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Abstract 
 The prevalence of palpable thyroid nodules ranges from 3 to 7% in the general 
population. The great majority of them are benign lesions, however 5 to 8 % of nodules prove to 
be malignant. Approximately 90-95% of thyroid cancers are well-differentiated papillary (PTC) 
or follicular (FTC) carcinomas, which are derived from thyroid follicular cells, ~ 3% are 
medullary carcinomas, formed from C cells and 2-7 % are low- differentiated or anaplastic 
carcinomas (ATC) that most likely develop by progression of PTC or FTC, are highly aggressive 
and have no effective treatment for now. Currently, the cytological examination of fine needle 
aspiration (FNA) biopsies is the standard technique for the pre-operative differential diagnosis of 
thyroid nodules. However, the results may be noninformative in ~20% of cases due to an 
inadequate sampling and the lack of highly specific, measurable cytological criteria, therefore 
ancillary biomarkers that could aid in these cases are clearly needed. Furthermore, the 
identification of serological biomarkers capable to discriminate between malignant and benign 
nodules would allow to develop a non-invasive assay for the detection of thyroid cancer and 
avoid problems associated with the sampling of biopsies. Therefore the aims of the doctoral 
thesis were the following: 
(i) To identify and validate new gene expression biomarkers in thyroid cancer tissues, which 

could be used for the development of pre - operative diagnostic test for thyroid cancer;  
(ii) To elucidate the functional significance of TFF3, one of the best tissue biomarkers, in the 

development of thyroid cancer;   
(iii) To explore the repertoire of cancer-associated autoantibodies in patients with thyroid 

cancer in order to identify autoantibody-based biomarkers for the development of non-
invasive biomarker assays. 

The first aim resulted in the generation of a complex model based on 6 gene expression signature 
(LGALS3, BIRC5, CCND1, CITED1; MET and TFF3) that outperformed the single marker and 
two- gene biomarker models (AUC=0.895; Sn - 70.5%; Sp - 93.4% with p value <0,0001) and 
clearly warrants further studies in FNAB.  
 The TFF3 functional study showed that in thyroid cancer, on the contrary to many other 
epithelial cancers,TFF3 mRNA and protein expression is downregulated. Forced expression of 
TFF3 in anaplastic thyroid cancer cell line 8305C resulted in decreased cell proliferation, clonal 
spheroid formation and entry into the S phase. Furthermore, it induced acquisition of epithelial-
like cell morphology and expression of the differentiation markers of thyroid follicular cells and 
transcription factors implicated in the thyroid morphogenesis and function. Based on these data 
and previously published results in other cancer types, we propose that TFF3 can act as a tumor  
suppressor or oncogene in the cell context dependent manner.  
Exploration of the repertoire of cancer associated autoantibodies in patients with thyroid cancer 
against 65 tumor associated antigens resulted in the detection of anti-GAGE1 autoantibodies in 
5% of PTC and 17% of MTC cases and anti-COPS4 autoantibodies in 3% of PTC cases but not 
in the patients with benign nodules and cancer-free controls, thus suggesting these autoantibodies 
may serve as highly specific biomarkers for thyroid cancer and may have a clinical utility if 
combined with other autoantibody biomarkers. However, we did not find autoantibodies against 
any other Cancer-Testis antigens included in our antigen microarray, suggesting that spontaneous 
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humoral immune response against common tumor associated antigens is relatively rare in thyroid 
cancer in comparison with other solid cancers. This probably is due to the relatively indolent 
nature of PTC and FTC. 
 In conclusion, this doctoral thesis provided a deeper insight into the molecular alterations 
leading to the development of thyroid cancer and revealed novel biomarkers for the diagnosis of 
thyroid cancer. 
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Introduction 
 Thyroid nodules are detected by ultrasound in up to 30 % of women and ~ 6 % men that 
are over 50 years old. Most of them are benign - hyperplastic nodes or follicular adenoma (FA), 
which usually does not require radical treatment, but ~ 5% of the nodules are malignant tumors. 
However, thyroid cancer is the most common endocrine cancer and the incidence rate in the 
developed countries has increased from 3.6 cases per 100 000 population in 1973 year to 8.7 
cases in 2002. For women thyroid cancer occurs 4 to 5 times more frequently than men (Ries 
LAG et al., 2007). Approximately 90-95% of cancers are well-differentiated papillary (PTC) or 
follicular (FTC) carcinoma, which are derived from thyroid follicular cells, ~ 3% are medullary 
carcinomas formed from C cells and 2-7 % are low- differentiated or anaplastic carcinomas that 
are most likely develop by progression of PTC or FTC. Most well-differentiated thyroid 
carcinomas are treated with surgery and radioiodine therapy, but in ~ 15% of cases the tumor is 
very aggressive and become resistant to the drugs. In contrast, low differentiated or anaplastic 
carcinomas are highly aggressive tumors for which there is currently no effective therapies and 
patients typically die within the first year after diagnosis (Cerutti et al., 2004;Eszlinger and 
Paschke, 2010). 
 Currently, cytological evaluation of fine needle aspiration biopsy is the standard 
diagnostic method by which malignant tumors are distinguished from hyperplastic nodules and 
adenomas. However, the cytological examination is based on a subjective interpretation of the 
results, as well there is a significant impact on the results of the methodology used to sample the 
biopsy that differs between various clinics. For example, the sensitivity ranged from 43 to 98 % 
and specificity - from 72 to 100% in various clinical centres (Gharib et al., 2008). In addition, in 
2-21 % of cases, biopsy is not informative because of the lack of adequate amount of cells and 
therefore must be repeated, but in 15-20% it is impossible to distinguish benign from malignant 
thyroid nodules due to lack of highly specific, measurable cytological criteria (Baloch et al., 
1998). Thus, a large proportion of patients with benign nodules is undergoing unnecessary 
surgery that could be avoided if appropriate pre-operative diagnostic assays were available 
Therefore, the identification of new molecular biomarkers of thyroid cancer tissue, which, in 
combination with cytological examination, give the opportunity to improve the accuracy of 
diagnostic tests and predict the course of the disease is very urgent. Moreover, the identification 
of biomarkers that are detectable in body fluids, such as plasma or serum, would allow to 
develop non-invasive diagnostic assays that do not rely on sampling of the nodule by FNA. 
 Any molecular changes - somatic mutations in the DNA, methylation changes, increased 
mRNA, miRNA, or protein expression levels, post - transcriptional modifications, that occur in 
cancer, but not benign nodule tissue can serve as biomarker for the diagnosis of cancer. The most 
common genetic changes in thyroid tumors are RET or PAX8 gene translocation and BRAF or 
RAS mutations that are found in up to 70% of cases. However, these mutations are frequently 
detected in follicular adenoma and even Hashimoto cases (Eszlinger and Paschke, 
2010;Nikiforov, 2002;Nikiforova et al., 2002;Xing et al., 2004). The best of the currently known 
immunohistochemistry markers for diagnosis are galectin -3, HBME -1 and cytoceratin 19, with 
sensitivity from 78 to 94 % and specificity - from 70 to 93% for each marker, however these 
results are variable between different studies (Bartolazzi et al., 2008;Park et al., 2010). Several 
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studies have compared the gene expression profiles yielding more than 100 genes, whose mRNA 
expression levels differs in benign and malignant thyroid tissue (Barden et al., 2003;Prasad et al., 
2005), as well a number of potential new markers has been identified for lymph node metastasis 
prediction (Cerutti et al., 2004), yet in almost all cases, further studies were needed to evaluate 
the relevance of these markers. 
 However, the identification of new tissue biomarkers would not solve the problems 
associated with the sampling of biopsies (variable cell counts, do not contain all the cell types, 
etc.). In addition, biopsy is invasive, unpleasant for the patient and also expensive procedure. 
Therefore, a serological assays for the detection or differential diagnosis of thyroid nodules 
would be of very high clinical relevance. As a serological marker can serve DNA from 
circulating tumor cells (mutations or methylation markers), cytokines, chemokines, miRNA, 
growth factors and autoantibodies against tumor cell antigens. 
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1. Literature overview 

 1.1 Cancer development 
 Cancer is a very heterogeneous disease caused by genetic and epigenetic alterations in 
oncogenes, tumor-suppressor genes and non-coding RNA genes (Fearon and Vogelstein, 
1990;Kanwal and Gupta, 2010). A single genetic change is rarely sufficient for the development 
of a malignant tumor, in fact most studies point out multistep process of sequential alterations, 
like chromosomal rearrangement, mutations, gene amplifications in many oncogenes, tumor - 
suppressor genes and non-coding RNA genes (Fearon and Vogelstein, 1990;Wood et al., 2007). 
Genetic alterations are irreversible, epigenetic alterations are reversible and do not require direct 
alterations of DNA sequence. While genetic information provides sequence for protein synthesis, 
epigenetic information provides instructions on when and where the genetic information will be 
used. There are several epigenetic mechanisms that are responsible for modifying gene 
expression and are related to cancer development: DNA methylation, modification of histone 
proteins and functional non-coding RNA (Foley et al., 2009). The major form of epigenetic 
regulation in mammalian cells is DNA methylation that is essential for normal embryonic 
development and has a variety of important functions in cell physiology. Genomic methylation 
patterns are often altered in cancer cells with global hypomethylation accompanying region-
specific hypermathylation sites, usually within the promoter of tumor suppressor genes, that can 
silence expression of associated gene and provide cell with growing advantage and leading to 
cancer development (Kanwal and Gupta, 2010).  
 More recent studies suggest that besides genetic and epigenetic heterogeneity between 
cancer patients there is also an intratumor heterogeneity. Now based on a single cell genome 
sequencing we know that tumors often possess different clones that possibly arise from initial 
transformed or progenitor cancer cells trough genetic alterations all of which constitute a 
spectrum of cells with different genetic alterations and states of differentiation. Epigenetic 
alterations and plasticity are likely to have an important role on phenotypic and functional 
intratumoral heterogeneity. The heterogeneity contributes to differences in clinical behaviour and 
response to treatment (Bedard et al., 2013;Shah et al., 2012). Besides the clonal cancer evolution 
model or stochastic model, there is a Cancer Stem Cell (CSC) model that explains this intratumor 
heterogenecity. This model suggests that cancers arise from self renewing stem cells that are 
biologically distinct from their more numerous differentiated progeny. They usually express 
organ specific markers, are resistant to chemotherapy and are able to generate a new tumor in 
immunodeficient mice. Moreover, there is growing evidence that pathways regulating normal 
stem cell self renewal and differentiation are also active in CSCs (Yu et al., 2012b). However, 
most likely both paradigms of tumour development exist in human cancer and it is important to 
note that the two models are not mutually exclusive, as CSCs can undergo clonal evolution also 
(Barabe et al., 2007). In the end, lethality of cancer is the ultimate result of deregulated cell 
signalling and regulatory mechanisms as well as inappropriate host cell recruitment and activity 
that leads to the generation of niche for cancer cells within tumor that replace normal cell 
functions creating hypoxic, acidic and nutrient poor environment that in orders increases genetic 
and epigenetic instability promoting cancer development (Amend and Pienta, 2015). 
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 1.2 Normal thyroid gland development 
 Mature human thyroid is composed of epithelial cells, endothelial cells and fibroblasts. 
For example, in mature dog thyroid there is 70% of epithelial cells, 24% endothelial cells and 6% 
fibroblasts (Dow et al., 1986). In human thyroid, most of epithelial cells are T3 and T4 hormone 
producing cells or follicular cells, which develop from endodermal cells and only 1% of 
epithelial cell mass are parafollicular cells or C cells producing calcitonin, which develop from 
neiroectodermal cells. In the mouse, where thyroid embryogenesis has been well studied, thyroid 
development starts between embryonic day E8 and E8.5 (in humans ~ 4th week) with the 
specification of the thyroid anlage, a thickening of the midline endodermal floor of the primitive 
foregut. The expression of transcription factors TTF1, TTF2, Pax8, HHEX and transcription 
cofactor TAZ induces follicular cell precursors become polarized and organized in follicular 
lumens at this stage. Follicular lumens accumulate colloid that protects follicular cells from 
peroxidise accruing in idonation of thyroglobulin. The expression of these transcription factors 
and cofactor are also necessary for the maintenance of differentiated phenotype of thyroid 
follicular cell (Di et al., 2009;Hoyes and Kershaw, 1985). Further, the median anlage develops 
into a diverticulum that descends caudally and loses contact with the pharynx by E11.5 in mouse 
(in humans ~ 5th week). After detachment, the thyroid primordium expands bilaterally and 
migrates to its final position in front of the trachea until E13.5 (in humans ~ 8th week). Terminal 
functional differentiation of the thyroid around E14.5 (in humans ~ 10th week) involves 
expression of the functional differentiation markers - at the beginning TSHR that in turn 
stimulates expression of TG and TPO. The expression of SLC5A5 becomes detectable latter, and 
functional maturation is evident from thyroid hormone synthesis around E16.5 (in humans ~ 12th 
week) (De and Di, 2004;Fagman et al., 2006). While source of follicular cell of thyroid 
embryonal structure origin is thyroid anlage, parafolicular cell source is ultimobranchial bodies. 
The C cells of the ultimobranchial bodies migrate from their respective sites of origin and 
ultimately merge in the definitive thyroid gland (in human 8th week). In the merging process, the 
ultimobranchial bodies disappear as individual structure, and the cells contained in it disperse in 
the structure of the adult thyroid gland. While the cells originating from the anlage continue to 
organize the thyroid follicles, the C cells scatter within the interfollicular space (Fontaine, 1979). 

 1.3 Thyroid cancer development 
 There is evidence that thyroid cancer is developed in multi step carcinogenesis via 
genetic and epigenetic alterations that accelerates malignant phenotype development such as 
increased proliferation, invasion into surrounding tissues and metastasis to distant organs. 
Advanced biological methods such as karyotypic analysis, fluorescent in sity hybridisation, 
microarray expression analysis and whole genome associations has helped scientists to find out 
some of the molecular defects causing the development of thyroid cancer. One of these defects is 
translocations of chromosomes that produce novel proteins with oncogenic properties as a result 
of fusion of two genes. One of the most frequent fusions is generated by translocation involving 
thyroid specific transcription factor PAX8 (chromosome 2q13) and PPAR nuclear hormone 
receptor (chromosome 3p25) that is normally involved in the differentiation of various tissues, 
especially adipocytes. This rearrangement has been identified as an early event in the 
development of thyroid cancer. There are several hypotheses how this fusion gene contributes to 
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oncogenesis. There is evidence that this fusion protein can act as a dominant negative suppressor 
of PPAR induced gene expression that contributes to anti apoptotic properties (Kroll et al., 
2000), while other studies that show that this fusion leads to the disruption of PAX8 
transcriptional activities resulting in decreased expression of thyroid specific genes (Au et al., 
2006). Another known gene rearrangement involved in thyroid cancer development is RET 
rearrangement in which tyrosin kinase domain of the normally silent RET is fused with various 
constitutively expressed genes. There are at least 10 types of rearrangements but the most 
common products are RET/PTC1 (inv(10)(q11;2q21)) and RET/PTC3 (inv(10)(q11;2q10)). Both 
involve inversion of the long arm of chromosome 10, generating a fusion between RET and 
either histone H4 (histone protein in nucleosome) or nuclear receptor coactivator 4 (NCOA4) 
gene (Zitzelsberger et al., 2010). Another frequent rearrangement involves an inversion of 
chromosome 7q generating fusion between BRAF and AKAP9 (A-kinase anchor protein 9 gene) 
containing BRAF kinase domain without the N-terminal auto-inhibitory domain in radiation 
induced thyroid carcinomas (Ciampi et al., 2005). Another rearrangement involves the fusion 
between the 3' terminal sequences encoding the kinase domain of NTRK1 (neutropic tyrosine 
kinase receptor type 1) on chromosome 1 and 5' terminal sequences of various genes resulting in 
activated TRK oncogenes (Greco et al., 2010). All these fusions leads to constitutive activation 
of the MAPK pathway that induce expression of genes like, Myc, estrogen receptor, cyclin D1 
that leads to inhibition of normal thyroid cell differentiation and increasing cell proliferation and 
survival (Kouniavsky and Zeiger, 2010).  
 Another type of genetic alterations in thyroid cancer are somatic mutations and the most 
frequent one is BRAF nucleotide substitution from A to T, which change  valine to glutamic acid 
at amino acid position 600. The change activates BRAF kinase leading to stimulation of MAPK 
pathway (Kimura et al., 2003). Interestingly, several studies show that thyroid cancer cells 
harbouring BRAF mutation often have methylation of iodide metabolising genes. Treatment of 
follicular cell derived thyroid cancer cell lines harbouring this mutation with MEK (mitogen 
activated protein kinase 1) inhibitor restored SLC5A5 (NIS) and TSHR expression, suggesting 
that this mutation is responsible for SLC5A5 and TSHR promoter methylation and thyroid 
tumorigenesis (Akagi et al., 2008;Liu et al., 2007). In MAPK pathway upstream of BRAF there 
is a kinase RAS that have three forms: H-RAS, K-RAS and N-RAS. Mutations that always 
localize to either codon 12, 13 or 61 of RAS forms constitutively activates the MAPK and 
PI3K/Akt signaling pathways. PI3K/Akt signaling pathway in turn activates expression of genes 
like NF- kB, Mdm2, YB-1 and inhibits expression of p21, p27, BAD, Casp9, leading to thyroid 
cancer cell resistance to apoptosis, proliferation, survival and migration (Vasko et al., 2003). 
PTEN is phosphotase that acts as a suppressor of PI3K/Akt pathway. Both deletion of the PTEN 
locus (10q23) and silencing of PTEN by aberrant promoter methylation enhance PI3K/Akt 
signaling and is associated with the progression of thyroid tumor (Alvarez-Nunez et al., 
2006;Yeh et al., 1999). 
 Increasing evidence suggests that mutations or polymorphisms in non-coding RNA also 
can contribute to development of thyroid cancer. For example polymorphisms in short non-
coding RNA miR 146a precursor (pre-miR 146a) cause decreased amount of mature miR-146a 
that reduce inhibition of its possible target genes IRAKI1 (IL1 receptor associated kinase 1) and 
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TRAF6 (TNF receptor associated factor 6) – the key molecules in TLR (tool like receptor) 
pathway, suggesting that patients carrying this polymorphism have predisposition to PTC, 
because PTC have increased TLR activity and increased cytokines and chemokine level 
(Jazdzewski et al., 2008).  
 Another pathway involved in thyroid cancer development is -catenin signaling. -
catenin is a part of a cytoplasmic complex regulated by GSK3glycogen synthase kinase-3). 
When the complex is phosphorylated by GSK3, it undergoes ubiquitination and degradation. 
PI3K/Akt pathway induces phosphorylation of GSK3 that in turn releases -catenin from the 
complex allowing it to be translocated to nucleus. In the nucleus, -catenin activates TCF/LEF 
(T-cell-specific transcription factor/lymphoid enhancer binding factor) target genes such as 
cyclin D1 and Myc promoting cell proliferation and survival. In some thyroid cancers -catenin 
can contain a mutation in exon 3 where the phosphorylation sites are involved in -catenin 
degradation and that is associated with aberrant nuclear localization and poor prognosis (Garcia-
Rostan et al., 2001).  
 Advances in molecular biology methods provided us with information on the genetic and 
epigenetic alterations such as BRAF, RAS and -catenin mutations, RET/PTC, PAX8/PPAR 
rearrangements, PTEN locus deletion and aberrant promoter methylation, SLC5A5 and TSHR 
promoter methylation, that can lead to thyroid cancer development. This information can 
improve the differential diagnostics and treatment of thyroid cancer. Even more, in the last 
decade there has been a great effort to identify gene expression signatures of downstream genes 
that could improve diagnostic value of molecular diagnostic tests and possibly identify new 
molecular pathways of thyroid cancer development. 
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1.4 Thyroid cancer diagnosis and molecular biomarker identification
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2 Materials and methods 

 2.1 Biological samples 

 2.1.1 Patient tissue specimens 
 Tissue specimens of thyroid nodules, thyroid and breast cancer and adjacent normal 
tissues were obtained from patients undergoing surgery in Latvian Oncology Centre and Pauls 
Stradins University Hospital during the period 2009-2011. Tissue samples were macroscopically 
dissected after total or partial thyroidectomy from thyroid cancer patients and mastectomy from 
breast cancer patients by histopathologist during the surgery and stored in RNALater® (Applied 
Biosystems, USA) at -20°C until processing. Tissue sections were evaluated by an experienced 
pathologist and the diagnosis was established according to standard histopathological criteria. 
The tissue specimens were collected after the patients’ informed consent was obtained in 
accordance with the regulations of Ethics Committee of the Institute of Experimental and 
Clinical Medicine, University of Latvia.  

 2.1.2 Tissue microarrays (TMAs) 
 For immunohistochemical analysis, Thyroid diseased tissue array (A401, ISU ABXIS, 
Seoul, Korea) and Thyroid cancer tissue array (A210, ISU ABXIS, Seoul, Korea) where 
purchased. Thyroid cancer TMA compromising duplicates of 33 various thyroid nodule tissues 
(11 PTC, 5 FTC, 2 ATC, 5 MTC, 5 adenomatous hyperplasia and 5 FA)  and 4 non neoplastic 
thyroid tissues, total 70 of 1.0 mm spots. Thyroid disease TMA comprising duplicates of 30 
various diseased thyroid tissues (5 Graves' disease, 4 Granulomatous thyroiditis, 5 Hashimoto 
thyroiditis, 5 adenomatous hyperplasia, 6 Hurthle cell adenoma and 5 FA) and 4 non neoplastic 
thyroid tissues, a total of 64 1.0 mm spots. 

 2.1.3 Cell cultures 
 Human anaplastic thyroid carcinoma cell line 8305C and human mammary carcinoma 
cell line MCF7 were purchased from European Collection of Cell Cultures (ECACC, UK) and 
maintained according to the manufacturer’s protocols. MCF7 cells are established from the 
pleural effusion of 69 years old Caucasian female suffering from a breast adenocarcinoma. Cells 
exhibit some features of differentiated mammary epithelium including estradiol synthesis and 
formation of ducts. Cells are both the estrogen receptors and progesterone receptor positive. 
8305C cells are established from 67 year old female suffering from undifferentiated thyroid 
carcinoma. Pathologically the carcinoma tissue contained residual well differentiated components 
suggesting well differentiated to undifferentiated carcinoma progression. Cells contain a C:G to 
T:A transition at the first base of p53 gene codon 273. MCF7 cells were cultured in DMEM 
supplemented with GlutaMax (Gibco, Life Technologies, CA, USA), 10% FBS (Gibco, Life 
Technologies, CA, USA) and 1% NEAA (non essential amino acid solution) (Sigma - Aldrich, 
MO, USA). 8305C cells were cultured in DMEM supplemented with GlutaMax, 10% FBS and 
1% NEAA. 
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 2.1.4 Serum samples 
 Serum samples of 143 consecutive patients with thyroid nodules, 100 melanoma, 55 
breast cancer, 14 non-small cell lung cancer (NSCLC) patients as well as 96 cancer-free healthy 
individuals were provided by the Genome Database of Latvian Population. Ninety of the thyroid 
patients were diagnosed with FA, 38 with PTC, 6 with MTC, 3 with ATC and 6 with FTC. The 
blood samples were collected in venous blood collection tubes with clot activator and gel for 
serum separation (Becton Dickinson, NJ, USA) and stored at +4C until processing. The samples 
were centrifuged and aliquoted within 48 hours and stored at -80C. Clinico-pathological 
characteristics of the study population are provided in Original paper III - Table 1. Study 
procedures were approved by the Central Committee of Medical Ethics of Latvia and the ethical 
committee of the University of Latvia, Institute of Experimental and Clinical Medicine. The 
blood samples were collected after the patients’ informed consent was obtained.  

 2.2 Cell biology methods 

 2.2.1 Cell culture transfection with plasmid constructs. 
 To generate stable TFF3-expressing 8305C and MCF7 cells they were transfected with 
pIRESneo3 (Clontech Laboratories, CA, USA) containing human TFF3 cDNA (GeneBank 
accession number NM_003226). TFF3 was amplified by PCR from normal thyroid tissue cDNA 
using primers containing unique restriction site sequence (Table 2). The obtained PCR product 
was digested with FastDigest EcoRI and NheI (Fermentas, Thermo Fisher Scientific, MA, USA) 
and cloned into pIRESneo3 vector. The expression cassette of pIRESneo3 contains the human 
cytomegalovirus (CMV) major immediate early promoter/enhancer followed by a multiple 
cloning site (MCS) that precedes stop codons in all three reading frames, a synthetic intron 
known to enhance the stability of the mRNA, the internal ribosome entry site (IRES) of 
encephalomyocarditis virus (ECMV), which permits the translation of two open reading frames 
from one messenger RNA, followed by the neomycin phosphotransferase (NPT II) gene, and the 
polyadenylation signal from SV40. After selection with G418 (Clontech Laboratories, CA, USA) 
(selective antibiotic for neomycin resistance gene), nearly all surviving colonies are stably 
expressing the TFF3 mRNA, because of the IRES structure, TFF3 and neomycin 
phosphotransferase are translated from one mRNA, thus decreasing the need to screen large 
numbers of colonies to find functional clones.  
 For transfection 1×105 of 8305C and MCF7 cells were seeded in 24-well plate and 
transfected with vector containing TFF3 and empty vector as a control using TurboFect 
transfection reagent (Fermentas, Thermo Fisher Scientific, MA, USA). After 8 weeks of 
selection with G418 stable transfectants were obtained. For MCF7 cells G418 was used in 800 
g/l concentration, but for 8305C cells 500 g/l. 

 2.2.2 Cell functional tests 
Cell functional tests were performed as described in the original paper II. Briefly, growth 

curve analysis was done by seeding MCF7 and 8305C cells transfected with TFF3 containing 
vector and empty control vector at density 0.5×104 cells per well in 24-well plates and cultured 
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for 10 days. Triplicate wells were trypsinized and the cells were counted using hemocytometer 
every 24 hours. 

For estradiol stimulation experiments, the 8305C cells were seeded in serum free media 
at a density 1×105 cells per well in 24-well plates in triplicates and treated with 10pM or 1M β-
estradiol (Sigma Aldrich, St. Louis, MO) diluted in 96% ethanol according to manufacturer’s 
protocol or 96% ethanol as a control for 72 hours. 
 For spheroid cultures, single-cell suspensions of 8305C-TFF3, 8305C-pIRES, MCF7-
TFF3 and MCF7-pIRES cells were plated at a density 2×103 cells per ml in 96-well ultra-low 
attachment plates (Corning, NY, USA) in serum-free DMEM/F12 medium containing 1X B-27 
supplement Minus AO, EGF (20ng/ml), bFGF (10ng/ml) and 1% methylcellulose (Sigma-
Aldrich, St. Louis, MO, USA). After 7 days in culture, the tumour spheroids containing at least 
16 cells were counted under an inverted microscope. 
 Cell proliferation was assessed using Click-iT® EdU assay (C10424; Life Technologies, 
CA, USA) according to the manufacturer’s protocol. Briefly, the cells were seeded at density 
5x105 cells per well in 6-well plate in triplicates, grown until 80-90% confluence and incubated 
with 30 µM 5-ethynyl-2´-deoxyuridine (analog of timidine) for one hour. The cells were 
harvested and, after the fixation and permeabilization, stained with Alexa Fluor 647 azide. The 
DNA content was analyzed by flow cytometry on the BD FACSAria II cell sorter (BD 
Biosciences, CA, USA) using BD FACSDiva software (BD Biosciences, CA, USA). 

 2.3 RNA isolation and reverse transcription 
 Bead based tissue homogenisation was performed by using the FastPrep-24 homogenizer 
(MP biomedicals, USA) and Lysing Matrix D (MP biomedicals, USA) in 1 ml MirVana Lysis 
Buffer (Life Technologies, CA, USA). For thyroid tissues, the homogenisation protocol was 
three times for 40 seconds with 6 m/s speed, but for breast tissues one time for 40 seconds with 6 
m/s speed. The supernatant of homogenized tissues was transferred to new tube and subjected to 
the extraction of total RNA according to manufacturer’s protocol. Isolated RNA was further 
treated with DNase according to DNA Free kit protocol (Life Technologies, CA, USA). cDNA 
was synthesized by random hexamer priming from 4 g of total RNA by using High Capacity 
cDNA synthesis kit (Life Technologies, CA, USA) according to manufacturer’s protocol. Cells 
were directly lysed in 100 l - 1 ml mirVanaTM PARIS (Life Technologies, CA, USA) lysis 
buffer, depending on cell amount followed by RNA isolation according to manufacturer’s 
protocol. Total RNA was treated with DNase and cDNA was synthesized from 500 ng to 4 g of 
total RNA depending on the amount of cells in different experiments. 

 2.4 Expression analyses 

 2.4.1 mRNA expression analyses 
 Quantitative mRNA expression analyses were done as described in original paper I. RT-
PCR (qPCR) reactions were performed using 2 l of 1:10 diluted cDNA reaction mixtures, 
ABSolute Blue SYBR green Low ROX (Thermo Scientific, USA) on ABI7500 sequence 
detection system (Applied Biosystems, USA). Appropriate primer concentrations were 
established by cDNA 4 log serial dilution curves to ensure amplification efficiency over 95% and 
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the specificity of the amplification products were verified by the melting curve analysis. qPCR 
conditions were as follows: hold for 15 minutes at 950C, follow by two step PCR for 40 cycles of 
950C for 15 seconds, followed by 600C for 1 minute. All reactions in tissues were performed in 
duplicates, but in cell cultures - in triplicates. To normalize the expression data in the sets of 
various normal or cancer tissues a normalisation factor (NF) was calculated for each cDNA from 
the expression values of most stable reference genes in each set determined among seven most 
often used housekeeping genes (PGK1, PLA2, TUBA3, ACTB, GAPDH, TBP, POLR2A) (Primer 
sequences are provided in Table 1) by using the open-access software GeNorm Win3.4 
(http://medgen.ugent.be/~jvdesomp/genorm). The most stable genes were POLR2A and PGK1 
for thyroid tissues, ACTB, PGK1 and GAPDH for breast tissues and ACTB and POLR2A for cell 
lines. Pooled cDNA from 10 thyroid tissue samples was used as a reference sample and included 
in each experiment to allow the comparison of TFF 3 expression in tissues across multiple plates. 
Expression level of each gene was determined relative to its expression in the sample with the 
highest expression (lowest Ct value). The analysis of relative gene expression (RQ) data was 
performed using the 2-ΔCT method and to eliminate variations of cDNA quantity and quality the 
data were normalised by using NF for each sample (RQ=(2-ΔCT)/NF). 

 2.4.2 Protein expression analysis in tissues with immunohistochemistry (IHC) 
 The level of TFF3 protein expression was studied by IHC in various diseased thyroid 
tissues as described in original paper II. Briefly, immunohistochemical staining of thyroid 
disease and cancer tissues with TFF3 antibody (ab57752, monoclonal, Abcam, Cambridge, UK) 
was performed according to the AccuMax protocol. The tissue arrays where deparaffinised and 
rehydrated in xylene and ethanol followed by quenching of peroxidise. Epitope retrieval was 
performed by heating the slides in microwave for 15 min in 10mM sodium citrate buffer. Next, 
the tissue sections were incubated with anti-TFF3 antibody (1:300) overnight at 4 oC and the 
antibody binding was detected with anti-mouse IgG secondary antibody conjugated with 
peroxidase (A2554, Sigma - Aldrich, MO, USA) at 1:50 dilution. Colorimetric detection was 
performed with DAB (Sigma - Aldrich, MO, USA) followed by counterstaining with 
hematoxylin. Further, the slides where dehydrated, cleared with xylene and coverslips were 
mounted with Canadian Balsam (Sigma - Aldrich, MO, USA). and examined under light 
microscope (Leica DM3000, Germany). 

 2.4.3 Protein expression analysis by Western Blot 
 Protein expression analysis with Western blot was done as described in original paper II. 
Briefly, protein was isolated simultaneously with the total RNA from ~1×105 - 2×106 cells by 
using mirVanaTM PARIS kit according to the manufacturer’s instructions, precipitated with 
isopropanol and dissolved in 100 µl 8mM Urea in 60 mM Tris-HCl and 1% SDS. Ten 
micrograms of total protein were applied per lane and separated by 10% SDS-PAGE. Proteins 
were electroblotted onto nitrocellulose membranes and stained with Ponceau S solution to ensure 
the normalisation control for protein loading. The membranes were destained, blocked with 5% 
(w/v) fat-free milk and then incubated with the following primary antibodies: TFF3 (ab57752, 
monoclonal, Abcam, Cambridge, UK) (1:1000), E-cadherin (sc8426, monoclonal, Santa Cruz 
Biotechnology, TX, USA) (1:1000) and β-actin (ab8224, monoclonal, Abcam, Seoul, Korea) 
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(1:2000). After washing, the membranes were incubated with peroxidise - conjugated goat anti-
mouse secondary antibody (A2554, polyclonal, Sigma - Aldrich, MO, USA) (1:3000), washed 
and processed with ECL Select Western Blotting Detection Reagents (GE Healthcare, WI, USA) 
according to manufacturer’s instructions. 

 2.5 Statistical analysis 
 Statistical analyses were done as  described in original paper I and II. Briefly, a non-
parametric Mann-Whitney U test was used to compare the RQ values of each candidate gene 
between two independent groups of tissue samples (benign vs malignant nodules; malignant 
nodules vs all normal tissue specimens). The receiver operating characteristic (ROC) curve was 
constructed and the area under the curve (AUC) was calculated to evaluate the diagnostic 
performance of each marker gene and biomarker model. Youden index (J) was used to define 
cut-off points on the ROC curves with the maximal sum of sensitivity and specificity. 
Multivariate logistic regression was used to examine associations between thyroid nodule 
histopathological status and the gene expression. The initial multivariate logistic regression 
model included all individual genes and all combinations. Stepwise backward elimination based 
likelihood ratio test was used to drop out insignificant terms from the initial model. The 
predicted probability for each sample was calculated and used as input to generate ROC curve. 
As all samples were used for regression model generation the estimated AUC may be over 
optimised and to correct this bias leave one-out cross validation (LOOCV) was used to validate 
biomarkers and combinations of them to eliminate overestimated values. 
 For growth curve, proliferation test, β-estradiol and gene expression ratio (Primer 
sequences are provided in Table 2) experiments in cell cultures unpaired two tailed t test were 
performed. P<0,05 was considered as statistical significant. The statistical analyses were 
performed with SPSS 17.0 (SPSS, USA), Genex (Multid, Sweden) and GraphPadPrism 5 
(GraphPad, USA). 

 2.6 Production and processing of phage displayed antigen microarrays 
 Production and processing of phage display antigen microarrays was done as described in 
original paper III. Briefly, for the production of 75-feature TAA microarray, a panel of 65 
recombinant T7 phage clones previously selected from phage-displayed cDNA expression 
libraries and 10 non-recombinant phage clones was assembled and simultaneously amplified to 
high titre (~2-10×108 pfu/µl) in E. coli BLT 5616 cells using 96 well culture plates (Whatman, 
UK). The lysates were arrayed in duplicates onto nitrocellulose-coated 16-pad FAST slides 
(Maine Manufacturing, ME, USA) using a QArray Mini microarrayer (Genetix, UK). The slides 
were dried, blocked with 7% (w/vol) milk powder in TBS, 0.05% Tween 20, incubated with 80 
µl of 1:200 diluted patients’ sera that were preabsorbed with UV-inactivated E.coli- phage 
lysates, washed 4 times in TBS, 0.5% Tween 20 for 15 min, and then incubated with monoclonal 
anti-T7 tail fiber antibody (Novagen, SanDiego, CA, USA). Next, the microarrays were 
incubated with Cy5 labelled goat anti-human IgG antibody (1:1500) and Cy3 labelled goat anti-
mouse IgG antibody (1:3000) (Jackson ImmunoResearch, PA, USA) for 1 h, then washed in 
TBS, 0.5% Tween 20, rinsed with distilled water and dried by centrifugation. A reference serum 
was included in each series of experiments. The arrays were scanned at 10 µm resolution in 



 

42 
 

PowerScanner (Tecan, Switzerland) with 532 and 635 nm lasers, the results were recorded as 
TIFF files and the data were extracted using GenePix software.  

 2.7 Microarray data processing and statistical analysis 
 The microarray data were processed and analyzed as described in original paper III using 
an ad hoc program composed in R language. Briefly, the mean Cy5 and Cy3 signals were 
background subtracted, averaged between replicates, and the Cy5/Cy3 ratios were calculated for 
each antigen. In order to eliminate variations introduced by the custom production of microarrays 
and variable background intensities of different sera, the data were median-centred and scaled 
across the slides. A cutoff value for defining sero-postive antigens in each field was defined as 
the mean signal intensities of all negative control spots (non-recombinant T7 phage) plus 3 
standard deviations (SD). Fisher’s exact test was applied to determine the level of significance 
for the binominal frequency data. 

Then the rank (R) for each antigen was calculated, taking into account the signal intensity (I) and 
frequency of reactivity (N) with sera from cancer patients (Ca) compared to healthy control sera, 
using the following formula:  

푅 =
퐼
푁 − 2

퐼
푁  

Coefficient 2 was introduced in this formula in order to decrease the rank of antigens reacting 
with sera from healthy controls. Finally, a score (S) for each serum was calculated by summing 

up the intensities of sero-postive antigens as follows: . The non-parametric 
Mann-Whitney U test was used to compare the serum scores between two independent groups of 
samples. The receiver operating characteristic (ROC) curve was constructed and the area under 
the curve (AUC) was calculated to evaluate the diagnostic performance of the serum scores.  
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Table 1. Primers used for the RT-qPCR 

  

GENE FORWARD PRIMER 5' - 3'  REVERSE PRIMER 5' - 3'  
ACTB AATCTCATCTTGTTTTCTGCGC AGTGTGACGTGGACATCCG 
BIRC5 CAGCCCTTTCTCAAGGACC AAGCAGAAGAAACACTGGGC 
CCND1 TGGTGAACAAGCTCAAGTGG ATCACTCTGGAGAGGAAGCG 
CCNE1 ATCAGCACTTTCTTGAGCAACA TTGTGCCAAGTAAAAGGTCTCC 
CDH1 AGAAACAGGATGGCTGAAGG AGCACCTTCCATGACAGACC 
CDK1 TCGAAAGCCAAGATAAGCAAC CCGCAACAGGGAAGAACAGT 
CDK2 GCTAGCAGACTTTGGACTAGCCAG AGCTCGGTACCACAGGGTCA 
CDK4 CTGGTGTTTGAGCATGTAGACC AAACTGGCGCATCAGATCCTT 
CDKN1B CTGCAACCGACGATTCTTCTACT GGGCGTCTGCTCCACAGA 
CITED1 GCTCTGAAATGCCAACAACG TGGTTCCATTTGAGGCTACC 
DPP4 TGATGCTACAGCTGACAGTCG CTGAGCTGTTTCCATATTCAGC 
ESR1 AGGATCTCTAGCCAGGCACA AAGCTTCGATGATGGGCTTA 
ESR2 ACCAAAGCATCGGTCACG CATGATCCTGCTCAATTCCA 
FN1 CCCATCAGCAGGAACACCTT GGCTCACTGCAAAGACTTTGAA 
FOXE1 CTCCCCATTCCCACAAAAACC CGGAGTTTTCGGACTTTTCAGG 
GAPDH GGGTCTTACTCCTTGGAGGC GTCATCCCTGAGCTAGACGG 
LGALS3 CTGATTGTGCCTTATAACCTGC AAGCAATTCTGTTTGCATTGG 
MET TCTGCCTGCAATCTACAAGG AAGGTGCAGCTCTCATTTCC 
SLC5A5 ACAGCACAGTGGTCAGCGT CTCTCCTCCCTGCTAACGAC 
NKX21 GAATCTTTAAGCAGAGAA TGAAGTTTGGTCTTTAGAGTC 
PAX8 AAGTCCAGCATTGCGGCACA GAGGGAAGTGCTTATGGTCC 
PGK1 CTTAAGGTGCTCAACAACATGG ACAGGCAAGGTAATCTTCACAC 
PLA2 CCTGCATGAAGTCTGTAACTGAG GACCTACGGGCTCCTACAAC 
POLR2A GGGTCATCTTCCCAACTGGAG CACCAGCTTCTTGCTCAATTCC 
SLC26A4 GGAACTGCAGCTAGTAGGGC CCCAAATACCGAGTCAAGGA 
TAZ GTCACCAACAGTAGCTCAGATC AGTGATTACAGCCAGGTTAGAAAG 
TBP CCACTCACAGACTCTCACAAC CTGCGGTACAATCCCAGAAC 
TFF3 GTACGTGGGCCTGTCTGC GATCCTGGAGTCAAAGCAGC 
TG CAACTGACCTCCTTTGCCA CACCAACTCCCAACTTTTCC 
THRB CAACCAGAAGGAAATCGCA AAAGAGACCTCCTGCTCCG 
TPO GCAGTGTGGATTTAGTGCCA ACTTGGATCTCCATGTCGCT 
TSHR AGCTGCTGCAGAGTCACATC GATATTCAACGCATCCCCAG 
TUBA3 TATGGCAAGAAGTCCAAGCTG TACCATGAAGGCACAATCAGAG 
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3. Results 
 
 The results are presented here as original publications. The author's contribution to the 
enclosed publications are presented. 
 
 Review paper (presented in literature overview) 
A. Ābols, K. Ducena, A. Linē, V. Pīrāgs. Relevance of molecular biomarkers for differential 
diagnostics of thyroid cancer. Breast, Cervical and Prostate Cancer (BK039-1-1). Paper ID 
12090423294242 
Contribution: Wrote partly the manuscript and prepared the tabular information. 
 
Original Paper I (presented in results) 
Ducena K, Ābols A, Vilmanis J, Narbuts Z, Tārs J, Andrējeva D, Linē A, Pīrāgs V. Validity of 
multiplex biomarker model of 6 genes for the differential diagnosis of thyroid nodules. Thyroid 
Res. 2011 Jun 27;4(1):11. 
Contribution: Performed experimental work and data analysis, prepared graphical and tabular 
information and partly prepared manuscript. 
 
Original Paper II (presented in results) 
Artūrs Ābols, Kristīne Ducena, Diāna Andrejeva , Lilite Sadovska, Elīna Zandberga, Jānis 
Vilmanis, Zenons Narbuts, Juris Tārs, Jānis Eglītis, Valdis Pīrāgs  and Aija Linē. Trefoil Factor 3 
is Required for Differentiation of Thyroid Follicular Cells and Acts as a Context-dependent 
Tumor Suppressor. (manuscript accepted in Neoplasma). 
Contribution: Performed experimental work, data analysis, prepared graphical and tabular 
information, wrote partly the manuscript. 
 
Original Paper III (presented in results) 
A. Ābols, K. Ducena, P. Zayakin, K. Siliņa, Z. Kalniņa, L. Sadovska, J. Tārs, J. Vilmanis, Z. 
Narbuts, J. Eglītis, V. Pīrāgs and A. Linē. Survey of autoantibody responses against tumor-
associated antigens in thyroid cancer. Cancer Biomarker. 2014;14(5):361-9 
Contribution: Partly performed the experimental work and data analysis, wrote partly the 
manuscript. 
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3.1 Biomarker identification of thyroid cancer tissues for development of pre - operative 
diagnostic test 

 



 

46 
 

 



 

47 
 

 



 

48 
 

 



 

49 
 

 



 

50 
 

 



 

51 
 

 



 

52 
 

 



 

53 
 

 

  



 

54 
 

3.2 Functional role of TFF3 in thyroid cancer 
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3.3 Repertoire of cancer-associated autoantibodies in patients with thyroid cancer 
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4. Discussion 
 Historically, before the cytological evaluation of ultrasound guided FNAB was 
established as a standard diagnostic approach, a diagnostic surgery was applied to thyroid 
nodules due of their 5 - 15% risk of malignancy. FNAB decreased diagnostic thyroidectomy by 
half because most of the biopsies are diagnosed as benign in cytological evaluation and 
according to ATA and AACE guidelines a close clinical and sonographic follow up of 
cytological benign nodules for six to eighteen months after FNAB is recommended. However, 
even up to 30% of cases of FNAB are indeterminate due to an inadequate sampling and the lack 
of highly specific cytological criteria (Cooper et al., 2009). Usually, patients with indeterminate 
cytology undergo thyroidectomy and up to 70% prove to be benign in histopathological 
evaluation. The Bethesda system claims that subdividing these indeterminate cytological 
evaluations in higher (FN/SFN and SMC) and lower (AUS/FLUS) risk could improve clinical 
care (Cibas and Ali, 2009). However it appears that this subdivision created less reproducible 
categorizations and has not solved the problem, thus this differential approach has been 
questioned (Walts et al., 2012). After thyroid surgery a thirty day mortality can be up to 0.5%, on 
average 0.2%. Serious or permanent non-lethal complications of thyroidectomy includes 
hypothyroidism, hypocalcemia, laryngeal nerve damage, re - bleeding and wound infection. 
Complications are related with total thyroidectomy combined with lymph node dissection and 
surgeon expertise (Hundahl et al., 2000) and rates form 5 - 10% in USA even up to 37% in Brasil 
(Sosa et al., 1998;Ernandes-Neto et al., 2012). Furthermore, the treatment costs are increased due 
the complications. Therefore, the identification of molecular biomarkers of thyroid cancer could 
improve not only the accuracy of cytological evaluation of FNAB but also reduce the treatment 
costs and improve the patients’ life quality.  
 One of the most studied biomarker class in thyroid cancer is somatic mutations and gene 
rearrangements. Yuri E. Nikiforov and group in the end of 2011 published a research where they 
prospectively analyzed BRAF V600E, NRAS codon 61, HRAS codon 61, and KRAS codons 12/13 
point mutations and RET/PTC1, RET/PTC3, and PAX8/PPARγ rearrangements in 967 
consecutive thyroid indeterminate FNA samples, the biggest cohort of samples published so far, 
where mutation analyses were done (AUS/FLUS - 653 samples, FN/SFN - 247 samples, and 
SMC - 67 samples). This mutation and gene rearrangement model reached the highest correlation 
of mutational analysis in FNA samples and histopathological outcome in specific groups of 
indeterminate cytology to our knowledge (AUS/FLUS: Sn - 63%, Sp - 99%, PPV - 88%, NPV - 
94%; FN/SFN: Sn - 57%, Sp - 97%; PPV - 87%; NPV - 86%; SMC: Sn - 68%, Sp - 96%, PPV - 
95%; NPV - 72%). However, this model have to be tested in multicenter study to confirm its 
diagnostic value before introduced in routine clinical practice. This study also confirms that a 
panel of somatic mutations and gene rearrangements outperforms single gene mutation or gene 
rearrangement diagnostic value (Nikiforov et al., 2011). 
 A number of immunohistochemical marker approaches has been applied to indeterminate 
cytology specimens in an effort to reclassify these samples including HBME1, FN1, Galectin - 3, 
CK19 and others. IHC markers are well suited for the detection of classical PTC, however the 
sensitivity is significantly lower for the detection of  follicular variant of PTC and FTC. 
Furthermore some markers are positive in FA and normal thyroid tissues (Kim and Alexander, 
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2012). Imortantly, there is a lack of multicenter, prospective, double blinded clinical trials 
investigating immunohistochemical markers. Also, there is tremendous variability in specimen 
processing and interobserver interpretation of the results precluding the introduction of protein 
markers in clinical routine practice. Thus, most pathologists view imunohistochemistry as having 
a limited role in thyroid diagnosis (Bongiovanni et al., 2012).  
 A promising biomarker type is gene expression signatures, including non - coding RNA 
genes. It is clear now that no individual gene has sufficient accuracy to be exploited as an 
independent diagnostic biomarker, because of cancer inter and intra heterogeneity. However, 
there is evidence that combined gene expression signatures from a few up to several hundred 
genes are capable to discriminate malignant tissues from normal tissues, divide cancers into 
molecular subtypes, predict treatment outcomes and recurrence. Probably, the most widely used 
gene expression tests are Oncotype Dx Breast Cancer assay - a test for prediction of breast 
cancer recurrence based on 21 gene expression signature, Oncotype Dx Colon cancer assay – a 
test for recurrence risk based on 12 gene expression signature and Oncotype Dx prostate cancer 
assay - a test for cancer aggressiveness based on 17 gene expression signature (Clark-Langone et 
al., 2007;Albain et al., 2010;Knezevic et al., 2013). There are several approaches to identify gene 
expression signatures: DNA microarrays, next generation sequencing and RT-qPCR assays. 
DNA microarrays offer the advantage of simultaneously assessing the relative expression level 
of thousands of genes with a relatively small amount of total RNA, however DNA microarray 
measurements are often too variable between different studies and limited in specificity and 
dynamic range, leading to false positive and false negative biomarker discovery (Knezevic et al., 
2013). Next generation sequencing technology offers the whole transcriptome evaluation and de 
novo biomarker discovery, but still it is very expensive method and requires special 
infrastructure and trained personal in bioinformatics. On the contrary RT-qPCR technology is 
relatively cheap and offers high accuracy, reproducibility and wide dynamic range, however 
there is limitation of simultaneously assessing the relative gene expression and it cannot be used 
for de novo biomarker discovery. The RT-qPCR approach was exploited in the development of 
Oncotype DX tests that was based on testing of 192 candidate gene panel for the breast cancers 
test and 761 candidate gene panel for the colon cancer test (Clark-Langone et al., 2007;Albain et 
al., 2010). 
 Therefore in the original paper I we choose to analyse 8 candidate genes that have been 
shown to be deregulated and involved in thyroid cancer development (CDH1, BIRC5, CCND1, 
CITED1, MET, DPP4; LGALS3, TFF3) by RT-qPCR approach. This resulted in the generation 
of a complex model based on 6 gene expression signature (LGALS3, BIRC5, CCND1, CITED1; 
MET; TFF3) that outperformed the single marker and two gene biomarker models (AUC=0.895; 
Sn - 70.5%; Sp - 93.4% with p value <0,0001) and clearly warrants further studies in FNAB 
(Ducena et al., 2011). However, TFF3 is downregulated in thyroid cancer in comparison to 
benign nodules and normal thyroid tissues and the development of assay that is based on the 
measurement of downregulated gene expression level in FNAB consisting of various proportions 
of cancerous and stromal cells is technical challenging. Takano with colleges in 2009 reported 
that expression level of TFF3 in FNAB after mesh filtration correlated well with that in 
corresponding tumor tissue. This is probably because thyroid follicular cancer cells tend to form 
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clusters in FNAB rather than be a single cells, thus infiltrated lymphocytes and blood cells but no 
tumor cells pass through the mesh (Takano and Yamada, 2009). The development of pre - 
operative diagnostic test of thyroid cancer based on the measurement of TFF3 expression level in 
aspirate flush out is now ongoing by applying this mesh filtration method (Yamada et al., 2012). 
Recently, Alexander EK with colleagues reported a large, prospective multicenter validation 
study of commercially available gene expression classifier (GEC) developed by Veracyte. In this 
multicenter, double blinded study, the classifier, which is based on the measurement of the 
expression levels of 167 genes, was applied to classify 265 indeterminate FNA biopsies. The 
authors demonstrate that thyroid nodules with indeterminate cytopathology and benign result 
according to Veracyte GEC test result have less than 6% likelihood of being malignant (NPV 
greater than 94%) (Alexander et al., 2012). Another clinical study showed that among 51 
endocrinologists at 21 practice sites, when their patient had an indeterminate cytopathology 
result and a benign GEC result, physicians recommended surgery in only 7.6% of these cases. 
This represents a 90% reduction in surgeries when compared to the historical average for patients 
with indeterminate cytopathology result alone (Duick et al., 2012). Veracyte GEC, to the best of 
our knowledge, currently is the only commercial available option for endocrinologists that could 
help to decide whether to operate a patient with indeterminate cytopathology or not. However, in 
future the diagnostic value of these biomarker tests could be improved by combining genetic, 
epigenetic and gene expression signatures and so far there is no such reports on thyroid cancer.  
 The original paper II is devoted to the exploration of  the functional role of TFF3 in 
thyroid cancer. Although several groups, including ours (Ducena et al., 2011), have observed that 
the expression level of TFF3 mRNA is downregulated in thyroid cancer and it currently seems to 
be  one of the most promising biomarkers for pre-operative diagnosis of thyroid cancer,  to the 
best of our knowledge, the functional role of TFF3 in the development of thyroid cancer has not 
been elucidated so far.  
 Based on previous reports showing that TFF3 is upregulated in several types of cancer 
while it is downregulated in follicular cell-derived thyroid cancer we hypothesized, that TFF3 is 
required for the differentiation of follicular cells and normal thyroid functions and it can act as a 
cell-context dependent oncogene or tumor suppressor gene. In order to test our hypothesis we 
performed a comparative TFF3 mRNA expression analysis in breast and thyroid cancer tissues 
and investigated its regulation in response to  - estradiol treatment in thyroid cancer cell line, 
studied the protein expression analysis in TMA of various normal and diseased thyroid tissues 
and examined the effects of forced TFF3 expression in thyroid and breast cancer cell lines. 
Immunohistochemical analysis of TFF3 in normal thyroid tissues revealed a strong cytoplasmic 
staining of follicular cells and colloid, and the staining was increased in hyperfunctioning thyroid 
nodules showing that TFF3 may have role in the processing of thyroid hormones. 
 Next, we showed that TFF3 is overexpressed in ER+ breast cancers compared to ER- 
cancers and normal breast tissues, confirming previously published results that in breast cancer 
transcription of TFF3 is stimulated by estradiol. At the same time, meta-analysis of the 
Oncomine data demonstrated that TFF3 expression was inversely correlated with ESR1 
expression in follicular cell-derived thyroid cancer but not in benign nodules and MTC. 
Furthermore, the treatment of thyroid cancer cells with - estradiol decreased transcription of 
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TFF3 in a dose dependent manner suggesting that TFF3 regulation by estrogen signaling 
depends on the cell-type specific co-activators or co-repressors.  
 Forced expression of TFF3 in the anaplastic thyroid cancer cells decreased cell 
proliferation and entry in S phase by inhibiting cyclin E1, while in the breast cancer cells, TFF3 
induced proliferation and entry in the S phase. Spheroid forming assay showed that increased 
TFF3 expression decreases self renewal in thyroid cancer cell lines while it has opposite effect 
on breast cancer cells. We also demonstrated that forced TFF3 expression in the thyroid cancer 
cells induced the expression of genes involved in normal thyrocyte functions and transcription 
factors involved in thyrocyte differentiation and phenotype maintenance. These results suggests 
that TFF3 may have a role in normal thyroid functions such as processing of thyroid hormones 
and maintaining differentiation. Considering the fact that forced TFF3 expression in 
dedifferentiated thyroid cancer cell line partly restored thyrocyte phenotype we hypothesize that 
TFF3 loss may contribute to thyroid tumorigenesis. Based on these data and previously 
published results in other cancer types, we propose that TFF3 can act as tumor - suppressor or 
oncogene in cell context dependent manner. In future studies this pathway could be targeted in 
order to increase differentiation level of anaplastic cancer, that has no efficient treatment for now 
and make it more sensitive to radioactive iodine. For example there is studies that shows that 
genetic mutations or alterations in gene expression in epithelial and hematopoietic cancers may 
be manifested as maturation arrest of a cell lineage at a specific stage of differentiation. 
Understanding the signals that control normal development or maintained differentiation may 
eventually lead us to insights in treating cancer by inducing its differentiation so called 
differentiation therapy (Sell, 2004). 
 Another example of well known oncogene, that can act as tumor suppressor in the 
cellular context dependent manner is Notch. Notch signalling is a highly evolutionarily 
conserved pathway implicated in diverse functions during embryogenesis and in self-renewing 
tissues of the adult organism acting as a cell fate determinant (Leong and Karsan, 2006). When 
Notch receptors interact with ligands, two consecutive proteolytic cleavages of the receptor are 
initiated, releasing the intracellular portion of Notch to enter the nucleus and activate the 
transcription of target genes such as HES family of transcription factors, NRARP (Notch-related 
ankryin repeat protein), c-MYC and DTX1 (Weng et al., 2006). Activation of Notch pathway by 
translocations or mutations has been  implicated in various solid tumors, including breast cancer, 
medulloblastoma, colorectal cancer, non–small cell lung carcinoma (NSCLC) and melanoma 
(Ranganathan et al., 2011). However, there is growing evidence that increased Notch pathway 
activity may have growth-suppressive functions in other cells, like hematopoietic cells, skin, 
pancreatic epithelium and hepatocytes. Viatour with colleagues in 2011 proposed a new tumor 
suppressor role for Notch pathway in hepatocellular carcinoma (HCC). They produced a mouse 
model for disease by deleting retinoblastoma (RB) and its two related family members p103 and 
p170 in mouse liver. This showed that Notch pathway is upregulated in the liver cells suggesting 
its oncogenic role in HCC development. Nevertheless, the inhibition of Notch signaling in these 
mice using DAPT (potent γ-secretase inhibitor) led to accelerated HCC development and forced 
activation of Notch signalling using ICN1 (truncated form of Notch receptor 1) led to cell cycle 
arrest and apoptosis in primary HCC cells isolated from mice, as well as in human HCC cell 
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lines, suggesting the potential tumor suppressor role for Notch pathway in HCC (Viatour et al., 
2011). Similar results have been published by other authors in B cell malignancies and 
neuroblastoma (Zweidler-McKay et al., 2005;Zage et al., 2012). In last decade there is an 
increasing number of reports on proteins that act as tumor suppressor genes or oncogenes 
depending on the context such as transcription factor KLF4 (Rowland et al., 2005), Runx genes 
(Cameron and Neil, 2004) and others, suggesting, that binary classification of genes in 
oncogenes and tumor suppressor genes is incomplete. 
 While the discovery of new tissue biomarkers would improve the accuracy of NFAB it 
would not solve the problems associated with the sampling of biopsy such as variable cell counts 
and proportions. In addition, biopsy is an invasive procedure and cause a discomfort for the 
patient. Hence, the developments of a reliable serological diagnostic assay that can detected the 
presence of malignant thyroid nodules would be of very high clinical relevance. Recent efforts to 
discover blood-based biomarkers of thyroid cancer has resulted in the identification of several 
cancer-associated molecules, including circulating TSHR, miRNA, autoantibodies against tumor 
associated antigens, cell-free DNA fragments, mRNAs and various non-coding RNAs. However, 
since measurements of TSH, no new blood tests for differentiated thyroid cancer have been 
introduced into routine clinical practice. The main limitations of serum TSH for the evaluation of 
malignancy risk are substantial differences in the level of TSH among various racial and ethnic 
groups as well as changes during the aging process. 
 In 2004, Chinnappa et. al. reported on the use of circulating TSHR mRNA in human 
blood which is derived from circulating thyroid cancer cells. The authors report that by 
combining the examination by ultrasound, cytological evaluation of FNAB and measurement of 
TSHR mRNA, the diagnostic performance reaches sensitivity of 97%; specificity of 88 %; PPV 
of 88% and NPV of 95% for predicting thyroid cancer. However, this study was carried out in a 
single institution and an expanded clinical experience from other institutions is needed to verify 
this approach (Milas et al., 2010;Chinnappa et al., 2004).  
 In last decade, many studies have provided evidence that miRNAs can be released from 
different type of cells including cancer cells into the extracellular space. They circulate into all 
biofluids (blood, salvia, milk, ect) and can be taken up by recipient cells, where they reagulates 
different pathways resulting in diverse physiological and pathological responses. These results 
suggests that circulating miRNA may also be used as minimal-invasive biomarkers for cancers 
including thyroid cancer detection. However, there are only few of these studies was focused on 
the thyroid cancer serological markers on miRNA level. Yu and colleges in 2012 discovered that 
three miRNAs (let-7e, miR-151-5p, and miR-222) were significantly increased in PTC patient 
serum comparing to benign cases and healthy controls. They showed that serum let-7e, miR-151-
5p, and miR-222 levels correlates with certain clinicopathological variables, such as nodal status, 
tumor size, multifocal lesion status and metastasis and it is significantly decreased in PTC 
patients decreased significantly after tumor excision (Yu et al., 2012a). In line with this, Lee with 
colleagues showed that miRNA-222 and miRNA 146b levels in tumor tissues were significantly 
higher in patients with recurrent PTC compared to those without recurrence (p=0.014 and 
p=0.038, respectively). These miRNA were also elevated in PTC patients’ plasma before surgery 
compared with healthy donor plasma (p<0.01 for both) and were significantly reduced in PTC 
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patient plasma after thyroidectomy, compared with the plasma collected before surgery (p<0.03 
for both), suggesting that miRNA-146b and miRNA-222 are associated with PTC recurrence and 
their level in blood circulation corresponds to presence of PTC (Lee et al., 2013). Although the 
development of qRT-PCR based multiplex assays for the detection of miRNA in cancer patient 
blood for diagnostic purposes seems to be relatively simple and straightforward, currently it is 
still hampered by several technical issues. In contrary to the analysis of gene expression in tissue 
specimens, currently there is no consensus on housekeeping genes in serum/plasma that could be 
exploited as internal controls for the normalisation and the obtained results seem to be 
inconsistent. For example, non-coding RNAs such as U6 snRNA, snoRNAs and rRNAs that are 
used for tissue miRNA normalisation have been shown to be highly variable in the plasma and 
readily degradable in serum and therefore unsuitable as internal controls (Chen et al., 2008). 
Similarly, one of the most frequently used internal control miRNAs – miRNA-16 has been 
reported as the most strongly deregulated miRNA in the sera from lung cancer patients compared 
with the healthy controls (Keller et al., 2011). Also, an overrepresentation of RNA species from 
white or red blood cells in the profile may be an indication that the cells were lysed at some point 
prior to the RNA isolation. This may be due to incomplete removal of white blood cells and 
platelets from the sample, and/or due to haemolysis. Even the diameter of syringe needle can 
affect the miRNA profile in blood sample due to cells contaminating the sample. The presence of 
cellular RNA species may disturb the serum/plasma microRNA measuring experiment resulting 
in a distorted and non-reproducible profile. Another issue is that the physiological processes such 
as pregnancy and a variety of common diseases such as acute or chronic inflammatory diseases, 
cardiovascular disorders and diabetes have also been associated with the release of miRNAs into 
the bloodstream (Reid et al., 2011), however the cancer-free control groups in the majority of 
studies are typically matched by age, gender and smoking status, yet virtually nothing is known 
about their history of disorders (Blondal et al., 2013). 
 Another attractive targets for the development of serological tests for the detection of 
cancer are autoantibodies against tumor-associated antigens (TAAs). Cancer specific 
autoantibody signatures with diagnostic relevance have been identified in a variety of solid 
cancers. Several studies demonstrated that cancer-testis antigens (CTAs) – antigens that are 
normally expressed only in germ line cells and aberrantly expressed in a wide range of cancer 
types, are among the most frequent autoantibody targets and therefore are of the highest 
diagnostic value. Furthermore, these antigens represent important immunotherapeutic targets and 
are useful for the stratification of patients for antigen specific immunotherapy (Heo et al., 2012). 
However, in thyroid cancer, the humoral immune response against CTAs and other common 
TAAs had not been comprehensively analyzed so far. 
 In the original paper III, we explored the repertoire of cancer-associated autoantibodies in 
patients with thyroid cancer to identify autoantibody based biomarkers for the development of 
non-invasive biomarker assays. In order to do that we produced a 75-feature phage-displayed 
TAA microarray and exploited it for the autoantibody profiling in patients with thyroid cancer, 
benign thyroid nodules and cancer-free controls and compared the profiles with those in patients 
with melanoma and breast and lung cancer. The microarray comprised 19 different phage clones 
encoding CTAs and 14 clones encoding mutated antigens and overexpressed or differentiation 
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antigens. We found anti-GAGE1 autoantibodies in 5% of PTC and 17% of MTC cases but not in 
the patients with benign nodules and cancer-free controls and anti-COPS4 autoantibodies in 3% 
of PTC cases thus suggesting these autoantibodies may serve as highly specific biomarkers for 
thyroid cancer and may have a clinical utility if combined with other autoantibody biomarkers. 
However, we did not find autoantibodies against any other CTAs. Although we detected 
autoantibodies against 4 artificial peptides that most likely are mimotopes of other antigens of 
protein or non-protein-nature, the serum reactivity against these antigens was also found in 
patients with benign thyroid nodules thus limiting their relevance for the differential diagnosis of 
thyroid nodules. Taken together, profiling of autoantibody responses against 65 TAAs in patients 
with malignant and benign thyroid nodules demonstrated that spontaneous humoral immune 
response against common TAAs is relatively rare in thyroid cancer in comparison with other 
solid cancers. Thus in order to develop a clinically applicable autoantibody biomarker assay 
more antigens with thyroid cancer-associated reactivity must be identified. 
 Taken together, in this doctoral thesis, a multiplex biomarker model based on the 
measurement of expression levels of 6 genes in thyroid tissues was identified and warrants 
further studies in FNAB to improve the diagnostics in indeterminate FNAB cases. Next, for the 
first time we investigated the functional role of TFF3 - one of the most promising thyroid cancer 
tissue biomarkers known so far, and demonstrated that, in contrary to breast cancer, TFF3 acts as 
a tumor suppressor gene and is downregulated by estrogen receptor signaling in thyroid cancer 
thus contributing to tumorigenesis in thyroid cancer. This suggests that this novel TFF3 - 
estrogen signaling pathway could represent a novel therapeutic target for the treatment of 
anaplastic thyroid cancer that has very poor prognosis and have no effective treatment for now. 
Furthermore, in this work for the first time we systematically studied the repertoire of cancer-
associated autoantibodies in patients with thyroid cancer, showing that spontaneous humoral 
immune response against well known tumor antigens, including CTAs, in thyroid cancer is 
relatively rare comparing to other cancers. Hence, this study provided a deeper insight into the 
molecular alterations leading to the development of thyroid cancer and revealed biomarkers for 
the diagnosis and putative therapeutic targets for the development of drugs against thyroid 
cancer.  
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5. Conclusions 
 

 mRNA expression levels of 7 out of 8 candidate genes analyzed were significantly 
different between benign and malignant thyroid nodules (LGALS3 - p=10-8; TFF3 - 
p=0,0003; DPP4 - p=0,0004; MET=0,0005; CITED1=0,001; CCND1 - p=0,001, BIRC5 - 
p=0,001) and therefore have a diagnostic significance. 

 
 The multiplex biomarker model based on 6 genes (LGALS3, BIRC5, TFF3, CCND1, 

MET and CITED1) had a better diagnostic performance for discriminating benign and 
malignant thyroid nodules (AUC = 0.895, P < 0.0001, 70.5% sensitivity and 93.4% 
specificity) than a single marker or two marker-based models.  
 

 Expression level of TFF3 is downregulated in the follicular cell-derived thyroid cancers, 
while it is upregulated in hyperfunctioning thyroid nodules. A putative mechanism of its 
downregulation in thyroid cancer is estrogen receptor signalling.  
 

 Restoration of TFF3 expression in anaplastic thyroid cancer cells resulted in the 
decreased cell proliferation, clonal spheroid formation and entry into the S phase, and 
acquisition of epithelial-like cell morphology and expression of the differentiation 
markers of thyroid follicular cells and transcription factors implicated in the thyroid 
morphogenesis and function. 

 
 Six tumor-associated antigens, including GAGE1, that elicit cancer-associated 

autoantibody responses in patients with thyroid cancer were identified. 
 

 On the contrary to other solid cancers, spontaneous humoral immune responses against 
Cancer-Testis antigens are rare in thyroid cancer. 
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Main thesis of defence 
Thesis I 

The multiplex biomarker model based on measuring the expression level of 6 genes (LGALS3, 
BIRC5, TFF3, CCND1, MET and CITED1) is relevant for improving preoperative risk 
assessment in patients with thyroid nodules. 

Thesis II 

TFF3 is required for the normal function of thyroid follicular cells and its downregulation in 
follicular cell-derived cancers is not merely a consequence of the loss of normal function of 
follicular cells but contributes to the thyroid tumorigenesis. TFF3 can act as a tumor suppressor 
or oncogene in the cellular context dependent manner. 

Thesis III 

Spontaneous humoral immune response against common TAAs is relatively rare in thyroid 
cancer in comparison with other solid cancers and they have a limited utility for the development 
of non-invasive assay for the differential diagnosis of thyroid nodules.  
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