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Background: Circular RNAs (circRNAs) have recently been shown as important regulators 
in the pathogenesis of non-small cell lung cancer (NSCLC). The purpose of this work was to 
explore the precise parts played by circRNA SEC31 homolog A (circSEC31A, hsa_-
circ_0001421) in NSCLC malignant progression.
Methods: The expression levels of circSEC31A, miR-376a and SEC31 homolog 
A (SEC31A) were gauged by quantitative real-time polymerase chain reaction (qRT-PCR) 
or Western blot. Subcellular fractionation assay was used to determine the subcellular 
localization of circSEC31A, and RNase R assay was performed to assess the stability of 
circSEC31A. Cell migration and invasion were detected by transwell assay, and cell apop-
tosis was evaluated using flow cytometry. Measurement of glucose consumption, lactate 
production and adenosine triphosphate (ATP) level were done using corresponding assay 
kits. The targeted interactions among circSEC31A, miR-376a and SEC31A were confirmed 
by the dual-luciferase reporter and RNA pull-down assays. Animal studies were performed 
to observe the role of circSEC31A in tumor growth in vivo.
Results: Our data indicated that circSEC31A and SEC31A were upregulated in NSCLC 
tissues and cells. CircSEC31A knockdown suppressed NSCLC cell migration, invasion, 
glycolysis and promoted apoptosis in vitro, as well as hindered tumor growth in vivo. 
Mechanistically, circSEC31A directly interacted with miR-376a, and circSEC31A depletion 
regulated NSCLC cell malignant progression by miR-376a. Moreover, SEC31A was 
a functional target of miR-376a, and it mediated the regulatory impact of miR-376a over-
expression on NSCLC cell progression. Furthermore, circSEC31A controlled SEC31A 
expression through acting as a miR-376a sponge.
Conclusion: Our findings first identified that the knockdown of circSEC31A suppressed 
NSCLC malignant progression at least partly through modulating SEC31A expression by 
acting as a miR-376a sponge, providing a novel molecular target of NSCLC therapy.
Keywords: NSCLC, circSEC31A, miR-376a, SEC31A, malignant progression

Introduction
Lung cancer is the most prevalent malignancy and the most common cause of 
cancer death worldwide,1 of which non-small cell lung cancer (NSCLC) accounts 
for approximately 85% of lung cancer cases.2 Despite remarkable advances in 
NSCLC treatment, the long-term survival of these patients is still unsatisfactory.3 
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This highlights an urgent need to develop novel diagnostic 
biomarkers and effective therapies for NSCLC.

Being covalently closed, circular RNAs (circRNAs) 
are emerging participators in cancer biology.4 By serving 
as natural microRNA (miRNA) sponges, numerous 
circRNAs have been demonstrated as crucial regulators 
in NSCLC pathogenesis.5,6 For instance, Chen et al 
reported that circ_100146 contributed to NSCLC malig-
nant progression by directly binding to miR-615-5p and 
miR-361-3p.7 Wang et al underscored that circ_0008305 
protected against the inhibition of transcriptional inter-
mediary factor 1γ to serve as a potential promoter in 
NSCLC metastasis via sponging miR-429/miR-200b-3p.8 

Cui et al illuminated that circ_0043278 functioned as 
a miR-520f sponge to enhance NSCLC development.9

SEC31 homolog A (SEC31A), an outer component of 
coat protein complex II (COPII), has been illuminated to 
be linked to NSCLC pathogenesis.10,11 More impor-
tantly, circRNA SEC31A (circSEC31A, hsa_-
circ_0001421), derived from the backsplice of SEC31A 
gene, was found to be overexpressed in NSCLC tumor 
tissues and contribute to NSCLC progression.12 

Although this report also uncovered a regulatory 
mechanism of circSEC31A in NSCLC, our understand-
ing of its molecular basis is still limited. Intriguingly, 
when we utilized computer algorithms to identify the 
molecular basis underlying the involvement of 
circSEC31A in NSCLC, we found a potential regulatory 
network, the circSEC31A/miR-376a/SEC31A axis. 
Previous work had demonstrated the anti-tumor role of 
miR-376a (also called miR-376a-3p) in NSCLC 
tumorigenesis.13,14

Here, we investigated the involvement of circSEC31A 
in NSCLC malignant progression. We identified 
circSEC31A as a sponge of miR-376a to influence 
SEC31A expression, thereby regulating NSCLC cell 
malignant behaviors in vitro and in vivo.

Materials and Methods
Bioinformatics
The expression pattern of SEC31A was evaluated by the 
starbase v.3 software in 526 lung adenocarcinoma specimens 
and 59 normal controls. Analysis for the miRNAs that 
potentially bind to circSEC31A was performed using online 
softwares starbase v.3 and circbank. The molecular targets of 
miR-376a were predicted using the microT-CDS software.

Clinical Samples and Cells
The tumor samples and the matched healthy tissues of 44 
patients with primary NSCLC, who had undergone pneu-
monectomy in Shandong Provincial Third Hospital, 
Shandong University from May 2015 to August 2017, 
were studied. The detailed information of these patients 
was provided in Table 1. The study protocol was approved 
by the Ethics Committee of Shandong Provincial Third 
Hospital, Shandong University, and informed consent was 
provided by all subjects before the start of the study.

Human normal 16HBE cells and A549 and H1299 
NSCLC cells were obtained from Bnbio (Beijing, China) 
and propagated in RPMI-1640 medium (Gibco, Lofer, 
Austria) supplemented with 10% Gibco fetal bovine 
serum (FBS) under standard conditions.

Quantitative Real-Time Polymerase Chain 
Reaction (qRT-PCR)
Total RNA isolated from tissues and cells with Tri-reagent 
(Invitrogen, Toyko, Japan) averaged 650 ng/mL when quanti-
fied using a spectrophotometer (HITACHI, Beijing, China). 
For circSEC31A and mRNA levels, RNA (10 ng) was 
reverse-transcribed into cDNA using QuantiTect RT Kit 
(Qiagen, Hombrechtikon, Switzerland) and then analyzed 
using qRT-PCR (Qiagen SYBR Green) and specific primers 

Table 1 Correlation of circSEC31A Expression with the 
Clinicopathological Characteristics of the NSCLC Patients

Clinicopathologic Features Relative 
circSEC31A Level

P value

High (%) Low (%)

Gender 0.8241
Male 14 (56.0) 11 (44.0)

Female 10 (52.6) 9 (47.4)

Age (years) 0.0769

≥55 16 (66.7) 8 (33.3)

<55 8 (40.0) 12 (60.0)

Tumor size (cm) 0.0147

≥5 12 (80.0) 3 (20.0)
<5 12 (41.4) 17 (58.6)

TNM stage 0.0059
I+II 8 (34.8) 15 (65.2)

III 16 (76.2) 5 (33.8)

Lymphatic metastasis 0.0189

No 14(43.8) 18 (56.2)

Yes 10 (83.3) 2 (16.7)
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(provided in Table 1) in triplicate. For miRNA expression, 
cDNA was synthesized using Qiagen miScript RT Kit and then 
subjected to qRT-PCR with miScript SYBR Green and pri-
mers for miRNA (provided in Table 2) in triplicate. Fold 
changes were determined by the comparative Ct (2−ΔΔCt) 
method, normalizing the results to the expression of β-actin 
or U6.

Western Blot
Protein extracts were prepared using HEPES lysis buf-
fer and quantified with the BCA assay (Thermo Fisher 
Scientific, Runcorn, UK). After immunoblotting, the 
proteins were transferred onto a Hybond polyvinyli-
dene fluoride membrane (GE Healthcare, Little 
Chalfont, UK). Following the probe with anti- 
SEC31A (1:2000, Invitrogen) or anti-β-actin (1:3000, 
Invitrogen) antibody, the immunocomplexes were trea-
ted with secondary antibody (1:10,000, Invitrogen) 
before being visualized by the enhanced 
Chemiluminescence (GE Healthcare).

Subcellular Fractionation Assay
RNA was obtained from the cytoplasm and nucleus of 
H1299 and A549 cells, respectively, using Cytoplasmic 
& Nuclear RNA Purification Kit based on the guidance 
of manufacturers (Norgen Biotek, Thorold, ON, Canada). 
Each measurement was done with 1 ng of RNA, and 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
and U6 were used as internal controls.

RNase R Assay
This assay was carried out by adding 10 U of RNase 
R (GENESEED, Guangzhou, China) into 2.5 µg of RNA 
and 20 min incubation at 37°C.

Transient Transfection of Cells
CircSEC31A overexpression plasmid was created by clon-
ing its full-length sequence into the pCD-ciR vector 
(GENESEED) with EcoR I and BamH I sites. SEC31A 
overexpression plasmid was generated by inserting human 
SEC31A sequence into the pcDNA3.1 vector (Invitrogen) 

Table 2 Sequences Used for PCR Primers and Oligonucleotides

Primers for PCR (5ʹ-3ʹ)

CircSEC31A Forward TCTCTGGAGTTCTGATTGCAGGTGG
Reverse CTAGGTAAATGGGGTGATTCTGG

SEC31A linear mRNA Forward 

Reverse

TCAGCAATTGGATGCAACAT 

CACCTGCAATCAGAACTCCA

SEC31A mRNA Forward TTGCTTCCTCTCCACTTCGT
Reverse CACTGTGTGTTGGTGGGAAG

miR-376a Forward ATGCCAAGTTAGGTCCATTCGT
Reverse GCACAGTGCATCATAGAGGAAAAT

β-actin Forward 

Reverse

TCATGAAGTGTGACGTGGACATC 

CAGGAGGAGCAATGATCTTGATCT

GAPDH Forward CCTGGCCAAGGTCATCCATG
Reverse GGAAGGCCATGCCAGTGAGC

U6 Forward CTCGCTTCGGCAGCACA
Reverse AACGCTTCACGAATTTGCGT

si-circSEC31A#1 TCCAGGATGAAGTTAAAGGAA

si-circSEC31A#2 TTCCAGGATGAAGTTAAAGGA

si-circSEC31A#3 AACATTTTCCAGGATGAAGTT
si-con AACAGTCGCGTTTGCGACTGG

miR-376a mimic UGCACCUAAAAGGAGAUACUA

miR-con mimic CGAUCGCAUCAGCAUCGAUUGC
in-miR-376a UAGUAUCUCCUUUUAGGUGCA

in-miR-con CAGUACUUUUGUGUAGUACAA
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opened with Not I and Xba I. Subconfluent cells in 24-well 
plates were transiently transfected with 60 nM of siRNAs 
targeting circSEC31A (si-circSEC31A#1, si-circSEC31A#2 
or si-circSEC31A#3) or a nontarget siRNA control (si-con), 
200 ng of the indicated plasmids, 30 nM of miR-376a mimic 
or negative mimic control (miR-con mimic), the inhibitor of 
mature miR-376a (in-miR-376a) or corresponding oligonu-
cleotide control (in-miR-con) using the Lipofectamine 3000 
(Invitrogen) following the suggestion of manufacturers. All 
oligonucleotides were obtained from GenePharma 
(Shanghai, China) and their sequences were shown in 
Table 2.

Transwell Migration and Invasion Assays
24-Transwell chambers (Corning, Tewksbury, MA, USA) 
with non-coated insert membranes (8-µm pore size) and 
Matrigel-coated membrane inserts were used for transwell 
migration and invasion assays, respectively. Transfected 
cells in 0.5% FBS medium were seeded into the top 
chamber, and media containing 15% FBS was used as 
a chemoattractant in the bottom. 24 h later, the cells that 
had migrated or invaded to the lower surface of the mem-
brane were counted under a microscope at 100× magnifi-
cation after being stained with 1% crystal violet.

Flow Cytometry
After 48 h transfection, about 10,000 cells were resus-
pended in a 500 µL volume of binding buffer containing 
1.25 µL of Annexin V-FITC and 10 µL of propidium 
iodide based on the directions of the Apoptosis Kit 
(Elabscience, Wuhan, China). A BD flow cytometer (BD 
Biosciences, Heidelberg, Germany) was employed for data 
analysis.

Determination of Glucose Consumption, 
Lactate Production and Adenosine 
Triphosphate (ATP) Level
These were performed using the Colorimetric glucose 
consumption, lactate production, and ATP level Assay 
Kits, respectively, as per the recommendation of manufac-
turers (Elabscience).

RNA Pull-Down Assay
Biotin-labeled circSEC31A and the segment of SEC31A 
3ʹUTR harboring miR-376a-matched region (circSEC31A 
probe and SEC31A probe) were obtained from VIAGENE 
(Shanghai, China), with the nontarget sequence labeled by 

biotin as the negative control. Cells were homogenized in 
lysis buffer and then incubated with circSEC31A probe or 
SEC31A probe for 3 h at 4°C before adding Streptavidin 
agarose beads (GlpBio, Shanghai, China) for 3 
h. Subsequently, total RNA was extracted from the beads 
and then subjected to qRT-PCR for gene expression.

Dual-Luciferase Reporter Assay
The segments of circSEC31A and SEC31A 3ʹUTR harbor-
ing miR-376a-matched region or miss-matched target sites 
were individually inserted into pmirGLO plasmid 
(Promega, Southampton, UK). 50 ng of the indicated 
luciferase reporter was introduced into NSCLC cells with 
the mimic of miR-con or miR-376a at a final concentration 
of 30 nM. Luciferase activities were determined using the 
Promega Dual-Luciferase Assay Kit after 24 
h transfection.

Generation of Stable Cell Line
shRNA lentiviruses encoding sequence targeting 
circSEC31A (sh-circSEC31A) or nontarget control (sh- 
con) were purchased from HANBIO (Shanghai, China). 
For lentiviral transduction, A549 cells of 50% confluence 
were infected by virus particles in media containing 8 µg/ 
mL of polybrene. 24 h later, the vector-positive cells were 
selected by 1 µg/mL of puromycin over 72 h.

Animal Studies
All protocols for animal studies were approved by the 
Animal Care and Use Ethics Committee of Shandong 
Provincial Third Hospital, Shandong University, and all 
animal procedures were performed according to the 
Academia Sinica IACUC and Council of Agriculture 
Guidebook for the Care and Use of Laboratory Animals. 
About 1 × 107 A549 cells transduced with or without sh- 
circSEC31A or sh-con were implanted into the right side 
of each male BALB/c nude mice (Shanghai Animal 
Laboratory Center, Shanghai, China; n = 6 each group) 
by subcutaneous injection. The volume of the tumors 
(length × width2 × 0.5) was monitored every week and 
the tumors were excised at the end of the experiment.

Statistical Analysis
Unless otherwise indicated, all data were analyzed using 
a Student’s t-test, Mann–Whitney U-test or analysis of 
variance (ANOVA). Data were presented as the mean ± 
standard deviation. The correlations among circSEC31A, 
miR-376a and SEC31A in tumor samples were evaluated 
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by the Spearman correlation test. The P values were *P < 
0.05, **P < 0.01 or ***P < 0.001.

Results
CircSEC31A and SEC31A Were 
Overexpressed in NSCLC Tissues and 
Cells
For preliminary investigation for the involvement of 
circSEC31A in NSCLC pathogenesis, we firstly determined 
its expression pattern in NSCLC tissues and cells. As 
demonstrated by qRT-PCR, in contrast to their counterparts, 
circSEC31A was significantly overexpressed in NSCLC tis-
sues and cells (Figure 1A and B). Using the starBase v.3 
software, a significant up-regulation of SEC31A was discov-
ered in lung cancer tissues compared to the normal controls 
(Figure 1C). We then assessed the level of SEC31A in 
NSCLC tissues and cells. The data revealed that SEC31A 
expression was higher in NSCLC tissues than that of control 
(Figure 1D). Of interest, a positive correlation between 
SEC31A level and circSEC31A expression was found in 
NSCLC tissues (Figure 1E). Likewise, SEC31A expression 
was remarkably elevated in NSCLC cells compared with 
16HBE cells (Figure 1F). Additionally, as shown in Table 1, 

circSEC31A expression was closely associated with tumor 
size, TNM stage and lymphatic metastasis of these patients.

Knockdown of circSEC31A Restrained 
NSCLC Cell Migration, Invasion, 
Glycolysis and Enhanced Cell Apoptosis 
in vitro
To determine the subcellular localization of circSEC31A 
in NSCLC cells, we performed subcellular fractionation 
assays. These results showed that circSEC31A was 
mainly localized in the cytoplasm of A549 and H1299 
cells (Figure 2A). Moreover, the incubation of RNase 
R led to a prominent reduction in the level of SEC31A 
linear mRNA, and circSEC31A was resistant to RNase 
R (Figure 2B), demonstrating the inherent stability of 
circSEC31A.

To elucidate the biological effect of circSEC31A on 
NSCLC progression, we then carried out in vitro loss- 
of-function analyses by silencing circSEC31A using 
specific siRNAs (si-circSEC31A#1, si-circSEC31A#2 
or si-circSEC31A#3). Transient transfection of 
siRNAs, but not the negative si-con control, signifi-
cantly down-regulated the expression of circSEC31A 

Figure 1 CircSEC31A and SEC31A were significantly upregulated in NSCLC tissues and cells. The expression of circSEC31A by qRT-PCR in 44 pairs of tumor tissues and 
matched non-tumor tissues (A), 16HBE, A549 and H1299 cells (B). (C) The expression pattern of SEC31A in 526 lung adenocarcinoma specimens and 59 normal controls 
showed by the starbase v.3 software. (D) SEC31A level by qRT-PCR in 44 pairs of tumor tissues and matched non-tumor tissues. (E) Correlation of SEC31A level and 
circSEC31A expression in 44 NSCLC tissues using the Specimen test. (F) SEC31A level by qRT-PCR in 16HBE, A549 and H1299 cells. ***P < 0.001.
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in the two NSCLC cell lines (Figure 2C and D). si- 
circSEC31A#1 caused the most significant reduction in 
circSEC31A level, so we selected it (also called si- 
circSEC31A) for further analyses. Transwell assays 
showed that circSEC31A depletion induced a striking 
repression in cell migration (Figure 2E) and invasion 
(Figure 2F). Conversely, the silencing of circSEC31A 

in both the cell lines caused a prominent promotion in 
cell apoptosis compared to the negative control (Figure 
2G). Furthermore, circSEC31A knockdown resulted in 
decreased levels of glucose consumption (Figure 2H), 
lactate production (Figure 2I) and ATP (Figure 2J) in 
the two NSCLC cell lines, indicating the suppression 
of circSEC31A knockdown on cell glycolysis.

Figure 2 CircSEC31A knockdown hindered NSCLC cell migration, invasion, glycolysis and enhanced cell apoptosis in vitro. (A) The subcellular localization of circSEC31A in 
NSCLC cells using subcellular fractionation assays, with GAPDH and U6 as internal controls. (B) The levels of SEC31A linear mRNA (linear-SEC31A) and circular transcript 
(circular-SEC31A) by qRT-PCR in total cellular RNA incubated with RNase R. (C and D) CircSEC31A expression by qRT-PCR in A549 and H1299 cells transfected with si- 
con, si-circSEC31A#1 (si-circSEC31A), si-circSEC31A#2 or si-circSEC31A#3. Cell migration and invasion by transwell assay (100× magnification, (E and F), cell apoptosis by 
flow cytometry (G), the levels of glucose consumption, lactate production and ATP using assay kits (H–J) in A549 and H1299 cells transfected with si-con or si-circSEC31A. 
**P < 0.01 or ***P < 0.001.
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CircSEC31A Directly Interacted with 
miR-376a via Binding to miR-376a
To further understand the role of circSEC31A in 
NSCLC, we performed a detailed analysis for the 
miRNAs that potentially bind to circSEC31A. Using 
both starbase and circbank softwares, the predicted 
data showed that circSEC31A harbored a region that 
matches the target sequences of 13 miRNAs (Figure 
3A). To identify the direct interaction between 
circSEC31A and the 13 candidate miRNAs, we subse-
quently performed RNA pull-down assays with 
circSEC31A-specific probe. In comparison to the nega-
tive control, circSEC31A enrichment level was signifi-
cantly elevated by circSEC31A probe in the two 
NSCLC cell lines (Figure 3B). Moreover, circSEC31A 
probe led to a remarkable increase in the enrichment 

levels of miR-376b, miR-383-5p, miR-376a and miR- 
525-5p in both two cell lines (Figure 3C and D). Among 
the four candidates, miR-376a was the most significantly 
elevated miRNA, so we assumed it as a targeted miRNA 
of circSEC31A. To address this possibility, we cloned 
the circSEC31A fragment into a luciferase plasmid and 
mutated the miR-376a-matched sites (Figure 3E). When 
we performed dual-luciferase reporter assays, the 
cotransfection of wild-type reporter construct 
(circSEC31A-WT) and miR-376a mimic into the two 
cell lines produced lower luciferase activity than cells 
cotransfected with miR-con control (Figure 3F and G). 
However, when the target sites were mutated 
(circSEC31A-MUT), little reduction was observed in 
luciferase activity in the presence of miR-376a mimic 
(Figure 3F and G). In NSCLC tissues, miR-376a 

Figure 3 CircSEC31A directly interacted with miR-376a in NSCLC cells. (A) Venn diagram representing the potential miRNAs that bind to circSEC31A predicted by both 
starbase and circbank softwares. The enrichment level of circSEC31A (B) and the 13 candidate miRNAs (C and D) by circSEC31A probe in the two cells. (E) Schematic 
model of the miR-376a-matched sites within circSEC31A and the mutation in the seed region. (F and G) Relative luciferase activity in A549 and H1299 cells cotransfected 
with circSEC31A-WT or circSEC31A-MUT and miR-con mimic or miR-376a mimic. (H) The expression of miR-376a by qRT-PCR in 44 pairs of tumor tissues and matched 
non-tumor tissues. (I) Correlation of miR-376a level and circSEC31A expression in 44 NSCLC tissues using the Spearman test. (J) MiR-376a level by qRT-PCR in 16HBE, 
A549 and H1299 cells. (K) Relative circSEC31A expression by qRT-PCR in A549 and H1299 cells transfected with pcDNA or circSEC31A. (L and M) MiR-376a level in A549 
and H1299 cells transfected with pcDNA, circSEC31A, si-con or si-circSEC31A. *P < 0.05, **P < 0.01 or ***P < 0.001. 
Abbreviations: pcDNA, negative control plasmid; circSEC31A, circSEC31A overexpressing plasmid.
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expression was prominently reduced and inversely cor-
related with circSEC31A level (Figure 3H and I). 
Additionally, in contrast to the normal control, miR- 
376a was prominently underexpressed in both A549 
and H1299 cells (Figure 3J). To elucidate whether 
circSEC31A regulated miR-376a expression, we 
manipulated circSEC31A level in the two NSCLC 
cells. The transfection efficiency of circSEC31A over-
expressing plasmid was gauged by qRT-PCR (Figure 
3K). As expected, miR-376a expression was strikingly 
decreased by circSEC31A overexpressing plasmid, 
while it was remarkably increased following 

circESC31A silencing in both the cells (Figure 3L 
and M).

CircSEC31A Regulated NSCLC Cell 
Migration, Invasion, Glycolysis and 
Apoptosis in vitro by miR-376a
We then examined whether miR-376a was a molecular med-
iator of circSEC31A in NSCLC progression. As shown by 
qRT-PCR, the transfection of in-miR-376a notably abated si- 
circSEC31A-caused miR-376a upregulation in the two 
NSCLC cell lines (Figure 4A and B). Functional analyses 
data revealed that the reduced level of miR-376a strikingly 

Figure 4 The knockdown of circSEC31A regulated NSCLC cell migration, invasion, apoptosis and glycolysis by up-regulating miR-376a. A549 and H1299 cells were 
transfected with si-con, si-circSEC31A, si-circSEC31A+in-miR-con or si-circSEC31A+in-miR-376a. (A and B) MiR-376a expression by qRT-PCR in transfected cells. (C–F) 
Cell migration and invasion using transwell assay. (G and H) Cell apoptosis by flow cytometry. (I–N) The levels of glucose consumption, lactate production and ATP using 
assay kits. *P < 0.05, **P < 0.01 or ***P < 0.001.
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abolished circSEC31A knockdown-induced anti-migration 
(Figure 4C and D), anti-invasion (Figure 4E and F) and pro- 
apoptosis (Figure 4G and H) effects. Furthermore, miR-376a 
downregulation remarkably abrogated the reduced effects of 
circSEC31A depletion on glucose consumption (Figure 4I 
and J), lactate production (Figure 4K and L) and ATP levels 
(Figure 4M and N) in both cell lines.

SEC31A in NSCLC Cells Was Directly 
Targeted and Inhibited by miR-376a
Using the microT-CDS software, a potential target sequence 
for miR-376a was discovered within the 3ʹUTR of SEC31A 
(Figure 5A). To validate this, we used SEC31A 3ʹUTR 
reporter constructs (SEC31A-WT or SEC31A-MUT) con-
taining wild-type or mutant-type miR-376a-matched sites in 
dual-luciferase assays. Transient introduction of SEC31A- 
WT in the presence of miR-376a mimic caused a significant 
reduction in luciferase activity, and this effect was dramati-
cally abrogated by SEC31A-MUT (Figure 5B and C). RNA 
pull-down data revealed that in contrast to the control group, 
the enrichment levels of SEC31A mRNA and miR-376a 
were synchronously elevated by SEC31A probe in the two 
NSCLC cell lines (Figure 5D–F). Of interest, in NSCLC 
tissues, a strong inverse correlation between SEC31A 
mRNA expression and miR-376a level was found 

(Figure 5G). Furthermore, the data of Western blot showed 
that SEC31A expression was strikingly decreased by miR- 
376a overexpression and increased as a result of miR-376a 
depletion in the two cell lines (Figure 5H and I).

MiR-376a Overexpression Hampered 
NSCLC Cell Migration, Invasion, 
Glycolysis and Promoted Apoptosis 
in vitro by Down-Regulating SEC31A
In addition to the reduced impact on SEC31A expression 
(Figure 6A and B), the elevated expression of miR-376a led 
to a distinct inhibition in cell migration (Figure 6C and D), 
invasion (Figure 6E and F), and a clear enhancement in cell 
apoptosis (Figure 6G and H), as well as a strong down-
regulation in glucose consumption (Figure 6I and J), lactate 
production (Figure 6K and L) and ATP level (Figure 6M and 
N). We then asked whether SEC31A was involved in miR- 
376a-mediated regulation on NSCLC malignant progression. 
As shown by Western blot, the transfection of SEC31A 
overexpressing plasmid dramatically abolished miR-376a 
overexpression-mediated SEC31A down-regulation (Figure 
6A and B). Functional experiments results revealed that 
SEC31A expression restoration remarkably abrogated miR- 
376a overexpression-induced anti-migration (Figure 6C and 

Figure 5 SEC31A was a direct target of miR-376a. (A) Schematic of the miR-376a-matched sites within the 3ʹUTR of SEC31A and the mutation in the target region. (B and 
C) Relative luciferase activity in A549 and H1299 cells cotransfected with SEC31A-WT or SEC31A-MUT and miR-con mimic or miR-376a mimic. The levels of SEC31A 
mRNA (D) and miR-376a (E and F) by qRT-PCR in cell lysates incubated with SEC31A probe or nontarget control. (G) Correlation of SEC31A mRNA expression and miR- 
376a level in NSCLC tissues using the Spearman test. (H and I) SEC31A protein level by Western blot in A549 and H1299 cells transfected with miR-con mimic, miR-376a 
mimic, in-miR-con or in-miR-376a. **P < 0.01 or ***P < 0.001.
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D) and anti-invasion (Figure 6E and F), pro-apoptosis 
(Figure 6G and H) and anti-glycolysis (Figure 6I–N) effects.

CircSEC31A Controlled SEC31A 
Expression Through Sponging miR-376a
We next undertook to determine whether, if so, how 
circSEC31A regulated SEC31A in NSCLC cells. By con-
trast, in both cell lines, SEC31A protein expression was 
significantly elevated by circSEC31A overexpressing plas-
mid (Figure 7A), and it was prominently reduced when 
circSEC31A knockdown (Figure 7B). Nevertheless, the 
regulatory impact of circSEC31A on SEC31A expression 
was significantly abrogated by miR-376a level alteration 
in the two NSCLC cell lines (Figure 7A and B).

Knockdown of circSEC31A Weakened 
Tumor Growth in vivo
A crucial question was whether circSEC31A could regu-
late tumor growth in vivo. To address the possibility, we 
implanted sh-circSEC31A-transduced or sh-con-infected 
A549 cells into the nude mice to generate the xenograft 
model. In comparison to the negative control, the trans-
duction of sh-circSEC31A caused a remarkable reduction 
in tumor growth (Figure 8A and B). Furthermore, the data 
of qRT-PCR and Western blot showed that circSEC31A 
and SEC31A were significantly underexpressed and miR- 
376a was strikingly overexpressed in the tumor tissues 
derived from the sh-circSEC31A-transduced A549 cells 
(Figure 8C–E).

Figure 6 MiR-376a overexpression repressed NSCLC cell migration, invasion, glycolysis and accelerated apoptosis by down-regulating SEC31A. A549 and H1299 cells were 
transfected with miR-con mimic, miR-376a mimic, miR-376a mimic+pcDNA or miR-376a mimic+SEC31A, followed by the determination of SEC31A expression by Western 
blot (A and B), cell migration and invasion by transwell assay (C–F), cell apoptosis by flow cytometry (G and H), and the levels of glucose consumption, lactate production 
and ATP using assay kits (I–N). **P < 0.01 or ***P < 0.001. 
Abbreviations: pcDNA, negative control plasmid; circSEC31A, circSEC31A overexpressing plasmid.
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Discussion
Accumulating evidence is pointing towards circRNAs as 
key players in NSCLC pathogenesis, highlighting a novel 
field of diagnostic and therapeutic opportunities.6,15 

However, identifying the precise actions of these 
circRNAs in NSCLC pathogenesis has been challenging. 
In this work, we investigated the precise, critical parts of 
circSEC31A in NSCLC progression.

Here, we demonstrated the remarkable overexpression of 
circSEC31A in NSCLC, consistent with previous work.12 As 
has been reported for other circRNAs,16,17 circSEC31A was 
unusually stable and resistant to RNase R, owing to the lack 
of both 5ʹ and 3ʹ ends.18 As a hallmark of cancer biology, the 
enhanced glycolysis can satisfy the increasing energy 
requirement of cancer cells and promote cancer 
development.19 By a series of functional analyses, we identi-
fied the oncogenic activity of circSEC31A in NSCLC in vitro 
and in vivo. Our data also demonstrated the mainly cytoplas-
mic localization of circSEC31A in NSCLC cells, providing 
a possibility for its interaction with miRNAs.4

It is widely accepted that many circRNAs exert crucial 
functions in cancer biology by working as miRNA 
inhibitors.20 For the first time, we validated that 
circSEC31A in NSCLC cells directly interacted with 
miR-376a by binding to miR-376a. Work in a number of 
laboratories has indicated that as a member of 14q32 
miRNA clusters, miR-376a can function as a strong 
tumor suppressor in many human cancers, such as giant 
cell tumor of bone, osteosarcoma and melanoma.21–23 On 
the contrary, miR-376a has been testified to be overex-
pressed and work as a potential promoter in ovarian cancer 
and papillary thyroid cancer.24–26 Moreover, miR-376a 
was reported to associate with poor outcome after resec-
tion in lung adenocarcinoma.27 Here, we validated the 
anti-tumor activity of the increased miR-376a expression 
in NSCLC, as has been reported.13 More importantly, we 
first identified miR-376a as a molecular mediator of 
circSEC31A on NSCLC malignant progression.

In NSCLC cells, the circRNA/miRNA/mRNA regula-
tory network has been most frequently reported.28–30 In 
this report, we were first to highlight that miR-376a in 

Figure 7 CircSEC31A regulated SEC31A expression by working as a miR-376a sponge. (A) SEC31A expression by Western blot in A549 cells transfected with pcDNA, 
circSEC31A, circSEC31A+miR-con mimic or circSEC31A+miR-376a mimic. (B) SEC31A expression in H1299 cells transfected with si-con, si-circSEC31A, si-circSEC31A+in- 
miR-con or si-circSEC31A+in-miR-376a. ***P < 0.001.
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NSCLC cells directly targeted SEC31A, which was ver-
ified to be significantly overexpressed in NSCLC. 
SEC31A-anaplastic lymphoma kinase (ALK) fusion gene 
was implicated in NSCLC pathogenesis.10 Additionally, 
SEC31A mutation was discovered to have relevance to 
afatinib resistance in NSCLC.11 For the first time, our 
data uncovered that the elevated expression of miR-376a 
exerted a repressive effect in NSCLC progression by 
SEC31A. More interestingly, we first demonstrated that 
circSEC31A controlled SEC31A expression via sponging 
miR-376a. Animal studies showed that circSEC31A deple-
tion resulted in increased miR-376a level and decreased 
SEC31A expression in the tumor tissues. Hence, more 
explorations about the new regulatory mechanism in vivo 
will be done in further work.

In conclusion, to our knowledge, this is the first report 
that the reduced circSEC31A level hampered NSCLC 
malignant progression via modulating SEC31A expression 
by working as a miR-376a sponge. A further challenge 
will be to identify how the novel network influences 
NSCLC cell malignant behaviors in vitro and in vivo.

Highlights
(1) CircSEC31A directly interacted with miR-376a 
through binding to miR-376a.
(2) CircSEC31A controlled SEC31A expression through 
acting as a miR-376a sponge.
(3) CircSEC31A knockdown suppressed NSCLC malignant 
progression through regulating the miR-376a/SEC31A axis.
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