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Circ_0020123 regulates autophagy, glycolysis, and malignancy by upregulating 
IRF4 through eliminating miR-193a-3p-mediated suppression of IRF4 in 
non-small cell lung cancer 
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Circular RNA is related to the tumorigenesis of various cancers. Circular RNA hsa_circ_0020123 (circ_0020123) has 
been uncovered to promote non-small cell lung cancer (NSCLC) progression. However, the regulatory mechanism of 
circ_0020123 in NSCLC is unclear. The quantitative real-time polymerase chain reaction was employed to detect the levels 
of circ_0020123, microRNA (miR)-193a-3p, and IRF4 interferon regulatory factor 4 (IRF4) in NSCLC tissues and cells. 
Loss-of-function experiments were performed to analyze the impacts of circ_0020123 silencing on NSCLC cell malignancy, 
autophagy, and glycolysis. Protein levels were detected using western blotting. The regulatory mechanism of circ_0020123 
was analyzed by bioinformatics analysis and validated by the dual-luciferase reporter, RNA immunoprecipitation assay, 
and RNA pull-down assay. Xenograft assay was performed to verify the biological function of circ_0020123. We observed 
an overt elevation in circ_0020123 expression in NSCLC samples and cells, and NSCLC patients with high circ_0020123 
expression had a poor prognosis. Circ_0020123 knockdown constrained xenograft tumor growth in vivo and curbed cell 
proliferation, migration, and glycolysis, and accelerated cell apoptosis and autophagy in NSCLC cells in vitro. Circ_0020123 
could absorb miR-193a-3p to regulate IRF4 expression. miR-193a-3p silencing overturned circ_0020123 knockdown-
mediated impacts on NSCLC cell malignancy, autophagy, and glycolysis. And IRF4 overexpression reversed miR-193a-3p 
mimic-mediated effects on NSCLC cell malignancy, autophagy, and glycolysis. Circ_0020123 promoted glycolysis and 
tumor growth by upregulating IRF4 through sequestering miR-193a-3p in NSCLC, offering a novel mechanism by which 
circ_0020123 is responsible for the malignancy, autophagy, and glycolysis of NSCLC cells. 
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Non-small cell lung cancer (NSCLC), which includes 
larger cell carcinoma, squamous cell carcinoma, and adeno-
carcinoma, is the leading cause of cancer-related deaths 
worldwide [1–3]. Also, based on surgery, drug therapy, and 
radiotherapy, the 5-year survival rate of stage I NSCLC has 
increased to 67% [4]. However, a large number of NSCLC 
patients are diagnosed at an advanced stage, so they cannot 
undergo radical surgery and have a poor five-year survival 
rate [5]. Therefore, it is important to explore the mechanism 
of NSCLC progression to provide direction for the develop-
ment of new NSCLC treatment strategies.

Circular RNAs (circRNAs), novel promising biomarker 
candidates, are characterized by a covalently closed loop struc-
ture [6, 7]. Compared with linear RNAs, circRNAs are resis-

tant to RNase R and have a longer half-life [8]. Also, circRNAs 
can function as microRNA (miR) sponges, regulators of the 
parental gene, and regulators of splicing and transcription 
[9]. Mounting studies have unmasked that circRNAs mediate 
the progression of human diseases through binding to miRs 
via miR response elements, thus reducing the activity of 
miRs [10, 11]. For instance, circRNA 0001829 facilitated 
gastric cancer tumorigenesis by adsorbing miR-155-5p and 
increasing SMAD2 expression [12]. CircRNA UCK2 reduced 
oxygen-glucose deprivation-induced apoptosis by regulation 
of the miR-125b-5p/GDF11 pathway in cerebral ischemia-
reperfusion injury [13]. CircRNA hsa_circ_0020123 
(circ_0020123), located at chr10:119042605-119049859, is 
derived from the PDZ domain containing 8 (PDZD8) gene 
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(http://www.circbank.cn/search.html?selectValue=hsa_
circ_0020123). Circ_0020123 has been reported to facili-
tate the growth of NSCLC [14]. Nevertheless, the molecular 
mechanism that circ_0020123 promotes NSCLC progression 
is still unclear.

miRs control various developmental and cellular processes 
in eukaryotic organisms [15]. Functional studies have proved 
that miR dysregulation is related to the occurrence of many 
cancers [16, 17]. miR-193a-3p plays a tumor-inhibiting/-
promoting role in many cancers [18–20]. Furthermore, 
miR-193a-3p has an anti-tumor activity in NSCLC [21, 22]. 
However, the molecular mechanism of miR-193a-3p dysreg-
ulation in NSCLC remains unclear.

One of the hallmarks of cancer is changes in energy metab-
olism. This metabolism of cancer preferentially depends on 
glycolysis (the process of converting glucose into pyruvate 
and then producing lactic acid) [23]. The metabolic interme-
diates of glycolysis also promote the biosynthesis of macro-
molecules, which further facilitate the growth of cancer cells 
[24].

The study aimed to survey the regulatory mechanism by 
which circ_0020123 regulated glycolysis and NSCLC progres-
sion. Our results exhibited that circ_0020123 promoted 
glycolysis and NSCLC progression by sponging miR-193a-3p 
and upregulating interferon regulatory factor 4 (IRF4).

Patients and methods

Clinical specimens and ethics statement. All human-
related procedures were carried out in accordance with the 
Declaration of Helsinki, and the study was approved by the 
Ethics Committee of the Sixth Affiliated Hospital of Sun 
Yat-sen University with number L2020ZSLYEC-024. 30 pairs 
of NSCLC tissues and adjacent normal tissues were obtained 
from the Sixth Affiliated Hospital of Sun Yat-sen University. 
All recruited patients with NSCLC had signed informed 
consents and did not receive chemotherapy or radiotherapy 
before surgery.

Cell culture. Human normal lung epithelial cells (BEAS-
2B) (COBIOER, Nanjing, China) and NSCLC cells (A549, 
H1299, and LTEP-s) (COBIOER) were maintained in a 
humidified air at 37°C with 5% CO2. BEAS-2B cells were 
cultured in Lonza BEGM (Bronchial Epithelial Growth 
Medium) (Walkersville, MD, USA). A549, H1299, and 
LTEP-s cells were cultured in RPMI (Roswell Park Memorial 
Institute)-1640 medium (Sigma, St. Louis, MO, USA) 
supplemented with 10% FBS (fetal bovine serum) (Thermo 
Fisher, Waltham, MA, USA) and 1% penicillin/streptomycin 
(Sigma).

Oligonucleotides and plasmids. Small interference (si) 
RNA against circ_0020123 (si-circ_0020123), short hairpin 
(sh) RNA against circ_0020123 (sh-circ_0020123), and 
their matching negative controls (NCs) (si-NC and sh-NC), 
miR-193a-3p inhibitor (anti-miR-193a-3p), miR-193a-3p 
mimic (miR-193a-3p), and their corresponding NCs 
(anti-miR-NC and miR-NC) were synthesized by AoKe 
Biotech (Beijing, China). For the generation of pCD5-ciR-
circ_0020123 (circ_0020123) and pcDNA-IRF4 (IRF4) 
plasmids, the full-length sequences of circ_0020123 
and IRF4 were synthesized and inserted into pCD5-ciR 
(Geneseed, Guangzhou, China) or pcDNA (Thermo Fisher) 
vectors, respectively. Transfection of NSCLC cells was 
performed with the Lipofectamine 3000 reagent (T﻿hermo 
Fisher).

Quantitative real-time polymerase chain reaction 
(qRT-PCR). Total RNA was isolated using the RNeasy Mini 
Kit (QIAGEN, Hilden, Germany). For RNA digestion, total 
RNA of NSCLC cells was treated by RNase R (3 U/μg, BioVi-
sion, Milpitas, CA, USA), and DEPC (diethylpyrocarbonate)-
treated water (Thermo Fisher) was used as a mock. For 
transcriptional inhibition, the culture medium of NSCLC 
cells was supplemented with actinomycin D, and DMSO 
(dimethyl sulfoxide) was utilized as a control. For comple-
mentary DNA, total RNA (500 ng) was reversely transcribed 
using the Prime-Script RT reagent kit (TaKaRa, Dalian, 
China) or TaqMan miRNA Reverse Transcription Kit 
(Applied Biosystems, Foster City, CA, USA). qRT-PCR was 
performed with the SYBR Green PCR Master Mix (Applied 
Biosystems). β-actin and U6 were used as internal references. 
Relative expression was calculated by the 2–ΔΔCt method. All 
primer sequences were listed in Table 1. Each experiment 
was performed in triplicate.

Cell proliferation analysis. The proliferation of NSCLC 
cells was evaluated by MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) and colony formation 
assays. For the MTT assay, NSCLC cells were transfected 
with oligonucleotides and/or plasmids and then cultured 
in 96-well plates (1×103/well) for different times. Then, the 
MTT reagent (20 μl) (Beyotime, Jiangsu, China) was added. 
After discarding the supernatant, the precipitated crystals 
were dissolved with DMSO (150 μl, Beyotime), followed by 
measuring the OD (optical density) value (490 nm) using a 
microplate detection system (Molecular Devices, San Jose, 

Table 1. Primer sequences used for qRT-PCR.
Genes Primer sequences (5’-3’)
circ_0020123 Forward: 5’-GTATGCACTCTGGCCTGCTT-3’

Reverse: 5’-ACCCATCAGTTGACTGGACA-3’
PDZD8 Forward: 5’-CTCCAAACTCGCCTGCTGCAAT-3’

R: 5’-CATAGTACACCAGGACTCGGTC-3’
IRF4 Forward: 5’-GAACGAGGAGAAGAGCATCTTCC-3’

Reverse: 5’-CGATGCCTTCTCGGAACTTTCC-3’
β-actin Forward:5’-CTCGCCTTTGCCGATCC-3’

Reverse: 5’-TCTCCATGTCGTCCCAGTTG-3’
miR-193a-3p Forward: 5’-CGCGAACTGGCCTACAAAGT-3’

Reverse: 5’-AGTGCAGGGTCCGAGGTATT-3’
U6 Forward: 5’-CTCGCTTCGGCAGCACA-3’

Reverse: 5’-ACGCTTCACGAATTTGCGTGTC-3’
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CA, USA). For the colony formation assay, the transfected 
NSCLC cells (5×102/well) were cultured in 6-well plates for 
10 days. Then, these colonies were fixed by 10% formalde-
hyde (Sigma), followed by staining with 0.5% crystal violet 
(Sigma). The colonies were counted using a microscope 
(Nikon Instruments, Melville, NY, USA). Each experiment 
was performed in triplicate.

Flow cytometry assay. Flow cytometry assay was 
performed using Cytoflex Flow Cytometry (Beckman 
Coulter, Brea, CA, USA). In brief, the transfected NSCLC 
cells were collected and stained using the Annexin V-FITC 
(Fluorescein Isothiocyanate)/Propidium Iodide (PI) 
Apoptosis Detection Kit (Thermo Fisher) following the 
manufacturer’s instructions. The percentage of apoptotic 
cells was analyzed using the FlowJo software (Tree Star, San 
Carlos, CA, USA).

Western blotting. The RIPA buffer containing protease 
and phosphatase inhibitors (Thermo Fisher) was utilized 
to extract total protein. Protein samples (30 μg) were run 
on sodium dodecyl sulfate-polyacrylamide gel electropho-
resis and then transferred to the polyvinylidene fluoride 
(PVDF) membrane (Bio-Rad, Hercules, CA, USA), followed 
by sealing in 5% non-fat milk. Then, the membranes were 
incubated with primary antibodies against p62 (#sc-28359, 
1:500), Beclin1 (#sc-48381, 1:500), TRF4 (#sc-81637, 1:500), 
and β-actin (#sc-58673, 1:500), respectively. All primary 
antibodies were bought from Santa Cruz (Santa Cruz, CA, 
USA). Mouse-IgGκ BP-HRP (horseradish peroxidase) (Santa 
Cruz) was used as the secondary antibody. The blots were 
developed using the Western Blotting Luminol Reagent 
(Santa Cruz).

Transwell migration assay. In brief, 200 μl of serum-free 
cell culture medium containing transfected NSCLC cells 
(1×105/chamber) was added to the upper Transwell chambers 
(#3422, Costar, Cambridge, MA, USA). 600 μl of cell culture 
medium containing 10% FBS (Thermo Fisher) was added to 
the lower Transwell chambers (#3422, Costar). 24 h later, the 
migrating cells were stained with 0.5% crystal violet (Sigma) 
and then calculated under a microscope (Nikon Instru-
ments) (×100 amplification) in 5 random regions.

Metabolic analysis. The levels of glucose consump-
tion, lactate production, and ATP (adenosine triphosphate) 
release were assessed using the Glucose Uptake Colorimetric 
Assay kit (BioVision), Lactate Assay Kit II (BioVision), and 
ATP Colorimetric Assay kit (BioVision) according to the 
manufacturer’s instructions.

Extracellular acidification rate (ECAR) was evaluated 
using the Seahorse XF Glycolysis Stress Test Kit (Seahorse 
Bioscience, Billerica, MA, USA) on the Seahorse XFe 96 
Extracellular Flux Analyzer (Seahorse Bioscience). For the 
ECAR detection, glucose, oligomycin, and 2-DG (2-deoxy-
glucose) were added to Seahorse XF 96 microtiter plates in 
sequence. ECAR was reported in mpH/min.

Dual-luciferase reporter assay. To validate these predic-
tions, the sequences of circ_0020123-MUT (mutant), 

circ_0020123-WT (wild type), IRF4 3’UTR (untranslated 
region)-MUT, and IRF4 3’UTR-WT were synthesized by 
AoKe Biotech and then inserted into the pMIR-REPORT 
reporter (Applied Biosystems), respectively. The luciferase 
activity in NSCLC cells co-transfected with miR-193a-3p 
mimic or miR-NC and a luciferase reporter was evaluated 
using a dual-luciferase reporter assay kit (BioVision).

RIP (RNA immunoprecipitation) assay. In brief, the 
lysates of NSCLC cells were incubated with immunopre-
cipitation buffer containing magnetic beads conjugated to 
IgG antibody (ab172730, Abcam, Cambridge, MA, USA) 
or Ago2 antibody (ab186733, Abcam). The enrichment of 
circ_0020123 or TRF4 and miR-193a-3p was assessed by 
qRT-PCR. RIP assay was carried out with the Magna RIP kit 
(Millipore, Bedford, MA, USA) based on the manufacturer’s 
instructions.

RNA pull-down assay. Transfection of NSCLC cells 
Bio-miR-193a-3p or Bio-NC probe was performed. The 
lysates of NSCLC cells were incubated with M-280 strep-
tavidin magnetic beads (Thermo Fisher), which were 
pre-blocked using yeast tRNA (Thermo Fisher). The enrich-
ment of circ_0020123 in precipitates was detected using 
qRT-PCR.

Xenograft assay. To generate A549 cells with stable knock-
down of circ_0020123, the sequence of sh-circ_0020123 was 
inserted into the pLKO.1 vector (Thermo Fisher), followed 
by transfecting into HEK293T cells (COBIOER) together 
with lentiviral packaging plasmids using the Lipofectamine 
3000 reagent (Thermo Fisher). The sh-NC was used as a 
control. Subsequently, A549 cells were infected with lenti-
viral particles produced by HEK293T cells and then selected 
with puromycin (2 μg/ml, Sigma).

The animal experiments were approved by the Animal 
Ethics Committee of The Sixth Affiliated Hospital of Sun 
Yat-sen University. For the xenograft assay, A549 cells with 
sh-circ_0020123 or sh-NC were subcutaneously injected 
into the right flank of BALB/c nude mice (4–6 weeks old, 
15–20 g), which were purchased from Vital River Laboratory 
(Beijing, China) and divided into 2 groups randomly (n=5 
mice/group). After injection for 4 weeks, the tumor tissues 
of the euthanized mice were stripped for tumor weight 
assessment and gene expression analysis. Tumor volume was 
measured once a week and calculated based on the following 
equation: Volume = (length × width2)/2.

Statistical analysis. Data from three independent 
experiments were presented as mean ± standard deviation. 
GraphPad Prism 7 software (GraphPad Inc., La Jolla, CA, 
USA) was utilized for statistical analyses. Unpaired or paired 
Student’s t-test was used to analyze the difference between the 
2 groups. Analysis of variance was used to evaluate analyze 
the differences in three or more groups. Overall survival was 
assessed by Kaplan-Meier and log-rank test. Pearson’s corre-
lation analysis was used to analyze the correlation among 
circ_0020123, miR-193a-3p, and TRF4. All statistical tests 
were considered significant when p<0.05.
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repressed the proliferation of A549 and H1299 cells in 
MTT and colony formation assays (Figures 2B–2E). Also, 
circ_0020123 knockdown accelerated cell apoptosis in A549 
and H1299 cells in flow cytometry assay (Figures 2F, 2G). 
Furthermore, circ_0020123 knockdown reduced p62 protein 
levels and elevated Beclin1 protein levels in A549 and H1299 
cells, implying that circ_0020123 inhibition facilitated 
NSCLC cell autophagy (Figures 2H, 2I). Transwell migration 
assay presented that the migration of A549 and H1299 cells 
was curbed after circ_0020123 knockdown (Figures 2J, 2K). 
In addition, circ_0020123 inhibition led to an overt decrease 
in glucose consumption, lactate production, and ATP release 
in A549 and H1299 cells (Figures 2L–2N). As expected, the 
ECAR of si-circ_0020123-transfected A549 and H1299 cells 
was overtly lower than the control cells (Figures 2O, 2P). 
Collectively, circ_0020123 repressed autophagy, facilitated 
malignant behaviors, and elevated glycolysis of NSCLC cells.

Circ_0020123 served as a sponge for miR-193a-3p. 
Subsequently, we surveyed the regulatory mechanism 
of circ_0020123 in NSCLC. Online database starBase 
(http://starBase.sysu.edu.cn/) prediction exhibited that 
circ_0020123 possessed binding sites complementary to 
miR-193a-3p, suggesting that circ_0020123 might be a 
sponge for miR-193a-3p (Figure 3A). And the luciferase 
activity of the circ_0020123-WT reporter was repressed 
in miR-193a-3p-overexpressed cells, whereas the lucif-
erase activity of the circ_0020123-MUT reporter did not 

Results

Circ_0020123 was highly expressed in NSCLC. A 
previous microarray profile displayed that hsa_circ_0020123 
was overexpressed in NSCLC tissues [25]. To survey the 
change in circ_0020123 expression in NSCLC, we detected 
the expression tendency of circ_0020123 in NSCLC. The 
results exhibited that circ_0020123 expression was observ-
ably higher in NSCLC tissues than that in adjacent normal 
tissues (Figure 1A). Analogously, there was a marked increase 
in circ_0020123 expression in NSCLC cells (A549, H1299, 
and LTEP-s) compared to the BEAS-2B cells (Figure  1B). 
Moreover, the overall survival of NSCLC patients with 
high circ_0020123 expression was worse (Figure 1C). We 
also analyzed the stability of circ_0020123. As exhibited 
in Figures 1D and 1E, circ_0020123 was more stable than 
linear PDZD8. Also, the half-life of circ_0020123 was overtly 
longer than linear PDZD8 (Figures 1F, 1G). Together, these 
results indicated that circ_0020123 might be related to the 
progression of NSCLC.

Circ_0020123 repressed autophagy, facilitated malig-
nant behaviors, and elevated glycolysis of NSCLC cells. To 
investigate the effects of circ_0020123 inhibition on malig-
nant behaviors, glycolysis, and autophagy of NSCLC cells, 
we designed the siRNA targeting circ_0020123 to silence 
circ_0020123. The interference efficiency of si-circ_0020123 
is presented in Figure 2A. Moreover, circ_0020123 silencing 

Figure 1. Circ_0020123 expression was elevated in NSCLC. A, B) qRT-PCR showed the expression trend of circ_0020123 in NSCLC tissues and cells. 
C) Kaplan-Meier survival plots analyzed the overall survival of NSCLC patients with high (≥ median, n=15) or low (< median, n=15) expression of 
circ_0020123. D, E) qRT-PCR revealed the levels of circ_0020123 and PDZD8 mRNA in total RNA (A549 and H1299 cells) under RNase R treatment. 
F, G) qRT-PCR detected the levels of circ_0020123 and PDZD8 mRNA in A549 and H1299 cells treated with actinomycin D. *p<0.05 and ***p<0.001
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change (Figure 3B). RIP exhibited that circ_0020123 and 
miR-193a-3p were co-enriched in the Ago2 group but not 
in the IgG group (Figures 3C, 3D). RNA pull-down assay 
exhibited that the enrichment of circ_0020123 was higher 
in RNA complexes pulled down by the Bio-miR-193a-3p 
probe than the Bio-NC probe (Supplementary Figure S1). 
Moreover, circ_0020123 was markedly downregulated in 
NSCLC tissues and cells (Figures 3E, 3F), and the expres-

sion of circ_0020123 and miR-193a-3p in NSCLC tissues 
had a negative correlation (Figure 3G). Also, the transfec-
tion efficiency of the circ_0020123 overexpression plasmid 
was validated in Figure 3H. circ_0020123 silencing led to 
an elevation in miR-193a-3p expression in A549 and H1299 
cells, but circ_0020123 overexpression exerted a reverse effect 
(Figures 3I, 3J). These results manifested that circ_0020123 
acted as a sponge for miR-193a-3p in NSCLC cells.

Figure 2. Circ_0020123 curbed autophagy and contributed to malignant behaviors and glycolysis of NSCLC cells. A) qRT-PCR verified the interference 
efficiency of si-circ_0020123 in A549 and H1299 cells. B–G) Influence of circ_0020123 inhibition on proliferation and apoptosis of A549 and H1299 
cells was analyzed by MTT, colony formation, and flow cytometry assays. H, I) Western blotting exhibited protein levels of p62 and Beclin1 in A549 
and H1299 cells transfected with si-circ_0020123. J, K) Impact of circ_0020123 silencing on the migration of A549 and H1299 cells was determined 
by Transwell assay. L–N) The levels of glucose consumption, lactate production, and ATP release in si-circ_0020123-transfected A549 and H1299 cells 
were evaluated using matching kits. O, P) Assessment of the ECAR of si-circ_0020123-transfected A549 and H1299 cells by using the Seahorse XF96 
Extracellular Flux Analyzer, and si-NC was utilized as a control. *p<0.05 and ***p<0.001
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Circ_0020123 adsorbed miR-193a-3p to regulate 
NSCLC cell malignant behaviors, autophagy, and glycol-
ysis. We further explored whether circ_0020123 regulated 
malignant behaviors, autophagy, and glycolysis of NSCLC 
cells by miR-193a-3p. The results exhibited that trans-
fection of miR-193a-3p inhibitor weakened the elevated 
expression of miR-193a-3p in NSCLC cells mediated 
by circ_0020123 knockdown (Figure 4A). Moreover, 
miR-193a-3p inhibitor partly counteracted circ_0020123 
knockdown-mediated suppression on A549 and H1299 cell 
proliferation (Figures  4B–4D). Also, circ_0020123 knock-
down-mediated effects on A549 and H1299 cell apoptosis 

and autophagy were impaired after miR-193a-3p silencing 
(Figures 4E–4I). Furthermore, the inhibitory influence of 
circ_0020123 knockdown on NSCLC cell migration was 
offset by miR-193a-3p silencing (Figure 4J). In addition, 
miR-193a-3p knockdown alleviated the decrease in glucose 
consumption, lactate production, ATP release, and ECAR 
in A549 and H1299 cells caused by circ_0020123 silencing 
(Figures 4K–4O). In summary, circ_0020123 regulated 
malignant behaviors, autophagy, and glycolysis of NSCLC 
cells by sponging miR-193a-3p.

IRF4 acted as a downstream target of miR-193a-3p. 
We further sought the downstream targets of miR-193a-3p 

Figure 3. Circ_0020123 acted as a sponge for miR-193a-3p. A) The binding sites of circ_0020123 on miR-193a-3p. B) The binding sites between 
circ_0020123 and miR-193a-3p were verified by a dual-luciferase reporter assay. C, D) After RIP experiments, the enrichment of circ_0020123 and 
miR-193a-3p was analyzed by qRT-PCR. E, F) Expression of miR-193a-3p in NSCLC tissues and cells was assessed by qRT-PCR. G) The correla-
tion between circ_0020123 and miR-193a-3p in NSCLC tissues was analyzed by Pearson’s correlation analysis. (H) The overexpression efficiency of 
circ_0020123 was validated by qRT-PCR. I, J) Influence of circ_0020123 overexpression and inhibition on the expression of miR-193a-3p in A549 and 
H1299 cells were analyzed by qRT-PCR. ***p<0.001
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by online bioinformatics database starBase. As presented 
in Figure 5A, IRF4 might be a downstream target of 
miR-193a-3p. Moreover, miR-193a-3p mimic inhibited the 
luciferase activity of the IRF4 3’UTR-WT reporter but not 
the IRF4 3’UTR-MUT reporter (Figures 5B, 5C). Further-
more, the abundance of IRF4 and miR-193a-3p was higher 
in the Ago2 group (Figures 5D, 5E). And the expression of 
IRF4 mRNA was upregulated in NSCLC tissues, and it had 
a negative correlation with miR-193a-3p (Figures 5F and 
5G). Congruously, IRF4 protein levels were upregulated in 
NSCLC cells and tissues (Figures 5H, 5I). In addition, the 
transfection efficiencies of miR-193a-3p inhibitor and mimic 
were verified and shown in Figure 5J. Also, miR-193a-3p 
overexpression repressed IRF4 protein levels, whereas 
miR-193a-3p silencing had an opposing effect (Figures 5K, 
5L). In summary, these results indicated that miR-193a-3p 
directly targeted IRF4 in NSCLC cells.

miR-193a-3p targeted IRF4 to regulate NSCLC 
cell malignant behaviors, autophagy, and glycolysis. 
Knowing that IRF4 was a target of miR-193a-3p, we further 
explored whether IRF4 participated in malignant behav-
iors, autophagy, and glycolysis of NSCLC cells mediated 

by miR-193a-3p. And the decreased protein levels of IRF4 
in miR-193a-3p-overexpressed A549 and H1299 cells were 
impaired after the introduction of the IRF4 overexpression 
plasmid (Figure  6A). Also, miR-193a-3p mimic repressed 
cell proliferation, accelerated cell apoptosis, and elevated cell 
autophagy, but these impacts were reversed after the IRF4 
overexpression (Figures 6B–6I). Furthermore, IRF4 overex-
pression weakened the repressive effect of miR-193a-3p 
overexpression on the migration of A549 and H1299 cells 
(Figure 6J). Additionally, IRF4 upregulation reversed the 
decrease in glucose consumption, lactate production, ATP 
release, and ECAR in A549 and H1299 cells prompted by 
miR-193a-3p overexpression (Figure 6K–6O). Together, 
miR-193a-3p regulated NSCLC cell malignant behaviors, 
autophagy, and glycolysis by targeting IRF4.

Circ_0020123 regulated IRF4 expression by sponging 
miR-193a-3p. We further analyzed the relationship among 
circ_0020123, miR-193a-3p, and IRF4 in NSCLC. Pearson’s 
correlation analysis exhibited that the expression of IRF4 
mRNA was positively correlated with circ_0020123 in 
NSCLC tissues (Figure 7A). Moreover, circ_0020123 
silencing reduced IRF4 protein levels, but this decrease 

Figure 4. Circ_0020123 regulated NSCLC cell malignant behaviors, autophagy, and glycolysis through sponging miR-193a-3p. A–O) A549 and H1299 
cells were transfected with si-NC, si-circ_0020123, si-circ_0020123+anti-miR-NC, or si-circ_0020123+anti-miR-193a-3p. A) Expression levels of miR-
193a-3p in A549 and H1299 cells were analyzed by qRT-PCR. B–E) The proliferation and apoptosis of A549 and H1299 cells were detected by MTT, 
colony formation, and flow cytometry assays. F–I) Protein levels of p62 and Beclin1 in A549 and H1299 cells were measured by western blotting. J) 
Transwell assay was utilized to assess the migration of A549 and H1299 cells. K–M) Measurement of glucose consumption, lactate production, and ATP 
release in A549 and H1299 cells using corresponding kits. N, O) Analysis of the ECAR in A549 and H1299 cells by using the Seahorse XF96 Extracel-
lular Flux Analyzer. *p<0.05, **p<0.01, and ***p<0.001
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was overturned after anti-miR-193a-3p co-transfection 
(Figures 7B, 7C). In summary, these results indicated 
that circ_0020123 regulated IRF4 expression by sponging 
miR-193a-3p in NSCLC cells.

Circ_0020123 knockdown decreased xenograft tumor 
growth in vivo. To verify the function of circ_0020123 in 
NSCLC, we constructed xenograft models by injecting A549 
cells with a stable knockdown of circ_0020123. The results 
exhibited that xenograft tumors in the sh-circ_0020123 
group had a smaller size (volume) and lighter weight 
compared to the sh-NC group (Figures 8A–8C). Also, the 
levels of circ_0020123 and IRF4 protein were downregulated 
in xenograft tumors in the sh-circ_0020123 group compared 
with the control group, whereas miR-193a-3p expression had 
an opposite result (Figures 8D–8F). Collectively, these results 
indicated that circ_0020123 inhibition reduced NSCLC 
growth in vivo.

Discussion

In this report, we uncovered that circ_0020123 served as 
a decoy for miR-193a-3p, and circ_0020123 elevated IRF4 
expression by sponging miR-193a-3p, resulting in repressing 
autophagy, accelerating malignancy, and elevating glycolysis 
in NSCLC cells.

Autophagy plays an important role in removing unnec-
essary organelles and misfolded proteins in lysosomes. 
Moreover, autophagy exerts a vital role in maintaining cell 
differentiation, remodeling, and homeostasis [26]. p62, also 
termed SQSTM1, is a ubiquitin-binding scaffold protein 
that can be accumulated when autophagy is inhibited [27]. 
Beclin-1, a key regulator of autophagy, plays an important 
role in crosstalk with the apoptotic pathway [28]. At present, 
the paradoxical role of autophagy in suppressing and 
promoting tumors has attracted widespread attention [29, 

Figure 5. miR-193a-3p directly targeted IRF4 in NSCLC cells. A) The miR-193a-3p binding sites in IRF4 were predicted by the online bioinformatics 
database starBase. B, C) The binding sites between miR-193a-3p and IRF4 were confirmed by a dual-luciferase reporter assay. D, E) The abundance of 
miR-193a-3p and IRF4 in RISC (RNA-induced silencing complex) of the Ago2 group was analyzed by qRT-PCR. F) Expression level of IRF4 mRNA in 
NSCLC tissues was detected by qRT-PCR. G) Pearson’s correlation analysis presented the correlation between IRF4 mRNA and miR-193a-3p in NSCLC 
tissues. H, I) Protein levels of IRF4 in NSCLC cells and tissues were analyzed by western blotting. J) Expression level of miR-193a-3p in A549 and 
H1299 cells transfected with miR-193a-3p or anti-miR-193a-3p was assessed by qRT-PCR. K, L) Effects of miR-193a-3p overexpression and knockdown 
on the protein level of IRF4 in A549 and H1299 cells were evaluated by western blotting. ***p<0.001
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Figure 6. miR-193a-3p regulated NSCLC cell malignant behaviors, autophagy, and glycolysis by targeting IRF4. A–O) A549 and H1299 cells were trans-
fected with miR-NC, miR-193a-3p, miR-193a-3p+pcDNA, or miR-193a-3p+IRF4. A) Analysis of the level of IRF4 protein in A549 and H1299 cells by 
western blotting. B–E) Assessment of proliferation and apoptosis of A549 and H1299 cells by MTT, colony formation, and flow cytometry assays. F–I) 
Detection of protein levels of p62 and Beclin1 in A549 and H1299 cells by western blotting. J) Transwell assay was performed to assess the migration 
of A549 and H1299 cells. K–M) The levels of glucose consumption, lactate production, ATP release in A549 and H1299 cells were determined by using 
corresponding kits. N, O) The ECAR of A549 and H1299 cells was analyzed using the Seahorse XF96 Extracellular Flux Analyzer. *p<0.05, **p<0.01, 
and ***p<0.001

Figure 7. Circ_0020123 sponged miR-193a-3p to regulate IRF4 expression. A) Pearson’s correlation analysis exhibited the correlation between 
circ_0020123 and IRF4 in NSCLC tissues. B, C) Western blotting detected the level of IRF4 protein in A549 and H1299 cells transfected with si-NC, 
si-circ_0020123, si-circ_0020123+anti-miR-NC, or si-circ_0020123+anti-miR-193a-3p. **p<0.01 and ***p<0.001

30]. A previous study revealed that circRNA circ_0085131 
elevated cell autophagy and cisplatin resistance by regulating 
the miR-654-5p/ATG7 pathway in NSCLC [31]. In contrast, 
circRNA circHIPK3 downregulation repressed cell malig-
nancy and induced cell autophagy by sponging miR124-3p 

and downregulating STAT3 in NSCLC [32]. Herein, NSCLC 
patients with high circ_0020123 expression had a poor 
prognosis, manifesting that circ_0020123 might be an 
underlying prognostic biomarker for NSCLC. Furthermore, 
circ_0020123 silencing accelerated NSCLC cell apoptosis, 
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autophagy, and repressed NSCLC cell proliferation, migra-
tion, and glycolysis. In vivo experiments, circ_0020123 
inhibition decreased the growth of xenograft tumors. Qu et 
al. uncovered that circ_0020123 sponged miR-144 to increase 
EZH2 and ZEB1 expression, resulting in accelerating NSCLC 
cell growth and metastasis [14]. Also, circ_0020123 could 
accelerate NSCLC progression by regulating miR-495/
HOXC9 [33] and miR-590-5p/THBS2 [34] pathways. In 
addition, circ_0020123 (circPDZD8) could promote gastric 
cancer cell migration and proliferation by indirectly upregu-
lating CHD9 via sequestering miR-197-5p [35]. Therefore, 
we concluded that circ_0020123 repressed cell autophagy 
and facilitated cell glycolysis and malignancy in NSCLC.

Based on the ceRNA (competing endogenous RNA) 
hypothesis [3], circ_0020123 was validated as a miR-193a-3p 
sponge in the research. miR-193a-3p has been revealed to play 
an inhibitory influence on cell malignancy in diverse cancers, 
such as colorectal cancer [36] and prostate cancer [37]. Also, 
miR-193a-3p targeted PAK4 to block the p53/Slug/L1CAM 
pathway, leading to repressing tumor growth and metas-
tasis in NSCLC [38]. In addition, miR-193a-3p/-5p curbed 
NSCLC cell metastasis by targeting the ERBB signaling 
[21]. Herein, miR-193a-3p was lowly expressed in NSCLC. 
Moreover, miR-193a-3p overturned circ_0020123 inhibi-
tion-mediated effects on NSCLC cell malignancy, glycolysis, 

and autophagy. These results manifested that circ_0020123 
inhibited NSCLC cell autophagy and accelerated NSCLC cell 
glycolysis and malignancy through sponging miR-193a-3p.

IRF4, a member of the IRF family, plays a vital role 
in regulating the immune response [39]. IRF4 has been 
revealed to be a potential diagnostic and prognostic 
biomarker in various hematological malignancies [40]. 
IRF4-induced SOX2-OT accelerated cholangiocarcinoma 
cell metastasis and proliferation via activation of the PI3K/
AKT pathway by elevating IRF4 expression [41]. Also, IRF4 
promoted cell proliferation by activating the NOTCH-
AKT pathway in NSCLC [42]. Herein, IRF4 was identified 
as a miR-193a-3p target. Furthermore, IRF4 overexpres-
sion overturned miR-193a-3p mimic-mediated impacts on 
NSCLC cell autophagy, malignancy, and glycolysis. Impor-
tantly, circ_0020123 adsorbed miR-193a-3p to increase IRF4 
expression. Therefore, we inferred that circ_0020123 curbed 
cell autophagy, increased cell glycolysis, and promoted cell 
malignancy by regulating the miR-193a-3p/IRF4 axis in 
NSCLC.

In summary, circ_0020123 exerted an oncogenic role in 
NSCLC. Mechanically, circ_0020123 acted as a miR-193a-3p 
sponge and elevated IRF4 expression by adsorbing 
miR-193a-3p, resulting in repressing NSCLC cell autophagy 
and accelerating NSCLC cell malignancy and glycolysis. 

Figure 8. Knockdown of circ_0020123 decreased NSCLC growth in vivo. A) The volume of xenograft tumors in nude mice with sh-circ_0020123 or 
sh-NC. B) The weight of xenograft tumors in nude mice with sh-circ_0020123 or sh-NC. C) A picture containing all xenograft tumors in nude mice. 
D–F) The levels of circ_0020123, miR-193a-3p, and IRF4 protein in xenograft tumors in nude mice with sh-circ_0020123 or sh-NC were detected by 
qRT-PCR or western blotting. *p<0.05, **p<0.01, and ***p<0.001
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