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miR-503 suppresses the proliferation and metastasis of
esophageal squamous cell carcinoma by triggering
autophagy via PKA/mTOR signaling
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Abstract. MicroRNA (miR)-503 is involved in the regulation of
the malignant phenotype in multiple tumor types, and has been
proven to be a novel diagnostic and therapeutic target; however,
its function and mechanisms of action have not yet been fully
elucidated in esophageal squamous cell carcinoma (ESCC). In
the current study, we detected miR-503 expression by RT-qPCR
and found that miR-503 expression was increased in ESCC,
but negatively correlated with lymph node metastasis, TNM
stage and tumor differentiation. Functionally, we confirmed
that miR-503 inhibited the proliferation and metastasis of
ESCC cells by triggering cellular autophagy. Mechanistically,
we confirmed that miR-503 exerted its biological effects by
targeting protein kinase CAMP-activated catalytic subunit
alpha (PRKACA) in ESCC by dual luciferase reporter assay.
Moreover, miR-503 was found to trigger autophagy in ESCC
cells through the protein kinase A (PKA)/mammalian target
of rapamycin (mTOR) pathway. Taken together, our results
demonstrate that miR-503 suppresses the proliferation and
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metastasis of ESCC via the activation of autophagy, mediated
by the PKA/mTOR signaling pathway.

Introduction

Esophageal carcinoma (EC) is one of the most common malig-
nancies worldwide, accounting for >400,000 cases annualy,
with a 5-year survival rate of ~20% (1,2). Unlike in Western
countries, esophageal squamous cell carcinoma (ESCC) is
the predominant type of cancer in China (3). Epidemiological
evidence has indicated that the prognosis of patients with
early-stage ESCC is good; however, this sharply declines
upon the progression of the disease to an advanced stage.
The recurrence and metastasis of ESCC is the pivotal factor
leading to the death of patients with advanced disease (4). To
date, multiple factors have been reported to be involved in the
progression to the advanced stage of ESCC (5,6); however, the
underlying mechanisms remain to be fully elucidated.

Autophagy is a highly conserved catabolic process through
which proteins and organelles are recycled to generate
intracellular nutrients and energy, to ultimately promote cell
survival (7,8). It is well established that autophagy plays dual
roles in tumorigenesis, playing either a suppressive or promoting
role (9,10). Generally, appropriate autophagy protects tumor
cells from hypoxia- or chemotherapy-induced death (11,12).
However, excessive activation may trigger autophagic cell
death (13). The characteristics of autophagy may be targeted
by novel therapeutic strategies aimed at treating tumors. For
instance, chloroquine, an inhibitor of autophagy, has been
shown to notably enhance the sensitivity of tumor cells to
chemotherapeutic drugs (14,15). Moreover, autophagy has also
been reported to affect the phenotype of ESCC cells and to be
associated with the survival of patients (16).

MicroRNAs (miRNAs or miRs) are a subtype of non-coding
RNA molecules with functions in post-transcriptional regula-
tion via binding to the 3'-untranslated regions (UTRs) of
targeted mRNAs (17,18). The dysregulation of miRNA expres-
sion may lead to the destruction of the equilibrium between
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tumor suppression and promotion (19). To date, multiple
miRNA molecules have been confirmed to be implicated in
the proliferation, metastasis, apoptosis and chemotherapeutic
resistance of ESCC, indicating their crucial role in the devel-
opment and treatment of ESCC (20-22). hsa-miR-503 belongs
to the extended miR-16 family, and is involved in the develop-
ment of multiple tumors (23). Moreover, increasing evidence
has indicated that miR-503 is not only implicated in the
regulation of the proliferation and metastasis, but also in the
chemosensitivity of tumor cells (24), suggesting that miR-503
may be associated with autophagy. To date, the detailed role of
miR-503 in ESCC remains to be defined.

In the current study, we aimed to elucidate the potential
mechanisms of action of miR-503, regarding its role in the
crosstalk between autophagy and ESCC. Our data indicate that
miR-503 inhibits cell proliferation and metastasis by triggering
autophagy via the inactivation of PKA signaling in ESCC.

Materials and methods

Patients and samples. All tissue samples from ESCC patients,
who underwent complete surgical resection at the Department
of Thoracic Surgery of the Affiliated Hospital of Southwest
Medical University (Lu Zhou, China), were collected after
obtaining written informed consent. This study was approved
by the Ethics Review Board at Southwest Medical University,
Luzhou, China. In total, 45 pairs of fresh surgically resected
ESCC tissues and matched adjacent non-tumor tissues were
collected between 2013 and 2014. Following resection, all the
tissues were washed by PBS and frozen by liquid nitrogen
immediately, and stored at -80°C. In addition, normal esopha-
geal mucosal tissues were obtained from the matched adjacent
non-tumor tissues mentioned above, and miR-503 expression
in the esophageal mucosa was compared with that in ESCC
cell lines. The clinical characteristics of the patients with
ESCC are shown in Table I.

Cells and cell culture. The ESCC cell lines, TE-1, Ecal09 and
Eca9706, were purchased from the Type Culture Collection
of the Chinese Academy of Sciences (Shanghai, China) and
cultured in RPMI-1640 medium (HyClone, Logan, UT, USA)
supplemented with 10% FBS (BD Biosciences, Franklin
Lakes, NJ, USA), at 37°C in 5% CO,.

RNA extraction. TRIzol reagent (Thermo Fisher Scientific,
Inc., Waltham, MA, USA) was used to isolate total RNA from
the frozen tissues and ESCC cells, according to the manu-
facturer's instructions. The total RNA was subjected to gel
electrophoresis and visualized with an ultraviolet spectropho-
tometer (Biorad GelDoc XR; Bio-Rad, Hercules, CA, USA)
and then stored at -80°C.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR).RT-qPCR assays for proteinkinase CAMP-activated
catalytic subunit alpha (PRKACA) and miR-503 expression
were performed using a PrimeScript RT reagent Kkit,
SYBR-Green Real-time PCR Master Mix and Permix Ex Taq
(both from Takara, Dalian, China), and a TagMan MicroRNA
Reverse Transcription kit (Applied Biosystems, Foster City,
CA, USA), respectively, according to the manufacturers'
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instructions. The parameters for PCR were as follows:
Incubation of the templates at 94°C for 2 min, followed by
40 cycles of 94°C for 20 sec, 60°C for 1 min and 72°C for 20 sec,
and finally incubation at 72°C for 2 min. We used U6 and
GAPDH as the housekeeping genes for calculating the relative
expression of miR-503 and PRKACA mRNA, respectively.
The primers used were as follows: U6 forward, 5'-GCGCGT
CGTGAAGCGTTC-3' and reverse, 5'-GTGCAGGGTCCGA
GGT-3'; PRKACA forward, 5'-GAGCAGGAGAGCGTGAA
AGA-3' and reverse, 5-AGATCTGGATGGGCTGGTCT-3';
GAPDH forward, 5'-CGGAGTCAACGGATTTGGTCG
TAT-3' and reverse, 5'-AGCCTTCTCCATGGTGGTGAA
GAC-3". The 224% method (25) was used to evaluate the rela-
tive expression levels of the indicated genes.

Cell proliferation assay. The Ecal09 and Eca9706 cells were
seeded at a density of 2x10? per well in 96-well plates. The cells
were transfected with antagomiR-NC (800nM),antagomiR-503
(800 nM), agomiR-NC (600 nM), agomiR-503 (600 nM) or
negative control (100 ng), or co-transfected with agomiR-503
(600 nM) and PRKACA expression vector (100 ng), respec-
tively. After 48 h, cell proliferation was analyzed using a Cell
Counting kit-8 (CCK-8; Beyotime Institute of Biotechnology,
Beijing, China) and the Cell-Light™ EdU Apollo 567 in vitro
kit (EdU; Guangzhou RiboBio, Guangzhou, China), according
to the instructions provided by the respective manufacturers.

Cell migration and invasion assays. A total of 1x10° cells/ml of
the indicated cells were prepared following transfection with
antagomiR-NC (800 nM), antagomiR-503 (800 nM), negative
control (100 nM) or siRNA against PRKACA (si-PRKACA;
100 nM) for 24 h, respectively, and 5x10° cells/ml of
the indicated cells were prepared following transfection
with agomiR-NC (600 nM) or agomiR-503 (600 nM), or
co-transfection with agomiR-503 (600 nM) and PRKACA
vector (100 ng). The migration and invasion of the cells were
analyzed using a QCM Laminin Migration assay (ECM220)
and a Cell Invasion Assay kit (ECM 550) (both from Merck
Millipore, Merck KGaA, Darmstadt, Germany) according to
the manufacturer,s instructions. In brief, 1x10° indicated cells
were suspended in 200 ul medium without fetal bovine serum
and added into the upper of the chambers. Subsequently, 500 u1
medium with 10% fetal bovine serum were added to the lower
chambers. The chambers were cultured in the atmosphere with
37°C and 5% CO, for 24 h and fixed by 4% formaldehyde. The
chambers were then stained by Giemsa buffer provided with
the kit and the cells on the upper part of the membrane were
wiped off. We observed the membrane under a light micro-
scope at x100 magnification and 5 random fields were selected
for the calculation of the cell numbers.

Cell cycle analysis by flow cytometry. For cell cycle analysis,
we treated the cells according to the instructions provided with
the BD Cycletest™ Plus DNA Reagent kit (BD Biosciences).
The cell debris and fixation artifacts were gated out, and the
cell populations that were at the GO/G1, S and G2/M phases
were quantified using Modfit software.

Ad-mRFP-GFP-LC3B transfection. Ad-mRFP (red fluores-
cent protein)-GFP (green fluorescent protein)-LC3B was
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Table 1. The clinical characteristics of the 45 patients with
ESCC.

Index No.
Sex

Male 21

Female 24
Age (years)

<60 35

=60 10
Tumor size

<5cm 32

>5cm 13
Location

Middle 27

Lower 18
Differentiation

Well 18

Moderate 21

Poor 6
Invasion depth

Outer layer 16

Inner layer 29
Lympho-node metastasis

Yes 11

No 34
TNM stage

I 10

II 15

11 9

v 11

transfected into the indicated cells at a multiplicity of infec-
tion (MOI) of 20, and cultured for 72 h in an environment at
37°C and 5% CO,. DAPI (Beyotime Institute of Biotechnology)
was added to the ESCC cells for nuclear visualization before
imaging.

In vivo tumorigenesis assay. Female BALB/c-nu mice (n=18,
5-6 weeks of age, weighing 18-20 g) were purchased and kept
in barrier facilities on a 12-h light/dark cycle. All experimental
procedures were approved by the Institutional Animal Care
and Use Committee of Southwest Medical University. The
indicated Ecal(Q9 cells were injected subcutaneously into the
flanks of each mouse [2x10° cells suspended in 200 ul sterile
phosphate-buffered saline (PBS); agomiR-NC left flank and
agomiR-503 right flank]. We ensured the survival of all mice
on the second day. We cleaned the cages and replaced the water
and food every 3 days. Moreover, we observed xenograft tumor
growth every 3 days. In the subcutaneous injection groups,
6 weeks later, all mice were anesthetized with 400 mg/kg chloral
hydrate and sacrificed by cervical dislocation, and tumors
were dissected and sectioned (5 nm in thickness), followed by
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H&E or immunohistochemistry (IHC; immunofluorescence
staining). The volumes of the tumors were calculated using the
following formula: Volume = length x width® x 0.5.

In vivo metastasis assay. For the in vivo pulmonary metas-
tasis assays, 1x10° Ecal09 cells transfected with agomiR-NC
(600 nM) or agomiR-503 (600 nM) were suspended in 200 ul
of PBS for each mouse. The cells were injected into nude
mice (5-6 weeks-old BALB/c-nu; 6 mice were injected with
agomiR-NC and 6 mice with agomiR-503) through the lateral
tail vein. This experiment was repeated 3 times, with 12 mice
used each time. The mice were sacrificed after 6 weeks,
and each lung tissue sample was dissected and fixed with
10% phosphate-buffered neutral formalin overnight prior to
paraffin-embedding. The paraffin blocks were then cut into
5 sections and stained with hematoxylin and eosin (H&E); the
sections containing metastatic cells were included to calculate
and analyze the number and size of the metastatic nodules.

H&E staining. The fixed lung tissues from the nude mice,
embedded in paraffin, were cut into 4-um-thick sections and
stained with H&E (Beyotime Institute of Biotechnology). The
slides were photographed under a light microscope (Nikon
Corp., Tokyo, Japan).

Immunofluorescence staining. The xenograft tumor tissues
were dissected and fixed with 10% phosphate-buffered
neutral formalin overnight prior to paraffin embedding. The
paraffin blocks were then cut into sections and incubated with
rabbit anti-human cyclin D1 (ab134175), cyclin El (ab71535),
p-Rb (ab184796) (Abcam, Cambridge, UK), and E-Cadherin
(AF0138) and Vimentin (AF0318) antibodies (Beyotime
Institute of Biotechnology) (all diluted 1:500).

Confocal and transmission electron imaging. The indicated
tumor cells were cultured on glass-bottomed culture dishes.
Following transfection with agomiR-503 or agomiR-NC,
the indicated cells were washed with PBS and fixed in cold
4% formaldehyde for 15 min. The cells were then incubated for
10 min at room temperature in a blocking solution (2% BSA
in PBS) twice. After 3 washes with PBS, the cells were stained
with DAPI for 10 min at room temperature. Images were
obtained under a confocal fluorescence microscope (SPS;
Leica, Wetzlar, Germany). DAPI was used to visualize the
nuclei.

For transmission electron imaging, the indicated tumor
cells were collected and washed twice with pre-cooled PBS,
and then fixed in 2.5% glutaraldehyde for 24 h. Subsequently,
the samples were sent to FuCheng Biological Technology Co.,
Ltd. (Shanghai, China) for transmission electron imaging.

Prediction of target gene of miR-503. The databases TargetScan
(http://www.targetscan.org/mamm_31/) and miRwalk (http:/
zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk/index.html)
were used to predict the target of miR-503.

Vector construction. All the plasmids were constructed by
Hanbio Biotechnology Co. Ltd. (Shanghai, China). In brief,
the DNA oligonucleotides containing the wild-type 3'-UTR of
PRKACA or the mutant 3'-UTR of PRKACA were synthesized
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with flanking Spel and HindlIII restriction enzyme digestion
sites, respectively. The DNA sequences were connected to
pMIR-REPORT vectors to build the luciferase reporter vectors.
For the construction of the PRKACA vector, homo sapiens full
open reading frame cDNA clone for PRKACA was transcribed,
and the product was amplified using primers with flanking Spel
and HindlIlII restriction enzyme digestion sites. The DNA was
subsequently inserted into the pcDNA3.1 vector.

Autophagy inhibition by 3-methyladenine (3-MA). 3-MA
was purchased from Selleckchem (Houston, TX, USA; cat.
no. S2767). We added 67 ml sterile water to 10 mg 3-MA
followed by a 600C water bath for 10 min, and the final
concentration of 3-MA was 1 mM. This solution was then
added to the medium with 10% FBS and cutured in 37°C
and 5% CO, for 12 h. The indicated cells were collected for
subsequent analysis.

Oligonucleotide transfection. si-PRKACA or negative control
were transfected into the cells using the RiboFECT™ CP
Transfection kit (Guangzhou RiboBio), according to the
manufacturer's instructions. AgomiR-NC, agomiR-503,
antagomiR-NC or antagomiR-503 were synthesized by
Guangzhou RiboBio and transfected using the RiboFECT™
CP Transfection kit (Guangzhou RiboBio), according to the
manufacturer's instructions. Transfection of the luciferase
reporter vectors, empty vectors or PRKACA vectors was
performed using Lipofectamine® 2000 (Thermo Fisher
Scientific, Inc.).

Luciferase assay. The 293T cells (The Cell Bank of Type
Culture Collection of Chinese Academy of Sciences, Shanghai,
China) were transfected with 0.5 ug reporter plasmid harboring
wild-type PRKACA-3'-UTR or mutant PRKACA-3'-UTR, or
Renilla luciferase control vector (pRL-TK; Promega, Madison,
WI, USA) using Lipofectamine® 2000 (Thermo Fisher
Scientific, Inc.). The indicated cells were transfected with
agomiR-NC (600 nM) or agomiR-503 (600 nM), respectively.
Following transfection for 24 h, the indicated cells were lysed
using a dual luciferase reporter assay system, and fluorescence
activity was detected with a GloMax 20/20 Luminometer
(Promega). The firefly luciferase activity was normalized to
that of Renilla luciferase.

Western blot analysis. Total protein was isolated from the
cells using RIPA buffer with 1% PMSF (both from Beyotime
Institute of Biotechnology). Subsequently, 1x10° indicated
cells were lysed in 1 ml RIPA lysate with 1% PMSF on ice for
30 min, and centrifuged at 12,000 x g for 10 min at 4°C. The
supernatant were collected and mixed with 5X loading buffer,
followed by a boiling water bath for 5 min. The quantity of
the total protein was determined by BCA assay and 20 ug
protein were loaded into per lane. Western blot analysis was
performed using 10 or 15% SDS-PAGE gels for different
proteins. In total, 5% non-fat dry milk was used for blocking
the PVDF membranes. The membranes were incubated
with the following primary antibodies: Rabbit anti-human
PRKACA monoclonal antibody (dilution, 1:1,000; ab76238),
rabbit anti-human cyclin D1 polyclonal antibody (dilution,
1:1,000; ab134175), rabbit anti-human cyclin E1 polyclonal
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antibody (dilution,1:1,000; ab71535), rabbit anti-human pRb
monoclonal antibody (dilution, 1:1,000; ab184796) (all from
Abcam), rabbit anti-human LC3B polyclonal antibody (dilu-
tion, 1:1,000, AL221; Beyotime Institute of Biotechnology),
rabbit anti-human p62 monoclonal antibody (dilution, 1:1,000;
23214S), rabbit anti-human mTOR polyclonal antibody (dilu-
tion, 1:1,000; #2972), rabbit anti-human phospho-mTOR
polyclonal antibody (dilution, 1:1,000; #2971) (all from
Cell Signaling Technology, Danvers, MA, USA), and rabbit
anti human E-Cadherin (AF0138) and Vimentin (AF0318)
polyclonal antibodies (dilution, 1:1,000; Beyotime Institute
of Biotechnology). GAPDH protein served as an internal
reference, using mouse anti human GAPDH monoclonal
antibody (dilution, 1:5,000; AF0006; Beyotime Institute of
Biotechnology). The primary incubation was followed by
incubation with goat anti rabbit or mouse HRP-conjugated
secondary antibodies (dilution, 1:4,000; A0208 and A0216;
Beyotime Institute of Biotechnology) for 1 h at room
temperature. Finally, the results were analyzed by enhanced
chemiluminescence. Quantity One software (4.6.2) was used
to calculate the relative expression of related proteins.

Statistical analysis. The two-tailed Student's t-test was used
to determine the differences between 2 groups. Multi-group
measurement data were analyzed by one-way ANOVA followed
by a Dunnett's post hoc test. Pearson's correlation analysis
was used to analyze the correlation between the expression
of miR-503 and PRKACA mRNA. A P-value of <0.05 was
considered to indicate a statistically significant difference.
All statistical analyses were performed using SPSS 17.0 soft-
ware and graphs were generated using GraphPad Prism 6.0
(Graphpad Software Inc., San Diego, CA, USA).

Results

miR-503 is highly expressed in ESCC tissues and cell lines.
To investigate the clinical relevance of miR-503 expres-
sion in the initiation and progression of ESCC, we analyzed
45 freshly-frozen tissue samples of ESCC and 45 matched
adjacent non-tumor tissues by RT-qPCR. The results revealed
that miR-503 expression in the ESCC tumor tissues was
markedly upregulated compared with the adjacent non-tumor
tissues (NC) (P<0.05; Fig. 1A). It should be noted that although
the expression of miR-503 was markedly upregulated in the
ESCC tissues, this was just several folds in comparison with
that in the adjacent non-tumor tissues, and not all the patients
exhibited a higher miR-503 expression in their tumor tissues.
This suggests that if the number of patients with ESCC was
expanded, then perhaps a greater number of patients would be
found to have a lower expression of miR-503 in their tumor
tissue. Further investigations are warranted on this matter.
However, a higher expression of miR-503 was observed in
the ESCC tissues without lymph node metastasis compared
with those with lymph node metastasis (P<0.05; Fig. 1B).
Further statistical analysis revealed that miR-503 expression
was inversely associated with the clinical stage (Fig. 1C) and
differentiation in patients with ESCC (Fig. 1D). To determine
the level of miR-503 expression in ESCC cell lines, we then
compared miR-503 expression in the normal esophageal
epithelium mucosal tissues from the adjacent non-tumor
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Figure 1. Expression of miR-503 in esophageal squamous cell carcinoma (ESCC) tissues and cell lines and its correlation with clinical characteristics.
(A) miR-503 expression was upregulated in ESCC tissues compared to the matched adjacent non-tumor tissues; (B) miR-503 expression was decreased in
ESCC tissues with lymph node metastasis compared with tissues without lymph node metastasis. (C) miR-503 expression negatively correlated with (C) the
TNM stage and (D) tumor differentiation. (E) miR-503 expression was upregulated in ESCC cell lines. "P<0.05.

tissues of the 45 ESCC samples with that in the ESCC cell
lines (Ecal09, Eca9706 and TE-1) by RT-qPCR. As expected,
the expression of miR-503 was also upregulated in the ESCC
cell lines (Fig. 1E). Specifically, Eca9706 and TE-1 exhibited
a >2-fold increase in miR-503 expression. Taken together,
we thus inferred that miR-503 may play a suppressive role in
ESCC. As marked changes in miR-503 expression may display
its biological function, we therefore further increased the
miR-503 expression in the ESCC cells.

miR-503 influences the proliferation and metastasis of ESCC
cells in vitro. To determine the biological function of miR-503 in
ESCC, we chemically synthesized the sequences of agomiR-503,

antagomiR-503 and a corresponding negative control (NC)
in vitro, and then transfected these into the Ecal09 and Eca9706
cells. The transfection efficiency was determined by RT-qPCR
and the results revealed that the miR-503 expression was mark-
edly decreased or increased (data not shown). In the current
study, multiple biological functional analyses of miR-503 were
performed, and the results revealed that the ectopic expression of
miR-503 in the ESCC cell lines attenuated cell proliferation, as
determined by CCK-8 assay (Fig. 2A) and EdU assays (Fig. 2B).
Moreover, a cell cycle array performed by flow cytometry
revealed that the overexpression of miR-503 markedly increased
the percentages of cells in the G1 phase (by 19.05 and 12.20%
in the Ecal09 and Eca9706 cells, respectively) and decreased
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the ESCC cell number in the proliferative phase. (C) Flow cytometry revealed that miR-503 promoted cell cycle arrest at the G1/S phase in ESCC cells.

“P<0.05; all experiments were repeated 3 times.

the proportions cells in the S phase (by 19.9 and 4.59% in
the Ecal09 and Eca9706, respectively) (Fig. 2C). Moreover,
we evaluated whether miR-503 was biologically involved in
the migration and invasion of ESCC cells through Transwell
assays with or without Matrigel. As expected, transfection with
agomiR-503 effectively attenuated the propensity of Ecal09 and
Eca9706 cells to invade the Matrigel. Similar results were also
obtained in the Transwell assay without Matrigel. However, the
tumor cells transfected with antagomiR-503 exhibited increased
proliferative and metastatic capabilities compared with the cells
in the NC group (Fig. 3A and B). These data thus suggest a
suppressive role of miR-503 in ESCC.

In addition, we detected a number of biomarkers known
to be associated with proliferation and metastasis by western
blot analysis. Compared with the negative controls, the cells
with a high miR-503 expression (agomiR-503 group) exhibited
a decrease in the protein expression of phosphorylated Rb
protein, as well as in the expression of cyclin D1 and cyclin E1.
Moreover, decreased Vimentin and increased E-Cadherin
expression levels were observed in the ESCC cells transfected
with agomiR-503, whereas opposite results were obtained in
the group transfected with antagomiR-503 (Fig. 3C). These
data thus indicate that miR-503 may play a tumor suppressive
role in ESCC by regulating cell proliferation and metastasis.
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miR-503 inhibits ESCC proliferation and metastasis in vivo. To
further examine the effects of miR-503 on ESCC growth and
invasiveness in vivo, we subcutaneously injected the Ecal09
cells transfected with NC or agomiR-503 into the left and right
flanks of nude mice. As expected, the injected ESCC cells
transfected with miR-503 grew into smaller tumors compared
with those in the NC group. The maximum diameter of a
single tumor was 1.6 cm, while the minimum was 0.4 cm. The
volumes of the tumors formed by ESCC cells transfected with
agomiR-503 were significantly smaller than those in the NC
group (Fig. 4A). Moreover, the significant downregulation of
Vimentin, p-Rb, cyclin D1 and cyclin E1 protein levels, and the
upregulation of E-cadherin protein levels, were observed in the
agomiR-503 group by IHC (Fig. 4B). For pulmonary metas-
tasis assays, the ESCC cells transfected with agomiR-503 or

the negative control cells were injected into nude mice through
the lateral tail vein. All mice were sacrificed after 6 weeks,
and the lungs were removed and subjected to histological and
pathological examination. Accordingly, the agomiR-503 group
exhibited a marked decrease in metastatic burden in the lungs
of nude mice compared with the negative controls (Fig. 4C).
Taken together, these results indicated that miR-503 exerted
an inhibitory effect on ESCC development.

miR-503 triggers autophagy in ESCC cells. Studies have
demonstrated that miR-503 can regulate the chemosensitivity
of multiple types of cancer, indicating that miR-503 may be
involved in intracellular autophagy (24,26). Therefore, we
examined the level of autophagy in the Ecal09 and Eca9706
cells in the agomiR-503 and negative control groups. We
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first infected the indicated cells with Ad-mRFP-GFP-LC3B
(MOI of 20) to monitor the formation of autophagosomes. The
results revealed that more autophagosomes were formed in the
agomiR-503 group, as determined by laser scanning confocal
microscopy (Fig. 5A and C). We also confirmed autophagosome
formation under a transmission electron microscope (Fig. 5B).
Moreover, we found that the protein level of LC3-II, a marker
of autophagy, was markedly increased, whereas that of p62, a
marker of autophagic flux, was decreased following transfec-
tion with agomiR-503 (Fig. 5D-F). These data thus indicate
that miR-503 triggers autophagy in ESCC.

miR-503-mediated autophagy affects the proliferation and
metastasis of ESCC cells. Increasing evidence has indicated
that autophagy plays a dual role in the development of tumors,
being promotional or inhibitory (27,28); however, the function

of miR-503-induced autophagy in ESCC remains to be deter-
mined. Therefore, in this study, we used 3-MA (50 nM)
to inhibit miR-503-mediated autophagy, and detected the
biological function of the indicated ESCC cells. The results
of CCK-8 and Transwell assays revealed that 3-MA partially
‘rescued’ the proliferation and metastasis of ESCC cells medi-
ated by miR-503 (Fig. 6), indicating that miR-503-triggered
autophagy is implicated in the proliferation and metastasis of
ESCC cells.

PRKACA is a novel target of miR-503. It is well established
that the function of miRNAs in tumor development is depen-
dent on their target genes, and that individual miRNAs can
repress the translation of multiple mRNAs. Therefore, it was
considered of crucial importance to identify the key target
genes of miR-503. We thus analyzed the potential target
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all experiments were repeated 3 times.

genes using the online bioinformatics tools, TargetScan and
miRwalk. We found that RKACA, closely associated with
tumor proliferation and metastasis, harbored the binding site
of miR-503 (Fig. 7A). We then examined whether PRKACA
was downstream of miR-503, and found that PRKACA
mRNA and protein expression levels both decreased in the
presence of ectopic miR-503 expression (agomiR-503); this
effect was reversed by transfection with antagomiR-503
in vitro (Fig. 7B and C). To further confirm that PRKACA is a
target gene of miR-503, we constructed vectors harboring the
wild-type or mutant 3'-UTR of PRKACA mRNA, individu-
ally fused directly downstream of the firefly luciferase gene
for luciferase assays. We co-transfected the plasmid harboring
wild-type or mutant PRKACA with agomiR-NC and
agomiR-503, respectively, into 293T cells, and found that the
ectopic miR-503 expression significantly decreased the rela-
tive luciferase activity of the wild-type 3'-UTR of PRKACA

(P<0.01), whereas the luciferase activity of the mutant 3'-UTR
was not significantly altered (Fig. 7D). Moreover, we found a
negative correlation between PRKACA mRNA and miR-503
expression by RT-qPCR in 15 ESCC tissues (Fig. 7E). Taken
together, miR-503 was found to be able to directly regulate
PRKACA expression in ESCC.

PRKACA restores the malignant phenotype of ESCC cells
suppressed by miR-503. PRKACA, a critical regulator of the
PKA signaling pathway, has been reported to be implicated in
the development of multiple tumors (29,30); however, its func-
tion in ESCC remains unclear. First, we evaluated whether
the silencing or overexpression of PRKACA could mimic the
biological effects of miR-503 on the growth and metastasis
of ESCC cells. Western blot analysis revealed that PRKACA
expression was markedly down- or upregulated in the indicated
groups (Fig. 7F). Moreover, as was expected, the proliferative
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and metastatic capabilities of the ESCC cells were markedly
impaired with PRKACA silencing, or enhanced with PRKACA
upregulation (Fig. 7G and H), indicating that PRK ACA promoted
the proliferation and metastasis of ESCC. Taken together, our
data indicate that miR-503 suppresses the proliferative and meta-
static potential of ESCC cells by targeting PRKACA.

miR-503 influences cellular autophagy by targeting PRKACA.
In this study, we revealed that miR-503 regulated the
autophagy of ESCC; however, whether PRKACA was involved
in this process remained unclear. Thus, we first investigated
whether PRKACA was involved in autophagy in ESCC cells,
and found that PRKACA inhibited the autophagy of ESCC
cells, as shown by confocal laser scanning microscopy and
western blot analysis (Fig. 8A and B). We further upregulated
PRKACA in the ESCC cells transfected with agomiR-503 as
the 'rescue' group, in order to evaluate its effect on autophagy
mediated by miR-503. Western blot analysis revealed that
the expression of LC3BII and p62 was restored (to normal
levels) in the agomiR-503 + PRKACA vector group (‘rescue’
group) (Fig. 8C and D). These data suggest that PRKACA is
involved in the autophagy induced by miR-503.

Recently, the mammalian target of rapamycin (mTOR)
complex, a well-known regulator of autophagy, was reported
to be closely associated with PKA. Therefore, we examined
the association between PRKACA and mTOR in order
to clarify the underlying mechanisms. As expected, the
down- or upregulation of PRKACA attenuated or enhanced
the phosphorylation of mTOR, respectively; moreover,
PRKACA restored the phosphorylation of mTOR in the
agomiR-503 + PRKACA vector group (‘rescue’ group), which
was suppressed by miR-503 (Fig. 8B-D). Taken together, we
concluded that miR-503 promoted autophagy by inhibiting the
PKA-mTOR pathway.

PRKACA ‘rescues’ the proliferation and metastasis of
ESCC. To further explore whether the biological func-
tion of miR-503 could be restored by PRKACA in ESCC,
we co-transfected the PRKACA vector with agomiR-NC
or agomiR-503, respectively, for the ‘rescue’ assay. The
results revealed that the proliferation and metastasis of the
ESCC cells transfected with agomiR-503 was restored by
PRKACA [agomiR-503 + PRKACA vector group (‘rescue’
group)] (Fig. 9). Taken together, PRKACA restored the
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experiments were repeated 3 times.

proliferation and metastasis of ESCC which had been
suppressed by miR-503.

Hllustrating the mechanisms of action of miR-503 in ESCC. In
order to better elucidate the underlying mechanisms through
which miR-503 regulates the malignant phenotype in ESCC,
we created a diagram with which to describe the mecha-
nisms through which miR-503 inhibits the proliferation and

metastasis of ESCC by triggering autophagy via PKA/mTOR
signaling (Fig. 10).

Discussion
In the current study, we identified the suppressive role of

miR-503 in the regulation of the ESCC malignant phenotype
through its targeting of PRKACA, and revealed that the
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underlying mechanisms through which miR-503 induced
autophagy to inhibit the proliferation and metastasis of ESCC
involved the inactivation of PKA/mTOR signaling.

mir-503 is a member of the miR-16 family and has been
reported to be associated with carcinogenesis; its aberrant
expression has been observed in multiple tumors (31,32). While

certain studies have observed that miR-503 is downregulated
in several types of cancer, such as oral cancer, hepatocellular
carcinoma, non-small cell lung cancer and endometrioid
endometrial cancer (32-35), it has been observed that miR-503
expression is upregulated in adrenocortical carcinoma, para-
thyroid carcinoma and retinoblastoma (36-38). In this study,
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we confirmed that the expression of miR-503 was markedly
upregulated in the ESCC tissues when compared with the
adjacent non-tumor tissues. It should be noted that not all the
patients exhibited a higher miR-503 expression in their tumor
tissues. Thus, in the future, we aim to examine its expression in
a greater number of patients with ESCC, as in this case, a greater
number of patients may be found to have a lower expression of
miR-503 in their tumor tissue. Moreover, we also determined
the decreased expression of miR-503 in ESCC tissues with
lymph node metastasis, at a higher TNM stage (III or IV) or of
poor differentiation, rather than in those with no metastasis, a
lower TNM stage (I or II) or of high/moderate differentiation.
A higher expression of miR-503 was also observed in the ESCC
cells. These data thus indicate a suppressive role of miR-503 in
the development of ESCC. Indeed, increasing evidence has indi-
cated that miR-503 is involved in tumor metastasis and invasion.
For instance, miR-503 has been shown to suppress cell prolif-
eration by targeting LICAM in osteosarcoma (39); Peng et al
confirmed that miR-503 inhibited gastric cancer cell growth
and epithelial-to-mesenchymal transition (40). Yang et al found
that mature miR-503 suppressed cellular metastasis by targeting
PI3K p85 and IKK-f in non-small cell lung cancer (34). In this
study, we found that the ectopic expression of miR-503 inhibited
the proliferation, migration and invasion of ESCC cells in vitro
and in vivo. Taken together, our data suggested that miR-503
expression was increased in ESCC tissues, and inhibited the
proliferation and metastasis of ESCC cells.

As an evolutionarily conserved biological process,
autophagy is involved in the development of multiple tumors,
via processes such as cell death and chemosensitivity (41).
Intriguingly, accumulating evidence has indicated that miR-503
regulates the chemosensitivity of tumor cells via different target
genes, indicating a regulatory role of miR-503 in autophagy.
For instance, miR-503 has been shown to regulate the cisplatin
resistance of non-small cell lung cancer cells by targeting
Bcl-2 (42). In colorectal cancer, miR-503 conferred drug
resistance by targeting PUMA (24). In our study, we confirmed
that miR-503 triggers the autophagy of ESCC cells by western
blot analysis and laser scanning confocal array. Moreover, we
observed the formation of autophagosomes in the indicated
cells under an electron microscope. Autophagy also affected the
development of tumors; thus, we further investigated whether
the miR-503-mediated inhibition of ESCC cells was associ-
ated with autophagy. Our results revealed that the inhibition
of autophagy by 3-MA restored the aggressive phenotype of
ESCC cells which was suppressed by miR-503. Taken together,
our data indicated that miR-503 inhibited the proliferation and
metastasis of ESCC cells by triggering autophagy.

It is well established that miR-503 exerts its function by
targeting the specific 3'-UTR of multiple mRNAs in different
types of tumor, such as IGF-1R and Bcl-2 (42). However, the
target of miR-503 in ESCC remained unclear. In our study, we
identified PRKACA as the target of miR-503 in ESCC. Several
studies have reported that PRKACA acts as an oncogene in the
process of tumor carcinogenesis and progression. For instance,
Beristain et al confirmed that the activation of PKA signaling
could drive mammary tumorigenesis via Src (43). PRKACA
mediated the resistance to HER2-targeted therapy and restored
anti-apoptotic signaling in tumor cells in breast cancer (44).
Moreover, mutant PRKACA has been reported to promote the

WU et al: miR-503 TRIGGERS AUTOPHAGY IN ESCC CELLS BY TARGETING PRKACA

development of adrenal adenomas (45). Consistent with these
data, we found that PRKACA promoted the proliferation and
metastasis of ESCC cells. Moreover, PRKACA overexpression
‘rescued’ the aggressive phenotype of ESCC cells which was
suppressed by miR-503. Furthermore, we found that miR-503
expression negatively correlated with PRK ACA in ESCC tissues.
These results suggested that miR-503 inhibited the proliferation
and metastasis of ESCC cells by targeting PRKACA.

To further explore the underlying mechanisms of PRKACA
in autophagy regulation, we assessed the literature and found
that the PKA pathway has been implicated in the activity of
the mTOR pathway (46). In the current study, western blot
analysis revealed that the expression of phosphorylated mTOR
protein was markedly attenuated in the indicated cells with
PRKACA silencing, or increased in the cells with PRKACA
upregulation. It is well established that mTOR can negatively
regulate autophagy (47,48); our data indicated that miR-503
regulated autophagy by inhibiting PKA/mTOR signaling.
Convincing evidence has indicated that autophagy not only
functions as a tumor suppressor, but also generates ATP and
other essential biochemical molecules necessary for tumor
cell survival under adverse conditions. Lan et al stated that
autophagy inhibited hepatocellular carcinoma proliferation,
EMT, metastasis and invasion by degrading the oncogene
miR-224 (49). Grassi et al demonstrated that autophagy
suppressed the epithelial-to-mesenchymal transition of hepa-
tocytes by promoting Snail degradation (50). Catalano et al
demonstrated that autophagy impaired migration and invasion
by reversing EMT in glioblastoma cells (51). Our study also
found that miR-503-mediated autophagy inhibited the devel-
opment of ESCC, suggesting that miR-503 suppressed the
metastatic potential of ESCC by promoting autophagy.

In conclusion, the present study highlighted the regulatory
mechanisms through which miR-503 suppresses the prolifera-
tion and metastasis of ESCC cells, and indicated that miR-503
may prove to be a therapeutic target for patients with ESCC.
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