Received: 20 December 2020

Accepted: 2 March 2021

DOI: 10.1111/1759-7714.13939

ORIGINAL ARTICLE

WILEY

miRNA-218-5p increases cell sensitivity by inhibiting PRKDC
activity in radiation-resistant lung carcinoma cells

Xiaoke Chen’ | Yuanyuan Xu' | LongJiang® |

Shanghai Lung Cancer Center, Shanghai Chest
Hospital, Shanghai Jiao Tong University,
Shanghai, China

Correspondence

Qiang Tan, Shanghai Lung Cancer Center,
Shanghai Chest Hospital, Shanghai Jiao Tong
University, No.241 Huaihai West Road, Xuhui
District, Shanghai, 200030, China.

Email: tttqiang323@163.com

Funding information
National Natural Science Fundation of China,
Grant/Award Number: 8187070347

INTRODUCTION
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Abstract

Background: Non-small cell lung carcinoma (NSCLC) is a malignancy with the
highest mortality rate. Currently, surgery combined with radiotherapy is the first
choice in the clinical treatment of lung carcinoma (LC); however, long-term radiother-
apy leads to radiation resistance in patients, resulting in treatment failure.

Methods: In this study, a new microRNA-218-5p (miRNA-218-5p) was identified,
and its function in LC was investigated.

Results: Reverse transcription quantitative polymerase chain reaction (RT-qPCR)
results revealed that miRNA-218-5p was downregulated in LC. Overexpression or
inhibition of miRNA-218-5p in LC and targeted binding of protein kinase, DNA-
activated, catalytic polypeptide (PRKDC) to miRNA-218-5p were confirmed by com-
prehensive bioinformatic analysis. Exosomes from A549 and H1299 cells were
cocultured with miRNA-218-5p and then cotransfected into radiation-resistant
A549R and H1299R cells; the proliferation of radiation-resistant LC cells was found to
be effectively inhibited and apoptosis was induced. Overexpression of miRNA-218-5p
and X-irradiation could enhance the radiosensitivity of LC cells. Exogenous miRNA-
218-5p derived from A549 and H1299 cells could be transfected into radiation-
resistant LC cells and could inhibit PRKDC expression, thus accelerating DNA
damage, apoptosis, and radiation sensitization of LC cells.

Conclusions: miRNA-218-5p could induce apoptosis and enhance the radiosensitivity
of LC cells through regulatory activities, thus suggesting its application as a potential
target for LC treatment.
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is known to exert potent synergistic effects,” 7 which can
induce cell death by breaking the DNA of tumor cells. How-

Lung carcinoma (LC) has become an increasingly serious
public health concern worldwide.! Statistics indicate that in
2018 there were more than 2 million new LC patients glob-
ally’ and 1.7 million deaths. LC can be grouped into small
cell LC (SCLC) and non-small cell lung carcinoma
(NSCLC); NSCLC accounts for over 80% of LCs. Radiother-
apy is an important treatment option for malignant thoracic
tumors.”> At present, radiotherapy combined with surgery

"Both authors contributed equally to this work and should be considered as equal first
coauthors.

ever, carcinoma treatment is a lengthy process. Patients
often show adverse reactions during long-term radiotherapy,
and an increasing number of studies have revealed that
NSCLC can acquire resistance to radiotherapy, reducing its
efficacy, and tumors can recur and metastasize.® In addition,
for epidermal growth factor receptor-mutant lung adenocar-
cinoma, the radiotherapeutic effects of tyrosine kinase inhib-
itors are also not ideal.” Therefore, exploring radiotherapy
tolerance is crucial.

microRNAs (miRNAs), which have emerged as a subject
of extensive research, are short-chain non-coding RNAs

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited and is not used for commercial purposes.

© 2021 The Authors. Thoracic Cancer published by China Lung Oncology Group and John Wiley & Sons Australia, Ltd.

Thorac Cancer. 2021;12:1549-1557.

wileyonlinelibrary.com/journal/tca 1549


https://orcid.org/0000-0002-6860-755X
https://orcid.org/0000-0002-3978-7184
mailto:tttqiang323@163.com
http://creativecommons.org/licenses/by-nc/4.0/
http://wileyonlinelibrary.com/journal/tca

50 | WILEY.

CHEN Er AL.

comprising 19-25 nucleotide bases. Recent studies have con-
firmed that miRNAs can target downstream genes through
mRNA 3'-untranslated regions (UTRs) and participate in
tumorigenesis.'>”'> The key role of miRNAs in the patho-
genesis and response to treatment has been confirmed in
different carcinomas.'> For example, Meng et al.'* reported
that miR-183-5p plays a tumor-inhibitory role in LC by
inhibiting PIK3CA. The levels of miRNA-218-5p, an
miRNA that was discovered early on, were found to be low
in LC'%; studies have revealed that exosomes containing
miRNA-218-5p play a role in osteoblast differentiation as
well as oxaliplatin resistance in colon carcinoma.'® " How-
ever, there are few studies on the role of miRNA-218-5p in
tumor tolerance to radiotherapy in LC.

Cells can communicate directly via cell-to-cell contacts
and synapses through chemical receptors.'® Recent studies
have shown that exosomes also act in cell-to-cell communi-
cation.'” Exosomes can carry lipids, proteins, mRNA, and
various miRNAs.*® It has been reported that exosomes
engage recipient cells by fusion with target cell membranes,
suggesting that exosomes may act in transporting radiation-
induced serum miRNAs and thus affect the proliferation
and radio resistance of cells.”!

In this study, we found that miRNA-218-5p reduced the
tolerance of LC cells to radiotherapy, thus suggesting a
potential therapeutic strategy for tumor tolerance to radio-
therapy in LC.

METHODS
Clinical data

A total of 42 patients with NSCLC who received radiother-
apy between January 2013 and January 2015 were selected
as participants. The patient received 60 Gy/30 min of radio-
therapy. Peripheral venous blood was obtained 24 h before
treatment, and peripheral venous blood was collected again
after the patient completed the course of treatment. In addi-
tion, 30 healthy individuals during the same period were
included in a control group. Peripheral blood samples were
collected from both groups, held at room temperature for
60 min, and centrifuged at 3000 X g for 10 min. The super-
natant was then obtained and stored at —80°C. The patients
had not received chemotherapy before this study but were
diagnosed with NSCLC. All subjects agreed to participate in
the study and signed consent forms voluntarily. This

TABLE 1 PCR primer sequences

research was approved by the Shanghai Chest Hospital,
Shanghai Jiao Tong University and was carried out in com-
pliance with the Declaration of Helsinki.*?

Cell culture and irradiation

HEK-293 T, A549, H1299, HCC827, and BEAS-2B cell lines
were procured from the American Type Culture Collection
and cultured in Dulbecco’s modified Eagle’s medium. A549
and H1299 cell lines were irradiated for radiation-resistance
analysis. When cell confluence reached 50%, A549 and
H1299 cells were subjected to X-ray irradiation (2 Gy), cul-
tured, digested with trypsin at a 90% convergence rate, and
then reirradiated at a 50% convergence rate, with a 2 Gy
daily fraction size being administered 30 times for a total
dose of 60 Gy. Parental cells were cultured without radiation
under the same conditions. In addition, there was an inter-
val of four or five months between the last two partial expo-
sures. Cells were replated for colony formation after
recovering for 2-3 weeks after the last irradiation. After
2-3 weeks, the progenies of the clonogenic survivors were
obtained.

Cell transfection

miRNA-218-5p mimic, miRNA-218-5p inhibitor, inhibitor-
NC, and protein kinase, DNA-activated, catalytic polypep-
tide (PRKDC) small interfering RNA (si-PRKDC) were
synthesized by GenePharma Co. Ltd. The synthesized RNA
was transfected using Lipofect 3000.

Reverse transcription quantitative polymerase
chain reaction (RT-qPCR)

Total RNA was obtained using TRIzol reagent, and reverse
transcription was performed to obtain ¢cDNA. TransStart
SYBR Green qPCR Supermix (TransGen Biotech) was used
for PCR amplification using an ABI 7500 system, and the
reaction systems were configured according to the manufac-
turer’s instructions. Three replicate wells were employed,
and the test was conducted three times. U6 and GAPDH
were used as internal references for miRNAs and mRNAs,
respectively, with 229 for data analysis.>> The PCR
primer sequences are listed in Table 1.

Gene Upstream primer

Downstream primer

miRNA-218-5p
PRKDC

GAPDH

5'-TTGCGGATGGTTCCGTCA AGCA-3
5'-GAAAGGAGGTTCTAAACTAC-3

0/9 5'-CTCGCTTCGGCAGCACA-3
5'-CCATCTTCCAGGAGCGAGAT-3'

5'-ATCCAGTGCAGGGTCCGAGG-3
5'-GCTACGTGAATATAGACCATA-3'
5'-AACGCTTCACGAATTTGCGT-3
5'-TGCTGATGATCTTGAGGCTG-3
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Colony formation

After 48 h of transfection, the cells were treated with X-rays
at 0, 2, 4, 6, or 8 Gy. Cells were cultured and evaluated for
survival using a colony forming assay. Cells were
reinoculated into six-well plates, cultured overnight to allow
cell adhesion, treated with 0-8 Gy X-rays, cultured at 37°C
for two weeks, fixed with methanol for 20 min, and stained
with 0.1% crystal violet.

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H4-
tetrazolium bromide (MTT) assay

MTT was used to evaluate cell proliferation. After 48 h of
transfection, the cells were resuspended and the density-
adjusted cells (2 X 10° cells/well) were seeded into 96-well
plates. After 24 h of culture, 20 ul MTT solution (5 mg/ml)
was added at 24, 48, and 72 h, followed by incubation at
37°C for another 4 h. Next, the medium was aspirated and
150 pl of dimethyl sulfoxide (DMSO) was added. The opti-
cal density (OD) was determined at 492 nm.

Cells in DNA synthesis assay

Cell-Light EAU DNA cell proliferation kit (Ribo Bio) was
used to determine the proliferation rate of A549R and
HI1299R cells according to the manufacturer’s instruc-
tions. Briefly, cells were incubated with 50 pM EdU for
2 h, then fixed, permeabilized, and stained with EdU. The
nuclei were stained with Hoechst 33342 at a concentration
of 5 pg/ml for 30 min, and the cells were then inspected
using a fluorescence microscope (Olympus). The viability
index was calculated as follows: Viability index = experi-

5-ethynyl-20-deoxyuridine (EdU) was used to evaluate
cell proliferation.

Apoptosis

Cells were obtained after 48 h of transfection, and apoptosis
was evaluated using annexin V-fluorescein isothiocyanate
(FITC). Transfected cells were harvested, rinsed, and
resuspended. Next, the cells were stained with FITC and
propidium iodide (PI) for 15 min. Cytek Aurora and Flow]o
were used for the analysis.

Western blotting (WB)

Total protein was extracted, and exosome protein levels
were determined using BCA (Bicinchoninic acid, Beyotime),
followed by quantification. The proteins were transferred to
a polyvinylidene fluoride membrane, which was sealed with
phosphate buffer and mixed with diluted anticleaved PARP,
anticleaved caspase 3, anti-CD63, and anti-f-actin anti-
bodies. Secondary antibody labeled with horseradish peroxi-
dase was added, followed by incubation for 1 h. Enhanced
chemiluminescence was employed to determine protein
levels using Bio-Rad ChemiDoc XRS densitometry and
Image Lab version 4.1.

Dual-luciferase reporter gene constructs

Potential targets of miRNA-216-5p were identified, and PRKDC
was the target of miRNA-216-5p. To verify that PRKDC was a
target of miRNA-216-5p, pCMV-REPORT-PRKDC-3'UTR-
WT was established by inserting the PCMV-reporter vector into
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FIGURE 2 Role of miRNA-218-5p in the growth of radiation-induced lung carcinoma cells. (a) MTT assay was used to evaluate metabolic survival of parental cells

and radiation-resistant cell lines under different doses of X-rays. (b) RT-qPCR was used to determine miRNA-218-5p expression in radiation-resistant cell lines. (c) RT-
qPCR was used to determine miRNA-218-5p expression in miRNA-218-5p-mimic plasmid. (d) RT-qPCR was used to determine miRNA-218-5p expression after
transfection of miRNA-218-5p-mimic into radiation-resistant cell lines. (¢) MTT assay was used to evaluate the proliferation of irradiated cell lines after transfection of the
miRNA-218-5p-mimic. (b), p < 0.05, radiation-resistant cell lines compared with the control cell lines. (c—e), *p < 0.05, miRNA-218-5p-mimic compared with the NC

miRNA-216-5p was confirmed. A pCMV-REPORT-PRKDC-
3'UTR-mut with a mutant miRNA-216-5p binding site was also
constructed. miRNA-216-5p mimic and control were trans-
fected into HEK-293 T cells, and the luciferase activity was
tested.

Tumor formation in nude mice

A total of 12 male BALB/c nude mice (5-weeks-old) were
procured from Charles River Laboratories. A normal diet
was fed to the mice. This study conformed to the Animal
Ethics Committee and the Laboratory Animal Guidelines.
Overexpressed miRNA-216-5p (A549R cells) were injected
into the mice, and X-ray irradiation (12 Gy) was conducted
when tumor diameters reached 5 mm. The mice were
grouped into an miRNA-NC group, miRNA-216-5p-mimics
group, miRNA-NC + 12 Gy group, and miRNA-216-5p-
mimics+2 Gy group, with three mice in each group. Two
days after X-ray irradiation, the tumor volume (V) was mea-
sured using a caliper. The spherical volume was calculated
as follows: spherical volume = 4/3 m r’3 or (4/3) n (length/
2) X (width/2) x (depth/2).

Statistical analysis

SPSS v.24.0 was applied for analysis, and GraphPad 8 was
used for visualization. Counting data were represented in
(%) and compared using the Chi-squared test. Measurement
data were represented as means + SEM and compared using
Student’s ¢-test. Single-factor analysis of variance (ANOVA)
and least significant difference (LSD) post-hoc test were
applied for multiple groups. Repeated measures ANOVA
and Bonferroni post-hoc test were applied for multiple time
points. The diagnostic predictive value was tested using the
receiver operating characteristic curve. At p < 0.05, the dif-
ference was considered to be statistically significant.

RESULTS

Role of radiotherapy in improving miRNA-
218-5p levels in LC

First, miRNA-218-5p levels in LC from The Cancer Genome
Atlas (TCGA) data were determined, and RT-qPCR results
revealed that the miRNA-218-5p level in the serum of LC
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FIGURE 3 Role of miRNA-218-5p in the apoptosis of radiation-induced lung carcinoma cells. (a) Colony formation was used to evaluate changes in the
cloning ability of irradiated cell lines after transfection of the miRNA-218-5p-mimic. (b) EdU was used to evaluate the proliferation of irradiated cell lines
after the transfection of the miRNA-218-5p-mimic. (c) Flow cytometry was used to evaluate changes in the apoptosis rate of irradiated cell lines after

transfection of the miRNA-218-5p-mimic. *p < 0.05; **p < 0.01

patients was evidently lower than that in the normal control
group (Figure la,b). Further comparison showed that the
miRNA-218-5p level in the serum of LC patients after radio-
therapy was evidently higher than that before intervention
(Figure 1c). In addition, the miRNA-218-5p level in LC cell
lines was evaluated using RT-qPCR, and the results revealed
that the miRNA-218-5p levels in the LC cell lines after X
irradiation declined (Figure 1d). This suggests that miRNA-
218-5p may be a latent observation index for radiother-
apy in LC.

Elevation of miRNA-218-5p levels on
proliferation and apoptosis of radiation-
resistant LC cells

A549 and HI1299 cells were exposed to X-rays to establish
radiation-resistant LC cells. Cloning experiments showed
that the radiation-resistant cell lines (A549R and H1299R)
had enhanced resistance to X-rays compared with the
parental cells (Figure 2a). RT-qPCR revealed that the
miRNA-218-5p abundance in A549R and H1299R cells was
evidently lower than that in parental cells, suggesting that
miRNA-218-5p may play a role in the radiation resistance
of LC cells (Figure 2b,c). Therefore, we established an
miRNA-218-5p-mimic plasmid and transferred it into
A549R and HI1299R cells to further observe any changes in
cellular biological functions (Figure 2d). MTT (Figure 2e)
assays, cloning assays (Figure 3a), and EdU experiments
(Figure 3b) revealed that the metabolic survival (Figure 2e),
clonogenic survival (Figure 3a), and DNA synthesis activity
(Figure 3b), respectively, of A549R and HI1299R cells

declined after transfection with the miRNA-218-5p-mimic,
whereas apoptosis of A549R and H1299R cells was elevated
after transfection of the miRNA-218-5p-mimic, as revealed
by flow cytometry (Figure 3c).

miRNA-218-5p exhibits targeted binding to
PRKDC

It has been proven that miRNAs regulate tumor growth by
combining with downstream target genes. PRKDC and
miRNA-218-5p have latent binding targets, identified
through online website prediction analysis (Figure 4a). To
verify the correlations among them, we first tested PRKDC in
LC in TCGA database and found that PRKDC expression in
LC is elevated (Figure 4b). We then tested PRKDC expression
in LC patients using RT-qPCR, and the results were consis-
tent with those obtained from the database (Figure 4c).
Through correlation analysis, PRKDC expression was nega-
tively correlated with miRNA-218-5p levels in the serum of
LC patients (Figure 4d), suggesting that miRNA-218-5p may
exhibit targeted binding to PRKDC. To verify this specula-
tion, we conducted dual-luciferase reporter gene construct
experiments, and the results revealed that the miRNA-218-5p-
mimic could hinder the fluorescence activity of PRKDC-WT
(Figure 4e), whereas the miRNA-218-5p-inhibitor enhanced
the fluorescence activity of PRKDC-WT. In addition,
RT-qPCR and WB revealed that PRKDC mRNA and protein
levels in cells transfected with the miRNA-218-5p-mimic or
inhibitor were obviously hindered and accelerated, respectively
(Figure 4f,g). This suggests that miRNA-218-5p exhibits
targeted binding to PRKDC.
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Decreased PRKDC expression can inhibit the
growth promotion of miRNA-218-5p-inhibitor
on radiation-resistant LC cells

A cotransfection experiment was performed to test the role
of miRNA-218-5p and PRKDC in radiation-resistant
LC. The metabolic survival of radiation-resistant cells was
increased (Figure 5a), the clone survival rate (Figure 5b) was
enhanced, and apoptosis was hindered (Figure 6a,b). How-
ever, the metabolic and clonal survival of radiation-resistant
cells declined after transfection of si-PRKDC. Compared
with miRNA-NC + si-NC cells, miRNA-218-5p-inhibitor
and si-PRKDC cotransfected cells showed no evident differ-
ence in metabolic survival, clonal survival, or apoptosis.

miRNA-218-5p-mimics increases the
radiosensitivity of lung cancer nude mice

In the above experiment, we determined the function of
miRNA-218-5p in radiation-resistant lung cancer cells. In
order to further determine whether miRNA-218-5p can be a
potential target in clinical radiotherapy, we established a

xenograft in a nude mouse model. Through measurement,
we found that the tumor volume of nude mice after 12 Gy
X-ray irradiation was significantly lower than that of
miRNA-NC, while the tumor volume in nude mice injected
with miRNA-218-5p-mimics combined with 12 Gy X-ray
irradiation was significantly lower than that of miRNA-NC
(Figure 7a,b). In addition, our research observed that the
miRNA-218-5p in the tumor tissue of nude mice after
12 Gy X-ray irradiation was significantly higher than that of
miRNA-NC, while miRNA-218-5p in tumors of nude mice
after injection of miRNA-218-5p-mimics combined with
12 Gy X-ray irradiation was significantly higher than that of
nude mice after miRNA-NC and 12 Gy X-ray irradiation.
This suggests that miRNA-218-5p can increase the radio
sensitivity in a lung cancer nude mouse model.

DISCUSSION

Radiation exposure increases the levels of free radicals in
cells, accompanied by DNA strand breakage and dysfunc-
tion of the mitochondria, endoplasmic reticulum, and other
organelles, eventually leading to apoptosis.”* **> At present,
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resistant lung cancer cell apoptosis. (a) An EAU DNA cell proliferation test was used to evaluate changes in the number of cells undergoing DNA synthesis
after cotransfection of the miRNA-218-5p-inhibitor and si-PRKDC. (b) Flow cytometry was used to evaluate changes in the apoptosis rates after
cotransfection of the miRNA-218-5p-inhibitor and si-PRKDC. *p < 0.05; **p < 0.01

research concerning the mechanism involved in the radia-
tion resistance in LC shows that P53 mutations, an X-linked
inhibitor of apoptosis protein, and survivin have positive
effects on radiotherapy.”® However, the mechanisms and
latent targets of radiotherapy remain unclear.

miRNAs play a role in the radiation resistance and
radiosensitivity of various tumor cells. For example, Zhu
et al.”” reported that miRNA-145 antagonizes the dryness
and radiation resistance of colorectal carcinoma mediated
by SNAII; another study showed that miR-99a elevates the
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radiosensitivity of NSCLC via mTOR.*® miRNA-218-5p, an
miRNA that was discovered early on, is located on human
chromosome 4pl15.31. A previous study revealed that
miRNA-218-5p levels are low in LC cells,” as confirmed
by our results. In addition, a study has found that miRNA-
218-5p plays a role in the sensitivity to ionizing radiation
in breast carcinoma; however, there are relatively few stud-
ies on the role on miRNA-218-5p in radiation resistance of
LC.>° miRNA-218-5p levels in radiation-resistant LC cells
were found to be decreased; the metabolic and clonogenic
survival of radiation-resistant LC cells were obviously
reduced, and apoptosis was induced by elevating miRNA-
218-5p levels. In addition, the transfection of the miRNA-
218-5p-mimic increased the sensitivity of radiation-
resistant cells to X-irradiation, suggesting that miRNA-
218-5p is a latent therapeutic target for radiation-resistant
LC cells.

It has been reported that miRNAs influence downstream
target genes to participate in tumor radiation resistance
mechanisms.”" ** To further investigate the mechanisms
underlying the effect of miRNA-218-5p on the radiation
resistance of LC cells, we predicted the downstream target
genes of miRNA-218-5p and found that there were targeted
binding sites for PRKDC with miRNA-218-5p. This suggests
that miRNA-218-5p may be a latent target for radiation
resistance. PRKDC belongs to the non-homologous end
joining pathway of the DNA double-strand break (DSB)
repair response and can be recruited by DNA double-strand
breaks to form DNAPK complexes with DNA-bound
Ku70/80 heterodimers to promote the repair of DNA
DSBs.*> ** PRKDC levels in patients with LC are evidently
elevated. Furthermore, miRNA-218-5p levels in the serum
of LC patients showed a negative correlation with PRKDC

abundance. In addition, miRNA-218-5p exhibited targeted
binding to PRKDC. Knockdown of PRKDC could reverse
the promotion of the miRNA-218-5p-inhibitor on the pro-
liferation of radiation-resistant LC cells and inhibit apopto-
tic activity. It is suggested that miRNA-218-5p regulates the
growth and apoptosis of radiation-resistant LC cells through
PRKDC.

However, this study had certain limitations. First, we did
not detect miRNA-218-5p in the serum exosomes of
patients with LC. Previous studies have shown that miRNAs
in serum exosomes can also be applied as a latent diagnostic
marker for tumors. Second, owing to the short collection
time of the samples, we did not conduct patient follow-up
for a long period. In the future, we aim to perform addi-
tional clinical experiments to further verify the significance
of miRNA-218-5p in serum exosomes in LC, in order to
supplement our experimental results.

This study explored the role of miRNA-218-5p in the
radiosensitivity of LC cells. miRNA-218-5p could induce
apoptosis and enhance the radiosensitivity of LC cells
through regulation, thus suggesting its application as a
potential target for LC treatment.
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