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SAMENVATTING 

 
Introductie: Uit Post-Chernobyl epidemiologische studies blijkt dat blootstelling aan ioniserende straling 

(IR) een belangrijk risicofactor is in schildklierkankerontwikkeling. De algemene populatie wordt steeds 

meer blootgesteld aan IR afkomstig van natuurlijke en kunstmatige bronnen. Vooral lage 

stralingsdosissen zijn van belang. Bovendien toont de epidemiologie ook aan dat jodiumtekort (ID), waar 

meer dan 2 miljoen mensen aan lijden, ook een invloed uitoefent op de schildklierkankerontwikkeling. Er 

is nog steeds onduidelijkheid over het gecombineerd effect van IR en ID op schildkliercellen. We 

hypothetiseren dat IR en ID stress veroorzaken in schildkliercellen door een verhoogde productie van 

reactieve zuurstofsoorten (ROS) wat de deling en overleving van de schildkliercellen kan beïnvloeden. 

 
Materiaal & methoden: Rat PCCL3 schildkliercellen werden gekweekt in de aan- of afwezigheid van 

jodium voor 6u, 24u en 48u en werden bestraald met lage (0 Gy, 0.05 Gy, 0.1 Gy), gemiddelde (0.5 Gy) 

of hoge (3 Gy) stralingsdosissen. De proteïne expressie van catalase, (p)AKT1, (p)STAT3, NFκB p52 

werd bepaald door middel van Western blot. ROS productie en γH2AX/53BP1 foci werden gedetecteerd 

door respectievelijk CM-H2DCFDA fluorescerende beeldvorming en immunocytochemie, gevisualiseerd 

door een fluorescentie microscoop. De cel cyclus werd onderzocht door middel van een BrdU/7-AAD 

assay en flow cytometrie. Statistische significantie (p<0.05) werd geëvalueerd met een two-way ANOVA. 

 
Resultaten: Jodium-deficiënte cellen bestraald met 0.5 Gy en 3 Gy vertoonde een versterkte ROS 

productie 24u na de behandeling in vergelijking met jodium-sufficiënte cellen. Bovendien was er een 

algemeen significant effect van de jodiumstatus op de catalase proteïne expressie 6u na de behandeling. 

Cellen bestraald met 0.5 Gy en 3 Gy vertoonde een significant verhoogd aantal γH2AX foci vergeleken 

met niet-bestraalde cellen op 30 min na de behandeling, waarna het aantal terug daalt tot 24u na de 

behandeling. Het aantal 53BP1 foci na een bestraling van 0.1 Gy, 0.5 Gy en 3 Gy was significant hoger 

vergeleken met niet-bestraalde cellen en bereikte hun piek na 1-4u, waarna het aantal daalde tot 24u na 

de behandeling. Cellen bestraald met 0.05 Gy en 0.1 Gy vertoonde een continue stijging in het aantal 

γH2AX foci tot 24u na de behandeling. Het aantal 53BP1 foci veranderde niet tussen 0.05 Gy-bestraalde 

cellen en niet-bestraalde cellen. Er was ook geen verschil in het aantal foci tussen jodium-sufficiënte en 

jodium-deficiënte cellen. Op 24u na de behandeling was er een significante verhoging in de hoeveelheid 

cellen in de G0/G1 fase na bestraling met 3 Gy vergeleken met niet-bestraalde cellen. Bovendien was het 

aantal jodium-deficiënte cellen blootgesteld aan lage, gemiddelde en hoge stralingsdosissen significant 

verlaagd in de G0/G1 fase en verhoogd in de G2/M fase en S fase vergeleken met jodium-sufficiënte 

cellen. Op 48u na de behandeling werden er geen significante verschillen meer gezien in de cel cyclus 

tussen jodium-deficiënte en jodium-sufficiënte cellen. Tot slot, er werden geen significante verschillen 

gezien op proteïne niveau 6u na de behandeling voor proliferatie- en overlevingsmediatoren.  

 
Discussie & conclusie: Blootstelling aan 0.5 Gy en 3 Gy veroorzaakt stress in de schildkliercellen tot 

een bepaald niveau waardoor ze de bijkomende stress van jodiumtekort niet kunnen opvangen, wat leidt 

tot een versterkte ROS productie in vergelijking met jodium-sufficiënte cellen. Het DNA herstel verloopt 

bovendien anders na blootstelling aan lage stralingsdosis dan na een hoge stralingsdosis. Dit suggereert 

dat er een drempelwaarde van DNA schade overschreden moet worden om een efficiënte activatie te 

verkrijgen van de DDR pathway. PCCL3 cellen zijn relatief radioresistent. Een gecombineerde 

behandeling van ID en IR maakt de cellen minder gevoelig voor een G1 stop en versterkt de proliferatie 

24u na behandeling. Dit kan duiden op een vergankelijke stressreactie met veranderingen in de 

proliferatie pathways wat nog niet detecteerbaar was 6u na de behandeling. De veranderde catalase 

proteïne expressie kan ter compensatie dienen voor onvoldoende H2O2-detoxificatie dankzij jodiumtekort. 
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SUMMARY 

 
Introduction: Post-Chernobyl epidemiological studies appointed ionizing radiation (IR) exposure as 

high-risk factor for thyroid cancer development. Currently, the general population is increasingly exposed 

to IR deriving from natural and human-made sources. In particular, low-dose IR is of major concern. On 

the other hand, epidemiological studies demonstrated that iodine deficiency (ID), affecting more than 2 

billion individuals worldwide, is also a determinant in thyroid cancer development. However, there are 

still uncertainties about the combined effects of ID and low-dose IR exposure on thyroid cells. We 

hypothesize that low-dose IR and ID both stress thyroid cells by an enhanced production of reactive 

oxygen species (ROS), affecting proliferation and survival. 

 
Material & methods: Rat thyroid PCCL3 cells were cultured in iodine-deficient or iodine-sufficient 

conditions for 6h, 24h or 48h and were irradiated with low (0 Gy, 0.05 Gy, 0.1 Gy), intermediate (0.5 

Gy) or high (3 Gy) X-ray doses. Protein expressions of Catalase, (p)AKT1, (p)STAT3, NFκB p52 were 

determined by Western blot. ROS production and γH2AX/53BP1 foci were dtected by respectively CM-

H2DCFDA fluorescent imaging and immunocytochemistry visualized using fluorescence microscopy. 

Finally, cell cycle distribution was examined by a BrdU/7-AAD assay using flow cytometry. Statistical 

significance (p<0.05) was evaluated with two-way ANOVA. 

 
Results: There was an enhanced ROS production at 24h post-treatment in iodine-deficient cells 

irradiated with 0.5 Gy and 3 Gy compared to iodine-sufficient cells. Furthermore, there was an overall 

significant effect of the iodine state on the catalase protein expression 6h post-treatment. PCCL3 cells 

irradiated with 0.5 Gy and 3 Gy exhibited a significantly increased number of γH2AX foci compared to 

sham-irradiated cells at 30 min post-treatment, after which it decreased up to 24h post-treatment. The 

number of 53BP1 foci after irradiation with 0.1 Gy, 0.5 Gy and 3 Gy was significantly higher compared to 

sham-irradiated cells and reached its peak around 1-4h, after which it decreased up to 24h post-

treatment. PCCL3 cells irradiated with 0.05 Gy and 0.1 Gy showed a continuously increasing number of 

γH2AX foci up to 24h post-treatment. The number of 53BP1 foci did not significantly differ between 0.05 

Gy-irradiated cells and sham-irradiated cells. There were no major differences in the number of DSBs 

between iodine-sufficient and iodine-deficient cells. At 24h post-treatment, the percentage of cells in the 

G0/G1 phase significantly increased after irradiation with 3 Gy compared to sham-irradiated cells. 

Furthermore, the amount of iodine-deficient cells exposed to low-, intermediate- and high-dose IR was 

significantly lower in the G0/G1 phase and higher in the G2/M phase and S phase compared to iodine-

sufficient cells. At 48h post-treatment, there were no longer significant differences in cell cycle 

distribution between iodine-deficient and iodine-sufficient cells. No significant differences were observed 

at protein level 6h post-treatment for proliferation (STAT3, AKT1) and survival (NFkBp52) mediators. 

 
Discussion & conclusions: Irradiation with 0.5 Gy or 3 Gy stresses thyroid cells to a certain extent 

which makes them unable to cope with the additional stress of ID, leading to an enhanced ROS 

production compared to iodine-sufficient cells. Furthermore, The DNA repair of thyroid cells after low-

dose exposure is different than after high-dose exposure, suggesting the presence of a DNA damage 

threshold level required for efficient activation of the DDR pathway. Thyroid cells are relatively 

radioresistant. However, a combined treatment with ID and IR makes thyroid cells less sensitive for a 

p53-dependent G1 arrest and enhances proliferation 24h post-treatment. This could represent a 

transient stress response with subtle changes in the proliferation pathways, which was not detected yet 

at 6h post-treatment and was disappeared at 48h post-treatment. The altered catalase protein 

expression could be a response to compensate for insufficient detoxification of H2O2 by ID. 
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INTRODUCTION 

 

1. THE THYROID GLAND AND THYROID CANCER  

 
The thyroid gland is one of the largest endocrine glands in the human body and comprises 

two connected lobes, located anterolaterally to the upper trachea. The functional unit of the thyroid 

gland is the thyroid follicle, which produces the thyroid pro-hormone, tetraiodothyronine (T4) and 

the active thyroid hormone, triiodothyronine (T3), using the precursors thyroglobulin and iodide. 

The produced thyroid hormones are then released into the blood stream via rich capillary networks 

closely surrounding the thyroid follicles. The active, circulating thyroid hormones are essential for 

normal fetal brain development and regulate many physiological processes in the human body such 

as the metabolism, cardiovascular function, respiration, mental processing, growth, maturation and 

reproduction (1). 

 
Thyroid cancer is a common malignancy of the endocrine system and can originate from 

two different cell types. Most thyroid cancers originate from the follicular thyroid cells and are 

classified in different subtypes depending on their morphological and clinical characteristics. They 

encompass the well-differentiated papillary and follicular thyroid carcinomas (PTC and FTC 

respectively), as well as the undifferentiated, anaplastic thyroid carcinoma (ATC). PTC is the most 

frequent tumor type of the thyroid gland, accounting for 80% of all cases and can be associated 

with ionizing radiation (IR) exposure. Common mutations found in thyroid cancers are point 

mutation of the BRAF and RAS genes as well as RET/PTC and PAX8/PPARγ chromosomal 

rearrangements (2) (Supplemental Table 1). The characteristic chromosomal rearrangements of 

the receptor tyrosine kinase RET gene are specific for PTC. The most common rearrangement types 

are RET/PTC1 and RET/PTC3. As a result from these rearrangements, the portion of the RET gene 

encoding for the intact tyrosine kinase domain is fused to an active promoter of another gene, 

stimulating the expression and ligand-independent dimerization of the RET/PTC protein. This, in 

turn, leads to constitutive activation of the MAPK signaling pathway, promoting tumorigenesis of 

the thyroid cells (Supplemental Figure 1). RET/PTC rearrangements are commonly found in 

pediatric PTCs and in PTCs of individuals exposed to IR. The accidental radiation exposure after the 

Chernobyl accident particularly increased the frequency of the RET/PTC3 rearrangement type. FTC 

represents only 15% of all thyroid cancers and harbor mostly RAS mutations and PAX8-PPARγ 

rearrangements. PTC and, to a lesser extent, FTC have a good clinical prognosis if adequately 

treated. In contrast, ATC is a rare (Only 5% of all cases) but aggressive malignancy, associated 

with a highly lethal clinical course despite therapeutic intervention. Genetic mutations known to 

occur in ATC involve the RAS, BRAF, TP53 and CTNNB1 genes as well as alterations in the 

PI3K/AKT signaling pathway (Supplemental Figure 1). Finally, Medullary thyroid cancer (MTC) 

originates from the para-follicular C cells and accounts for only 3% of all thyroid cancers. MTCs 

frequently harbor point mutations of the RET gene (2, 3). 

 
Although the contribution of thyroid cancer to global cancer burden is small, thyroid cancer 

incidence has rapidly increased worldwide in the recent few decades, including in the Flemish 

region of Belgium (Figure 1) (4-6). The increased incidence is limited to the papillary type of 
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thyroid cancer. It is suggested that advances in medical diagnostic techniques, which increase the 

detection rate of small thyroid tumors (<1cm), contribute to this worldwide increasing trend. 

However, whether this can account entirely for this continuous trend, or whether environmental 

factors also contribute, remains unclear. Since IR is a well-known risk factor for the development of 

thyroid cancer, concerns remain that the rising incidence might, in part, result from the increased 

population exposure to medical radiation (2, 7). In addition, imbalanced dietary iodine intake is 

also associated with the development of thyroid disorders. Since there is little knowledge about the 

exact etiology of thyroid cancer and many individuals are simultaneously affected by low-dose IR 

and iodine deficiency (ID), it is relevant to investigate the biological effect of IR and ID on non-

cancerous thyroid cells (5, 8, 9). 

 

Figure 1: Thyroid cancer incidence and mortality in Belgium (Flemish region). (A) Incidence rate 

significantly increases in both sexes between 1999-2008 (M: p=0.00; F: p = 0,0). However, mortality 

decreases (M: p=0.03; F: p=0.07). (B) Papillary carcinoma shows a large significant increase (M: p=0.01; F: 

p=0.00). Other main histological subtypes increase as well, but no significant trend is observed. Due to 

improved registration practices, a significant decrease is observed in unspecified tumors (M: p=0.05; F: 

p=0.00). Adapted from the Belgian Cancer Registry, Cancer Incidence in Belgium, 2008 (6). 

 
2. IMPORTANT RISK FACTORS FOR THYROID CANCER 

2.1 IONIZING RADIATION 

2.1.1 Biological effects of ionizing radiation 

 
Currently, the general population is increasingly exposed to IR, originating from natural 

and manmade sources (10). Ionizing radiation can be classified into two major categories: 

electromagnetic IR including X-rays and γ-rays and particulate IR including alpha particles, beta 

particles, neutrons and protons. When passing through a medium, IR can interact with atoms, 

losing energy along its track. The average energy deposited per unit length is called linear energy 

transfer (LET) and indicates the efficiency of IR to cause ionizations by ejection of atomic electrons. 

Alpha particles, beta particles, neutrons and protons are considered as high-LET radiation inducing 

dense ionizations along their track. Therefore, high-LET radiation is likely to interact directly with 

essential cellular structures, which makes it highly destructive to biological tissues. Since high-LET 

radiation rapidly exhausts its energy, it has a low penetrating ability. As a result, high-LET 

radiation is only of major concern during internal exposure. On the other hand, electromagnetic X-

rays and γ-rays are classified as low-LET radiation. The latter primarily acts indirectly through 

A B 
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interaction with the abundant water molecules inside the cell, which results in the generation of a 

variety of reactive oxygen species (ROS), including hydroxyl radicals, superoxide, singlet oxygen, 

and hydrogen peroxide (H2O2). These produced ROS are able to diffuse over a distance and will in 

turn interact with critical cellular components such as DNA, proteins and lipids which eventually can 

result in tissue damage. Low-LET radiation is sparsely ionizing and interacts only randomly along 

the length of its track. Therefore, low-LET radiation is able to deeply penetrate into biological tissue 

and is especially of concern during external exposure. The direct and indirect biological effects of IR 

on the DNA are of major concern since IR can lead to genetic lesions, especially double strand 

breaks (DSB) (11, 12). These genetic lesions can enhance the mutation rate, which is in turn 

considered as the underlying basis for radiation-associated carcinogenesis (13, 14). In addition, IR-

induced DNA damage and ROS generation are able to induce alterations in intracellular signaling 

pathways involved in proliferation, survival and apoptosis. 

 
The incidence and severity of IR-induced biological effects depends on several parameters 

such as the type of radiation, the exposure time, the distance to the radiation source, the type of 

the exposed biological tissue, the applied radiation dose, the subject’s health condition and age, 

etc. (15). The applied radiation dose can be expressed as ‘absorbed dose’, measured in grays (Gy) 

which quantifies the energy deposited per unit mass. The energy deposition of 1 Joule/Kg equals 1 

Gy. However, not all types of IR result in the same biological effect after exposure. Therefore, the 

‘dose equivalent’ is mostly used, expressed in Sievert (Sv). The dose equivalent is the product of 

the absorbed dose and a radiation type-specific weighting factor. The weighting factor for X-rays is 

1,0. As a result, 1 Gy is equal to 1 Sv when using X-rays for medical applications. Finally, to assess 

health risks of IR exposure, the ‘effective dose’ is used. The effective dose cannot be measured 

directly since it is a theoretical calculated dose. It is based on which tissues or organs are exposed 

to the applied radiation by using a tissue specific-weighting factor. These tissue specific-weighting 

factors can be changed when new research results are available (14, 16). 

 

2.1.2 Thyroid cancer risks following exposure to high and low doses of radiation 

 
Epidemiological studies based on Japanese atomic bomb survivors and the Chernobyl 

accident in 1986 provide strong evidence of a significantly increased risk of thyroid cancer after 

exposure to radiation doses above 100 mSv. Thyroid cancer risks are well described by a linear 

dose-response function and strongly depends on age of exposure (17-19). Indeed, the thyroid 

gland of children is more radiosensitive than of adults due to their smaller size, rapid growth and 

the differences in metabolic rate. Furthermore, children have a longer life expectancy than adults 

which increases the opportunity to develop cancer (20, 21). As a result, thyroid cancer incidence 

markedly increased in individuals who were exposed to IR as children or adolescents. This has 

especially been reported in the contaminated areas of Belarus, Ukraine and Russia as early as 4 

years after the Chernobyl accident as well as by a data analysis of thyroid cancer incidence from 

1958 to 2005 among members of the Life Span Study Cohort of Japanese atomic bomb survivors. 

Furthermore, also after the more recent Fukushima earthquake in 2011, an excess of thyroid 

cancer has been detected in children and adolescents who lived in the Fukushima Prefecture within 

4 years of the release (22). The data related to thyroid cancer following the Fukushima earthquake 

need more careful investigations and cannot be ignored. After the Chernobyl accident, most cases 
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of thyroid cancer occurred in children who were younger than 5 years at the time of the accident, 

while the risk decreased sharply for adults exposed after age 20 (19, 23, 24). The Chernobyl 

accident mainly caused internal exposure to radioactive iodine-131 (I131), caesium-137 (Cs137) and 

strontium-90 (Sr90), by-products of uranium fission, which is used for energy production in the 

nuclear reactor. The major contribution to radiation dose was exposure to short-lived I131, which 

was released in large amounts into the environment and primarily accumulated in the thyroid gland 

after inhalation or ingestion of contaminated food and drinks. Particularly children continued to 

consume I131-contaminated milk, leading to a median thyroid radiation dose of 0,35 Gy and 

maximum doses upto 2 Gy. In contrast, survivors of atomic bombing in Hiroshima and Nagasaki 

were mainly exposed to external radiation. However, the excess relative risks estimated by several 

case-control and cohort studies indicate that thyroid cancer risks after internal exposure to I131 are 

similar to the well-known risks after external radiation exposure (25-28).  

 
Another extensive body of literature is available about the use of IR for medical diagnostic 

and therapeutic procedures which continues to expand rapidly as techniques further develop (29). 

The use of IR for therapeutic purposes involves the delivery of high, fractionated doses to specified 

tissue volumes of patients while minimizing the irradiation of normal healthy tissue. Conventional 

fractionation usually consists of daily fractions of 1.8-2 Gy, building up to a total radiation dose of 

40 Gy or more dependent on the specific condition to be treated (30, 31). Several studies have 

linked the use of radiotherapy to treat malignant or benign head and neck conditions, including 

Hodgkin’s disease, with an increased risk to develop secondary malignant thyroid cancer, especially 

among children (32-36). In contrast to the strong evidence of a linear increase in thyroid cancer 

risk at radiation doses higher than 100 mSv, radiation-induced cancer risk is less clear at lower 

doses. This is relevant for medical diagnostic exposures such as X-rays and computed tomography 

(CT) scans. Medical diagnostic procedures represent the most significant source of artificial 

exposure to IR (Figure 2A) (30). In addition, radiation doses are cumulative. As a result, patients 

undergoing multiple high-dose diagnostic procedures in a short time period could reach effective 

radiation doses higher than 100 mSv. Since the number of CT procedures is increasing, there is an 

upward trend in the contribution of CT scans to the total collective dose from medical examinations 

(Figure 2B) (16, 30, 37, 38). Furthermore, over one third of all CT scans are performed in the 

head and neck region, exposing the thyroid gland to IR (39). M. Mazonakis, et al. estimated the 

risk for thyroid cancer induction in pediatric patients undergoing head and neck CT scans. They 

concluded that exposure of the thyroid gland to the primary CT radiation beam resulted in a thyroid 

absorbed dose range of 15.2-52.0 mGy, which was related to an increased risk on cancer induction 

up to 390 thyroid malignancies per one million patients (40).  
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Figure 2: Contribution of medical diagnostic radiation. (A) Average annual effective dose (mSv) in 

Belgium from 1895 and 2006. (B) Trends in annual effective dose (in mSv per year) from diagnostic 

radiological examinations in Belgium (1997-2006). The large and increasing share (77%) from CT is given 

separately. Adapted from Vanmarcke et al. IRPA proceedings. 2010;3(1):2216-25 (38). 

 
It is difficult to precisely quantify the risks of low-dose IR exposure. Low-dose risks are 

likely to be lower compared to high-dose risks. As a result, the signal-to-noise ratio declines and 

the expected low number of radiation-induced thyroid cancers may be masked by the natural 

incidence of sporadic thyroid cancers. Therefore, to maintain sufficient statistical power, large 

epidemiological studies are required (41, 42). Currently, in order to estimate the risks of cancer 

development at intermediate and low radiation doses, the linear no-threshold (LNT) theory is used 

(Supplemental Figure 2). This model implies a linear extrapolation of low-dose health risks from 

high-dose data and thereby indicates that even the lowest radiation doses increase the probability 

to develop cancer (14). A pooled analysis of 5 cohort studies and 2 case-control studies suggested 

an increased risk on thyroid cancer at a mean external radiation dose to the thyroid of 50mSv 

(19). In contrast, several studies believe that low-dose irradiation is stimulatory and beneficial for 

reproduction, immunity, and average lifespan and decreased cancer death rates (43-47). Indeed, 

There is still a lot of controversy about the health effects of low-dose IR. 

 

2.2 IODINE DEFICIENCY  

 
Normal thyroid functioning depends on the continuous supply of iodine, the key element for 

thyroid hormone synthesis. However, iodine is a scarce trace element in the environment and can 

only be acquired through the diet (48). As a consequence, ID remains a significant public health 

problem affecting more than 2 billion individuals worldwide (49, 50). Several epidemiological 

studies demonstrated an association between iodine intake and clinically evident thyroid nodules 

and benign goitres, occurring more frequently in iodine-deficient populations (51-54). Although 

nodularity and goitres may precede the development of malignant thyroid cancer, epidemiological 

data remain controversial about the association between ID and an increased risk to develop 

thyroid cancer (55-57). Defining this association in certain populations or geographical areas is 

challenging, since thyroid cancer is relatively rare. As a result, long study periods in large 

populations are required. In addition, the lag-time between changes in iodine intake and changes 

in thyroid cancer incidence is unclear and can take several decades (8). However, there are some 

ecological studies performed in different countries of Europe which describe a significant decrease 
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in the incidence of ATC and a shift towards more differentiated and less malignant forms of thyroid 

cancer after correcting ID with iodized salt (58-61). Next to epidemiological and ecological data, 

several early animal experiments showed an increased development of thyroid tumors, particularly 

of the follicular and papillary type, in female rats and mice which were fed on a low-iodine diet. 

Furthermore, the number and size of the thyroid tumors appeared to increase with an increased 

duration of ID (62-65). Similar results were found in hamsters (66). 

 
A suggested mechanism for the effects of ID is the chronic elevated release of the thyroid-

stimulating hormone (TSH) by the pituitary gland as part of the regulating hypothalamus-pituitary-

thyroid axis. Short-term actions of TSH include the induction of gene expression and protein 

synthesis involved in iodine trapping and thyroid hormone production. In addition, TSH promotes 

the release of thyroid hormones from the thyroid gland. Sustained TSH stimulation due to chronic 

ID results in hypertrophy and hyperplasia of the follicular thyroid cells combined with an extension 

of the thyroid vascular network and an increased thyroid blood flow (1). Abdul A. Al-Saadi et al. 

demonstrated that the development of ID-induced thyroid hyperplasia is associated with 

chromosomal abnormalities and an increased number of aneuploid rat thyroid cells with an 

increased duration of ID (67). However, beyond the well-known effects of this delayed phase of 

increased TSH levels in cases of severe and prolonged ID, thyrocytes are also able to rapidly react 

to acute mild and moderate decreases in iodine supply without TSH involvement. This early TSH-

independent phase is characterised by endothelial cell proliferation and pericyte activation resulting 

in adaptation of the local microvasculature, an increased blood flow and an enhanced iodine uptake 

from the blood (68). It has already been demonstrated that an acute intracellular iodine 

deprivation in thyrocytes induces a rapid and massive production of intracellular ROS, which in turn 

stabilize hypoxia inducible factor (HIF)-1α. Subsequently, HIF-1 binds to the hypoxia-response 

element (HRE) site in the promoter region of the vascular endothelial growth factor-A (VEGF-A) 

gene, stimulating VEGF-A protein synthesis and release (68, 69). Furthermore, J. Craps, et al. 

(2015) showed that ID activates ryanodine receptors (RYRs) located in the endoplasmic reticulum, 

leading to intracellular Ca2+ release, which in turn phosphorylates and activates nitrogen oxide 

synthase 3 (NOS3). Subsequently, activated NOS3 produces nitrogen oxide (NO), a reactive 

nitrogen species with well-known vasodilatory properties, which can induce VEGF synthesis through 

the activation of the HIF-1/VEGF-A pathway (Supplemental Figure 3) (70). 

 
Besides the role of iodine in thyroid functioning, iodine is also involved in other, extra-

thyroidal organs, particularly in the stomach and mammary gland. The stomach and the thyroid 

gland share many morphological and functional similarities, including the capacity to concentrate 

iodine from the blood by means of the sodium/iodide symporter (NIS). This is probably due to the 

common embryonic origin of both organs. On the other hand, the mammary gland is highly 

effective in capturing iodine from the blood during pregnancy and lactation to provide the neonate 

with sufficient levels of iodine. Then the neonate can produce its own thyroid hormones, which is 

essential for normal neural development. Several studies reported that iodine deficiency constitutes 

a risk factor for gastric cancer and breast cancer (71-74). It has been suggested that iodine is a 

potent antioxidant, which acts as an electron donor, neutralizing free radicals such as H2O2 and 

hydroxyl radicals. Furthermore, iodine inhibits lipid peroxidation and reduces the reactivity of 

cellular biomolecules with ROS by means of iodination. As a result, iodine protects cells against 
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damage from oxidative stress. In addition, anti-proliferative, apoptotic and differentiation-

promoting effects of iodine have also been observed in several tumor cell lines. These results 

support that iodine has a protective role against cancer development (75). However, it should be 

mentioned that an excess of iodine should be avoided as well since iodine excess is also associated 

with thyroid anomalies such as thyroiditis, hyperthyroidism, hypothyroidism and even thyroid 

cancer (76).  

 

3. THE COMBINED EFFECT OF IONIZING RADIATION AND IODINE DEFICIENCY 

ON THE THYROID 

 
Following the Chernobyl accident, it is suggested that ID is a co-factor, which could modify 

the effects of IR on the thyroid gland. The radioactive isotope I131 was the chief component of the 

accident fallout. Iodine-deficient thyroid glands have a stronger uptake of radioiodine, leading to 

higher thyroid radiation doses, combined with the continuing effects of ID which may impact the 

progression of thyroid cancer development (27). Several epidemiological studies focusing on the 

Chernobyl accident and the link with thyroid cancer indicated that thyroid cancer incidence, 

especially in children, was higher in territories with severe iodine deficiency than in areas of normal 

iodine intake (77, 78). These findings suggest that low-iodine diets could potentiate the risk to 

develop radiation-induced thyroid cancer and that elimination of ID may be important in reducing 

the effects of radiation exposure on the thyroid (79). Furthermore, Cardis E, et al. even observed a 

three-fold reduction in thyroid cancer risk among children taking iodine supplements months after 

exposure to the radioactive fallout from the Chernobyl accident compared to children without 

iodine supplementation. It is speculated that continuous administration of iodine supplements 

reduces the size of the thyroid gland, which leads to less cellular proliferation and thus a reduced 

thyroid cancer risk. Prophylaxis with iodine supplementation could be a favorable approach after 

exposure to radioactive iodine (78, 79). However, this is more questionable after external thyroid 

radiation exposure. In a long-term in vivo study of Carsten Boltze, et al. it was demonstrated that 

a low-iodine intake significantly increase the proliferation rate of the thyroid cells and induced 

thyroid adenomas in rats. However, no malignancies were detected after 110 weeks. When rats 

were irradiated with an acute exposure of 4 Gy, they observed a significant destruction of the 

thyroid follicular structure. However, rats under normal iodine supply developed no thyroid 

malignancies. In contrast, thyroid cancer was detected in rats with ID (80). These results support 

the idea that ID is an effective tumor promoter, which can enhance thyroid cancer development 

when a carcinogenic factor like IR is present (8, 80, 81). Therefore, it is interesting to investigate a 

potential additional effect of the enhanced stress induced by ID and IR on the molecular level of 

thyroid cells. 

 

4. POSSIBLE MOLECULAR MECHANISMS INDUCED BY IONIZING RADIATION 

AND IODINE DEFICIENCY IN THE THYROID 

4.1. OXIDATIVE STRESS AND THYROID CANCER 

 
As described above, both IR and ID are stress factors for thyroid cells due to the increased 

generation of reactive oxygen species. Under physiological conditions, ROS are produced in low 

levels as part of normal cellular biochemical processes such as the defense system against 
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infectious agents and intracellular signaling. Furthermore, thyroid epithelial cells produce a 

moderate amount of H2O2, which is a co-substrate required for thyroid hormone synthesis. The 

generated ROS are continuously detoxified during the process of hormone synthesis or by 

endogenous antioxidant systems including enzymes such as catalase, glutathione peroxidase and 

peroxiredoxins (82). However, in case of excessive ROS accumulation, ROS levels may exceed the 

cellular antioxidant defense mechanisms causing oxidative stress, which can result in damage to 

DNA, proteins and lipids. Oxidative stress and elevated levels of ROS have been considered to be 

involved in the pathophysiology of many cancers, including thyroid carcinogenesis (83). Several 

studies already demonstrated an increased generation of ROS and an impairment of the 

antioxidant system in patients with hyperthyroidism, hypothyroidism and thyroiditis (82, 84-87). 

Interestingly, Dong Wang, et al. found a stronger association between oxidative stress and thyroid 

cancer compared to other thyroid disorders. They assessed the total oxidant and antioxidant status 

and calculated the oxidative stress index of 82 patients who were recently diagnoses with thyroid 

cancer. The total oxidative status and oxidative stress index were significantly higher, and the total 

antioxidant status was significantly lower in patients with thyroid cancer compared to healthy 

controls and patients with benign thyroid diseases (88). These results support the role of oxidative 

stress in the pathogenesis of thyroid disorders, including thyroid cancer. 

 

4.2 DNA DAMAGE RESPONSE 

 
Ionizing radiation damages DNA through direct ionization but more frequently through 

indirect actions of water radiolysis. Therefore, it is assumed that the extent of DNA damage is 

proportional to the received radiation dose. IR-induced DNA damage constitutes a broad range of 

lesions including single-and double-strand breakages, base modifications, deoxyribose 

modifications, intra-and inter-DNA cross-linking and promoted DNA-protein cross-linking. These 

damages overlap substantially with DNA lesions induced by oxidative stress, which can be 

generated by IR and ID. Therefore, the DNA damage response in thyroid cells could increase when 

IR and ID are combined, due to the enhanced production of reactive oxygen species. The most 

deleterious lesion is the DSB (14). Several studies provided data supporting a linear relationship 

between DSB induction and increasing radiation dose in cultured cells starting from 1 mGy as well 

as in vivo starting from 100 mGy (10, 89, 90). DSBs can be detected by the phosphorylation of the 

histone variant H2AX (γH2AX). H2AX is a component of the histone octomer in nucleosomes, which 

compact DNA into chromatin (91). DSBs initiate the phosphorylation of H2AX by ATM and ATR 

kinases, which are part of the PI3K/AKT pathway. Subsequently, γH2AX is crucial in recruiting and 

localizing DNA repair proteins and will be dephosphorylated as DNA repair completes. γH2AX foci 

together with 53BP1 foci are good biomarkers for DSBs (10, 91). To protect the cell against the 

deleterious effects of DNA damage and to maintain genomic stability, a network of DNA damage 

response (DDR) pathways are triggered, resulting in several different outcomes (Supplemental 

Figure 4). DNA damage activates checkpoint pathways, which inhibit the normal progression 

through the cell cycle. Cell cycle arrest mostly occurs in the G1 or G2 phase so the cell can cope 

with the induced damage by facilitating repair processes. Besides H2AX, activated ATM 

phosphorylates several other key proteins of the global DDR such as the tumor suppressor proteins 

p53 and BRCA1, the negative regulator of P53 MDM2, the checkpoint kinases CHK1 and CHK2, the 
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regulator of damage-induced cell cycle arrest checkpoints MDC1, and the DNA repair protein NBS1 

which is recruited to DSBs in complex with MRE11/RAD50 by direct binding to γH2AX. These 

events promote cell cycle arrest, chromatin remodeling and up-regulation of DNA repair (14, 92, 

93). When the extent of DNA damage is too large, damaged cells will be eliminated by induction of 

apoptosis, in which p53 plays an important role in the regulation of this process. Conversely, 

failure of the cell cycle checkpoints or inefficient DNA repair in cells may lead to accumulation of 

genetic damage and genomic instability. In particular DSBs can lead to genetic mutation which play 

an important role in the process of carcinogenesis in humans. In addition, IR-induced DNA lesions 

typically occur in clusters, increasing the complexity. This may compromise DNA repair and 

contribute to cancer risk (14, 94).   

 

4.3 ALTERED SIGNALING PATHWAYS 

 
There is still a limited understanding about the effects and molecular mechanisms of IR-and 

ROS-induced alterations in signaling pathways. For instance, the duration of activation of kinases - 

transient or persistent - may lead to a different decisive outcome in regard to proliferation, cell 

cycle arrest or cell death (95). Deregulation of these key pathways controlling cellular proliferation 

and survival together with a suppressed apoptosis constitute the minimal underlying platform for 

neoplastic evolution and are part of the hallmarks of cancer cells (96). DNA damage, IR and 

oxidative stress are reported to alter these cellular responses and signaling transduction pathways 

such as the MAPK/ERK, PI3K/AKT, NFκB and the JAK/STAT pathways (97). These signaling 

pathways may be more strongly modified in thyroid cells when they are affected by a combination 

of IR and ID due to enhanced oxidative stress. 

 

4.3.1 PI3K/AKT pathway 

 
The PI3K/AKT signaling pathway is a cytoprotective response with anti-apoptotic effects, 

downstream of the EGFR family receptors (Supplemental Figure 5). It is reported that cellular 

exposure to low-dose IR (0,1 Gy) may promote PI3K/AKT signaling by rapid activation of 

transcription factors and tyrosine kinases (98). In addition, reactive oxygen species induced by IR 

and ID can function as intracellular messenger molecules. In particular H2O2 is able to induce AKT 

phosphorylation at the Ser473 and Thr308 residues by inhibiting the activity of PTEN. This dually 

phosphorylated, active AKT protein is then able to directly phosphorylate and inactivate the pro-

apoptotic BAD protein, which controls the release of cytochrome c from mitochondria. In addition, 

AKT also controls apoptosis through indirect inhibition of pro-apoptotic gene expression and 

increasing expression of anti-apoptotic genes by phosphorylation of various transcription factors. 

Interestingly, AKT also indirectly regulates p53. Indeed, AKT specifically phosphorylates the MDM2 

protein, an important negative regulator of p53, promoting its translocation to the nucleus and 

targeting p53 for degradation. As a result, AKT impairs the cellular stress response and thereby 

increases cellular survival. In addition, the PI3K/AKT pathway cross-talks with the NFκB pathway 

by phosphorylating and activating IκB kinase α (IKKα), which in turn pshorphorylates IκB, 

targeting it for degradation. This leads to the nuclear translocation and activation of NFκB, inducing 

expression of NFκB-dependent pro-survival genes, such as the anti-apoptotic proteins BCL-XL, 

BCL-2 and Mcl-1 as well as caspase inhibitor proteins. Furthermore, cross-talk between PI3K/AKT 
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pathway and the MAPK/ERK pathway is reported in which AKT co-operates with ERKs to shift the 

apoptotic threshold in cells to higher inputs by both inactivating BAD. In addition, AKT inhibits the 

cytotoxic-activation of the non-classical JNK pathway. Besides the anti-apoptotic effects, activated 

AKT is also able to modulate the function of various substrates, which play a role in the regulation 

of cell cycle progression, such as GSK-3, mTOR, TSC2 and the cyclin-dependent kinase inhibitors 

p21 and P27. The PI3K/AKT pathway is frequently disrupted in human cancers and is a major 

contributor to tumor radio-resistance (99, 100). Therefore, it is of interest to investigate the 

combined effect of IR and ID on the PI3K/AKT pathway in non-cancerous rat thyroid cells.  

  

4.3.2 NFκB pathway 

 
NFκB is able to activate a wide variety of genes, which are involved in the regulation of 

stress responses, inflammation and apoptosis (Supplemental Figure 6). The NFκB family 

comprises five members: RelA (p65), RelB, c-REL, p50/p105 (NFκB1) and p52/p100 (NFκB2). 

Activated NFκB typically occurs as a dimeric protein, which possesses both a DNA binding domain 

and a transactivation domain. Different combinations of homo-and heterodimers can be formed to 

modulate the intrinsic properties of NFκB and its regulation. However, p50/p65 is the most 

abundant heterodimer (101). Under non-stimulated conditions, the activity of the NFκB complex is 

suppressed by binding to members of the NFκB inhibitors (the IκB family), which sterically hinder 

the NFκB nuclear translocation sequence, and thereby causing NFκB cytoplasmic retention (101, 

102). IκB phosphorylation is the key event in NFκB activation and is catalyzed by the IKK complex. 

IR is able to induce NFκB activation by directly damaging the DNA, causing DSBs and SSBs. The 

damaged DNA activates nuclear ATM, which in turn regulates IKK activity. On the other hand, ROS 

generated by IR as well as ID in thyroid cells not only induce DNA damage but also activate NFκB 

via the TRAFs pathway. Furthermore, IR and ROS induce the release of cytokines such as TNFα and 

IL-1, which also stimulates the activation of NFκB. Phosphorylation of the IκB proteins by activated 

IKK leads to rapid IκB degradation, allowing the NFκB complex to translocate to the nucleus where 

it regulates the transcription of various genes (101). Expression of the NFκB effector genes, which 

include both anti-apoptotic and cell cycle elements, is required for an enhanced cellular survival to 

allow stressed cells to repair their damaged DNA. NFκB regulates the cell cycle by promoting 

expression of cyclin D1 and B1, which is required for cell cycle progression through the G1/S phase 

and G2/M phase transition respectively. In combination with the expression of anti-apoptotic genes 

such as Bcl-2, Bcl-XL and inhibitors of apoptosis proteins (IAPs), sustained activation of NFκB could 

permit cells with accumulated DNA damage to proliferate and to escape apoptosis, increasing the 

risk on malignant transformation (101, 103). Elevated levels of NFκB activation has been linked to 

increased radio-resistance of tumor cells. Furthermore, activation of NFκB has been demonstrated 

following high and low doses of IR (104, 105). Therefore, modulations of the NFκB pathway will be 

investigated in thyroid cells treated with different doses of IR combined with ID. 

 

4.3.3 JAK/STAT pathway 

 
The JAK/STAT pathway mediates signaling transduction via cytokine and growth factor 

receptors. Upon receptor stimulation, activated JAK phosphorylates and thereby activates the 

latent, cytoplasmic members of the STAT proteins (Supplemental Figure 7). STAT3 is a critical 
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factor in the JAK/STAT pathway and has been acknowledged as a prominent oncogenic protein. The 

major mechanism of STAT3 activation is mediated by the IL-6/IL-6R/gp-130 signaling which leads 

to the activation of JAKs. In turn, JAKs induce phosphorylation of STAT3, which then forms homo-

or hetero dimers. In this activated form, STAT3 translocates to the nucleus where it regulates the 

expression of various target genes involved in cellular survival, proliferation, differentiation, 

invasion and angiogenesis (106-108). On the other hand, unphosphorylated STAT3 is also able to 

regulate gene expression in complex with NFκB, in which STAT3 enables nuclear translocation, 

while NFκB provides DNA binding and transactivation domains (108). It has been demonstrated 

that STAT3 and its phosphorylated form, pSTAT3, was present in low levels in benign thyroid 

disorders, while it was ubiquitous in PTC and in lymph nodes of patients with lymphatic thyroid 

cancer metastases. These findings suggest that a constitutive activated JAK/STAT3 pathway is 

involved in the development, progression, and metastasis of thyroid cancer (109). IR and ROS can 

lead to the activation of STAT3. Furthermore blockage of STAT3 signaling using JAK inhibitors was 

able to abrogate radiation-induced malignant progression of glioma cells (110). Preliminary data 

demonstrated that the protein expression level of pSTAT3/STAT3 was significantly increased in rat 

FRTL5 thyroid cells exposed to a radiation dose of 3 Gy combined with ID as compared to iodine-

sufficient, rat FRTL5 thyroid cells solely exposed to a radiation dose of 3 Gy. Therefore, it is of 

interest to monitor the changes in STAT3 and pSTAT3 protein expression levels in rat PCCL3 

thyroid cells treated with ID and low-dose IR and compare them to the available preliminary data 

in rat FRTL5 cells. 

 

5. RESEARCH PLAN 

 
The main goal of this research was to monitor the basic cellular and molecular responses of 

thyrocytes to ID and low-dose IR. Since both ID and IR are important stress factors for the thyroid 

gland, we hypothesized that ID and low-dose IR would both stress thyrocytes due to an enhanced 

production of reactive oxygen species, which would eventually affect cellular proliferation, survival 

and resistance to apoptosis. In order to investigate this, non-cancerous rat PCCL3 cells were 

cultured under the presence or absence of a physiological level of sodium iodide (10-8M NaI). The 

latter created iodine-deficient thyrocytes. In each condition, thyrocytes were subdivided in different 

groups depending on the X-ray radiation dose they received, i.e. the sham-irradiated cells which 

were used as controls, the low-dose irradiated cells (0,05 Gy and 0,1 Gy), the intermediate-dose 

irradiated cells (0,5 Gy) and the high-dose irradiated cells (3 Gy) (Supplemental Figure 8). We 

investigated changes in gene expression and the modulations on protein levels using quantitative 

RT-PCR and Western blot respectively. We focused especially on genes and proteins involved in 

signaling pathways important for cellular survival, proliferation, DNA repair and antioxidant 

defense. The extent of DNA damage, more specifically DSBs, was visualized with γH2AX fluorescent 

staining. On the other hand, apoptosis of thyroid cells and their cell cycle profile was measured by 

means of a TUNEL assay and a 7-AAD/BrdU assay respectively flow cytometry. Finally, the cellular 

redox state was assessed under the fluorescence microscope using the cell-permeable, non-

fluorescent CM-H2DCFDA probe. 
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MATERIAL AND METHODS 

 

1. CELL CULTURE AND IRRADIATION 

 

Rat PCCL3 thyroid cells were a gift from Professor F. Miot (Université Libre de Bruxelles, 

institute de Recherche Interdisciplinaire en Biologie Humaine et Moléculaire, Brussels, Belgium). 

PCCL3 cells were cultured in Coon’s modified Ham’s F12 medium (Life Technologies, Merelbeke, 

Belgium) supplemented with 5% fetal bovine serum (FBS) (Gibco, Ghent, Belgium), 2.4 mM 

glutamine (Sigma-Aldrich, Diegem, Belgium), 1mU/mL TSH (Sigma-Aldrich, Diegem, Belgium), 100 

U/mL penicillin-streptomycin (Invitrogen, Ninove, Belgium), 2.5 μg/mL Fungizone (Invitrogen, 

Ninove, Belgium), 1 μg/mL insulin (Sigma-Aldrich, Diegem, Belgium) and 5 μg/mL transferrin 

(Sigma-Aldrich, Diegem, Belgium) in a humidified atmosphere of 37°C and 5% CO2 

(Supplemental Figure 9). At least seven days before the start of the experiments, the cells were 

grown in fresh media containing a physiological concentration of 10-8M NaI. On the day of the 

experiment, the culture media were removed, cells were washed with 1x PBS (Gibco, Ghent, 

Belgium) and fresh media were added, containing or lacking NaI to create iodine-sufficient or 

iodine-deficient thyroid cells respectively. Following media replacement, the cells were irradiated 

with low (0.05 Gy and 0.1 Gy), intermediate (0.5 Gy) or high (3 Gy) radiation doses at a dose rate 

of 8.5 Gy/hour using the Xstrahl 320 kV generator. Non-exposed control cells were sham-

irradiated. The cells were then returned to the humidified incubator until the start of the 

experiments. 

 

2. RNA ISOLATION AND REVERSE TRANSCRIPTION 

 

Three days before induction of ID and irradiation, cells were seeded in five 6-well plates at a 

density of 2 x 105 cells/well for cell lysis 6 and 24 hours after induction of ID, and 1.5 x 105 

cells/well for cell lysis 24 hours after ID and irradiation. Each 6-well plate corresponded to a single 

radiation dose and comprised three biological replicates of iodine-sufficient thyroid cells and three 

biological replicates of iodine-deficient thyroid cells. The cells were washed twice with 1x PBS and 

lysed in 350 μl of RNeasy Lysis Buffer Plus from the Qiagen RNeasy Plus Mini Kit (Qiagen, Antwerp, 

Belgium). Then, total RNA was purified according to the manufacturer’s instructions and 

resuspended in 30 μl of nuclease-free water. RNA quantification and RNA quality control was 

assessed using the DropSense 16 spectrometer (Trinean, Ghentbrugge, Belgium) and the RNA 

integrity number (RIN) number (Agilent’s lab-on-chip Bioanalyzer 2100, Agilent Technologies, 

Diegem, Belgium) respectively. Subsequently, one microgram of total extracted RNA was reversed 

transcribed to first-strand cDNA by using the GoScript Reverse Transcription System (Promega, 

Leiden, The Netherlands) according to the manufacturer’s instructions. Briefly, 1 μg of total RNA 

was mixed with 0.5 μg of random primers and 0.5 μg of oligo(dT)15 primers, thermally denatured 

at 70°C for 5 minutes, and chilled on ice for 5 minutes. Subsequently, GoScript 5X reaction buffer, 

1.5 mM MgCl2, the PCR nucleotide mix (0.5 mM of each dNTP), the recombinant RNasin 

ribonuclease inhibitor and the GoScript reverse transcriptase were added. This final mixture was 
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incubated at 25°C for 5 minutes to allow primer annealing, at 42°C for 60 minutes to allow first-

strand cDNA synthesis and finally at 70°C for 15 minutes to inactivate reverse transcriptase. The 

obtained cDNA samples were then stored at  -20°C until their use in quantitative PCR. 

 

3. WESTERN BLOT ANALYSIS 

 

Three days before induction of ID and irradiation, cells were plated in 75-cm2 tissue culture 

flasks at a density of 2 x 106 cells/flask. We included three biological replicates per condition. Six 

hours after ID and irradiation, cells were collected by trypsinization (0.05% Trypsin-EDTA) and the 

cell pellet was frozen at -80°C until protein extractions. Proteins were isolated from the PCCL3 cells 

using Bio-Rad’s ReadyPrep II including 8M urea, 4% CHAPS, 40 mM Tris and 0.2% Bio-Lyte 3/10 

ampholyte (Bio-Rad, Temse, Belgium) supplemented with ½ cOmpleteTM Mini Protease Inhibitor 

Cocktail Tablet (Roche Diagnostics, Brussels, Belgium) and 1% tributyl phosphate (TBP) (Sigma-

Aldrich, Diegem, Belgium). Thryoid cells were suspended in 100 μl of the extraction buffer and 

homogenized by means of 1.4 mm ceramic beads (Labconsult, Brussels, Belgium) and the 

TissueLyser II (Qiagen, Antwerp, Belgium). Subsequently, the protein samples were quantified, 

using the bicinchoninic acid (BCA) protein assay kit (Sigma-Aldrich, Diegem, Belgium) according to 

the manufacturer’s instructions with standard protein solutions of 0.125 mg/mL, 0.25 mg/mL, 0.5 

mg/mL, 0.75 mg/mL, 1 mg/mL, 1.5 mg/mL and 2 mg/mL (Bio-Rad, Temse, Belgium).  Absorbance 

of the Cu-BCA chelate formed in the presence of protein was measured at 562 nm and normalized 

at 750nm by means of the Nanodrop spectrophotometer (Thermo Scientific, Ghent, Belgium). 

Twenty µg of the sample proteins were mixed with 4X Laemmli buffer (25% of the total volume) 

(Bio-Rad, Temse, Belgium), Beta-Mercapto-ethanol (Sigma-Aldrich, Diegem, Belgium) (2.5% of the 

total volume) and MilliQ to get a final volume of 20 µl. Samples were heated at 95°C for 5 minutes 

and were separated by a horizontal 15-well 10% (Amersham ECLTM Gel, GE healthcare Life 

Sciences, Diegem, Belgium) or a vertical 26-well 4-15% (TGX Stain-free Precast Protein Gel, Bio-

Rad, Temse, Belgium) sodium-dodecyl-sulfate (SDS) polyacrylamide gel at 160V for 60 minutes or 

at 300V for 25 minutes respectively. Then, proteins were transferred onto a nitrocellulose 

membrane using the iBlot dry gel transfer system (Invitrogen, Ninove, Belgium) for the horizontal 

15-well western blot and the Trans-Blot Turbo Transfer System (Bio-Rad, Temse, Belgium) for the 

vertical 26-well western blot. Membranes were blocked for 1 hour at room temperature in blocking 

buffer (WesternDotTM blocking buffer, component A of the WesternDotTM 625 Western Blot Kit or 

SuperBlockTM Blocking buffer, Invitrogen, Ninove, Belgium). Then, membranes were incubated with 

the primary antibody diluted in blocking buffer at 4°C overnight (Table 1) and washed three times 

for 5 minutes in 1X washing buffer (0.05M Tris-HCl, 0.15M NaCl, 0.05% Tween 20, pH 7.4; 

Component B of the WesternDotTM 625 Western Blot Kit, Invitrogen, Ninove, Belgium). 

Subsequently, a biotinylated secondary antibody (Component C of the WesternDotTM 625 Western 

Blot Kit, Invitrogen, Ninove, Belgium), 1/4000 times diluted in 1X washing buffer (Table 1), was 

added and incubated for 1 hour at room temperature, followed by three times 5 minutes of 

washing. The antibody complexes were visualized using QDot® 625 streptavidin conjugates 

(Component D of the WesternDotTM 625 Western Blot Kit, Invitrogen, Ninove, Belgium), 1/4000 

times diluted in blocking buffer and incubated for 1 hour at room temperature. After three times 5 
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minutes of washing, protein bands were detected by exposing the membranes to UV-light by 

means of the Fusion FX Imager (Vilber Lourmat, Eberhardzell, Germany). Protein bands were 

quantified by densitometry using the Bio1D analysis software (Vilber Lourmat, Eberhardzell, 

Germany). In order to verify equal loading, the protein levels were normalized against the level of 

the housekeeping proteins ß-actin or viniculin, which were always probed on the same membrane 

of the proteins of interest. 

 

Table 1: Characteristics of the used primary antibodies for Western blot. 

Primary antibody Host species Supplier Clonality Dilution 

Akt1 (B-1) (sc-5298) Mouse Santa Cruz Monoclonal 1/500 

B-actin (C4) (sc-47778) Mouse Santa Cruz Monoclonal 1/2000 

Catalase (H-300) sc-50508 Rabbit Santa Cruz Polyclonal 1/500 

eNOS/NOS Type III (610296) Mouse BD Biosciences Monoclonal 1/800 

HIF-1α (MAB1536) Mouse R&D Systems Monoclonal 1/800 

NFκB p52 (K-27) (sc-298) Rabbit Santa Cruz Polyclonal 1/1000 

p-Akt1 (Thr308) (sc-135650) Rabbit Santa Cruz Polyclonal 1/500 

p-eNOS (S1177) (9571S) Rabbit Cell Signaling Polyclonal 1/800 

p-STAT3 (B-7) (sc-8059) Mouse Santa Cruz Monoclonal 1/800, 1/1000 

p-STAT3 (Y705) (9145P) Rabbit Cell Signaling Monoclonal 1/800 

STAT3 (C-20) (sc-482) Rabbit Santa Cruz Polyclonal 1/800 

Viniculin (7F9) (sc- 73614) Mouse Santa Cruz Monoclonal 1/2000 

Secondary antibody Host species Supplier Clonality Dilution 

Biotin XX anti-rabbit Goat Invitrogen Polyclonal 1/4000 

Biotin XX anti-mouse Goat Invitrogen Polyclonal 1/4000 

 

4. ROS ASSAY 

 

One day before induction of ID and irradiation, cells were seeded in transparent bottom 96-well 

plates with dark rims at a density of 1 x 103 cells/well. Each 96-well plate corresponded to a single 

dose and comprised 12 biological replicates of iodine-sufficient thyroid cells and 12 replicates of 

iodine-deficient thyroid cells. 24 hours after ID and irradiation, culture media were removed and 

cells were washed twice in 37°C-preheated HEPES-buffered Hank’s balanced salt solution (HB-

HBSS; Thermo Scientific, Ghent, Belgium, 1X HBSS + Ca2+ + Mg2+ + 20 mM HEPES, pH: 7.2). 

Then, to detect general intracellular ROS levels, the cells were incubated for 25 minutes at room 

temperature and protected from light with a staining solution containing a final concentration of 2 

µM CM-H2DCFDA (Thermo Scientific, Ghent, Belgium) dissolved in DMSO after a 1/500 dilution in 

HB-HBSS buffer. After washing the cells twice in HB-HBSS, the cells were imaged using the 

inverted fluorescence Nikon Eclipse Ti microscope. The CM-H2DCFDA signal was detected under the 

Green Fluorescent Protein (GFP) channel. Exposure time and gain were optimized and kept 

constant among all experimental groups during the imaging procedures. The fluorescent signal was 

quantified and analyzed using a macro developed by Drs. Winnok de Vos and Tom Sieprath from 

UGhent. 
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5. YH2AX/53BP1 IMMUNOFLUORESCENCE STAINING 

 

One day before induction of ID and irradiation, cells were plated in 8-well lab-teks (Thermo 

scientific, Ghent, Belgium) at a density of 5 x 104 cells/well. Each labtek corresponded to a single 

dose and comprised three biological replicates of iodine-sufficient thyroid cells and three biological 

replicates of iodine-deficient thyroid cells. 30 minutes, 1 hour, 4 hours and 24 hours after ID and 

irradiation, culture media were removed and cells were washed in 1X PBS before fixation in 2% 

paraformaldeyhde (PFA) (Life Technologies, Merelbeke, Belgium) for 15 minutes at room 

temperature. Then, cells were washed twice and permeabilized by incubation in 1X PBS containing 

0.25% Triton-X for 3 minutes at room temperature. After two washing periods of 15 minutes, cells 

were blocked in pre-immunized goat serum (Invitrogen, Ninove, Belgium), diluted 1/5 times in TNB 

blocking buffer (0.5% w/v blocking reagent in 1X TBS-0.05%Tween, Perkin Elmer, Zaventem, 

Belgium), for 1 hour at room temperature. This was followed by incubation with primary mouse 

monoclonal anti-γH2AX antibody (Millipore, Overijse, Belgium) and rabbit polyclonal anti-53BP1 

antibody (Novus Biologicals, Abingdon, UK), respectively 1/300 times and 1/1000 times diluted in 

TNB blocking buffer, for 1 hour at 37°C. After two washing periods of 15 minutes, cells were 

incubated with Alexa fluor 488-labeled secondary goat anti-mouse antibody and Alexa fluor 568-

labeled secondary goat anti-rabbit antibody (Life Technologies, Merelbeke, Belgium), respectively 

1/300 times and 1/1000 times diluted in TNB blocking buffer containing 4',6-diamidino-2-

phenylindole (DAPI) (Sigma-Aldrich, Diegem, Belgium), for 1 hour at 37°C and protected from 

light. Following two washing periods of 15 minutes, glass coverslips were mounted using ProLong 

Diamond Antifade mountant with DAPI (Invitrogen, Ninove, Belgium) which was dried overnight at 

4°C. Up to 150 to 250 cells/well were visualized and captured using the inverted fluorescence 

Nikon Eclipse Ti microscope. The laser exposure time and gain were optimized and kept constant 

among all experimental groups. γH2AX foci were analyzed using a macro developed by Drs. 

Winnok de Vos from UGhent. 

 

6. CELL CYCLE ANALYSIS 

 

Two days before induction of ID and irradiation, cells were seeded in 25-cm2 culture flasks at a 

density of 5 x 105 cells/flask. We included three biological replicates per condition. Five, 23 hours 

and 47 hours after ID and irradiation, 10 µM of BrdU (Thermo Scientific, Gent, Belgium) was added 

to the culture media for 1 hour. Then, cells were harvested by trypsinization (0.05% trypsin-EDTA) 

and fixed in ice-cold ethanol with a final concentration of 70%. After centrifuging the cells at 500g 

for 5 minutes, acidic antigen recovery was achieved by treating the cells with 2M HCl for 30 

minutes at room temperature, followed by washing twice with 1X PFT buffer (1X PBS supplemented 

with 5% FBS and 0.25% Triton X-100). Subsequently, cells were blocked with 1X PFT buffer for 1 

hour at room temperature and were incubated with the primary rat monoclonal anti-BrdU antibody 

(AbD Serotec, Bio-Rad, Temse, Belgium), 1/300 times diluted in 1X PFT buffer, overnight at 4°C, 

protected from light. After washing twice with 1X PFT buffer, cells were incubated with Alexa fluor 

488-labeled secondary goat anti-rat antibody (Life Technologies, Merelbeke, Belgium), 1/200 times 

diluted in 1X PFT buffer, for two hours at room temperature, followed by washing twice with 1X PFT 
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buffer. Then, cells were resuspended in 10 µg/mL 7-amino-actinomycin D (7-AAD) (Sigma-Aldrich, 

Diegem, Belgium) in 1X PFT buffer for 15 minutes at room temperature and were applied on a 5 

mL Falcon Polystyrene tube with a cell-strainer snap cap (Corning Science, Wiesbaden, Germany) 

for centrifugation at 500G for 2 minutes. The samples were stored on ice, protected from light, and 

were analyzed using the Becton Dickinson Accuri C6 flow cytometer (BD Biosciences, 

Erembodegem, Belgium). First, singlet cells were identified according to their forward scatter and 

their fluorescence area to height ratio. Then, gates were set to identify the cells in the G1 phase, 

the G2/M phase and the S phase which were expressed as percentage of the total cell number 

acquired.  

 

7. TUNEL ASSAY 

 

One day before induction of ID and irradiation, cells were seeded in 25-cm2 culture flasks at a 

density of 4 x 105 cells/flask. We included three biological replicates per condition. 48 hours after 

ID and irradiation, cells were harvested by trypsinization (0.05% trypsin-EDTA) and fixed in ice-

cold ethanol with a final concentration of 70%. After centrifuging the cells at 500g for 5 minutes 

and removal of ethanol, cells were washed in 1X PFT buffer (1x PBS supplemented with 5% FBS 

and 0.25% Triton X-100). Then, positive control samples were treated with DNase 1 (Qiagen, 

Antwerp, Belgium) in DNase 1 buffer solution (50 nM Tris-HCl pH 7.5, 1 mg/ml BSA) for 10 

minutes at room temperature to induce DNA strand breaks. Negative control samples were 

incubated in DNase 1 buffer solution lacking DNase 1. After incubation, control cells were washed 

in 1X PFT buffer. Subsequently, all sample pellets were resuspended in 50 µl of 20% TdT 5X 

reaction buffer (125 mM Tris-HCl, 1 M Sodium Cacodylate, 1.25 mg/ml BSA, pH 6.6, Roche 

Diagnostics, Brussels, Belgium), 4% BrdUTP stock solution (2 mM Br-dUTP in 50 mM Tris-HCl, pH 

7.5, Sigma-Aldrich, Diegem, Belgium), 1% TdT in TdT storage solution (4% TdT in 60 mM K-

phophate, 150 nM KCl, 1 mM 2-Mercaptoethanol, 0.5% Triton X-100, 50% glycerol, Roche 

Diagnostics, Brussels, Belgium), 4% 25 mM cobalt chloride stock solution (Roche Diagnostics, 

Brussels, Belgium), and 71% distilled H2O for 60 minutes at 37°C. After washing with 1X PFT, the 

cell pellets were incubated with the primary rat monoclonal anti-BrdU antibody (AbD Serotec, Bio-

Rad, Temse, Belgium) and the primary rabbit monoclonal anti-cleaved caspase 3 (Asp175) 

antibody (Cell Signaling, Leiden, The Netherlands), both 1/300 times diluted in 1X PFT buffer, 

overnight at 4°C, protected from light. After washing twice with 1X PFT buffer, cells were incubated 

with Alexa fluor 488-labeled secondary goat anti-rat antibody (Life Technologies, Merelbeke, 

Belgium) and Alexa fluor 568-labeled secondary goat anti-rabbit antibody (Life Technologies, 

Merelbeke, Belgium), both 1/200 times diluted in 1X PFT buffer, for two hours at room 

temperature. Subsequently, cells were washed twice with 1X PFT buffer and were applied on a 5 

mL Falcon Polystyrene tube with a cell-strainer snap cap (Corning Science, Wiesbaden, Germany) 

for centrifugation at 500G for 2 minutes. The samples were stored on ice, protected from light, and 

were analyzed using the Becton Dickinson Accuri C6 flow cytometer (BD Biosciences, 

Erembodegem, Belgium). 
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8. STATISTICAL ANALYSIS 

 

GraphPad Prism 5.01 was used to perform statistical analysis of the results. All experiments 

included at least three biological replicates. Therefore, results are presented as mean ± Standard 

deviation (SD). To test for significant differences between iodine-sufficient and iodine-deficient 

conditions and among different radiation doses, a two-way Anova was performed, followed by a 

Bonferonni or a Tukey-Kramer post hoc test. The results are considered statistically significant 

when p< 0.05. 
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RESULTS 

 

1. ROS PRODUCTION.  

 
Our hypothesis states that ID and IR would both stress thyroid cells due to enhanced 

generation of reactive oxygen species. To assess the production of reactive oxygen species upon 

irradiation and ID, non-cancerous rat PCCL3 cells were cultured in an iodine-sufficient or iodine-

deficient condition for 24 hours and exposed to low, intermediate or high radiation doses. 

Subsequently, the cell-permeable, non-fluorescent CM-H2DCFDA probe was used to indicate 

general oxidative stress. Reactive oxygen species oxidize the probe yielding a fluorescent adduct 

captured inside the cells. The fluorescent signal was then quantified and normalized against the 

total cell number.  

 
There was a significant, radiation dose-dependent increase in the production of reactive oxygen 

species compared to lower irradiation doses and to non-irradiated control cells, both in iodine-

sufficient as in iodine-deficient conditions (Table 2). Furthermore, the production of reactive 

oxygen species was significantly upregulated in iodine-deficient PCCL3 cells that were irradiated 

with 0.5 Gy and 3 Gy, compared to the corresponding irradiated, iodine-sufficient PCCL3 cells (0.5 

Gy: P<0.001; 3 Gy: P=0.012) (Figure 3).  

 
These results suggest that starting from an intermediate radiation dose of 0.5 Gy and higher 

upto 3 Gy, thyroid cells are stressed to this extent, so that the additional stress of ID leads to an 

enhanced production of reactive oxygen species, compared to iodine-sufficient thyroid cells. 

 

 

Figure 3: ROS production significantly increased with increasing radiation doses and is enhanced 

under iodine-deficient conditions at 0.5 Gy and 3 Gy. ROS production was analyzed using the cell-

permeable, non-fluorescent CM-H2DCFDA probe in PCCL3 cells that were iodine deprived for 24 hours and 

irradiated at low, intermediate and high radiation doses. Results are expressed as mean fluorescent signal 

intensity ± standard error of the mean and are normalized against the number of cells. ns, not significant, *, 

p<0.05; **, p<0.002, ***, p<0.001. 
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 Table 2: Table of significance of the ROS assay 24 hours after iodine deficiency and ionizing 

radiation, comparing changes between the different radiation doses in iodine-sufficient and iodine-

deficient PCCL3 cells. 

 

 

 

 

 

 

 

 

2. ANTIOXIDANT DEFENSE  

 
Preliminary data showed that rat thyroid FRTL5 cells exhibited a resistant profile to DNA 

damage and apoptosis after exposure to high doses of IR and iodine deprivation. A possible 

explanation is the presence of effective mechanisms to regulate antioxidant responses in thyroid 

cells, limiting cellular damage and apoptosis induced by ROS, such as H2O2, a required co-substrate 

together with iodide in the synthesis of thyroid hormones. Therefore, together with our previously 

described ROS assay, an increased protein expression of antioxidant enzymes, such as catalase, an 

enzyme that detoxifies H2O2, could be expected when exposing thyroid cells to IR and ID, both 

factors leading to ROS production. To examine the change in catalase protein expression upon 

irradiation and iodine deprivation, non-cancerous rat thyroid PCCL3 cells were cultured in an 

iodine-sufficient or iodine-deficient state for 6 hours and exposed to low, intermediate or high 

radiation doses. Protein expression of catalase was analyzed using Western blot. 

 
Bands were detected at approximately 60 kDa and 120 kDa for catalase protein expression 

(Supplemental Figure 10C). The predicted band size of a catalase monomer is 60 kDa. A two-

way Anova statistical analysis indicates that there was an overall significant effect of the PCCL3 

iodine state on the results we observe (P=0.0242). However, post-hoc testing could not define a 

specific significant difference between groups. We can see a trend of an increased catalase protein 

expression in iodine-deficient thyroid cells compared to iodine-sufficient thyroid cells. In contrast, 

irradiation, even with high IR doses, did not significantly change catalase protein expression in the 

exposed thyroid cells. As a result, there was no enhanced effect observed when combining IR and 

ID (Figure 4). Under iodine-deficient conditions, the production of H2O2 cannot be sufficiently 

detoxified by the thyroid peroxidase (TPO)-catalyzed oxidation of iodide to iodine during the 

process of thyroid hormone synthesis. These data indicate that deprivation of iodine activates 

antioxidant protein expression of catalase, which could represent an acute compensatory response 

to the decreased presence of iodide as a H2O2 antioxidant-scavenging agent. 

 
There are relatively high standard deviations observed at n=3 for each condition. This could 

mask potential significant effects of IR and a potential enhanced effect of IR and ID on catalase 

protein expression. Reconsidering optimization of the Western blot protocol and including more 

Iodine Iodine deficiency 

Comparisons test Significance P-value Comparisons test Significance P-value 

0 Gy vs 0.1 Gy *** <0.001 0 Gy vs 0.1 Gy *** <0.001 

0 Gy vs 0.5 Gy *** <0.001 0 Gy vs 0.5 Gy *** <0.001 

0 Gy vs 3 Gy *** <0.001 0 Gy vs 3 Gy *** <0.001 

0.1 Gy vs 0.5 Gy ns 0.09 0.1 Gy vs 0.5 Gy ns 0.42 

0.1 Gy vs 3 Gy ** 0.005 0.1 Gy vs 3 Gy *** <0.001 

0.5 Gy vs 3 Gy *** <0.001 0.5 Gy vs 3 Gy *** <0.001 
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biological replicates could reduce the SD values of the observed results and could increase the 

reproducibility of the experiment. 

 

 

Figure 4: ID had an overall significant effect increasing catalase protein expression (p=0.0242). In 

contrast, there were no significant differences observed in catalase protein expression among the different 

radiation doses and after combined exposure to IR and ID. Catalase protein expressing was analyzed by 

Western blotting in PCCL3 cells that were iodine deprived for 6 hours and irradiated with low, intermediate or 

high radiation doses. Densitometric values were normalized against ß-actin. Results are expressed as the mean 

fold change relative to non-irradiation, iodine-sufficient thyroid cells ± standard deviation (SD) of 3 biological 

replicates (n=3) from 1 representative experiment. 

 

3. APOPTOSIS 

 
In order to investigate the effect of a combined treatment with ID and low-, intermediate- and 

high-dose irradiation on the induction of apoptosis in thyroid cells, we wanted to measure the 

proportion of living, early and late apoptotic rat PCCL3 cells, 48 hours post-treatment. We 

performed a TUNEL assay using BrdUTP and cleaved caspase-3 fluorescent immunocytochemistry, 

followed by flow cytometry analysis. However, during this assay, we encountered complications in 

pellet formation after centrifugation of the samples, causing cell loss in many treated samples. 

Furthermore, we were not able to visualize clearly separated cellular populations of living and 

apoptotic cells, questioning the quality of the staining protocol (Supplemental Figure 11).  

 

4. DNA DAMAGE: DOUBLE STRAND BREAKS 

 
DNA damage is intrinsic to cells and is aggravated by genotoxic events such as exposure to 

ionizing radiation and oxidative stress. Cells are able to sense and react on damaged DNA through 

activation of the DDR pathway, causing cell cycle arrest, allowing cells to repair the damaged DNA. 

Repair proteins rapidly assemble around the damaged sites. γH2AX and 53BP1 are often used as 

markers representing sites of DSBs, which can be detected as foci. Preliminary data showed that 

rat thyroid FRTL5 cells exhibited resistance to DNA damage following high-dose irradiation and 

iodine deprivation. Therefore, in order to evaluate the extent of DNA damage and the subsequent 
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DNA repair kinetics, a fluorescent immunocytochemistry double staining was performed, targeting 

γH2AX and 53BP1 foci in rat thyroid PCCL3 cells that were iodine deprived for 30 min, 1 hour, 4 

hours or 24 hours and were irradiated with low, intermediate or high irradiation doses 

(Supplemental Figure 12). The mean number of γH2AX and 53BP1 foci per nucleus was 

calculated for at least 250 cells per biological replicate in each condition (Figure 5 and Figure 6). 

 

H2AX phosphorylation appears immediately after irradiation, typically reaching its maximal 

number of γH2AX foci around 10-30 minutes post-irradiation, after which it continuously decreases 

up to 24 hours. This specific trend is observed in both iodine-sufficient and iodine-deficient cells 

exposed to sham-irradiation, 0.5 Gy and 3 Gy. In contrast, PCCL3 cells that were exposed to low 

irradiation doses (0.05 Gy and 0.1 Gy) showed a continuous increase in the number of γH2AX foci 

over time. When comparing iodine-sufficient, sham-irradiated control cells to the corresponding 

irradiated cells, we observed a significantly increased number of γH2AX foci after exposure to 

intermediate and high irradiation doses (0.5 Gy and 3 Gy) at all measured time points. This also 

counts for iodine-deficient conditions, except for the 3 Gy-irradiated, iodine-deficient cells at 24 

hours after the co-treatment, in which the cells showed a strong DNA repair and thus no longer 

significantly differentiated in the amount of γH2AX foci from the control cells at this specific time 

point. Unexpectedly, PCCL3 cells that were exposed to low-dose irradiation (0.05 Gy and 0.1 Gy) 

showed significantly less γH2AX foci compared to the control cells at the early time point of 30 

minutes after the co-treatment up to approximately 4 hours. This also counts for both iodine-

sufficient and iodine-deficient conditions. However, at 24 hours post-irradiation and ID, the low-

dose irradiated cells accumulated significantly more γH2AX foci than the corresponding control cells 

due to their continuously increasing trend over time (Figure 5A and B, Table 3A). When 

comparing between iodine-sufficient and iodine-deficient thyroid cells per radiation dose, they 

clearly follow the same trend over time with only significantly more γH2AX foci under iodine-

deficient conditions in sham-irradiated control cells at 24 hours post-treatment (Figure 5C; 

P=0.005), in 0.1 Gy-irradiated cells at 4 hours and 24 hours (Figure 5E; P<0.001 and P=0.04 

respectively) and in 3 Gy-irradiated cells at 30 minutes (Figure 5G; P=0.022). There were 

significantly more γH2AX foci under iodine-sufficient conditions in 0.5 Gy-irradiated (Figure 5F; 

P=0.011) and 3 Gy-irradiated cells (Figure 5G; P<0.001 ) respectively at 1 hour and 4 hour post-

treatment. 

 
 

Kinetically, the appearance of 53BP1 foci and their hyper-phosphorylation occur later than the 

appearance of γH2AX foci, since 53BP1 first need to be recruited to the sites of DNA damage in 

contrast to H2AX, which is already present at the DSBs. In our results, there is no significant 

difference in the number of 53BP1 foci between sham-irradiated control cells and cells exposed to 

0.05 Gy. This counts for both iodine-sufficient and iodine-deficient conditions, except for a small 

significant higher number of 53BP1 foci in 0.05 Gy-irradiated iodine-deficient cells compared to the 

corresponding control cells at 30 minutes post-ID and -irradiation (P=0.01). The control cells and 

0.05 Gy-irradiated cells both exhibit their maximal number of 53BP1 foci after 30 minutes post-ID 

and –irradiation after which it continuously decreases over time. This is in contrast to the cells 

exposed to higher irradiation doses from 0.1 Gy up to 3 Gy, reaching their peak of 53BP1 foci 
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between 1 hour and 4 hours after ID and irradiation. More specifically, iodine-sufficient cells 

exposed to 0.1 Gy started to significantly differ from the sham-irradiated control cells in their 

number of 53BP1 foci at 1 hour post-irradiation, reaching their peak at this time point. Then, their 

number of 53BP1 foci continuously decreased up to 24 hours post-irradiation and thus no longer 

significantly differentiated from the control cells. Their counterparts, the iodine-deficient, 0.1 Gy-

irradiated cells also started to significantly differ from the sham-irradiated control cells in their 

number of 53BP1 foci after 1 hour post-ID and -irradiation, but reached their peak at 4 hours 

instead of 1 hour. In case of the 0.5Gy-irradiated cells, the number of 53BP1 foci was already 

significantly higher compared to the 53BP1 foci in the sham-irradiated control cells at 30 minutes 

post-treatment in both iodine-deficient and iodine-sufficient conditions. Both cell groups reached 

their peak in 53BP1 foci at 1 hour post-treatment, after which the number of 53BP1 foci decreases 

over time up to 24 hours, but still remains significantly higher compared to the control cells at 4 

hours post-treatment. 24 hours post-treatment, the number of 53BP1 foci in the 0.5 Gy-irradiated 

iodine-sufficient cells no longer significantly differentiated from the number of 53BP1 foci in the 

control cells, in contrast to the iodine-deficient cells which still exhibited a small significant increase 

in 53BP1 foci compared to the control cells (P=0.035). Finally, in case of the 3 Gy-irradiated cells, 

the number of 53BP1 foci started to significantly differ from the sham-irradiated control cells at 1 

hour post-treatment, but reaches their peak at 4 hours post-treatment in both iodine-sufficient and 

iodine-deficient conditions. After 4 hours, the number of 53BP1 foci strongly decreased up to 24 

hours post-treatment in both conditions, but was still significantly higher compared to the number 

of 53BP1 foci in the control cells (Figure 6A and B, and Table 3B). When comparing the 

differences between iodine-sufficient and iodine-deficient cells per radiation dose, they follow the 

same trend over time (Figure 6C, D, G) with only significantly more 53BP1 foci in iodine-deficient, 

0.1 Gy-irradiated cells at 4 hours post-treatment (Figure 6E; P<0.001) and in iodine-sufficient 0.5 

Gy-irradiated cells at 1 hour post-treatment (Figure 6F; P=0.003). 

 
Taken together, these results suggest that exposure of thyroid cells to low irradiation doses of 

only 0.05 Gy and 0.1 Gy result in a slower induction of γH2AX foci compared to exposure to 

intermediate and high irradiation doses (0.5 Gy and 3 Gy) which reach their maximum number of 

γH2AX foci at 30 minutes or even earlier post-irradiation, suggesting a reduced efficiency of the 

DDR system after low-dose radiation exposure. This could also indicate that phosphorylation of 

H2AX is not robust enough to trigger DDR activation and initiate subsequent DNA repair, which 

could explain the continuous increase in γH2AX foci over time after low-dose radiation exposure in 

contrast to the strong disappearance of foci at 24 hours after intermediate- and high-dose radiation 

exposure. The reason for the high baseline presence of γH2AX foci and the DNA repair at 24 hours 

in sham-irradiated cells is not clear. Furthermore, low-dose irradiation with 0.05 Gy does not 

trigger the late 53BP1 recruitment to DSBs and its hyper-phosphorylation compared to sham-

irradiated control cells, even though γH2AX foci are increasingly induced over time. This effect can 

be observed starting from a low-dose irradiation with 0.1 Gy upto 3 Gy. Finally, there are no major 

differences observed between iodine-sufficient and iodine-deficient conditions in the extent of DNA 

damage and their subsequent DNA repair kinetics. 
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Figure 5: Intermediate and high irradiation doses induce double strand breaks leading to γH2AX foci in iodine-sufficient and iodine-deficient PCCL3 cells with a maximal 

number at 30 min post-irradiation and ID, and decreasing over time with a minimal number at 24 hours post-irradiation and ID. This is in contrast to exposure to low 

irradiation doses of 0.05 Gy and 0.1 Gy, increasing in γH2AX foci over time. γH2AX foci were detected using immunocytochemistry staining of PCCL3 cells that were iodine deprived 

for 30 min, 1hour, 4 hours and 24 hours and irradiated with low, intermediate and high radiation doses. Results are expressed as mean number of foci per nucleus at each time point in 

iodine-sufficient conditions (A) and iodine-deficient conditions (B) ± standard deviation (SD) of three biological replicates (n=3) from 1 representative experiment. Furthermore, the 

differences between iodine-sufficient and iodine-deficient conditions per radiation dose is visualized for 0 Gy (C), 0.05 Gy (D), 0.1 Gy (E), 0.5 Gy (F) and 3 Gy (G). Per biological replicate of 

each condition, at least 250 nuclei were investigated. 
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Figure 6: Intermediate and high irradiation doses induce double strand breaks leading to 53BP1 foci in iodine-sufficient and iodine-deficient PCCL3 cells with a maximal 

number between 30 minutes and 4 hours post-irradiation and ID, and with a minimal number after 24 hours. 53BP1 foci were detected using immunocytochemistry staining of 

PCCL3 cells that were iodine deprived for 30 min, 1hour, 4 hours and 24 hours and irradiated with low, intermediate and high radiation doses. Results are expressed as mean number of foci 

per nucleus at each time point in iodine-sufficient conditions (A) and iodine-deficient conditions (B) ± standard deviation (SD) of three biological replicates (n=3) from 1 representative 

experiment. Furthermore, the differences between iodine-sufficient and iodine-deficient conditions per radiation dose is visualized for 0 Gy (C), 0.05 Gy (D), 0.1 Gy (E), 0.5 Gy (F) and 3 Gy 

(G). Per biological replicate of each condition, at least 250 nuclei were investigated. 
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 Table 3: Table of significance of the γH2AX (A) and 53BP1 (B) immunostaining in iodine-sufficient and iodine-deficient PCCL3 cells at 30 min, 1 hour, 4 

hours or 24 hours after iodine deficiency and ionizing radiation, comparing the different radiation doses to sham-irradiated control cells. 

Comparison tests γH2AX: Iodine γH2AX: Iodine deficiency 

30 min Significance P-value Significance P-value 

0 Gy vs. 0.05 Gy *** <,001 *** <,001 

0 Gy vs. 0.1 Gy *** <,001 *** <,001 

0 Gy vs. 0.5 Gy *** <,001 *** <,001 

0 Gy vs. 3 Gy *** <,001 *** <,001 

1h     

0 Gy vs. 0.05 Gy *** <,001 *** <,001 

0 Gy vs. 0.1 Gy * 0,011 *** <,001 

0 Gy vs. 0.5 Gy *** <,001 *** <,001 

0 Gy vs. 3 Gy *** <,001 *** <,001 

4h     

0 Gy vs. 0.05 Gy *** <,001 *** <,001 

0 Gy vs. 0.1 Gy ns >,999 *** <,001 

0 Gy vs. 0.5 Gy ** 0,006 *** <,001 

0 Gy vs. 3 Gy *** <,001 *** <,001 

24h     

0 Gy vs. 0.05 Gy *** <,001 *** <,001 

0 Gy vs. 0.1 Gy *** <,001 *** <,001 

0 Gy vs. 0.5 Gy *** <,001 *** <,001 

0 Gy vs. 3 Gy * 0,019 ns 0,092 

Comparison tests 53BP1: Iodine 53BP1: Iodine deficiency 

30 min Significance P-value Significance P-value 

0 Gy vs. 0.05 Gy ns 0,91 * 0,01 

0 Gy vs. 0.1 Gy ns >,999 ns 0,676 

0 Gy vs. 0.5 Gy *** <,001 *** <,001 

0 Gy vs. 3 Gy ns 0,282 ns 0,457 

1h     

0 Gy vs. 0.05 Gy ns >,999 ns >,999 

0 Gy vs. 0.1 Gy *** <,001 *** <,001 

0 Gy vs. 0.5 Gy *** <,001 *** <,001 

0 Gy vs. 3 Gy *** <,001 *** <,001 

4h     

0 Gy vs. 0.05 Gy ns >,999 ns >,999 

0 Gy vs. 0.1 Gy ns 0,16 *** <,001 

0 Gy vs. 0.5 Gy *** <,001 *** <,001 

0 Gy vs. 3 Gy *** <,001 *** <,001 

24h     

0 Gy vs. 0.05 Gy ns >,999 ns 0,14 

0 Gy vs. 0.1 Gy ns >,999 ** 0,009 

0 Gy vs. 0.5 Gy ns >,999 * 0,011 

0 Gy vs. 3 Gy * 0,035 *** <,001 

A B 
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5. CELL CYCLE ANALYSIS 

 
To investigate the effects of IR and ID on the cell cycle distribution of the thyroid cells, non-

cancerous rat PCCL3 cells were cultured in an iodine-sufficient or iodine-deficient state for 6, 24 or 

48 hours and exposed to low, intermediate or high radiation doses. To determine the percentages 

of cells in each phase of the cell cycle, a BrdU/7-AAD staining assay was performed 

(Supplemental Figure 13).  

 
Six hours after irradiation and ID, the amount of non-irradiated and 0.05 Gy-irradiated, iodine-

sufficient cells in the G0/G1 phase was significantly higher compared to the amount of 3 Gy-

irradiated, iodine-sufficient cells in the G0/G1 phase (respectively P=0.005 and P=0.024). There 

were no significant differences observed in the amount of cells in all phases of the cell cycle 

between the different radiation doses for both iodine-sufficient and iodine-deficient conditions. 

Furthermore, there were no significant differences detected between iodine-sufficient and iodine-

deficient cells (Figure 7A). 

 
24 hours after irradiation and ID, there is a significant increase in the amount of iodine-

sufficient cells in the G0/G1 phase after irradiation with a radiation dose of 3 Gy, compared to 

lower radiation doses. The same counts for iodine-deficient cells (Table 4, G0/G1 phase). 

However, the percentage of iodine-deficient cells in the G0/G1 phase is significantly lower 

compared to the percentage of iodine-sufficient cells in the G0/G1 phase for all radiation doses 

except for the non-irradiated control cells (P<0.001) (Figure 7B). The amount of iodine-sufficient 

cells in the G2/M phase significantly decreased after irradiation with a radiation dose of 3 Gy, 

compared to lower radiation doses. In contrast, this change is less pronounced in iodine-deficient 

conditions, only significant comparing 3 Gy to 0.1 Gy, and 0 Gy to 0.1 Gy (Table 4, G2/M 

phase). Furthermore, the amount of iodine-deficient cells in the G2/M phase is significantly higher 

compared to the amount of iodine-sufficient cells in the G2/M phase after irradiation with radiation 

doses of 0.1 Gy (P=0.003) and 3 Gy (P<0.001) (Figure 7B). Finally, the percentage of iodine-

sufficient cells in the S phase started to significantly decrease after irradiation with a radiation dose 

of 0.5 Gy compared to non-irradiated and 0.1 Gy-irradiated, iodine-sufficient cells. This change was 

most pronounced after irradiation with 3 Gy, compared to lower irradiation doses. The latter counts 

for iodine-deficient cells as well (Table 4, S phase). However, the amount of iodine-deficient cells 

in S phase is higher compared to iodine-sufficient cells for each radiation dose, with a significant 

difference at 0.05 Gy (P=0.002) and 0.5 Gy (P<0.001) (Figure 7B).  

 
48 hours after irradiation and ID, there are no longer significant differences observed between 

iodine-sufficient and iodine-deficient cells (Figure 7C). On the other hand, there is still a small 

significant decrease in the amount of iodine-sufficient cells in the S phase after irradiation with a 

radiation dose of 3 Gy, compared to lower irradiation doses (0 Gy P=0.01; 0.05 Gy P=0.05; and 

0.1 Gy P=0.035). Furthermore, the percentage of iodine-sufficient cells in the G0/G1 phase is still 

significantly increased after irradiation with 3 Gy compared to sham-irradiated (P=0.019) and 0.1 

Gy-irradiated (P=0.047), iodine-sufficient cells. For iodine-deficient cells, there is only a significant 

decrease in the amount of cells in the S-phase after irradiation with 3 Gy compared to sham-

irradiated cells (P=0.041).  
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Taken together, these results suggest that the cell cycle of PCCL3 cells do not yet change 6 

hours after ID and irradiation, even after exposure to high radiation doses. However, the response 

on these applied stress factors can be detected 24 hours after ID and irradiation. Irradiation with 3 

Gy leads to a significant G0/G1 cell cycle arrest in both iodine-sufficient and iodine-deficient cells 

compared to lower irradiation doses, most likely to repair the DNA damage caused by IR and the 

generated oxidative stress. Iodine-deficient PCCL3 cells still appear to be less sensitive for this 

G0/G1 cell cycle arrest even at low irradiation doses and are also more proliferating compared to 

iodine-sufficient cells. This could represent a stress-response in iodine-deficient cells with subtle 

changes in their proliferation pathways, which could be triggered by the enhanced ROS production 

of the co-treatment, with ID as a promoting factor enhancing the effects of IR. This could promote 

the mutation rate and subsequent pre-cancerous transformation when genetic lesions are not 

repaired in proliferating iodine-deficient thyroid cells. However, 48 hours after ID and irradiation, 

the cell cycle profile of iodine-deficient cells no longer significantly differentiates from iodine-

sufficient cells. Only following irradiation with 3 Gy, there was still a small significant decrease in 

the amount of iodine-sufficient and iodine-deficient cells in the S-phase and G0/G1 phase 

compared to sham-irradiated control cells. This indicates that thyroid cells are able to restore their 

cell cycle profile to normal conditions 48 hours after ID and irradiation, regardless of their iodine 

state. 
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Figure 7: Six hours after irradiation 

combined with iodine deficiency, the 

cell cycle of iodine-deficient and iodine-

sufficient PCCL3 cells are not altered 

compared to the control cells. After 24 

hours, the cell cycle of iodine-deficient 

PCCL3 cells altered compared to iodine-

sufficient PCCL3 cells, but no longer 

differentiated after 48 hours. Cell cycle 

analysis was performed with a BrdU/7-AAD 

assay on PCCL3 cells that were iodine 

deprived for 6 hours (A), 24 hours (B) or 

48 hours (C) and irradiated with low, 

intermediate or high radiation doses. 

Results are expressed as the mean 

percentage of cells of the total cell 

population ± SD of three biological 

replicates from 1 representative 

experiment. The cell cycle analysis 6 hours 

and 24 hours after IR and ID were 

performed in parallel. The cell cycle analysis 

48 hours after IR and ID was performed as 

a separate experiment, causing technical 

variation compared to the 6h and 24h 

experiments. 
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Table 4: Table of significance of the cell cycle analysis, 24 hours after iodine deficiency and ionizing 

radiation, comparing changes between the different radiation doses in iodine-sufficient and iodine-

deficient PCCL3 cells in the different cell cycle phases (G0/G1 phase, S phase, G2/M phase). 

 

6. MODULATIONS IN SIGNALING PATHWAYS  

 

6.1 THE NOS3/HIF-1Α/VEGF-A SIGNALING PATHWAY. 

 
A previous study demonstrated that ID induces NOS3 activation through phosphorylation of 

Ser1177 (maximal at 4 hours post-ID, but still significant at 6 hours post-ID), thereby increasing 

NO synthesis and subsequent HIF-1α stabilization leading to VEGF-A release in PCCL3 cells. In an 

attempt to reproduce these data and to examine a potential enhanced effect of IR and ID on NOS3 

activation and HIF-1α stabilization due to increased ROS production, non-cancerous rat thyroid 

PCCL3 cells were cultured in an iodine-sufficient or iodine-deficient state for 6 hours and exposed 

to low, intermediate or high radiation doses. Subsequently, protein expressions of NOS3, Ser1177-

phosphorylated NOS3 and HIF-1α were analyzed by Western blot (Figure 8).  

 
Bands were detected at approximately ≈140 kDa and ≈70 kDa for (pSer1177) NOS3 protein 

expression and around ≈120 kDa and ≈80 kDa for HIF-1α protein expression (Supplemental 

Figure 10A and B). For the (pSer1177) NOS3 protein, the expected band size is ≈140 kDa. For 

the HIF-1α protein, the expected band size is ≈120 kDa. According to our results, neither ID nor IR 

or a combined treatment induced a significantly increased activation of NOS3 (Figure 8A) and 

stabilization of HIF-1α (Figure 8B) compared to the sham-irradiated, iodine-sufficient thyroid 

cells. So, despite the same rat cell line used under the same culture conditions, we were not able 

to reproduce the results from the previous study. Since high standard deviations (SD) occur at n = 

3 for each condition, it is difficult to detect a potential small, true effect. Reconsidering optimization 

of the Western blot protocol and including more biological replicates could reduce the SD values of 

the observed results and could increase the reproducibility of the experiment. 

 

 G0/G1 phase S phase G2/M phase 

Dose 

(Gy) 

I P-value ID P-value I P-value ID P-value I P-value ID P-value 

0 - 0.05  Ns >0.999 Ns 0.475 Ns >0.999 Ns >0.999 Ns >0.999 Ns 0.398 

0 - 0.1  Ns >0.999 Ns 0.117 Ns >0.999 Ns >0.999 Ns >0.999 * 0.024 

0 - 0.5  Ns 0.160 Ns >0.999 ** 0.005 Ns >0.999 Ns >0.999 Ns >0.999 

0 - 3  *** <0.001 *** <0.001 *** <0.001 *** <0.001 *** <0.001 Ns >0.999 

0.05 - 0.1 Ns >0.999 Ns >0.999 Ns 0.635 Ns >0.999 Ns >0.999 Ns >0.999 

0.05 - 0.5 Ns 0.513 Ns >0.999 Ns 0.082 Ns >0.999 Ns >0.999 Ns >0.999 

0.05 - 3 *** <0.001 *** <0.001 *** <0.001 *** <0.001 *** <0.001 Ns 0.530 

0.1 - 0.5  * 0.028 Ns >0.999 *** <0.001 Ns >0.999 Ns >0.999 Ns 0.214 

0.1 - 3  *** <0.001 *** <0.001 *** <0.001 *** <0.001 *** <0.001 * 0.033 

0.5 - 3  *** <0.001 *** <0.001 *** <0.001 *** <0.001 *** <0.001 Ns >0.999 
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Figure 8: ID, IR or a combined 

treatment did not significantly changes 

NOS3 activation and HIF-1α 

stabilization compared to sham-

irradiated, iodine-sufficient PCCL3 

cells. NOS3 and pSer1177 NOS3 expression 

(A) and HIF-1α expression (B) were 

analyzed by Western blotting in PCCL3 cells 

that were iodine deprived for 6 hours and 

irradiated with low, intermediate or high 

radiation doses. Densitometric values were 

normalized against ß-actin. Furthermore, 

pSer1177 NOS3 protein expression was 

normalized against total NOS3 protein 

levels. Results are expressed as the mean 

fold change relative to non-irradiation, 

iodine-sufficient thyroid cells ± standard 

deviation (SD) of 3 biological replicates 

(n=3) from 1 representative experiment 
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6.2 CELLULAR PROLIFERATION AND SURVIVAL. 

 
It has been reported that oxidative stress and DNA damage alters signaling pathways involved 

in cellular proliferation and survival. IR can directly damage DNA but more frequently acts 

indirectly through the production of ROS, along with ID in thyroid cells. To examine changes in 

proliferation and survival pathways upon ID and IR, non-cancerous rat thyroid PCCL3 cells were 

cultured in an iodine-sufficient or iodine-deficient state for 6 hours and exposed to low, 

intermediate or high radiation doses. Subsequently, protein expression of AKT1, pThr308 AKT1, 

STAT3, pY705 STAT3 and NFκB p52 were analyzed using Western blot (Figure 9).  

 

Bands were detected at approximately 55 kDa and 62 kDa for AKT1, at 62 kDa for pThr308 

AKT1 (Supplemental Figure 10D), at 86 kDa and 91 kDa for STAT3, at 86 kDa and 160 kDa for 

pY705 STAT3 (Supplemental Figure 10F) and at 52 kDa for NFkB p52 protein expression 

(Supplemental Figure 10E). The predicted band size of (pThr308) AKT1 is 62 kDa. Finally, the 

predicted band size for NFkB p52 protein expression is 52 kDa which we specifically visualised. 

There were no significant changes observed in the expression and phosphorylated Thr308 

activation of AKT1 upon irradiation or induced ID (Figure 9A). The same counts for NFkB p52 

protein expression (Figure 9B). Consequently, there was no enhanced effect observed after 

combined treatment with ID and IR. These results are consistent with preliminary data on rat 

FRTL5 cells. However, STAT3 and activated pY705 STAT3 were significantly increased after 

irradiation with a radiation dose of 3 Gy in FRTL5 cells. Furthermore, there was a significant 

enhanced effect of combined treatment with IR and ID at 3 Gy. This is in contrast with our results 

in PCCL3 cells, in which there was no significant change observed in STAT3 and pY705 STAT3 

protein expression after irradiation, even with high radiation doses, and induction of ID (Figure 

9C). These results indicate that PCCL3 cells and FRTL5 cells are different in their molecular 

responses on the induction of stress, suggesting that PCCL3 cells are more resistant to changes in 

their signaling pathways, even at high doses of IR.  

 
There are relatively high standard deviations observed at n=3 for each condition. This could 

mask small but true significant effects of IR, ID or a potential enhanced effect of IR and ID on the 

protein expression of (pThr308)AKT1, NFκB p52 and especially (pY705)STAT3. Reconsidering 

optimization of the Western blot protocol and including more biological replicates could reduce the 

SD values of the observed results and could increase the reproducibility and in particular the 

comparability of the experiment with preliminary data on FRTL5 cells. 
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Figure 9: ID, IR or a combined 

treatment did not alter signaling 

pathways involved in cellular 

proliferation and survival. AKT1 and 

pThr308 AKT1 (A) STAT3 and pY705 

STAT3 (B) and NFB p52 protein expressions 

(C) were analyzed by Western blotting in 

PCCL3 cells that were iodine deprived for 6 

hours and irradiated with low, intermediate 

or high radiation doses. Densitometric 

values were normalized against ß-actin. 

Furthermore, pThr308 AKT1 and pY705 

STAT3 protein expressions were normalized 

against total AKT1 and STAT3 protein levels 

respectively. Results are expressed as the 

mean fold change relative to non-

irradiation, iodine-sufficient thyroid cells ± 

standard deviation (SD) of 3 biological 

replicates (n=3) from 1 representative 

experiment. 
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DISCUSSION AND OUTLOOK 

 
Nowadays, the general population is increasingly exposed to IR originating from natural and 

human-made sources. The latter can range from nuclear power generation to medical uses of 

radiation for diagnosis or treatment, which is the most common human-made source of IR, 

representing 20% of the total population exposure (111). Post-Chernobyl epidemiological studies 

appointed IR as high-risk factor for thyroid cancer at doses above 100 mSv. On the other hand, an 

inadequate supply of iodine, an important element for normal thyroid functioning and thyroid 

hormone synthesis, affects more than two billion individuals worldwide. It is not only the main 

cause of some thyroid abnormalities such as goitrogenesis, but it is also a potential risk factor for 

thyroid cancer development (70). There is still little knowledge about the combined effect of ID and 

IR exposure on thyroid cells, especially when considering exposure to low-dose IR, which is of 

major concern for the general public and for the research community. Therefore, our research 

group at SCKCEN investigated the molecular effects of a combined treatment with iodine 

deprivation and X-ray exposure to low, intermediate and high radiation doses on rat thyroid cells. 

Preliminary research was performed on the FRTL5 thyroid cell line, while in this project the PCCL3 

thyroid cell line is used to validate and compare results with preliminary data. 

 
Ionizing radiation is well known for its genotoxic effects on biological systems due to their 

direct interaction and damage to DNA molecules, but more frequently due to water radiolysis 

leading to ROS production and subsequent damage to cellular biomolecules, including DNA. In 

addition, previous studies demonstrated that ID triggers VEGF-A secretion from thyroid cells, which 

also involves intracellular production of ROS (70). Here, we showed that iodine-deficient PCCL3 

cells irradiated with 0.5 Gy up to 3 Gy resulted in an enhanced ROS production 24 hours post-

treatment, compared to the irradiated, iodine-sufficient PCCL3 cells. These results suggest that 

PCCL3 cells irradiated with intermediate and high radiation doses are stressed to a certain extent, 

which makes them unable to cope with the additional oxidative stress originating from ID, leading 

to a higher accumulation of ROS compared to irradiated PCCL3 cells cultured in the presence of 

iodine. In preliminary data, there was also a significantly increased ROS production observed in 

iodine-deficient FRTL5 cells exposed to a high irradiation dose of 3 Gy compared to the 

corresponding iodine-sufficient cells. This is an interesting observation since extensive oxidative 

stress in the thyroid is related to several thyroid abnormalities such as hyperthyroidism, 

hypothyroidism, thyroiditis and also thyroid cancer.  

 
Although we were unable to observe significant differences in catalase protein expression 

between iodine-sufficient and iodine-deficient PCCL3 cells, a two-way Anova statistical analysis 

showed that the iodine state of PCCL3 cells had a significant overall effect on the response we 

observed. However, post-hoc testing could not indicate a defined significance between groups, 

probably due to lack of power. A higher number of biological replicates could increase the power of 

the Western blot analysis, which then could result in a more defined indication of significance 

between groups. Since catalase has a tetrameric conformation consisting of four 60 kDa 

monomers, each containing a porphyrin heme group under physiological conditions, the additional 
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120 kDa protein band that we detected could correspond to a catalase dimer of two subunits. 

Catalase is an antioxidant enzyme known for its detoxification of H2O2. Under adequate iodine 

supply, iodide is oxidized in thyroid cells by TPO using H2O2 as a substrate during the process of 

thyroid hormone synthesis. However, when thyroid cells are iodine deprived, this detoxification 

process of H2O2 is diminished, leading to H2O2 accumulation. Therefore, it could be possible that 

thyroid cells respond by adjusting their catalase protein expression as a compensatory mechanism. 

This antioxidant defense topic could be further investigated by examining other antioxidant 

proteins such as the selenoproteins glutathione peroxidases and thioredoxin reductase. Nadolnik, 

et al., and Valentyukevich, et al. demonstrated that the thyroid gland was characterized by low 

activities of catalase and superoxide dismutase, while there was a considerable high concentration 

of reduced glutathione and a high enzymatic activity of glutathione peroxidase and glutathione 

reductase (112, 113). Furthermore, there is no thyroid phenotype associated to acatalasemia, 

while selenium deficiency leads to increased ROS production and even thyroidal damage. As 

selenium is required for glutathione peroxidase and thioredoxin enzyme activity, it is suggested 

that these enzymes play a significant role in thyroidal antioxidant defense mechanisms (114). On 

the other hand, C. Massart, et al. and Ulla Bjijrkman, et al. showed that catalase represents a 

major H2O2-detoxification pathway in respectively PCCL3 and FRTL5 cells exposed to high 

concentrations of H2O2 (115, 116). Taken together, these data suggest that the glutathione 

peroxidase defense system plays a major role at physiological levels of H2O2, while catalase, which 

has a much higher Km and Vmax, is more important to detoxify large and toxic levels of H2O2 (114). 

Another possibility to investigate is peroxiredoxin 5 (PRDX5), which is also expressed in high levels 

in the thyroid gland and is up-regulated in Graves’ disease, a disease associated with the release of 

large amounts of ROS (117).  

 
The generation of H2O2 in stimulated PCCL3 cells is approximately 6 nmol/10 minutes. In 

activated human leukocytes around 17 nmol/10 minutes. However, activated leukocytes live a few 

hours, while the life of thyroid cells in adults is 7 years. Thus, thyroid cells may be exposed to high 

doses of H2O2. Hydrogen peroxide exerts the same cytotoxic effect on thyroid cells as on other cell 

types (114). At concentrations higher than 0.05-0.1 mM, H2O2 is able to induce DNA DSBs in 

PCCL3 cells and in human primary thyroid cells, demonstrated by N Driessens, et al. using Commet 

assays and Western blot detection of γH2AX (118). Here, we measured the general ROS production 

in PCCL3 cells and the induction of DNA DSBs at different time points post-treatment by 

immunocytochemistry against γH2AX and 53BP1. We demonstrated that irradiation of PCCL3 cells 

with intermediate and high radiation doses (0.5 Gy and 3 Gy) significantly increased the number of 

γH2AX foci compared to sham-irradiated cells already at 30 minutes post-treatment, after which 

the number of γH2AX foci decreased due to DNA repair up to 24 hours post-treatment. These are 

normal γH2AX kinetics seen in literature (119-121). In contrast, after irradiation of PCCL3 cells 

with 0.05 Gy and 0.1 Gy, we observed a continuous increase in γH2AX foci even up to 24 hours, 

which is mostly not seen in literature. These data suggest that low-dose irradiated cells failed to 

repair their DNA damage, which lead to accumulation of γH2AX foci. There are some research 

groups, which also detect persistence of γH2AX foci after irradiation of cells with low radiation 

doses. Saskia Grudzenski, et al. used human fibroblasts and showed that the kinetics of γH2AX foci 

loss are substantially disturbed after an irradiation dose of 10 mGy and even failed to show any 
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foci loss after irradiation with 2.5 mGy. Furthermore, they performed an in vivo study and showed 

efficient γH2AX and 53BP1 foci removal during 24 hours after irradiation of mice with 1 Gy, but 

barely observed any γH2AX and 53BP1 foci loss after irradiation with 10 mGy (122). A possible 

model to explain these findings is that irradiation with low radiation doses induce damage or a 

stress level which is insufficient to allow an efficient activation of the DDR pathway and subsequent 

DNA repair. For PCCL3 cells, this could correspond to a radiation dose in the range of 0.05 – 0.1 Gy 

or lower inducing a mean foci number around 6-8 foci per nucleus at 24 hours post-treatment, 

while irradiation with intermediate and high irradiation doses lead to a mean foci number of 10 foci 

per nucleus already at 30 minutes post-treatment. This suggests that an acute induction of 10 foci 

per nucleus post-irradiation could represent the threshold of DNA damage to activate the DDR 

pathway. Interestingly, Saskia Grudzenski, et al. also demonstrated that cells irradiated with 10 

mGy efficiently started to remove all γH2AX foci when the cells were exposed to an extra stress of 

10 µM H2O2 (122). At these concentrations, H2O2 produces in particularly SSBs and base damages 

but no DSBs. According to this, it would be the level of radiation damage other than DSBs or 

cellular lesions, which determine whether or not efficient DNA repair occurs. In addition, they also 

observed that one gene (Nek1) is up-regulated after high-dose irradiation, but not after low doses. 

Interestingly, Nek1 appears to be involved in the DNA damage response after irradiation and loss 

of function is associated with radiosensitivity and impaired DSB repair. The question how the repair 

of DSBs is associated to the repair of SSB or base damage is interesting to investigate but is out of 

the scope of this project. A possible explanation could be that the repair of DSBs needs end-

processing before ligation which involves factors that are also involved in the repair of SSB and 

first have to be induced (122). The health risk estimates for low-dose IR is based on a linear 

extrapolation of high-dose data, assuming a similar DNA repair capacity of IR damage after low 

dose irradiation as after high dose irradiation. However, if low-dose irradiation leads to persistent 

DSBs, this could lead to genomic instability promoting malignant transformation. In this case, 

these data do not support the linear extrapolation assumption and even suggest that it is an 

underestimation of the carcinogenic risks of low-dose IR. However, this is only of interest when 

unrepaired DSBs are present in actively proliferating cells. Kai Rothkamn, et al. evaluated the 

cellular consequences of persistent DSBs by irradiating human primary fibroblasts and then allowed 

them to proliferate. They observed a similar level of γH2AX foci in the irradiated cells compared to 

the non-irradiated cells, but detected substantially more micro-nucleated and apoptotic cells, 

suggesting that the cells exhibiting persistent DSBs are eliminated from the culture. Therefore, 

they speculated that the observed DSB persistence in low-dose irradiated cells does not increase 

the carcinogenic risk of low-dose irradiation but rather represents a protective biological 

mechanism by eliminating these cells. It could be more beneficial for a biological system to remove 

the damaged cell and replace it by a healthy neighbor cell, instead of repairing the DSBs with the 

risk of causing genomic instability (10). This model would be of interest when only a small fraction 

of cells exhibit DSBs, so repair is only necessary at higher levels of damage, for example following 

high-dose irradiation. 

 
 Strikingly, the PCCL3 cells exposed to low-dose irradiation with 0.05 Gy and 0.1 Gy exhibited 

a significantly lower number of γH2AX foci at early time points of 30 minutes and 1 hour post-

treatment compared to sham-irradiated PCCL3 cells. These results indicate hormesis, a hypothesis 
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suggesting that low-dose irradiation is beneficial. However, approximately around 4 hours post-

treatment the number of γH2AX foci in low-dose irradiated cells exceeds the number of γH2AX in 

sham-irradiated cells, which contradicts the hormesis hypothesis. On the other hand, the number 

of γH2AX foci in the sham-irradiated cells could be relatively high. Indeed, R. Runge, et al. counted 

the number of γH2AX foci per nucleus of non-irradiated PCCL3 cells using an automated method 

(The Aklides algorithms) and measured approximately a mean number of 3 γH2AX foci per cell, 

while we counted approximately around 6 γH2AX foci per cell (123). The reason for this high mean 

number is not known. However, it should be mentioned that the presence γH2AX foci is not 

radiation specific and can also be induced by other stress factors. In contrast to γH2AX foci, the 

mean number of 53BP1 foci and their kinetics over time is relatively normal. There are no 

significant differences observed in the mean number of 53BP1 foci and its kinetics between 0.05 

Gy-irradiated cells and sham-irradiated cells which could correspond to the basal cellular levels of 

53BP1. In contrast, the number of 53BP1 foci reached a peak in cells irradiated with 0.1 Gy or 

higher up to 3 Gy around 1-4h post-treatment after which the number of 53BP1 foci decreased 

again to almost basal levels after 24 hours due to DNA repair. It could be possible that irradiation 

with 0.1 Gy is the threshold level in which PCCL3 cells still accumulate γH2AX foci but are also able 

to partially recruit 53BP1 to the sites of DNA damage. Another possible model for the increasing 

γH2AX foci after low-dose irradiation (0.05 Gy and 0.1 Gy) but the decreased 53BP1 foci response 

after 0.1 Gy could be the failure of dephosphorylation of γH2AX following repair. However, no 

literature is describing this phenomenon. Finally, although ROS production was enhanced 24h post-

treatment in iodine-deficient cells compared to iodine-sufficient cells, there were no major 

differences observed between iodine-sufficient and iodine-deficient conditions regarding the 

number of ΥH2AX and 53BP1 foci at different time points post-treatment.  

 
In conclusion, in order to verify these data, in particularly the continuous increase in γH2AX 

foci after low-dose irradiation, we could repeat this experiment. Furthermore, it is of interest to 

investigate the number of γH2AX foci in PCCL3 cells at 48h and 72h after irradiation with low 

radiation doses (0.05 Gy and 0.1 Gy) to test our speculation of the presence of a DNA damage 

threshold level (approximately 10 foci per nucleus) required to activate the DDR pathway and 

induce DNA repair. In addition, in order to test the above described speculations regarding a 

protective elimination of low-dose irradiated cells with persistent DSBs as a low-dose hyper-

radiosensitivity response, it would be of interest to examine apoptosis e.g. by performing TUNEL 

analysis, and clonogenic assays to investigate the viability and proliferation capacity after 

irradiation. 

 
Exposure to IR causes perturbations in the cell cycle progression. Ionizing radiation-induced 

DNA damage activates the DDR pathway which in turn interacts with checkpoint proteins involved 

in cell cycle arrest at the G0/G1 phase, the S phase or the G2/M phase. These delays provide the 

required time to repair the damage. An arrest in the G1 phase prevents aberrant replication of 

damaged DNA, while arrest in the G2 phase avoids cells to segregate defective chromosomes. Cells 

are most sensitive for the effects of ionizing radiation when they are actively proliferating and thus 

reside in the M phase or in the G1/S interface (124). In our study, measurements of the cell cycle 

distribution at 6h, 24h and 48h post-treatment indicated that PCCL3 cells irradiated with low, 
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intermediate and high radiation doses did not majorly differ in their cell cycle distribution and 

progression at 6h post-treatment, except for a small significant decrease of iodine-sufficient cells in 

the G0/G1 phase after irradiation with 3 Gy compared to sham-irradiated control cells. In addition, 

at this time point, there were no significant differences observed between iodine-deficient and 

iodine-sufficient cells. However, at 24h post-treatment, the percentage of cells in the G0/G1 phase 

significantly increased, while the amount of cells in the G2/M phase and S phase significantly 

decreased after irradiation with 3 Gy compared to sham-irradiated cells for both iodine-sufficient as 

iodine-deficient cells. These results are in line with Kostic, et al. who also observed a significant G1 

block with a decreased amount of cells in the S phase in human thyroid cells at 24 hours after 

irradiation with short-wavelength ultraviolet light (UVC), the most damaging and energetic type of 

UV light (125). According to Jiri Bartek, et al., there exist two distinctive waves of checkpoint 

responses at the G1/S interface (Supplemental Figure 14). The initial transient respond is very 

rapid and inhibits cyclin-dependent kinase 2 within 20 to 30 minutes and can last for several hours. 

This prompt cell cycle delay is independent of p53 and protein transcription. It temporarily slows 

down the cell cycle progression to provide more time for DNA repair. The second response is 

delayed and considerable more sustained. This response is activated by the classical p53/p21 

cascade, which is a multistep process involving induction of effector proteins which requires several 

hours. This delay is more suitable for repair of highly complex DNA damages or for elimination of 

cells with severely damaged DNA. The latter is supported by the ability of the p53-pathway to 

induce apoptosis (126). Although we observed γH2AX and 53BP1 foci, associated with DSBs, 

around respectively 30 minutes to 4 hours post-treatment, we did not observe a cell cycle arrest 6 

hours post-treatment. It could be possible that we missed an early wave of cell cycle arrest at this 

time point. On the other hand, a significant but not a complete loss of γH2AX and 53BP1 foci, 

associated with DNA repair, was observed 24 hours post-treatment. At this point, we detected a 

significant G1 arrest. This could represent the delayed p53-dependent G1 arrest in response to 

severe and complex DNA damage induced by high irradiation doses. This is supported by William 

G. Nelson, et al. who demonstrated that DNA strand breaks, especially DSBs, which are typically 

induced by IR, appeared to be very efficient at triggering p53 protein up-regulation compared to 

other types of genomic insults (127). However, to ensure the G1 arrest is p53-dependent, we could 

knockdown p53 in thyroid cells and examine if the G1 arrest will still occur 24 hours after 

irradiation with 3 Gy. The occurrence of a G1 arrest in irradiated cells is correlated with their 

radiosensitivity.  

 
Following low-dose and intermediate-dose exposure, there is no significant G1 arrest compared 

to sham-irradiated cells. This indicates that the PCCL3 cells are relatively radioresistance, since 

there only occurs a G1 arrest after irradiation with 3 Gy. However, there are differences observed 

between iodine-sufficient and iodine-deficient cells in which there is a decreased number of cells in 

the G0/G1 phase and an increased number of cells in the G2/M phase and S phase under iodine-

deficient conditions. This trend is observed after irradiation with low, intermediate and high 

radiation doses, but not in sham-irradiated cells. Therefore, this could indicate that a treatment 

with low-dose or intermediate-dose irradiation alone, or ID alone does not majorly change the cell 

cycle progression, while a combined treatment with IR and ID makes PCCL3 cells less sensitive for 

a G1 arrest and even enhance their proliferation. This could represent a stress-response with 
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subtle changes in the cellular proliferation pathways, which could be triggered by the enhanced 

ROS production of the co-treatment as indicated by the ROS assay 24 hours post-treatment, with 

ID as a promoting factor stimulating the effects of IR. Since there was no complete loss of γH2AX 

and 53BP1 foci yet at 24h post-treatment, an enhanced proliferation could potentially lead to 

accumulation of DNA damage increasing the mutation rate and the risk on malignant 

transformation. Finally, 48h post-treatment, PCCL3 cells irradiated with 3 Gy still exhibited a 

disturbed cell cycle with a small but significant decreased number of iodine-sufficient and iodine-

deficient cells in the S phase compared to the corresponding sham-irradiated cells. Furthermore, 

there were significantly more iodine-sufficient cells in the G0/G1 phase after irradiation with 3 Gy 

compared to sham-irradiated cells. However, there were no longer significant differences detected 

between iodine-deficient and iodine-sufficient cells. This suggests that PCCL3 cells exposed to a 

combined treatment of low-dose or intermediate-dose irradiation and ID are able to restore their 

normal cell cycle progression after 48h post-treatment, indicating a transient stress response. 

 
Since the ROS/HIF-1/VEGF-A pathway is activated approximately around 2-6 hours post-ID in 

PCCL3 cells and since changes in protein expression were observed in FRTL5 cells already at 6 

hours post-treatment, we investigated the combined effect of IR and ID on the protein expression 

in PCCL3 cells at 6 hours post-treatment by performing Western blot analysis. In this study, we 

first focused on the ROS/HIF-1/VEGF-A pathway. Craps, et al. demonstrated that NO, which is 

produced by NOS3, is able to stabilize HIF-1α. Indeed, they observed an increased activated 

phosphorylation of NOS3 and HIF-1α protein expression in human thyroid cells, FRTL5 cells and 

PCCL3 cells at 4-6 hours post-ID. In this study, we tried to verify these data in PCCL3 cells that 

were iodine deprived for 6 hours and we tried to find a possible enhanced effect on HIF-1α and 

NOS3 protein expression when combined with irradiation with low, intermediate or high irradiation 

doses. The identity of the additional ≈80 kDa protein band that we detected for HIF-1α protein 

expression is unknown. However, this band is also detected in Western blot results from Life 

science companies Abcam and Cell Signaling. We used the primary anti-HIF-1α antibody of Cell 

Signaling. Although this band is not fully characterized, it is suggested to be a degradation or 

cleavage product of HIF-1α in samples that have experienced multiple freeze-thaw cycles. The 

identity of the additional ≈70 kDa band that we detected for (pSer1177) NOS3 protein expression 

is also unknown, but is detected as well in Western blot results from Life science company Abcam. 

Furthermore, A. Persu, et al. also observed a 70 kDa protein band using primary antibodies from 

Santa Cruz on endothelial cell lysates submitted to repeated freeze-thaw cycles. They suggested 

that it might correspond to a proteolytic cleavage product of eNOS containing its C-terminus (128). 

We used the primary anti-eNOS3 antibody of BD Biosciences which is also directed against the C-

terminus of eNOS type III, and thus may also bind to this potential 70 kDa cleavage product. 

Although we used the same cell line and the same culture method as the research group of J 

Craps, we were unable to reproduce the described data.  

 
To investigate the effects of IR and ID on the proliferation and survival of PCCL3 cells, we 

investigated the protein expression of major key factors involved in proliferation and survival 

pathways at 6 hours post-treatment performing Western blot analysis. We specifically investigated 

(pY705)STAT3, (pThr308)AKT1 and NFκB p52. The additional 55 kDa protein band that we 
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detected for AKT1 expression is not identified. This could represent an alternative splice variant or 

a putative isoform. The 86 kDa and 91 kDa protein bands detected for STAT3 protein expression 

correspond to respectively the STAT3β and STAT3α isoforms. Furthermore, the additional 160 kDa 

protein band detected for pY705 STAT3 protein expression could represent a putative dimerisation 

of activated pSTAT3 in order to enable nuclear translocation, DNA binding and transcriptional 

activation. We were unable to detect significant differences in protein expressions between the 

radiation doses and between iodine-sufficient and iodine-deficient cells. Since we did not observe 

any differences in the cell cycle distribution between sham-, low-, intermediate- and high-dose 

irradiated PCCL3 cells and between iodine-sufficient and iodine-deficient PCCL3 cells at 6h post-

treatment, it is assumable that there are also no differences detected in the expression of proteins 

which stimulate proliferation at this time point post-treatment. However, a significant increase was 

detected in the amount of iodine-deficient, irradiated PCCL3 cells in the S phase and G2/M phase at 

24 hours post-treatment compared to iodine-sufficient, irradiated PCCL3 cells. Therefore, it would 

be of interest also to investigate the protein expressions in PCCL3 cells at 24 hours post-treatment.  

 
We cannot ignore the high standard deviations present in the Western blot results. This also 

contributes to the absence of significance between the different treatment groups and the controls, 

especially when the effects on protein expression are small. First of all, it would be beneficial to 

increase the number of the biological replicates per condition to increase the statistical power of 

the experiments. However, it would also be of interest to investigate if we observe these data 

because there is no real effect present of IR and ID on protein expression at this time point 

representing only the variance in the cell cultures or due to variances in the Western blot protocol 

and/or experimental environment. The following experimental design could investigate this 

(Supplemental Figure 15). Three to six biological replicates could be treated with ID and/or IR 

of different radiation doses to create the experimental conditions. Then, in order to determine if the 

variance is deriving from the Western blot protocol, Western blotting of one specific biological 

replicate could be performed three times in parallel on one day. If the Western blot protocol is 

reproducible, then one can expect to obtain the same results from each Western blot experiment. 

In order to assess if the variance is deriving from environmental factors such as temperature, 

incubation times, content of the washing buffer and blocking buffer, etc. Western blotting of three 

to six biological replicates could be performed on three different days. If environmental factors do 

not affect the results, then one could expect to obtain the same results for each Western blot 

experiment per biological replicate. If these experiments rule out the origin of the variance from 

environmental factors or the Western blot protocol, then it can be concluded that there is no real 

effect of IR and ID on the protein expression in treated PCCL3 cells on that specific time point post-

treatment. Optimization of the Western blot protocol is possible by examining the effects on the 

results by changing the blocking buffer (e.g. BSA or non-fat dry milk), the washing buffer (e.g. 

PBS-T or TBT-T) and the protein detection method (e.g. with quantum dots or with ECL 

chemiluminscence) or by changing the incubation times of the blots in the washing buffer and 

blocking buffer. There are also other techniques to investigate protein expression such as 

immunocytochemistry and ELISA. The latter is a very sensitive techniques and easy to quantify. 
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Finally, along with alterations in the cell cycle progression and protein expression, changes in 

gene expression are also a major component in stress responses. The control of gene expression is 

tightly regulated and enables the cell to change its transcriptional capacity with much faster 

response kinetics compared to de novo protein synthesis. Therefore, it might be a more initial 

adaptive response to stress which can be visualized at earlier time points post-treatment compared 

to changes in protein expression (129). It could be possible that at 6 hours post-treatment, 

changes in gene expression can be detected by RT-qPCR. However, due to a lack of time, it was 

not possible to investigate real-time gene expression in PCCL3 cells in response to IR and ID. 

However, an interesting gene to examine is NQO1, which appears to be up-regulated in primary 

human thyroid cells from microarray data. NQO1 is known as a multifunctional cytoprotective and 

antioxidant enzyme. On the other hand, Selmansberger, et al. showed that CLIP2 is up-regulated 

in post-Chernobyl pediatric PTCs. They suggest the involvement of CLIP2 in fundamental 

carcinogenic processes including apoptosis, MAPK signaling and genomic instability (130). Other 

interesting genes to examine are genes, which are involved in DNA repair, antioxidant defense, 

apoptosis, cellular proliferation and survival. 

 
At the start of this project, we hypothesized that a combined treatment of PCCL3 thyroid cells 

to ID and IR leads to an enhanced ROS production, which will eventually affect cellular 

proliferation, survival and resistance to apoptosis. The findings of these studies indicate that 

iodine-deficient thyroid cells exposed to intermediate and high irradiation doses (0.05 Gy and 3 Gy) 

showed a significantly increased ROS production 24 hours post-treatment compared to iodine-

sufficient cells. This suggests that irradiation with a dose of 0.5 Gy or higher stress the thyroid cells 

to a certain extent which makes them unable to cope with the additional oxidative stress 

originating from ID, leading to a significant higher accumulation of ROS compared to irradiated 

PCCL3 cells cultured in the presence of iodine. When we then examined the extent of DSBs induced 

by the co-treatment of IR and ID and their repair kinetics, we can conclude that the extent of DNA 

damage is radiation dose dependent and is not enhanced by iodine deficiency. Furthermore, we can 

also conclude that the response of PCCL3 cells after low-dose radiation exposure regarding DNA 

damage repair is different from PCCL3 cells exposed to high-dose radiation, suggesting the 

presence of a DNA damage threshold level required for an efficient activation of the DDR pathway 

and subsequent DSB repair. Finally, from the cell cycle data, we can summarize that PCCL3 cells 

are relatively radioresistance since only after irradiation with 3 Gy, a significant delayed p53-

dependent G1 arrest is induced when compared to sham-irradiated cells. Furthermore, a co-

treatment of ID and irradiation with low-, intermediate- and high-radiation doses enhances 

proliferation of the PCCL3 and makes them less sensitive for a G1 arrest. This is an important 

observation, since this can increase the mutation rate and the risk on carcinogenic transformation 

when DNA damage is not fully repaired in the actively proliferating PCCL3 cells. Finally, expanding 

upon the current study with the use of primary human thyroid cells would help to extrapolate the 

effects of IR exposure and iodine deficiency in humans. 
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SUPPLEMENTAL FIGURES AND TABLES 

 

Supplemental Table 1: thyroid cancer types and their mutational profiles (2).  

Characteristics Papillary 

carcinoma 

Follicular carcinoma Anaplastic 

carcinoma 

Medullary 

carcinoma 

Cell type Follicular cells Follicular cells Follicular cells C-cells 

Prevalence 80-85% 10-15% 1-2% 3-5% 

Typical route of 

spread 

Local lymph node 

metastasis. 

Hematogenous 

metastasis, typically to 

bones and lungs. 

Invasive local 

growth, lymph node 

and 

hematogeneous 

metastases. 

Lymph node and 

hematogeneous 

metastases. 

10-years survival 95-98% 90-95% <10% 60-80% 

Common 

mutations and 

their prevalence 

BRAF 40–45% 

RAS 10–20% 

RET/PTC 10–20% 

TRK <5% 

RAS 40–50% 

PAX8/PPARγ 30–35% 

PIK3CA <10% 

PTEN <10% 

TP53 50–80% 

CTNNB1 5–60% 

RAS 20–40% 

BRAF 20–40% 

PIK3CA 10–20% 

PTEN 5–15% 

AKT1 5-10% 

Familial forms: 

RET >95% 

 

Sporadic: 

RET 40–50% 

RAS 25% 

 

 

 
 
Supplemental Figure 1: The main signaling pathways involved in thyroid carcinogenesis are the 

MAPK and PI3K–AKT pathways. These pathways regulate multiple cellular processes including proliferation, 

differentiation and survival. Constitutive activation of the MAPK pathway by mutated BRAF and RAS genes or by 

the chimeric fusion proteins RET/PTC and tyrosine receptor kinase (TRK) are a common tumor-initiating event 

in well-differentiated papillary carcinoma and in some follicular carcinomas. Mutations involving the effectors of 

the PI3K–AKT pathway such as the PI3K subunit PIK3CA, AKT1 and PTEN are found more frequently in follicular 

carcinomas and in undifferentiated types of thyroid cancer (2). 
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Supplemental Figure 2: Possible relationships between low-dose radiation of cancer risk. 

Epidemiological data provide direct measurements down to 100 mSv (solid black line). However, there are 

still uncertainties about the health effects of radiation doses below 100 mSv. Below this level a linear non-

threshold extrapolation is used to estimate the risks to develop cancer at low radiation doses (dashed black 

line) (14).  

 

 

 

 

 
Supplemental Figure 3: Proposed mechanism of iodide deprivation-induced angiogenesis in thyroid 

angiofollicular units. As soon as intracellular iodide levels drop due to an acute decrease in iodine supply, an 

increase in intracellular ROS levels is observed. Furthermore, ID induces RYR-dependent Ca2+ release from the 

endoplasmic reticulum, leading to phosphorylation and subsequent activation of NOS3 and NO production. The 

produced ROS and NO stabilize HIF-1α which associates with HIF-1ß to form the transcription factor HIF- 1. 

HIF-1 binds to the hypoxia-response element (HRE) site localized in the promoter region of the VEGF-A gene, 

thereby initiating VEGF-A transcription and VEGF-A protein synthesis. VEGF-A then acts as a paracrine factor to 

stimulate the proliferation of adjacent endothelial cells and promote microvascular thyroid reshaping. Adapted 

from (69) and (70).  
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Supplemental figure 4: DNA damage response pathway 

 

 

Supplemental figure 5: PI3K/AKT pathway 
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Supplemental figure 6: NFκB pathway 

 

 

Supplemental figure 7: JAK/STAT pathway 
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Supplemental figure 8: Experimental set-up with the different condition (iodine, iodine deficiency, 

and the different radiation doses). 

 

 

 

Supplemental figure 9: Cultured rat PCCL3 thyroid cells. 
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Supplemental figure 10: Western blot results of HIF-1α and β-Actin (A); NOS, pNOS3 and 

β-Actin (B); Catalase and β-Actin (C); AKT-1, pAKT-1 and viniculin (D); NFκB p52 and 

viniculin (E); STAT-3, pSTAT-3 and viniculin (F). Viniculin and β-Actin are housekeeping 

proteins to normalize for equal loading.  
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Supplemental figure 11: TUNEL staining and subsequent flow cytometry analysis of PCCL3 cells. 

PCCL3 cells were iodine deprived for 48 hours and were irradiated with 0.05 Gy (A), Sham-irradiated and 

treated with DNase 1 (B), and sham-irradiated without DNase 1 treatment (C). Left plots represent the 

forward and sideward scatter, distinguishing debris from cells. Middle plots discriminate doublets from singlet 

cells. Finally, the right plots visualize the presence of BrdUTP, measured in the FL1-A channel and cleaved 

caspase 3, measured in the FL2-A channel. In these plots, the lower left quadrant represent living cells, the 

lower right quadrant early apoptotic cells and the right upper quadrant late apoptotic cells. Many cell samples 

had low cell counts such as represented in example (A). The positive control sample treated with DNase 1 

showed a major cell population in the late apoptotic quadrant (B). However, there were no clearly separated 

cell populations of living and apoptotic cells detected in (C), which was not treated with DNase 1. 

B 

C 

A 
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Supplemental figure 12: γH2AX and 53BP1 foci in 3 Gy-irradiated iodine-deficient PCCL3 cells at 1 

hour post-treatment. (Magnification: 40X).  

 

 

 

Supplemental figure 13: Cell cycle analysis by 7-AAD/BrdU staining measured by flow cytometry. 

PCCL3 cells were iodine deprived for 6 hours (A), 24 hours (B) and 48 hours (C) and were irradiated with 

0.05 Gy in (A) and (B) and were sham-irradiated in (C). Upper left plots represent the forward and sideward 

scatter, distinguishing debris from cells. Upper right plots discriminate doublets from singlet cells. Lower left 

plots visualize the presence of BrdU in the FL1-A channel and 7-AAD in the FL3-A channel. Lower right plots 

represent a DNA histogram with the fluorescence intensity on the X-axis and the number of cells in the G0/G1 

phase, S phase and G2/M phase in the Y-axis. 

A B C 
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Supplemental figure 14: p53-independent rapid and transient G1 arrest and the p53 dependent 

delayed and sustained G1 arrest.  

 

 

 

 

 

 

Supplemental figure 15: Experimental scheme for the cell culture process (A) and the possibilities 

to measure potential variances deriving from the Western blot protocol or the environment (B). 
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