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ARTICLE INFO ABSTRACT

Keywords: Aims: Lung cancer is one of the main causes of cancer-related deaths worldwide and radiotherapy is a major
Lung cancer treatment of choice. However, radioresistance is a main reason for radiotherapy failure or tumor relapse. Here,
Radiation we investigated possible mechanisms associated with cancer cell radioresistance.

DNA-repair Materials and methods: We compared two newly derived cell lines, namely A549-IR3 and A549-IR6, which
:;I:S“:es;ce survived repeated (3 or 6 times) 4 Gy exposure of parental A549 lung cancer cell line. DNA repair ability,

stemness and senescence were comparatively studied.

Key findings: A549-IR3 exhibited higher proliferation ability and radioresistance compared to parental and
A549-1R6 cells. Enhanced radioresistance was not accompanied by chemoresistance to cisplatin or docetaxel.
DNA repair kinetics (YH2AX expression) were similar in all cell lines. A549-IR3 cells exhibited a significant rise
in stem cell markers (CD44, CD133, OCT4, SOX2 and NANOG) whereas A549-IR6 displayed an increased se-
nescent population.

Significance: Cancer cells surviving after radiotherapy may follow two different escape pathways: selection for
radioresistance resulting in regrowth, and in clinical terms relapse, or above an irradiation threshold, stem-cells
die and cancer cells become senescent, leading the tumor to a state of dormancy.

Changes in terms of senescence and cancer stem cell population be-
tween parental and surviving, after irradiation, cancer cells was also
examined.

1. Introduction

Lung cancer is one of the most common fatal malignancies world-
wide, accounting for over 1.5 million deaths annually [1]. Non-Small
Cell Lung Carcinoma (NSCLC) accounts for 85% of lung cancer cases
[2]. Radiotherapy is the treatment of choice for locally advanced in-

2. Materials and methods

operable disease [3]. Unfortunately, inherent or acquired radio-re-
sistance counteracts the efficacy radiation therapy, demanding radio-
therapy doses impossible to tolerate by neighbouring to cancer normal
tissues. The mechanisms defining radio-resistance are complex and in-
clude intrinsic pathways like DNA repair capacity [4], metabolic and
autophagic activity [5,6] or even microenvironmental factors like hy-
poxia and immune response [7]. Selection of resistant cancer cell clones
during radiotherapy occurs and these become the source of a sub-
sequent tumor relapse [8].

In the current study, we developed two NSCLC cell lines, originating
from the A549 cell line. The newly developed cell lines, surviving post
multiple radiation, were compared with the parental A549, in terms of
relative viability, radioresistance, chemoresistance and repair capacity.

2.1. Cells lines, culture conditions

A549 non-small cell lung cancer cells [9,10] were purchased from
ATCC (ATCC® CCL-185™) and all experiments were performed within
12 months. Details on the cell line can be found at https://www.atcc.
org/Products/All/CCL-185.aspx?slp = 1 #generalinformation.

All cells lines were maintained in Dulbecco's modified Eagle's
medium (DMEM) supplemented with 10% FBS, 2mM Lr-glutamine,
100 U/ml penicillin and 100 pg/ml streptomycin (Invitrogen), at 37 °C
with 5% CO, in a humidified incubator. Cell number was determined in
duplicates using a haemocytometer.
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2.2. Development of radioresistant A549 cell lines

Irradiation was performed using a Cobalt-60 Gamma-Ray irradiator
(Theratron). A549 lung cancer cell line was subjected to multiple ir-
radiation doses. Firstly, A549 cells were seeded in a 75 cm? flask and
when they reached ~70% confluence they were irradiated with 4 Gy.
Cells were allowed to recover and growth medium was regularly
changed every 2 days. Approximately 3 weeks after initial irradiation,
and when cells reached a satisfying growth rate (such as parental A549
cells) they were again irradiated with 4 Gy IR. Same procedure was
repeated in total 3 times and 6 times to establish the A549-IR3 and the
A549-IR6 cell line, respectively.

2.3. Viability/cytotoxicity assays

The viability of A549, A549-IR3 and A549-IR6 was evaluated using
the AlamarBlue® Cell Viability Reagent (DAL1100, Invitrogen), as
previously described [11]. Radiation dose-response curves were created
after exposure of cells to 2, 4, 6 and 8 Gy of radiation and assessing
viability on day 8, when the nadir of call counts is noted [11]. Drug
treatment included 10uM cisplatin or 2nM docetaxel for 24h and
measurement of cell viability 2, 4 and 6 days afterwards. Viability/cy-
totoxicity experiments were performed in 6-plicates and the mean value
was plotted in the figures.

2.4. Assessment of YH2AX kinetics

To follow the repair capacity of each cell line, we examined the
levels of YH2AX, a phosphorylated form of histone variant H2AX, which
serves as a marker for double-strand breaks (DSBs) [12]. YH2AX ex-
pression of nuclear foci was assessed 30 min, 4 h, and 24 h after irra-
diation with 4 Gy.

Immunofluorescence experiments were performed as previously
described [13]. Briefly, paternal A549, A549-IR3, and A549-IR6 cells
were grown on coverslips until 50-60% confluence, subjected to the
described treatments and fixed in 4% paraformaldehyde. Fixed samples
were incubated with anti-yH2AX primary antibody (05-636, Merck,
1:1000) at 4°C O/N followed by incubation with CF-568 goat anti-
mouse IgG (H + L) secondary antibody (1:500, Biotium Cat20100,
Lot16C1118) at room temperature, and DNA was counterstained with
Hoechst 33342 (1 pg/ml; Sigma-Aldrich). After final washes, coverslips
were embedded in a homemade Mowiol 4-88 (cat#81381-250G, Sigma
Aldrich, Germany) mounting medium. Imaging was performed on a
customized Andor Revolution Spinning Disk Confocal System built
around a stand (IX81; Olympus) with a 40 X lens and a digital camera
(Andor Ixon+885) (CIBIT Facility, MBG-DUTH). The Andor IQ3 soft-
ware was used for image acquisition. All confocal microscopy images
presented are two-dimensional (2D) maximum intensity projections of
z-stack images (ImageJ 1.47v National Institute of Health, USA).

To assess YH2AX kinetics, 8-10 pictures per condition were taken.
For each condition, at least 100 cell nuclei were counted in 8-10 ran-
domly chosen fields. Cell nuclei areas were marked and mean fluores-
cence intensity corresponding to yH2AX foci at the red channel/per
nucleus area was calculated, using ImageJ. For the analysis, mean
fluorescence value for the total number of cell nuclei examined was
calculated.

2.5. Real time-PCR

Real time PCR (RT-PCR) experiments were performed as previously
described [14]. Briefly, total RNA was extracted using the Nucleospin
RNA Plus kit (740984.50; Macherey-Nagel, Diiren, Germany). A reac-
tion mixture suitable for reverse transcription (total volume of 10 pl),
containing 500 ng of RNA was prepared for cDNA synthesis with the
PrimerScript RT Reagent Kit (RR037A; TaKaRa, Japan). Expression le-
vels of each gene were measured using real-time quantitative PCR (RT-
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gPCR) and KAPA SYBR FAST gPCR kit (KK4611; KAPA Biosystems,
South Africa). The following primer sets with primer sequence 5 — 3’
for Forward (L)/Reverse (R) respectively, were designed using the
Roche Primer design tool:

CD44: CAACAACACAAATGGCTGGT(L)/CTGAGGTGTCTGTCTCTT
TCATCT(R),

CD133: GGAAACTAAGAAGTATGGGAGAACA(L)/CGATGCCACTTT
CTCACTGAT(R),

CD24: ATGGGCAGAGCAATGGTG(L)/CCAGTTGTTGTTTCACTGG
AAT(R),

ALDH1A1: CCAAAGACATTGATAAAGCCATAA(L)/CACGCCATAGC
AATTCACC(R),

C-MYC: GCTGCTTAGACGCTGGATTT(L)/TAACGTTGAGGGGCA
TCG(R),

NANOG: TCTCCAACATCCTGAACCTCA(L)/TTGCTATTCTTCGGCC
AGTT(R),

OCT4: TGAGTAGTCCCTTCGCAAGC(L)/GAGAAGGCGAAATCCG
AAG(R),

SOX2: TTGCTGCCTCTTTAAGACTAGGA(L)/TAAGCCTGGGGCTCA
AACT(R),

HPRT1: TGACCTTGATTTATTTTGCATACC(L)/CGAGCAAGACGTT
CAGTCCT(R).

2.6. Western blotting

For immunoblotting, whole-cell lysates from A549, A549 IR3 and
A549 IR6 were used, as previously described in [15]. Lysates were
prepared after incubation of cells in ice-cold Lysis Buffer (0.25M Su-
crose, 10mM Tris pH7.4) with complete mini protease inhibitor
cocktail (Roche Diagnostics, GmbH) and phosphatase inhibitor cocktail
(Cell Signalling Technology Inc.) for 30min, followed by manual
scraping and homogenization using a blue pellet pestle. Protein con-
centrations were determined using the BCA protein assay kit
(cat#23225, Pierce, USA) with bovine serum albumin as standard.
Samples (20 pg) were analyzed by 10% SDS-PAGE according to stan-
dard procedures and transferred onto PVDF membranes. Membranes
were probed with primary antibodies against cd44 (ab6124, Abcam)
ALDH1A1 (ab52492, Abcam), Oct4 (ab19857, Abcam), cd24 (CM323,
Biocare Medical, CA) and c¢d133 (ab16518, Abcam). Anti-rabbit sec-
ondary antibody conjugated with horseradish peroxidase (1:2000;
BIORAD) was used and enhanced chemiluminescence was detected
using ECL Western blotting substrates (Thermo Fisher Scientific Inc., IL,
USA). Equal protein loading was verified by re-probing each membrane
with mouse antibody against beta-actin (Nb 600-501; Novus Biologi-
cals).

The blot images were captured utilising a Chemidoc® MP imaging
system (Biorad) and band densitometry was analyzed with the accom-
panying Image Lab software.

2.7. Senescence-associated-f-galactosidase staining

Staining for senescence-associated-fB-galactosidase (SA-B-gal) ac-
tivity was performed as previously described [16]. Briefly, 2 X 10° of
untreated A549, A549-IR3 and A549-IR6 cells were seeded on 6-well
plates and 24 h later samples were washed with PBS, fixed in 0.2%
glutaraldehyde and 2% formaldehyde for 5min, washed again with
PBS, and finally incubated at 37 °C for 24 h in the absence of CO,, with
staining solution (150 mM NaCl, 2mM MgCl,, 5mM K;3[Fe(CN)¢l,
5mM K4[Fe(CN)e¢], 40 mM citric acid, and 12 mM sodium phosphate,
pH6.0, containing 1mg/ml of 5-bromo-4-chloro-3-indolyl-f3-d-ga-
lactoside (X-gal). Cells showing SA-f3-gal staining and the total number
of cells were counted in 10 randomly chosen fields per condition.
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Fig. 1. Survival curves of parental and surviving after irradiation A549 lung
cancer cell lines. a) The cell growth rate of untreated A549, A549-IR3, and
A549-IR6 during a 6-day time course. b) Cells were acutely irradiated with 2, 4,
6, 8 Gy IR (Day 0), and their viability was measured in the 8th day post-irra-
diation. Survival of untreated cells is considered as 100%. Experiments were
repeated three times, and the graph represents mean survival rates. In both (a)
and (b) error bars represent Standard Deviation. Paired and unpaired two-tailed
t-tests among the 3 different cell lines was performed and relative statistical
significance is shown (p < 0.05, p < 0.005, NS: non significant).

2.8. Statistical analyses

Statistical analyses and graphical presentation were performed
using GraphPad Prism Version 5.0la statistical package (GraphPad
Software Inc., USA). Paired and unpaired two-tailed t-tests were used
for comparisons as appropriate. A p-value of < 0.05 was used for de-
termining statistical significance.

3. Results
3.1. Cancer cell proliferation

The proliferation of cancer cells, as measured by the AlamarBlue
assay, showed that A549-IR3 cell lines had a significantly higher pro-
liferation rate compared to A549 parental cell line (p < 0.05), while
the A549-IR6 had a significantly lower growth ability compared to both
A549 and A549-IR3 (p < 0.05; Fig. 1a).

3.2. Post-irradiation viability

All three cell lines were tested for their relative ability to respond to
ionizing radiation (IR). The RD50 (radiation dose required to induce a
50% reduction of cell viability) was 3.8 Gy for A549, 4.8 Gy for A549-
IR3 and 3.9 Gy for A549-IR6 (Fig. 1b). The A549-IR3 had a significantly
higher post-irradiation viability compared to A549 and A549-IR6
(p < 0.05).
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Fig. 2. Survival of parental A549, A549-IR3 and A549-IR6 lung cancer cell
lines, post treatment with chemotherapeutic drugs. a) Parental A549, A549-IR3
and A549-IR6 cells were grown without or with cisplatin (10 uM for 24 h) or
docetaxel (2 nM for 24 h) and their relative growth rate changes were measured
6 days post-irradiation. The experiment was repeated three times, and graphs
represent mean survival rates and Standard Deviation (*p < 0.05,
**p < 0.01). b) Relative viability ratio of cells treated with chemotherapy vs
untreated cells (p = NS).

3.3. Post-chemotherapy viability

Next, we investigated whether A549 cells surviving after multiple
irradiations have different sensitivity to chemotherapeutic drugs. Cells
were treated with either cisplatin 10 uM or docetaxel 2 nM for 24 h, and
cell viability was monitored 2, 4 and 6 days later. A549-IR3 cells sus-
tained its higher proliferation rate compared to A549 and A549-IR6,
under exposure to drugs (Fig. 2a). Similarly, A549-IR6 cell line main-
tained a lower proliferation activity under exposure to cisplatin or
docetaxel (Fig. 2a). Analyzing the ratio of viability, chemosensitivity
was not different among the A549 parental and surviving after irra-
diation IR3 and IR6 cell lines (Fig. 2b).

3.4. yH2Ax assessed DNA double-strand break repair kinetics

Parental A549, and A549-IR3 and A549-IR6 cell lines were irra-
diated with 4 Gy, and their ability to repair DNA damage was de-
termined by yYH2AX. Immunofluorescent confocal analysis showed that
in all cases, cells retain their ability to respond to genotoxic stress since
yYH2AX foci increase in the nuclei as early as 30 min post IR (Fig. 3A).
The number of the yH2AX foci induced by radiation was not sig-
nificantly different among cell lines. The kinetics of yYH2AX foci was
assessed at 4h and 24 h post-irradiation, showing a similar rate of re-
gression in all three cell lines (Fig. 3B).

3.5. Stem cell marker analysis

Next, we sought to investigate the cancer stem cell population in the
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Fig. 3. yYH2AX post-irradiation kinetics in three NSCLC lung cancer cell lines. A) Representative images of yYH2AX stained A549, A549-IR3 and A549-IR6 cells at the
indicated time-points, following 4 Gy irradiation. Inset pictures show a magnified image of the highlighted cell. Hoechst 33342 was used as the nuclear marker. Scale
bar denotes 10 nm. B) Quantification of the mean fluorescence intensity of YH2AX per nucleus after irradiation at the indicated time points from three independent

experiments. Data show mean = SD.

three cell lines. Thus, mRNA levels of various stem cell markers were
measured in A549, A549-IR3, and A549-IR6 cells. RT-PCR analysis
demonstrated that mRNA levels of CD44 were strongly induced in
A549-IR3 cells (2744 15.9 fold, compared to A549), while they re-
turned to almost basal levels in A549-IR6 (1.7 fold compared to A549;
p < 0.001). In contrast, CD24 mRNA levels remained unaltered in IR3
and IR6 cell lines (p = NS). CD133, OCT4, SOX2, and NANOG mRNA
levels were also strongly induced in A549-IR3 cells (p < 0.001).
CD133 and ALDH1A1 were significantly increased in the A549-IR6 cell
line (p < 0.001 and p < 0.05, respectively) (Fig. 4A). Additionally,
protein expression analysis of stem cell markers in all three cell lines
tested, fortified the aforementioned findings (Fig. 4B).

3.6. Senescence analysis

We then tested senescence-associated beta-galactosidase (sen-beta-
gal) activity, a known biochemical marker of cellular senescence [16],
in A549, A549-IR3, and A549-IR6 cells. Non-irradiated cells from all
three cell lines were fixed and stained for sen-beta-gal, and the per-
centage of cells stained blue was calculated in the total number of cells
counted. In parental A549 cells, the percentage of positive [3-galacto-
sidase-stained senescent cells was 1.2% *+ 0.8%. A small, still sig-
nificant increase in this percentage was noted in A549-IR3 cells
(6.4% = 2%,p < 0.05). A robust significant increase was observed in

the A549-IR6 cell line (14.4% = 3.8%, p < 0.001) (Fig. 4C-D).

4. Discussion

Radiotherapy is a leading treatment for locally advanced NSCLC.
Investigating the changes in the biology of cells that persist after irra-
diation is essential to understand the nature of clinical radioresistance,
and may help to identify interventions that would improve the efficacy
of radiotherapy. With the current work, we aimed to clarify possible
factors that may be activated in cells surviving after irradiation and
may account for clinical radioresistance and local tumor relapse. To this
end, two new NSCLC cell lines, namely A549-IR3 and A549-IR6 were
developed, from cells surviving after 3 and six irradiations with 4 Gy
(3 weeks apart) of parental A549 cells, respectively.

First, we demonstrated that A549-IR3 cells, exposed to mild levels
of radiation (3 fractions of 4 Gy, 3-weeks apart) exhibit an intensified
proliferation ability and increased viability following escalated doses of
radiotherapy. This is important, as mild radiotherapy doses seem to
allow the development of cancer cell clones with increased resistance to
radiation. On the contrary, heavily irradiated surviving A549-IR6 cells
(6 fractions of 4 Gy, three weeks apart) had a growth activity similar to
the parental cells and were more vulnerable to escalated doses of
radiotherapy. Thus, heavily irradiated tumors become repopulated by
cancer cells suffering a high burden of radiation-induced damage, so
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that cumulative lethal radiation damage occurs after further irradia-
tion. This finding could have a clinical significance, as after radical high
dose radiotherapy of lung cancer, remnant cancer cells may be more
sensitive to additional radiation. Mild escalation of the radiotherapy
dose may, thus, be crucial to achieving complete tumor eradication.
Indeed, clinical trials support the escalation of the dose of radiotherapy,
although fatal pneumonitis is a limiting toxicity [17,18].

Another way to extrapolate the above findings in the clinical prac-
tice is to add DNA-repair inhibitors during radiotherapy [19]. This is a
well-documented hypothesis by randomized clinical trials showing
improved radiotherapy efficacy by combing radiation with cisplatin, a
DNA intercalation agent [20,21]. It was anticipated that cancer cells
surviving after radiotherapy would become gradually more vulnerable
to radiation and chemotherapy, by reducing their capacity to repair
DNA damage. In contrast, however, to what expected, the induction of
DNA-DSBs (DNA double-strand breaks) and their repair kinetics were
identical in parental, mildly irradiated and heavily irradiated surviving
cancer cells. As parental and irradiated cells remain DNA-repair effi-
cient, DNA damage seems not the main, or at least the only, pathway to
target to eradicate remnant irradiated lung cancer cells. Of interest, all
three cell lines were equally sensitive to cisplatin and docetaxel, sug-
gesting that radiotherapy does not sensitize cancer cells to further
chemotherapy. Thus, as DNA-repair independent biological pathways
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B. Fig. 4. Expression of stem cell and senescent markers
in A549-1R3, A549-IR6 cells, and their parental A549
cell line. A) Relative quantitative analysis of mRNA
levels of CD44, CD24, CD133, Oct4, Sox2, NANOG,
ALDH1A1 and c-Myc mRNA levels in three NSCLC
cell lines. Statistical significance is denoted with as-
terisks, *p < 0.05, ***p < 0.001. B) Immunoblot
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may account for the survival of cancer cells after mild or heavy irra-
diation, post-radiotherapy chemotherapy with conventional drugs
seems not to be a therapeutic means to specifically target such cells.

Mild irradiation of parental lung cancer produced an aggressive cell
line, with high proliferation ability and more resistant to further irra-
diation, which although had similar DNA repair abilities with the par-
ental cell line, was composed by a cell population expressing various
cancer stem-cell markers, like CD44, CD133, OCT4, SOX, NANOG and
stable levels of CD24. This finding is in full accordance with a previous
study by Gomez-Casal et al. [22]. CD44+ /CD24 — cells are considered
markers of stem cells in a variety of solid tumors [23-25]. Expression of
CD44 and Oct4 were significantly associated with the MIB-1 pro-
liferation index and with poor prognosis of patients with head-neck
squamous cancer undergoing radiotherapy [26]. Several in vitro studies
have shown that CD44 overexpression defines radioresistance of var-
ious types of cancer cells [27-29]. Numerous experimental studies also
support the involvement of other stem-cell markers like Oct4, Sox2 or
NANOG in resistance to radiation [30,31]. It seems, therefore, that
repopulation of tumors by radioresistant stem-cells after mild levels of
irradiation is a principal pathway defining tumor persistence and re-
growth.

Therapeutic approaches that target such cancer stem-cells may be
essential for tumor eradication. Humanized monoclonal anti-CD44
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level.

antibodies and pharmacological inhibitors of CD44 have been devel-
oped and tested in phase I/II trials [32]. SOX2, for instance, has been
used as a target for cancer immunotherapy, as peptides from its protein
stimulate anti-cancer immune response [33]. Several compounds have
also shown a specific activity on SOX2-expressing cancer cells [34,35].
CD133 is also under intense investigation as a target for therapy [36].
Targeting cancer stem-cells would, therefore, be necessary for in-
creasing the eradication of tumors, with even lower doses of radio-
therapy, which would, in turn, decrease side-effects from ultra-high
radiotherapy doses required in radio-resistant tumors.

Another interesting finding was that lung cancer cells surviving
after high doses of radiotherapy are no longer highly populated by
cancer stem-cells as noted after mild radiotherapy doses. Such cells,
however, overexpressed ALDHA1. This marker is quite contradictory as,
although it is considered a stem-cell marker, low levels of ALDHA1 may
also characterize cancer cells with stem-cell activity [37]. What, how-
ever, was impressively increased in heavily irradiated surviving cancer
cells, was the percentage of cancer cells that had entered senescence.
The induction of cellular senescence by ionizing radiation is supported
by numerous studies. Sub-cytotoxic doses of radiation have been shown
to induce replicative senescence that often involves telomere instability
[38]. Activation of the ATM-p52-p21 pathway by radiation-induced
DNA double strand breaks is an important step for Gl-phase arrest.
Irreparable DNA damage leads cells to trigger premature senescence
pathways by activating pl6 expression [39]. In the current study, we
confirm the induction of senescence in a high percentage of heavily
irradiated A549 cancer cells (A549-IR6), which are also characterized
by reduced proliferation rate and lack of expression of stem cell mar-
kers. This state simulates radiation induce dormancy often met in the
clinical practice, where after obtaining tumor shrinkage a remnant mass
persists for long periods before it starts again to progress [40]. An in-
teresting recent study suggests that cancer cells that entered senescence
after chemotherapy may be released from senescence and re-enter the
cell cycle with higher Wnt-dependent clonogenic growth compared to
cancer cells that had never been exposed to chemotherapy [41]. It
seems, therefore, that to increase the efficacy of the maximum tolerable
dose of radiotherapy, especially in cases with clinically documented
tumor dormancy, senescent cells may be an essential target [42].

5. Conclusions

According to irradiation ‘heaviness’, cancer cells surviving post IR
may follow two main types of survival response. Tolerable irradiation
doses may “select” for radioresistant cancer stem-cells. Despite the
tumor shrinkage induced by the radiotherapy-mediated depopulation,
such cells will start to re-grow leading to local relapse. This is the
‘stemness sustained escape pathway.’ Prevalence of this pathway, how-
ever, is allowed up to a certain radiation dose level, as above this stem-
cells are gradually depleted due to over-irradiation. At these near-era-
dication radiation dose levels, cancer cells may follow the senescence/
quiescence pathway, leading the tumor to a state of dormancy, which
can be established at a subclinical (complete radiological response) or
clinical (evident remnant tumor mass) level. Such cells may re-program
their biology months or years after irradiation, by re-activating stem-
ness, and producing tumors with enhanced growth and metastatic
ability. This is the ‘senescence sustained escape pathway’ (Fig. 5).
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