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ABSTRACT

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/PTCL 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 Il 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 Ill 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 (ANXAS3), 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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1 INTRODUCTION

The term “thyroid” originates from the Greek word “Svpegdc”, 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" and 17" centuries. However, a
detailed description was performed at the end of the 19™ 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].

1.1 THYROID ANATOMY, HISTOLOGY AND PHYSIOLOGY

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.

External carotid (n‘lcry* 1%

Superior thyroid artery-
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Vagus nerve

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. lodine 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 a and B 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
TRa is mainly expressed in the cells of central nervous system, whereas TRp is

abundant in hepatocytes.
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1.2 BENIGN THYROID TUMORS

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).

1.2.1 Follicular thyroid adenoma (FTA)
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].

T
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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.

1.2.2 Goiter and cystic thyroid nodule

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].

1.3 THYROID CANCER

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].

1.3.1 Papillary thyroid carcinoma (PTC)

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].

1.3.1.1 PTC and the Chornobyl accident

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) Hurthle 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.

1.3.1.2 Clinical features and histopathology of PTC

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
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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].

1.3.1.3 Diagnosis of PTC

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].

1.3.1.4 Treatment of PTC

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 1'*! 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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1.3.1.5 Molecular genetic features of PTC

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 7934. 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).

FTA

Ki-67 is expressed in proliferating cells and detectable during the entire cell-cycle, but
switched off at the GO 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].

1.3.1.6 Prognosis of PTC

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].
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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].

1.3.2 Follicular thyroid carcinoma (FT'C)

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).

Hurthle 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 PPARy [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 1*** in up to 75% cases [90].
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1.3.3 DPoorly differentiated thyroid carcinoma (PDTC) and anaplastic thyroid
carcinoma (ATC)

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 CTNNBL, 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**

compared to PTC and FTC.

Surgical treatment is applicable for most cases of undifferentiated thyroid

are needed to achieve therapeutic effect as

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

neoadjuvant and adjuvant chemotherapy by administration of doxorubicin.

1.3.4 Medullary thyroid carcinoma (MTC)

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 (GFRAL) encoding the co-
receptors of RET as well as signal transducer and activator of transcription 1 (STATL).
In addition, DNA polymorphisms are described in aurora kinase A 1 (AURKAL), B-cell
CLL/lymphoma 2 (BCL-2), cyclin-dependent kinase inhibitor 2B (CDKN2B), cyclin-
dependent kinase 6 (CDKG6) 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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2 AIMS

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:

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

carcinomas from an Ukrainian adult cohort (Study I).

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

evaluate it as a diagnostic marker for papillary thyroid carcinoma (Study I1).

e To identify proteins differentially expressed in follicular and papillary thyroid

tumors using a proteomics approach (Study I11).

e 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 V).
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3 MATERIALS AND METHODS

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.

3.1 PATIENTS AND SAMPLES

Clinical information and tumor specimens (formalin fixed paraffin embedded
(FFPE) and/or fresh frozen) were retrieved and collected for each study.

3.1.1 Post-Chornobyl PTC (Studies I, II, III)

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.

3.1.2 A panel of follicular-cell derived thyroid tumors for protein expression

profiling (Studies II and III)

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.

3.1.3 Ciystic thyroid lesions (Study IV)

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.

3.2 METHODS

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.

3.2.1 Western blot analysis

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

27



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 I1-1V for verification of identified proteins.

3.2.2 Immunohistochemistry (IHC)

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

D
;

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-1V for detection of protein expression

and distribution in tumor and normal thyroid tissues.

3.2.3 Polymerase chain reaction (PCR)

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.

3.2.3.1 Hot start PCR

Genomic DNA is used as a template that should be added to the PCR master mix
solution (DNA polymerase, primers, deoxynucleotides (ANTPs) dATP, dCTP, dGTP,
dTTP), Mg**, 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) MHlustration of real time PCR using a TagMan probe. The TagMan probe,
encompassing quencher dye (Q) and fluorescent dye reporter (R) binds to the
complementary part of the DNA, the TagMan 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 ssSDNA 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-11 as a part of Pyrosequencing and

automated sequencing experiments for identification of BRAF mutations.

3.2.3.2 Real time PCR (RT-PCR)

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 (ANTPs) with dUTP, optimized buffer
components and a TagMan probe (Fig. 7). The TagMan 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 TagMan 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
TagMan 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.

3.2.4 DNA sequencing

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.
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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 11

3.2.5 Pyrosequencing

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 | to identify the BRAF 1799T>A

mutation.

3.2.6 Fluorescence in situ hybridization (FISH)

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 | to evaluate CCND1 (cyclin D1) copy numbers
in post-Chornobyl PTC samples.

3.2.7 Mass spectrometry

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).

3.2.7.1 MALDI-TOF-MS

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 I11.

3.2.7.2 SELDI-TOF-MS

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 11, 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.

3.2.7.3 LC-MS/MS

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 V), 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 Il 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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4 RESULTS AND DISCUSSION

4.1 STUDY I. Molecular characterization of post-Chornobyl PTCs

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].

A

*1799T>A

pll 11}
TACAG

Wild-type

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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4.2 STUDY II. Up-regulation of protein S100A6 in PTC

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 -catenin due to interaction of SI00A6
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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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.

Table 2. The summary of the analyses of fresh frozen thyroid samples for Study Il
S100A6 immunohistochemistry
SELDI-TOF-MS Western blot Cytosolic Nuclear Proportion
Case Sex Age BRAF status peak intensity  densitometry staining staining  stained
at 10.2 kDa of SI00A6 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%
FTAI0 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 3.5625 n/a 3 2 >75%
PTC4 F 39 wit 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/fa = not analysed
S100A6 immunohistochemistry staining 0 = absent; 1 = weak; 2 = moderate; 3 = strong
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4.3 STUDY III Protein expression profiling of thyroid tumors

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
Il 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 B, €, and {), annexin A5 (ANXADS), tubulin alpha 1b (TUBALB),
peroxiredoxin 6 (PRX6), al-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 ANXAS5S and 14-3-3 were even validated by IHC in all and
additionally in the post-Chornobyl PTC samples described in Study 1. 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
ANXADS 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 ANXAS 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
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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 B 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].

4.4 STUDY IV. Identification of diagnostic markers for cystic PTC by

a proteomics approach

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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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 ANXAS3 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.

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 1l 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 1l 115 5.5 dark liquid
Benign-4 exp 2 115 9.8 dark liquid
Benign-5 exp 1 113 51 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
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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 SI00A13 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 ANXAS 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 1V suggest that SI00A13 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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5 CONCLUDING REMARKS

5.1

46

GENERAL CONCLUSIONS

Post-Chornobyl PTC in adults is characterized by frequent BRAF 1799T>A
mutation and RET/PTCL1 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.



5.2 FUTURE PERSPECTIVES

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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6 ABCTPAKT (yxpaiuceka)

[Maninsipanii pak muTonoAioHoi 3amo3u (ITPI) — e HaitnmomupeHiie 370sIKICHE
HOBOYTBOPEHHS IIUTOIMOAI0OHOT 31031, YacTKa SIKOTO cTaHOBUTH 80-85% cepen 1HIIUX
370SIKICHMX HOBOYTBOpEHb AaHoro oprany. ITPIL] xapakTepu3yeTbcsi pi3HOMaHITHUMH
MOJIEKYJIIPHO-TEHETUYHUM aHOMATISIMHU, 1[0 MArOTh BIJMIHHOCTI B CIIOpaJUYHUX Ta
pamianiiHo-1HayKOBaHUX KapuuHomax. Cmix 3a3Hauntu, mo IIPII] memonocTpye
BUCOKHI MMOKa3HHUK 3aXBOPIOBAHOCTI CepeJl MAlli€HTIB, BiK SKUX OyB MeHIIe 18 pokiB Ha
momeHT aBapii Ha YopaoOmnbcekii AEC (HAEC) B 1986 p. Ta ski Memkanu Ha
pamiokatuBHO 3a0pyaHeHid tepurtopii. JiarHo3 IIPI] rpyHTyeTbcs Ha JaHUX
IUTOJIOTTYHOTO JOCHI/DKEHHSI acmipaTiB TOHKOTOJIKOBOI acHipaliiifHol MyHKIIHHOT
oioncii (TAIIB) - BucokouyrinuBoro Ta crenudigaoro 10 90% BUTIAAKIB METOLY.
[Ipore, TAIIb manoindopmaruBHa npu audepenmianbhii miarHoctui [TPH] Ta
domikynspHoro paxy muronofionoi 3amozu (DOPIL) 3 domikynspHoo aneHOMOIO
nronoaionoi 3amosu  (PAIL]), depe3 mMomiOHICT, IUTOJOTIYHOI KApTUHU ITUX
HOBOYTBOpeHb. Takok, B 3paskax TAIIb Bu3HAYaeThCcs TEPEBAXKHO PiTUHHHN
KOMIIOHEHT Ta HEIOCTaTHsS JUIsl LIUTOJIOTIYHOTO aHali3y KUIbKICTh (DOMIKYISIPHUX
KJITHH npu Kicto3HoMY TTPIII.

Meroro auceprarii Oya0 BU3HAYUTH MOJIEKYISPHI OCOOIUBOCTI CIOPAAUYHOTO
ITPII ta IIPI, mos’s3aHoro 3 aBapiero Ha YAEC; ineHTudikyBaTH IiarHOCTUYHI
Mapkepu, 10 MOXYTh OyTH 3actocoBaHi Ha 3paszkax TAIIb mis nudepentiitHoro
miarHo3y TP 3 iHmmmMu QonikyIsipHUME HOBOYTBOPEHHSMH IIUTONOIIOHOT 3aJI03H.

B Jocaixxenni I 6yno npoaHani3oBaHO MOJIEKYJISIPHI, TEHETUYHI Ta KIIHIYHI
ocobmuBocti [P, miarHocroBanoro y 70 pmopociux TNali€eHTIB, L0 3a3HAIU
Pali0aKTUBHOTO OINPOMIHEHHS B JOWTWUHCTBI BHacmimok asapii Ha YAEC. [ns
BU3Ha4YeHHs MyTamii B 15 ex3oni rena BRAF (BRAF 1799T>A) Oyno i30;50BaHO
renoMHy JIHK Ta 3actocoBano IlipocikBeHCIHT. 3a pe3ynpTaTMH aHalli3y Miporpam,
Oyno BuzHadeHo 26 (37%) sumanxiB 3 BRAF 1799T>A wmyrarieto. [lonanpmmit anami3
koroptu BusiBuB, 10 BRAF 1799T>A wmyranis B 3.5 pasiB pijmie BuU3Hayajgach B
Bunazakax [IPIL Ha ¢oni xpoHiuHOrO NIM(OIUTAPHOTO TUPEOIAUTY, Y MOPIBHIHHI 3
[TPIL] Ge3 cymyTHBOI THpEOigHOI MaToorii, BiamoBinHO y 12% (2/16) Ta 44% (24/54)
Bunaakie, p < 0.05. BusHauenHs xpomocomHux rmepectanoBok RET/PTC1 ta
RET/PTC3 0yi0 BUKOHAHO 3a JOMOMOIOI0 ToIiMepa3Hoi jtanirorooi peaxiiii (ITJIP) B
peanibHOMY 4Yaci 3 BukopuctanasaMm JIHK-3oumiB TagMan. Anani3 manux [1JIP Bussur

nepeBaxanHs Bunaakis 3 RET/PTCL, y nopiusuni 3 RET/PTC3, BianosigHo y 29%

49



(20/70) Ta 6% (4/70) BumankiB. BusHaueHHs ekcrpecii MapkepiB mpodideparii,
armonTo3y Ta PEryJIsATOpiB KIITHHHOTO LUKIYy OyJIo 3IiiCHEHO 3a JIOMOMOTOIO
imyHoricroximii (I'X) ta duroopectentHoi ribpuau3arnii in situ (FISH) mis anamizy
amIutidikanid redy, mo Koaye IukiaiH DI1. AHami3 JaHuX IOKa3aB BUIIIN piBEHb
excnpecii nukiainy A B Bunankax [IPIL[ >2 cm (1.2%), y nopiBusaHi 3 [IPI] <2 cm B
Haiibimemomy niamerpi (0.6%), p < 0.05. Innexc mpomidepauii MIB-1 (Ki-67) Oys
0.8% Ta He KopemoBaB 3 KIHIYHAM TOKa3HWKaMu. BucHoBku Jlociimxenns I:
yactota BRAF 1799T>A wmyramii ta nepecranoBku RET/PTCL B ITPIII y mopociux
MAIIEHTIB YaCTKOBO BIJPI3HSIOTHCS Ta YAaCTKOBO 30Ira€Thcs 3 JaHUMH JOCIHIKEHb
iHmux koropt IIPILl; moBroTpmBase CHOCTEPEKEHHS JO3BOJHMTH BU3HAYUTH
HNPOTHOCTUYHE 3HAYCHHS MOJICKYJISIPHUX aHOMaIN /171 JaHOI KOTOPTHU MALIIEHTIB.

B Hocaimskenni II Oyno 3acTocoBaHO MOBEPXHEBO-MIJICHIICHY JIa3epHY
necopOuiitHO/ioHI3aliifHy 4Yac-oboTHY Mac-ciekrpomerpito (SELDI-TOF-MS) mns
BU3HAuYeHHs Ta nopiBHAHHS npoteomy [IPIL (n = 10), ®PI (n =9), PALI (n = 10) Ta
HOPMaJIbHOI TKaHUHU MuTONoAI0HO01 3a5mo3u (n = 10). Anami3 nanux SELDI-TOF-MS
BUSIBUB Mac-TIiK 3 MoJieKyisapHoro Macoro 10.2 k/la, nocunena ekcrpecisa skoro Oyia
nocroBipHo Buma B IIPH] (p < 0.05). Leit mac-nik OyB BU3HAU€HUIl SK MPOTEIH
S100A6 3a 10OMOroO0 IMYHO33aXOIUIEHHSI Ta BUCOKO-€(DEKTUBHOI PIAMHHOT TAaHJEMHOT
Mmac-criektpometpii (LC MS/MS), a #oro migBuiena excrpecis B [TPII] 6yna Takox
HiATBEpKEHA pe3yabTaTMH BecTepH 00Ty Ta II'X Ha OCHOBHHX 3pa3Kax, a TaKOX
maanmu [I'X Ha 3paskax noct-HopHoounbebkux [TPII 3 ocain:kenns 1. BucHoBku
Jocaigxenns II: SI00A6 Mosxe nmoTeHuitHO OyTH 3acTOCOBaHUM 11 AU epeHiiiHOoT
miarnoctuku [TPLLI.

B Hocaimxkenni III 6yno BukoHaHO aHami3 mpoTreoMy (GOIIKYISIPHUX MyXJIUH
mmronoAioHoi 3amo3u Ta [IPIL] 3a momomMorow ABOMIPHOTO TeyieBOro enekTpodopesy
(2-DE) Tta MaTpuuHO-aKTHBOBAHOI JIa3epHOI JeCOpOIiiHO/I0OHI3aIlifHY Yac-OIbOTHOI
mac-criektpometpii (MALDI-TOF-MS). 3a nonomoroto 2-DE Oymu inenTudikosani 25
NPOTETHOBUX IUIAM, EKCIpecis SKUX JIOCTOBIPHO Bipi3HsJIach B JIOCHIJDKYBaHUX
rpynax. Cepen mux 25, s NOJaIbIIOro aHalizy Oynu BUOpaHi 9 MpoTeiHOBUX IUISM,
CKJIaJ SIKUX BifmoBinae Oinkam: 14-3-3 (i3odopmu P/a, {/d Ta €), MepoKCHPETOKCHH 6
(PRX6), annexcun A5 (ANXAS), cenen-3p’sizytounii mporein 1 (SELENBPI),
npotein aucynbdin-isomepasu (PDIp), a-1B nanmor tyoyminy (TUBA1B), a Takox
nonepenHuk ol-antutpuncuny (A1T1), ekcmpecis sxkux Oyna MiATBpEKEeHA 3a
JIOTIOMOTOI0 BECTEPH OJIOTY, a TakoX 3 BUKopucTtanHsaMm II'X yis ominku excripecii 14-

3-3 Ta ANXAS. ImyHoekcmpecist 14-3-3 Ta ANXAS Oyna TakoX MiATBEpIKEHA HA
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nocT-YopHoOmnbebkux 3paszkax 1P 3 Jocaimxkenns 1. BucroBku Jdocaimkennst 111
BU3HaueHHs ekcrpecii npoteiniB 14-3-3, PRX6, ANXAS, SELENBPI1 ta PDIp moxe
OyTH 3acTOCOBAHO IS AWQEPEHIIHHOT AIarHOCTUKH (ONIKYIIPHUX HOBOYTBOPEHB
IIUTOIOAI0HOT 37103, MPOTE HEOOX1THE MPOBEACHHS MPOCIIEKTUBHUX JOCTI/KEHb HA
3paskax TAIIb w1 ocTaTOUHOrO BU3HAYEHHS JIarHOCTUYHOL POJIi IIUX OLIIKIB.

B Jocaimxenni IV Oynu Bu3HAueHI TNOTEHIIHHI AIarHOCTHYHI MapKepu
kicroznoro I[TPII] (xITPII]). B sikocti mociimkyBaHOro MaTepiany OyiaM BHKOPHCTaHI
3pa3ku piguHH, acripoBanoi 3 KIIPII] Ta moOposKiCHUX HOBOYTBOPEHB IIMTOIOII0HOT
3a103u (HeTOKCcMuHOro OararoBys3noBoro 300y (HBB3) Tta Qomikynspaoi agenomu
muTonoioHoi 3amo3u (PAILL]). BpaxoByroun BHCOKY HACHYEHICTh 3pa3KiB KiCTO3HOI
piAMHU albOYMIHOM Ta 1HIIMMHU TPOTEIHAMH, IO MOTEHIIHHO MOXKYTh MEPEUIKOIUTH
Mac-CIIEKTpOMeTpii, OylI0 TPOBEACHO OYMILIEHHS 3pa3KiB BiJ TaKUX MOJEKYN 3a
JIOTIOMOT 010 Jierutentii. JleruieToBani 3pa3ku Oyiau MideHi 3a JIOTIOMOTOI0 PEarcHTIB
iTRAQ, micns goro Oyna Bukonana LC MS/MS. 3a monmomMoror gaHoro MeToay 0ysio
inentudikyBano 1581 mpoteiniB, cepen sikux BuzHaueHo 10, 1m0 Manu HaWBUIIUN
MOKa3HUK JIOCTOBIPHOCTI Ta JOCTATHIO KUTBKICTh MENTUAIB. [l MOAAIBIIOro aHami3y
Ta Bepudikauii excrpecii nutokepatuny 19 (CK-19), nporeiny S100A13, anHekcuny
A3 (ANXA3) ta romonory kapbokcumeruieoyreHominazu (CMBL) Gynu 3actocoBani
IT'X Ta BectepH OJ10T.

Ananiz II'X Ta OeHaiB BecTepH ONOTY BHSIBHB OJHAKOBY IMYHOEKCIIPECIIO
npoteiHiB. ANXA3 ta CMBL B kIIPIIl Ta KOHTpOJBHMX 3pa3kax JA0OPOSIKICHUX
HOBOYTBOPEHb HIMTONOAI0HOT 3a5103u. Takox Oyno 11eHTH(IKOBAaHO JOCTOBIPHO BHILLY
excrpecito SI00A13 B kicto3Hiit piguni KIIPIL mpu anamizi gaHux BectepH O10TYy Ta
CK-19 npu ananisi II'X tkanunu kI[P (p < 0.05).

BucnoBku [locaimxkenns IV: Oyno Bmepemie MpoaeMOHCTPOBaHI pe3yibTaTd
aHamizy mnporeoMy Kicto3Hoi piguHu KIIPII[ Ta m00posSiKiCHUX HOBOYTBOPEHD
muTonoaionoi  3amo3w; 3a  gomomororo LC  MS/MS  Bmepmie ckimazeHo Ta
IPOaHAII30BaHO KaTaJoOr TPOTEIHIB, IO AaKyMYIIOIOTBCS B KICTO3HIA piauHI
HOBOYTBOpPEHb HIMTOMNOAIOHOT 3ano3u; Bu3HaueHHs mnpoteiniB S100A13 ta CK-19
MOXK€ TIOTeHIIHO OyTu 3actocoBaHo sk jgomarkoBuii g0 TAIIb Ttect s
TU(epeHIiifHOT TIarHOCTUKM KICTO3HMX HOBOYTBOPEHb IIMTOMOMAIOHOI 3al03u Ta

kITPILI.
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Buka, Most ropstao mrobmmast cectpa! Cracubo tebe 3a 3a00Ty, JOOpOTY M 3a BCe
PaJIOCTHBIC MOMEHTBI Y IIPUKOJIBI B HAIIICH KU3HU!

JMuma, criacu6o Tede 3a UICTUHHO OpaTCKOE OTHOIICHUE W TMOJICPKKY, 32 YeCTHOCTD,
UCKPEHHIOIO JPYXO0y U COBETHI!

Taust, B Tebe 3a10xkeH 00JbIION MmoTeHIualn, y Teds mHoro tamantoB! Cracubo 3a
MOHMMAaHKE ¥ 3a00Ty, a TAKKe 32 MHTEPECHBIC TMCKYCCHUU IO TIOBOY KOHHOTO CIIOPTa
U 4enpadHoil kuHojormu! S skenaro Tebe W BIpeab Pa3BHBAThH CBOM CIOCOOHOCTH U
HaJICI0Ch, YTO Yepe3 Kakoe-To BpeMsl yBUAETh TBo# thesis book!

IMana, cnacu0o 3a COBETHI U MOJAEPKKY B CaMbIX Pa3HBIX CUTYaIUsIX, a TAKKe BO
BpeMsl yueObl B MEJIMHCTUTYTE.

Iers1, cacu6o Tede 3a 3a00Ty U JOOPOTY, TBOIO CHIIBHYIO TUYHOCTh U T€ KU3HEHHBIE
MPUHIUIIBL, KOTOPBIX ThI MPHUAEPKUBANICA U KOTOPBIE s pa3ieisiio, 32 TBOU 3HAHUA U
OTIBIT, a TAaKXKe 3a BCE He3a0bIBaeMble MOMEHTHI, CBS3aHHBIE C TBOUM IOAXOJOM K
pelIeHuo pa3HooOpa3HeIX 3amad. OYeHb Kalb, YTO THl YK€ HE MPOYUTACIIH ITHX
CTPOK, HO TaMsITh O TeOe BCer/ia KMBa.

I would also like to express my sincere gratitude to all patients for their consent to
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