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Abstract 

Background Radiotherapy is an important treatment for lung cancer, mainly by triggering DNA double-strand 
breaks to induce cell death. Blocking DNA damage repair can increase the radiosensitivity of tumor cells. Recent 
studies have identified long noncoding RNAs as key regulators in DNA damage repair. The lncRNA ANRIL was previ-
ously shown to be involved in homologous recombination (HR) repair, but its specific mechanism has not been fully 
elucidated.

Methods The downstream interacting miRNAs of ANRIL were predicted according to miRanda software. Fluores-
cence quantitative PCR was used to detect the expression levels of ANRIL and candidate miRNAs. Clone formation 
experiment and cell viability assays detect cell viability after ionizing radiation. Apoptosis assay was used to detect 
the apoptosis of cells after 8 h of ionizing radiation. Western blot analysis and immunofluorescence assays verified 
the protein expression levels of the downstream target molecule PARP1 of miR-7-5p and key molecules in the HR 
pathway. Fluorescent reporter gene experiments were used to verify the interaction between ANRIL and miR-7-5p 
and between miR-7-5p and PARP1.

Results Bioinformatics analysis and qPCR validation suggested that miR-7-5p might be a downstream molecule 
of ANRIL. The expression of miR-7-5p was up-regulated after knockdown of ANRIL, and the expression of miR-7-5p 
was down-regulated after overexpression of ANRIL. Meanwhile, there was a negative correlation between ANRIL 
and miR-7-5p expression changes before and after ionizing radiation. The luciferase reporter gene assay confirmed 
the existence of ANRIL binding site with miR-7-5p, and found that transfection of miR-7-5p inhibitor can reduce the 
radiation sensitivity of ANRIL-KD cells. A downstream target molecule of miR-7-5p related to HR repair, PARP1, was 
screened through website prediction. Subsequently, it was confirmed by Western blot and luciferase reporter assays 
that miR-7-5p could down-regulate the expression of PARP1, and there was a miR-7-5p binding site on the 3’UTR of 
PARP1 mRNA. This suggests that ANRIL may act as a competitive endogenous RNA to bind miR-7-5p and upregulate 
the expression of PARP1. Western blot and immunofluorescence staining were used to detect the expression changes 
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of HR repair factors in ANRIL-KD cells after ionizing radiation, and it was found that knockdown of ANRIL can inhibit 
the expression of PARP1, BRCA1 and Rad51, hinder radiation-induced HR repair, and eventually result in resensitizing 
ANRIL-KD cells to ionizing radiation.

Conclusions Our findings provide evidence that ANRIL targets the miR-7-5p/PARP1 axis to exert its regulatory effect 
on HR repair, suggesting that altering ANRIL expression may be a promising strategy to overcome radiation resistance.

Keywords Lung cancer, ANRIL, Radiation resistance, Homologous recombination repair, miR-7-5p, PARP1

Background
Lung cancer is the leading cause of cancer deaths world-
wide due to its high morbidity and mortality [1]. It is 
generally believed that the occurrence of lung cancer 
is the result of a combination of factors, such as genet-
ics, environment, food and lifestyle, among which DNA 
damage is thought to play some important roles [2]. Sys-
temic treatment of lung cancer includes classical surgery, 
standard chemoradiotherapy, and monotherapy, and a 
combination of these methods is often recommended 
in clinical practice. Because many lung cancer patients 
are diagnosed with advanced cancer, they miss the best 
time for surgical intervention. At this time, radiotherapy 
and chemotherapy have become an important treatment 
method for patients with unresectable lung cancer [3]. 
Radiation therapy and platinum-based chemotherapy 
play a key role in therapy by disrupting DNA integrity 
and inducing tumor cell death. Even so, the 5-year sur-
vival rate for lung cancer has not improved significantly, 
remaining below 15% [4]. Clinical resistance to radio-
therapy is considered a major obstacle to the treatment 
of human lung cancer. The main factor causing this phe-
nomenon is the enhancement of tumor cells’ ability to 
repair DNA damage induced by radiation [5]. Therefore, 
the effect of DNA damage repair ability on tumor radio-
sensitivity has attracted extensive clinical attention. The 
most serious type of DNA damage is DNA double-strand 
breaks (DSBs) [6], which, if not repaired in time, can lead 
to chromosomal aberrations, genomic instability, cancer, 
or cell death [7]. DSB repair is mainly carried out by two 
repair pathways: non-homologous end joining (NHEJ) 
and homologous recombination (HR) [8]. Blocking these 
repair pathways may lead to increased sensitivity to radi-
otherapy and chemotherapy.

The finding of long non-coding RNA (lncRNA) tran-
scripts from genomics regions is one of the most unex-
pected findings of the genomics era. LncRNAs are a 
group of RNA transcripts over 200 nt in length that do 
not encode proteins but are involved in various forms 
of gene expression regulation [9]. Continuing evidence 
suggests that lncRNAs are involved in the develop-
ment and progression of nearly all types of cancer [10], 
including effects on DNA damage repair capacity [11]. 
The lncRNA ANRIL is located in the 9q21.3 region of 

chromosome and was originally discovered and named 
by Pasmant et  al. [12]. ANRIL has been found to be 
overexpressed as an oncogene in several different malig-
nancies, such as liver [13], lung, [14] and esophageal 
cancers [15]. Both chemotherapy and radiotherapy can 
cause DNA damage in tumors. Studies have shown that 
the expression of ANRIL is related to the sensitivity of 
tumors to cisplatin. For example, MIAO demonstrated 
that ANRIL can affect ovarian cancer sensitivity to cispl-
atin by modulating the let-7a/HMGA2 axis [16]. WANG 
found that ANRIL could enhance the chemosensitivity 
of nasopharyngeal carcinoma cells to cisplatin [17]. Our 
previous study revealed that ANRIL can inhibit the radi-
osensitivity of lung cancer cells by promoting HR repair 
[18]. The molecular mechanism is that ANRIL mediates 
the recruitment of ATR protein to DNA breakage sites 
and maintains the stability of ATR protein [18]. Several 
studies have found that ANRIL can act as an adsorption 
sponge for miRNA, thereby regulating cell activity. For 
example, ZHANG et  al. found that ANRIL can sponge 
miR-125a-3p and then regulate the expression of FGFR1 
to promote the progression of HNSCC [19]. WANG 
demonstrated that ANRIL could activate HMGB1-
induced autophagy by targeting miR-181a [20]. We there-
fore hypothesized whether ANRIL could also affect HR 
repair through a mechanism of competition for endog-
enous RNA (ceRNA). Following this line of thought, we 
found that ANRIL could regulate the miR-7-5p/PARP1 
axis in the cytoplasm through website prediction and 
experimental verification, thereby affecting the radiosen-
sitivity of lung cancer cells.

Therefore, we aimed to investigate whether ANRIL 
could modulate the HR repair pathway through the miR-
7-5p/PARP1 axis in lung cancer cells, thereby altering the 
radiosensitivity of lung cancer cells. To provide evidence 
for finding a new strategy to alleviate the radiation resist-
ance of lung cancer.

Methods
Cells and treatment
The normal epithelial cell of lung (BEAS-2B) and human 
lung cancer cells (A549, H1299, H460 and H1975) were 
all purchased from the American Type Culture Col-
lection (ATCC, Manassas, VA, USA). A549, H460 and 
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H1975 cells were maintained in DMEM medium with 
10% fetal bovine serum (04–001-1ACS, Biological Indus-
tries, Israel), 50 U/mL penicillin, and 50 ug/mL strepto-
mycin (Cat.15140–122, Gibco, USA) and cultured in a 
37℃, 5%  CO2 humidified chamber. BEAS-2B and H1299 
cells were maintained in RPMI 1640 medium with the 
same supplement. Cells were treated with ionizing radia-
tion to induce DNA damages.

Cytoplasmic and nuclear RNA isolation assay
The total, cytoplasm and nuclear RNA were isolated 
using a Cytoplasmic and Nuclear RNA Purification Kit 
according to the manufacturer’s instruction (Norgen 
Biotek, Canada). U6 acted as nuclear internal control, 
and GAPDH acted as cytoplasmic internal control. Data 
normalization was performed against total RNA: % of 
Input = 100 X (2 [Ct total RNA – Ct fraction RNA]).

MiRanda predicts ANRIL‑binding miRNAs
The target relationship between miRNA and lncRNA 
were predicted by using software miRanda v3.3a, with 
the parameter as follows: S ≥ 140, ΔG ≤  − 10  kcal/mol 
and demand strict 5’ seed pairing, where S refers to the 
single-residue-pair match scores in the matching region; 
ΔG is the free energy of duplex formation.

TargetScan, miRDB and Starbase predict target genes 
that interact with miR‑7‑5p
We use TargetScan, miRDB and Starbase biological 
information website to predict target molecules interact-
ing with mir-7-5P. Select the target molecules with higher 
scores by setting the screening conditions. TargetScan: 
Sort by Cumulative Weight Context +  + Score, and then 
select the target molecules ranked in the top 200; MiRDB: 
Sort by Target Score, select the target gene ranked in the 
top two hundred; Starbase: Program Number >  = 2, and 
Program contains miRanda. The intersection of target 
molecules predicted by these three websites was used for 
subsequent analysis.

Lentiviral vector construction and transfection
ANRIL shRNA plasmids and ANRIL overexpress-
ing plasmid were constructed by Biolink BioTECH.  
(Shanghai, China) [18]. Sequence of sh-ANRIL: 5’-AAA 
UCC AGA ACC CUC UGA CAU UUG C-3’. The oligonu-
cleotide was synthesized and cloned in a lentiviral vector: 
pLenR-GPH. Then, lentivirus stocks were generated by 
co-transfecting 293 T cells with the lentiviral constructs. 
Virus supernatants were collected at 48 h and 72 h after 
post-transfection, filtered, and concentrated by ultra-
centrifugation. H1299 or H460 cells were infected with 
the harvested recombinant virus. Virus-infected cells 
were plated in 6-well plates at  2X105 cells per well, and 

screened in complete medium containing puromycin 
(2  μg/ml) to obtain stable transfected cell lines.Stable 
puromycin-resistant cell pools were established and con-
firmed with RT-PCR assay.

MiRNA and siRNA transfection
The miR-7-5p mimic and inhibitor were synthesized by 
RiboBio (Guangzhou, China). The sequences of the synthetic 
oligonucleotides were as follows: miR-7-5p mimic sense: 
5’-UGG AAG ACU AGU GAU UUU GUU GUU -3’, antisense: 
5’-CAA CAA AAU CAC UAG UCU UCC AUU -3’; mimic NC 
sense: 5’-UUC UCC GAA CGU GUC ACG UTT-3’, antisense: 
5’-ACG UGA CAC GUU CGG AGA ATT-3’; miR- 7-5p inhibi-
tor: 5’-AAC AAC AAA AUC ACU AGU CUU CCA -3’; inhibi-
tor NC: 5’-CAG UAC UUU UGU GUA GUA CAA-3’. The 
PARP1 siRNA was synthesized by GenePharma (Shanghai, 
China), siRNA-PARP1 sense: 5’- CGA CCU GAU CUG GAA 
CAU CAA-3’; Negative control siRNA (NC-siRNA) sense: 
5’- UUC UCC GAA CGU GUC ACG UTT-3’. These synthetic 
oligonucleotides were transiently transfected into H1299 
or H460 cells by riboFECT™ CP (RiboBio, China) reagent 
according to the manufacturer’s protocol.

Clone formation experiment
Clonal survival assays were used to assess the sensitiv-
ity of cells to ionizing radiation. Cells were counted and 
seeded into 6-well plates, and cells were subjected to 
DNA damage by ionizing radiation. Different irradiation 
doses correspond to different cell densities, 8 Gy is 2400 
cells per well, 4 Gy is 1200 cells per well. Cells in 6-well 
plates were fixed with paraformaldehyde for 15 min after 
10–14 days in the incubator and then stained with crys-
tal violet for 15 min. The mean value ± SD for three 
independent experiments was determined.

Cell viability assay
H1299-shANRIL, H460-ANRIL-OE cells or cells trans-
fected with miR-7-5p inhibitor or siRNA were seeded in 
a 96-well plate at a density of 1000 cells per well, and 100 
ul of medium was added to each well, and the next day 
was treated with ionizing radiation. Cell proliferation was 
detected using the Cell Counting Kit-8 (CCK-8, Dojindo 
Laboratories, Kumamoto, Japan) according to the manu-
facturer’s instructions. Briefly, at the specified time point, 
10ul of CCK-8 solution was added to each well, incu-
bate at 37 °C for 4 h, and measure the absorbance value 
at 450 nm with a plate reader (BioTek, Vermont, USA) to 
determine the cell proliferation rate.

Apoptosis assay
At 24 h after irradiation, cell apoptosis was detected by 
using an Annexin V-FITC and PI apoptosis detection kit 
according to the manufacturer’s instructions (Yeasen, 
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Shanghai, China). FITC-Annexin V and PI dyes were 
added to the sample tubes and incubated in the dark for 
10 min, and then the apoptosis of cells was analyzed by 
Cytoflex flow cytometer (Beckman, USA).

Western blot analysis
The total protein from cells was extracted using RIPA 
lysis buffer. The protein lysates were separated by 10% 
SDS-PAGE and electrophoretically transferred to PVDF 
membranes (Millipore, USA). The membranes were 
incubated with primary antibodies at 4℃ overnight, fol-
lowed by incubation with secondary antibodies how long. 
The signals were detected using an ECL system (Thermo 
Fisher Scientific, USA). The intensity of the protein frag-
ments was quantified with Image J software. Anti-PARP1 
antibody (1:1000, ab32138, Abcam), anti-BRCA1 anti-
body (1:1000, ab191042, Abcam), anti-Rad51 antibody 
(1:2000, ab133534, Abcam) and anti-GAPDH antibody 
(1:2000, ab8245, Abcam) were used as the primary anti-
bodies for the detection of specific proteins.

Immunofluorescence analysis
We used an immunofluorescence assay to detect BRCA1 
and Rad51 foci. Briefly, cells concentration were seeded 
on 22 ×  22mm2 cover glasses in 6 well plates. After ion-
izing radiation, cells were fixed in 4% paraformaldehyde 
for 20 min and permeabilized in 0.5% Triton X-100 on ice 
for 15 min. After blockage, cells were stained with anti-
BRCA1 antibody (1:200, ab16780, Abcam) or anti-Rad51 
antibody (1:250, ab133534, Abcam) and then with the 
secondary antibody. Cellular images were obtained using 
a confocal microscope (Nikon Eclipse Ti-SR, Japan). 
Image Pro Plus (Media Cybernetics) were used to count 
the foci per cell, and at least 100 cells per group were 
counted.

RNA extraction and Realtime PCR RT and qPCR
The total RNA was extracted from cells using TRIzol 
reagent (Invitrogen). The mRNA was then reverse tran-
scribed using the Primer-Script One Step RT-PCR Kit 
(TaKaRa, Japan) and the miRNA was reversely tran-
scribed using the miRNA First strand cDNA Synthesis Kit 
(Sangon Biotech, China). The cDNA templates of ANRIL 
and miR-7-5p were amplified by real-time PCR using 
SYBR Premix Dimmer Eraser Kit (TaKaRa, Japan) and 
MicroRNAs qPCR Kit (Sangon Biotech, China), respec-
tively. Gene expression in each sample was normalized 
to GAPDH expression. The primer sequences used were 
as follows: for GAPDH, 5’-CAG GAG GCA TTG CTG ATG 
AT-3’ (forward) and 5’-GAA GGC TGG GGC TCA TTT 
-3’ (reverse); for ANRIL, 5’-CAA CAT CCA CCA CTG 
GAT CTT AAC A-3’ (forward) and 5’-ATC ATT CTC CTC 
AAA TTA CAGAG-3’ (reverse); for PARP1, 5’-AGC TTC 

GTA TCC CCA ATG AGA TAC A-3’ (forward) and 5’-TTT 
CCA TCA AAC ATG GGC GAC-3’ (reverse). The forward 
primer for miR-7-5p was (5’-CGG TGG AAG ACT AGT 
GAT TTT GTT G-3’) and the reverse primer for U6 was 
(5’-CTC GCT TCG GCA GCACA-3’). The universal reverse 
primer was (5’-AAC GCT TCA CGA ATT TGC GT-3’). The 
relative expression fold change of mRNA and miRNA was 
calculated by  2−△△Ct method.

Luciferase reporter assay
PmirGLO, pmirGLO-ANRIL-wt or pmirGLO-ANRIL-
mut were co-transfected with miRNA-7-5p mimics or 
miRNA NC into 293 T cells in a 6-well dish using Lipo-
fectamine 3000 reagent (Invitrogen, USA) according to 
the manufacturer’s instructions, respectively. PmirGLO, 
pmirGLO-PARP1-wt or pmirGLO-PARP1-mut were 
transfected with miRNA-7-5p mimics or miRNA NC 
into 293 T cells using Lipofectamine 3000 reagent (Inv-
itrogen, USA) according to the manufacturer’s instruc-
tions, respectively. 48  h after transfection, luciferase 
activity was tested by Dual-Glo@ Luciferase Assay System 
(Promega, USA). Rinella luciferase activity was normal-
ized to the corresponding firefly luciferase activity.

MiRNA pulldown
Two 10 cm dishes were cultured with about 2 ×  107 cells. 
Biotin-labeled miRNA probes (experimental group) and 
negative control probes (negative control group) were 
transfected, respectively. After 48  h of culture, the cells 
were washed twice with precooled PBS. MiRNA pull-
down Kit (BersinBio, Guangzhou, China) was used for 
the miRNA pulldown test. Magnetic bead sealing, cell 
lysis, hybridization and incubation, elution and precipita-
tion of RNA were carried out in sequence according to 
the instruction. After the pulldown test was completed, 
qRT-PCR was used for follow-up detection.

Nude mice transplanted with human lung cancer cells 
and ionizing radiation treatments
The whole protocols were approved by the Ethics Com-
mittee of Naval Medical University, China. Female 
BALB/c-nu nude mice of 4-week age were subcutane-
ously injected with H1299-shANRIL/NC. When the 
Average Tumor Diameter was at Least  500mm3, we car-
ried out local ionizing radiation on the mouse’s trans-
plant tumor area with a dose of 20 Gy. After irradiation, 
the volume of subcutaneous tumors is detected every 
three days. The tumor volume was calculated according 
to the following formula (L*W2)/2 after measuring the 
length (L) and width (W) with calipers. After the experi-
ment, the mice were killed and their tumors were taken 
out for mass weighing. The excised tumors were fixed 
at 4℃ in paraformaldehyde and embedded in paraffin. 
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Tumors sections were used for immunohistochemistry 
analyses.

Immunohistochemical staining
In this study, the tumor tissues in each group were 
paraffin-embedded and sliced, and then the tissues 
were stained with the Ki67 immunohistochemistry kit 
and Tunel analysis kit referring to the manufacturer’s 
method. Hematoxylin and eosin were used to stain par-
affin sections of tumor tissues after deparaffinization 
and dehydration. Finally, observe the cell morphology 
under a microscope. Image-Pro Plus version 6.0 soft-
ware assess the area and integrated option density (IOD), 
and then the mean density values were calculated, mean 
density = IOD/area.

Statistical analysis
Data were expressed at the means ± standard error of 
mean. GraphPad Prism 8 software was applied for sta-
tistical analysis. For comparison among multiple groups, 

one-way ANOVA was performed. Student’s t test was 
used to compare between two groups. p < 0.05 was con-
sidered as significant difference. All experiments were 
performed at least 3 independent times.

Results
Identification of potential ANRIL‑targeted miRNAs
Several studies have found that ANRIL is highly 
expressed in tumor cells and can act as a sponge to absorb 
miRNA, thereby regulating the biological characteristics 
of tumor cells. We detected the expression of ANRIL in 
various lung cancer cell lines and normal lung epithelial 
cells, and found that the expression level of ANRIL has 
significantly increased in lung cancer cells compared to 
normal lung epithelial cells (Fig. 1a).

We have previously shown that ANRIL can promote 
HR repair after ionizing radiation, so we wondered 
whether ANRIL could promote HR repair through a 
ceRNA mechanism. To test this hypothesis, we first 
examined expression levels and locations of ANRIL in 

Fig. 1 miRanda software predicts miRNAs targeting ANRIL. a ANRIL expression in human lung epithelial BEAS-2B cells and the human lung cancer 
cell lines A549, H1299, H460 and H1975. b qRT-PCR analysis of ANRIL expression in the nucleus and cytoplasm of H1299 cells. a A set of miRNAs 
that interact with ANRIL. c‑d A schematic diagram of the interaction between miR-7-5p and ANRIL was drawn according to the prediction results of 
miRanda. e The expression levels of miR-7-5p in human lung epithelial BEAS-2B cells and the human lung cancer cell lines A549, H1299, H460 and 
H1975
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H1299 cells. As shown in Fig. 1b, we found that ANRIL 
exists in large quantities in cytoplasm and nucleus, 
and the distribution ratio is similar. This suggest that 
ANRIL can play a key role as an endogenous sponge in 
cytoplasm. We used miRanda v3.3a software to predict 
ANRIL-binding miRNAs and obtained a set of miRNAs 
(Fig.  1c) (Supplementary Table  1). Sorted according to 
the total score, the top 25 miRNAs with the total score 
were selected for validation.

In our previous studies, we have established a knock-
down cell line H1299-shANRIL in H1299 cells with 
high ANRIL expression and an overexpression cell 
line H460-ANRIL-OE in H460 cells with low ANRIL 
expression. Then the total 25 miRNAs were detected in 
the H1299-NC and ANRIL-KD cell line, it was found 
that the expression of 8 microRNAs was significantly 
increased, namely miR-7-5p, miR-15b-5p, miR-33b-5p, 
miR-122-5p, miR-125a-3p, miR-134-5p, miR-199a-5p, 
miR-497-5p (Supplementary Fig.  1). Then we further 
tested the expression of these eight microRNAs in H460 

ANRIL-OE cell line and found that only the expres-
sion of miR-7-5p was significantly decreased (Fig. 2a-b). 
So far, we initially screened out a microRNA that may 
interact with ANRIL. We found that the binding score 
(total score) and thermodynamic stability (total energy) 
between ANRIL and miR-7-5p were high according 
to the prediction of miRanda software (Fig.  1d). We 
detected the expression of miR-7-5p in several lung 
cancer cells and normal lung epithelial cells, and found 
that the expression of miR-7-5p in normal lung epithe-
lial cells was significantly higher than that in several lung 
cancer cells (Fig. 1e).

Previously, we found that the expression level of ANRIL 
increased after ionizing radiation, so we also detected 
the expression changes of miR-7-5p. We found that the 
expression level of miR-7-5p was significantly decreased 
after ionizing radiation, which was negatively related or 
correlated to the expression change of ANRIL (Fig. 2c-d). 
These data all indicate that ANRIL is a potential target 
molecule of miR-7-5p.

Fig. 2 Identification of miR-7-5p as a target of ANRIL. a‑b Relative expression of miR‑7‑5p in ANRIL shRNA or OE-transfected HA1299 or H460 cells. 
c Changes of ANRIL expression in H1299 cells before and after ionizing radiation. d Changes in the expression of miR-7-5p in H1299 cells before and 
after ionizing radiation
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ANRIL suppresses the radiosensitivity of lung cancer cells 
under ionizing radiation by targeting miR‑7‑5p
Our previous study demonstrated that knockdown of 
ANRIL in lung cancer cells can increase the radiosensitiv-
ity of the cells. Next, we transfected inhibitor-miR-7-5p 

in ANRIL knockdown H1299 cells, and the results of 
CCK8 assay (Fig. 3e) and clone formation assay (Fig. 3a-
b) revealed that transfection of inhibitor-miR-7-5p sig-
nificantly alleviated cell mortality after ionizing radiation. 
Similarly, apoptosis experiments showed that inhibition 

Fig. 3 ANRIL inhibits radiosensitivity of lung cancer cells by targeting miR-7-5p. a‑b, e Cell growth and viability after ionizing radiation were 
assayed in NC-, shANRIL-, shANRIL + inhibitor-NC- and shANRIL + inhibitor-miR-7-5p-transfected H1299 cells by CCK-8 assays and clone formation. 
c‑d The apoptosis after ionizing radiation was detected in NC-, shANRIL-, shANRIL + inhibitor-NC- and shANRIL + inhibitor-miR-7-5p-transfected 
H1299 cells by flow cytometry. f ANRIL was mutated at the putative binding site. Luciferase activity in 293 T cells co-transfected with mimic-NC 
or mimic-miR-7-5p and luciferase reports containing NC, ANRIL-wt or ANRIL-mut transcripts. The results are presented as relative ratio of firefly 
luciferase activity to Renilla luciferase activity. *p < 0.05; **p < 0.01; ***p < 0.001
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of miR-7-5p also reduced the increase in apoptosis levels 
caused by ANRIL knockdown (Fig. 3c-d).

In view of the above results, we further confirmed the 
potential binding site of miR-7-5p on ANRIL by lucif-
erase reporter gene assay. First, we constructed ANRIL-
wt and ANRIL-mut luciferase reporter plasmids, which 
were co-transfected into 293  T cells with miR-7-5p 
mimic or NC, respectively. The results showed that only 
the pmirGLO-ANRIL-wt group significantly decreased 
the relative fluciferase activity when miR-7-5p was over-
expressed, and there was no significant change in the 
pmirGLO-ANRIL-mut group and pmirGLO group. This 
indicates that miR-7-5p could directly bind to the pre-
dicted site in ANRIL (Fig.  3f ). Further detection by the 
biotinase-coupled miRNA pulldown test showed that 
ANRIL can be pulled down by the miR-5-p biotin probe. 
Through qRT-PCR detection and calculation of the pro-
portion of pulldown/input, this indicates that miR-7-5p 
can directly bind to ANRIL (Fig. 4g-h).

PARP1 competitively binds miR‑7‑5p in cells
Next, we predicted the genes associated with miR-7-5p 
through targetscan, miRDB and starbase bioinformat-
ics website. After selecting the intersection, there were 
a total of 60 genes (Fig.  4a) (Supplementary Table  2). 
Because we have proved that ANRIL is related to HR 
repair in the previous stage, we screened the genes with 
high scores and related to HR repair pathway from these 
candidate genes, and finally selected PARP1 as the target 
molecule of miR-7-5p for further verification. Studies 
have confirmed that PARP1 can bind to BRCA1, enter the 
nucleus, and promote the recruitment of RAD51, thereby 
promoting HR repair. Therefore, we detected the expres-
sion of PARP1 in ARNIL knockdown cells and overex-
pressed cells, and the results showed that PARP1 was 
positively correlated with ARNIL expression (Fig.  4b). 
Then we observed the expression changes of PARP1 in 
wild-type H1299 cells after ionizing radiation, and found 
that the expression level of PARP1 increased after ioniz-
ing radiation (Fig. 4c). Next, we found that the expression 
of PARP1 was decreased after transfection of mimic-
miR-7-5p in H1299 cells and increased after transfection 
of inhibitor-miR-7-5p in H460 cells (Fig.  4d-e). All the 
above results suggest that PARP1 is likely to be a compet-
itor of ANRIL binding to miR-7-5p. In order to verify this 
conjecture, we continued to verify it through dual lucif-
erase reporter gene experiments. First, PARP1 3’UTR-
wt and PARP1 3’UTR-mut luciferase reporter plasmids 
were constructed and co-transfected into 293  T cells 
with miR-188-5p mimic or NC, respectively. The results 
confirmed that PARP1 could directly bind to miR-7-5p 
at the predicted site (Fig. 4f ). Further miRNA pulldown 
experiment showed that miR-7-5p could directly bind 

to PARP1. At the same time, after the overexpression of 
ANRIL in H460 cells, the amount of miR-7-5p binding 
PARP1 mRNA was reduced, with significant difference. 
This is consistent with our hypothesis that ANRIL can 
competitively bind miR-7-5p with PARP1 (Fig. 4g-h).

ANRIL promotes homologous recombination repair 
by regulating miR‑7‑5p/PARP1/BRCA1/RAD51 signaling 
pathway
To verify that PARP1 is a downstream molecule of 
ANRIL in regulating cellular radiosensitivity, we per-
formed rescue experiments. ANRIL-OE cells were 
transfected with siRNA-PARP1 and given 8 Gy ionizing 
radiation, and the CCK8 assay showed that the cell via-
bility was inhibited (Fig. 5d). Studies have demonstrated 
that PARP1 can bind to BRCA1, enter the nucleus and 
promote the recruitment of RAD51, ultimately activat-
ing HR repair. Therefore, we detected the protein expres-
sion changes of PARP1, BRCA1 and RAD51 in ANRIL 
knockdown cells after ionizing radiation by western blot 
experiment, and the results showed that the expression 
of these proteins was inhibited after ANRIL knockdown 
(Fig. 5a). On the contrary, the expression of these mole-
cules increased after ANRIL overexpression (Supplemen-
tary Fig.  2). Immunofluorescence assays further showed 
that knockdown of ANRIL affected the recruitment 
of BRCA1 and RAD51 foci (Fig.  5b-c), indicating that 
ANRIL could affect HR repair by regulating the PARP1/
BRCA1/RAD51 pathway (Fig. 5e).

The growth of transplanted tumor in nude mice
We attempted to demonstrate in  vivo whether ANRIL 
can affect radiotherapy efficacy by targeting the miR-
7-5p/PARP1 axis. We chose 4-week-old female nude 
mice to inject H1299-shNC and H1299-shANRIL cells 
subcutaneously. When the tumor grew to about  500mm3, 
ionizing radiation was applied to the transplanted tumor 
area. Observing the change of subcutaneous tumor in 
mice after irradiation over time, we found that the growth 
rate of tumor in shANRIL group was significantly slower 
than that in shNC group (Fig.  6a, b), and the weight of 
tumor in shANRIL group was also significantly lower 
than that in shNC group (Fig. 6c). The results of immu-
nohistochemical staining showed that Ki67 representing 
tumor cell proliferation was significantly higher in shNC 
than shANRIL group (Fig.  6d). However, tunnel repre-
senting apoptosis was significantly less in shNC group 
than in shANRIL group (Fig.  6d). Western blot results 
showed similar results as in  vitro experiments (Fig.  6e). 
These results indicate that ANRIL knockdown can pro-
mote the radiotherapy effect of tumor in  vivo, and the 
mechanism is achieved by affecting the miR-7-5p/PARP1 
axis. Overall, our findings indicated that ANRIL reduces 
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Rad51 and BRCA1 expression by targeting miR-7-5p/
PARP1, which ultimately leads to radiotherapy resistance 
in lung cancer cells.

Discussion
Radiation therapy is a cancer treatment that uses high 
doses of ionizing radiation to induce cell death, primarily 
by triggering DNA double-strand breaks. Recently, long 

noncoding RNAs have been shown to affect ionizing radi-
ation responses by modulating key signaling pathways, 
including DNA damage repair, apoptosis, glycolysis, cell 
cycle arrest, and autophagy [21]. LncRNA ANRIL is a 
recently frequently studied lncRNA molecule, which has 
been reported to promote the proliferation of a variety 
of solid tumors [22, 23]. The positioning of RNA deter-
mines its function. ANRIL ncRNA is mainly localized in 

Fig. 4 PARP1 was the target gene of miR-7-5p in lung cancer. a Venn diagram shows the target genes of miR-7-5p predicted by targetscan, miRDB 
and starbase bioinformatics website. b Effects of ANRIL on PARP1 expression levels in lung cancer cells. c Changes in protein expression of PARP1 
before and after ionizing radiation irradiation. d Change of miR-7-5p expression levels in mimic-NC-, mimic-miR-125a-3p-, inhibitor-NC- and 
inhibitor-miR-7-5p-transfected H1299 and H460 cells. e Changes in PARP1 protein levels after transfection of mimic-miR-7-5p or inhibitor-miR-7-5p 
in lung cancer cells. f Mutations were made at the putative binding site of the PARP1 3’UTR region. Luciferase activity in 293 T cells co-transfected 
with mimic-NC or mimic-miR-7-5p and luciferase reports containing NC, PARP1-wt or PARP1-mut transcripts. The results are presented as relative 
ratio of firefly luciferase activity to Renilla luciferase activity. g‑h Enrichment of ANRIL and PARP1 pulled down by biotin-miR-7-5p or negative 
control. Error bars represent the mean ± S.D. of triplicate experiment. *p < 0.05; **p < 0.01; ***p < 0.001
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Fig. 5 Promote of the HR repair pathway by ANRIL/miR-7-5p/PARP1 axis in lung cancer cells. a Western blot experiments detected the protein 
expression changes of PARP1, BRCA1 and RAD51 in ANRIL knockdown cells after ionizing radiation. b‑c Immunofluorescence assays detected the 
foci recruitment of BRCA1 and Rad51 in ANRIL knockdown cells after ionizing radiation. d Cell growth after ionizing radiation were assayed in NC-, 
ANRIL-OE-, ANRIL-OE + siRNA-NC- and ANRIL-OE + siRNA-PARP1-transfected H460 cells by CCK-8 assays. e A working model of ANRIL promoting 
HR repair after ionizing radiation. ANRIL upregulation promotes HR repair after DNA damage by targeting the miR-7-5p/PARP1/BRCA1/RAD51 axis, 
conferring lung cancer cells resistant to radiotherapy. *p < 0.05; **p < 0.01
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the nucleus, and studies have shown that it can regulate 
gene transcription through chromatin remodeling. Our 
previous study also proved that ANRIL can combine with 
ATR to promote HR repair and reduce DNA damage 
[18]. Interestingly, several studies have found that ANRIL 
is also abundant in the cytoplasm. For example, in reti-
nal cells, ANRIL was observed to localize to the perinu-
clear cytoplasmic fraction [24]. The presence of ANRIL 
was also observed in the cytoplasmic space of melanoma 
cells [25], suggesting that it is likely also involved in the 
post-transcriptional regulation of certain genes. Consist-
ent with reports, ANRIL is associated with poor progno-
sis in cervical cancer, and in the cytoplasm, the ANRIL/
miR-186 axis may promote carcinogenesis through the 
PI3K/Akt signaling pathway [23]. ANRIL overexpression 
promotes cell proliferation and migration through let-7a/
TGF-β1/Smad cascade signaling [26]. We have demon-
strated that ANRIL is distributed in the cytoplasm and 
nucleus of lung cancer cells through nucleocytoplasmic 
separation experiments. Therefore, we tried to explore 
whether ANRIL acts as a miRNA sponge in the cyto-
plasm to regulate radiosensitivity. After bioinformatics 
prediction and experimental validation, we identified 
miR-7-5p as a possible downstream molecule of ANRIL. 

The expression of ANRIL and miR-7-5p were nega-
tively correlated after ionizing radiation. Knockdown of 
ANRIL significantly inhibited the radiation sensitivity of 
lung cancer cells, and the expression of miR-7-5p was 
increased. After overexpression of ANRIL, the expres-
sion of miR-7-5p was decreased. In rescue experiments, 
we found that a simulant of miR-7-5p could reverse the 
role of ANRIL in the regulation of radiosensitivity. Next, 
we demonstrated by dual-luciferase reporter experiments 
that ANRIL contains a binding site that can directly 
interact with miR-7-5p. These results suggest that ANRIL 
is involved in the regulation of radiosensitivity through 
miR-7-5p.

Previous studies have confirmed that miR-7-5p is a 
tumor suppressor microRNA and is involved in the pro-
cess of various solid tumors, such as lung cancer [27], 
osteosarcoma [28], esophageal cancer [29], and liver can-
cer [30]. Decreased miR-7-5p can increase endogenous 
NOVA2 expression and inhibit tumor metastasis in non-
small cell lung cancer [27]. miR-7-5p can also play a key 
role in radiation protection, and studies have shown that 
miR-7-5p can control radioresistance by producing ROS 
that leads to ferroptosis [31]. For clinically relevant radi-
ation-resistant (CRR) cells, overexpression of miR-7-5p 

Fig. 6 ANRIL shRNA increased radiosensitivity in xenograft nude mice. Tumor volume was measured every 3 days. At 24 days after the local ionizing 
radiation, the mice were killed and the tumors were stripped. a Photographs of tumors in nude mice. b The tumor growth curve and (c) tumor 
weight of transplantation tumor of nude mice. d Tumor section was carried out for immunohistochemistry of Ki67 and Tunel. e–f Respective mean 
density of Ki67 and Tunel in tumor by quantitative analysis. g The protein levels of a panel of core factors in HR signaling were reduced in shANRIL 
group
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results in resistance to radiation [32]. These studies all 
indicate that miR-7-5p plays an important role in tumor 
development, especially in tumor response to radiation. 
We screened some candidate target molecules of miR-
7-5p through several prediction methods. Since our pre-
vious article confirmed that ANRIL is involved in HR 
repair, we selected the molecule PARP1 most related to 
HR repair as miR-7-5p target molecule. PARP1 is consid-
ered to be a key protein involved in HR repair, and itself 
and the polymerization of ADP-ribose units it catalyzes 
are thought to rapidly recruit DNA damage proteins to 
DNA damage sites [33]. Ionizing radiation can cause 
DNA double-strand breaks (DSBs), and there are two 
main pathways for DSB repair: nonhomologous end join-
ing (NHEJ) and homologous recombination (HR). PARP1 
is a key determinant in the HR repair pathway, which is 
essential for maintaining genomic integrity and survival 
during radiotherapy. It has been found that miR-7-5p-
mediated downregulation of PARP1 affects DNA homol-
ogous recombination repair and the resistance of lung 
cancer cells to doxorubicin [34]. Consistent with their 
study, we confirmed that transfection of miR-7-5p mimic 
could inhibit the expression of PARP1, and the expression 
of PARP1 was increased after transfection of inhibitor. 
Compared with wild-type lung cancer cells, knockdown 
of ANRIL decreased the expression of PARPA1, while 
overexpression of ANRIL increased the expression of 
PARP1. These results indicate that ANRIL may indirectly 
affect the expression of PARP1 through miR-7-5p, and 
the mechanism is endogenous competition for miR-7-5p. 
The dual-luciferase reporter gene assay further demon-
strated that miR-7-5p can also directly interact with the 
3’UTR of PARP1.

PARP1 contains the binding domain of BRCA1, which 
is an important interacting molecule of PARP1. Previ-
ous studies have demonstrated that PARP1 is critical 
for BRCA1 recruitment to DSB sites, and depletion of 
PARP1 results in a decrease in BRCA1 foci. The PARP1-
BRCA1 complex further regulates DSB repair, includ-
ing enabling Rad51 to bind to single-stranded DNA and 
guiding strand exchange [35]. Consistent with this obser-
vation, our results demonstrated that ANRIL promoted 
BRCA1 and Rad51 expression and foci recruitment fol-
lowing ionizing radiation. Our findings suggest that 
ANRIL can mediate HR repair through the miR-7-5p/
PARP1/BRCA1/Rad51 signaling pathway and enhance 
DNA damage repair capacity.

Conclusion
This study first elucidated the relationship between the 
ANRIL/miR-7-5p/PARP1 axis and HR repair in radiation 
resistance. Further studies showed that PARP1-mediated 
HR activity was regulated by ANRIL. Considering the 

indispensability of PARP1 in HR repair, our study dem-
onstrates that ANRIL can serve as a potential biomarker 
of radioresistance and possibly a novel therapeutic target 
for overcoming radioresistance.
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