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Abstract

Purpose MicroRNA-519 (miR-519) has been previously reported to function as a tumor suppressor in several types of
malignancies. This study aimed to probe the biological role of miR-519 in esophageal squamous cell carcinoma (ESCC).
Methods gRT-PCR was utilized to test the miR-519 expression level in ESCC tissues and cells. Clinical value of miR-519
was investigated by Kaplan—Meier method. Function assays were conducted to determine the role of miR-519 in radiore-
sistance of ESCC cells. The miR-519-regulated pathways were determined by Kyoto Encyclopedia of Genes and Genomes
pathway analysis.

Results Low expression level of miR-519 was closely correlated with the poor prognosis for overall survival of ESCC
patients or patients who received radiotherapy. Functional assays indicated that upregulation of miR-519 made ESCC cells
more sensitive to y-ray radiation and facilitated ESCC cell apoptosis triggered by irradiation treatment via regulating DNA
response. Ectopic expression of miR-519 decreased the level of p-AKT and p-mTOR, thus inactivating PI3K/AKT/mTOR
signaling pathway after irradiation.

Conclusion These observations elucidated that upregulated miR-519 is closely correlated with the radiosensitivity of ESCC
cells, which may contribute to finding a new promising target for improving the efficiency of radiotherapy in patients with
ESCC.
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Introduction

Esophageal carcinoma (EC) is a highly malignant human
cancer with approximately 509,000 deaths cases per year
[1]. Esophageal squamous cell carcinoma (ESCC), the
most frequent type of EC. Recent years, radiotherapy has

Electronic supplementary material The online version of this been widely applied to the treatment for ESCC patients,
article (https://doi.org/10.1007/s00280-019-03922-2) contains thus becoming a critical part in therapeutic strategies [2,
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3]. Disappointingly, approximately 40-60% of patients
maintain refractory or eventually relapse due to resistance
to radiotherapy [4, 5]. Thus, studies on the sensitivity to
radiotherapy are promising for promoting the therapeutic
efficacy of cancers.

MicroRNAs (miRNAs) represent a class of small,
noncoding RNAs with 19-23 nucleotides that negatively
modulate gene expression through interacting with various
mRNAs so as to inhibit mRNA translation or lead to mRNA
degradation [6]. In recent researches, miRNAs have been
illustrated to play vital roles in biological or pathological
processes including tumor initiation and progression [7—12].
What’s more, increasing miRNAs have been verified to play
a role in regulating radioresistance of cancers including
ESCC. For example, microRNA-381 enhances radiosensi-
tivity in esophageal squamous cell carcinoma by targeting
X-linked inhibitor of apoptosis protein [13], miRNA-200c
enhances radiosensitivity of esophageal cancer by targeting
p21 [14]. miR-519 is a tumor suppressor in multiple cancers,
such as nasopharyngeal carcinoma, colorectal cancer and
cervical cancer [15-19]. However, its role in ESCC remains
poorly understood.

In this study, we mainly aimed to investigate the effect of
miR-519 on the radiosensitivity of ESCC.

Materials and methods
Tissue specimens

Ninety fresh ESCC tissue samples and paired histologically
normal tissues were obtained from patients undergone sur-
gery at Tumor Hospital of Wuwei. After separated by expe-
rienced pathologists, all 90 pairs of ESCC tissues and adja-
cent noncancerous tissues were frozen immediately using
liquid nitrogen and then stored at —80 °C until use. All of
the patients received no treatments, such as chemotherapy,
radiotherapy and adjuvant therapy before surgery and signed
informed consent for the use of tumors excised. After sur-
gery, 47 of 90 patients underwent concurrent chemotherapy
with radiotherapy, while the other 43 received chemotherapy
only. The use of samples was approved by the Ethics Com-
mittee of Tumor Hospital of Wuwei.

RNA extraction and quantitative reverse
transcription-polymerase chain reaction (QRT-PCR)

Total RNA was extracted from 90 ESCC tissues and paired
normal tissues using the Absolutely RNA™ Miniprep kit
(Stratagene, Santa Clara, CA) in line with the manufactur-
er’s protocols, and RNA quantification was completed by a
DUVR 800 UV/Vis Spectrophotometer (Beckman Coulter,

@ Springer

Fullerton, CA). Subsequently, the cDNAs were obtained
using TagMan miRNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA). The real-time PCR
was performed using SYBR Green in an ABI 7500 real-
time PCR system. U6 snRNA was used as the normalized
control. The primers for miR-519 were provided by ABI
PRISM (ABI PRISM, Carisbad, CA). Relative expression
of miR-519 was calculated using 2722 method.

Cell culture

Human esophageal epithelial cell line Het-1A were pur-
chased from the cell bank of Chinese Academy of Sciences
(Shanghai, China), while the ESCC cell lines (KYSE450,
EC109, EC9706 and KYSE150) were purchased from the
tumor cell bank of the Chinese Academy of Medical Sci-
ence. All cells were grown in RPMI 1640 medium (Invit-
rogen, Carlsbad, CA, USA) with 10% fetal bovine serum
(FBS; Gibco, Grand Island, NY, USA), 100 U/ml penicillin,
and 100 pg/ml streptomycin (Hyclone, Logan, UT, USA) at
37 °C with atmosphere of 5% CO.,.

Plasmid construction and cell transfection

The sequence of pre-miR-519 was sub-cloned into the pSup-
pressorNeo expression vector to construct miR-519 mimics,
and the empty vector was the negative control (miR-NC).
Then the KYSE150 and KYSE450 cells were transfected
with miR-519 mimics or miR-NC using Lipofectamine 2000
(Invitrogen, Carlsbad, CA) in the light of the manufacturer’s
instructions.

lonizing radiation

KYSE150 or KYSE450 cells were exposed to irradiation
treatment at different doses in a JL. Shepherd Model 143 and
137Cesium y-irradiated at a speed of 2.4 Gy/min.

Colony formation assay

A total of 800 cells were seeded into a 6-well plate in trip-
licate. After cultured overnight, cells were exposed to dif-
ferent doses of y-rays. Two weeks later, the colonies were
fixated using methanol, stained by Giemsa staining and then
counted manually.

MTT assays

MTT assay (Sigma-Aldrich) was performed to measure cell
proliferation. Briefly, cells (at a density of 5x 10° cells/well)
were planted in 96-well plates and incubated overnight. Then
20 pl of MTT solution (5 mg/mol) was added, and cells in
each well were incubated for 4 h at 37 °C until the addition
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of 150 pl dimethyl sulfoxide (DMSO). Optical density at a
wavelength of 490 nm was measured using a multidetection
microplate reader (BMG LABTECH, Cary, NC, USA).

y-H2AX foci formation assay

In brief, cells were maintained in cover slips preserved in
35 mm petri plates and treated with irradiation at 4 Gy and
measured in 4 different time points (0, 1, 2 and 4 h). After
washed with PBS, cells were fixed in 4% paraformaldehyde
at room temperature and then washed twice using PBS before
staining. For immunofluorescence staining, cells were per-
meabilized for 3 min in 0.25% Triton X-100 in PBS, washed
twice in PBS and blocked using 5% BSA for 1 h. Thereafter,
cells were incubated with primary antibody at room tem-
perature for 1 h followed by incubation with secondary anti-
body at room temperature for another 1 h. Finally, the rinsed
cells were mounted using ProLong Gold antifede with DAPI
mounting media (Molecular Probe, USA) and the images
were captured with a Carl Zeiss confocal microscope. The
primary antibody was rabbit anti-yH2AX (Cell Signaling,
USA) and the secondary antibody was Alexa Fluor 488 goat
anti-rabbit IgG (Molecular Probe, USA).

Flow cytometry analysis

After 8 h of irradiation with a dose of 0 and 4 Gy, cells
were collected to detect apoptosis by the use of the Annexin
V-FITC apoptosis detection kit (Sigma). Subsequently,
cells were analyzed using flow cytometry (FACScan, BD
Biosciences).

Western blot analysis

The proteins extracted from ESCC tissues or cells were
separated by SDS-PAGE and subsequently transferred to
polyvinylidene difluoride (PVDF) membranes (Millipore).
The membranes were blocked and then incubated with pri-
mary antibodies, such as anti-PI3K (sc-376412, Santa Cruz
Biotechnology, CA, USA), anti-p-PI3K (ab154598, Abcam,
Cambridge, UK), anti-AKT (#4685), anti-p-AKT (#4058),
anti-mTOR (#2972), anti-p-mTOR (#2974) (Cell Signaling
Technology, Inc., Beverly, MA, USA) and GAPDH (sc-
293335, Santa Cruz Biotechnology). Afterwards, the mem-
branes were probed with horseradish peroxidase-conjugated
secondary antibodies and then visualized with super ECL
detection reagent (Applygen, Beijing, China).

Statistical analysis
All statistical analyses were carried out using SPSS 16.0

software. All data from three independent experiments were
analyzed using Student’s ¢ test for two groups or one-way

ANOVA for more than two groups. Survival curves were
determined using the Kaplan—Meier method. P <0.05 was
thought to be statistically significant.

Results

The expression of miR-519 in ESCC tissues

We first examined the expression level of miR-519 in 90
paired ESCC samples and non-tumor samples using qRT-

PCR. As shown in Fig. 1, miR-519 expression was mark-
edly lower in ESCC tissues in comparison with the adjacent
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Fig. 1 The expression of miR-519 in ESCC tissues. miR-519 level
was examined in ESCC tissues and corresponding non-cancerous tis-
sues by qRT-PCR. U6 served as an internal control. **P <0.01

Table 1 Correlation between miR-519 expression and clinical charac-
teristics (n=90)

Variable MiR-519 expression P value
Low High
Age
<55 24 26 0.6726
>55 17 23 0.6715
TNM classification PT
PT1/PT2 19 20
PT3 22 29
Lymph node metastasis
NO 10 31 0.0003**
NI 31 18
Stage
/I 14 29 0.0211*
v 27 20
Grade
G1/G2 16 17 0.8264
G3 25 32

Low/high by the sample median. Pearson y° test
*P<0.05, ***P <0.001 was thought to be of statistical significance
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Table 2 Multivariate analysis of prognostic parameters in patients
with ESCC by Cox regression analysis

Variable Category P value

Age
<55 0.321
>55

TNM classification PT
PT1/PT2 0.161
PT3

Lymph node metastasis
NO 0.066
N1

Stage
-1 0.035"
1-1v

Grade
G1/G2 0.544
G3

miR-519 level
Low 0.006™
High

Proportional hazards method analysis showed a positive, independent
prognostic significance of miR-519 expression (P =0.006)

*P<0.05, ¥**P <0.001 was thought to be of statistical significance

non-cancerous tissues. Furthermore, we analyzed the asso-
ciation between miR-519 expression and clinicopathologi-
cal characteristics. Seen from Table 1, we found that the
level of miR-519 was associated with lymph node metas-
tasis (P <0.001, Table 1). Furthermore, the Cox regression

Fig.3 Impacts of miR-519 overexpression on the radiosensitiv-»
ity of ESCC cells. a qRT-PCR results of miR-519 expression in
four ESCC cell lines and normal Het-1A cells. b The level of miR-
519 was sharply increased after positive transfection of miR-519 in
KYSE450 and KYSE150 cells. ¢ MTT assay was carried out to deter-
mine the effect of miR-519 on ESCC cell viability. d Colony forma-
tion assay was conducted to assess the radiosensitivity of KYSE450
and KYSE150 cells with no transfection (Mock), or cells transfected
with miR-NC or miR-519. e Apoptosis rate of miR-519-upregulated
KYSE150 and KYSE450 cells were measured after treatment with or
without irradiation. *P <0.05, **P <0.01, ***P <(.001 indicated dif-
ference had statistical significance

analysis showed a remarkable prognostic significance of
miR-519 expression and TNM stage in ESCC patients
(Table 2). These data revealed that downregulated miR-519
may be correlated with the clinical significance for patients
with ESCC.

The association between miR-519 expression
and clinical outcomes of ESCC patients

To determine the prognostic potential of miR-519 expres-
sion, Kaplan—Meier survival analysis and a log-rank test
were performed. Significant relation between miR-519
expression and overall survival (OS) was analyzed and
identified (P <0.001, Fig. 2a). In the patients without radio-
therapy (43 out of 90), no difference of OS was suggested in
ESCC patients with miR-519 high-expression or low expres-
sion (P=0.108, Fig. 2b). In contrast, miR-519 expression
was positively correlated with the survival rate of patients
with concurrent chemotherapy and radiotherapy (47 out of
90) (P=0.001, Fig. 2¢). These results suggested that miR-
519 may have a predictive value for radiotherapy.

A C
—— high miR-519 expression (n=49) —— high miR-519 expression (n=25) —— high miR-519 expression (n=24)
low miR-519 expression (n=41) low miR-519 expression (n=18) low miR-519 expression (n=23)
1.01 "'p<0.001 1.0 p=0.108 1.01 “p=0.001
0.81 0.81 0.8
L L L
T 0.61 © 0.61 S 0.61
© ® ®
2 2 2
£ 0.41 2 0.4 S 0.4
%] (%) »n
0.21 0.2 0.27
0.01 0.0 0.01
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0O 10 20 30 40 50 60

Month

Fig.2 Overall survival curve of ESCC patients with high or low
miR-519 expression. a Significant difference was observed between
miR-519 expression and the overall survival (OS) of all 90 ESCC
patients. b Correlation between miR-519 expression and survival rate
of patients who did not receive radiotherapy (n=43) was not statis-
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Month

tically significant. ¢ Significant difference was indicated between
miR-519 expression and the OS of patients who received concurrent
chemotherapy with radiotherapy (n=47). **P<0.01, ***P <0.001
indicated differences had statistical significance. P>0.05 suggested
data were not statistically significant
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Effects of miR-519 expression on the radiosensitivity
of ESCC cells

Next, we detected miR-519 expression in Het-1A cells
and four ESCC cell lines using qRT-PCR. As displayed
in Fig. 3a, miR-519 expression was notably lower in four
ESCC cell lines in comparison with Het-1A cell line, and
KYSE450 and KYSE150 cells were further used for the fol-
lowing study due to their lower miR-519 expression and
high radioresistance identified as before [13]. Before func-
tional assays, miR-519 was upregulated in KYSE450 and
KYSE450 cell lines by transfecting with miR-519 mimics
(Fig. 3b). Cell viability was assessed first in miR-519-upreg-
ulated cells. Results of MTT assay revealed that the viability
of two ESCC cells was attenuated by the upregulation of
miR-519 (Fig. 3c). Afterwards, colony formation assay was
conducted to evaluate the impact of miR-519 expression on
the radiosensitivity of ESCC cells. The survival fraction
of KYSE450 and KYSE150 cells under miR-519 overex-
pression was noticeably lower than that of control groups
(Fig. 3d, e), indicating a positive correlation between miR-
519 expression and sensitivity of ESCC cells to gamma
radiation. Flow cytometry analysis elucidated that apoptosis
was induced by miR-519 overexpression (Fig. 3f). Apoptosis
was promoted more efficiently by the upregulation of miR-
519 when ESCC cells were treated with 4 Gy irradiation.
Furthermore, apoptosis-related proteins were detected in
miR-519-upregulated ESCC cells treated with or without
irradiation. The increased protein levels of Bax and Cleaved-
caspase 3 were tested in cells transfected with miR-519 mim-
ics after irradiation (Supplementary Fig. 1A, B). However,
the protein level of Bcl-2 was decreased after upregulation of
miR-519 and treatment with irradiation. Furtherly, migration
was detected in cells transfected with miR-519 mimics after
treatment with or without irradiation. As a result, increased
level of miR-519 impaired cell migration. The inhibitory
effect of miR-519 on cell migration was more efficient after
treatment with irradiation (Supplementary Fig. 1C). These
results indicated that upregulation of miR-519 could elevate
radiosensitivity of ESCC cells.

miR-519 enhanced radiosensitivity by regulating
the repair of DNA double-strand breaks and PI3K/
AKT/mTOR signaling

Treatment with irradiation can induce DNA repair in cancer
cells. Here, we further identify whether expression influ-
enced the repair ability of DNA damage caused by irradia-
tion, the y-H2AX foci formation assays were conducted after
irradiation at four different time points (0 h, 1 h, 2 h, 4 h).
As demonstrated in Fig. 4a, the number of y-H2AX foci
in KYSE450 and KYSE150 cells upon miR-519 upregula-
tion was pronouncedly higher than that in control cells after
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4 Gy irradiation. To analyze the downstream signaling path-
way regulated by miR-519, we searched out the potential
downstream mRNAs of miR-519 from targetScan. These
mRNAs were subjected to Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway. It was found that PI3K/
AKT signaling pathway was potentially regulated by miR-
519 (Fig. 4b). The western blot results showed that miR-519
overexpression in both KYSE450 and KYSE150 cells led
to a decrease of p-PI3K, p-AKT and p-mTOR level, while
irradiation further aggravated this effect (Fig. 4c). These
data show that miR-519 expression may function in ESCC
through inhibiting PI3K/AKT/mTOR pathway.

PI3K/AKT/mTOR signaling pathway involved
in miR-519-mediated radiosensitivity

To make sure whether miR-519 affect the radiosensitivity
of ESCC cells via this pathway, the PI3K activator, 740Y-P
was applied to carry out the rescue assays. First, we demon-
strated that the addition of 740Y-P increased the decreased
phosphorylation level of PI3K, AKT and mTOR, which were
induced by miR-519 with or without radiation in KYSE150
cells (Fig. 5a). Seen from Fig. 5b, ¢, miR-519 upregulation
led to decreased cell proliferative ability while together with
irradiation treatment resulted in further impaired prolifera-
tive ability, both of which could be partially enhanced by the
co-treatment of 740Y-P in KYSE150 cells. In contrast, the
cell apoptosis rate of KYSE150 cells facilitated by miR-519
overexpression was declined by the use of 740Y-P, while the
further increased apoptosis induced by miR-519 overexpres-
sion and irradiation was also partially attenuated by 740Y-P
(Fig. 5d). Collectively, the activation of PI3K/AKT/mTOR
pathway restored miR-519 overexpression promoted radio-
sensitivity of ESCC cells. In other words, miR-519 upregu-
lation enhanced radiosensitivity of ESCC via inactivating
PI3K/AKT/mTOR signaling pathway.

Discussion

Researches have revealed that the abnormal expression of
miRNAs are strongly correlated with the clinicopathologi-
cal features of malignant tumors, such as histological type,
differentiation, stage, metastasis, response to therapy and
prognosis [20]. Hence, it is of great importance of miRNAs
in cancer diagnosis, treatment and prognosis. In the past dec-
ades, miRNAs have been reported to play key roles in various
cancers [21, 22]. Besides, there are also many miRNAs have
been identified to be functional in ESCC [23, 24]. What’s
more, miRNAs can regulate the responses to therapeutics in
cancers [20, 25-29]. Furthermore, miRNAs are also found
to be participated in the regulation of ESCC radiosensitiv-
ity. For example, increased miRNA-22 expression sensitizes



Cancer Chemotherapy and Pharmacology (2019) 84:1209-1218

1215

A

KYSE150

KYSE450

.

0 1 2 4 0 1 2 4
Time (h) after IR

miR-519

B FDR=<0.05
FDR>0.05

Relative protein level

00 02 04 06 08 1o 12 14 16
ichment raio

== miR-NC+radiation
KYSE150 == miR-NC = miR-519+radiation

1.4
1.2
1.0
0.8
0.6
0.4
o 0.2

0.0

ative protein level

PI3K p-PI3K AKT p-AKT

Fig.4 miR-519 enhanced radiosensitivity by regulating the repair of
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number of YH2AX foci per nucleus in KYSE150 and KYSE450 cells
with miR-519 upregulation was detected using y-H2AX foci forma-
tion assay after treatment with 4 Gy irradiation at three different time
points. 200 nuclei were analyzed in each condition. b Downstream

ESCC to irradiation [30]; MiR-338-5p enhances the radio-
sensitivity of ESCC through targeting surviving to induce
apoptosis [31]. miR-519, a tumor suppressor, which has been
identified in several carcinomas, including nasopharyngeal
carcinoma, colorectal cancer, cervical cancer [15-19].

In the present study, we found that miR-519 was
expressed at a low level in ESCC tissues compared with the
corresponding non-cancerous tissues, which was in accord
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mRNAs of miR-519 were subjected to KEGG pathway analysis.
¢ Western blotting was applied to examine the level of total PI3K,
AKT and mTOR as well as p-PI3K, p-AKT and p-mTOR in different
groups of KYSE450 and KYSE150 cells. *P <0.05, **P <0.01 indi-
cated difference had statistical significance

with those previous researches [15-19]. Meanwhile, miR-
519 level predicted poorer overall survival in all 90 ESCC
patients as well as those underwent radiotherapy. Based on
this, we suspected that miR-519 expression might be associ-
ated with radiosensitivity of ESCC patients. This suspicion
was validated after a series of gain of function experiments.

Next, we explored the downstream molecular mecha-
nism of miR-519, which help miR-519 exert functions in
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Fig.5 Rescue assays performed in KYSE150 cells using 740Y-P. a
Western blot analysis showed that 740Y-P could increase the level of
p-PI3K, p-AKT and p-mTOR in miR-519 overexpressed cells with or
without irradiation. MTT assay (b) and colony formation assay (c)
demonstrated that cell proliferation was enhanced after using 740Y-P
(miR-519+740Y-P compare to miR-519 group; miR-519 +radia-

radiosensitivity of ESCC cells. Previous studies have shown
that dysregulation of genes in radioresistance can induce the
DNA damage checkpoint response and increase the capac-
ity for DNA repair [32, 33]. PI3K/AKT, a signal transduc-
tion pathway, was closely correlated with cell viability.
Abnormal activation of the PI3K/AKT signaling pathway
induced abnormal cell growth and differentiation [34].
Phosphorylation of AKT generated p-AKT, increased the
expression level of p-mTOR and p-70S6 K through further
activating the mTOR pathway, and ultimately increased
cell viability [35]. Furthermore, people have indicated the
relationship between responses to radiotherapy and PI3K/
AKT signaling pathway. For example, BMI-1 suppression
increases the radiosensitivity of esophageal carcinoma via
the PI3K/AKT signaling pathway [36]; PI3K/AKT/mTOR
pathway inhibitors enhance radiosensitivity of radioresist-
ant prostate cancer cells [37]. And the full inactivation of
p-AKT could be the key to enhancing the radiosensitivity of
tumor cells [36]. In this study, overexpression of miR-519
downregulated the level of p-PI3K, p-AKT and p-mTOR.
Furthermore, the application of 740Y-P (the PI3K agonist)
reversed the cell proliferative ability and apoptosis caused
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tion+740Y-P compare with miR-519 4 radiation group), and flow
cytometry analysis (d) suggested that 740Y-P repressed cell apoptosis
(comparisons were as above), indicating miR-519 affected cell pro-
liferation and radiosensitivity in ESCC via inactivating PI3K/AKT/
mTOR pathway. *P <0.05, **P <0.01 indicated difference had statis-
tical significance

by miR-519 upregulation in ESCC cells treated with irradia-
tion. In conclusion, our study was the first to uncover the
promoting role of miR-519 in radiosensitivity of ESCC, thus
providing a novel potential biomarker for the radiotherapy
of ESCC patients.
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