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Abstract
Background: Circular RNAs (circRNAs) are attractive candidates to be used as bio-
markers of human cancers, including lung adenocarcinoma (LUAD). Our study aimed 
to investigate the functions and regulatory mechanisms of hsa_circ_0129047 in the 
tumorigenesis of LUAD.
Methods: Reverse transcription-quantitative polymerase chain reaction was per-
formed to determine the circRNA, microRNA (miRNA), and mRNA expression levels in 
LUAD cell lines and tissues. Tumor xenografts were established in nude mice to evalu-
ate whether hsa_circ_0129047 affected LUAD tumor development in vivo. Cell count-
ing kit-8 and transwell assays were performed to assess the mechanisms by which 
hsa_circ_0129047 influenced the viability and migration of LUAD cells, respectively. 
Apoptosis was evaluated via determination of the levels of the apoptotic markers, 
B-cell lymphoma-2, and Bcl-2-associated X, via Western blotting. Dual-luciferase re-
porter assay, RNA immunoprecipitation assay, and Pearson's correlation analysis were 
performed to determine the relationships among miR-375 and hsa_circ_0129047 and 
activin A receptor-like type 1 (ACVRL1).
Results: Downregulation of hsa_circ_0129047 levels was observed in LUAD cell 
lines and tissues. Meanwhile, the upregulation of hsa_circ_0129047 levels repressed 
the proliferative, migratory, and survival capacities of LUAD cells in vitro. Hsa_
circ_0129047 exerted antitumor effects during in vivo tumor development. Finally, 
we demonstrated that hsa_circ_0129047 sponged miR-375. This interaction facili-
tated the expression of the downstream target of miR-375, ACVRL1, whose upregula-
tion inhibited the development and malignancy of LUAD.
Conclusion: These findings demonstrate that hsa_circ_0129047 functions as a tumor 
inhibitor in LUAD by modulating the miR-375/ACVRL1 axis. Hence, hsa_circ_0129047 
may be a promising biomarker and gene target for LUAD treatment.
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1  |  INTRODUCTION

Lung adenocarcinoma (LUAD) is among the most aggressive and 
rapidly fatal types of cancer worldwide.1 High resistance of LUAD 
to conventional radiotherapies and chemotherapies is a major chal-
lenge to its treatment efficacy.1 If LUAD invades other organs, only 
approximately 13% of patients can survive for 5 years.2 Therefore, it 
is necessary to identify novel biomarkers and mechanisms involved 
in the development and malignancy of LUAD that can be used for the 
effective diagnosis and treatment of patients.

Although circular RNAs (circRNAs) were discovered as covalently 
closed non-coding RNAs a few years ago, their coding functions in 
human cancers have only been recently verified.3 There are two 
key methods for modulating the translation function of circRNAs, 
internal ribosome entry site, and N6-methyladenosine modifica-
tion.3 CircRNAs perform key functions, such as microRNA (miRNA) 
sponging and regulation of gene expression.4 CircRNAs can poten-
tially function as either oncogenes or tumor suppressors in human 
cancers.5 Recent studies have attempted to prove the involvement 
of circRNAs in LUAD pathogenesis. Silencing of the circRNA, has_
circ_0020850, can impede LUAD development by modulating the 
miR-195-5p/insulin receptor substrate 2 axis.6 Hsa_circ_0000326 
functions as a miR-338-3p sponge to enhance the progression of 
LUAD.7 In addition, hsa_circ_0000211 facilitates LUAD malignancy 
by regulating the hypoxia-inducible factor 1-α by sponging hsa-
miR-622.8 Notably, our early microarray analysis of differentially 
expressed circRNAs in LUAD (GSE112214) indicated significant 
downregulation of hsa_circ_0129047 levels in tumor tissues com-
pared with those in normal healthy tissues. Nonetheless, the specific 
functions and molecular mechanisms of hsa_circ_0129047 in LUAD 
development and progression remain unclear.

Activin A receptor-like type 1 (ACVRL1) encodes the activin A 
type I receptor, which signals a particular transcriptional response 
in cooperation with activin type II receptors. ACVRL1 expression 
is closely related to the survival and tumor response of patients 
with metastatic colorectal cancer who underwent first-line bevaci-
zumab chemotherapy.9 This clearly indicates that ACVRL1 can be 
used as a novel prognostic biomarker for patients with metastatic 
cancer.9 Gene expression profiling interactive analysis (GEPIA) is a 
database that contains the mRNA expression profiles of LUAD and 
corresponding normal tissue samples. Using GEPIA, we found that 
ACVRL1 is differentially expressed in LUAD. Based on this fact, we 
wondered whether ACVRL1 could function as a biomarker for the 
diagnosis and prognosis of LUAD. Our previous work revealed that 
the hsa_circ_0129047–miRNA–ACVRL1 regulatory network consists 
of two miRNAs, hsa-miR-375, and hsa-miR-665. miRNAs, a type of 
non-coding RNAs, are ~21 nucleotides in length. miR-375 plays an 
essential role in the progression of LUAD. For example, Yoda et al. 
reported that miR-375 expression is closely associated with a short 
survival time in non-small-cell lung cancer.10 Moreover, Gan et al. 
demonstrated that miR-375 exhibits significantly higher expression 
in LUAD tissues than in normal tissues, which indicates its essential 
role in LUAD progression.11 However, it remains unclear whether 

and how miR-375 is involved in the regulatory mechanisms of hsa_
circ_0129047 and ACVRL1 in LUAD progression and development.

In this study, we explored the specific functions and molecular 
mechanisms of hsa_circ_0129047 in LUAD development and pro-
gression. The findings of this study may provide novel biomarkers 
for the diagnosis and prognosis of patients with LUAD.

2  | MATERIALS AND METHODS

2.1  |  Patient samples

Forty sets of tumor and adjacent healthy tissues were collected 
from the Wuhan Red Cross Hospital (Wuhan, China). All tissues were 
pathologically confirmed to have LUAD. All samples were acquired 
from patients who did not previously receive any form of chemora-
diotherapy and provided signed informed consent for participation 
in this study. The Ethics Committee of Wuhan Red Cross Hospital 
approved this study.

2.2  |  Cell culture

The LUAD (PC-9) and healthy human lung (BEAS-2B) cell lines were 
acquired from the American Type Culture Collection. Other LUAD 
cell lines, A549, Calu-3, and H1975, were obtained from the Chinese 
Academy of Sciences. All cell lines were cultivated in the Roswell Park 
Memorial Institute (RPMI)-1640 medium (KeyGen, China) supple-
mented with 10% fetal bovine serum (FBS; Life Technologies). The cul-
ture plates were maintained in an environment with 5% CO2 at 37°C.

2.3  |  Cell transfection

The overexpression plasmid of circ_0129047 (oe-circ_0129047) and 
its negative control (oe-NC) were constructed based on the pCD5-
ciR vector (Geneseed, Guangzhou). miR-375 mimic and its negative 
control (mimic-NC) were purchased from RiboBio. The coding se-
quence of ACVRL1 was inserted into a pcDNA3.1 vector (Invitrogen) 
to generate an ACVRL1 overexpression vector (oe-ACVRL1). The 
pcDNA3.1 vector (Invitrogen) alone was used as the negative con-
trol (oe-NC). Following the standard protocol, Lipofectamine 3000 
Reagent (Invitrogen) was used to transfect the aforementioned vec-
tors into A549 and Calu-3 cells. Reverse transcription-quantitative 
polymerase chain reaction (RT-qPCR) was performed after 48-h 
transfection to assess the transfection efficiency.

2.4  |  Real-time quantitative reverse  
transcription-polymerase chain reaction (RT-qPCR)

Total RNA was extracted from the cells and tissues using TRIzol 
reagent (Invitrogen). Using the ReverTra Ace qPCR RT Kit (Toyobo), 
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cDNA was synthesized via reverse transcription of total RNA. Oligo 
(dT) and random primers were used for the quantification of mRNA 
and circRNA, whereas stem-loop RT primers were used for the 
quantification of miRNA. RT-PCR was performed using the SYBR 
Green PCR Kit (Takara). Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) was used to normalize the circRNA and mRNA levels, 
while uracil 6 (U6) was used to normalize the miRNA levels. Finally, 
the 2−ΔΔCt approach12 was used for calculations. Primer sequences 
used in this study are listed in Table 1.

2.5  |  Subcellular fractionation

The fractions of cytoplasm and nucleus from A549 and Calu-3 
were isolated using Nuclear and Cytoplasmic Extraction Reagents 
(Thermo Fisher Scientific, CA, USA). RT-qPCR was performed to de-
termine the expression levels of has_circ_0129047, GAPDH (cyto-
plasm), and U6 (nucleus).

2.6  |  RNase R enrichment

One unit of RNase R (Sigma-Aldrich) was used to digest 1  μg of 
RNA. Hsa_circ_0129047 and circ_0129047 mRNA were individually 
mixed with RNase R and placed in a water bath at 37°C. RNA was 
then precipitated with phenol/chloroform and ethanol before RT-
qPCR quantification analysis.

2.7  |  Cell counting kit (CCK)-8 assay

The wells of a 96-well culture plate were seeded with 5 × 103 stably 
transfected A549 and Calu-3 cells. After the indicated durations of 
0, 24, 48, and 72 h, 10 μl of CCK-8 solution (Sigma) was pipetted 
into each well for another 4 h of culture. Cell viability was assessed 
by measuring the absorbance using a microplate spectrophotometer 
(BioTek) with a 450 nm filter.

2.8  |  Transwell assay

Transwell chambers (Corning Costar, New York, USA) were uti-
lized in this assay for the evaluation of LUAD cell migration. First, 

transfected cells (1 × 104) suspended in 200 μl serum-free medium 
were pipetted into the upper transwell chambers of a 24-well plate. 
The lower chambers were then filled with 200 μl RPMI-1640 me-
dium supplemented with 10% FBS. The plates were maintained at 
37°C with 5% CO2 for 48 h. Cells at the bottom were fixed with 95% 
ethanol and stained with 0.1% crystal violet. Finally, the number 
of cells was counted using an optical microscope (Thermo Fisher 
Scientific, CA, USA).

2.9  | Western blotting

Total proteins were isolated using the radioimmunoprecipitation 
assay buffer (Sangon Biotech). A BCA kit (Beyotime) was used to 
quantify the total protein levels. Equal amounts of protein (30 μg) 
were subjected to 10% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis, transferred onto polyvinylidene fluoride mem-
branes, and blocked with 5% non-fat milk for an hour. The proteins 
were then incubated overnight at 4°C with the following primary 
antibodies acquired from Abcam: B-cell lymphoma-2 (Bcl-2; 1:1000; 
ab32123), Bcl-2-associated X (Bax; 1:1000; ab182733), ACVRL1 
(1:1500; ab263902), and GAPDH (1:2000; ab8245) antibodies. 
The following day, the membranes were incubated for an hour in 
the dark with the corresponding secondary antibodies (1:5000; 
catalog: 7076, Cell Signaling). A chemiluminescence detection kit 
(Millipore) was employed to visualize the protein bands. Finally, 
ImageJ software (NIH, Bethesda, MD, USA) was used for protein 
quantification.

2.10  |  In vivo assay

Four- to five-week-old BALB/c nude mice were sourced from 
the Guangdong Medical Laboratory Animal Center, China. A549 
(4 × 106) cells stably transfected with either oe-circ or oe-NC vec-
tor were injected into BALB/c nude mice (five mice per group). 
The mice were kept well, and the width (W) and length (L) of 
their tumors were measured and recorded weekly. Five weeks 
later, the mice were sacrificed and their tumors were extracted 
and weighed. Tumor volumes (V) were calculated using the fol-
lowing formula: V = W2 × L/2. The Institutional Animal Care and 
Use Committee of Wuhan Red Cross Hospital approved all animal 
experiments performed in this study.

TA B L E  1 Primers for qRT-PCR

Gene Forward Reverse

circ_0129047 5’-ATTCCAGCTCTTTCACATGG-3′ 5’-TATCCAGGATGGTCGTTTCAA-3′

miR-375 5’-CGGAATTCAGGGTGGCTGGGAAAGG-3′ 5’-CCGCTCGAGCCGTATTACGACGCAGAATG-3′

ACVRL1 5’-AGGGCAAACCAGCCATTG-3′ 5’-GGTTGCTCTTGACCAGCACAT-3′

U6 5’-GCTTCGGCAGCACATATACTAAAAT-3′ 5’-CGCTTCACGAATTTGCGTGTCAT-3’

GAPDH 5’-GTCAAGGCTGAGAACGGGAA-3’ 5’-AAATGAGCCCCAGCCTTCTC-3’
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2.11  | Dual-luciferase reporter assay

Hsa_circ_0129047 and ACVRL1 3′-untranslated region (UTR) se-
quences that contained the wild-type (circ_0129047-WT and 
ACVRL1-WT, respectively) and corresponding predicted mutated 
binding sites (circ_0129047-MUT and ACVRL1-MUT, respectively) 
for miR-375 were cloned into Promega pmirGLO vectors. The 
above-mentioned vectors were transfected along with a miR-375 
mimic or miR-NC into A549 and Calu-3 cells. Transfection was ac-
complished using Lipofectamine 3000. After 48 h, the luciferase re-
porter activity was assessed using a dual-luciferase reporter assay 
system (Promega).

2.12  |  RNA immunoprecipitation (RIP) assay

The Magnetic RIP RNA-Binding Protein Immunoprecipitation Kit, 
IgG control, and anti-argonaute 2 (Ago2) antibody (Millipore) were 
used for the RIP assay. Following the manufacturer's instructions, 
immunoprecipitated RNAs were isolated and purified prior to RT-
qPCR analysis.

2.13  |  Statistical analysis

All data are presented as the mean ± standard deviation. Statistical 
significance was set at p < 0.05. GraphPad Prism software 
(GraphPad, USA) was used for all statistical analyses. One-way anal-
ysis of variance and Student's t test were used to evaluate the differ-
ences among multiple groups or between two groups, respectively. 
Pearson's correlation coefficient was used to assess the association 
between hsa_circ_0129047 and miR-375 as well as that between 
miR-375 and ACVRL1.

3  |  RESULTS

3.1  |  LUAD cell lines and tissues 
exhibit downregulation of hsa_circ_0129047 levels

To investigate the function of hsa_circ_0129047 in LUAD, we 
measured its expression levels in LUAD tissues and cells using RT-
qPCR. The results revealed a decrease in hsa_circ_0129047 ex-
pression levels in tumor tissues and cell lines (Calu-3, H1975, A549, 

F IGURE  1 Hsa_circ_0129047 was 
downregulated in LUAD tissues and cell 
lines. (A) Real-time quantitative reverse 
transcription-polymerase chain reaction 
(RT-qPCR) was used to measure hsa_
circ_0129047 expression in tissues from 
40 LUAD patients and normal lung tissues. 
(B) hsa_circ_0129047 expression level in 
LUAD cell lines (A549, Calu-3, PC9 and 
H1975) and normal lung cell line (BEAS-
2B) was detected by RT-qPCR. *p < 0.05, 
**p < 0.001 vs. BEAS-2B. (C) Subcellular 
fractionation analysis was conducted to 
determine the subcellular localization 
of hsa_circ_0129047 in LUAD. (D) Hsa_
circ_0129047 and circ_0129047 mRNA 
expression was detected by RT-qPCR 
after RNase R treatment. **p < 0.001 vs. 
Control
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F IGURE  2 Hsa_circ_0129047 
overexpression inhibited LUAD cell 
viability, migration and promoted 
cell apoptosis. (A) Hsa_circ_0129047 
overexpression efficiency verified by 
RT-qPCR after transfection with oe-
circ_0129047 vector. **p < 0.001 vs. 
Oe-NC. (B) CCK-8 assay was adapted to 
evaluate the cell viability in A549 and 
Calu-3 cells transfected with oe-NC and 
oe-circ_0129047. *p < 0.05, **p < 0.001 
vs. Oe-NC. (C) Western blot experiment 
showed the expression of anti-apoptotic 
marker Bcl-2 and pro-apoptotic marker 
Bax in A549 and Calu-3 cells transfected 
with oe-NC and oe-circ_0129047. 
**p < 0.001 vs. Oe-NC. (D) Cell migration 
ability was determined by Transwell assay 
in A549 and Calu-3 cells transfected with 
oe-NC and oe-circ_0129047. **p < 0.001 
vs. oe-NC
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and PC9) of LUAD compared with those in the normal tissues and 
cell line (BEAS-2B). Among LUAD cell lines, Calu-3 and A549 
showed the lowest expression levels of hsa_circ_0129047; hence, 
they were chosen for subsequent experiments (Figure  1A,B). 
Upon determining the levels of hsa_circ_0129047 in the nuclear 
and cytoplasmic fractions of Calu-3 and A549 cells, we found 
that hsa_circ_0129047 was predominantly expressed in the cy-
toplasm (Figure  1C). Furthermore, RNase R treatment was per-
formed to enrich the circRNAs in A549 and Calu-3 cells. This 
was followed by the analysis of hsa_circ_0129047 expression, 
with circ_0129047 mRNA expression serving as a negative con-
trol. As shown in Figure 1D, RNase R treatment significantly de-
creased the circ_0129047 mRNA levels, but did not influence 
the hsa_circ_0129047 levels. These findings suggest that hsa_
circ_0129047 expression is reduced in LUAD cells and its upregu-
lation may repress LUAD progression.

3.2  | Hsa_circ_0129047 overexpression 
attenuates the cell proliferation and migration, while 
enhancing the apoptosis of LUAD cells in vitro and 
inhibits LUAD tumor formation in vivo

To investigate the potential regulatory functions of hsa_circ_0129047 
in LUAD cells, we transfected oe-circ_0129047 and its negative con-
trol (NC) into A549 and Calu-3 cells. As shown in Figure 2A, con-
siderably higher levels of hsa_circ_0129047 were detected among 
cells transfected with oe-circ_0129047, unlike those transfected 

with oe-NC. This indicates that stable Calu-3 and A549 cell lines 
overexpressing hsa_circ_0129047 were successfully constructed. 
CCK-8 assay revealed that hsa_circ_0129047 overexpression de-
creased the viability of Calu-3 and A549 cells (Figure 2B). To scru-
tinize the influence of hsa_circ_0129047 on the apoptosis of LUAD 
cells, related protein marker levels were measured. Western blotting 
demonstrated that hsa_circ_0129047 overexpression elevated the 
expression levels of the pro-apoptotic protein, Bax, while decreasing 
the levels of the anti-apoptotic protein, Bcl-2 (Figure 2C). This indi-
cates that hsa_circ_0129047 facilitates the apoptosis of Calu-3 and 
A549 cells. Furthermore, transwell assays were performed to assess 
whether hsa_circ_0129047 repressed the migration of LUAD cells. 
The results revealed that hsa_circ_0129047 overexpression consid-
erably hampered the migration of Calu-3 and A549 cells (Figure 2D). 
Nude mice were injected with stably transfected A549 cells carrying 
either oe-circ_0129047 or oe-NC. The volumes of the xenograft tu-
mors over 5 weeks were monitored, and at the end of the fifth week, 
tumor weights were recorded after excision (Figure  3A–C). These 
results reveal that overexpression of hsa_circ_0129047 suppresses 
the formation of LUAD tumors in vivo. Thus, hsa_circ_0129047 
overexpression suppresses the growth, migration, and survival of 
LUAD cells both in vivo and in vitro.

3.3  | Hsa_circ_0129047 sponges miR-375

To explore the molecular mechanism of hsa_circ_0129047, we 
utilized CircInteractome to identify potential miRNA-binding sites 

F IGURE  3 Hsa_circ_0129047 overexpression suppressed LUAD cell growth in vivo. (A) Tumors derived from nude mice injected with 
A549 cells stably transfected with either oe-NC or oe-circ 0129047 are shown. (B) Tumor volume (mm3) was recorded every week. *p < 0.05, 
**p < 0.001 vs. oe-NC. (C) On the 35th day after injection, the nude mice were euthanized and the tumors were excised and weighed. 
**p < 0.001 vs. oe-NC
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F IGURE  4 Hsa_circ_0129047 acted as a sponge for miR-375. (A) The binding site between hsa_circ_0129047 and miR-375 was predicted 
by circInteractome (https://ngdc.cncb.ac.cn/datab​aseco​mmons/​datab​ase/id/4778). (B) Luciferase reporter experiment was performed to 
validate the interaction of miR-375 and hsa_circ_0129047 in the A549 and Calu-3 cells. **p < 0.001 vs. miR-NC. (C) RIP assay was used to 
validate the interaction between hsa_circ_0129047 and miR-375. **p < 0.001 vs. anti-IgG. (D) MiR-375 expression level in LUAD tissues and 
normal adjacent tissues were detected by RT-qPCR. (E) RT-qPCR was conducted to measure miR-375 expression level in LUAD cell lines 
(A549 and Calu-3) and normal lung cell line (BEAS-2B). **p < 0.001 vs. BEAS-2B. (F) Correlation between hsa_circ_0129047 and miR-375 was 
determined via Pearson's correlation coefficient. (G) The expression of miR-375 in A549 and Calu-3 cells transfected with Oe-NC, mimic-
NC, Oe-circ, mimic, and Oe + mimic was detected by RT-qPCR. *p < 0.05 and **p < 0.001 vs. Oe-NC; #p < 0.05 and ##p < 0.001 vs. miR-NC; 
&p < 0.05 and &&p < 0.001 vs. miR-375 mimic

https://ngdc.cncb.ac.cn/databasecommons/database/id/4778
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on hsa_circ_0129047. Figure 4A shows the putative binding sites 
for miR-375 on hsa_circ_0129047. The dual-luciferase reporter 
experiment demonstrated that the miR-375 mimic significantly di-
minished the luciferase activity of hsa_circ_0129047-WT, but did 
not influence the activity of hsa_circ_0129047-MUT (Figure 4B). 
These findings confirmed the interaction between miR-375 and 
hsa_circ_0129047. Additionally, an RIP assay was performed 
using an Ago2-specific antibody to further verify their interac-
tions. As shown in Figure 4C, compared with the anti-IgG control, 
both miR-375 and hsa_circ_0129047 were remarkably enriched in 
the anti-Ago2 group. This verified the close association between 
miR-375 and hsa_circ_0129047. miR-375 expression levels were 
higher in the LUAD tissues (Figure 4D) and cell lines (Figure 4E) 
than in the corresponding normal tissues and cells. Furthermore, 
Pearson's correlation coefficient indicated a negative association 
between miR-375 and hsa_circ_0129047 expression (Figure  4F). 
Additionally, we discovered a significant decline in miR-375 ex-
pression levels in A549 and Calu-3 cells transfected with the hsa_
circ_0129047 mimic (Figure  4G). These changes were reversed 
after the introduction of the miR-375 mimic. Our findings indicate 
that hsa_circ_0129047 can reduce miR-375 expression in LUAD. 
In summary, hsa_circ_0129047 binds to miR-375 to repress miR-
375 expression in LUAD.

3.4  | Hsa_circ_0129047 overexpression 
reverses the stimulating influence of miR-375 on the 
development and malignancy of LUAD

To further investigate the underlying mechanisms of miR-375 and 
hsa_circ_0129047 in LUAD development, we performed rescue as-
says by transfecting miR-375 mimic and/or oe-circ_0129047 into 
A549 and Calu-3 cells. First, we evaluated the viability of LUAD 
cells among the five groups: oe-NC, mimic-NC, miR-375 mimic, 
oe-circ_0129047, and oe-circ_0129047 + miR-375 mimic. CCK-8 
assay revealed that cells transfected with miR-375 exhibited high 
viability, and this effect was reversed via the co-transfection with 
circ_0129047 (Figure 5A). In addition, Western blotting analysis re-
vealed that the Bax levels declined, whereas Bcl-2 levels were sig-
nificantly upregulated in the miR-375 mimic group. This suppressive 
effect of the miR-375 mimic on the apoptosis of LUAD cells was re-
versed by hsa_circ_0129047 overexpression (Figure 5B). Transwell 
assay results showed that hsa_circ_0129047 overexpression re-
duced the boosting effects of the miR-375 mimic on the migration 
of the two LUAD cell lines (Figure 5C). These findings indicate that 
hsa_circ_0129047 reduces the proliferation and malignancy of 
LUAD cells by sponging miR-375.

3.5  |  ACVRL1 is a target gene for miR-375

To investigate the downstream regulatory mechanism of the hsa_
circ_0129047/miR-375 axis in LUAD development, we conducted 
a bioinformatics analysis. Figure 6A shows the predicted functional 
miR-375 binding site on ACVRL1 3′-UTR. This binding site was fur-
ther verified using dual-luciferase experiments. The results revealed 
reduced luciferase reporter activity of the ACVRL1-WT vectors 
after transfection with the miR-375 mimic. In contrast, the luciferase 
reporter activity of the ACVRL1-MUT vectors was not affected 
(Figure 6B), indicating that miR-375 can specifically bind to ACVRL1. 
Moreover, RT-qPCR revealed that LUAD tissues (Figure  6C) and 
cells (Figure 6D) had significantly lower levels of ACVRL1 than the 
corresponding controls. Pearson's correlation coefficient analysis 
revealed an inverse association between miR-375 and ACVRL1 ex-
pression (Figure 6E). Calu-3 and A549 cells transfected with the miR-
375 and oe-ACVRL1 + miR-375 mimics showed reduced ACVRL1 
expression levels compared with those transfected with mimic-NC 
and oe-ACVRL1 (Figure 6F). This suggests that miR-375 decreases 
the expression levels of ACVRL1 in LUAD cells. These results dem-
onstrate that miR-375 downregulates ACVRL1 expression in LUAD 
cells by binding to ACVRL1 3′-UTR.

3.6  | miR-375 facilitates the proliferation and 
migration of LUAD cells, and inhibits their apoptosis 
by reducing ACVRL1 expression

To further investigate the functions of ACVRL1 in LUAD cells, we 
first overexpressed ACVRL1 in Calu-3 and A549 cells. This was 
accomplished by transfecting the cells with the oe-ACVRL1 vec-
tor and co-transfecting them with the miR-375 mimic to uncover 
the underlying regulatory mechanism of the miR-375/ACVRL1 
axis in LUAD cells. Experiments were performed to analyze the vi-
ability (CCK-8 assay), apoptosis (western blotting), and migration 
(transwell assay) of LUAD cells in different groups. As shown in 
Figure  7A, ACVRL1 overexpression significantly reduced the cell 
viability, which was recovered via co-transfection with an miR-
375 mimic. Additionally, cells overexpressing ACVRL1 showed en-
hanced Bax and reduced Bcl-2 protein levels. This indicates that 
ACVRL1 promotes cell apoptosis, whereas the co-transfection with 
the miR-375 mimic attenuates this effect (Figure  7B). Transwell 
assay showed that miR-375 restored the migratory capacities 
of cells that were suppressed by the overexpression of ACVRL1 
(Figure 7C). These results demonstrate that ACVRL1 overexpres-
sion exerts antitumor effects in LUAD cells, which can be counter-
acted by miR-375 overexpression.

F IGURE  5 Overexpression of hsa_circ_0129047 inhibited LUAD progression by sponging miR-375. Five groups were established: oe-NC, 
miR-NC, miR-375 mimic, oe- circ_0129047, and oe-circ_0129047 + miR-375 mimic were transfected into the A549 and Calu-3 cells in five 
groups, respectively. (A) CCK-8 experiment was carried out to assess the cell viability in different groups. (B) Bax and Bcl-2 protein levels 
in transfected A549 and Calu-3 cells were detected in different groups. (C) Transwell assay showed the cell ability of migration in different 
groups. *p < 0.05 and **p < 0.001 vs. OE-NC; #p < 0.05 and ##p < 0.001 vs. miR-NC; &p < 0.05 and &&p < 0.001 vs. miR-375 mimic
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4  | DISCUSSION

CircRNAs have covalently closed single-stranded structures that 
confer better resistance to RNase R than linear RNAs.13 Hence, 
most circRNAs are used as potential diagnostic and prognostic bi-
omarkers for various diseases, including human cancer. Extensive 
research has recognized the critical role of circRNAs in the carcino-
genesis and malignancy of human cancers, such as gastric,14 lung,15 
pancreatic,16 and cervical17 cancers. In this study, we identified a 
circRNA, hsa_circ_0129047, and investigated its function and mo-
lecular regulatory mechanisms in the pathogenesis of LUAD. Our 
experiments demonstrated that hsa_circ_0129047 overexpression 
suppressed the proliferation and migration, while enhancing the 
apoptosis of LUAD cells. More importantly, hsa_circ_0129047 ex-
erted these antitumor effects in LUAD by regulating the miR-375/
ACVRL1 axis.

We found considerable downregulation of hsa_circ_0129047 
levels in LUAD cells and tissues. Hsa_circ_0129047 functions as 
a tumor suppressor, and its overexpression inhibits the prolifer-
ation and migration of LUAD cells and facilitates their apoptosis. 
Consistent with our results, Wang et al. documented a signifi-
cant decrease in hsa_circ_0008274 levels in LUAD.18 Moreover, 
overexpression of hsa_circ_0008274 reduces the growth and 
invasion of LUAD cells.18 Similarly, circ-000881 shows poor ex-
pression in LUAD, whereas its overexpression diminishes the pro-
liferative and invasive capacities of LUAD cells.19 Another study 
by Zhou et al. demonstrated that the upregulation of circ_cMras 
levels hampered LUAD tumorigenesis and progression in vitro 
and in vivo 20. Interestingly, in this study, subcellular fraction-
ation analysis showed that hsa_circ_0129047 was predominantly 
located within the cytoplasm of LUAD cells. This implies that 
hsa_circ_0129047 may serve as an miRNA sponge for LUAD. cir-
cRNAs can act as miRNA sponges, bind to miRNAs, and release the 
mRNAs of their target genes. For instance, Chen et al. showed that 
hsa_circ_100395 sponges miR-1228, which targets the transcrip-
tion factor 21 in lung cancer.21 Similarly, circ_0008193 sponges 
miR-1180-3p to regulate the expression of tripartite motif con-
taining 62.22 However, no study has focused on the effects of 
hsa_circ_0129047 in human cancers. In this study, bioinformat-
ics analysis identified the putative binding site of miR-375 and 
hsa_circ_0129047, which was validated via a dual-luciferase re-
porter assay. Furthermore, Pearson's correlation coefficient anal-
ysis revealed an inverse relationship between hsa_circ_0129047 

and miR-375 expression. RT-qPCR results suggest that miR-375 is 
highly expressed in LUAD cells and tissues.

To determine the biological functions and regulatory mecha-
nisms of miR-375 in LUAD cells, we performed a series of rescue 
experiments. We discovered that miR-375 serves as an oncogene for 
LUAD as it counteracts the inhibitory influence of hsa_circ_0129047 
on the development and malignancy of LUAD. Consistent with our 
findings, Zhao et al. reported a significant elevation in miR-375 ex-
pression in small-cell lung cancer, suggesting that it could be a novel 
biomarker for the diagnosis of patients with small-cell lung cancer.23 
A similar study revealed that miR-375 expression is upregulated and 
plays a crucial role in the tumorigenesis and development of breast 
cancer.24 Another study found that miR-375 has clinical value and 
may be a possible signaling pathway for LUAD by utilizing the Cancer 
Genome Atlas and Gene Expression Omnibus databases.11 Notably, 
the present study is the first to confirm the role of miR-375 in the 
regulation of hsa_circ_0129047 in LUAD.

Finally, we found that ACVRL1 levels were significantly down-
regulated in LUAD cells and tissues. In line with our findings, a 
study based on microarray data reported that ACVRL1 is expressed 
differentially in LUAD tissues, revealing its diagnostic value for pa-
tients with LUAD.25 Similarly, Hanna et al. showed that ACVRL1 
may regulate tumor angiogenesis and function as a prognostic bio-
marker for patients with metastatic colorectal cancer.9 miR-375 has 
a binding site on ACVRL1 3′-UTR, which was verified via the dual-
luciferase assay. Furthermore, ACVRL1 functions as a tumor sup-
pressor by inhibiting the ability of LUAD cells to grow, migrate, and 
survive, which can be recovered by miR-375 expression. Altogether, 
our findings support the hypothesis that hsa_circ_0129047 inhib-
its the progression of LUAD by releasing ACVRL1 via sponging 
of miR-375.

Our previous work revealed that miR-665 is involved in the 
hsa_circ_0129047–miRNA–ACVRL1 regulatory network. Notably, 
a recent study reported the upregulation of miR-665 levels in lung 
cancer and metastatic disease samples.26 Based on these findings, 
the regulatory mechanism of hsa_circ_0129047/miR-665/ACVRL1 
in the progression of LUAD should be investigated further in future 
studies. Our findings demonstrate that hsa_circ_0129047 serves as 
a tumor suppressor in LUAD as it strongly inhibits the tumorigen-
esis and malignancy of LUAD by modulating the miR-375/ACVRL1 
axis. Our findings highlight the novel mechanism and denote the 
promising value of hsa_circ_0129047 for the treatment of patients 
with LUAD.

F IGURE  6 ACVRL1 was a target gene of miR-375. (A) MiR-375 targeted ACVRL1 3’UTR with a potential binding site by starBase. (B) 
Dual-luciferase reporter assay was used to measure the relationship between miR-375 and ACVRL1. **p < 0.001 vs. miR-NC. (C) RT-qPCR 
was performed to measure ACVRL1 expression in LUAD tissues and adjacent normal tissues. (D) RT-qPCR was used to measure ACVRL1 
expression in LUAD cell lines (A549 and Calu-3) and normal cell line (BEAS-2B). **p < 0.01 vs. BEAS-2B. (E) Pearson's correlation analysis 
was carried out to evaluate the relationship between miR-375 and ACVRL1 expression. (F) Western blotting was used to measure ACVRL1 
expression in A549 and Calu-3 cells in the presence of oe-NC, mimic-NC, mimic, oe-ACVRL1, and oe-ACVRL1 + mimic. *p < 0.05, **p < 0.001 
vs. oe-NC; #p < 0.05 and ##p < 0.001 vs. miR-NC; &p < 0.05 and &&p < 0.001 vs. miR-375 mimic
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F IGURE  7 MiR-375 facilitated the 
proliferation and migration of LUAD cells 
and inhibited their apoptosis by reducing 
ACVRL1 expression. Five groups (oe-NC, 
miR-NC, miR-375 mimic, oe-ACVRL1, 
and oe-ACVRL1 + miR-375 mimic) were 
established in the following experiments. 
(A) CCK-8 experiment was conducted 
to evaluate the viability of cells from the 
different groups. (B) Cell apoptosis was 
detected by analyzing the expression of 
Bax and Bcl-2 protein in different groups. 
(C) Transwell assay was adapted to 
determine the cell migration in different 
groups. *p < 0.05 and **p < 0.001 vs. Oe-
NC; #p < 0.05 and ##p < 0.001 vs. miR-NC; 
&p < 0.05 and &&p < 0.001 vs. miR-375 
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