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Abstract
Background: Esophageal squamous cell carcinoma (ESCC) is a highly prevalent type
of esophageal cancer (EC), usually found at an advanced stage with a high mortality
rate, and it is now crucial to find new ways to diagnose and treat ESCC. This study
analyzed the function of circular RNA_0003340 (circ_0003340)/microRNA-940 (miR-
940)/protein kinase AMP-activated alpha 1 catalytic subunit (PRKAA1) axis in ESCC.
Methods: Circ_0003340, miR-940 and PRKAA1 contents were measured with the
application of real-time quantitative polymerase chain reaction (RT-qPCR) and west-
ern blot. Cell proliferation, cell cycle, apoptosis, migration, invasion and angiogenesis
were assessed with a cell counting kit-8 (CCK8), 5-ethynyl-20-deoxyuridine (EdU),
flow cytometry, wound healing, transwell and tube formation assays. We used both
the luciferase reporter system and RNA immunoprecipitation (RIP) to analyze the
relationship between miR-940 and circ_0003340 or PRKAA1. Finally, xenograft
models were applied to analyze the effect of circ_0003340 on tumor growth in vivo.
Results: Upregulated circ_0003340 and PRKAA1, and downregulated miR-940 levels
were detected in ESCC. Meanwhile, ESCC progression was apparently restrained by
circ_0003340 knockdown in vitro. Circ_0003340 acted as a ceRNA for miR-940 in
regulating ESCC progression and miR-940 was proved to target PRKAA1 to arrest
ESCC progression in vitro. Finally, in vivo experiments established that silencing of
circ_0003340 slowed tumor growth in vivo.
Conclusion: Circ_0003340 downregulation mitigated esophageal squamous cell carci-
noma progression by targeting miR-940/PRKAA1 axis.
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INTRODUCTION

Esophageal cancer has been reported to be the seventh
cause of cancer death worldwide in recent research studies.1

Esophageal squamous cell carcinoma (ESCC) is the leading
category of EC, with approximately 90% of EC patients diag-
nosed with ESCC and a smaller proportion with adenocarci-
noma (EADC).2 Causes of ESCC may include smoking,
alcoholic beverage intake, low vegetable and fruit intake,

etc.3 ESCC has no obvious symptoms in the early stages and
is usually detected in the late stages. The advanced stage of
ESCC is characterized by high metastasis, widespread drug
resistance, and high recurrence rates,4 the five-year survival
rates for ESCC remain below 20% in developed countries
and below 5% in developing countries.5 Although medical
advances in the treatment of ESCC have been remarkable,
they have only improved the survival rate of patients with
ESCC in the early stages, so seeking ways for early diagnosis
of ESCC is important to improve ESCC patient survival.
The combination of endoscopic resection surgery and
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chemotherapy is mainly used in the early stage of ESCC,
which has significantly improved the survival rate of ESCC
patients. In the late stage, multiple chemotherapeutic drugs
are usually used for treatment, whereas the survival rate of
patients is still unsatisfactory,6 but the recent advent of
immunotherapy molecular therapy brings great hope for the
treatment of advanced ESCC.

Circular RNAs (circRNAs), initially found in viruses,
were thought to be the product of exon splicing errors and
to have no biological function,7 but as research has prog-
ressed, some circRNAs have been found in mammalian cells
with abundant expression, conserved and endogenous char-
acteristics, and the ability to regulate various types of physi-
ological or pathological activities.8 At the same time,
circRNAs possess a higher stability compared to corres-
ponding linear RNAs, which may be due to their closed-
loop structure, and this supports the potential of circRNAs
as disease diagnostic markers.9 In various types of diseases,
accumulated data revealed the differentially expressed cir-
cRNAs, especially in various types of cancer. In lung cancer,
circ-CPA4 was examined in high abundance, and silencing
of circ-CPA4 blocked cancer cell proliferation and epithelial
mesenchymal transition, but increased apoptosis and
enhanced cisplatin resistance by sponging let-7 miRNA.10

Guo et al. demonstrated that circ_0023404 targeted miR-
5047 to boost the metastasis of cervical cancer cells and
exacerbate cisplatin resistance.11 Circ_0044516 was also
proved to be highly upregulated in prostate cancer
(PC) tissues and exosomes. Silencing of circ_0044516 appar-
ently slowed down the proliferation and metastasis of PC
cells, showing that circ_0044516 acted as an oncogene in
PC.12 Circ_0003340 was found to be dysregulated in ESCC
and regulated ESCC progression in vitro, but the regulatory
mechanism of circ_0003340 in ESCC is still not thoroughly
investigated.13 Our study further analyzed the regulatory
network of circ_0003340 in ESCC.

MicroRNAs (miRNAs) are a class of non-coding RNAs
with small molecular structures that negatively regulate the
expression of downstream genes.14 MiRNAs are involved in
regulating cellular processes such as cell proliferation, differ-
entiation and apoptosis.15 In several studies, miRNAs were
found to act on the 30untranslated region (30UTR) of target
genes to regulate their levels, which in turn regulated related
biological processes, and a large number of miRNAs were
found in various diseases.16–18 For example, miR-193a has
been widely studied in various types of cancer and can play
different roles in different cancers. It has been identified that
miR-193a acts as a tumor-suppressor factor in colon
cancer,17 and miR-193a promotes cancer cell migration,
invasion and mesenchymal transition by targeting BTRC in
glioma.18 MiR-193a level has also been confirmed to be
associated with patient survival, cancer staging and
chemoresistance.16 Furthermore, many miRNAs have been
observed to be dysregulated in cancer, such as miR-940,
which was previously reported to be dysregulated in ESCC.19

Our study further analyzed the function and action mecha-
nism of miR-940 in ESCC.

The protein kinase AMP-activated alpha 1 catalytic sub-
unit (PRKAA1, also known as AMPK alpha 1), is an impor-
tant member of the serine/threonine protein family, and is
involved in pathways including lipid metabolism and gluco-
neogenesis, and has a regulatory role in energy level in
cells.20 PRKAA1 is an important catalytic unit in AMPK,
which has been shown to be widely involved in cancer-
related pathways by affecting cellular processes such as cell
proliferation, differentiation and apoptosis.21 Zhang et al.
identified that high abundance of PRKAA1 was correlated
with poorer survival in gastric cancer (GC) tissues, and
PRKAA1 knockdown markedly repressed GC cell migration
and invasion.22 In this study, we analyzed the action mecha-
nism of circ_0003340/miR-940/PRKAA1 in ESCC.

METHODS

Tissue samples

All projects of this institute were endorsed by the Affiliated
Hospital of Beihua University. With the consent of
45 patients diagnosed with ESCC at Affiliated Hospital of
Beihua University, the corresponding cancerous and par-
aneoplastic tissues were collected and tested. All patients
were untreated and tumor stage and presence of lymph node
metastasis were diagnosed under uniform criteria. Written
consent forms were collected from all participants.

Cell culture and transfection

Esophageal epithelial cells HET-1A and ESCC cells (Eca-109
and TE-1) were purchased from Chuan Qiu Biotechnology
(Shanghai, China) and grown in DMEM medium
(Genetimes) with 10% FBS (Genetimes). All culture dishes
were placed at 37�C with 5% CO2. The small interfering
RNA (siRNA) of circ_0003340 (si-circ_0003340), short hair-
pin RNA (shRNA) of circ_0003340 (sh-circ_0003340),
pCD-ciR-circ_0003340, miR-940 mimic (miR-940), miR-
940 inhibitor (anti-miR-940), pcDNA-PRKAA1 (PRKAA1)
and the corresponding controls (NC) including si-NC, sh-
NC, empty pCD-ciR and pcDNA, miR-NC, and anti-miR-
NC were synthesized by GenePharma and transfected into
Eca-109 and TE-1 cells under the application of
Lipofectamine 2000 (Invitrogen) in compliance with the
manufacturer’s instructions.

RNA extraction and real-time quantitative
polymerase chain reaction (RT-qPCR)

Total RNA was isolated using TRIzol (Invitrogen) as per the
manufacturer’s instructions and nucleoplasmic separation
assays were conducted using a nuclear/cytosol fractionation
kit (Solarbio). Subsequently, cDNA was synthesized
according to the instructions of the miScript RT Kit
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(TaKaRa). SYBR Green (TaKaRa) was deployed to execute
RT-qPCR, and the resulting data were analyzed with
GAPDH and U6 as internal reference according to 2�ΔΔCT

method. Specific primer information is listed in Table 1.

Proliferation analysis

The cell counting kit-8 (Dojindo,) was utilized to evaluate
the proliferation of ESCC cells. The transfected cells were
inoculated in 96-well plates, and then 10 μl of the CCK8
solution was added at 24, 48 and 72 h, respectively, and the
cells continued to be cultured for 4 h before the absorbance
was detected at 450 nm.

5-ethynyl-20-deoxyuridine (EdU) assay was also employed
in the assessment of ESCC cell proliferation. In this study, a
Yefluor 488 EdU Imaging Kit (Yeasen) was used for analysis.
ESCC cells were cultured in a 96-well plate for 24 h. Then, the
cells were incubated with EdU solution for 2 h. After the cells
were fixed and stained with the nuclear dye DAPI for 30 min
in the dark, the proliferation capacity was then observed and
analyzed under the microscope.

Cell cycle and apoptosis analysis

ESCC cell cycle distribution and apoptosis were evaluated
with cell cycle assay kit (Beyotime) and Annexin V-
fluorescein isothiocyanate (FITC) cell apoptosis detection
kit (Beyotime), coupled with flow cytometry analysis. In
brief, the working solution of propidium iodide (PI) staining
buffer supplemented with RNase A was incubated with the
cells to stain DNA, and thus cells distributed in different cell
cycle phases were detected under the application of flow
cytometer. For cell apoptosis analysis, the cells were incu-
bated in the Annexin V-FITC binding buffer containing
Annexin V-FITC and PI reagents, and then Annexin V-
FITC and/or PI signals were detected under the application
of flow cytometer.

Western blot

First, RIPA (Beyotime) was utilized for protein extraction,
and protein quantification was carried out following the
procedure of the BCA Protein Assay Kit (Beyotime). Then,
1 μg of protein was subjected to western blot as described in
Hong et al.10 The proteins were separated using sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, and then
transferred onto the PVDF membranes (Beyotime). Later,
the membranes were blocked with 5% skimmed milk, and
then incubated with primary and secondary antibodies. The
eyoECL Plus Kit (Beyotime) was employed to detect protein
signals on the membrane and ImageJ software (NIH) was
used to measure protein expression levels with normaliza-
tion to GAPDH. All antibodies including anti-PCNA
(ab92552, 1/10000, Abcam), anticyclin D1 (ab16663, 1/200,
Abcam), anticleaved caspase 3 (ab32042, 1/500, Abcam),
anti-GAPDH (ab22555, 1/5000, Abcam) and anti-PRKAA1
(ab32047, 1/5000, Abcam), as well as horseradish peroxidase
(HRP)-conjugated secondary (ab205718, 1/50000, Abcam)
were obtained from Abcam.

Caspase-3 activity analysis

Caspase-3 activity was analyzed under the application of
Caspase-3 activity assay kit (ab252897, Abcam). Cells were
lysed in the Caspase cell lysis buffer, and the supernatant of the
lysate was incubated with the mixture of Caspase reaction
buffer, Ac-DEVD-AFC and DTT. Eventually, the fluorescence
was immediately measured at Ex/Em = 400/505 nm by a
microplate reader. The activity was calculated according to the
AFC standard curve, which was plotted beforehand.

Wound healing assay

Before the experiment started, marker lines were drawn
on the outside of the culture dish. Then the transfected
cells were evenly inoculated in the culture dish, and
when the fusion reached about 90%, the cells at the
delineation were exfoliated with a sterile toothpick,
eluted and photographed, and the migration ability was
analyzed by photographing again after continuing the
culture for 24 h.

Transwell assay

Transwell chambers (Corning) precoated with matrigel
matrix (Corning) were used to evaluate the invasion ability
of ESCC cells. The upper chamber was supplemented with
serum-free DMEM medium, while the lower chamber was
supplemented with the medium containing 10% FBS. The
upper chamber was inoculated with transfected cells for
24 h, then the cells which had invaded through the mem-
brane were fixed with methanol and stained with crystal

T A B L E 1 Primer sequences used for RT-qPCR

Name Primers for PCR (50-30)

hsa_circ_0003340 Forward CGTGCCCGCTGACATTATCT

Reverse GGGGAAGGGGACTCTGGTAG

PRKAA1 Forward AAAACAGGCTCCACGAAGGA

Reverse CATGTGTGCATCAAGCAGGAC

miR-940 Forward GCCGAGAAGGCAGGGCCCCCG

Reverse CTCAACTGGTGTCGTGGAG

GAPDH Forward GACAGTCAGCCGCATCTTCT

Reverse GCGCCCAATACGACCAAATC

U6 Forward CTCGCTTCGGCAGCACA

Reverse AACGCTTCACGAATTTGCGT

OGDH Forward CTGGTAGAAGCACAGCCCAA

Reverse GTCCAGCTGTGCTACATGGT
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violet and placed under a microscope for observation and
analysis.

Tube formation assay

Matrigel matrix (Corning) was spread over the bottom of
the cultured 96-well plates on ice and then fixed at 37�C.
Human umbilical vein endothelial cells (HUVECs; Procell)
were resuspended in conditioned medium from differently
transfected ESCC cells and inoculated into 96-well plates
with 2 � 104 cells per well. Five replicates were performed
per condition, and HUVECs were cultured in the serum-free
medium for 24 h, and the length and characteristics of
vessel-like tubes, including the number of nodes or
branchpoints, were photographed and analyzed by micros-
copy after 12 h.

Dual-luciferase reporter assay

The sequences of circ_0003340-wild type (circ_0003340 wt)
and PRKAA1 30UTR wt containing the miR-940 binding
site were constructed into the psi-check2 vector to obtain

the recombinant vector circ_0003340wt and PRKAA1
30UTRwt. The circ_0003340-mutant type (circ_0003340
mut) and PRKAA1 30UTR mut containing the mutations of
miR-940 binding site were happened in the recombinant
vector circ_0003340mut and PRKAA1 30UTRmut based on
the wt vectors. Subsequently, the luciferase reporter vectors
were cotransfected with miR-940 mimic into ESCC cells for
48 h, and each group of luciferase activity was assessed
under the application of the dual luciferase reporter assay
kit (Promega).

RNA immunoprecipitation (RIP) assay

RIP assay was used to measure the interaction relationship
among circ_0003340, miR-940 and PRKAA1 using the EZ-
Magna RIP RNA-binding protein immunoprecipitation kit
(Millipore). Cells were lysed and placed in RIP buffer, and
incubated with magnetic beads coupled with Ago2 antibody
or IgG antibody. The mixture was then cocultured with pro-
tease K to decompose the protein content, and immuno-
precipitated RNA was purified from the complex, and the
levels of circ_0003340, miR-940 and PRKAA1 in the precip-
itates were detected by RT-qPCR.

F I G U R E 1 Expression characteristics of circ_0003340 in esophageal squamous cell carcinoma (ESCC). (a–c) The expression of circ_0003340 was
detected by RT-qPCR in ESCC tumor and normal tissues, tumor node metastasis (TNM) I–II and III stages, and lymph node metastasis-negative (LN[�])
and lymph node metastasis-positive (LN[+]) tissues. (d) Survival curves of patients in circ_0003340high and circ_000334low groups were analyzed by log-rank
test. (e) The expression of circ_0003340 in ESCC and normal cells was detected. (f) Circ_0003340 structure diagram is shown. (g and h) Reverse transcription
PCR of circ_0003340 and OGDH using either oligo(dt)18 primer or random primer. (i and j) The subcellular localization of circ_0003340 major expression
sites were detected by nucleoplasmic segregation assay. *p < 0.05

GUAN ET AL. 1167



Xenograft models

The experiment in mice was approved by the Animal Care
Committee of Affiliated Hospital of Beihua University. Ten
6-week-old BALB/c nude mice purchased from Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China)
were randomly divided into two groups and injected with
Eca-109 cells stably transfected with sh-circ_0003340 or sh-
NC, respectively. Tumor volumes (volume = width2 � length
� 0.5) were calculated weekly after injection, and all mice were
euthanized after 4 weeks, and tumor tissues were collected and
weighed for subsequent analysis. Xenograft tumor samples
were fixed in 4% paraformaldehyde, embedded in paraffin and

sliced into 4 μm sections for immunohistochemistry (IHC)
staining.

IHC assay

Endogenous peroxidase was blocked by hydrogen peroxide,
and antigen retrieval was performed by heating in the
microwave on band 3 for 10–15 min (700 W oven). The sec-
tions were subsequently incubated with anti-Ki67 (Abbkine)
overnight at 4�C and HRP-conjugated secondary (ab205718,
1/10000, Abcam) for 2 h at room temperature. Finally, the
staining processes were performed with DAB (DAB Kit,

F I G U R E 2 Circ_0003340 knockdown evidently blocked esophageal squamous cell carcinoma (ESCC) cell proliferation and induced cell cycle arrest and
apoptosis. (a and b) The knockdown efficiency of si-circ_0003340 was analyzed by RT-qPCR. Si-circ_0003340 was transfected into Eca-109 and TE-1 cells,
(c and d) CCK8 was applied to assess ESCC cell viability, (e) EdU assay was performed to detect cell proliferation, (f and g) flow cytometry was used to detect
the cell cycle and apoptosis, (h) western blotting was launched to assess PCNA, cyclin D1 and cleaved caspase 3 protein levels, and (i) caspase-3 activity assay
kit was utilized to measure caspase-3 activity. *p < 0.05
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ZSGB-BIO, China) and hematoxylin (Sigma-Aldrich) at
room temperature. The slices were then observed using a
light microscopy (JEOL). Positive cell counts were per-
formed using Japanese Nikon imaging analysis software,
and three equal-area nonrepetitive fields (� 200) were
selected for each slice to calculate the number of positive
cells.

Statistical analysis

SPSS 20.0 (IBM Corp.) was conducted to analyze the data,
and differences between groups were assessed by Student’s
t-test or analysis of variance. p-value <0.05 was considered
statistically significant.

RESULTS

Circ_0003340 was highly expressed in ESCC

RT-qPCR data revealed a higher abundance of circ_0003340 in
ESCC tissues compared to normal tissues (Figure 1a), and
circ_0003340 was also highly expressed in ESCC patients with

advanced tumor stage (III) and positive lymph node metastasis
(Figure 1b,c). Survival rate was reduced in the circ_0003340high

group (n = 23) relative to the circ_0003340low group (n = 22),
indicating that high expression of circ_0003340 is associated
with poor prognosis of ESCC patients (Figure 1d). In addition,
high abundance of circ_0003340 was also detected in ESCC
cells compared to HET-1A cells (Figure 1e). The structure of
circ_0003340 is shown in Figure 1f. The inability of the
Oligo(dt)18 primer to amplify circ_0003340 also further
supported the ring structure of circ_0003340 (Figure 1g,h).
The nucleoplasmic separation assay revealed that circ_0003340
was mainly located in the cytoplasm (Figure 1i,j).

Progression of ESCC was markedly inhibited by
silencing of circ_0003340 in vitro

RT-qPCR analysis uncovered the efficient knockdown of
circ_0003340 in Eca-109 and TE-1 cells with si-
circ_0003340 transfection (Figure 2a). The phenomenon of
inhibition of Eca-109 and TE-1 cell proliferation induced by
circ_0003340 downregulation was observed based on CCK8
and EdU data (Figure 2c–e). Flow cytometry analysis also
indicated that si-circ_0003340 greatly arrested the cell cycle

F I G U R E 3 Effects of circ_0003340 downregulation on esophageal squamous cell carcinoma (ESCC) cell migration, invasion and angiogenesis. Si-
circ_0003340 or si-NC was transfected into Eca-109 and TE-1 cells. (a) Wound healing assay was conducted to assess cell migration. (b) Transwell assay was
performed to detect cell invasion. (c) Tube formation assay of HUVECs was conducted to evaluate angiogenesis. *p < 0.05
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at G0/G1 phase and promoted apoptosis in Eca-109 and
TE-1 cells (Figure 2f,g). Protein levels of proliferation
marker protein PCNA and cell cycle protein cyclin D1 were
also depressed by circ_0003340 knockdown, while protein
level of proapoptotic protein cleaved caspase 3 and
caspase-3 activity were upregulated in Eca-109 and TE-1
cells (Figure 2h,i). The migratory and invasive abilities of
ESCC cells were also assessed under the application of
wound healing and transwell assays, and the results showed
that the migration and invasion of Eca-109 and TE-1 cells
with si-circ_0003340 transfection were attenuated compared
with cells with si-NC transfection (Figure 3a,b). Finally, the
inhibitory effect of circ_0003340 silencing on the tube

formation rate is also seen in Figure 3c. Altogether, silencing
of circ_0003340 dramatically repressed the progression of
ESCC in vitro.

Circ_0003340 served as a sponge for miR-940

In order to investigate the mechanism of circ_0003340 in
ESCC, we analyzed the potential targets of circ_0003340
using starBase software, and miR-940 was one of them. The
binding sites are presented in Figure 4a. The upregulation
efficiency of miR-940 was demonstrated in Eca-109 and
TE-1 cells (Figure 4b). Dual luciferase reporter system and

F I G U R E 4 Validation of the relationship between circ_0003340 and miR-940. (a) The binding sites between circ_0003340 and miR-940 are shown.
(b) Overexpression efficiency of miR-940 was assessed in Eca-109 and TE-1 cells by RT-qPCR. (c and d) Analysis of the relationship between circ_0003340
and miR-940 by luciferase reporter system in Eca-109 and TE-1 cells cotransfected with circ_0003340wt/mut and miR-940 or miR-NC mimic. (e and f) RIP
assay was conducted to detect the enrichment of circ_0003340 and miR-940 in Ago2-immunoprecipitated complex, normalized to the IgG-
immunoprecipitated complex. (g and h) MiR-940 in ESCC tissues and cells was determined by RT-qPCR. (i) The upregulation efficiency of pcD-
circ_0003340 was demonstrated in Eca-109 and TE-1 cells by RT-qPCR. (j and k) MiR-940 level was measured by RT-qPCR in Eca-109 and TE-1 cells
transfected with si-NC, si-circ_0003340, pcD-ciR or pcD-circ_0003340. *p < 0.05
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RIP assay were performed to verify the targeting relationship
between circ_0003340 and miR-940, and the results showed
that miR-940 mimic transfection in Eca-109 and TE-1 cells
only considerably decreased the luciferase activity in the
circ_0003340wt group (Figure 4c,d). In the anti-Ago2 group,
circ_0003340 and miR-940 were significantly enriched
(Figure 4e,f), which suggested a direct targeting relationship
between circ_0003340 and miR-940. Compared with normal
tissues and HET-1A cells, miR-940 had lower abundance in
ESCC tumor tissues, as well as in Eca-109 and TE-1 cells
(Figure 4g,h). Meanwhile, RT-qPCR results revealed a pro-
motion of miR-940 level by circ_0003340 downregulation
via siRNA transfection and a reduction of miR-940 level
caused by circ_0003340 overexpression mediated by the
transfection of pcD-circ_0003340 plasmid (Figure 4i–k).
The combined data suggested that miR-940 was a target of
circ_0003340.

Knockdown of miR-940 weakened the
inhibitory effect of circ_0003340 silencing on
ESCC progression in vitro

As illustrated in Figure 5a, anti-miR-940 greatly reduced
miR-940 level in Eca-109 and TE-1 cells. The suppressive
effect of circ_0003340 downregulation on cell proliferation
was overturned when Eca-109 and TE-1 cells were cotrans-
fected with anti-miR-940 (Figures 5b–d), and circ_0003340
knockdown-induced cell cycle arrest and apoptosis were also

attenuated by miR-940 downregulation (Figures 5e–g). Mean-
while, miR-940 silencing diminished the effects of
circ_0003340 downregulation on PCNA, cyclin D1 and cleaved
caspase 3 protein levels and caspase-3 activity (Figure 5h,i).
Finally, miR-940 knockdown returned the suppressive effects
of si-circ_0003340 on migration, invasion and angiogenesis in
Eca-109 and TE-1 cells (Figure 5j–l). All data showed that
miR-940 knockdown abrogated the blocking effects of
circ_0003340 silencing on ESCC progression in vitro.

MiR-940 targeted PRKAA1 in ESCC cells

According to StarBase software prediction, PRKAA1 is one
of the candidate genes for miR-940, and the binding sites
between them are shown in Figure 6a. The phenomenon
that only the luciferase activity of the PRKAA1 30UTRwt

group was downregulated with miR-940 cotransfection was
revealed by dual luciferase reporter assay (Figure 6b,c). The
remarkable enrichment of PRKAA1 and miR-940 by anti-
Ago2 similarly supported the targeting relationship
between PRKAA1 and miR-940 (Figure 6d,e). Subse-
quently, the higher abundance of PRKAA1 in tumor tissues
and cells relative to normal tissues and cells was also
unveiled by RT-qPCR and western blot (Figure 6f–h).
Finally, the downregulation of PRKAA1 level by miR-940
transfection in Eca-109 and TE-1 cells and the promotion
of PRKAA1 level by miR-940 knockdown are also illus-
trated in Figure 6i.

F I G U R E 5 Circ_0003340 regulated esophageal squamous cell carcinoma (ESCC) progression by sponging miR-940 in vitro. (a) The transfection
efficiency of anti-miR-940 are shown. Si-NC, si-circ_0003340, si-circ_0003340 + anti-miR-NC, si-circ_0003340 + anti-miR-940 were transfected into Eca-
109 and TE-1 cells, (b–d) cell proliferation was measured using CCK8 and EdU assays. (e–g) Cell cycle and apoptosis were assessed by flow cytometry. (h–i)
PCNA, cyclin D1 and cleaved caspase 3 protein levels and caspase-3 activity were tested by western blot and ELISA. (j and k) Cell migration and invasion
were analyzed via wound healing and transwell assay. (l) Tube formation rate was detected. *p < 0.05
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MiR-940 targeted PRKAA1 to regulate ESCC
progression in vitro

Ectopic expression of PRKAA1 in Eca-109 and TE-1 cells
was induced by PRKAA1 overexpression vector transfec-
tion (Figure 7a). PRKAA1 overexpression overturned the
suppression effect of miR-940 mimic on cell proliferation,
as evidenced by the loss of cell viability and DNA synthesis
(Figure 7b–d). Based on the results of flow cytometry, we
observed that upregulation of PRKAA1 restored the effects
of miR-940 mimic on cell cycle progression and apoptosis

(Figure 7e–g). Meanwhile, miR-940-mediated the impacts
on PCNA, cyclin D1, cleaved caspase 3 protein levels and
caspase-3 activity were abolished by PRKAA1 cotrans-
fection (Figure 7h,i). In addition, upregulation of PRKAA1
recovered the suppression effects of miR-940 over-
expression on migration, invasion and angiogenesis
(Figure 7j–l). Finally, we also found that anti-miR-940
restored the inhibitory effect of circ_0003340 knockdown
on PRKAA1 expression level (Figure 8a,b). Overall,
circ_0003340 acted on the miR-940/PRKAA1 axis to mod-
ulate ESCC progression in vitro.

F I G U R E 6 The association between miR-940 and PRKAA1 was verified. (a) Complementary binding sequences between miR-940 and PRKAA1 are
shown. (b and c) The relationship between miR-940 and PRKAA1 was confirmed with the application of luciferase reporter system. (d and e) The
relationship between miR-940 and PRKAA1 was confirmed with the application of RIP assay. (f–h) PRKAA1 content in ESCC tissues or cells was detected.
(i) PRKAA1 protein level was analyzed by western blotting in Eca-109 and TE-1 cells transfected with miR-NC, miR-940, anti-miR-NC or anti-miR-
940. *p < 0.05
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Circ_0003340 knockdown slowed tumor growth
in vivo

Animal models were constructed by injecting Eca-109 cells
stably transfected with sh-circ_0003340 or sh-NC into the
nude mice, and we found that the tumor volume and weight
of mice in which injected Eca-109 cells were stably trans-
fected with sh-circ_0003340 were smaller and lighter
(Figure 9a–c). Furthermore, we found that the levels of
circ_0003340 and PRKAA1 were lower and miR-940 was
higher in the tumor tissues of mice in which injected Eca-
109 cells were stably transfected with sh-circ_0003340

compared to sh-NC (Figure 9d–f). Finally, the inhibition of
the proliferation marker Ki67 level in mouse tumor tissues
by sh-circ_0003340 was also demonstrated by IHC assay
(Figure 9g). To conclude, circ_0003340 knockdown curbed
tumor growth in vivo.

DISCUSSION

Currently, accumulating evidence has revealed the impor-
tant regulatory potential of circRNAs in cancer. Many cir-
cRNAs have been observed to be dysregulated in ESCC. For

F I G U R E 7 MiR-940 targeted PRKAA1 to regulate ESCC progression. (a) Overexpression efficiency of PRKAA1 was determined. Eca-109 and TE-1 cells
were transfected with miR-NC, miR-940, miR-940 + vector and miR-940+ PRKAA1, (b–d) proliferation, (e–g) cell cycle and apoptosis, (h) PCNA, cyclin
D1 and cleaved caspase 3 protein levels, (i) caspase-3 activity, (j and k) migration and invasion (l) angiogenesis were detected. *p < 0.05

F I G U R E 8 PRKAA1 protein
level was coregulated by miR-940
and circ_0003340. (a and b)
PRKAA1 protein level was measured
using western blot in Eca-109 and
TE-1 cells transfected with si-NC, si-
circ_0003340, si-circ_0003340
+ anti-miR-NC, si-circ_0003340
+ anti-miR-940. *p < 0.05
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example, in a recent study, the high expression of circ-
SLC7A5 in plasma was found to be notably associated with
TNM stage and survival of patients.23 Circ_0058063 was
also determined to have a higher abundance in ESCC, while
circ_0058063 upregulation increased glucose uptake and cell
proliferation, with the opposite result for circ_0058063
knockdown, showing the side effects of circ_0058063 in
ESCC.24 Circ_0003340 has previously been shown to be dys-
regulated in ESCC and facilitated ESCC cell proliferation,
migration and invasion, and arrested apoptosis.25 Angiogen-
esis is an important basis for tumor cell proliferation and
metastasis, and the development of antiangiogenic drugs has
become a hot spot in cancer research.26 Our study identified
a high abundance of circ_0003340 in ESCC, and found that
knockdown of circ_0003340 notably restrained ESCC cell
proliferation, migration, invasion and tube formation, but
enhanced apoptosis. Moreover, circ_0003340 silencing also
curbed tumor growth in vivo. Hence, circ_0003340 may be a
promising therapeutic target for ESCC.

MiRNAs are central members of the ceRNA machin-
ery. CircRNAs have been reported to act as miRNA spon-
ges to regulate downstream gene levels, which has become
a very common physiological or pathological regulatory

mechanism.27 The dysregulation of miRNAs has also been
established in ESCC, and abundant miRNAs have been
discovered, such as miR-181b-5p. This has been found to
be dramatically upregulated in ESCC and strongly associ-
ated with poorer survival rates in patients.28 Our study
detected a substantial downregulation of miR-940 in ESCC
tissues and cells, while miR-940 overexpression had distinct
proliferation, metastasis and angiogenesis inhibitory and apo-
ptosis promoting effects. MiR-940 has regulatory roles in
other cancer types, such as in hepatocellular carcinoma
(HCC), and miR-940 has been identified as a differentially
expressed gene. MiR-940 upregulation has also been reported
to have a strong blocking effect on HCC progression both
in vivo and in vitro.29 Our study enriched the function of
miR-940 in various diseases and refined the molecular regula-
tory network in ESCC.

In our study, PRKAA1 was shown to be a downstream
regulatory molecule of miR-940. It was also detected to be
prominently upregulated in ESCC, and to be involved in
ESCC progression regulation. PRKAA1 had been widely
studied in various diseases. Yang et al. revealed that
PRKAA1 plays a regulatory role in atherosclerotic diseases,
and PRKAA1 knockdown suppresses glycolytic pathways

F I G U R E 9 Effect of circ_0003340 on tumor growth in mice in vivo. (a) Representative images of tumor tissues were shown. (b) Tumor tissues were
weighed. (c) Tumor tissue volume was measured. (d–f) Circ_0003340, miR-940 and PRKAA1 levels in tumor tissues were analyzed. (g) Ki67 content in
tumor tissues was measured by IHC assay. *p < 0.05
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and endothelial cell viability, in turn aggravating the dis-
ease.30 In gestational diabetes, PRKAA1 displayed lower
expression and PRKAA1 level affected inflammatory
responses and cell viability.31 Our study indicated an associ-
ation between PRKAA1 and ESCC cell proliferation, metas-
tasis and angiogenesis, and confirmed that circ_0003340
downregulation mitigated ESCC progression by targeting
miR-940/PRKAA1 axis. In conclusion, our research pro-
vides promising targets for the diagnosis and treatment
of ESCC.
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