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Exposure to ionizing radiation greatly increases the risk of
developing papillary thyroid carcinoma (PTC), especially
during childhood, mainly due to gradual inactivation of DNA
repair genes and DNA damages. Recent molecular character-
ization of PTC revealed DNA methylation deregulation of
several promoters of DNA repair genes. Thus, epigenetic
silencing might be a plausible mechanism for the activity loss
of tumor suppressor genes in radiation-induced thyroid
tumors. Herein, we investigated the impact of ionizing
radiation on global methylation and CpG islands within
promoter regions of homologous recombination (HR) and non-
homologous end joining (NHEJ) genes, as well as its effects on
gene expression, using two well-established normal differenti-
ated thyroid cell lines (FRTL5 and PCCL3). Our data reveal
that X-ray exposure promoted G2/M arrest in normal thyroid
cell lines. The FRTL5 cells displayed a slower kinetics of
double-strand breaks (DSB) repair and a lower long inter-
spersed nuclear element-1 (LINE-1) methylation than the
PCCL3 cells. Nevertheless, acute X-ray exposure does not alter
the expression of genes involved in HR and NHEJ pathways,
apart from the downregulation of Brca1 in thyroid cells. On
the other hand, HR and NHEJ gene expressions were
upregulated in radiation-induced senescent thyroid cells.
Taken together, these data suggest that FRTL5 cells intrinsi-
cally have less efficient DNA DSB repair machinery than
PCCL3 cells, as well as genomic instability, which could
predispose the FRTL5 cells to unrepaired DSB lesions and,
therefore, gene mutations. � 2017 by Radiation Research Society

INTRODUCTION

Thyroid carcinoma is the most frequently diagnosed
malignancy of the endocrine system (1), and papillary
thyroid carcinoma (PTC) accounts for approximately 80–
85% of the cases (2). Exposure to ionizing radiation
increases the risk of developing PTC, especially during
childhood (3). Carcinogenic effects of radiation could be
attributed to base damages, single-strand breaks and, above
all, double-strand breaks (DSB), involved on RET/PTC
rearrangement formation (4).

In response to DSB, a coordinated activation of sensors
(c-H2AX and 53BP-1), signal transducers and effectors,
mostly homologous repair (HR) and non-homologous end
joining (NHEJ) partners, is triggered (5). Defects in this
machinery predispose to genomic instability and cancer (6).

Cancer arises from genetic and epigenetic alterations (7).
Of these, CpG methylation is one of the most common
mechanisms of gene expression regulation at the transcrip-
tional level, usually associated with inactive chromatin
when in the promoter region. Genomes from cancer cells
simultaneously exhibit global hypomethylation and hyper-
methylation in promoters of specific tumor suppressor
genes. These events frequently occur during the early stages
of tumorigenesis (7, 8). The same phenomena have also
been observed after radiation exposure (9, 10). Radiation
could indirectly promote global hypomethylation and,
therefore, genomic instability, a common feature observed
in a variety of tumors, including PTC (11). On the other
hand, hypermethylation of MLH1 (12) and ATM (13)
promoters has also been reported in PTC samples when
compared to normal surrounding tissues and inversely
associated with their expression and patient prognosis.
Recent molecular characterization of PTC revealed a DNA
methylation deregulation of several DNA repair gene
promoters (14). Thus, early aberrant methylation of DNA
repair genes could be a plausible mechanism of their
silencing in radiation-induced thyroid tumors.

In this study, we investigated the effect of radiation on long
interspersed nuclear element-1 (LINE-1) methylation, an
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indicator of global methylation, and CpG islands within
promoter regions of HR and NHEJ genes, as well as its
effects on gene expression, using two well-established
normal differentiated thyroid cell lines (FRTL5 and PCCL3).
Our data reveal that FRTL5 displayed slower DSB repair
kinetics and a lower LINE-1 methylation than PCCL3 cells.
Radiation did not appear to modify the expression of genes
involved in HR and NHEJ pathways apart from the
downregulation of Brca1 in the thyroid cells. On the other
hand, radiation-induced senescence promoted upregulation of
HR and NHEJ gene expression in thyroid cells.

MATERIALS AND METHODS

Cell Culture and Irradiation

Rat thyroid cells, PCCL3 and FRTL5, derived from 18-month-old
and 3–4-week-old normal Fisher rats, respectively (15), were grown in
Coon’s modified Ham’s F-12 media (HiMedia Laboratories, Mumbai,
India), supplemented with 5% fetal bovine serum and a six-hormone
mixture [1 mU/ml thyrotropin (TSH), 10 lg/ml insulin, 5 lg/ml
transferrin, 10 nM hydrocortisone, 10 ng/ml somatostatin and 10 ng/
ml glycyl-L-histidyl-L-lysine acetate-complete media].

Acute irradiations were performed as single 1–10 Gy X-ray doses
(X-RAD 320; Precision X-ray Inc., North Branford, CT) for 1–48 h. In
parallel, 20 lm of H2O2 (Sigma-Aldricht LLC, St. Louis, MO) was
used as a positive control of water radiolysis (indirect effect of
radiation) (16). Synchronization of 97% of FRTL5 cells on G0/G1-
phase cell cycle was performed, as previously described by Degrassi et
al. (17). Briefly, cells were starved from TSH for 72 h, then TSH was
added to the media and cells were monitored for three days.

For chronic exposures, five X-ray treatments of 5 Gy were
performed to reach a maximum dose of 25 Gy (X-RAD 320;
Precision X-Ray) with intervals of two or three days between each
treatment. This protocol was based on a childhood cancer cohort in
which the estimated mean thyroid dose was 12.50 Gy (18).

Cytotoxicity and Cell Cycle

As an index of cell viability, we used the commercially available
MTT assay (Sigma-Aldrich), according to the manufacturer’s
instructions. All measurements were performed in triplicate and the
results were expressed as relative to nonirradiated control cells or
irradiated cells at the initial time (1 h). Trypan blue was used to
evaluate cell proliferation at 1, 6 and 24 h postirradiation.

Cell cycle profile was evaluated using propidium iodide (2 lg/ml)
on a FACSCalibure cytometer (Becton Dickinson and Co., Franklin,
NJ) and analyzed on CELL-FIT software (Becton Dickinson).

Western Blot

Cells were homogenized in lysis buffer containing 135 mM NaCl, 1
mM MgCl2, 2.7 mM KCl, 20 mM Tris, pH 8.0, 1% Tritone, 10%
glycerol and protease and phosphatase inhibitors (0.5 mM Na3VO4, 10
mM NaF, 1 mM leupeptin, 1 mM pepstatin, 1 mM okadaic acid and 0.2
mM phenylmethylsulfonyl fluoride) and then syringed five times. An
aliquot was used to determine the protein concentration by BCA protein
assay kit (Piercee Biotechnology/Thermo Fisher Scientific Inc.,
Rockford, IL), according to the manufacturer’s instructions. Cell lysate
proteins (30–100 lg) were then subjected to SDS/PAGE electropho-
resis, transferred to polyvinylidene fluoride (PVDF) microporous
membranes, and probed with the indicated antibodies: anti-c-H2AX,
1:1,000 (EMD Millipore, Billerica, MA); anti-b-actin, 1:10,000 (Sigma-
Aldrich); anti-BRCA1, 1:1,000 (Novus Biologicals, Oakville, Canada);
anti-phospho-ATM, 1:2000 (Rockland); anti-ATR, 1:2,000 (Novus

Biologicals); anti-Vinculin, 1:1,000 (Santa Cruz Biotechnologyt Inc.,
Dallas, TX); anti-rabbit, 1:2,000 (Abcam, Cambridge, UK); anti-mouse,
1:3,000 (Santa Cruz Biotechnology); anti-goat, 1: 3,000 (South-
ernBiotech, Birmingham, AL). The detection of the proteins was
performed using ECL (Pierce Biotechnology/Thermo Fisher Scientific).

Immunofluorescence of c-H2AX and 53BP-1

Irradiated and control cells were fixed in methanol-acetone solution
(70:30) at –208C for 7 min, permeabilized with 0.5% Triton X-100
solution for 30 min and dried. After rehydration in phosphate-buffered
saline and blocking with 1% bovine serum albumin for 1 h, cells were
stained with the anti-c-H2AX (1:500; EMD Millipore) for 90 min and
Alexa Fluort 488 anti-mouse (1:250, Invitrogene, Carlsbad, CA) as
secondary antibody for 1 h. The same procedure was performed for
53BP1 (1:500; Novus Biologicals) with Alexa Fluor 594 anti-rabbit
(1:250; Invitrogen). Nuclei were counterstained with 40,6-diamidino-2-
phenylindole (DAPI). Coverslips were mounted using Vectashieldt

mounting media (Vectort Laboratories, Burlingame, CA). Fluorescence
images were obtained using an Olympus FV10i confocal microscope
(Olympus, Tokyo, Japan). To determine the average total number of
foci per cell, per field, for three independent experiments, we counted
the number of c-H2AX foci per cell used NIH ImageJ software, v.38.

Pyrosequencing

Lesion-specific DNA repair pathway genes (HR and NHEJ),
involved on DNA damage response, were selected due to CpG island
presence on their promoter regions using UCSC Genome Browser
(University of California, Santa Cruz, CA) (Table 1). To access the
LINE-1 methylation pattern of the cell line genomes, we used two sets
of primers designed by Hamm et al. (19). We obtained the rat genome
sequence (rn4/v. 3.4, November 2004) and annotation for repetitive
elements from the UCSC Genome Database. Based on the provided
data, 899,092 LINE-1 sequences were subjected to in silico bisulfite
treatment and 8,460 L1 elements with length over 6,000 bp were
identified and aligned to generate LINE nucleotide base matrix. The
sets of primers for pyrosequencing analysis were designed within L1
elements with dense CpG dinucleotides. An electronic PCR was
performed and the consensus sequence was visualized using WebLogo
(20). A total of 1,285 PCR products with 117 pb mean length were
generated. The two sets of primers allowed us to assess 7 CpG
dinucleotides within each L1 sequence, generating data from a
minimum of 8,995 CpG sites. The DNA was eluted to reach a final
concentration of 25 ng/ll. To quantify the percentage of methylated
cytosines in individual CpG sites, bisulfite-converted DNA was
sequenced using a pyrosequencing system (PSQTM 96MA, QIAGEN,
Hilden, Germany), as previously described (8).

Real-Time PCR

A total of 1,500 ng of RNA was used in the reverse transcription
reaction (RT) using SuperScript IIt (Invitrogen), following the
manufacturer’s protocol. The oligonucleotides for real-time PCR,
comprising exon-exon junctions, were purchased from Integrated
DNA Technologiest (San Diego, CA), designed with Primer-BLAST
software (National Center for Biotechnology Information, Bethesda,
MD) and are listed in Table 2. We used the Rotor-Genet Q system
and QuantiFastt reagent SYBR Green PCR Kit (both from QI-
AGENt, Valencia, CA). Each reaction contained 5 ll of QuantiFast
SYBR Green buffer 2X (QIAGEN), 0.5 ll of specific oligonucleotides
at a final concentration of 0.25 lM, 3 ll of cDNA (diluted 103) and
sterile deionized water to complete the final volume of 10 ll. The
amplification reaction was performed as follows: 5 min of pre-
denaturation at 958C, followed by 40 cycles of denaturation for 5 s at
958C and an annealing and extension step for 10 s at 608C. Relative
gene expression was determined using comparative Ct method (21)
and RPL4 was used as a housekeeping gene.
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Beta-Galactosidase Activity

Total proteins of 2 3 105 cells were extracted using RIPA

buffer (25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% NP-40, 0.1%

SDS, 1% sodium deoxycholate, 50 mM NaF, 1 mM EDTA) and

protease inhibitors (0.2 mM PMSF, 1 mM pepstatin and 80 mM

aprotinin). Nonirradiated control and irradiated whole cell lysates

(10 ll) were incubated with 40 ll of buffer Z (60 mM
Na2HPO4.7H2O, 40 mM NaH2PO4.H2O, 10 mM KCl, 1 mM
MgSO4.7H2O and 0.3% 2-mercaptoethanol) containing 1 mg/ml X-

Gal (Sigma-Aldrich) for 3 h (pH 7). Absorbance was measured at

595 nm.

TABLE 1
Pyrosequencing Primers Used in this Study Selected According to the Signaling Pathways

Signaling

pathways Genes

Region

(CpG) Sequences

Product

(bp) Sequence to analyze

HR Atm Promoter F: AGTAAAGAAGGGGTAAGAGG 267 AGTTYGAGYGTTYGTTTTTYGTTTTTAT

(80) R: ACTCAAACTAAATTCTTCCTATA

S: TTTGATGAGAATTTTTTTTTATAGA

Brca1 Promoter F: GGAGAGGAGGAGTAAGTTGA 317 TYGGAATYGTTATTTGAGGTYG GAATATGAGYGTAAGGTAGTGTTTA

(23) R: CTTCCACAATCCTCTATTTACC

S: GTTATAGTAATTTTGTATAAAGGG

Mre11 Promoter F: AGGATTGGTTTTTGTGAGTTATT 232 TTTYGYGAGAAGTAYG GATGYGTTTTTTTYGYGTTTAATTTAGGTTT

(47) R: CCTAAATTACCCCAACCTAAACTTAT

S: GTTATGTTATTATTGGT

Rad50 Promoter F: GGGAAGTGGATGAAGTGGATGATTA 203 GGTTTTYGAGGTTTAYGTATTATAAGGYGATATTTTAAATATTTTTTGGGGTTT

(16/37) R: TCTTCAACCCCCTCACAATTT

S: TGGGTTAGGTTAGTTGA

Xrcc1 Promoter F: AGGGGTTTTTTTAGGGAGGT 172 YGTYGYGGGTGGGGTTTTTYGAGGTTGGA

(50) R: CAAAACTCCCCTTTTTCCTTAC

S: GGGATTTTGAGGGG

NHEJ Lig4 Promoter F: GGTTGGATTGGGATTTATAGG 154 TAATAGGTAYGTAGGTTTATTTYGTTGAGYGTTTTTGAAAGTTTGTGATAAT

(44) R: TTCAAATACTTAAATCCAAACACACTCT

S: GTTTAGGTAAGTAAAGTATTAATG

Xrcc6 Promoter F: GGGTTAGGTTTTTGGATAGGT 264 TYGTGGYGGYGGTTAYGATGGTTTTYGGGTATT

(66) R: CTCTCTCTATCACCTCACAATAATC

S: GGTTTTATTAGGAT

Xrcc4 Promoter F: AAGGGTGATGTGGTTGGATTAG 243 YGGGYGTTGTGGGGYGYGGGAGTTTTGGTTTTAGTGTGATTTT

(38) R: ACTCTTCCTAAATCTATTAACCTAATACTC

S: GGGGATGGTG

Retrotransposon Line-1 50-UTR F: TTGGTGAGTTTGGGATAT 117 S1: YGGGTAYGTTTTGTGTTTATYGGAAGTT

R: AAATCTAAAAACAAAAAACTACTAC

S1: TAGAATTTTTTTAGGAT

S2: ATAGGAAGTTTTATATT S2: YGYGGATTTYGGTTYGTAGTAG

Notes. This table encompasses: CpG island’s length and region, sequence, PCR set of primers and the sequence analyzed by pyrosequencing.
HR¼ homologous recombination repair; NHEJ¼ non-homologous end joining; retrotransposon¼ LINE-1 (long interspersed nuclear element-1).

TABLE 2
qPCR Primers Used in this Study Selected According to the Signaling Pathways

Signaling pathways Gene Sequences Amplicon (bp)

HR Rad50 F: 50-GGCTGGGGAGGATGATTGAG-3 0 156
R: 50-TGCTTAGTTCACGTTCCGCT-3 0

Atm F: 50-GACATGCCAGGGTGAAGGAA-3 0 108
R: 50-TTTCCAGTTCTCCGACTGCC-3 0

Mre11 F: 50-TCTGTACGGCTTAGGGTCCA-3 0 155
R: 50-TGAAGTTGGTGCTTCCGTGT-3 0

Brca1 F: 50-CTGTGGTGAAGGAGCTTCCA-3 0 107
R: 50-CCCAATATCAGGGCAGTCGTT-3 0

Xrcc1 F: 50-GGAACAGTCAGAAGGACGGG-3 0 191
R: 50-GAATTGGCAGGTCAGCCTCT-3 0

NHEJ Lig4 F: 50-CAGGTTGCTTAGTTAAAACCGGAG-3 0 103
R: 50-GAGCACAAGTCTGCAAAGGG-3 0

Xrcc6 F: 50-TTGGTCAACGGGAGCTCAAC-3 0 103
R: 50-GGGAGACATTCTTTCGGGCT-3 0

Xrcc4 F: 50-GGAGACACCGAATGCAGACA-3 0 86
R: 50-GCCAAGCCTTTCCTTCTCCT-3 0

L4E family of ribosomal proteins Rpl4 F: 50-GGCCTTCAGAAACATCCCTG-3 0 138
R: 50-CCATACAACTCATCCAACTTCCG-3 0

Note. HR¼ homologous recombination repair; NHEJ¼ non-homologous end joining; L4E family of ribosomal proteins¼ housekeeping gene.
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Statistical Analysis

All results were expressed as mean 6 SD. Basal gene expression,
global methylation, cell viability, cell cycle and b-galactosidase
activity were analyzed by the nonparametric Kruskal-Wallis test
followed by Dunnett’s multiple comparison test. Data regarding
promoter methylation, gene expression and c-H2AX foci were
analyzed by two-way analysis of variance (ANOVA) followed by
Bonferroni post-hoc test. Statistical analyses were performed using
Prism v. 5 (Graphpad Software Inc., San Diego) and differences were
considered statistically significant at P , 0.05.

RESULTS

High X-Ray Doses do not Compromise Cell Viability and
Promote G2/M Arrest

To evaluate the effects of X rays on a normal thyrocyte

cell cycle, FRTL5 and PCCL3 cells were X irradiated with

1–10 Gy or treated with 20 lM H2O2 (water radiolysis), and

cell viability and cycle were evaluated (Fig. 1). Both cell

lines remained viable after 48 h in all conditions (Fig. 1A

and B). As expected, irradiation blocked cell proliferation

up to 24 h (Fig. 1C and D). Cells were arrested in G2/M

phase, in a dose-dependent manner, at 24 h postirradiation

compared to paired nonirradiated controls, and these events

were earlier (12 vs. 24 h) and more pronounced in FRTL5

than PCCL3 after 10 Gy X-ray irradiation (PCCL3: 33% vs.

21%; FRTL5: 45% vs. 22%; P , 0.05) (Fig. 1E and F). In

addition, exposure also diminished the percentage of cells in

G0/G1 and S phases, with such proportions being normalized

48 h postirradiation, compared to their respective nonirra-

diated controls (Fig. 1E and F).

FRTL5 Cells Display a Slower Kinetics of DSB Repair than
PCCL3

Since c-H2AX and 53BP-1 are early DSB sensors (5),

they were used as an indirect measure of DSB lesions. Both

cell lines exhibited a peak of c-H2AX at 1 h postirradiation,

but PCCL3 restored control levels sooner than FRTL5 (6 vs.

12 h) (Fig. 2A and Supplementary Fig. S1; http://dx.doi.org/

10.1667/RR14532.1.S1). No c-H2AX signal was detected

in PCCL3 cells at 6 h postirradiation (Supplementary Fig.

S1) Accordingly, in FRTL5, c-H2AX foci per cell reached

the maximum number at 1 h postirradiation compared to the

respective control (104 vs. 5), 68% repaired after 6 h (33 vs.

6), and the control levels were restored after 24 h, although

few damage sites remained unrepaired (10 vs. 5) (Fig. 2).

Interestingly, in PCCL3, a peak of c-H2AX foci per cell was

induced at 1 h postirradiation compared to the respective

control (131 vs. 1) and the control levels were restored after

6 h (3 vs. 1) (Fig. 2). 53BP1 and c-H2AX displayed similar

expression kinetics with strong colocalization (Pearson’s

coefficient ¼ 0.93) (Fig. 2C). Concerning upstream targets

of the DSB-response pathway, radiation induced ATR

expression and ATM (p-ATM) activation in both cell lines

(Fig. 2D).

FRTL5 Cells Have Lower Basal LINE-1 Methylation than
PCCL3

Since global hypomethylation is associated with genomic
instability and DNA damage (9), we evaluated the LINE-1
methylation profile of rat thyroid cells, an indirect indicator
of global methylation (22), through the interrogation of
seven CpG sites within a consensus region of L1 elements
by pyrosequencing. Our data revealed that, compared to
PCCL3, FRTL5 cells have lower LINE-1 methylation levels
(71.18 vs. 82.93%) and the latter levels were similar in
different rat tissues (thyroid, breast, liver and kidney) (Fig.
3A). Surprisingly, exposure to 10 Gy did not have an effect
on the LINE-1 methylation profile of either thyroid cell line
(Fig. 3C and E), even when 97% of the cells were
synchronized in G0/G1 phase of cell cycle with TSH
deprivation (Fig. 3B).

FRTL5 Cell Line Expresses Lower Basal Brca1 mRNA
Levels than PC Cl3

We investigated the expression of DNA repair genes
involved on DSB response pathways (HR and NHEJ).
FRTL5 and PCCL3 cell lines showed different Brca1
mRNA levels, which were more abundant in PCCL3 than
FRTL5 cells (Fig. 4B). Conversely, no changes were
observed in the expression of the other selected genes, such
as Atm, Rad50, Mre11, Xrcc1, Xrcc4, Xrcc6 and Lig4 (Fig.
4A and C–H). Interestingly, DNA methylation levels of
their CpG-rich promoters were null or low (0–6.5%) (Table
3).

Ionizing Radiation Affects Brca1 Expression Regardless of
DNA Methylation of its Promoter Region on the FRTL5 Cell
Line

We investigated whether radiation could influence DNA
methylation and expression of DNA repair genes. Radiation
induced a decrease of up to 50% of the Brca1 mRNA and
protein levels in FRTL5 cells compared to paired-controls
(1, 6 and 24 h postirradiation) (Fig. 5A and C). In PCCL3
cells, the downregulation of Brca1 (for approximately
50%), at protein level, was also observed during the first 6 h
postirradiation (Fig. 5D), although no significant differences
were found at mRNA levels (Fig. 5B). No modulation of the
expression of the DNA repair genes (Atm, Rad50, Mre11,
Xrcc1, Xrcc4, Xrcc6 and Lig4) was observed, at least at the
transcriptional level (Supplementary Fig. S2; http://dx.doi.
org/10.1667/RR14532.1.S1). Moreover, the CpG sites
within the promoter region of all the selected genes were
not altered by radiation (Supplementary Table S1; http://dx.
doi.org/10.1667/RR14532.1.S1), even when FRTL5 cells
were synchronized at the G0/G1 phase of the cell cycle
(Supplementary Table S2; http://dx.doi.org/10.1667/
RR14532.1.S1). These results suggest that DNA methyla-
tion of the promoter region of HR and NHEJ genes is not
influenced by radiation.
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FIG. 1. Cytotoxicity and cell cycle profile of FRTL5 and PCCL3 cell lines after X-ray irradiation. FRTL5 and
PCCL3 cell lines were X-ray irradiated with 1–10 Gy or treated with 20 lM H2O2 (water radiolysis), and cell
viability and proliferation, as well as cell cycle, were evaluated. Panels A and B: Cell viability of FRTL5 and
PCCL3, respectively. Panels C and D: Cell proliferation of FRTL5 and PCCL3, respectively. Panels E and F:
Cell cycle of FRTL5 and PCCL3, respectively. All determinations were made in triplicates of three independent
experiments and the results were expressed as: relative to nonirradiated control cells (black line) or irradiated in
initial time (1 h) (dotted gray lines) for cell viability; number of viable cells (3104 cells) for cell proliferation;
percentage of cells in G0/G1 (white bar), S (black bars) and G2/M (gray bars) compared to their respective
nonirradiated controls for each cell cycle. *P , 0.05 compared to G2/M phase for nonirradiated control; &P ,
0.05 compared to S phase for nonirradiated control, #P , 0.05 compared to G0/G1 phase for nonirradiated
control.
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FIG. 2. Double-strand break (DSB) repair kinetics of FRTL5 and PCCL3 cells. Panel A: Representative c-
H2AX immunoblots of irradiated thyroid cells at 1–48 h postirradiation. Intensity quantification was relative to
the starting point (0 h) (P0). Panel B: Immunofluorescence of nonirradiated control and irradiated FRTL5 and
PCCL3 cells stained with anti-c-H2AX (green) and 53BP1 (red). Nuclei were counterstained with DAPI (blue).
In parallel, the number of c-H2AX foci per cell was determined as an average of the total foci number per cell
per field. Panel C: Foci colocalization of c-H2AX and 53BP1. Panel D: Representative p-ATM and ATR
immunoblots of irradiated thyroid cells at 1, 6 and 24 h postirradiation. Absolute intensity quantification was
calculated as ratio target: vinculin. Beta-actin and vinculin were used as loading control. ***P , 0.001
compared to nonirradiated control.
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Chronic Exposure caused Senescent Phenotype to occur in

FRTL5 Cells

We established a chronic exposure model with the FRTL5

cell line. Figure 6 shows that the number of viable irradiated

cells reached a plateau after the second radiation treatment,

while the number of viable paired nonirradiated control cells

increased with time (Fig. 6A). Accordingly, radiation induced

a gain in b-galactosidase activity (Fig. 6B) and promoted

morphological changes (flattened, elongated and enlarged

cell shape) (Fig. 6C), suggesting a radiation-inducible

senescence phenotype. Moreover, no LINE-1 methylation

changes were observed in irradiated cells (Fig. 6D).

Chronic Radiation Exposure Promotes Upregulation of HR

and NHEJ Genes in the FRTL5 Cell Line

When assessing the long-term effect of exposure on

DNA repair gene expression, we observed an upregu-

lation of all HR and NHEJ DNA repair genes, selected

for this study, after the fifth radiation treatment (25 Gy)

(Fig. 7). In addition, a transient increment of mRNA

levels of Brca1, Mre11, Xrcc1 and Xrcc4 was also

detected after the third radiation treatment (15 Gy) (Fig.

7B, D–F, H). These data indicate that radiation-induced

senescence elicits an activation of HR and NHEJ genes in

the FRTL5 cell line.

FIG. 3. Global methylation of thyroid cell lines. Panel A: LINE-1 pyrosequencing of FRTL5 and PCCL3 cell
lines. Rat tissues (thyroid, breast, liver and kidney) were used as control. Panel B: Synchronization of FRTL5
cells in G0/G1-phase cell cycle was performed by starving cells of thyrotropin (TSH) for 72 h, and then adding
TSH to the media, after which the cells were monitored for three days. NS ¼ nonsynchronized. Panels C–E:
LINE-1 pyrosequencing. Nonsynchronized and synchronized FRTL5 cell lines (panels C and D, respectively),
and nonsynchronized PCCL3 cell lines (panel E) are shown for both nonirradiated paired control and 10 Gy X-
ray irradiated cells. The results are expressed as percentage of cells that displayed methylation on seven selected
CpG sites within L1 elements. ***P , 0.001.
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FIG. 4. Basal expression of double-strand break (DSB) genes in thyroid cell lines. Relative mRNA expression
levels are shown according to DNA repair pathways of FRTL5 and PCCL3 cell lines: HR (panels A–E) and
NHEJ (panels F–H). Expression levels are relative to the FRTL5 cell line. Rat tissues (thyroid, breast, liver and
kidney) were used as control. *P , 0.05; **P , 0.01.

TABLE 3
Basal Promoter Methylation Profiles of HR and NHEJ Genes

Percentage CpG methylation (average)

Atm Brca1 Rad50 Mre11 Xrcc1 Xrcc4 Xrcc6 Lig4

FRTL5 0.00 6 0.0 2.10 6 2.1 1.05 6 0.9 0.00 6 0.0 4.36 6 1.9 0.00 6 0.0 0.61 6 0.5 6.5 6 0.5
PCCL3 2.59 6 0.5 0.92 6 0.9 0.44 6 0.8 0.00 6 0.0 0.95 6 0.3 0.00 6 0.0 3.08 6 0.4 2.00 6 0.0
Thyroid 1.31 6 1.3 1.83 6 0.4 3.88 6 0.7 0.00 6 0.0 1.09 6 0.5 0.00 6 0.0 0.00 6 0.0 2.00 6 0.0
Breast 0.00 6 0.0 1.42 6 1.3 2.66 6 0.0 0.00 6 0.0 1.03 6 0.2 0.00 6 0.0 0.44 6 0.8 3.50 6 1.5
Liver 0.00 6 0.0 2.83 6 1.1 2.11 6 1.00 0.00 6 0.0 0.75 6 0.3 0.00 6 0.0 0.50 6 0.9 2.17 6 0.3
Kidney 1.57 6 2.7 1.75 6 0.3 3.11 6 1.3 0.00 6 0.0 0.98 6 0.5 0.00 6 0.0 0.00 6 0.0 4.50 6 0.9

Notes. Pyrosequencing of HR (Atm, Brca1, Rad50, Mre11 and Xrcc1) and NHEJ genes (Xrcc4, Xrcc6 and Lig4) were performed on
nonexposed thyroid cell lines (FRTL5 and PCCL3) and rat tissues (thyroid, breast, liver and kidney). The results were expressed as percentage of
cells that displayed methylation on selected CpG sites 6SD.
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DISCUSSION

In this study, we demonstrate that radiation exposure
promotes G2/M arrest in two differentiated thyroid cell lines,
in agreement with what has been previously reported by
Green et al. (23), using the FRTL5 cell line. However,
radiation-induced cell cycle arrest was more pronounced in
the FRTL5 than PCCL3 cell line, which may be explained
by the higher proliferation rate of FRTL5 (24) with respect
to PCCL3. Our data also reveal that normal rat thyroid cells
respond quickly to radiation insults, and repair them within
a few hours, in agreement with previously reported results
in human primary thyrocytes (25). Therefore, FRTL5 and
PCCL3 are potentially suitable models for elucidating DNA
repair in the thyroid. Above all, FRTL5 cells repaired
radiation-induced DSB later than PCCL3 and, as a result,
these cells are prone to accumulate DNA damages.

As for upstream targets of the DSB-response pathway, the
expression of ATR and p-ATM revealed significant
differences in the capacity for DNA repair between these
two cell lines. In PCCL3 cells, ATM phosphorylation was
much higher than FRTL5 cells at 6 h postirradiation, while
ATR expression was higher in FRTL5 than PCCL3 cells at
1–6 h postirradiation. These kinases play an essential role in
the maintenance of genomic integrity as well as act as
barriers during early tumorigenesis (26). Interestingly, even
though ATM and ATR share some downstream effectors,
they are activated in response to different types of lesions
(26). While ATM is primarily involved in double-strand

break pathways, ATR responds to a broader spectrum of
DNA damages, especially those that interfere with DNA
replication. Thus, these data could be linked to the delayed
DSB repair in FRTL5 cells and to the differential Brca1
expression in the thyroid cell lines.

Our findings also demonstrate that FRTL5 cells have a
lower LINE-1 methylation level compared to PCCL3 and
thyroid tissue. LINE-1 methylation levels have been widely
used as a surrogate marker for global methylation status in
cancer, not only due to the abundancy of such elements, but
also due to its ability to distinguish normal tissue from
tumor tissue (22). In addition, it has been shown that
decreased LINE-1 methylation levels can already be
observed in early stages of tumor development (27) and
associated with an increased risk of cancer development
(28). Global hypomethylation is commonly related to
genomic instability and transformation of normal cells into
cancer cells (9, 29), and is also crucial in thyroid cancer
progression (11). Therefore, FRTL5 cells appear to be more
susceptible to genomic instability and malignant transfor-
mation than PCCL3 cells, as previously reported (15). Since
radiation was not capable of modulating LINE-1 methyla-
tion levels in FRTL5 and PCCL3 cells, even when cells
were synchronized, we could hypothesize a protective
mechanism was in place to maintain cell viability. In fact,
treatment with the demethylating agent 5-aza-20-deoxycy-
tidine compromises human thyroid cancer cell viability
(30). Interestingly, FRTL5 cells express lower Brca1 levels
than PCCL3, and irradiation caused a drastic decrease in the

FIG. 5. Expression of Brca1 gene after acute 10 Gy X-ray irradiation in FRTL5 and PCCL3 cell lines. Cells
were irradiated (white bars) and Brca1 mRNA levels evaluated in FRTL5 and PCCl3 cell lines (panels A and B,
respectively). Expression levels were relative to paired nonirradiated controls (black bars). Representative Brca1
immunoblots are shown for irradiated FRTL5 and PCCL3 thyroid cells (panels C and D, respectively) at 1, 6 and
24 h postirradiation. Vinculin was used a loading control. Absolute intensity quantification was calculated as
ratio Brca1/vinculin. *P , 0.05.
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expression of this gene in FRTL5 cells. In fact, the transient
inhibition of Brca1 expression could cause premature
inactivation of the mitotic checkpoint, which exerts an
important role on genomic integrity, in MCF7 cells (31).
Taking into account that Brca1 is fundamental for
homologous recombination repair (32), we might expect
that FRTL5 cells intrinsically have less efficient DNA DSB
repair machinery. Indeed, gradual loss of DNA repair genes
and the accumulation of DNA damages are early steps of
the carcinogenesis process in several solid tumors (6),
including PTC (33).

We established a chronic radiation exposure model using
the FRTL5 cell line to investigate the effects of chronic
exposure on thyrocytes. In contrast to our observations with
acute exposure, when FRTL5 cells were chronically
exposed to radiation, a transcription activation of DNA
repair genes was triggered. The striking difference between
these models is that in the first one, cells maintain the
capacity to proliferate, while in the latter, they become
senescent. In fact, unrepaired damage and, consequently,
DNA damage signaling persistence result in senescence
(34). Evasion of senescence, in turn, could give rise to post-
senescent transformed and mutated precancerous cells (35).
Since radiation exposure is the most important risk factor
for PTC (18), we hypothesize that there is a mechanism by
which the upregulation of DNA repair machinery maintains
the viability of senescent thyroid cells and, therefore, favors
the accumulation of mutations that would cause cells to
become susceptible to senescence evasion and transforma-
tion.

In conclusion, we report a differential HR and NHEJ gene
expression in response to exposure in thyroid cells,
depending on the proliferation and senescence status. Our
results also suggest that intrinsic LINE-1 hypomethylation
and decreased expression of Brca1 after acute radiation
exposure, as well as the upregulation of DSB repair
machinery in radiation-induced senescent cells, could lead
to the accumulation of gene mutations and favor thyroid cell
transformation. However, further studies are required to
more fully elucidate the biological relevance of HR and
NHEJ genes to thyroid carcinogenesis.

SUPPLEMENTARY INFORMATION

Fig. S1. Double-strand break repair kinetics of PCCL3.
PCCL3 cells X-ray irradiated with 1, 5 and 10 Gy, and after
1, 3 and 6 h, c-H2AX and total H2AX immunoblots were
performed on nonirradiated control and irradiated cells. As a
positive DSB damage control, cells were treated with 20–
500 lM H2O2. Intensity quantification was relative to
control (panel C). Beta-actin was used a loading control.

Fig. S2. Expression of HR and NHEJ genes after 10 Gy
X-ray irradiation in a FRTL5 cell line. At 1–48 h
postirradiation (white bars), mRNA levels of DSB DNA
repair genes were evaluated. Expression levels were relative
to paired nonirradiated control (black bars). *P , 0.05.

FIG. 6. Characterization of the chronic X-ray exposure model in a
FRTL5 cell line. Cells received five treatments of 5 Gy with 2–3 day
intervals between each exposure and assessed for cell viability (panel
A), b-galactosidase activity (panel B), morphology (panel C) and
LINE-1 methylation (D). ***P , 0.001.
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Table S1. Promoter methylation profiles of HR and NHEJ

genes in an irradiated FRTL5 cell line. Pyrosequencing of

HR (Atm, Brca1, Rad50, Mre11 and Xrcc1) and NHEJ

genes (Xrcc4, Xrcc6 and Lig4) was performed on a 10 Gy

X-ray irradiated and paired nonirradiated control FRTL5

cell line. The results were expressed as percentage of cells

that displayed methylation on selected CpG sites 6 SD. *P
, 0.05 (time).

Table S2. Promoter methylation profiles of HR and NHEJ

genes in a synchronized FRTL5 cell line. Pyrosequencing of

HR (Atm, Brca1, Rad50, Mre11 and Xrcc1) and NHEJ

genes (Xrcc4, Xrcc6 and Lig4) was performed on a 10 Gy

X-ray irradiated and paired nonirradiated control FRTL5

cell line, previously synchronized on G0/G1 cell cycle phase.

The results were expressed as percentage of cells that

displayed methylation on selected CpG sites 6 SD.
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