
Am J Cancer Res 2025;15(5):2353-2374
www.ajcr.us /ISSN:2156-6976/ajcr0162718

https://doi.org/10.62347/PXHT9575

Original Article
Circular RNA hsa_circ_103089 modulates metabolic 
glycolysis and influences migration, invasion, and  
cisplatin sensitivity in non-small cell lung cancer  
cells via the miR-876-5p/EGFR axis

Yong Zhou1,2, Xiaoxiao Zhu2, Zhongkai Tong2, Cenli Wang3, Xiaofei Liang3, Zhenyan Li3, Lin He3, Chunli Wu2, 
Zhaoxing Dong2

1School of Medicine, Tongji University, Shanghai 200092, China; 2Department of Respiratory and Critical Care 
Medicine, Ningbo No. 2 Hospital, Ningbo 315000, Zhejiang, China; 3Department of Respiratory and Critical Care 
Medicine, Xiangshan Red Cross Taiwan Compatriot Hospital Medical and Health Group, Ningbo 315000, Zhejiang, 
China

Received December 16, 2024; Accepted May 6, 2025; Epub May 25, 2025; Published May 30, 2025

Abstract: Lung cancer, particularly non-small cell lung cancer (NSCLC), remains a leading cause of cancer-related 
mortality worldwide, driven by complex molecular mechanisms including metabolic reprogramming and chemore-
sistance. Circular RNAs (circRNAs) have emerged as key regulators in cancer progression, yet their specific roles in 
NSCLC are underexplored. This study identified hsa_circ_103089 as a novel circRNA upregulated in NSCLC tissues 
and cell lines through circRNA profiling using the Gene Expression Omnibus (GEO) database. We aimed to inves-
tigate its functional roles and molecular mechanisms in NSCLC progression and cisplatin (DDP) sensitivity. Using 
A549 and HCC827 cell lines, we assessed the effects of hsa_circ_103089 silencing on proliferation, migration, 
invasion, glycolysis, and DDP resistance via techniques such as dual-luciferase reporter assays, RNA pull-down, 
Western blotting, and in vivo xenograft models. Results revealed that hsa_circ_103089 silencing suppressed tu-
mor cell malignancy and glycolysis while enhancing DDP sensitivity. Mechanistically, hsa_circ_103089 acts as a 
sponge for miR-876-5p, upregulating EGFR expression and downstream glycolysis-related genes (e.g., LDHA, HK2, 
GLUT1). In vivo, hsa_circ_103089 knockdown inhibited tumor growth and potentiated DDP efficacy in nude mice. 
Clinically, high hsa_circ_103089 expression correlated with poor prognosis in NSCLC patients. These findings estab-
lish hsa_circ_103089 as a critical regulator of NSCLC progression and chemoresistance via the miR-876-5p/EGFR 
axis, highlighting its potential as a prognostic biomarker and therapeutic target.
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Introduction

Lung cancer remains the most prevalent and 
deadly form of cancer, posing a profound threat 
to global health [1]. The current mainstays of 
treatment, including surgery, radiation therapy, 
and chemotherapy, have shown limited suc-
cess [2], with a 5-year survival rate that hovers 
at only 22% due to high rates of metastasis and 
recurrence [3]. Therefore, understanding the 
molecular mechanisms driving lung cancer pro-
gression may facilitate the development of 
more precise and targeted therapeutic strate-
gies. Reprogramming glucose metabolism is a 

hallmark of lung cancer, enhancing cellular  
proliferation, migration, and invasion [4, 5]. 
Glucose metabolism undergoes reprogramm- 
ing, and aberrant metabolism is a significant 
characteristic of cancer cells, particularly aero-
bic glycolysis, also known as the “Warburg 
effect”, in which tumor cells preferentially use 
glycolysis for energy production even in oxygen-
rich conditions [6]. In cancer cells, aerobic gly-
colysis can convert up to 85% of glucose into 
lactate [7], significantly increasing the glu- 
cose consumption of lung cancer cells and pro-
viding the energy needed for their high prolifer-
ation rates [8, 9]. Previous studies have report-
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ed that lung cancer patients typically exhibit an 
abnormal increase in glycolytic pathways [4]. 
Monitoring changes in glycolytic pathways can 
be beneficial for predicting overall survival 
rates in lung cancer patients [10, 11].

As a subclass of non-coding RNAs (ncRNAs), 
circular RNAs (circRNAs) have a covalently 
closed loop structure. As bioinformatics tech-
nology has advanced, circRNAs’ molecular pro-
cesses in lung cancer have been thoroughly 
investigated. In this study, we conducted a 
comprehensive bioinformatics analysis of cir-
cRNA expression patterns in lung cancer using 
datasets from the Gene Expression Omnibus 
(GEO), specifically GSE158695 and GSE1122- 
14. Among the identified circRNAs, we focused 
on hsa_circ_103089, a previously unreported 
circRNA originating from the PCSK6 transcript. 
Given its high abundance and aberrant upregu-
lation in lung cancer patients, we sought to 
investigate its role and downstream regulatory 
mechanisms in non-small cell lung cancer 
(NSCLC). We examined the biological functions 
of hsa_circ_103089, including its effects on 
proliferation, migration, and invasion, as well as 
its potential role in metabolic reprogramming in 
NSCLC.

Materials and methods

Clinical samples

From January 2024 to November 2024, this 
study collected 30 pairs of NSCLC tissue speci-
mens from the Ningbo No. 2 Hospital. The study 
was approved by the Ethics Committee of 
Ningbo No. 2 Hospital. The informed consent 
form was obtained from patients before inclu-
sion in the study, and the research procedures 
were fully explained. No subjects had received 
any form of anticancer treatment, such as  
chemotherapy or radiotherapy, before surgical 
resection. Additionally, the expression of hsa_
circ_103089 was detected in NSCLC patient 
tissue microarrays (HLugA180Su09, Shanghai 
Outdo Biotech, 94 cases of lung adenocarcino-
ma with survival data: 94 cancer sites/86 adja-
cent cancer sites, with a follow-up period of 3-8 
years) using Fluorescence in situ hybridization 
(FISH) assay. Correlations were established 
with clinicopathological features and the prog-
nosis of patients.

Cell culture

Human NSCLC cell lines A549 and HCC827 
were procured from Zhejiang Ruyao Biotechno- 

logy Co., Ltd. (Ningbo, China). The cells were 
cultured in Dulbecco’s Modified Eagle Medium 
(DMEM) supplemented with 10% Fetal Bovine 
Serum (FBS), 1% penicillin, and 1% streptomy-
cin (all from Thermo Fisher Scientific, Waltham, 
MA, USA). The cells were maintained in an incu-
bator at 37°C with a CO2 concentration of 5%. 
To assess the stability of circRNA, actinomycin 
D (A9415, Sigma Aldrich, USA) at a concentra-
tion of 5 μg/mL was added to the cells at 0, 6, 
12, 18, and 24 h before RNA extraction. 
Subsequently, RNA was harvested to evaluate 
the expression levels of hsa_circ_103089 and 
its cognate linear transcript, PCSK6 [12].

Bioinformatics analysis

We obtained two datasets containing circRNA 
expression profiles from NSCLC and adjacent 
normal tissues (GSE158695 and GSE112214) 
from the GEO database (https://www.ncbi.nlm.
nih.gov/geo/). The datasets were filtered using 
P_value < 0.05 and Log_FoldChange (LogFC) > 
1 criteria to identify differentially expressed cir-
cRNAs. Venn diagram analysis was applied to 
select the target circRNAs that were significant-
ly upregulated and highly expressed in NSCLC. 
Quantitative real-time reverse transcription 
polymerase chain reaction (qRT-PCR) was used 
to assess the expression levels of hsa_circ_ 
103089 in RNA samples from Beas-2b, A549, 
HCC827, H1299, and Calu-1 cell lines. A549 
and HCC827 cell lines, which exhibited high 
expression levels of hsa_circ_103089, were 
chosen for knockdown experiments to eluci-
date the biological functions of hsa_circ_ 
103089 in NSCLC.

The base sequence of hsa_circ_103089 was 
utilized to predict potential downstream tar- 
gets using the miRDB website. This was supple-
mented with an analysis of significantly down-
regulated miRNAs in NSCLC patients from the 
GEO database (GSE29250) using a P_value < 
0.01 and LogFC < -1. Venn diagram analysis 
was conducted to intersect the predicted tar-
geted miRNAs of hsa_circ_103089 with the 
downregulated miRNAs to identify candidate 
miRNAs.

The Encyclopedia of RNA Interactomes (EN- 
CORI) database (https://rnasysu.com/encori/
index.php), which integrates seven miRNA pre-
diction databases including PITA, miRmap, 
microT, miRanda, PicTar, and TargetScan, was 
employed to predict mRNA targets of miR-876-
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5p. Additionally, significantly upregulated miR-
NAs in NSCLC patients (GSE29250) were re- 
trieved from the GEO database with a P_value < 
0.01 and LogFC > 1. The GeneCard database 
was queried to obtain the TOP200 genes asso-
ciated with glycolysis. Venn diagrams were 
used to filter and identify mRNAs targeted by 
miR-876-5p that are also closely related to 
glycolysis.

qRT-PCR

Total RNA was extracted from tissues or cells 
using TRIzol reagent (15596026CN, Invitrogen, 
USA). Before reverse transcription into comple-
mentary DNA (cDNA) using the PrimeScript™ 
RT Reagent Kit (RR047Q, Takara, Japan), RNA 
was incubated with RNase R for 15 min. qPCR 
was conducted on an ABI 7500 PCR system 
(Applied Biosystems, USA) with BeyoFast™ 
SYBR Green qPCR Mix (D7260, Beyotime, 
China) to amplify target mRNAs and miRNAs 
and measure their expression levels. For miR-
876-5p, U6 small nuclear RNA and GAPDH (for 
hsa_circ_103089, PCSK6, and linear mRNA) 
were employed as endogenous reference 
genes. The expression levels of the target 
genes were determined using the 2-ΔΔCt method. 
The sequences of the primers are listed below: 
hsa_circ_103089: Forward 5’-AAC TGA CCA 
CAG AAG AGA GGA GC-3’, Reverse 5’-CCT CTT 
TGC CAG AAG TTG AGA C-3’; PCSK6: Forward 
5’-GAC TGG CTA AGC AGG CTT TCG A-3’, Reverse 
5’-TGC TGT TGG TGT AGC CAT CG CA-3’; EGFR: 
Forward 5’-AAC ACC CTG GTC TGG AAG TAC 
G-3’, Reverse 5’-TCG TGG ACA GCC TTC AAG 
ACC-3’; GAPDH: Forward 5’-GTC TCC TCT GAC 
TTC AAC AGC G-3’, Reverse 5’-ACC ACC CTG 
TTG CTG TAG CCA A-3’; miR-876-5p: 5’-GCC 
GAG TGG ATT TCT TTG T-3’; U6: 5’-GCC GAG TTC 
GGC AGC ACA TAT A-3’; Universal reverse prim-
er: 5’-CTC AAC TGG TGT CGT GGA-3’.

Establishment of hsa_circ_103089 knock-
down cell lines

Exons 12, 13, and 14 of the PCSK6 transcript 
make up hsa_circ_103089. To ensure speci- 
ficity for hsa_circ_103089, shRNA sequences 
were manually designed to target the back-
splice junction, preventing interference with 
the linear PCSK6 transcript. For recombinant 
production, the shRNAs were subsequently 
cloned into the pLKO.1 vector. Lentiviral pack-
aging and purification were conducted by 

Zhejiang Ruyao Biotechnology Co., Ltd. Cell 
growth was sustained for five to seven days 
after the virus was introduced to A549 and 
HCC827 cells, supplemented with polybrene to 
improve infection and included 2 μg/ml puro-
mycin for selection. After collecting cells, qRT-
PCR was used to determine the silencing effi-
cacy of hsa_circ_103089. The shRNA sequenc-
es were as follows: shRNA1: 5’-CCG GAC AGA 
AGA GAG GAG CAT CCC CCT CGA GGG GGA TGC 
TCC TCT CTT CTG TTT TTT G-3’, 5’-AAT TCA AAA 
AAC AGA AGA GAG GAG CAT CCC CCC TCG AGG 
GGG ATG CTC CTC TCT TCT GT-3’; shRNA2: 
5’-CCG GAG AGA GAG GAG CAT CCC CTT CTC 
GAG AAG GGG ATG CTC CTC TCT TCT TTT TTT 
G-3’, 5’-AAT TCA AAA AGA AGA GAG GAG CAT 
CCC TCT CGA GAA GGG GAT GCT CCT CTC TTC 
T-3’; shRNA3: 5’-CCG GAA GAG AGG AGC ATC 
CCC TTA GCT CGA GCT AAG GGG ATG CTC CTC 
TCT TTT TTT T-3’, 5’-CCG GAA GAG AGG AGC ATC 
CCC TTA GCT CGA GCT AAG GGG ATG CTC CTC 
TCT TTT TTT T-3’.

Transwell assay

Add 800 μL of complete culture medium con-
taining serum to the lower chamber of the 
Transwell chamber, and inoculate the cell sus-
pension (2 × 104 cells/well) into the upper 
chamber (using 8 μm pore size, Corning). The 
upper chamber was evenly smeared with 
Matrigel glue to form a gel, and the cell suspen-
sion was added with a total volume of 200 μL. 
After 48 h, fix the cells on the surface of the 
lower chamber with 4% paraformaldehyde and 
stain with 1% crystal violet.

Wound-healing assay

Inoculate cells at an appropriate density into a 
6-well plate, and when the cell confluence is 
100%, use a 10 μL pipette tip to draw lines 
along a ruler. Observe and photograph the cells 
after marking them with a phase contrast 
microscope, denoted as 0 h. After 48 h, con-
tinue with the same operation. The transfer dis-
tance was quantified using Image Pro Plus 6.0 
software.

Cisplatin (DDP) sensitivity analysis

A549 or HCC827 cells were treated with 5 μM 
DDP for 24 h to determine their chemical sensi-
tivity. Changes in cell viability were then mea-
sured using the CCK-8 test kit (HY-K0301, 
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MedChemExpress, USA). The cells were plant-
ed at a low density of 1000 cells per well on a 
6-well plate and grown for two weeks in media 
with or without 5 μM DDP in order to perform 
the colony formation test, which assesses the 
survival of single cells under DDP stress. 
Following methanol fixation (Sigma), the cells 
were stained using a 1% crystal violet solution 
(Sigma). Following rinsing, pictures of the cells 
in every well were taken, and the number of vis-
ible colonies was tallied.

Extracellular Acidification Rate (ECAR) mea-
surement

The ECAR, an indicator of glycolytic activity,  
was tracked using the Agilent Seahorse XFe24 
Analyser in real time in compliance with the 
manufacturer’s guidelines. Cells were seeded 
into XF24 cell culture microplates and incubat-
ed overnight, followed by serum starvation for 
24 h. The cells were then equilibrated with non-
buffered media, and sequential injections were 
performed as follows: 10 mM glucose at min-
ute 14, 1 µM oligomycin at minute 35, and 80 
mM 2-deoxy-D-glucose (2-DG, Sigma) at minute 
56. ECAR was recorded in real-time and 
expressed as mpH/min. The following glycolytic 
parameters were calculated from the stress 
test: Glycolysis is equal to the final rate of ECAR 
measured before glucose infusion minus the 
maximal rate of ECAR measured prior to oligo-
mycin injection; Glycolytic capacity is equal to 
the final ECAR rate recorded before glucose 
injection minus the greatest ECAR rate record-
ed following oligomycin treatment; Glycolytic 
capacity minus glycolysis equals glycolysis 
reversal.

Glucose and lactate content assay

Cells (5 × 106) were collected and lysed to 
determine glucose and lactate levels using the 
BC2505 glucose assay kit and BC2235 lactate 
assay kit from Beijing Solarbio in compliance 
with the manufacturer’s guidelines. Results 
were reported in μmol/mg protein units. The 
ratio of lactate to glucose was used to assess 
the proportion of glycolytic activity.

Western blotting

Collect cells (5 × 106) or tissues (100 mg). Add 
RIPA lysis buffer containing protease inhibitors 
to lyse and extract cell or tissue proteins. Heat 

the protein at 100°C for 5 min for denaturation 
treatment. After protein separation by SDS-
PAGE gel electrophoresis, the protein is trans-
ferred to the PVDF membrane (Millipore, 
Germany). The membrane was blocked with 3% 
bovine serum albumin (BSA, Sigma) at room 
temperature for 2 h. Primary antibodies [GLUT1 
(ab115730, Abcam, UK), LDHA (ab47010, 
Abcam, UK), pPKM2 (ARG51804, Arigobio, 
China), PKM2 (ab85555, Abcam, UK), HK2 
(ab209847, Abcam, UK), EGFR (ab52894, 
Abcam, UK), p-EGFR (11220, Signalway 
Biotechnology, USA), p-ERK (ab201015, Abcam, 
UK), ERK (ab54230, Abcam, UK), Histone H3 
(ab18521, Abcam, UK), and β-actin (ab8226, 
Abcam, UK)] were incubated at 4°C for 16 h. 
Goat anti-rabbit IgG-HRP secondary antibody 
(ab6721, Abcam, UK) was applied and incubat-
ed at room temperature for 1 hour. The blots 
were developed using an ECL chemilumines-
cent substrate and imaged with a ChemiDoc-It 
Imaging System W/BioChemi HR Camera. 
Results were quantified by densitometry using 
ImageJ software. All primary antibodies were 
purchased from Abcam.

FISH staining

Following the methodology outlined by Em- 
manuelle et al. [13], we conducted FISH ex- 
periments using the biological FISH detection 
kit (C10910, RiboBio, China) to perform the 
subcellular localization of hsa_circ_103089. 
The hsa_circ_103089 FISH probe, a multi-
point oligonucleotide probe labeled with Cy3, 
was custom-synthesized by Zhejiang Ruyao 
Biotechnology Co., Ltd. After fixation with 4% 
paraformaldehyde, cells were permeabilized 
with PBS/0.5% Triton X-100. The FISH proce-
dure was then performed according to the kit’s 
instructions. The Cy3-labeled probe was hybrid-
ized with cells at 37°C in hybridization buffer 
(with an additional 20 U of RNase R added to 
40 μL of buffer) overnight. Cells were incubated 
with DAPI for 5 min to counterstain the nucleus. 
Images were captured using a fluorescence 
microscope (DM500, Leica, Germany).

RNA pull-down assay

293T cells, at 50% confluence, were transfect-
ed with 50 nM of biotinylated miR-876-5p 
mimic using Lipofectamine 3000 (Invitrogen). 
Twenty-four hours post-transfection, cells were 
harvested and lysed in lysis buffer. The cell 
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lysates were incubated with pre-washed strep-
tavidin magnetic beads (22307-1, Beaverbio, 
China) for 3 h. After washing the beads, RNA 
interacting with the miRNA was extracted using 
TRIzol reagent. The enrichment of hsa_
circ_103089 was analyzed by qRT-PCR.

Dual-luciferase reporter assay

Based on the targeting binding sequences 
between hsa_circ_103089 and miR-876-5p, 
mutant sequences of hsa_circ_103089 were 
constructed. Similarly, mutant sequences of 
the EGFR 3’UTR were constructed according  
to the targeting binding sites. The pGL3-Basic 
vector created the dual luciferase reporter 
gene plasmids, with pRL-SV40 as the control 
plasmid. The recombinant plasmids for wild-
type and mutant hsa_circ_103089 and wild-
type and mutant EGFR were contracted to 
Zhejiang Ruyao Biotechnology for constru- 
ction.

Construction of EGFR overexpression cells

Primers for overexpression of EGFR were de- 
signed based on its coding sequence available 
on NCBI (NCBI ID: NM_005228.5). Primer 1 
had the following sequences: Forward: 5’-ttt 
aaa ctt aag ctt ggt acc GCA CTC TCA GTA CAA 
TCT GCT CTG A-3’, and Reverse: 5’-tac tga gag 
tgc ACC ATA GGG GAT CGG GAG ATC-3’. Primer 
2 comprised: Forward: 5’-cct atg gtG CAC TCT 
CAG TAC AAT CTG CTC TGA-3’, and Reverse: 
5’-ggt ttt aaa cgg gcc ctc tag aAC CAT AGG GGA 
TCG GGA GAT C-3’. Using A549 mRNA as a tem-
plate, the EGFR sequence was successfully 
amplified by PCR employing the high-fidelity 
PrimeSTAR® GXL DNA Polymerase (Takara). The 
PCR-amplified fragment was cloned using the 
Vazyme ClonExpress Ultra One Step Cloning Kit 
V3 into the pCDNA 3.1 vector. A suitable num-
ber of cells were propagated to 50%-60% con-
fluence at the time of transfection after being 
seeded in a 24-well plate. Transfection in A549 
or HCC827 cells was performed using the 
X-tremeGENE™ HP DNA transfection reagent 
(Roche) with 5 μg of either pCDNA3.1-Negative 
Control or pCDNA3.1-EGFR and 100 nM of miR-
876-5p mimic or inhibitor. The levels of gene or 
protein expression were analyzed 48 h after 
transfection.

TUNEL staining

We performed TUNEL staining using the TMR 
(Red) TUNEL Cell Apoptosis Detection Kit from 

Servicebio to assess the level of nuclear DNA 
damage. At 551 nm, the TMR was activated, 
and at 575 nm, it was released. A fluorescent 
microscope was used to record the experimen-
tal outcomes. Image-Pro Plus 6.0 (IPP 6.0) soft-
ware was used to quantify and statistically ana-
lyze the TUNEL-positive rate.

Xenograft model

A549 cells with negative control (5 × 106) and 
those silenced for hsa_circ_103089 (5 × 106) 
were injected subcutaneously into the right 
axillary region of 6-week-old male nude mice 
weighing 21 ± 1 g. The animals were grouped 
as follows: 1. sh-NC group (A549 cells infected 
with sh-NC, n = 5); 2. sh-circ_103089 group 
(A549 cells with silenced hsa_circ_103089, n 
= 5); 3. sh-circ_103089 + antagomir group 
(A549 cells with silenced hsa_circ_103089, n 
= 5), and miR-876-5p antagomir (5 nmol per 
mouse) was injected into the tumor site every 2 
days after tumor formation; 4. DDP + sh-NC 
group (A549 cells infected with sh-NC, n = 5), 
and DDP (2 mg/kg) was administered intraperi-
toneally every other day for 3 weeks; 5. DDP + 
sh-circ_103089 group (A549 cells with silen- 
ced hsa_circ_103089, n = 5) and DDP (2 mg/
kg) were administered intraperitoneally every 
other day for 3 weeks. Tumor volume was mea-
sured every 5 days after inoculation. On day 25 
after inoculation, the nude mice were eutha-
nized using CO2 euthanasia. Tumor tissues 
were harvested, fixed in 4% paraformaldehyde, 
embedded in paraffin, and sectioned for fur-
ther analysis. Additionally, tumor protein lysates 
were prepared to evaluate the expression lev-
els of p-EGFR, EGFR, p-ERK, and ERK using 
western blotting.

Pathological examination

After deparaffinization, tissue sections were 
placed in 0.01 M citrate buffer at pH = 6.0 and 
subjected to antigen retrieval in an autoclave at 
121°C for 15 min. After that, the slices were 
treated for 20 min with 3% H2O2 to inhibit 
endogenous peroxidase activity. Non-specific 
binding was blocked with 1% BSA at room  
temperature for 20 min. Ki67 primary antibody 
(ab15580, Abcam, UK) was applied and incu-
bated at 4°C for 16 h. After removal of the  
primary antibody, A secondary antibody from 
goat against rabbit IgG conjugated with FITC 
was utilized and incubated at room 3,3’-diami-
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nobenzidine (DAB; Sigma). The sections were 
developed with DAB and counterstained with 
hematoxylin to visualize the cell nuclei. DNA 
damage levels in the tumor tissues were 
assessed using a TUNEL staining kit.

Statistical analysis

Data from the research are presented as the 
average ± standard deviation derived from 
three separate trials. A two-tailed Student’s 
t-test was implemented to evaluate differenc- 
es between the two groups. In cases where 
more than two groups were analyzed, an analy-
sis of variance was conducted, supplemented 
by one-way ANOVA with Tukey’s post hoc test. A 
P-value below 0.05 was deemed to signify sta-
tistically significant discrepancies. Statistical 
processing and data visualization were carried 
out using GraphPad Prism 8.0.

Results

High expression of hsa_circ_103089 corre-
lates with poor prognosis in NSCLC patients

From the GEO database, differential expression 
data of circ_RNAs in NSCLC patients were 
obtained. Venn diagrams revealed that six circ_
RNAs were significantly upregulated in both 
GSE158695 and GSE112214 patient detec-
tion datasets, with hsa_circ_103089 exhibit- 
ing the highest significance and the largest  
LogFC value, suggesting its potential impor-
tance in the occurrence and development of 
lung cancer (Figure 1A). The hsa_circ_103089 
transcript is composed of exons 12/13 and 14 
of the PCSK6 gene (NM_138324.3), with the 
circularization site formed by the tail-to-head 
connection of the 3’ end of exon 12 and the 5’ 
end of exon 14 (Figure 1B). To further refine the 
screening results from the GEO database, this 
study collected 30 NSCLC samples from our 
hospital to detect the differential expression 
levels of hsa_circ_103089 in cancerous and 
adjacent tissues. The results revealed a signifi-
cant upregulation of hsa_circ_103089 expres-
sion in tumor samples (Figure 1C), consistent 
with the results of tissue FISH experiments 
(Figure 1D). Additionally, correlating the FISH 
experiment levels of hsa_circ_103089 with key 
clinical characteristics (Table 1) indicated that 
hsa_circ_103089 levels are associated with 
tumor size, survival, and TNM staging but show 
no significant difference concerning gender 

and age. Notably, patients with high levels of 
hsa_circ_103089 had a lower overall survival 
rate (Figure 1E), emphasizing its prognostic 
significance.

Silencing hsa_circ_103089 impairs lung can-
cer cell invasion and migration

Then, we selected the A549 and HCC827 cell 
lines, which endogenously express relatively 
high levels of hsa_circ_103089, for knock- 
down experiments (Figure 2A). The circular 
RNA hsa_circ_103089 demonstrated increas- 
ed stability; treatment with the transcription 
inhibitor ActD significantly reduced the levels  
of the linear transcript gene PCSK6, whereas 
the decrease in hsa_circ_103089 was less 
pronounced compared to PCSK6 over a 6-24 
hour period (P < 0.05, Figure 2B, 2C). Two 
shRNA constructs, sh-circ_103089#1 and sh-
circ_103089#3, showed a significant suppres-
sive effect on hsa_circ_103089 expression 
(Figure 2D). Both constructs markedly reduced 
the invasion capacity of A549 and HCC827 
cells (Figure 2E, 2F) and their migratory dis-
tance within 48 h (Figure 2G, 2H).

Silencing hsa_circ_103089 enhances sensitiv-
ity of NSCLC cells to DDP

The suppression of hsa_circ_103089 marked-
ly decreased the survival rate of NSCLC cells as 
opposed to the control group (sh-NC) (P < 0.05). 
Moreover, the combined treatment of hsa_
circ_103089 silencing and DDP markedly sup-
pressed NSCLC cell viability, with statistically 
significant differences observed compared to 
the sh-NC + DDP group (P < 0.01, Figure 3A). 
Clonogenic assays confirmed that silencing 
hsa_circ_103089 significantly decreased the 
number of single-cell-derived colonies in A549 
and HCC827 cells, inhibiting cellular survival  
(P < 0.05 compared to the sh-NC group). The 
combined treatment of hsa_circ_103089 si- 
lencing and DDP significantly potentiated the 
inhibitory effect of DDP on the clonogenic sur-
vival of NSCLC cells, with statistically significant 
differences compared to the sh-NC + DDP 
group (P < 0.01, Figure 3B, 3C).

hsa_circ_103089 regulates glycolytic capacity 
in NSCLC cells

ECAR assay results indicated that sh-circ_ 
103089#1 and sh-circ_103089#3 significant-
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ly reduced the glycolytic capacity of 
A549 and HCC827 cells (Figure 4A-D), 
including decreased glucose uptake, gly-
colytic flux, and acid production, com-
pared to the sh-NC group (P < 0.01). 
Under DDP stress, the uptake of glu- 
cose (Figure 4E) and the production of 
lactate (Figure 4F) in A549 and HCC827 
cells were significantly inhibited. Con- 
currently, the lactate-to-glucose uptake 
ratio (Figure 4G) also significantly de- 
creased, exhibiting statistically signifi-
cant disparities from the sh-NC group  
(P < 0.05). The sh-circ_103089#3 con-
struct significantly amplified the sup-
pressive impact of DDP on glucose ab- 
sorption, lactate production, and the lac-
tate-to-glucose ratio in NSCLC cells, with 
statistically significant differences com-
pared to the sh-NC + DDP group (P < 
0.01). Further examination of glycoly- 
sis-related proteins by Western blotting 
revealed that sh-circ_103089#3 notably 

Figure 1. Analysis of the clinical correlation of hsa_circ_103089 with NSCLC patients. A. GEO database screen-
ing for significantly highly expressed circ_RNAs. B. Transcript information and circularization structure diagram of 
hsa_circ_103089. C. Expression levels of hsa_circ_103089 in cancerous and adjacent tissues of NSCLC patients. 
D. FISH experiment detecting the expression intensity of hsa_circ_103089 in cancerous and adjacent tissues of 
NSCLC patients (magnification, 100×). E. Prognosis analysis of hsa_circ_103089 expression intensity in NSCLC pa-
tients. **P < 0.01, indicating a statistically significant difference between groups. GEO, Gene Expression Omnibus; 
NSCLC, non-small cell lung cancer; FISH, Fluorescence in situ hybridization.

Table 1. Correlation between clinical characteristics and 
hsa_circ_103089 expression of patients with NSCLC

Clinical parameters
hsa_circ_103089

Chi-square P_Value
Low High

Age
    ≥ 60 36 27 0.64 0.42
    < 60 15 16
Sex
    Male 26 26 0.85 0.36
    Female 25 17
Tumor size (cm)
    ≥ 5 19 25 4.09 0.04*
    < 5 32 18
TNM stage
    I-II 36 14 13.55 < 0.01**
    III 15 29
Survival time (M)
    ≥ 36 34 18 5.81 0.02*
    < 36 17 25
*P < 0.05, **P < 0.01, indicating a statistically significant difference. 
NSCLC, non-small cell lung cancer.
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intensified the inhibitory effects of DDP on the 
expression levels of HK2, LDHA, PKM2, and 
GLUT1 proteins. The differences between the 
sh-circ_103089#3 + DDP group and the sh-NC 
+ DDP group were statistically significant (P < 
0.01, Figure 4H-L). Given the potential link 
between hypoxia and metabolic reprogram-
ming, we next examined whether hypoxic condi-
tions influence the expression of hsa_circ_ 
103089. After exposing A549 and HCC827 
cells to 1% O2 for 24 hours, FISH staining 
revealed a marked increase in hsa_circ_ 
103089 expression under hypoxia (Figure S2).

Targeting of miR-876-5p by hsa_circ_103089

As a circular RNA, hsa_circ_103089’s ability  
to adsorb miRNAs is a crucial pathway for its 

functional effects. FISH experiments revealed 
that hsa_circ_103089 is widely distributed 
within cells, including both the cytoplasm and 
nucleus, with a predominant nuclear localiza-
tion (Figure 5A). To identify the key miRNA regu-
lated by hsa_circ_103089 in NSCLC, we in- 
tegrated data from the GEO database, which 
identified 24 miRNAs significantly downregu- 
lated in NSCLC patients (GSE29250) with a P 
value < 0.01 and LogFC < -1. By performing  
a Venn diagram analysis with the 8 predicted 
target miRNAs of hsa_circ_103089, miR-876-
5p emerged as the sole target miRNA (Figure 
5B). Both sh-circ_103089#1 and sh-circ_ 
103089#3 significantly upregulated the ex- 
pression levels of miR-876-5p in A549 and 
HCC827 cells, with sh-circ_103089#3 showing 

Figure 2. Silencing hsa_circ_103089 impairs the invasive and migratory capacities of lung cancer cells. A. qRT-PCR 
analysis of hsa_circ_103089 expression levels across various cell lines. B, C. Expression levels of hsa_circ_103089 
and its linear transcript gene PCSK6 following treatment with the transcriptional inhibitor actinomycin D. D. Valida-
tion of shRNA-mediated silencing efficiency of hsa_circ_103089 by qRT-PCR. E, F. Transwell assays measure the 
number of invading cells (magnification, 400×). G, H. Wound-healing assays tracked cell migration distance over 48 
h (magnification, 100×). **P < 0.01, compared to the Beas-2b or 0 h or A549 cell sh-NC group; for HCC827 cells, 
##P < 0.01, #P < 0.05, compared to the sh-NC group, indicating statistically significant differences. ActD, actinomy-
cin D; NC, negative control.
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the most pronounced effect (P < 0.01 com-
pared to the sh-NC group, Figure 5C). A mutant 
type of hsa_circ_103089 was constructed 
based on the targeting binding sites with miR-
876-5p (Figure 5D). Dual luciferase reporter 
assays confirmed that miR-876-5p mimic sig-
nificantly reduced the relative fluorescence 
expression of the wild-type hsa_circ_103089 
plasmid (P < 0.01), but did not affect the mutat-
ed hsa_circ_103089 plasmid’s fluorescence 
expression (Figure 5E). A biotin magnetic bead 
probe linked to miR-876-5p was prepared, and 
RNA pull-down assays demonstrated that miR-
876-5p binds to the hsa_circ_103089 tran-
script (Figure 5F), significantly upregulating the 
expression levels of hsa_circ_103089 com-
pared to the input group (P < 0.01).

hsa_circ_103089 regulates the proliferative 
activity, migration, and invasion of NSCLC cells 
via miR-876-5p

To confirm the modulatory influence of hsa_
circ_103089 on the migratory behavior (Figure 
6A-D), invasion (Figure 6E-G), and proliferation 
(Figure 6H, 6I) of NSCLC cells are mediated 

through its key target miR-876-5p, we con- 
ducted rescue experiments using miR-876-5p 
mimic and inhibitor. The findings demonstrated 
that sh-circ_103089#3 significantly reduced 
the migration distance and the number of inva-
sive events. Cell viability of A549 and HCC827 
cells was significantly enhanced after transfec-
tion with the mimic, with statistically significant 
differences between the sh-circ_103089#1/3 
+ mimic and sh-circ_103089#1/3 groups (P < 
0.05). Conversely, The transfection with the in- 
hibitor notably counteracted the suppressive 
effects of sh-circ_103089#3 on the migration 
distance, invasion count, and viability of A549 
and HCC827 cells, with statistically significant 
differences observed when comparing the sh-
circ_103089#3 + inhibitor group to the sh-
circ_103089#3 group (P < 0.05).

hsa_circ_103089 regulates glycolytic capacity 
in NSCLC cells via miR-876-5p

The ECAR assay findings (Figure 7A-D) indicat-
ed that introducing miR-876-5p mimics into 
A549 and HCC827 cells significantly decreased 
glycolytic activity. This reduction in glycolytic 

Figure 3. Silencing hsa_circ_103089 enhances sensitivity of NSCLC cells to DDP. A. CCK-8 assay evaluating the 
impact of hsa_circ_103089 on the viability of NSCLC cells under DDP treatment. B, C. Clonogenic assays assessed 
the survival capacity of single cells under DDP stress. **P < 0.01, *P < 0.05 compared to the sh-NC group; ##P < 
0.01, #P < 0.05 compared to the sh-NC + DDP group, indicating statistically significant differences. DDP, cisplatin; 
NSCLC, non-small cell lung cancer; NC, negative control.
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capacity impaired the cells’ ability to metabo-
lize glucose and lowered their acid secretion 

rates. Statistically significant differences (P < 
0.01) were observed when these results were 

Figure 4. hsa_circ_103089 influences the glycolytic capacity of NSCLC cells. A-D. ECAR assays measure the ECAR to 
determine the glycolytic capacity of NSCLC cells in vitro, with ECAR values used to analyze specific differences in gly-
colytic activity levels. E. Detection of intracellular glucose content. F. Measurement of intracellular lactate content. 
G. Analysis of the lactate-to-glucose ratio to assess the preference for glycolytic pathways. H-L. Western blotting to 
detect the expression levels of glycolytic proteins HK2, LDHA, PKM2, and GLUT1, with quantification of band density 
values. **P < 0.01, *P < 0.05 compared to the sh-NC group; ##P < 0.01, #P < 0.05 compared to the sh-NC + DDP 
group, indicating statistically significant differences. ECAR, Extracellular Acidification Rate; NSCLC, non-small cell 
lung cancer; DDP, cisplatin; NC, negative control.
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compared to the control groups of A549 or 
HCC827 cells. On the contrary, the introduc- 
tion of miR-876-5p inhibitors into NSCLC cells 
resulted in a significant enhancement of glyco-
lytic activity, increased glycolytic potential post-
glucose uptake, and raised acid production lev-
els. These changes were also statistically sig-
nificant compared to the A549 or HCC827 con-
trol groups (P < 0.01). Western blot analysis of 
key glycolytic proteins (Figure 7E-I) further 
revealed that the miR-876-5p inhibitor notably 
reversed the suppressive effects of sh-circ_ 
103089#1/3 on the expression of HK2, PKM2, 
LDHA, and GLUT1 in NSCLC cells. These rever-
sals were statistically significant when con-
trasted with the sh-circ_103089#1 or 3 groups 
(P < 0.01).

miR-876-5p targets and regulates EGFR ex-
pression

We retrieved data on mRNAs significantly 
upregulated in NSCLC from the GEO database. 
We combined this with ENCORI data to predict 
miR-876-5p target mRNAs and GeneCard data 
on genes related to glycolysis. Venn diagram 
analysis (Figure 8A) indicated that EGFR and 
LDHA genes were significantly upregulated in 
NSCLC and are target mRNAs of miR-876-5p. 
EGFR has been shown in various cancer stud-
ies to regulate the expression of glycolytic pro-
teins such as LDHA, PKM2, and HK2 [14-16]. 
Given that EGFR can exert a higher and more 
coordinated regulatory effect on glycolytic 
pathways, we focused more on its regulatory 

Figure 5. Targeting of miR-876-5p by 
hsa_circ_103089. A. FISH assay exam-
ining the subcellular localization of the 
hsa_circ_103089 transcript (magnification, 
400×). B. Venn diagram analysis of signifi-
cantly downregulated miRNAs in NSCLC pa-
tients from the GEO database and predicted 
target miRNAs of hsa_circ_103089, identify-
ing key miRNA candidates. C. qRT-PCR analy-
sis of miR-876-5p relative expression levels. 
D. Schematic representation of the target-
ing binding site between hsa_circ_103089 
and miR-876-5p, along with the mutant se-
quence. E. Dual luciferase reporter assay 
results. F. RNA pull-down experiment validat-
ing the physical binding interaction between 
miR-876-5p and the hsa_circ_103089 tran-
script. **P < 0.01, indicating a statistically 
significant difference between groups. GEO, 
Gene Expression Omnibus; NSCLC, non-small 
cell lung cancer; FISH, Fluorescence in situ 
hybridization; NC, negative control.
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role. Under the action of shRNA, the expression 
of the EGFR gene was significantly downregu-
lated, while the inhibitor notably reversed the 
suppressive effect of hsa_circ_103089 shRNA 
on EGFR gene expression levels (P < 0.01, 
Figure 8B). A mutant EGFR plasmid was con-
structed based on the targeting binding sites 
with miR-876-5p (Figure 8C). Dual luciferase 
reporter assays demonstrated that the miR-
876-5p mimic markedly decreased the relative 

luminescence of the wild-type EGFR construct 
(P < 0.01). At the same time, it had no signifi-
cant impact on the luminescence of the mutat-
ed EGFR construct (Figure 8D). A construct 
overexpressing EGFR was established, and in 
this overexpression group (OE-EGFR), the 
expression of the EGFR gene in A549 and 
HCC827 cells was significantly higher than in 
the control overexpression group (OE-NC) (P < 
0.01, Figure 8E). In NSCLC cells, the transfec-

Figure 6. hsa_circ_103089 regulates the proliferative activity, migration, and invasion of NSCLC cells via miR-876-
5p. A-D. Wound-healing assays measuring cell migration capacity (magnification, 100×). E-G. Transwell assays de-
termine cell invasion numbers (magnification, 400×). H, I. CCK-8 assays assessing cell viability levels. **P < 0.01, 
*P < 0.05 compared to the sh-NC group; ##P < 0.01, #P < 0.05 indicating statistically significant differences be-
tween groups. NC, negative control; CCK-8, Cell Counting Kit-8.
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tion of miR-876-5p mimic or the knockdown  
of hsa_circ_103089 significantly mitigated the 
suppressive effects on phosphorylated EGFR 
and total protein levels induced by EGFR over-
expression, with statistically significant differ-
ences when compared to the OE-EGFR group  
(P < 0.01, Figure 8F-H).

hsa_circ_103089 affects glycolytic gene and 
protein expression via the miR-876-5p/EGFR 
axis

qRT-PCR data revealed that the forced expres-
sion of EGFR led to a significant increase in the 

mRNA levels of LDHA, GLUT1, and HK2 genes 
(P < 0.01 versus the OE-NC group), while it had 
no significant influence on PKM2 gene expres-
sion (P > 0.05). The introduction of miR-876-5p 
mimics or the knockdown of hsa_circ_103089 
in A549 and HCC827 cells notably counteract-
ed the EGFR-induced upregulation of LDHA, 
GLUT1 and HK2 genes (P < 0.01 versus the 
EGFR group, Figure 9A-D). At the protein level, 
EGFR overexpression markedly elevated the 
phosphorylation levels of ERK1/2 and PKM2, 
exhibiting statistically significant differences 
compared to the OE-NC group (P < 0.01, Figure 

Figure 7. hsa_circ_103089 regulates the glycolytic capacity of NSCLC cells via miR-876-5p. A-D. ECAR assays mea-
suring the ECAR to assess the glycolytic capacity of NSCLC cells in vitro, with calculated ECAR values used to analyze 
specific differences in glycolytic activity levels. E-I. Western blotting to detect glycolytic proteins HK2, LDHA, PKM2, 
and GLUT1 expression levels, including quantifying band density values. **P < 0.01, *P < 0.05 compared to the sh-
NC group; ##P < 0.01, #P < 0.05 indicating statistically significant differences between groups. ECAR, Extracellular 
Acidification Rate; NSCLC, non-small cell lung cancer; NC, negative control.
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9E-G). Additionally, EGFR overexpression en- 
hanced the nuclear accumulation of PKM2 pro-
tein (P < 0.01). Conversely, the transfection of 
miR-876-5p mimics or the silencing of hsa_
circ_103089 significantly mitigated the EGFR-
mediated increase in ERK1/2 and PKM2 phos-
phorylation, as well as the nuclear transloca-
tion of PKM2 protein, with statistically signifi-
cant differences compared to the EGFR group 
(P < 0.05, Figure 9H, 9I).

hsa_circ_103089 regulates DDP sensitivity in 
NSCLC cells via the miR-876-5p/EGFR axis

DDP is known to induce DNA damage within  
the cell nucleus. To elucidate the role of hsa_

circ_103089 in modulating the sensitivity of 
NSCLC to DDP via the miR-876-5p/EGFR path-
way, we employed TUNEL staining to quantify 
nuclear DNA damage. Our findings indicated 
that EGFR overexpression in A549 and HCC827 
cells significantly reduced the DDP-induced 
increase in TUNEL-positive cells, with a statisti-
cally significant difference observed between 
the EGFR and OE-NC groups (P < 0.01). The 
introduction of miR-876-5p mimics or the kno- 
ckdown of hsa_circ_103089 notably reversed 
the EGFR overexpression-mediated decrease 
in TUNEL positivity (P < 0.05 compared to the 
EGFR group, Figure 10A, 10B). Furthermore, 
CCK-8 assays assessing cell viability revealed 

Figure 8. miR-876-5p targets and regulates EGFR expression. A. Analysis of mRNAs significantly upregulated in 
NSCLC patients obtained from the GEO database and prediction of miR-876-5p target mRNAs from the ENCORI 
database, with Venn diagram analysis identifying common target mRNAs among the three databases. B. qRT-PCR 
analysis of EGFR gene relative expression levels. C. Schematic representation of the targeting binding site between 
EGFR and miR-876-5p, along with the mutant sequence. D. Dual luciferase activity assay results. E. qRT-PCR detec-
tion of EGFR gene overexpression. F-H. Western blotting to detect the expression levels of EGFR and its phosphory-
lated protein. **P < 0.01 compared to the sh-NC or OE-NC group; ##P < 0.01 for group comparisons or compared 
to the EGFR group, indicating statistically significant differences. GEO, Gene Expression Omnibus; NSCLC, non-small 
cell lung cancer; ENCORI, The Encyclopedia of RNA Interactomes; NC, negative control. 
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that the transfection of miR-876-5p mimics or 
the silencing of hsa_circ_103089 significantly 
counteracted the EGFR overexpression-indu- 
ced reduction in activity inhibition rates under 
DDP treatment (P < 0.05 compared to the EGFR 
group, Figure 10C).

hsa_circ_103089 regulates tumor sensitiv-
ity to DDP in lung cancer-bearing nude mice 
through miR-876-5p

To delve deeper into the impact of hsa_
circ_103089 on the progression of lung cancer 

and its response to chemotherapy, we devel-
oped a nude mouse model of lung cancer by 
subcutaneous injection of lung cancer cells. 
Observations of tumor growth demonstrated 
that the knockdown of hsa_circ_103089 sig-
nificantly inhibited tumor growth compared to 
the control group (P < 0.01), and this inhibitory 
effect was notably reversed by the administra-
tion of antagomiR-876-5p (P < 0.05). More- 
over, the knockdown of hsa_circ_103089 sig-
nificantly potentiated the tumor growth inhibi-
tory effects of cisplatin (DDP) (P < 0.01) (Figure 

Figure 9. hsa_circ_103089 regulates glycolytic gene and protein expression via the miR-876-5p/EGFR axis. A-D. 
qRT-PCR analysis of LDHA, GLUT1, PKM2, and HK2 gene expression levels. E-G. Western blotting detection of 
ERK1/2 and PKM2 protein phosphorylation levels. H, I. Western blotting detection of nuclear PKM2 protein expres-
sion levels. **P < 0.01 compared to the OE-NC group; ##P < 0.01 compared to the EGFR group, indicating statisti-
cally significant differences. NC, negative control.
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11A, 11B). Ki67 immunodetection (Figure 
11C) revealed that antagomiR-876-5p signifi-
cantly counteracted the suppressive effect of 
hsa_circ_103089 knockdown on Ki67 expres-
sion (P < 0.05), and the knockdown of hsa_
circ_103089 also significantly enhanced the 
inhibitory effect of DDP on Ki67 expression (P < 
0.01). TUNEL staining (Figure 11D) indicated 
that the knockdown of hsa_circ_103089 sig-
nificantly amplified the pro-apoptotic effect of 
DDP, as evidenced by increased TUNEL positiv-
ity (DDP + sh-circ_103089 group compared to 
DDP + sh-NC group, P < 0.01).

hsa_circ_103089 regulates glycolytic levels in 
lung cancer-bearing nude mice through miR-
876-5p

qRT-PCR data (Figure 12A-C) revealed that the 
sh-circ_103089 group exhibited a significant 
reduction in hsa_circ_103089 expression lev-
els (P < 0.01), whereas antagomiR-876-5p had 
no significant impact on hsa_circ_103089 

expression (P > 0.05). Additionally, the knock-
down of hsa_circ_103089 in DDP-treated cells 
significantly decreased hsa_circ_103089 ex- 
pression levels (P < 0.01). AntagomiR-876-5p 
significantly counteracted the sh-circ_103089-
induced upregulation of miR-876-5p (P < 0.05), 
and the knockdown of hsa_circ_103089 sig-
nificantly increased miR-876-5p expression in 
tumors under DDP treatment (P < 0.01). In 
terms of EGFR gene expression, antagomiR-
876-5p significantly reversed the sh-circ_ 
103089-mediated downregulation of EGFR 
expression (P < 0.05), and the knockdown of 
hsa_circ_103089 also led to a significant 
decrease in EGFR expression in tumors under 
DDP treatment (DDP + sh-circ_103089 group 
compared to DDP + sh-NC group, P < 0.01).

Western blotting analyzes (Figure 12D-F) dem-
onstrated that antagomiR-876-5p significantly 
counteracted the suppressive effect of sh-
circ_103089 on the phosphorylation of EGFR 
and ERK1/2 proteins (P < 0.05). Additionally, 

Figure 10. hsa_circ_103089 regulates sensitivity of NSCLC cells to DDP via the miR-876-5p/EGFR axis. A, B. TUNEL 
staining results, with TUNEL-positive cells indicated in red (magnification, 400×); C. CCK-8 assay evaluating the 
effect of different treatments on the inhibition rate of cells under DDP stress. **P < 0.01 compared to the Control 
group; ##P < 0.01 compared to the OE-NC group; aaP < 0.01, aP < 0.05 compared to the EGFR group, indicating 
statistically significant differences. DDP, cisplatin; CCK-8, cell counting Kit-8.
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the knockdown of hsa_circ_103089 under 
DDP treatment significantly decreased the ph- 
osphorylation levels of EGFR and ERK1/2 pro-
teins (P < 0.01). Moreover, antagomiR-876- 
5p significantly reversed the sh-circ_103089-
mediated downregulation of glycolysis-associ-
ated proteins LDHA, HK2, PKM2, and GLUT1 (P 
< 0.05). The knockdown of hsa_circ_103089 
also potentiated the inhibitory effect of DDP on 
the expression of LDHA, HK2, PKM2, and 
GLUT1 proteins (DDP + sh-circ_103089 group 
versus DDP + sh-NC group, P < 0.01) (Figure 
12G-J).

Discussion

With the continuous advancement of lung can-
cer research, investigators have gradually rec-
ognized the pivotal regulatory role of circRNAs 
in human lung cancer. CircRNAs modulate a 
spectrum of processes, including differentia-
tion, proliferation, migration, metastasis, and 
chemoresistance, through various mechanis- 
ms such as competitive endogenous RNA, tran-

scriptional silencing complexes, and histone 
modifications. However, given the multitude of 
circRNAs and the diverse functional pathways 
they can influence, a profound understanding 
and expansion of knowledge regarding cir-
cRNAs with significant expression profiles are 
essential for elucidating the mechanisms 
underlying NSCLC and potentially impacting 
prognostic outcomes. This study showed a 
marked upregulation of hsa_circ_103089 in 
NSCLC tissues. Despite this, due to limited 
research, its role has not been documented in 
lung cancer or other cancers. Consequently, we 
researched the malignant characteristics of 
NSCLC, encompassing proliferation, invasion, 
migration, glycolysis, and sensitivity to DDP, to 
preliminarily elucidate the value of hsa_circ_ 
103089 in NSCLC. Functional assays revealed 
that the silencing of hsa_circ_103089 signifi-
cantly inhibits NSCLC cell proliferation, inva-
sion, migration, and glycolysis while enhanc- 
ing the sensitivity of NSCLC to DDP. Prior stud-
ies have confirmed that lung cancer cells’ aber-
rant proliferation, invasion, migration, and even 

Figure 11. hsa_circ_103089 regulates tumor sensitivity to DDP and glycolytic levels in lung cancer-bearing nude 
mice through miR-876-5p. A. Tumor excision images; B. Tumor volume growth curves; C. Detection of Ki67 positivity 
in tumor tissues (magnification, 200×); D. Detection of TUNEL staining positivity in tumor tissues (magnification, 
200×). **P < 0.01 compared to the control group; ##P < 0.01, #P < 0.05 indicating statistically significant differ-
ences between groups.
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DDP resistance can be regulated through the 
glycolytic pathway. Therefore, our subsequent 
research primarily focused on the mechanisms 
by which hsa_circ_103089 participates in the 
glycolytic pathway in NSCLC.

circRNAs, primarily derived from exons, are pre-
dominantly localized to the cytoplasm, serving 
as miRNA sponges. In contrast, circRNAs gen-
erated from introns are mainly nuclear and 
function as covalent binding elements [17]. 

Figure 12. hsa_circ_103089 Regulates Glycolytic Levels in Lung Cancer-Bearing Nude Mice through miR-876-5p. 
A-C. qRT-PCR analysis of hsa_circ_103089, miR-876-5p, and EGFR gene expression levels in tumors; D-F. Western 
blotting detection of phosphorylated EGFR and ERK1/2 protein expression levels; G-J. Immunohistochemical analy-
sis of glycolytic-related protein expression, including LDHA, HK2, PKM2, and GLUT1 (magnification, 200×). **P < 
0.01 compared to the control group; ##P < 0.01, #P < 0.05 indicating statistically significant differences between 
groups.
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Hsa_circ_103089, composed of three exons 
from the PCSK6 gene, was observed in our 
study to be expressed in both the cytoplasm 
and the nucleus. Given the maturity of research 
methodologies and the basis of previous exper-
imental studies [18], we have elected to focus 
on the role of hsa_circ_103089 in regulating 
biological functions through its miRNA sponge 
activity.

circRNAs have been shown to function as com-
peting endogenous RNAs (ceRNAs) to antago-
nize microRNAs (miRNAs), thereby modulating 
cancer progression. Evidence suggests that 
miRNAs act as oncogenes or tumor suppressor 
genes in various cancers, including NSCLC [19, 
20]. In this context, we employed bioinformat-
ics analysis to predict miRNAs associated with 
hsa_circ_103089 and demonstrated that miR-
876-5p functions as a downstream miRNA of 
hsa_circ_103089 in NSCLC. Zhao et al. [21] 
have previously established that miR-876-5p 
can restrict the invasive capabilities of NSCLC 
by inhibiting the Wnt/β-catenin pathway. In this 
study, the researchers also observed the sup-
pressive effects of miR-876-5p on invasion and 
migration. Moreover, miR-876-5p has been 
identified as an antitumor factor in endometrial 
cancer, where it suppresses the hexokinase 
domain containing 1 (HKDC1), thereby reduc-
ing lactate production and glycolytic capacity 
and exerting tumor-suppressive effects [22]. 
These findings provide our study’s experimen-
tal basis and rationale, demonstrating that 
hsa_circ_103089 regulates glycolysis and sub-
sequent malignant biological functions through 
miR-876-5p. Notably, using miRNA mimics and 
inhibitors, we have, for the first time, shown 
that miR-876-5p can enhance the sensitivity of 
NSCLC to DDP. This discovery further expands 
the potential functional impact of miR-876-5p 
in cancer research.

It is widely acknowledged that miRNA’s most 
crucial and classic function is to regulate gene 
expression post-transcriptionally by targeting 
the 3’UTR of mRNA [23]. In this study, we uti-
lized bioinformatics to predict the downstream 
targets of miR-876-5p, integrating data related 
to glycolysis and genes significantly upregulat-
ed in NSCLC from the GEO database. This pre-
liminary analysis identified EGFR and LDHA as 
potential key targets of miR-876-5p. Reports 
indicate that EGFR plays a role in regulating gly-
colytic proteins such as HK2 [24], PKM2 [25], 

and GLUT1 [26]. By modulating EGFR, the  
glycolytic capacity of cancer cells can be nota-
bly reversed, leading to tumor suppression. 
Although miR-876-5p also exhibits regulatory 
effects on LDHA gene expression (Figure S1), 
its gene expression is concurrently influenced 
by EGFR levels, a phenomenon similarly ob- 
served in epithelial cells during pulmonary 
fibrosis [27]. Consequently, we posit that mo- 
dulating EGFR could achievecomprehensive 
control over glycolytic function, making EGFR 
the primary downstream target for further 
investigation.

Currently, inhibitors targeting the epidermal 
growth factor receptor (EGFR) have become a 
standard therapeutic approach for NSCLC pa- 
tients with EGFR-activating mutations. How- 
ever, NSCLCs that overexpress EGFR without 
carrying these activating mutations tend to be 
resistant to EGFR inhibitors, and the mecha-
nisms underlying this primary resistance to 
EGFR inhibitors in EGFR-activating mutation-
negative NSCLCs remain largely elusive [28]. 
Research on non-mutated EGFR has shown 
that inhibiting EGFR can enhance the sensitivi-
ty of lung cancer cells to tyrosine kinase inhibi-
tors, as demonstrated by Duan et al. [29], and 
higher levels of EGFR expression have been 
observed in DDP-resistant NSCLC cells [29]. 
Furthermore, the upregulation of factors acti-
vating the EGFR pathway can significantly pro-
mote the progression of NSCLC [30]. These 
findings underscore the importance of EGFR as 
a significant target in conventional lung cancer 
therapies.

Furthermore, we have noted that the PKM2 
gene does not appear to be directly influenced 
by EGFR expression levels; however, its protein 
levels rise in tandem with the upregulation of 
EGFR protein expression. EGFR can enhance 
the phosphorylation of PKM2 protein at the 
S37 site by activating extracellular signal-regu-
lated kinase (ERK1/2) proteins, thereby syner-
gistically increasing the expression of LDHA 
and GLUT1 genes and proteins. Yang et al. have 
suggested that ERK phosphorylation-depen-
dent nuclear translocation of PKM2 is essential 
for the self-regulation of PKM2 expression and 
PKM2-dependent glycolytic gene expression, 
which is vital for the Warburg effect promoted 
by EGFR and tumorigenesis [31]. Numerous 
studies have corroborated this phenomenon, 
including those within lung cancer research 
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[25, 32]. Our study’s findings indicate that the 
overexpression of EGFR upregulates the nucle-
ar expression levels of PKM2 protein in A549 
and HCC827 cells, which is believed to be asso-
ciated with increased phosphorylation levels of 
ERK and PKM2 S37 site proteins. However, the 
regulatory effects of EGFR on ERK1/2 are not 
confined to PKM2 and glycolytic pathway-relat-
ed proteins; they can also directly influence 
lung cancer cells’ proliferative, migratory, and 
invasive capabilities [33]. This insight directly 
elucidates why the hsa_circ_103089/miR-876- 
5p pathway can modulate cellular invasiveness 
and migratory abilities. Meanwhile, under hy- 
poxic conditions, the expression of hsa_circ_ 
103089 in A549 and HCC827 cells increased 
significantly (Figure S2), which may further pro-
mote cell proliferation.

This study has notable limitations: the lack of 
clinical sample data is the most significant 
shortfall, particularly concerning samples from 
patients with DDP-resistant NSCLC. Access to 
these samples is essential for clarifying the 
role of hsa_circ_103089 in patients with DDP 
resistance and understanding the poor pro-
gression of NSCLC, which would have consider-
able implications for clinical research. More- 
over, based on the subcellular localization of 
hsa_circ_103089, our investigation has focu- 
sed on its role in the cytoplasm, which modu-
lates the miR-876-5p/EGFR axis. Its presence 
in the nucleus suggests that hsa_circ_103089 
may have the capacity to bind with nucleic 
acids or even nuclear proteins covalently. A 
thorough elucidation of the functions of hsa_
circ_103089 from various angles and direc-
tions could offer a more extensive theoretical 
and experimental foundation for explaining the 
pathogenesis and treatment options for NSCLC.

Conclusions

In this study, we first established the associa-
tion of hsa_circ_103089 with the migration, 
invasion, glycolysis, and DDP sensitivity of 
NSCLC cells using bioinformatics and function-
al biological assays. Mechanistically, we dem-
onstrated that hsa_circ_103089 can enhance 
the expression of the EGFR gene and protein by 
directly binding to miR-876-5p, increasing the 
phosphorylation levels of ERK1/2 and PKM2 
proteins. The phosphorylated PKM2 then trans-
locates to the nucleus, promoting the coordi-

nated expression of glycolytic proteins such  
as LDHA, GLUT1, and HK2, thereby enhancing  
glycolytic function. Furthermore, hsa_circ_ 
103089, through the miR-876-5p/EGFR axis, 
also diminishes the sensitivity of NSCLC to 
DDP. Consequently, the presence of hsa_
circ_103089 could serve as a potential bio-
marker for predicting the malignant progres-
sion and chemotherapeutic response of NSCLC.
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Figure S1. miR-876-5p directly targets LDHA and suppresses its expression. A. Predicted binding site between 
hsa-miR-876-5p and the 3’UTR of LDHA, with red text indicating the seed sequence region. The mutated sequence 
(LDHA MUT) disrupts miR-876-5p binding. B. Dual-luciferase reporter assay results show that miR-876-5p mimic sig-
nificantly reduces luciferase activity in the LDHA-WT group but not in the LDHA-MUT group, indicating specific target-
ing. C. qRT-PCR analysis of LDHA mRNA expression in A549 and HCC827 cells after knockdown of hsa_circ_103089 
by shRNA1 and shRNA3, with or without miR-876-5p inhibitor co-transfection. LDHA expression is suppressed by 
shRNA and rescued by the miR-876-5p inhibitor. Data are shown as mean ± SD from three independent experi-
ments. **P < 0.01, compared with sh-NC group ; ##P < 0.01, compared with shRNA + inhibitor group.

Figure S2. Hypoxia induces the upregulation of hsa_circ_103089 in NSCLC cells. A. Fluorescence in situ hybridiza-
tion (FISH) was performed to detect the subcellular localization and expression level of hsa_circ_103089 under 
hypoxic conditions (1% O2, 24 h) in A549 and HCC827 cells. Red fluorescence indicates hsa_circ_103089, while 
blue fluorescence indicates nuclear staining by DAPI. Merged images demonstrate that hsa_circ_103089 is pri-
marily localized in the cytoplasm. Scale bars: 50 μm. B. The bar graph shows relative fluorescence intensity of 
hsa_circ_103089 in both cell lines under normoxia and hypoxia. Data are presented as mean ± SD (n = 3); ##P < 
0.01, **P < 0.01.


