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Lin Shi1, Yuanyuan Huang2, Shaobing Chen1, Siyun Wang1, Chenxin Yan1, Xiaofei Chen1, Bei Zhang2,  
Bin Ke2

1Department of Traditional Chinese Medicine, Zhujiang Hospital of Southern Medical University, Guangzhou, China; 2Department of VIP Region, 

State Key Laboratory of Oncology in South China, Collaborative Innovation Center of Cancer Medicine, Sun Yat-sen University Cancer Center, 

Guangzhou, China

Contributions: (I) Conception and design: B Ke, B Zhang, L Shi; (II) Administrative support: B Ke, L Shi, Y Huang; (III) Provision of study materials 

or patients: B Zhang, L Shi, Y Huang; (IV) Collection and assembly of data: B Zhang, L Shi, S Chen, S Wang; (V) Data analysis and interpretation: 

B Ke, Y Huang, C Yan, X Chen; (VI) Manuscript writing: All authors; (VII) Final approval of manuscript: All authors.

Correspondence to: Dr. Bei Zhang; Bin Ke. Department of VIP Region, State Key Laboratory of Oncology in South China, Collaborative Innovation 

Center of Cancer Medicine, Sun Yat-sen University Cancer Center, Guangzhou 510060, China. Email: zb6336@126.com; kebin@sysucc.org.cn.

Background: Circular RNA (circRNA), a unique RNA molecule with a circular structure, is relevant to the 
process of non-small cell lung cancer (NSCLC). However, the role and possible mechanisms of circ_0003028 
in NSCLC are not completely clear. Here, we investigated the role of circ_0003028 in NSCLC progression.
Methods: We first confirmed the stability and head-to-tail junction sequences of circ_000302. 
Circ_0003028 expression was identified with quantitative reverse transcription polymerase chain reaction 
(qRT-PCR) in NSCLC tissues, and the survival probability and prognosis were analyzed using Kaplan-Meier 
survival and receiver operating characteristic (ROC) analyses. Functionally, the proliferation, apoptosis, 
and glycolytic capacity were examined using cell counting kit-8 (CCK-8), 5-ethynyl-2'-deoxyuridine (EdU) 
staining, a flow cytometer, commercial kits [glucose, lactate, and adenosine triphosphate (ATP)], and a 
Seahorse XF extracellular flux analyzer. Moreover, the potential microRNAs (miRNAs) of circ_0003028 
were predicted and identified, and the target gene of miRNA (miR)-1322 and miR-1305 were also screened 
using DIANA-microT and TargetScan.
Results: We first determined the head-to-tail junction sequences of circ_0003028 and its stability. 
Circ_0003028 was also confirmed to be upregulated in NSCLC tissues. Meanwhile, circ_0003028 had poor 
overall survival and high diagnostic potential in NSCLC patients. Furthermore, we found that overexpression 
of circ_0003028 could increase the proliferation and glycolytic capacity and restrain the apoptosis of NSCLC 
cells, and circ_0003028 silencing played the opposite role to circ_0003028 overexpression. Moreover, 
circ_0003028 might regulate miR-1305 and miR-1322, which might further regulate solute carrier family 5 
member 1 (SLC5A1).
Conclusions: Circ_0003028 could accelerate the malignant behaviors and glycolytic capacity of NSCLC 
cells via a mechanism that may be related to miR-1305 or the miR-1322/SLC5A1 axis. Therefore, the 
findings of the current study provide a preliminary theoretical basis for NSCLC therapy and diagnosis.
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Introduction

Lung cancer is the most prevalent malignancy worldwide (1),  
especially non-small cell lung cancer (NSCLC) (2). At 
present, surgery remains the optimal treatment modality 
for early-stage NSCLC (3). However, for intermediate to 
advanced lung cancer, the currently available treatment 
options are still limited. After surgery, these intermediate 
and advanced patients may also have local recurrence or 
general metastasis (4). In recent years, new therapeutic 
approaches, such as immunotherapy and targeted therapy, 
have also increased the 5-year survival rate (5,6). However, 
these current therapeutic approaches are far from sufficient. 
Therefore, it is imperative to search for novel therapeutic 
targets, and exploring the mechanisms of NSCLC 
development is still extremely valuable.

Circular RNA (circRNA) is a novel endogenous non-
coding RNA (ncRNA) that forms from exons or introns 
driven by a lasso or intron pairing (7). CircRNAs are 
abundant, highly conserved among species, and specifically 
expressed (8). They are also prominently resistant to RNA 
enzymes (7). The role of circRNA as a novel molecular 
marker in tumor diagnosis and treatment has attracted 
increasing attention. Studies have established that circRNA 
is abnormally expressed in tumor tissues and correlates 

with tumor progression (9,10). Hsa_circ_0000190 was 
directly involved in EGFR-MAPK-ERK signaling and 
might serve as a potential therapeutic target for the 
treatment of non-small cell lung carcinoma (11). Through 
literature analysis, we discovered that circ_0003028 
was highly expressed in NSCLC (12), also differentially 
expressed circRNAs, including hsa_circ_0003028 had 
diagnostic value in NSCLC (13), and circ_0003028 
also could enhance the proliferation, angiogenesis, and 
metastasis of NSCLC cells (14). According to the circBase 
database, circ_0003028 is located in chr14:66028054-
66028484, the spliced length is 430 bp, the best transcript 
is NM_178155, and the gene symbol is fucosyltransferase 
8 (FUT8) .  Moreover,  circ_0003028 has also been 
mentioned in breast cancer (15). However, the influence of 
circ_0003028 on the apoptosis and glycolysis of NSCLC 
cells and the specific mechanism of circ_0003028 in 
NSCLC cells are not clear.

MicroRNAs (miRNAs), as small ncRNA molecules, 
can mediate different biological functions by binding 
mRNAs to play regulatory roles in genes (16,17). It has 
been reported that circRNA can function as a competitive 
endogenous RNA (ceRNA) or miRNA sponge (18). Also, 
the combination of miRNA and circRNA can form a 
minimal ceRNA network. CeRNAs can share miRNA 
recognition units, increasing the complexity of miRNA-
based regulatory networks (19). Studies have reported 
that ceRNA networks exhibit significant potential in the 
diagnosis and targeted therapy of cancer (20,21). However, 
the function of circ_0003028/miRNA in NSCLC remains 
incompletely defined.

In  the  pre sen t  s tudy,  we  f i r s t  con f i rmed  the 
cyclic structure and stability of circ_0003028 and 
bioinformatics analysis showed that circ_0003028 might 
regulate glucose metabolism. We also verified the 
expression and prognosis of circ_0003028 in NSCLC. 
Furthermore, we investigated the impacts of circ_0003028 
overexpression or silencing on the proliferation, apoptosis, 
and glycolysis of NSCLC cells. Moreover, we also explored 
the potential miRNAs associated with circ_0003028 and the 
possible target genes of the screened miRNAs. This study 
was conducted to provide potential targets for the therapy 
and diagnosis of NSCLC. We present the following article 
in accordance with the MDAR reporting checklist (available 
at https://atm.amegroups.com/article/view/10.21037/atm-
23-178/rc).

Highlight box

Key findings
• Circ_0003028 could accelerate the malignant behaviors and 

glycolytic capacity of NSCLC cells via a mechanism that may be 
related to the miR-1305 or miR-1322/SLC5A1 axis.

What is known and what is new?
• Circ_0003028 is located in chr14:66028054-66028484, the spliced 

length is 430 bp, the best transcript is NM_178155, and the gene 
symbol is FUT8. Circ_0003028 has also been mentioned in breast 
cancer.

• Circ_0003028 could accelerate the malignant behaviors and 
glycolytic capacity of NSCLC cells via a mechanism that may be 
related to miR-1305 or the miR-1322/SLC5A1 axis. Therefore, 
the findings of the current study provide a preliminary theoretical 
basis for NSCLC therapy and diagnosis.

What are the implications, and what should change now?
• We suggested that blocking the circ_0003028/miR-1305 or miR-

1322/SLC5A1 axis might weaken the glycolytic pathway to achieve 
a therapeutic effect in NSCLC. However, this molecular axis still 
needs to be verified by extensive experiments in the future.

https://atm.amegroups.com/article/view/10.21037/atm-23-178/rc
https://atm.amegroups.com/article/view/10.21037/atm-23-178/rc
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Methods

Clinical samples

A total of 104 NSCLC tissues and paired para-cancerous 
tissues were collected at the Sun Yat-sen University Cancer 
Center from August 2015 to June 2016. The inclusion 
criteria were as follows: (I) patients who had not received 
radiotherapy or chemotherapy before surgery; and (II) 
NSCLC was confirmed by postoperative pathological 
examination. The exclusion criteria were as follows: (I) 
incomplete medical records; (II) preoperative neoadjuvant 
therapy; (III) complicated with other systemic malignancies; 
and (IV) severe insufficiency of other organs. All tissues 
were rapidly stored at −80 ℃. The study was conducted in 
accordance with the Declaration of Helsinki (as revised in 
2013). All patients who participated in this study signed 
an informed consent form, and this study was approved by 
the institutional ethics board of the Sun Yat-sen University 
Cancer Center (No. SL-B2022-643-01).

Cell culture

A549 and HCC827 cells were obtained from American 
Type Culture Collection (ATCC, Washington, DC, NW, 
USA). A549 cells and HCC827 cells were grown in RPMI-
1640 (Gibco, C11875500BT). 10% fetal bovine serum (FBS, 
Gibco, USA) was added to both media, and the cells were 
cultured at 37 ℃ with 5% CO2.

Cell transfection

The empty vector, circ_0003028 overexpression plasmid, 
control short hairpin RNAs (shRNAs) (sh-CTRL), and 
circ_0003028 shRNAs (sh-circ) were obtained from HanBio 
Biotechnology (HanBio, Shanghai, China). MiRNA (miR)-
1305 inhibitor, miR-1305 mimics, miR-1322 mimics, miR-
1322 inhibitor, and negative control (NC) were acquired 
from GenePharma (Shanghai, China). The A549 and 
HCC827 cells (1×103 cells/well) were transfected with 
the above overexpressed plasmids and oligonucleotides by 
applying lipofectamine 3000 (Invitrogen, Carlsbad, CA, 
USA) for 48 h based on the specification.

Agarose gel electrophoresis and sanger sequencing

Trizol (Invitrogen) was applied to isolate total cellular RNA, 
and a reverse transcription kit (R211-01, Vazyme Biotech, 
China) was utilized for reverse transcription. Genomic DNA 

(gDNA) was extracted from cells using a gDNA extraction 
kit (DP705, Tiangen Biochemical, China). Then, reverse 
transcription products [complementary DNA (cDNA) and 
gDNA] were amplified by SYBR Premix Ex TaqTM II 
(DRR081A, TaKaRa, Dalian, China). Divergent primers 
amplified the circular transcripts and convergent primers 
amplified the linear transcripts. Agarose gel electrophoresis 
was conducted and then placed on a gel imager system 
(E-GelTM Power Snap, Invitrogen, Carlsbad, CA, USA) for 
observation and photography. The circ_0003028 sequence 
was obtained from the circRNABase database. The 
polymerase chain reaction (PCR) amplification products 
were obtained by PCR and sent to Synbio Technologies 
(Suzhou, China) for sequencing.

Quantitative reverse transcription PCR (qRT-PCR)

Total RNA was isolated from cells and milled tissues 
using Trizol (Invitrogen), and some of the extracted RNA 
was processed with ribonuclease R (RNaseR) (2 U/μg)  
at 37 ℃ for 10 min, and the control was processed with 
an equal amount of double-distilled water. After reverse 
transcription, the gene was amplified, and the data were 
analyzed with 2−ΔΔCT. Forward primer for circ_0003028 
is 5'-GTCCAAGATTCTGGCAAAGC-3' and reverse 
primer for circ_0003028 is 5'-TCAAAGAGATCCTCC 
TGGTGA-3'. Forward primer for GAPDH is 5'-CTCC 
TCCTGTTCGACAGTCAGC-3' and reverse primer for 
GAPDH is 5'-CCCAATACGACCAAATCCGTT-3'.

Nucleoplasm separation experiment

Isolation of cytoplasm and nucleus from NSCLC cells was 
conducted using Cytoplasmic & Nuclear RNA Purification 
Kit  (NGB-37400,  NORGEN, ON, Canada) ,  and 
circ_0003028 expression was analyzed via qRT-PCR in the 
nucleus and cytoplasm.

Cell proliferation

For  ce l l  count ing  k i t -8  (CCK-8) ,  NSCLC ce l l s  
(4×105 cells/mL) in 96-well plates, and were transfected 
for 48 h based on the experimental purpose. Ten μL of 
CCK-8 (Dojindo, Tokyo, Japan) was supplemented to each 
well. After 2 h, the optical density (OD) value at 450 nm 
was tested. For 5-ethynyl-2'-deoxyuridine (EdU) staining, 
the processed cells were fixed with 4% paraformaldehyde, 
decolorized with 2 mg/mL glycine, and decolorized with 
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0.5% TritonX-100 for 10 min. Next, Apollo and DNA 
staining were conducted based on the instructions of the 
Cell-LightTM EdU Apollo567 In Vitro Kit (C10310-1, 
RIBOBIO, Guangzhou, China). After sealing the slices, the 
samples were photographed under a fluorescent microscope 
(Zeiss, Oberkochen, Germany).

Flow cytometer

The treated cells were harvested, washed using pre-chilled 
phosphate buffered saline (PBS), and resuspend using 
500 μL of PBS. Subsequently, the cells were disposed of 
fluorescein isothiocyanate (FITC) (5 μL) and phycoerythrin 
(PE) (5 μL) for 10 min. The apoptotic cells were monitored 
by flow cytometry (FACS Calibur, BD, Franklin Lake, NJ, 
USA).

Determination of glucose, lactate, and adenosine 
triphosphate (ATP)

The levels of glucose consumption, lactate, and ATP 
synthesis in the A549 and HCC827 cells were monitored 
using glucose, lactate, and ATP kits (Sigma-Aldrich, 
St. Louis, MO, USA) according to the manufacturer’s 
instructions.

Detection of extracellular acidification rate (ECAR) and 
oxygen consumption rate (OCR)

According to previous studies (22,23), the ECAR and 
OCR of NSCLC cells were determined using Seahorse XF 
Glycolysis or Cell Mito Stress Test kit (Seahorse Bioscience, 
Billerica, MA, USA) on the Seahorse XFe96 Extracellular 
Flux Analyzer.

Bioinformatics analysis

The target genes of miR-1322 and miR-1305 were 
predicted using DIANA-microT (https://mrmicrot.imsi.
athenarc.gr/?r=mrmicrot/index) and TargetScan (https://
www.targetscan.org/vert_80/).

Western blot

Total protein was harvested using RIPA lysate (Beyotime, 
China), and was monitored using a bicinchoninic acid 
(BCA) kit (Invitrogen). Proteins (40 μg) were separated in 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) gel and then transferred to a polyvinylidene 
fluoride (PVDF) membrane (Millipore, Boston, MA, 
USA). After blocking, the membranes were exposed to 
primary antibody (Abcam, Cambridge, England) overnight 
at 4 ℃, processed with secondary antibody (Abcam) for 
1 h, and then developed by the dropwise addition of 
electrochemiluminescence (ECL) color development 
solution. After ECL chemiluminescence, the protein was 
developed on the gel imager (Bio-Rad, Hercules, CA, USA).

Statistical analysis

Measurement data were denoted as mean ± standard 
deviation (SD) from three experiments. SPSS22.0 software 
(SPSS, Inc., Chicago, IL, USA) was adopted for data 
analysis with the Student’s t-test or analysis of variance 
(ANOVA). A Kaplan-Meier survival curve was utilized 
to compare the overall survival between circ_0003028 
and NSCLC patients. The prognosis was assessed using 
receiver operating characteristic (ROC) analysis. P<0.05 
was considered statistically significant.

Results

High expression and poor prognosis of circ_0003028 in 
NSCLC

Firstly, we excluded genome rearrangement or trans-
splicing. The PCR results showed that the divergent primers 
were amplified in cDNA but not in gDNA (Figure 1A).  
We then applied Sanger sequencing to the above PCR 
products, and the results displayed the head-to-tail splicing 
sites in the PCR products (Figure 1B). Meanwhile, we 
conducted qRT-PCR to evaluate the RNAs extracted 
from NSCLC cells treated with RNaseR, and the results 
demonstrated that circ_0003028 was resistant to RNaseR 
(Figure 1C). Next, we tested the circ_0003028 level by 
qRT-PCR and found that it was elevated in NSCLC 
tissues (Figure 1D). Based on the changes of circ_0003028 
expression in NSCLC tissues, we also analyzed the 
relationship between circ_0003028 and the clinical 
characteristics of 104 NSCLC patients. We determined that 
the high expression of circ_0003028 was associated with the 
III–IV stage (P<0.0001), low differentiation (P=0.0016), and 
lymph node metastasis (P=0.0008) (Table 1).

Subsequently, Kaplan-Meier analysis was performed 
to observe the probability of survival in NSCLC patients 
after recovery, and the schema showed that patients with a 

https://mrmicrot.imsi.athenarc.gr/?r=mrmicrot/index
https://mrmicrot.imsi.athenarc.gr/?r=mrmicrot/index
https://www.targetscan.org/vert_80/
https://www.targetscan.org/vert_80/
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Figure 1 Circ_0003028 was up-regulated and reflected a poor prognosis in NSCLC. (A) PCR revealed the existence of circ_0003028 
in NSCLC tissues. (B) Sanger sequencing analysis of circ_0003028; the blue arrow represents the splicing site of circ_0003028. (C) The 
circ_0003028 level was evaluated through qRT-PCR after RNaseR processing. (D) The change in circ_0003028 level in NSCLC tissues 
was evaluated via qRT-PCR. (E) Kaplan-Meier survival analysis suggested the probability of survival in NSCLC patients with high and 
low circ_0003028 expression. (F) ROC analysis was conducted to monitor the diagnostic potential of circ_0003028 in NSCLC tissues. 
****P<0.0001. M, marker; cDNA, complementary DNA; gDNA, genomic DNA; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; 
AUC, area under the curve; CI, confidence interval; PCR, polymerase chain reaction; NSCLC, non-small cell lung cancer; RNaseR, 
ribonuclease R; qRT-PCR, quantitative reverse transcription PCR; ROC, receiver operating characteristic.
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high expression of circ_0003028 had poor overall survival 
(Figure 1E). The ROC curve was utilized to determine 
the diagnostic potential of circ_0003028. As shown in 
the diagram, the results showed that the area under the 
curve (AUC) of circ_0003028 was 0.8724 [95% confidence 
interval (CI): 0.8197–0.9251], which suggested that 
circ_0003028 has a high diagnostic potential in NSCLC 
patients (Figure 1F).

Circ_0003028 induced proliferation and suppressed 
apoptosis in NSCLC cells

To explore the role of circ_0003028 in the development 
of NSCLC, we transfected A549 and HCC827 cells 

with circ_0003028 overexpressed plasmids or shRNAs, 
respectively. The circ_0003028 level in circ_0003028-
overexpressed cells was markedly increased versus that in 
vector-transfected cells, and the opposite result trend was 
found in the circ_0003028-silenced cells (Figure 2A), which 
indicates that circ_0003028 was successfully overexpressed 
and silenced in A549 and HCC827 cells. Also, the CCK-
8 and EdU results showed that the proliferation ability was 
dramatically enhanced in circ_0003028-overexpressed A549 
and HCC827 cells compared to the overexpression-control 
group and was also markedly decreased in circ_0003028-
silenced A549 and HCC827 cells relative to that in the 
sh-CTRL group (Figure 2B-2D). Meanwhile, the flow 
cytometer was used to monitor the cell apoptosis of the 
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Table 1 Correlation between expression of hsa_circ_0003028 and clinicopathological features in 104 cases of NSCLC

Factors N
Hsa_circ_0003028 expression (n=104)

P value
Low expression (n=52) High expression (n=52)

Age (years) 0.4314

<60 48 26 22

≥60 56 26 30

Gender 0.4324

Male 50 23 27

Female 54 29 25

TNM stage <0.0001*

I–II 46 33 13

III–IV 58 19 39

Differentiation 0.0016*

Poor 56 20 36

Well 48 32 16

Lymph node metastasis 0.0008*

Yes 57 20 37

No 47 32 15

Smoking status 0.2305

Smoker 62 28 34

Non-smoker 42 24 18

*P<0.05. NSCLC, non-small cell lung cancer; TNM, tumor-node-metastasis.

transfected cells, and the results demonstrated that cell 
apoptosis was conspicuously retarded in circ_0003028-
overexpressed A549 and HCC827 cells. Circ_0003028 
silencing induced cell apoptosis, which is consistent with 
the expected results (Figure 2E,2F).

Circ_0003028 overexpression elevated the glycolytic 
capacity of NSCLC cells

Further, we explored the function of circ_0003028 in 
the glycolysis of NSCLC cells. The results showed that 
circ_0003028 overexpression promoted glycolysis by 
increasing glucose uptake, lactate production, and ATP 
levels, while circ_0003028 down-regulation had the opposite 
effect (Figure 3A-3C). Moreover, the results demonstrated 
that circ_0003028 overexpression dramatically accelerated 
ECAR and diminished OCR, while circ_0003028 silencing 
prominently mitigated ECAR and strengthened OCR 
(Figure 3D,3E).

Circ_0003028 served as a sponge of miR-1305 and miR-
1322

To confirm the subcellular distribution of circ_0003028, 
we observed the expression of cytoplasmic controlled 
transcripts glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH), nuclear controlled transcripts U6, and 
circ_0003028 in the cytoplasm and nucleus of A549 and 
HCC827 cells, and the results revealed that circ_0003028 
was mostly distributed in the cytoplasm (Figure 4A). We 
also screened the potential sponge miRNAs using the 
CircInteractome database (Figure 4B). Next, we selected 
miRNAs, and the results suggested that circ_0003028 
overexpression substantially downregulated miR-1322, 
miR-1245, miR-1305, miR-1281, miR-186, miR-1289, 
miR-1307, miR-570, miR-1324, miR-618, and miR-944 in 
A549 cells, especially miR-1305 and miR-1322 (Figure 4C). 
Therefore, miR-1305 and miR-1322 were the most likely 
downstream regulators of circ_0003028.
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Figure 2 High expression of circ_0003028 expedited proliferation and suppressed apoptosis in NSCLC cells. A549 and HCC827 cells were 
managed with circ_0003028-overexpression plasmids or circ_0003028 shRNAs. (A) qRT-PCR of circ_0003028 in the transfected A549 
and HCC827 cells. (B) Cell proliferation was determined using CCK-8. (C) EdU staining was utilized to assess cell proliferation. (D) The 
percentage of EdU positive cells was calculated. (E) A flow cytometer was applied to identify cell apoptosis in the transfected A549 and 
HCC827 cells. (F) The apoptosis rate was calculated. **P<0.01; ***P<0.001. OE-CTRL, control overexpression; OE-circ, circ_0003028 
overexpression; sh-CTRL, control shRNAs; shRNAs, short hairpin RNAs; sh-circ, circ_0003028 shRNAs; EdU, 5-ethynyl-2'-deoxyuridine; 
DAPI, 4',6-diamidino-2-phenylindole; FITC-A, fluorescein isothiocyanate-acrylate; NSCLC, non-small cell lung cancer; qRT-PCR, 
quantitative reverse transcription polymerase chain reaction; CCK-8, cell counting kit-8.



Shi et al. Circ_0003028 enhances glycolytic capacity in NSCLCPage 8 of 13

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2023;11(5):215 | https://dx.doi.org/10.21037/atm-23-178

Con
tro

l

Con
tro

l

Con
tro

l

Control

OE-CTRL

OE-circ

sh-CTRL

sh-circ

Control

OE-CTRL

OE-circ

sh-CTRL

sh-circ

OE-C
TR

L

OE-C
TR

L

OE-C
TR

L

OE-c
irc

OE-c
irc

OE-c
irc

sh
-C

TR
L

sh
-C

TR
L

sh
-C

TR
L

sh
-c

irc

sh
-c

irc

sh
-c

irc

R
el

at
iv

e 
gl

uc
os

e 
up

ta
ke

E
C

A
R

, m
pH

/m
in

E
C

A
R

, m
pH

/m
in

O
C

R
, p

m
oL

/m
in

O
C

R
, p

m
oL

/m
in

R
el

at
iv

e 
la

ct
at

e 
pr

od
uc

tio
n

R
el

at
iv

e 
AT

P
 c

on
ce

nt
ra

tio
n

5

4

3

2

1

0

100

80

60

40

20

0

100

80

60

40

20

0

200

150

100

50

0

250

200

150

100

50

0

4

3

2

1

0

4

3

2

1

0

Time, minutes

Time, minutes

Time, minutes

Time, minutes

0

0

0

0

20

HCC827

HCC827

HCC827

HCC827 HCC827A549

A549

2-DG 2-DGOligomycin Oligomycin

OligomycinOligomycin

FCCP
FCCP

Rote/AA
Rote/AA

Glucose Glucose

A549

**
**

** **

** **

** **

** ** **

********

******

** ** **

******

** ** **

****

** ** **

** **

** **

A549 A549

20

20

20

40

40

40

40

60

60

60

60

80

80

80

80

A

D

E

B C

Figure 3 Overexpression of circ_0003028 increased the glycolytic capacity of NSCLC cells. A549 and HCC827 cells were pretreated with 
the circ_0003028-overexpression plasmids or shRNAs. (A) Glucose detection kits were used to evaluate the glucose uptake by cells. (B) 
The level of lactate production in cells was analyzed using a lactate detection kit. (C) An ATP detection kit was used to certify the level 
of ATP production in cells. (D) The Seahorse XF extracellular flux analyzer denoted the change in the ECAR rate. (E) The Seahorse XF 
extracellular flux analyzer determined the rate of OCR. **P<0.01. NSCLC, non-small cell lung cancer; OE-CTRL, control overexpression; 
OE-circ, circ_0003028 overexpression; sh-CTRL, control shRNAs; shRNAs, short hairpin RNAs; sh-circ, circ_0003028 shRNAs; ECAR, 
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Solute carrier family 5 member 1 (SLC5A1) might be the 
target gene of miR-1305 and miR-1322

Based on the above results, we further identified the target 
genes of miR-1305 and miR-1322 that might play a key role 
in NSCLC. We first predicted the target genes by DIANA-
microT and TargetScan to draw a Venn diagram of the 
cross-candidate target genes and found that SLC5A1 might 
be regulated by miR-1305 and miR-1322 (Figure 5A). Next, 
we verified whether SLC5A1 was the target gene of miR-

1305 and miR-1322. The results showed that the SLC5A1 
level was notably facilitated in circ_0003028-overexpressed 
NSCLC cells, and markedly retarded in circ_0003028-
silenced NSCLC cells (Figure 5B). We then evaluated the 
SLC5A1 level in NSCLC cells after transfection with the 
miR-1305 mimics or inhibitor and miR-1322 mimics or 
inhibitor. The results revealed that the overexpression 
of miR-1305 or miR-1322 markedly decreased the 
SLC5A1 level, while inhibition of miR-1305 or miR-1322 
prominently increased the SLC5A1 level in NSCLC cells 
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Figure 4 Circ_0003028 might act as the sponge for miR-1305 and miR-1322. (A) qRT-PCR was adopted to determinate the abundance 
of circ_0003028, GAPDH, and U6 in the cytoplasm or nucleus of A549 and HCC827 cells. (B) Schematic diagram showing the potential 
miRNAs with binding sites to circ_0003028. (C) qRT-PCR monitored the expressions of the screened miRNAs in A549 and HCC827 cells 
after pretreatment with the circ_0003028-overexpression plasmids or vector, miR-1305 and miR-1322 were selected as the downstream 
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dehydrogenase; OE-CTRL, control overexpression; OE-circ_0003028, circ_0003028 overexpression; qRT-PCR, quantitative reverse 
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(Figure 5C,5D).

Discussion

NSCLC is a malignant lung tumor (24), and patients 
with advanced NSCLC have a poor prognosis. In the era 
of precision cancer therapy, NSCLC treatment includes 
chemotherapy, immunotherapy, and targeted therapy (6,25). 
In the existing treatment model, the overall cure rate for 
NSCLC patients is <20%, and the 5-year survival rate for 
advanced patients is <5% (4). Therefore, it is crucial to 
determine an approach with good efficacy and few adverse 
effects to improve the survival rate and prolong the survival 
period of NSCLC patients.

CircRNA is a cyclic transcription sequence composed 
of exon or intron shears and is a naturally occurring 

endogenous ncRNA with a wide range and diversity (8,26). 
Studies have shown that circRNA is related to various 
tumors, including gastric cancer (27), pancreatic cancer (28), 
lung cancer (29), thyroid cancer (30), etc. Besides, circRNA 
has different biological properties and functions (31). There 
is a gradual increase in the number of reports of endogenous 
circRNAs associated with tumors (32,33). However, the 
functions of the vast majority of circRNAs have not yet 
been discovered. Previous reports have indicated that 
circ_0003028 expression is elevated in NSCLC (12), which 
could also accelerate the proliferation, angiogenesis, and 
metastasis of NSCLC cells (14). We further verified the 
circularity and stability of circ_0003028 and revealed 
the high expression of circ_0003028 in NSCLC tissues. 
Meanwhile, we discovered that the high expression of 
circ_0003028 can reduce the survival of NSCLC patients 
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Figure 5 SLC5A1 might be the potential downstream gene of miR-1305 and miR-1322. (A) The Venn diagram demonstrated the predicted 
target genes of miR-1322 and miR-1305 from DIANA-microT and TargetScan. (B) SLC5A1 expression was determined by western blot 
after transfection with the circ_0003028-overexpression plasmid and circ_0003028 shRNAs. (C) Western blot of SLC5A1 expression in 
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and has a certain prognostic effect. This suggests that 
circ_0003028 might have a catalytic effect on the NSCLC 
process.

Glucose metabolism is the main energy source 
for tumor cell growth and metabolism (34). The two 
primary methods of glucose oxidation in the body are 
oxidative phosphorylation and glycolysis. A previous 
study revealed that glycolysis can influence the biological 
behavior of tumor cells (35). The cell transports glucose 
into the cell via the glucose transporter (GLUT) on 
the membrane to produce pyruvate, a process known as 
glycolysis (36). Pyruvate is converted to lactate under 
hypoxic conditions and is metabolized by mitochondrial 
oxidative phosphorylation to produce energy under aerobic 
conditions. The active state of tumor cells is associated 
with the gained energy (37). Even when oxygen content is 
sufficient, tumor cells will also preferentially consume more 
glucose to produce energy through glycolysis (38).

Our results showed that circ_0003028 overexpression 

could increase glucose uptake, lactate production, and ATP 
concentration in NSCLC cells. Meanwhile, circ_0003028 
overexpression could also elevate ECAR and reduce OCR 
in NSCLC cells. Furthermore, circ_0003028 silencing 
could exert the opposite effect to its overexpression. So, we 
confirmed that circ_0003028 could enhance the glycolysis 
of NSCLC cells. Our data also revealed that circ_0003028 
could accelerate proliferation and weaken apoptosis in 
NSCLC cells. Overall, we proved that circ_0003028 has a 
significant acceleration effect on NSCLC progression.

By verifying the function of circ_0003028 in NSCLC 
cells, we further confirmed the possible mechanism of 
circ_0003028 in NSCLC. According to reports, circRNAs 
have miRNA response elements that bind to mRNAs and 
can thus contribute to the ability of miRNAs to regulate 
genes (39). As a molecular sponge of miRNA, circRNA 
can repress miRNA and affect the post-transcriptional 
regulation of target genes (18). In this way, we also screened 
the miRNAs that could be altered by circ_0003028 in 
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NSCLC cells through bioinformatics and experimental 
verification. We also discovered that circ_0003028 might 
be a sponge of miR-1305 and miR-1322. Meanwhile, we 
further screened the common target genes of miR-1305 
and miR-1322 through DIANA-microT and TargetScan. 
Through preliminary verification, we conclude that both 
miR-1305 and miR-1322 might regulate SLC5A1.

The SLC5A family are sodium-dependent GLUT 
proteins (SGLTs) (40). SGLTs have been reported to 
transport glucose into the intracellular SLC5A gene 
family independent of sodium ions (41). Among them, 
SGLT1 and SGLT2, which are encoded by SLC5A1 and 
SLC5A2, respectively, are GLUT proteins across the cell  
membrane (42). Specifically, SLC5A1 has been reported 
to exert a significant function in various cancer processes, 
including in pancreatic carcinoma (43), breast cancer (44,45), 
gastric cancer (46), endometrial cancer (47), etc. In our study, 
we further confirmed that circ_0003028 could upregulate 
SLC5A1, and miR-1305 or miR-1322 could downregulate 
SLC5A1. Therefore, we hypothesized that circ_0003028 
could accelerate the NSCLC process via miR-1305 or the 
miR-1322/SLC5A1 axis to accelerate glycolysis.

For the shortcomings in the present study, first, a 
dual luciferase reporter system needs to be performed to 
confirm that circ_0003028 act as competing endogenous 
RNA (ceRNA) competitively bind to miR-1305 and 
miR-1322 to regulate SLC5A1 gene expression. Second,  
in vivo experiments need to be performed the determine 
the biological function of circ_0003028. Last, the problems 
and challenges in the clinical application of circRNAs, 
including improve the translation efficiency of circRNAs 
and overcome the off-target effect of circRNA knockdown 
technologies.

Conclusions

This study demonstrated that circ_0003028, as an 
oncogene, could accelerate the proliferation and glycolytic 
capacity and prevent the apoptosis of NSCLC cells. Also, 
the induction of glycolysis by circ_0003028 in NSCLC 
cells might occur via miR-1305 or the miR-1322/SLC5A1 
axis. Therefore, we suggest that blocking the circ_0003028/
miR-1305 or the miR-1322/SLC5A1 axis might weaken 
the glycolytic pathway to achieve a therapeutic effect in 
NSCLC, and glycolysis-associated multiomics prognostic 
model may provide potential application value for 
prognostic prediction and individualized treatment of 
NSCLC.
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