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Abstract

Anaplastic thyroid cancer (ATC) is a rare and highly aggressive thyroid malignancy, usually resistant to conventional therapeutic strategies.
The prognosis of ATC is extremely poor with a median survival rate of 6 months. Current treatment therapy includes surgical resection
in combination with external radiotherapy and chemotherapy. The underlying mechanisms involved in ATC tumorigenesis is
understudied. In this thesis, we have focused on genomic characterization of ATC that could possibly lead to identification of novel
treatment strategies in ATC.

Article I & IIT highlights the genomic heterogeneity in ATC cell lines and primary cases. ATC displayed massive aneuploidy with frequent
variations in copy number. Additionally, we found frequent mutations in 7P53, TERT, BRAF and RAS family genes. Furthermore, the
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B editing complex (APOBEC). Moreover, we found interstitial deletions in NEGRI, resulting in aberrant splicing, which could possibly
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targeted therapy. In Article II, we investigated the tumor initiation, progression and clonal evolution of papillary thyroid cancer in a
conditional mouse model. Stochastic activation of mutant Brafleads to development of multifocal microtumors that are oligoclonal in
nature. Furthermore, we identified additional mutations at low frequencies, highlighting the presence of subclones that might be
associated with tumor progression. In article IV, we studied the genome-wide methylation profile in primary ATC cases. Global
hypomethylation was common in ATC, while hypermethylation was noticed in promoters and CpG islands. Furthermore, aberrant DNA
methylation in MTOR and NOTCH] genes was associated with increased expression. Alternatively, hypomethylation in thyroid related
genes including 7SHR and SLC26A7 was associated with decreased expression in gene body regions. Moreover, we found that processes
related to the cell cycle were upregulated, while TP53-regulated genes and thyroid-related pathways were downregulated in ATC.

Taken together, this thesis provides a better understanding of the complex processes involved in ATC tumorigenesis. Furthermore, a
substantial proportion of ATC patients could be suitable for personalized treatment, including CDK and TWISTT1 inhibition therapy.
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Introduction

Tumorigenesis

In general, it is said that cancer is as old as human race. However, the first documented
case of cancer in humans was from Egypt five thousand years ago, a case report on
breast cancer which was deemed as untreatable [1]. In 2018, cancer was responsible for
death of over 9 million people worldwide, thus making it the second-most leading cause

of death [2].

Cell is a basic structural and functional unit of human body. The continuity of life is
based on the never-ending process of cell proliferation; a highly complex, well-
coordinated and tightly regulated process called cell cycle. DNA replication is the
process of duplicating the genome of the parent cell prior to mitosis. Various complex
regulatory mechanisms ensure that DNA replication is performed with high efficiency
and accuracy [3]. Nevertheless, errors might occur during this process. Besides, various
environmental factors can also damage the DNA. Despite multiple proofreading and
DNA repairing mechanisms a small number of errors will be passed on to the daughter
cell during cell division. These nucleotide variants can be further classified into single
nucleotide variants (point mutations), insertions, deletions, inversions and
translocations that lead to cells gaining a proliferative advantage over normal cells,
ultimately leading to the transformation of normal cells to cancer cells.

Even before the discovery of the structure of DNA, Boveri in 1914, postulated that
genetic abnormalities lead to progression of normal cells to neoplastic cells — this is now
famously known as somatic theory of cancer (SMT) [4]. This theory gained attention
when Powell in 1960 identified the genetic abnormality named Philadelphia
chromosome in chronic myeloid leukemia [5]. Furthermore, SMT gained popularity
with, for example, the identification of point mutation that underlies progression of a
normal cell to bladder carcinoma [6]. Since then, genetic content of most tumor types
have been studied to identify the genetic events that lead to tumor progression and to
understand the effects these events have on the cell’s phenotype. Numerous studies have
validated that a tumor is the product of changes in the genetic material.

Tumors typically develop through sequential accumulation of genetic and epigenetic
alterations over time [7]. Mutations that present preferential growth and survival
advantage are termed as driver gene mutations, while mutations that do not affect
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tumor progression but only happen to occur in the same cell as a driver mutation are
termed as passenger mutations. Driver gene mutations can be further classified as
oncogenes or tumor suppressor genes, since they regulate cell growth positively and
negatively, respectively [7]. Epigenetic alterations such as histone modifications, DNA
methylation and mircoRNAs alter the expression of genes; thereby aiding in initiation
and progression of tumors [8]. Numerical and structural chromosomal instability
(CIN) is widely observed in various tumors, these alterations drive the intratumoral
heterogeneity and thereby increased resistance to therapy [9, 10]. Numerical CIN leads
to loss or gain of whole chromosomes, whereas structural CIN encompasses small
genomic alterations and gross chromosomal aberrations [9, 10] that might lead to
creation of fusion gene, aiding in deregulation of genes and formation of a novel fusion
protein or truncated proteins.

In 2000, Hanahan and Weinberg published a landmark paper titled “The hallmarks of
cancer” that summarized tumorigenesis as a multistep process and stated that six
essential changes in cell physiology are required for the malignant growth of tumors.
Tumor cells should proliferate by attaining self-sufficiency in growth signals (a),
thereby decreasing dependency on external growth stimulus, develop resistance against
growth inhibitory signals (b) and develop mechanisms to evade apoptosis (c).
Furthermore, these cells should attain limitless replication potential by regulating
telomerase activity (d). Moreover, tumors should induce and sustain angiogenesis for
gaining access to essential nutrients required for growth and survival (e). Additionally,
malignant tumors need to develop the ability to infiltrate surrounding tissues by

invading the blood or lymphatic vessels (f) [11].

An updated version of the article was published a decade later, that added two new
emerging hallmarks; reprogramming cellular metabolism (g) and evading immune
destruction (h) [12]. Furthermore, they also highlighted that genome instability (i)
enable subclones of cells that can become dominant and outgrow other cells in the
tumor microenvironment; and tumor promoting inflammation (j), which enhances
tumor proliferation by delivering essential molecules to the tumor environment, as the
two enabling characteristics required for acquisition of any hallmark competences
(Figure 1) [12]. It is thus safe to conclude that tumors are not just an insular mass of
rapidly dividing cancer cells, but are complex tissue harboring different cell types that
are capable of interacting among themselves, creating a favorable microenvironment
that enable cells in expression of hallmark features [11, 12].

It is highly unlikely that the tumor characteristics are generally gained by single somatic
mutation, although Philadelphia chromosome appears to be sufficient for generation
of chronic myeloid leukemia. Instead, accumulation of genetic and epigenetic changes
over time generally drives tumor progression. Moreover, the number of mutations
across different tumor types is an extensive spectrum ranging from a few in leukemia’s
to thousands in lung cancer. Exposure to mutagens and defective DNA repair
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mechanisms are reflected in highly mutated tumors [7]. In fact, advanced tumors
harbor highly complex genomes with larger variation in structural variants, multiple
mutations and encompassing various epigenetic modifications. This thesis mainly
focuses on identifying genetic and epigenetic changes that contribute to anaplastic
thyroid cancer tumorigenesis.

a.Sustaining b.Evading

proliferative growth
signaling supressors
i.Tumor c.Resisting
promoting cell
inflammation death

g.Genome d.Enabling
instability & replicative
mutation § immortality
f,.Av0|d|ng e.Inducing
immune . .
destruction anglogenesis

g.Deregulating f.Activating
cellular invasion &
genetics metatasis

Figure 1:The hallmarks of cancer. Adapted from Hannahan and Weinberg 2011 [12].

Thyroid Gland

Physiology and function

The thyroid gland resembles a butterfly shape and is one of the largest endocrine organs,
consisting of two lobes located on either side of the trachea that are connected by an
isthmus. It weighs around 15-20 grams and consists of two different cell types: thyroid
follicular and parafollicular cells.

The essential functional components of the thyroid gland are follicles. These are highly
organized spherical structures with a central cavity filled by colloid, which serves as a
reservoir for thyroglobulin. Colloids are densely packed together by connective tissue
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to form lobule. Parafollicular cells are in proximity of the colloids, regulating the
calcium homeostasis by the secretion of calcitonin hormone [13, 14].

lodine is essential for synthesis of triiodothyronine (T3) and thyroxine (T4) hormones
that are produced by the thyroid gland. Thyrotropin-releasing hormone (TRH)
produced by hypothalamus stimulates pituitary gland to release thyroid-stimulating
hormone (TSH) which regulates follicular function. Thyroid hormones regulate TSH
by negative feedback mechanisms, with increased levels of T3 and T4 leading to
decreased levels of TSH produced by the pituitary gland. TSH stimulates sodium-
iodine symporter (NIS) to uptake iodide from the basolateral side of the follicle. On
the apical side, pendrin transports iodide from the follicular cytosol to the lumen.
Thyroid peroxidase (TPO) catalyzes oxidation of iodide to iodine and covalently links
it to thyroglobulin, thereby synthesizing thyroid hormones, which are concentrated in
the colloid. These hormones are endocytosed and severed in the follicular cell, releasing

T3 and T4 into the bloodstream (Figure 2) [13, 14].

@8
S

TSH

N I T3:T4
Basolateral side

r
PDS L
\ r / Apical side

T3

o ~
T ——p| I
T
Figure 2. Thyroid hormone synthesis pathway. (TSH) thyroid stimulating hormone, (TSHR) thyroid stimulating hormone
receptor, (NIS) sodium-iodide symporter, (PDS) pendrin, (TPO) thyroid peroxidase, (TG) thyroglobulin (T3)
triiodothyronine and (T4) thyroxine.
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The thyroid gland predominantly produces T4 in comparison to T3, even though T3
is more biologically active than T4. Deiodination of T4 to T3 takes place in the
peripheral tissues or thyroid gland [15]. The function of thyroid hormones is tissue
specific upon binding of thyroid hormones to thyroid hormone receptors, which are
expressed by most of the cell types, initiating expression of target genes. Of the many
functions of the thyroid, some of the key ones worth mentioning are - development of
fetal nervous system, bone growth and regulation of cardiac output, basal metabolic
rate and thermogenesis [16].

Thyroid cancer

Thyroid cancer is the most common endocrine malignancy, with more than half a
million cases reported globally in 2018 [2]. It is the fifth most common type of cancer
detected in women, of which more than 50% of patients diagnosed were below 50 years
and they have higher tendency to develop thyroid malignancies than men with 3:1 ratio

[2].

Classification of thyroid tumors is based on histological and cellular origin
characteristics. Benign tumors comprise of follicular ademonas, while malignant
tumors consist of well differentiated (papillary and follicular), poorly differentiated and
anaplastic variants that arise from follicular cells. Tumors originating from
parafollicular cells are called medullary thyroid cancer (MTC) [17].

Incidences of thyroid cancer has increased gradually with around 3.6% annually over
the last four decades in USA [18]. Similarly, the prevalence of thyroid cancer in Sweden
has increased from 3/100,000 to 8/100,000 individuals during 1998-2017 [19]. These
trends could be attributed to the rapid development of diagnostic tools such as
computerized tomography (CT), magnetic resonance imaging (MRI) and positron
emission tomography (PET), that has increased the diagnosis of small tumors at an
early stage [20]. However, the underlying reason for increased frequencies cannot be
solely attributed to better diagnosis, as the incidence of patients with larger and
aggressive tumors has increased steadily over the years [20].

Exposure to ionizing radiation is major risk factor for developing thyroid cancer [21].
Atomic bombing of Hiroshima and Nagasaki along with Chernobyl nuclear power
plant disaster caused release of radioactive substances into the atmosphere, including
isotopes of iodine. Exposure to this ionizing radiation resulted in increased frequencies
of differentiated thyroid cancer in the pediatric population [22, 23]. Additionally
smoking, diet, diabetes mellitus and obesity are risk factors for developing thyroid
malignancies [24-27].
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Follicular Adenoma

Follicular adenomas (FA) are benign tumors of the thyroid gland frequently detected
in middle aged women; most of them are euthyroid [28]. These tumors are
characterized by the presence of round or oval nodule surrounded by fibrous capsules.
Tumor size varies from 1-3 cm, but can be larger and are palpable by physical
examination or identified using ultrasound scan [29]. Exposure to radiation and iodine
deficiency can increase the risk for developing adenomas [30, 31].

Follicular adenomas are classified based on histological features. Diagnosis of follicular
adenomas by fine needle aspiration (FNA) can be problematic, as these benign tumors
share similar morphological features as follicular thyroid cancer (FTC). It can be
distinguished based by the absence of capsular invasion, vascular invasion, lymph node
metastases and distant metastases in follicular adenoma; however, cases with
indeterminate FNA cytology do exist [29, 32]. Moreover, several mutations including
RAS family genes (20-40% of cases) and PAX8-PPARG chromosomal rearrangements
(11%) have been found in FA [32-35]. Furthermore, such FA have similar mutations
as FTC [33, 34]. This shared genetic and cytological features between FA and FTA
further complicates the diagnosis of indeterminate cases. However, recent studies have
focused on using RNA and miRNA profiling to identify new biomarkers that can
complement FNA cytology to classify indeterminate cases [32, 36]. The argument of
benign adenomas progression to malignant tumors is debated [32].

Papillary thyroid cancer

Papillary thyroid cancer (PTC), the most common endocrine malignancy, accounts for
80-85% of all the thyroid malignancies. Incidences of PTC has progressively increased
worldwide in both sexes, in contrast to a steady decline in mortality over last 30 years.
These tumors occur three times more often in women than in men. Patients diagnosed
with PTC have an excellent 5-year survival rate of over 90% [18, 37-39].

Increased incidences of PTC cannot be solely attributed to better diagnosis of small
tumors <1 cm, as the incidences of advanced PTC have also increased over the years
[18]. The diagnosis of PTC is based on cytology, fine needle biopsies, ultrasound and
other imaging modalities of all thyroid nodules. According to WHO classification,
there are 14 subtypes of PTC based on histological features [31]. Exposure to ionizing
radiation is a major risk factor associated with PTC [40].

The genomic landscape of PTC is well characterised across different populations [41-
43]. Typically, the mitogen-activated protein kinase (MAPK) pathway is upregulated
by somatic activating mutations in BRAF (59-74%) and RAS family genes (NRAS (2-
7%), HRAS (0.6-3.5%) and KRAS (0.3-2%)). These mutations in BRAF and RAS are
mutually exclusive. Mutations in PTEN (0.3-2%), PIK3CA (0.3-6%) and AKT (0.3-
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1%) are also detected at lower frequencies; these genetic alterations activate
phosphoinositide 3-kinase AKT (PI3K-AKT) pathway, playing an important role in
thyroid tumorigenesis [41, 43, 44]. Similarly, mutations in tumor suppressor genes
(7P53 (0.3-10%), MEN1I (0.3-3%), NFI (0.5-2%) and NE2 (2%)) and DNA double-
strand break repair genes (A7M (0.3-4%), PPM1D (1.2%), CHEK2 (1.2%), BRCA2
(1%) and BRCAI (1%)) occur at low percentages in P7C [43-45]. Additionally, low
frequency mutations are observed in EIFIAX (1.5-2%), EZH1 (0.5-2.2%) and TERT
(2-9.4%) (42, 44, 45].

Among structural rearrangements observed in PTC, the most common is RET-PTC
(6.8-8.5%) [43, 45]. RET codes for a receptor tyrosine kinase that recombines with a
strong promoter, leading to ligand-independent dimerization of the fusion protein.
Although 10 different types of functional RET chimeric transcripts exist, the most
common ones are RET-PTC1 (53%) usually found in sporadic PTCs and RET-PTC3
(62.3%) which is frequent in post-Chernobyl PTC patients [17, 46-48]. Additionally,
less frequent fusions involving genes such as PPARG (0.8%), BRAF (2.3%), ALK
(0.8%), NTRK3 (1.3%), and LTK (0.83%) have been reported in PTC [41]. These
fusion genes are mutually exclusive to driver mutations. The incidence of fusion genes
as oncogenic drivers is higher in radiation induced thyroid cancer compared to sporadic

PTC [49].

PTCs are primarily driven by genetic alterations in BRAF and RAS, these genetic events
lead to distinctive expression profiles. Principal component analysis (PCA) revealed that
PTCs cluster into 3 different molecular subtypes: BRAF-like, RAS-like, and non—
BRAF-non—-RAS (NBNR) tumors [42]. Additionally, the BRAF-RAF score (BRS)
classifier consisting of the expression of 71 genes, also segregates PTC’s tumors into
two groups (BRAF-like and RAS-like tumors) based on the gene expression profile.
Similarly, the expression of thyroid specific genes quantified using thyroid
differentiation score (TDS) varies between BRAF-like and RAS-like tumors, with the
former having relatively lower TDS score and the latter maintaining more normal
expression levels [42, 45].

The treatment of patients diagnosed with PTC is dependent on the type and stage of
the tumor. Usually, total thyroidectomy is performed if the tumor size is >1 cm,
followed by radioactive iodine therapy. Post-surgery, TSH suppressor hormone therapy
might be recommended to suppress the proliferation of follicular cells. Radioactive
iodine therapy is used to completely ablate residual follicular cells, eradicate distant
metastases and residual tumor cells. However, BRAF mutant PTCs have lower
expression of thyroid specific genes, thereby attaining resistance to radioactive iodine
therapy [50, 51]. FDA-approved multikinase inhibitors (MKI), such as lenvatinib and
sorafenib, are frequently used to treat patients with radioiodine refractory PTC, thereby
increasing the duration of disease-free survival [51]. Vemurafenib, which specifically
targets mutant BRAF, has been approved for treatment of patients diagnosed with
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melanoma. Phase II clinical trials of treatment in refractory radioiodine PTC patients
with vemurafenib showed that it could be a viable treatment option for BRAF mutant

PTC [52].

Follicular thyroid cancer

Follicular thyroid cancer (FTC) is the second most common type of endocrine tumor,
accounting for 10-15% of all thyroid malignancies. Higher frequencies of FTC are
observed in women as compared to men. Increased incidences of FTC were detected
in iodine deficient regions. Patients diagnosed with FTC are usually over 45 years with
tumor size >1cm and presence of distal metastases was observed in 15-27% of patients
at the time of diagnosis. Iodine deficiency is a major risk factor for FTC [53-56].

Based on WHO classification, FTC is a malignant epithelial tumor that lacks diagnostic
features of papillary thyroid cancer and shows signs of follicular differentiation [31].
The diagnosis of FTC is based on the presence of capsular and vascular invasion. These
tumors are classified into minimally invasive and widely invasive tumors, based on the
extent of capsular and vascular invasion infiltration [55]. Widely invasive FTC are
aggressive tumors, as they metastasize into distal sites through vascular invasion [57].
Widely invasive tumors are associated with poor prognosis due to presence of
extrathyroidal extension, distant metastases and tumor size in excess of 4cm, usually
considerably higher than seen in minimally invasive tumors [31].

Genes in the RAS family (VRAS, KRAS and HRAS) are frequently mutated in FTC,
usually in the 61st codon. In particular, mutations in NRAS are common in FTC (15%
to 40%) [55]. RAS is a dual activator of MAPK and PI3K-AKT pathways. Recent
studies using next generation sequencing have identified mutations in FL73 (51.4%),
TP53 (28.6%), IGF2BP3 (23%), TSHR (10.3%), KMT2C (7.6%), DICERI (5.1%),
PTEN (5.1%), NFI (5.1%), IDHI (2.9%), JAK3 (2.9%), KIT (2.9%), PIK3CA
(2.9%), BRAF (2.6%) and EIF1AX (2.2%) in FTC [33, 34, 42, 55]. The PAX8-PPARG
gene fusion is found in 12% to 56% of FTCs [55]. The fusion protein inhibits the
normal function of the tumor suppressor PPARG and also stimulate certain PAX8
responsive genes [17]. Although FT'C and FA share similar somatic mutations, FTC
harbors more mutations than FA [34].

FTC harbor frequent DNA copy number changes with loss of entire chromosome 22
or 22q, 1p21 and13q21; conversely, recurrent gains are seen in 1q and 17q [58, 59].
Minimally invasive tumors have fewer copy number events as compared to widely
invasive tumors [59]. Recurrent copy number gains involving the genes JQGAPI and
PIK3CA have been reported to be involved in tumor progression. /QGAPI
amplification is associated with invasiveness in FT'C [60]. Amplification of PIK3CA is
associated with aberrant activation of the PI3K-AKT pathway, thereby promoting
tumorigenesis [61]. Mutations in PIK3CA and copy number gain in PIK3CA are
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mutually exclusive events, indicating that either one of these genetic events is sufficient

for the tumor progression via PI3K-AKT pathway [17].

Almost all patients diagnosed with FTC are treated with surgery. Based on tumor size,
presence of distant metastases and age of the patient, thyroid lobectomy or total
thyroidectomy is performed followed by radioiodine treatment for effective
management of FTC [56]. Thyroid-stimulating hormone (TSH) suppressive therapy
is also recommended as part of post-surgery management. With the recent advances in
targeted therapy, protein kinase inhibitors such as lenvatinib and sorafenib have
increased the disease-free survival duration among patients with radioiodine refractory

FTC [51, 56].

Medullary thyroid cancer

Medullary thyroid cancer (MTC) is the third most common endocrine malignancy and
has gradually become more common over the last three decades [62]. It accounts for 2-
5% of thyroid cancers, yet it is responsible for 13% of mortality related to thyroid
malignancies. These tumors originate from parafollicular cells or C cells that synthesize
calcitonin. The mean age at diagnosis is 52 years and there is no difference between the
sexes in terms of number of cases reported [62-64].

Diagnosis of MTC is based on fine needle aspirate, measurement of calcitonin levels
and ultrasound scan. In patients diagnosed with MTC, roughly 35% are found to have
lymph node metastases, while about 20% are found to have distant metastases. The 10
year disease free survival in patients with localized tumor exceeds 90%, which is reduced
to 78% and 40% in patients with regional and distant metastases, respectively [65].
Age, tumor size, presence of distant metastasis, calcitonin levels and RE7 mutations are
the common prognostic markers in MTC [66].

Almost 75% of MTC cases are sporadically developed tumors whereas approximately
25% of cases have an inherited form of the disease; as part of multiple endocrine
neoplasia syndrome type 2 (MEN2) caused by germline mutations in RE7 proto-
oncogenes leading to gain of function, which have an autosomal dominant mode of
inheritance [31]. MEN2A and MEN2B are the two clinical variants of MEN2, while
familial is a subtype of MEN2A. Although several RET mutations are associated with
MEN2A, most of the patients diagnosed with MEN2A harbor germline mutations
found in exon 10 and 11. Similarly in MEN2B, frequent mutations were observed in
either exons 15 or 16 but they are more common in exon 16 [65].

Majority of sporadic MTCs (85%) have acquired mutations in RET (65%) or RAS
(KRAS (15%) and HRAS (5%)). Mutations in RET and RAS genes are mutually
exclusive, suggesting that either of these driver mutations are sufficient for tumor
progression [67, 68]. Additionally, copy number loss in cell cycle regulator genes such
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as CDKN2C (19%) was associated with worst prognosis [69]. Furthermore, mutations
observed in BRAF, PIK3CA and TP53 are not common in MTC, thus making their
diagnostic utility uncertain [67, 69].

MTC harbor recurrent loss of chromosomal regions in 1p, 13q, 3q26.3-q27 and 22q
[70]. The target of 1p32 deletion is believed to be CDKN2C; loss of CDKN2C leads to
haploinsufficiency, thereby deregulating cell cycle and aiding in tumor progression.
Loss of CDKN2C frequently co-occurs with somatic mutations in RE7 and is associated
with a poor prognosis [69].

Based on risk stratification, thyroidectomy is performed in majority of MTC cases,
followed up by constant monitoring of calcitonin levels and glycoprotein
carcinoembryonic antigen (CEA) to check for local reoccurrence of the primary tumor.
Chemotherapy is administered to patients with local and distant metastases [65].
Multikinase inhibitors such as vandetanib and cabozantinib are used to target the action
of RET, VEGF and EFGR are frequently used in treatment of patients with advanced
MTC [66].

Poorly differentiated thyroid cancer

Poorly differentiated thyroid cancer (PDTC) is a rare type of thyroid malignancy,
accounting for 2-15% of all cases [71, 72]. PDTC originates from follicular cells and
can arise either from well differentiated tumors (WDTC) such as papillary or follicular
variants or de novo [71]. The mean age at diagnosis is 59 and these tumors have a female
predominance with a ratio of 6:1 in women versus men [71].

More than 50% of patients diagnosed with PDTC harbor lymph node metastases,
whereas 50-85% of cases metastasize into surrounding regions, commonly into lung
and bone. Tumor size, age, extra thyroidal extension and presence of distant metastases
are the predictive factors that influence the overall survival in PDTC cases. Patients
diagnosed with PDTC have an overall 5-year survival rate of 62-85% [71, 73, 74].

Although WDTC and PDTC share the same oncogenic mutually exclusive driver
mutations in BRAF (33%) and RAS family genes (29%) [75-77], PDTC have higher
mutation burden than WDTC [75]. Tumor suppressor genes that are frequently
mutated, include 7P53 (10%), ATM (10%), PTEN (5%), LATS2 (6%), CTNNA2
(6%), RB1 (1%) and MENI (1%); however, the frequency of these mutations are lower
than in anaplastic thyroid cancer (ATC) [44, 75-77]. Mutations are infrequent in genes
that regulate PI3K-AKT pathway (11%) [75-77]. Mutation in EIFIAX (11%) occurs
at low frequency and is predictive of worse survival in PDTC. Similarly, infrequent
mutations in PDTC were observed in genes involved in histone methyltransferases
(7%), SWI/SNF chromatin remodeling complex (6%) and DNA mismatch repair
pathway (2%) [75-80]. Mutations in 7ERT (40-46%) promoter is a common
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occurrence in PDTC [75, 76]. These mutations are associated with BRAF or RAS
mutations, and usually exhibit an aggressive phenotype [75, 81].

PDTC harbor frequent changes in copy number involving gains in 1q and 20q and
losses in 1p, 8p, 13q, 15q, 17p and 22q. Additionally, gain in 1q is associated with a
poor prognosis, while loss in 22q is common feature among RAS-mutant PDTC [71,
75, 82]. Fusion genes are infrequent events in PTDC involving RET/PTC (6%),
PAX8/PPARG (4%) and fusions involving different partners of ALK (4%) [75].

Clinical trials on PTDC have been restricted mainly by the unavailability of samples.
Clinical management of patients diagnosed with PDTC is similar to WDTC. Total
thyroidectomy is performed for resectable tumors when feasible, followed by adjuvant
radioiodine therapy [73]. Adjuvant external beam radiation therapy (EBRT) can be
employed to reduce risk of relapse [83]. Additionally, very limited data is available on
the effect of adjuvant chemotherapy on PDTC. As these tumors are rare, development
of new drugs and subsequent conducting of clinical trials is challenging [71, 83, 84].

Anaplastic thyroid cancer

Anaplastic thyroid cancer (ATC) is a rare and malignant endocrine tumor, accounting
for 1-2% of all thyroid cancer, yet it is liable for more than 50% of all the fatalities
related to thyroid cancer [85-87]. These tumors occur more frequently in women as
compared to men. The mean age at diagnosis is over 65 years with a median survival of
less than 6 months and only 10-15% survive 2 years after diagnosis [88, 89].

In USA, age adjusted frequency rates of ATC have gradually increased over the last 3
decades from 0.2 cases per million in 1973 to 1.2 cases per million in 2014, although
the overall incidences of ATC still remains very low at <2% compared to all thyroid
cancer [90].

Classification of ATC is based on their histological and clinical features at diagnosis.
The American Joint Committee on Cancer (AJCC) classifies ATC as stage IV,
regardless of the tumor size, spreading to the lymph nodes or distant metastases, with
intrathyroidal disease as stage IVA, gross extrathyroidal extension or cervical lymph
node metastases as stage IVB, and distant metastases as stage [IVC. Most ATC tumors
are more than 3cm in size. Some of the most common symptoms include dysphagia,
dyspnea, hoarseness, neck pain, vocal cord paralysis and weight loss [85, 91].

Histologically, anomalous patterns of growth are seen in ATC. These patterns mainly
constitute the presence of numerous atypical mitotic cells and multinucleated cells with
large peculiar nuclei. ATCs are highly invasive on detection and are characterized by
the presence of spindle, epithelioid, squamoid, giant or osteoclast-like cells with either
patches of differentiated tissue or no trait of differentiated thyroid tissue [91]. Exposure
to ionizing radiation, history of longstanding goiter and age are the main risk factors
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associated with ATC, whereas the presence of distant metastasis, size of tumor, sex and
age are indicative of a poor prognosis in ATC [85, 88].

Clonal evolution of ATC

Although ATC may arise through de novo pathways, it is believed that approximately
50% of ATC develops from pre-existing well-differentiated tumor [91, 92]. This is
based on the presence of well-differentiated areas in ATCs, suggesting post-malignant
dedifferentiation leading to aggressive subtypes [91].

Recently a couple of studies have focused on deciphering the post-malignant
dedifferentiation of ATC from WDTC by genomic analysis of ATC cases with
coexisting WDTCs [93, 94]. The first study consisted of a small cohort of 3 ATCs with
coexisting PTC that were analysed using whole exome sequencing. Very few mutations
were shared between the ATCs and PTCs. Additionally, in one case
immunohistochemistry (IHC) staining confirmed the lack of cells expressing both
BRAF VG600E and TP53. These results suggest that ATC and PTC are two separate
molecular subtypes that evolve independently [93].

On the contrary, a small cohort consisting of 5 ATCs with coexisting WDTC analysed
using whole exome sequencing found higher percentage of trunk mutations shared
between these tumors. Moreover, in 2 cases a subclone of cells harbored genetic features
like ATC. These results suggest that these tumors share a common ancestor and a linear
transition occurs through subsequent accumulation of mutations that lead to
progression of tumors from WDTC to ATC [94]. Taken together, our understanding
of the clonal evolution in ATC is very limited, further investigations are required to
delineate the evolutionary process involved in ATC.

Genetic alterations in ATC

With the advent of next generation sequencing, various studies have focused on
identifying genetic events responsible for the aggressive phenotype observed in ATC.
However, most of these studies were performed using targeted gene panels [44, 75, 95-
101]. Only a handful of published studies have employed whole exome sequencing and
whole genome sequencing to completely decipher the mutational landscape of ATC
[76, 86, 93, 94, 102]. Nonetheless, the genomic landscape is yet to be elucidated.

ATC have higher mutation burden compared to PTC with a mean number of
nonsynonymous variants of 13 vs 23 in PTC and ATC [45, 86]. BRAF and RAS
mutations are the primary oncogenic events that drive the tumor progression in
WDTC. These mutations in BRAF (25-91%) and RAS family genes (9-43%) are
frequently detected in ATC (Table 1); while these mutations are mutually exclusive
event [44, 75, 76, 103]. These genetic alterations lead to deregulation of MAPK
pathway and PI3K-AKT pathway. PI3K-AKT pathway can also be deregulated by
acquired mutations in PTEN (15%) and PI3KCA (6-18%) (Table1)[100].
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Mutations in 7P53 (27-73%) occur at a higher frequency in ATC compared to PDTC
(10%) or PTC (0.3-10%) [44, 45, 75-77]. The process of de-differentiation from
WDTC to ATC might be accelerated by acquiring mutations in 7P53 [75, 86]. This
hypothesis has been validated by a mice study, with loss of 753 in a BRAF mutant
mice accelerates the progression from PTC to ATC [104]. Similarly, the de-
differentiation can be triggered by acquiring mutations in PI3KCA (Tablel) [105].

Frequent 7ERT promoter mutations are observed in ATC, usually at two hotspot
locations C228T and C250T [75, 86]. TERT mutations are a hallmark of advanced
thyroid tumors, as incidences of 7ERT promoter mutations are higher in advanced
PTC (61%), PDTC (40-46%) and ATC (27-73%), compared to PTC (9%) (Tablel)
[41, 44, 75]. Constitutive expression of 7ERT leads to further activation of MAPK
signaling [75].

Table 1:Overview of common alterations found in ATC

Alterations Genes Frequency References
RAS-MAPK-pathway BRAF 25-91% [44, 75, 76, 80, 82, 86, 93, 96, 97, 99, 106]
NRAS 7.6-29% [75, 76, 86, 93, 96, 99]
KRAS 3-9% [86, 96, 99]
HRAS 4-14% [76, 93, 96, 99]
PI3K-AKT pathway PTEN 7-15% [44,75,76, 93, 97]
PIK3CA 6-18% [44,75, 86, 97, 99, 100]
MTOR 9% [75]
Cell cycle CDKN2A 22% [44, 76]
CDKN2B 13% [44]
CCNEI 4% (44, 98]
RB1 1-9% [44, 75, 98-100]
Tumor-suppressor genes P53 27-73% [44, 75, 76, 80, 86, 93, 96, 97, 99]
USH2A 18% [86]
NFI 10-37% [44,75, 86, 96, 100, 101]
NF2 5-27% [44,75, 86, 97, 98]
ATM 8-57% [44, 75, 100, 101]
Additional genes EIFIAX 9-14% [75, 86]
TERT 15-75% [44, 75, 76, 82, 86, 93, 98-100]

Cell cycle deregulation is frequently observed in ATC by acquired copy number loss of
CDKN2A (22%) and CDKN2B (13%), mutations in RBI (1-9%) and amplifications
of CCNEI (4%) [44, 75, 76]. Additionally, genetic alterations were observed in DNA
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mismatch repair genes (MMR) (4-27%), SWI/SNF chromatin remodeling complex (9-
36%) and histone methyl transferases (HMT) (18-24%) [44, 75, 76, 86]. Mutations
were also reported in USH2A (18%), ATM (8-57%), NFI (10-37%), MTOR (9%) and
EIFIAX (9-14%) (Tablel) [44, 75, 76, 86]. Particularly, E/F1AX mutations commonly
co-occur with RAS mutations [75].

ATC are heterogenous tumors with complex karyotypes and larger variation in copy
number. Regarding cytogenetic data, only a handful of cases have been published on
primary ATC, showing that they display massive aneuploidy with chromosome
numbers ranging between 65 and 120 [107-112]. Frequent losses in 8p (20-36%), 1q
(40%), 9p (58%), 11p (33%), 11q (33%), 13q (18-42%), 17p (6-44%), 17q (43%),
19p (36%), and 22q (38%) while gains in 1q (18%), 10p (20%), 19p (33%), 19q
(40%), 20q (30-47%) and Xp (20%) have been reported [75, 111, 113]. Loss of 13q
and gain in 20q has been linked to shorter survival [75].

Gene fusions in ATC

Chromosomal rearrangements resulting in fusion genes are a common feature in
WDTC; however, there are very few fusion genes reported in ATC [75, 76]. Although
RET fusions are frequent in PTC, they are rare in ATC [114]. Similarly, ALK fusions
were reported to be associated with two different genes, including EML4 and STRN in
single cases [115, 116]. Additionally, fusion involving BRAFwith MKRNI was detected
in one case [117]. Lastly, FGFR2/OGDH, NUTM1/BRD4 and SS18/SLC5A11 were
the fusions identified in single cases [75, 117].

Epigenetic modifications in ATC

Epigenetic modification is a tightly regulated process essential for growth, development
and regulation of tissue, and cell specific functions. Disruption of epigenetic processes
can possibly have a major impact on disease progression, including cancer. Epigenetic
modifications are mediated by changes in DNA methylation, histone modifications,
chromatin remodeling and non-coding RNAs [118, 119]. DNA methylation mostly
occurs at CpG dinucleotides, affecting the regulation of gene expression. Furthermore,
post transcriptional modification of histone tails also regulate gene expression.
Similarly, noncoding RNAs regulate gene expression by post-transcriptional
mechanisms. Moreover, chromatin remodeling leads to changes in gene expression as
it regulates chromatin accessibility.

Genome wide methylation investigations performed in cohorts of two and three cases
revealed that ATC harbors a distinctive methylation pattern when compared to
differentiated  thyroid cancers and normal thyroids. [120, 121]. Global
hypomethylation is common in ATC. In addition, a higher proportion of
hypomethylated probes are located in CpG islands, whereas most hypermethylated
probes were in intergenic and gene bodies. Furthermore, several pathways were
deregulated in ATC as identified from pathway enrichment analysis. Of the several, G-
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protein alpha-i (Gai) signaling pathway was activated, that might stimulate the kinase
activity of ¢SRC protein [120, 121].

In ATGCs, tumor suppressor genes such as PTEN (69%), RASALI (33%), RAP1GAP
(33%), RASSFIA (77%) and RASSF2 (83%) have been reported to be frequently
inactivated by DNA hypermethylation [121-126]. PTEN negatively regulates PI3K-
AKT pathway; downregulation of PTEN leads to aberrant activation of PI3K-AKT
pathway. Hypermethylation of PTEN is also frequently found in FT'C [125]. Similarly,
hypermethylation of RASALI, which inactivates RAS, thereby modulating RAS
signaling pathway, is reported in ATC [124]. Additionally, 7SHR (61.8%) and NKX2-
1 (60%) genes involved in the regulation of thyroid function are hypermethylated [127,
128]. On the contrary, only a handful of genes such as MAP17 (33%), TCL1B (64%)
and NOTCH4 (45%) have been reported to be hypomethylated [120].

Transcriptome profile of ATC

Only a handful of studies have focused on finding the transcriptomic profile in ATC
[76, 102]. From unsupervised principal component analysis, it is evident that ATC
clusters separately from PTC [75, 76, 129]. Gene set enrichment analysis has identified
upregulation of genes involved in MAPK signaling, cell cycle, TGF-beta signaling,
epithelial to mesenchymal transition and glycolysis metabolism in ATC compared with
DTC and/or normal thyroid tissue, while genes involved in fatty acid metabolism,
glycolipid metabolism and calcium signaling pathway have been reported to be
downregulated in ATC [76, 129-132].

Genes involved in thyroid synthesis have been reported to be significantly
downregulated in ATC. Todide is essential for the production of thyroid hormone, it is
transported into the follicles via sodium iodide symporter (NIS). As NIS is frequently
downregulated in ATC, this leads to loss in ability to concentrate iodide, causing
tumors refractory to radioiodine therapy [75, 76].

Programmed death ligand-1 (PD-L1), is an immune inhibitor molecule that constrains
T cell-mediated immune responses. Expression of PD-L1 is observed in ATC and is

associated with poor prognosis [76, 133]. However, these studies related to expression
of PD-L1 in ATC were conducted on small cohorts of samples [133, 134].

Tumor microenvironment

The tumor microenvironment of ATC is extensively infiltrated by inflammatory cells,
mainly consisting of tumor assisted macrophages (TAM) that might constitute around
50% of the tumor mass in some cases [135]. Additionally, expression data reported
overexpression of genes associated with M2 macrophages signatures [75]. Higher
density of infiltration of TAMs is observed in ATC as compared to PDTC. Increased
incidences of TAMs correlate with invasiveness of the tumor and is associated with
worst prognosis [1306].

27



Treatments

As ATC is a highly aggressive tumor, an intense and multimodal therapy consisting of
surgical resection in combination with external radiotherapy and adjuvant
chemotherapy is applied [103, 137]. At diagnosis, most patients have extra thyroidal
extension, spreading to surrounding regions such as the larynx, trachea and esophagus
(88, 138]. However, complete surgical resection is possible in patients diagnosed with
stage IVA and a small subgroup of patients with IVB. Multimode intensive therapy
with combination of surgical intervention and chemoradiation has improved the
median overall survival time to 8 months [139]. Additionally, a single institute
retrospective study concluded that multimode intensive therapy improved the median
overall survival to 22 months compared to 4 months in palliative intent therapy [140].
For patients with stage IVB ATCs that are unresectable, neoadjuvant chemotherapy
was effective in reducing tumor size in 33% of the patients with one patient displaying
complete response and two patients had partial responses. Subsequently, enabling gross
resection of the tumor and followed up with adjuvant therapy. Furthermore, patients
who underwent neoadjuvant chemotherapy following surgery displayed no signs of
distant metastasis during 11-32 months follow up [141].

Identification of molecular targets in cancer has led to increased number of
preclinical studies, both in cellular and mouse models. Inhibitors of multikinases,
BRAF, PI3K/mTOR, EGFR and VEGR are in phase II clinical trials [85, 103, 142-
146]. Sorafenib, a multikinase inhibitor, has been tested in different phase II single
arm clinical trials in patients with advanced thyroid cancer, consisting of smaller
groups of patients with ATC [143-146]. A multi-institutional phase II clinical trial,
consisting of 20 patients with ATC were treated with sorafenib. The overall median
survival was 3.9 months, 10% of the patients had partial response and 25% of the
patients had stable disease [144]. A second single arm phase II clinical trial was
tested in a subgroup of four ATC patients with one patient (25%) displayed stable
disease [143]. A third single arm phase II clinical trial included 10ATC patients,
(40%) of the patients experienced stable disease with a median overall survival of 5
months [145]. Similarly, lenvatinib a multikinase inhibitor, was tested in a single
arm phase Il clinical trial including a subgroup of 17 ATC patients out of 51 enrolled
for the study. The overall survival was 10.6 months, 25% of the patients had partial
response and 71% of the patients had stable disease [142]. Everolimus, mTOR
inhibition therapy has been explored in several phase II clinical trials in smaller
groups of patients with ATC [101, 147, 148]. Of the seven ATC patients included
in the study, one patient demonstrated partial response and remained progression-
free for 17.9 months, while two (28%) patients had stable disease [101]. The other
two studies included a minor group of six and seven ATC patients, none of the patients
displayed any response to treatment with everolimus [147,148]. Vermurafenib, a
BRAF inhibitor, was investigated in non-melanoma patients [149]. Of the seven
ATC patients included in the study, one patient had complete response, another
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patient had partial response, while 57% of the patients had progressive disease
[149]. Recently, FDA approved targeted therapy for BRAF-mutant ATC, consisting
of a combination of BRAF and MEK1/2 inhibitors (dabrafenib and trametinib). Of
the 16 ATC patients included in phase II clinical trial using dabrafenib and
trametinib inhibition therapy, overall response rate was 69% with one patient

displaying complete response and 10 patients demonstrating partial responses [140,
150].
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The present study

Aims

As ATC has a very poor prognosis, the aim of this thesis was to achieve a better
understanding of the complex genetic mechanisms involved in ATC. Additionally,
genetic characterization of ATC could lead to development of potential new treatments
that could improve the overall survival time for patients diagnosed with ATC and to
investigate the tumor initiation, progression and clonal evolution in PTC mouse
model.

Article I To investigate the genomic landscape of ATC by SNP array analysis,
RNA-seq and WES in ATC cell lines

Article I To investigate additional mutations that contribute to tumor progression
in a sporadic mice model of PTC

Article II  To investigate the genomic landscape of ATC using RNA-seq and WES
in primary ATC cases

Article IV To investigate the global methylation patterns in correlation to expression
patterns in primary ATC
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Material and Methods

The following section is a concise outline of the materials and methods employed
during the study. For more elaborate explanations please refer to the original articles.

Patients and tumor samples

In article I, tumor biopsies from patients diagnosed with ATC and PTC were used to
establish ATC and PTC cell lines at the Departments of Oncology, ENT/H&N
Surgery at Skane University Hospital in Lund, Sweden. For Article II, mouse tumor
samples with matched normal kidneys were obtained through collaboration at
Gothenburg University, Sweden. In articles III & IV, primary tumor biopsies and fresh
frozen paraffin embedded tumor blocks were obtained from patients diagnosed with
ATC prior to treatment with chemotherapy or radiotherapy, from the Pathology
Department, Laboratory Medicine, Skine, Sweden.

All these studies were approved by the local ethics committees.

SNP array analysis

Naturally occurring single nucleotide variants with alleles displaying an incidence of
>1% in the population is commonly defined as single nucleotide polymorphisms
(SNPs). In SNP array analysis, these naturally occurring variants can be used to identify
a wide variety of genomic changes such as amplifications, deletions and loss of
heterozygosity (LOH).

Both Illumina (San Diego, CA, USA) and Affymetrix arrays (Santa Clara, CA, USA)
were used in article I, each containing 5 million and 1.8 million markers, respectively.
In brief, SNP arrays comprise millions of oligonucleotide probes. Fragmented DNA is
hybridized to the oligonucleotide probes. The signal emitted by the bound DNA
fragment by fluorescent attached tags is scanned and measured. For each locus two
values are generated. One is the log2 ratio, which indicates the copy number, obtained
by normalized signal intensity The other is the B-allele frequency which indicates allele
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distribution at the locus. The resolution of SNP array is highly dependent on the
number of markers utilized in the array. The inability of SNP arrays to detect balanced
chromosomal rearrangements is a major disadvantage of using SNP arrays.

For data analysis, raw intensity files were analysed by using Genotyping Module from
[lumina GenomeStudio software and Nexus Copy Number software.

In article I, ATC cell lines were investigated using SNP array analysis to identify
acquired copy number changes and LOH.

Sporadic papillary thyroid cancer mouse model

The Cre/loxP-System is a highly versatile genetic engineering tool that can produce
conditional knock-out or knock-in mice models. Cre is a recombinase enzyme, derived
from P1 bacteriophage that recognizes specific target sequence LoxP and catalyse
recombination around the LoxP regions. LoxP consists of a 34 bp sequence with a 13
bp palindromic sequence flanking either side of the central 8 bp sequence. The
orientation of floxed loxP sites surrounding the gene of interest determines the type of
recombination [151].

In tamoxifen-inducible Cre recombinase system (Cre-ER), Cre is bound to a mutated
estrogen receptor, which only gets activated upon binding to tamoxifen. Transgenic
mice with tissue-specific tamoxifen-inducible expression of Cre recombinase under the
control of thyroglobulin promoter (TgCreER™) produces Cre recombinase enzyme
specifically in the thyroid gland and it is restricted only to the cytoplasm. TgCreER™
S0% mice to generate 7gCreER";Braf""*. Following
tamoxifen induction, Cre recombinase is activated in 7gCreER';Braf"* mice,
resulting in knock-in mouse model, expressing mutated Braf'* protein (Figure 3). Since
mutated Braf*acts as an oncogene and initiates tumor development all over the thyroid
gland, this model of tumor development does not completely mimic the scenario in
humans where the entire thyroid gland is not involved in tumorigenesis.

mice was crossed with floxed Bra

We took advantage of the spontaneous activation of Cre recombinase enzyme even in
the absence of tamoxifen (inducible agent) leading to development of multifocal
microtumors. Such microtumor development led by leakiness of the system is more
comparable to the scenario in human tumorigenesis.

In article II, tumor initiation and tumorigenesis were studied using the conditional
tamoxifen-inducible 7gCreER™;Braf*""* mice model.
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Figure 3. Conditional knock-in mouse model using Cre/loxP system. A transgenic mouse expressing tissue-specific
Cre recombinase is bred with another transgenic mouse with a floxed Braf gene, expression wildtype BRAF protein
(mice on the top). Spontaneous activation of Cre by leakage results in activation of mutated Braf“®°’¢ gene (mouse at
the bottom).
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Next generation sequencing

Next generation sequencing (NGS) or massively parallel sequencing is a paradigm-
shifting technology that has enabled scientists to address diverse biological problems.
NGS offers greater sensitivity, specificity and scalability, aiding in the advancement of
cancer genetics by large scale sequencing of billions of DNA and RNA fragments. NGS
technologies have been extensively used for the investigation of whole genomes, whole
exomes, epigenomes, targeted regions and transcriptomes. Additionally, NGS has aided
in de novo assembly of genomes of various organisms without any reference genomes

[152].

Several commercially available sequencing platforms are available, manufactured by
Complete Genomics (Mountain View, CA, USA), Thermo Fisher Scientific (Waltham,
MA, USA), Hlumina (San Diego, CA, USA), Roche (Basel, Switzerland), 10x
Genomics (Pleasanton, MA, USA) and Pacific Biosciences (Menlo Park, CA, USA),
employ different sequencing technologies to achieve high throughput sequencing. The
global market for sequencing instruments is dominated by Illumina [153]. Illumina
(NextSeq500) and Complete Genomics platforms were primarily used for genomic and
transcriptomic studies in this thesis.

[lumina employs sequencing by synthesis technology to achieve high throughput
sequencing. Constructed libraries are loaded on to a flow cell that consists of oligos that
are complimentary sequences to the end fragments of the DNA libraries. Upon
hybridization, polymerase generates a complementary strand to the bound fragment.
This double stranded structure is denatured, and the hybridized strand is washed away.
Each fragment is clonally amplified by bridge amplification generating clonal clusters.
Additionally, the reverse strands are cleaved off with the 3" ends primed to prevent
undesirable priming. This is followed by sequencing of the forward strands, consisting
of a three-step cycle starting with incorporation of a 3" blocked fluorescently labelled
nucleotide, which ensures only one nucleotide is added during each cycle. After
addition of the nucleotide, a fluorescent signal of specific wavelength is emitted by the
cluster by activation via light source. The captured fluorescent signal together with its
intensity aids in accurate determination of base call. Finally, the fluorophore dye is
cleaved off and 3'-OH is regenerated by chemical agents to reinitiate the process of
addition of 3" blocked fluorescently labelled nucleotide in the next cycle. This cycle is
repeated several times and the number of cycles determine the read length. After
completion of the forward strand, the reverse strand is sequenced as per the same
process mentioned above [154].
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Whole exome sequencing

Exome is defined as the protein coding regions throughout the genome, encompassing
roughly 1% of the entire human DNA; however, many disease-associated variants are
within these regions. Whole exome sequencing (WES) is usually performed at a higher
depth (>100x), as approximately 1% of the genome is under focus, this reduces the
overall cost and time needed for analysing the data compared to whole genome
sequencing (60x). Usually, tumor samples are sequenced together with paired normal
samples to exclude germline variants.

In this thesis, following sequencing, raw data from Illumina sequencing platform were
converted to fastq file format. The fastq file consists of sequence identifier, base calls
and base quality scores information for all sequenced reads. After processing of low-
quality reads and soft clipping of adapter sequences, reads were aligned to reference
genome using BWA-MEM [155]. GATK best practices pipeline was employed to
remove redundant reads and local realignment of reads around the indel regions [156].
MuTect2 was used for somatic variant calling and variants were annotated by
ANNOVAR [157, 158]. CNVKkit was used for calling copy number events from exome
data [159].

In articles I & III, WES was performed on ATC cell lines and primary ATC cases to
investigate somatic mutations, copy number events and mutational signatures in ATC;
while, in article II, WES was performed on the mouse model of PTC.

RNA sequencing

RNA sequencing (RNA-seq) is commonly used for characterization and quantification
of whole transcriptomic profiles. Additionally, RNA-seq has broader dynamic range for
detecting differently expressed genes when compared to microarrays [160]. Thus,
gaining a big advantage over hybridization-based techniques. RNA-seq has enabled the
detection of novel isoforms and fusion transcripts.

In this thesis, subsequent to sequencing tumor samples, reads were aligned to the
reference genome using STAR [161]. Raw read counts for each gene were calculated
using HT-seq. These read counts were normalized by the fragments per kilobase
million (FPKM) method. FPKM accounts for the sequencing variability between
samples, as it is calculated based on gene length, total number of reads spanning the
gene and the total reads mapped for a given library. Analysis of differentially expressed
genes was performed using DEseq2 and EdgeR [162, 163]. DAVID and gene set
enrichment analysis (GSEA) was used for functional enrichment analysis [164, 165].

FusionCatcher, SOAPFuse, ChimeraScan and InFusion were used for detection of
chimeric transcripts [166-169]. As these software are based on different algorithms,
their sensitivity and specificity for detecting fusion transcripts varies drastically,
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resulting in lower frequencies of similarity between the chimeric transcripts detected by
various fusion detection software. Detected fusion genes were validated by Sanger
sequencing,.

Limitations of RNA-seq include errors incorporated during reverse transcription of
RNA to cDNA that introduces artefacts as a product of template switching, resulting
in higher incidences of false-positive gene fusions. Additionally, the sequencing quality
scores and sequencing depth is highly dependent on the purity of RNA material [170].

In articles I, IIT & IV, RNA sequencing was performed for detection of fusion genes

and to investigate the global gene expression patterns in ATC cell lines and primary
ATC cases.

Methylation array

For characterization of methylation profiles in ATC, Illumina Infinium EPIC
methylation array targeting more than 850,000 CpG sites across the genome was
employed on bisulfite-converted DNA samples. Methylation levels across the genome
was quantified based on the genotype of the bisulfite-converted DNA sample.

The EPIC array consists of 866,836 CpG sites, of which around 36% are located in
proximity to gene promoter regions, such as 5' untranslated regions (UTR) and
transcription start sites, 36% are located in gene bodies and 27% in intergenic regions.
Based on the context of CpG location, 56.5 % of CpG sites are located in open sea,
followed by CpG islands (17.8%), CpG shores (16.9%) and CpG shelves (8.8%) [171].

For differential methylation analysis, raw data was imported into ChAMP software
[172]. After filtering for SNP sites, correcting for batch effect and dye correction,
normalised 8 values were segregated into three groups. Fisher’s two-sided t-test was
performed to identi