A). Furthermore, western blot analysis 
confirmed that E2F7 protein expression was decreased in the 
miR-26a mimics groups (Fig. 2B). However, miR-26a overex-
pression did not decrease E2F7 mRNA expression (Fig. 2C).

To further confirm the targeting of E2F7 by miR-26a, 
a luciferase activity assay was performed in MCF-7 cells. 
Using the TargetScan database, two putative binding sites for 
miR-26a were predicted in the E2F7 mRNA 3'-UTR (Fig. 2D). 
Luciferase reporter vectors were constructed with the 
wild-type 3'-UTR of E2F7 (E2F7-Wt), a mutant 3'-UTR of 
E2F7 at site 1 or site 2 (E2F7-M1 or M2) or a mutant 3'-UTR 
of E2F7 at both sites (E2F7-DM) (Fig. 2D). As expected, 
luciferase activity was significantly reduced following trans-
fection with the E2F7-Wt vector. The E2F7-M1 vector slightly 
abrogated the inhibitory effects of miR-26a; however, this 
effect was more significant with the E2F7-M2 vector. Notably, 
E2F7-DM vector completely eradicated the inhibitory effects 

Table III. Association of miR-26a and E2F7 expression levels with clinicopathological factors analyzed using The Cancer 
Genome Atlas datasets.

 miR-26a level E2F7 level
 ------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------
Clinicopathological factor Low (n=215) High (n=216) P-value Low (n=215) High (n=216) P-value

Age (years)   0.290   0.012
  <60 114 103  95 122
  >60 101 113  120 94
Tumor size (cm)   0.026   0.436
  <5 189 172  177 184
  >5 26 44  38 32
Lymph node metastasis   0.123   0.965
  Negative 113 96  99 99
  Positive 102 120  116 117
Distant metastasis   0.623   0.996
  Negative 214 213  213 214
  Positive 1 3  2 2
PgR status   0.895   0.234
  Positive 182 181  186 177
  Negative 33 35  29 39
HER2 status   0.067   0.135
  Positive 57 41  42 56
  Negative 158 175  173 160
Histological type   <0.001   <0.001
  Ductal 183 138  136 185
  Lobular 32 78  79 31
Menopausal status   0.181   0.146
  Premenopausal 59 47  46 60
  Postmenopausal 156 169  169 156

E2F7, E2F transcription factor 7; HER2, human epidermal growth factor receptor 2; miR-26a, microRNA-26a; PgR, progesterone receptor.
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of miR-26a (Fig. 2E). Collectively, these results suggested that 
miR-26a may inhibit E2F7 expression by directly targeting the 
3'-UTR of E2F7 mRNA.

miR-26a overexpression also inhibited MYC protein 
expression, as shown in Fig. 3A. To investigate the possible 
mechanism, the pcDNA3.1-E2F7 plasmid was introduced into 

Figure 2. E2F7 is directly inhibited by miR-26a. (A) miR-26a expression in MCF-7 and T47D cells post-transfection with miR-26a mimics was detected 
by RT-qPCR. (B) E2F7 protein levels in MCF-7 and T47D cells were analyzed by western blotting. (C) E2F7 mRNA levels in MCF-7 and T47D cells were 
detected by RT-qPCR. (D) Diagram showing the two predicted binding sites in the 3'-UTR of E2F7 mRNA for miR-26a. (E) Validation of direct targeting 
of E2F7 by miR-26a using a luciferase reporter assay. Data are presented as the means ± standard deviation of three independent experiments. *P<0.05 and 
**P<0.01. 3'-UTR, 3'-untranslated region; DM, double mutant; E2F7, E2F transcription factor 7; M, mutant; miR-26a, microRNA 26a; NC, negative control; 
RT-qPCR, reverse transcription-quantitative polymerase chain reaction; Wt, wild-type.

Figure 3. miR-26a inhibits MYC expression via E2F7 repression. (A) MYC expression in MCF-7 and T47D cells following miR-26a mimics transfection was 
detected by RT-qPCR. (B) MCF-7 and T47D cells were transfected with pcDNA3.1 vector or pcDNA3.1-E2F7. E2F7 expression in MCF-7 and T47D cells was 
detected by western blotting. (C) MCF-7 and T47D cells were transfected with pcDNA3.1 vector plus NC mimics, pcDNA3.1 vector plus miR-26a mimics, 
or pcDNA3.1-E2F7 plus miR-26a mimics. E2F7 and MYC expression were detected by western blotting. *P<0.05 and **P<0.01 (one-way analysis of variance 
followed by least significant difference test). E2F7, E2F transcription factor 7; miR-26a, microRNA 26a; MYC, MYC proto-oncogene, bHLH transcription 
factor; NC, negative control; RT-qPCR, reverse transcription-quantitative polymerase chain reaction.
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MCF-7 and T47D cells to elevate E2F7 expression (Fig. 3B). 
Ectopic expression of E2F7 restored MYC gene expression, 
which was inhibited by miR-26a overexpression (Fig. 3C). 
These results suggested that miR-26a may indirectly inhibit 
MYC expression, at least partly via E2F7 repression.

E2F7 overexpression inhibits miR-26a via MYC upregula-
tion. To confirm whether MYC is involved in E2F7-induced 
miR-26a repression, MYC gene expression was knocked down 
with siRNA in breast cancer cells (Fig. 4A). As expected, 
MYC knockdown significantly increased miR-26a expres-
sion in MCF-7 and T47D cells (Fig. 4B). To further explore 
whether E2F7 inhibited miR-26a expression via upregulating 
MYC expression, E2F7-expressing plasmids and MYC siRNA 
were cotransfected into MCF-7 and T47D cells. Western 
blot analysis confirmed that MYC expression was elevated 
by E2F7 overexpression in both breast cancer cell lines, and 
decreased by siRNA in E2F7-overexpressing cells (Fig. 4C). 
RT-qPCR analysis indicated that E2F7 overexpression signifi-
cantly decreased miR-26a expression, and MYC knockdown 

abrogated E2F7-induced miR-26a repression (Fig. 4D). 
These findings suggested that E2F7 overexpression inhibited 
miR-26a expression via MYC upregulation.

E2F7 knockdown decreases MYC recruitment to the miR-26a 
promoter. Previously, MYC has been implicated in the regula-
tion of a series of miRNAs, including miR-26a (30). A previous 
study reported that MYC suppressed miR-26a expression by 
recruiting EZH2 to the miR-26a promoter (31). To explore the 
mechanism underlying E2F7-induced miR-26a repression, 
E2F7 expression was knocked down using siRNA in MCF-7 
and T47D cells (Fig. 5A). Subsequently, the promoter regions of 
CTDSPL (miR-26a1) and CTDSP2 (miR-26a2) were analyzed 
using the UCSC Genome Browser and two MYC-binding 
E-box sites were identified (Fig. 5B). Subsequently, ChIP 
was performed to determine the effects of E2F7 knockdown 
on MYC enrichment on the miR-26a promoter. The results 
demonstrated that E2F7 knockdown decreased MYC binding 
to the miR-26a promoter (Fig. 5C and D). Furthermore, E2F7 
knockdown significantly increased miR-26a levels in breast 

Figure 4. E2F7 inhibits miR-26a expression via MYC upregulation. (A) MCF-7 and T47D cells were transfected with siMYC or NC. MYC knockdown was 
confirmed by western blotting. (B) miR-26a expression was detected by RT-qPCR. Data are presented as the means ± standard deviation of three independent 
experiments. *P<0.05 and **P<0.01. (C) MCF-7 and T47D cells were transfected with pcDNA3.1 vector plus NC, pcDNA3.1-E2F7 plus NC or pcDNA3.1-E2F7 
plus siMYC. MYC expression was detected by western blotting. (D) miR-26a expression levels were analyzed by RT-qPCR. Data are presented as the 
means ± standard deviation of three independent experiments. *P<0.05 and **P<0.01 (one-way analysis of variance followed by least significant difference test). 
E2F7, E2F transcription factor 7; miR-26a, microRNA 26a; MYC, MYC proto-oncogene, bHLH transcription factor; NC, negative control; RT-qPCR, reverse 
transcription-quantitative polymerase chain reaction; siMYC, MYC small interfering RNA.
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cancer cells (Fig. 5E). These results suggested that E2F7 
repression elevated miR-26a expression by inhibiting MYC 
binding to the miR-26a promoter.

miR-26a and E2F7 form a feedback loop. Concomitant 
expression of miR-26a with host genes has been identified in 
physiological and pathological conditions (9). To avoid inter-
ference of exogenous miR-26a mimics, CTDSPL and CTDSP2 
levels were detected, instead of miR-26a, when conducting a 
miR-26a self-induction experiment. The miR-26a mimics 
markedly increased CTDSPL and CTDSP2 mRNA expression, 
suggesting a self-perpetuating loop of miR-26a. Furthermore, 
E2F7 overexpression disturbed this loop (Fig. 6). These results 

suggested the existence of a double-negative feedback loop of 
E2F7 and miR-26a in ER-positive breast cancer cells.

miR-26a/E2F7 feedback loop induces TAM resistance in 
ER-positive breast cancer cells. The present study inves-
tigated whether overexpression of miR-26a or knockdown 
of E2F7 affected proliferation of MCF-7 and T47D cells. A 
cell viability assay indicated that miR-26a overexpression or 
E2F7 knockdown inhibited the viability of MCF-7 and T47D 
cells (Fig. 7A and B).

To further determine the association between miR-26a, 
E2F7 and TAM resistance, a TAM-resistant breast cancer cell 
line, MCF-7R, was developed. TAM resistance of MCF-7R 

Figure 5. E2F7 knockdown decreases MYC binding to miR-26a gene promoters. (A) E2F7 expression was determined by western blotting in MCF-7 and 
T47D cells following siE2F7 transfection. (B) Schematic diagram of the MYC binding sites (E-box sequence) in the miR-26a1 (CTDSPL) and miR-26a2 
(CTDSP2) promoter regions. (C and D) Enrichment of MYC on miR-26a1 (CTDSPL) and miR-26a2 (CTDSP2) promoters was detected by chromatin immu-
noprecipitation assay. (E) miR-26a expression was detected by reverse transcription-quantitative polymerase chain reaction in breast cancer cells following 
E2F7 siRNA transfection. Data are presented as the means ± standard deviation of three independent experiments. *P<0.05 and **P<0.01. CTDSP2, CTD small 
phosphatase 2; CTDSPL, CTD small phosphatase like; E2F7, E2F transcription factor 7; IgG, immunoglobulin G; miR-26a, microRNA 26a; MYC, MYC 
proto-oncogene, bHLH transcription factor; NC, negative control; siE2F7, E2F7 small interfering RNA.

Figure 6. miR-26a and E2F7 form a double-negative feedback loop. MCF-7 and T47D cells were transfected with pcDNA3.1 vector plus NC, pcDNA3.1 vector 
plus miR-26a mimics or pcDNA3.1-E2F7 plus miR-26a mimics. (A) CTDSPL and (B) CTDSP2 expression was detected by reverse transcription-quantitative 
polymerase chain reaction. Data are presented as the means ± standard deviation of three independent experiments. *P<0.05 and **P<0.01 (one-way analysis of 
variance followed by least significant difference test). CTDSP2, CTD small phosphatase 2; CTDSPL, CTD small phosphatase like; E2F7, E2F transcription 
factor 7; miR-26a, microRNA 26; NC, negative control.
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cells was verified by cell viability and cell cycle assays. TAM 
inhibited cell viability and induced a G1 cell cycle arrest in 
MCF-7 cells, whereas MCF-7R cells were resistant to the 
drug (Fig. 7C and D). Subsequently, E2F7 and miR-26a expres-
sion were evaluated in MCF-7 cells and MCF-7R cells by western 
blot analysis and RT-qPCR, respectively. E2F7 expression in 

MCF-7R cells was elevated compared with that in MCF-7 cells, 
whereas miR-26a expression was decreased (Fig. 7E and F).

MCF-7R cells were subsequently transfected with miR-26a 
mimics, E2F7 siRNA or corresponding controls, and cell 
viability was monitored by the MTT assay. The results demon-
strated that re-expression of miR-26a or knockdown of E2F7 

Figure 7. miR-26a/E2F7 feedback loop induces TAM resistance in ER-positive breast cancer. (A) Viability of MCF-7 and T47D cells transfected with miR-26a 
mimics or NC for 72 h was detected by MTT assay. (B) Viability of MCF-7 and T47D cells transfected with siE2F7 or NC for 72 h was detected by MTT assay. 
(C) Viability of MCF-7 and MCF-7R cells treated with 1 μM TAM or ethanol for 72 h was detected by MTT assay. (D) Cell cycle distribution of MCF-7 and 
MCF-7R cells treated with 1 µM TAM or ethanol for 48 h was analyzed by flow cytometry. *P<0.05 (one-way analysis of variance followed by least significant 
difference test). (E) E2F7 expression in MCF-7 and MCF-7R cells was detected by western blotting. (F) miR-26a expression in MCF-7 and MCF-7R cells was 
detected by RT-qPCR. (G) MCF-7R cells were transfected with NC mimics plus siRNA NC, miR-26a mimics plus siRNA NC and siE2F7 plus NC mimics. 
The viability of MCF-7R cells was detected by MTT assay. (H) MCF-7 cells were transfected with inhibitor NC plus pcDNA3.1 vector, miR-26a inhibitors 
plus pcDNA3.1 vector and E2F7 vector plus inhibitor NC. (a) Viability of MCF-7 cells was detected by MTT assay. (b) miR-26a knockdown by transfection 
of MCF-7 cells with inhibitors was confirmed by RT-qPCR. (I) A schematic diagram illustrating the feedback loop of miR-26a and E2F7 in regulating 
TAM resistance. Data are presented as the means ± standard deviation of three independent experiments. *P<0.05 and **P<0.01. E2F7, E2F transcription 
factor 7; MCF-7R, TAM-resistant MCF-7 cells; miR-26a, microRNA 26a; MYC, MYC proto-oncogene, bHLH transcription factor; NC, negative control; 
RT-qPCR, reverse transcription-quantitative polymerase chain reaction; siE2F7, E2F7 small interfering RNA; TAM, tamoxifen.
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was capable of resensitizing MCF-7R cells to TAM (Fig. 7G). 
In addition, MCF-7 cells were transfected with miR-26a inhib-
itors, E2F7-expressing plasmids or corresponding controls. 
A cell viability assay indicated that miR-26a knockdown or 
E2F7 overexpression conferred resistance to TAM in MCF-7 
cells (Fig. 7H). The schematic diagram presented in Fig. 7I 
explains the proposed feedback loop of miR-26a and E2F7 
based on the present results.

Discussion

TAM is highly effective in the treatment of ER-positive breast 
tumors, which works by inhibiting the ER pathway (3); however, 
TAM resistance remains a major challenge in the treatment of 
ER-positive breast cancer. Previous studies have revealed the 
important roles of miRNAs in the TAM resistance of breast 
cancer. Re-expression of miR-375, miR-873 and miR-27b 
has been reported to reverse TAM resistance, whereas 
miR-221/222 upregulation confers TAM resistance (23,32-34). 
The present study reported that miR-26a expression was inhib-
ited in ER-positive breast cancer, whereas E2F7 expression 
was elevated. Subsequently, the results demonstrated that a 
miR-26a/E2F7 feedback loop resulted in miR-26a downregu-
lation and E2F7 overexpression, and thereby contributed to 
TAM resistance in ER-positive breast cancer cells.

miR-26a is differently expressed in cancer tissues and 
exhibits diverse functions dependent on cancer type. miR-26a 
expression is reduced in gastric cancer, hepatocellular carci-
noma and gallbladder cancer compared with in normal adjacent 
tissue (35-37). Conversely, miR-26a expression is elevated in lung 
cancer, glioma and ovarian cancer (38-40). The present study 
revealed that miR-26a expression was reduced in ER-positive 
breast cancer, whereas E2F7 expression was elevated, as previ-
ously described (10,41). miR-26a and E2F7 expression levels 
were detected by RT-qPCR analysis of clinical specimens, and 
findings were confirmed using TCGA datasets. Furthermore, 
an inverse correlation between miR-26a and E2F7 expression 
was identified in ER-positive breast cancer tissues, suggesting a 
possible crosstalk between the two molecules.

A previous study demonstrated that E2F7 is a direct target 
of miR-26a in AML cells (29). miRNAs repress target gene 
expression through modulation of translation efficiency or 
degradation of mRNAs (5). The present study revealed that 
ectopic expression of miR-26a markedly decreased E2F7 
protein, but not mRNA, expression. These results indicated 
that miR-26a may directly inhibit E2F7 via translational 
inhibition. Notably, miR-26a overexpression also led to MYC 
repression in breast cancer cells. A previous study reported 
that ectopic miR-26a expression inhibits MYC expression in 
aggressive B-cell lymphomas (42); however, the underlying 
mechanism remains unknown. Furthermore, E2F7 silencing 
increases expression of the miR-17-92 cluster by inhibiting 
MYC transcriptional activity in AML cells (29). In addition, 
E2F7 has been revealed to increase MYC expression by 
decreasing E2F1/2/3 recruitment to the MYC gene promoter 
region (43). In the present study, it was demonstrated that 
ectopic expression of E2F7 abrogated miR-26a-induced MYC 
repression. These results suggested that miR-26a overexpres-
sion may inhibit MYC expression by repressing E2F7 in breast 
cancer cells.

It has been reported that E2F7 inhibits the activity of 
other E2F family members, including E2F1, E2F2 and 
E2F3 (15,18,43). E2F7 knockdown elevates miR-26a expres-
sion by increasing the recruitment of E2F3 to the miR-26a 
promoter (43). A recent study demonstrated that MYC 
represses miR-26a expression by recruiting EZH2 to the 
gene promoter (31). The present study aimed to determine 
whether E2F7 regulated miR-26a expression by modulating 
recruitment of MYC to the miR-26a promoter. The results 
demonstrated that ectopic expression of E2F7 inhibited 
miR-26a expression, at least partly by increasing MYC expres-
sion. Furthermore, E2F7 knockdown significantly reduced the 
recruitment of MYC to the miR-26a gene promoter and led to 
miR-26a re-expression.

The present study revealed that miR-26a mimics increased 
the expression of the miR-26a host genes, CTDSPL and 
CTDSP2, whereas E2F7 overexpression abrogated miR-
26a-induced CTDSPL and CTDSP2 expression. These findings 
indicated that miR-26a and E2F7 formed a feedback loop in 
ER-positive breast cancer. During breast carcinogenesis, the 
balance of the feedback loop may be disrupted and result in 
miR-26a suppression and E2F7 overexpression. In the present 
study, downregulation of miR-26a and upregulation of E2F7 
were also detected in TAM-resistant cells. A previous study 
reported that E2F7 overexpression led to TAM resistance by 
suppressing the miR-15a/16 cluster in breast cancer cells (38). 
Furthermore, not only E2F7 overexpression, but also miR-26a 
knockdown, conferred resistance to TAM in MCF-7 cells. 
Conversely, miR-26a overexpression and E2F7 silencing 
resensitized MCF-7R cells to TAM.

In conclusion, the present study demonstrated that crucial 
functional crosstalk may exist between miR-26a and E2F7 
via a double-negative feedback loop in ER-positive breast 
cancer, which may have an important role in TAM resistance. 
Therefore, it may be hypothesized that re-expression of miR-26a 
or inhibition of E2F7 are potential therapeutic approaches for 
the treatment of TAM-resistant breast cancer in the future.
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