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Abstract. The link between high doses of radiation and 
thyroid cancer has been well established in various studies, as 
opposed to the effects of low doses. In this study, we investi-
gated the effects of low-dose X-ray irradiation in a papillary 
thyroid carcinoma model with wild-type and mutated p53. A 
low dose of 62.5 mGy was enough to cause an upregulation of 
p16 and a decrease in the number of TPC-1 cells in the S phase, 
but not in the number of BCPAP p53-mutant cells. At a dose 
of 0.5 Gy, visible signs of senescence appeared only in the 
TPC-1 cells. We conclude that low doses of X-rays are enough 
to cause a change in cell cycle distribution, possibly p53- 
dependent p16 activation, but no significant apoptosis. Senescence 
requires higher doses of X-irradiation via a mechanism 
involving both p16 and p21.

Introduction

The causal link between ionizing radiation, DNA damage, 
and adverse health effects have been well established at high 
doses (1). However, there is still debate over the biological 
consequences of the effects induced at lower doses, and 
consequently there are uncertainties as to what constitutes a 
'low dose' and how safe low doses are. This uncertainty is 
compounded by the choice of method used for determining 
the effect of low doses. Currently a linear no-threshold (LNT) 
model is used to extrapolate the effects of low-dose exposure 
from those at high doses. However, the accuracy of this model 
at low doses (doses below 10 mGy) has been challenged (2). A 
recent study by Averbeck portrays scientific evidence against 

the LNT model and comes to the conclusion that the LNT 
model may have to be abandoned as it does not describe what 
happens at low doses (3). Indeed, Rothkamm and Löbrich 
reported that there was a lack of DNA double-strand break 
(DSB) repair in fibroblasts irradiated with X-ray doses as low 
as 1 mGy (4). However, they did show that the detection of 
γ-H2AX foci is possible even at such low doses, thus making 
it a suitable method for the study of the biological effects of 
low doses of radiation. Furthermore, another study on the 
effects of low and very low doses of radiation on a human 
mesenchymal cell line at different time-points supports a 
non-linear model at low doses (5). Currently, low doses of 
radiation are commonly defined as anything between back-
ground radiation [~0.01 millisievert (mSv)/day] and high doses 
of radiation (≥150 mSv/day) (6). 

Studies on the effect of low-dose irradiation are non-trivial. 
After the Chernobyl nuclear disaster, large amounts of radio-
active iodine isotopes were released into the atmosphere (7). 
The effect of the radioiodine became apparent in the early 
nineties, when increases in the frequency of thyroid cancer 
were reported in children from the countries surrounding the 
site (7,8). In addition, a high prevalence of RET/PTC3 rear-
rangement was reported in these patients (8). A link between 
external X-irradiation and thyroid tumor formation has already 
been reported by Christov in rats (9). Over a period of 18 
months, the author noticed an increase in the incidence of 
thyroid tumors in rats irradiated once with 300 rads of X-rays. 
The potential for adverse health effects after low doses becomes 
crucial when taking into account that we are now more than 
20 years away from the Chernobyl disaster. The danger of 
high-dose irradiation emitted is thus largely gone but the issue 
of the risks of exposure to low doses of radiation remains to 
be dealt with.

For the purpose of this study, a model system for papillary 
thyroid carcinoma (PTC) was exposed to a range of X-ray 
doses, ranging from what is considered a ‘low dose’ (0.0625 Gy) 
to high doses (0.25, 0.5, 1 and 4 Gy) and the changes in 
viability, necrosis, apoptosis, cellular morphology, and the cell 
cycle were monitored. The model system consisted of two 
different cell-lines, TPC-1 and BCPAP. TPC-1 is a PTC cell 
line of human origin which harbors a constitutive RET/PTC1 
rearrangement while BCPAP is a cell line of the same origin 
but with a V600E BRAF mutation and a mutated copy of p53. 
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The RET/PTC and BRAF mutations were found to work on 
the same signaling axis and had a common gene signature 
(10). The main difference is therefore the p53 mutational status, 
which allows us to infer conclusions on the role of the p53 
pathway in low- and high-dose X-irradiation. Furthermore, 
cell lines provide a more homogeneous model to work with, 
something which is important when working with low doses 
of radiation, where the effects could be subtle and easy to 
miss in a heterogeneous system.

Materials and methods

Cell culture. TPC-1 cells (kindly provided by Dr Horst 
Zitzelsberger, Helmholtz Zentrum München, GmbH, Munich, 
Germany), which are thyroid papillary carcinoma cells of 
human origin, were cultured in 25 cm2-tissue culture flasks in 
Dulbecco's Modified Essential Medium (Gibco Invitrogen, 
Paisley, UK) supplemented with 4 mM L-glutamine and 10% 
v/v fetal bovine serum (FBS) (Gibco Invitrogen) in a humidified 
incubator (37˚C; 5% CO2). BCPAP [provided by Dr Jacques 
Dumont, Université Libre du Bruxelles (ULB), Brussels, 
Belgium] were cultured in Roswell Park Memorial Institute 
(RPMI)-1640 supplemented with 10% FBS in a humidified 
incubator (37°C; 5% CO2). No antibiotics were added to the 
culture medium. For all experiments the earliest possible 
passage of cells was used (p22 for TPC-1 and p7 for BCPAP). 
For experiments on supernatants in TPC-1 cells, three different 
passages were used one of which was p22. The cells were 
tested for mycoplasma contamination and were found to be 
contamination-free.

Cell irradiation. Cells were plated at an initial cell density of 
1x106 cells per flask 24 h prior to irradiation. The medium 
was replenished prior to irradiation. Cells were irradiated 
using 250 kV, 15 mA, 1 mm Cu-filtered X-rays (delivered at 
5 mGy/sec from a Pentak HF420 RX machine). Doses used 
were 0.0625, 0.25, 0.5, 1, or 4 Gy, while non-exposed cultures 
were sham-irradiated using a procedure identical to the 4 Gy 
irradiation. Doses in Gy were calculated using the same criteria 
used in medical practice to calculate doses given to tissues 
(i.e. 95% of roentgen exposure). The cells were then returned 
to the humidified incubator until harvest. 

Cell viability, counting and morphology. Cell viability was 
assessed using the trypan blue dye exclusion method, cell 
numbers by a Beckman Coulter EPICS XL-MCL and 
fluorescent microfluorospheres at 24 and 48 h post-irradiation. 
A volume with a known amount of microfluorospheres was 
mixed with a volume of PBS containing an unknown number 
of cells. The mixture was passed in a flow cytometer which 
counted 10,000 cells and a certain number of microfluoro-
spheres. Using the known concentration of microflurospheres, 
the number of microfluorospheres counted and the number of 
cells, it was possible to calculate the initial concentration of 
cells. Cellular morphology was determined at 24 h post-
irradiation by examining May-Grünwald Giemsa stained cells 
after centrifuging them onto glass microscope slides.

Cell cycle and Annexin V/propidium iodide (PI). Cell cycle 
stages were quantified by EPICS XL-MCL flow cytometric 

analysis of PI-strained cells. Complications due to clumps or 
doublet cells were avoided by excluding the compromised 
region by gating. Apoptotic and necrotic cell numbers were 
ascertained with FITC-conjugated Annexin V antibody and 
PI staining (Bender MedSystems Diagnostics, GmbH, Vienna, 
Austria) according to the manufacturer's instructions. 

Caspase-3 levels using flow cytometry. Irradiated TPC-1 cells 
were trypsinized and pelleted (1500 rpm for 5 min) and the 
manufacturer's instructions were followed:

For caspase-3: The CaspGLOW Fluorescein Active 
Caspase-3 Staining Kit (Medical & Biological Laboratories 
Co., Ltd., Woburn, MA, USA) was used according to the 
manufacturer's instructions. Briefly, a substrate that is cleaved 
by active caspase-3 to release fluorescence was added to 
3.3x105 TPC-1 cells and incubated for 1 h in a humidified 
incubator. The cells were pelleted and washed twice with PBS 
and then suspended in 1 ml of PBS and read by flow cyto-
metry.

Western blotting. Irradiated cells were pelleted by centri-
fugation and washed with PBS before being pelleted and 
frozen at -80˚C. On the day of the experiment, the pellet was 
thawed and proteins extracted using Ready Prep II (BioRad) 
and a cocktail of protease inhibitors and phenylmethylsulfonyl 
fluoride following the manufacturer's instructions. The proteins 
were quantified using Bradford solution (BioRad) on a 
spectrophotometer at 595 nm. Proteins (30 µg) were loaded 
onto a 10% polyacrylamide gel followed by electrophoresis. 
The bands were transferred electrophoretically onto a polyvinyl 
difluoride membrane, the loading controlled using Ponceau S 
staining, and the membrane probed with primary monoclonal 
antibodies against p53 (53 kDa), p21 (21 kDa) (Sigma-Aldrich), 
p73 (73 kDa), Akt (56-60 kDa), Bcl-2 (26 kDa) and p16 
(16 kDa) (Santa Cruz). For p16, an antibody that recognizes 
both the mutated and normal form of the protein was used as 
TPC-1 has been reported to harbor a mutated copy of the 
protein (11). Horseradish peroxidase-conjugated secondary 
antibodies were used and the bands were visualized on an 
X-ray film by chemiluminescence (Amersham ECL Western 
Analysis System; GE Healthcare, UK) and equal loading was 
verified using β-tubulin as the housekeeping protein. 

TGF-β1 ELISA. Twenty-four hours after irradiation, TPC-1 
and BCPAP cell supernatants were collected and frozen at 
-80˚C until the day of the experiment. TGF-β1 was quantified 
using the human/mouse TGF-β1 ELISA Ready-SET-Go! Kit 
(eBioscience, Vienna, Austria) according to the manufacturer's 
instructions. In brief, the supernatants were thawed and activated 
using 1 N HCl for 10 min, after which the HCl was neutralized 
with 1 N NaOH. A 96-well ELISA plate was coated with an 
antibody against TGF-β1, the supernatants were loaded onto 
the plate in triplicates and incubated overnight in the plate at 
4˚C. The plate was then washed, probed with primary antibody 
against TGF-β1, washed again and probed with a secondary 
antibody against the primary one. A substrate buffer supplied 
with the kit was used to visualize the color and 1 M H2SO4 
was used as the stop solution. The resultant yellow color, 
corresponding to levels of TGF-β1, was measured using a 
spectrophotometer at 450 nm. A standard curve for purified 
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TGF-β1 was used to correlate the absorbance with the concen-
tration of TGF-β1.

Detection of γ-H2AX foci. Immunohistochemistry: TPC-1 
cells were plated at 500,000 cells per coverslip and irradiated 
with various doses of X-rays. The cells were fixed with 4% 
paraformaldehyde 30 min after irradiation and probed over-
night with a primary antibody against the phosphorylated 
form of the histone H2AX (γ-H2AX) (Abcam, Cambridge, 
UK) and subsequently with a FITC-linked secondary antibody 
against the primary one. The coverslips were mounted onto 
glass slides and the images were acquired using a wide-field 
Nikon TE2000E epifluorescence microscope (25 different 
frames/slide, 5 plains of depth of 1 µm thickness). Images were 
analyzed using Image J software (Rasband, NIH, Bethesda, 
MA, USA) and nuclei and γ-H2AX spots along with their 
respective sizes were calculated as previously described (12) 
(algorithm kindly supplied by Dr W. de Vos, Ghent University, 
Ghent Belgium). In total, around 1,300 nuclei from four 
different coverslips were scored and the number of foci for 
each nucleus was reported by the algorithm. The algorithm 
also determined the average spot occupancy, the area of the 
nucleus occupied by one focus, as a means to determine the 
size of the foci independent of the cell cycle. The median 
number of foci per nucleus and spot occupancy and their 
interquartile range was calculated for each irradiation dose 
using Microsoft Excel and SPSS software.

Senescence-associated (SA) β-galactosidase (SA β-gal) 
quantif ication by f luoroscence. Cells were plated and 
irradiated with various doses of X-rays. The amount of 
β-galactosidase was measured 24 h later by monitoring the 
conversion of a substrate to 4-methylumbelliferone (4-MU) at 
pH 6.0 (BetaFluor β-Galactosidase Assay Kit (Novagen, WI, 
USA) as mentioned in the study by Gary and Kindell (13). 
β-galactosidase was quantified using a fluorometer (Fluoroskan 
Ascent CF, Thermo Labsystems, Waltham, MA, USA) with 
excitation at 360 nm and emission at 440 nm. A flask of cells 
was kept at confluence for comparison. This method allowed 
for a more quantitative approach to the β-galactosidase level 
measurement.

Cytokine level measurement using multiplex bead assay. 
Supernatants collected from both irradiation and sham-
irradiated TPC-1 cells were incubated in a 96-well plate with 
dye-injected synthetic beads conjugated with antibodies 
against 90 different cytokines (Millipore Co., MA, USA). 
Each bead has a certain signature which helps to identify 
the associated cytokine. The cytokines were targeted with 
fluorescence-conjugated primary antibodies against that 
cytokine. The beads were passed through two intersecting 
lasers in a Luminex 100 instrument, one to excite the beads 
and the other to excite the probe. The beads were sorted 
automatically and the average fluorescence was reported for 
each well.

Statistical analysis. All experiments were carried out in 
biological triplicates except for the immunostaining experi-
ments. The Dunnett test, a post-hoc test for multiple comparisons 
between irradiated and control conditions, was used to 

compare experimental samples to the control using the SPSS 
software package version 11.5. For the ELISA experiment, a 
univariate analysis of variance (ANOVA) was performed with 
passage and radiation dose effect as factors. For γ-H2AX foci 
scoring, the Mann-Whitney test and the Kruskal-Wallis mean 
rank test were used with a post-hoc modification for multiple 
comparisons. Results were considered significant at p<0.05. 
Boxplots were created using SPSS software while all other 
graphs were created using GraphPad Prism software version 
5.00 (GraphPad Software Inc., La Jolla, CA, USA).

Results

All the experiments described below were performed on 
TPC-1 cells. As the results indicated a role for the p53 
pathway, several experiments were repeated on BCPAP cells 
to investigate the latter hypothesis.

Irradiation causes an increase in amount of DSBs in TPC-1 
cells. To investigate the level of DNA damage upon radiation 
of TPC-1 cells with various doses of X-rays, we quantified the 
amount of DNA DSBs using a microscopic analysis 30 min 
after irradiation. This method not only provides a sensitive 
method for detecting DNA damage foci but also allows for an 
analysis of their size. Calculation of the foci size was done 
using a parameter known as spot occupancy which measures 
the percentage of the nucleus occupied by the foci and adjusts 
for cell cycle variations and spot segmentation problems (14). 
Irradiation at a dose of 62.5 mGy caused a slight increase in 
the percentage of nuclei with observable DNA damage from 
around 1% in the control cells to 8% (Fig. 1; p<0.05). At a dose 
of 4 Gy, the percentage of nuclei with foci greatly increased to 
around 99%. However, there was no increase in the median 
number of foci per nucleus at the lowest irradiation dose 
compared to the control: 0 (0-0) vs. 0 (0-0) foci/nucleus 
[median (interquartile range)]. Only at the higher doses was 
there an increase to 2 (0-9) for 0.5 Gy, and 26 (19-32) foci per 
nucleus for 4 Gy (Fig. 2A), both significant at p<0.05. The size 
of the foci as measured by spot occupancy also increased in a 
dose-dependent manner in cells irradiated with 0.5 and 4 Gy 
compared to the control (p<0.05). However, for the low dose 
of 62.5 mGy, the size of the foci did not increase compared to 
the control (Fig. 2B).

As an increase in DNA damage usually leads to a halt in 
cell proliferation, we evaluated whether these dose-dependent 
effects also affected cells. 

Irradiation causes a decrease in number of TPC-1 cells. The 
two cell counting methods used (trypan blue counting and 
fluorescent microfluorospheres) yielded consistent results 
(Spearman correlation R=0.861). Low doses of X-irradiation 
of TPC-1 cells did not cause any significant change in the 
number of cells, while higher doses caused a significant 
decline (Fig. 3), both at 24 and 48 h. After irradiation at 4 Gy, 
half the number of cells was present in the cultures 24 h after 
irradiation and around 40% at 48 h compared to the relevant 
sham-irradiated control cultures. This indicates a possible 
increase in cell death or a decrease in proliferation (cell cycle 
arrest) in these cells upon irradiation, the scope of the following 
two paragraphs.
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Cell cycle analysis using PI staining of DNA. To investigate 
the effect of X-rays on the cell cycle, we analyzed PI-treated 
cells with flow cytometry. At 24 and 48 h post-irradiation 
there was a dose-dependent decline in the number of S phase 
cells in TPC-1. This decline was significant at all doses even 
for the lowest (62.5 mGy) at 24 h, and reached a maximum of 
75% at the highest irradiation dose (4 Gy) at 24 h and 83% at 
48 h. These results indicate the possible activation of the G1/S 
and/or G2/M checkpoints in TPC-1 cells upon irradiation 
which is directly proportional to the irradiation dose. The cell 
distributions at 24 h post-irradiation are depicted in Fig. 4. 
The percentage of cells in each cell cycle phase is detailed in 
Table I.

To compare the effect that p53 plays in the cell cycle 
response, we performed the same experiment on BCPAP cells 
which are known to harbor a mutated copy of p53 (11). As in 
the TPC-1 cells, a decline in the number of cells in the S phase 
of the cell cycle was observed, but only at 1 and 4 Gy. However, 

there was a decline in G1 phase cells and an increase G2 
phase cells. This indicates the possible activation of the G2/M 
checkpoint without G1/S checkpoint activation, which is not 

Figure 1. DNA DSB detection using γ-H2AX immunostaining. Images of TPC-1 cells taken using a wide-field Nikon TE2000E epifluorescence microscope 
fitted with a x40 objective lens. DNA damage foci were visualized by staining for γ-H2AX (FITC) while nuclei were stained with DAPI. Rows 1 to 4 are in 
the following order: Control, low (62.5 mGy), medium (0.5 Gy) and high (4 Gy) doses of X-rays. The merge column represents the DAPI (blue) and FITC 
(green) channels.

Table I. Percentage of TPC-1 cells in each cell cycle phase. 

Dose (Gy) G1 S G2

0 67.27 ± 0.99 9.52 ± 0.51 15.39 ± 0.75
0.0625 67.45 ± 2.01 8.99 ± 0.19 15.69 ± 0.70
0.25 66.58 ± 1.44 8.49 ± 0.38 16.33 ± 1.72
0.5 65.38 ± 0.85 7.97 ± 0.32 18.81 ± 1.16
1 80.01 ± 1.17 3.75 ± 0.15 13.31 ± 0.38
4 69.70 ± 1.42 2.28 ± 0.11 22.76 ± 0.83

Numbers reported are: Percentage of cells (%) ± SD.
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unexpected in cells with a mutant copy of p53 (15) (Fig. 4). 
The percentage of cells in each cell cycle phase is detailed in 
Table II.

Analysis of cell death induced by irradiation. To distinguish 
between apoptosis and necrosis, Annexin-V/PI staining was 
employed. A slight decline in the number of viable cells and 
an increase in apoptosis was observed. However, it was observed 
that, at 24 h post-irradiation, the predominant mode of death 

was necrosis at all irradiation doses. This was also the case at 
48 h, except for the highest dose (4 Gy) where apoptosis 
became the most predominant mode.

To check whether apoptosis was further activated at later 
time-points in response to irradiation, Annexin V/PI double 
staining was also carried out on cells irradiated with X-rays 
after 72 h. In comparison to the control, TPC-1 cells 72 h 
post-irradiation displayed an increase in basal levels of 
Annexin-V-positive cells. This could be attributed to the fact 
that the cells had been in culture for >72 h without medium 
replenishment. However, apoptosis was not significant in 
comparison to the control except again, at the highest dose of 
irradiation (4 Gy). At the same dose, there was an increase in 

Figure 2. (A) Boxplot representing median spot number per nucleus vs. irradiation dose in TPC-1 cells 30 min post-irradiation. The box boundaries represent 
the upper and lower quartiles and the thick black line within represents the median. The whiskers represent the 95% confidence interval (CI) while the circles 
represent outliers and the asterisks extreme cases. An algorithm on Image J software was used to count the number of nuclei and foci in each nucleus. In total, 
around 1,300 nuclei were scored from four different coverslips and the median of foci per nucleus was calculated. Low, 62.5 mGy; medium, 0.5 Gy; and high, 
4 Gy. Only medium and high doses are significant (p<0.05). (B) Boxplot representing spot occupancy vs. irradiation dose in TPC-1 cells 30 min post-irradiation. 
The box boundaries represent the upper and lower quartiles and the thick black line within represents the median. The whiskers represent the 95% CI while 
the circles represent outliers and the asterisks extreme cases. Spot occupancy is used here as a more robust measure of spot size and was calculated using an 
algorithm on Image J software. Average occupancy was calculated for each nucleus and the median was calculated. Asterisks represent outliers. Low, 
62.5 mGy; medium, 0.5 Gy; and high, 4 Gy. Only medium and high doses are significant.

Figure 3. Cell number vs. irradiation dose in TPC-1 cells at 24 and 48 h 
post-irradiation. Histogram showing the number of cells (in millions) 24 and 
48 h after irradiation with various doses of X-rays as measured by counting 
fluorescent beads alongside TPC-1 cells in a flow cytometer. Error bars 
represent the means ± SD. Asterisks indicate significant results compared to 
the control at p<0.05. 

Table II. Percentage of BCPAP cells in each cell cycle phase. 

Dose (Gy) G1 S G2

0 82.34 ± 1.89 5.77 ± 0.49 11.09 ± 1.30
0.0625 82.54 ± 2.00 6.52 ± 1.28 10.41 ± 0.63
0.25 79.46 ± 3.33 6.58 ± 1.16 13.42 ± 3.79
0.5 79.56 ± 1.82 5.16 ± 0.81 14.76 ± 1.24
1 82.71 ± 1.13 3.73 ± 0.74 13.21 ± 1.31
4 69.74 ± 1.84 2.53 ± 0.60 27.41 ± 2.09

Numbers are reported as: Percentage of cells (%) ± SD.
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necrotic cells as well. At all time-points, irradiation at low 
doses did not increase apoptosis or necrosis significantly 
(Fig. 5A-C). However, the levels of apoptosis as measured by 
Annexin V/PI double staining did not increase in BCPAP 
cells 24 h post irradiation (data not shown).

Levels of caspase-3 after irradiation. The increase in the 
levels of apoptosis at the later time-points at 4 Gy led us to 
examine whether this was also reflected in the terminal 
marker, caspase-3. Cleaved caspase-3 levels did not alter 
significantly at 24 h post-irradiation but at 48 h post-irradiation 
they exhibited a dose-dependent increase with a significant 
up-regulation at 1 and 4 Gy (Fig. 6A). However, levels of 
cleaved caspase-3 did not increase significantly in the BCPAP 
cell line neither at 24 nor 48 h post-irradiation (Fig. 6B).

Subsequently, we wanted to assess whether the significant 
effects of high-dose irradiation on TPC-1 cells also induced 
morphological alterations, particularly in comparison to the 
BCPAP cells.

Changes in cellular morphology following irradiation. 
Senescence can be brought on by several factors, including 
stress such as radiation and DNA damage (16). This state is 
defined by several morphological and molecular markers. We 
therefore performed microscopic observations of the control 
and irradiated TPC-1 cells (Fig. 7A). The morphology of 
TPC-1 cells following irradiation showed alterations typical 
of stress induction. There was a marked increase in intra-
cellular vesicle trafficking, as shown by the increased number 
of vesicles in the cytoplasm of irradiated cells (Fig. 7B). 
Similarly, there was evidence of nuclear fragmentation in 
some cells at the higher doses of irradiation (4 Gy). In addition, 
cells appeared to be more flattened and larger in size especially 
at higher doses of irradiation (0.5 Gy and above) (Fig. 7B). 
This morphology has been associated with an increase in 
cellular senescence. The appearance of these phenomena 
increased in a manner proportional to the dose of irradiation 
received. However, when we observed the BCPAP cells (Fig. 8B) 
cells under the microscope, we did not observe an increase in 
cell size and flattening in these cells as observed in the TPC-1 
cells (Fig. 8A and B).

We then wished to further investigate TPC-1 senescence, 
with a particular focus on the cytokines and chemokines 

Figure 4. Cell cycle distribution by PI staining: Bar graph representing the percentage of cells in pre-G1, G1, S and G2. (A) TPC-1 cells and (B) BCPAP cells. 
Bars represent an average of 3 measurements. Error bars represent the means ± SD. Asterisks represent significant results at p<0.05.

Figure 5. Apoptosis measurement using Annexin V/PI double staining. Bar 
graphs representing the percentage of apoptotic and necrotic cells (A) 24 h, 
(B) 48 h and (C) 72 h post irradiation in TPC-1 cells. Apoptotic cells were 
taken as Annexin V-positive/PI-negative and -positive cells whereas necrotic 
cells were taken as Annexin V-negative/PI-positive cells. Results reported as 
the percentage of cells ± SD. Asterisks represent significant results at p<0.05.
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involved. In the latter part of this study, we will further focus 
on the molecular differences possibly explaining the discrepancy 
in the TPC-1 and BCPAP response.

Effect of external X-irradiation on secreted levels of TGF-β1. 
Senescent cells have been found to exhibit a distinct secretory 
profile, termed as senescence-associated secretory phenotype 

Figure 6. Caspase-3 levels in response to irradiation: Bar graphs displaying the levels of active caspase-3 in (A) TPC-1 and (B) BCPAP cells in response to 
various doses of X-irradiation. Results are reported as the percentage of fluorescence ± SD. Asterisks represent significant results at p<0.05.

Figure 7. Morphological alterations in TPC-1 cells in response to radiation. (A) TPC-1 cells observed under an inverted light compound microscope (x60). (B) 
TPC-1 cells stained with the May-Grünwald Giemsa stain (x60).
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(SASP) (17). We therefore wished to investigate the milieu of 
TPC-1 cells for changes in secreted cytokines. A sandwich 
ELISA on the levels of TGF-β1 was performed on the super-
natant of TPC-1 cells collected 24 h after irradiation with 
various doses of X-rays. The supernatants were collected from 
cells of different passages and all supernatants were analyzed 
in a single 96-well plate. An analysis of TGF-β1 levels with an 
adjustment for the passage number revealed that 0.5 Gy was 
the lowest significant dose to cause an up-regulation in the 
levels of TGF-β1 (the Dunnett test; p<0.05) (Fig. 9A). To 
confirm whether the lack of the morphological changes 
observed in the senescent cells would also mean no changes 
in the excreted levels of TGF-β1, we performed a sandwich 
ELISA on the supernatant of BCPAP cells similar to the one 
performed on TPC-1 supernatants. There was no increase in 
the levels of TGF-β1 in the case of BCPAP cells at all irradia-

tion doses. Indeed, there was a decrease in TGF-β1 levels 
upon irradiation but when all three passages of cells were 
taken into account, this turned out not to be significant 
(p<0.05) (Fig. 9B).

Effect of irradiation on the secreted level of cytokines using a 
multiplex bead assay. We further inspected the effect of 
radiation on a panel of cytokines and chemokines using a 
multiplex bead assay. We analyzed around 90 different 
cytokines and chemokines and came up with six significantly 
regulated factors whose regulation was affected by radiation. 
These factors included eotaxin, granulocyte macrophage 
colony stimulating factor (GM-CSF), interleukins (IL)-6 and 
-8, vascular endothelial growth factor (VEGF), and monocyte 
chemotactic protein-1 (MCP-1). Eotaxin, GM-CSF, IL-8, and 
VEGF showed significant changes in their levels at only 4 Gy 

Figure 8. Morphological alterations in BCPAP cells in response to radiation. (A) BCPAP cells observed under an inverted light compound microscope (x60). 
(B) BCPAP cells stained with the May-Grünwald Giemsa stain (x40).
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of X-rays. GM-CSF and IL-8 were up-regulated while VEGF 
and eotaxin were down-regulated. IL-6 and MCP-1 levels 
were significantly up-regulated at 1 and 4 Gy (p<0.05) 
(Fig. 10).

Translational levels of molecular markers by Western blotting. 
In order to gain insight into the molecular mechanisms 
underlying the differences in response to low and high doses 
of radiation in the two cell lines, we checked the levels of 
some of the central players in DNA damage response. A 
central player in the cellular DNA damage response is the 
tumor suppressor, p53 (18). As can be seen in Fig. 11A, p53 
levels increased dose-dependently in the irradiated TPC-1 

cells starting at a dose of 0.5 Gy. To further confirm that p53 
was indeed active, the levels of one of its downstream targets, 
p21, were checked. Western blot analysis of p21 showed a 
dose-dependent up-regulation upon irradiation at doses of 
0.5 Gy and above. This up-regulation was similar to that 
observed with p53. We also analyzed the response of another 
p53 family member, p73, to irradiation and found it to be 
absent in this cell line. To investigate the response of this cell 
line to apoptosis, the levels of two anti-apoptotic proteins, 
Bcl-2 and Akt, were assessed and were found to be 
up-regulated at all doses of radiation except 0.5 Gy (Fig. 11A 
and B). The lack of up-regulation at 0.5 Gy may point to the 
fact that Bcl-2 and Akt are not the only two anti-apoptotic 

Figure 9. TGF-β1 levels in response to various doses of X-irradiation in TPC-1 and BCPAP cells. TGF-β1 concentrations (pg/ml) in the milieu of TPC-1 (A) 
and BCPAP (B) cells 24 h post-irradiation as measured by sandwich ELISA. Asterisks represent significant results at p<0.05. An increase in the levels of 
TGF-β1 upon irradiation is evident at 0.5 Gy in TPC-1 cells but not in BCPAP. Error bars represent the means ± SD.

Figure 10. Concentration of secreted cytokines by multiplex bead assay. Measured concentrations (pg/ml) of various cytokines in the milieu of TPC-1 cells 
24 h post-irradiation. (A) Eotaxin and GM-CSF, (B) IL-6, (C) IL-8 and VEGF and (D) MCP-1. Asterisks represent significant results at p<0.05. Error bars 
represent the means ± SD.
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factors at play here and that there may be other players, such 
as Bcl-XL.

As mentioned above, upon irradiation, cells presented 
signs of senescence, such as distinct morphological features, 
inhibition of proliferation, resistance to apoptosis and an 
altered secretory profile, and therefore, we checked the effect 
of radiation on p16INK4a translational levels. As shown in 
Fig. 11C, radiation caused an increase in the levels of p16 in 
TPC-1 cells. The levels of p16 were up-regulated even at the 
low dose of irradiation (62.5 mGy) which warrants further 
research into the role of low doses of radiation in senescence. 

To ascertain the effect of p53 on the induction of p16 and 
the senescence-like profile, we investigated the effect of a 
range of external X-rays on the levels of p16 and p73 in BCPAP 
cells. The tumor suppressor p53 was detected in BCPAP cells 
but upon irradiation the protein levels of p53 did not increase 
and neither did the levels of p73 and p16 (Fig. 12).

Effect of irradiation on levels of β-galactosidase. The 
increase in the levels of β-galactosidase measured at pH 6.0, 
(SA β-gal), is one of the hallmarks of senescence but not 
limited to it (19). To measure the levels of this enzyme in 
TPC-1 cells, we adapted a fluorescence assay and used various 

passages of TPC-1 cells as mentioned above. We noticed that 
fluorescence levels increased upon irradiation of TPC-1 cells 
starting at 0.25 Gy (p<0.05). When cells were harvested until 
they formed a confluent monolayer, an increase in fluorescence 
was observed but was not significant when compared to the 
control (p<0.05) (Fig. 13). 

Discussion

Epidemiological evidence indicates a relationship between 
exposure to ionizing radiation and the induction of thyroid 
cancer, most notably following the study of children exposed 
to external irradiation and the victims of the Chernobyl disaster 
(20-22). In addition, Cardis et al (23) showed that there was a 
significant increase in the risk of certain cancers in workers of 
nuclear facilities (24). Radiation in the form of radioiodine is 
also used as a treatment for thyroid cancer albeit at higher 
doses (25), although studies have explored the possibility of 
using lower doses of radiation in cancer therapy for certain 
cancers (26-28). The risk of thyroid cancer from low-dose 
radiation exposures, such as those received from the environ-
ment, or from medical and workplace exposures, is uncertain. 

We used a model system of two cell lines of PTC origin, 
one containing a wild-type copy of p53 and one with a 

Figure 11. Response of various molecular markers to radiation in TPC-1 cells 
as measured by Western blot analysis. Translational levels of (A) the p53 
family members, p73 and p53, and their downstream effector, p21, (B) the 
anti-apoptotic factors, Akt and Bcl-2, and (C) p16. β-tubulin was used as the 
housekeeping protein.

Figure 12. Response of various molecular markers to radiation in BCPAP cells 
as measured by Western blot analysis. Translational levels of p73, p53 and 
p16 in BCPAP cells. β-tubulin was used as the housekeeping protin.

Figure 13. β-galactosidase level measurement in TPC-1 cells by fluorescence: 
Measured levels of SA β-galactosidase levels in TPC-1 cells 24 h post-irradia-
tion. Confluent cells represent cells that were grown until fully covering the 
tissue culture flask bottoms while blank refers to cases with no cells. Asterisks 
represent significance at p<0.05. Error bars represent the means ± SD.
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mutated copy and irradiated them with low (62.5 mGy) and 
moderate to high doses of X-rays (0.25, 0.5, 1 and 4 Gy) and 
monitored several parameters that were changed at various 
irradiation doses. This study shows that a low dose of radiation 
(62.5 mGy) elicits a response in cells with wild-type p53 
(TPC-1) which differs from the response at higher doses. This 
could be mainly due to the difference in the molecular players 
involved. At the former dose, we observed a significant 
increase in the percentage of cells with DSBs, associated with 
a decrease in the fraction of cells in the S phase of the cell 
cycle and an up-regulation of p16 in TPC-1 cells, but not in 
BCPAP cells, thus indicating p53-dependency.

A decrease in the number of cells in the S phase and an 
increase in cells in the G2/M in TPC-1 cells at doses higher 
than 0.5 Gy was observed in our study at 24 and 48 h. This 
could be due to the fact that the TPC-1 cell line maintains a 
functional copy of p53. Although Frasca et al (29) sequenced 
the TP53 gene in several PTC cell lines and found that TPC-1 
harbored an inactivating K286E point mutation in p53, the 
study of Meireles et al has shown that TPC-1 carries wild-
type p53 (11). Our results confirm the latter and point in the 
direction of TPC-1 having at least one functional copy of p53. 
Translational levels of p53 were up-regulated upon irradiation 
with X-ray doses of 0.5 Gy and above. p53 is known to activate 
the cyclin dependent kinase inhibitor (CDKN1A), p21, which 
is able to cause a G1/S checkpoint activation (30). Analyzing 
the levels of p21 revealed a similar increase in p21 levels upon 
X-ray doses of 0.5 Gy and above. A similar decrease in cells 
in the S phase was noted by Namba et al when they irradiated 
the NPA PTC cell line, at doses above 0.5 Gy and this was 
also found to be p53-dependent (31). Another member of the 
p53 family, p73, has also been found to be a tumor suppressor 
and to share the pathways that are associated with p53 (32,33). 
Therefore, p21 could feasibly be up-regulated by p73 and not 
by p53, and thus it warranted further investigation. By probing 
for p73, we found that there were no translational levels of this 
protein in TPC-1 cells. Frasca et al came to a similar conclusion 
when checking for transcriptional changes of p73 in TPC-1 
cells by RT-PCR (29). 

The up-regulation of p16 however, did not follow the same 
trend as p53 activation and could be responsible for the 
decrease of the fraction of cells in the S phase at the low dose 
of radiation. On the contrary, BCPAP, a cell line which 
harbors a mutant copy of p53, did not show any changes in the 
parameters measured at the low dose of irradiation. Evidence 
of cross-talk between the p53-p21 and p16-pRb pathways has 
existed for some time (34,35). However, the exact nature of 
this cross-talk is not entirely clear. It has now emerged that 
p53 may inhibit p16 levels and that in the absence of wild-type 
p53, p16 levels increase as a back-up mechanism (35,36). Our 
results suggest that the p16 response to radiation is dependent 
on the p53 status of the cells where the former was up-regulated 
in response to radiation in the TPC-1 cell line with wild-type 
p53. However, whether the one activates the other directly is 
not certain. Furthermore, the levels of p16 increased in response 
to various doses of X-rays despite the presence of a p53- 
mediated response. There was a decrease in the fraction of 
cells in the S phase only at 1 and 4 Gy and no increase in 
apoptosis as measured by the levels of active caspase-3 or the 
observed changes in morphology associated with senescence. 

This was associated with no changes in the translational levels 
of p53, p73 and p16 in these cells upon external X-irradiation.

The up-regulation of p16 and p21 has been linked to the 
appearance of a senescence-like phenotype in cells. Senescence 
has been found to proceed via two interconnected pathways in 
which p53 and p16INK4a lie at the center (16) and the appearance 
of a senescent profile has been mainly linked to the different 
dynamics of p21 and p16 where p21 is important for the 
appearance of the senescent profile while p16 maintains the 
cells in that state (37). The appearance of a senescent-like 
profile in the TPC-1 cells at 0.5 Gy and above and its absence 
at 62.5 mGy may point to the fact that the concomitant 
activation of both p21 and p16 and not only the latter is 
necessary for the appearance of this profile. These different 
dynamics in TPC-1 cells resemble those that were reported 
for melanocytes upon irradiation with different doses of UV 
(38). The difference in the appearance of a senescent-like 
profile between low and high doses of radiation is reflected in 
the increase in DNA DSBs in response to radiation. TPC-1 
cells irradiated with a low dose of radiation (62.5 mGy) 
showed an increase in the percentage of nuclei displaying 
DNA damage with no change in the median number of foci or 
focus size. This is consistent with earlier reports indicating 
the absence of these phenomena below 0.1 Gy (39). At higher 
doses (0.5 and 4 Gy), the percentage of nuclei showing DNA 
damage, the median number and spot occupancy increased 
significantly compared to the control. More significantly, 
image analysis revealed a great increase in the size of the foci 
at 4 Gy. The size of the foci is indicative of the amount of 
DNA damage and the failure to repair the DNA damage 
caused the size of the foci to increase. Rodier et al (17) found 
that failure to repair DNA damage after 24 h at a dose of 
10 Gy led to the appearance of large foci and was associated 
with a senescent profile.

The appearance of this senescent state at moderate to high 
doses of radiation would also explain the lack of apoptosis. 
The up-regulation of markers such as Bcl-2 and Akt could 
also explain the lack of apoptosis due to the reported role of 
these two molecules in the anti-apoptotic response (40,41). In 
fact, the up-regulation of Bcl-2 was found to push the cellular 
response to DNA damage from apoptotic to senescent (42). 
However, this does not explain the lack of apoptosis at lower 
doses of radiation especially since previous research has 
indicated that transformed cell lines of adenocarcinoma and 
glioma with a functional copy of p53 display low-dose hyper-
radiosensitivity which is cell cycle- and apoptosis-dependent 
(43,44). Perhaps the low number of nuclei that exhibit DNA 
damage and the slight increase in the levels of Bcl-2 and Akt 
at low doses contribute to this effect. Another feature of 
senescent cells is an alteration in their secretory profile which 
has been reported at low doses of radiation (0.2 Gy) with 
noticeable effects on the microenvironment (45). This SASP 
has been deemed an important player in the tissue micro-
environment and in the maintenance of the senescent state in 
cells (46,47). Our results point to an alteration of the secretory 
profile of TPC-1 cells only at doses of 0.5 Gy and higher. We 
identified six factors that were altered upon X-irradiation: 
TGF-β1, VEGF, eotaxin, IL-6, IL-8 and MCP-1. TGF-β1 was 
found to contribute to the inhibition of proliferation of TPC-1 
cells through SMAD2/3 and the up-regulation of p21 (48). 
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IL-6 and -8 are of particular importance since they are 
involved in the inflammatory response and have been linked 
to the induction and maintenance of senescence and found to 
be the two most robustly expressed of the SASP panel (45,46). 
These factors among others have already been detected in the 
supernatant of stress-induced senescent cells (17,49).

In conclusion, our results indicate that cell lines of PTC 
origin respond to external X-irradiation with a change in their 
cell cycle distribution irrespective of their p53 status. However, 
only when a functional copy of p53 is present do the cells alter 
their cell cycle distribution in response to low doses of radiation, 
concomitant with p16 up-regulation and the up-regulation of 
certain anti-apoptotic markers. However, a senescent-like 
profile only appears in these cells at higher irradiation doses. 
Finally, it could be said that the response of the TPC-1 cells is 
dependent on the level of DNA damage brought on by irradiation. 
At a low dose of radiation, there is no increase in the number 
of DNA damage foci per nucleus and thus p16 up-regulation 
may cause a reversible cell cycle arrest until the DNA damage 
is fixed. At higher doses of radiation, DNA damage is more 
severe and p53, p21 and p16 are up-regulated and this leads to 
a non-reversible senescent-like profile. 
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