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Hsa_circ_0079530/AQP4 Axis Is Related to  
Non-Small Cell Lung Cancer Development  
and Radiosensitivity

Xianghui Yang,1 Min Li,2 Yang Zhao,1 Xiaolang Tan,1 Jiqing Su,1 and Xi Zhong3

Background: Circular RNAs are associated with non-small cell lung cancer (NSCLC) 
development and radiosensitivity. Nevertheless, the function and regulation mechanism of 
hsa_circ_0079530 (circ_0079530) in NSCLC development and radiosensitivity are largely 
unknown.
Methods: The abundances of circ_0079530, microRNA (miR-409-3p), aquaporin 4 
(AQP4), E-cadherin, intercellular adhesion molecule-1, vitronectin, proliferating cell 
nuclear antigen, and matrix metalloproteinase 9 were determined via quantitative reverse 
transcription polymerase chain reaction or western blotting. Cell proliferation, survival 
fraction, cycle process, migration, invasion, and in vivo growth were examined by cell 
counting kit-8, colony formation, flow cytometry, transwell, and xenograft analyses. The 
binding relationship was assessed via dual-luciferase reporter assay and RNA immuno-
precipitation assay.
Results: Circ_0079530 expression was increased in NSCLC tissues and radioresistant 
samples. Circ_0079530 knockdown restrained cell proliferation, migration, and invasion, 
and facilitated radiosensitivity. Circ_0079530 silence decreased tumor growth with or 
without radiation treatment. Circ_0079530 was verified as a miR-409-3p sponge, and 
miR-409-3p downregulation mitigated the effects of circ_0079530 interference on NSCLC 
cell malignancy and radiosensitivity. AQP4 was directly targeted by miR-409-3p. MiR-
409-3p restrained cell proliferation, migration, and invasion, and enhanced radiosensitiv-
ity by decreasing AQP4 expression. Notably, circ_0079530 silence decreased AQP4 
expression by regulating miR-409-3p expression.
Conclusion: Circ_0079530 silence repressed cell proliferation, migration, and invasion, 
and facilitated radiosensitivity in NSCLC cells by mediating miR-409-3p/AQP4 axis.
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Introduction

Lung cancer is a frequent cancer with high cancer- 
associated deaths.1) Non-small cell lung cancer (NSCLC) 
represents approximately 85% of lung cancer, and mainly 
includes adenocarcinoma (40%), squamous cell carci-
noma (30%), and large cell carcinoma (15%).2) The diag-
nosis and treatment of NSCLC have gained significant 
progress, while the 5-year survival rate remains lower 
than 68%.3) Radiotherapy is a common treatment 
approach of advanced NSCLC.4) However, the loss of 
radiosensitivity limits the effect of radiotherapy. Hence, 
exploring new targets are highly desirable for regulation 
of NSCLC progression and radiosensitivity.

Circular RNAs (circRNAs) are a class of closed non- 
coding RNAs that are generated by back-splicing events 
from linear primary transcripts.5) According to reports, 
circRNAs are important regulators of tumorigenesis, 
including NSCLC.6) For instance, circRNA protein tyro-
sine phosphatase receptor type A (circRNA_PTPRA) 
repressed cell malignancy in NSCLC,7) circRNA car-
boxypeptidase A4 (CPA4) (hsa_circ_0082374) pro-
moted NSCLC cell malignant behaviors.8) Moreover, 
circRNAs can function as microRNA (miRNA) sponges 
to regulate the downstream mRNAs via miRNA response 
elements, thus mediating NSCLC progression.9) For 
example, circRNA metadherin.4 (MTDH.4) acts as a 
sponge of miR-630 and regulates astrocyte elevated 
gene-1 expression by adsorbing miR-630, thus promot-
ing cell proliferation, migration, invasion, and chemo- 
and radioresistance in NSCLC.10) The hsa_circ_0079530 
(circ_0079530) is a circRNA derived from the Twist1 
gene, which predicts the worse outcomes of NSCLC 
patients and promotes cell proliferation and invasion.11) 
However, the function of circ_0079530 in radiosensitiv-
ity and its regulation mechanism in NSCLC progression 
remain uncertain.

MiRNAs can target gene expression involved in 
NSCLC progression via targeting the 3’ untranslated 
region (UTR) of downstream mRNAs.12) For example, 
miR-21 promotes NSCLC growth, metastasis, and chemo- 
and radioresistance via regulating phosphatase and tensin 
homolog expression,13) while miR-300 curbs NSCLC cell 
invasion and migration via downregulating ETS proto- 
oncogene 1 (ETS1).14) Three miRNAs (miR-409-3p, miR-
543, and miR-576-5p) that might interact with circ_0079530 
were jointly predicted by the two tools. MiR-409-3p sup-
presses NSCLC growth and metastasis.15,16) Nevertheless, 
the function of miR-409-3p in radiosensitivity is uncertain, 

and whether it is associated with circ_0079530-mediated 
function in NSCLC is unclear.

Aquaporins (AQPs) play important roles in respiratory 
diseases, including NSCLC.17) Aquaporin 4 (AQP4) is a 
key member of AQPs that is associated with NSCLC inva-
sion.18) Moreover, AQP4 is related to radiosensitivity in 
breast cancer,19) but its role in radiosensitivity in NSCLC 
is unknown. Bioinformatics analysis predicted that miR-
409-3p might target AQP4. Hence, we hypothesized that 
circ_0079530 might regulate the miR-409-3p/AQP4 axis 
to modulate NSCLC progression and radiosensitivity.

In this research, we uncovered a novel mechanism by 
which circ_0079530 promoted NSCLC progression and 
radioresistance by regulating the miR-409-3p/AQP4 axis.

Materials and Methods

Patients and samples
Sixty-seven NSCLC patients at stage II or III who 

underwent curative resection and postoperative radio-
therapy (accumulated radiation dose of 60 Gy and 
weekly dose of 10 Gy) were enrolled in Changsha Cen-
tral Hospital from April 2016 to March 2019. The radia-
tion dose was 60 Gy over 6 to 7 weeks, as a 2 Gy/fraction 
with 5 fractions per week. The radiation response was 
assessed after the last-time radiotherapy for 3 weeks. 
According to the radiation response based on the 
Response Evaluation Criteria in Solid Tumors (RECIST) 
rules,20) the patients were divided into radiosensitive 
(n = 36; including complete or partial response) or radio-
resistant (n = 31; including stable or progressive disease) 
group. The tumor tissues (n = 67) were collected, and 
adjacent non-tumor tissue (ANT) samples were used as 
controls. All tissues were maintained in liquid nitrogen. 
Each patient provided the written informed consent. This 
research was authorized by the ethics committee of 
Changsha Central Hospital.

Cell culture
Lung squamous cell carcinoma cell line (H2170 cells) 

(product number: CL-0394), lung adenocarcinoma cell 
line (A549 cells) (product number: CL-0016), and 
human embryonic lung cell line (MRC-5 cells) (product 
number: CL-0161) were obtained from Procell (Wuhan, 
China) and orderly maintained in Roswell Park Memo-
rial Institute (RPMI)-1640 medium (Gibco, Grand 
Island, NY, USA), Ham’s F-12K (Thermo Fisher Scien-
tific, Waltham, MA, USA), or Minimum Essential 
Medium (MEM) (Thermo Fisher Scientific) plus 10% 
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fetal bovine serum (FBS) (Gibco) and 1% penicillin/
streptomycin (Gibco) at 37°C and 5% CO2. The cell culture 
medium was replaced when cells were cultured for 3–4 days.

Cell transfection
AQP4 overexpression vector was constructed using 

the empty pcDNA3.1 vector (Thermo Fisher Scientific). 
Small interfering RNA (siRNA) for circ_0079530 (si- 
circ_0079530-1, si-circ_0079530-2, and si-circ_0079530 
-3), miR-409-3p mimic, miR-409-3p inhibitor (anti-
miR-409-3p), and their negative controls (si-NC, miR- 
NC, and anti-NC) were generated from Genomeditech 
(Shanghai, China). All oligonucleotide sequences are 
displayed in Supplementary Table 1 (all supplementary 
files are available online.). Then, H2170 and A549 cells 
were incubated with constructed vectors or oligonucle-
otides and Lipofectamine 2000 (Thermo Fisher Scien-
tific) for 24 h.

Quantitative reverse transcription-polymerase chain 
reaction (qRT-PCR)

Total RNA was extracted through TRIzol (Thermo 
Fisher Scientific). The miRNA or M-MLV Reverse Tran-
scriptase kit (Thermo Fisher Scientific) was used to gen-
erate cDNA with 800 ng RNA, followed by a mixture 
with SYBR (TaKaRa, Otsu, Japan) and primer pairs for 
qRT-PCR analysis. The primer pairs were exhibited in 
Supplementary Table 2. Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) or U6 functioned as a control. 
Relative RNA expression was determined via the 2−ΔΔCt 
method.

RNase R and Actinomycin D assays
RNase R and Actinomycin D assays were performed to 

analyze the circular structure of circRNA. In brief, total 
RNA was incubated by 2 U/μg RNase R (Geneseed, 
Guangzhou, China) for 15 min and subjected to qRT-PCR 
for analysis of circ_0079530 and GAPDH. For Actinomy-
cin D analysis, H2170 and A549 cells were subjected to 
2 μg/mL Actinomycin D (Sigma, St. Louis, MO, USA) 
for different times and then qRT-PCR was applied to ana-
lyze the abundances of circ_0079530 and GAPDH.

Cell counting kit-8 (CCK-8)
For cell proliferation analysis, 1 × 104 A549 and 

H2170 were seeded in 96-well plates, followed by addi-
tion with 10 μL CCK-8 (Beyotime, Shanghai, China) 
after 24, 48, or 72 h. The OD value at 450 nm was deter-
mined through a microplate reader.

Radiation treatment and colony formation assay
Colony formation assay was used to investigate radio-

sensitivity. H2170 and A549 cells in 25-T flasks were 
irradiated by different doses (0, 1, 2, 4, or 8 Gy) of radi-
ation with an X-ray linear accelerator (Elekta, Beijing, 
China) at a dose rate of 1 Gy/min. Then, 800 cells/well 
were seeded in 6-well plates. After 12 days, colonies 
were dyed to 0.1% crystal violet (Solarbio, Beijing, 
China) and imaged.

EdU assay
Briefly, 5 × 104 H2170 and A549 cells with or without 

radiation treatment were added in 6-well plates and cul-
tured for 24 h. Next, cells were treated with 50 μM of 
EdU (RiboBio, Guangzhou, China) at 37°C, followed by 
incubation for 2 h. After fixation in 4% formaldehyde for 
30 min, treated cells were added with 0.5% Triton X-100, 
followed by reaction with Apollo. Also, 4’,6-diamidino-2- 
phenylindole (DAPI) was applied to identify the nuclei. In 
the end, a microscope (Olympus, Tokyo, Japan) was used 
to analyze the proliferation-positive cells.

Transwell analysis
Cell invasion was analyzed using Matrigel-coated 

transwell chamber (Corning Inc., Corning, NY, USA), 
and migration was detected using transwell chamber, 
which did not have Matrigel. In brief, H2170 and A549 
cells with or without radiation treatment H2170 and 
A549 cells (5 × 105 cells for invasion analysis and 1 × 
105 cells for migration analysis) in free-serum RPMI-
1640 medium were added in the upper chambers. Lower 
chambers were added with 600 μL RPMI-1640 medium 
plus 10% FBS. After 24 h, 0.1% crystal violet was used 
to stain the cells in the lower counterpart, followed by 
analysis using a microscope (Olympus, 100× magnifica-
tion). Migratory or invasive number was determined 
with ImageJ v1.6 (NIH, Bethesda, MD, USA).

Western blotting
The radioimmunoprecipitation assay buffer (Thermo 

Fisher Scientific) was used to isolate the total protein. 
Following quantification with bicinchoninic acid kit 
(Thermo Fisher Scientific), 20 μg samples were sepa-
rated via sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis and transferred on the polyvinylidene 
fluoride membrane (Bio-Rad, Hercules, CA, USA). The 
membranes were blocked in 5% fat-free milk for 1 h and 
then incubated with primary antibodies (E-cadherin 
[ab40772, 1:8000; Abcam, Cambridge, UK], intercellular 
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adhesion molecule-1 [ICAM-1] [ab109361, 1:1000; 
Abcam], vitronectin [ab45139, 1:2000; Abcam], prolif-
erating cell nuclear antigen [PCNA] [ab18197, 1:5000; 
Abcam], matrix metalloproteinase 9 [MMP9] [ab76003, 
1:5000; Abcam], AQP4 [ab81355, 1:300; Abcam], and 
GAPDH [1:5000; Abcam]) overnight, followed by inter-
acting with secondary antibodies (ab6721, 1:2000; Abcam) 
for 2 h. Then blots were exposed to enhanced chemilu-
minescence (Solarbio) and detected via ImageJ v1.8, 
with GAPDH as a normalized control.

Xenograft model
The lentivirus-carrying short hairpin RNA targeting 

circ_0079530 (sh-circ_0079530) or negative control (sh-
NC) was constructed by Genomeditech and followed by 
infection of H2170 cells according to the instructions. Six-
week-old male BALB/c nude mice (Vital River, Beijing, 
China) were divided into four groups (n = 6; sh-NC, 
sh-circ_0079530, sh-NC + 4 Gy, and sh-circ_0079530 + 4 
Gy), followed by subcutaneous injection with 2 × 106 H2170 
cells with sh-circ_0079530 or sh-NC. After five days of 
growth, a group of mice with sh-NC and sh-circ_0079530 
was exposed to 4 Gy radiation at the tumor site, respectively. 
Tumor volume was examined every 5 days with a formula 
(0.5 × length × width2). The body weight of mice had no 
significant difference, and no unexpected deaths occurred in 
each group. A month later, mice were euthanized with inha-
lation anesthesia of 5% isoflurane (Sigma). Tumors were 
harvested, weighed, and followed via collection for protein 
detection. Animal experiments were permitted by the Ani-
mal Ethics Committee of Changsha Central Hospital.

Dual-luciferase reporter assay
The miRNAs that might interact with circ_0079530 

were predicted by circInteractome (https://circinterac-
tome.nia.nih.gov/) and starBase (http://starbase.sysu.
edu.cn/), and the targets of miR-409-3p were predicted 
by starBase. The wild-type (WT) sequence of 
circ_0079530 or AQP4 3’UTR with miR-409-3p bind-
ing sites was introduced in the pmir-GLO vector 
(Promega, Madison, WI, USA), acquiring the 
WT-circ_0079530 and WT-3’UTR AQP4 vectors. Also, 
mutant (MUT)-circ_0079530 and MUT-3’UTR AQP4 
vectors were constructed using the sequence containing 
the MUT binding sites of miR-409-3p. The constructed 
vectors were co-transfected with miR-409-3p mimic or 
miR-NC into H2170 and A549 cells, followed by analy-
sis using a dual-luciferase reporter assay kit (Promega) 
according to the instructions.

RNA immunoprecipitation (RIP)
In short, H2170 and A549 cells at 80% confluency 

were harvested, followed by introduction with complete 
RIP lysis buffer (Millipore, Billerica, MA, USA). Then, 
the cell extracts were incubated with RIP buffer with 
magnetic beads conjugated with anti-Argonaute2 (Ago2) 
antibody or negative control immunoglobulin G (IgG). 
After digesting with proteinase K, the samples were ana-
lyzed using qRT-PCR assay.

Immunohistochemistry (IHC)
In this assay, the samples of radiosensitive, radioresis-

tant, and ANT tissues were first fixed in 4% paraformalde-
hyde, dehydrated, and embedded in paraffin. Whereafter, 
5-μm-thick sections were cut, followed by staining with 
hematoxylin and eosin for histopathology using a micro-
scope (Olympus). For detecting the level of AQP4, the sec-
tions were washed with PBS and incubated with a primary 
antibody AQP4 (ab128906, 1:200 dilution; Abcam) at 4°C 
overnight. Finally, images were acquired for analysis.

Statistical analysis
Data were shown as mean ± standard deviation (SD) 

from 3 experiments. The Pearson coefficient test ana-
lyzed the linear relationship of RNA level in NSCLC 
tissues. The Student’s t-test or one-way analysis of vari-
ance with the Tukey’s post hoc test was used for compar-
ison of the group difference, which was processed using 
GraphPad Prism 8 (GraphPad Inc., La Jolla, CA, USA). 
P <0.05 predicted the significant difference.

Results

Circ_0079530 expression is increased in NSCLC
To analyze if circ_0079530 was associated with NSCLC 

development and radiosensitivity, circ_0079530 expres-
sion was detected in cancer tissues. Circ_0079530 abun-
dance was markedly enhanced in NSCLC tumor tissue 
samples (n = 67) compared with ANT samples (n = 67), 
and circ_0079530 expression was higher in radioresistant 
samples (n = 36) than in radiosensitive tissues (n = 31) 
(Supplementary Fig. 1A). In the 67 patients, 61 cases dis-
played high expression of circ_0079530 in cancer tissues, 
while circ_0079530 abundance was lower in cancer tissues 
of 6 cases than normal samples (Supplementary Fig. 1B). 
Moreover, circ_0079530 level was clearly upregulated in 
H2170 and A549 cells in comparison to the MRC-5 cells 
(Supplementary Fig. 1C). Additionally, the stability and 
circular structure of circ_0079530 were analyzed via RNase 
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R and Actinomycin D assays. The results showed that 
RNase R and Actinomycin D exposure significantly 
decreased GAPDH abundance, but circ_0079530 was 
more resistant to RNase R and Actinomycin D than linear 
GAPDH (Supplementary Figs. 1D and 1E). These results 
suggested that circ_0079530 was a typical circRNA that 
might be related to NSCLC radiosensitivity.

Circ_0079530 downregulation inhibits cell prolifera-
tion, migration, and invasion, but increases radiosen-
sitivity in NSCLC cells

To study the role of circ_0079530 in NSCLC, 
circ_0079530 was decreased in H2170 and A549 cells. 
Three siRNAs for circ_0079530 effectively decreased 
circ_0079530 abundance, and si-circ_0079530-3 had the 
highest knockdown efficacy (Fig. 1A). Thus, cells trans-
fected with si-circ_0079530-3 or si-NC were used for fur-
ther studies. Circ_0079530 knockdown significantly 
decreased proliferation of H2170 and A549 cells (Fig. 1B). 
Furthermore, circ_0079530 interference exacerbated the 
reduction of survival fraction after radiation treatment, sug-
gesting circ_0079530 enhanced the radiosensitivity of 
H2170 and A549 cells (Fig. 1C). In addition, cell cycle dis-
tribution was analyzed in cells with or without radiation 
treatment. As displayed in Fig. 1D, circ_0079530 knock-
down clearly decreased EdU positive cells in the presence 
or absence of radiation, and the proliferation of circ_ 
0079530-silenced NSCLC cells was overtly repressed under 
radiation treatment than that in the control group. We then 
further studied if circ_0079530 was involved in NSCLC 
metastasis. As shown in Figs. 1E and 1F, circ_0079530 
knockdown evidently constrained the migratory and inva-
sive abilities of H2170 and A549 cells under radiation and 
non-radiation treatment, and radiation treatment further 
repressed the migration and invasion of circ_0079530-knock-
down H2170 and A549 cells. Furthermore, circ_0079530 
silence markedly increased E-cadherin protein levels and 
decreased ICAM-1 and vitronectin protein levels in H2170 
and A549 cells with or without 4 Gy radiation treatment 
(Fig. 1G). In addition, radiation treatment resulted in an ele-
vation in E-cadherin protein levels and a decrease in ICAM-1 
and vitronectin protein levels in circ_0079530-inhibiting 
H2170 and A549 cells (Fig. 1G). These results showed that 
circ_0079530 silence repressed NSCLC cell migration and 
invasion under radiation and non-radiation conditions.

Circ_0079530 silence decreases tumor growth
To probe into the function of circ_0079530 in vivo, 

H2170 cells were used for the establishment of xenograft 

models. The H2170 cells with sh-circ_0079530 were 
constructed, and lentivirus-mediated sh-circ_0079530 
effectively reduced circ_0079530 expression in H2170 
cells compared with that in the sh-NC group (Fig. 2A). 
Circ_0079530 knockdown evidently reduced tumor vol-
ume and weight with or without radiation treatment, but 
the volume and weight of xenograft tumors were smaller 
and lower in the sh-circ_0079530 group under radiation 
treatment compared with those without radiation treat-
ment (Figs. 2B and 2C). Additionally, circ_0079530 
downregulation obviously inhibited PCNA, MMP9, 
ICAM-1, and vitronectin protein levels with or without 
radiation treatment, while enhanced E-cadherin protein 
levels in the sh-circ_0079530 group (Fig. 2D). In addi-
tion, the protein levels of PCNA, MMP9, and ICAM-1 
were lower in tumor tissues derived from the 
sh-circ_0079530 group under radiation treatment than 
tumor tissues derived from the sh-circ_0079530 group, 
but the levels of E-cadherin protein were higher (Fig. 2D). 
These data suggested that circ_0079530 knockdown 
inhibited NSCLC cell growth under radiation and 
non-radiation conditions.

Circ_0079530 is a sponge of miR-409-3p
To probe the mechanism modulated by circ_0079530, 

the miRNAs that might interact with circ_0079530 
were analyzed by starBase and circInteractome. 
Three miRNAs were jointly predicted by the two tools, 
and miR-409-3p abundance was affected most by 
circ_0079530 silence compared with the other candi-
dates (miR-543 and miR-576-5p) (Fig. 3A). Hence, 
miR-409-3p was chosen for subsequent experiments. 
The binding sequence of circ_0079530 and miR-409-3p 
is displayed in Fig. 3B. To confirm this prediction, 
WT-circ_0079530 and MUT-circ_0079530 luciferase 
reporter vectors were constructed. The overexpression 
or knockdown efficacy of miR-409-3p mimic or inhibi-
tor (anti-miR-409-3p) is validated in Fig. 3C. Moreover, 
the luciferase activity of WT-circ_0079530 was clearly 
decreased via miR-409-3p mimic, but luciferase activity 
of MUT-circ_0079530 had no significant difference 
(Fig. 3D). Then, to further confirm the mutual effect of 
circ_0079530 and miR-409-3p, RIP assay was per-
formed in H2170 and A549 cells. Data suggested that 
circ_0079530 and miR-409-3p were specifically 
enriched in Ago2 pellets in H2170 and A549 cells when 
compared with that in the IgG control group (Figs. 3E 
and 3F). Additionally, miR-409-3p expression was evi-
dently reduced in radiosensitive (n = 36) and 
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Fig. 1  �(Continued)
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Fig. 2  �Circ_0079530 knockdown suppresses tumor growth in NSCLC. Mice were subcutaneously injected with sh-circ_0079530 or 
sh-NC-transfected H2170 cells, and then the tumors were treated by 4 Gy radiation or not. (A) Circ_0079530 level was measured 
via qRT-PCR in sh-circ_0079530 or sh-NC-transfected H2170 cells (n = 3). (B) Tumor volume was measured (n = 6). (C) Tumor 
weight was detected at the end (n = 6). (D) PCNA, MMP9, E-cadherin, ICAM-1, and vitronectin levels were examined via west-
ern blotting in tumor tissues (n = 6). *P <0.05 **P <0.01 and ***P <0.001. NSCLC: non-small cell lung cancer; qRT-PCR: 
quantitative reverse transcription-polymerase chain reaction; NC: negative control; PCNA: proliferating cell nuclear antigen; 
MMP9: matrix metalloproteinase 9; ICAM-1: intercellular adhesion molecule-1 

Fig. 1  �Circ_0079530 knockdown inhibits cell proliferation, migration, and invasion but enhances radiosensitivity in NSCLC. (A) 
Circ_0079530 level was measured via qRT-PCR in cells transfected with si-circ_0079530-1, si-circ_0079530-2, si-circ_0079530-3, 
or si-NC (n = 3). (B) Cell proliferation was measured via CCK-8 in si-circ_0079530-3 or si-NC-transfected cells (n = 3). (C) 
Radiosensitivity was analyzed by colony formation assay in si-circ_0079530-3 or si-NC-transfected cells after treatment of vari-
ous doses of radiation (n = 3). (D) EdU-positive cells were assessed by EdU assay in cells transfected with si-circ_0079530-3 or 
si-NC after treatment with 4 Gy radiation or not (n = 3). (E and F) Cell migration and invasion were examined via transwell assay 
(n = 3). (G) E-cadherin, ICAM-1, and vitronectin levels were detected via western blotting in cells (n = 3). *P <0.05, **P <0.01, 
and ***P <0.001. NSCLC: non-small cell lung cancer; qRT-PCR: quantitative reverse transcription-polymerase chain reaction; 
NC: negative control; CCK-8: cell counting kit-8; ICAM-1: intercellular adhesion molecule-1
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radioresistant (n = 31) tissues compared with that in 
ANT samples (n = 67), and miR-409-3p expression was 
lower in radioresistant samples than that in radiosensi-
tive tissues (Fig. 3G). Furthermore, the expression of 
miR-409-3p in NSCLC samples was negatively cor-
related with circ_0079530 expression (Fig. 3H). In 
addition, miR-409-3p expression was markedly declined 
in H2170 and A549 cells in comparison to that in 
MRC-5 cells (Fig. 3I). These data showed that 
circ_0079530 functioned as a miR-409-3p sponge.

MiR-409-3p inhibition mitigates the effects of 
circ_0079530 interference on cell proliferation, ra-
diosensitivity, migration, and invasion

To explore whether miR-409-3p could affect the func-
tion of circ_0079530 in NSCLC, H2170 and A549 cells 

were transfected with si-NC, si-circ_0079530-3, 
si-circ_0079530-3 + anti-NC, or si-circ_0079530-3 + 
anti-miR-409-3p. We observed that miR-409-3p was 
obviously increased by circ_0079530 silence, but this 
elevation was reversed by the addition of anti-miR-
409-3p (Supplementary Fig. 2A). Moreover, miR-
409-3p knockdown reversed the suppressive effect of 
circ_0079530 silence on cell proliferation (Supplemen-
tary Fig. 2B). In addition, miR-409-3p downregulation 
attenuated circ_0079530 knockdown-mediated effects 
on survival fraction after treatment of radiation (Supple-
mentary Fig. 2C). Furthermore, miR-409-3p knock-
down abolished si-circ_0079530-triggered decline in 
EdU-positive cells in H2170 and A549 cells treated with 
4 Gy radiation (Supplementary Fig. 2D). Additionally, 
miR-409-3p reduction rescued the migratory and 

Fig. 3  �MiR-409-3p targeted circ_0079530. (A) The targets of circ_0079530 were predicted by starBase and circInteractome, and the 
levels of miR-409-3p, miR-543, and miR-576-5p were measured via qRT-PCR in si-circ_0079530-3 or si-NC-transfected H2170 
cells (n = 3). (B) The target sites of circ_0079530 and miR-409-3p. (C) MiR-409-3p level was determined via qRT-PCR in cells 
with transfection of miR-NC, miR-409-3p mimic, anti-NC, or anti-miR-409-3p (n = 3). (D) Luciferase activity of WT-circ_0079530 
and MUT-circ_0079530 was detected via dual-luciferase reporter assay in cells transfected with miR-NC or miR-409-3p mimic 
(n = 3). (E and F) RIP assay was used to analyze the interaction in NSCLC cells (n = 3). (G) MiR-409-3p level was measured 
with qRT-PCR in radiosensitive (n = 36) or radioresistant (n = 31) NSCLC tissues and ANT samples (n = 67). (H) The linear 
correlation between circ_0079530 and miR-409-3p in NSCLC was assessed via the Pearson test (n = 67). (I) MiR-409-3p expres-
sion was determined via qRT-PCR in MRC5, H2170, and A549 cells (n = 3). *P <0.05 and ***P <0.001. NSCLC: non-small cell 
lung cancer; qRT-PCR: quantitative reverse transcription-polymerase chain reaction; NC: negative control; WT: wild type; MUT: 
mutant; RIP: RNA immunoprecipitation; ANT: adjacent non-tumor tissue 
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invasive abilities under radiation conditions (Supple-
mentary Figs. 2E and 2F). Besides, miR-409-3p knock-
down reversed the upregulation of E-cadherin and the 
downregulation of ICAM-1 and vitronectin in radiation- 
challenged H2170 and A549 cells caused by circ_ 
0079530 silencing (Supplementary Figs. 2G and 2H). 
These results suggested that circ_0079530 regulated 
NSCLC progression and radiosensitivity by modulating 
miR-409-3p expression.

AQP4 is targeted via miR-409-3p
Next, 37 potential targets of miR-409-3p were pre-

dicted by TargetScan, miRDB, starBase, and miRWalk 
(Fig. 4A). Of all these mRNAs, we selected 8 mRNAs 
(LRP6, UBE2N, CCND2, KLF12, AQP4, ONECUT2, 
GAB1, and LARP1) related to NSCLC progression for 
further analysis. As exhibited in Supplementary Fig. 3, 

the mRNA level of AQP4 was overtly repressed in miR-
409-3p-overexpressed H2170 cells compared to that of 
other mRNAs. Thus, AQP4 was selected as a candidate 
target, and the binding sites of miR-409-3p and AQP4 
are displayed in Fig. 4B. In order to validate this predic-
tion, the WT-3’UTR AQP4 and MUT-3’UTR AQP4 
luciferase reporter vectors were constructed. As shown 
in Fig. 4C, miR-409-3p overexpression clearly 
decreased the luciferase activity of WT-3’UTR AQP4, 
while it did not alter the activity of MUT-3’UTR AQP4. 
Furthermore, the mRNA and protein levels of AQP4 
were obviously enhanced in radiosensitive (n = 36) and 
radioresistant (n = 31) tissues compared with those in 
ANT samples (n = 67), and AQP4 mRNA and protein 
levels were increased in radioresistant samples com-
pared with those in radiosensitive tissues (Figs. 4D and 
4E). Besides, IHC staining showed that the expression 

Fig. 4  �AQP4 is targeted by miR-409-3p. (A) 37 potential target mRNAs of miR-409-3p were predicted by TargetScan, miRDB, starBase, 
and miRWalk. (B) The target sequence of miR-409-3p and AQP4 was searched via starBase. (C) Luciferase activity of WT-3’UTR 
AQP4 and MUT-3’UTR AQP4 was examined using dual-luciferase reporter assay in cells transfected with miR-NC or miR-
409-3p mimic (n = 3). (D and E) AQP4 abundance was determined by qRT-PCR and western blotting in radiosensitive (n = 36) 
or radioresistant (n = 31) NSCLC tissues and ANT samples (n = 67). (F) Immunohistochemical staining was applied to detect 
AQP4 expression in normal tissues and NSCLC tissues. (G) The linear correlation between miR-409-3p and AQP4 in NSCLC 
tissues was analyzed via the Pearson test (n = 67). (H and I) AQP4 expression was determined via qRT-PCR and western blotting 
in MRC5, H2170, and A549 cells (n = 3). (J) AQP4 level was examined via western blotting in cells transfected with miR-NC, 
miR-409-3p mimic, anti-NC, or anti-miR-409-3p (n = 3). *P <0.05, **P <0.01, and ***P <0.001. AQP4: aquaporin 4; NSCLC: 
non-small cell lung cancer; qRT-PCR: quantitative reverse transcription-polymerase chain reaction; NC: negative control; WT: 
wild type; UTR: untranslated region; MUT: mutant; ANT: adjacent non-tumor tissue 
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of AQP4 was increased in NSCLC tissues relative to 
that in normal tissues (Fig. 4F). Meanwhile, AQP4 
mRNA expression in NSCLC tissues was negatively 
associated with miR-409-3p expression (Fig. 4G). In 
addition, the mRNA and protein levels of AQP4 were 
markedly upregulated in H2170 and A549 cells in com-
parison to those in MRC-5 cells (Figs. 4H and 4I). 
Moreover, the protein levels of AQP4 were decreased by 
miR-409-3p overexpression and increased by miR-
409-3p knockdown in H2170 and A549 cells (Fig. 4J). 
These findings indicated that AQP4 was targeted by 
miR-409-3p in NSCLC.

MiR-409-3p restrains cell proliferation, migration, 
and invasion, and facilitates radiosensitivity by mod-
ulating AQP4 expression

We then verified the overexpression efficiency of the 
AQP4 overexpression plasmid, and the results exhibited 
that the levels of AQP4 protein were enhanced after 
transfection of AQP4 overexpression plasmid (Fig. 5A). 
To study the role of miR-409-3p/AQP4 axis in NSCLC, 
H2170 and A549 cells were transfected with miR-NC, 
miR-409-3p mimic, miR-409-3p mimic + AQP4 overex-
pression, or miR-409-3p mimic + pcDNA. The addition 
of AQP4 overexpression vector effectively impaired the 
elevation of AQP4 mediated by miR-409-3p mimic (Fig. 
5B). CCK-8 assay showed that miR-409-3p overexpres-
sion markedly decreased the proliferation of H2170 and 
A549 cells, and this effect was rescued by the addition of 
AQP4 overexpression vector (Fig. 5C). Moreover, miR-
409-3p overexpression obviously inhibited the survival 
fraction after radiation treatment, and this effect was 
abolished by AQP4 upregulation (Fig. 5D). Additionally, 
miR-409-3p upregulation clearly reduced the number of 
EdU positive cells in radiation-challenged H2170 and 
A549 cells, while the introduction of pcDNA–AQP4 
could overturn this effect (Fig. 5E). Furthermore, miR-
409-3p mimic evidently decreased cell migration and 
invasion in radiation-challenged cells, which these 
impacts were relieved via AQP4 upregulation (Figs. 5F 
and 5G). Additionally, miR-409-3p overexpression 
resulted in a significant increase in E-cadherin protein 
levels and a marked reduction in ICAM-1 and vitronec-
tin protein levels in cells with radiation treatment, while 
these events were abolished by AQP4 introduction 
(Figs. 5H and 5I). These results showed that miR-409-3p 
suppressed NSCLC progression and increased radiosen-
sitivity by targeting AQP4.

Circ_0079530 modulates AQP4 expression through 
miR-409-3p

To analyze if circ_0079530 could regulate AQP4 in 
NSCLC, AQP4 protein levels in H2170 and A549 
cells transfected with si-NC, si-circ_0079530-3, si-circ_ 
0079530-3 + anti-NC, or si-circ_0079530-3 + anti-miR-
409-3p under 4 Gy radiation treatment were detected. As 
exhibited in Supplementary Fig. 4A, AQP4 protein lev-
els were markedly downregulated by circ_0079530 
interference, but this downregulation was restored by 
miR-409-3p knockdown. The schematic diagram of this 
research is shown in Supplementary Fig. 4B, which 
showed that circ_0079530 enhanced AQP4 expression 
by functioning as a miR-409-3p sponging, thus affecting 
NSCLC progression and radiosensitivity.

Discussion

NSCLC is the main subtype of lung cancer with high 
incidence and mortality.2) CircRNAs can function as 
important regulators in NSCLC progression and have 
potential value in NSCLC therapy.21) This research 
mainly explored how circ_0079530 took part in NSCLC 
development and radiosensitivity. We found circ_0079530 
silence inhibited NSCLC progression and increased 
radiosensitivity by the miR-409-3p/AQP4 axis.

A former study suggested that circ_0079530 facili-
tated NSCLC proliferation and invasion.11) Similarly, we 
also found the repressive effects of circ_0079530 silence 
on NSCLC cell proliferation and metastasis. Further-
more, our study found that circ_0079530 expression was 
changed in radiosensitive and radioresistant patients, 
suggesting that increased circ_0079530 expression 
might be associated with radiosensitivity in NSCLC. 
Through exposure to different doses of radiation, we 
found that circ_0079530 knockdown enhanced NSCLC 
cell radiosensitivity. The cell cycle, migration, and inva-
sion are important processes associated with resistant 
progression.22,23) Adhesion molecules (E-cadherin, 
ICAM-1, and vitronectin) play important roles in cell 
migration and invasion.24–26) By transwell assay and 
detecting these molecules, we found that circ_0079530 
interference decreased cell migration and invasion via 
increasing E-cadherin and decreasing ICAM-1 and vit-
ronectin in cells under radiation. Furthermore, by detect-
ing tumor growth and related proteins (PCNA, MMP9, 
E-cadherin, ICAM-1, and vitronectin) in tumor tissues, 
we found that circ_0079530 knockdown decreased 
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tumor growth under radiation in xenograft models. Col-
lectively, targeting circ_0079530 might be used to treat 
NSCLC and enhance radiosensitivity.

Next, we explored a circRNA–miRNA–mRNA network 
mediated by circ_0079530, which was the main mecha-
nism underlying the role of circRNA in NSCLC.27) By ana-
lyzing the targets of circ_0079530, we confirmed that 
miR-409-3p targeted circ_0079530. Multiple pieces of 

evidence suggested miR-409-3p repressed cell prolifera-
tion, migration, and invasion in NSCLC.16) Similarly, our 
study also identified the antitumor activity of miR-409-3p. 
Moreover, we first found that miR-409-3p might act as a 
sensitizing agent for radiation in NSCLC by increasing 
radiosensitivity. Additionally, our study showed that 
circ_0079530 could mediate NSCLC progression and radio-
sensitivity by miR-409-3p. Furthermore, we confirmed 

Fig. 5  �MiR-409-3p decreases cell proliferation, migration, and invasion, and enhances radiosensitivity by modulating AQP4 in NSCLC. 
(A) AQP4 level was detected via western blotting in cells transfected with AQP4 overexpression vector or pcDNA (n = 3). H2170 
and A549 cells were transfected with miR-NC, miR-409-3p mimic, miR-409-3p mimic + AQP4 overexpression vector, or pcDNA. 
(B) AQP4 expression was measured via western blotting in the transfected cells (n = 3). (C) Cell proliferation was measured with 
CCK-8 in the transfected cells (n = 3). (D) The radiosensitivity was analyzed by survival fraction using colony formation assay in 
the transfected cells after treatment of various doses of radiation (n = 3). (E) 5-ethynyl-2’-deoxyuridine (EdU)-positive cells were 
measured via EdU assay in the transfected cells after exposure to 4 Gy radiation (n = 3). (F and G) Cell migration and invasion 
were examined using transwell assay in the transfected cells after treatment with 4 Gy radiation (n = 3). (H and I) E-cadherin, 
ICAM-1, and vitronectin abundances were detected via western blotting in the transfected cells after treatment with 4 Gy radia-
tion (n = 3). **P <0.01 and ***P <0.001. AQP4: aquaporin 4; NSCLC: non-small cell lung cancer; NC: negative control; CCK-8: 
cell counting kit-8; ICAM-1: intercellular adhesion molecule-1 
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AQP4 as a downstream target of miR-409-3p. AQP4, a 
member of the AQP family, is distributed in the membrane 
of various biological cells.28) AQP4 is responsible for 
maintaining nerve excitation, cell migration, and water 
homeostasis in the brain.29) It has been reported that AQP4 
is highly expressed in lung adenocarcinoma tissues, and 
AQP4 contributes to NSCLC cell invasion.18) AQP4 was 
associated with radiotherapy in breast cancer.30) Here, we 
validated miR-409-3p could restrain NSCLC progression 
and radiosensitivity via targeting AQP4. In addition, we 
confirmed that circ_0079530 could mediate AQP4 by 
sponging miR-409-3p. The current work concluded that the 
circ_0079530/miR-409-3p/AQP4 axis modulated NSCLC 
progression and radiosensitivity.

Conclusion

In conclusion, circ_0079530 interference constrained 
NSCLC progression and increased radiosensitivity via 
the miR-409-3p/AQP4 axis, at least in part. This study 
provided a new insight into NSCLC development and 
radiosensitivity and supported circ_0079530 as a target 
for the treatment of NSCLC.
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