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Papillary thyroid carcinoma (PTC) exhibits various molecular abnormalities, both 

when sporadic and radiation-related. PTC is still diagnosed in adult individuals who 

were younger than 18 years at the time of the Chornobyl accident in 1986 and lived 

within the contaminated area. The preoperative diagnosis of PTC is based on 

ultrasound-guided fine needle aspiration cytology (FNAC), which is highly informative 

in up to 90% of biopsies. FNAC is not informative for the discrimination of follicular 

thyroid carcinoma (FTC) from follicular thyroid adenoma (FTA). Moreover, FNAC is 

often unreliable for diagnosis of cystic PTC due to its common presentation as a mural 

nodule in a cystic mass. In case of cystic PTC, biopsy sometimes reveals a cystic fluid 

containing insufficient amount of representative cells for cytology. 

In this work, PTC was characterized in relation to irradiation from radioactivity at 

childhood. Possible preoperative diagnostic markers for discrimination between PTC 

and other follicular thyroid neoplasms were identified, and their validity was tested. 

In Study I molecular, genetic and clinical characteristics in 70 post-Chornobyl 

PTCs were investigated. A common BRAF 1799T>A mutation was detected in 26 

cases, overrepresentation of RET/PTC1 in 20 whereas RET/PTC3 was found in 4 cases. 

BRAF mutation was observed 3.5 times less frequent in the PTC accompanied by 

chronic lymphocytic thyroiditis (PTC/CLT) as compared to PTC only (12% vs. 44%). 

Greater expression of cyclin A was observed in PTC ≥ 2 cm as compared to PTC < 2 

cm (1.2% vs. 0.6%). In conclusion, BRAF mutation and RET/PTC1 rearrangement as 

well as other molecular features of adult post-Chornobyl PTC were partly overlapping 

with other reported PTC cohorts. 

In Study II the SELDI-TOF mass spectrometry method was applied for PTC, 

FTC, FTA and normal thyroid tissue (NT). Significant overexpression of the protein 

S100A6 was identified in PTC as compared to FTC, FTA and NT (p < 0.05). This 

result was verified both by Western blot (WB), using the same samples, and by IHC in 

these and additionally in the PTC samples investigated in Study I. Moreover, the 

presence of two post-translational modifications of S100A6 was observed and verified 

by LC-MS/MS. S100A6 expression is strongly associated with PTC, and can therefore 

be tested for discrimination between follicular thyroid tumors and PTC. 

In Study III a two dimensional gel electrophoresis followed by MALDI-TOF 

mass spectrometry for proteomic profiling of PTC, FTC and FTA was performed. 25 

protein spots showing significantly different expression between studied groups were 

identified. Of these, 9 protein spots were selected for further analyses by WB using the 

initially studied samples and by IHC using these as well as samples from Study I. The 

findings suggest additional proteins to be deregulated in thyroid tumors, and their 

clinical significance can now be further studied. 

In Study IV preoperative diagnostic markers for PTC in cystic lesions were 

identified by applying LC-MS/MS method. Out of all 1581 identified proteins, annexin 

A3 (ANXA3), carboxymethylenebutenolidase homolog (CMBL) cytokeratin 19 (CK-

19) and S100A13 were selected for validation by IHC and WB. ANXA3 and CMBL 

showed overexpression in both controls and PTCs, whereas S100A13 and CK-19 were 

up-regulated in PTC only (p < 0.05), suggesting their possible role for discrimination 

between cystic PTC and benign thyroid cysts. 
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2-DE Two dimensional electrophoresis 

ABC Avidin-biotin complex 

AFTA Atypical follicular thyroid adenoma 

ANXA3 Annexin A3 

ANXA5 Annexin A5 

BRAF V-raf murine sarcoma viral oncogene homolog B1 

bp Base pair 

CCD Charge-coupled device 

CCDC6 Coiled-coil domain-containing protein 6 gene 

CCND1  Cyclin D1 gene 

CDK Cyclin-dependent kinase 

cDNA Complementary deoxyribonucleic acid 

CK-19 Protein cytokeratin 19 

DNA Deoxyribonucleic acid 

ESI Electrospray ionization 

FFPE Formalin fixed paraffin embedded 

FISH Fluorescence in situ hybridization 

FNAB Fine needle aspiration biopsy 

FNAC Fine needle aspiration cytology 

FTA Follicular thyroid adenoma 

FTC Follicular thyroid carcinoma 

HBME-1 Hector Battifora mesothelial antigen-1 

H&E Hematoxylin and eosin 

IHC Immunohistochemistry 

IPG Immobilized pH gradient 

iTRAQ Isobaric tags for relative and absolute quantitation  

NCOA4 Nuclear receptor coactivator 4 

LC-MS/MS Liquid chromatography tandem mass spectrometry 

MALDI-TOF-MS Matrix-assisted laser desorption/ionization time-of-flight 

mass spectrometry 

MIB-1 Monoclonal antibody against nuclear factor Ki-67 

PCA Principal component analysis 

PCR  Polymerase chain reaction  
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PDIp Protein disulfide-isomerase 

PDTC  Poorly differentiated thyroid carcinoma  

PLS-DA Partial least squares discriminant analysis 

PTC  Papillary thyroid carcinoma 

PTC/CLT  Papillary thyroid carcinoma accompanied by chronic 

lymphocytic thyroiditis  

PRX6 Peroxiredoxin 6 

RAI Radioactive iodine ablation therapy 

RET/PTC  Rearrangement of RET proto-oncogene  

RNA Ribonucleic acid 

SELDI-TOF-MS Surface enhanced laser desorption/ionization time-of-flight 

mass spectrometry 

SELENBP1 Selenium-binding protein 1 

SNP Single nucleotide polymorphism  

TSH Thyroid stimulating hormone 

TTE Total thyroidectomy 

TR Thyroid hormone receptor 

WBS  Whole body scan with I
131
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The term “thyroid” originates from the Greek word “ϑυρεός”, meaning 

“shield” and the thyroid gland received its name because of its location close to the 

thyroid cartilage of the larynx. The first anatomical descriptions of the thyroid gland 

were published in medical textbooks in the 16
th

 and 17
th

 centuries. However, a 

detailed description was performed at the end of the 19
th

 century by the Swiss 

surgeon Theodor Kocher, who received the Nobel Prize in 1909 for his work on the 

physiology, pathology and surgery of the thyroid gland [1]. 

 

The thyroid gland is the largest endocrine organ in the human body with a 

normal weight of 15-20 g. The gland is located next to the thyroid cartilage in anterior 

lateral position to the junction of larynx and trachea (Fig. 1). Typically, the thyroid 

gland consists of a right and a left lobe joined by the isthmus, and a pyramidal lobe 

which is a rudimental remnant of the thyroglossal duct. The upper part of the thyroid 

receives its blood supply from the two superior thyroid arteries, arising from the 

external carotid artery, whereas the lower parts are supplied by the inferior thyroid 

artery, originating from the thyrocervical trunk.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

Figure 1. Anatomy of the thyroid gland (modified from Grey H, 1918 [2]). The 

enlargement to the right shows normal thyroid histology after hematoxylin and eosin 

(H&E) staining. Single layers of follicular cells constitute the thyroid follicles and 

secrete colloid. The case is shown in low and high magnification. 
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The venous blood is transported through the superior and middle veins, draining 

into the external jugular vein or through the brachiocephalic vein for the inferior part of 

the thyroid gland.  

The thyroid lymphatic vessels are located under the capsule of the gland, 

forming multiple anastomoses in both lobes. The groups of regional lymph-nodes are 

mainly located along the vessels and nerves of the neck. The classification of these 

lymph nodes is based on the surgical anatomy and related to their location at the neck 

levels, or compartments [3, 4]. 

The main functional and structural unit of the thyroid gland is the follicle (Fig. 1). 

The follicle is composed of a single layer of epithelial follicular cells that secrete 

thyroglobulin into the lumen. Thyroglobulin is the main component of colloid, which 

stores the thyroid hormones. The follicular cells constitute up to 90% of thyroid cells 

and secrete the thyroid hormones triiodothyronine (T3) and thyroxin (T4). The 

remaining 10% are parafollicular cells (C-cells), that produce calcitonin [4]. 

The concentration of T3 and T4 is controlled by the hypothalamic-pituitary-

thyroid axis, in a classical system of biological feedback, which is regulated by thyroid 

stimulating hormone (TSH). TSH stimulates proliferation, differentiation and 

functional activity of follicular thyroid cells [4]. Briefly, iodine molecules are absorbed 

from the gastrointestinal tract, transferred to the follicular cell, and conjugated to 

thyroglobulin in the colloid. This results in the formation of two types of iodotyrosines: 

monoiodotyrosine (MIT) or diiodotyrosine (DIT) in the presence of thyroid peroxidase. 

Subsequent coupling of one MIT and one DIT molecule gives rise to T3, whereas T4 is 

formed from reaction of two DIT [5]. The newly synthesized T3 and T4 molecules are 

bound to thyroglobulin and stored as colloid until release to the circulation. Iodine is 

crucial for T3 and T4 synthesis. Insufficient supply of iodine may disturb the regulation 

of the hypothalamic-pituitary-thyroid axis regulation, leading to elevated TSH 

production and stimulation of follicular cell activity, which can cause development of 

goiter. 

T4, which is the inactive form of T3, constitutes the majority of newly secreted 

molecules by the thyroid. In the periphery T4 undergoes conversion to T3, which 

exhibits a higher affinity to the thyroid hormone receptor (TR) in the nuclei [6]. TR is 

formed by α and β units of the TR gene, which are located at chromosomes 17 and 3, 

respectively. Both units are found in different cells of the human body; however, the 

TRα is mainly expressed in the cells of central nervous system, whereas TRβ is 

abundant in hepatocytes.  
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A benign thyroid tumor is a neoplasm with distinct tumor borders within the 

thyroid capsule, without changes in the cells’ nuclei or evidence of invasive growth 

patterns (e.g. spreading to vessels or other thyroid structures). Classification of 

these lesions is based on histopathological features and hormonal activity [7]. 

The most common type of benign thyroid neoplasm is the follicular adenoma. 

This may sometimes be hard to distinguish from nodules within a non-toxic 

colloid goiter (Fig. 2). 

 

 

Follicular thyroid adenoma (FTA) is diagnosed in up to 30% of all patients with 

non-malignant thyroid lesions [7]. This is an encapsulated tumor exhibiting distinct 

evidence of differentiated follicular cells (Fig. 2) [8]. The histopathology of FTA shows 

a well-defined fibrous capsule, follicular cells and, in some cases, various degenerative 

changes such as fibrosis, hemorrhage, cystic changes and calcifications [7].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Histopathology of the most common benign thyroid lesions: (A) follicular 

thyroid adenoma (FTA), (B) non-toxic multinodular colloid goiter, (C) diffuse toxic 

goiter, and (D) chronic lymphocytic thyroiditis (H&E staining). Each case is shown in 

low and high magnification. 
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Invasion through all layers of the capsule and/or into vessels should be excluded in a 

sufficient number of tissue pieces for a reliable diagnosis of FTA. 

The cells may show pleomorphic changes, mitoses, excessive cellularity or 

other atypical signs, and therefore fine needle aspiration cytology (FNAC) cannot 

distinguish FTA from its malignant counterpart, follicular thyroid carcinoma (FTC) [8]. 

Furthermore, there are follicular lesions described as “follicular tumors with 

undetermined malignant potential”, equivalent to atypical FTA (AFTA) [7, 9, 10]. 

The cytological diagnosis of FTA is not possible by a fine needle aspiration 

biopsy (FNAB). These cases should demonstrate the lack of cytological features of 

PTC, but cytology cannot exclude invasiveness through the capsule or into vessels, 

which are the criteria for FTC, resulting in low-informative FNAC reports. Therefore, 

the routine clinical work-up could benefit from the identification of diagnostic markers, 

which could be applied on FNAB specimens. Many studies have proposed molecular 

and genetic candidate markers for discrimination between follicular and papillary 

thyroid tumors, which remain to be confirmed in translational investigations [11-14]. 

Today patients with a FNAC showing a follicular thyroid tumor must be operated, so 

that a definitive diagnosis of either FTA or FTC can be established. Currently there are 

no tools for such a pre-operative distinction, unless there are signs of metastases, which 

of course is restricted to FTC. 

 

 

The term goiter has French (goitre) and Latin (guttur) roots both meaning 

“throat”. Goiter is currently defined as an enlargement of the thyroid gland with 

nodular, multinodular or diffuse growth patterns, sometimes associated with elevated 

T3 and T4 levels (Fig. 2). Neither inflammatory disease nor malignancy is considered 

as a goiter. Non-toxic nodular and multinodular goiters are common types, affecting 

mainly females [15]. Although goiter is a benign entity, the condition is associated 

with development of papillary thyroid carcinoma (PTC) in 4-13% of cases [16-18]. 

These cases can be successfully identified in 80-90% of patients by physical 

examination followed by ultrasonographical examination and FNAC. If a cytological 

diagnosis of malignancy is established, surgery is of course indicated.  

FNAC might be uninformative in cases of cystic thyroid nodules, which 

are defined as any fluid-filled nodule [17]. Such lesions account for 15-40% of all 

thyroid nodules, and are in most cases benign, but with evidence of cystic degeneration. 

Still, certain cases can be a cystic PTC, which are usually seen as mural nodules. The 
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diagnosis of these neoplasms is challenging, because FNAC usually reveals an 

abundant volume of cystic fluid, harboring a little amount of representative follicular 

cells resulting in low-informative reports [18]. It is worth noting that the cystic fluid is 

protein-rich, accumulating various compounds of epithelial products. Therefore, 

molecular and genetic investigations of cystic fluids could shed light on the 

tumorigenesis of cystic thyroid malignancies and the results of such investigations can 

serve as complementary tests to routine FNAC [16, 17, 19]. 

 

 

Thyroid cancer comprises approximately 1% of all human malignancies [20, 

21]. It is the most common endocrine malignancy constituting up to 80% of all cancers 

originating from endocrine organs. Thyroid cancer is classified as well-differentiated 

(PTC and FTC), poorly differentiated (PDTC) originating from follicular thyroid cells, 

and anaplastic (undifferentiated) thyroid carcinoma (ATC) in which the tumor cell 

origin is not always obvious. Finally, medullary thyroid carcinoma (MTC) is the result 

of neoplastic transformation of the C-cells (Fig. 3) [7, 22]. 

 

 

Papillary thyroid carcinoma (PTC) is the most frequent type of thyroid cancer, 

constituting up to 80% of all thyroid malignancies. Sporadic PTC is most common in 

adult female patients and is rare among children, whereas radiation-induced PTC can 

be observed in all age groups [23-25]. Some etiological factors have been identified 

such as iodine excess intake, familial predisposition, radioactive and radiological 

exposure [7, 22, 26]. 

 

 

The accident at the Chornobyl nuclear power station in 1986 resulted in 

widespread contamination of large areas in Europe by various radioactive isotopes, 

including isotopes of iodine [27]. One of the main health consequences of exposure to 

radioactive iodine was a dramatic increase of PTC in the pediatric population, which 

later on is referred to as post-Chornobyl childhood PTC [28, 29]. Although the 

Chornobyl accident happened more than 25 years ago, its consequences are still seen as 

an elevated incidence of PTC among individuals who were younger than 18 years and 

lived in contaminated areas at the time of the Chornobyl accident [26, 30]. 
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Figure 3. Microphotographs showing histopathological features of malignant thyroid 

neoplasms: (A) papillary thyroid carcinoma (PTC), (B) follicular thyroid carcinoma 

(FTC), (C) Hürthle cell carcinoma (HCC), (D) medullary thyroid carcinoma (MTC), 

(E) poorly differentiated thyroid carcinoma (PDTC), and (F) anaplastic thyroid 

carcinoma (ATC). Each case is stained by H&E and shown in low and high 

magnification. 

 

 

 

PTC usually presents as a palpable painless and firm nodule in the thyroid, 

which can be accompanied by enlarged lymph-nodes in the neck as a sign of metastatic 

spread. In addition to classical PTC, several histopathological growth patterns are seen 

such as columnar, tall cell, sclerosing, follicular, cystic [31]. Microscopically, the 



16 

classical type of PTC displays a central fibrovascular core with crowding epithelial 

cells forming papillary structures, psammoma bodies in the tumor stroma and typical 

features of the cell nucleus such as eosinophilic pseudo-inclusions, ground-glass nuclei 

and nuclear grooves (Fig. 3, 4) [7, 22, 31]. 

 

 

The diagnosis of PTC is based on clinical and cytopathological investigations 

of a thyroid nodule (Fig. 4). PTC is typically diagnosed as a firm painless thyroid 

nodule, sometimes accompanied by enlarged lymph-nodes of the neck as a sign of 

metastatic spread. Ultrasonography usually shows a hypoechogenic neoplasm with 

irregular borders. Vascularity is often increased, and hyperechogenic inclusions 

(microcalcifications) may indicate PTC. If PTC is suspected, ultrasound-guided 

FNAB followed by FNAC is indicated. The cytological features of PTC are nuclear 

pseudoinclusions and grooves as well as enlarged crowding follicular cells. A FNAC-

based diagnosis can still be a difficult task in cases of inadequate cell sampling or few 

findings of the PTC-specific nuclear changes [13, 32]. Moreover, there is a cystic 

variant of PTC developing as a mural nodule within the thyroid cystic mass, which 

can be misevaluated as a component of goiter. Although the cystic thyroid neoplasms 

are usually benign, approximately 4-13% are diagnosed as cystic PTC [16, 17]. The 

diagnosis of such a tumor is usually challenging, because the FNAB of the suspicious 

nodule within the thyroid cyst mainly reveals the cyst fluid and only small amounts of 

representative follicular cells that may give low-informative cytological reports [33]. 

 

 

The typical scheme for treatment of a newly diagnosed PTC is total 

thyroidectomy (TTE) and dissection of the central neck lymph node compartment, 

followed by radioiodine ablation and TSH-suppressive therapy by T4 analogs. 

TTE is a surgical procedure leading to removal of the thyroid lobes, isthmus 

and pyramidal lobe. The primary goal of TTE is total elimination of the thyroid tissue 

to prevent potential neoplastic transformation of follicular cells to PTC, to remove 

potential multifocal PTC and to facilitate follow-up with thyroglobulin that can then 

be applied as a tumor marker. Dissection of the central compartment (level 6) of the 

neck is surgical removal of all lymph nodes adjacent to the thyroid, pre-tracheal and 

along the tracheoesophageal groove, which is the most frequent location of local 

metastases [34].  
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Figure 4. (A) Ultrasonography in two dimensions showing features of papillary 

thyroid carcinoma (PTC). A hypo-echogenic neoplasm with irregular borders is 

visible in the left thyroid lobe (marked by arrows). (B) Microphotograph of a 

cytological PTC specimen obtained by FNAC demonstrating enlarged follicular 

cells with nuclear grooves and inclusions (Papanicolaou staining, objective x100). 

(C) Photograph of a post-operative thyroid specimen with a yellowish nodule (marked 

by arrow) with irregular borders and invasiveness to surrounding thyroid tissue. 

(D) Histopathological features of PTC with papillary structures formed by crowding 

follicular cells attached to a fibrovascular core (H&E staining, objective x10). 

 

 

However, other types of dissections are applied in cases with metastatic spread of 

PTC to other neck levels [4, 32, 34]. Thyroid-preserving surgery can be performed 

in patients with favorable prognostic features (e.g. PTC < 1 cm in greatest 

diameter, age < 45 years, no evidence of metastases, low MIB-1 index, absence of 

BRAF mutations) [35-37]. However, this approach is usually not discussed in the 

clinical guidelines [32, 38] or suggested during the interdisciplinary board 

decision making [39]. TTE is a complicated procedure because of the high level of 

blood supply to the thyroid gland and its relation close to the parathyroid glands 

and the laryngeal nerves. Thus, the most serious possible complications after TTE 

are bleeding, palsy of the recurrent laryngeal nerve and hypoparathyroidism due to 

parathyroid gland injury or removal [4, 39]. 
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Six to eight weeks following TTE, a whole body scan (WBS) with I
131

 is 

indicated to the patients with PTC to identify remnant follicular cells or distant spread. 

If the WBS is positive, radioactive iodine ablation therapy (RAI) is indicated to destroy 

these remnant follicular cells [40]. RAI is performed with a dose of 30-60 mCi under a 

thyroid hormone withdrawal protocol or after administration of recombinant human 

TSH [4, 40]. In most guidelines, only patients with an “extremely low risk PTC” will 

not receive RAI, whereas all other patients receive ablative doses of radioiodine, and 

the WBS is performed shortly thereafter. 

Still, there is a certain risk of PTC recurrence even after TTE and RAI. Hence, 

in the post-operative period virtually all patients with PTC receive TSH suppressive 

therapy by administration of thyroid hormone analogs, which is levothyroxine (L-T4) 

in most of the cases [32, 41]. TSH suppression is essential, since the PTC cells contain 

TSH receptors and may interact with TSH that stimulates PTC proliferation. The dose 

of L-T4 is individual, but considered as suppressive if the level of serum TSH is below 

0.1 mU/L [41].  

Chemotherapy and external radiotherapy are indicated for the treatment of cases 

that are RAI-refractory, with inoperable recurrence and/or who have developed distant 

metastases. As PTC most often displays very low proliferation, conventional 

chemotherapy is usually of no benefit. Selective small-molecule inhibitors of protein-

kinase have been tested in several clinical trials, and BRAF inhibitors were shown as 

the most effective for the treatment of BRAF mutated metastatic melanoma [42]. This 

would suggest that BRAF inhibitors could also be used for PTC, in which BRAF 

mutations are common [22]. Another important therapeutic target is the PI3K/AKT 

pathway. Frequently showing molecular alterations in thyroid cancer, it is suggested to 

be targeted in the treatment schemes of therapy-resistant PTC synergistically with 

BRAF inhibitors [43, 44]. Also tyrosine-kinase inhibitors of various kinds have been 

suggested [45]. The use of molecular targets to guide selection of PTC treatment 

represents a novel therapeutic strategy in the management of thyroid cancer. Further 

translational studies of genetic and epigenetic alterations in PTC are expected to 

identify new targets for application of novel drugs, and eventually to fulfill the promise 

of molecule-based therapeutic strategy that could result in high response in cancer cells 

and at the same time a low toxicity [46]. 
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The molecular genetic profile of PTC includes various alterations such as 

mutations, chromosomal rearrangements and protein deregulations, affecting 

differentiation, proliferation and apoptosis of the follicular cell (Fig. 5). The most 

commonly reported abnormalities in PTC are alterations in genes and deregulations of 

proteins associated with tyrosine kinase signaling pathways, such as mutations of 

BRAF or rearrangements of the RET proto-oncogene [22]. 

Protein kinases regulate signaling pathways by controlling critical cellular 

activities. Mutated kinases, such as BRAF, can contribute to cancer development. The 

BRAF gene (v-Raf murine sarcoma viral oncogene homolog B1) is located in 

chromosomal region 7q34. The common BRAF mutation consists of a thymine-to-

adenine transversion at position 1799 which results in substitution of valine to glutamic 

acid at residue 600 of the BRAF protein (V600E) [47]. BRAF mutation is considered as 

a marker of poor prognosis of PTC and is usually less abundant in patients with 

radiation-induced PTC [23, 48, 49]. 

The second most common genetic alteration in PTC is rearrangement of RET, a 

proto-oncogene encoding a transmembrane receptor of the tyrosine kinase family. 

Rearrangements of this gene are classified as RET/PTC, accounting for more than 10 

different subtypes [50, 51]. RET/PTC1 is most frequent in sporadic PTC, whereas 

RET/PTC3 is associated with post-Chornobyl PTC [50, 52, 53]. Both rearrangements 

are paracentric inversions of chromosome 10, leading to fusion with different 

genes’ domains (CCDC6 for RET/PTC1 and NCOA4 for RET/PTC3). The 

prevalence of RET/PTC1 and RET/PTC3 varies from 0 to up to 87% in PTC [54]. 

These genetic lesions have been suggested as possible diagnostic and prognostic 

markers [49, 50, 52, 55]. 

Although mutations in the different RAS genes are detected mainly in FTC, 

mutations in HRAS, KRAS and NRAS genes can be identified in the follicular variant of 

PTC as well as in post-Chornobyl cancers [49, 56, 57]. Moreover, since RAS mutations 

(mainly NRAS) are also found in FTA, a possibility for progression of FTA to 

FTC has been proposed for such cases [58]. More recently, RAS mutations were also 

showed in post-Chornobyl PTC, suggesting its possible role in tumorigenesis of 

radiation-related PTC [49]. 

Some of the molecules that are deregulated in PTC may be applied in clinical 

practice. The nuclear protein Ki-67 is a marker of proliferation, frequently applied 

in routine clinics to assess the proliferation in different types of malignancies [35, 59]. 
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Figure 5. Schematic illustration of molecular and genetic abnormalities associated 

with development and progression of follicular thyroid adenoma (FTA), papillary 

thyroid carcinoma (PTC), follicular thyroid carcinoma (FTC), and anaplastic thyroid 

carcinoma (ATC). 

 

 

Ki-67 is expressed in proliferating cells and detectable during the entire cell-cycle, but 

switched off at the G0 phase of the cell-cycle. MIB-1 is a monoclonal antibody against 

Ki-67 used for immunohistochemistry, and the proportion of MIB-1 positive tumor 

cells is defined as the MIB-1 index. MIB-1 index is applied for FNAC specimens for 

diagnostic purposes, and can be used as a prognostic marker [35, 37, 60]. 

Cytokeratin 19 (CK-19) is frequently used as a diagnostic marker [61]. 

This protein belongs to the intermediate filaments, which play a role in creation of 

a cytoskeleton in different types of cells. CK-19 is made up of a highly complex family 

of polypeptides with molecular masses ranging from 40 to 68 kDa. This protein is 

considered to be the most sensitive protein marker for classical PTC [55]. 

Moreover, in routine clinical settings CK-19 is frequently applied together with 

Hector Battifora mesothelial antigen-1 (HBME-1), reacting, however, with unknown 

epitopes in PTC [61, 62]. 

Abnormalities of the cell-cycle regulators are commonly reported in PTC and 

can usually be assessed by immunohistochemical staining [35, 37, 60]. Cyclins play 

important roles in cell-cycle regulation through their ability to activate cyclin-

dependent kinases (CDK). CDK are main regulators of cell-cycle progression, thus 

their up- or down-regulation might bring the cell to unscheduled proliferation. Cyclin A 

and cyclin D1 act to control the correct sequence of events that bring the thyroid cell 

through the cell-cycle phases and are expressed in thyroid neoplasms [63, 64].  
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Cyclin A regulates the cell-cycle through its ability to activate CDK. Cyclin A 

is expressed at late G1-phase, during S- and G2-phases, followed by peak expression at 

late G2. This type of cyclin is degraded when cells enter pro-metaphase. Cyclin A binds 

to CDK2 in the G1 to S transition, in the S-phase, and to CDK1 in the G2/M-phase. 

The specific expression of cyclin A is essential to control the correct sequence of events 

that bring the cell through S-phase to the G2-M checkpoint and its deregulation can 

cause unscheduled proliferation in PTC. Although cyclin A is well described in breast 

cancer, its biological role in PTC tumorigenesis remains unclear [64, 65]. 

Another cell-cycle regulator, cyclin D1, serves as a checkpoint in the early part 

of the G1 phase, allowing the progression of the cell-cycle from G1 to S phase. 

Expression of cyclin D1 has been described in thyroid tumors, but not in normal 

follicular cells [66-68]. 

The frequent deregulation of S100A2, S100A4, S100A6, S100A8, S100A9 and 

S100A10 in thyroid cancer suggests an important role for S100 proteins in PTC 

tumorigenesis. These proteins regulate cellular growth, differentiation, regeneration and 

signal transduction [69-73]. In brief, over-expression of S100A4 is associated with 

metastases and PTC progression [74], whereas S100A6 is suggested to discriminate 

between benign thyroid tumors and PTC [14, 72, 74]. Up-regulation of S100A2 and 

S100A10 was reported in ATC [75], which in some cases is considered to be the final 

stage of PTC dedifferentiation (Fig. 5) [76]. 

 

 

Prognosis of PTC is excellent for the majority of patients, showing 10-year 

survival rates over 90% in both sporadic and post-Chornobyl PTC [22, 77, 78]. Clinical 

parameters related to poor prognosis are tumor size, age > 45 years, extrathyroidal 

extension and metastasis to local lymph-nodes [36]. The presence of distant metastases 

immediately places the patient in stage 4, as suggested by the recent TNM staging 

system [79, 80]. In addition to the TNM system, several histopathological types of PTC 

have been proposed to have less favorable prognosis [81]. Columnar cell, tall cell, 

diffuse sclerosing and solid histopathological variants of PTC were reported to have an 

intrathyroidal growth pattern, multifocality as well as an elevated frequency of local 

and distant metastases. The solid variant was predominantly reported in post-Chornobyl 

childhood PTCs, whereas sporadic cases exhibit other types [81-83]. Fortunately, these 

tumors are relatively uncommon accounting for 0.2-12% of all PTC [81].  



22 

In addition to clinical and histopathological characteristics, molecular changes 

and genetic abnormalities play an important prognostic role in PTC [35, 84-87]. Thus, 

BRAF mutations, rearrangements of RET and elevated MIB-1 index are the most 

commonly reported and most frequently applied markers for prognostic purposes. 

BRAF mutations and RET/PTC1 rearrangement are reported in sporadic PTC, whereas 

RET/PTC3 is associated with post-Chornobyl childhood PTC [23, 49, 88]. 

 

 

Follicular thyroid carcinoma (FTC) is a well-differentiated malignant neoplasm 

originating from the epithelial cells of the thyroid gland, exhibiting only follicular cell 

differentiation without any histopathological features of PTC [7, 22]. FTC is diagnosed 

in approximately 10-15% of all thyroid cancer cases, and the incidence is increased in 

iodine deficient areas [22]. FTC is most commonly diagnosed in female patients over 

50 years of age. The tumors are often large, but local metastases to lymph-nodes are 

infrequent [89]. Histopathologically FTC shows well-formed follicles with solid 

growth patterns, invasion through the full thickness of the thyroid capsule and/or 

clusters of FTC cells in the vessels’ lumen (Fig. 3). 

Hürthle cell neoplasm is a benign or malignant thyroid tumor originating from 

follicular thyroid cells, exhibiting specific cytological features. They are classified as 

adenoma or carcinoma (HCC), equivalent to other follicular neoplasms. The 

histopathological examination shows polygonal cells with eosinophilic (oxyphilic) 

staining patterns due to elevated number of mitochondria in the cytoplasm (Fig. 3). The 

frequency of HCC is relatively low, constituting < 5% of all thyroid cancers [22, 90].  

The diagnosis of FTC is established by final histopathology, since the tumor 

invasiveness cannot be evaluated by FNAC, and therefore cannot be discriminated 

preoperatively from FTA. Thus, investigation of the molecular profile of FTC may 

shed light not only on the tumor biology, but also direct the identification of diagnostic 

markers. Molecular and genetic profiles of FTC demonstrate various abnormalities, 

including up- and down-regulations, deletions and rearrangements [91]. The most 

commonly identified rearrangement is the translocation t(2;3)(q13;p25), resulting in the 

fusion of PAX8 domains to domains of PPARγ [22, 89, 92]. The treatment of the FTC 

is similar to other well-differentiated cancers, which is TTE followed by adjuvant RAI 

therapy. However post-operative RAI treatment is not always applicable to HCC, due 

to its resistance to I
131

 in up to 75% cases [90]. 
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Poorly differentiated thyroid carcinoma (PDTC) has a follicular cell origin, 

showing histopathological features of both differentiated cancer (PTC or FTC) and 

anaplastic thyroid carcinoma (ATC). The incidence is 5-10% of all thyroid 

malignancies [22, 93]. PDTC is characterized by the presence of small cells with 

round nuclei and scant cytoplasm as well as diffuse solid patterns of growth, tumor 

necrosis and vascular invasion. However, it may contain microfollicular structures 

and sometimes produce thyroglobulin (Fig. 3). PDTC has a high degree of biological 

aggressiveness due to frequent extrathyroidal extension, as well as local and distant 

metastases. The prognosis of PDTC is poor; overall survival rates vary from 45 to 

60% [93]. 

ATC is a highly malignant thyroid neoplasm exhibiting the most aggressive 

phenotype of all cancers in mankind [4, 40, 45]. It is considered as the final stage of 

dedifferentiation of well-differentiated cancers, but may arise de novo (Fig. 5) [94]. 

Clinically, ATC is manifested by dysphagia, a painful neck mass with rapid growth and 

evidence of invasion into local structures including trachea, esophagus and the neck 

vessels. Fortunately, this is a rare type of tumor which is diagnosed in less than 5% of 

all thyroid cancers [95]. Histopathologically ATC shows spindle and giant cells with 

intracellular cytoplasmic invaginations, as well as multiple mitoses and foci of necrosis 

(Fig. 3). The treatment is palliative for the majority of patients because of the highly 

progressive clinical course of ATC. External beam radiation combined with 

chemotherapy is used to improve the possibility of surgical removal of the primary 

tumor. Still, few patients survive more than 6 months after diagnosis [95]. 

Molecular and genetic alterations in PDTC and ATC are partly overlapping 

with well-differentiated thyroid malignancies [94]. Thus, BRAF mutation is reported in 

30% of PDTC and up to 40% of ATC, which brings the question whether BRAF 

mutation may induce the progression of PTC to PDTC and ATC [96, 97]. Still, the 

identification of BRAF mutation in ATC is useful, since it gives the possibility for 

administration of specific BRAF inhibitors to such patients [97]. Commonly, both ATC 

and PDTC also show mutations of TP53 and CTNNB1, a key player of the wingless 

(Wnt) pathway [88, 96]. 

The treatment of PDTC is similar to well-differentiated thyroid cancers, 

but can be modified depending on the clinical course of the disease. Hence, TTE 

and adjuvant RAI followed by TSH suppressive therapy are applicable to the majority 
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of patients, though higher doses of I
131

 are needed to achieve therapeutic effect as 

compared to PTC and FTC. 

Surgical treatment is applicable for most cases of undifferentiated thyroid 

cancers [95]. Patients with ATC usually receive external beam radiation as well as 

neoadjuvant and adjuvant chemotherapy by administration of doxorubicin. 

 

 

Medullary thyroid carcinoma (MTC) is a malignancy originating from the C-

cells that produce calcitonin [7]. MTC is relatively rare constituting 5-10% of all 

thyroid cancers [96].  

This malignancy is classified as sporadic or hereditary as part of the multiple 

endocrine neoplasia syndrome type 2 (MEN 2) [98]. MEN 2 and familial MTC patients 

have germline mutations in RET, and sporadic MTCs often exhibit somatic mutations 

in the same gene [98, 99]. The somatic RET mutations are usually found in codon 918, 

and have been proposed as a poor prognostic marker [100]. Other molecular genetic 

alterations are relatively rare events in MTC [22, 88]. These include mutations in the 

glial cell line-derived neurotrophic factor receptor alpha 1 (GFRA1) encoding the co-

receptors of RET as well as signal transducer and activator of transcription 1 (STAT1). 

In addition, DNA polymorphisms are described in aurora kinase A 1 (AURKA1), B-cell 

CLL/lymphoma 2 (BCL-2), cyclin-dependent kinase inhibitor 2B (CDKN2B), cyclin-

dependent kinase 6 (CDK6) and catechol-O-methyltransferase (COMT) that are 

associated with RET downstream effectors, as well as in artemin (ARTN), glial cell 

derived neurotrophic factor (GDNF), neurturin (NRTN), and persephin (PSPN) which 

encode RET ligands [98].  

MTC is a biologically aggressive tumor, showing metastases to neck lymph 

nodes in at least 50% of cases [101, 102]. Surgical treatment of MTC demonstrates 

good results for the majority of cases, but many patients remain with detectable disease 

despite surgery as judged from post-operatively elevated levels of calcitonin. MTCs do 

not response to RAI therapy, as they are C-cell derived. Therefore, in cases with distant 

metastases, chemotherapy is sometimes indicated. Similarly to PTC, the therapeutic 

strategy for MTC today is also molecular-orientated. Inhibitors of vascular endothelial 

growth factor receptor (VEGFR), the epidermal growth factor receptor (EGFR), and the 

RET tyrosine kinase are most commonly administrated to patients with MTC, 

sometimes with a striking response [103]. The prognosis of MTC is worse than for the 

well-differentiated cancers, with an overall survival rate of 75% [98].  
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The overall aim of this thesis was to identify molecular changes and features in 

sporadic and radiation-associated papillary thyroid carcinomas and to evaluate their 

diagnostic role. 

 

The specific goals of the thesis were the following: 

 

 To characterize specific molecular features of post-Chornobyl papillary thyroid 

carcinomas from an Ukrainian adult cohort (Study I). 

 

 To characterize the specific expression of S100A6 identified by proteomics and 

evaluate it as a diagnostic marker for papillary thyroid carcinoma (Study II). 

 

 To identify proteins differentially expressed in follicular and papillary thyroid 

tumors using a proteomics approach (Study III). 

 

 To identify and evaluate proteins expressed by the cystic variant of papillary 

thyroid carcinoma by protein profiling of fluid accumulated in benign and 

malignant thyroid cysts (Study IV). 
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To achieve the aims of the present thesis, several cohorts of patients were 

identified and samples collected at institutions in Sweden and Ukraine for further 

molecular analyses. 

 

 

Clinical information and tumor specimens (formalin fixed paraffin embedded 

(FFPE) and/or fresh frozen) were retrieved and collected for each study. 

 

 

Totally 70 patients were identified in Kyiv City Teaching Endocrinological 

Center, Ukraine. These individuals were operated on for PTC during 2004-2008. All 

these patients were born between April 26, 1967 and January 1, 1987; they were 

therefore exposed to radiation due to the accident at the Chornobyl nuclear power 

station in Ukraine in 1986 and lived in the most heavily contaminated regions Kyiv, 

Chernihiv or Zhytomyr [30]. Exact data of radiation dosage were not available. 

Clinical data for this cohort were retrieved from the archived medical 

records. FFPE tissue samples were collected for all cases. In addition, all cases were 

reviewed for diagnosis, tumor representativity and presence of chronic lymphocytic 

thyroiditis (CLT). Also, specimens of normal thyroid tissue, goiter and FTA were 

obtained at the same institution and included as references for 

immunohistochemistry (IHC) and fluorescence in situ hybridization (FISH) 

analyses in Study I. 

 

 

Fresh frozen tissue samples were obtained from patients who were operated on 

for thyroid neoplasms at the Department of Breast and Endocrine Surgery at the 

Karolinska University Hospital, Stockholm, Sweden. The tumor series included PTC 

(n = 10), FTC (n = 9) and FTA (n = 10). Macro- and microscopically normal thyroid 

specimens (n = 8) were collected from thyroid lobes of the patients who underwent 

radical surgical treatment for unilateral thyroid tumors. Corresponding FFPE 

samples were obtained for IHC. All samples were retrieved under permission of 
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Karolinska Biobank. Additionally anonymized FFPE samples of normal tissue of 

stomach, liver, pancreas, spleen and thyroid gland were used as positive and negative 

controls for IHC. 

 

 

Fourteen samples of cystic thyroid neoplasms were collected at the Department 

of Pathology-Cytology at the Karolinska University Hospital during 2011-2013. After 

histopathological revision, 7 of these samples were classified as cystic PTCs and 7 as 

benign thyroid neoplasms (6 cystic nodular colloid goiters and one cystic FTA). 

Clinical data were retrieved from local medical databases and from pathology 

reports. Fresh frozen specimens of cystic fluid as well as FFPE tissue samples for the 

sample group were collected for protein profiling, Western blot analysis or IHC. 

Additionally, cystic fluid and tissue samples from ATC and parathyroid adenoma were 

collected and served as controls. 

 

 

 

To achieve results and conclusions, different research approaches have been 

used, including experiments at the molecular, genetic and proteomic levels. The results 

were subsequently evaluated against the various clinical features of the patients 

included. 

 

 

Western blot analysis is an analytical method for detection of proteins based on 

the reaction of an antibody with an antigen. The isolated proteins are loaded to a 

polyacrylamide gel for a one-dimensional electrophoresis [104, 105]. During the 

electrophoresis proteins that migrate are separated according to their molecular weight. 

The proteins are then transferred to nitrocellulose or polyvinylidene difluoride 

membranes with properties to bind proteins. However, such membranes bind all 

proteins, including antibodies; thus, the membrane must be blocked by non-fat milk 

solution to avoid non-specific binding. After the blocking, membranes are incubated 

with primary antibodies designed against the target protein. Enzyme-linked secondary 

antibodies are then applied which bind to species-specific portions of the primary 

antibody, resulting in accumulation of several molecules of the secondary antibody at 
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one antigen site to enhance the intensity of signal upon incubation with a 

chemiluminescent agent. The latter is applied to the membrane, cleaved by an enzyme 

(e.g. horseradish peroxidase) and the product of the reaction generates a luminescence 

signal. The signal is visualized on film or by using a scanner. 

Western blot was performed in Study II-IV for verification of identified proteins. 

 

 

IHC is an analytical method for identification and evaluation of protein 

expression through an antibody-antigen reaction using a direct or indirect method 

(Fig. 6) [106]. Most commonly, IHC is applied to FFPE sections, but the method may 

also be used for fresh-frozen tissue specimens. The initial step in indirect IHC is 

deparaffinization of sections in 100% xylene followed by rehydration in graded series 

of ethanol and deionized water to replenish the fluid previously removed during the 

tissue fixation and embedding. The antigen retrieval is performed by incubation of 

sections in citrate buffer to bind calcium ions, which might distract the binding 

between the primary antibody and the target protein. Antigen retrieval is performed at 

high temperature (95-99°C) to unmask the epitopes being hidden during formalin 

fixation of the tissue and to increase the accessibility of target protein to the antibody. 

After the antigen retrieval, the sections should be pre-treated in hydrogen peroxide to  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Illustration of the main steps of an indirect immunohistochemistry (ABC-

technique). A primary antibody (1) binds to the epitope followed by binding with the 

secondary biotinylated antibody (2) and avidin-biotin complexes (A, B) are applied. 

Incubation with diaminobenzidine (D) results in the generation of brown color. 
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block the endogenous peroxidase, which is a potential cause of non-specific 

background and false positive staining. Non-specific binding of the primary or 

secondary antibodies is avoided by blocking sections with excessive protein solution 

such as bovine serum albumin (BSA). The primary antibody is added to the slides and 

binds to the target epitope followed by application of the secondary biotinylated 

antibody, exhibiting high affinity to avidin, which is a component of the avidin/biotin 

complex (ABC). The ABC solution is added to the section’s surface to bind to the 

secondary antibody through interaction between free avidin molecules and biotin in the 

secondary antibody (Fig. 6). 

It should be noted that other avidin molecules in the ABC are coupled to 

biotinylated horseradish peroxidase resulting in abundant concentration of enzyme 

at the epitope site, which increases the intensity and sensitivity of the signal upon 

addition of substrate. The most widely used chromogen substrate diaminobenzidine 

(DAB) is applied on section surface and forms a brown-colored polymeric 

oxidation product at the ABC site. The final steps of IHC are dehydration of 

sections in rising concentrations of ethanol and 100% xylene followed by 

counterstaining in hematoxylin. 

Indirect IHC was performed in Studies I-IV for detection of protein expression 

and distribution in tumor and normal thyroid tissues. 

 

 

Polymerase chain reaction (PCR) is a technology based on repeated amplification 

of certain region(s) of DNA, resulting in generation of multiple copies of that 

region, which can be analyzed using various detection approaches. PCR can be 

performed using different methods including hot start and reverse-transcribed 

PCRs, which are still based on the principle of the classical PCR, using a set of 

forward and reverse primers. 

 

 

Genomic DNA is used as a template that should be added to the PCR master mix 

solution (DNA polymerase, primers, deoxynucleotides (dNTPs) dATP, dCTP, dGTP, 

dTTP), Mg
2+

, optimized PCR buffer) and loaded to the PCR machine (Fig. 7). The 

PCR program is started by a DNA polymerase activation step (the “hot start”) which is 

basically 10-15 minutes incubation of samples at a high temperature (90-95°C). At the 

ambient temperature DNA polymerase has no catalytic activity, thus the possibility of  
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Figure 7. Scheme of polymerase chain reactions. (A) The main steps of hot-start 

PCR. A pair of primers (P1, P2) anneal to a certain region of DNA strands in the 

presence of DNA polymerase (Taq) resulting in building of multiple copies of DNA. 

(B) Illustration of real time PCR using a TaqMan probe. The TaqMan probe, 

encompassing quencher dye (Q) and fluorescent dye reporter (R) binds to the 

complementary part of the DNA, the TaqMan probe is then cleaved by Taq, which 

results in a light signal due to release of R. 

 

 

non-specific amplification remains low. The first cycle begins with a denaturation step 

that disrupts the hydrogen bonds between DNA strands resulting in creation of single 

strand DNA (ssDNA). Primers anneal to the ssDNA templates in the presence of DNA 

polymerase catalyzing the addition of dNTPs to the complementary base at the primer-

DNA template. The process is repeated for 30-35 cycles; the growth of the template 

generates a complementary DNA chain, which serves as a new template when the next 

PCR cycle starts. After elongation, the amount of complementary DNA is increased in 

geometric progression proportionally to the number of PCR cycles. The final 

elongation step is performed at 70-75°C for 5-10 minutes after the last cycle to 

complete the DNA elongation.  

Hot start PCR was performed in Studies I-II as a part of Pyrosequencing and 

automated sequencing experiments for identification of BRAF mutations. 

 

 

Real time PCR (RT-PCR) is a method for qualitative and quantitative evaluation 

of certain DNA regions [107]. RT-PCR requires mRNA to be used as an initial material 
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which is converted to biochemically stable cDNA by using reverse transcriptase and 

random hexamer primers. In the current study RT-PCR was performed by using RT-

PCR master mix containing a DNA polymerase, unlabeled primers, uracil-DNA 

glycosylase, deoxynucleotides triphosphates (dNTPs) with dUTP, optimized buffer 

components and a TaqMan probe (Fig. 7). The TaqMan is a molecule with a unique 

structure due to the presence of a reporter with fluorescent dye on the 5’ end as well as 

non-fluorescent quencher dye on the 3’ end of the probe. The reaction is started by 

initial denaturation of DNA polymerase at 95°C followed by primer annealing to the 

cDNA template, whereas the TaqMan probe hybridizes to the complementary cDNA 

sequence between two unlabeled primers. During PCR progression, the growing of 

DNA is catalyzed by DNA polymerase through extension of the unlabeled primers. The 

TaqMan probe is cleaved as soon as it is reached by DNA polymerase resulting in 

releasing of reporter from the quencher and production of a fluorescent light signal. 

Each cycle of RT-PCR is accompanied by the release of more reporters and by 

increased fluorescent intensity of the signal which is proportional to the number of 

released fluorophores. The produced light is detected using a charge-coupled device 

(CCD) camera at the RT-PCR machine and is visualized as amplification curves in the 

raw data output. 

The RT-PCR method was used in Study I for identification of RET/PTC1 and 

RET/PTC3 rearrangements. 

 

 

DNA sequencing is a technology for determination of the nucleotide sequence in 

a certain region of DNA or even the entire genome (Fig. 8). This method is widely used 

for detection of genetic alterations such as mutations, rearrangements, deletions etc. 

DNA sequencing is based on the chain termination chemistry developed by Frederick 

Sanger, which brought him the Nobel Prize for a second time [108]. 

A certain region of DNA is amplified by hot start PCR followed by purification 

of PCR products, and elongation using a single primer and DNA polymerase, initiating 

further incorporation of dNTP to the complementary base at the PCR amplicon. Small 

proportions of dideoxynucleotides (ddNTPs) are added to the reaction. These molecules 

exhibit similar properties as the normal dNTPs, but have a different structure due to 

inclusion of hydrogen at 3’ position instead of a hydroxyl group and presence of 

fluorescent dye corresponding to one of the four bases (ddATP – green, ddCTP – blue, 

ddGTP – black, ddTTP – red). Therefore, the DNA chain is growing until incorporation  
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Figure 8. Illustration of main principles of (A) Sanger DNA sequencing and (B) 

Pyrosequencing. 

 

 

of ddNTPs occurs and it is then terminated. Due to low proportion of ddNTPs 

compared to normal dNTPs, the chain termination occurs randomly resulting in 

production of fragments with different lengths. When the sequencing reaction is 

completed, the samples are loaded to an automated DNA sequencer for further 

fractionation in polyacrylamide gel by capillary electrophoresis. Due to varying 

lengths, the DNA amplicons migrate in strict order from shorter to longer fragments, 

thus fluorescent colors as well as intensity of the signal are easily recorded by the 

computerized system and subsequently seen as multicolored peaks in the data output. 

This method was used to determine common mutations in exons 11 and 15 of 

BRAF in Study II 

 

 

Pyrosequencing is a technology based on the principle of sequencing by 

synthesis, which was developed at the Royal Institute of Technology, Stockholm 

[109]. The simplicity and high sensitivity of Pyrosequencing has been demonstrated 

for FFPE tissue samples in many studies, including investigations of PTC [110, 111]. 
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The main principles of Pyrosequencing are illustrated in Figure 8. First, a FFPE tissue 

sample undergoes DNA isolation followed by amplification of the specific segment. 

One of the PCR primers is biotinylated resulting in biotinylation of the specific 

amplified DNA strand, which serves as template for further Pyrosequencing. The 

biotinylated PCR amplicon is bound to streptavidine beads (molecules with a high 

affinity to biotin) resulting in isolation of biotinylated DNA strands. The sequencing 

primer hybridizes to the single-stranded PCR amplicon followed by incubation with 

several enzymes including DNA polymerase. Eventually, the reaction starts when the 

first dNTP is added in the presence of DNA polymerase. The DNA polymerase initiates 

further incorporation of dNTP to the complementary base in the PCR amplicon 

resulting in release of pyrophosphate (PPi) in a quantity equimolar to the amount of 

incorporated nucleotide. Each released PPi reacts with both ATP sulfurase and its 

substrate adenosine phosphosulphate (APS) resulting in PPi conversion to adenosine 

triphosphate (ATP). The ATP molecule acts as fuel to the luciferase-mediated 

luciferin-to-oxyluciferin conversion that generates light signals in amounts 

proportional to the number of consumed ATP. The produced light is detected by a 

CCD-camera followed by computerized analyses resulting in output of peak trace or a 

Pyrogram. The height of each peak depends on the amount of incorporated 

nucleotides, e.g., if three dNTPs were successfully incorporated to complementary 

bases at ssDNA it would generate three PPi followed by generation of three ATP 

molecules. The triple intensity of the light signal would as a result be detected by the 

CCD-sensor in the end, if compared to only one dNTP molecule incorporated. 

Pyrosequencing was performed in Study I to identify the BRAF 1799T>A 

mutation. 

 

 

Fluorescence in situ hybridization (FISH) is a molecular cytogenetic technology 

for identification of specific DNA sequences, applied for the detection of 

rearrangements, translocations, amplifications or to determine DNA copy numbers. In 

the current study, slides with FFPE sections were used as templates [112]. After 

deparaffinization and rehydration, sections underwent heating in 2-[N-morpholino]-

ethanesulphonic buffer followed by protease digestion by pepsin and incubation in 

denaturation solution to maximize tissue permeability. The DNA probe is a 

fluorophore labeled molecule with homology to a certain DNA sequence. FISH was 

performed using a dual-color assay encompassing two types of DNA probes: one 
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designed to detect a target DNA sequence showing red signals, while the second was 

targeted to the chromosome centromere serving as a control and providing green 

signal. The probes were applied directly to denaturized tissue sections and were 

incubated overnight. After the incubation, samples underwent washing, dehydration 

in graded series of ethanol followed by application of fluorescence mounting solution 

and cover slips. Further visualization and scoring of fluorescence signals was 

performed by microscopy. 

FISH was performed in Study I to evaluate CCND1 (cyclin D1) copy numbers 

in post-Chornobyl PTC samples. 

 

 

Proteomics is the science about proteins, their expression, functions and 

structures. Mass spectrometry (MS) is used to identify proteins expressed in a 

biological substrate at a certain point of time [113, 114]. The MS data is obtained 

by using a mass spectrometer, which is a device composed of an ion source (e.g. 

matrix, chip array), an ion accelerator (e.g. electric field generator), a detector of mass-

to-charge ratio (m/z) and a detector determining amount of ionized biological 

molecules (Fig. 9). 

 

 

Matrix-assisted laser desorption/ionization (MALDI) is an ionization MS 

method, in which proteins or other biological analytes (e.g. peptides) are embedded in a 

matrix compound that has the ability to absorb the laser energy and subsequently ionize 

the analyte [114-116].  

The ionized molecules undergo separation in the mass analyzer. In the current 

project the time-of-flight (TOF) mass analyzer was used, which is based on the 

principle that molecules with different mass need different time to travel a given 

distance under the condition that they are charged with the same kinetic energy by the 

electro-magnetic field (Fig. 9). 

Prior to MALDI-TOF-MS, two-dimensional electrophoresis in polyacrylamide 

gel (2-DE) was applied in the current study. In brief, protein samples are separated by 

their isoelectric point followed by further separation according to molecular weight and 

visualization either by colorimetry or with the use of fluorescence dyes. Stained 2-DE 

gel is scanned and the staining intensities of all protein spots are analyzed across the 

study samples. 
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Figure 9. Schematic illustration of mass spectrometry. Biological molecules 

absorbed the laser energy, are ionized by ion source and subsequently separated 

according to their mass-to-charge ratio (m/z) at the mass analyzer. M/z is determined 

by the detector, generating mass-peaks of varying intensity as a data output. 

 

 

By applying multivariate statistics, protein targets for identification by MS are 

selected [13, 116]. After excision of gel spots, destaining and trypsin digestion, the 

isolated peptides are combined with a matrix (e.g. alpha-cyano-4-hydroxycinnamic 

acid). This mixture is loaded to a mass spectrometer, where the peptides are ionized 

under the action of a laser beam. M/z is detected by the detector resulting in the final 

data output as a list of peptide molecular masses. This list is matched against 

established databases of in silico digested proteins (NCBI was used in this work) 

aiming at identifying the protein that each gel spot most probably corresponds to by 

matching up the theoretical peptide masses with the experimentally observed [117].  

MALDI-TOF-MS was applied for protein identification in Study III. 

 

 

Surface enhanced laser desorption/ionization time-of-flight MS (SELDI-TOF-

MS) is a modification of MALDI-TOF-MS. The main distinctive feature between these 

two techniques is that the analyte (often consisting of proteins, but not peptides) in 

SELDI-TOF-MS is applied on a chip array containing chemically active surfaces 

exhibiting chromatographic properties (e.g. hydrophobic, hydrophilic, anion exchange, 

etc.). Depending on those properties, different analytes are bound on the chip surface. 

All non-specifically bound molecules, along with other undesired contaminants, can 

then be washed away, which is a separation step decreasing the complexity of the 

specimen. Besides that, this step allows the enrichment of low-abundant molecules in 

the analyte sample. The rest of the procedure, i.e. matrix application, generation and 

detection of ions as well as m/z analysis, is carried out according to the principles of 

MALDI (Fig. 9) [14, 114, 118]. A mass spectrum with “peaks” and “valleys” 
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constitutes the output data, which is collected and analyzed by specialized software. 

However, since intact proteins are analyzed, only the m/z of the proteins, but not their 

identity, can be evaluated. 

SELDI-TOF-MS was applied in Study II, where MS spectra were collected 

using Ciphergen ProteinChip Software and peak clusters across the study groups were 

revealed and analyzed by Ciphergen Express software package. 

 

 

Liquid chromatography tandem mass spectrometry (LC-MS/MS) is used for 

identification of proteins by physical separation of peptides using chromatography and 

their further analysis by MS [113].  

Before the LC-MS/MS procedure, all protein samples are digested using trypsin 

and subsequently labeled by applying isobaric tags for relative and absolute 

quantitation (iTRAQ) to enable quantification. iTRAQ contains reporter ions with a 

certain molecular weight (range 113-121 Da in Study IV), which can be differentiated 

in the MS/MS spectra. iTRAQ labeled peptide samples are pooled in a tube, undergo 

isoelectric focusing (IEF) in an immobilized pH gradient gel and are eluted into 72 

fractions. The plate with 72 fractions of iTRAQ labeled peptides is then applied to LC-

MS/MS, in which electrospray ionization (ESI) is used as the ion source. In tandem 

mass spectrometry (MS/MS) peptides are fragmented and generating their sequence 

information on the amino acid level [116]. Protein identification and peptide 

quantification is performed by using various software tools for LC-MS/MS data 

analysis [119]. 

LC-MS/MS was performed in Study II for validation of post-translational 

modifications of S100A6 and in Study IV for protein profiling of fluid from benign 

and malignant thyroid cysts. 
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In this study attempts were made to identify molecular and IHC characteristics of 

the cohort of PTCs from 70 Ukrainian patients with a history of irradiation as well as 

their correlations to clinical features.  

By using Pyrosequencing and RT-PCR, 46 (66%) cases were found to carry a 

BRAF 1799T>A mutation (Fig. 10) or RET/PTC rearrangement (RET/PTC1 or 

RET/PTC3). Out of these 46 PTCs, BRAF 1799T>A was detected in 26 cases, 

RET/PTC1 in 20 cases and RET/PTC3 in 4 cases. Moreover, BRAF 1799T>A mutation 

co-existed with RET/PTC rearrangements in 4 cases. Further analysis of the cohort 

revealed significant underrepresentation of BRAF 1799T>A in PTC accompanied by 

chronic lymphocytic thyroiditis (CLT) as compared to PTC only (12% vs. 44%). 

Proliferative index measured by Ki-67 using MIB-1 was low (mean 0.8%). Elevated 

expression of cyclin A was observed in PTC with a tumor size larger than 2 cm as 

compared to PTC less than or equal to 2 cm (1.2% vs. 0.6%). Immunostaining for Bcl-2 

and cyclin D1 showed frequent expression for both target proteins, however no 

association with the clinical parameters was revealed. 

In this study, a comparably large cohort of patients operated on for PTC as adults, 

but exposed to radiation as children or adolescents due to the Chornobyl accident in 

1986, was investigated. Overall, the findings demonstrate that the clinical features were 

not significantly different when compared to similar features in cohorts of PTC without 

history of irradiation, judging by the results of other series [49, 86]. A BRAF 1799T>A 

mutation was identified in 37% of cases, which is consistent with findings in sporadic 

PTC [24, 120]. Moreover, a significantly lower level of BRAF 1799T>A in the cases of 

PTC/CLT as compared to PTC without CLT was found. Considering the frequent 

association of BRAF mutation with more aggressive phenotype of PTC [47, 87, 121], 

the absence of this molecular abnormality in PTC/CLT may indirectly indicate a better 

prognosis for patients with PTC accompanied by CLT, which is also in agreement with 

other studies [122, 123]. The rearrangement RET/PTC1 was found in 29% and 

RET/PTC3 in 6% of cases, which is in agreement with the results from other studies of 

RET/PTC [48, 85]. However, these findings are different from results of post-

Chornobyl childhood PTC investigations, where a much higher frequency of 

RET/PTC3 was demonstrated [23, 86]. Moreover, RET/PTC1 was five times more 
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frequent than RET/PTC3, which is in contrast to other reported post-radiation PTC 

cohorts, but in agreement with studies of sporadic PTC (Table 1) [53]. Although 

RET/PTC1 and RET/PTC3 are relatively frequent molecular events, their connection to 

prognosis of PTC remains controversial. A worse prognosis for patients with PTC was 

reported in cases harboring RET/PTC3 alone or accompanied by the BRAF 1799T>A 

mutation [83, 121]. However other studies found no correlation between RET/PTC and 

agressive clinico-pathological features of PTC [24, 124]. 

The present study describes a significantly elevated expression of cyclin A in 

PTC larger than 2 cm in greatest diameter. Although cyclin A is a prognostic marker 

for breast cancer [65], its role in thyroid tumorigenesis is not fully investigated. In some 

other studies, this protein showed an over-expression in PDTC and ATC indicating a 

possible role in de-differentiation of thyroid carcinoma [125].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Demonstration of a BRAF 1799T>A mutation in exon 15 (marked by 

asterisks) by applying: (A) Pyrosequencing; (B) direct DNA sequencing. (C, D) 

Position 1799 of wild-type BRAF analyzed by the same methods. 
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In this study a proteomics approach was applied to identify and evaluate potential 

diagnostic markers of PTC. 

SELDI-TOF-MS for cytosolic protein fractions revealed 155 peak-clusters in 

PTC and follicular tumors. Among these, a peak-cluster with m/z of 10.2 kDa was 

identified to be significantly different in PTC when compared to FTA, FTC and normal 

thyroid samples. An immunocapture experiment followed by SELDI-TOF-MS 

confirmed that the identified 10.2 kDa peak-cluster corresponded to the S100A6 

protein. Moreover, cysteine and glutathione modifications of S100A6 were validated 

using immunoprecipitation followed by LC-MS/MS. Significant over-expression of 

S100A6 was confirmed by IHC and Western blot. Furthermore, 10 PTC samples were 

screened for mutations in BRAF to investigate any possible connection between this 

alteration and S100A6 expression levels. By using direct sequencing, BRAF was shown 

to be wild-type in exon 11 in all PTC, but mutated in exon 15 in 5 cases (Fig. 10). 

However, this was not correlated with S100A6 expression levels. 

Significant over-expression of S100A6 was detected in PTC as compared to 

follicular neoplasms and normal thyroid tissue, which is consistent with studies of other 

malignant neoplasms [74, 135-138] and with studies describing the role of S100A6 in 

thyroid tumors [70, 139, 140]. S100A6 and its modifications (cysteinylation and 

glutathionylation) were determined in PTC by applying SELDI-TOF-MS, which has 

only been reported in lung tumors [136] and cultured cells [141]. The SELDI-TOF-MS 

findings were validated by Western blot and IHC, both showing a significantly higher 

expression of S100A6 in PTC as compared to other benign and malignant thyroid 

tumors and normal tissue (Table 2). It is worth to note that knowledge about the 

molecular functions and role of S100A6 in thyroid tumorigenesis was limited at the 

time of publication. Later on, Nipp et al suggested a possible role of S100A6 as a 

marker of PTC with metastases to lymph nodes in a proteomic investigation of PTC 

[72]. Similar to Matuzawa et al a degradation of β-catenin due to interaction of S100A6 

with CacyBP was observed by Ning et al [71, 142]. Moreover, other studies determined 

a negative effect of S100A6 binding to p53-binding domain of ubiquitin E3 ligase 

MDM2 (an important negative regulator of p53) [73, 143]. Bao et al described a role 

for S100A6 in negative regulation of endothelial cell-cycle progression and cell 

senescence through the reduction of transcriptional activity of the genes encoding 

cyclin A and Ki-67 [144].  
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Table 2. The summary of the analyses of fresh frozen thyroid samples for Study II.

S100A6 immunohistochemistry

SELDI-TOF-MS Western blot Cytosolic Nuclear Proportion

peak intensity densitometry staining staining stained

at 10.2 kDa of S100A6 intensity intensity nuclei

Normal thyroid

N1 M 33 n/a 2.168 0.266 n/a n/a n/a

N2 M 38 n/a 1.918 0.135 n/a n/a n/a

N3 F 41 n/a 4.160 0.133 n/a n/a n/a

N4 M 56 n/a 4.107 0.139 n/a n/a n/a

N5 F 29 n/a 2.609 0.148 n/a n/a n/a

N6 M 26 n/a n/a 0.143 n/a n/a n/a

N7 F 47 n/a 1.974 0.148 n/a n/a n/a

N8 F 72 n/a n/a n/a 0 3 >75%

N9 M 58 n/a 5.186 n/a n/a n/a n/a

N10 F 51 n/a 4.474 0.142 1 2 >75%

Follicular thyroid adenoma

FTA1 F 67 n/a 3.726 0.396 2 1 <25%

FTA2 F 88 n/a 1.199 0.194 1 2 >75%

FTA3 F 30 n/a 3.854 0.173 2 2 >75%

FTA4 M 36 n/a 1.535 0.176 1 3 >75%

FTA5 M 60 n/a 1.253 0.147 1 2 ~50%

FTA6 F 41 n/a 3.580 0.130 1 2 ~50%

FTA7 F 37 n/a 2.450 0.137 2 3 >75%

FTA8 F 61 n/a 1.365 0.153 1 1 <25%

FTA9 F 23 n/a 0.299 n/a 0 1 <25%

FTA10 M 41 n/a 3.508 n/a n/a n/a n/a

Follicular thyroid carcinoma

FTC1 F 52 n/a 1.254 0.161 2 1 <25%

FTC2 M 73 n/a 2.731 0.325 1 1 ~50%

FTC3 M 52 n/a 1.714 0.196 2 2 ~50%

FTC4 F 45 n/a 3.082 0.180 1 2 ~50%

FTC5 F 52 n/a 19.656 n/a 3 2 ~50%

FTC6 F 17 n/a 1.072 0.140 1 2 <25%

FTC7 M 65 n/a 1.167 0.133 1 1 ~50%

FTC8 F 64 n/a 1.765 0.131 2 1 ~50%

FTC9 F 14 n/a 3.771 0.167 1 2 ~50%

Papillary thyroid carcinoma

PTC1 F 38 BRAF  1799T>A 10.825 0.914 3 3 >75%

PTC2 F 68 BRAF  1799T>A 12.117 0.791 3 2 ~50%

PTC3 M 48 wt 3.525 n/a 3 2 >75%

PTC4 F 39 wt 9.876 0.790 3 2 >75%

PTC5 M 33 wt 6.848 0.345 1 1 <25%

PTC6 F 97 BRAF  1799T>A 15.581 0.872 2 1 >75%

PTC7 F 45 wt 11.187 n/a 1 2 >75%

PTC8 F 48 wt 6.996 0.253 2 3 >75%

PTC9 M 25 BRAF  1799T>A 7.729 0.752 2 2 >75%

PTC10 F 32 BRAF  1799T>A 11.231 0.884 2 2 >75%

Comments:  wt = wild-type BRAF ; n/a =  not analysed

S100A6 immunohistochemistry staining 0 =  absent; 1 = weak; 2 = moderate; 3 = strong 

Case Sex Age BRAF status

The results suggest that the S100A6 protein is significantly up-regulated in PTC, 

which indicates its role in thyroid tumorigenesis. Moreover, identification of S100A6 

protein can potentially improve the discrimination between PTC and other thyroid 

lesions. Further investigation of S100A6 in FNAB material is needed in order to 

validate its utility as a diagnostic marker in routine clinical practice.  
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In this study proteomics analyses were performed to identify possible candidates 

as diagnostic markers for the discrimination between FTA and FTC as well as between 

FTC and PTC. 

Cytosolic protein fractions partially overlapping from the sample series in Study 

II were used. Follicular thyroid tumors, PTC and normal thyroid tissue were 

investigated using gel-based proteomics coupled to MS. By using multivariate statistics 

(Partial Least Squares Discriminant Analysis or PLS-DA), two predictive models were 

built for the discrimination between FTA-FTC and FTC-PTC respectively. Out of 800 

protein spots observed in 2-DE gel, 25 were included in the FTA-FTC model, while the 

FTC-PTC model consisted of 19 spots (all overlapping to those from the FTA-FTC 

model). By matching the MALDI-TOF-MS data with the NCBInr database all 25 

protein identities could be obtained. Nine of these were selected for further analyses: 

14-3-3 (isoforms β, ε, and ζ), annexin A5 (ANXA5), tubulin alpha 1b (TUBA1B), 

peroxiredoxin 6 (PRX6), α1-antitrypsin precursor, selenium-binding protein 1 

(SELENBP1), and protein disulfide-isomerase (PDIp). Expression patterns of these 

proteins were validated by Western blot in four samples from each study group. 

Expression patterns of ANXA5 and 14-3-3 were even validated by IHC in all and 

additionally in the post-Chornobyl PTC samples described in Study I. In IHC 

experiments, cytoplasmic expression patterns of 14-3-3 were observed in 33% of FTA, 

67% of FTC, and 80% of PTC. Moreover, a weak to strong staining pattern of protein 

14-3-3 was detected in 65% of post-Chornobyl PTC. Evaluation of ANXA5 by IHC 

showed positive cytoplasmic staining in all FTA and PTC, and in 89% of FTC. IHC of 

ANXA5 in post-Chornobyl PTC was positive in 97% (66/68) cases demonstrating 

weak to strong staining patterns in 50-100% of PTC cells and negatively stained 

lymphocytes in PTC/CLT sections. 

The findings demonstrate significantly different expression patterns of a set of 

protein spots identified by proteomics profiling in benign and malignant thyroid 

tumors. Overexpression of ANXA5 was detected in both FTC-FTA and FTC-PTC, 

which is consistent with findings in other proteomics studies of different malignant 

neoplasms [145, 146]. A decreased expression of SELENBP1 was found in PTC as 

compared to reference thyroid samples, which is supported by data from other reports 

of SELENBP1 expression in PTC as well as in colorectal, lung and ovarian cancers 

[139, 147]. Elevated levels of PRX6 in FTC and PTC, but low expression in FTA 

samples were demonstrated. Although, this enzyme of the cell’s antioxidant system was 



  43 

not observed in other investigations of thyroid neoplasms, overexpression of PRX6 is 

seen in lung, skin and endometrial cancers suggesting the possible role of PRX6 in 

cancer progression [148-150]. Decreased levels of PDIp in FTC and PTC were found 

when compared to FTA and reference thyroid. PDIp is an active β subunit of prolyl 

4-hydroxylase playing a role in the regulation of cellular responses to hypoxia through 

the interaction with hypoxia-induced factors. Thus, the observation of low expression 

of PDIp in FTC and PTC indicates the ability of cancer cells to survive and proliferate 

in oxygen-deficient conditions due to deregulation of hypoxia-induced factors. Analysis 

of ATC and PTC cell-lines showed distinct up-regulation of protein 14-3-3 [151], 

which is involved in regulation of apoptosis, cell growth and tumor suppression in 

normal cells but also considered as a sign of poor prognosis [152]. 

 

 

 

In this study the protein content of fluid in benign thyroid cyst and cystic PTC 

was evaluated in order to identify and validate markers for the discrimination of 

these entities. 

Proteomic profiling using LC-MS/MS was performed for evaluation of protein 

content in the fluid from benign and malignant thyroid cysts. Analysis of LC-MS/MS 

data resulted in identification of 1581 proteins, in which 841 contained iTRAQ labels in 

both pools. Of these, 10 proteins showing significantly differing expression in cystic 

PTC as compared to controls were identified. Furthermore, CK-19, S100A13, ANXA3 

and CMBL were selected for validation by IHC and Western blot, based on the LC-

MS/MS data for number of peptides and level of significance. Additionally, HBME-1 

expression was evaluated by IHC, because of its overall utility for the diagnosis of PTC 

in routine clinical settings [55, 61]. 

IHC for CK-19 showed a moderate-to-strong expression pattern in 100% of cells 

in all cystic PTC cases, whereas controls were negative (p<0.05). IHC for HBME-1 

revealed higher expression in all PTC samples as compared to benign controls, showing 

few cells with weak immunostaining (p<0.05). IHC for S100A13, CMBL and 

ANXA3 demonstrated similar staining patterns in all PTC and control samples. By IHC 

a positive staining of S100A13, CMBL and ANXA3 in normal follicular cells 

surrounding PTC was identified. Analysis of cyst fluid by Western blot data showed 
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Table 3. Details of iTRAQ labeling and fluid properties of depleted samples.

Case Experiment iTRAQ Protein Color of Viscosity of 

number number labelling (mg / ml) cystic fluid cystic fluid

cPTC-1 exp 1 116 7 red liquid

cPTC-2 exp 1 117 2.5 dark liquid

cPTC-3 exp 2 117 4.7 dark liquid

cPTC-4 exp 1 118 7.1 red liquid

cPTC-5 * exp 2 118 31.4 yellow liquid

cPTC-6 exp 1 119 38.2 dark liquid

cPTC-7 exp 2 119 7.4 yellow liquid

Benign-1 exp 1 114 7.1 red liquid

Benign-2 exp 2 114 6.7 brown liquid

Benign-3 exp 1 115 5.5 dark liquid

Benign-4 exp 2 115 9.8 dark liquid

Benign-5 exp 1 113 5.1 dark liquid

Benign-6 exp 2 113 4.3 brown liquid

Benign-7 exp 2 116 7.2 dark liquid

Comments: cPTC-5 was excluded from the analysis

weak expression of S100A13 in four (57%) cases of PTC, while the remaining PTC 

samples and all controls did not show S100A13 expression. 

A novel approach for discrimination between malignant and benign thyroid cysts 

by proteomics profiling of cystic fluid was introduced in this study. The large number 

of proteins was identified by applying LC-MS/MS to the fluid component of cystic 

thyroid lesions. To the best of my knowledge, this is the first extensive catalog of 

protein content in fluid from thyroid cysts. Differences in the colors of cystic fluids in 

the samples were detected, and this finding indirectly suggests differences in the 

proteome of PTC as compared to benign lesions, which is in agreement with data from 

biochemical studies of thyroid cysts in a larger sample size (Table 3) [33]. Analysis of 

the proteomic data resulted in selection of CK-19, S100A13, CMBL and ANXA3 for 

further validation by IHC and Western blot. It is worth to note that CK-19 has a strong 

association with classical PTC [61, 62, 153], but has not previously been analyzed in 

thyroid fluids. Significantly up-regulated levels of CK-19 were found in PTC by LC-

MS/MS, and these data were confirmed by IHC. Furthermore, negatively stained 

normal follicular cells surrounding PTC were observed, indicating a primary role of the 

PTC cells in secretion of CK-19 [61, 62]. From these data, it is hypothesized that CK-

19 can be applied as a pre-operative marker for both classical and cystic PTC in 

addition to regular FNAC. The findings also support a role of CK-19 in discriminating 

between PTC and benign thyroid neoplasms. 
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Significant overexpression of S100A13 in cystic PTC was identified by LC-

MS/MS and also observed by Western blot. However, IHC demonstrated very similar 

expression patterns: a slight increase with borderline significance in cystic PTC as 

compared to control samples was observed. Considering that S100A13 has not been 

investigated in thyroid cyst fluid before, the results imply that this protein can play an 

important role in discriminating between cystic PTC and benign thyroid cystic lesions, 

but further validation is warranted. 

CMBL is a bioactivating hydrolase showing high expression in human liver and 

kidney [154], but little is known about the biological role of this protein [155]. 

Although significantly higher expression of CMBL was detected in PTC when 

compared to benign cysts by LC-MS/MS, the validation experiments did not show any 

significant differences. Similar figures were also observed for calcium-dependent 

phospholipid-binding protein ANXA3 [156]. Although LC-MS/MS data showed over-

expression of ANXA3 in cystic PTC, analysis of IHC and Western blot showed similar 

staining patterns of ANXA3 in all studied thyroid samples, suggesting diverse 

biological functions of ANXA3 in thyroid cells. However, this result is not consistent 

with results published by Jung et al, who showed down-regulation of ANXA3 in 

classic PTC, which can indicate different pathophysiological properties between cystic 

thyroid lesions and classical PTC [157].  

The results from Study IV suggest that S100A13 and CK-19 can potentially be 

applied as additional tests to regular FNAC, however further investigation by an 

alternative approach (e.g. ELISA) is needed to determine the distinct role of these 

proteins in a routine clinical settings. The clinical role of these proteins should be 

evaluated in a prospective study of an independent tumor material using fluid samples 

collected by preoperative FNAB. 
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 Post-Chornobyl PTC in adults is characterized by frequent BRAF 1799T>A 

mutation and RET/PTC1 rearrangement, resembling the patterns of other non-

radiation induced PTC cohorts rather than radiation induced childhood PTC. 

 

 PTC accompanied by chronic lymphocytic thyroiditis has an 

underrepresentation of BRAF 1799T>A mutation indirectly suggesting 

different biological aggressiveness compared to PTC without this feature. 

 

 Protein expression profiling is a powerful tool for discovering proteins 

deregulated in PTC as well as identification of novel diagnostic markers for 

malignant thyroid neoplasms. 

 

 The protein S100A6 is up-regulated in PTC suggesting its role in 

discriminating PTC from other thyroid tumors. 

 

 The proteins 14-3-3, PRX6, ANXA5, SELENBP1 and PDIp can potentially 

be used for the discrimination between various thyroid neoplasms of follicular 

cell origin. 

 

 The proteins CK-19 and S100A13 are potential diagnostic markers in the 

cystic variant of PTC, which can be applied to FNAC on cystic fluid in 

addition to regular methods. 

  



  47 

 

Molecular alterations play an important role in PTC tumorigenesis and there 

are plenty of known genetic and epigenetic abnormalities to be associated with 

unfavorable clinical features. Understanding of how these alterations are involved in 

the tumorigenesis on a basic level is essential for identification of novel diagnostic 

and therapeutic targets as well as markers of poor prognosis. 

Translation of findings from laboratory bench to bed side is a modern and 

highly effective research approach, and establishing translational studies is an 

important task for future investigations of thyroid cancer, not least PTC. Such 

translational studies may identify novel molecular targets and novel drugs could be 

evaluated. This could eventually fulfill the promise of a molecule-based, tailored 

therapeutic strategy resulting in a high response rate, but with low toxicity. 

Radiation exposure is a risk factor for development of PTC. 25 years after the 

Chornobyl, an accident at the Fukushima nuclear plant station in Japan happened, 

bringing back the issue of radiation exposure and thyroid disease. This accident was 

local and all important measures were performed, but Fukushima was a new 

demonstration that nuclear fatalities are possible also today. Thus, understanding of 

short- and long-term consequences of radiation exposure is still an important topic of 

thyroid cancer research. To the best of my knowledge, post-Chornobyl PTC was and 

remains the best available material for basic investigations of radiation related PTC. 

Although the molecular alterations of childhood post-Chornobyl PTC are well 

investigated, it is controversial whether the radiation effect of Chornobyl accident 

becomes less significant nowadays, mainly due to the evidence of the elevated 

number of newly diagnosed PTC among adults who were children at time of 

radioactive exposure. Moreover, relation and consequences of the latency period to 

molecular profiling of post-Chornobyl PTC are not fully investigated either. Little is 

known about the prognostic factors for post-Chornobyl PTC. Hence, more studies of 

post-Chornobyl PTC are needed to correlate follow-up data with known molecular 

abnormalities, verifying those currently used for sporadic PTC (e.g. BRAF mutation, 

MIB-1) and/or identifying new prognostic markers. 

The diagnostic tools for evaluation of thyroid nodules are still not efficient for 

all patients. The pre-operative diagnosis of PTC is based on FNAC, which in some 

cases is difficult to assess due to similar cytological patterns of PTC and follicular 

thyroid tumors. Although the pre-operative cytological discrimination between 

follicular thyroid tumors and PTC is highly sensitive and informative in the majority 
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of cases, a significant number of patients still represent a diagnostic challenge, and 

application of additional diagnostic markers is needed. Several molecular entities 

have been proposed and subsequently tested in the clinical setting, without, however, 

being successfully implemented as independent pre-operative diagnostic markers. 

Protein profiling of thyroid tumors showed excellent results for the identification of 

potential markers for PTC. The proteomics approach always reveals a large list of 

proteins, in which significantly differentially expressed molecules can be identified. 

Further validation is needed whether or not these proteins may become clinically 

useful, especially when applied on FNAC. It is a challenge to verify their sensitivity, 

either based on IHC or PCR methods, as compared to the proteomic methods. The 

number of proteins with potential value for diagnostic, prognostic and predictive 

reasons is constantly increasing, and it will be a challenge to design the appropriate 

approaches for evaluation of these in all different PTC cohorts. 
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Папілярний рак щитоподібної залози (ПРЩ) – це найпоширеніше злоякісне 

новоутворення щитоподібної залози, частка якого становить 80-85% серед інших 

злоякісних новоутворень даного органу. ПРЩ характеризується різноманітними 

молекулярно-генетичним аномаліями, що мають відмінності в спорадичних та 

радіаційно-індукованих карциномах. Слід зазначити, що ПРЩ демонострує 

високий показник захворюваності серед пацієнтів, вік яких був менше 18 років на 

момент аварії на Чорнобильській АЕС (ЧАЕС) в 1986 р. та які мешкали на 

радіокативно забрудненій території. Діагноз ПРЩ ґрунтується на даних 

цитологічного дослідження аспіратів тонкоголкової аспіраційної пункційної 

біопсії (ТАПБ) - високочутливого та специфічного до 90% випадків методу. 

Проте, ТАПБ малоінформативна при диференціальній діагностиці ПРЩ та 

фолікулярного раку щитоподібної залози (ФРЩ) з фолікулярною аденомою 

щитоподібної залози (ФАЩ), через подібніcть цитологічної картини цих 

новоутворень. Також, в зразках ТАПБ визначається переважно рідинний 

компонент та недостатня для цитологічного аналізу кількість фолікулярних 

клітин при кістозному ПРЩ. 

Метою дисертації було визначити молекулярні особливості спорадичного 

ПРЩ та ПРЩ, пов’язаного з аварією на ЧАЕС; ідентифікувати діагностичні 

маркери, що можуть бути застосовані на зразках ТАПБ для диференційного 

діагнозу ПРЩ з іншими фолікулярними новоутвореннями щитоподібної залози. 

В Дослідженні І було проаналізовано молекулярні, генетичні та клінічні 

особливості ПРЩ, діагностованого у 70 дорослих пацієнтів, що зазнали 

радіоактивного опромінення в дитинстві внаслідок аварії на ЧАЕС. Для 

визначення мутації в 15 екзоні гена BRAF (BRAF 1799Т>A) було ізольовано 

геномну ДНК та застосовано Піросіквенсінг. За результатми аналізу пірограм, 

було визначено 26 (37%) випадків з BRAF 1799Т>A мутацією. Подальший аналіз 

когорти виявив, що BRAF 1799Т>A мутація в 3.5 разів рідше визначалась в 

випадках ПРЩ на фоні хронічного лімфоцитарного тиреоїдиту, у порівнянні з 

ПРЩ без супутньої тиреоїдної патології, відповідно у 12% (2/16) та 44% (24/54) 

випадків, p < 0.05. Визначення хромосомних перестановок RET/PTC1 та 

RET/PTC3 було виконано за допомогою полімеразної ланцюгової реакції (ПЛР) в 

реальному часі з використанням ДНК-зондів TaqMan. Аналіз даних ПЛР виявив 

переважання випадків з RET/PTC1, у порівнянні з RET/PTC3, відповідно у 29% 
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(20/70) та 6% (4/70) випадків. Визначення експресії маркерів проліферації, 

апоптозу та регуляторів клітинного циклу було здійснено за допомогою 

імуногістохімії (ІГХ) та флюоресцентної гібридизації in situ (FISH) для аналізу 

ампліфікацій гену, що кодує циклін D1. Аналіз даних показав вищій рівень 

експресії цикліну А в випадках ПРЩ ≥2 cм (1.2%), у порівнянні з ПРЩ < 2 см в 

найбільшому діаметрі (0.6%), p < 0.05. Індекс проліферації МІВ-1 (Кі-67) був 

0.8% та не корелював з клінічним показниками. Висновки Дослідження І: 

частота BRAF 1799Т>A мутації та перестановки RET/PTC1 в ПРЩ у дорослих 

пацієнтів частково відрізняються та частково збігається з даними досліджень 

інших когорт ПРЩ; довготривале спостереження дозволить визначити 

прогностичне значення молекулярних аномалій для даної когорти пацієнтів. 

В Дослідженні ІІ було застосовано поверхнево-підсилену лазерну 

десорбційно/іонізаційну час-польотну мас-спектрометрію (SELDI-TOF-MS) для 

визначення та порівняння протеому ПРЩ (n = 10), ФРЩ (n = 9), ФАЩ (n = 10) та 

нормальної тканини щитоподібної залози (n = 10). Аналіз даних SELDI-TOF-MS 

виявив мас-пік з молекулярною масою 10.2 кДа, посилена експресія якого була 

достовірно вища в ПРЩ (p < 0.05). Цей мас-пік був визначений як протеїн 

S100A6 за допомогою імунозахоплення та високо-ефективної рідинної тандемної 

мас-спектрометрії (LC MS/MS), а його підвищена експресія в ПРЩ була також 

підтверджена результатми вестерн блоту та ІГХ на основних зразках, а також 

даними ІГХ на зразках пост-Чорнобильських ПРЩ з Дослідження І. Висновки 

Дослідження ІІ: S100A6 може потенційно бути застосований для диференційної 

діагностики ПРЩ. 

В Дослідженні ІІІ було виконано аналіз протеому фолікулярних пухлин 

щитоподібної залози та ПРЩ за допомогою двомірного гелевого електрофорезу 

(2-DE) та матрично-активованої лазерної десорбційно/іонізаційну час-польотної 

мас-спектрометрії (MALDI-TOF-MS). За допомогою 2-DE були ідентифіковані 25 

протеїнових плям, експресія яких достовірно відрізнялась в досліджуваних 

групах. Серед цих 25, для подальшого аналізу були вибрані 9 протеїнових плям, 

склад яких відповідав білкам: 14-3-3 (ізоформи β/α, ζ/δ та ε), пероксиредоксин 6 

(PRX6), аннексин А5 (АNXA5), селен-зв’язуючий протеїн 1 (SELENBP1), 

протеїн дисульфід-ізомерази (PDIp), α-1В ланцюг тубуліну (TUBA1B), а також 

попередник α1-антитрипсину (А1Т1), експресія яких була підтвреджена за 

допомогою вестерн блоту, а також з використанням ІГХ для оцінки експресії 14-

3-3 та АNXA5. Імуноекспресія 14-3-3 та АNXA5 була також підтверджена на 
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пост-Чорнобильських зразках ПРЩ з Дослідження І. Висновки Дослідження ІІІ: 

визначення експресії протеїнів 14-3-3, PRX6, АNXA5, SELENBP1 та PDIp може 

бути застосовано для диференційної діагностики фолікулярних новоутворень 

щитоподібної залози, проте необхідне проведення проспективних досліджень на 

зразках ТАПБ для остаточного визначення діагностичної ролі цих білків. 

В Дослідженні ІV були визначені потенційні діагностичні маркери 

кістозного ПРЩ (кПРЩ). В якості досліджуваного матеріалу були використані 

зразки рідини, аспірованої з кПРЩ та доброякісних новоутворень щитоподібної 

залози (нетоксичного багатовузлового зобу (НБВЗ) та фолікулярної аденоми 

щитоподібної залози (ФАЩ). Враховуючи високу насиченість зразків кістозної 

рідини альбуміном та іншими протеїнами, що потенційно можуть перешкодити 

мас-спектрометрії, було проведено очищення зразків від таких молекул за 

допомогою деплеції. Деплетовані зразки були мічені за допомогою реагентів 

iTRAQ, після чого була виконана LC MS/MS. За допомогою даного методу було 

ідентифікувано 1581 протеїнів, серед яких визначено 10, що мали найвищий 

показник достовірності та достатню кількість пептидів. Для подальшого аналізу 

та верифікації експресії цитокератину 19 (CK-19), протеїну S100A13, аннексину 

А3 (ANXA3) та гомологу карбоксиметилебутенолідази (CMBL) були застосовані 

ІГХ та вестерн блот. 

Аналіз ІГХ та бендів вестерн блоту виявив однакову імуноекспресію 

протеїнів ANXA3 та CMBL в кПРЩ та контрольних зразках доброякісних 

новоутворень щитоподібної залози. Також було ідентифіковано достовірно вищу 

експресію S100A13 в кістозній рідині кПРЩ при аналізі даних вестерн блоту та 

CK-19 при аналізі ІГХ тканини кПРЩ (р < 0.05). 

Висновки Дослідження ІV: було впереше продемонстровані результати 

аналізу протеому кістозної рідини кПРЩ та доброякісних новоутворень 

щитоподібної залози; за допомогою LC MS/MS вперше складено та 

проаналізовано каталог протеїнів, що акумулюються в кістозній рідині 

новоутворень щитоподібної залози; визначення протеїнів S100A13 та CK-19 

може потенційно бути застосовано як додатковий до ТАПБ тест для 

диференційної діагностики кістозних новоутворень щитоподібної залози та 

кПРЩ. 
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