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SUMMARY 

 

Introduction: The incidence of thyroid cancer is currently on the rise. This could be attributed to 

advances in screening technologies that enables the detection of small tumors, increased exposure 

to Ionizing Radiation (IR) and Iodine Deficiency (ID).  IR and ID are two risk factors of thyroid cancer 

that can influence the development of thyroid cancer as seen in epidemiological studies after the 

Chernobyl nuclear accident. However, the molecular mechanisms from combined IR and ID are 

unknown and hence the need for our study.  We therefore, hypothesized that low dose IR and ID 

have an additive negative effect on thyrocytes via induction of damaging levels of oxidative stress, 

potentially leading to activation of precancerous pathways. 

Materials and Methods: PCCL3 cells were cultured with or without iodine and X-irradiated with low 

dose (0 Gy, 0.05 Gy, 0.1 Gy), intermediate dose (0.5 Gy) and high dose (3 Gy) of radiation. Gene 

expression levels of oxidative stress markers, cell signaling, antioxidant, radiation responsive 

elements and DNA repair were evaluated by RT-qPCR and western blot. The IncuCyte™ live cell 

imaging was used to evaluate cell proliferation and apoptosis in real time for 72 hours. Furthermore, 

a comet assay was used to analyze DNA damage. Finally, ROS production was assessed by CM-

H2DCFDA probe. Statistical significance of difference (p < 0.05) was evaluated with the TWO-ANOVA 

test. This was followed by a Bonferroni posthoc test. 

Results: IR and ID induced significant cell proliferation in a time and dose-dependent manner 

relative to the respective iodine sufficient conditions as from 40 hours. For apoptosis, 48 hours after 

co-treatment we observed cell death at 0.5 Gy and 3 Gy compared to the controls in both iodine 

conditions. At 72 hours we observed significant cell death at all doses including low doses irrespective 

of the iodine status. We equally, observed significant changes in anti-apoptotic gene expression (Bcl-

2 and Mcl-1) after 24hours. IR and ID equally activated survival and proliferation signaling pathways, 

JAK/STAT and PI3K/AKT as well as cell cycle regulator Cyclin D2. Furthermore, co-treatment equally 

induced oxidative stress in a dose-dependent manner which was significant at 0.5 Gy and 3 Gy 

though we observed no additive effect. However, IR and ID failed to induce DNA damage at all doses 

at both conditions. Furthermore, antioxidant NQO1 and PRDX5 were equally significantly expressed 

an indication of ROS burden and antioxidant capacity. Finally, RAD50, a DNA repair molecule was 

activated by co-treatment at 3 Gy deprived of iodine. 

Conclusion: This data indicates that PCCL3 cells are resistance to ID and IR, especially at low doses 

as we observed cell death mostly at intermediate and high doses at 48 and 72 hours. Furthermore, 

we observed no significant DNA damage at all doses. Apparently, the cell death observed is not 

enough to stop cell division as we observed enhanced cell proliferation with iodine deficient 

conditions. The resistance observed led to activation of mechanisms of proliferation and survival 

especially PI3K/AKT. Activation of DNA repair signaling molecule and antioxidant molecules observed 

may also be responsible for the resistance observed against IR and ID. Based on these data, we can 

conclude PCCL3 cells are highly resistant to the double stress of IR and ID at low doses. 
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1 INTRODUCTION 

 

1.1 BIOLOGY OF THE THYROID GLAND 

 

The thyroid gland is a ductless, butterfly organ, with a weight of about 25g and is the largest 

endocrine gland in the body. It is situated in the front of the neck and is made up of the left and 

right lobes connected by the isthmus. The primary functional unit of the thyroid gland is the follicle, 

with a rich capillary network and a core of thyroid hormone precursors, (thyroglobulin). The follicle 

is surrounded by columnal or cuboidal follicular cells, secreting thyroid hormones upon stimulation 

by Thyroid Stimulating Hormone, (TSH).  Within the follicular cells are parafollicular, (C) cells 

involved in the secretion of calcitonin which controls calcium metabolism. The thyroid gland 

synthesizes and stores thyroid hormones 3,5’,3 triiodothyronine (T3), thyroxine (T4) and calcitonin. 

These hormones control metabolic activities, body temperature and cardiovascular activities. The 

synthesis of thyroid hormones is under the control of the hypothalamic-pituitary-thyroid axis. The 

hypothalamus releases Thyrotropin-releasing hormone (TRH), which stimulates the pituitary gland 

to release TSH. TSH stimulates the proliferation of the thyroid gland and synthesis of T3 and T4. 

Firstly, there is the synthesis of thyroglobulin and uptake of iodide via the sodium iodide symporter, 

(NIS), and oxidation of iodide in the presence of hydrogen peroxide (H2O2). This is followed by 

iodination of tyrosine, the coupling of mono-iodinated tyrosine (MIT) and di-iodinated tyrosine (DIT). 

Finally, the thyroid hormones are released into the circulation (Figure 1). The free T3 binds its 

affinity receptors in the membranes of target cells and relocates to the nucleus to enhance 

transcription of target genes. This leads to stimulation of basal metabolic rate, gene expression 

regulation, differentiation and normal maturation and metabolism of all tissues. (1-3). 

 

 

Figure 1: Diagrammatic illustration of thyroid hormone synthesis. First iodide trapping at the basal 

membrane via the NIS, synthesis of thyroglobulin, organification of tyrosine and coupling. This is followed by the 

release of thyroid hormones into the circulation. Adapted from Haggstrom et al., 2014. 

Apical membrane Basal membrane 
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1.2 THYROID CANCER 

 

Thyroid cancer is the most commonly diagnosed endocrine malignancy. It is responsible for 

approximately 2% of all newly diagnosed cancers globally. The incidence of thyroid cancer has been 

on the rise in the past decades globally and continues to rise (4). Incidence varies geographically 

due to different ethnic and environmental variations including iodine deficiency and radiation 

exposure. In Belgium, the incidence is equally on the rise, though higher in the Wallonia than 

Flanders, 6.7 and 3.3 per 100,000 persons per annum respectively. Differences in incidence between 

the two regions are probably due to more screenings in the south relative to the north (5). The 

reason for the global rise in incidence is unknown, could be attributed to population exposure to 

ionizing radiation (IR) from medical and industrial applications and iodine deficiency (ID). This 

increasing incidence could equally be associated with better diagnosis through advanced technologies 

such as Fine Needle Aspirate Cytology (FNAC), ultrasound, Computed Tomography (CT) scan and 

surgery. These technologies enable the detection of tumors with lower diameters (as low as 1mm) 

not previously detected before.  Incidence is three-fold higher in females than males and is age-

dependent though molecular factors responsible are poorly understood (6) (7). The differences 

between male and female incidence are unknown and could be due to hormonal differences. This is 

because estrogen has been shown to promote thyrocyte proliferation in vitro (8). Though the role of 

estrogen is not exactly clear since there is no clear demonstrable relationship between thyroid cancer, 

pregnancy and sex hormone therapy (9). The risk factors associated with thyroid cancer include 

gender, age, genetic background, IR and ID. There are two types of thyroid cancer, differentiated 

and non-differentiated (3). Differentiated thyroid cancer is consist of Papillary Thyroid Carcinoma 

(PTC) and Follicular Thyroid Carcinoma (FTC). Undifferentiated thyroid cancers include Medullary 

Thyroid Carcinoma (MTC) and Anaplastic Thyroid Carcinoma, (ATC). PTC, FTC and ATC arise from 

the follicular cells while MTC arises from C-cells of the thyroid gland. Differentiated forms of thyroid 

cancer are easy to treat unlike non-differentiated, which is aggressive and easily metastasized to 

other organs like the lymph nodes (4, 10). 

PTC accounts for about 80% of all thyroid cancers and common genetic modifications associated with 

are point mutations, gene translocations and DNA polymorphisms. BRAF-V600E mutation (activating 

the MAPK pathway), represents about 90% of all BRAF mutations and occur in 45% of sporadic PTC 

and is specific to PTC. This mutation is associated with poor clinical outcomes, abnormal proliferation, 

adhesion, migration and invasion and consequently metastasis (11). RAS mutations activate PI3K-

AKT pathway, vital in the thyroid cancer tumorigenesis and are associated with 20% of all PTC. 

RET/PTC translocations are associated with 80% of radiation-induced PTC and 40% of all PTC. 

RET/PTC1 and RET/PTC3 have been shown to be prevalent in survivors of Chernobyl nuclear accident. 

Hence an indication that RET/PTC translocations are associated with radiation-induced thyroid 

cancers. Another chromosomal translocation is the Paired Box 8 (PAX8)/Peroxisome Proliferator 

Activator Receptor γ (PPARG) present in approximately in 30% of PTC. This PAX8/PPARG complex is 

a negative inhibitor of PTEN and mutations are associated with thyroid cancer. Other mutations 

associated with PTC are Telomerase Reverse Transcriptase (TERT), Cyclooxygenase-2 (COX-2), and 
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Epidermal Growth Factor Receptors (EGFRs) (10). Furthermore, Neurotrophin Receptor Kinase 

(NTRK), a chromosomal rearrangement is associated with approximately 13% of PTC. (12, 13).  

FTC originates from follicular cells of the thyroid gland and accounts for approximately 10% of all 

thyroid cancers. It has a poor prognosis compared to PTC, 80% of FTC metastasized, hence 

associated with a higher mortality. More than 50% of FTC are associated with RAS mutations 

suggesting this mutation is responsible for tumorigenesis. This is because it activates PI3K-AKT 

pathway involved in proliferation. Common mutations of the PI3K/AKT pathway associated with FTC 

include PIK3CB, AKT1 and AKT2. PTEN gene, a negative inhibitor of PI3K pathway mutation leading 

to genomic instability, cancer cell proliferation and survival. This mutation, usually a deletion or 

silencing, is present in 40% of FTC. Furthermore, PAX8/PPARG complex chromosomal rearrangement 

is associated with FTC and is prevalent in approximately 60% of FTC. FTC is usually higher in iodine-

deficient areas (14, 15). 

ATC accounts for approximately 5% of thyroid cancers and is responsible for 40% of thyroid cancer 

deaths. It emerges from dedifferentiation of differentiated tumors and is resistance to therapy. 

Silencing of PTEN, a tumor suppressor, by hypermethylation is found in several cases of ATC. Catenin 

β1 (CTNNB1) vital in WNT-β-catenin pathway is mutated in ATC by upregulation of c-myc and Cyclin 

D1. Tumor suppressor p53 (TP53) mutation is associated with 70-80% of ATC and is responsible for 

genomic instability, uncontrolled proliferation. This is due to downregulation of pro-apoptotic proteins 

like Bax and FAS and upregulation of Bcl. RAS mutations are detected in 25% of all ATC cases. 

Mutations in TERT have been described in up to 50% of ATCs especially in association with BRAF and 

RAS mutations (14, 16). 

MTC is calcitonin-producing tumor that accounts for approximately 5% of all thyroid carcinomas and 

arises from C cells of the thyroid gland. Eighty percent of MTC occur as sporadic while familial MTC 

accounts for 20% which is autosomal dominant. This familial MTC is associated with RET mutations. 

There are three types which include multiple endocrine neoplasia type 2A, (MEN2A), multiple 

endocrine neoplasia type 2B (MEN2B) and familial medullary thyroid carcinoma (FMTC). RAS 

mutations have been detected in about 40% of sporadic MTCs (17, 18). 

Despite the advances made to understand the molecular mechanisms of thyroid cancer the incidence 

is still on the rise. It has been suggested that environmental or modifiable risk factors like ID and IR 

could be responsible. This is probably because two billion people still suffer from ID globally and the 

population is increasing being exposed to low-dose IR from medical and industrial applications. 

Therefore, it is vital to investigate the cellular and molecular effects of these two stressors in non-

cancerous thyrocytes. This will help to establish the mechanisms by which these two important 

factors may influence the development of thyroid cancer. 

1.3  RISK FACTORS OF THYROID CANCER 

1.3.1 IONIZING RADIATION 

1.3.1.1 Biological effects of ionizing radiation 
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Ionizing radiation possesses much energy capable of freeing electrons from molecules making them 

ionized. The different forms of ionizing radiation are low linear energy transfer (LET), such as x-ray, 

γ-rays and higher ultraviolet part of the electromagnetic spectrum (High LET). The “absorbed” dose 

refers to radiation dose absorbed by a specific organ or tissue per unit mass and is measured in Gray 

(Gy). The Sievert (Sv) is the unit of measurement of ionizing radiation dose and measures the 

“effective” dose which assesses long-term effects from non-uniform exposure. The Becquerel (Bq) 

measures the amount of activity which results from radioactive substances (19, 20). The major 

sources of background radiation are cosmic, external terrestrial, radon and thoron from internal 

exposure. Man-made sources of radiation result from industrial, diagnostic and therapeutic 

applications such as X-ray, CT scans and radiotherapy. The average exposure from the background 

and human-made radiation in Belgium stand at 4.5mSv higher than the global exposure, 3.7mSv. 

The high average exposure has led to a double in average effective dose in Belgium in the last century 

from 2.3mSv to 4.5mSv (1900-2001). Though the majority of this increased exposure in Belgium 

could largely be attributed to medical applications especially CT scan (Figure 2A) (21). Radiation 

exposure has two biological effects, which are deterministic and stochastic effects. Deterministic 

effects refer to the acute harm on tissues due to killing and malfunction of cells such as skin reddening 

and burns after high dose exposure (2.5-6Gy). Stochastic effects refer to cancer and heritable effects 

due to mutations following exposure to low dose IR with no specific threshold. The Linear Non-

Threshold model (LNT) is used to quantify radiation exposure and regulate limits. The LNT 

hypothesized that long-term biological damage from low dose radiation is directly proportional to 

absorbed dose with no consideration to dose rate. However, there is no evidence or data to prove 

low doses less than 100mSv is carcinogenic (Supplementary figure 1). According to the Hormesis 

model, low dose radiation has beneficial health effects referred to as hormesis effect. However, 

Hormesis model remains very controversial as well due to lack of justifiable data. The Threshold 

model simply implies that below the 100mSv there is no risk while the Hypersensitivity model 

suggests there is a greater risk below the 100mSv threshold (22). The biological effects of radiation 

depend on the time of exposure, distance to the source and shielding. Ionizing radiation especially 

high-LET interact with vital tissue organization hence capable of much destruction upon internal 

contamination. Low LET IR gives rise to Reactive Oxygen Species (ROS) through interaction with 

intracellular water molecules since it is highly penetrative and hence responsible for the long-term 

biological effects. The biological effects could be direct irradiation of cells or through bystander effects 

on neighboring cells. IR leads to DNA damage directly or indirectly such as double-strand breaks 

(DSBs), genetic instability, mutagenesis and inflammatory response. There is activation of TP53, 

Ataxia Telangiectasia Mutated (ATM) and Ataxia Telangiectasia RAD3 Related (ATR) in response. 

Failure consequently could result in genomic instability through poor DNA Damage Response (DDR) 

and radiation-induced apoptosis and aging. This leads to further activation of survival and 

proliferation pathways such PI3K/AKT and MAPK signaling pathways. This consequently could lead 

to increase mutations, translocations and other effects to enhance precancerous transformations 

(23) (24).  

1.3.1.2  Risk of thyroid cancer following exposure to ionizing radiation 
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IR exposure, especially in children is an established risk factor associated with the development of 

thyroid cancer. This follows epidemiological studies in the former USSR countries (Russia, Ukraine 

and Belarus) exposed to higher doses of radiation doses following the Chernobyl nuclear disaster. 

The incidence of thyroid cancer was found to be approximately a 100 fold higher in some areas 

exposed to radiation from the Chernobyl nuclear plant (25, 26). This was particularly higher in the 

population who were either children or adolescent at the time of exposure. Children were more 

vulnerable as they possessed a proliferating and radiosensitive thyroid gland susceptible to DNA 

damage. One of the main components of this IR was radioactive iodine (I131 1,760PBq) which is 

highly taken up by the thyroid and led to internal contamination. Furthermore, the incidence and the 

Estimated Relative Risk (ERR) was much higher in females than males (27-29). In another study to 

determine the long-term effects of the Nevada bomb and Marshal Islands tests, a suggested 

increased risk of thyroid cancer from nuclear fall outs was observed (30). Additionally, a study after 

the Fukushima earthquake nuclear plant accident to screen for thyroid malignancy was conducted 

over half a decade. There was an overall increased in the incidence of thyroid cancer though it was 

too early to relate the increased incidence to radiation exposure. The researchers suggested the 

increase in incidence had resulted from very sophisticated ultrasound techniques that were used for 

screening (31). Moreover, in a study in French Polynesia to evaluate the effects of Atomic bomb 

testing on the risk of thyroid cancer, a low risk of thyroid cancer was associated with the test though 

this was hindered by much of the data being classified (32). In Belgium, (NUCABEL studies),  

researchers carried out a study to investigate the incidence of thyroid cancer within the population 

around the various nuclear sites, (Mol-Dessel and Fleurus). They reported there was no excessive 

incidence but a higher incidence was observed in Mol , where other industries are located hence the 

results were not conclusive (33). Despite these associations with thyroid cancer, it is not clear how 

radiation exposure contributes to increasing incidence though the increases are mostly with PTC, 

which is associated with radiation exposure (34). 

Medical applications such as CT scan, X-ray and radiotherapy account for another major source of 

radiation linked to thyroid cancer globally and in Belgium (Figure 2B). One-third of CT scans are 

performed on the head and neck, which exposed the thyroid gland to radiation. The use of radioactive 

material applications in the head and neck leads to increased “absorbed” doses by the thyroid. The 

risk assessments from medical exposure are mostly based on statistical models from atomic bomb 

survivors. Hence, there is equally a need to confirm this by epidemiological studies (35, 36). In a 

study to assess the risk associated with radiotherapy in patients with tinea capitis in Israel, a 

significant risk was associated with thyroid cancer (37) Furthermore, a study evaluating external 

beam radiation to treat Hodgkin’s lymphoma, benign diseases like tonsillitis, acne and adenitis 

showed an increase in thyroid cancer risk of up to 9 fold per Gray (38, 39).On the contrary, there 

was no substantial risk related to the development of thyroid cancer due to exposure from X-rays in 

a similar study in Sweden (40, 41). Furthermore, a study evaluating the risk of thyroid cancer from 

use of  131I in radiotherapy in adults showed no significant risk associated with thyroid cancer. It was 

suggested that internal exposure did not occur early in life when the thyroid is vulnerable to radiation 

(42). In another study,  investigating X-ray exposure to the skull, head, neck, chest, teeth and 

breast. The researchers found no significant risk associated with these procedures but for dental X-

ray which was associated with increased thyroid cancer risk.  
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 Figure 2: Belgian population exposure to Diagnostic Radiation. A) Dose distribution from diagnostic 

radiology in the Flemish region in 2001. CT scan accounts for than 50% compensated by a decrease in 

conventional sine, lumbar and GIT examinations. B) Trends in annual effective dose in Belgium and Flanders 

(1999-2001) from diagnostic radiation. The average effective dose in Flanders and Belgium is approximately 

2mSv in 2001. Vanmarcke et al., (18) 

1.3.2 IODINE DEFICIENCY 

 

Iodine is a rare element that is needed in the synthesis and metabolism of the thyroid hormones 

thyroxine T4, T3 and calcitonin. Iodine deficiency is associated with, mental and physical retardation, 

miscarriages, endemic goiter and other malignancies. In addition to low dietary intake, other factors 

related to iodine deficiency include selenium deficiency, pregnancy, gender, radiation exposure and 

iodine antagonists like bromine and perchlorates (43). There is a strong correlation between goiter 

and thyroid carcinogenesis and iodine deficiency as clinically relevant thyroid nodules are frequent 

in iodine deficient areas. This is as a higher thyroid cancer incidence has been observed in 

Switzerland, in areas which were previously goiter endemic. A study in the female population of New 

Caledonia, with a high incidence of thyroid cancer, investigated the role of cruciferous vegetables 

and seafood on the incidence of thyroid cancer for a 5year period. The results showed there was a 

high association between thyroid cancer incidence and consumption of cruciferous vegetables 

compared to the population that consumed seafood rich in iodine (4, 44). In another study in French 

Polynesia, which equally has a high incidence of thyroid cancer and iodine deficient. An approximate 

threefold increase was associated with iodine deficient subjects compared to iodine sufficient 

population (45). Furthermore, a similar study in Tasmania following the withdrawal of iodine 

supplementation (potassium iodide) prophylaxis showed an increase in thyroid cancer incidence. On 

the contrary, reports from Hawaii, Japan and Iceland contradicts this reports as they have a higher 

incidence of thyroid cancer (especially PTC) despite being iodine sufficient. The increased incidence 

in Iceland could be attributed to the volcanic nature of the island resulting in increased natural 

radiation exposure. Also, South Korea has one of the highest incidence of thyroid cancer even though 

not iodine deficient. It is suggested that the observed higher incidence in South Korea correlated 

with excessive iodine intake which is associated with BRAF mutations (46). Despite these studies, 

there is no clear relationship between population iodine status and thyroid cancer incidence. 

Possible mechanisms by which ID initiates thyroid cell malignancy have been suggested. Iodine 

deficiency leads to a decrease in the synthesis of thyroid hormones, T3 and T4, followed by an 

increased in NIS turnover. This results in a subsequent increase in TSH secretion by upregulation of 

calcium ions and cAMP, both intracellular messengers. This is followed by hyperplasia, characterized 

A

a

A 

B

A

a

A 
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by increased cell proliferation. This limits the ability of thyrocytes to concentrate iodine and 

subsequently thyroglobulin (47). This increased proliferation is accompanied by increased secretion 

of Epidermal Growth Factor (EGF), Fibroblast Growth Factor (bFGF). Increased TSH secretion equally 

leads downregulation of Transforming Growth Factor β1 (TGFβ1). TGFβ1 is vital in thyroid growth 

and cell inhibition hence ID may result in high proliferation by down-regulation TGFβ1. ID equally 

leads to vascular changes in the thyroid gland by a TSH-independent reactive oxygen species (ROS)-

hypoxia inducible factor (HIF)-αVEGF pathway (48, 49).  Studies have shown increased serum levels 

of Vascular Endothelial Growth Factor (VEGF) in thyroid cancer patients suggesting its role in 

pathogenesis.  ID stress induces ROS production by phosphorylation of pSer1177. Iodine equally 

acts as an antioxidant hence a deficiency permits the accumulation of ROS (50). The oxidative stress 

leads to DNA and cellular damage and possibly genomic instability by interaction with tissue 

architecture. In an animal study evaluating the effects of ID, a significant increase in antioxidants 

such as  Superoxide Dismutase 3 (SOD-3) and catalase (CAT) was observed. There was equally 

upregulation of peroxiredoxins (PDRX) especially 3 and 5 an indication of ROS burden. Furthermore, 

there was an increase in glutathione-dependent enzymes such as glutathione-s-transferase and 

glutathione peroxidases 2,3 and 4. This increased expression and activities of these ROS scavengers 

confirmed the presence of oxidative stress from ID (51) (52).  

Apart from the thyroid gland, there are several tissues (extrathyroidal tissues) with the ability to 

concentrate iodine via expression of NIS and pendrin in their basal and apical membranes 

respectively. These tissues include but not limited to stomach mucosa, salivary gland, lactating 

mammary glands, placenta, uterus, prostate and pancreas. This is due to the property of iodine to 

act as an antioxidant, anti-inflammatory, differentiation and proapoptotic agent. In the lactating 

mammary glands, iodine is taken up to supply the newborn with the necessary iodine before self-

sustenance. Iodine plays its antioxidant role by its ability to act as an electron donor to free radicals 

or through organification of tyrosine and unsaturated fats limiting their capacity to react with ROS. 

Furthermore, the anti-inflammatory or antibacterial activity of iodine is through neutralizing ROS and 

inhibiting production of nitric oxide, prostagladine-E2, IL-6 and TNF-α. Iodine mediates apoptosis by 

disruption of mitochondrial potential initiating mitochondrion-driven apoptosis or through the 

formation of iodolipids. Iodine could also trigger apoptosis by activation of PPARγ triggering Bax-

caspase pathway. Based on this, ID may act as a risk factor for cancer initiation and progression in 

the above mentioned extrathyroidal tissues. Hence, ID is associated with stomach, breast, prostate 

and other types of malignancies (53). 

1.3.3 COMBINED EFFECTS OF IONIZING RADIATION AND IODINE DEFICIENCY ON 

THYROCYTES. 

 

After the Chernobyl accident in 1986, the population around the nuclear power plant was exposed to 

ionizing radiation especially to radioiodine (131I). This consequently resulted in a higher incidence of 

thyroid cancer of the PTC histotype particularly in pediatric and adolescent population in exposed 

areas. This incidence was remarkably higher in iodine deficient areas compared to iodine sufficient 

areas. The incidence in children was higher than adults because children have a higher proliferating 

thyroid gland. It has been suggested that the higher incidence in iodine deficient areas was due to 
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the thyroid gland’s high affinity for radioiodine. This is because ID leads to increased blood flow, size 

and proliferation of the thyroid rendering it susceptible to rapid uptake and concentration of I131. (54, 

55). There was a threefold increase in the risk of developing thyroid cancer in iodine deficient areas, 

but the risk reduced equally by threefold following potassium iodide supplementation. This suggests 

that iodine supplementation can slow proliferation and therefore, reduced thyroid cancer risk. Based 

on the above studies, it is possible to reduce the risk and high incidence of thyroid cancer by 

eliminating ID (28, 56). Failure to eliminate low iodine intake can act together with ionizing radiation 

to favor a substantial increase in the risk of developing thyroid carcinomas. 

Despite these few epidemiological studies on radiation and ID after Chernobyl, there have been only 

few animal studies on the combined effects of radiation and iodine deficiency. In one of such studies, 

young mice (4weeks), were fed with varying iodine diets (low, normal and high) and evaluated for 

110weeks. The animals were exposed to a single dose of high radiation (4Gy) after 40days. Both 

excessive and deficient fed animals developed thyroid adenomas before irradiation while sufficient 

iodine mice did not. Iodine deficient and iodine excessive animals equally developed significant 

adenocarcinomas (50-80%) following high dose irradiation. The absence of carcinomas in iodine 

sufficient mice suggested that normal iodine intake could have the ability to reduce or to inhibit 

radiation-induced thyroid carcinogenesis. Therefore, ID can act as a promoter and a weak carcinogen 

in the development of thyroid cancer (57, 58). However, there has been no study conducted with 

regards to the molecular mechanisms of combined ionizing radiation and ID to the best of our 

knowledge. Therefore, it is necessary to identify the potential mechanisms by which these two factors 

may act together to initiate thyroid cancer. This is because two billion people still suffer from ID 

nowadays and there is increase exposure to low dose radiation from medical and industrial 

applications. 

1.3.4 POTENTIAL CELLULAR AND MOLECULAR MECHANISMS INDUCED BY THE 

COMBINATION OF IONIZING RADIATION AND IODINE DEFICIENCY ON 

THYROCYTES 

1.3.4.1 Oxidative stress 

 

In the thyroid gland, H2O2 results from activation of one or two NADPH oxidases (Duox1/2) and is 

vital in thyroid hormone biosynthesis. Low and moderate levels of endogenous ROS are present in 

the cells and is needed for defense, cell proliferation, survival and differentiation.  The normal levels 

of ROS are maintained in the cells by antioxidants such as superoxide dismutase (SOD), Catalase 

(CAT), glutathione peroxidase and peroxiredoxin (PRDX). Chronically increased endogenous ROS 

generation leads to tumorigenesis and metastasis. DNA damage from radiation-induced ROS results 

from the direct interaction of ROS with nuclear DNA, oxidation of DNA precursors or inhibition of 

enzymes vital in nucleotide synthesis.  (59). This excessive ROS generation from IR leads to further 

DNA damage, genome instability, cell aging, apoptosis and necrosis, and transformation. It has also 

suggested that this ROS-induced DNA damage leads to gene mutations or alterations (BRAF, Ras, 

PIK3CA, RET/PTC, and PTEN) that could promote malignant transformation. These genetic alterations 

could activate precancerous pathways such as Mitogen-activated protein kinases (MAPK) and 
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Phosphoinositide 3-kinase (PI3K) pathways to enhance premalignant proliferation (60, 61). The 

production of matrix metalloproteinases (MMPs) and inflammatory cytokines such as TNF-α and 

TGFβ1 have been stimulated by ROS following exposure to cellular stresses like radiation and ID. 

These MMPs which are stimulated by overexpression of MnSOD and cytokines are involved in BRAF 

mutations linked with the thyroid cancer development. This H2O2 acts as a substrate for 

thyroperoxidase and thyroglobulin iodination and responsible for DNA damage. Studies by Huang et 

al., 2008 evaluating Total Oxidant Status (TOS) and Oxidative Stress Index (OSI) in cancer patients 

showed increased in TOS and OSI in thyroid autoimmune diseases and thyroid cancer. (62, 63). 

Furthermore, in another study, radiation-induced H2O2 led to RET/PTC1 rearrangements in thyrocytes 

after exposure to 5 Gy of X-ray (64). This suggests ID and radiation could lead to enhance oxidative 

stress and could therefore act together to release harmful levels of ROS which can lead to pre-

malignant transformation. So, we will investigate oxidative stress following co-treatment of cells with 

ID and ionizing radiation, especially low dose ionizing radiation. We will equally investigate gene 

expression changes in antioxidant genes such as CAT, PDRX and NQO1 vital in ROS scavenging and 

indicative of ROS burden. 

1.3.4.2 DNA damage response and apoptosis.  

 

Ionizing radiation leads to DNA damage directly by interaction with DNA or indirectly by the 

generation of ROS. Double Strand Breaks (DSBs) are the most renowned lesions as a single DSB can 

lead to cell death especially mitochondrial-mediated as mt-DNA is more vulnerable to IR. Following 

DSB, the cell cycle is stopped to permit repair by the cell’s machinery. Sensor proteins such as RADs, 

NF-κβ, ATM/ATR act directly on the lesion by phosphorylation of effector kinases like Check Point 

Kinases (CHK1/CHK2), leading to cell cycle arrest and apoptosis. Cell cycle arrest following DNA 

damage by IR, involves upregulation of p53 and its transcriptional targets such as inhibitory growth 

genes like p21cip1/waf1 and GADD45. P53 coordinates the repair of damaged DNA, cell cycle 

progression and apoptosis thereby ensuring genome stability.  Failure of the p53 due to mutations 

(from IR) to repair the damage leads to accumulation and transfer of mutations to daughter cells. 

Ionizing radiation can equally induce cell death through the mitochondrial apoptotic pathway by 

suppression of Bcl-2 and induction of Bax transcriptions. IR equally activates the death receptor 

pathway by up-regulation of death receptors and their ligands as seen in studies of breast cancer 

cells where FAS was upregulated by UV radiation (23, 65). Thyrocytes have been shown to upregulate 

glutathione peroxidase (GPX) transcription in response to H2O2 and increased DNA damage especially 

DSBs after irradiation. These DSBs are repaired by either homologous recombination (HR), non-

conservative homologous recombination, single strand annealing (SSA) and non-homologous end-

joining (NHEJ) pathways. HR is an accurate pathway for the repair of DSB and this is by obtaining 

the appropriate sequence from a homologous strand of intact DNA. The SSA and NHEJ are much 

error-prone since there are possible modifications and losses at the end. NHEJ, the DNA strands are 

cut or modified and ends ligated together irrespective of homology leading to possible deletions and 

insertions. This is characterized by nuclease-mediated resection of damaged DNA ends, 

polymerization of new DNA, ligation and restoration of double strand integrity. Some of these 

damages include pyrimidine and purine lesions which affect genome integrity. 8-oxo-7,8-
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dihydroguanine is the most extensively studied product due to its mutagenic nature and ability to be 

detected immunologically. Therefore, it is often used as a marker of DNA damage resulting from 

oxidative stress. Signal transduction pathways response to DSBs and SSBs involves ATM and ATR 

respectively. The Mre11/Rad50/Nbs1 (MRN) complex interacts with ATM at the damage site helping 

to phosphorylate its substrate as well as ATR signaling. Unlike ATM which is responsible for DSB 

repair, ATR is responsible for DSBs and other DNA lesions repair. The activation of ATM is vital to 

activate cell cycle checkpoint arrests (G1/S boundary and prevention of entry into mitosis, G2/m) or 

apoptosis. Phosphorylation of histone variant, H2AX to γ-H2AX is a common phase in both ATM and 

ATR signaling and hence γ-H2AX is a common biomarker of double strand breaks (66, 67). Our 

preliminary studies indicate PCCL3 and FRTL5 are resistant to DNA damage by high dose IR and ID 

when measured by γ-H2Ax. We will further investigate most of these genes involved in DDR such as 

ATM, RAD50 and p53 in PCCL3 at different time points and apoptosis. Furthermore, we will 

investigate chromosome and chromatid damage as a result of co-treatment. 

1.3.5 ALTERED SIGNALLING PATHWAYS IN THYROID CANCER 

1.3.5.1 The MAPK signaling pathway 

 

The Mitogen-Activated Protein Kinase (MAPK), is an intracellular serine/threonine protein kinase in 

mammals with diverse signaling pathways. These include Extracellular-signal-Regulated Kinase 

(ERK), c-JUN-terminal Kinases/Stress-Activated Protein Kinase (JNK/SAPK), p38MAPK, and 

ERK5/BMK1 (Big Mitogen-Activated Protein Kinase 1). This pathway is vital in cell proliferation, 

differentiation, senescence and apoptosis (68). Cellular stress such as ID and radiation, especially 

UV-radiation has been shown to activate JNK to induce programmed cell death and inhibition of JNK 

by AKT to inhibit apoptosis. ROS production equally leads to secretion of pro-inflammatory cytokines 

like IL-1β and TNF-α, which leads to activation of p38MAPK. (Supplementary figure 2). This 

pathway is activated by tyrosine receptor kinases and cytokines and then transduce external signals 

into the nucleus to initiate proliferation, differentiation, apoptosis. Overactivation of this pathway 

following IR and ID exposure leads to upregulation of proto-oncogenes. These proto-oncogenes 

include VEGFA, MMPs, prohibitin, vimentin, NK-KB, HIF1α, thromboplastin 1, prokineticin and TGFβ. 

These oncoproteins enhanced cancer cell proliferation, migration and growth, survival, angiogenesis, 

invasion and metastasis. This over-activation has also been strongly associated with mutations like 

BRAFv600E which is linked to thyroid cancer (69). Furthermore, RAS and RET/PTC, known mutations 

in thyroid cancer have been proven to activate MAPK pathway. TGFβ1 activation results in an 

inflammatory microenvironment leading to the production of high levels of ROS, which further over 

stimulate the MAPK pathway. General alterations in MAPK pathway are often associated with PTC. 

Hence, these MAPK pathways can determine cell fate following exposure to IR and ID exposure (70). 

1.3.5.2 PI3K/AKT signaling pathway 

 

PI3K is an intracellular signal transducer (downstream of EGFR) that catalyzes the phosphorylation 

of Phosphatidylinositol protein Kinase B (PKB) or AKT.  PI3K/AKT signaling regulates cell survival and 

proliferation, DNA repair, cell cycle progression, differentiation, angiogenesis, glucose and protein 
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synthesis and cell migration. Phosphorylated PKB, (p-AKT) is an activated form of AKT by 

phosphorylation at Thr308 and Ser473 capable of activating biological changes that could inhibit by 

PTEN. ROS especially H2O2 following exposure to IR or ID, activates this pathway by increased 

phosphorylation at Thr308 and Ser473. The activated p-AKT subsequently activate downstream 

elements such as caspase 9, Bad, fork-head, Par-4, p21 and mechanistic target of rapamycin 

(mTOR). The phosphorylation of forkhead directly inhibits apoptosis by inhibiting transcription of 

FASL. p-AKT is also capable of inhibiting activation of proapoptotic caspases like 3, 7 and 9 by 

phosphorylation of Inhibitors of Apoptosis (XIAP). PI3K/Akt/mTOR induced tumorigenesis by 

preventing autophagy activating VEGF/HIFα pathway. This leads to angiogenesis associated with the 

early phase of tumorigenesis. (71, 72). Activation of PI3K/AKT signaling pathway further leads to 

activation of other pathways such as forkhead box O3 (FOXO3), Wnt-β-catenin and NF-κβ pathways 

which are vital to survival (73). Activated PI3K/AKT also inactivate Bax Bad by phosphorylation of 

Ser184 to inhibit apoptosis. Activating mutations associated with this pathway are RAS, RTK, 

peroxisome proliferators-activated receptor γ/paired box gene 8 (PPARγ/PAχ8) and PTEN. PTC due 

to MAPK activation could be dedifferentiated to FTC and further to ATC by activation of the PI3K 

pathway. Furthermore, AKT activation also lead to translocation of NF-KB to the nucleus and 

transcription of its regulated genes like Bcl-xl, Bcl-2 which promotes proliferation and survival by 

inhibiting apoptosis. It equally activates mTOR kinase, which phosphorylates induced myeloid 

leukemia cell differentiation protein (Mcl-1), an anti-apoptotic protein (Supplementary figure 3). 

The activation of this pathway by ROS equally leads to genetic instability. This is by probably through 

destabilization of the tumor suppressor P53, enabling survival of cells with damage DNA to escape 

apoptosis t(74). So, the activation of this pathway will be investigated following co-treatment with 

IR and ID. 

1.3.5.3 NF- κβ signaling pathway 

 

The Nuclear Factor Kappa β (NF-κβ) proteins are heterodimers with five members including Rel 

(cRel), p65 (RelA, NF-κβ3), RelB, p50 (NF- κβ1), p52 (NF- κβ2) and Iκβ (Inhibitor of Kappa β) 

(Supplementary figure 4).  Iκβ consists of IKKγ, IKKδ, IKKε and Bcl-2, which act to inhibit the 

activity of NF-κβ and is known to be activated upon exposure to UV-radiation. This pathway is vital 

in regulation of stress response, apoptosis and inflammation associated with thyroid tumorigenesis 

following exposure to radiation. ROS production induced by IR is vital in NF-κB signaling through the 

regulation of cytokines such as TNF-α, IL-1β and IL-6. It also enables the upregulation of anti-

apoptotic gene expressions such as Bcl-2 and cellular inhibitor of apoptosis proteins (c-IAP1 and c-

IAP2). DSBs which result from irradiation leads to ATM for NF-κB activation independent of TNF-α. 

Apart from the latter, TNF-β, IL-6, IL-1, ICAM1, cyclin B1 and cyclin D1 are other targeted genes by 

radiation-induced activation of NF-Kβ. These effector genes could equally play a vital role in tumor 

initiation and promotion by inhibiting apoptosis and promoting survival and proliferation of mutated 

cells. Regulation of NF-κβ in thyroid cancer cell lines enhanced cell proliferation and inhibiting 

apoptosis. Ionizing radiation activates this pathway which enables cell cycle arrest and inhibition of 

apoptosis enabling cells to optimize DNA repair or resist apoptosis. This continuous suppression of 

apoptosis by NF-Kβ enable cells to accumulate mutations to enhance their survival or resistance to 
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radiation-induced damage and hence continue to proliferate. Ionizing radiation equally activates this 

pathway independent of DNA damage by activation of P38MAPK pathway degrading IκB-β through 

activation of casein kinases (CK 1 and CK2) (75, 76). NF-Kβ activation in thyroid cancer is associated 

with PTC, FTC and ATC and promotes dedifferentiation of PTC and FTC. NF- κβ pathway activation is 

associated with progression and invasiveness by upregulating expression of MMPs, IL-8 and 

urokinase-type plasminogen activator (uPA) (77). We will also investigate the activation of this 

pathway following co-treatment with IR and ID. 

1.3.5.4 JAK/STAT signaling pathway 

 

The Janus Kinase/Signal Transducer and Activators of Transcription (JAK/STAT) pathway is a vital 

signaling pathway activated by cytokines, growth factors possibly oxidative stress (Supplementary 

figure 5). It is vital in the stimulation of cell proliferation, differentiation, migration and programmed 

cell death. Dysregulation of this pathway is associated with tumorigenesis through unregulated 

proliferation and inhibition of apoptosis. For instance, STAT3 is constitutively active in 95% of head 

and neck cancers including thyroid cancer and is responsible for the malignant behavior of cells (78). 

There is evidence of the JAK-STAT activation following IR by the generation of ROS. This is by the 

mediation of ATM, Chk1, CHK2, ATR and H2AX vital in phosphorylation of key molecules involved in 

repair and apoptosis. Activated STAT3 increased Bcl-2, Bcl-xl and other surviving genes like cyclin 

D1 (CCND1), CCND2 and c-myc hindering caspase 3 activity and hence apoptosis.  This activation 

could equally regulate expression of VEGF, MMP-2 and collaborate in tumorigenesis by cross-talking 

with HIF1α and NF-κβ. Moreover, activated STAT3 by RET/PTC induced Tyr705 phosphorylation leads 

to upregulation of VEGF, CCND1, CCND2 and intercellular adhesion molecule 1 (ICAM1) (79). STAT3 

knock-down by mediated shRNA lead to the generation of larger thyroid tumors and facilitated 

tumorigenesis in B-RafV600E induced PTC (80). Hence, we shall evaluate the expression of STAT3 as 

an indication of activation of the JAK/STAT pathway which could be dysregulated following co-

treatment. 

1.4 RESEARCH PLAN 

 

The main aim of this project was to evaluate cellular and molecular changes in thyrocytes following 

treatment with IR, especially low dose and ID. We focused on PCCL3 cells because our research 

group had investigated the effects of this double treatment on FRTL5 and also did some preliminary 

work on PCCL3. It is known from the literature and our preliminary results that IR and ID can lead 

to the cellular stress leading to the production of ROS (oxidative stress). Based on this, we therefore, 

hypothesized that low dose IR and ID have an additive negative effect on thyrocytes via induction of 

oxidative stress, potentially leading to activation of precancerous pathways. To achieve our aim, 

normal rat PCCL3 cell lines were cultured in the presence or absence of sodium iodide (10-8M NAI) 

at physiological concentration. This was to mimic iodine deficient and sufficient conditions. In each 

iodine status, cells were X-irradiated with 0.05 Gy and 0.1 Gy (low dose), 0.5  Gy (intermediate 

dose) and 3Gy (high dose). In addition to these conditions, we had a control in which the cells were 

sham-irradiated. This was followed by further investigation of oxidative stress by measuring 
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expression levels of oxidative stress biomarker, Nuclear Factor Erythroid 2-related Factor 2  (NRF2). 

Measurement of ROS production following co-treatment was evaluated with CM-H2DFCDA probe. 

DNA damage due to the co-treatment was quantified by the use of the comet assay and intensity of 

comet quantify by fluorescence microscopy. This was followed by evaluation of gene expression 

changes involved in proliferation, survival, antioxidant defense, radiation responsive element and 

DNA repair by RT-QPCR. Finally, Cell proliferation was evaluated by the IncuCyte™ Zoom proliferation 

assay and apoptosis, Caspase-3/7 and Annexin V multiplex kinetic assay were performed with the 

IncuCyte™ Zoom to determine the proportion of living, early apoptotic, late apoptotic and necrotic 

cells (Supplementary figure 6). 
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2 MATERIALS AND METHODS 

 

2.1 CELL CULTURE AND IRRADIATION 

 

PCCL3, a clonal rat thyroid cell line requiring TSH for growth, were grown to attain 80-90% confluence 

for 7 days in Coon’s modified Ham’s F12  supplemented with the following 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) containing physiological NAI of 

10-8 M in a humidified atmosphere (5% CO2 and 37°C). On the day of the experiments, the cells 

were washed with phosphate-buffered saline (1x PBS) (Gibco, Ghent, Belgium) and culture media 

were replaced with fresh media with, (control) or without NAI. This was followed by X-irradiation of 

cells with low (0.05 Gy and 0.1 Gy), intermediate (0.5 Gy) and high (3 Gy) radiation doses at the 

rate of 0.124 Gy/minute using the Xstrahl 320 kV generator. The control cells which were not exposed 

to ID received a sham irradiation. Samples were later harvested according to the experimental 

timelines (6, 24 and 72 hours). 

2.2 RNA ISOLATION AND REVERSE TRANSCRIPTION 

 

Three days to co-treatment with ID and IR, cells were transferred into six 6-well plates (3 x 105 

cells/well) for cell analysis after co-treatment with ID and IR. Each of the five 6-well plates 

represented a single radiation dose mentioned above, with three biological and technical replicates 

of iodine sufficient and deficient conditions. The cells were washed twice with 1x PBS and lysed in 

350 µl of RNeasy Lysis Buffer Plus from Qiagen RNeasy Plus Mini Kit (Qiagen, Antwerp, Belgium). 

Whole RNA was purified according to manufacturer’s instructions and resuspended in 40 µl of 

nuclease-free water. The quantity and purity of the RNA was evaluated respectively using the 

DropSense 16 spectrometer (Trinean, Ghentbrugge, Belgium) and RNA Integrity Number (RIN) 

(Agilent’s lab-on-chip Bioanalyzer 2100, Agilent Technologies Diegem, Belgium).  This was followed 

by 2 μg of total extracted RNA being reverse transcribed to cDNA with the GoScript Reverse 

Transcription System (Promega, Leiden, Netherlands) according to the manufacturer’s instructions. 

Briefly, 2 μg of total RNA was mixed with 1 µg of random primers and  1 µg of oligo (dT)15 primers 

an appropriate volume of nuclease-free water, thermally denatured at 70° C for 5minutes. This was 

followed by 8 μg GoScript 5x reaction buffer, 6 μl MgCl2, 2 μl PCR nucleotide mix (0.5 mM of each 

dNTP), 1 μl recombinant RNasin ribonuclease inhibitor and 2 μl GoScript reverse transcriptase were 

added.  The final solution was incubated for 5minutes at 25 ̊C to permit primer annealing, at  42 ̊C 

for 60 minutes to allow the first strand synthesis of cDNA and then 70°C for 15minutes to inactivate 

reverse transcriptase. The obtained cDNA samples were stored at -20 C for further analysis. 
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2.3 GENE EXPRESSION BY REAL TIME  PCR 

 

Following cDNA synthesis, RT-qPCR was performed using the TaqMan® Gene Expression Assays 

(Thermo Fisher-Invitrogen-Life Technologies Gent, Belgium). The qPCR 20 μl reaction mixture 

included 10 μl TaqMan advance master mix, 2 μl of cDNA template, 1 μl of selected primers (forward 

and reverse primers) ( TP53, NQO1, VEGFA, ATM, RAD50, CAT and PRDX5, Bcl-2, Mcl-1, AKT1, and 

STAT3) and 7 μl of nuclease free water. The reaction mixtures were centrifuged for 1 minute to 

eliminate air bubbles. Finally, the mixtures were incubated for an initial activation at 95°C for 5 

minutes and 30 seconds, followed by 40 cycles of 95°C for 15 seconds, annealing temperature for 

45 seconds, and 81°C for 30 seconds using ABI 7500 Fast system (Applied Biosystems). Experiments 

were performed in triplicates and levels were normalized against those of β-actin. 

2.4 WESTERN BLOT FOR PROTEIN DETECTION 

 

Two million cells/flask were seeded in 75-cm2 cell culture flasks in medium with iodine for five days 

and then transferred to five six well plates for three days. Each experimental condition had three 

biological replicates. On the day of the experiment, the medium in each well was refreshed with new 

medium either containing or not iodine depending on the experimental condition. One hour after 

irradiation, the cells were harvested by trypsinization (0.05% Trypsin-EDTA) and the cell pellets kept 

at -80°C till protein extractions. Proteins were isolated from the cells using the Bio-Rad’s ReadyPrep 

II including 8 M urea, 4% CHAPS, 40 mM Tris and 0.2% Bio-Lyte 3/10 ampholyte (Bio-Rad, Temse, 

Belgium) supplemented with 0.5 Complete Mini Protease Inhibitor Cocktail Tablet (Roche Diagnostics, 

Brussels, Belgium) and 1% tributyl phosphate (TBP) (Sigma-Aldrich, Diegem, Belgium). The cells 

were suspended in 100 µl of the extraction buffer and homogenized with the Tissue Lyser II (Qiagen, 

Antwerp, Belgium) and 1.4 mm ceramic beads (Labconsult, Brussels, 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). The absorbance of the Cu-BCA chelate formed upon addition of protein was 

measured at 562 nm and normalized at 750 nm using the Nanodrop spectrophotometer (Thermo 

Scientific, Ghent, Belgium). Twenty μg of sample was mixed with 4x Laemmli buffer (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 vertical 26-well 4-15% (TGX Stain-free Precast Protein Gel, Bio-Rad, Temse, Belgium) sodium-

dodecyl-sulfate (SDS) polyacrylamide gel at 300 V for 30 minutes. Thereafter, proteins were 

transferred onto a nitrocellulose membrane using Trans-Blot Turbo Transfer System (Bio-Rad, 

Temse, Belgium). The membranes were blocked for 1 hour at room temperature in blocking buffer 

(5% Non-Fat Dry Milk). Then, membranes were incubated overnight at 4°C with primary antibody 

(NRF2 Mouse Monoclonal antibody, ABCAM) diluted in blocking buffer (1/1000). The membranes 

were washed three times for 5 minutes with 1x washing buffer (0.05 M Tris-HCl, 0.15 M NaCl, 0.05% 

Tween 20, pH 7.4; Component B of the WesternDotTM 625 Western Blot Kit, Invitrogen, Ninove, 

Belgium).  This was followed by addition of diluted secondary antibody 1/1000 times in washing 
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buffer to the membrane and incubated for 1 hour at room temperature then washing twice with 

washing buffer and once with 1x PBS. The antibody complexes were visualized usingThe  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 were used to visualize the protein-antibody complexes. 

Following washing, protein bands on the membrane were detected by exposure to UV-light using 

Fusion FX Imager (Vilber Lourmat, Eberhardzell, Germany). The bands were quantified by 

densitometry using the Bio1D analysis software (Vilber Lourmat, Eberhardzell, Germany). The 

protein levels were normalized against those of vinculin, which were run on the same membrane as 

that of the protein of interest. 

2.5 ROS ASSESSMENT USING CM-H2DFCDA PROBE 

 

To detect intracellular ROS,  2.2 x106 cells were cultured for five days in 75-cm2 culture flask in 

medium with iodine. 3 x 105 cells/well were transferred to six-well plates for three extra days. On 

the day of the experiments the medium was replaced with phenol free medium with or without NAI 

(10-8 M). This was followed by irradiation with low, intermediate and high doses of radiation. Each 

plate corresponded to a single dose and comprised three biological replicates of iodine-deficient 

thyroid cells and 3 replicates of iodine sufficient thyroid cells. Immediately after irradiation, 10 μmol/L 

of CM-H2DCFDA dissolved in DMSO (Thermo Scientific, Ghent, Belgium) prepared in HBSS with Ca2+ 

and Mg2+ (Thermo Scientific, Ghent, Belgium) was added to each well plate (1/100 dilution in HBSS 

with Ca2+ + Mg2+) and the cells incubated for 45minutes in the dark. The cells were washed and 

trypsinized by the addition of 500 μl of trypsin (0.05% Trypsin-EDTA) per well followed by incubation 

for 5 minutes. 1 ml/well of appropriate medium was added to stop trypsinization and cells transferred 

to a 2ml Eppendorf round bottom tube for centrifugation for 5 minutes at 200 xg. The supernatant 

was discarded and pellets washed twice with preheated HBSS without Ca2+ and Mg2+. The cells were 

centrifuged for 5 minutes at 200 xg at room temperature and re-suspended in 450 μl of HBSS without 

Ca2+ and Mg2+. Afterward, 50 μl of PI was added to each tube and tubes placed on ice. The contents 

of the tubes were transferred into filter tubes and centrifuged for a few minutes at 500 rpm and then 

analyzed by flow cytometry. The cells treated with 20µm Tert-butyl Hydroperoxide (TBHP) were used 

as a positive control.  

2.6 TIME-LAPSE CELL IMAGING ASSAY FOR PROLIFERATION 

 

Cell proliferation following co-treatment of PCCL3 cells was performed with the IncuCyte ZOOM™ live 

cell imaging system (Essen BioScience, USA). PCCL3 cells were grown for seven days in medium with 

iodine in 75-cm2 cell culture flasks. A day before irradiation, cells were transferred to 96-well Costar 

plates (Corning Life Sciences)  at a density of 2 x 104 cells/well in 100 μl of medium with iodine. The 

cells were incubated at 37°C and 95% CO2 for 24 hours. On the day of the experiments and before 

irradiations, the medium was replaced with fresh medium with and without iodine. Following 

irradiation, the cells were placed in the IncuCyte™ Zoom apparatus. The wells were imaged at 10x 

objective (phase contrast) to obtain two images/well at scanning intervals of 2 hours for 72 hours. 
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Each experimental condition had six biological replicates (n=6) to increase the statistical power. The 

IncuCyte integrated software was used to calculate mean object area from non-overlapping bright 

phase images from various wells. Cell proliferation was expressed as the mean ± standard deviation 

(SD) of phase object area (μm2). 

2.7 TIME-LAPSE CELL IMAGING ASSAY FOR APOPTOSIS 

 

For apoptosis we used the IncuCyte™  Zoom (Essen Bioscience, USA). To obtain a multiplex way to 

kinetically measure apoptosis we combined, Cell player 96-well kinetic Caspase-3/7 reagent and 

Annexin V reagents (Essen Bioscience, USA). The Caspase-3/7 reagent coupled the activated 

caspase-3/7 recognition motif (DEVD) to a DNA intercalating dye to enable quantification of apoptosis 

over time. When added to the medium, this inert, non-fluorescent substrate crosses the cell 

membrane where it is cleaved by activated caspase-3/7, leading to release of DNA dye and green 

fluorescent staining of nuclear DNA. Each reagent was prepared in accordance with the 

manufacturer’s protocol. PCCL3 cells were seeded in Costar 96-well plate (Corning Life Sciences) at 

a density of 3 x 104 cells/well in medium. After 24 hours, the medium was replaced with medium 

with and without iodine followed by X-irradiation. This was followed by addition of 5μm CellPlayer 

96-well Kinetic Caspase-3/7 reagent to each well and Annexin V at a final dilution of 1:200. The 

plates were placed into microplate tray in the IncuCyte™ Zoom in which the caspase activity and the 

phosphatidylserine externalization (Annexin V) was non-invasively monitored. The wells were imaged 

at 10x objective to obtain two images/well at scanning intervals of the 2 hours during 72 hours. The 

caspase-3/7 and Annexin V signals were measured in the green and red channels respectively. The 

integrated software was used to process and analyze the images. Results were expressed as 

apoptotic index gotten by dividing the red or green object confluence by phase confluence as 

determined by the IncuCyte software. Each experimental condition had six biological replicates (n=6) 

of iodine sufficient and iodine deficient conditions. 

2.8 COMET ASSAY FOR DNA DAMAGE ANALYSIS 

 

To investigate DNA damage, we used the comet assay at VITO (Vlaamse Instelling Voor 

Technologisch Onderzoek) Toxicology laboratory 1. 2.5 x 106 cells/well were seeded in 6-well plates 

in medium with iodine for seven days. On the day of the experiment, the medium is replaced with 

medium with and without iodine followed by X-irradiation. Following co-treatment cells were 

immediately kept on ice, washed twice with PBS and harvested by trypsinization and suspended in 

PBS (1 million cells/ml). 10 µl of cell suspension was mixed with 0.8% low melting point agarose in 

preheated 1xPBS. This mixture was transferred onto superfrost microscope slides ( GelBond®), pre-

coated with 1% normal agarose and later with 0.6% normal agarose/PBS. Cover-slips were put on 

the slides which were kept on ice for 10 minutes. Thereafter, coverslips were removed and slides 

lysed with a lysis solution (2.5 M NaCl, 100 mM Na2EDTA, 1.2g Tris, 0.1% Triton X-100, 10% DMSO 

and pH adjusted with NaOH) overnight and in the dark for 24 hours. The slides were washed twice 

with PBS and then placed in the electrophoresis buffer (300 mM NaOH and 10 mM Na2EDTA in 1000 

ml MilliQ water) and denatured for 40 minutes at speed of 22 revolution/minutes. Electrophoresis 
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was applied at 1V/cm and the Volt was additionally controlled with a portable voltmeter. Following 

neutralization with cold PBS, the slides were air-dried and stained with SYBR®Gold (SIGMA-Aldrich) 

overnight. The GelBond® slides were analyzed by Metafer Metacyte version 5 (Metasystems, 

Germany). A total of 300 comets per condition were analyzed. After rejections of artifacts, the median 

of the remaining cells per slide was calculated. Three slides per experimental condition were 

analyzed. The median value of each replicate was calculated for each condition, and from these three 

slides, the mean value of the dose group was calculated. The positive control cells (PCCL3 and human 

blood cells) were treated with 20 μl methanesulfonate (EMS) (300 mM). the results are expressed 

as mean ± standard deviation (SD) of the percentage of DNA tail median. 

2.9 STATISTICAL ANALYSIS 

 

Graphpad Prism versions 5 and 7.2 statistical software were used to analyze the results. All 

experiments were performed with at least three biological replicates. The results are presented as 

the mean ± Standard deviation (SD). For significant differences between the various iodine status 

and different radiation doses, a two-way ANOVA was performed followed by a Bonferroni posthoc 

test. The results were considered statistically significant when p<0.05. 
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3 RESULTS 

 

 

3.1 RADIATION AND IODINE DEFICIENCY INDUCED OXIDATIVE STRESS 

 

In our preliminary study with PCCL3 cells,  we had observed significant oxidative stress (ROS 

production) following co-treatment of cells with IR and ID. To further investigate or validate the 

oxidative stress observed, we investigated NRF2 protein expression using western blot which has 

been reported as a biomarker of oxidative stress. NRF2 highly controls antioxidant response and 

hence control approximately 200 genes some of which control antioxidant enzymes (81). To 

investigate NRF2 expression, cells were cultured with and without iodine and exposed to low, 

intermediate and high doses of radiation. Protein expression level of NRF2 was analyzed by western 

blot one hour after co-treatment. 

We observed a dose-dependent trend of increase in the expression of NRF2 in both iodine sufficient 

and deficient conditions. In both conditions, the results were significant at 3 Gy (p= 0,0003) and 0.5 

Gy (p= 0,0043) as compared to the controls (iodine and iodine deficiency). However, there was no 

additive effect when the two factors were combined even at high doses (Figure 3). This data confirms 

our preliminary results in FRTL-5 and PCCL3 that IR and ID  both induced oxidative stress in thyroid 

cells at high doses with no additive effect.  
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Figure 3: IR and ID induced oxidative stress in a dose-dependent manner. ID and IR-induced significant 

expression of NRF2 oxidative stress in PCCL3 cells at intermediate and high doses of radiation in both iodine 

deficient and iodine sufficient conditions (0.5 Gy, p=0.0043, 3 Gy, p=0.003) respectively. The expression is 

generally higher in iodine-deficient conditions but it is not statistically significant. Western blot was used to 

analyze NRF2 protein expression in PCCL3 cells deprived of iodine and X-irradiated with low, intermediate and 

high doses of radiation. Densitometric values were normalized against those of vinculin. Results are expressed 

as the mean fold change relative to non-irradiation, iodine-sufficient or deficient thyroid cells ± standard deviation 

(SD) of 3 biological replicates (n=3).  
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3.2 EFFECTS OF IR AND ID ON PCCL3 CELL PROLIFERATION 

 

To investigate the effect of IR and ID on PCCL3 cell proliferation, we used the IncuCyte™ ZOOM live 

cell imaging system to obtain real-time analysis with no disturbance of cell culture. PCCL3 cells were 

deprived of iodine and X-irradiated with low, intermediate and high doses of radiation and 

proliferation monitored for 72 hours in the IncuCyte, (10x objective). The IncuCyte integrated 

software was used to process the obtained images  Each experimental condition had six biological 

replicates (n=6) of iodine deficient and iodine sufficient conditions.  

 We noticed co-treatment significantly enhanced PCCL3 cell proliferation in a time-dependent manner 

(p<0.001) (Figure 4A). This is demonstrated by phase-contrast images up to 72 hours of incubation 

at all doses in iodine deficient conditions.  The mean phase object area (µm2) showed that IR and ID 

had a significant effect on proliferation after 40 hours at all doses compared to the iodine sufficient 

conditions (p<0.0001 for all doses except 3Gy, p<0.001) (Figure 4A and 4B). Radiation and iodine 

reduced cell proliferation while iodine deficiency and radiation enhanced cell proliferation at all doses  

especially at 0 Gy and 3 Gy compared to respective doses (Figure 4C and 4G). This proliferation is 

actually associated with iodine deficiency as we observed enhanced proliferation in iodine-deprived 

control compared to iodine sufficient control. The highest proliferation is observed at low doses 

compared to the control in both conditions and this could be attributed to hormesis. We equally 

observed that ID alone enhanced proliferation with no radiation compared to iodine sufficient 

conditions. However,it was more enhanced (synergistically) when combined with IR especially at low 

doses as mentioned above (Figure 4C 4D 4E 4F and 4G). Taken together, these data indicates that 

the cells survived or resist possible IR and ID induced damage and continue to proliferate. 
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Figure 4: Effects of ID and IR on cell proliferation as measured by IncuCyte™ Zoom live cell imaging 

system: (A) ID and IR significantly enhanced cell proliferation at all doses especially at low doses of radiation. 

Iodine deficiency and radiation enhanced proliferation of PCCL3 cells at all doses while iodine sufficient slowed 

down proliferation (B). (C) 0Gy (D) 0.05Gy, (E) 0.1Gy, (F) 0.5Gy, (G) 3Gy had enhanced proliferation when 

deprived of iodine. Proliferation is expressed as mean phase object area for each time point. **** indicates 

significant difference (p < 0.0001) between iodine deficient condition when compared to the iodine sufficient 

condition of the same dose. Results are expressed mean ± standard deviation of object confluence area (µm2). 

3.3 EFFECTS OF RADIATION AND IODINE DEFICIENCY ON DNA DAMAGE 
 

In our preliminary results, we observed that IR and ID induced DNA damage in FRTL5 cells. However, 

no additive effect was observed. To confirm this DNA damage induced by the co-treatment of IR and 
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ID, the comet assay was used to analyze DNA damage in PCCL3 cells. The IR and ID co-treated cells 

were embedded in agarose and spread on microscope slides. These were lysed overnight followed 

by denaturation, electrophoresis then staining. The DNA which is negatively charged at PH > 13 

migrated to the positive pole and the damaged DNA formed a comet shape. The intensity of the 

comet (damaged DNA) tail was detected by Metafer software version 5. Each experimental condition 

had three biological replicates. Results are expressed as mean ± standard deviation (SD) of 

percentage of DNA tail median  

 

We observed IR and ID did not induced DNA damage irrespective of iodine status compared to the 

controls (p= 0,9999) (Figure 5A and B). Posthoc testing equally did not reveal any significant 

difference related to the iodine status and this is for all doses. For our positive control, cells were 

treated with Ethyl methanesulfonate (EMS) to induce DNA damage but equally had no significant 

effect (p > 0.05). However, we noted that EMS significantly induced DNA damage when added to 

human blood cells (p<0.0001). Taken together, this data is contrary to that observed in FRTL5 cell 

lines in which ID and IR-induced significant damage as from intermediate dose of 0.5 Gy. This 

indicates PCCL3 cells are very resistant to the double stress of ID and IR as no DNA damage is 

observed in these cells even with the addition of EMS. 

                                                                                                   

 

 

Figure 5: Effects of ID and IR on DNA damage. (A) ID and IR did not significantly induce DNA damage in 

PCCL3 cells. DNA damage was investigated using the comet assay. Results are expressed as mean percentage 

DNA tail median ± standard deviation (SD). (B) Comet tails indicating DNA damage under various iodine 

conditions and at different doses. *** signifies p<0.0001 and EMS are the positive controls, Bc= blood cells. 

 

 

3.4 EFFECTS OF IONIZING RADIATION AND IODINE DEFICIENCY ON APOPTOSIS 

 

To evaluate apoptosis in PCCL3 cells co-treated with ID and IR, we performed an Annexin V and 

Caspase-3/7 multiplex apoptotic assay using the IncuCyte™ Zoom. Following co-treatment of PCCL3 

cells, which were grown in 96 well plates, the Annexin V and caspase-3/7 were added and thereafter 

the plates were placed in the IncuCyte and monitored for 72 hours. Two phase-contrast and red and 

A 
B 
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green fluorescent images of the same optic field were automatically taken every two hours (Figure 

5B). Each experimental condition seen on the figures had six biological replicates each (n=6). 

Apoptotic index was obtained by dividing fluorescent (red or green) object confluence(%) against 

phase object confluence. Unfortunately, the caspase staining did not work.  

 

48 hours following co-treatment, we observed a significant increase in apoptotic cells at high dose 

(3 Gy) irrespective of iodine status ( p< 0.01) with respect to the control conditions. At intermediate 

dose (0.5 Gy), we equally observed a significant increase in cell death (p<0.01) iodine deficient 

conditions (p<0.01) with respect to the controls. We equally observed a general dose-dependent 

trend increase in apoptosis in all conditions irrespective of iodine status compared to the control 

(iodine sufficient) (p<0.0001) (Figure 6A and B). 

72 hours after co-treatment of cells with IR and ID, we observed a significant increase in apoptosis  

with respect to irradiation irrespective of iodine status (p<0.0001) (Figure 6C). At all doses, we 

observed significant cell death compared to the respective controls sham irradiated ( Table 1) for 

low, intermediate and high doses of radiation. Nonetheless, we did not observe any additive effect 

with IR and ID. 

This observation, suggest radiation and ID induced apoptosis in a dose and time-dependent manner 

as even lower doses induced apoptosis significantly after 72 hours.  However, we noted that these 

cells are resistant to low dose and IR and at an earlier time point as there was no significant cell 

death as these doses after 48 hours. After 72 hours the cells continue to proliferate suggesting the 

apoptosis is not sufficient to stop cell division.  

Table 1: Table of significance of IR and ID induced apoptosis 72 hours post co-treatment 

showing significant differences in apoptosis between various radiation doses and iodine 

status  

Iodine Iodine deficiency 

comparisons significance p-value comparisons significance p-value 

0 Gy vs 0.05 

Gy  

 

ns >0.9999 0 Gy vs 0.05 Gy ns >0.9999 

0 Gy vs 0.1 Gy  

 

ns >0.9999 0 Gy vs 0.1 Gy  

 

ns >0.9999 

0 Gy vs 0.5 Gy  

 

*** <0.001 0 Gy vs 0.5 Gy  

 

**** <0.0001 

0 Gy vs 3 Gy  

 

**** <0.0001 0 Gy vs 3 Gy  

 

**** <0.0001 

0.05Gy vs 0.1 

Gy 

ns >0.9999 0.05Gy vs 0.1 

Gy 

ns >0.9999 

0.05Gy vs 0.5 

Gy 

*** 0.003 0.05Gy vs 0.5 

Gy 

**** <0.0001 
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0.05Gy vs 3 

Gy 

** 0,0065 0.05Gy vs 3 Gy **** <0001 

0.1 Gy vs 0.5 

Gy  

 

** 0.0051 0.1 Gy vs 0.5 Gy  

 

*** 0,0005 

0.1 Gy vs 3 Gy  

 

**** 0.0001 0.1 Gy vs 3 Gy  

 

*** 0,0001 

0.5 Gy vs 3 Gy  

 

* 0,0145 0.5 Gy vs 3 Gy  

 

ns 0,0666 

 

 

 

 

 

 

 

   

 

A B 
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Figure 6: Radiation and Iodine deficiency induced apoptosis in PCCL3 cells. (A) IR and ID induced 

apoptosis 48 hours post co-treatment with IR and ID which is significant at 0.5 Gy and 3 Gy irrespective of iodine 

status. (B) The red staining in the images represent the dead cells after 48 hours (C) IR and ID induced apoptosis 

72 hours post co-treatment with IR and ID which is significant at all the doses irrespective of iodine status. Results 

are expressed as mean apoptotic index ±SD which represents a ratio of Annexin V object confluence and total 

object confluence. (D) Representative images of Annexin V positive cells for each dose obtained from IncuCyte™ 

Zoom live cell imaging after 72 hours. * indicates significant difference with respect to the controls irrespective 

of iodine status. 

3.5 RADIATION AND IODINE DEFICIENCY INDUCED ANTI-APOPTOTIC GENE 

EXPRESSION 

 

To investigate the resistance to apoptosis and the  enhanced proliferation, anti-apoptotic genes were 

investigated. The mRNA expression level of B-Cell Lymphoma 2 (Bcl-2) and Myeloid Leukemia Cell 

C 

D 
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Differentiation Protein (Mcl-1) were evaluated 24 hours following iodine deprivation and irradiation. 

PCCL3 cells were cultured with and without iodine and irradiated with low, intermediate and high 

doses of radiation. mRNA expression level of Bcl-2 and Mcl-1 were evaluated by RT-qPCR after 24 

hours. Each experimental condition had three biological replicates (n=3). 

Radiation had an overall dose-dependent increase in Bcl-2 mRNA expression 24 hours post co-

treatment and this increase was significant at 3Gy (p<0,0001) (Figure 7A). Posthoc analysis clearly 

identified significant differences between each iodine condition and high dose (p= 0,0292, p=0,0092 

for 3 Gy iodine and iodine deficiency respectively) (Table 2). However, we observed no significant 

differences observed between iodine deficient cells compared to iodine sufficient conditions, hence 

no synergistic effect. 

We equally observed a significant effect in a dose-dependent manner in the expression of Mcl-1 

(p=0.0303), however, no synergistic effect was observed between iodine deficient or iodine sufficient 

conditions (Figure 7B). Despite that, the posthoc analysis did not reveal specific significance 

between various doses compared to the controls. We equally noted that co-treatment had an additive 

negative effect at all doses though none was statistically significant.  

This data seems to suggest the resistance we observed with respect to apoptosis could be due to 

upregulation of these antiapoptotic genes. This is important as Bcl-2 is prevents the disruption of 

membrane potential by inhibition of cytochrome c. Mcl-1 has been shown to be vital for the survival 

of many cell lineages and is the most amplified genes in cancer, however, the mechanism for 

enhanced survival of normal and cancerous cells is unknown. 

Table 2: Table of significance of Bcl-2 expression 24 hours post iodine deficiency and 

radiation treatment showing changes in expression between various radiation doses and 

iodine status.  

Iodine Iodine deficiency 

comparisons significance p-value comparisons significance p-value 

0 Gy vs 0.05 

Gy  

 

ns >0.9999 0 Gy vs 0.05 Gy ns >0.9999 

0 Gy vs 0.1 Gy  

 

ns >0.9999 0 Gy vs 0.1 Gy  

 

ns >0.9999 

0 Gy vs 0.5 Gy  

 

ns >0.9999 0 Gy vs 0.5 Gy  

 

ns >0.9999 

0 Gy vs 3 Gy  

 

* 0,0292 0 Gy vs 3 Gy  

 

** 0,0092 

0.05Gy vs 0.1 

Gy 

ns >0.9999 0.05Gy vs 0.1 

Gy 

ns >0.9999 

0.05Gy vs 0.5 

Gy 

* 0,0436 0.05Gy vs 0.5 

Gy 

ns 0,0603 
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0.05Gy vs 3 

Gy 

** 0,0065 0.05Gy vs 3 Gy ** 0,0065 

0.1 Gy vs 0.5 

Gy  

 

ns >0.9999 0.1 Gy vs 0.5 Gy  

 

ns >0.9999 

0.1 Gy vs 3 Gy  

 

** 0,0087 0.1 Gy vs 3 Gy  

 

** 0,0067 

0.5 Gy vs 3 Gy  

 

ns 0,0754 0.5 Gy vs 3 Gy  

 

ns 0,1130 

 

 

 

 

 

Figure 7: ID and IR significantly enhanced anti-apoptotic gene expression Bcl-2 (p<0,0001) and Mcl-

1 (p=0,0303) after 24 hours. (A) Bcl-2 (B) Mcl-1 mRNA expression is dose dependent but there are no 

significant differences between iodine deficient and iodine sufficient conditions. mRNA expression was analyzed 

by RT-qPCR after PCCL3 cells were cultured 24 hours without iodine and exposed to low, intermediate and high 

radiation doses. Results are expressed as mean fold change ± standard deviation (SD) and normalized against 

β-actin. 

3.6 EFFECTS OF RADIATION AND IODINE DEFICIENCY ON DNA REPAIR MARKERS 

 

Ataxia-Telangiectasia Mutated (ATM) serine/threonine and RAD50 double strand break repair protein 

have been demonstrated to be activated during double-strand breaks (DSBs) to enable 

phosphorylation of key genes vital in DNA repair, cell cycle checkpoint and apoptosis. To confirm the 

results of the comet assay, (DSBs) associated with the treatment of cells with IR and ID, we 

evaluated these DNA damage repair genes in PCCL3 cells. The PCCL3 cells were cultured without 

iodine deficiency and irradiated with low, intermediate and high doses of radiation. This was followed 

by RT-qPCR with three biological replicates representing each experimental condition. IR and ID had 

no significant effect on the ATM mRNA expression levels 24 hours post treatment (p=0,7949). This 

A B 

** * 
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was expected as we observed no significant DNA damage after co-treatment (Figure 8A). we equally 

did not observe any additive effect with combined treatment. Co-treatment had overall dose-

dependent significant effect on RAD50 mRNA expression (p<0.0001) . Post hoc analysis revealed 

radiation had an overall significant effect (p=0,0023) . We observed a dose-dependent additive 

expression of RAD50 which is significant at 3 Gy (p < 0.05) compared to all the controls and could 

possibly be responsible for the DNA repair (Figure 8B).  Taken together, this data suggest DNA 

repair occur and is responsible for the absence of significant DNA damage even at high dose in PCCL3 

is through the RAD50 dependent DNA repair pathway (MRN). 

 

Figure 8: Effects of  ID and IR DNA repair markers 24 hours after co-treatment. (A) IR and ID had no 

overall significant effect on ATM mRNA expression (p=0,7949). (B) IR and ID had an overall significant effect 

on RAD50 mRNA expression (p=<0.0001) and had an additive negative effect at 3Gy (p<0.05). mRNA 

expression was analyzed by RT-qPCR after PCCL3 cells were cultured 24 hours without iodine and exposed to 

low, intermediate and high radiation doses. Results are expressed as mean fold change ± standard deviation 

(SD) and normalized b against β-actin. 

3.7 EFFECTS OF RADIATION AND IODINE DEFICIENCY ON PROLIFERATION AND 

SURVIVAL SIGNALING PATHWAYS  

3.7.1 JAK/STAT SIGNALING PATHWAY 

Radiation is known to activate the precancerous JAK/STAT signaling pathway. The activation of 

STAT3 has been demonstrated in the majority of thyroid cancers especially papillary thyroid cancer 

(60%) (79). To investigate the effects of co-treatment with IR and ID on JAK/STAT pathway, the 

levels of STAT3 mRNA expression was evaluated at different time intervals. PCCL3 cells were cultured 

with and without iodine and irradiated with low, intermediate and high doses of radiation. mRNA 

expression level of STAT3 was evaluated by RT-qPCR after 24 hours. 

The mRNA expression of STAT3 had generally dose-dependent trend with respect to radiation. IR 

and ID had a similar trend at low doses but not high doses and was not significantly different 

(p=0,2584) after 24 hours compared to the control without iodine (Figure 9). However, none was 

statistically significant. This data suggest STAT3 may likely not be activated by co-treatment and this 

is contrary to results in FRTL-5, rat thyroid cells in which high dose radiation (3 Gy) activated the 

JAK/STAT pathway. 
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To increase the chance of a significant effect by IR and ID, we suggest that the mRNA expression of 

STAT3 be performed at different time intervals particularly at 48 and 72 hours. Also, the number of 

replicates should be increased to six to increase statistical power.  
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Figure 9: ID and IR co-treatment did not significantly activate JAK/STAT3 signaling pathway at 24 

hours (p=0,2584). PCCL3 cells were deprived of iodine for 24 hours and irradiated with low, intermediate and 

high radiation doses. mRNA expression was analyzed by RT-qPCR at 24 hours after co-treatment of cells with ID 

and low, intermediate and high radiation doses. The values were normalized against those of β-actin. The results 

are expressed as mean fold change relative to non-irradiation, iodine sufficient thyrocytes ± standard deviation 

(SD) of three biological replicates (n=3). 

3.7.2 PI3K/AKT1 SIGNALING PATHWAY 

 

DNA damage and oxidative stress from IR has been reported to alter the PI3K/AKT signaling pathway 

vital in cellular proliferation and survival. To examine changes in the PI3K/AKT signaling pathway 

upon co-treatment with IR and ID, PCCL3 cells were cultured in iodine deficient and iodine sufficient 

conditions and exposed to low, intermediate and high radiation doses. AKT1 mRNA expression was 

analyzed by RT-qPCR from mRNA samples extracted 24 hours after irradiation. Each experimental 

condition had three replicates (n=3). We observed a significant general dose-dependent expression 

of AKT1 mRNA 24 hours post treatment (p=0,0292) (Figure 10). Nevertheless, posthoc analysis did 

not reveal significant differences between specific experimental conditions. However, we notice no 

additive effect at all doses of radiation deprived of iodine. This is contrary to our preliminary data on 

PCCL3 cells in which co-treatment failed to activate this pathway at the protein level in all conditions.  

This data suggest co-treatment activates the survival and proliferation (PI3K/AKT pathway) at the 

level of mRNA 24 hours after treatment and could responsible for the activation observed 

Increasing the number of replicates and investigating AKT1 mRNA expression at multiple time 

intervals will probably increase the chances of observing a significant effect between experimental 

conditions.  
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Figure 10: IR had an overall significant effect on AKT1 expression 24 hours following exposure 

analyzed by RT-qPCR (p= 0,0292). PCCL3 cells that were iodine-deprived for 24 hours and irradiated with 

low, intermediate and high radiation doses. mRNA expression analyzed by RT-qPCR. Results are expressed the 

mean of the relative fold change ± standard deviation (SD) of three biological replicates (n=3) in each 

experimental conditions.  

3.7.3 RADIATION AND IODINE DEFICIENCY ACTIVATES CELL CYCLE REGULATOR 

CYCLIN D2 

 

Cyclin D2 (CCND2) has been implicated in processes such as cell cycle control and proliferation and 

oncogenic transformation this is because cell lines expressing CCND2 have been associated with 

invasive behavior . High expression of cyclin D2 is reportedly frequent in follicular thyroid cancers 

and this is downstream of the Pituitary Homeobox 2 (PITX)/Cyclin D (CCND2) pathway a downstream 

pathway of β-catenin. So to investigate the effects of ID and IR in CCND2 activation, PCCL cells were 

deprived of iodine followed by irradiation with low, intermediate and high doses of radiation. mRNA 

levels were measured by RT-qPCR 24H post treatment. Each experimental condition had three 

biological replicates (n=3). 

As expected, 24 hours after co-treatment, IR  and ID significantly induced CCND2 mRNA expression 

in a dose-dependent manner as from 0.05 Gy in both iodine-deprived and sufficient conditions 

(p<0.0001). However, we did not observe any additive effect when ID and IR were combined at any 

dose compared to IR and iodine. However, we noted significance at 3 Gy with ID compared to the 0 

Gy, 0.05Gy and 0.1Gy with ID (Figure 11) (Table 3). This data shows PCCL3 cells may regulate 

their cell cycle control via the upregulation of CCND2. 

To increase significance between iodine sufficient and iodine condition, we suggest that the number 

of replicates is increased and also expression investigated at different time intervals such as 48 and 

72 hours. 

Table 3: Table of significance of CCND2 expression 24 hours post Ionizing radiation 

treatment showing changes in differential expression between various radiation doses and 

iodine status (* significance difference) 
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Iodine Iodine deficiency 

comparisons significance p-value comparisons significance p-value 

0 Gy vs 0.05 Gy  

 

ns >0.9999 0 Gy vs 0.05 Gy ns >0.9999 

0 Gy vs 0.1 Gy  

 

ns >0.9999 0 Gy vs 0.1 Gy  

 

ns 0,0949 

0 Gy vs 0.5 Gy  

 

ns 0,6662 0 Gy vs 0.5 Gy  

 

ns >0.9999 

0 Gy vs 3 Gy  

 

* 0,0150 0 Gy vs 3 Gy  

 

ns 0,1096 

0.05Gy vs 0.1 

Gy 

ns >0.9999 0.05Gy vs 0.1 

Gy 

ns >0.9999 

0.05Gy vs 0.5 

Gy 

ns 0,1794 0.05Gy vs 0.5 

Gy 

ns 0,1268 

0.05Gy vs 3 Gy ** 0,0058 0.05Gy vs 3 Gy * 0,0144 

0.1 Gy vs 0.5 Gy  

 

ns >0.9999 0.1 Gy vs 0.5 

Gy  

 

ns 0,1268 

0.1 Gy vs 3 Gy  

 

ns 0,0823 0.1 Gy vs 3 Gy  

 

*** 0,0010 

0.5 Gy vs 3 Gy  

 

ns 0,9259 0.5 Gy vs 3 Gy  

 

ns 0,0823 

 

 

  

 

3.8 ANTIOXIDANT CAPACITY 

 

We observed from our comet assay that PCCL3 cells are very radioresistant to DNA damage following 

co-treatment with  irradiation and iodine deficiency. Equally, PCCL3 cells only exhibited significant 

apoptosis at all doses after 72 hours of exposure to high dose radiation but continue to proliferate. 
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Figure 11: IR induced significant expression 

of Cyclin D2 24 hours post treatment 

(p<0.0001). PCCL3 cells were  iodine deprived 

and irradiated with low, intermediate and high 

radiation doses. mRNA expression was 

investigated after 24 hours and was analyzed by 

RT-qPCR. Results are expressed a smean of the 

relative fold change ± standard deviation (SD) of 

three biological replicates (n=3). 
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The ability of PCCL3 cells to resist DNA damage from oxidative stress could possibly be by 

upregulation of antioxidant genes.  We therefore,  investigated the antioxidant capacity of PCCL3 

cells post co-treatment. This was by measuring mRNA levels of antioxidant genes such as CAT, 

PRDX5 and NAD(P)H Quinone Oxidoreductase 1 (NQO1). PCCL3 cells were cultured with and without 

iodine and exposed to low, intermediate and high doses of radiation. mRNA expression level of 

PRDX5, CAT and NQO1 were analyzed by RT-qPCR at 6 and 24 hours after treatment. 

For PDRX5 expression after 6 hours, we observed no differential expression in mRNA expression in 

both iodine deficient and iodine sufficient conditions (p=0.3385). We equally observed no differences 

in iodine deficient and iodine sufficient conditions but strangely for the control and 3 Gy though this 

is not significant. 24 hours following co-treatment we observed an overall significant dose-dependent 

expression of PRDX mRNA expression with respect to radiation (p=0.0411). Despite this, the posthoc 

analysis did not reveal individual significance between conditions. Iodine deficiency had no significant 

effect on expression of PRDX5 (p=0,8760). We equally observed no significant additive effect at both 

time intervals (Figure 12A).  

For CAT mRNA expression, there is a trend towards dose-dependent expression 6 hours after co-

treatment though this was not statistically significant (p=0,3096). We equally noted a higher 

expression with IR and ID at all doses except for the intermediate dose though none was significant 

(p=0,6747). After 24 hours, IR and ID induced a general trend of dose-dependent expression of 

catalase mRNA expression but this was significant in both iodine deficient and iodine sufficient 

conditions (p=0.2663) (Figure 12B). 

For NQO1 expression, at 6 hours there was a general dose significant expression with respect to 

radiation (p=0.0449) in iodine supplemented conditions compared to the control iodine. ID and IR 

had no additive effect on expression. 24 hours after co-treatment, there is a dose-dependent increase 

expression in NQO1 mRNA expression, however, this is not significant (p=0.1905) (Figure 12C). At 

lower doses we find a slight additive effect in the absence of iodine while there is the absence of 

additive effect as from intermediate effect after 24 hours. 

Taken together, the data suggests that PCCL3 cells exhibit a high antioxidant capacity, which depends 

on PRDX5 and NQO1 expression. We cannot ignore the high standard deviations we observed with 

this results as these might have downplayed on the significance. So, we suggest that the sample size 

for each experimental condition be increased and also expression investigated at different time 

intervals and also at the protein level. 
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Figure 12: Effect of ID and IR on antioxidant gene expression. (A) Radiation had an overall significant 

increase in PRDX mRNA expression (p=0.0411) at 24 hours but not 6 hours. (B) Catalase expression is highly 

dependent on the dose in both Iodine deficient and iodine sufficient conditions. At 6 hours and 24 hours there is 

a higher expression of catalase in iodine-deficient conditions however, this is not statistically significant 

C 

* 

 

B 

A 



36 
 

(p=0.3385). (C) NQ01, there is a general dose-dependent increased in expression with respect to radiation 

(p=0.0449) 6 hours but not at 24 hours. This increase is higher in iodine deficient condition compared to iodine 

sufficient conditions. mRNA expression was analyzed by RT-qPCR at 6 and 24 hours after co-treatment of cells 

with ID and low, intermediate and high radiation doses. The values were normalized using B-actin. The results 

are expressed as mean fold change relative to non-irradiation, iodine sufficient thyrocytes ± standard deviation 

(SD) of three biological replicates (n=3 

3.9 EFFECTS OF CO-TREATMENT ON CLIP2, A DOSE DEPENDENT THYROID CANCER 

BIOMARKER 

 

Increased in CAP-Gly Domain Containing Linker Protein 2 (CLIP2) mRNA overexpression has been 

associated in a dose-dependent manner with PTC following studies after the Chernobyl nuclear 

disaster. This CLIP2 overexpression has been suggested to play a role in thyroid carcinogenesis via 

apoptosis, genomic  vulnerability  and MAPK signaling. Hence to investigate the effects of IR and ID 

on CLIP2 mRNA expression, PCCL3 cells were cultured with and without iodine and exposed to low, 

intermediate and high doses of radiation. mRNA expression level CLIP2 were analyzed by RT-qPCR 

at 24 and 72 hours after treatment.  

24 hours post co-treatment, as expected we observed a general dose-dependent trend in the 

expression of CLIP2 mRNA expression with respect to radiation though it was not significant 

(p=0,3334). Iodine deficiency equally had no overall significant effect on CLIP2 mRNA expression as 

we observed no differential expression  between the two  iodine status (p=0,9071). Combined 

treatment did not enhance expression as well (p=0,1292) (Figure 13A). 72 hours post-treatment 

we observed no differential expression in CLIP2 mRNA expression with respect to IR and ID (p= 

0,2589, p=0,5761 respectively). We equally observed no additive effect or dose-dependent trend in 

combined treatment which was not significant (p=0,8235) (Figure 13B).  

CLIP2 is a tumorigenesis marker of which expression is expected to be radiation-dependent but in 

our system of non-cancerous cells the dose dependency is not observed. So for CLIP2 to be expressed 

we certainly need to have a cancer context. Hence, CLIP2 expression is more linked to cancer than 

to radiation. It is not induced only by radiation as demonstrated by our data.  

 

 

A B 
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Figure 13: IR and ID had no effect on CLIP2 expression. (A) 24 hours after co-treatment we observed a 

dose-dependent expression of CLIP2 mRNA but this is not significant (p=0,3334). (B) IR and ID had no effect 

on differential expression of CLIP mRNA. mRNA expression was analyzed by RT-qPCR at 6 and 24 hours after co-

treatment of cells with ID and low, intermediate and high radiation doses. The values were normalized against 

those of B-actin. The results are expressed as mean fold change relative to non-irradiation, iodine sufficient 

/deficient conditions thyrocytes ± standard deviation (SD) of three biological replicates (n=3)  
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4 DISCUSSION AND OUTLOOK 

 

The incidence of thyroid cancer is on the rise globally. This increasing incidence is largely attributed 

to increase in screening and advances in diagnostic technologies which can detect very small tumors 

unlike before. Equally, the population is increasingly being exposed to ionizing radiation from medical 

and industrial applications. Furthermore, two billion people suffer from iodine deficiency globally 

which is associated with many pathologies such as goiter, thyroiditis and Grave disease. This is 

because ID and IR are two risk factors that are capable of influencing thyroid carcinogenesis. The 

Chernobyl accident was followed by a high incidence of thyroid cancer in exposed areas compared to 

known areas. It was equally noticed that incidence was much higher in iodine deficient areas 

compared to iodine sufficient areas. Despite this,  there have been no studies so far to the best of 

our knowledge, which investigated the mechanisms of the combined effects of low dose IR and ID at 

the cellular and molecular level on normal thyrocytes exposed to IR and ID. Therefore, the necessity 

of our present study. 

The objective of this study was to investigate the cellular and molecular effects of low dose IR and 

iodine deficiency on normal thyroid cells (PCCL3). In our group, we had performed previous 

experiments on FRTL5 cells and some on PCCL3 in which ROS production (oxidative stress) was 

observed. So, in this project, we compared the results obtained with FRTL5 and validated our 

preliminary results in PCCL3. This was by further assessing on PCCL3 cells exposed to IR and ID the 

following: oxidative stress, DNA damage, DNA repair, proliferation and apoptosis. We equally 

investigated gene expression changes vital to antioxidant defense, anti-apoptotic, survival and 

proliferation signaling pathways as well as radiation responsive elements. 

Oxidative stress that results from exposure to ionizing radiation has been known to cause DNA and 

cellular damages and also initiate apoptosis via the intrinsic pathway. Equally, oxidative stress from 

ID has been shown to promote production of VEGF-A in thyrocytes which is associated with the early 

phase of tumorigenesis (49). To further assess oxidative stress resulting from IR and from the acute 

withdrawal of iodine, the expression of NRF2 protein, an oxidative stress biomarker was investigated 

by western blot. One hour after co-treatment, ID and IR induced NRF2 protein expression in a dose-

dependent manner. However, there was no additive effect associated with co-treatment in normal 

PCCL3 cells. This was in accordance with our preliminary data in which co-treatment was shown to 

induce ROS production in a dose-dependent manner in FRTL5 and PCCL3 cells. This NRF2 mRNA 

expression has been demonstrated to be overexpressed in human thyroid cancer cells exposed to 

oxidative stress (82). Equally, ionizing radiation has been shown to induce overexpression of NRF2 

by acting as an antioxidant in Immortilized Mouse Embryonic Fibroblast cells (MEFs) and rats (83) 

(84). Furthermore, NRF2 transcription has been demonstrated to promote ROS detoxification and 

enhance proliferation in human pancreatic cancer cell lines (85).  

In this study, we observed that radiation-induced oxidative stress in a dose-dependent manner with 

the highest at 0.5 Gy and 3 Gy irrespective of iodine status which is in accordance with our 

preliminary results in FRTL5 and PCCL3 cells. We observed an additive effect with ID which is not 

significant. However, the high standard deviations observed with our western blot cannot be ignored. 
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Based on this finding, we can conclude that IR and ID induced oxidative stress in a dose-dependent 

manner though we did not observe a significant additive effect. Hence combined treatment of IR and 

ID had no additive negative effect as we hypothesized.  This result is vital as high expression of NRF2 

is an indication of ROS burden. This equally could suggest a carcinogen detoxifying and antioxidant 

mechanism vital in PCCL3 cytoprotection from the ROS burden. This is in line with a study by 

Velalopoulou et al., 2015, in which NRF2 was shown to act as cytoprotectant against DNA damage 

induced by IR in human normal lung cells by acting as a ROS scavenger (86). We further evaluated, 

ROS (general ROS) production using the CM-H2DCFDA probe following co-treatment of PCCL3 cells. 

We noted no differential production of ROS at each experimental condition, but this could be 

attributed to a failure in the experimental setup, as most of our cells died probably due to the wash, 

mix and read associated with the protocol (Supplementary Figure 7). This was contrary to our 

preliminary results in FRTL5 and PCCL3 cells co-treated with IR and ID induced ROS was relatively 

successful in measuring ROS production. Due to time constraints, we could not reproduce the results 

but succeed in evaluating oxidative stress by measuring a known biomarker, NRF2. This oxidative 

stress is associated with thyroid malignancies like goitre, thyroiditis, thyroid cancer and 

hyperthyroidism (62). To enable reproducibility of the results in FRTL5 and PCCL3 and validate the 

oxidative stress we suggest Amplex Red (H2O2 and peroxidase activity) or biomarkers of oxidative 

stress markers reflective of ROS measurement such xanthine oxidase.  

ROS production or oxidative stress leads to both genotoxic and non-genotoxic changes in genomic 

DNA that cause mutations and changes in epigenetic and gene expression respectively. This DNA 

damage from radiation is normally directly or indirectly induced by interaction with water molecules 

generating hydroxyl radicals. (87). Equally, ID has been shown to be involved in thyroid pathologies 

via upregulation of antioxidant genes and DNA damage in animal studies (51). To investigate DNA 

damage from IR and ID, we used the comet assay. Although we observed DNA damage in all doses, 

none was statistically significant compared to the control with respect to IR, ID or combined 

treatment. We equally noted that the cells treated with EMS (positive control) did not induce 

significant DNA damage compared to the controls. To ensure the positive control was effective, we 

treated normal human blood cells with the same concentration of EMS. Contrary to PCCL3 cells, we 

observed significant DNA damage in human blood cells compared to all conditions with PCCL3. Taken 

together, this data suggest that PCCL3 cells are highly resistant to DNA damage directly from IR and 

ID or indirectly from the generated ROS. We performed the experiments approximately 2 hours after 

irradiation and had placed the cells immediately on ice after irradiation to prevent DNA damage 

repair. However, during trypsinization, we had incubated the cells at 37°C for more than 3 minutes 

as required by the protocol. This could have possibly given the cells enough time to repair any 

damaged DNA. Equally dose rate is a major factor in radiation-induced cellular response as high dose 

rate is more damaging. This is demonstrated in a study by Hyun et al., 2016 in which high dose rate 

(4.68 Gy/min) of 5 Gy induced significant damage in Htori-3 cells compared to a low dose rate (40 

mGy/h) of 5 Gy (88). We had use 0.124 Gy/minute which is low dose rate which had possibly 

permitted the cells to repair any significant DNA damage. Taken together, this data is not in 

accordance with our preliminary studies on FRTL-5 for which high dose of 3 Gy significantly induced 

DNA damage. It is equally contrary to study in which normal human thyroid follicular cells 

experienced significant damage after exposure to doses ranging from 2-12 Gy at a dose rate of 
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1.5Gy/minute  (23). This suggests PCCL3 cells highly resistant to radiation-induced DNA damage 

compared to other thyroid cells.  

Based on this, we performed a RT-qPCR of RAD50 and ATM (two radiation DNA repair signaling 

molecules) 24 hours after co-treatment. Unlike expected, we observed no dose-dependent 

differential expression in ATM mRNA expression upon co-treatment of cells with IR and ID. On the 

other hand, we observed a dose-dependent additive effect in RAD50 mRNA expression which was 

significant at 3 Gy in iodine deficient condition. This is in contrary to results by Guo et al., 2010, in 

which oxidative stress was shown to activate ATM in 293T cells (human kidney embryonic cells) (89). 

We equally, noted no activation of TP53 24 hours after co-treatment of cells possibly a confirmation 

that ATM is not activated (Supplementary figure 7). Taken together, this data suggest that the 

absence of significant DNA damage observed in PCCL3 cells may have resulted from the activation 

of DNA end-joining pathway which is dependent on the Rad50, Mre11, Nbs1 complex.  This is because 

RAD 50 is required for DSB repair, telomere maintenance hence vital for cell growth and viability. 

RAD 50 equally acts as a DSBs sensor for ATM and helps ATM to attach to the broken DNA strand 

(90). However, strangely there is no activation of ATM or p53. 

However, to validate the results it is necessary to reduce the handling time for the comet assay. 

Furthermore, the detection of the gamma H2AX foci with fluorescent microscopy, or performing Poly-

ADP-ribose polymerase (PARP) assay will help further investigation of DNA damage. We equally 

suggest that the genes mentioned above be investigated at earlier time points after irradiation (30 

minutes and 1 hour). Moreover, investigating more DNA repair genes such, RAD51 and RAD52 will 

help validate the results. We equally had used the alkaline version of comet assay, which less 

sensitive to detect DNA damage compared to the neutral, hence the neutral should be used. 

Despite the oxidative stress and/or ROS production generated by IR and ID in PCCL3 cells, these 

cells are still highly resistant to DNA damage even at high doses. Another possible mechanism to 

resist DNA damage and apoptosis could be by upregulation of antioxidant capacity to counter the 

oxidative stress. Hence, to investigate the mechanism of radiation resistance in PCCL3 cells, the 

antioxidant capacity was investigated. This was by measuring the mRNA levels of antioxidant genes 

like catalase, NQO1 and PRDX5 deprived of iodine and exposed to low, intermediate and high doses 

of radiation at different time intervals. For PRDX5 at 6 hours, we observed no dose-dependent 

expression but at 24 hours we observed a dose-dependent expression in iodine sufficient cells which 

is significant at 3 Gy. However, we did not observe any additive effect with 0.5 Gy and 3 Gy. This is 

in accordance with results obtained by Weng et al., 2015 in which increased PDRX5 mRNA expression 

exhibited radioprotection against radiation-induced DNA damage by oxidative stress in human 

thyroid cells (91). Iodine deficiency alone enhanced PRDX 5 at both 6 and 24 hours compared to 

iodine sufficient in the absence of irradiation. This is as expected as iodine deficiency  has been shown 

to enhance PRDX 3 and 5 mRNA expression which indicates increase in ROS burden associated with 

oxidative DNA damage in the thyroid glands of rats and mice (51). Equally, Gerard et al., 2008 

demonstrated increased PRDX5 expression under ID condition helping to neutralize ROS associated 

with goiter and also in basal conditions (92). For catalase mRNA expression, we observed an 

increased trend in the expression at 6 and 24 hours with respect to radiation. We noted that iodine 

deficiency-induced a higher expression, however, combined treatment with radiation did not 
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enhanced expression at 3 Gy. This dose-dependent expression is important as catalase helps in 

detoxification and scavenging ROS hence, preventing DNA and protein damage that could result from 

ROS accumulation. This has been shown to be vital in control of cell growth and differentiation 

apoptosis and immune response. It is a cytoprotective antioxidant enzyme capable of preventing 

endogenous and exogenous attacks from peroxides (93). Finally, for NQO1, we observed the same 

trend as with catalase at both 6 and 24 hours as expected. This was expected as it has been 

demonstrated that IR induces NQO1 preventing radiation-induced aneuploidy which is associated 

with various human cancers (94). In addition, NQO1 is a target of NRF2 that has been shown to be 

activated in papillary thyroid carcinoma hence NQO1 dose-dependent expression correlates with 

NRF2 protein expression. This expression of NQO1 has been demonstrated to be vital in stabilizing 

and increasing p53 levels, however TP53 was not activated as mentioned earlier (94). Taken 

together, these results suggest the resistance against DNA damage and apoptosis observed maybe 

equally due to the high antioxidant capacity of PCCL3 cells as demonstrated by significant expression 

of PRDX5 and NQO1.  

Performing the experiments with a higher number of replicates could increase the possibility of a 

significant effect. It is equally important to investigate other antioxidant genes such Glutathione, 

Superoxide Dismutase (SOD) and NQO2 whose dysregulation is associated with Grave’s disease and 

goiter. This is as iodine plays a vital role in inducing cell differentiation and maintaining thyroid tissue 

homeostasis. Iodine deficiency is associated with decrease organification, hormone secretion and 

thyroid cell proliferation. Further confirming this expression at protein levels as proteins influence 

cell phenotype and not mRNA. We experience high standard deviations which should be considered 

to enhance significance. 

We investigated PCCL3 cell proliferation during 72 hours following the co-treatment using the real 

time imaging system called Incucyte. Iodine has been shown to act as an antioxidant and 

antiproliferation, hence maintains thyroid cell normalcy. As expected, IR and ID significantly 

enhanced PCCL3 cell proliferation as iodine-deprived cells significantly proliferated better than iodine 

sufficient cells at all radiation doses as from 40 hours. This is in accordance with the resistance 

against DNA damage and apoptosis we observed. This is equally in accordance with studies by Boltze 

et al., 2002 in which they observed rats fed with low iodine diet experienced thyroid 

hyperproliferation (adenomas) compared to iodine sufficiently fed rats. These same animals 

developed adenocarcinomas when exposed to high dose IR of 4 Gy (57). In our case of radiation and 

iodine conditions, the  highest proliferation was observed at lower doses (0.05 Gy and 0.1 Gy) while 

3 Gy proliferation was slown down to the level of the control. This was expected as PCCL3 cells had 

exhibited no significant DNA damage and  been proven to be radioresistant. Also, ID is known to 

enhance thyroid cell proliferation independent and or dependent of TSH stimulation (95). We equally 

observed synergistic effects especially at lower doses as iodine deficient proliferated better after 40 

hours in all radiation conditions not supplemented with iodine. However, we notice a decrease in cell 

proliferation around the 72nd hour compared to the 70th hour as in all conditions, especially at higher 

doses. This anti-proliferative effect of iodine is usually by the destruction of mitochondrial membrane 

to initiate apoptosis helping to prevent precancerous transformation. The highest proliferation 

observed at 0.1 Gy could be explained by hormesis. Taken together, these results suggest the cells 

resist DNA damage and apoptosis and continue to divide and may bear chromosomal damages. These 
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chromosomal damages may lead to precancerous transformations. This further confirms the 

resistance in apoptosis observed. Performing this experiments on human thyroid cells in future 

experiments will be important. 

Based on the proliferation results, we investigated the activation of proliferation and survival 

signaling pathways. We investigated the effects of co-treatment on the activation of JAK/STAT 

pathway by investigating STAT3 mRNA expression 24 hours post irradiation. As expected, co-

treatment induced a trend in STAT3 mRNA expression in a dose-dependent manner while combined 

treatment had an additive effect on expression at lower doses though non was statistically significant. 

However, we noted high standard deviations at certain doses which cannot simply be ignored and 

could explain why we observed no statistical significance between experimental conditions. The dose-

dependent trend observed is interesting as this suggest co-treatment may activate the JAK/STAT 

pathway if the statistical power is increased. This is because STAT3 upregulation has been shown to 

be associated with thyroid cancer. This is usually by promoting tumor cell proliferation and survival, 

invasion and immunosuppression (79). Equally, in another study, activated STAT3 was shown to be 

highly expressed in fibroblast NIH3T3 and Me180 cells exposed to high dose UV (germicidal lamp) 

and rendered these cells resistant to UV-induced apoptosis (96). To the best of our knowledge there 

is no study which has investigated the effect of ID on JAK/STAT activation, we observed a high 

expression of this pathway with ID compared to iodine sufficient conditions. This may suggest the 

proliferation observed may likely be due to the activation of this pathway. This is important as STAT3 

activation is vital in regulation of cell survival, proliferation cyclins and survivin and inflammation 

associated with cancer. This needs to be investigated further by increasing the number of replicates 

and altering expression interval after treatment to increase the chance of significance. Furthermore, 

a Luminex assay should be performed since the JAK/STAT is initiated via binding of cytokines and 

interleukins such as IFNγ.  

PI3K/AKT signaling pathway is vital in cell proliferation and survival, differentiation, migration and 

apoptosis. Its activation is associated with the development of cancers by inhibiting pro-apoptotic 

proteins such as Bad, FOXP3a and Bax enabling escape from apoptosis and promoting survival (74). 

To investigate the activation of this pathway, we investigated AKT1 mRNA expression 24 hours after 

co-treatment. As expected, we observed a significant dose-dependent expression of mRNA AKT1 

expression with respect to radiation. However, post hoc analysis did not reveal specific significant 

differences between experimental groups. We equally, observed an additive effect with combined 

treatment however it was not statistically significant and therefore, needs to be investigated further. 

This could be by increasing the number of replicates and changing the time interval.  This is similar 

to our preliminary results in FRTL-5 and available literature. In one of such studies, Fang et al showed 

that high dose radiation of 6 Gy activated the PI3K/AKT pathway in GBM cell lines 1 hour after 

exposure (97). This is also important as activation is associated with activation of other signaling 

pathways such as NF-KB promoting anti-apoptotic gene upregulation such as Bcl-2 and Bcl-xl and 

Mcl-1 (72). The higher expression associated with iodine deficiency has not been observed before to 

the best of our knowledge. This could be that IR activates this pathway by oxidative stress and that 

further oxidative stress from ID results to the higher activation of this pathway. This data suggests 

the activation of PI3K/AKT signaling pathway by co-treatment may be responsible for the proliferation 
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observed. This is vital as activation of this signaling pathway is associated with many types of cancers 

such as thyroid, glioblastoma, melanoma, pancreatic and lung cancers. 

Cyclin D2 is a cell cycle regulator that has been shown to be involved in proliferation via NF-Kβ 

signaling pathway and is associated with Follicular Thyroid Cancer (FTC). We investigated the 

activation of CCND2 24 hours after exposure to IR and ID. As anticipated, it exhibited the same dose-

dependent expression as AKT1, which was significant at 3 Gy in both iodine deficient and iodine 

sufficient conditions. This is a significant result as cyclin D2 is vital in cell cycle regulation, 

differentiation and malignant control. This adds to CCND1 which we had observed in our preliminary 

data. CCND2 is a key regulator of G1 cell cycle progression and proliferation is associated with 

oncogenesis when overexpressed (98). This data suggest an unusual deregulated G1-S checkpoint 

as a possible decisive activity for PCCL3 cells. We, however, did not find any study in the literature 

which investigates the effect of IR or ID on thyroid cancer. It will be interesting to reproduce this 

observation at the level of protein expression. 

We evaluated apoptosis from the co-treated cells with IR and ID using the caspase-3/7 and Annexin 

V multi-kinetic assay using the IcuCyte. Unsurprisingly, we observed significant cell death at 0.5 Gy 

and 3 Gy in both iodine deficient and iodine sufficient conditions after 48 hours. However, co-

treatment failed to induce significant cell death at low doses. This confirmed similar preliminary 

results observed in FRTL-5 cells from rat origin in our initial results. 72 hours post co-treatment all 

the irradiated cells experienced significant cell death which was highest at 3 Gy in both iodine 

conditions. The apoptotic cell death after 72 hours could also probably be due to a shortage of 

nutrients and space. Despite these observations, we observed no synergistic effect and majority of 

the cells continued to divide which is contrary to our hypothesis. The resistant we observed at low 

dose was expected as thyroid cells are considered to be very resistant to acute effects of IR. This 

supports our gene expression analyses. These similar results have been observed in thyroid cells 

(FRTL-5) exposed to UV-radiation (99). Equally, radiation from I131 has been shown to initiate 

apoptosis in human epithelial thyroid cells (100). However, our caspase staining failed so we could 

not analyze the data obtained from the images. Hence apoptosis via caspase-3 or 7 could not be 

evaluated. It will be interesting to perform the experiment with a caspase-3/7 reagent to investigate 

the resistant observed at low doses after 48 hours. Iodine deficiency has been shown to increase 

delayed apoptosis in the rat (101), we, therefore, had expected a higher induction of apoptosis in 

co-treated cells. Unfortunately, we observed no significant differences between iodine supplemented 

and iodine deficient cells. This data suggest that radiation and ID induced apoptosis in a long-term 

manner and not acute as we observed no significant apoptosis at 24 hours and only exhibited 

apoptosis at intermediate and high doses after 48 hours. Equally, after 72 hours all doses show 

significant cell death supporting the possibility of a time factor. Despite the cells undergoing radiation 

induced apoptosis, this is not enough to stop cell division in conditions deprived of iodine. Based on 

this data, it seems the cells resist apoptosis from low dose radiation and ID but could not withstand 

the high dose radiation especially when deprived of iodine. 

To investigate this radioresistance observed in PCCL3 cells with regards to apoptosis and DNA 

damage. We investigated anti-apoptotic mRNA expression of Bcl-2 and Mcl-1 24 hours post iodine 
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deprivation and irradiation. Bcl-2 dysregulation is associated with many malignancies such as breast, 

melanoma, lung and leukemia. Overexpression of Bcl-2 is known to confer resistance to radiation-

induced apoptosis (102). As anticipated, we observed a dose-dependent increase in expression of 

Bcl-2 mRNA, which was significant at 3 Gy compared to the control in both iodine deficient and iodine 

sufficient conditions. Equally, 3 Gy was significant compared to 0.05 Gy and 0.1Gy in both iodine 

conditions. This result was expected as it suggests the cells resisted apoptosis and DNA damage 

especially at low doses and continued to proliferate despite some cell death. Similar results were 

obtained in studies by Chorna et al., 2005 in which breast cancer cells, (MCF-7) cells irradiated with 

low dose X-ray exhibited increased DNA repair and resistance to apoptosis via increased expression 

of Bcl-2 (103). GS Choudary et al., 2015 had similar results in Diffuse Large B-Cell Lymphoma 

(DLBCL) in which the cells resisted apoptosis induced by venetoclax by overexpression of Bcl-2 (104). 

Our finding suggests the modulation of the pro-survival gene, Bcl-2 may be responsible for resistance 

to apoptosis observed especially at an early time-point in low doses in PCCL3. However, it will be 

interesting to investigate this at the protein level either by western blot or ELISA. It will also be 

important to investigate the expression of Bax, Bcl-xl Bak and Bim which are inhibited by Bcl-2 to 

render the cells resistant to radiation-induced apoptosis in thyroid carcinoma cells (105).  

Mcl-1 is an anti-apoptotic protein which promotes cell survival by sequestration of pro-apoptotic Bak, 

Bad and Bim and is usually associated with resistance to radiation-induced apoptosis. Mcl-1 

upregulation has been observed to enhance cell survival in breast and non-small cell lung cancer 

melanoma (106). As expected, we observed a dose-dependent expression of Mcl-1 mRNA expression 

24 hours following co-treatment with the highest expression at 3 Gy in both iodine sufficient and 

iodine deficient conditions. However, post hoc testing did not reveal specific differences between 

experimental groups. No additive effect was observed at 0 Gy, 0.5 Gy and 3 Gy.  Hans et al., 2005 

observed similar results in 518A2 melanoma cells in which all melanoma cell lines analyzed highly 

expressed Mcl-1 mRNA at 24, 48 and 72 hours following irradiation with high dose radiation of 4 Gy 

(107). This finding suggests that Mcl-1 together with Bcl-2 may play a key role in radioresistance of 

PCCL3 cells. It will be interesting, nonetheless, to perform the experiments with more replicates and 

at different time intervals. This will probably help to increase the significance. It will equally be 

important to investigate the expression at the protein level as protein influence cell behavior and not 

mRNA.  

Finally, we investigated the effects of the co-treatment on CLIP2, a radiation-dependent thyroid 

cancer biomarker (radiation expensive element). This is because CLIP2 has been reportedly 

expressed at the mRNA and protein levels in radiation-induced thyroid cancer as seen in post-

Chernobyl samples (108). The expression of CLIP2 was investigated at 24 and 72 hours following co-

treatment. At 24 hours, we observed a dose-dependent increase in CLIP2 expression though this is 

not significant. Unexpectedly, we observed no differential expression of CLIP2 at 72hours regardless 

of dose or iodine status. At 24 hours, the trend in expression is similar to that obtained in post-

Chernobyl samples in which a dose-dependent expression of CLIP2 mRNA was observed with high 

doses (3-6 Gy),(109) while contrary at 72 hours in which we observed no trend. The observation at 

24  hours is important as CLIP2 has been suggested to be a key player in thyroid carcinogenesis 

through genome instability, pro-apoptotic and signaling pathways like the MAPK (110). It will be 
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interesting to further investigate CLIP2 at 24 hours with a higher number of replicates to increase 

the possibility of significance and also at the protein level. 

We encountered some limitations during this project which include but not limited to the cell type 

used. PCCL3 is a continuous cell line which continues to evolve in culture and may lose some of their 

thyroid characteristics and possibly may not give an accurate reflection of the thyroid. It is equally 

possible that this cell line may not be the ideal cell line for this experiments even if they are commonly 

used in iodine deficiency experiments (49). Human epithelial cells will be ideal, unfortunately, they 

are limited in passage number  (maximum of 9) which makes it difficult to be used for experiments 

requiring a large number of cells. Moreover, the only commercially available normal human thyroid 

cells (H6040) were discontinued. It is hard to obtain an ideal cell line for this experiments involving 

the co-treatment of IR and ID. Equally, due to time constraint, we could use a known cell line that 

expressed our genes of interest in our qPCR analyses. Our use of NRF-2 as a biomarker of oxidative 

stress was also a limitation as it is the measure of antioxidant capacity and not direct ROS. Our gene 

expression profiling was performed at the level of mRNA, whose abundance is less conserved than 

protein and hence might not influence cell behavior (111). Furthermore, our comet assay focused on 

DSBs and SSBs, which are the most common. However, there other DNA damages that could be 

associated with exposure to radiation such as interstrand crosslink . It will equally be necessary to 

investigate micronucleus formation indicative of chromatid and chromosome damage.  

We had hypothesized at the beginning of this project that low dose radiation and ID have an additive 

negative effect on thyrocytes via induction of damaging levels of oxidative stress, potentially leading 

to activation of precancerous pathways. These results seemed supportive of this hypothesis. 

Nevertheless, there is need to further research in detail to understand the effects of low doses 

ionizing radiation and iodine deficiency. This is as co-treatment of cells with ID and IR induced 

significant oxidative stress at 0.5 Gy and 3 Gy 1 hour after treatment. However, this oxidative stress 

could not induce significant DNA damage even at intermediate and high doses irrespective of iodine 

status. RAD50, involved in DNA damage repair had a synergistic effect on 3Gy suggesting it could 

be responsible for repair. This suggests that PCCL3 are highly resistant to the double stress of IR 

and ID. When we examined the proliferation of cells, we observed a synergistic effect on iodine 

deficient cells especially at low dose 0.05 Gy and 0.1 Gy boosted cell proliferation. Furthermore, we 

noticed significant cell death at 48 hours at 3 Gy and at all doses after 72 hours. This indicates that 

PCCL3 cells not only resisted radiation-induced DNA damage but apoptosis at low and intermediate 

doses but succumbed at higher doses. At 72 hours, all doses experienced apoptosis compared to the 

control, and this could be as a result of a shortage in nutrients and space. This means that PCCL3 

cells exhibited a high resistance profile to apoptosis as confirmed by a dose-dependent increase in 

the expression of anti-apoptotic genes, Bcl-2 and Mcl-1 24 hours after co-treatment. Furthermore, 

we observed a dose-dependent trend in the activation of proliferation and survival signaling 

pathways, which suggests oxidative stress is able to activate these pathways. This suggests the 

activation of these pathways that are essential among others in precancerous transformations. 

Moreover, CCND2 is activated in a dose-dependent manner and significant at 3Gy irrespective of 

iodine status. This shows the overexpression of an additional factor essential for precancerous 

transformation. We equally observed dose-dependent expression of antioxidant genes NQO1, PRDX5 

and NRF2, which suggest these genes might be responsible for the resistance of PCCL3 cells to 
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oxidative stress. Finally, CLIP2, a biomarker of radiation-induced thyroid cancer was not significantly 

upregulated possibly because the time frame was too early. Furthermore, these results seem to 

suggest that despite the apoptosis observed this is not sufficient to stop cell division. Based on this, 

we can conclude that PCCL3 cells are highly resistant to apoptosis and DNA damage induced by 

oxidative stress from IR and ID.  Further experiments are needed to validate ithe survival 

mechanisms or apoptosis annd DNA damage resistance mechanisms against low doses of radiation 

under iodine deficiency condition.  

 

With regards to the future perspective, we suggest investigating the changes in gene expression 

profiling at different time intervals while increasing the number of replicates. Furthermore, we 

suggest the investigation of the protein abundance of those genes which showed significant 

activation. We equally suggest investigating further survival pathways such as β-catenin pathway, 

MAPK pathway and NOTCH pathway. Finally, human thyroid cell lines, in vivo models and chronic/or 

fluctuating iodine deficiency should be used to further investigate these results if they are to be 

translated to the human situation.  
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SUPPLEMENTARY DATA 

 

 

 

Supplementary Figure 1: The relation between low dose ionizing radiation and the risk of cancer. 

Below the known threshold of 100mSv (solid blackline) the biological effects are not exactly clear. So a linear 

non-threshold model is often used to estimate the risk of cancer below the 100mSv threshold (broken blackline) 

(14). 

 

Supplementary figure 2: Radiation activation of the MAPK signaling pathway 
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Supplementary figure 3: Radiation activation of PI3K/AKT pathway promotes cell survival. 

Phosphorylation of AKT leads to transcription of NF-κβ, this followed by upregulation of anti-apoptotic genes BCL-

2 and BCL-XL. AKT equally phosphorylates XIAP, which inhibits pro-apoptotic caspases like 3/7/9. It equally 

activates mTOR kinase, which phosphorylates mcl-1 an anti-apoptotic protein.  Furthermore, activation of AKT 

leads to inhibition of pro-apoptotic proteins Bad, Bax, Bim and Noxa. Finally, phosphorylation of AKT inhibits 

FOXO3a thereby blocking pro-apoptotic protein of Bim and Noxa. Adapted from Ashley et al.; 2014. 

 

 

Supplementary Figure 4: Radiation activation of JAK/STAT signaling pathway: This 

activation of JAK/STAT pathway leads to transfer to the nucleus to promote transcription.  This 

enhanced cell survival, proliferation, migration and oncogenic transformation. 
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Supplementary figure 5: Radiation-induced NF-κβ signaling. IR activates NF-κβ is associated 

with transcription of vital genes in cell gowth, survival, proliferation and migration 

 

Supplementary Figure 6: Experimental Design 
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Supplementary figure 7: ROS detection with CM-H2DCFDA probe. A)The majority of the cells were positive 

for PI indicating (lower quadrants) while DCFDA positive cells (upper left quadrant) were barely detected (values 

range from 0.3-0.7%) at the control. Hence, the results could not be analyzed. 
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Supplementary figure 8: IR and ID had no significant effect on TP53 mRNA expression 24 hours following co-treatment (p< P=0.4203). 

There is no dose-dependent or additive effect on TP53 expression. mRNA expression was analyzed by RT-qPCR after PCCL3 

cells were cultured 24 hours without iodine and exposed to low, intermediate and high radiation doses. Results 

are expressed as mean fold change ± standard deviation (SD) and normalized by β-actin. 
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