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Abstract: Emerging research indicates that circRNAs serve a crucial role in occurrence and development of cancers. 
This study aimed to uncover the biological role of hsa_circ_0000519 in the progression of LUAD (lung adenocarci-
noma). hsa_circ_0000519 was identified by bioinformatic analysis, and its differential expression was validated in 
LUAD tissues and cell lines. CCK8, colony formation, wound healing, transwell assays, and xenograft tumor models 
were used to observe the biological functions of hsa_circ_0000519. FISH, RIP, dual luciferase reporter assays, 
and recovery experiments were implemented to explore the underlying mechanisms of hsa_circ_0000519. hsa_
circ_0000519 was significantly upregulated in LUAD tissues and cell lines. The expression of hsa_circ_0000519 
was positively correlated with T grade and TNM stage in patients with LUAD. Downregulation of hsa_circ_0000519 
remarkably reduced cell proliferation, migration, invasion in vitro, and tumor growth in vivo. Mechanistic investi-
gation demonstrated that hsa_circ_0000519 directly sponged hsa-miR-1296-5p to reduce its repressive impact 
on DARS as well as activate the PI3K/AKT/mTOR signaling pathway. The malignant phenotypes of LUAD cells in-
duced by upregulation of hsa_circ_0000519 could be rescued by hsa-miR-1296-5p overexpression or knockdown 
of DARS. In conclusion, hsa_circ_0000519 promotes LUAD progression through the hsa-miR-1296-5p/DARS axis 
and may be expected as a novel biomarker and therapeutic for LUAD.
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Introduction

Lung cancer (LC) is one of the most frequent 
types of malignant tumors, and it is also one of 
the deadliest [1-3]. LC is divided into two patho-
logic types: small cell lung cancer (SCLC) and 
non-small cell lung cancer (NSCLC), with about 
85% of cases being NSCLC [3, 4]. Despite sub-
stantial advances in diagnosis and treatment 
(e.g., surgical modalities, targeted therapies, 
and immunotherapy), the prognosis of NSCLC 
patients remains far from satisfactory [4, 5]. As 
the most common subtype of NSCLC, LUAD 
(lung adenocarcinoma) accounts for approxi-
mately 40% of all LC cases [6]. Unfortunately, 
the 5-year overall suvival rate of LUAD patients 

is as low as 21% [7]. In order to develop novel 
biomarkers and effective therapeutic targets, it 
is crucial to explore new molecular targets 
along with their mechanisms in the occurrence 
and development of LUAD.

Non-coding RNA (ncRNA), which is consist of 
microRNAs (miRNAs), long non-coding RNAs 
(lncRNAs), etc., makes up more than 90% of all 
human transcripts [8, 9]. Emerging research 
indicated that endogenous circular RNAs (cir-
cRNAs) play an important role in the transcrip-
tional and post-transcriptional control of gene 
expression [10]. CircRNAs, a novel type of 
endogenous non-coding RNA, are less suscep-
tible to exonuclease degradation due to their 
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closed circular structure, making them an ideal 
candidate for cancer diagnosis and treatment 
[11-13]. Recent research suggested that cir-
cRNA dysregulation may be linked to NSCLC 
proliferation, metastasis, drug resistance, and 
immune escape. For example, as a miRNA 
sponge, circSATB2 upregulated the expression 
of FSCN1, which increased cell proliferation, 
migration, and invasion [14]. In addition, NSC- 
LC tissues highly expressed circ-HSP90A. Cell 
proliferation, migration, invasion, and the abili-
ty to evade immune surveillance were all dra- 
stically reduced with circ-HSP90A knockdown. 
Mechanically, by competitively absorbing miR-
424-5p, circ-HSP90A increased the expression 
of PD-L1 [15]. However, a complete under-
standing of circRNA’s function and mechanism 
in LUAD is still lacking.

MicroRNAs were found to be implicated in a 
variety of NSCLC phenotypes, including prolif-
eration, epithelium-mesenchymal transition, 
and drug resistance [16-20]. By binding to their 
complementary sequences in the 3’UTR of 
mRNAs, miRNAs exert their functions as post-
transcriptional regulators [21]. Interestingly, by 
binding to the miRNA response elements 
(MREs), circRNAs could mitigate the silencing 
effects of miRNAs. For example, through a 
direct interaction with hsa-miR-200b-3p, hsa_
circ_103820 inhibited NSCLC cell proliferation, 
motility, and invasion through the regulation of 
hsa-miR-200b-3p’s downstream substrates 
LATS2 and SOCS6 [22]. In NSCLC tissues and 
cell lines, circFBXO7 was downregulated, while 
overexpression of circFBXO7 inhibited NSCLC 
cell proliferation by absorbing miR-296-3p and 
raising KLF15 expression, consequently trans-
activating CDKN1A expression [23].

Aspartyl-tRNA synthetase (DARS), a member of 
the aminoacyl tRNA synthetases (ARSs) family, 
is responsible for the ligation of aspartate to 
corresponding aspartate tRNAs, providing 
crude materials for protein synthesis, and 
ensuring translation fidelity [24]. High levels of 
DARS expression in gastric cancer have been 
linked to advanced clinicopathological stages 
and shorter overall survival times in previous 
research. Functionally, downregulation of DARS 
significantly inhibited gastric cancer cell prolif-
eration [25]. In addition, Min Jiao et al. found 
that clear cell renal carcinomas highly ex- 
pressed the lncRNA DARS-AS1. DARS-AS1 
upregulation was reported to boost clear cell 

renal carcinoma cell proliferation by competi-
tive sponging of miR-194-5p and increased 
DARS expression. Furthermore, DARS knock-
down greatly suppressed cell growth, suggest-
ing that it functions as an oncogene [26]. 
However, research on the expression and bio-
logical role of DARS in LUAD is still blank.

The I3K/AKT/mTOR signaling pathway is con-
sidered to be one of the most common signal-
ing pathways in human cancers [27], including 
LUAD. For example, the upregulation of the 
lncRNA CCAT1 could enhance the proliferation 
and angiogenesis of LUAD cells by mediating 
the translocation of fatty acid binding protein  
5 (FABP5) into the nucleus and activating  
the PI3K/AKT/mTOR signaling pathway [28]. 
Fangyuan Yu et al. reported that SLITRK6 was 
significantly upregulated in LUAD tissues, and 
knockdown of SLITRK6 substantially inhibited 
the proliferation and glycolysis of LUAD cells  
by inactivating the PI3K/AKT/mTOR signaling 
pathway [29]. In addition, ADAM metallopepti-
dase domain 12 (ADAM12) was reported to be 
significantly increased in LUAD tissues and cor-
related with poor prognosis of LUAD patients 
[30]. Besides, overexpression of ADAM12 ac- 
celerated the proliferation, apoptosis escape, 
invasion and migration, angiogenesis, immune 
escape and EGFR-TKI resistance by activating 
the PI3K/Akt/mTOR and RAS signaling path-
ways. However, few studies have reported the 
regulatory effect of circRNAs on the PI3K/AKT/
mTOR signaling pathway in LUAD.

In the present study, we determined a LUAD-
associated circRNA hsa_circ_0000519 by bio-
informatics. The upregulation of hsa_circ_ 
0000519 was correlated with a more advanc- 
ed T grade and TNM stage of LUAD patients.  
As a ceRNA for hsa-miR-1296-5p, hsa_
circ_0000519 could promote LUAD progres-
sion by forcing DARS expression and activating 
the PI3K/AKT/mTOR signaling pathway. The 
findings of this study further expanded the 
research on the significance of circRNAs in 
LUAD progression and may bring new insights 
for the exploitation of novel biomarkers and 
therapeutics for LUAD.

Material and methods

LUAD tissue samples and cell lines

From 2021 to 2022, a total of 48 matched 
LUAD tissues and non-tumoral lung tissues 
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were obtained from patients who received radi-
cal excision of LUAD at the Second Xiangya 
Hospital of Central South University. All tissues 
were frozen in liquid nitrogen until RNA was 
extracted. The American Joint Committee on 
Cancer (AJCC) Classification, Eighth Edition, 
was used to validate the pathological diagno-
sis. The research was approved by the Ethics 
Committee of the Second Xiangya Hospital, 
Central South University (202103-148) and 
informed consent was obtained from all partici-
pants involved in the study.

A549, H1299, H358, PC9, and SPC-A1 LUAD 
cell lines, together with the BEAS-2B normal 
branchial epithelial cell line, were obtained 
from the Chinese Academy of Science Cell 
Bank (Shanghai, China). While DMEM/F-12 
(Gibco, USA) was used to take care of A549 
cells, RPMI-1640 (Gibco, USA) was used for 
BEAS-2B, H1299, H358, PC9, and SPC-A1 
cells. Both mediums were supplemented with 
10% fetal bovine serum (FBS) (Gibco, USA)  
and 1% penicillin-streptomycin resolution 
(Gibco, USA).

Bioinformatics analysis

To screen out the differentially expressed cir-
cRNAs in NSCLC, bioinformatic analyses were 
performed on three circRNA microarray datas-
ets, namely GSE101586 [31], GSE101684  
[32] and GSE158695 [33], which were deter-
mined by the search keywords of (“lung can-
cer”) AND (“tissue”) AND (“circRNA” or “circular 
RNA”) in the GEO database (Gene Expression 
Omnibus). The GSE101586, GSE101684, and 
GSE158695 datasets consisted of circRNA 
microarray expression profiles from 5 LUAD 
patients, 4 LUAD patients, and 3 NSCLC 
patients, respectively.

MiRNAs sharing binding sites with hsa_
circ_0000519 were predicted in CircInter- 
actome (https://circinteractome.nia.nih.gov/in- 
dex.html) [34], CircBank (http://www.circbank.
cn/index.html) [35], and ENCORI (https:// 
starbase.sysu.edu.cn/index.php) [36]. ENCORI 
(same as aforementioned), TargetScan (htt- 
ps://www.targetscan.org/vert_80/) [37], and 
TarBase (https://dianalab.e-ce.uth.gr/html/dia- 
na/web/index.php?r=tarbasev8%2Findex) [38] 
were used to analyze hsa-miR-1296-5p’s tar- 
get genes. Clinical and RNA-seq data for LUAD 
patients were obtained from the TCGA data-

base. The “Limma” and “Survival” R packages 
were used for the differentially expressed  
analysis of DARS in LUAD and investigating the 
connection between DARS expression and the 
prognosis in LUAD patients, respectively. Uti- 
lizing GSEA 4.0.2, signaling pathways associat-
ed with DARS dysregulation were identified by 
Gene Set Enrichment Analysis (GSEA).

RNA extraction and RT-qPCR

Using TRIzol (Invitrogen, USA), total RNA from 
LUAD tissues, normal lung tissues, and LUAD 
cell lines was extracted. A Genomic DNA kit 
(CWBIO, China) was used to extract gDNA 
according to the protocol. The concentrations 
and purities of RNAs were evaluated using a 
Nanodrop 2000 (Thermo Fisher Scientific, 
USA). CircRNAs and mRNAs were reversely 
transcribed using the 1st Strand cDNA 
Synthesis SuperMix (YEASEN, China). MiRNA 
First Strand cDNA Synthesis Kit (Sangon 
Biotech, China) with stem-loop primers was 
used for reverse transcription. mRNA tran-
scripts were quantified using an ABI StepOne 
sequence detection system (Applied Biosy- 
stems, USA) and a qPCR SYBR Green Master 
Mix (YEASEN, China). We performed these 
steps three times for each sample, using 
GAPDH and U6 as internal standards. We com-
pared the expression of circRNAs, miRNAs,  
and mRNAs to an internal standard using the 
2-ΔΔCT method. In this investigation, hsa_
circ_0000519 was amplified by divergent prim-
ers, while liner mRNA was amplified by conver-
gent primers. The primers were displayed in 
Supplementary Table 1.

Nucleic acid electrophoresis

cDNA and gDNA PCR products were separated 
by electrophoresis on a 2% agarose gel with  
the use of TAE running buffer at 100 V for 30 
minutes using a Marker L in the size range  
of 50 to 500 bp (Sango Biotech, China). 
ChemiDoc XRS+ imaging equipment (BIO-RAD, 
USA) was employed to spot the DNA bands.

Fluorescence in situ hybridization (FISH)

Probes of Cy3-labeled hsa_circ_0000519 (RI- 
OBO, China) were developed for FISH tests to 
identify the natural hsa_circ_0000519 local-
ization in A549 and PC9 cells. Images were 
obtained using an Olympus BX63 fluorescent 
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microscope (Olympus, Japan) after the probes 
had been hybridized using the kit’s specified 
procedures (RIOBO, China).

Isolation of cytoplasmic and nuclear RNA

Briefly, 1 × 107 cells were resuspended in 1 ml 
of cold PBS. To begin total RNA extraction, we 
mixed 200 ul of resuspended cells with 800 ul 
of RNAiso Plus reagent (Takara, Japan). After 
centrifuging the residual suspensions at 1000 
rpm for 5 minutes, they were resuspended in 
200 μl of TD buffer containing 1% NP40. After 
separating the cells into two layers through 
centrifugation at 5000 rpm for 30 seconds, 
cytoplasmic RNA was extracted by aspirating 
the supernatant into 800 μl of RNAiso Plus 
reagent. The nuclear RNA was extracted by 
resuspending the precipitates in 200 ul of  
cold TD buffer containing 0.5% NP40 and then 
treating them with 800 ul of RNAiso Plus 
reagent. Subcellular localization of hsa_circ_ 
0000519 was determined by reverse transcrip-
tion and RT-qPCR of total RNA, cytoplasmic 
RNA, and nuclear RNA.

RNA immunoprecipitation (RIP)

Following the protocol provided by the manu-
facturer of the RIP kit (Geneseed Biotech, 
China), RIP experiments were conducted on 
A549 and PC9 cells. To summarize, 1 × 107 
cells were lysed and treated with anti-AGO2 or 
anti-IgG antibody-coated magnetic beads over-
night at 4°C. After RNA was rinsed from the 
magnetic beads, reverse transcription and 
RT-qPCR detection were performed.

Dual luciferase reporter assays

This study used the Dual Luciferase Reporter 
Gene Assay Kit (YEASEN, China). Subcloning 
sequences of hsa_circ_0000519 and DARS 
3’UTR into the pmir-GLO (Promega, USA) empty 
vector yielded the wild-type dual luciferase 
plasmids hsa_circ_0000519-WT and DARS 
3’UTR-WT, respectively. We created hsa_
circ_0000519-MUT and DARS 3’UTR-MUT dual 
luciferase plasmids with mutated sequences 
that may bind to hsa-miR-1296-5p. Co-trans- 
fection of hsa-miR-1296-5p mimics or inhibitor 
with the dual luciferase plasmids was per-
formed in the A549 and PC9 cell lines. A Dual-
Luciferase Reporter Assay System (Promega, 
USA) was then employed to detect the relative 
activities of luciferase.

Vector construction and stable transfection

Tsingke Biotech (Changsha, China) was con-
tacted to acquire the shRNAs (referred to as  
sh-circ 1-3#, Supplementary Table 2) aimed at 
the back-splicing junction of hsa_circ_0000- 
519. To make the overexpression plasmid 
(termed oe-circ), we inserted the whole hsa_
circ_0000519 cDNA into the PLC5-ciR (Gene- 
seed Biotech, China) empty vector. In the A549 
and PC9 cells, stable transfections were done 
using empty vectors serving as negative con-
trols, as previously described [39].

Transient transfection

In a 6-well plate, cells were seeded until cell 
confluency reached 50%-60%. Transient ex- 
pression of si-DARS (Tsingke Biotech, China), 
oe-DARS (VectorBuilder, China), and mimics as 
well as inhibitor of hsa-miR-1296-5p (Sango 
Biotech, China) in A549 or PC9 cells was 
achieved by Lipofectamine 3000 (Invitrogene, 
USA).

Western blot

RIPA (Beyond, China) was used to lyse the cells. 
The bicinchoninic acid (BCA) reagent (Beyond, 
China) was implemented to ascertain the 
amounts of proteins. After that, proteins were 
transferred to PVDF membranes (Millipore, 
USA) using 10% SDS-PAGE. Antibodies against 
DARS (1:20000, Proteintech, USA), GAPDH 
(1:10000, Proteintech, USA), AKT (1:2000, 
Servicebio, China), phospho-AKT (1:1000, Zen-
BioScience, China), mTOR (1:1000, Servicebio, 
China), or phospho-mTOR (1:1000, Servicebio, 
China) were then incubated with the PVDF 
membranes at 4°C overnight. Protein bands 
were detected using Super ECL Prime (Ever- 
bright, USA) after PVDF membranes were incu-
bated with the secondary antibody (1:2000, 
CST, USA) for 1 hour at room temperature.

Immunohistochemistry (IHC)

For IHC, the HRP-Polymer IHC Kit (AiFang 
Biological, China) was used. The subcutaneous 
tumor tissues of nude mice were paraffin-
embedded, paraformaldehyde-fixed, and sec-
tioned. Tumor tissue sections were first treated 
with an anti-Ki-67 primary antibody at 4°C over-
night, after which they were incubated with an 
HRP-conjugated secondary antibody for 30 
minutes. Sections were stained with DAB and 
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hematoxylin after being rinsed three times in 
PBST for microscopic photography.

CCK8 and colony formation

The CCK-8 and colony formation tests were 
used to measure cells’ capacity for prolifera-
tion. One thousand cells were seeded into 
96-well plates for CCK-8 tests. At 0, 24, 48, 72, 
and 96 hours, 10 μl of CCK-8 reagents were 
dropped to the 96 plates. After 2 hours of  
incubation at 37°C, the absorbance at 450 nm 
was detected with an infinite M200 spectro-
photometer (Tecan, Switzerland). A colony for-
mation experiment was performed by growing 
1,000 treated cells in six-well plates at 37°C 
and 5% CO2 until colonies formed. Cell coloni- 
es were stained with a 0.5% crystal violet solu-
tion for 15 minutes after being fixed in 4% para-
formaldehyde. Colony counts were taken from 
photographs of air-dried 6-well plates. There 
were three separate runs of each experiment.

Wound healing assays

Scratched wounds were made in LUAD cells by 
scraping the end of a 200 μl pipette over the 
surface of the cells after they had been seed- 
ed into six-well plates and grown at 37°C in a 
5% CO2 incubator until cell confluency reached 
roughly 80%-90%. After further cultivating the 
LUAD cells in the matching serum-free medi-
ums, scratch wound closure was photographed 
at 0 and 24 hours. The proportion of wound clo-
sure was determined by determining the per-
centage by which the scratch distance between 
cells was reduced after 24 hours compared to 
before. The experiment was performed three 
times by each of the groups.

Tanswell assays

Transwell invasion and migration experiments, 
employing chambers (Corning, USA) covered 
with or without Matrigel (BD Biosciences, USA) 
on the upper face of the membrane, were used 
to assess LUAD cell invasion and migration. 
The top chamber, where 4 × 104 cells in 200 μl 
of serum-free medium were settled, was trans-
ferred to a 24-well plate with 600 μl of match-
ing complete medium and cultured for 24 
hours. The cells on the inferior face of the 
chamber membrane were stained with 0.5% 
crystal violet for 15 minutes after being fixed in 
4% paraformaldehyde, while the unmigrated 

cells on the upper face of the chamber mem-
brane were cleaned off with a cotton swab. 
After air drying the chambers, photographs of 
five randomly selected fields were taken. This 
procedure was performed three times.

Xenograft tumor models in nude mice

Animal experiments were approved by the 
Animal Ethical and Welfare Committee of the 
Second Xiangya Hospital, Central South 
University (202205-376) and conducted in 
accordance with the guidelines of the National 
Health Institute. Four-week-old female BALB/c 
nude mice were obtained from Hunan SJA 
Laboratory Animal Co., Ltd. (Hunan, China). Five 
million A549 or PC9 cells (stably transfected 
with vector/oe-circ or sh-Ctrl/sh-circ 1#) in 100 
μl PBS were injected subcutaneously into the 
right back of each animal. Every four days, 
xenograft tumors were measured for their 
length (L) and width (W), and subcutaneous 
tumor volumes were determined by the for- 
mula Volume = L × W2/2. Mice were euthaniz- 
ed after 28 days, and the xenograft tumors 
were weighed and then subjected to RT-qPCR 
and IHC.

Statistical analysis

The GraphPad Prism v9.0.0 software was used 
for statistical analyses. The paired or unpaired 
t-test was used for the comparison of quan- 
titative variables, and the chi-square test for 
qualitative variables. Pearson correlation anal-
ysis was used to analyze the expression corre-
lation between hsa_circ_0000519, hsa-miR-
1296-5p, and DARS. P<0.05 was considered 
statistically significant and represented by * 
(P<0.05), ** (P<0.01), *** (P<0.001), and 
**** (P<0.0001). The threshold for screening 
differentially expressed circRNAs in the GEO 
database was set as P<0.05 and |log2(FC)|  
≥1. Signaling pathways with a normalized 
P<0.05, |NES|>1 and FDR-q value <0.25 were 
considered significantly enriched in the GSEA.

Results

Expression profiles of hsa_circ_0000519 in 
LUAD tissues and cell lines

We performed bioinformatic analyses of three 
circRNA-sequencing datasets (GEO accession 
numbers GSE101586, GSE101684, and GSE- 
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158695) to investigate the potential contribu-
tion of dysregulated circRNAs to LUAD progres-
sion. Differentially expressed circRNAs were 
identified in these datasets (as shown Figure 
1A-C and Supplementary Tables 3, 4, 5) us- 
ing the filter parameters of P<0.05 and log|FC| 
≥1. By overlapping the elevated circRNAs,  
we discovered that only hsa_circ_0000519 
showed consistently high expression in all  
three datasets (Figure 1D). Thus, hsa_circ_ 
0000519 was chosen for further analysis. 
Afterwards, hsa_circ_0000519 was validated 
to be markedly upregulated in 48 LUAD tis- 
sues by RT-qPCR (Figure 1E). In addition, there 
was a positive correlation between hsa_circ_ 
0000519 expression and LUAD patients’ T 
grade and TNM stage (Table 1). The expression 
of hsa_circ_0000519 was then analyzed in 
LUAD cell lines. As shown in Figure 1F, A549 
and PC9 cell lines had the highest and lowest 
expressions of hsa_circ_0000519, respective-

ly. Therefore, A549 and PC9 cell lines were 
used to investigate the downstream mecha-
nism of hsa_circ_0000519.

Characterization of hsa_circ_0000519

hsa_circ_0000519 is formed by the head-to-
tail splicing of a 98-bp pre-mRNA (from 
20811436 to 20811534) from its host gene 
RPPH1 on chromosome 14 (Figure 2A). To con-
firm that the head-to-tail splicing of hsa_
circ_0000519 was generated by trans-splicing 
rather than genomic rearrangement of RPPH1, 
cDNA as well as gDNA from A549 and PC9 cell 
lines were amplified with convergent primers 
and divergent primers, respectively, and then 
run on an agarose gel electrophoresis. As 
shown in Figure 2B, hsa_circ_0000519 was 
exclusively discovered in the cDNA of A549 and 
PC9 cell lines. To ascertain the stability of hsa_
circ_0000519, total RNA from A549 and PC9 
cell lines was treated with or without RNase R 

Figure 1. The expression level of hsa_circ_0000519 is elevated in LUAD tissues and cell lines. A-C. Differentially 
expressed genes in the GSE101586, GSE101684, and GSE158695 datasets were visualized by volcano plots. D. 
By overlapping the up-regulated circRNAs across three datasets, hsa_circ_0000519 was identified. E. Verification 
of hsa_circ_0000519 expression in 48 LUAD specimens and their matching normal lung tissues. F. The expression 
of hsa_circ_0000519 was analyzed in LUAD cell lines.
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and subjected to RT-qPCR. As a result, has_
circ_0000519 showed an extremely high resis-
tance to RNase R digestion, suggesting the 
presence of a loop structure (Figure 2C, 2D). 
FISH assays indicated that hsa_circ_0000519 
was primarily located in the cytoplasm (Figure 
2E), which was further validated by RT-qPCR 
analyses of isolated cytoplasmic and nuclear 
RNA in A549 and PC9 cell lines (Figure 2F, 2G), 
indicating that hsa_circ_0000519 may have a 
role in post-transcriptional regulation.

hsa_circ_0000519 promotes LUAD cell prolif-
eration, migration, and invasion in vitro

To achieve reproducible overexpression or 
knockdown of hsa_circ_0000519, hsa_circ_ 
0000519 overexpression vector (referred to as 
oe-circ) and three shRNAs against the back-
splicing sites were stably transfected into  
LUAD cell lines. The oe-circ vector was stably 
transfected into PC9 and SPC-A1 cell lines, as 
it evidently increased the expression level of 
hsa_circ_0000519 instead of RPPH1 mRNA 
(Figure 3A, 3B). Among the three shRNAs 
against hsa_circ_0000519, sh-circ 1# and 2# 
showed satisfactory inhibition efficiencies 
(Figure 3C), which were used for further 
investigations.

sion was assessed by wound healing and tran-
swell assays. Migration and invasion abilities 
were significantly improved by overexpression 
of hsa_circ_0000519 but dramatically reduced 
by knockdown of hsa_circ_0000519 (Figure 
3F, 3G). These findings indicated that hsa_
circ_0000519 promoted LUAD cell migration 
and invasion.

hsa_circ_0000519 promotes LUAD tumor pro-
liferation in vivo

PC9-vector/oe-circ and A549-sh-Ctrl/sh-circ 
1# were subcutaneously injected into BALB/c 
nude mice to further evaluate the impact of 
hsa_circ_0000519 on tumor growth. Results 
showed that tumor volume and weight in the 
oe-circ group were substantially higher than 
those in the vector group. In contrast, knock-
down of hsa_circ_0000519 exhibited the 
opposite tendency (Figure 4A-C). The tumor  
tissues were then analyzed by RT-qPCR and 
immunohistochemistry. A significant upregula-
tion of hsa_circ_0000519 was determined in 
the oe-circ group, while the hsa_circ_0000519 
knockdown group was just the opposite (Fig- 
ure 4D, 4E). In addition, IHC results reveal- 
ed that Ki-67 expression was evidently 

Table 1. Correlation between hsa_circ_0000519 expression and 
clinicopathologic characteristics in 48 individuals with LUAD

Characteristics Case
hsa_circ_0000519 expression p  

valueLow High
All cases 48 8 40
    Age at surgery (years) 0.676
        <60 33 6 27
        ≥60 15 2 13
    Gender 0.696
        Male 21 3 18
        Female 27 5 22
    T grade 0.02
        T1+T2 24 7 17
        T3+T4 24 1 23
    Lymph node invasion 0.282
        Negative (N0) 37 5 32
        Positive (N1-N3) 11 3 8
    TNM stage 0.014
        I-II 23 7 16
        III-IV 25 1 24

Then, CCK8 and colony forma-
tion assays were carried out to 
evaluate proliferative capabili-
ties of LUAD cell lines. CCK8 
assays showed that upregulation 
of hsa_circ_0000519 substan-
tially enhanced the proliferation 
of PC9 and SPC-A1 cell lines, 
while downregulation of hsa_
circ_0000519 in the A549 cell 
line reduced this effect (Figure 
3D). Similar results were found 
in colony formation experiments 
(Figure 3E), where upregulation 
of hsa_circ_0000519 consider-
ably boosted colony formation 
capabilities while knockdown  
of hsa_circ_0000519 decrea- 
sed these abilities. According  
to these results, hsa_circ_ 
0000519 accelerated the gr- 
owth of LUAD cells.

hsa_circ_0000519’s influence 
on LUAD cell migration and inva-
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enhanced by the upregulation of hsa_
circ_0000519 but downregulated upon hsa_
circ_0000519 knockdown (Figure 4F, 4G). 

Taken together, these findings suggested that 
hsa_circ_0000519 enhanced tumor growth in 
vivo.

Figure 2. Characterization of hsa_circ_0000519. A. Diagrammatic illustration of the biogenesis of hsa_
circ_0000519. B. Divergent and convergent primers for hsa_circ_0000519 were used for PCR and nucleic acid 
electrophoreses in both the A549 and PC9 cell lines. C, D. After total RNA from A549 and PC cell lines was treated 
with or without RNase R, relative expression of hsa_circ_0000519 and RPPH1 was detected by RT-qPCR. E. Repre-
sentative images of FISH assays. F, G. RT-qPCR of isolated RNAs from the nucleus and cytoplasm of A549 and PC9 
cells further confirmed the cytoplastic localization of hsa_circ_0000519.
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Figure 3. hsa_circ_0000519 promotes LUAD cell proliferation, migration, and invasion in vitro. A-C. Stable transfection efficiencies of hsa_circ_0000519 overex-
pression or knockdown in PC9, SPC-A1, and A549 cell lines. D, E. The impacts of hsa_circ_0000519 on LUAD cell proliferation were evaluated by CCK8 and colony 
formation assays. F, G. The effects of hsa_circ_0000519 on LUAD cell migration and invasion were investigated using wound healing and transwell assays.
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hsa_circ_0000519 directly binds to and nega-
tively regulates the expression of hsa-miR-
1296-5p in LUAD

The majority of circRNAs are located in the 
cytoplasm and are thought to be ceRNAs for 

miRNAs. Given the cytoplasmic location of 
hsa_circ_0000519, we hypothesized that  
hsa_circ_0000519 may sponge miRNAs to 
perform its biological activity. Potential miRNA 
targets for hsa_circ_0000519 were predict- 
ed using three online databases: CircBank, 

Figure 4. hsa_circ_0000519 promotes LUAD carcinogenesis in vivo. A. Images of xenograft tumor tissues in differ-
ent groups. B. The weights of tumors were compared among different groups. C. Subcutaneous xenograft tumor 
volumes were assessed at four-day intervals. D, E. Relative hsa_circ_0000519 expression in tumor tissues was 
measured by RT-qPCR. F, G. IHC was used to detect Ki-67 expression in tumor tissues.
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CircInteractome, and ENCORI. hsa-miR-1296-
5p was chosen for further study since it was 
predicted by all three databases (Figure 5A  
and Supplementary Tables 6, 7, 8). To prelimi-
nary verify the results, dual luciferase reporter 
assays were performed in both PC9 and A549 
cell lines. hsa_circ_0000519-WT/MUT plas-
mids (as shown in Figure 5B) were co-trans- 
fected into the A549 cell line with NC/hsa- 
miR-1296-5p mimics, and into the PC9 cell line 
with NC/hsa-miR-1296-5p inhibitor. As a re- 
sult, co-transfection of hsa_circ_0000519-WT 
and hsa-miR-1296-5p mimics in the A549 cell 
line led to a substantial reduction in luciferase 
activity (Figure 5C), whereas co-transfection of 
hsa_circ_0000519-WT and hsa-miR-1296-5p 
inhibitor in the PC9 cell line increased the lucif-
erase activity. These results, however, vanished 
when mutations were introduced into the bind-
ing sites for hsa-miR-1296-5p (Figure 5C). 
These results backed up the hypothesis that 
hsa_circ_0000519 directly interacted with 
hsa-miR-1296-5p.

It is well recognized that miRNAs suppress the 
expression of target genes by binding to the 
3’UTR of the target gene through AGO2 and 
forming an RNA-induced silencing complex 
(RISC). To determine whether hsa_circ_00- 
00519 binds to hsa-miR-1296-5p through 
AGO2, anti-AGO2 RIP assays were carried out  
in A549 and PC9 cell lines. The RNA trans- 
cripts that bind to the AGO2 protein were pulled 
down and examined by RT-qPCR. Figure 5D 
showed that both hsa_circ_0000519 and hsa-
miR-1296-5p were highly enriched in the anti-
AGO2 group.

The ceRNA theory proposes that circRNAs 
serve as molecular sponges, binding to miRNAs 
and regulating their expression. We further 
investigated how hsa_circ_0000519 affected 
hsa-miR-1296-5p expression in A549 and  
PC9 cell lines. Knocking down hsa_circ_00- 
00519 in the A549 cell line led to a significan- 
tly increase in hsa-miR-1296-5p expression, 
whereas overexpressing hsa_circ_0000519  
in the PC9 cell line had the reverse effect 
(Figure 5E). Further examination of 48 LUAD 
tissues and cell lines revealed a significant 
downregulation of hsa-miR-1296-5p (Figure  
5F, 5G). Furthermore, it was also confirmed 
that the expression of hsa-miR-1296-5p has  
a negative correlation with that of hsa_

circ_0000519 in 48 LUAD tissues (R =  
-0.3326, P = 0.0209, Figure 5H). Collectively, 
these results demonstrated that hsa_circ_00- 
00519 could bind to hsa-miR-1296-5p and 
adversely regulate its expression.

hsa-miR-1296-5p inhibits LUAD cell prolifera-
tion, migration, and invasion

Since few research have focused on hsa-miR-
1296-5p’s significance in LUAD, we decided to 
further explore its biological role. Functional 
studies in vitro were performed in A549 and 
PC9 cell lines. The transfection efficiencies 
were presented in Supplementary Figure 1. In 
CCK8, we found that overexpressing hsa-miR-
1296-5p greatly reduced A549 cell prolifera-
tion, but silencing its expression had the  
opposite effect (Figure 6A). Similarly, overex-
pression of hsa-miR-1296-5p in A549 cells 
decreased their capacity of colony formation, 
whereas inhibiting hsa-miR-1296-5p in PC9 
cells improved their colony formation capacity 
(Figure 6B). Furthermore, wound healing  
and transwell experiments indicated that the 
migration and invasion of LUAD cells were  
considerably inhibited by the overexpression  
of hsa-miR-1296-5p, while downregulation of 
hsa-miR-1296-5p significantly enhanced the- 
se properties (Figure 6C, 6D). These results 
demonstrated that hsa-miR-1296-5p inhibited 
LUAD cell proliferation, migration, and inva- 
sion.

DARS is a direct target of hsa-miR-1296-5p in 
LUAD

After identifying hsa-miR-1296-5p as a target 
of hsa_circ_0000519 and its role as a tumor 
suppressor in LUAD, we set out to excavate its 
downstream target genes. Targets for hsa-miR-
1296-5p were predicted by three different 
online databases: ENCORI, TargetScan, and 
Tarbase. DARS, SF3B2, and TRIP12 were 
retained as candidate target genes based on 
the overlap of prediction results (Figure 7A and 
Supplementary Tables 9, 10, 11). Then, A549 
and PC9 cell lines were transfected with NC/
hsa-miR-1296-5p mimics and NC/hsa-miR-
1296-5p inhibitor, respectively. RT-qPCR was 
used to detect the difference in mRNA expres-
sion of candidate target genes. As a result, 
overexpressing hsa-miR-1296-5p in the A549 
cell line greatly reduced DARS expression, 
whereas inhibition of hsa-miR-1296-5p in the 

http://www.ajcr.us/files/ajcr0151400suppltab6.xlsx
http://www.ajcr.us/files/ajcr0151400suppltab7.xlsx
http://www.ajcr.us/files/ajcr0151400suppltab8.xlsx
http://www.ajcr.us/files/ajcr0151400suppltab9.xlsx
http://www.ajcr.us/files/ajcr0151400suppltab10.xlsx
http://www.ajcr.us/files/ajcr0151400suppltab11.xlsx
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Figure 5. hsa_circ_0000519 has a direct interaction with hsa-miR-1296-5p. A. Bioinformatic analyses revealed that 
hsa-miR-1296-5p may be a direct target of hsa_circ_0000519. B. Schematic diagram to show the designation of 
dual luciferase plasmids. C. Dual luciferase reporter assays were performed in A549 and PC9 cells, and the lucifer-
ase activity was detected. D. Anti-AGO2 RIP tests were conducted in A549 and PC9 cells, and RT-qPCR was applied 
to analyze the abundance of hsa_circ_0000519 and hsa-miR-1296-5p. E. RT-qPCR was used to analyze the effect 
of hsa_circ_0000519 on hsa-miR-1296-5p expression. F, G. Relative expression of hsa-miR-1296-5p in 48 LUAD 
tissues and cell lines. H. The association of expression between hsa_circ_0000519 and hsa-miR-1296-5p expres-
sion in 48 LUAD patients.

Figure 6. hsa-miR-1296-5p impeded the growth, migration, and invasion of LUAD cells. A, B. The effects of hsa-miR-
1296-5p on LUAD cell proliferation were measured using CCK8 and colony formation assays. C, D. Wound healing 
and transwell assays were performed to analyze the impacts of hsa-miR-1296-5p on LUAD cell migration and inva-
sion.
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Figure 7. hsa-miR-1296-5p directly targets DARS. A. Overlap of hsa-miR-1296-5p’s target genes predicted by ENCORI, TargetScan, and TarBase databases. B, C. 
RT-qPCR was used to analyze the impact of hsa-miR-1296-5p on candidate target genes DARS, SF3B2 and TRIP12. D. Western blotting was used to analyze the 
impact of hsa-miR-1296-5p on DARS protein. E. Schematic diagram to show the designation of dual luciferase plasmids. F. Dual luciferase reporter assays were 
performed in A549 and PC9 cells, and luciferase activities were detected. G, H. DARS expression in LUAD and its correlation with survival outcomes in LUAD patients 
from the TCGA database were analyzed by bioinformatics. I-K. DARS expression in 48 LUAD tissues and its association with the expression of hsa-miR-1296-5p and 
hsa_circ_0000519.
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PC9 cell line enhanced it (Figure 7B, 7C). 
Expression of SF3B2 and TRIP12 did not alter 
noticeably in response to hsa-miR-1296-5p 
overexpression or inhibition. Thus, DARS was 
chosen for future study. We also performed 
western blotting to determine the impact of 
hsa-miR-1296-5p on DARS protein. Similarly, 
DARS protein expression was suppressed by 
the overexpression of hsa-miR-1296-5p but 
enhanced by hsa-miR-1296-5p inhibition 
(Figure 7D). To our surprise, upregulation of 
hsa_circ_0000519 in the PC9 cell line also  
led to an increase in DARS mRNA and protein, 
while hsa_circ_0000519 knockdown exhibit- 
ed the opposite effects (Supplementary Figure 
2), suggesting a potential regulatory axis of 
hsa_circ_0000519/hsa-miR-1296-5p/DARS.

Additionally, DARS 3’UTR-WT/MUT plasmids 
were designed for dual luciferase reporter 
assays (Figure 7E). It was observed that co-
transfection of A549 cells with hsa-miR-1296-
5p mimics and DARS 3’UTR-WT dramatically 
decreased the luciferase activity (Figure 7F), 
whereas co-transfection of PC9 cells with hsa-
miR-1296-5p inhibitor and DARS 3’UTR-WT 
considerably enhanced the luciferase activity. 
First-line evidence for the interaction between 
hsa-miR-1296-5p and DARS was provided by 
the fact that the aforementioned phenomenon 
vanished when the binding sites for hsa-miR-
1296-5p were mutated.

Up to now, the research on DARS in LC is still 
blank. To confirm the expression pattern of 
DARS in LUAD, we first performed a bioinfor-
matic analysis of the difference in DARS ex- 
pression between 535 LUAD tissues and 59 
normal lung tissues from the TCGA database. 
The results indicated a significant overexpres-
sion of DARS in LUAD tissues (Figure 7G and 
Supplementary Table 12). Furthermore, in 
Kaplan-Meier survival analysis, a higher ex- 
pression level of DARS indicated a worse prog-
nosis in patients with LUAD (Figure 7H). Next, 
RT-qPCR was utilized to verify the expression 
pattern of DARS in 48 LUAD samples and their 
matched normal lung tissues. Consistent with 
the results of bioinformatic analysis, DARS 
expression was significantly elevated in LUAD 
tissues (Figure 7I). Furthermore, Pearson anal-
ysis revealed a negative relationship between 
the expression of hsa-miR-1296-5p and DARS 
in 48 LUAD patients (R = -0.3155, P = 0.029, 

Figure 7J). Notably, we also found that hsa_
circ_0000519 and DARS had a positive asso-
ciation in expression (R = 0.302, P = 0.037, 
Figure 7K). These findings demonstrated that 
hsa-miR-1296-5p directly targeted DARS.

DARS could modulate the function of hsa_
circ_0000519 on LUAD cell proliferation, mi-
gration, and invasion

In light of the expression association be- 
tween hsa_circ_0000519 and DARS, we 
hypothesized that DARS may regulate hsa_
circ_0000519’s biological function. The PC9-
vector/oe-circ were co-transfected with NC/si-
DARS, and the A549-ctrl/sh-circ 1# were co-
transfected with vector/oe-DARS. DARS ex- 
pression was measured at the mRNA and pro-
tein levels (Supplementary Figure 3). Then, 
functional studies in vitro were conducted. As 
shown by CCK8 and colony formation assays 
(Figure 8A, 8B), overexpression of hsa_circ_ 
0000519 considerably increased the prolifera-
tive abilityl of PC9 cells, whereas downregula-
tion of DARS partly reversed this effect. In con-
trast, the opposite effects were observed in 
A549 cells. Furthermore, wound healing and 
transwell assays indicated that the migrative 
and invasive ability of PC9 cells were substan-
tially enhanced by overexpression of hsa_
circ_0000519 but were partially rescued by 
the downregulation of DARS, while the opposite 
tendencies were found in A549 cells (Figure 
8C, 8D).

hsa_circ_0000519 promotes LUAD cell prolif-
eration, migration, and invasion via regulating 
the hsa-miR-1296-5p/DARS axis and activat-
ing the PI3K/AKT/mTOR signaling pathway

To further validate whether hsa_circ_0000519 
served its oncogenic role through the hsa_
circ_0000519/hsa-miR-1296-5p/DARS regu-
latory axis, recovery experiments of molecular 
mechanisms were schemed by employing hsa-
miR-1296-5p mimics or inhibitor. The results 
showed that overexpressing hsa_circ_0000519 
led to an increase in DARS expression in the 
PC9 cell line, while co-transfection of hsa-miR-
1296-5p mimics rescued this impact (Figure 
9A). Conversely, downregulation of hsa_circ_ 
0000519 suppressed DARS expression in the 
A549 cell line, while this effect was rescued by 
the co-transfection of hsa-miR-1296-5p inhibi-
tor (Figure 9B). These findings suggested that 

http://www.ajcr.us/files/ajcr0151400suppltab12.xlsx
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hsa_circ_0000519 regulates DARS expres- 
sion in a hsa-miR-1296-5p-dependent manner, 
thus forming the hsa_circ_0000519/hsa-miR-
1296-5p/DARS regulatory axis. We also deter-
mined whether or not hsa-miR-1296-5p mim-
ics/inhibitor might reverse the malignant phe-
notypes induced by hsa_circ_0000519. The 
overexpression of hsa_circ_0000519 resulted 

in a proliferation enhancement in PC9 cells, 
which could be rescued by hsa-miR-1296-5p 
mimics as shown in CCK8 and colony formation 
assays (Figure 9C). Similar results were found 
in A549 cells, where hsa-miR-1296-5p inhibi- 
tor could rescue the cell proliferation suppress-
ing effects of hsa_circ_0000519 knockdown 
(Figure 9D). Furthermore, the hsa-miR-1296-

Figure 8. hsa_circ_0000519 promotes LUAD cell growth, migration, and invasion in a DARS-dependent manner. A, 
B. Cell proliferation was measured using CCK8 and colony formation assays in treated cells. C, D. Cell migration and 
invasion were analyzed using wound healing and transwell assays in treated cells.
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Figure 9. hsa_circ_0000519 accelerates LUAD cell proliferation, migration, and invasion through the hsa-miR-
1296-5p/DARS axis. A, B. Following transfection of PC9 and A549 cell lines with the specified oe-circ, sh-circ 1#, 
hsa-miR-1296-5p mimics, or inhibitor, RT-qPCR and western blotting were utilized to measure the mRNA and protein 
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5p mimics reversed the promoting effects of 
hsa_circ_0000519 on the migrative and inva-
sive abilities of PC9 cells, and similar results 
were observed in A549 cells transfected with 
sh-circ 1# and hsa-miR-1296-5p inhibitor 
(Figure 9E, 9F). These findings as a whole sug-
gested that hsa_circ_0000519 promoted the 
progression of LUAD by serving as a miRNA 
sponge for hsa-miR-1296-5p to upregulate 
DARS expression.

Disturbances in signaling pathways that regu-
late normal cell growth, differentiation, prolif-
eration, and apoptosis are a common feature  
of malignant neoplasms [40, 41]. We further 
explored potential signaling pathways involved 
in the hsa_circ_0000519/hsa-miR-1296-5p/
DARS axis. First, GSEA was used to screen pos-

sible signaling pathways affected by DARS dys-
regulation. As a result, 22 distinct signaling 
pathways were identified (Table 2). The results 
indicated that most of the significantly enriched 
signaling pathways in the DARS high expres-
sion group were closely associated with tu- 
morigenesis and cancer progression (Supple- 
mentary Figure 4). Considering the central role 
of the PI3K/AKT/mTOR signaling pathway in 
controlling cancer cell proliferation, migration, 
and invasion, we further investigated whether 
the PI3K/AKT/mTOR signaling pathway had any 
association with the hsa_circ_0000519/hsa-
miR-1296-5p/DARS axis. The results showed 
that the upregulation of hsa_circ_0000519 in 
the PC9 cell line increased p-AKT and p-mTOR 
expression, but had no effect on total AKT and 
mTOR levels. Meanwhile, co-transfection of 

expression levels, respectively. C, D. Cell proliferation was evaluated using CCK8 and colony formation assays in 
treated cells. E, F. Wound healing and transwell assays were performed to determine the migration and invasion of 
the treated cells.

Table 2. Gene set enrichment analysis (GSEA) substantially enriched pathways in high and low DARS 
expression groups

Enriched pathways SIZE ES NES NOM 
p-val

FDR 
q-val

DARS high expression group
    MTORC1_SIGNALING 197 0.77 2.47 0.000 0.000
    MYC_TARGETS_V1 195 0.89 2.47 0.000 0.000
    G2M_CHECKPOINT 196 0.84 2.44 0.000 0.000
    GLYCOLYSIS 198 0.66 2.4 0.000 0.000
    PI3K_AKT_MTOR_SIGNALING 110 0.68 2.4 0.000 0.000
    E2F_TARGETS 198 0.89 2.38 0.000 0.000
    PROTEIN_SECRETION 96 0.63 2.22 0.002 0.000
    DNA_REPAIR 149 0.65 2.17 0.000 0.001
    MYC_TARGETS_V2 57 0.84 2.14 0.000 0.001
    SPERMATOGENESIS 133 0.53 2.02 0.000 0.004
    OXIDATIVE_PHOSPHORYLATION 200 0.7 1.95 0.002 0.007
    HYPOXIA 197 0.51 1.91 0.002 0.011
    MITOTIC_SPINDLE 198 0.54 1.89 0.006 0.012
    UNFOLDED_PROTEIN_RESPONSE 105 0.45 1.81 0.012 0.019
    FATTY_ACID_METABOLISM 156 0.49 1.75 0.016 0.026
    UV_RESPONSE_UP 156 0.44 1.7 0.004 0.035
    ADIPOGENESIS 198 0.44 1.68 0.008 0.037
    ANDROGEN_RESPONSE 99 0.41 1.61 0.033 0.055
    PEROXISOME 104 0.4 1.52 0.022 0.083
DARS low expression group
    MYOGENESIS 199 -0.49 -1.87 0.004 0.114
    P53_PATHWAY 196 -0.38 -1.51 0.046 0.236
    KRAS_SIGNALING_DN 199 -0.38 -1.61 0.008 0.238
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hsa-miR-1296-5p mimics in the PC9 cell line 
partially rescued the positive effects of hsa_
circ_0000519 on p-AKT and p-mTOR expres-
sion (Figure 9A). The results in the A549 cell 
line were contrary to those seen in the PC9 cell 
line (Figure 9B). These data indicated that  
hsa_circ_0000519 activated the PI3K/AKT/
mTOR signaling pathway by modulating the hsa-
miR-1296-5p/DARS axis.

Discussion

LUAD is the most frequent pathologic subtype 
of NSCLC, accounting for about half of all LC 
cases. Unfortunately, the prognosis for LUAD 
patients hasn’t improved much despite advanc-
es in diagnosis and therapy [42]. Therefore, 
novel LUAD biomarkers and treatment targets 
are desperately needed. Recent research has 
shown that circRNAs are essential in many bio-
logical processes, and their dysregulation is 
linked to cancer development and progression 
[10, 43]. In the present study, we revealed a 
LUAD-associated circRNA hsa_circ_0000519 
acting as a ceRNA for hsa-miR-1296-5p to pro-
mote the progression of LUAD.

Bioinformatic analyses of three circRNA micro-
array datasets from the GEO database first 
revealed the LUAD-related circRNA hsa_
circ_0000519, and the high expression of 
hsa_circ_0000519 was identified in LUAD tis-
sues and cell lines, which was corroborated 
with a recent publication by Wang et al. [44]. In 
the current study, we also found a positive cor-
relation between the expression of hsa_
circ_0000519 and T grade as well as TNM 
stage of LUAD patients. Second, we performed 
a series of functional experiments in both vitro 
and vivo to demonstrate that hsa_circ_ 
0000519 accelerates LUAD cell proliferation, 
migration, and invasion. Third, as a target of 
hsa_circ_0000519, hsa-miR-1296-5p was 
identified to be significant downregulation in 
LUAD tissues and inversely linked with the pro-
liferation, migration, and invasion of LUAD  
cells. Fourth, mechanism exploration demon-
strated that hsa_circ_0000519 acted as a 
miRNA sponge for hsa-miR-1296-5p to upregu-
late DARS expression and activate the PI3K/
AKT/mTOR signaling pathway. Collectively, our 
results implied that hsa_circ_0000519 is criti-
cally involved in LUAD progression.

The subcellular localization of circRNAs has 
largely determined their function. We confirm- 
ed the cytoplasmic localization of hsa_
circ_0000519, where circRNAs bind RBP, 
encode peptides, or act as miRNA sponges 
[45]. Since the vast majority of circRNAs are 
exported to the cytoplasm and contain miRNA 
response elements (MREs), which allow for  
the interaction with miRNA, the miRNA sponge 
is considered to be the most prevalent and 
essential function of circRNAs [46, 47]. By com-
petitively sponging miR-326 to upregulate 
FSCN1 [48], for instance, circSATB2 promoted 
NSCLC cell proliferation, migration, and inva-
sion. The upregulation of circFOXM1 had been 
linked to its ability to increase FAM83D expres-
sion, through which circFOXM1 increased 
NSCLC cell proliferation in both vitro and vivo. 
Meanwhile, miR-614 was able to repress 
FAM83D expression and restrain NSCLC cell 
proliferation, while circFOXM1 facilitated this 
process by binding to miR-614 and overriding 
its repression of FAM83D expression [49]. 
Consistent with an earlier investigation by Yi Liu 
et al. [50], our study demonstrated the direct 
interaction between hsa_circ_0000519 and 
hsa-miR-1296-5p by RIP and dual luciferase 
reporter assays. Furthermore, recovery experi-
ments showed that hsa-miR-1296-5p counter-
acted the malignant phenotype-promoting 
effects of hsa_circ_0000519. Consequently, 
our findings demonstrated that hsa_circ_00- 
00519 acted as a sponge for hsa-miR- 
1296-5p.

Protein translation is performed by the ribo-
some, which uses amino-acylated tRNA to 
decode mRNA transcripts, while aminoacyl-
tRNA synthetases (ARSs) complete the amino-
acylation of tRNA by ligating amino acids to 
their homologous tRNA, hence ARSs are essen-
tial for protein translation [51]. As a member of 
the ARSs superfamily, DARS primarily mediates 
the binding of aspartic acid to homologous 
tRNAs [24]. Prior to this study, the role of DARS 
in carcinogenesis and progression was little 
known. Next-generation sequencing (NGS),  
bioinformatics analysis of the TCGA database, 
and immunohistochemistry were implemented 
by Bin Liu et al. to uncover the high expression 
of DARS in gastric cancer, where they discov-
ered that a high level of DARS protein expres-
sion correlated with more advanced TNM stag-
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es and a poorer prognosis for patients with 
gastric cancer. Meanwhile, knockdown of  
DARS expression significantly inhibited the  
proliferative ability of gastric cancer cells (22). 
In addition, DARS-AS1, an elevated lncRNA in 
clear cell renal carcinoma, was shown to 
increase cellular proliferation ability by compet-
itively absorbing miR-194-5p and increasing 
DARS expression. Further investigations re- 
vealed that clear cell renal carcinoma tissues 
showed a high level of DARS expression and 
that a decrease in DARS expression resulted in 
the suppression of cell growth, suggesting an 
oncogenic function for DARS in clear cell renal 
carcinoma [26]. However, the research on the 
expression and biological role of DARS in LC is 
still blank. Our present study revealed the ele-
vation of DARS expression in LUAD tissues, 
which was correlated with a dismal prognosis 
for LUAD patients. In addition, the pro-oncogen-
ic role of DARS in LUAD was supported by the 
fact that hsa_circ_0000519 promoted the  
proliferation, migration, and invasion of LUAD 
cells in a DARS-dependent manner. However, 
further research was required to fully compre-
hend both the functional role and mechanism 
of DARS in LUAD progression.

By abnormally modulating fundamental cellu- 
lar functions, such as cell proliferation, migra-
tion, apoptosis, and angiogenesis, et al. [52, 
53], the PI3K/AKT/mTOR signaling pathway is 
essential for cancer initiation and develop-
ment. Recent research has shown that cir-
cRNAs may regulate tumor progression by in- 
teracting with the PI3K/AKT/mTOR signaling 
pathway. Taoyue Yang et al. [54], for instance, 
reported that FUS-mediated circRHOBTB3 
could activate the AKT/mTOR signaling path- 
way by acting as a miR-600 sponge to sustain 
NACC1 expression, therefore suppressing au- 
tophagy and promoting the development of 
pancreatic ductal cancer. Furthermore, hsa_
circ_0001666 was overexpressed in NSCLC 
tissues and cell lines, and was linked to a worse 
prognosis in LUAD patients. Knocking down 
hsa_circ_0001666 has the functional effect  
of slowing NSCLC cell proliferation, migration, 
and invasion. Mechanically, hsa_circ_0001666 
competitively sponged miR-1184 to upregulate 
AGO1, which in turn activated the PI3K/AKT/
mTOR signaling pathway [55]. In this study, we 
found that DARS dysregulation is potentially 

involved in the control of the PI3K/AKT/mTOR 
signaling pathway by GSEA. Then, the regulato-
ry effects of the hsa_circ_0000519/hsa-miR-
1296-5p/DARS axis on the PI3K/AKT/mTOR 
signaling pathway were confirmed by recovery 
experiments. Collectively, our findings suggest-
ed that hsa_circ_0000519 could promote the 
progression of LUAD by competitively sponging 
hsa-miR-1296-5p to regulate DARS expression 
and activate the PI3K/AKT/mTOR signaling 
pathway.

To our knowledge, this is the first research to 
demonstrate the interactions between hsa_
circ_0000519, hsa-miR-1296-5p, and DARS. 
In addition, we first determined the expression 
pattern and biological role of DARS in LUAD. 
These findings may shed light on the therapy 
for LUAD. Though our study still has some limi-
tations. First, our data gathered in vitro and in 
vivo indicated that hsa_circ_0000519 func-
tions as an oncogene to promote LUAD progres-
sion. More research on hsa_circ_0000519 
expression in bodily fluids is needed to deter-
mine its potential as an optimal tumor biomark-
er and viable treatment target for LUAD. 
Second, the detailed mechanism by which 
DARS influences the malignant phenotypes of 
LUAD cells has yet to be understood, despite 
the fact that it was first discovered to be signifi-
cantly upregulated in LUAD tissues. Third, fur-
ther research is needed to determine whether 
cytoplastic hsa_circ_0000519 may influence 
LUAD progression via other mechanisms, such 
as through interactions with RNA-binding pro-
teins. Therefore, further research is needed to 
fully appreciate hsa_circ_0000519’s role in 
LUAD.

Conclusions

hsa_circ_0000519 is significantly upregulated 
in LUAD tissues and cell lines. By competitively 
sponging hsa-miR-1296-5p and reducing its 
repressive impact on DARS, hsa_circ_0000519 
promotes the progression of LUAD (as shown in 
Figure 10). hsa_circ_0000519 may be expect-
ed as a novel biomarker and therapeutic for 
LUAD.
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Supplementary Figure 1. The relative expression of hsa-miR-1296-5p was compared between A549 cell lines trans-
fected with mimics NC or mimics of hsa-miR-1296-5p (A), and PC9 cell lines transfected with inhibitor NC and hsa-
miR-1296-5p inhibitor (B).

Supplementary Figure 2. The expression of DARS at mRNA and protein levels in PC9 cells transfected with vector or 
oe-circ (A) and A549 cell lines transfected with sh-Ctrl or sh-circ 1# (B).
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Supplementary Figure 3. The mRNA and protein expression levels of DARS in PC9 (A) and A549 (B) cell lines trans-
fected with indicated plasmids. 

Supplementary Figure 4. Representative cancer-related pathways enriched by GSEA.


