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Abstract

DNA-Double strand breaks (DSBs) generated by radiation therapy represent the most efficient
lesions to Kill tumor cells, however, the inherent DSB repair efficiency of tumor cells can cause
cellular radioresistance and impact on therapeutic outcome. Genes of DSB repair represent a target
for cancer therapy since their down-regulation can impair the repair process making the cells more
sensitive to radiation. In this study, we analyzed the combination of ionizing radiation (IR) along
with microRNA-mediated targeting of genes involved in DSB repair to sensitize human non-small
cell lung cancer (NSCLC) cells. MicroRNAs are natural occurring modulators of gene expression
and therefore represent an attractive strategy to affect the expression of DSB repair genes. As
possible IR-sensitizing targets genes we selected genes of homologous recombination (HR) and
non-homologous end joining (NHEJ) pathway (i.e. RAD51, BRCA2, PRKDC, XRCC5, LIG1). We
examined these genes to determine whether they may be real targets of selected mIRNAs by
functional and biological validation. The in vivo effectiveness of mIRNA treatments has been
examined in cells over-expressing mIRNAs and treated with IR. Taken together, our results show
that hsa-miR-96-5p and hsa-miR-874-3p can directly regulate the expression of target genes. When
these mIRNAs are combined with IR can decrease the survival of NSCLC cells to a higher extent
than that exerted by radiation alone, and similarly to radiation combined with specific chemical

inhibitors of HR and NHEJ repair pathway.



Introduction

DNA damage caused by ionizing radiation (IR) during radiotherapy consists in a variety of DNA
lesions, among which double-strand breaks (DSBs) represent the major lethal ones responsible for
the cell Kiling of tumor cells. In response to DSBs eukaryotic cells activate the DNA-Damage
Response (DDR), a complex pathway addressed to maintain genome integrity through the
activation of proteins involved in sensing, signaling, and transducing the DNA damage signal to
effector proteins of cell cycle progression/arrest, DNA repair and apoptosis [1]. In mammalian cells,
the MRE11, RAD50, NBS1 (MRN) complex binds to the DNA surrounding the lesion, resects the
DNA around the DSB break in a 5°-3° dependent direction, promoting appropriate repair by two
evolutionarily primary mechanisms: homologous recombination (HR) and non-homologous end
joining (NHEJ). HR predominates in the mid-S and mid-G2 cell cycle phases, when the sister
template is available [2]. Replication Protein A (RPA) recognizes and binds the 3’ ends, then it is
displaced by BRCAZ2, allowing binding of RAD51 and initiation of repair by HR. RAD51 loading
at sites of DNA damage requires many factors, including BRCALl, BRCA2/ FANCDLI,
PALB2/FANCN and the RAD51 paralogs (RAD51B, RAD51C/FANCO, RAD51D, XRCC2, and
XRCC3), and catalyzes the strand capture and invasion of broken ends of DSBs into intact
homologous DNA sequences to ensure the fidelity of the repair process [3]. In addition to HR,
DSBs can be repaired by direct joining mechanisms. The major repair pathway is the classical c-
NHEJ, which is active throughout the cell cycle without requiring sequence homologies. This
pathway employs the products of Ku70/80 heterodimers (XRCC6/5), DNA-dependent protein
kinase catalytic subunit (DNA-PKcs), Artemis, DNA Ligase IV (LIG4) complex, consisting of
DNA Ligd and its cofactor X-ray repair cross-complementing protein 4 (XRCC4), and XLF
(XRCC4-like factor, also called Cernunnos) [4]. Recently, the alternative alt-NHEJ pathway has
been identified that does not utilize c-NHEJ factors and is mediated by PARP1, DNA Ligase Illa
(Lig3) or DNA Ligase | (Ligl)[5,6]. Both pathway have non-conservative nature, but while c-NHEJ
generally restores chromosome integrity without rearrangements, alt-NHEJ has low fidelity end-
joining with frequent microhomologies [7]. In particular, PARP-1 and DNA ligase 3 (Lig 3) are
involved in a sub pathway of alt-NHEJ termed microhomology mediated end joining (MMEJ) that
rejoins the ends by base pairing between microhomologous sequence, whereas DNA ligase 1(Ligl)
mediates the ligation step in alt-NHEJ events that do not rely on such microhomologies [8,9].
Emerging evidence have demonstrated that alt-NHEJ can also occur in c-NHEJ-proficient cells
[10], moreover, alt-NHEJ pathway can mediate end-joining in cells deficient in NHEJ, although
alt-NHEJ is kinetically slower and less accurate than NHEJ [11].



The inherent DSB repair capacity of tumor cells can limit the effectiveness of radiotherapy,
contributing to radioresistant phenotypes. Recent evidences from clinical trials in radiotherapy
highlighted that increasing the dose can lead to reduced survival and a decline of quality of life
[12,13], suggesting the need to develop agents that can be combined with radiotherapy in preclinical
models. Different drug radiotherapy combinations have been investigated, and most are
unfortunately associated with increased toxicity [14,15].

In the current study, we investigated on the combination of microRNA-mediated targeting of DSB
repair genes along with IR as a strategy to sensitize non-small cell lung cancer (NSCLC) cells to the
cytotoxic effects of IR. MicroRNAs (miRNAs) are 18-24 nt endogenous and natural occurring non-
coding RNAs that negatively regulate gene expression by binding to the complementary sequence
in the 3’-untranslated region (UTR) of target genes. MIRNAs have a pivotal role as post-
transcriptional regulators of gene expression through the repression of target MRNAs that leads to
decreased translational efficiency and/or decreased mRNA levels [16]. Several studies suggested
that miRNA expression is regulated during the DNA-Damage response at the transcriptional level,
in a p53-dependent manner [17], and through modulation of MIRNAs processing and maturation
steps [18]. The relationship between DDR genes and radioresistance has long been established,
nevertheless, little is known about the mMIRNA-mediated regulation of HR and NHEJ pathway
during the IR-response of human non-small cell lung cancer (NSCLC) cells. NSCLC is the most
common type of lung cancer, accounting for approximately 80% of all lung cancer cases and with a
very low (~18%) 5-year survival rate [19]. Radioresistance in NSCLC, either intrinsic or acquired,
represents a critical barrier for the maximal efficacy of radiotherapy. Factors associated with
radioresistance in NSCLC, include overexpression of PIM1 and reduction of protein phosphatases
(PP2A and PP5), which induced translocation of PIM1 into the nucleus [20]. Recently, Wang and
colleagues [21] identified several differences in protein expression, especially in DNA damage
repair pathways, between radiosensitive and radioresistant NSCLC cell lines.

In the current study, we hypothesized that mIRNA-mediated down-regulation of target genes
having a central role in HR and NHEJ would sensitize NSCLC cells to IR. Before testing the
capability of selected miRNAs as agents able to promote cellular sensitivity to IR, we functionally
validated mIRNA-mRNA interactions involving essential genes of HR (RAD51, BRCA2) and NHEJ
(PRKDC, XRCCS5, LIG1). We chose the TP53 wild type NSCLC cells, A549 and NCI-H2347 [22,
23], to ascertain that DDR pathway and DNA repair were not influenced by TP53 status, that is
commonly mutated in lung cancer, ranging from 33% in adenocarcinomas to 70% in small cell lung
cancers [24]. Moreover, TP53 tumor-suppressor family members participate in the regulation of

mIRNA expression at both the transcriptional and post-transcriptional levels [25]. The contribution
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of HR and NHEJ repair when each pathway is chemically inhibited with specific inhibitors has been

examined to evaluate the impact of selected mIRNAs in DSB repair of NSCLC cells.

2. Materials and methods

2.1. Cell Culture and reagents

All culture medium were from Life Technologies (Carlsbad, CA, USA) and were supplemented
with heat inactivated fetal bovine serum (FBS, BIOCHROM, Berlin, Germany), 38 units/mL
streptomycin, and 100 units/mL penicilin G. All cells were grown at 37°C in a humidified
atmosphere with 5% CO2. Non-small cell carcinoma cells were purchased from the American Type
Culture Collection (ATCC, Manassas, VA). A549 cells derived from human alveolar type 2 primary
lung adenocarcinoma cells (CCL-185™) and were cultured in Ham’s F12-K Nutrient Mixture;
NCI-H2347 cells derived from stage-1 adenocarcinoma (CRL-5942™M), and were cultured in RPMI
1640 Medium supplemented with GlutaMAX™. Human glioma cells M059J were purchased from
ATCC (CRL-2366™), whereas M059K cells were kindly provided by Professor S.C. West (Cancer
Research UK London Research Institute, Clare Hall Laboratories, South Mimms, UK). Both cell
lines were grown in a 1:1 mixture of DMEM and Ham’s F-12 medium (DMEM/F-12, Gibco, Life
Technologies), HEPES 20 mM, 1% of MEM non-essential amino acids and 10% of heat-inactivated
FCS. Cells were kept at 37 °C in a humidified atmosphere of 95% air and 5% CO2, and maintained
in exponential and asynchronous phase of growth by repeated trypsinization and reseeding prior to
reaching subconfluency. The cells were tested to confirm that they were free of Mycoplasma by
detecting the presence of mycoplasma in cell culture supernatants by PCR amplification using the
N-GARDE Mycoplasma PCR Reagent set (Euroclone).

To specifically inhibit NHEJ or HR pathways, A549 cells were incubated with NU7026 (DNA-
PKcs inhibitor, Sigma-Aldrich), RI-1 (RAD51 inhibitor, Sigma-Aldrich), or L67 (LIG Il and LIG |
inhibitor, Axon) diluted in DMSO at the final concentration of 5 uM for clonogenic assays and 10
uM for DSB repair assay. Incubation with inhibitors started 24 h before irradiation; after irradiation,
the medium was replaced with a fresh one containing the inhibitor, and the cells were incubated

thereafter.

2.2. Cell irradiation



Cells were seeded on Petri dishes (35x15 or 60x15 mm), with or without glass coverslips, kept on
ice before and after irradiation, and cultured at 37° C in fresh medium thereafter. Irradiation with y-
rays was performed at the Department of Oncological and Surgical Sciences of Padova University
with a 137Cs source (dose rate of 2.8 Gy/min) within the dose range 0-6 Gy. Except for irradiation,

the control cells were subjected to the same experimental conditions.

2.3. Cell transfection

Twenty-four hours prior to transfection, cells were plated in 3.5-cm culture dishes at 40%-60%
confluence. A549 cells were transfected with mirVana™ miRNA mimics (hsa-miR-96-5p, hsa-
miR-874-3p), Pre-miR miRNA Precursor (hsa-miR-19a-5p, hsa-miR-144-3p, hsa-miR-182-5p, hsa-
miR-218-5p, hsa-miR-342-3p) and Pre-miR™ Negative Control #1 (all from Ambion Austin, TX,
USA) by using Lipofectammne™ 2000 (Invitrogen Life Technologies, Carlsbad, CA, USA) for
luciferase assays, or Hiperfect Transfection Reagent (QIAGEN, Hilden, Germany) for miRNA
over-expression, according to manufacturer’s protocol. The sequence of miRNA mimics is reported
in supplementary Table S1. Mock-transfected cells underwent the transfection process without
addition of miRNA (ie., cells were treated with transfection reagent only). The medium was
replaced 4-6 h after transfection with new culture medium. Transfections were performed in

triplicate for each experiment and repeated 3—4 times.

2.4. Total RNA isolation

Total RNA was isolated from irradiated and non-irradiated cells by using Trizol® Reagent
(Invitrogen, Life Technologies, Carlsbad, CA, USA), according to the manufacturers protocol.
Total RNA quantification was performed using the ND-1000 spectrophotometer (Nanodrop,
Wilmington, DE, USA); RNA integrity and the content of miRNAs were assessed by capillary
electrophoresis using the Agilent Bioanalyzer 2100, with the RNA 6000 Nano and the small RNA
Nano chips, respectively (Agilent Technologies, Palo Alto, CA, USA). Only total RNA samples

with RNA Integrity Number (RIN) values > 6 were used for microarray analysis.

2.5. MiRNA profiling and data processing

MIRNA expression profiles were carried out in irradiated vs. non-irradiated A549 cells at 4 and 24
h after irradiation with 2 Gy by using the “SurePrint G3 Human miRNA 121 Array kit” (Agilent
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Technologies), that allows the detection of 2.549 human (miRBase database Release 21.0) and 76
human viral miRNAs. Four different samples of cells (irradiated and non-irradiated) have been
analyzed for each time point according to protocols previously described [26]. Briefly, total RNA
(200 ng) was labeled with pCp Cy3, according to the Agilent protocol and unincorporated dyes
were removed with MicroBioSpin6 columns (BioRad) [27]. Probes were hybridized at 55°C for 22
hours using the Agilent’s Hybridization Oven that is suited for bubble-mixing and microarray
hybridization processes. Then, the slides were washed by Agilent Gene expression wash buffer 1
and 2 and scanned using an Agilent microarray scanner (model G2565CA) at 100% and 5%
sensitivity  settings. Agilent Feature Extraction software wversion 10.5.1.1 was used for image
analysis. Inter-array normalization of expression levels was performed with cyclic Lowess for
mMIRNA experiments and with quantile for gene expression profiling [28] to correct possible
experimental distortions. Normalization function was applied to expression data of all experiments
and then values of spot replicates within arrays were averaged. Furthermore, Feature Extraction
Software provides spot quality measures in order to evaluate the goodness and the reliability of
hybridization. In particular flag “‘glsFound’ (set to 1 if the spot has an intensity value significantly
different from the local background, O otherwise) was used to filter out unreliable probes: flag equal
to O will be noted as ‘‘not available (NA)”’. So, in order to make more robust and unbiased
statistical analysis, probes with a high proportion of ‘““NA’ values were removed from the dataset.
We decided to use the 40% of NA as threshold in the filtering process obtaining a total of 270
available human mIRNAs. Principal component analysis, cluster analysis and profile similarity
searching were performed with tMev that is part of the TM4 Microarray Software Suite [29]. The
expression level of each miRNA and mRNA was calculated as the log 2 (irradiated/non-irradiated
cells). The raw data of microarray have been deposited on the Gene Expression Omnibus (GEO)

website (http//www.ncbi.nlm.nih.gov/geo/) using accession number GSE112376.

2.6. Quantitative real time-PCR (qQRT-PCR)

For mRNA detection 1 pg of total RNA was retrotranscribed with ImProm-11 Reverse Transcription
System (Promega, Madison, WI, USA) as previously described [26]. qRT-PCR reactions were
performed with the Go Taq qPCR Master Mix (Promega, Madison, WI, USA) and performed in
triplicates. Gene-specific primers for RAD51, BRCAL, BRCA2, PRKDC (DNA-PKcs), XRCC4,
XRCC5 (KU80), XRCC6 (KU70), LIG1, LIG4, DDB2, GADD45A, CDKN1A, ATM, TP53 and
GAPDH are available at supplementary Table S2. The data of mIRNA expression analysis were
validated by using the TagMan® MicroRNA Assay kit (Applied Biosystems, Foster City, CA), as
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previously reported [26]. In brief, each RT reaction contained 10 ng of total purified RNA, stem-
loop RT primer, RT buffer, 0.25 mM each of dNTPs, 50 U MultiScribe™ reverse transcriptase and
3.8 U Rnase inhibitor. The reactions were incubated in a Mastercycler EP gradient S (Eppendorf) in
0.2 ul PCR tubes for 30 min at 16°C, 30 min at 42°C, followed by 5 min at 85°C, and then held at
4°C. The resulting cDNA was quantitatively amplified in 40 cycles on an ABI 7500 Real-Time
PCR System, using TagMan Universal PCR Master Mix and Tagman MicroRNA Assays for hsa-
miR-210-3p, hsa-miR-19a-3p, hsa-miR-182-5p and for U48 small nuclear (RNU48) as endogenous
control. The relative expression levels of genes and mIRNAs were calculated using the comparative
delta Ct (threshold cycle number) method (2-99Ct) [30] implemented in the 7500 Real Time PCR
System software (Applied Biosystems® 7500 Real-Time PCR System, Life Technologies,
Carlsbad, CA, USA, 2007).

2.7. Construction of Recombinant Vectors and site-directed mutagenesis

The partial 3’UTR of genes RAD51, PRKDC, LIG1, was amplified by PCR from human cDNA and
cloned into the pmirGLO Dual-Luciferase miRNA Target Expression Vector (Promega, Madison,
WI), immediately downstream of the firely luciferase gene as previously described [26]. The
sequence of each insert was confirmed by sequencing. To predict base-pairing for mIRNA-mRNA
interaction, we used Targetscan algorithm [31,32], that predicts biological targets of miRNAs by
searching for the presence of conserved sites that match the seed region of each miRNA. The
3'UTR was mutagenized at the mIRNA recognition sites using the Quick Change Site-Directed
Mutagenesis kit (Stratagene, Agilent Technologies, Santa Clara, CA, USA) according to
manufacturer’s instructions. Primers used for the cloning of RADS51, BRCA2, PRKDC, XRCCS5,
LIG1, wild type and mutated are available at supplementary Table S3.

2.8. Dual-Luciferase Reporter Assay

A549 cells were plated in 24-well plates (14 x 10° cells/well) and 24 h later co-transfected with 50
ng of the pmirGLO dual-luciferase constructs, containing the 3'UTR of genes, and with 32 nM pre-
miR™ miRNA Precursor (mRNA mimics) or pre-miR™ miRNA Precursor Molecules-Negative
Control (Control mimic) (Ambion, Austin, TX, USA), using Lipofectamine™ 2000 (Invitrogen
Life Technologies, Carlsbad, CA, USA). Lysates were collected 24-48 h after transfection and
Firefty and Renilla Luciferase activities were consecutively measured by using Dual-Luciferase

Reporter Assay (Promega, Madison, WI, USA), according to manufacturer’s nstructions. Firefly
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luciferase signal was normalized against the internal control Renilla luciferase. Relative luciferase
activity was calculated by normalizing the ratio of Firefly/Renilla luciferase to that of negative

control-transfected cells (mock). Transfections were performed in triplicate and repeated 3—4 times.

2.9. Clonogenic Survival Assay

A549 were seeded in 3.5-cm culture dishes and allowed to attach overnight, then were subjected to
transfection with mRNA mimics 32nM and 24 h later irradiated with y-rays. After irradiation, cells
were harvested by trypsinization and counted by trypan blue dye exclusion. For the colony-forming
assay 300 viable cells were plated in 6-cm culture dishes in a mixture of conditioned medium and
fresh complete medium (1:1) and grown for 10-12 days. After verification of visible colony
formation cells were stained with 0.25% crystal violet in 100% methanol, and colonies of > 50 cells
were quantified. Cell survival was calculated as percentage of cloning efficiency (C.E.) of irradiated
miRNA-transfected cells over that of their respective non-irradiated mock control cells (i.e. cells
transfected with only lipofectamine). Cell survival was measured in cells transfected with pre-

miR™ Negative Control to ensure that biological effects was correctly nterpreted.

2.10. Cell cycle analysis

The cell cycle distribution of irradiated and non-irradiated control cells was assessed by flow
cytometry analysis of DNA content following staining with propidium iodide (Pl, Sigma-Aldrich),
as previously described [33]. The samples were analyzed using a BD FACSCanto™ II flow
cytometer (BD Biosciences); data from 10x102 cells/sample were collected for acquisition and cell
cycle distribution analysis using Cell Quest (version 3.0, BD Biosciences) and ModFit LT 3.0

software (BD Biosciences), respectively.

2.11. Cellular extracts and sub-cellular fractionation

Cellular extracts were prepared from irradiated and non-irradiated cells at 4 and 24 h after
irradiation. Whole-cell extracts from 1 x 106 cells were prepared in radio-immunoprecipitation
assay (RIPA) lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% NP-40, 1 mM NaF, 1 mM
EDTA, 1 mM Na3Vv0O4, 1 mM PMSF, 0.25% Na-deoxycholate, and 5 U/ml aprotinin). Cytosolic
and nuclear extraction of proteins was performed by using the CelLytic™ NuCLEAR™ Extraction

kit (Sigma-Aldrich), according to manufacturer’s indications. Briefly, cells were suspended in Lysis
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Buffer 1X, containing DTT and protease inhibitors, incubated on ice 15 min allowing cells to swell
and, to the swollen cells was add 10% IGEPAL CA-630 solution to a final concentration of 0.6%.
Cells were vortexed and centrifuged at 10.000g and cytosolic fraction was recovered. The nuclei
pellet was resuspended in Extraction Buffer, containing DTT and protease inhibitors, centrifuged at

21.000 g for 5 min and supernatant containing the nuclear fraction was collected.

2.12. Western blotting

Cell Iysates were quantified by Bradford assay at the spectrophotometer (Eppendorf
BioSpectrometer® basic) and then 20 pg of lysates were separated on Mini-PROTEAN® TGX™
Precast Gels (BIO-RAD) and transferred to nitrocellulose membranes (Hybond-C Exira;
Amersham, GE Healthcare). Membranes were probed with primary antibodies anti-RAD51 (Santa
Cruz Biotechnology, H-92: sc-8349, lot. G0811, 1:100), anti-kKU80 (Cell Signaling, #2753,
1:1000), anti-DNA Ligase | (Genetex International, 1:200), anti-DNA-PKcs (Abcam, clone Y393,
1:200), anti-o. tubulin (Santa Cruz Biotechnology, B-7: sc-5286, 1:10.000), anti-HDAC (Santa
Cruz: sc-7872, 1.1000) and then incubated with Amersham ECL horseradish peroxidase-conjugated
secondary antibodies (GE Healthcare, 1:40.000). Resulting immunoreactive bands were detected
using enhanced chemioluminescent HRP substrate (Millipore) and analyzed by ImageQuant LAS
4000 mini (GE Heathcare). The bands' intensities were quantified with ImageJ software and

normalized utilizing a-tubulin as endogenous reference protein.

2.13. DSB repair assay

To evaluate the induction and repair of DSBs we monitored the kinetics of y-H2AX. At different
times after irradiation (0.5, 2, 6, and 24 h) the non-irradiated and irradiated cells were fixed with a
4% solution of formaldehyde (Sigma-Aldrich) as previously described [34]. After permeabilization
in 0.2% Triton X-100-PBS and blocking in 10% goat serum-PBS, the cells were incubated for 2 h
at room temperature with anti-y-H2AX (Serl39) (Millipore Chemicon Upstate Clone JBW301,
1:100). The cells were then incubated at room temperature for 1 h with secondary antibodies Alexa
Fluor® 488 goat anti-mouse and Alexa Fluor® 594 donkey anti-rabbit (Life Technologies, 1:350)
and washed, as described elsewhere. Nuclei were stained with 2 pg/ml DAPI (4',6-diamidino-2-
phenylindole) in antifade solution (Vectashield, Vector Laboratories), and cover glass slips were
mounted. Images of foci were captured using a Leica TCS SP5 confocal microscope (Leica

Microsystems) with a 63X oil immersion objective. All the images were acquired under the same
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conditions of laser mtensityy, PMC voltage, pinhole aperture, and optical slice (0.5 pm) and
processed by Adobe Photoshop 8.0 software (Adobe). For each experimental point, foci were

scored by eye from at least 250 nuclei.

2.14. Statistical and bioinformatics analyses

The results are reported as the mean * standard error (S.E.) or standard deviation (S.D.). The
differences between groups were evaluated by two-tailed, unpaired Student’s t-test and differences
with a p-value < 0.05 were considered significant. The identification of differentially expressed
genes and mIRNAs was performed with Multi Experiment Viewer — version 4.9.1 one and two class
Significance Analysis of Microarray (SAM) program [35] with default settings. To predict the
target genes of differentially expressed miRNA targets we have performed a computational analysis
by using Targetscan v 6.2 (http//www.targetscan.org/) [31, 32]. For Gene Ontology (GO) and
KEGG analyses on differentially miRNAs we used DIANA-miRPath v3.0 [36] that extends the
Fisher’s Exact Test, EASE score and False Discovery Rate methodologies, with the use of unbiased

empirical distributions.

2.15. Ethical approval

All the studies were performed using commercially available cell lines and did not require any

specific approval.

3. Results

3.1. Innate radiosensitivity of NSCLC cells

We assessed the innate sensitivity to radiation of NSCLC A549 and NCI-H2347 cells by analyzing
their proliferation ability after irradiation with increasing doses of y-rays. Cloning forming ability
was assessed in exponentially growing cells after irradiation with 1, 2, 3 Gy and, for comparison, in
human glioma cells with a well-known radiation sensitivity: MO59K (DNA-PKcs proficient,
radioresistant) and MO059J) (DNA-PKcs deficient, radiosensitive) cell lines established from the
same tumor [37]. A549 and NCI-H2347 cells displayed high values of cell survival after irradiation,

being able to form colonies after all IR doses, even at 3 Gy, similarly to radioresistant MO59K cells
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(Figure 1 A). The effect of irradiation on cell proliferation ability was further examined by flow-
cytometry cell cycle analyses of exponentially growing cells irradiated with increasing doses of y-
rays (2, 4, 6 Gy) and harvested at 6 and 24 h after irradiation (Figure 1 B-D). Six hours after
irradiation A549 cells showed a G2-phase arrest (27% of G2-cells in 2 Gy cells vs. 11% of G2-cells
in 0 Gy cells) whereas NCI-H2347 cells and M059K cells accumulated mainly in S-phase. The
fraction of S-phase cells was approximately 10% greater in irradiated than in non-irradiated NCI-
H2347 and MO59K cells. Twenty-four hours after irradiation NCI-H2347 cells showed a dose-
dependent G2-phase arrest that was pronounced at the highest doses (36% at 4 Gy and 47% at 6 Gy
vs. 11% in O Gy cells). On the contrary, at 24 h after irradiation A549 cells did not show a dose-
dependent Gz-phase arrest and the proportion of Gi-phase cells increased to control levels, similarly
to radioresistant MO59K cells. No increase in the sub-Gi fraction was observed in irradiated A549
cells (Figure 1 E), in accordance with the small fraction of apoptotic cells assessed by DAPI
staining at 24 h after irradiation with 2 Gy (data not shown). A549 cells have confirmed a high
tolerance to radiation as recently reported [21], and have been studied in further functional

validation studies.
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Figure 1. Innate radiosensitivity of NSCLC cells. A) Cell survival assessed by colony forming
ability after irradiation with y-rays (1, 2, 3 Gy) in A549 and NCI-H2347 and, for comparison, in
glioblastoma (GB) MO059K (DNA-PKcs proficient) and M059J (DNA-PKcs deficient) cells. Cell
survival rate was calculated as the percentage of cloning efficiency of irradiated cells with respect
to that of non-irradiated control cells (0 Gy). Data refer to means £ S.D. of independent experiments
(6 < n < 10) carried out in quadruplicate. B-D) Cell cycle analysis by flow cytometry in non-
irradiated and irradiated cells recovered at 6 and 24 h after irradiation with 2, 4, 6 Gy. Data were
collected from 20.000 cells/sample using a BD FACSCanto™ 1II flow cytometer. E) Representative

plots of cell cycle analysis in non-irradiated and irradiated cells are shown.

3.2. Gene and miRNA expression analyses iny-irradiated NSCLC cells

Since our goal was to identify mMIRNA-mRNA interactions of DSB repair we analyzed the
expression level of genes representative for HR pathway (RAD51, BRCA1, BRCA2), and NHEJ]
pathway (PRKDC, XRCC6, XRCC5, XRCC4, LIG1, LIG4) at 4 and 24 h after irradiation with 2 Gy,
i.e. the dose delivered daily in conventional fractionated radiation therapy protocols. As shown in
Figure 2 the gene expression level was slightly affected in irradiated compared with non-irradiated
cells at both times after IR, except for XRCC6 (KU70) that was 2-fold induced at 4 h after IR.
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Figure 2. Expression analysis of DSB genes in y-irradiated NSCLC A549 cells. The relative
expression of each transcript has been determined by gRT-PCR at 4 and 24 h after irradiation with 2
Gy of y-rays. Values (mean £ S.D.) of at least three independent experiments, each performed in

triplicate, are expressed as fold-change of irradiated (2 Gy) vs. non-irradiated (0 Gy) control cells.

The dotted blue line represents the value “1” of control cells when no change is observed.

We then evaluated the extent of mIRNA response of NSCLC cells upon irradiation by performing
mIRNA expression profiling on total RNA extracted at 4 and 24 h after irradiation by comparing the
expression profile of irradiated (2 Gy) vs non-irradiated (0 Gy) cells. Analyses allowed to identify 7
and 45 miRNAs differentially expressed, respectively at 4 and 24 h after irradiation (Figure 2). On
the whole, the extent of expression change of differentially expressed miRNAs was small, being

approximately lower than ~1.8-fold in irradiated compared with non-irradiated control cells. Raw
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data and means of mIRNA expression values are available at supplementary Tables S4-S5, together
with microarray data validation by quantitative real-time polymerase chain reaction (QRT-PCR) of
hsa-miR-210-3p, hsa-miR-19a-3p and hsa-miR-182-5p (supplementary Figure S1).
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Figure 3. Differentially expressed miRNAs in y-irradiated versus non-irradiated NSCLC A549
cells. Heatmap with radio-responsive miRNAs at 4 and 24 h after irradiation with 2 Gy (A). The
range of expression value is from 0 (blu, down-regulation) to 10.0 (yellow, up-regulation). Grey
boxes correspond to not available fluorescent signal from the microarray platform. Four biological
replicates for each condition (irradiated and non-irradiated) have been analyzed. B) The expression

value of each mRNA is the mean = S.D. of expression values from four independent experiments
calculated as the log2 ratio (2 Gy/O Gy).

Subsequently, we investigated the biological significance in cellular pathways and molecular
functions of differentially expressed miRNAs through enrichment analysis on Gene Ontology (GO).

GO categories significantly enriched in cells harvested at 4 and 24 h after irradiation are reported in
15



Figure 3. Functional enrichment analysis identified components of different GO term belonging to
general biological process, as for example response to stress (GO:0006950), membrane and
extracellular  matrix  organization (GO:0061024; GO0O:0030198), cytoskeleton  organization
(GO:0007010), immune system process (GO:0002376). Biological categories of gene expression
(GO:0010467), DNA-Damage response ( GO:0006977), cell cycle (GO:0007049 ) and cell death
(GO:0008219), were significantly enriched at both times after irradiation but with higher extent at
24 than at 4 h after irradiation. KEGG pathway analysis reported that the p53 signaling pathway
was enriched at both 4 and 24 h after IR (supplementary Tables S6-S7), with respectively 20 and 60
genes (Figure 4 A). We validated the p53-related genes derived from the KEGG pathway analysis
by measuring the expression level of representative genes of such pathway: TP53 and ATM,
according to their central role in this pathway, DDB2, GADD45A, and CDKN1A (p21) known to be
radioresponsive genes [26, 38-42]. Figure 4 B shows that GADD45A and CDKN1A were ~3-fold
induced at 4 h after IR, whereas DDB2 and ATM were ~1.7-fold induced. At 24 h after IR the
expression level of all genes decreased to control levels except for CDKN1A that was 1.8-fold up-

regulated. The expression level of TP53 was, on the whole, unaffected by radiation.
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GO Term Annotation #genes at4h | #genes at 2dh
GO:0009058 biosynthetic process 513 1137
GO:0006464 cellular protein modification process 371 706
G0O:0000278 mitoticcell cycle 64 189
G0:0009056 catabolic process 261 588
GO:00198%9 enzyme binding 238 434
G0O:0022607 cellular component assembly 165 419
GO:0006950 response to stress 284 631
GO:0061024 membrane organization 90 219
G0:0030198 extracellular matrix organization 0 115
GO:0006605 protein targeting 36 87
GO:0005768 endosome 76 166
GO:0007010 cytoskeleton organization 79 158
G0:0006629 lipid metabolic process 20 260
GO:0070062 extracellular vesicular exosome 0 821
GO:0000209 protein polyubiguitination 70 44
GO:0002376 immune system process 0 404
GO:0045087 innate immune response 80 182
G0O:0006461 protein complex assembly 474 252
G0:0051403 stress-activated MAPK cascade 0 24
GO:0007165 signal transduction 499 0
GO:0016301 kinase activity 138 0
(G0:0006810 transport 0 829
GO:0010467 gene expression 114 269
GO:0006325 chromatin organization 0 66
G0:0044822 poly(A) RNA binding 233 484
GO:0006367 transcription initiation from RNA polymerase |l promoter 0 71
GO:0006397 mRNA processing 67 141
GO:0016071 mRNA metabolic process 0 92
G0:0031124 mRNA 3-end processing 0 15
GO:0006283 transcription-coupled nucleotide-excision repair 0 18
GO:0006415 translational termination 0 33
GO:0000083 regulation of transcription involved in G1/S transition of mitoticcell cycle 8 11
GO:0006977 DNA damage response 12 27
GO:0006297 nucleotide-excision repair 0 11
G0O:0006986 response to unfolded protein 15 26
G0O:0006259 DNA metabolic process 0 254
GO:0016874 ligase activity 0 145
GO:0008219 cell death 130 301
GO:0006915 apoptotic process 102 220
GO:0043066 negative regulation of apoptotic process 91 175
GO:0043065 positive regulation of apoptotic process 0 117
(G0:1800740 positive regulation of protein insertion into mitochondrial membrane involved i 8 20
GO:0097193 intrinsic apoptotic signaling pathway 15 35
G0O:0097190 apoptotic signaling pathway 20 44
G0:0001836 release of cytochrome cfrom mitochondria 0 16
GO:0006921 cellular component disassembly involved in execution phase of apoptosis 0 22
GO:0007049 cell cycle 0 259
GO:0007067 mitotic nuclear division 64 107
GO:0000082 G1/S transition of mitotic cell cycle 29 63
GO:0000086 G2/M transition of mitoticcell cycle 24 62
G0O:0007077 mitotic nudear envelope disassembly 9 21
G0:0031145 anaphase-promoting complex-dependent proteasomal ubiguitin-dependent pr 0 31
G0:0051439 regulation of ubiguitin-protein ligase activity involved in mitoticcell cycle 0 29
GO:0006271 DNA strand elongation involved in DNA replication 0 20

<106

P value £10°

<104

<102

<102

Figure 4. Gene Ontology (GO) analysis in y-irradiated NSCLC cells. Biological processes found
enriched from GO analysis are shown together with the number of putative target genes for each
functional category. The color represents the relative P value significance which is determined by

Fisher’s exact test. GO categories with P value < 0.01 were considered significant.
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Figure 5. P53 signaling pathway enrichment in y-irradiated NSCLC A549 cells. A) The Venn
diagram shows the p53-related genes derived from KEGG pathway analysis at 4 and 24 h after
irradiation (IR): twenty genes are common to both times after IR, whereas forty genes are enriched
at 24 h after IR. B) Validation by gRT-PCR analyses of TP53, ATM, DDB2, GADD45A, and
CDKN1A (p21) genes in 2Gy-irradiated A549 cells. Data are means = S.D. of independent
experiments carried out in cells recovered at 4 and 24 h after irradiation.

3.3. Functional validation of miIRNA-mMRNA interactions

We performed computational analyses by using the target prediction algorithm TargetScan 6.2 to
predict target genes of differentially expressed miRNAs. Our interest was to find out and validate
mMIRNA-mRNA interactions involved in DSB repair and to this purpose, we identified two
differentially expressed miRNAs targeting DSB repair genes: hsa-miR-19a-3p and hsa-miR-182-5p,
having as putative target genes BRCA2 and RAD5S1, respectively. We thus constructed luciferase
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vectors containing the 3°’UTR of BRCA2 and RAD51 genes to determine whether they were direct
targets of the two identified MIRNAs by in silico analysis. We next sought to identify other
MIRNA-mRNA interactions of DSB repair taking into account i) the gene crucial role in repair
pathway; i) the conserved regions of mIRNA during prediction analyses; iii) the differentially
expressed MIRNAs in NSCLC cells reported in literature. As possible IR-sensitizing target genes
we chose RAD51 and BRCA2 of HR pathway, and PRKDC, XRCC5, LIG1 of NHEJ. We
investigated the interaction of RAD51 with two candidate targeting mMIRNAs dysregulated in
NSCLC: hsa-miR-96-5p [43,44] and hsa-miR-144-3p [44]. We tested the interaction between
XRCC5 and hsa-miR-218-5p that is a potential biomarker for lung adenocarcinoma [44] and the
interaction between PRKDC and hsa-miR-874-3p, whose expression level is down-regulated in
NSCLC [45]. According to prediction analyses also LIG1 is a putative target gene of hsa-miR-874-
3p, thus we tested this interaction together with that between LIG1 and hsa-miR-342-3p, which is
differentially expressed in NSCLC [46, 47]. MIRNA-mRNA interactions of DSB repair tested in

functional studies are reported in Table 1.

Table 1. MIRNA-mRNA interactions of DSB repair analyzed for functional validation.

Gene DSB pathway Predicted miRNA

RAD51 Homologous Recombination (HR) hsa-miR-182-5p
hsa-miR-96-5p
hsa-miR-144-3p

BRCA2 Homologous Recombination (HR) hsa-miR-19a-3p

PRKDC (DNA-dependent protein Non-homologous end joining, hsa-miR-874-3p

kinase catalytic subunit, DNA- classical (c-NHEJ)

PKcs)

XRCC5 (X-ray repair cross- Non-homologous end joining, hsa-miR-218-5p

complementing protein 5, KU80) classical (c-NHEJ)

LIG1 (DNA ligase I) Non-homologous end joining, hsa-miR-874-3p

alternative (alt-NHEJ) hsa-miR-342-3p

We constructed luciferase vectors containing the 3’UTR of these genes for functional testing with
the luciferase reporter assay. A549 cells were co-transfected with synthetic mimics of interest, or
mIRNA negative control, and expression vectors containing the 3’UTR of the target gene, cloned
downstream of the luciferase gene. Figure 6 shows that hsa-miR-96-5p mimic reduced significantly
the luciferase activity from constructs containing the RADS51 3’UTR, in contrast to hsa-miR-144-3p
and hsa-miR-182-5p. Hsa-miR-874-3p, but not hsa-miR-342-3p, reduced significantly the luciferase
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activity from constructs containing the LIG1 3’UTR, and also the PRKDC 3’UTR. Hsa-miR-19a-3p
and hsa-miR-218-5p decreased significantly the luciferase activity from constructs containing the
BRCA2 and XRCC5 3’UTR respectively.
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Figure 6. Luciferase assay for functional mIRNA-mRNA interactions. The 3’UTRs of target
genes RAD51, BRCA2, PRKDC (DNA-PKcs), XRCC5 (KU80) and LIG1 were cloned into Dual-
Luciferase Reporter vectors for validation in vivo. Ab49 cells were co-transfected with the firefly
luciferase reporter plasmid and with mIRNA mimics or pre-miRNA precursor-Negative Control.
Luciferase activity was assayed 48 h after transfection. The data represent mean + S.D. from
independent experiments (3 < n > 5), normalized on Renilla Luciferase activity (***p < 0.001; **p
< 0.01; t-test).

Before performing further validation studies by site-directed mutagenesis on the identified
significant MIRNA-mRNA interactions, we tested the impact of hsa-miR-96-5p, hsa-miR-874-3p,
hsa-miR-19a-3p, and hsa-miR-218-5p on cloning forming ability of irradiated A549 cells. Hsa-
miR-96-5p and hsa-miR-874-3p decreased cell survival of irradiated cells, whereas hsa-miR-19a-3p
and hsa-miR-218-5p little affected cell survival after irradiation (supplementary Figure 2). Based on
these results, we performed experiments of site-directed mutagenesis to validate that hsa-miR-96-5p
actually targets 3’-UTR of RAD51 gene, and hsa-miR-874-3p targets 3’-UTR of PRKDC and LIG1
genes. The luciferase constructs, containing wild type and mutated 3'UTR of such genes, were

tested for miRNA interaction. As shown in Figure 7 the activity of the reporter construct containing
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wild type RAD51-3'UTR was significantly decreased by the treatment with hsa-miR-96-5p mimic,

whereas the construct with the mutated seed region of hsa-miR-96-5p was refractory to miRNA-

mediated repression. Similarly, the luciferase activity of the reporter construct containing mutated
LIG1-3'UTR and PRKDC-3’UTRs was refractory to hsa-miR-874-3p action.
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Figure 7. Site-directed mutagenesis. A549 cells were co-transfected with miRNA mimics or

miRNA-negative control and with the Firefly luciferase reporter plasmid containing wild-type or
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mutant 3’-UTR. Luciferase activity was assayed 48 h after transfection (**p<0.01, t-test). The
putative regions of 3’-UTR for miRNA binding and corresponding mutant miRNA binding sites are

shown in diagrams.

The ultimate validation of predicted mMIRNA targets is the biologic validation in vivo. To this
purpose, we measured the expression level of RAD51, DNA-PKcs and LIG1 transcripts in miRNA-
over-expressing A549 cells. As shown in Figure 8 A the expression level of target genes decreased
significantly in cells over-expressing miRNAs irradiated with 2 Gy and recovered immediately after
IR. We then investigated the effect of miRNAs on the expression levels of proteins RAD51, DNA-
PKcs, and DNA-Ligase 1, in cells irradiated with 2 Gy and recovered at 4 and 24 h after IR.
RAD51, DNA-PKcs, and DNA-Ligase 1 proteins were endogenously expressed in A549 cells,
without differences between 2Gy-irradiated and non-irradiated cells. Hsa-miR-96-5p mimic
decreased the expression level of RAD51 protein at 4 and 24 h after irradiation in whole lysates
(Figure 8 B). The decreased expression level of RAD51 in non-irradiated cells (0 Gy) at 24 h after
irradiation was related to the small proliferating fraction of cells deriving from confluent cells,
accordingly to the threshold expression level of RADS1 that reflects the proliferating status of cells
[48]. Over-expression of hsa-miR-874-3p mimic affected the level of DNA-PKcs at 24 h after IR in
whole cell lysates whereas no effect on DNA-Ligase 1 expression was detected (Figure 8 C-D). The
targeting effect of hsa-miR-96-5p on RADS51 protein expression was evident also in fractionated
lysates (both cytosolic and nuclear) at 4 h and 24 h after irradiation (Figure 8 E). . The targeting
effect of hsa-miR-874-3p mimic on DNA-PKcs was evident in nuclear extracts at both times after
IR, whereas DNA-Ligase 1 protein expression mildly decreased in nuclear extracts at 24 h after IR
(Figure 8 C).
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Figure 8. Biological validation of miIRNA-mRNA interactions. Analysis of mMRNA expression
level of RAD51, DNA-PKcs and LIG1 by gRT-PCR in cells transfected 48 h with miRNA mimics
irradiated with 2 Gy and recovered immediately after IR (A). The miRNA-treatment decreased
significantly the expression level of target genes (***p<0.01). B) Analysis of expression levels of
RAD51, DNA-PKcs and LIG1 proteins on whole cell lysates harvested at 4 and 24 h after
irradiation. The relative quantification of protein expression levels for each protein (mean + S.D. of
three independent experiments) is shown as fold-change over non-irradiated control cells. C)
Western blot analyses on cytosolic and nuclear extraction of proteins harvested at 4 and 24 h after

irradiation.

3.4. Effects of miRNA-based treatments on cell survival of irradiated NSCLC A549 cells

To explore the effects of mMRNA targeting genes of DSB on radiosensitivity of NSCLC A549 cells
we examined the impact of hsa-miR-96-5p and hsa-miR-874-3p overexpression on colony
formation ability of 2Gy-irradiated cells. The survival of cells exposed to radiation alone was 51%,
which decreased to ~30% when the radiation was combined respectively with the hsa-miR-96-5p
and hsa-miR-874-3p mimic (Figure 9 A, p<0.001). When the two miRNAs were used together and
combined with radiation no further lowering of survival was observed. The colony counts and
plating efficiency of replicate wells between plates were reproducible, generating around the same
number of colonies. To evaluate the contribution of HR and NHEJ pathways on cell survival after
IR parallel experiments were performed by incubating the cells with specific chemical inhibitors of
RAD51 (RI-1), DNA-PKcs (NU7026) and LIG1/LIG3 (L67). The data presented in Figure 9 B
show that clonogenic survival was significantly lower for cells treated with inhibitors combined
with radiation than cells exposed to radiation alone (RI-1-treated cells: 47.8%; NU7026-treated
cells: 41%; L67-treated cells: 49.3%; 2 Gy DMSO: 63.8%). The L67-mediated inhibition of alt-
NHEJ pathway was less efficient in reducing cell survival after irradiation, suggesting that this
pathway contributed to a lower extent than HR and c-NHEJ to the repair of radio-induced DSBs.
Indeed, the combination of RI-1, NU7026, and L67 did not further lower the surviving fraction
obtained by RI-1 and NU7026 combination (36%).
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Figure 9. Clonogenic survival of y-irradiated NSCLC A549 cells treated with miRNA mimics
or chemical inhibitors of HR and NHEJ. Before irradiation A549 cells were incubated with
miRNA mimics (A) or inhibitors displaying high selectivity for RAD51 (RI-1), DNA-PKcs
(NU7026) and LIG1/LIG3 (L67) (B). Cell survival rate was calculated as the percentage of cloning
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efficiency of irradiated cells with respect to that of non-irradiated cells. Data refer to means + S.E.
of independent experiments each carried out in quadruplicate (3 < n < 10; ***p< 0.001; **p< 0.01;
*p<0.05, t-test). Representative images of cell clones derived from mIRNA- or inhibitor-based
treatments are shown.

The radiosensitizing effect of hsa-miR-96-5p and hsa-miR-874-3p was also tested on NSCLC NCI-
H2347 cells (supplementary Figure 3). The results show that clonogenic survival decreased after
irradiation in cells transfected with hsa-miR-96-5p but the lowering was not significant compared
with mock controls.

3.5. Effects of miIRNA-based treatments on DSB repair of irradiated NSCLC A549 cells

We examined the innate DSB repair efficiency of A549 cells by monitoring the appearance and
disappearance of y-H2AX foci as marker of formation and rejoining of DSBs [49]. We quantified
the number of y-H2AX foci at different time points after irradiation (0.5, 2, 6 and 24 h) in cells
treated with miRNAs and irradiated with 2 Gy of y-rays. For comparison, we evaluated the extent of
HR and c-NHEJ pathways in the rejoining of IR-induced DSBs when each pathway was chemically
inhibited by RI-1 and NU7026 inhibitors, as these two inhibitors mostly affected cell survival
compared with L67 (Figure 9). Early after irradiation more than 90% of cells were y-H2AX foci
positive in all conditions, and then the fraction of foci positive cells slightly decreased later after
irradiation (Figure 10 A). Approximately 40% of non-irradiated cells displayed endogenous y-
H2AX foci. To better evaluate possible differences of DSB resolution among samples we
categorized the cells as having 0-4, 5-9, 10-15 and >15 foci/nucleus. At 0.5 h after irradiation, the
fraction of cells retaining >15 foci/nucleus was 2-fold higher in cells overexpressing hsa-miR-96-5p
and hsa-miR-874-3p compared with cells treated with radiation alone (~45% vs. 21%, Figure 10 B).
At later times the fraction of cells retaining >15 foci/nucleus decreased in hsa-miR-874-3p-treated
cells and DSB resolution was complete at 24 h after IR, in contrast to hsa-miR-96-5p-treated cells
that retained more foci at 2 and 6 h after irradiation than 2 Gy-mock cells (respectively 30% vs.
15% and 20% vs. 6%). The presence of RI-1 and NU7026 inhibitors increased respectively the
fraction of cells with > 15 foci/nucleus at 0.5 and 2 h after IR, whereas at 6 and 24 h after IR no
differences were detected compared with mock-irradiated cells. The fraction of cells with 5-15
foci/nucleus was about 50% at 0.5 h after irradiation, independently from the treatment, and then
decreased at later times for all samples except for NU7026-treated cells. In these cells at 24 h after

irradiation, the fraction of cells retaining 5-15 foci/nucleus was 2-fold higher than mock-irradiated
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cells. The percentage of cells with 0-4 foci/nucleus was low early after irradiation and then

increased at later times after irradiation, showing that repair has taken place within the 0.5-24 h time

interval (Figure 10 D).
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Figure 10. DSB repair efficiency in y-irradiated cells treated with HR and NHEJ inhibitors or
MIRNA mimics. Kinetics of the formation and rejoining of radio-induced DSBs was measured by
manual counting of y-H2AX foci at different time points after irradiation. Exponentially growing
NSCLC A549 cells were incubated for 48 h with inhibitors or miRNA mimics, irradiated with 2 Gy
and then harvested at 0.5, 2, 6, 24 h after irradiation; irradiated and non-irradiated control cells were
treated with lipofectamine or DMSO (2 Gy mock; 0 Gy mock). Cells were categorized as having 0-
4, 5-15, >15 foci per nucleus. Results are means (x S.D.) of three independent experiments; at least
250-300 cells/time point were scored for foci counting. E) Representative pictures of y-H2AX foci
(green) in nuclei (blue) at 0.5, 2, 6, 24 h after irradiation.

4. Discussion
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Radioresistance can occur through efficient repair of DSBs mediated by HR and NHEJ factors. In
this regard, the down-regulation of genes involved in such pathways has a potential for increasing
radiosensitivity of cells able to escape DNA damage due to a hyperactivity/efficiency of DSB
repair. Overexpression of RAD51 is more frequent in cancers than underexpression, as reported in
~30% of in vivo NSCLC tumors [50]. Overexpression of DNA-PKcs is found in various cancers,
including NSCLC, and closely associated with tumor cell growth, poor prognosis, and clinical
therapeutic outcome [51-53]. Higher levels of KU80 protein have been found in lung cancer tissue
when compared with normal tissue and associated with lower survival rates [54, 55]. Elevated
levels of DNA ligase | have been found in human breast, lung, and ovarian cancer cells versus
normal tissues [56] and in neuroblastoma cells [5].

In the current study, we analyzed the mIRNA-mediated regulation of DSB genes of HR and NHEJ
as a strategy to radiosensitize NSCLC TP53 wild type cells. A549 cells resulted more tolerant to
radiation than NCI-H2347 cells as did not show a dose-dependent G2-phase cell cycle arrest at 24 h
after irradiation, even at the highest doses, similarly to radioresistant glioblastoma cells (Figure 1 B-
E). Our results are in accordance with Wang et al., [21] that recently classified A549 cells among
the nine most radioresistant cells among 58 NSCLC cell lines analyzed for clonogenic survival
following irradiation with 2 Gy of y-rays. Moreover, the colony-formation assay demonstrated that
A549 cells are more radioresistant compared with other NSCLC cell lines after exposure to 2-8 Gy
doses of irradiation [57]. We thus selected A549 cells for further experiments of miRNA profiling
and functional validation studies.

Following genotoxic stress the MIRNA response occurs quickly and the most appropriate time
points to observe largest changes are dependent on the type of genotoxic stress and cells. We
selected two time points after irradiation, 4 and 24 h, frequently analyzed for radiation-induced
gene/miRNA expression changes in human cells [26, 41, 58, 59], although largest miRNA
responses have been detected in NSCLC cells also at 12 h after irradiation [60]. The results of
mIRNA expression profiling showed a weak radio responsiveness at both time points after
irradiation with 2 Gy, being the value of expression change of differentially expressed miRNAs +
1.8-fold in irradiated respect to non-irradiated cells (Figure 2). Four differentially expressed
MIRNAs (hsa-miR-193b-3p, hsa-miR-92a-3p, hsa-miR-21-3p, hsa-miR-6510-5p) were similarly
dysregulated in NSCLC Ab549 cells irradiated with 4-8 Gy of gamma rays [59, 61-62], and four
MIRNAs (hsa-miR-210-3p, hsa-miR-21-5p, hsa-miR-182-5p, and hsa-miR-126-3p) are reported to
be commonly altered in lung adenocarcinoma [43,44,63].

NSCLC A549 cells activated a p53-mediated transcriptional response in response to radiation, as
demonstrated by the p53-signalling enhancement, the induction of GADD45A, CDKNI1A and
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DDB2 transcripts (Figure 4) and the induction of p2l1 protein at 24 h after irradiation
(supplementary Figure 3), according to the TP53 wild type status of these cells. The overall
expression of DSB genes was slightly affected by radiation (Figure 5). The lack of radio
responsiveness of these genes is probably related to the high endogenous expression level of the
relative transcripts.

The DSB repair genes selected for functional validation in this study are representative of the two
essential pathways: HR (RAD51, BRCA2) and NHEJ (PRKDC, XRCCS5, LIG1). RAD51 and
BRCA2 are required for filament formation and strand invasion in HR of double strand breaks,
whereas the DNA-dependent protein kinase catalytic subunit (DNA-PKcs) together with KU70
(XRCC6) and KUBO (XRCC5) forms the critical DNA-PK complex essential for NHEJ. The ligase
activity of DNA Ligase 1 is required for the ligation of Okasaki fragments during lagging strand
DNA synthesis, for the ligation of a newly synthesized patch during base excision repair (BER),
and for the final steps of alt-NHEJ that do not rely on microhomologous sequences [8,9]. The
critical role of alt-NHEJ has been defined recently in neuroblastoma cells, where the gene silencing
of alt-NHEJ components suppresses proliferation, migration, and invasion capacities and the
inhibition of Ligl and Lig3 led to DSB accumulation and cell death [5, 64]. Here, the functional
validation studies with luciferase assays demonstrated that RADS51 is a target of hsa-miR-96-5p,
BRCA2 is a target of hsa-miR-19a-3p, XRCC5 s a target of hsa-miR-218-5p, and PRKDC and LIG1
are targets of hsa-miR-874-3p (Figure 6). When these mIRNAs were over-expressed in NSCLC
A549 cells showed a different radiosensitizing potential, therefore validation studies of site-directed
mutagenesis were performed on mIRNA-mRNA interactions where the miRNA affected clonogenic
survival of irradiated cells: hsa-miR-96-5p and hsa-miR-874-3p. As shown in Figure 7 RAD51,
PRKDC and LIG1 genes are real target of miRNA mimics, as the activity of constructs containing
wild type 3’UTR was significantly decreased compared with the mutated 3 UTR.

Hsa-mir-96 is member of the hsa-miR-183-family whose expression is up-regulated in several
human cancers comparing cancer with noncancerous tissues [65]. Hsa-miR-96 has been reported to
have both oncosuppressor and oncogene functions in different types of cancer, including lung, by
promoting or decreasing cell growth [43,66—74]. Several studies have reported tumor suppressive
roles of hsa-miR-874, through inhibition of cell cycle and enhanced apoptosis [75-78]. In NSCLC
it has been demonstrated that hsa-miR-874 inhibits invasion, migration and cancer stem cell
phenotype [45]. Nevertheless, the role of hsa-miR-96-5p and hsa-miR-874-3p in the radiosensitivity
of NSCLC has not been elucidated.

The results of in vivo biological validation of mMIRNA-mRNA interactions showed that expression

of RAD51 transcript was markedly reduced in cells over-expressing hsa-miR-96-5p, as well as that
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of PRKDC and LIG1 transcripts in cells over-expressing hsa-miR-874-3p (Figure 8 A). The
expression level of RAD51 protein decreased at both times after irradiation, as observed in whole
and fractioned cell lysates (Figure 8 B, E). The expression level of DNA-PKcs protein was affected
at 24 h after irradiation in whole cell lysates, and at 4 h after irradiation in the nuclear fraction
(Figure 8 D, E). The expression level of LIG1 protein was affected at 24 h after IR in the cytosolic
fraction (Figure 8 C, E). On the whole, hsa-miR-96-5p and hsa-miR-874-3p slightly reduced the
expression level of RAD51, DNA-PKcs and LIG1 proteins, as could be expected for miRNA
targeting constitutive highly expressed proteins [79]. Moreover, the final action of a miRNA on the
regulation of protein expression level can vary since endogenous MRNAs often contain many
binding sites to different miRNAs [80].

Our results show that over-expression of hsa-miR-96-5p and hsa-miR-874-3p had a great impact
on the survival of NSCLC Ab549 cells after irradiation, by increasing to 20 % their radiosensitivity,
similarly to chemical inhibitors of HR and NHEJ repair. The results of chemical inhibition of DSB
repair showed that NU7026-treated cells were the most sensitive to IR, indicating that c-NHEJ is
the prevailing type of repair to the DSBs radio-induced in A549 cells. The contribution of alt-NHEJ
was mild in A549 cells, since approximately 50% of L67-treated cells were still able to form
colonies after irradiation with 2 Gy (Figure 9). Moreover, when L67 was combined with RI-1 and
NU7026 inhibitors, the survival fraction after irradiation was similar to that of RI-1/NU7026-treated
cells (~37 %), without further lowering.

By comparing the results of y-H2AX foci kinetics we observed that DSB resolution was affected
in irradiated cells overexpressing hsa-miR-96-5p, starting from 0.5 h and up to 6 h after irradiation
(Figure 10). Cells overexpressing hsa-miR-874-3p showed a higher number of foci at 0.5 h after IR
than cells treated with radiation alone but did not show alteration in DSB kinetics within the 24 h
interval after IR. Our results suggest that hsa-miR-96-5p and hsa-miR-874-3p can affect DSB repair
of NSCLC A549 cells early after irradiation, since at 24 h after irradiation the percentage of v-
H2AX foci-presenting cells decreased to control levels in miRNA-treated cells. The percentage of
cells treated with RI-1 and NU7026 inhibitors displaying >15 foci/nucleus was higher at 0.5 and 2 h
after IR compared with mock-irradiated cells, whereas at 6 and 24 h after IR no differences were
detected. However, at 24 h after irradiation, the fraction of cells retaining 5-15 foci/nucleus was 2-
fold higher in NU7026-treated cells than in RI-1- and mock-irradiated cells, indicating the major
contribution of NHEJ in the repair of radio-induced DSBs.

Taken together, our results demonstrate the ability of hsa-miR-96-5p and hsa-miR-874-3p to
radiosensitize NSCLC A549 cells. These two miRNAs however did not affect significantly the
survival of irradiated NCI-H2347 cells (supplementary Figure 3), confirming that the mMIRNA-
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mediated stress response to ionizing radiation is cell type specific. MIRNA mimics have the
advantage to carry the same sequence as naturally occurring miRNAs and are, therefore, expected
to target the same set of mMRNAs that are also regulated by natural miRNAs. However, the miRNA-
mediated down-regulation of RAD51, DNA-PKcs and LIG1 alone is probably not enough to cause
the significant lowering of cell survival of irradiated cells. The final action of hsa-miR-96-5p and
hsa-miR-874-3p should consider other target genes in addition to those of DSB repair pathway here
validated. However, genes targeted by a single mIRNA are commonly related and function in a
comparable cellular process, thus the action of a single miRNA can result in a combinatorial effect

of gene expression changes in related target genes.

Conclusions

In the current study, we have demonstrated that the combination of mIRNA-mediated targeting of
RAD51, PRKDC, LIG1 genes and IR is effective to enhance cytotoxic effect of therapeutic doses of
y-radiation in NSCLC A549 cells, similarly to specific chemical inhibitors of HR and NHEJ.
Sincethe accurate prediction and biological validation of mIRNA-target interactions is important to
understand the functional role of mMIRNAs within a tissue-specific cell type, our study can
contribute to clarify the role of hsa-miR-96-5p and hsa-miR-874-3p in radioresistant non-small

lung adenocarcinoma cells.
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