
RESEARCH PAPER

Circular RNA circ_0003028 contributes to tumorigenesis by regulating GOT2 via 
miR-1298-5p in non-small cell lung cancer
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ABSTRACT
Non-small cell lung cancer (NSCLC) is a common malignant tumor, with high morbidity and 
mortality. Circular RNA (circRNA) circ_0003028 was reported to be upregulated in NSCLC. This 
study is designed to explore the role and mechanism of circ_0003028 on NSCLC progression. In 
this work, circ_0003028, microRNA-1298-5p (miR-1298-5p), and glutamic oxaloacetic transaminase 
2 (GOT2) level were detected by real-time quantitative polymerase chain reaction (RT-qPCR). The 
localization of circ_0003028 was analyzed by subcellular fractionation assay. Cell proliferation, 
colony number, cell cycle progression, apoptosis, migration, invasion, and angiogenesis were 
measured by Cell Counting Kit-8 (CCK-8), colony formation, flow cytometry, transwell, and tube 
formation assays. Protein levels of Beclin1, light chain 3 (LC3)-II/LC3-I, GOT2, proliferating cell 
nuclear antigen (PCNA) were examined by western blot assay. The binding relationship between 
miR-1298-5p and circ_0003028 or GOT2 was predicted by circular RNA Interactome or starbase 
and then verified by dual-luciferase reporter, RNA Immunoprecipitation (RIP), and RNA pull-down 
assays. The biological role of circ_0003028 on NSCLC tumor growth was examined by the 
xenograft tumor model in vivo. We reported that circ_0003028 and GOT2 were upregulated, 
and miR-1298-5p was decreased in NSCLC tissues and cells. Moreover, circ_0003028 knockdown 
curbed cell proliferative ability, migration, invasion, angiogenesis, and facilitate apoptosis and 
autophagy in NSCLC cells in vitro. Mechanical analysis discovered that circ_0003028 regulated 
GOT2 expression by sponging miR-1298-5p. Circ_0003028 silencing hindered the cell growth of 
NSCLC in vivo. Taken together, circ_0003028 knockdown could suppress NSCLC progression partly 
by regulating the miR-1298-5p/GOT2 axis, providing an underlying therapeutic target for NSCLC.

ARTICLE HISTORY
Received 9 February 2021 
Revised 20 May 2021 
Accepted 21 May 2021 

KEYWORDS
Circ_0003028; miR-1298-5p; 
GOT2; non-small cell lung 
cancer

CONTACT Hongjun Guan guan1139@163.com Department of Thoracic Surgery, Jianhu Hospital Affiliated to Nantong University, No. 666, South Ring 
Road, Jianhu County, Yancheng 224700, China

Supplemental data for this article can be accessed here

BIOENGINEERED
2021, VOL. 12, NO. 1, 2326–2340
https://doi.org/10.1080/21655979.2021.1935064

© 2021 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which 
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

http://orcid.org/0000-0002-5227-4084
https://doi.org/10.1080/21655979.2021.1935064
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/21655979.2021.1935064&domain=pdf&date_stamp=2021-06-02


Introduction

As a most common malignant tumor, lung cancer 
has been considered a global problem with high 
morbidity and mortality [1,2], with non-small cell 
lung cancer (NSCLC) occupying about 80% of 
lung cancer cases [3]. Although traditional treat-
ments, including surgical resection and adjuvant 
chemotherapy, have made considerable progress, 
the prognosis of NSCLC patients remains dismal 
due to the recurrence and metastasis [4]. This 
highlights an imperative need for exploring the 
mechanisms underlying NSCLC tumorigenesis to 
develop more effective therapies for NSCLC.

In recent years, some researchers have 
reported that approximately 90% of the human 
genome is likely to be actively transcribed into 
non-coding RNA [5]. As a distinct group of non- 
coding RNAs, circular RNAs (circRNAs) are 
derived from back-splicing of a single pre- 
mRNA, with a covalently closed-loop structure 
[6,7]. Since circRNAs have remarkable stability 
and high abundance, emphasizing the impor-
tance of circRNAs in human diseases diagnosis 
and prognosis, including cancer [8,9]. In fact, 
a number of articles have documented that the 
abnormal expression of circRNAs has an inex-
tricable correlation in the tumorigenesis and pro-
gression of NSCLC [10]. For example, Li et al. 
displayed that the forced expression of hsa_-
circ_0046263 could aggravate the malignancy of 
the tumor by boosting carcinogenesis and metas-
tasis in NSCLC cells [11]. Analogously, Cheng 
et al. presented that the reduced expression of 
circSEC31A could repress cell migration, inva-
sion, and glycolysis through binding to miR- 
376a in NSCLC cells [12]. Notably, prior research 
described that circ_0003028, a novel circRNA 
originating from Fucosyltransferase 8 (FUT8), 
has been proven to be increased in liver cancer 
for the first time [13]. Furthermore, the high 
expression of circ_0003028 was previously 
proved to have diagnostic value in NSCLC in 
GSE101586, GSEE101684, and GSE112214 data-
sets [14], implying the vital role of circ_0003028 
in NSCLC. However, the precise action and 
mechanism of circ_0003028 are far from being 
addressed in NSCLC.

To date, numerous studies discovered that 
circRNAs could serve as essential regulators in 
human cancer biology through sponging their target 
microRNAs (miRNAs) [15,16]. Here, we first found 
that circ_0003028 possessed some binding sites with 
miR-1298-5p. Furthermore, the tumor-suppressive 
role of miR-1298-5p has been reported in breast can-
cer, bladder cancer, and gastric cancer [17–19]. 
Meanwhile, miR-1298-5p was proved to hinder cell 
proliferation, migration, and invasion in NSCLC cells. 
Therefore, we aimed to explore whether the regula-
tory role of circ_0003028 on NSCLC progression 
could be mediated by interacting with miR-1298-5p. 
Also, our findings could lay a new theoretical basis for 
developing targeted NSCLC clinical therapy.

Materials and methods

Clinical samples and cell culture

NSCLC tumor tissue samples (n = 53) and 
matched adjacent normal tissues (n = 53) were 
provided by NSCLC patients from Jianhu 
Hospital Affiliated to Nantong University in this 
research, which was approved by the Ethics 
Committee of Jianhu Hospital Affiliated to 
Nantong University. The written informed con-
sent was signed by each participant.

In this study, all cells were obtained from the 
American Type Culture Collection (ATCC, 
Manassas, VA, USA) and maintained in a moist 
atmosphere with 5% CO2 at 37°C. Then, normal 
human bronchial epithelial cell-line BEAS-2B was 
cultured in BEBM kit (Lonza/Clonetics Corporation, 
Walkersville, MD, USA). Meanwhile, NSCLC cell 
lines (A-549, NCI-H1299, and NCI-H460) were 
grown in the Roswell Park Memorial Institute-1640 
medium (RPMI; Gibico, Grand Island, NY, USA) 
with 10% fetal bovine serum (FBS; PAN Biotech, 
Aidenbach, Germany) and 1% penicillin/streptomy-
cin (PAN Biotech).

Real-time quantitative polymerase chain 
reaction (RT-qPCR)

According to the standard procedure of TRIzol 
reagent (Invitrogen, Paisley Scotland, UK), total 
RNAs were extracted from clinical specimens or 
cell lines, followed by quantization with 
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a NanoDrop ND-1000 (NanoDrop Technologies, 
Waltham, Massachusetts, USA). After reverse 
transcription with PrimeScript RT Reagent Kit 
(TaKaRa, Tokyo, Japan) and TaqMan Advanced 
miRNA cDNA Synthesis Kit (Applied Biosystems, 
Foster City, CA, USA), the mixture of cDNA, 
SYBR (TaKaRa), and specific primer pairs 
(RiboBio, Guangzhou, China) was applied for RT- 
qPCR reaction on Thermal Cycler CFX6 System 
(Bio-Rad, Foster City, California, USA). With 
GAPDH for circ_0003028, linear FUT8, and 
Glutamic oxaloacetic transaminase 2 (GOT2) and 
U6 for miR-1298-5p as the corresponding internal 
reference, the relative RNA level was analyzed by 
the 2–ΔΔCt method, and the primers were shown as 
below:

circ_0003028: 5�- 
GTCCAAGATTCTGGCAAAGC-3� (sense), 5�- 
TCAAAGAGATCCTCCTGGTGA-3� (antisense);

linear FUT8: 5�- 
ACTACTTTGTGTGCTGGGGC-3� (sense), 5�- 
GGACTCGGAAAATTCCCGGC-3� (antisense);

miR-1298-5p: 5�-TCATTCGGCTGTCCAGA- 
3� (sense), 5�-GAACATGTCTGCGTATCTC −3� 
(antisense);

GOT2: 5�-GAGCAGGGCATCAATGTCTG-3� 
(sense), 5�-GTTGGAATACAGGGGACGGA-3� 
(antisense);

U6: 5�-CTCGCTTCGGCAGCACA-3� (sense), 
5�-AACGCTTCACGAATTTGCGT-3� 
(antisense);

GAPDH: 5�-GGTCACCAGGGCTGCTTT-3� 
(sense), 5�-GGAAGATGGTGATGGGATT-3� 
(antisense).

Subcellular fractionation assay and Ribonuclease 
R (RNase R) treatment

For subcellular fractionation assay, RNA was 
acquired from the nuclear and cytoplasmic frac-
tions of A-549 and NCI-H1299 cells, referring to 
the instructions of the PARIS kit (Ambion, Austin, 
TX, USA). Subsequently, the assessment of 
circ_0003028, U6 (nucleus control), and 18S 
rRNA (cytoplasm control) was done by RT-qPCR 
assay. For RNase R digestion, the isolated RNA 
was incubated with RNase R (4 U/μg, Qiagen, 
Valencia, CA, USA) at 37°C for 60 min, followed 
by purification with an RNeasy MinElute Cleaning 

Kit (Qiagen). Then, the determination of 
circ_0003028 and linear FUT8 mRNA level was 
performed using RT-qPCR assay.

Cell transfection

For silencing circ_0003028, small interfering 
RNAs specific to circ_0003028 (si-circ 
_0003028#1: 5�- 
GGCCGAATCTCTCCGCATGTA-3�, si-circ 
_0003028#2: 5�- 
CCGAATCTCTCCGCATGTAGA-3�, si-circ 
_0003028#3: 5�- 
TGGCCGAATCTCTCCGCATGT-3�) and the 
relative si-NC (5�- 
AAUUCUCCGAACGUGUCACGU-3�) were pur-
chased from RiboBio (Guangzhou, China). Then, 
20 nM of aforementioned RNAs were transfected 
into A-549 and NCI-H1299 cells. Also, miR-1298- 
5p upregulation or downregulation was achieved 
using 20 nM of miR-1298-5p mimic (miR-1298- 
5p, RiboBio) or miR-1298-5p inhibitor (anti-miR 
-1298-5p), and their respective controls (NC or 
anti-NC). For GOT2 upregulation, the sequence 
of GOT2 was cloned into pcDNA empty vector 
(vector, Invitrogen, Carlsbad, CA, USA) to gener-
ate pcDNA-GOT2 (termed as GOT2), followed by 
transfection into A-549 and NCI-H1299 cells with 
50 ng vector. In this study, all transfection was 
conducted using Lipofectamine 3000 (Invitrogen) 
for 48 h.

Cell counting kit (CCK-8) assay

After transfection for 48 h, cells were introduced 
into 96-well plates at the density of 2 × 103 cells/ 
well. 24 h later, the medium of each well was 
added with 10 μL CCK-8 solution (Dojindo, 
Osaka, Japan), followed by incubation for another 
4 h. At length, the optical density (OD) at 450 nm 
was observed using a microplate reader (Bio-Rad, 
Hercules, CA, USA) at different times (0, 24, 48, 
and 72 h).

Colony formation assay

After 48 h transfection, cells (500 cells/well) were 
uniformly dispersed in six-well plates, followed by 
incubation for 2 weeks. And then, 4% 
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paraformaldehyde (Solarbio, Beijing, China) was 
used to fix the cells, which were next stained by 
0.1% crystal violet (Sigma-Aldrich) for 30 min. 
Based on the operation manual of the microscope 
(Olympus, Toyko, Japan, magnification×40), the 
detection of visible colonies was performed in 
this assay.

Cell cycle and cell apoptosis assay

For cell cycle assay, after transfection for 48 h, cells 
were harvested and fixed in ice-cold ethanol, fol-
lowed by incubation for 30 min. After treatment 
with RNAase (Sigma-Aldrich, St. Louis, MO, 
USA), the treated cells were stained with 
Propidium Iodide (PI, BD Biosciences, Franklin 
Lakes, NJ, USA) for 30 min. Finally, cell cycle 
distribution was analyzed according to the instruc-
tion guidelines of FACSan (Becton Dickinson, 
Franklin, NJ, USA) and Weasel 3.1 software 
(Becton Dickinson). For cell apoptosis assay, trea-
ted cells were re-suspended into 200 µL binding 
buffer, followed by staining with 5 µL Annexin 
(V-fluorescein isothiocyanate) V-FITC and 10 µL 
PI. After incubation for 15 min at 4°C, the assess-
ment of apoptosis rate was conducted as per the 
supplier’s direction of FACSan (Becton 
Dickinson). Besides, the detection of caspase 3 
activities in A-549 and NCI-H1299 cells was car-
ried out, in accordance with the guidebook of 
caspase 3 activity assay kit (Solarbio) and 
a microplate reader at 405 nm.

Transwell assays

For migration assay, after transfection for 48 h, 
cells (5 × 104 cells/well) were re-suspended in 
serum-free medium, followed by an introduction 
into the upper chamber (BD Biosciences). Also, 
the bottom counterparts were filled with the med-
ium with 10% FBS. Following incubation for 24 h, 
the cells attached to the bottom surface were 
stained with 0.1% crystal violet (Sigma-Aldrich) 
for 15 min after being fixing with methanol for 
10 min. Finally, the measurement of migration was 
performed by a microscope (Olympus, magnifica-
tion×100) and Image J v1.8 (NIH, Bethesda, MD, 
USA). For invasion assay, 1 × 105 cells were seeded 
into the Matrigel (BD Biosciences)-coated upper 

transwell chambers and other procedures were 
similar to the steps of cell migration assay.

Tube formation assay

The angiogenic ability of HUVEC cells was 
detected by tube formation assay. In brief, growth 
factor-reduced Matrigel (BD Biosciences) was 
placed into 96-well plates. After that, HUVEC 
cells were suspended in the medium pre- 
conditioned with tumor cells, followed by addition 
to the plates pre-coated with Matrigel. After incu-
bation for 18 h, the analysis of tube formation was 
conducted by a microscope and Image 
J v1.8 (NIH).

Western blot assay

After transfection for 48 h, lysate samples were 
prepared with RIPA lysis buffer (Beyotime, 
Shanghai, China), followed by separation with 
10% SDS-PAGE and transferring to PVDF mem-
branes (Millipore, Molsheim, France). 
Whereafter, the membranes were subjected to 
nonfat milk blockage, primary antibodies hybridi-
zation at 4°C overnight, and secondary antibody 
(ab6721, 1:10,000, Abcam, Cambridge, MA, USA) 
incubation for 2 h at room temperature. After 
interacting with the ECL reagent (Invitrogen), 
the blots were analyzed by Quantity One software 
(Bio-Rad). Meanwhile, the primary antibodies 
were presented as follows: Beclin1 (1:1000, 
#3738, Cell Signaling Technology, Beverly, MA, 
USA), light chain 3 (LC3)-II/LC3-I (1:1000, 
#12,741, Cell Signaling Technology), GOT2 
(ab171739, 1:1000, Abcam), proliferating cell 
nuclear antigen (PCNA, 1:1000, #13,110, Cell 
Signaling Technology), and β-Actin (ab8227, 
1:5000, Abcam).

Dual-luciferase reporter assay

Based on the analysis of the online software 
circular RNA Interactome (https://circinterac 
tome.nia.nih.gov) or starbase (http://starbase. 
sysu.edu.cn), the binding relationship between 
miR-1298-5p and circ_0003028 or GOT2 3� un- 
translated region (3�UTR) was predicted, as 
proved by a dual-luciferase reporter assay. 
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Generally, the psiCHECK-2 vector (Promega, 
Fitchburg, WI, USA) was used for the structure 
of wild-type (wt) luciferase reporter vectors 
(circ_0003028 wt or GOT2 wt) via inserting the 
fragment of circ_0003028 or GOT2 harboring 
miR-1298-5p binding sequence. Likewise, the 
mutant-type (mut) vectors (circ_0003028 mut 
or GOT2 mut) were generated by mutating the 
binding sequences of miR-1298-5p. Whereafter, 
the constructed vectors were severally transfected 
into A-549 and NCI-H1299 cells along with miR- 
1298-5p or NC. At length, the luciferase activities 
were analyzed using a dual-luciferase reporter 
assay kit (Promega) after transfection for 48 h.

RNA immunoprecipitation (RIP)

In short, A-549 and NCI-H1299 cells at 80% con-
fluency were disrupted using complete RIP lysis 
buffer (Millipore). Also, 50 μL magnetic beads of 
each system were resuspended with 100 μL RIP 
wash buffer, followed by an incubation with 5 μg 
antibody for 2 h. After that, the cell extract was 
incubated with the beads pre-coated with anti- 
Argonaute-2 (Ago2; Millipore) or anti- 
immunoglobulin G (IgG, Millipore) for 6 h at 4° 
C. After treatment with proteinase K (Invitrogen), 
the samples were subjected to RT-qPCR analysis.

RNA pull-down assay

Generally, A-549 and NCI-H1299 cells were trans-
fected with 50 nM of biotinylated wild type or 
mutant miR-1298-5p (Bio-miR-1298-5p-WT or 
Bio-miR-1298-5p-MUT) or a negative control Bio- 
miR-NC, based on the Lipofectamine RNAiMax 
(Invitrogen). Subsequently, cells were cultured for 
48 h and then harvested for lysis. M-280 strepta-
vidin magnetic beads (Sigma-Aldrich) were added 
to the cellular lysates, followed by incubation at 4° 
C for 3 h. At length, the beads were washed in 
wash buffer, and the bound RNAs were purified 
and analyzed using RT-qPCR assay.

Tumor xenograft assay

Five-week-old male BALB/C nude mice (Vital 
River Laboratory, Beijing, China) were used for 
this animal experiment, which got the approval 

of the Animal Ethics Committee of the Jianhu 
Hospital Affiliated to Nantong University. The 
mice in the specific-pathogen-free environment 
were randomly divided into two groups, with six 
mice in each group. After that, 5 × 106 A-549 cells 
with Lenti-short hairpin (sh)-NC (Genechem, 
Shanghai, China) or Lenti-sh-circ_0003028 
(Genechem) were injected subcutaneously into 
the flank of mice, respectively. Subsequently, the 
tumor size was assessed every 5 days with a caliper. 
Tumor volume was calculated according to the 
formula: volume = length × width 2 /2. Thirty 
days after cell injection, all mice were euthanized. 
The tumors were removed for weight and analysis. 
In addition, immunohistochemical staining was 
executed as described previously [20]. The tissue 
sections were incubated with antibody specific for 
PCNA (1:5000, #13,110, Cell Signaling 
Technology) to evaluate proliferation, followed by 
analysis by at least two pathologists.

Statistical analysis

The data in this study were analyzed using 
GraphPad Prism7 (GraphPad Prism software, San 
Diego, CA, USA) and presented as the mean ± 
standard deviation (SD). Pearson correlation ana-
lysis was employed to assess the expression asso-
ciation of circ_0003028, miR-1298-5p, and GOT2. 
Significant differences were analyzed by Student’s 
t-test for two groups and one-way analysis of var-
iance (ANOVA) with Tukey’s tests for multiple 
groups. A P-value of less than 0.05 was indicated 
statistically significant.

Results

Circ_0003028 expression was increased in NSCLC 
tissues and cells

First of all, to investigate the function of 
circ_0003028 in NSCLC, its expression pattern 
was detected by RT-qPCR assay. As exhibited in 
Figure 1(a), circ_0003028 level was upregulated in 
NSCLC tissue samples (n = 53) relative to adjacent 
normal tissue samples (n = 53). Moreover, the 
upregulation of circ_0003028 was also viewed in 
lung cancer cell lines (A-549, NCI-H1299, and 
NCI-H460) when compared with the normal 

2330 H. GUAN ET AL.



human bronchial epithelial cell line (BEAS-2B) 
(Figure 1(b)).

Meanwhile, we further verified that 
circ_0003028 was predominantly located in the 
cytoplasm of A-549 and NCI-H1299 cells, imply-
ing the possible post-transcriptional regulatory 
mechanism of circ_0003028 in NSCLC cells 
(Figure 1(c)). Apart from that, to measure the 
stability of circ_0003028, A-549 and NCI-H1299 
cells were treated with RNase R. As presented in 
Figure 1(d), the circular isoform was resistant to 
RNase R, while the linear isoform was apparently 
declined after RNase R treatment. Together, these 
data suggested that the involvement of 
circ_0003028 in NSCLC progression.

Downregulation of circ_0003028 suppressed 
proliferation, colony formation, cell cycle 
progression, migration, invasion, angiogenesis, 
and promoted apoptosis and autophagy of 
lung cancer cells in vitro

To assess the potential biological effects of 
circ_0003028 in NSCLC progression, we knocked 
down circ_0003028 expression in A-549 and NCI- 
H1299 cells. Also, the transfection efficiency of si- 

circ_0003028#1, si-circ_0003028#2, and si-circ 
_0003028#3 was assessed and presented in Figure 
2(a). Particularly, the knockdown efficiency of si- 
circ_0003028#2 and si-circ_0003028#3 is more sig-
nificant, so they were chosen for follow-up func-
tional studies. CCK-8 and colony formation assay 
suggested that the deficiency of circ_0003028 
repressed cell proliferation and clone number in 
A-549 and NCI-H1299 cells in comparison with 
their respective control groups (Figure 2(b,c)). 
Meanwhile, cell cycle results displayed that the 
cells in the si-circ_0003028#2 and si-circ 
_0003028#3 groups had an arrested cell cycle 
with a higher proportion of G0/G1-phase and 
a lower proportion of S-phase than the control 
groups (Figure 2(d)). In addition, the knockdown 
of circ_0003028 could increase the apoptosis rate 
of A-549 and NCI-H1299 cells (Figure 2(e)), as 
evidenced by enhanced caspase 3 activity (Figure 
2(f)). Synchronously, transwell assay exhibited that 
the silencing of circ_0003028 led to a substantial 
decline in migration and invasion in A-549 and 
NCI-H1299 cells versus their counterparts (Figure 
2(g,h)). Consistently, the tube formation ability of 
HUVEC cells was also reduced due to the down-
regulation of circ_0003028 in A-549 and NCI- 

Figure 1. Circ_0003028 was elevated in NSCLC tissues and cells. (a) RT-qPCR assay was applied to determine the expression level of 
circ_0003028 in 53 pairs of NSCLC tissue samples and adjacent normal tissues. (b) Circ_0003028 level was detected in normal human 
bronchial epithelial cell line (BEAS-2B) and lung cancer cell lines (A-549, NCI-H1299, and NCI-H460) by RT-qPCR assay. (c) The cellular 
localization of circ_0003028 in A-549 and NCI-H1299 cells was analyzed by Subcellular fractionation assay. (d) The levels of 
circ_0003028 and linear FUT8 mRNA were assessed in A-549 and NCI-H1299 cells treated with or without RNase R by RT-qPCR 
assay. *P < 0.05.
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H1299 cells (Figure 2(i)). Besides, autophagy has 
been reported to be related to apoptosis exists in 
NSCLC [21], so we further identified the autop-
hagy-associated proteins (Beclin1 and LC3-II/LC3- 
I) in A-549 and NCI-H1299 cells. Data showed 
that the protein levels of Beclin1 and LC3-II 
/LC3-I was improved on account of circ_0003028 
knockdown in A-549 and NCI-H1299 cells (Figure 
2(j)), suggesting the promoting role of 
circ_0003028 downregulation on autophagy in 
NSCLC cells. Collectively, these results indicated 
that circ_0003028 deficiency could inhibit cell 
growth and metastasis of NSCLC cells in vitro.

Circ_0003028 could directly interact with 
miR-1298-5p

Further, we tried to explore the mechanism of 
action of circ_0003028 by seeking the putative 
circ_0003028-interacting miRNAs using circular 
RNA Interactome software. As a result, miR- 
1298-5p was found to have some binding sites 
with circ_0003028 (Figure 3(a)), as verified by 
dual-luciferase reporter assay. Data exhibited that 
the forced expression of miR-1298-5p distinctly 
decreased the luciferase activity of circ_0003028- 
wt reporter, while had little effect on the luciferase 

Figure 2. The effects of circ_0003028 silencing on proliferation, colony formation, cell cycle progression, apoptosis, migration, 
invasion, and autophagy in NSCLC cells. (a) Relative circ_0003028 level was determined by RT-qPCR assay in A-549 and NCI-H1299 
cells transfected with si-NC, si-circ_0003028#1, si-circ_0003028#2, and si-circ_0003028#3. (b-j) A-549 and NCI-H1299 cells were 
transfected with si-NC, si-circ_0003028#2, and si-circ_0003028#3. (b) CCK-8 assay was used to assess cell proliferation in transfected 
A-549 and NCI-H1299 cells. (c) Cell colony formation assay was performed to examine the clone number in transfected A-549 and 
NCI-H1299 cells. (d) Flow cytometry assay was carried out to analyze cell cycle distribution in transfected A-549 and NCI-H1299 cells. 
(e) Flow cytometry assay was conducted to test apoptosis rate in transfected A-549 and NCI-H1299 cells. (f) Caspase 3 activity 
analysis was detected by the special kit. (g and h) Transwell assay was applied to determine migration and invasion in transfected 
A-549 and NCI-H1299 cells. (i) Tube formation assay was used to detect the tube formation ability of HUVEC in transfected A-549 and 
NCI-H1299 cells. (j) Western blot assay was implemented to determine the protein levels of Beclin1 and LC3-II/LC3I in transfected 
A-549 and NCI-H1299 cells.*P < 0.05.
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activity of circ_0003028-mut reporter in A549 and 
NCI-H1299 cells (Figure 3(b)). And then, in order 
to confirm the mutual effect of circ_0003028 and 
miR-1298-5p at the endogenous levels, RIP assay 
was carried out using antibody Ago2, which is an 
important component of the RNA-induced silen-
cing complex (RISC). Data displayed that 
circ_0003028 and miR-1298-5p were significantly 
enriched in Ago2 pellets of A549 and NCI-H1299 
cell extracts relative to the IgG control group 
(Figure 3(c)). To further prove the sponge effect 
between circ_0003028 and miR-1298-5p, we car-
ried out a biotin-coupled miRNA capture assay. 
Results displayed that the enrichment of 
circ_0003028 in the captured fraction was much 
higher in the Bio-miR-1298-5p-WT group than in 
the Bio-miR-1298-5p-MUT group and Bio-miR- 
NC group (Figure S1). Meanwhile, the overexpres-
sion efficiency of circ_0003028 was detected and 
exhibited in Figure 3(d). Also, we further deter-
mined that the authentic effect of circ_0003028 on 
miR-1298-5p in lung cancer cells. Results 

indicated that the expression of miR-1298-5p was 
decreased by circ_0003028 upregulation in A549 
and NCI-H1299 cells, whereas miR-1298-5p level 
was increased due to the silencing of circ_0003028 
(Figure 3(e,f)). In addition, we found that miR- 
1298-5p was downregulated in NSCLC tissues, and 
negatively associated with circ_0003028 (Figure 3 
(g,h)). Synchronously, our data also proved that 
the trend of miR-1298-5p expression in NSCLC 
cellular level was in line with that in tissues (Figure 
3(i)). In a word, circ_0003028 modulated the 
abundance of miR-1298-5p by binding to miR- 
1298-5p.

Knockdown of circ_0003028 inhibited NSCLC 
progression by interacting with miR-1298-5p 
in vitro

To further tunnel whether miR-1298-5p partici-
pated in the promotion of NSCLC progression 
induced by circ_0003028, we performed rescue 
assays in A549 and NCI-H1299 cells. Meanwhile, 

Figure 3. Circ_0003028 directly bound with miR-1298-5p. (a) Schematic of a putative target sequence for miR-1298-5p in 
circ_0003028 and mutated miR-1298-5p-binding sites. (b) A dual-luciferase reporter assay was utilized to verify the binding 
relationship in A-549 and NCI-H1299 cells. (c) miR-1298-5p endogenously associated with circ_0003028 was determined in A-549 
and NCI-H1299 cell extracts by RIP assay. (d) Circ_0003028 level was detected in circ-NC or circ_0003028-transfected A-549 and NCI- 
H1299 cells by RT-qPCR assay. (e and f) miR-1298-5p level was measured by RT-qPCR assay in A-549 and NCI-H1299 cells transfected 
with circ-NC, circ_0003028, si-NC, and si-circ_0003028. (g) miR-1298-5p level was examined by RT-qPCR assay in NSCLC tissue 
samples and adjacent normal tissues. (h) The expression association between circ_0003028 and miR-1298-5p in NSCLC tumor tissues 
was assessed by Pearson correlation analysis. (i) miR-1298-5p level was determined in BEAS-2B, A-549, NCI-H1299, and NCI-H460 
cells by RT-qPCR assay. *P < 0.05.
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the knockdown efficiency of anti-miR-1298-5p 
was first assessed and exhibited in Figure 4(a). 
Subsequently, RT-qPCR assay indicated that the 
co-transfection of miR-1298-5p inhibitor could 
counteract the circ_0003028 silencing-triggered 

enhancement in miR-1298-5p level in A549 and 
NCI-H1299 cells (Figure 4(b)). Functional analy-
sis suggested that the cell proliferative ability 
impaired by circ_0003028 deletion was notably 
abrogated by miR-1298-5p downregulation in 

Figure 4. Downregulation of miR-1298-5p abolished the effects of circ_0003028 knockdown on proliferation, colony formation, cell 
cycle progression, apoptosis, migration, invasion, and autophagy in NSCLC cells. (a) miR-1298-5p level was detected in anti-NC or 
anti-miR-1298-5p-transfected A-549 and NCI-H1299 cells by RT-qPCR assay. (b-k) A-549 and NCI-H1299 cells were transfected with si- 
NC, si-circ_0003028#2, si-circ_0003028#2+ anti-NC, and si-circ_0003028#2+ anti-miR-1298-5p. (b) miR-1298-5p level was determined 
by RT-qPCR assay in transfected A-549 and NCI-H1299 cells. (c) Proliferation was assessed by CCK-8 assay in transfected A-549 and 
NCI-H1299 cells. (d) Colony number was calculated by colony formation assay in transfected A-549 and NCI-H1299 cells. (e and f) Cell 
cycle distribution and apoptosis rate were analyzed by flow cytometry assay in transfected A-549 and NCI-H1299 cells. (g) Caspase 3 
activity was detected by special kit in transfected A-549 and NCI-H1299 cells. (h and i) Migration and invasion were measured by 
transwell assay in transfected A-549 and NCI-H1299 cells. (j) HUVEC tube formation ability was examined by tube formation assay in 
transfected A-549 and NCI-H1299 cells. (k) Protein levels of Beclin1 and LC3-II/LC3I were tested by western blot assay in transfected 
A-549 and NCI-H1299 cells. *P < 0.05.
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A549 and NCI-H1299 cells (Figure 4(c,d)). 
Meanwhile, the deficiency of circ_0003028 could 
induce cell cycle arrest in A549 and NCI-H1299 
cells, which was obviously mitigated by miR- 
1298-5p reduction (Figure 4(e)). Apart from 
that, the promotion role of apoptosis rate by 
circ_0003028 silencing was markedly overturned 
by the re-introduction of anti-miR-1298-5p in 
A549 and NCI-H1299 cells (Figure 4(f)), as evi-
denced by lower caspase 3 activity (Figure 4(g)). 
Also, transwell assay suggested that si-circ 
_0003028 resulted in a significant decline in 
migration and invasion, while miR-1298-5p 
downregulation could evidently reverse these 
effects in A549 and NCI-H1299 cells (Figure 4(h, 
i)). Besides, our data presented that the re- 
transfection of miR-1298-5p inhibitor could abol-
ish the repression effect of circ_0003028 knock-
down on the tube formation of HUVEC cells 
(Figure 4(j)). In terms of autophagy, the pro- 
autophagy proteins Beclin1 and LC3-II/LC3-I 
expression were improved by circ_0003028 silen-
cing and then was partly abrogated by miR-1298- 
5p knockdown in A549 and NCI-H1299 cells 

(Figure 4(k)). These results reveal that 
circ_0003028 downregulation could suppress pro-
liferation, migration, invasion, angiogenesis, and 
accelerate apoptosis and autophagy of NSCLC by 
targeting miR-1298-5p in vitro.

GOT2 acted as a direct target of miR-1298-5p

To further explore the molecular mechanism of 
miR-1298-5p in NSCLC, starbase software was 
applied to search the underlying candidate target 
mRNAs of miR-1298-5p. As exhibited in Figure 5 
(a), miR-1298-5p comprised the binding sites in 
GOT2 3�UTR. The next dual-luciferase reporter 
assay confirmed the prediction. Data suggested 
that the luciferase activity in A549 and NCI- 
H1299 cells transfected with GOT2-wt and miR- 
1298-5p was notably reduced compared with that 
in cells transfected with GOT2-wt and NC, while 
there was no evident impact in the cells with 
GOT2-mut (Figure 5(b)). Meanwhile, the Ago2 
RIP analysis was also performed to verify their 
binding. As presented in Figure 5(c), when 

Figure 5. GOT2 was a direct target of miR-1298-5p. (a) The potential binding sites between GOT2 and miR-1298-5p were predicted 
using starbase software. (b) The binding relationship was proved by a dual-luciferase reporter assay. (c) RIP assay was performed to 
verify the interaction between GOT2 and miR-1298-5p. (d) GOT2 protein level was measured by western blot assay in A-549 and NCI- 
H1299 cells transfected with si-NC, si-circ_0003028#2, si-circ_0003028#2+ anti-NC, and si-circ_0003028#2+ anti-miR-1298-5p. (e and 
f) GOT2 expression was examined by RT-qPCR and western blot assay in NSCLC tissues. (g and h) Pearson correlation analysis was 
used to analyze the expression correlation of GOT2 with miR-1298-5p and circ_0003028 in NSCLC tissues. (i) GOT2 protein level was 
determined by western blot assay in BEAS-2B, A-549, NCI-H1299, and NCI-H460 cells. *P < 0.05.
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compared with the negative control IgG group, 
miR-1298-5p and GOT2 were specially enriched 
on the same Ago2-based complex. Apart from 
that, the results of RNA pull-down assay suggested 

that GOT2 was pulled down when using Bio-miR 
-1298-5p-WT rather than Bio-miR-1298-5p-MUT 
and Bio-miR-NC in in A549 and NCI-H1299 cells 

Figure 6. Overexpression of GOT2 abrogated miR-1298-5p-mediated NSCLC progression in vitro. (a) miR-1298-5p level was examined 
in NC or miR-1298-5p-transfected A-549 and NCI-H1299 cells by RT-qPCR assay. (b) GOT2 protein level was assessed in NC or miR- 
1298-5p-transfected A-549 and NCI-H1299 cells by western blot assay. (c-m) A-549 and NCI-H1299 cells were transfected with NC, 
miR-1298-5p, miR-1298-5p+vector, and miR-1298-5p+ GOT2. (c) GOT2 protein level was measured in transfected A-549 and NCI- 
H1299 cells by western blot assay. (d and e) The detection of cell proliferation was performed by CCK-8 assay. (f) The calculation of 
colony number was conducted by colony formation assay. (g and h) The analysis of cell cycle distribution and apoptosis rate was 
carried out by flow cytometry assay. (i) The determination of caspase 3 activity was executed by special kit. (j and k) The assessment 
of migration and invasion was implemented by transwell assay. (l) The tube formation of HUVEC cells was detected by tube 
formation assay in transfected A-549 and NCI-H1299 cells. (m) The detection of Beclin1 and LC3-II/LC3I protein levels was conducted 
by western blot assay in transfected A-549 and NCI-H1299 cells. *P < 0.05.

2336 H. GUAN ET AL.



(Figure S1). In addition, western blot results dis-
played that the knockdown of circ_0003028 could 
block the protein level of GOT2, while the co- 
transfection of anti-miR-1298-5p counteract the 
effect in A549 and NCI-H1299 cells (Figure 5 
(d)), implying that circ_0003028 could serve as 
a sponge of miR-1298-5p to regulate GOT2 
expression. Besides, the upregulation of GOT2 
was noticed in NSCLC tissues relative to the nor-
mal tissues (Figure 5(e,f)). As expected, GOT2 
expression was positively related to circ_0003028, 
and inversely associated with miR-1298-5p in 
NSCLC tissues (Figure 5(g,h)). We also verified 
that the expression level of GOT2 was increased 
in NSCLC cell lines in comparison with the BEAS- 
2B cells (Figure 5(i)). Overall, these data suggested 
that GOT2 was a direct target of miR-1298-5p in 
NSCLC cells.

miR-1298-5p upregulation could block NSCLC 
progression by targeting GOT2 in vitro

Then, we further investigated whether the regula-
tory role of miR-1298-5p on NSCLC development 
could be mediated by regulating GOT2. The trans-
fection efficiency of miR-1298-5p mimic and 
pcDNA-GOT2 was measured and exhibited in 
Figure 6(a,b). After that, western blot results dis-
played that the upregulation of miR-1298-5p 
decreased GOT2 protein level in A-549 and NCI- 

H1299 cells, which was counteracted after pcDNA- 
GOT2 introduction (Figure 6(c)). Functionally, the 
forced expression of GOT2 attenuated the inhibi-
tory action of miR-1298-5p on cell proliferative 
ability in A-549 and NCI-H1299 cells (Figure 6 
(d–). Also, decreased cell cycle progression caused 
by miR-1298-5p mimic was weakened by GOT2 
upregulation in A-549 and NCI-H1299 cells 
(Figure 6(g)). Moreover, the overexpression of 
GOT2 relieved the facilitation effect of miR-1298- 
5p upregulation on apoptosis rate in A-549 and 
NCI-H1299 cells (Figure 6(h)), as reflected by 
reduced caspase 3 activity (Figure 6(i)). Apart 
from that, the re-introduction of pcDNA-GOT2 
could effectively reverse miR-1298-5p mimic- 
triggered decline in migration and invasion in 
A-549 and NCI-H1299 cells (Figure 6(j,k)). 
Likewise, GOT2 elevation could ameliorate the 
negative action of miR-1298-5p on the tube for-
mation ability of HUVEC cells (Figure 6(l)). In 
addition, western blot results indicated that the 
upregulation of miR-1298-5p resulted in an overt 
improvement in Beclin1 and LC3-II/LC3I level, 
which was reversed by pcDNA-GOT2 re- 
introduction in A-549 and NCI-H1299 cells 
(Figure 6(m)). All of these data implied that 
GOT2 upregulation could partly abolish the sup-
pressive action of miR-1298-5p on NSCLC 
development.

Figure 7. Circ_0003028 deficiency repressed NSCLC cell growth in vivo. A-549 cells introduced with Lenti-sh-NC or Lenti-sh-circ 
_0003028 were inoculated subcutaneously into the nude mice. (a and b) Tumor volume and tumor weight were detected in the 
xenografts. (c) Circ_0003028 and miR-1298-5p expression were examined by RT-qPCR assay in this xenograft. (d) Protein levels of 
GOT2 and PCNA were assessed by western blot assay in this xenograft. (e) The expression of PCNA was determined by 
Immunohistochemical staining of sections from the NSCLC xenograft model in nude mice. *P < 0.05.
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Circ_0003028 deficiency repressed cell growth 
of NSCLC in vivo

As mentioned above, we inferred that 
circ_0003028 knockdown might hinder tumor 
growth of NSCLC in vivo. To verify the specula-
tion, we established mice xenograft models of 
NSCLC. Data exhibited that tumor volume and 
weight dropped in response to circ_0003028 
downregulation (Figure 7(a,b)), indicating that 
the deficiency of circ_0003028 dampened cell 
growth of NSCLC in vivo. Furthermore, RT- 
qPCR and western blot analysis exhibited that 
circ_0003028, GOT2, and PCNA (a pro- 
proliferation marker) expression was prominently 
lower in tumor tissues from the Lenti-sh-circ 
_0003028 group than the Lenti-sh-NC group, 
whereas the expression level of miR-1298-5p pre-
sented the opposite trend in this xenograft (Figure 
7(c,d)). Also, Immunohistochemical staining ver-
ified that the expression level of PCNA was 
impeded by circ_0003028 downregulation in the 
xenograft (Figure 7(e)). Thus, it is concluded that 
circ_0003028 silencing could restrain cell growth 
of NSCLC in vivo.

Discussion

Up to now, plenty of circRNAs have drawn great 
attention on account of the important roles in var-
ious cancers [22,23], containing lung cancer [24]. 
Unlike linear mRNA, the high stability and abun-
dance of circRNA have been highlighted as potential 
promising biomarkers [25]. Accumulating evidence 
is pointing toward the dysregulation of circRNAs 
can widely participate in the modulation of the 
occurrence and progression in diverse cancer, 
including NSCLC [26]. In this paper, we identified 
the upregulation of circ_0003028 in NSCLC, in 
agreement with a former study [14]. Meanwhile, 
circ_0003028 was found to be unusually stable and 
resistant to RNase R, implying the underlying bio-
marker for NSCLC prognosis. Functionally, the 
deficiency of circ_0003028 retard proliferation, 
migration, invasion, angiogenesis, and expedite 
apoptosis of NSCLC cells in vitro. Autophagy, 
a highly conserved cellular process of self- 
digestion, has been reported to be related to tumor 
development [27]. It has been confirmed that 

autophagy could take part in cell death in NSCLC 
[21,28]. In this article, our results suggested that 
circ_0003028 knockdown could induce autophagy 
of NSCLC cells in vitro. Consistently, the inhibitory 
action of circ_0003028 silencing on tumor growth of 
NSCLC was validated in nude mice. That was to say, 
circ_0003028 exerts an oncogenic activity of NSCLC 
in vitro and in vivo.

As widely believed, circRNAs could perform as 
miRNAs sponges that reduce the binding of 
miRNAs to their target genes [29]. Apart from 
that, the current study confirmed the mainly 
cytoplasmic localization of circ_0003028 in 
NSCLC, providing a possibility for the interaction 
with miRNAs. Of note, we first proved that 
circ_0003028 bound with miR-1298-5p and 
inhibited its expression. In addition, miR-1298 
has been reported to block cell growth and boost 
the apoptosis of lung cancer cells [30]. In our 
research, the low expression of miR-1298-5p in 
NSCLC tissues and cells was demonstrated, con-
sistent with the earlier study [31]. Furtherly ana-
lysis suggested that the downregulation of miR- 
1298-5p could partly abolish the repression role 
of circ_0003028 knockdown on NSCLC progres-
sion. Additionally, circ_0003028 was reported to 
partake in the regulation of cell growth and 
metastasis in liver cancer and NSCLC by spong-
ing multiple miRNAs [13,32]. These results 
inducted that circ_0003028 involves in complex 
regulatory networks. Likewise, using the bioinfor-
matics software, we found that GOT2 might be 
the latent target gene of miR-1298-5p. According 
to previous studies, GOT2 serves as a key transfer 
enzyme participating in the amino acid metabo-
lism of tumor cells [33]. Moreover, GOT2 has 
been pointed out to accelerate proliferation, 
migration, invasion, and metabolic regulation of 
NSCLC cells [34]. In this research, GOT2 expres-
sion was increased in NSCLC, in line with the 
prior work [35]. Synchronously, our data discov-
ered that the overexpression of GOT2 could par-
tially reverse miR-1298-5p-mediated repression 
on NSCLC development. Additionally, GOT2 
expression could be positively regulated by 
circ_0003028/miR-1298-5p in NSCLC, further 
supporting the circ_0003028/miR-1298-5p/ 
GOT2 axis in NSCLC. Besides, it has been 
reported that GOT2 can be involved in the 
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transformation of glutamine [36,37], which is 
a transitional demand for the growth of tumor 
cells [38]. In future research, we will focus on the 
regulatory effect of circ_0003028/miR-1298-5p/ 
GOT2 axis on glutamine metabolism in NSCLC. 
Compared with previous NSCLC studies [39], the 
novelty of this paper is that it not only enriches 
the circRNA-miRNA-mRNA network based on 
competitive endogenous RNA (ceRNA), but also 
explores the functional role of circRNA-based 
experiments in nude mice. These findings provide 
an important preclinical basis for NSCLC 
treatment.

Conclusion

Taken together, these results suggested that 
circ_0003028 could act as a sponge of miR-1298- 
5p to regulate GOT2 expression, thereby promot-
ing NSCLC progression. Our findings provided an 
important preclinical basis for NSCLC treatment.

Research highlights

(1) Circ_0003028 was upregulated in NSCLC 
tissues and cells.

(2) Circ_0003028 boosted NSCLC cell 
progression

(3) Circ_0003028/miR-1298-5p/GOT2 axis in 
NSCLC.
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