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Abstract 

Cisplatin is an essential chemotherapy drug in esophageal squamous cell carcinoma (ESCC). Some 
studies suggested that the expression of E2F1 is increased in ESCC cells after cisplatin treatment, 
but its mechanism remains obscure. Here, we found that miR-26b is upregulated in ESCC cell lines 
with cisplatin treatment, and it relies on the expression of E2F1 because E2F1 directly binds to the 
promoter of the miR-26b gene, thus activating the transcriptional activity of miR-26b. Cell cycle 
analysis suggested that miR-26b inhibits the G1/S phase transition, thus inhibiting the cell growth of 
ESCC cells. The cisplatin-induced cycle arrest also closely depends on the expression of miR-26b. In 
vivo assays revealed that the sensitivity of ESCC cells to cisplatin is decreased when the 
E2F1/miR-26b pathway is disturbed. A nude mouse xenograft model of cisplatin treatment showed 
that the tumor volume was increased in the Si-E2F1 group compared with that in the group with 
cisplatin treatment alone. The effect may be due to the cellular DNA damage response, because that 
miR-26b could target the mRNA of ATM and Rb genes via binding to their 3’UTRs, thus leading to 
decreased protein expression of ATM and Rb. In conclusion, our results indicate that E2F1 
promotes the chemosensitization to cisplatin in ESCC. The effect may be due to the upregulation of 
miR-26b because cisplatin-induced cycle arrest depends on miR-26b, which may also disturb the 
DNA damage response by reducing the expression of ATM and Rb. 
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Introduction 
Esophageal squamous cell carcinoma (ESCC) is 

the main cause of death in patients with tumors, and 
its incidence is increasing annually in China [1]. 
Clinical treatment of esophageal cancer is a 
challenging problem and is gaining increasing 
attention. In general, patients with an early TNM 
stage are mainly treated by surgery, while patients 
with a late stage are often treated with radiotherapy 
and/or chemotherapy in ESCC [2]. However, patients 
with sensitivity to chemotherapy are relatively rare, 
and their 5-year survival rate is very poor in ESCC [1, 

3]. Moreover, targeted drugs based on EGFR, VEGF, 
PI3K and other pathways, which have been widely 
used in many cancers such as lung cancer and breast 
cancer, are not sufficiently effective in ESCC [4, 5]. 
Therefore, it is important to investigate the 
mechanism of increasing the sensitivity of ESCC to 
chemotherapy. 

E2F1, as a member of the E2F family, is an 
essential protein of the Rb/E2F1 signaling pathway. 
E2F1 regulates numerous genes, including those that 
encode S-phase-related proteins and miRNAs, which 
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are involved in many cellular biological behaviors, 
including DNA synthesis and replication, mitotic 
checkpoint control, DNA damage repair, cell 
self-renewal, and differentiation [6, 7]. The Rb/E2F1 
pathway is often disrupted in many human tumors, in 
which the abnormal release of E2F1 induces 
transcriptional activation of its target genes and leads 
to cellular abnormalities [8, 9]. Additionally, E2F1 
expression was increased in ESCC cells after cisplatin 
treatment in our previous study [6]. The upregulated 
expression of E2F1 may involve the treatment course 
of cisplatin, but its mechanism has not been 
elucidated in ESCC. miRNAs, as important 
non-coding RNAs that are involved in many 
biological processes in cells, could act oncogenes or 
tumor suppressor genes to regulate numerous related 
genes. Many studies have suggested the closely 
regulated relationship between E2F1 and miRNAs. 
E2F1 could directly regulate miRNAs, which further 
regulate other genes via binding to the 3`UTR regions. 
In our previous study, E2F1 involved the DNA 
damage response pathway, and miRNAs may 
participate in the process after cisplatin treatment, but 
its mechanism in ESCC has not been completely 
elucidated [6].  

In our study, we investigated the potential 
mechanism involving the E2F1 and miRNA pathways 
to increase the sensitivity of ESCC to cisplatin. We 
found that E2F1 enhances the sensitivity of ESCC cells 
to cisplatin by regulating miR-26b and the cellular 
DNA damage response. 

Materials and methods 
Cell lines, Drug and Tissue specimens 

Three human esophageal cancer cell lines 
(EC109, KYSE450 and EC9706) were purchased from 
the Cell Bank of Chinese Academy of Sciences 
(Shanghai, China). These cell lines were cultured in 
RPMI Medium 1640 with 10% fetal bovine serum 
(FBS) in a humidified incubator (5% CO2). Cisplatin 
was obtained from Sigma-Aldrich (St. Louis, MO). 

Paired tumor tissues of ESCC and adjacent 
normal esophageal tissue were from surgical patients 
at the First Affiliated Hospital of Army Medical 
University. These tissues were cut into several pieces 
(~100 mg/piece), placed into freezing tubes and 
stored in liquid nitrogen immediately. Our study was 
approved by the Ethics Committee of the Army 
Medical University. All recruited patients in our 
study were given informed consent.  

Vector construction 
The E2F1 expression plasmid 408 pSG5L-HA- 

E2F1 was obtained from Addgene (#10736) [10]. 
Luciferase assays were performed using the 

pGL3-miR-26b-promoter vector containing the 26-bp 
DNA sequence of the miR-26b gene promoter region. 
The 26-bp DNA sequence was introduced into the 
Xho I and Hind III sites and cloned into the 
pGL3-basic vector (Promega, Madison, WI). The 
pGL3-miR-26b-promoter-MUT vector was generated 
by site-directed mutagenesis though overlap 
extension PCR [11]. The primer sequences are listed in 
Table S1.  

The pMIR-RB-3UTR-WT and pMIR-ATM-3UTR- 
WT plasmids contained the 3`UTR segment of the RB 
gene (NM_000321.2) and ATM gene (NM_000051), 
respectively, as well as the putative miR-26b binding 
site. The DNA segment was introduced into the MluI 
and HindIII sites and cloned into the pMIR-REPORT 
vector (Applied Biosystems, Foster City, CA, USA). 
The pMIR-Rb-3UTR-MUT and pMIR-ATM-3UTR- 
MUT vectors were the mutated seed regions of the 
miR-26b of pMIR-RB-3UTR-WT and pMIR-ATM- 
3UTR-WT vectors, respectively. The sequences were 
obtained by direct synthesis and are shown in 
Table S1. 

RNA oligoribonucleotides and transfection 
The miR-26b mimics, miR-26b inhibitors, small 

interfering RNA (siRNA) against E2F1, and matched 
controls were obtained from Shanghai GenePharma 
Company. Cell transfection (vectors, siRNA, 
has-miR-26b mimics and inhibitors) were carried out 
by Lipofectamine 2000 (Invitrogen, Carlsbad, CA, 
USA). The sequences of the transfection assay are 
shown in Table S2.  

Quantitative real-time PCR (qRT-PCR) 
Total RNA was extracted by RNAiso reagent 

(Takara, Dalian, China) from tissues (100 mg) and 
cultured cells (1× 106). For quantitative detection of 
mature miR-26b, the All-in OneTM miRNA qRT-PCR 
Detection Kit of GeneCopoeia Company was used 
according to the manufacturer’s instructions. 
qRT-PCR was performed using the Bio-Rad CFX 
Connect Real-Time PCR Detection System. The 
expression of miR-26b was normalized to that of U6 
using the 2–∆∆CT method for quantification. Related 
primers are shown in Table S3.  

Chromatin immunoprecipitation (ChIP) 
The ChIP assay in EC109 cells was carried out 

using the EZ ChIP Kit (Upstate) according to the 
manufacturer’s instructions. Approximately 1×107 
cells were harvested for each immunoprecipitation. 
The cross-linked chromatin was digested by 
micrococcal nuclease and sonicated to obtain DNA 
fragments with lengths of approximately 150-900 bp. 
Chromatin Immunoprecipitation was performed 
using an anti-E2F1 antibody and negative control 
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normal IgG overnight. Eluotropic DNA was purified 
using spin columns. Finally, qRT-PCR was performed 
to detect the signal of candidate binding sites of E2F1 
(Sites 1, 2, 3 and 4). The primers of ChIP assay are 
shown in Table S3.  

Reporter assay 
For the reporter assay to detect the binding site 

of E2F1 in the promoter regions of miR-26b, the 
pGL3-miR-26b-promoter-WT or pGL3-miR-26b- 
promoter-MUT vector was mixed with the E2F1 
overexpression plasmid (408 pSG5L HA E2F1) and 
pRL-TK, followed by co-transfection using 
Lipofectamine 2000. For the reporter assay to detect 
the binding site of miR-26b in the 3`UTR region of RB 
and ATM, the pMIR vector (pMIR-RB- 
3UTR-WT/MUT, pMIR-ATM-3UTR-WT/MUT) was 
mixed with mimics (miR-26b or negative control) and 
pRL-Tk, followed by co-transfection using 
Lipofectamine 2000 according to the manufacturer’s 
instructions. Triplicate assays were performed for 
each independent group. The luciferase activities of 
Firefly and Renilla were detected by the 
Dual-Luciferase Reporter Assay System of Promega 
after transfection for 24 h.  

Cell cycle assay 
Cell cycle analysis was performed in EC109 cells. 

Approximately 3× 105 cells/well were seeded into 
6-well plates. The miR-26b inhibitor or negative 
control was transfected the next day. Cisplatin 
treatment was carried out after transfection for 24 h. 
After treatment for 48 h, the collected cells were fixed 
in 70% ethanol overnight at 4 °C. Next, the fixed cells 
were stained with propidium iodide (PI) (Beyotime, 
Shanghai, China) for 30 min at 37 °C and then were 
analyzed by flow cytometry (BD Biosciences). 

Cell viability analysis 
Approximately 8,000 cells/well were seeded on 

96-well plates. The miR-26b mimics or negative 
controls were transfected the next day. Cell viability 
was measured after 12 h with or without cisplatin 
treatment using Cell Counting Kit-8 (Biyuntian, 
China) every 12 or 24 h. The viable cell number was 
quantified by the absorbance at a 450-nm wavelength.  

Lentiviral constructs and Nude mouse 
xenograft model 

The lentiviruses (Si-E2F1 and negative control) 
were obtained from Shanghai GenePharma Company. 
The stably transfected EC109 cells were screened with 
puromycin after virus infection. The collected 2 × 106 
cells (EC109-NC, EC109-siE2F1) were mixed in 50% 
Matrigel (BD Biosciences) and were injected 
subcutaneously into approximately 4-week-old nude 

BALB/c mice. One week later, the mice started 
cisplatin (4 mg/kg) or equivoluminal physiological 
saline treatment (intraperitoneal injection, once a 
week, for 4 weeks) when the tumors were palpable 
[12]. The tumor size was measured every three days, 
its volume was calculated as (length/2) × (width2), 
and the body weight of mice was monitored 
throughout the experiments. The experiment was 
performed in accordance with the Animal Research 
Committee Guidelines of Army Medical University. 

Western blotting 
Total protein was extracted by RIPA Lysis Buffer 

(Beyotime Institute of Biotechnology) from cells or 
tissues. The supernatant was collected after 
centrifugation at 12,000 × g at 4°C for 5 min, and 
extracts with equal amounts of protein were subjected 
to SDS-PAGE and electrophoretic transfer onto 
polyvinylidene difluoride membranes. Next, the 
membranes were blocked with 5% nonfat dry milk for 
2.5 h at room temperature. The membranes were then 
incubated with the following primary antibodies at 
4°C overnight: anti-ATM (Epitomics; 1549-1), anti-RB 
(CST; 9309), anti-E2F1 (Upstate; 05-379), anti-GAPDH 
(KC5G5; Kangchen Bio-Tech). Finally, the membranes 
were incubated with a horseradish peroxidase- 
conjugated secondary antibody, and the proteins were 
visualized using the ECL Detection System (Thermo 
Scientific). 

Statistics 
The data were recorded as means ± standard 

error. Each independent experiment was performed 
at least three times. Student's t-test was used to detect 
differences between two groups, and analysis of 
variance (ANOVA) was used to detect differences 
when the number of groups was greater than two. 
Multigroup comparisons were carried out by 
ANOVA with post-hoc contrasts using the Student–
Newman–Keuls test. All differences were considered 
statistically significant when p < 0.05. 

Results 
Cisplatin induces the upregulation of E2F1 and 
miR-26b 

Our previous study showed that cisplatin stably 
induces the expression of E2F1 protein, which then 
transcriptionally activates the expression of multiple 
genes that promote cell cycle progression and 
apoptosis. We also observed that EC109 and Kyse450 
cells show stabilization and accumulation of E2F1 
protein after treatment with cisplatin (10 μM for 
EC109 and 2 μM for Kyse450) at 12 h [6]. 
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Figure 1. miR-26b expression of cisplatin-treated ESCC cells. Time-dependent(A) and dose-dependent (B) effect of miR-26b expression in cisplatin-treated 
EC109 cells. Time-dependent (C) and dose-dependent (D) effect of miR-26b expression with cisplatin in Kyse450 cells. The expression levels of miR-26b were 
measured by qRT-PCR. 

 
In this study, the expression of miR-26b was 

consistent with the change of E2F1 expression. The 
expression of miR-26b in EC109 cells was increased 
approximately 20 fold at 6 hours and peaked at 
approximately 12 hours (approximately 150 fold) after 
treatment with 10 μM cisplatin (Figure 1A). For the 
concentration gradient effects of cisplatin, the 
expression of miR-26b increased at 5 μM cisplatin and 
peaked at 10 μM cisplatin. Next, as the concentration 
increased from 20 μM and 30 μM to 50 μM cisplatin, 
the expression of miR-26b was gradually decreased 
(Figure 1B). In the Kyse450 cells, the expression 
pattern of miR-26b was similar to that in EC109 cells. 
As shown in Figure 1C, the expression level of 
miR-26b was the highest after cisplatin treatment for 
12 h (~3-fold increase) and then decreased at 18 h. For 
the concentration gradient effect of cisplatin, the 
expression of miR-26b increased at 2 μM cisplatin and 
peaked at 5 μM cisplatin (Figure 1D).  

Upregulation of miR-26b by cisplatin depends 
on the expression of E2F1 

To investigate the role of E2F1 in miR-26b 
expression after cisplatin treatment, overexpression 
and loss-of-function assays of E2F1 were performed in 
both EC109 and Kyse450 cells.  

On the one hand, overexpressed E2F1 

significantly increased the expression level of miR-26b 
compared with the control group in both EC109 and 
Kyse450 cells (Figure 2A and B). On the other hand, 
when EC109 and Kyse450 cells were transfected with 
E2F1/control siRNA and treated with 10 μM cisplatin 
for 12 h, the expression level of miR-26b was 
significantly induced after cisplatin treatment in the 
control cells. However, the induction effect was 
prevent in both EC109 and Kyse450 cells when the 
E2F1 siRNA disrupted the E2F1 mRNA (Figure 2C 
and D), which was almost completely disappeared in 
EC109 cells. These data indicated that E2F1 mediates 
the molecular events of up-regulated miR-26b after 
cisplatin treatment. 

E2F1 activates the transcriptional activity of 
the miR-26b gene promoter 

Having demonstrated that miR-26b was induced 
by E2F1, we next to investigate if miR-26b is a direct 
transcriptional target of E2F1. The miR-26b gene is 
located in the intron region of the CTDSP1 gene. As 
shown in Figure 2E, bioinformatics predicted four 
potential E2F1 binding sites (sites 1 to 4) using the 
ChIP Mapper website. Two binding sites (sites 1 and 
2) were found at the transcription initiation site 
upstream of the CTDSP1 reference gene, and two 
(sites 3 and 4) were downstream. The ChIP assay 
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suggested that the enrichment signal at site 3 was 
significantly higher than that of IgG using the E2F1 
antibody, while no significant difference was found at 
the other three sites (Figure 2F). 

In reporter gene assays, the 26-bp DNA fragment 
containing site 3 that did not contain promoter 
activity was induced in the pGL3-basic luciferase 
reporter gene. In EC109 cells, the reporter gene 
containing site 3 fragment significantly increased the 
luciferase activity when E2F1 was overexpressed. 
However, the activity of the reporter gene was 
significantly decreased after mutation of site 3 (Figure 
2G). Thus, E2F1 may promote the transcriptional 
activity of miR-26b by binding to the site 3. These 
results suggested that E2F1 was recruited and directly 
bound to the promoter region of miR-26b, leading to 
the upregulated expression of miR-26b at the 
transcriptional level. 

miR-26b inhibits the G1/S phase transition, 
thus result in the inhibition of ESCC cell 
growth 

It has been elucidated that miR-26b is a 
downstream molecule of E2F1 above; we further 
explore its biological function. Overexpression or 
loss-of-function assays were carried out based on the 
baseline expression of miR-26b in different cell lines. 
Because the background expression of miR-26b was 

lowest in EC109 cells, the overexpression experiment 
was performed. For the effects of miR-26b on the cycle 
of EC109 cells, overexpression of miR-26b increased 
the number of G1 phase cells than controls (Figure 
3A). By contrast, miR-26b background expression of 
EC9706 was highest in our collected ESCC cell lines, 
so loss-of-function assays were performed. As shown 
in Figure 3B, the number of G1 phase cells was 
significantly decreased when the expression of 
miR-26b was inhibited in EC9706 cells compared with 
the controls. These results suggested that miR-26b 
could inhibit the G1/S phase transition in ESCC cells. 
The expression patter of miR-26b in ESCC cell lines 
(EC109, EC9706, Kyse150 and Kyse 450) were showed 
in Figure 3C. 

To further clarify the effect of miR-26b on cell 
growth, cell proliferation experiments were carried 
out in EC109 cells. We observed that cell viability was 
significantly reduced when EC109 cells were 
transfected with miR-26b mimics (Figure 3D). 
Notably, the expression of miR-26b was detected in 33 
cases with ESCC. As shown in Figure 3E, the 
expression of miR-26b was significantly reduced in 
cancer tissues compared with that in paired normal 
esophageal tissues. Collectively, these data suggested 
that miR-26b has a significant inhibitory effect on the 
ESCC cell growth.  

 

 
Figure 2. Regulatory mechanism of miR-26b by E2F1. A and B. The expression levels of miR-26b were measured by qRT-PCR in EC109 and Kyse450 cells 
for E2F1 overexpression, respectively. C and D. The expression levels of miR-26b were measured by qRT-PCR in both EC109 and Kyse450 cells for siRNA 
interference of E2F1 with or without cisplatin treatment. E. Bioinformatics predicted four potential E2F1 binding sites (sites 1 to 4) using the ChIP Mapper website. 
The miR-26b gene located in the intron region of CTDSP1. F. ChIP qRT-PCR of the potential binding sites in EC-109 cells. G. Luciferase reporter gene assay showed 
that pGL3 containing the site 3 fragment significantly increased luciferase activity when E2F1 was overexpressed. (*p<0.5, ** p<0.01). 
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Figure 3 Role of miR-26b in the growth and cell cycle distribution of ESCC cells. EC109 cells (A) and EC9706 cells (B) were transfected with miR-26b 
mimics or miR-26b inhibitor, respectively. The 80ng/ml nocodazole was added 32 h after transfection, and the cells were cultured for an additional 16 h before 
harvesting for flow cytometry analysis. The percentages of cells in the G1, S, and G2 phases are shown. C. Basic expression of miR-26b was measured by qRT-PCR 
in EC109, EC9706, Kyse150 and Kyse450 cells. D. EC109 cells were transfection with miR-26b mimics or negative control (NC) control, and the cell viability was 
detected by CCK8 assay. E. The expression levels of miR-26b were measured by qRT-PCR in cancer tissues and adjacent normal tissues of 33 ESCC patients. (** 
p<0.01). 

 

 
Figure 4. Effect of miR-26b on the cell cycle distribution in EC109 cells with cisplatin treatment. A and B. EC109 cells were treated by cisplatin for 6, 
12 and 24 h ,and the percentages of cells in the G1, S, and G2 phases were analysis by flow cytometry. C and D. EC 109 cells were transfected with miR-26b inhibitor 
or inhibitor negative control (NC) for 24h, and the cells was added in cisplatin for an additional 12 h before harvesting for flow cytometry analysis. (** p<0.01). 
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Figure 5. Analysis of E2F1 regarding the chemosensitization to cisplatin in vivo. A. Mice were injected subcutaneously with Si-E2F1 or negative control(NC) in EC109 
cells, and received cisplatin treatment with equal dose (4 mg/kg). The final xenografts were separated and weighted. B. In silico analysis (TargetScan, miRanda and PicTar) revealed 
that miR-26b has a conserved binding site in the 3′UTR regions of ATM and Rb. C and D. Luciferase reporter assay indicated that miR-26b decreased the luciferase activity, but 
the luciferase activity almost rose to control levels when the binding sites were mutated. E. The reduced ATM, Rb, and E2F1 expression was analysis by Western blot in EC109 
and Kyse450 cells transfected with NC or miR-26b mimics for 48 h. (** p<0.01). 

 

Cisplatin-induced cycle arrest of ESCC 
depends on miR-26b 

It is reported that cisplatin is important in 
regulating cell cycle arrest, but its mechanism is not 
fully clarified in ESCC; and several studies also 
suggested that miR-26b involves in cell cycle 
regulation. Thus, we further analyzed its potential 
effect on the cell cycle in EC109 cells with cisplatin 
treatment.  

As shown in Figure 4A and 4B, the proportion of 
G1 phase in the cell cycle increased, while the 
proportion of G2 and S phase decreased with time 
after 6, 12 and 24 h of cisplatin treatment in EC109 
cells. These results suggested that cisplatin has a 
blocking effect on the G1/S phase of EC109 cells with 
time. Next, the miR-26b inhibitor was used to block 
miR-26b expression, and its effects on 
cisplatin-induced cell cycle arrest were analyzed. We 
observed that the proportion of G1 phase cells with 
cisplatin treatment was significantly decreased when 
miR-26b expression was blocked in EC109 cells 
(Figure 4C and 4D). These results suggested that the 
cisplatin-induced cycle arrest of ESCC depends on 
miR-26b in vitro. 

E2F1 enhances the chemosensitization of 
cisplatin in EC109 cells in vivo 

To further investigate whether E2F1 could affect 
the chemosensitization of cisplatin in vivo, the cell 
model of Si-E2F1 EC109 and normal controls were 

constructed using lentiviruses. After 4 weeks of 
cisplatin treatment, as observed in Figure 5A, the 
tumor volumes of the cisplatin treatment group 
(cisplatin group and cisplatin with Si-E2F1 group) 
were significantly lower than those of the NC group. 
However, the tumor volumes of the cisplatin with 
Si-E2F1 group were higher than those of the cisplatin 
group. Thus, our study suggested that E2F1 may 
promote the chemosensitization of cisplatin in EC109 
cells. 

miR-26b is activated by E2F1 targets ATM and 
Rb via binding to their 3’UTRs 

miR-26b could be transcriptionally activated by 
E2F1, further regulating its target gene expression by 
binding to the 3’UTR of mRNA. In in silico analysis 
(TargetScan and PicTar), conserved binding sites of 
miR-26b in the 3′UTR region of ATM and Rb genes 
were found (Figure 5B). To verify the binding ability 
of these sites, reporter vector containing the 3′UTR 
regions of Rb or ATM were constructed. The 
luciferase reporter assay indicated that miR-26b 
decreased the luciferase activity, but the luciferase 
activity almost rose to control levels when the binding 
sites were mutated (Figure 5C and D). Moreover, 
protein expression was analyzed when miR-26b was 
overexpressed in EC109 and KYSE450 cells. In these 
two cell lines, ATM and Rb proteins were significantly 
decreased when miR-26b was over expressed (Figure 
5E). Moreover, E2F1 expression was decreased in 
KYSE450 but was not altered significantly in EC109 
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cells. These results suggested that miR-26b could 
regulate the expression of ATM and Rb.  

Discussion 
In our previous study, persistent expression of 

E2F1 was found in ESCC cells after cisplatin treatment 
[6]. Here, we further identified that E2F1 directly 
binds to the promoter of the miR-26b gene, leading to 
the increased expression of miR-26b. Moreover, the 
expression of miR-26b was decreased in cancer tissues 
compared with that in normal esophagus tissues of 
patients with ESCC. The result was consistent with 
some previous findings in breast cancer [13], 
nasopharyngeal carcinoma [14], glioma [15], liver 
cancer [16], and colon cancer [17], indicating that 
lower miR-26b expression is a common phenomenon 
in various tumors and is closely related to 
tumorigenesis. Additionally, miR-26b could inhibit 
the proliferation of EC109 cells. These results 
suggested that miR-26b may be a tumor suppressor 
gene in ESCC and may serve as a potential 
therapeutic target.  

We found that E2F1 increased the 
chemosensitization of cisplatin in EC109 cells in our 
present study. In addition, the cell viability of the 
cisplatin with siE2F1 group was significantly higher 
than that of the cisplatin group, indicating that the 
chemosensitization of cisplatin relies on the 
expression of E2F1. The concealed mechanism is 
complex, and we speculate that the effect may be due 
to the expression of miR-26b because the 
cisplatin-induced cycle arrest of ESCC depends on 
miR-26b. In ESCC cells, miR-26b plays important role 
in regulating G1/S arrest in the cell cycle, and 
miR-26b inhibition could inhibit the cisplatin-induced 
blockade of the G1/S phase. Consistently, some 
studies have suggested that miR-26b can target 
several G1/S phase-related genes such as CDK6, 
cyclinE1, CyclinE2, CyclinD2 and MYC [18, 19, 20, 21]. 
Notably, miR-26b decreased the expression of Rb, and 
E2F1. Rb is the upstream regulator of E2F1 and 
determines the release of E2F1 through 
phosphorylation, and the downregulated expression 
of Rb may affect the function of the Rb/E2F1 
pathway, further influencing the expression of 
miR-26b. These results suggested that E2F1 and 
miR-26b interactions in a feedback loop and regulate 
the G1/S phase transition in ESCC cells. So, E2F1 
increased the chemosensitization of cisplatin likely 
through the G1/S arrest effect of miR-26b. 

In addition, the increased chemosensitization of 
cisplatin by E2F1 may be due to the reduced DNA 
damage response though miR-26b. We found that 
ATM was direct target of miR-26b, and miR-26b 
decreased the expression of ATM in ESCC cells. It has 

been reported that ATM participates in the 
cisplatin-induced DNA damage response, and 
activation of ATM induces activation of cell cycle 
checkpoints and DNA repair responses [22, 23]. 
Moreover, previous studies also found that E2F1 can 
enhances the ATM expression level through 
enhancing ATM promoter activity [24]. After cisplatin 
treatment, multiple DNA repair mechanisms are 
usually activated, responding to cisplatin-damaged 
DNA. To a certain extent, these activated DNA repair 
systems decreased the cytotoxic efficacy of the 
chemotherapy drugs and is an important mechanism 
involving cisplatin resistance in cancer cells [25]. The 
decreased ATM expression via miR-302 in E2F1-ATM 
pathways can lead to increased sensitivity of tumor 
cells to drugs like cisplatin [26]. ATM deficiency 
sensitizes the cells to cisplatin-induced apoptosis [27]. 
Therefore, we speculate that miR-26b participates in 
the regulation of the DNA damage pathway through 
abrogating ATM activation, finally affecting DNA 
repair and cell proliferation. 

The relationship among E2F1, Rb, and ATM is 
complex, but a feedback network is formed via 
miR-26b to participate in the treatment of ESCC with 
cisplatin. Deregulation of the Rb-E2F1 pathway often 
occurs in most cancers involving mutations or 
epigenetic events, cell cycle progression and apoptosis 
induction in response to DNA damage through its 
capacity to activate p53/p73 death pathways [26, 28]. 
E2F1 activates ATM using a mechanism initiated by 
DNA damage, and E2F1 also directly enhances ATM 
through enhancing its promoter activity. E2F1 affects 
the ATM signaling pathway, which induces Chk2 and 
p53 phosphorylation and is involved in cell apoptosis 
[29]. In response to DNA double-strand breaks, ATM 
could directly phosphorylate E2F1 on Ser31, resulting 
in E2F1 protein stabilization [30]. In our study, 
miR-26b was the E2F1 target gene and participated in 
the Rb/E2F1-ATM pathway. miR-26b could decrease 
the mRNA expression of Rb and ATM via their UTR 
binding sites, suggesting that miR-26b may be an 
important regulator of the Rb/E2F1-ATM pathway in 
Figure 6.  

Notably, the effect of E2F1 increased 
chemosensitization of cisplatin may be cell specific. 
Some studies suggested that E2F1 is associated with 
malignant phenotypes in some cancers [31]. In human 
tumor cells, overexpressed E2F1 is involved in 
multidrug resistance; E2F1 increases the activity of the 
MDR1 promoter, resulted in higher P-gp levels [32]. 
In our study, the chemosensitization of cisplatin relies 
on E2F1 in ESCC. However, its target gene miR-26b 
may negatively regulate E2F1 in part ESCC cell line 
such as Kyse450. These differences may be due to the 
cancer type and expression profile of cancer cells and 
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need to be confirmed in further research. These results 
also suggested that the Rb/E2F1/miR-26 pathway 
should be differentially analyzed in different ESCC to 
evaluate possible drug targets. 

  In conclusion, E2F1 increases the 
chemosensitization of cisplatin in ESCC, and the effect 
may be due to the upregulation of its target gene 
miR-26b. miR-26b acts as a tumor suppressor gene to 
regulate cell cycle arrest, and cisplatin-induced cycle 
arrest depends on miR-26b in ESCC. Additionally, 
miR-26b may disturb the DNA damage response by 
reducing the expression of ATM.  

 

 
Figure 6. Regulation pattern of E2F1/miR-26b molecular network on 
cisplatin treatment. 
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