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POPULAR SCIENCE SUMMARY OF THE THESIS 
The thyroid gland is a hormone-producing organ positioned in the neck. It is shaped like a 
butterfly with two main lobes, one on each side of the midline, connected by a bridging part called 
the isthmus. The hormones produced are mainly responsible for regulating the metabolism in the 
body and to help regulate heart rate, blood pressure and body temperature. The cells that produce 
these hormones can in some cases start to grow out of control and form a mass of cells forming a 
tumor. When a tumor has the ability to spread locally or to other organs in the body, it is called a 
cancer.  

Most thyroid tumors are benign, but will in some cases require surgery for diagnostic purposes 
or to relieve symptoms such as discomfort in the neck. There are several different types of thyroid 
cancer with a wide range of clinical behavior. The most common type (papillary thyroid cancer; 
PTC) is usually slow growing and have an excellent prognosis with very few disease-related 
deaths, while the rarest form (anaplastic thyroid cancer; ATC) is one of the deadliest cancers that 
exist in mankind. Follicular thyroid cancer (FTC) is the second most common form and is the 
main focus of this thesis. This thyroid cancer type exhibits poorer prognosis than PTC but 
substantially better prognosis than ATC. Moreover, FTC also have a benign counterpart, 
follicular thyroid adenoma (FTA), making distinction between the two entities important for 
clinical purposes. Today, follicular thyroid tumors still require surgery to distinguish whether the 
lesion is an FTC or FTA, which means that many patients with FTA probably undergo 
unnecessary surgery. Also, compared to many other types of cancers, the particular changes in 
the DNA and other molecules that are responsible for the development of FTC are not well 
established. Both these issues are important to address for the development of improved 
diagnostic procedures and personalized treatments modalities. 

In Paper I, a gene called TERT was studied. This gene is responsible for making cancer cells 
immortal, unlike normal cells in the body. It is well known that this gene is activated by mutations 
(changes in the DNA) in some FTCs. The results showed that this gene can also be activated by 
other changes, such as by additional copies of the gene or by changes outside of the DNA 
sequence (epigenetics). The patients that exhibited these changes in their tumors more often 
presented with metastases (spread disease) and died more often of the cancer. These changes 
could also be used to facilitate the distinction between FTA and FTC, which is not always easily 
done, even after surgery. 

In Paper II, mutations in the TERT gene in a specific type of thyroid tumor that is called 
“follicular tumor with uncertain malignant potential” (FT-UMP) were studied. These tumors are 
today considered to be benign and are treated thereafter, but subsets of cases do recur as metastatic 
FTCs. It was found that that a fraction of FT-UMPs demonstrated mutations in the TERT gene, 
and that these tumors showed an increased risk of relapse as a malignant tumor. Therefore, 
patients with FT-UMPs that also have this mutation should most likely be treated more in line 
with malignant tumors.  

In Paper III, the coding part of the DNA (1% of the entire human genetic material) in FTC, and 
its subtypes to identify signatures that can be used when diagnosing these tumors to complement 
the conventional examination using a microscope, was studied. The number of mutations in each 



tumor subtype could be used to know which patients that had higher risk of dying from the cancer 
in advance, and this signature was a better predictor of worse outcome than conventional risk 
assessment via the microscope. The study also identified mutations in genes that potentially can 
contribute to the development of FTC.  

In Paper IV, the gene called DICER1 that was mutated in a few FTCs in Paper III was studied. 
This gene was mutated in some FTCs occurring in predominantly young patients, and changes in 
DICER1 gene expression were present in many tumors. The results also indicated that this gene 
can be responsible for the tumors to grow more rapidly. When the levels of DICER1 were 
artificially altered in cancer cells grown in the lab, this also affected molecules called microRNAs, 
not entirely surprisingly as the DICER1 protein is an enzyme involved in the maturation of these 
molecules. These findings constitute a new, previously unknown mechanism that contribute to 
the development of these cancers and this information can possibly be used to develop new 
treatments. 

In Paper V, a technique called whole-genome sequencing was used. This technique maps the 
complete order of all building blocks in a person’s (or tumor’s) DNA. This method was utilized 
to study the background mechanisms that can cause FTC in a group of patients. Mutations and 
changes in the gene DGCR8 were identified. This gene has a similar function to the DICER1 
gene, which was studied in Paper IV, namely a regulator of microRNA maturation. These changes 
in the tumor, in turn, therefore lead to the microRNAs not being processed and matured as they 
normally would. These changes likely contributed to the tumors’ ability to metastasize, as 
microRNAs may regulate various processes in the cancer cell, including the ability to grow and 
spread. 

In conclusion, changes related to the TERT gene can be used to distinguish between benign and 
malignant follicular thyroid tumors and can tell in advance which cases that may be more 
aggressive, which can aid in treatment decisions. When these changes are present in a seemingly 
benign FT-UMP, the tumor may in fact be malignant and require more aggressive treatment and 
follow-up. Furthermore, changes in the tumor that affect the maturation of microRNAs seem to 
be an important novel mechanism that contribute to the development and severity of these tumors 
with possible future treatment implications.      



 

 

ABSTRACT 
Follicular thyroid carcinoma (FTC) is the second most common thyroid malignancy and it 
sometimes metastasize to lungs and bone. A substantial subset of these tumors lacks an identified 
driver event and no well-established prognostic and diagnostic markers exist. Also, to distinguish 
this malignant tumor from benign follicular thyroid adenoma (FTA) and from follicular tumor 
with uncertain malignant potential (FT-UMP) patients need to undergo a diagnostic 
hemithyroidectomy for histopathological analysis. The aim of this thesis was to further clarify the 
molecular and genetic background of follicular thyroid tumors to facilitate diagnosis and 
prognostication. 

In Paper I, high frequencies of TERT promoter mutations, copy number (CN) gains, mRNA 
expression and hypermethylation in FTC were identified. Almost all tumors with TERT mRNA 
expression had one of the TERT alterations (mutation, CN gain or hypermethylation) which 
suggests that not only TERT promoter mutation can augment expression. Remarkably, similar 
high frequencies of these alterations were observed in FT-UMP but not in FTA. Given the 
intimate association of TERT alterations to a worse clinical outcome, this suggests that subsets of 
FT-UMPs do have malignant potential. Furthermore, these alterations could be used to pinpoint 
FTC with a poorer prognosis and to distinguish between FTA and FTC/FT-UMP. 

Paper II focused on TERT promoter mutated FT-UMPs and the possible link to malignant 
potential. A clinical follow-up of 51 cases of FT-UMPs was performed. In total, 16% of these 
cases had a TERT promoter mutation and 37% of these mutated cases recurred with metastatic 
disease. The disease-free survival for the mutated FT-UMP patients was similar as for the TERT 
promoter mutated minimally invasive FTC (miFTC), but significantly shorter than TERT 
wildtype miFTC. These results indicate that FT-UMPs with TERT promoter mutations harbor 
malignant potential. Treatment and follow-up strategies should therefore be similar as for 
malignant tumors.  

In Paper III, whole-exome sequencing (WES) was used to search for novel FTC driver events 
and to identify genetic signatures that could distinguish between the FTC histological subtypes: 
widely invasive FTC (wiFTC), encapsulated angioinvasive (eaiFTC) and miFTC. Recurrent 
mutations were identified in TSHR, DICER1, EIF1AX, KDM5C, NF1, PTEN, and TP53. 
Interestingly, there was no difference in the mutational burden across the subtypes. However, 
higher mutational burden was a risk factor for worse clinical outcome independent of histologic 
subtype.  

In Paper IV, the occurrence of DICER1 alterations and how this gene is regulated in FTC and 
the related Hürthle cell carcinoma (HCC) was explored. Mutations were rare but did occur in 
subset of young patients. However, there was a general downregulation in carcinomas compared 
with adenomas. The DICER1 mRNA expression was strongly correlated with the transcription 
factor GABPA mRNA expression suggesting an interaction. In vitro experiments verified that 
GABPA binds to the DICER1 promoter and regulates its expression. Furthermore, reduced 
DICER1 expression stimulated cell proliferation and disrupted the miRNA machinery.  



In Paper V, whole-genome sequencing and transcriptome sequencing was used to identify novel 
driver events in clinically aggressive FTC and HCC. A recurrent mutation (p.E518K) in the 
DGCR8 gene, a miRNA processing subunit, was identified. This particular mutation is known to 
cause early onset familial multinodular goiter and other tumors when present in germline DNA. 
In an extended cohort, no further mutations were evident in thyroid carcinomas, however, the 
expression was significantly reduced in FTC compared with FTA, suggesting an important role 
in tumorigenesis. The DGCR8 mutated cases and subsets of cases with low DGCR8 expression 
showed a specific miRNA profile and appeared in the same cluster in a hierarchical cluster 
analysis. Furthermore, this caused downregulation of specific mRNAs and miRNAs that could 
be involved in progression and metastasis of these tumors. Copy number analysis revealed 
recurrent gains on chromosomes 4, 6, and 10. The transcriptome analysis showed that the study 
cohort of 13 tumors amassed in two principal clusters.  

In conclusion, TERT alterations in follicular tumors can be used for diagnostic and prognostic 
purposes, and genetic alterations that disrupt the miRNA machinery seem to constitute an 
important mechanism in these cancers.   
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1 INTRODUCTION 

1.1 THE THYROID GLAND 

1.1.1 Historical vignettes of the thyroid gland, its diseases and surgery 

Enlargement of the thyroid gland, goiter, was recognized thousands of years ago by ancient 
cultures in Egypt, India, China and Greece. One of the oldest recognitions of the condition dates 
back to ~2700 BC where it was mentioned by the Chinese emperor Shen-Nung (2838-2698 
Before Christ) in his book Pen-Ts'ao Tsing (A treatise on herbs and roots) in which seaweed was 
proposed as a remedy against goiter (1). The Romans also proposed seaweed as a remedy for 
goiter and Aulus Cornelius Celsus (25 Before Christ-Anno Domini 50), in his work De Medicina, 
was probably the first to mention surgery for thyroid conditions with his words ”ed scalpelli 
curatio brevior est” ‘‘but the cure of the scalpel is quicker’’ (2, 3). However, the medieval surgeon 
Abulcasis (936-1013) is considered to be the first person to describe a successful thyroidectomy 
with the use of opium as sedation and a bag around the neck to collect the blood loss (4).  

By the 16th century, the thyroid gland had only been recognized in association to pathology. In 
1541, the Belgian physician Andreas Vesalius (1514–1564) concluded that earlier anatomists and 
physicians such as the Roman Galen (129~210) had only dissected animals and therefore, their 
works on anatomy contained errors about the anatomy in humans. During his career, Vesalius 
started dissecting human cadavers that he had obtained from cemeteries and that he got ‘donated’ 
from executions. He compiled his anatomical studies in De Humani Corporis Fabrica in 1543 
which is the first work to describe the thyroid gland as an organ (Figure 1) (3). 

 

Figure 1. The thyroid gland and the larynx, as described by Andreas Vesalius in Fabrica. The thyroid is 
best visualized in image III, marked as “I”. Image courtesy of the Hagströmer Medico-Historical Library, 
Karolinska Institutet. 
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The English physician Thomas Wharton (1614-1673) named the organ glandula thyreoidea due 
to its resemblance to an ancient greek shield (from the Greek word thyreoiedes, "shield-shaped"). 
This was published in his work on human glands in Adenographia in 1656 (5).  

Further development of thyroid surgery was largely driven by conditions secondary to 
enlargement of the thyroid such as respiratory difficulties. Before the mid 19th century the 
mortality rate for thyroid surgery was around 40% due to complications such as hemorrhage, 
post-operative infection, asphyxia and air embolism (6). Thus, thyroid surgery was considered to 
be a risky procedure and the American surgeon Samuel D. Gross (1805-1884) stated that “no 
sensible surgeon would ever engage in it” (4). In the same era, general anesthesia, infection 
prophylactics and the use of hemostatic forceps were introduced (7). This led to a significant 
improvement in clinical outcomes. Theodor Billroth (1829-1894) and Theodor Kocher (1841-
1917) continued to develop thyroid surgery and became pioneers within the field. For Kocher, 
the mortality rate of thyroid surgery dropped to 0.5% at the end of his career (8). He was awarded 
the Nobel Prize in Physiology or Medicine in 1909 "for his work on the physiology, pathology 
and surgery of the thyroid gland." 

1.1.2 Embryology 

The functional part of the thyroid gland is comprised of two distinct cell types, follicular cells and 
C-cells. These two cell types are recruited from two different germ layers during development 
(9). The follicular cells originate from the endodermal layer whereas the C-cells originate from 
the neural crest, which is sometimes called the fourth germ layer, however it is derived from the 
ectoderm. The first visible signs of thyroid development occur during the fourth week of 
embryonic development where a thickening of the endoderm in the primitive pharynx can be 
observed. The following weeks the primitive thyroid cells will descend anterior to the laryngeal 
cartilage and the hyoid bone to finally reach its destination in the lower neck. The pathway of the 
migrating cells will leave a remnant called the thyroglossal duct which later will retract. In many 
cases, the thyroglossal duct will leave remnant ectopic thyroid tissue along its path and in the 
mature gland it will leave a remnant called the pyramidal lobe (10). Simultaneously during this 
process, cells from the neural crest (the ultimobranchial body) will migrate into the thyroid gland 
to form the C-cells. These cells will be concentrated in the middle and upper thirds of the lateral 
lobes. The final maturation step is functional differentiation of the thyroid cells and the C-cells. 
This will occur during the 12th week of development where triiodothyronine (T3), thyroxine (T4) 
and calcitonin can be detected (9, 10).  

1.1.3 Anatomy 

The thyroid gland rests in the midline of the lower neck. The isthmus connects its right and left 
lobe in typical cases. The total weight of the gland is 15-25 g depending on gender and age but 
can multiply many times in some conditions such as goiter. The posterior side of the gland lies 
on the trachea and reach back to the esophagus. Bilateral of the gland the carotid sheath leaps in 
close proximity. The anterior boundary is marked by the strap muscles and the 
sternocleidomastoid muscles. The gland is enclosed by a thin capsule which in turn is attached to 
the larynx and trachea. Therefore, the gland will move in conjunction with the trachea when 
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swallowing. The thyroid is highly vascularized. The upper poles of the right and left lobe are 
supplied by the superior thyroid arteries which branches from the external carotid artery. The 
inferior parts of the lobes are supplied by the inferior thyroid arteries which branches off the 
thyrocervical trunk from the subclavian arteries. These vessels usually have abundant collateral 
vessels. Sometimes a third artery, the ima, branches off the brachiocephalic trunk to supply the 
isthmus and inferior part of the gland.  

 

Figure 2. Thyroid anatomy. a The position of the thyroid gland in the neck. b Posterior view of the thyroid 
gland with the parathyroid glands. Created with BioRender.com 

The venous drainage runs through the superior, middle and inferior thyroid veins. These veins are 
in some conditions rich in collaterals and together form a network of blood vessels. The lymphatic 
drainage typically begins with the central compartment lymph nodes followed by the lymph nodes 
in the lateral compartments. From the vagus nerve the recurrent laryngeal nerve runs in the 
tracheoesophageal grove, in close proximity to the thyroid gland and the inferior thyroid artery to 
finally enter the cricothyroid joint. Damage to this nerve can cause dysphagia and phonation 
issues (9-11). On the posterior face of the thyroid gland, the parathyroid glands are situated 
(Figure 2b).  

1.1.4 Physiology 

The thyroid hormones play an essential role in maintaining the energy homeostasis. The primary 
function is to stimulate the metabolism of the cells in the human body. The thyroid hormone 
production is stimulated in response to thyroid-stimulating hormone (TSH) from the pituitary 
gland. The production of thyroid hormones is also regulated by dietary intake of iodine. The main 
functional units of the thyroid are the thyroid follicles. These are colloid filled cavities lined by 
follicle cells (thyrocytes) whose main function is to produce and store thyroid hormones. The 
follicle cells produce the glycoprotein thyroglobulin (Tg) which contains approximately 120 
tyrosine residues (12). The thyroid hormones T3 and T4 are produced by iodination of specific 
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tyrosine residues on the thyroglobulin. The primary hormone released by the follicles is T4 

whereas most of the T3 is formed by deiodination in the peripheral tissues by deodinase enzymes. 
In addition to the thyroid hormones T3 and T4, the thyroid gland also produces calcitonin from 
the C-cells which is involved in regulation of serum calcium levels (13). 

Thyroid hormone, predominantly T3, practically affects all tissues in the body. The hormones 
enter cells and bind to nuclear thyroid hormone receptors on the surface of the nucleus. The 
hormone-receptor complex binds to DNA via zinc fingers in the nucleus and then acts as a 
transcription factor and alter the expression of a variety of genes (genomic effect) (12). Recent 
findings suggest that the hormones also stimulate cytoplasmic enzymes that increases the oxygen 
consumption in the cells (non-genomic effects). These effects can ultimately lead to increased 
production of ATP, protein synthesis and glycogenolysis, to mention a few (13). 

1.2 PRINCIPLES OF CANCER 

1.2.1 Characteristics 

In normal conditions, the growth of cells in a multicellular organism is strictly organized by 
various control mechanisms within the cell (14). Neoplasias (English neo- “new”, Greek -plasia 
"growth"), more commonly known as tumors, are characterized by an uncontrolled growth and 
are thus seemingly oblivious to these control mechanisms. Benign tumors remain localized and 
are usually manageable by surgical removal, however, they can cause severe morbidity in some 
cases (14). Malignant tumors on the other hand do not respect nearby tissue borders and have the 
ability to invade adjacent structures and spread to distant organs (metastasize). Malignant 
epithelial tumors are collectively known as carcinomas, and in addition there are sarcomas of 
mesenchymal origin and hematological malignancies. Cancer is here used to describe all 

Figure 3. The ten hallmarks of cancer. Reprinted from Hanahan and Weinberg, ”Hallmarks of Cancer: 
The Next Generation”, 2011 (19), with permission from Elsevier. 
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malignant tumors (15). Cancer is the second leading cause of death globally, and accounts for 
approximately 10 million deaths annually (16). Cancer is a highly heterogenous disease and 
comprise more than 200 different types that are further subclassified based on site, histology, 
genetics and molecular profile. To understand the biology of this diverse disease, Hanahan and 
Weinberg conceptualized some common features that give cancer cells an evolutionary advantage 
over normal cells. These have been widely known as “The hallmarks of cancer”. These ten 
hallmarks are: (1) Sustaining proliferative signaling, (2) Evading growth suppressors, (3) 
Avoiding immune destruction, (4) Enabling replicative immortality, (5) Tumor-promoting 
inflammation, (6) Activating invasion and metastasis (7) Inducing angiogenesis, (8) Genome 
instability and mutation, (9) Resisting cell death and (10) Deregulating cellular energetics (Figure 
3) (17, 18). 

1.2.2 The genetic basis of cancer 

Cancer is caused by internal factors such as heritable predisposing mutations (5-10%), replication 
errors, hormones and immune conditions. It is also caused by acquired or environmental factors 
such as smoking, diet, radiation and infections (19). The World Health Organization (WHO) has 
estimated that at least one third of all cancer cases can be prevented my modifying risk factors 
(20). Vogelstein applied a mathematical model in 2017 and estimated that the proportion of driver 
gene mutations is attributable to DNA replications error in up to 66% of cancer cases, which 
makes a majority of cancer cases coincidental (21). Collectively, these factors cause genetic 
alterations that contribute to the hallmarks of cancer. These genetic alterations can affect any gene 
within the genome without any significant advantage. These alterations are called “passengers”. 
However, when certain genes are altered the cells will acquire a growth advantage over normal 
cells. These events are referred to as “drivers” (22). These genes are involved in cell growth 
(proto-oncogenes and oncogenes when activated), growth inhibition (tumor suppressors) and 
DNA repair (14, 15). In a 2010 study, it was estimated that proto-oncogenes and tumor suppressor 
genes may have the potential to acquire driver potential at almost 34 000 positions across their 
sequences (23) . More than 700 tumor suppressor genes, oncogenes and DNA repair genes have 
been described to date (24, 25). Thus, there are tens of thousands of positions in the genome with 
potential driver mutation possibilities. The term mutation refers to a change in the DNA structure 
of an organism and can be classified based on several different aspects and varies a lot based on 
discipline and source. In cancer research they can be classified as in Table 1 (26-30). These 
alterations will ultimately lead to activation of oncogenes or inactivation of tumor suppressor 
genes or DNA repair genes (Figure 4) by altering the level, function, size or shape of the end 
product, the protein.  

Examples of proto-oncogenes include the RAS gene family (HRAS, KRAS, NRAS), commonly 
mutated at codon 12, 13 and 61 that causes an altered protein that is constitutively activated 
sending down-stream proliferation signals in the cell (31). A commonly mutated tumor 
suppressor is the TP53 gene which encodes for the p53 protein that in its normal condition can 
activate tumor suppressing mechanisms such as DNA repair and apoptosis (32). The majority of 
mutations that affect the TP53 gene are missense mutations (Figure 4a) between codon 125 and 
300 that collectively alter the DNA-binding domain of the protein, thus leading to reduced tumor 
suppressing abilities (33, 34). 
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Table 1. Classification of mutations and genetic alterations in human cancers. 

 
Classification Group Subgroup Explanation 
Origin       

 
Somatic 

 
Acquired mutation usually only 
present in tumor cells 

 
Constitutional 

 
Germ line mutation present in all 
nucleated cells 

Impact on 
reading frame    

 

Splice site mutations 
 
Frameshift  

Improper exon and intron 
recognition 
Alters the reading frame  

 Synonymous/silent  No change 

 Nonsynonymous   

  
Missense (altered 
protein) 

Altered protein structure 

  
Nonsense 
(premature stop) 

Premature stop codon and 
truncated protein 

Impact on 
function  

 

 
 Loss-of-function 

 
Less or no function of the protein 

 Gain-of-function 
 

Enhanced activation of the protein 
Structure  

 
 

 
Small variants (<50 
base pairs) 

 

 

  
Point mutations  Single base substitutions, 

insertions or deletions  

  
Insertions/deletions 
(2-50 bp)  

 Structural variants 
 

 
  Deletions  
  Duplications  
  Inversions  
  Translocations  
  Insertions  

 
Loss of heterozygosity 
 

 Loss of the wildtype allele 

 

Numerical 
chromosomal 
alterations 

 

 

  
Aneuploidy Abnormal number of chromosomes 

in a cell 

 Complex variants 
 

 

  

Chromotripsis Clustered genomic rearrangements 
in one or two 
chromosomes 

    

Chromoplexy Multiple chromosomes become  
scrambled causing several 
oncogenic events 
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Figure 4. Mutations classified by altered structure of the DNA. a Point mutations can be single base substitutions, 
deletions and insertions that alter the reading frame and cause an altered or truncated protein. b Insertions and 
deletions (INDELS) of nucleotides can vary in length but will ultimately lead to an altered or truncated protein. c 
Different types of structural variations on the chromosomal level that all lead to DNA alterations. Loss of heterozygosity 
(LOH) is the result of loss of the heterozygous state and can be through loss of an allele or a larger part of a 
chromosome. LOH can also occur by recombination during mitosis which results in a copy neutral LOH. Created with 
BioRender.com.  

 

 

 

 

 

 
 



 

16 

1.2.3 Epigenetics in cancer 

An epigenetic alteration is a reversible change in gene expression that occur without any alteration 
of the DNA sequence (35). The most widely characterized epigenetic alterations are histone 
modification and DNA methylation (36, 37). Histone proteins provide the structural support of 
chromosomes. These proteins can undergo modifications such as methylation or acetylation that 
in turn regulates gene expression (38). These mechanisms seem to be frequent in human cancers 
(39). The more studied mechanism of DNA methylation by the enzymes DNMT3A and 
DNMT3B involves the methylation of cytosines that precede guanines called CpG-sites that 
usually cluster in CpG-rich regions called CpG islands (39). The traditional view on DNA 
methylation is that it results in gene silencing when CpG islands in gene promoters are 
methylated. This phenomenon occurs in hundreds of promoters in many different cancers (40, 
41). The epigenetic silencing of the gene can result in inactivation of a tumor suppressor gene and 
similar to that of loss of heterozygosity (LOH) contribute to the Knudson two-hit hypothesis (36, 
42). In Paper I we explore the epigenetic activation of human telomerase reverse transcriptase 
(TERT) and its role in follicular thyroid tumor malignancy.  

1.2.4 MicroRNAs in cancer 

MicroRNAs (miRNAs) are small non-coding RNA molecules about 22 nucleotides in length that 
were first discovered in 1993 in Caenorhabditis elegans and later, in 2001, they were also 
identified in humans (43, 44). The function of miRNAs is to regulate gene expression by binding 
to complementary sequences of mRNA, thereby silencing translation (45). Genes that transcribe 
miRNA typically reside in intergenic regions but can also occur in introns of protein coding genes 
and even in overlapping intron-exon sequences (46). The biogenesis of miRNAs starts in the 
nucleus with the transcription of pri-miRNAs that are then processed into pre-miRNA by a 
complex consisting of RNA binding protein DiGeorge Syndrome Critical Region 8 (DGCR8) 
and a ribonuclease III enzyme called Drosha (47, 48). The pre-miRNAs are then transported to 
cytoplasm through exportin 5 where they are cleaved by the RNase III endonuclease DICER1 
(48). The miRNA together with a Argonaute (AGO) family protein forms a complex called RNA-
induced silencing complex (RISC) that then regulates gene expression by binding to mRNA 
leading to translational repression, mRNA degradation or in some cases activation (Figure 5) 
(49). 

After the discovery of miRNAs in humans, it soon became evident that the expression of miRNAs 
was aberrant in several human malignancies, such as chronic lymphocytic leukemia (50), 
colorectal cancer (51), lung cancer (52), breast cancer (53), cervical cancer (54) and thyroid 
cancer (55, 56). Aberrantly expressed miRNAs in these studies are most often attributed to 
changes in gene copy number and location by amplification, deletion or translocation. Other 
studies have shown that the expression of miRNAs can be influenced by transcription factors that 
are commonly aberrant in cancers such as c-Myc and p53, further contributing to tumorigenesis 
(57-59). Depending on the target gene, miRNAs can act both as oncogenes (OncomiRs) and 
tumor suppressors (60). 

More recent studies have also identified that the miRNA biogenesis machinery itself (including 
Drosha, DGCR8 and DICER1) is compromised in some cancers. Thomson et al. showed that a 
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global downregulation of miRNA in cancer cells is due to failure of processing by Drosha (61). 
Mutations in the enzymatic regions of Drosha and DGCR8 that causes downregulation of key 
tumor-contributing miRNAs have been reported in subsets of Wilms’ tumor (62). In Paper V we 
report the recurrent mutations in DGCR8 for the first time in follicular thyroid carcinomas (FTC), 
with an effect on the global miRNA output in mutated cases.  

Dysregulation of DICER1 has been observed in several cancers and is associated with a global 
reduction of miRNAs, however, its tumor promoting properties seems to be ambiguous and is 
contrary in different cancer tissues (63-67). 

 

 

The mechanisms for DICER1 downregulation are not fully understood. To some extent, they can 
be explained by mutations, somatic or germline. In 2009, Hill et al. identified heterozygous 
germline DICER1 gene nonsense mutations in a syndrome that involves familial 
pleuropulmonary blastoma (PPB) (68). The syndrome had been known for several years and 
includes other tumors such as cystic nephroma, embryonal rhabdomyosarcoma, Sertoli–Leydig 
cell tumor and differentiated thyroid cancer (68-71). The syndrome is now collectively known as 
DICER1 syndrome (OMIM 601200) (72). At first, it was believed that the DICER1 gene was 
haploinsufficient (68). However, later studies have revealed that both alleles often are affected 
either by a truncating germline mutation in combination with LOH or by a second “hit” that is 

Figure 5. MicroRNA biogenesis. miRNA genes are transcribed in the nucleus and is first processed by 
the Drosha and DGCR8 complex. Then it is exported as pre-miRNA to the cytoplasm by XPO5 where it is 
further processed by DICER1 into mature miRNA. The mature miRNA forms a complex (RISC) that 
interacts with mRNA. Created with BioRender.com. 
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acquired, primarily by missense mutation in the RNase IIIb domain of the DICER1 gene and thus 
the gene seem to follow the Knudson two-hit hypothesis (42, 73-75). Although germline 
truncating mutations seem to be accompanied with somatic missense mutations in DICER1 
patients, other mechanisms that dysregulate DICER1 expression in tumors possibly occur (76). 
In Paper III it was evident that DICER1 is recurrently mutated in subsets of FTC and in Paper 
IV the frequency of these mutations in a larger cohort of FTC and other mechanisms that regulates 
DICER1 expression was explored. 

1.3 THYROID TUMORS 

1.3.1 Classification 

1.3.1.1 Follicular cell-derived tumors 

Tumors of the thyroid gland can roughly be classified depending on their cellular origin. First and 
most common are the follicular cell-derived tumors. These tumors include both benign and 
malignant tumors: follicular thyroid adenoma (FTA), follicular tumor of uncertain malignant 
potential (FT-UMP), papillary thyroid carcinoma (PTC), FTC, poorly differentiated thyroid 
carcinoma (PDTC) and anaplastic thyroid carcinoma (ATC). The survival spectrum and clinical 
characteristics of these tumors range from completely benign entities to one of the deadliest 
cancers known (77). PTC and FTC are collectively referred to as well-differentiated thyroid 
carcinomas and are often studied in conjunction. 

1.3.1.2 C-cell tumors and secondary thyroid tumors 

Secondly, the less common C-cell derived tumors, medullary thyroid carcinomas (MTC), is a 
neuroendocrine cancer that in about 25 % of all cases is a part of a predisposing syndrome, 
multiple endocrine neoplasia type 2 (MEN 2a and MEN 2b), in which a germline gain-of-function 
mutation in the rearranged-during-transfection (RET) oncogene usually is found (77, 78). Lastly, 
secondary tumors also occur in the thyroid gland, such as metastases from other tumors and 
thyroid lymphomas (77). C-cell derived and secondary cancers of the thyroid gland will not be 
discussed further in this thesis. 

1.3.2 Epidemiology and risk factors  

Thyroid cancer is the most common endocrine neoplasia, and overall the eleventh most common 
malignancy worldwide (79). The worldwide incidence is around 3.1 in men and 10.2 in women 
per 100 000 with about 586 000 new cases and 44 000 deaths annually (79-81). The global 
incidence of thyroid cancer has been sharply rising since the beginning of the 1970’s, mainly due 
to an increase in PTC, which have shown an average annual percent change (APC) of 6.26 % 
between 1993 and 2012. However, other forms of thyroid cancer such as FTC is also increasing 
with 1.57% APC between 1993 and 2012 (82-85). Despite the increasing incidence, the mortality 
rate has remained relatively stable over the years (84). Among thyroid cancers, PTC is the most 
common accounting for 80-85 % worldwide, FTC accounts for 10-15% and PDTC and thyroid 
ATC together account for around 3 % (77, 86). The number of thyroid cancer cases operated at 
the Karolinska University Hospital between 1992 and 2017 is visualized in Figure 6. 
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There are several established risk factors for developing thyroid cancer, but the complete etiology 
is not well understood. The most prominent risk factor for developing PTC besides age and gender 
is ionizing radiation (87). For example, a sharp rise in incidence was observed after the Chornobyl 
accident, especially in individuals that were exposed at a very young age (87-89). Other 
established risk factors include dietary intake of iodine, overweight and tallness, and living in a 
volcanic area (90-94). FTC, which is not attributable to ionizing radiation, is by some authors 
suspected to be caused by certain flame retardants which are known endocrine disruptors (95). 
Obesity has also been associated to an increased risk of all follicular cell derived thyroid cancers 
including FTC (96). Whether these risk factors contribute to the rising incidence is not 
established. The main attributable factor to the rising incidence is probably overdiagnosis of small 
low morbidity PTC, explained by the increased usage of ultrasonographic examinations (97-100). 
However, a true biological increase and an increase in advanced tumors has also been observed 
(101). It has not been established if the true increase is attributable to an increased exposure of 
some risk factors in the population such as ionizing radiation, obesity, iodine intake, estrogen 
exposure, Hashimoto thyroiditis or other lifestyle-related factors (102).  

1.3.3 Clinical presentation 

Patients with follicular cell-derived thyroid tumors are in the majority of cases asymptomatic and 
euthyroid. Most often, a palpable nodule is discovered by the patient or by an examining physician 

Figure 6. Number and relative proportion of thyroid cancer cases operated at the Karolinska 
University Hospital 1992–2017. ATC; anaplastic thyroid carcinoma, FTC; follicular thyroid carcinoma, 
MTC; medullary thyroid carcinoma, PDTC; poorly differentiated thyroid carcinoma, PTC; papillary 
thyroid carcinoma.  
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that of course should lead to further investigation. Many cases are also incidentally discovered by 
imaging for unrelated medical conditions, for example carotid artery ultrasonography and other 
imaging modalities of the head-and-neck region (103). In some cases, patients present with 
symptoms that can include dysphagia, visible enlargement of the thyroid, hoarseness or dyspnea 
(104). If an elderly patient presents with sudden hoarseness and/or a rapid growing nodule, the 
physician should become wary, as it can be a sign of an ATC (77).  

1.3.4 Diagnosis 

1.3.4.1 Clinical examination and cytology 

The evaluation of a nodule discovered in the thyroid gland follows the same principles 
independently on level of care. The first step in the clinical work-up should always include patient 
history, an initial clinical examination and measurement of thyroid-stimulating hormone (TSH) 
(and T4) (105). After the initial clinical examination, the patient should be referred for a fine-
needle aspiration cytology (FNAC). Cytology plays an essential role in the pre-operative 
diagnosis of thyroid nodules. The thyroid gland is a superficial organ thus making it easily 
accessible for FNAC. FNAC is associated with very few complications and little discomfort for 
the patient (106). The procedure is sometimes guided by ultrasonography and a needle with a size 
of 0.4-0.6 mm is used. This method was originally co-developed by Dr. Sixten Franzén, who was 
active at the Karolinska University Hospital.  

The cells retrieved from the nodule are examined in a microscope and classified on a six-graded 
scale according to the Bethesda system for reporting thyroid cytology, with increasing risk for 
malignancy for each category (107).  

Table 2. The Bethesda system for reporting thyroid cytopathology (107, 108). 

BETHESDA 
CATEGORY 

MEANING  CANCER 
RISK (%) 

MANAGEMENT 

I Nondiagnostic or unsatisfactory 1-4 Repeat FNAC  

II Benign 0-3 Clinical and ultrasonographic 
follow-up 

III Atypia of undetermined 
significance or follicular lesion of 
undetermined significance 

5-15 Repeat FNAC or lobectomy 

IV Follicular neoplasm or 
suspicious for a follicular 
neoplasm 

15-30 Lobectomy 

V Suspicious for 
malignancy 

 60-75 Lobectomy or total 
thyroidectomy 

VI Malignant  97-99 Lobectomy or total 
thyroidectomy 
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PTCs are characterized by follicular epithelial cells with a papillary arrangement, enlarged 
overlapping, irregular nuclei, intranuclear inclusions and grooves, and often no colloid present 
(Figure 7, left). PTCs are usually diagnosed already during this step of the clinical work-up 
(except for the follicular variant, which can be difficult to diagnose on FNAC alone) (109).  

 

Follicular tumors are most often characterized by a microfollicular growth pattern, and the nuclei 
are often monomorphic follicular epithelial cells, sometimes accompanied by a bloodstained 
background with little or no colloid (107). Macrofollicular variants are rare, but do occur. The 
Hürthle (oncocytic) cell variant displays a distinct cytoplasm and a prominent nucleolus (107), 
and is now considered to be a separate tumor entity (77). Necrosis and mitoses are indicative, but 
not definite, signs of a carcinoma on FNAC. Follicular tumors are therefore graded as III or IV 
(indeterminate) on the Bethesda scale. Thus, it is not possible to distinguish FTC from FTA on 
cytology based material (107). Up to 25% of all thyroid FNAC falls under the indeterminate 
category (110). ATC is characterized by pleomorphic cells with considerable atypia, often with a 
necrotic component and inflammatory background. For all thyroid tumors, the definitive 
diagnosis requires a histopathologic examination by a pathologist (also referred to as “pathologic-
anatomic-diagnosis”; PAD) (77). 

1.3.4.2 Pre-operative ultrasonography 

The clinical work-up of a possible thyroid cancer should include a pre-operative ultrasonography. 
The ultrasonography is performed on the contralateral lobe in addition to the ipsilateral lobe, and 
also the central and lateral lymph node compartment to identify potential metastases (111). The 
European Thyroid Association have established guidelines for ultrasonography to aid the 
malignancy risk stratification for thyroid nodules in which nodules are classified as low, 
intermediate or high risk of malignancy depending on the ultrasonographic findings (112). These 
guidelines are used as a selection criterion for which nodules should proceed with FNAC. 

Figure 7. Thyroid cytology: typical cell features of papillary thyroid carcinoma (PTC) cytology 
specimen (left) and typical features of a follicular neoplasm (right). Note the typical PTC-related 
nuclear changes to the left, including enlargement, crowding and pseudo-inclusions. 

 



 

22 

Usually, nodules less than 10 mm with low to intermediate risk of malignancy can be excluded 
from FNAC and does not motivate further follow-up (112). As for cytology, ultrasonography 
cannot distinguish FTC from FTA (113).  

1.3.5 Treatment 

1.3.5.1 Surgery  

The primary treatment for thyroid cancer is surgery (111). The goal with surgery is complete 
removal of the primary tumor and lymph node metastases with low morbidity. In most cases a 
total thyroidectomy is performed, except for tumors ≤ 10 mm without aggressive features and 
follicular tumors where a hemi-thyroidectomy is performed for diagnostic purposes. The benefits 
of removing the entire thyroid gland includes correct definitive diagnosis and staging, the 
possibility to use adjuvant radioiodine, a more reliable biochemical follow-up with thyroglobulin 
and less likelihood of recurrence. However, it increases the risk of hypoparathyroidism, and sets 
both recurrent laryngeal nerves at risk of damage (105, 111, 114).  In more advanced stages (T3 
and T4 tumors) or confirmed lymph node metastases, the thyroidectomy is accompanied by a 
central neck lymph node dissection. This procedure reduces the risk for local recurrence and may 
reduce the mortality risk, however, it is associated with an increased risk of complications, such 
as hypoparathyroidism (115). Lateral lymph node dissection should be performed for confirmed 
metastases (111, 114). 

As mentioned above, FTC and FTA cannot be distinguished pre-operatively, therefore a 
diagnostic lobectomy is performed. If the specimen demonstrates an FTC upon histological 
examination, a second operation is performed (except for low risk cases) where the contralateral 
lobe is removed, a so called “completion” lobectomy (111, 114). A completion lobectomy is 
necessary for adequate treatment and follow-up as mentioned above. The first surgical procedure 
can cause adhesions and distorted anatomy which is believed to cause a small but non-significant 
increase in the occurrence of hypoparathyroidism and permanent palsy to the recurrent laryngeal 
nerve (116). However, an initial total thyroidectomy for patients that later would undergo a 
completion lobectomy would be more beneficial for the individual patient and more cost-effective 
(117). Therefore, there is a need for improved pre-operative diagnostic tools, such as molecular 
markers. 

1.3.5.2 Radioiodine treatment  

According to the European guidelines, all high- and low-risk, but not extremely low-risk, thyroid 
cancer patients should be treated with radioactive iodine (RAI) 131I (118). The purpose of the 
treatment is to eliminate any residual thyroid tissue, microscopic disease and to detect possible 
distant metastases (114). Recent studies have also showed improved overall survival for thyroid 
cancer patients receiving RAI treatment (119). The dose is adjusted depending on stage and other 
clinical factors (120).  
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1.3.5.3 External radiation  

External radiation is an option in cases where the disease is locally advanced, non-radically 
resected, infiltrative in adjacent vital structures or in cases of ATC, external radiation is an option. 
It can be administered as neo-adjuvant or adjuvant treatment (114, 121). 

1.3.5.4 Systemic treatment  

Systemic treatment with chemotherapy has little or no value when treating differentiated thyroid 
cancer, however, when treating ATC, it is a part of the standard treatment regime, although it is 
almost never curative (114). In recent years, the use of tyrosine kinase inhibitors has gained 
popularity when treating radioiodine-refractory thyroid cancer. To date, two drugs are approved 
for treatment of thyroid cancer; Sorafenib (Nexavar) (122) and lenvatinib (Lenvima) (123). 
However, these drugs are associated with adverse effects in a majority of the treated patients. 
These adverse effects include hand-and-foot skin reactions, hypertension, diarrhea, fatigue, 
nausea, weight loss, second malignancies and even drug-related deaths (123). The adverse events 
need to be weighed against the treatment advantages and the fairly high cost. Moreover, up to one 
third of metastases from FTC and PTC are RAI-refractory, meaning that the lesions have a 
reduced ability to take up iodine, and in consequence the overall survival decreases significantly 
(<10% at 10 years) (124). Therefore, there is a need to identify novel druggable targets for these 
patients. 

1.3.6 Follow-up 

The recurrence rate of PTC and FTC ranges from 20-40 % (125), although recent studies have 
shown that a majority of the ‘recurrences’ are in fact persistent disease (126). Recurrences are 
reported anywhere from 6 months to decades later and remain a major concern (127). Therefore, 
all high-risk thyroid cancer patients should be followed with regular check-ups by 
ultrasonography and measurement of Tg and Tg antibodies (128). There are clinical and 
pathological parameters that are associated with increased risk for recurrence such as tumor size 
and extra-thyroidal extension (129), thus, there is a need for more accurate molecular prognostic 
markers to pinpoint cases at greater risk for recurrence.  

1.4 HISTOPATHOLOGY AND MOLECULAR PATHOLOGY 

The diagnostic procedure of thyroid carcinomas still relies on traditional histopathology to a large 
extent. However, in recent years progress in molecular and genetic characterizations has been 
made and is receiving increasing attention. The French-Canadian pathologist Pierre Manson 
(1880-1959) said a long time ago “No classification is more difficult to establish than that of 
thyroid carcinomas” (130). Perhaps this statement is true also for molecular and genetic 
characterization of thyroid carcinomas, one of the primary aims of this thesis. 

1.4.1 Staging 

In Sweden, differentiated thyroid carcinomas are staged and risk stratified according to the 
American Thyroid Association guidelines, European Thyroid Association guidelines and staging 
system (American Joint Committee on Cancer (AJCC) staging manual) to predict the risk of 
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persistent or recurrent disease (114, 128, 131). The current Swedish national thyroid cancer 
guidelines rely on these guidelines and the treatment is selected accordingly (128). Individual risk 
factors can be taken into consideration on an individual basis and should be discussed at multiple 
disciplinary treatment conferences. In some cases, tumors that are considered “low risk” 
according to the guidelines do metastasize (132). Therefore, in addition to parameters applied in 
the current guidelines, additional molecular markers for predicting the prognosis are needed. 

1.4.2 Papillary thyroid carcinoma (PTC) 

1.4.2.1 Clinical features 

As previously mentioned, PTC is the most common thyroid malignancy. The prognosis of PTC 
is excellent, with a 5-year survival rate of 98 % (133). Patients with PTC are usually euthyroid 
and asymptomatic but may present with hoarseness and dysphagia. Lymph node metastases occur 
at diagnosis in up to 27 % of cases (134). Distant metastases however, are rare but they can occur, 
primarily in the lungs, especially in children and adolescents (135).  

1.4.2.2 Histopathology 

Conventional PTCs show the two cardinal signs i.e. papillary growth pattern and typical nuclear 
changes that often include nuclear enlargement, overlapping elongation in addition to pseudo-
inclusions or longitudinal grooves (77). There are other histopathological variants as well, with 
different growth patterns and various degrees of PTC related nuclear changes present.  

1.4.2.3 Molecular genetics  

PTC is the most extensively studied form of thyroid cancer. The most important genetic drivers 
are associated with the mitogen-activated protein kinase (MAPK) pathway. Uncontrolled 
stimulation of this pathway seems to be crucial for virtually all thyroid cancer development. The 
most common genetic alterations in PTC include point mutations in BRAF and RAS genes which 
occur in 30-90 % and 0-35 %, respectively and PTCs are therefore identified as having a BRAF-
like or RAS-like signature (136, 137). In addition to these two main categories of PTC, several 
other genetic alterations frequently occur. These include chromosomal rearrangement of the RET 
gene causing RET/PTC fusions, in which several “PTC” genes have been identified as fusion 
partners. These alterations can be found in 5-35 % of cases (136). In addition, rearrangements 
involving other genes than RET also occur such as NTRK1 with the activating genes TPM3, TPR 
and TGF (77). In more advanced-staged cancers, point mutations in the telomerase reverse 
transcriptase (TERT) promoter can be found (138). BRAF gene mutations and TERT promoter 
mutations are in general associated to higher recurrence rates, distant metastasis and disease-
specific mortality (138-141). Alterations in BRAF, RAS and RET usually occur mutually 
exclusive (142). BRAF mutations sometimes occur in combination with TERT promoter 
mutations and have been associated with worse prognosis (143). Interestingly, the mutational 
panorama of PTC has been changing over the years. The frequency of RAS mutations has sharply 
increased over the last decades but BRAF mutations have been relatively stable, and the RET/PTC 
rearrangements have been decreasing (144). 
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1.4.3 Follicular thyroid adenoma (FTA) 

FTA is an encapsulated, benign tumor. It has a clonal origin and is therefore defined as a neoplasm 
(77). Every year approximately 100 cases of FTA are operated at the Karolinska University 
Hospital (86). As mentioned, patients with a thyroid nodule and “follicular neoplasm” cytology 
diagnosis undergo a diagnostic hemithyroidectomy where FTA outranks FTC 9:1 (86). As for 
most neoplasms in the thyroid, FTAs are usually asymptomatic. Microscopically, FTAs are 
typically surrounded by a thin fibrous capsule and the tumor itself can show a microfollicular, 
macrofollicular or solid growth pattern, and capsular or vascular invasion are absent by definition 
(77).  

FTA show similar genetic alterations as its malignant counterpart, FTC (explained in detail 
below). Mutations in RAS genes (NRAS, HRAS, KRAS) are found in approximately 30 % (145-
147). The fusion gene PAX8/PPARG is detected in around 8-13 % of FTAs (148, 149). In about 
5 % of cases, mutations in PIK3CA and PTEN are observed (150, 151). The genetic alterations 
of follicular thyroid tumors are summarized in Table 3. It is speculated that FTA could be a 
precursor for some FTC since they share genetic alterations to some extent.  

When subsequently a histopathological diagnosis of an FTA is confirmed after the initial 
hemithyroidectomy, the patient is considered to be cured and no further follow-up is required 
(128).  

 

Table 3. Frequency of genetic alterations in follicular thyroid tumors. 

Tumor type 
RAS 
mutations 

PAX8/PPARG 
rearrangements 

TERT 
promoter 
mutations 

PTEN 
mutations 

PIK3CA 
mutations 

FTC 30-60 % 10-60 % 20 % 10 % 10 % 

FTA 30 % 8-13 % <1 % 5 % 5 % 

1.4.4 Follicular thyroid carcinoma (FTC) 

1.4.4.1 Clinical features 

FTCs accounts for around 10-15 % of all thyroid malignancies and is thus the second most 
common malignancy in the thyroid gland (77, 86, 152). PTC sometimes affect young individuals 
-  FTC however, occurs predominantly in older patients and childhood/adolescent cases are very 
rare (153). Again, as for other neoplasms in the thyroid gland, FTCs are usually asymptomatic 
but can sometimes cause dysphagia or dyspnea. In some cases the first symptom can be pain or 
bone fracture as a sign of metastasis (77). Synchronous and metachronous metastatic disease is 
present in 6-22 % and 40 %, respectively, and the most common sites are lungs and bones, but 
other sites such as brain or lymph nodes occur but are uncommon (124, 154-156). The 5-year 
survival rate for FTC is around 90 % but decreases to 80 % after 10 years (157). For metastatic 
disease, the 5-year survival rate is 35 % and 25 % after 10 years (158). 
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1.4.4.2 Histopathology 

FTC is composed of follicular cells and is surrounded by a capsule. The capsule is often thicker 
compared to that of an FTA. The growth pattern can be microfollicular, macrofollicular, 
normofollicular, solid or cribriform (77). The definition of FTC is capsular and/or vascular 
invasion. There are three different subclasses of FTC depending on the grade of invasion: (1) 
minimally invasive FTC (miFTC), with limited capsular invasion only, (2) encapsulated 
angioinvasive FTC (eaiFTC), with vascular invasion (limited capsular invasion can also be 
present),  and (3) widely invasive FTC (wiFTC), with extensive vascular and capsular invasion 
(77). The grade of invasion is coupled to prognosis. Tumors with capsular invasion only have 
excellent prognosis and some studies report no deaths or metastases for these patients (159). 
Tumors showing vascular invasion however seem to correlate with a higher rate of metastatic 
disease and disease-specific mortality (132, 160). There are currently no molecular markers that 
can distinguish these subtypes.  

 

 

 

1.4.4.3 Molecular genetics  

RAS mutations 

The RAS genes NRAS, HRAS and KRAS are ubiquitously expressed and encode the corresponding 
RAS proteins that act as a molecular switches which, when activated, promotes cell proliferation 
and cell survival, mediated by up to 20 different down-stream effector proteins involved in the 
MAPK pathway (161). Point mutations at codon 12, 13 and 61 can result in a constitutively 
activated state of the RAS protein, promoting cell proliferation and survival (162). These 
mutations are common in cancer and are found in 16% of all tumors in pan-cancer studies (31). 

Figure 8. FTC; Follicular thyroid carcinoma, showing vascular invasion (left image, blue arrow, photo by 
Dr Juhlin) and capsular invasion (right image, blue arrow, photo by Dr Dow, reprinted with permission 
from Mr Fleming, endocrinesurgery.net.au). 
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Interestingly, these mutations seem to be isoform and codon specific in all cancers except in 
thyroid cancer, where mutations are common in all isoforms and codons (NRAS, HRAS and KRAS 
at codon 12, 13 and 61), although NRAS mutations are the most prevalent (31, 161). The 
frequencies of the RAS mutations in FTC are summarized in Table 3. As for FTAs the most 
common genetic driver events are mutations in RAS genes which occur in up to 60 % of FTC 
(145, 146, 163-166). 

PAX8/PPARG 

The follicular thyroid tumor specific chromosomal translocation t(2;3)(q13;p25) was first 
reported in 1990 (167). It was later established that the translocation resulted in a fusion gene 
consisting of PAX8 and PPARG (168). PAX8 is a key regulator of normal thyroid development 
and promotes transcription of thyroglobulin and the sodium iodide symporter (169). PPARG is 
responsible for adipogenesis and is involved in lipid metabolism and insulin sensitivity (170). 
The rearrangement results in a fusion where a large part of the PAX8 gene and its promoter is 
fused with the entire coding region of PPARG (171). The PAX8 gene promoter is normally highly 
active in thyroid cells and therefore it drives the expression of the new fusion gene (172). The 
fusion protein may act as an oncogene by promoting proliferation and inhibit apoptosis but the 
exact mechanism remains to be established (173). The PAX8/PPARG rearrangement is observed 
in 10-60 % of FTCs (148, 166, 168, 174, 175). In addition to the common PAX8/PPARG other 
rearrangements involving PPARG may also occur such as the CREB3L2-PPARG fusion, found 
in <3% of FTC (176). 

TERT 

Mutations in the TERT promoter were discovered in 2013 in melanomas and have since gained 
much attention in many types of cancers (177, 178). TERT is the active subunit of telomerase and 
is important for the immortalization of tumor cells by maintaining the length of telomeres, one of 
the hallmarks of cancer (179). Recently, TERT promoter mutations were discovered in FTC with 
a frequency of approximately 20 % and is, in contrast to the genetic changes discussed above, 
associated with worse clinical outcome (138, 180-182). There are two distinct mutations in the 
TERT promoter, located at 124 bp and 146 bp from the transcription start site or more commonly 
denoted C228T and C250T, respectively, based on the chromosomal co-ordinates for the hg19 
assembly and type of base substitution (CàT) (177, 178). The point mutations lead to a novel 
ETS binding motif that will recruit various ETS transcription factors and initiate TERT expression 
(177, 178).  

Copy number gain of the TERT gene locus (5p15) is also a common mechanism for activating 
TERT in several cancer cell lines and human cancers (183). The occurrence of TERT gene locus 
copy number gain in FTC has not been extensively studied. In Paper I, the frequency of such 
copy number gains in FTC, and its association to clinical outcome, was explored.  

As discussed in chapter 1.2.3, epigenetic changes by DNA methylation of CpGs in gene 
promoters are often associated with a reduced expression. However, hypermethylation of CpG 
islands in the TERT promoter has been associated with activated TERT mRNA expression and 
telomerase activity (184). Interestingly, a recent study has shown that TERT promoter 
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hypermethylation in combination or independently of TERT promoter mutations is responsible 
for the augmented activation in up to 90% of cancers with activated telomerase (185).  

PI3K/AKT pathway 

The PIK3CA gene encodes the catalytic subunit of PI3K that is involved in the PI3K/AKT 
pathway, another important signaling pathway besides the MAPK pathway in FTC (186). 
Activating PIK3CA mutations are found in up to 10 % of FTCs (150, 187). There is a known 
crosstalk between the PI3K/AKT pathway and the MAPK pathway (188). Co-existing mutations 
in both pathways are common in more advanced thyroid cancers such as ATC, suggesting that 
they have a selective advantage and are overall important for thyroid cancer progression (189). 
Other genetic alterations include activation of the PI3K/AKT pathway by copy number gain of 
PIK3CA also occur in FTC and some studies suggest it may be a more common alteration than 
PIK3CA mutations (190, 191).  

1.4.4.4 Genetic susceptibility  

PTEN 

In some cases, FTC can occur in familial form as part of a tumor predisposing syndrome. The 
most common is the Cowden syndrome where a germline mutation in PTEN leads to FTC in up 
to a third of patients (192).  

DICER1 

As outlined in chapter 1.2.4, DICER1 is a key enzyme involved in the maturation of miRNA. 
Germline DICER1 mutations have been identified as the culprit in autosomal dominant familial 
multinodular goiter (MNG), however, it is not clear whether thyroid cancer can arise from MNG 
(193). Further studies in patients with thyroid cancer and PPB have revealed co-existing germline 
truncating DICER1 mutations and somatic missense mutations in a hot spot region that interferes 
with the RNase IIIb domain of DICER1 (194). More recent studies have identified that 
individuals with an inherited truncating mutation in the DICER1 gene (DICER1 syndrome) have 
a 16-19-fold increased risk of developing thyroid cancer, specifically FTC (195, 196). DICER1 
mRNA downregulation has been observed in follicular variant of PTC and is associated with 
aggressive clinicopathological features, further emphasizing its importance in thyroid 
tumorigenesis (197). A surveillance strategy has been proposed in the US where regular 
ultrasonography examinations are recommended; however, no specific treatment strategies have 
been proposed (198). European guidelines for the management of DICER1 pathogenic variant 
carriers were recently released, in which it is advised to perform neck ultrasonography only every 
three years, initiated at age 8-11 years, given the relatively indolent behavior in these tumors 
(199). The role of DICER1 in FTC tumorigenesis have not been extensively studied. In Paper IV 
novel mechanisms for DICER1 downregulation in FTC were explored. 

1.4.5  Follicular tumor of uncertain malignant potential (FT-UMP) 

In some cases, the histopathological diagnosis of follicular thyroid tumors is not easily made. The 
tumor can show an uncertain relation to the capsule and/or blood vessels, making the distinction 
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between cancer and adenoma impossible. In these cases, the lesion is considered to be an FT-
UMP (77). According to many different guidelines, this tumor should be treated as an adenoma 
and a hemithyroidectomy is considered sufficient as treatment, with no further follow-up based 
on the very low recurrence rates (111, 114, 128). FT-UMPs, previously called “atypical follicular 
thyroid adenomas” (AFTAs), have not been extensively studied. Some studies have shown that 
the genetic driver events in these tumors are similar to that of FTAs and FTCs since the frequency 
of mutations in RAS genes and PAX8/PPARG rearrangements are similar (174, 200). 
Furthermore, mutations in the TERT promoter have also been reported, and interestingly, in 
anecdotical cases with metastatic disease (182). The overall prognosis of these tumors has not 
been extensively studied. 

 

1.4.6 Hürthle cell carcinoma (HCC) 

Hürthle cell tumors were previously regarded as follicular tumors with oncocytic cell features but 
have since the WHO 2017 classification been separated as an own entity (77). These tumors are 
to a large extent similar to follicular tumors and are surrounded by a fibrous capsule but with cells 
that show a voluminous granular cytoplasm and a large nucleus. The cells have lost the polarity 
and the cytoplasm is rich of mitochondria. As for FTA and FTC, Hürthle cell adenomas show no 
capsular or vascular invasion whereas HCC do (77). The tumors can in part be regular follicular 
tumors and the lesions are only considered Hürthle cell tumors if a majority of the cells display 
the typical features of a Hürthle cell tumor (usually at least 75% of the cells). However, that 
fraction is rarely specified in studies and Hürthle cell tumors are often included as “oxyphilic” or 
“oncocytic” FTA/FTC. The terms oncocytic tumor and Hürthle cell tumor are used 
interchangeably. Studies have shown that HCC have a worse prognosis compared to conventional 
FTC but other studies have shown conflicting results (201, 202). With regards to the genetic 
profile of HCC, like conventional FTCs they also exhibit mutations affecting the MAPK pathway 

Figure 9. FTA; Follicular thyroid adenoma (top 
left), with a thin capsule and no capsular or 
vascular invasion. FT-UMP; Follicular tumor of 
uncertain malignant potential (top right), 
suspicious for capsular engagement, but no 
clear invasion. FTC; Follicular thyroid carcinoma 
(bottom left), showing evident vascular invasion. 
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and the PI3K/AKT pathway, although with a lower frequency (203). Mutations in the 
mitochondrial DNA seems to be highly prevalent and also a “near-haploid” chromosomal content 
(204). The lower prevalence of mutations in RAS genes in combination with the dissimilarities of 
mitochondrial DNA mutation could suggest that HCC and FTC share a common origin but are 
clonally divergent. In Paper V, the genomic landscape of two cases of HCCs are presented. 

1.4.7 Molecular testing 

As outlined in section 1.3.4, FNAC is central in the diagnostic procedure of thyroid nodules, but 
in approximately 20% of cases the cytology is indeterminate and the patient needs to undergo 
diagnostic surgery (107). In recent years, several commercial molecular testing products have 
therefore been developed to aid in the decision whether to proceed with surgery or to regard the 
nodule as benign and continue with observation. These tests use mutation panels, gene expression 
patterns and miRNA expression patterns to estimate the risk of malignancy in cytologically 
indeterminate thyroid nodules. ThyroSeq (v3) uses a panel of 112 point mutations, insertions and 
deletions (INDELS), copy number alterations (CNA), fusions and expression to classify tumors 
based on cytology material. In a recent study, the test could accurately classify PTC, FTC and 
HCC with a sensitivity of 98.0% and specificity of 81.8%; however, only 1 FTC, 17 FTAs and 2 
HCCs were included in the validation set (205). The Afirma gene expression classifier (GEC) 
uses an array of mRNA expression (206). ThyroSeq v3 and Afirma have been compared in studies 
and show equal sensitivities and specificities, however, these studies have also included very few 
FTAs and FTCs or did not specify histology (207, 208). The third testing product is called mir-
THYpe, is based on miRNA expression pattern and have shown similar accuracy as the ThyroSeq 
and Afirma tests but have, however, also validated the test using very few FTA and FTC samples 
(209).  

Other efforts that have not been commercialized, have also attempted to establish genetic 
classifiers to distinguish FTA from FTC. A recent meta-analysis summarized 15 years of research 
in this field and proposed an mRNA classifier panel with 7 genes. The test showed a sensitivity 
of 76%, and specificity of 80% (210). The study was, however, only performed in post-operative 
material and the authors state that “Based on the meta-analysis, it appears that building an accurate 
classifier to differentiate FTCs from FTAs is impossible”.  

Panels with miRNA expression have also been proposed to distinguish malignant from benign 
lesions pre-operatively. A study on FNA biopsies that included four different miRNAs had an 
accuracy of 97% for distinguishing malignant from benign nodules. To reach this accuracy, 
however, the authors had to exclude HCCs and the study included other tumors than follicular 
neoplasms (211). Furthermore, a meta-analysis that summarized miRNA expression in follicular 
lesions could validate two miRNAs (miR-7-5p and miR-206) that were consistently differentially 
expressed in FTA and FTC. These miRNAs need to be evaluated in cytology material.  
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Collectively, these molecular testing methods are promising future tools to aid the diagnostic 
process but are so far too technically challenging and expensive, and therefore not yet part of 
routine work-up in clinical laboratories.  

The European Thyroid Association has concluded that commercially available tests can be helpful 
in decision-making, but needs to be validated at each laboratory and comes with a high cost. 
Therefore, it has not been widely implemented in clinical practice (118). The American Thyroid 
Association recommends for follicular neoplasm cytology (Bethesda IV) that molecular testing 
could be used as a complement to evaluate the risk of malignancy before proceeding with surgery 
(111). The Swedish national guidelines for treating thyroid cancer has not implemented molecular 
testing of indeterminate thyroid nodules (128). Molecular testing in surgically resected tumors 
for the purpose of prognostication or predict treatment response have not yet been widely 
implemented either.  
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2 RESEARCH AIMS 
The overall aim was to further clarify the molecular and genetic background of follicular thyroid 
tumors to facilitate diagnosis and prognostication. The specific aims for the included studies were: 

§ Paper I: To determine the occurrence of TERT aberrations in follicular thyroid tumors 
and their association to prognosis  

§ Paper II: To determine the outcome of follicular thyroid tumors of uncertain malignant 
potential (FT-UMP) with TERT promoter mutations 

§ Paper III: To identify novel genetic events affecting coding regions in FTC by whole-
exome sequencing and to establish genetic profiles in FTC subtypes 

§ Paper IV: To determine the occurrence of DICER1 mutations and the functional role of 
DICER1 in thyroid tumorigenesis  

§ Paper V: To identify genome-wide alterations in biologically aggressive FTC and HCC 
by whole-genome and transcriptome sequencing 
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3 MATERIALS AND METHODS 

3.1 TUMOR SAMPLES  

The Karolinska University Hospital endocrine biobank holds a large number of human thyroid 
tumors, and the collection of samples started in 1986. Tumor samples in Paper I, IV and V were 
all collected from the Karolinska University Hospital endocrine biobank, including normal tissue. 
Paper II included cases from Karolinska and an additional five cases (n=5) from other regions 
in Sweden as part of “second opinion” evaluation. In Paper III, cases from Karolinska were used 
and a second cohort of FTCs (n=24) and corresponding normal tissue (n=24) collected at Yale 
New Haven Hospital were also included. 

Following surgical resection, the tumors were dissected and evaluated by an endocrine 
pathologist or a subspecialized pathology assistant at the Department of Clinical Pathology and 
Cancer Diagnostics. Tissues were prioritized for diagnostic purposes with subsequent 
histopathological examination, but if deemed possible, parts of the tumors were also selected for 
biobanking. These samples were snap frozen in liquid nitrogen and stored at -80O C until 
extraction.  

Samples for research were then collected from the -80O C freezer. DNA was extracted using the 
DNeasy Blood & Tissue kit (QIAGEN) and RNA was extracted using RNeasy Mini Kit 
(QIAGEN) or miRvana miRNA Isolation Kit (Ambion). A part of the tumors was also formalin-
fixed paraffin-embedded (FFPE) and cut in approximately 4 µm sections and mounted on glass 

Figure 10. Extraction of biological material from the human thyroid tumors used for subsequent analyses. 
Created with BioRender.com. 
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slides. These slides were stored for subsequent immunohistochemical (IHC) staining or used for 
hematoxylin-eosin staining in representativity testing (assessing the fraction of tumor cells). To 
minimize the risk of tumor heterogeneity bias, different parts of the tissue pieces were cut, mixed 
and extracted.  

3.2 CELL LINES 

In Paper IV, two human follicular thyroid carcinoma cell lines, FTC-133 (derived from a lymph 
node metastasis) and FTC-238 (derived from a lung metastasis) (product numbers 94060901 and 
94060902 respectively, Sigma) were used. The cell lines have been sequenced and the mutational 
landscape of the cell lines has been established (212). Cells were maintained in DMEM 
supplemented with 5% fetal bovine serum (FBS). All experiments were conducted after 12-15 
passages.  

3.3 MOLECULAR AND GENETIC ANALYSES 

3.3.1 Polymerase chain reaction (PCR) and Sanger sequencing 

PCR is one of the most widely used methods in laboratory research. The method was developed 
by the American biochemist Kary Mullis in 1983 for which he received the Nobel Prize in 1993. 
The purpose of PCR is to amplify a sequence of DNA in order to be able to study it in detail or 
to confirm its presence.  

A set of primers flanking the sequence of interest are sometimes available for purchase 
commercially but are most often designed in-house by the researcher. These primers together 
with the template, building blocks, buffer solution, electrolytes and a DNA polymerase are crucial 
elements for a successful reaction. The enzyme DNA polymerase is usually a Taq polymerase. 
This enzyme was isolated from the Thermous aquaticus, a bacteria living in hot springs, in 1976 
(213). It has the ability to withstand the high temperatures of the denaturation step in the PCR 
thermal cycling. The thermal cycling includes three main steps: (1) Denaturation, where the 
template strands hydrogen bonds are separated by high temperature, (2) Annealing, where the 
primers bind to its complementary sequence by lowering the temperature, and (3) Elongation, 
where the temperature is raised once again to the DNA polymerase optimal temperature which 
allows insertions of complementary nucleotides. Under optimal conditions, the template is 
doubled with every cycle and a typical cycling protocol continues for 25-40 cycles. Thus, a 
protocol of 30 cycles results in 230 or 1 073 741 824 copies per starting template double strand 
(214).  

Sanger sequencing has been the predominant method for sequencing DNA for decades. Even 
after the introduction of next-generation sequencing (NGS) it is used as a method for validating 
results from NGS. After amplification by PCR as described above, template DNA, a sequencing 
primer, DNA polymerase and dideoxynucleotides (ddNTPs) are run in a PCR-similar protocol. 
Attached to each ddNTP is a base-specific fluorescent dye. When a complementary ddNTP is 
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added by the polymerase, the reaction is chain-terminated. This will lead to fragments of different 
length. The fragments are separated by capillary electrophoresis by size at the resolution of one 
base and the fluorescent dye is read by a light sensor and translated to base calls by a software. 
The end product is a chromatogram that corresponds to the DNA sequence where it is possible to 
confirm the sequence or identify a mutation (Figure 11) (215). Primer design using Primer3 (216, 
217) and subsequent PCR and Sanger sequencing was used in Paper I, II, IV and V.  

                 

3.3.2 Quantitative PCR (qPCR) 

Extracted RNA from the tumors and normal tissue was converted to cDNA synthesis using High- 
Capacity cDNA Reverse Transcription Kit (Applied Biosystems) for down-stream analyses. 
qPCR or quantitative real-time PCR is similar to a conventional PCR reaction and is primarily 
used to determine the expression of certain genes. This is achieved by detecting the amplification 
in the exponential growth phase in real time which correlates to the starting quantity of the 
amplicon. There are two main methods that are used, one probe-based method (TaqMan, Applied 
Biosystems) and one intercalator-based (SYBR Green). The TaqMan method uses a probe that 
hybridizes to the target sequence and a set of primer flanking the sequence. The probe includes a 
fluorophore and a quencher. During the elongation step, the polymerase cleaves the probe 
whereby the quencher separates from the fluorophore and a light is omitted (218). The SYBR 
Green method uses a dye that binds to double-stranded DNA and generates fluorescence and the 
intensity increases as the products accumulate. Both assays are normalized to a stable mRNA 
transcript often referred to as endogenous control or house-keeping genes that include genes such 
as 18S, GAPDH, b-actin and B2M. All endogenous controls used in this thesis were tested in the 
specific experimental protocols and tissues. In Paper I and V, the TaqMan assay was used to 
assess gene expression of TERT and DGCR8, respectively, and in Paper IV the SYBR Green 
assay was used to assess the gene expression of DICER1 and GABPA. The TaqMan method was 
also used for miRNA expression in Paper IV. The work-flow is similar but the cDNA conversion 

Figure 11. Chromatogram visualized by CodonCode Aligner software. The sequence corresponds to a 
fragment of the TERT gene promoter. 
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and probes are specific for miRNA. In the miRNA expression assessment, the endogenous control 
RNU6B was used, which is a highly conserved non-coding small nuclear RNA that is part of the 
spliceosome.     

3.3.3 Copy number analysis 

In Paper I and IV, a copy number analysis was performed to assess the gene copy number of 
TERT and DICER1, respectively. The method is primarily used to establish copy number gain or 
loss of a target gene. The workflow is essentially the same as in qPCR described above, however, 
the starting material can be DNA. The qPCR reaction of the target gene runs simultaneously as a 
reference assay with a target that is known to occur in two copies in a diploid genome. In this 
thesis, RNaseP was used as a reference (diploid) assay. Furthermore, tissue with a presumed 
diploid genome was included, in these studies’ MNG. CN gain was defined as three or more 
copies and CN loss as one copy or less. The assay was run in a StepOnePlus Real-Time PCR 
System (Applied Biosystems) and the copy number of the target gene was calculated using 
CopyCaller Software (Applied Biosystems).  

3.3.4 Pyrosequencing 

Pyrosequencing is a sequencing method and the main method of studying DNA methylation. It 
was developed at the Royal Institute of Technology in Stockholm (219). The process is similar to 
the Sanger sequencing method but instead of adding ddNTPs simultaneously, dNTPs are added 
sequentially. When a complementary dNTP is incorporated by the DNA polymerase a 
pyrophosphate (PPi) is released. The PPi is converted by ATP sulfurylase to ATP which acts as 
a substrate for a chemiluminescent enzyme. The light is registered by camera and presented as a 
peak of the corresponding nucleotide. The height of the peak is proportional to the number of 
nucleotides incorporated. Thus, Pyrosequencing allows for sequencing in real time without the 
need for separation of fragments with electrophoresis. For methylation studies, the DNA needs 
to undergo a bisulfite treatment/conversion. DNA is denatured and treated with sodium bisulfite 
which leads to deamination of unmethylated cytosines at CpG islands. These cytosines are 
substituted with uracil which are complementary to thymine. Then, during sequencing the 
proportion between cytosines and thymines can be quantified reflecting the level of methylation 
(220). Pyrosequencing was used in Paper I and was performed using a PyroMark Q24 (Qiagen). 

3.3.5 Immunohistochemistry (IHC) 

IHC is a widely used method for detection of proteins. It is performed on tissue slides and has the 
advantage of visualizing the spatial distribution and abundance of a given antigen in the tissue. 
The method is used in clinics for prediction, prognosis and diagnosis of various diseases using 
different biomarkers.  

Following surgical resection of the tumor, the tissue is formalin-fixed which causes cross-links 
between proteins and stopping the degradation process. The tissue is subsequently embedded in 
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paraffin to allow for long term storage. The formalin-fixed paraffin-embedded tissue is then cut 
into 4 µm section and mounted on glass slides. To unmask the epitopes and antigen retrieval is 
performed with a heat-induced epitope retrieval. The sections are then incubated with a primary 
antibody which in this thesis was anti-DICER1, monoclonal, produced in mouse (ab14601, 
Abcam). Then, horseradish peroxidase (HRP)-labelled polymers conjugated to a secondary 
antibody (anti-mouse immunoglobulin) are added. After washing steps, a substrate-chromogen is 
added, in which the chromogen 3,3′-Diaminobenzidine is oxidized by hydrogen peroxide which 
is catalyzed by the HRP that is attached to the secondary antibodies. This creates a brown color 
and can be visualized in a microscope (Figure 12). The tissue is counterstained with hematoxylin 
to visualize the nuclei of the cells in the tissue.     

 

3.4 BIOCHEMICAL AND FUNCTIONAL ASSAYS 

3.4.1 Transfection 

During a transfection, a foreign material is introduced into a cell, usually comprised of laboratory 
synthesized or recombinant nucleic acids such as plasmids or small interfering RNA (siRNA). To 
successfully transfect the material into the cells a substance called Lipofectamine (Invitrogen) is 
used. It is comprised of a mixture of molecules that bind the negatively charged nucleic acids and 
allow them to pass the cell membrane that would otherwise repulse them (221). In Paper IV, four 
different siRNAs were used to inhibit the expression of GABPA and DICER1 in FTC cells and a 
plasmid was used to overexpress DICER1.  

Figure 12. Schematic overview of the immunohistochemistry method. Created with BioRender.com. 
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3.4.2 Immunoblot      

Protein immunoblotting (or “Western blotting”) is extensively used to detect and semi-quantify 
proteins from cells or tissue samples. Cells of interest are lysed in Radio immuno-precipitation 
assay buffer. The samples are then loaded onto a polyacrylamide gel, separated and transferred 
to a membrane. The membrane can then be incubated with an antibody that is directed to the 
protein of interest and then with a secondary antibody that has HRP attached to it. The detection 
process is principally similar to IHC. The protein of interest will appear as bands in different 
strengths in the membrane and can thus be semi-quantified depending on its intensity. An 
endogenous control is also used. In Paper IV, immunoblotting was used to detect GABPA and 
DICER1. b-actin and GAPDH served as endogenous controls.  

3.4.3 Chromatin immunoprecipitation (ChIP) 

ChIP is a method of detecting interactions between proteins and DNA. As an example, it can be 
used to detect if a transcription factor binds to a gene promoter which can give important 
information about cellular functions. The principal method starts with treating cells with 
formaldehyde to stop protein from degradation by creating covalent chemical bonds (cross-
linking). Cells are then sonicated to create smaller fragments of DNA. Antibodies specific to the 
target transcription factor are then used to capture the transcription factor-promoter complex in a 
precipitate which is then eluted with magnetic beads. The DNA is then amplified by PCR and 
sequenced with primers flanking the promoter region. The DNA can be visualized by gel 
electrophoresis to confirm product and size. Then, the product is Sanger sequenced and the 
sequence of the promoter can be visualized, which together with the gel electrophoresis confirms 
that the transcription factor binds to the promoter (222). This method was used in Paper IV to 
investigate the binding of the transcription factor GABPA to the DICER1 gene promoter. 

3.4.4 Cell proliferation analysis       

To study the effects of experimental overexpression or inhibition of a protein, a cell proliferation 
analysis is often utilized. It is used in cells to extrapolate or manifest a mechanism in a tumor 
entity. Increased proliferation is a trait that is often beneficial for a cancer. In Paper IV, a method 
of measuring the proliferation of cells in real time was used. Transfected cells were stained with 
Incucyte Nuclight Rapid Red Reagent for cell labelling (Sartorius) and photographed 
automatically with certain intervals using the IncuCyte S3 Live Cell Imaging and Analysis 
System (Essen Bioscience). The changes in living cell numbers represents the proliferative 
capacity.  

3.4.5 Trypan blue exclusion assay 

When studying cells in vitro, several methods are usually utilized to complement each other. 
Increased cell viability indicates that the cells can have a growth advantage over other cells. With 
the “Hallmarks of cancer” in mind, this is also a tumor-promoting property. In Paper IV, we used 
the trypan blue assay to study the viability of transfected cells. The assay can discriminate live 
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from dead/dying cells by measuring trypan blue stain. Cells with an intact membrane (live cells) 
will not take up the trypan blue whereas necrotic or apoptotic cells will. Cells are then quantified 
using the TC10 Automated Cell Counter (BioRad) for cell growth. 

3.4.6 Analysis of apoptosis  

Apoptosis or programmed cell death is a highly controlled mechanism that can occur as a 
response to stress such as DNA damage. In Paper IV we used fluorescence-activated cell sorting 
(FACS) method to study apoptosis in GABPA-depleted cells. In a healthy cell, phosphatidylserine 
(PS) is located on the inside of the cell membrane but during apoptosis it is flipped to the outside 
of the membrane with the normal function of making it recognizable to macrophages. When cells 
are treated with Annexin V, conjugated with fluorescein isothiocyanate, that has a high affinity 
to PS, it will make it possible to detect cells that have flipped PS to the outside of the membrane. 
These cells are then detected by FACS. 

3.5 NEXT GENERATION SEQUENCING (NGS) AND OMICS  

NGS (also known as massively parallel sequencing, second generation sequencing or high-
throughput sequencing) is not a particularly well-defined concept. Today, it often involves 
determination of the complete DNA and RNA sequences in an organism but can also involve 
parts of the genome such as whole-exome sequencing (WES) or targeted sequencing. The 
common denominator is that the technique makes it possible to sequence many strands 
simultaneously without the use of capillary electrophoresis etc. hence the term massively parallel 
sequencing. The sequencing of the first entire human genome took 13 years (between 1990-2003) 
to complete, with a total cost of $3.8 billion (223). In 2005, the massively parallel sequencing 
technique was introduced for commercial use, which in contrast to previous methods could handle 
the entire genome in one run, thus greatly reducing turnaround time and cost. Several different 
technologies exist, and the ones used in this thesis are explained below. Another common term 
used in life-science is “omics”, which basically is a suffix used to describe the quantification and 
characterization of the complete set of a biological molecular category such as genomics, 
transcriptomics, proteomics, metabolomics and mirnomics. 

3.5.1 Whole-exome sequencing (WES) and whole-genome sequencing (WGS) 

Both WES and WGS are methods of so-called NGS. WES will only capture and sequence protein 
coding regions that make up 1% of the genome, and is usually performed at a higher depth since 
it focuses on only a fraction of the genome. This makes it cost-effective and less bioinformatically 
heavy. In WGS, the whole genome is sequenced resulting in a tremendous amount of data that 
needs to be processed and can be bioinformatically challenging. The advantage is complete 
characterization of the genome, which makes it possible to identify mutations in non-coding 
regions and to obtain high resolution of copy number alterations and fusions. The dominating 
method for both WES and WGS is the Illumina sequencing technology. It employs the 
sequencing-by-synthesis method for high-throughput sequencing, and for library construction, 
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DNA is fragmented and the template is primed by a sequence that is complementary to the oligos 
on the flow cell where the template is added. The template is hybridized to the oligos on the flow 
cell and a DNA polymerase creates a complement of the hybridized fragment. The fragments are 
then denatured and the original strand is washed away. The newly synthesized fragments are then 
“bridge-amplified” in clusters simultaneously across the flow cell. During sequencing, 
fluorescently tagged nucleotides are added which produce a signal when binding to a 
complementary base. Fragments with similar sequence are clustered and aligned to a reference 
genome (224). In Paper III, WES was used in an attempt to characterize the genetic signatures 
of FTC subtypes and in Paper V, WGS was used to search for novel FTC drivers. 

3.5.2 Transcriptome sequencing  

The complete pool of genes that are transcribed is called the transcriptome. This includes mRNA, 
tRNA, rRNA and other non-coding RNAs. In most studies however, transcriptome sequencing 
or RNA sequencing (RNAseq) most often involves studying the mRNA transcripts that are 
translated to proteins or small RNAs that have an impact on gene expression or translation. In 
Paper V, we used RNAseq to integrate with the WGS data from the same tumors. The Illumina 
technology was used for this purpose as well. Briefly, after total RNA extraction, library 
construction is performed with Poly-T oligos that capture the Poly-A tail on the RNAs. The RNA 
is then converted to cDNA with reverse transcription. Then, clusters are generated as in WGS 
above and sequencing is performed by sequencing-by-synthesis (225). Reads are then aligned to 
a reference genome and gene counts are generated. The gene counts can be used to identify 
clusters or to compare gene expression between samples. 

3.5.3 miRNA profiling 

The nCounter (NanoString Technologies) uses a different technology to Illumina. It can be 
applied to both RNA and miRNA sequencing. In Paper V, the nCounter to profile 827 miRNAs 
was used. In this assay (Human v3 miRNA assay), miRNAs are captured with a capture probe 
and a reporter probe unique to each miRNA molecule. The reporter probe has a unique fluorescent 
barcode making it possible to identify the specific miRNA using an automated fluorescence 
microscope. This will generate miRNA expression in absolute numbers.  

3.6 STATISTICAL AND BIOINFORMATIC ANALYSES 

3.6.1 Paper I, Paper II and Paper IV 

Chi-square and Fisher’s exact test were used to compare categorical variables. The Kaplan-Meier 
survival analysis was used to plot relapse-free survival, disease-specific survival and overall 
survival, and the log-rank test was used to calculate statistical significance. To investigate 
relationships between relapse and molecular alteration the Cox regression model was used, both 
for univariate and multivariate analyses. The Mann-Whitney U test was used to compare 
differences between groups with categorical and continuous data variables. The Pearson and 
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Spearman correlation tests were used to calculate the correlation between two continuous 
variables. For in vitro experiments the Student’s t-test and the two-way ANOVA test were used 
to compare cell proliferation between groups. Statistical calculations were performed in SPSS 
Statistics software (IBM). Figures were prepared in SPSS and Prism (GraphPad Software).  

3.6.2 Paper III 

The Kruskal-Wallis method was used for comparing differences between multiple groups and the 
Mann-Whitney U test was used for pairwise comparison. For multiple testing correction, the 
Dunn–Šidák test was used. For categorical variables the Fisher exact test with Freeman-Halton 
extension was used. The disease-specific survival was illustrated with Kaplan-Meier plots, and 
significance was tested with log-rank test. Cox regression univariate and multivariate analyses 
were used to calculate predictors for disease-specific mortality. Statistical analyses were 
performed in Prism (GraphPad), VassarStats (vassarstats.net) and R.  

3.6.3 Paper V  

To detect somatic single/small nucleotide variants (SNV) and INDELS, Mutect2 was used (226). 
The method was developed at the Broad Institute for detecting possible mutations in cancer 
genomes. It uses a Bayesian somatic likelihood model to discriminate between somatic mutations 
and sequencing errors. It also includes filters to ensure high specificity. Briefly, low quality reads 
are filtered and then variant detection using the Bayesian classification is done by using normal 
tissue samples. A filter to exclude false positive variants is then applied and finally the variants 
are classified as somatic or germline. To identify possible driver genes the MutSig2CV analysis 
was performed (227, 228). It identifies mutations in genes discovered via Mutect2 that are 
mutated more often than expected by random chance. It takes three considerations into account: 
(1) The abundance of mutation in relation to background mutation rate per gene, patient and 
context, (2) If the mutations occur in clusters or hot spot regions, and (3) The functional impact 
of the mutations, for example if the mutation occur in a highly conserved region or classification 
by prediction tools (such as PolyPhen2, SIFT and Mutation Assessor). Based on these categories, 
each gene is provided with a p value and then adjusted for multiple testing using false discovery 
rate (FDR). Structural variant (SV) calling was performed using Manta (229). It scans the whole 
genome for possible SVs and builds a break end association graph and then analyzing the graph 
edges to find SVs. Somatic CNAs were called with ASCAT (230). It can detect allele-specific 
CNA, LOH, aberrant tumor cell fraction and copy number neutral events across the genome. 
Finally, genomic variants were annotated with snpEff and VEP (231, 232). These tools annotate 
the mutation with gene, transcript, location, consequence and known variants.  

For transcriptomic and miRNA analyses we used hierarchical clustering to identify possible 
clusters. Based on gene expression levels the analysis groups samples and genes in clusters that 
are similar to each other by Pearson’s correlation. The results from these analyses were presented 
in heatmaps. Differential expression was calculated with R packages and ROSALIND. These 
packages and software use Wald test to calculate the statistical significance between groups 
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(Log2fold change). To adjust for multiple testing these packages use the Benjamini and Hochberg 
method. 
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4 RESULTS AND DISCUSSION 

4.1 Paper I. The diagnostic and prognostic usefulness of testing for genetic 
and epigenetic alterations of the telomerase reverse transcriptase gene 

Mutations in the TERT promoter (denoted C228T and C250T) are well-established events in FTC 
and are associated with a poorer prognosis (182). Some tumors show TERT expression without 
evident activating mutations. In this study, the aim was to determine if TERT expression is 
activated by alternative genetic end epigenetic events, the frequency of such aberrations in 
follicular thyroid tumors and their individual and combined association to prognosis. 

The frequency of TERT promoter mutations, TERT mRNA expression, TERT gene copy number 
(CN) alteration and TERT promoter methylation was investigated in a cohort of FTC, FT-UMP 
and FTA. TERT mRNA expression was defined as Yes/No since it should not be present in normal 
tissue. For the TERT promoter hypermethylation, a methylation index (MetI) was calculated for 
the investigated region, −578 to −541 bp from the transcription start site. Hypermethylation in 
FTC was defined as a MetI higher than the highest MetI in an FTA (18%). 

The frequency of TERT promoter mutations in FTC was 20%. The TERT mRNA expression was 
evident in 43% of FTC whereas TERT gene CN gain and TERT promoter hypermethylation 
occurred in 8% and 32%, respectively. Collectively, 59% of FTCs showed one or several 
aberrations of the TERT gene. These genetic molecular alterations however, were rare and 
significantly less common in FTA. Intriguingly, the TERT alterations were common in FT-UMP 
and the frequency was not significantly different from that in FTC.  

In total, 28 cases of FTC showed evident TERT mRNA expression but only 13 had a TERT 
promoter mutation. When combined with CN gain and hypermethylation, 24 out of 28 cases with 
TERT expression showed an alteration. Furthermore, TERT promoter mutation, hypermethylation 
and CN gain were associated with TERT expression (p<0.001, p=0.023 and p<0.001, 
respectively), indicating that these molecular alterations can augment TERT expression. 

Focusing on the prognostic usefulness of these alterations in FTC, the Kaplan-Meier plots and 
log-rank analysis showed significantly shorter time to recurrence in tumors with either TERT 
mRNA expression, TERT promoter mutation or TERT aberrations combined (p=0.001, p=0.040 
and p=0.043, respectively), versus wildtype (Figure 13a, b and e). There was no significant 
difference in time to recurrence for cases with TERT promoter hypermethylation or TERT CN 
gain (p = 0.324 and p = 0.064, respectively), versus wildtype (Figure 13c and d).  

In the multivariate analysis, after adjusting for known prognostic factors and significant variables 
from the univariate analyses, the presence of TERT mRNA expression, TERT CN gain or 
hypermethylation in an FTC were independent predictors for recurrence (HR 4.267, 95%CI 
1.069–17.033, p=0.040, HR 3.847, 95%CI 1.044–14.170, p=0.043 and HR 4.281, 95%CI 1.328–
13.801, p=0.015, respectively).  
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Figure 12. Kaplan-Meier survival curves in FTC with different TERT gene aberrations comparing disease-free 
survival for aberrant versus wildtype cases. a TERT mRNA expression b TERT promoter mutation c TERT 
promoter hypermethylation d TERT gene copy number gain e Any aberrancy (TERT aberrant). Reprinted with 
permission from Bioscientifica Limited. 



 

 45 

The value of using the TERT aberrations to discriminate between FTC/FT-UMP and FTA, and 
relapse versus relapse-free FTCs, was then analyzed. In general, high specificities and high 
positive predictive values (PPV) were obtained for the individual and combined aberrancies when 
testing for FTC/FT-UMP (Table 4). The detection of any one of these alterations would thus 
strongly indicate FTC/FT-UMP.  

 
Moreover, when assessing the prognostic roles of these alterations, high sensitivity and high 
negative predictive value (NPV) were seen by combining them (TERT aberrations) when 
discriminating between relapsing and relapse-free FTC (Table 4). Furthermore, when combining 
TERT mRNA expression with any of the other aberrancies, no FTA with this phenotype was 
detected, and the NPV increased to 55%.  
 

Table 4. TERT aberrancies as a diagnostic and prognostic marker    

      

TERT aberrancies as a diagnostic marker to distinguish FTC/FT-UMP from FTA  

Parameter Sensitivity Specificity PPV NPV  

TERT promoter mutation 20% 100% 100% 29%  

TERT mRNA expression 42% 86% 86% 42%  

TERT copy number (CN) alteration 17% 95% 89% 34%  

TERT copy number (CN) gain 10% 95% 83% 32%  

TERT promoter hypermethylation 27% 100% 100% 36%  

Any TERT aberration* 60% 86% 90% 49%  

      

TERT aberrancies as a prognostic marker to distinguish relapsing FTC from relapse-free FTC 

Parameter Sensitivity Specificity PPV NPV  

TERT promoter mutation 36% 86% 44% 81%  

TERT mRNA expression 69% 65% 39% 86%  

TERT copy number (CN) alteration 22% 88% 36% 78%  

TERT copy number (CN) gain 22% 97% 67% 80%  

TERT promoter hypermethylation 41% 69% 28% 80%  

Any TERT aberration* 79% 49% 36% 87%  

* Based on TERT mutation, mRNA expression, CN gain and/or MetI > 18%. Abbreviations: CN, Copy 
number; FTC, Follicular thyroid carcinoma; FT-UMP, Follicular tumor of uncertain malignant potential; 
FTA, Follicular thyroid adenoma; NPV, negative predictive value; PPV, positive predictive value. 
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TERT promoter mutations and TERT mRNA expression are associated with induced telomerase 
activity, a prerequisite to the cancer hallmark “replicative immortality” (233). It is well-
established that CN gain can induce gene expression in general and that TERT CN gain and 
hypermethylation can induce TERT expression (184, 234, 235). In this paper, the frequency of all 
these aberrancies is reported for the first time in FTC, FTA and FT-UMP. These results indicate 
that there are alternative mechanisms for TERT induction besides TERT promoter mutations. Of 
special note, these aberrancies showed the same frequency in FT-UMP as in FTC. FT-UMPs are 
clinically regarded as benign tumors, however, the fact that these tumors showed the same high 
frequency of TERT alterations as the malignant FTC may encourage a more vigilant follow-up or 
treatment. These alternative alterations were also independent markers of poor prognosis in FTC. 
DNA sequencing may be one of the most established methods at pathology departments besides 
IHC, whereas testing for CN gain and increased mRNA expression are less standardized. 
However, when adding these additional TERT alterations the sensitivity and NPV could be 
increased. Testing for TERT aberrancies could therefore be useful in the clinical setting as pre-
operative discrimination between adenomas and carcinomas, to rule-in malignant tumors, and to 
pinpoint cases with poor prognosis. 
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4.2 Paper II. Clinical routine screening of TERT promoter mutations to identify 
equivocal follicular thyroid tumors with malignant potential 

FT-UMPs are adenomas with an ambiguous relation to the surrounding capsule and/or vessels. 
Nationally and internationally, these patients are treated as adenomas, and a lobectomy is 
considered to be a curative treatment and no additional follow-up is needed. TERT promoter 
mutations that are intimately associated with carcinomas and a poorer prognosis have been 
identified in these tumor entities and anecdotal cases of relapse have occurred. Based on this, all 
FT-UMPs have been tested for TERT promoter mutations at the Karolinska University Hospital 
since 2014. Patients with evident mutations have been discussed on a case-by-case basis at 
multidisciplinary conferences and patients have been offered a more extensive treatment, such as 
completion lobectomy and in some cases, adjuvant radioiodine therapy. In this study, the aim was 
to evaluate the outcome of these patients. 

In total, 51 patients with FT-UMP were included. Eight out of these 51 patients had a TERT 
promoter mutation. Figure 13 summarizes what treatment regimen these patients, after discussion 
with their clinician, opted for. 

Figure 13. Schematic overview of the clinically recruited FT-UMP cohort with focus on TERT promoter 
genotypes and patient outcome. In total, 8 out of 51 patients had a TERT promoter mutation. No recurrences 
were noted for the wildtype cases. However, three recurrences (occurrence of distant metastases) were noted 
among the mutated FT-UMP patients, all recorded in patients who did not receive adjuvant radioiodine therapy. 
DM: distant metastases, RF: recurrence-free. Reprinted with permission from MDPI. 
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A Kaplan-Meier survival curve was used to plot the disease-free survival and compare the 
mutation group with the wildtype group using the log-rank test. Despite the short follow-up time 
(mean 26 months), time to recurrence was significantly shorter in the TERT promoter mutation 
group (Figure 14a) and it should be noted that these tumor entities are regarded as benign. To 
compare the study cohort outcome with an established malignant tumor entity, an already 
published cohort of miFTC (Paper I) was used to compare time to recurrence since these tumors 
display low recurrence rates. Intriguingly, TERT promoter mutated FT-UMPs showed similar 
disease-free survival as TERT promoter mutated miFTC and TERT promoter mutated FT-UMPs 
showed significantly shorter disease-free survival compared to wildtype miFTC (Figure 14b). 
These results indicate that a subset of FT-UMPs, that harbor TERT promoter mutations do in fact 
have malignant potential and that screening for TERT promoter mutations in these tumors is of 
potentially high value. 

  

Figure 14. Kaplan-Meier plots illustrating disease-free survival in FT-UMPs and miFTCs stratified by TERT 
promoter (TERTp) genotype. a. Time to recurrence in TERT promoter mutated FT-UMP compared to 
wildtype FT-UMP. b. Time to recurrence in TERT promoter mutated FT-UMP cases compared to mutated 
and wildtype (wt) miFTC cases. Reprinted with permission from MDPI.  
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4.3 Paper III. The mutational burden in follicular thyroid carcinoma is an 
independent predictor of mortality and recurrence 

The genetic differences and signatures of the FTC subtypes miFTC, eaiFTC and wiFTC are not 
known. The diagnosis of these subtypes still relies on histological examination. In this study, the 
aims were to investigate if these subtypes had distinct genetic signatures and to possibly identify 
novel driver events. In total, 39 FTCs (12 miFTC, 17 eaiFTC and 10 wiFTC) were sequenced 
using WES.  

Surprisingly, there was no considerable difference in mutational burden or number of cancer 
driver genes across the FTC subtypes (Table 5). 

Table 5. The mutational burden and number of cancer driver genes across the FTC subtypes 
 
Variable 

 
All 

(n = 39) 
miFTC 
(n = 12) 

eaiFTC 
(n = 17) 

wiFTC 
(n = 10) p value 

Non-synonymous 
somatic variants 
(mean ± SD) 
 

12.5 ± 8.9 8.2 ± 5.3 15.4 ± 10.7 12.8 ± 7.6 
0.08 

 

Cancer driver gene 
nonsynonymous 
mutations 
(mean ± SD) 

0.8 ± 1.0 0.5 ± 0.5 0.8 ± 0.8 1.2 ± 1.5 0.62 

Furthermore, as expected, a RAS mutation was evident in approximately 20% of cases, however, 
with the same distribution across the subtypes. The second most commonly mutated gene was the 
thyroid cancer-associated TSHR, mutated in three miFTC and one wiFTC. Other mutated known 
cancer- or FTC-specific driver genes were DICER1, EIF1AX, KDM5C, NF1, PRDM1, PTEN, 
and TP53 which were recurrently mutated in two samples each, thus too few to identify a 
difference between subtypes.  

Survival analyses showed that histological subtype, AJCC stage, mutational burden (higher-than 
mean) and number of cancer driver genes were significantly associated with disease-specific 
survival (Figure 15a-d). However, tumor size, burden of COSMIC census genes and number of 
subclones were not (data not shown).  

Univariate cox analysis showed that increased patient age, advanced histological subtype, higher 
mutational burden and higher number of driver events were predictors of disease-specific 
mortality. Multivariate cox regression analysis showed that higher mutational burden (total 
nonsynonymous variants) was an independent predictor of disease-specific mortality (HR 1.4; 
95%CI 1.06–2.0; p=0.02), however, histologic subtype and AJCC stage were not (HR 174; 
95%CI 0.66–45.546; p=0.07 and HR 1.8; 95%CI 0.64–5.0; p=0.27, respectively).  
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The different FTC subtypes carry a large span in outcome with the miFTC having an excellent 
prognosis, while the wiFTC displays dismal outcomes (236, 237), and, as mentioned, the 
diagnosis is dependent on surgical specimen histological evaluation. Surprisingly, the mutational 
burden was not particularly higher in wiFTC compared to miFTC and eaiFTC and the genetic 
profiles were similar in the subtypes. The mutational burden itself was independently predictive 
of disease-specific mortality. These results suggest that the mutational burden is important 
independently of histological subtype. Pre-operative or post-operative genetic testing could 
therefore act as a complement to histological evaluation for diagnostic and prognostic purposes. 

Furthermore, the cancer driver gene DICER1 was mutated in two samples. This gene is associated 
with endocrine malignancies and the DICER1 syndrome where FTC is included (193). This 
finding prompted further investigation.  

  

Figure 15. Kaplan-Meier plots illustrating disease-specific survival in FTC and its histological subtypes 
(miFTC, eaiFTC and wiFTC). a Histological subtype b AJCC stage (7th edition) c Burden of cancer driver 
gene mutations d Total mutational burden (Higher-than mean). Adapted and reprinted with permission from 
Oxford University Press. 
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4.4 Paper IV. DICER1 gene mutations and downregulation in follicular thyroid 
tumors 

Most missense somatic tumor-related DICER1 mutations occur in the RNase IIIb region, the 
active subunit. These missense mutations seem to alter the function of the DICER1 enzyme which 
leads to a dysregulated miRNA machinery, where key miRNAs could play a role in tumor 
development or progression (76). A previous study also proposed, based on in silico analysis, that 
GA-binding protein alpha (GABPA) regulates the expression of DICER1 where a downregulation 
could in turn alter the miRNA machinery (238). 

Given the identification of DICER1 mutations in Paper III and other WES studies (239) in FTC 
and its association with endocrine tumors the aim with this study was to explore the frequency of 
DICER1 hot spot mutations in a larger cohort of follicular thyroid tumors and to explore the role 
of DICER1, and its regulation, in follicular thyroid tumorigenesis. 

Out of 126 sequenced tumors (61 FTCs, 15 HCCs, 43 FTAs and 7 FT-UMPs), 3 mutations in 2 
patients were identified. Interestingly, both cases were pediatric. A 14-year old girl, diagnosed 
with a miFTC, had a missense mutation at position c.5428G>T (p.D1810Y) and, in addition, a 
nonsense mutation at position c.911C>A (p.S304X). The second case was a 10-year old girl, with 
a wiFTC, who had a missense mutation at position c.5437G>C (p.E1813Q). Constitutional 
mutations were excluded in the first case and the second case had no constitutional tissue 
available. Also, in the TCGA database, a single case of follicular variant PTC showed a DICER1 
gene mutation, missense p.R1906S mutation in a 20-year-old female patient. Thus, DICER1 
mutations seem to be rare in follicular thyroid tumors but can possibly occur in young patients 
with early tumor development.  

a b 

Figure 16. a Positive cytoplasmic staining for DICER1 in normal thyroid tissue and corresponding 
tumor tissue with negative staining. b Correlation of DICER1 and GABPA mRNA expression. 
Adapted and reprinted with permission from Bioscientifica Limited.  
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When examining the DICER1 mRNA expression however, there was a significant 
downregulation in FTC, HCC and FTA compared to normal thyroid tissue (p=0.0079, p<0.001 
and p=0.0192, respectively). The downregulation was even more prominent in HCC compared 
to FTC (p<0.001). The same pattern was observed at protein levels examined by IHC in FTC, 
HCC and normal thyroid tissue (Figure 16a). The GABPA mRNA expression was then analyzed, 
given its relation to DICER1. A strong positive correlation was observed (Figure 16b). 

Given the strong correlation of DICER1 and GABPA mRNA expression and earlier observations, 
the hypothesis was that GABPA regulates DICER1 expression by binding its promoter since the 
GABPA belongs to the ETS transcription factor family. This was investigated further in vitro. 
After inhibition of GABPA in FTC cells, the DICER1 mRNA and DICER1 protein expression 
were significantly reduced. Conversely, when overexpressing GABPA, the DICER1 protein 
expression was increased. For further functional validation, a ChIP assay in FTC cells, where the 
DNA-protein complex was pulled down using a GABPA-antibody, was performed. Specific 
primers for the DICER1 promoter was used to amplify and validate the sequence with Sanger 
sequencing, showing the physical interaction between GABPA and the DICER1 promoter.  

Furthermore, to explore the impact of DICER1 in thyroid tumorigenesis, DICER1 was 
overexpressed and knocked-down in FTC cell lines. The cell proliferation was increased after 
DICER1 depletion (p=0.0143) and the cell proliferation was decreased after DICER1 
overexpression (p=0.0086), suggesting that DICER1 acts as a tumor suppressor in FTC cells. 
Dysregulation of the miRNA machinery was also confirmed by the observation of reduced 
expression of miR-34a-5p in DICER1 and GABPA knock-down cells. Interestingly, miR-34a-5p 
targets MDM4, a p53 regulator that has been shown to have tumor-suppressing properties in 
thyroid cancer (240, 241). 

As DICER1 mutations only occurred in young patients, the difference of DICER1 expression in 
young patients compared with older patients (cut-off 25 years age) was explored. The expression 
of DICER1 was significantly lower in older patients (p=0.0122), suggesting that DICER1 
expression decreases with age and may contribute to tumor development by a dysregulated 
miRNA machinery.  

Collectively, DICER1 mutations are rare but dysregulation of DICER1 is common in FTC and 
HCC and may be an early event in tumorigenesis since downregulation is also observed in FTA. 
The mechanism for action for the downregulation is dependent on mutations or the regulation by 
the transcription factor GABPA. Finally, the tumor-suppressing effect of DICER1 could be lost 
because of dysregulation of key miRNAs. 
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4.5 Paper V. Whole-genome and transcriptome sequencing in follicular thyroid 
carcinoma   

When utilizing WES in FTC in Paper III (242), a surprisingly low number of mutations was 
found and very few potential novel driver events. The genetic background of FTC and HCC are 
not completely understood. Furthermore, up to 30% of these tumors lack an identified driver event 
(166, 239, 242). 

The aim in this study was to identify genome-wide alterations in biologically aggressive FTC and 
HCC by WGS with integrated transcriptome data. 

Specific mutational calling for top thyroid-related mutations revealed that, as expected, most 
tumors showed one of the established genetic events such as RAS gene family mutations, 
PAX8/PPARG rearrangements, mutations affecting the PI3K/AKT pathway and TERT promoter 
mutations (Figure 17, top grid). To search for novel driver events, we applied the MutSig2CV 
analysis tool. After filtering, a total of 564 SNVs were run in the analysis.  

The top mutated genes with the lowest significant p value and q value were FAM72D (4 mutations 
in 3 cases), TP53 (3 cases) and EIF1AX (3 cases), with DGCR8 (2 cases) as borderline significant 
(Figure 17, bottom grid). The TP53 and EIF1AX gene mutations have previously been 
associated with more aggressive phenotypes and do occur in some FTC and HCC cases (243, 
244). The FAM72D mutation p.Arg99Glu that occurred in three patients has not previously been 
reported and little is known about the function of the gene. The identification of the DGCR8 
mutation c.1552G>A (p.Glu518Lys/p.E518K) in two patients, however, was of particular 
interest, given the recent findings and connection to MNG, schwannomatosis and Wilm’s tumor 
development, where this particular mutation occurs in germline DNA in combination with LOH 
that disrupt the miRNA machinery (245). As mentioned, DGCR8 is a key component in the 
maturation of miRNA (Figure 5). Furthermore, a gene ontology (GO) analysis was performed 
with the top MutSig2CV genes (Figure 17, bottom grid). These genes have an unknown role 
in thyroid cancer. A significant enrichment of the GO Cellular components “RNAi effector 
complex” and “RISC complex” (p=0.008519 for both) was observed which points towards that 
several of the relatively unknown genes are also associated with the miRNA machinery. 

In structural variant analyses, recurrent gains in the minimal region of amplification were 
observed at cytoband 4p11, 6p21.32 and 10q11.21, in which gain was noted in 12, 11 and 10 
samples, respectively, without any clear correlation to patient outcome or underlying genetics. 
These loci contain several cancer-associated genes such as TEC, SLAIN2, FRYL, OCIAD1, 
DAXX and RET that should warrant further investigations.  

Further analyses were focused on the DGCR8 gene. The study cohort of 13 tumors were 
assessed for LOH. Five tumors, including the two mutated samples, two additional FTC and 
one HCC showed LOH, indicating that missense mutation in combination with LOH. In 
addition, the tumors displayed lower DGCR8 expression compared to normal thyroid tissue. 
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Figure 17. Heatmap of somatic mutations in the study cohort of 13 tumors. The top grid shows the 
specific calls for the top thyroid cancer-related mutated genes. The bottom grid shows the somatic 
mutations called by the MutSig2CV analysis. Case ids 202 and 208 are Hürthle cell carcinomas. 
Case ids 101, 102, 104, 105, 106, 201, 203, 204, 205, 206 and 207 are conventional follicular thyroid 
carcinomas. Reprinted with permission from Oxford University Press. 
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Sequencing of the p.E518 region of the DGCR8 gene in an extended cohort of 123 thyroid 
carcinomas (7 eaiFTC, 37 HCC, 33 miFTC, 26 wiFTC and 20 PDTC) was performed. Besides 
the two mutated samples from the study cohort, no additional mutations were observed. However, 
when assessing the DGCR8 mRNA expression in 107 follicular thyroid tumors (65 FTCs and 42 
FTAs), the FTCs displayed significantly lower expression compared to FTAs (p< 0.0001). These 
results suggest that mutations in DGCR8 (with a frequency around 8% in wiFTC) are rare but 
downregulation of DGCR8 expression is common.  

Differential expression of the DGCR8 mutated cases compared to the DGCR8 wildtype cases and 
subsequent GO analysis revealed that down-regulated genes showed a significant enrichment in 
GO cellular component “bicellular tight junctions”. Two of the most down-regulated genes were 
TJP3 and TNS4. Loss of TJP3 expression has been proposed as a diagnostic and prognostic toll 
in lung cancer and breast cancer (246, 247). TNS4, a cell adhesion molecule that might promote 
epithelial-to-mesenchymal transition in colorectal cancer (248). It is thus motivated that 
functional studies should be pursued in thyroid cancer cells regarding these genes as well as for 
p.E518K DGCR8.  

To analyze the functional impact of the DGCR8 mutation miRNA profiling of 827 miRNAs, in 
the FTC cases (n=11) including the two mutated samples, was utilized. As expected, the two 
mutated samples showed a general downregulation of miRNAs and appeared in the same cluster 
when performing hierarchical clustering analysis. Interestingly, two additional cases showed a 
similar pattern and appeared in the same cluster. These two cases showed low DGCR8 mRNA 
expression which indicates that not only mutation, but also downregulation of DGCR8 in turn 
affect the function of DGCR8, and subsequently, the miRNA machinery. The mechanism for 
DGCR8 downregulation in these tumors is unknown. Epigenetic regulation or transcription 
factor-mediated downregulation as probed in Paper I and Paper IV could possibly explain this 
phenomenon. 

The two DGCR8 mutated cases harbored somatic mutations in bona fide thyroid-related genes 
HRAS and PIK3CA, indicating an uncertain driver role of DGCR8 in these tumors (Figure 17). 
The DGCR8 mutation could instead influence progression of the tumors by dysregulated 
miRNA machinery and key adhesion molecules as mentioned above. Indeed, HRAS and 
PIK3CA mutations occur in FTA but there was a significant downregulation of DGCR8 in FTC 
compared to FTA, suggesting a difference in the miRNA machinery between these tumor 
entities that may contribute to the differing invasiveness.  

Collectively, the function of DGCR8 in FTC seems to be important in tumor progression indicated 
by mutations, LOH and downregulation with a specific impact on the miRNA machinery. Further 
adding evidence to an aberrant miRNA machinery in these tumors is the GO analysis of the top 
MutSig2CV, which showed enrichment in essential processing steps of the miRNA machinery. 
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5 CONCLUSIONS 
This thesis can roughly be divided into two parts: The first part includes Paper I and Paper II 
which focused on the TERT gene and how genetic and epigenetic alterations can be used as 
diagnostic and prognostic markers. The second part, where Paper III, Paper IV and Paper V 
are included, focused on exploring the genetic and molecular background in these rather 
incompletely characterized tumors and how these can lay the foundation for future studies as well 
as diagnostic and prognostic tools.  
 
In Paper I, TERT expression in follicular thyroid tumors was explained not only by TERT 
promoter mutations, but also CN gain and TERT promoter hypermethylation. These alterations 
were as frequently occurring in the FT-UMP as in FTC. Lastly, the TERT alterations can be used 
for diagnostic and prognostic purposes to discriminate between FTA and FT-UMP/FTC and to 
pinpoint poor-prognosis FTC. 
 
In Paper II, building on the findings in Paper I, it was evident that FT-UMPs that harbor TERT 
promoter mutations may recur with metastasized disease and that these tumor entities should be 
tested to pinpoint cases with malignant potential.  
 
In Paper III, a few recurrently mutated genes in FTC were identified, one of which was the 
DICER1 gene. The mutational burden was demonstrated to be an independent risk factor for 
worse clinical outcome and that there were no genetic differences between the WHO subtypes. 
When specific genetic biomarkers for prognosis are insufficient or lacking, the mutational burden 
could be used as a complement to conventional variables to guide treatment and follow-up 
regimen. 
 
In Paper IV, the role of the recurrently mutated gene that was identified in Paper III, DICER1, 
a key component of the miRNA machinery, was explored. Mutations in this gene were rare in 
FTC and HCC but did occur in subset of cases, predominantly in young patients. The expression 
of the gene was however down-regulated in tumors compared to adenomas and normal tissue and 
the downregulation was controlled by the transcription factor GABPA. The DICER1-GABPA 
interaction seem to constitute a novel tumor-suppressor mechanism that when disrupted alters the 
miRNA machinery and possibly promotes tumor development. 
 
In Paper V, in an effort to characterize FTC and HCC with omics technologies, recurrent 
mutations in the DGCR8 gene was identified, yet another component of the miRNA machinery. 
These mutations were rare, but again, downregulation was evident in cancers compared with 
adenomas. The DGCR8 mutated cases and some cases with low DGCR8 expression showed a 
specific miRNA profile with possible impact on tumor formation and progression.  
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Collectively, specific alterations associated with the TERT gene are important prognostic and 
diagnostic factors in follicular thyroid tumors, and a disrupted miRNA machinery constitutes a 
novel disease-causing or tumor-progression contributive mechanism. 
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6 FUTURE PERSPECTIVES AND CLINICAL IMPLICATIONS 
Reflex genetic testing of thyroid nodules or tissues using NGS techniques have not yet been 
endorsed by the Swedish national thyroid cancer guidelines (128). Testing for TERT promoter 
mutations by DNA sequencing is a cheap and reliable method, and most tertiary centers are 
routinely testing other tumor forms for such genetic alterations. The method requires only one 
primer-pair for both the C228T and the C250T mutation, it is relatively easy to interpret and could 
also be set up in smaller pathology and cytology laboratories. In this thesis, testing for TERT 
promoter mutations was shown to be able to pinpoint poor-prognosis malignant cases and even 
aid in the discrimination between benign and malignant cases. Given these results, in conjunction 
to similar publications in which TERT promoter mutations are congregated in poor prognosis 
cases, a suggestion to test for these mutations in FT-UMPs will be incorporated in the next version 
of the Swedish national thyroid cancer guidelines. Testing for additional genetic and epigenetic 
TERT aberrations such as methylation, expression and CN gain are more technically advanced 
and are not yet routinely performed in our clinical laboratories. As these methods are further 
developed to suit routinely performed testing, incorporating these to test for TERT gene 
alterations in follicular thyroid tumors should be considered.  
 
Furthermore, subsets of FT-UMPs with TERT promoter mutations do recur as full-blown 
malignant cases. In contrast to the nomenclature “follicular tumor with uncertain malignant 
potential”, the results in these studies have clearly shown that this mutated subset of cases harbor 
malignant potential. We should emphasize that these results need to be reproduced in international 
material as the diagnostic criteria can be subject to inter-observer variation. It is possible that FT-
UMP cases with TERT promoter mutations and other TERT alterations should constitute a subset 
of FTCs that have clinical and molecular characteristics of a carcinoma, but without evident 
histopathological malignant criteria.  
 
Several miRNAs have been identified to have tumor-promoting properties and implications for 
prognosis in FTC (249, 250). It is largely unknown how these miRNAs are regulated. In this 
thesis, the results indicate several putative mechanisms for disruption of the miRNA machinery. 
The role of specific miRNAs in thyroid cancer is constantly being studied and the potential use 
in diagnosis, prognosis and treatment is thrilling. 
 
This thesis mainly focused on diagnostic and prognostic aspects. However, some findings could 
also be of interest in terms of choosing treatment for these tumors. Telomerase or TERT targeting 
therapies are currently being studied and few have even reached clinical trials. The first in-human 
studied therapies are agents causing an adaptive immune-mediated response and oligonucleotide 
inhibitors, however, insufficient clinical efficacy have been observed so far (251, 252). 
Telomerase, still remains an attractive target in anti-cancer therapy. Further targets in cancer 
therapy are the miRNAs. For example, mir-34a was reduced after DICER depletion in Paper IV. 
This particular miRNA has known tumor-suppressing properties and was the first miRNA-based 
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replacement therapy to enter Phase 1 clinical trials (253). In the future, we can probably expect 
more miRNA-based therapies as more targets and mechanisms are identified. Drugs targeting the 
miRNA machinery itself are currently not available. However, protein replacement therapies 
could be a promising strategy in patients with a disrupted miRNA machinery. 
 
Furthermore, the drug Pembrolizumab, an immune-checkpoint inhibitor, was recently approved 
by the US Food and Drug Administration (FDA) with the indication of high tumor mutational 
burden (254). In Paper III, higher mutational burden was associated to worse clinical outcome. 
The definition of high tumor mutational burden varies but 10 mutations per Megabase has been 
used in several types of cancers with promising results (255). Where the mutational burden cut 
off lies in FTC remains to be established.  
 
Lastly, as cancer often involves de-regulation of multiple genes and miRNAs, it is reasonable to 
believe that future treatments should instead target clusters of genes and miRNAs with a more 
functional approach in which single gene culprit assumptions are abandoned. A reasonable 
strategy would be to integrate systems biology methods such as gene ontology or machine 
learning to identify such deregulated pathways and target these using existing or novel 
compounds and combinations thereof. 
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