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1. Zusammenfassung/Summary 

1.1. Zusammenfassung  

 

Schilddrüsenkarzinome sind die häufigsten bösartigen endokrinen Tumore und 

repräsentieren 1% der malignen Tumorentitäten. Sie lassen sich entsprechend des 

zugrundeliegenden Zelltyps, Morphologie und Pathologie klassifizieren. 

Die Mehrheit der Schilddrüsenkarzinome sind differenziert (>80%) und haben eine 

exzellente Prognose wohingegen Patienten mit einem gering differenzierten 

Schilddrüsenkarzinom (<5%) eine eher ungünstigere Prognose haben. Eine weitere 

kleine Minderheit (<5%) der Schilddrüsenkarzinome zeigt einen rasch progredienten 

Verlauf mit häufig infauster Prognose bei Diagnose und einer medianen 

Überlebenszeit von lediglich 4 bis 6 Monate. Dieses sogenannte anaplastische 

Schilddrüsenkarzinom ist äußerst selten und durch eine hohe Mitoserate, invasives 

Wachstum, Refraktärität gegenüber Radiojod und eine äußersten Heterogenität auf 

genetischer Ebene gekennzeichnet. In den letzten 50 Jahren konnte keine 

signifikante Verbesserung der Behandlung erzielt werden. Morphologisch 

entspringen die erwähnten Tumore alle aus den Thyreozyten der Schilddrüse und 

dedifferenzieren bis zu einem Verlust der Fähigkeit Jod zu speichern wie es der Fall 

beim anaplastischen Schilddrüsenkarzinom ist. Molekularbiologisch ist dies durch 

eine Akkumulation von Mutationen in unterschiedlichsten Genen zu erklären. 

Um den schlechten Verlauf und die schwierige Behandlung des anaplastischen 

Schilddrüsenkarzinoms besser verstehen zu können, wurde Tumorgewebe von 39 

anaplastischen Schilddrüsenkarzinom Patienten mittels zielgerichteter Next-

Generation Sequencing untersucht. In 90% der Proben wurden mindestens eine und 

in 57% Proben mindestens zwei Mutationen der untersuchten Gene gefunden: TP53 

(18/30), NF1 (11/30), ALK (6/30), NRAS (4/30), ATRX (3/30), BRAF (2/30), HRAS 

(2/30), KRAS (1/30). Die Daten bestätigen die genetische Heterogenität im 

anaplastischen Schilddrüsenkarzinom und legen nahe, dass das anaplastische 

Schilddrüsenkarzinom möglicherweise nicht als eine einzige Entität behandelt 

werden sollte. Es könnte daher durchaus sinnvoll sein, Patienten nach der 

zugrundeliegenden Mutation in Untergruppen zu unterteilen und zielgerichtet für 

diese Mutationen zu behandeln.  
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Die bereits erwähnten Schilddrüsenkarzinome entstehen alle aus den Thyreozyten 

der Schilddrüse. Anders verhält es sich beim medullären Schilddrüsenkarzinom, 

welches sich nicht aus den Thyreozyten, sondern aus den Calcitonin-produzierenden 

C-Zellen der Schilddrüse entwickelt. Das medulläre Schilddrüsenkarzinom tritt in 25% 

der Fälle hereditär im Rahmen einer Multiplen Endokrinen Neoplasie Typ 2 A und B 

auf. Ursächlich sind Mutationen in den Hotspots des Protoonkogenes RET. Eine 

Patientin mit klinischen Symptomen einer MEN2A Erkrankung und einer 

außergewöhnlichen Konstellation eines zuerst aufgetretenen bilateralen 

Phäochromozytom gefolgt von einem medullären Schilddrüsenkarzinom wurde in 

dieser Arbeit untersucht. Trotz mehrfacher genetischer Routinediagnostik, nach den 

Standards des damaligen Zeitpunktes, in den bekannten Hotspots des 

Protoonkogenes RET konnte keine zugrundeliegende Mutation gefunden werden. 

Mittels Whole Exomsequencing wurde dennoch eine Mutation außerhalb der 

Hotspots des Protoonkogene RET (c.1512_1517delGGAGGG, p.505_506del) 

gefunden. Um die pathogene Eigenschaft dieser Mutation zu untersuchen wurde per 

Mutagenese diese RET-Variante generiert und in zellbiologischen Experimenten mit 

RET9 Wildtyp verglichen. Mittels Immunoblotting zeigte sich eine 

(Auto-)phosphorylierung von RET9, ferner eine verstärkte Aktivierung des 

MAPK/ERK und PI3K/AKT-Signalwegs in der RET9 p.505_506del verglichen mit 

RET9 Wildtyp. Ein Luciferase-Assay bestätigte die ERK1/2 Aktivierung. Colony 

Formation Assay zeigte einen signifikanten Selektions- und Proliferationsvorteil 

gegenüber RET9 Wildtyp exprimierenden Zellen. Die genetische Analyse der Eltern 

und Geschwister bestätigte, dass kein weiteres Familienmitglied betroffen ist und 

diese Mutation de novo entstanden ist. Obwohl bei der molekularen Diagnostik nach 

den zu dem Zeitpunkt aktuellen Leitlinien vorgegangen wurde, konnte keine RET 

Mutation gefunden werden. Dieser Fall zeigt, dass die Leitlinien nicht ausreichend 

waren. Nach Veröffentlich des Fallberichts wurden die Leitlinien angepasst und 

besagen jetzt, dass bei Patienten mit MEN2 ohne genetischen Befund nach 

Routinediagnostik die komplette RET Sequenz analysiert werden soll. 

 

Schilddrüsenhormone sind wichtig, können aber eventuell in bestimmten Situationen 

schädlich sein. Studien zeigen, dass eine Hyperthyreose das Tumorwachstum 

beschleunigt. Der Mechanismus hinter dieser Beobachtung ist noch weitgehend 

unbekannt. Um dieser Frage nachzugehen wurde in immunkompetenten 
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C57B6(Cg)-Tyrc-2J Mäusen eine Hypothyreose induziert gefolgt von einer 

intrapulmonalen Injektion von Lewis Lung Cell Carcinoma. Die Tiere wurden 

anschließend mit T3, T4 und/oder 3,3′,5,5′-Tetraiodothyroacetic acid (Tetrac) 

behandelt. Mittels in vivo imaging wurde das Tumorwachstum über die Zeit 

analysiert, sowie das Tumorgewicht am Versuchsende. Die Gabe von T4, nicht T3, 

führt zu einem signifikanten Anstieg des Tumorgewichts sowie der Biolumineszenz 

und wurde in Gegenwart des Integrin (αvβ3) Inhibitor Tetrac aufgehoben. 

Durchflusszyometrische Analysen zeigten keine Änderung der Zusammensetzung 

von infiltrierenden Immunzellen. Immunhistochemische Analysen der Tumorproben 

zeigten jedoch eine signifikante Neubildung von Blutgefäßen (CD31+) in T4 

behandelten Tieren, welche in Gegenwart von Tetrac nicht beobachtet wurde war. 

Die generierten Ergebnisse legen nahe, dass der tumorfördernde Effekt 

ausschließlich von T4, nicht T3, über das Integrin αvβ3 vermittelt wird und 

wahrscheinlich fördernd auf die Neoangiogenese ist.  
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1.2. Summary 

 

Thyroid cancer is the most prevalent endocrine tumor but represents only 1% of all 

malignant tumors. Thyroid cancer can be classified according to the underlying 

altered cell type, morphology and pathology. 

Most of the thyroid carcinomas are differentiated (>80%) and have an excellent 

prognosis whereas patients with a poorly differentiated thyroid carcinoma (<5%) have 

a rather unfavorable prognosis. A small minority (<5%) of the thyroid carcinomas 

shows a rapid progression with poor prognosis and a median survival time of only 4 

to 6 months. This so-called anaplastic thyroid carcinoma is extremely rare and is 

characterized by a high rate of mitosis, invasive growth, refractory against 

radioiodine, and an extreme heterogeneity in the genetic landscape. Furthermore, no 

improvement in the treatment of patients with anaplastic thyroid carcinoma has been 

achieved over the last 50 years. Based on the morphology, these tumors originate 

from the thyrocytes of the thyroid gland and dedifferentiate to a loss of the ability to 

store iodine as it is the case with the anaplastic thyroid carcinoma. On molecular 

biology level, this observation is explained by an accumulation of mutations in 

different genes. 

In order to understand the poor course and the difficult treatment of the anaplastic 

thyroid carcinoma, the genetic landscape was investigated and characterized in 

tumor tissue of 39 anaplastic thyroid carcinoma patients by next-generation 

sequencing. In 90% of the samples, at least one mutation and, in 57% at least two 

mutations of the tested genes were found: TP53 (18/30), NF1 (11/30), ALK (6/30), 

NRAS (4/30), ATRX (3/30), BRAF (2/30), HRAS (2/30), KRAS (1/30). The data 

confirm the genetic heterogeneity of the anaplastic thyroid carcinoma and show that 

the anaplastic thyroid carcinoma should not necessarily be treated as a single entity. 

It could therefore be useful to divide the patients into subgroups regarding the 

underlying mutation and treat them by targeted therapy. 

The thyroid carcinomas mentioned above all arise from the thyrocytes of the thyroid 

gland. The situation is different in the case of medullary thyroid carcinoma which 

does not develop from the thyrocytes but from the C-cells of the thyroid gland. The 

medullary thyroid carcinoma occurs in approximately 25% of cases hereditary as 
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multiple endocrine neoplasia type 2 A and B. This is caused by mutations in the 

hotspots of the proto-oncogene RET. 

A patient with clinical symptoms of MEN2A and an unusual constellation of bilateral 

pheochromocytoma followed by a medullary thyroid carcinoma will be discussed in 

this thesis. In spite of several genetic routines according to the current guidelines at 

that time, no mutation could be found. By means of whole exome sequencing, a 

mutation was found in the proto-oncogene RET (c.1512_1517delGGAGGG, 

p.505_506del), an exon which is usually not associated with MEN2A. In order to 

investigate the pathogenic property of this mutation, the RET variant was generated 

by mutagenesis and compared to RET9 wildtype in cell biology experiments. 

Immunoblotting revealed an (auto-) phosphorylation of RET9, enhanced activation of 

the MAPK/ERK, and the PI3K/AKT signaling pathway in the RET9 p.505_506del 

compared to RET9 wildtype. Luciferase assay confirmed ERK1/2 activation. Colony 

formation assay confirmed a significant selection and proliferation advantage over 

RET9 wild-type expressing cells. The genetic analysis of the parents and siblings 

showed that no other family member is affected and this mutation originated de novo. 

Although molecular diagnostics were carried out according to the current guidelines, 

no RET mutation could be found. This case shows that the guidelines were 

insufficient and were adapted after the publication of the case report. The guidelines 

now indicate that the complete RET sequence should be analyzed in MEN2 patients 

without genetic findings after routine diagnosis. 

Thyroid hormones are important but may be harmful in certain situations. Studies 

show that hyperthyroidism increases tumor growth. The mechanism behind this 

observation is not understood. This question is clinically relevant in the use of 

modern targeted tyrosine kinase inhibitors, since these can cause hypothyroidism as 

a side effect, which is compensated by thyroid hormone. To answer this question, 

hypothyroidism was induced in immunocompetent C57B6(Cg)-Tyrc-2J mice followed 

by an intrapulmonary injection of Lewis Lung Cell Carcinoma. The animals were 

treated with T3, T4 and/or 3,3',5,5'-tetraiodothyroacetic acid (Tetrac). By means of in 

vivo imaging, the tumor growth was analyzed over time as well as the tumor weight at 

the end of the experiment. The administration of T4, not T3, results in a significant 

increase in tumor weight as well as bioluminescence but was gone in the presence of 

the integrin αvβ3 inhibitor Tetrac. Flow cytometric analyses showed no change in the 
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composition of infiltrating immune cells. However, immunohistochemical analyzes of 

the tumor samples showed a significantly enhanced formation of blood vessels 

(CD31+) in T4 treated animals, which was abolished in the presence of Tetrac. The 

results suggested that the tumor-promoting effect is mediated exclusively by T4, not 

T3, to the integrin αvβ3 and is probably promoted to neoangiogenesis. 
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2. Introduction 

2.1. The thyroid gland as an endocrine organ 

 

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

weight of about 30g. The butterfly-shaped organ appears from the area of the base of 

the tongue between 3-4 weeks during embryogenesis. The anlage of the thyroid 

gland moves caudal till it is localized next to and below the larynx where the thyroid 

gland appears with a left and a right lobe (Figure 1a). These lobes are connected by 

a thin isthmus at the height of the third tracheal cartilage. Macroscopically, the thyroid 

gland mainly contains spherical follicles with variable size. The follicles consist of a 

polarized epithelial monolayer, which represents the elementary functional unit of the 

thyroid gland and is also called thyrocyte. The follicles are filled with a slightly 

acidophilic colloid (Figure 1b). The primary function of the follicles of the thyroid gland 

is the biosynthesis of the iodine-containing thyroid hormone (TH), 3,3’,5-triiodo-L-

thyronine (T3) and 3,3´,5,5’-tetraiodo-L-thyronine (Thyroxine - T4). Therefore, the 

thyroid gland has the ability to accumulate and store iodine. The names T3 and T4 

refer to the numbers of iodine that is bound per molecule T3 (three atoms of iodine) 

and T4 (four atoms of iodine). TH have a wide range of effects in mammals including 

metabolism, cardiovascular systems and development. 

 

Figure 1: Anatomy of a healthy thyroid gland (a) and histological H&E staining (b). Figure 1a was modified from 

mindthegraph.com, Figure 1b from proteinatlas.org. 
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There is a small number of cells located parafollicular and perifollicular, called C-

cells, with no direct connection to the follicles. The interfollicular space is strongly 

vascularized and consists mainly of connective tissue. During embryogenesis, 

precursor cells of the C-cells migrate from the fifth pouch to the anlage of the thyroid 

gland. These precursor cells are thought to derive from the neural crest, but recently 

Johansson et al. published a study indicating that C-cells are likely to be 

endodermally derived (Johansson et al., 2015). The main function of C-cells is the 

biosynthesis of the peptide hormone calcitonin. Calcitonin is thought to participate in 

calcium and phosphorus metabolism. Calcitonin reduces blood calcium by inhibiting 

osteoclast activity in bones (Belanger L.F., 1968) and inhibits the reabsorption of 

calcium and phosphate in the renal tubular cell (Quamme, 1980).  

 

2.2. Thyroid hormone (TH) 

 

Thyroid hormone are highly conserved during evolution and have already been found 

in invertebrate chordates and some plants (Salvatore, 1969). TH are tyrosine-based 

hormone and are produced by the thyroid gland in two different forms. About 80% of 

the hormone released by the thyroid gland are 3,3´,5,5’-tetraiodo-L-thyronine (T4) and 

around 20% are 3,3’,5-triiodo-L-thyronine (T3). The essential basis for thyroid 

hormone is iodine comprising 65% of T4`s weight and 58% of T3`s. The current 

opinion in textbooks suggests that biological inactive T4 is a precursor (prohormone) 

due to the fact that most of the TH bound to receptors is in the form of T3 derived 

from the conversion of T4 to T3 by deiodinases. After cleavage of an iodine atom by 

deiodinases, T4 is converted in its biologically active form T3 (Siegenthaler, 2006). 

 

2.2.1. Thyroid hormone biosynthesis  

 

Biosynthesis, storage and release of TH are strictly regulated by the hypothalamic–

pituitary–thyroid axis. The hypothalamus senses low concentrations of circulating T3 

and T4 in the bloodstream. The hypothalamic paraventricular nucleus contains a 

particular subtype of neurons, which produce thyrotropin-releasing hormone (TRH). 

TRH biosynthesis is negatively regulated by T3 and T4 serum concentrations. If the 
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TH concentration falls below a certain concentration, the pituitary is stimulated to 

produce and release thyroid-stimulating hormone (TSH).  

TSH itself stimulates the thyroid gland to produce TH up to a normal concentration 

until normal TH concentration is again perceived within the hypothalamus. A negative 

feedback loop is mediated by the TH via reduction of TRH and TSH by the 

hypothalamus as well as the anterior pituitary (Figure 2a) (Dietrich et al., 2012). TSH 

sensing in the thyroid gland is mediated by the TSH receptor (TSHR). The TSHR is a 

glycoprotein hormone receptor and is expressed at the basolateral membrane of 

thyroidal follicular cells where it can bind TSH. The TSHR can activate various G 

protein subtypes (Allgeier et al., 1994; Laugwitz et al., 1996; Laurent et al., 1987) and 

signaling pathways such as mitogen-activated protein kinase (MAPK) pathway (Buch 

et al., 2008; Latif et al., 2009).  

For the regulation of elementary physiological processes by the thyroid hormone, a 

daily uptake of ~60 µg iodide is necessary. The accumulation and transport of iodine 

into the thyroid gland depends on the expression of the sodium iodine symporter 

(NIS, SLC5A5) on the basolateral membrane of the thyrocytes (Dai et al., 1996) 

(Figure 2b). NIS transports two Na+ and one I- against an electrochemical sodium 

gradient which is up to 30-fold higher and is co-regulated by the Na+/K+ ATPase 

(Dohan et al., 2003). Within the thyrocyte, iodine is transported by the ion channel 

transporter pendrin (SLC26A4) and anoctamin-1 (TMEM16A) on the apical (luminal) 

into the colloid of the follicle. The thyroid peroxidase (TPO) oxidizes iodide to atomic 

iodine (I) or iodinium (I+) via H2O2, which is mainly produced by the dual oxidase-2 

(Figure 2b). The oxidized iodine is incorporated into thyroglobulin via reactive iodine 

species that are released by the TPO (Kessler et al., 2008).  
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Figure 2: Hypothalamus-pituitary-thyroid axis (a) and thyroid hormone biosynthesis (b). TSH: Thyroid-stimulating 

hormone, TRH: Thyrotropin-releasing hormone DIT: diiodo-tyrosyl-residue Duox: dual oxidase, MIT: monoiodo-

tyrosyl residue, NIS: sodium/iodide symporter, TG: thyroglobulin, TPO: thyroid peroxidase, ((b) modified from 

(Vitale et al., 2013) 

 

Thyroglobulin is rich in tyrosine residues and serves as a template for the tyrosine-

based TH synthesis. Thyroglobulin is secreted and stored in the follicular lumen. The 

iodination takes place at the phenol rings of thyroglobulin. One and/or both of the 

carbons beside to the hydroxyl-group are covalently iodinated, yielding 

monoiodotyrosine (MIT) and/or diiodotyrosine (DIT). In the second enzymatic 

coupling reaction, T3 and T4 are formed from the precursor MIT and DIT by the TPO 

(Taurog et al., 1996). At the apical surface of the thyrocytes, internalization and 

proteolysis of thyroglobulin/TH-complex is mediated by proteases such as cathepsins 

B and L resulting in liberated TH (Brix et al., 1996; Brix et al., 2001; Tepel et al., 

2000). After exocytosis of the TH into the blood stream, the majority (>98%) of TH 

will be bound to transporter proteins like thyroxine-binding globulin or transthyretin 

and only 2% of TH circulate freely. The half-life of T4 in the blood is 5-7 days and for 

T3 it is only around 1 day (Frolkis and Valueva, 1978). 
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2.2.2. Inadequate production of thyroid hormone – hypothyroidism and 

hyperthyroidism 

 

Several thyroid disorders resulting in thyroid malfunction are known. The majority of 

dysfunction leads to either hypothyroidism or hyperthyroidism. An insufficient 

production of TH is referred to hypothyroidism, which causes a variety of different 

symptoms such as fatigue, constipation, depression, and weight gain in humans. The 

reasons are manifold like Hashimoto thyroiditis due to antibodies directed against 

TPO, aplasia or dysplasia of the thyroid gland, mutations in key enzymes that are 

involved in the biosynthesis or uptake of TH, resistance to TH or insufficient iodine 

uptake. Hypothyroidism is treated with thyroid hormone replacement therapy 

(thyroxine - T4). In hypothyroidism, the low concentrations of T3 and T4 are sensed by 

the hypothalamus resulting in increased release of TRH. TRH stimulates the pituitary 

to release a higher concentration of TSH (Figure 2). A prolonged high TSH 

concentration leads to proliferation and increase of the follicles leading to hyperplasia 

which is also named goiter. It is estimated that 90% of all goiters are associated with 

iodine deficiency (Hörmann, 2005). 

In contrast, the excessive release of TH is called hyperthyroidism causing different 

symptoms like weight loss, tachycardia, diarrhea, heat intolerance, and trembling. 

The increased TH production can be caused by autoimmune disease (Graves' 

disease), toxic nodular goiter, toxic thyroid adenoma or thyroiditis (inflammation). 

Therapy is disease-related. Anti-thyroid drugs are used to reduce the biosynthesis of 

TH temporarily by inhibition of key enzymes in TH biosynthesis like the TPO with 

methimazole (MMI; (Nagasaka and Hidaka, 1976)) or competitive inhibition of iodine 

uptake by NIS with perchlorate (Crooks and Wayne, 1960). Other treatment options 

are radioiodine therapy and thyroid surgery. In general, hyperthyroidism is 2 to 10 

times more often present in women and starts between 20 to 50 years but is more 

common over 60 years (Garmendia Madariaga et al., 2014). An overview of TH 

concentrations in euthyroidism, hypothyroidism and hyperthyroidism is provided in 

table 1. It is important to pay attention to these serum concentrations which are very 

close, above or below to the reference range, since they are not comparable 

between individuals. It is still a matter of debate what defines healthy TH serum 

concentrations between the ages and especially between men and women. In 2014, 
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a publication in Nature pointed out that there must be a greater awareness of the 

effects of sex and age on the treatment of thyroid diseases and in animal 

experiments (Clayton and Collins, 2014).  

Table 1: Reference range of human thyroid hormone concentrations in euthyroidism, hypothyroidism and 
hyperthyroidism 

 Euthyroid Hypothyroid Hyperthyroid 

TSH [mU/dl] 0.5 - 3 >3 <0.5 

TT3 [ng/dl] 100 - 200 <100 >200 

TT4 [µg/dl] 4.5 – 11.2 <4.5 >11.2 

 

2.3. Thyroid hormone signaling  

 

The signaling pathways activated by TH are complex and tightly regulated depending 

on the target cells. The expression of cell and tissue specific TH transporters and 

thyroid hormone receptors (TR) are crucial and specific for adequate responses.  

The basic idea regarding the effect of thyroid hormone is that they are actively 

transported into the cell and inside the nuclei where they bind the TR and regulate 

gene expression. This pathway is called Type 1: “TR dependent signaling of TH with 

direct binding to DNA” (Figure 3a) (Flamant et al., 2017). A decade ago, evidence 

was published showing that TH might also act through a different mechanism by 

activating the phosphatidylinositol-3 kinase (PI3K) pathway, called Type 3: “TR 

dependent signaling of TH without DNA binding” pathway (Figure 3b) (Cao et al., 

2005; Flamant et al., 2017; Lei et al., 2004; Simoncini et al., 2000). Both pathways, 

Type 1 and Type 3, require binding of TH to the TR. In 2005, it was shown by Bergh 

et al. that TH not only interacts with TR but also with a purified plasma membrane 

protein: the integrin αvβ3. This pathway is referred to Type 4: “TR independent TH 

signaling” (Flamant et al., 2017) pathway. Up to now, αvβ3 is therefore the only known 

plasma membrane receptor that transmits TH signaling from the extracellular 

compartment into the cell (Figure 3c+d) (Bergh et al., 2005). 

 



   Introduction 

13 
 

 

Figure 3: Mode of action by TH signaling (modified from (Lin et al., 2009; Moeller and Broecker-Preuss, 2011; 

Moeller et al., 2006). (A) Type 1 pathway of gene expression; (B) activation of PI3K by ligand bound TRβ (Type 

3); (C) activation of PI3K via αvβ3/S1 (Type 4); (D) activation of ERK1/2 via αvβ3/S2 (Type 4). PI3K: 

Phosphoinositide 3-kinase, ERK: extracellular regulated kinase. 

 

2.3.1. Signaling of thyroid hormone by the thyroid hormone receptors 

 

In the year 1986, the groups of Evans and Vennstrom were able to clone two 

different TR isoforms which are known as THRA and THRB encoded for TRα and 

TRβ on human chromosomes 17 and 3, respectively (Sap et al., 1986; Weinberger et 

al., 1986). However, alternative splicing transcript variants were demonstrated for 

TRα and TRβ resulting in several different short isoforms (Bigler et al., 1992; 

Chassande et al., 1997; Williams, 2000; Wrutniak et al., 1995) 

These isoforms are expressed differentially during embryogenesis and are tissue-

specific. The proteins encoded by THRA and THRB share a highly homologous 

structure but are different in length at N- and C-termini. They consist of a DNA 

binding domain (DBD) and a C-terminal ligand binding domain (LBD). The LBD of the 

TR binds T3 with a 10- to 15-fold higher affinity than T4. The transcription of target 

genes is inhibited in the absence of TH due to co-repressors with histone 

deacetylase activity. If T3 is bound to the LBD of the TR, this leads to a 

conformational change which releases the co-repressor and recruits the co-activator. 



   Introduction 

14 
 

The THs act as enhancers for the regulation of their target genes. The TR/TH 

complex binds to TH response elements within the promoter region of their target 

genes and engages the RNA polymerase II.  

The TR isoforms seem to have a different affinity to the same promoter and therefore 

result in different gene expression depending on the predominantly expressed 

isoform (Chan and Privalsky, 2009; Chiamolera et al., 2012). The activation of the 

Type 1 pathway usually takes several hours since transcription and translation are 

complex mechanisms taking time. In the Type 3 pathway, the effects occur much 

faster. The ligand binding TRβ seems to be able to activate the PI3K pathway via 

phosphorylation within minutes (Cao et al., 2005; Lei et al., 2004; Simoncini et al., 

2000). 

Nevertheless, TRβ activates expression of certain target genes e.g. ZAKI-4α, via 

PI3K. To demonstrate that the gene expression of ZAKI-4α is mediated by the PI3K, 

human fibroblast were stimulated with either T3 or with T3 and the tyrosine kinase 

inhibitor LY290402. In the presence of the tyrosine kinase inhibitor LY290402, the 

gene expression of ZAKI-4α was absent with similar results regarding TRα (Cao et 

al., 2005; Moeller et al., 2005). Furthermore, to validate the existence of the Type 3 

pathway, Shibusawa et al. mutated the zinc-finger domain within the DBD of the TRβ. 

Without the ability of the TRβ to bind to the DNA in vitro, all effects mediated by the 

Type 3 pathway are still preserved but the effects of the Type 1 pathway are 

disappear (Shibusawa et al., 2003).  

 

2.3.2. Epidemiology suggesting tumor promoting effects of thyroid hormone 

 

Hyperthyroidism has long been suspected being a risk factor in the context of tumor 

progression. In a cohort of 767 ovarian cancer patients and 1367 control patients, it 

was found that patients with hyperthyroidism possess a higher risk to develop ovarian 

cancer compared to healthy patients. The probability of ovarian cancer in the 

hyperthyroid group was nearly twofold higher compared to healthy donors (Ness et 

al., 2000). Similar results were obtained for pancreatic (Ko et al., 2007) and prostate 

cancer (Lehrer et al., 2001; Lehrer et al., 2002). Vice versa, hypothyroid men had a 

lower risk of prostate cancer compared to the healthy control group (Mondul et al., 

2012) and women for breast cancer (Cristofanilli et al., 2005).  
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Furthermore, hypothyroid women are more likely to be diagnosed in an earlier stage 

of breast cancer and without spreading of the tumor cells to the lymph node 

indicating a slower progression (Cristofanilli et al., 2005). In contrast, elevated T3 

concentration in a study of 2696 women showed that the highest quartile of T3 

concentration possessed a higher risk developing breast cancer (Tosovic et al., 

2010). Contrarily, a control study showed that only in women, not in men, with 

hypothyroidism a 3-fold increased risk for hepatocellular carcinoma insists. Notable, 

the patients TH concentrations were not measured. The calculation was based on 

self-reported information of thyroid disorders by the patients’ (Hassan et al., 2009; 

Moeller and Fuhrer, 2013).  

Such epidemiological studies demonstrate a potential role of TH in context of 

tumorigenesis in humans. The first data showing tumor-promoting effects of TH were 

made in rodent models in the late 1970s. Shoemaker and his colleagues induced 

hypothyroidism with a competitive inhibitor of the TPO in mice and inoculated 

mammary adenocarcinoma cells. They observed reduced tumor size and prolonged 

survival in hypothyroid mice compared to euthyroid mice (Shoemaker et al., 1976). 

Nonetheless, TH concentrations were not measured in these experiments so it is 

unknown if the induction of hypothyroidism in those mice was able to abolish 

endogenous expression of TH. 

Further experiments in rodents with hepatic cancer cells (Mishkin et al., 1981), 

prostate adenocarcinoma cancer cells (Theodossiou and Schwarzenberger, 2000), 

and lung adenocarcinoma cancer cells (Theodossiou et al., 1999) revealed similar 

results regarding tumor growth. An increased tumor weight and size after TH 

treatment was observed by Kumar et al. (Kumar et al., 1979) and Kinoshita et al. 

(Kinoshita et al., 1991). They inoculated sarcoma cancer cells (S1), fibrosarcoma 

cells (T241) or Lewis Lung Cell carcinoma (3LL) subcutaneous into mice and 

observed a dose dependent increase of tumor weight only in T4 treated mice, not T3, 

indicating T4 as the tumor promoting TH in those models. For both experiments, TH 

concentrations were available and induction of hyperthyroidism in those mice was 

confirmed. 

The mode of action that is mediated by the TH in the context of tumorigenesis was 

unknown when those experiments were performed but the existence of TRs was 

known. To answer the question whether TRs are responsible for the tumor promoting 
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effects, cell lines were used lacking TRs. When those cell lines lacking TRs were 

transplanted into hypothyroid nude mice, no significant alterations of the previously 

obtained results regarding tumor growth were observed (Moeller and Fuhrer, 2013; 

Theodossiou and Schwarzenberger, 2000; Theodossiou et al., 1999). This was the 

first hint that the effects of TH during tumorigenesis are not predominantly mediated 

by TRs. 

 

2.3.3. Signaling of thyroid hormone by the integrin αvβ3 

 

The first idea that thyroid hormone also act in the extracellular compartment arose 

when agarose was linked to T4 so that the agarose-linked T4 is not able to be 

transported into the cells. It was observed that the agarose-linked T4 was able to 

activate intracellular signaling via the MAPK-pathway on HeLa cells. When co-

incubated with an inhibitor (pertussis toxin) of pERK1/2, phosphorylation of pERK1/2 

mediated by agarose-linked, T4 was gone (Lin et al., 1999). 

Moreover, stimulation experiments in CV-1 monkey fibroblast and HeLa cells that 

also lack functional TRs also show a rapid phosphorylation of ERK1/2 upon T4 

stimulation (Lin et al., 1999) indicating TR independent signaling. 

A plasma membrane receptor that is able to bind T4 was identified by Bergh et al.. 

Bergh et al. could show that a heterodimer integrin named αvβ3 (consisting of αv and 

β3 subunits) activates signaling pathways upon TH stimulation. They incubated 

[125I]T4 together with purified αvβ3 and non-radioactive labeled T4 in a radioligand 

binding assay. The complex was then separated by a non-denaturing polyacrylamide 

gel electrophoresis. They observed a dose-dependent diminishing of radioactive 

signals by unlabeled T4. T3 was much less effective at displacing [125I]T4.  

Additionally, preparation of whole cell lysates revealed that only one protein was 

capable of binding [125I]T4, which was isolated by immunoprecipitation and this was 

αvβ3. Hence, to study T3 and T4 binding to αvβ3 pharmacokinetics and 

pharmacodynamics, investigations were performed and revealed that αvβ3 contains 

two binding sites (Figure 4) (Lin et al., 2009). One binding site (S1) of αvβ3 binds 

exclusively T3 and activates the PI3K pathway by activating Src kinase and PI3 

kinase. However, cell surface action of T3 results in driving TRα amongst other 
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proteins from cytoplasm to the nucleus where TRα acts as a transcription factor for 

different genes but does not contribute to cell proliferation (Figure 4) (Blum et al., 

2006; Kim et al., 2008; Monferran et al., 2008; Yu et al., 2008). 

 

 

Figure 4: Proposed pathways and mode of action by TH regarding proliferation and intracellular trafficking TR. 

PD: PD-032590, LY: LY290402 (modified (Lin et al., 2009)) 

 

The other receptor binding site (S2) of αvβ3 is capable of binding T3 and T4 and 

activates a different pathway, the MAPK/ERK-pathway. In contrast to the S1 binding 

site, S2 recruits TRβ1 amongst other proteins from cytoplasm into the nucleus 

allowing the transcription of target genes (Lin et al., 2009; Lin et al., 2003; Yu et al., 

2008). A specific inhibitor (3,3′,5,5′-Tetraiodothyroacetic acid (Tetrac)) of the integrin 

αvβ3 can block signaling via S1 and S2 (Bergh et al., 2005). Tetrac is a natural 

deaminated T4 derivative which is catalyzed in low concentrations by deiodinases in 

different organs (Rajabi et al., 2016) . 
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2.3.4. The natural inhibitor 3,3′,5,5′-Tetraiodothyroacetic acid (Tetrac) of αvβ3 

counteracts T3 and T4 mediated signaling and shows anti-tumor activity 

 

Before Tetrac was identified as an inhibitor of αvβ3, it was only known that Tetrac is 

taken up by pituitary cells which secrete TSH. Besides that finding, it was known that 

Tetrac competes with TH on binding to transthyretin but not thyroxine-binding 

globulin. It was assumed that Tetrac contributes to the endogenous human TSH 

release by TSH producing cells in the pituitary gland (Burger et al., 1979; Davis et al., 

1983). The physiological role of Tetrac is still not fully understood. 

However, the activation mediated by S1 and S2 of αvβ3 upon binding of T3 and T4 is 

prevented in the presence of the specific inhibitor Tetrac. The deaminated T4 

derivative Tetrac (Bergh et al., 2005) acts as an antagonist and inhibits the trophic 

effect of T3 and T4 at the integrin αvβ3 in e.g. thyroid cancer (Lin et al., 2007) and lung 

adenocarinoma (Lin et al., 2009; Lin et al., 2008; Meng et al., 2011). The conversion 

of T4 to Tetrac by deiodinase I is mainly performed in the liver and by deiodinase II 

predominantly found in the brain (Rajabi et al., 2016).  

Tetracs affinity towards S1 and S2 binding sites in αvβ3 is higher. Tetrac is therefore 

able to displace T3 and T4 from S1 and S2 binding sites (Bergh et al., 2005). 

Consequently, Tetrac blocks all actions that are mediated by S1 and S2 upon T3 

and/or T4 binding. The effects of Tetrac in the context of apoptosis and angiogenesis 

on tumor cells are well studied in vitro. Treatment of human breast cancer cell line 

(MDA-MB-231) showed an upregulation of pro-apoptotic genes like Caspase 2 or X-

linked inhibitor of apoptosis protein when incubated with Tetrac. Furthermore, 

angiogenesis promoting genes like thrombospondin 1 are downregulated (Bergh et 

al., 2005). 

Observations of decreased tumor growth, anti-angiogenesis and pro-apoptotic effect 

upon Tetrac treatment led to the first xenografts. Human solid cancer cell lines like 

medullary carcinoma cells (Yalcin et al., 2010b), follicular thyroid cancer cells (Yalcin 

et al., 2010a), pancreatic cancer cells (Yalcin et al., 2013) and human renal 

carcinoma cells (Yalcin et al., 2009) were transplanted into non-immunocompetent 

mouse strains and treated with Tetrac. The results showed a delay in tumor growth 
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and vascularization showing the potential role of Tetrac in the context of 

tumorigenesis. 

Beside tumor reduction, Tetrac can also decrease the hemoglobin content within 

tumors indicating lower vascularization (Carmona-Cortes et al., 2014). Several 

reasons are assumed for the lower vascularization in tumors when αvβ3 is blocked by 

Tetrac. There are indications that TH have a pro-angiogenic effect on endothelial 

cells by releasing growth factors like basic fibroblast growth factor (bFGF) (Bergh et 

al., 2005; Davis et al., 2004; Mousa et al., 2006; Mousa et al., 2005). Furthermore, in 

the absence of TH, Tetrac is capable to inhibit the expression of crucial proteins for 

neovascularization like vascular endothelial growth factor (VEGF) and bFGF on 

protein level (Mousa et al., 2008) and mRNA level (Yalcin et al., 2010b). When TH 

binds to αvβ3, the observed effects suggest to favor proliferation of tumor cells and 

increase vascularization in non-immunocompetent mice.  

However, signaling via αvβ3 seems to be more complex. αvβ3 not only activates 

downstream signaling pathways but also interacts with other plasma membrane 

receptors like VEGFR, EGFR and bFGFR which are clustered on the cell surface 

(Mousa et al., 2008; Shih et al., 2004). Tetrac can universally inhibit all downstream 

effects in this cluster. Binding of TH to αvβ3 seems to favor activation of MAPK/ERK 

signaling pathway resulting in phosphorylation of ERK1/2. Phosphorylated ERK1/2 

activate specific serine phosphorylation of certain cytosolic proteins like signal 

transducer and activator of transcription-1α (Lin et al., 1998), estrogene receptor α 

(Tang et al., 2004), TRβ (Davis et al., 2000) and tumor suppressor gene 53 (Shih et 

al., 2001). Those proteins translocate to the nuclei where they act as transcription 

factors of target genes. The exact effects of the target genes are not yet fully 

understood. 

αvβ3 is not only expressed on endothelial cells and tumor cells but also on immune 

cells where the function is not yet fully understood (Antonov et al., 2004). Kinoshita et 

al. revealed that isolated NK cells showed an immunosuppressive mode of action 

only mediated by T4 but not by T3 and furthermore an increased cytotoxicity of T3 and 

T4 treated alveolar macrophages. Similar results regarding immunosuppressive 

function of T4 is shown by Gupta et al. in an allogenic skin graft mouse model (Gupta 

et al., 1983). 
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2.4. Thyroid cancer 

 

Thyroid cancer is the most common malignant endocrine tumor but represents only 

1% of malignant cancer. The incidence of thyroid cancer is estimated at 5000-7000 

new cases per year in Germany according to the Robert-Koch-Institute. The 

incidence for women is higher (9.3 / 100.000 new cases per year) whereas only 3.8 / 

100.000 men suffer from thyroid cancer (Reiners C, 2005; Robert-Koch-Institut, 

2015). The incidence has increased 3-fold within the last 30 years with no alteration 

of the mortality. One reason probably is the improved diagnostic and therefore the 

possibility to identify micro tumors (Chen et al., 2009). 

The tumor entities are classified according to morphology and immunohistochemistry 

and differ in aggressiveness, capability of invasion, and expression of certain thyroid 

specific proteins. Four major thyroid cancer subtypes are known: differentiated 

thyroid carcinoma (DTC), mainly comprised of papillary thyroid carcinoma (PTC), and 

follicular thyroid carcinoma (FTC), poorly differentiated thyroid carcinoma (PDTC), 

anaplastic (undifferentiated) thyroid carcinoma (ATC), and medullary thyroid 

carcinoma (MTC). Differentiated thyroid carcinoma accounts for ~80% of all thyroid 

cancer and originates from the follicular cells of the thyroid gland. The PDTC (<5%) 

and ATC (<5%) also arise from the follicular cells but are much more aggressive and 

account for the majority of thyroid cancer related deaths.  

The only cancer entity which does not arise from the thyrocyte is the MTC (~10%). 

The MTC originates from the C-cells of the thyroid gland. The overall survival and the 

prognosis of thyroid cancer patients mainly depend on thyroid cancer type and 

“Union Internationale Contre le Cancer” (UICC) stage (Table 2). Stage I usually 

means that a cancer is small in size (<2 cm) and contained within the organ it started 

in. In stage II, the tumor is larger (2-5cm) but is still within the organ it developed in. 

When a tumor reaches stage III, the tumor is larger than 5 cm, and in stage IV, the 

tumor also started to metastasize. 

Known risk factors for benign and malignant thyroid cancer are X-ray during 

childhood in the head and neck area, genetic predisposition (mainly for MTC), high 

exposure to radioactive substances, iodine deficiency, and elevated TSH. Non-

heredity differentiated thyroid cancer usually occurs in the group aged from 30 to 50 

years whereas ATC usually occurs in older age (>65 years) (Pfannenstiel P, 1991). 
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Table 2: 5-year survival of thyroid cancer patients (Barbet et al., 2005; Ibrahimpasic et al., 2014; 

The.American.Cancer.Society)  

 

 

Thyroid cancer Type 

 

Stage I 

 

Stage II 

 

Stage III 

 

Stage IV 

PTC 100% 100% 93% 51% 

FTC 100% 100% 71% 50% 

PDTC 94% 94% 65% 45% 

ATC Always stage IV 7% 

MTC 100% 98% 81% 28% 

 

2.4.1. Molecular pathogenesis of thyroid cancer 

 

Over the past two decades, the understanding of the underlying molecular 

pathogenesis in thyroid cancer increased tremendously. Genetic analysis of tumor 

tissue by high throughput sequencing improved dramatically, the knowledge of the 

mutational landscape in thyroid cancer. Sequencing results indeed showed a 

different mutational landscape in DTC compared to PDTC and ATC (Figure 5). The 

majority of mutations found in thyroid cancer is either involved in MAPK/ERK-

pathway (BRAF, RET/PTC, ALK, RAS), PI3K-pathway (RAS, ALK, RET/PTC, 

PI3KCA or tumor suppressor genes (TP53, NF1, PTEN). 
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Figure 5: Molecular evolution of thyroid cancer. Progression model of thyroid cancer including pathways involved 

in pathogenesis thyroid cancer. ALK: Anaplastic lymphoma kinase BRAF: serine/threonine-specific protein 

kinases RAF, CTNNB1: β-catenin, EIF1AX: Eukaryotic translation initiation factor 1A, X-chromosomal, NF1: 

Neurofibromin 1, PAX8-PPARγ1: Paired-Box-Protein 8 - Peroxisome proliferator-activated receptor gamma, RET: 

Rearranged during transfection, PI3KCA: Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha, 

PTEN: Phosphatase and Tensin homolog, RAS: Rat sarcoma, TERT: Telomerase reverse transcriptase, TP53: 

Tumor suppressor p53. 

 

The mutation load and hotspots in PTC, follicular adenoma (FA) and FTC are 

generally low and limited to few genes. PDTC are more heterogeneous regarding the 

underlying somatic mutation. They usually display similar mutations like the DTC but 

additionally have more frequent mutations in the tumor suppressor gene TP53 and 

telomerase reverse transcriptase (TERT). The ATC is even more heterogeneous in 

terms of somatic mutation and histology compared to DTC and PDTC. Interestingly, 

mutations in TP53 and TERT genes are crucial during dedifferentiation of the 

thyrocyte. TP53 can activate DNA repair proteins, can arrest the cell cycle at G1/S 

regulation point, initiate apoptosis, and activate senescence when telomeres are too 

short. Therefore, TP53 is also called “the guardian of the genome” (Carr and Jones, 

2016; Isobe et al., 1986; Kern et al., 1991; Matlashewski et al., 1984). TERT is the 

catalytic subunit of the enzyme telomerase that maintains telomere ends during 

mitosis. Together with the telomerase RNA component (TERC), the telomerase 
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forms the telomerase complex which prolongs the telomeres after replication 

especially in stem cells (Kirkpatrick and Mokbel, 2001; Weinrich et al., 1997). TERT 

mutation might be one mechanism to avoid senescence for cancer cells. 

It seems that the higher the mutational load is the more undifferentiated is the thyroid 

cancer. Interestingly, many ATC seem to coexist with DTC and even PDTC can be 

found in the same patient. Consequently, the question arose whether an 

undifferentiated thyroid cancer develops de novo or as a consequence of 

dedifferentiation from DTC. At the beginning of this thesis, the heterogeneity of the 

ATC has not yet been properly characterized. In order to improve the knowledge 

about ATC, the ATC has been investigated since there is still no established 

treatment available and it still has a poor prognosis. 

 

2.4.2. Differentiated thyroid carcinoma (DTC) – papillary thyroid carcinoma 

(PTC) and follicular thyroid carcinoma (FTC) 

 

The majority of all thyroid cancers are differentiated thyroid cancers subdivided into 

papillary thyroid carcinoma and follicular thyroid carcinoma (~80%). PTC comprise 

several subtypes of different variants but they are characterized by predominantly 

follicular growth pattern, slow-growing and localized, although they can metastasize. 

They represents 60-70% of all thyroid cancers. PTCs differ based on their histology 

but are mostly characterized by papillae with fibrovascular cores, increased 

mitochondria number, orphan annie eye nuclear inclusions, psammoma bodies, 

groove formation, optical clearing, eosinophilic inclusions, overlapping of nuclei, and 

expressing TG. In the majority of cases, the prognosis is excellent. Treatment of PTC 

usually includes surgery (lobectomy or thyroidectomy), in some stages radioiodine 

treatment and TSH-suppressive therapy.  

Before 2014, it had been known that genetically PTCs are characterized by somatic 

alterations of genes involved in the MAPK signaling pathway, mainly BRAF and RAS 

mutations (Cohen et al., 2003; Kimura et al., 2003; Lemoine et al., 1988; Suarez et 

al., 1988) but also fusion proteins like RET/PTC (Grieco et al., 1990). In 2014, a 

milestone study was published by The Cancer Genome Atlas Research Network 

(TCGA). The Cancer Genome Atlas Research Network performed whole exome 
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sequencing, RNA sequencing, miRNA sequencing, SNP arrays, DNA methylation 

arrays, and reverse phase protein arrays on 496 PTC and were therefore able to 

characterize the genomic landscape of PTC. 

Most frequent mutations were BRAFV600E (60%), 11% RAS mutations and 7% RET 

fusions proteins. The Cancer Genome Atlas Research Network also observed a 

clustering of mutations characterized by a similar activation of signaling pathways 

and for that reason divided the PTC into two groups. Depending on the underlying 

mutations, the PTCs were subdivided into so called BRAF-like signaling PTCs and 

RAS-like signaling PTCs. 

Whereas BRAF-like mutations predominantly activate only the MAPK-pathway, the 

RAS-like PTCs activate MAPK-pathway and the PI3K-pathway. Furthermore, the 

TCGA observed evidence that potential driving mutations (e.g. RET, BRAF) are 

clonal events. The majority of tumor cells harbored those mutations.  

Follicular thyroid carcinomas represent 5%-10% of all thyroid cancer and are defined 

as "A malignant epithelial tumor showing follicular cell differentiation and lacking the 

diagnostic nuclear features of PTC" by the WHO Classification of Tumours of 

Endocrine Organs (Sobrinho Simoes M, 2004). FTCs are usually encapsulated single 

solid tumors, minimally or widely invasive. The treatment comprises surgery, in some 

cases radioiodine therapy and TSH-suppression. Nearly 50% of all FTCs display a 

mutation in the RAS subfamily. Mutations in the tumor suppressor gene PTEN as 

well as fusion proteins of paired box gene 8 (PAX-8) and peroxisome proliferator-

activated receptor γ 1 (PPARγ1) are known. 

 

2.4.3. Less differentiated thyroid carcinoma – poorly differentiated thyroid 

carcinoma (PDTC) and anaplastic thyroid carcinoma (ATC) 

 

Poorly differentiated thyroid carcinoma (PDTC) was first described in 1984 by 

Carcangiu (Carcangiu et al., 1984). According to the Turin proposal, PDTC is 

classified by the presence of insular/solid trabecular growth pattern, the absence of 

nuclear features of PTC and at least one of the following features: convoluted nuclei, 

mitotic index >3/10 mitoses pro high power field, and necrosis (Volante et al., 2007). 

Controversial discussion has since been carried out due to the intermediate 
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histopathological patterns between differentiated and undifferentiated thyroid cancers 

and therefore the criteria might be inappropriate. Since the histopathology differs 

further, criteria like the Memorial Sloan Kettering Cancer Center (MSKCC) were 

raised (Hiltzik et al., 2006). The currently used therapy includes thyroidectomy 

(debulking) if applicable lymph node dissection, radioactive iodine and/or radiation 

therapy as well as TSH-suppression. However, there is a very high risk that the 

PDTC is already radioiodine refractory. If this is the case, patients are treated with 

tyrosine kinase inhibitors Sorafenib [Nexavar®] and Lenvatinib [Lenvima®]). 

Nevertheless, the mutational load in PDTC is higher compared to DTC but still lower 

than in ATC (Landa et al., 2016). The anaplastic thyroid carcinoma is a very rare and 

lethal disease. It represents less than 5% of all thyroid cancer but accounts for the 

majority of thyroid cancer related deaths. The median survival when diagnosed with 

ATC is 4-6 months and so far no treatment has conclusively been shown to improve 

overall survival (O'Neill and Shaha, 2013; Pinto et al., 2014). ATCs are 

histopathologically characterized by rapidly growing tumor cells, solid mass 

composed of large pleomorphic and giant cells, necrosis, high macrophage 

infiltration, hemorrhage, spindle cells, high mitosis rates, and loss of thyroid specific 

markers like TTF-1, TPO or TG. 

Most patients suffer from rapidly growing tumors of the neck and hoarseness. Around 

50% of all patients have distant metastases at diagnosis in lung (71%), intrathoracic 

lymph nodes (59%), neck lymph nodes (51%), pleura (29%), adrenal glands (24%), 

liver (24%) brain (18%) and/or bones (13%). Invasive growth pattern in the neck 

area, trachea and/or esophagus also occur frequently (Besic and Gazic, 2013). 

The treatment of ATC patients requires a multimodal therapy including surgery, 

external beam radiation (EBRT), and chemotherapy (Wendler et al., 2016). No 

standardized treatment could significantly improve progression free survival (PFS) 

and the overall survival (OS) in ATC patients in the last 50 years. Even multikinase 

inhibitors fail to achieve improvement in ATC patients (Bible et al., 2012; Savvides et 

al., 2013). Nevertheless, a multimodal therapy slows down tumor growth to a certain 

extent. 

The reason for the aggressiveness and the resistance to different treatment options 

might be due to the genomic instability of ATC cells. In DTCs, the mutation load is 
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usually limited to one to three “driver mutations”. Pathophysiologically, the ATC 

development is mainly based on uninhibited activation of various cellular signal 

transduction pathways, in particular of the PI3K and MAPK signal transduction 

pathway. In ATC, the mutation load shows a higher diversity and mutations in TERT 

(73%), TP53 (73%), BRAF (45%), NRAS (18%), PIK3CA (18%), PTEN (15%), 

EIF1AX (9%), HRAS (6%) (Landa et al., 2016). ATC are heterogeneous involving 

many genes participating in the follicular epithelial cell dedifferentiation process 

where an effective therapy is still lacking. In 2013, for the first time, a case report was 

been published in which targeting the classic BRAFV600E mutation with a specific 

BRAF inhibitor (Vemurafenib [Zelboraf®]) in a patient with ATC derived from PTC 

has showed impressive tumor response demonstrating the benefits of targeted 

therapy (Rosove et al., 2013). One year later, the case of an ATC patient with 

ALK/EML4 fusion protein was reported, in which targeted ALK inhibition reduced the 

size of the metastases by up to 90% and a practically complete restoration of the 

quality of life (ECOG 0) for over 2 years after the initial diagnosis of the ATC was 

achieved (Godbert et al., 2015). In the same year, a case report of a patient with 

Tuberin 2 and mammalian target of rapamycin (mTor) mutations was reported. Those 

mutations resulted in a constitutive activation of the AKT/mTor pathway where a 

treatment with an mTor-inhibitor (Everolimus) resulted in a stable disease for 18 

months (Wagle et al., 2014). Those case reports demonstrate that the investigation of 

the molecular pathogenesis followed by targeted therapy in ATC patients can indeed 

improve survival. 

 

2.4.4. Medullary thyroid carcinoma (MTC) 

 

Medullary thyroid carcinoma (MTC) is derived from C-cells of the thyroid gland. The 

MTC was first described as “malignant goiter with amyloid” in the year 1906 by 

Jaquet (Jaquet.AJ, 1906). MTC differ in its basic biology from other thyroid cancer 

types (Tiedje et al., 2015). In contrast to other thyroid cancer types, 25% of all MTCs 

arise hereditary and 75% occur sporadically (Schmid, 2010). MTC patients usually 

are asymptomatic and often complain of fatigue and exhaustion during initial 

diagnosis. Some patients can already feel small palpable nodes in the thyroid gland. 

In the late stage, MTC patients suffer from flushing, dyspnea, diarrhea, and itching. 



   Introduction 

27 
 

The reason for the fatigue and exhaustion is altered calcitonin biosynthesis due to 

one highly specific mutation in a certain gene. 

In more than 95% of all hereditary MTC patients, it is possible to identify a germline 

mutation in the proto-oncogene REarranged during transfection (RET). Not only in 

hereditary MTC but also in 60% of all sporadic MTC, it is possible to identify a 

somatic mutation in RET. 

 

2.4.4.1. REarranged during transfection (RET) 

 

The human RET gene is localized on chromosome 10 (10q11.2) and contains 21 

exons (Ceccherini et al., 1993). RET has three domains consisting of the cadherin-

like domain and cysteine rich domain in the extracellular compartment and the 

tyrosine kinase domain in the intracellular compartment (Figure 6). RET is expressed 

in cells derived from the urogenital system, the branchial arches, and the neural crest 

(Pachnis et al., 1993; Zordan et al., 2006). 

Mutations in RET result in gain of function leading to ligand independent constitutive 

activation of RET. Constitutive activation of RET activates several intracellular 

signaling pathways like the PI3K-pathway and the MAPK-pathway leading to 

increased cell proliferation and survival (Cerrato et al., 2009; Drosten and Putzer, 

2006).  

RET signaling requires homodimerization, which is mediated by a complex of gliant 

cell line-derived neurotrophic factor (GDNF) and receptor-α (GFRα) protein family as 

well as the GDNF-family ligands (GFLs). The receptors and ligands have different 

affinities to each other. GFRα-GFL-complex recruits two molecules of RET and 

brings the tyrosine kinase domain in close proximity. Transautophosphorylation 

occurs within the tyrosine kinase and initiates downstream signaling (Airaksinen et 

al., 1999). Three different isoforms of RET exist due to natural alternative splicing: 

RET 9, RET43 and RET51. The numbers represent the amount of amino acids in 

their c-terminal tails behind the tyrosine kinase domain. Homozygous RET knockout 

mice die within hours after birth. They exhibit abnormalities in development of 

kidney/urinary and peripheral nervous system development. Furthermore, abnormal 
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enteric neural crest cell migration demonstrate a significant role of RET during 

development (Arighi et al., 2005; Schuchardt et al., 1994). 

 

Figure 6: Schematic representation of the RET receptor with mutation hotspots in MTC. In the extracellular part, 

of RET is the cadherin domain located, the ligand binding domain as well as the cysteine-rich domain. In the 

intracellular part, is the Tyrosine kinase domain located. FMTC: familial MTC. Modified (Plaza-Menacho et al., 

2006). 

 

2.4.4.2. Hereditary MTC 

 

Germline RET mutations are autosomal, dominantly inherited and cause a number of 

endocrine tumors resulting in multiple endocrine neoplasia type 2 disease. MEN2 

patients are subdivided into MEN2A and MEN2B according to phenotype (Table 2) 

(de Groot et al., 2006). In 2015, the American Thyroid Association (ATA) integrated 

the former separated subgroup of familial MTC (FMTC) to the MEN2A. Patients were 



   Introduction 

29 
 

regarded as FMTC when only a MTC and no additional symptoms like 

pheochromocytoma and hyperparathyroidism was detectable. Since the term FMTC 

is still frequently found in the literature, it is included separately in these chapters.  

Table 3: Clinical syndromes associated with hereditary RET mutations (de Groot et al., 2006) 

 FMTC MEN2A MEN2B 

MTC 100% 100% 100% 

Pheochromocytoma - 10-60% 60% 

Hyperparathyroidism - 10-25% - 

Marfanoid habitus - - 100% 

Mucosla neuromas - - 70-100% 

Intestinal ganglioneuromatosis - - 60-90% 

RET mutations hotspots Exons:10-11 

and 13-16 

Exon: 5, 8, 10, 

11 

Exon: 15-16 

 

The ATA Guidelines Task (Wells et al., 2015) subdivided hereditary MTC patients 

according to the underlying mutation of RET into risk groups. Risk does not mean 

whether patients with a germline mutation in RET develop a MTC but when. Group 1, 

with mutations in exon 16 of RET (M918T), is at “highest risk”. Group 2, with 

mutations in exon 11 and 15 of RET (C634R and A883F), is at “high risk”. Group 3, 

with any other mutations in RET, is at “moderate risk”. Patients belonging to group 1 

show a remarkably unfavorable clinical course of the disease as compared to the 

other groups (Morrison and Marley, 1976; Schilling et al., 2001; Wohllk et al., 1996). 

The ATA guidelines recommend sequencing exon 5, 8, 10, 11, 13-16 of RET in 

patients with red flags for a genetic cause. However, the genetic basis for MEN2 can 

only be solved in 95% of the patients by sequencing the hotspots of RET. No further 

recommendations are available for the remaining 5% of MEN2 patients. 

In general, there seems to be a close genotype-phenotype correlation between the 

RET germline mutation and the clinical outcome. The ATA summarized the 

relationship of common RET mutation, aggressiveness as well as the incidence of 

pheochromocytoma and hyperparathyroidism (Figure 7) (Wells et al., 2015). 

In nearly all hereditary MTC patients, it is possible to identify a RET mutation. When 

parents are affected by a germline RET mutation, it is recommended to sequence 

and closely monitor the descendants. If the descendants are also affected by a RET 
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mutation, a prophylactic thyroidectomy is recommended as well as regularly control 

for pheochromocytoma and hyperparathyroidism. 

 

Figure 7: Close genotype-phenotype correlation between RET mutation and clinical outcome. a) Common RET 
mutations b) Risk of aggressive MTC: MOD, moderate; H, high; HST, highest. c) Incidence of PHEO 
(pheochromocytoma) and hyperparathyroidism (HPTH): +=~10%, ++= ~20-30%, +++=~50%. (Modified: (Wells et 
al., 2015)) 

 

The initial treatment of any MTC patients is normally a thyroidectomy to remove the 

primary tumor as well as to decrease the elevated calcitonin concentration. If a 

pheochromocytoma is also detectable in the adrenal medulla, the tumor should also 

be removed prior to the MTC. In the case that a systemic therapy is necessary due to 

metastases or progression according to RECIST (Response Evaluation Criteria in 

Solid Tumors) (Schlumberger et al 2012), two tyrosine kinase inhibitors (TKI) are 

currently approved by the European Medicines Agency (EMA). In two randomized 

double-blind phase III studies Vandetanib (Caprelsa® (February 2012)) and 

Cabozantinib (Cometriq® (March 2014)) were approved by the EMA (Elisei et al., 

2013; Wells et al., 2012). Vandetanib primarily inhibits RET and the endothelial 

growth factor receptor (EGFR) pathway, Cabozantinib also inhibits vascular 

endothelial growth factor (VEGF) and hepatocyte growth factor receptor (c-MET). 
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2.4.4.3. Sporadic MTC 

 

Sporadic MTC occurs in around 75% of all MTCs. In 40-60% of the patients, somatic 

RET mutations are detected in the tumor (Eng et al., 1994). The most prevalent 

somatic RET mutation (65%) is RET M918T in exon 16 which is associated with poor 

prognosis (Moura et al., 2009) which was shown in a cohort of 34 MTC patients 

(Schilling et al., 2001) and 100 MTC patients (Elisei et al., 2013). Schilling et al. and 

Elisei et al. could show that RET M918T mutations in sporadic MTC indeed resulted 

in a significantly higher risk of distant metastases and significantly more frequent 

lymph node metastases. Moreover, the overall survival was significantly lower in the 

group harboring a RET mutation compared to no RET mutation. Interestingly, in 

sporadic MTC there seems to be no significant difference regarding prognosis and 

survival between distinct RET mutations like it is known for hereditary MTCs (Moura 

et al., 2009). 

In general, the primary therapy also includes thyroidectomy with central lymph node 

dissection which can result in a complete cure depending on the tumor stage during 

initial presentation. 
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3. Principal issues addressed in this thesis 
 

This thesis answers the following open questions in thyroidology: 

1) Which mutations occur in anaplastic thyroid carcinoma and might be relevant 

for targeted therapy? 

At this time, the largest cohort of 30 ATC patients was analyzed by targeted next-

generation sequencing. The results significantly increased the knowledge of the 

mutational landscape of ATCs and will help to develop targeted therapy for ATC 

patients. 

2) What should be done when routine diagnostic according to the ATA guidelines 

fails to detect a germline mutation in MEN2 patients? 

In 95% of all MEN2 patients, the underlying mutation can be found when routine 

diagnostic is performed according to the ATA guidelines at this moment. But how 

should the physician proceed to identify a mutation in the remaining 5% of patients? 

It was possible to detect the germline mutation in a patient with MEN2 outside the 

commonly sequenced exons. Therefore, this thesis demonstrates that in those cases 

the complete RET gene needs to be sequenced, because pathogenic mutations can 

occur in exons not yet associated with MEN2. After publication of this work, the ATA 

guidelines were adjusted accordingly.  

3) Can TH promote tumor growth? 

The adequate concentration of TH is crucial for normal physiology. However, TH is 

suspected to influence solid tumor growth in the periphery. In this thesis, it could be 

shown that TH indeed promotes tumor growth in a murine model. Furthermore, the 

mode of action by TH in the context of tumor progression was characterized. These 

results are highly relevant for those tumor patients that are currently supplemented 

with a TH that could support tumor growth. 
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Publication 1 

 

 

 

Targeted next-generation sequencing for TP53, RAS, BRAF, ALK 

and NF1 mutations in anaplastic thyroid cancer 

 

S. Latteyer, V. Tiedje, K. König, S. Ting, L.C. Heukamp, L. Meder, K. W. Schmid, D. Führer and 

L. C. Moeller 

Endocrine. 2016 Dec;54(3):733-741. doi: 10.1007/s12020-016-1080-9. 

 

 

 

Contribution 

Herein I performed, designed and analyzed all bioinformatic results obtained by 

Targeted Next-generation Sequencing. I contributed to writing of abstract, 

introduction, methods, results and discussion of the publication. 
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Publication 2 

 

 

 

A 6-Base Pair in Frame Germline Deletion in Exon 7 Of 

RET Leads to Increased RET Phosphorylation, ERK 

Activation, and MEN2A 

S. Latteyer, L. Klein-Hitpass, C. Khandanpour, D. Zwanziger, T. D. Poeppel, 

K. W. Schmid, D. Führer, and L. C. Moeller 

J Clin Endocrinol Metab. 2016 Mar;101(3):1016-22. doi: 10.1210/jc.2015-2948. 

 

 

 

Contribution 

Herein I performed and designed all cell culture experiments on my own and analyze 

and interpretation the results. Furthermore, I performed mutagenesis and cloning of 

RET variants. Bioinformatics resulted by the Whole Exome Sequencing from our 

patient were analyzed by myself. I contributed to writing of abstract, introduction, 

methods, results and discussion of the publication. 
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Publication 3 (Submitted) 

 

 

 

Thyroxine Promotes Tumor Growth And Angiogenesis In An 

Orthotopic Lung Cancer Mouse Model 

 

 

S. Latteyer, D. Zwanziger, D. Führer and L. C. Moeller 

 

Submitted to Molecular Cancer  

 

 

Contribution 

Herein I wrote the animal test application and designed all the experiments. I 

performed all animal experiments including handling, operations and injections. 

FACS analysis, in vivo imaging and immunohistochemistry was done and analyzed 

by myself. I wrote abstract, introduction, methods, results and discussion of the 

publication.  



   Publications 

55 
 

 



   Publications 

56 
  



   Publications 

57 
 

 



   Publications 

58 
 



   Publications 

59 
 



   Publications 

60 
 



   Publications 

61 
 



   Publications 

62 
 



   Publications 

63 
 



   Publications 

64 
 



   Publications 

65 
 



   Publications 

66 
 



   Publications 

67 
 



   Publications 

68 
 



   Publications 

69 
 



   Publications 

70 
 



   Publications 

71 
 



   Publications 

72 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   Publications 

73 
 

Figure 2: 
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Figure 3: 
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Figure 4: 
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Supplemented Figure 1: 
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5. Discussion 
 

Thyroid cancer presents with a very different clinical course from curative approach 

to life threatening disease. They display various different morphologies and are quite 

heterogeneous regarding genetically landscape. Especially the treatment of ATC 

patients is challenging due to a complex interaction regarding molecular processes 

which are not fully understood. The physical and mental burdens of ATC patients are 

quite high. One possible approach might be targeted therapy. Therefore, 

characterization of the genetic landscape is necessary and urgently required to 

identify driver mutations that can be targeted. 

In contrast, in patients with hereditary MTC the genomic landscape is well 

characterized; but, it is essential to identify those patients for adequate treatment and 

screening of families at an early stage. There are still 5% of all MEN2 patients where 

no germline mutation can be found. The identification of hereditary MTC at an early 

stage helps to provide suitable treatment (e.g. prophylactic thyroidectomy) of affected 

individuals. Not only thyroid cancer presents a problem for patients but also TH 

seems to influence tumor growth in the periphery. 

In this thesis, the molecular landscape of ATC was characterized by targeted Next-

Generation Sequencing and novel candidates were revealed. These results will be 

used to generate first preclinical mouse models that are expected to develop an ATC 

for which targeted therapy will be possible. Furthermore, in a hereditary MTC 

patient,h it was possible to identify the underlying mutation were several extended 

routine diagnosis failed. The case report has significant impact for the clinicians. In 

cases with red flags for genetic causes where routine diagnose fail to identify the 

underlying mutation, not only hotspots of genes should be sequenced, but the also 

theentire gene should also be sequenced. 

Depending on the underlying mutation, cancer patients (e.g. lung cancer) are already 

treated with targeted therapy, especially with tyrosine kinase inhibitors. Tyrosine 

kinase inhibitors can lead to hypothyroidism in certain patients. Those patients are 

currently supplemented with T4. It was possible to show in this thesis that T4, not T3, 

has a tumor promoting effect in an orthotopic immunocompetent male mouse model 
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by probably stimulating neoangiogenesis within the tumor. These results suggest that 

tumor patients may be better supplemented with T3 than with T4.  

 

5.1. Molecular landscape of anaplastic thyroid carcinoma - Targeted 

next-generation sequencing for TP53, RAS, BRAF, ALK and NF1 

mutations in anaplastic thyroid cancer 

 

Anaplastic thyroid carcinoma is still an orphan disease with a very poor prognosis. 

Within the last 50 years, the treatment options could not prolong overall survival. 

First successful results were achieved with targeted therapy regarding the underlying 

mutation, e.g. with Vemurafenib [Zelboraf®] (BRAFV600E, (Rosove et al., 2013)), 

Crizotinib [Xalkori®] (ALK-Rearrangment, (Godbert et al., 2015)) or Everolimus 

[Certican®] (TSC2 Q1178*, (Wagle et al., 2014)). But no large cohorts of ATC 

patients were sequenced to study if targeted therapy might be an option for ATC 

patients at this time. To answer this question, the largest cohort at this time of 39 

ATC samples was investigated.  

The aim was not only to identify mutations in genes where targeted therapy might be 

possible but also to reveal novel genes in the context of ATC. In the recent years, 

high throughput sequencing studies were performed on ATC samples as it was 

performed in this thesis. Moreover, a multiplex PCR was performed in the course of 

this thesis followed by parallel targeted next-generation sequencing on 39 ATC 

samples from the archives of the Pathology in Essen. 30% of all ATC samples co-

exist with DTC. Hence, the majority of the ATC samples seem to develop de novo in 

this cohort. 

From 9 samples, the DNA quality was insufficient resulting in heterogeneous 

readouts and were therefore excluded from further analysis of target genes: (TP53 

(60%), NF1 (37%), ALK (20%), NRAS (14%), ATRX (10%), BRAF (7%), HRAS (7%), 

and KRAS (3%)). In 28 samples, at least one mutated gene was found with an overall 

of 45 distinct genetic variants.  

Before high throughput sequencing methods were available, classic identification of 

mutations in cancer samples had usually been performed by Sanger sequencing to 

characterize the genetic landscape of ATC. In the early 1990`s, the first molecular 
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alterations in ATC were identified in the tumor suppressor gene TP53. At codon 273, 

an arginine was changed to a histidine with a high prevalence of 71%-83% (Donghi 

et al., 1993; Fagin et al., 1993). Step by step, further genes were identified in the 

context of ATC like phosphatase and tensin homolog (PTEN, 10-20%), PI3KCA (25-

40%) (Garcia-Rostan et al., 2005; Karakas et al., 2006), RAS (20%-30) (Basolo et al., 

2000; Costa et al., 2008; Fukahori et al., 2012; Garcia-Rostan et al., 2003; Hou et al., 

2007; Liu et al., 2008; Ricarte-Filho et al., 2009; Volante et al., 2009), BRAF, (Begum 

et al., 2004; Fugazzola et al., 2004; Fukushima et al., 2003; Namba et al., 2003; 

Nikiforova et al., 2003; Nikiforova et al., 2013; Puxeddu et al., 2004) and β-Catenin 

(42%) (Garcia-Rostan et al., 1999). 

As expected, TP53 mutations were themost frequent mutational event in these ATC 

series with 60% (Donghi et al., 1993; Fagin et al., 1993; Xing, 2013). It seems that 

mutation in TP53 play a central role in the tumorigenesis of ATC. TP53 is a tumor 

suppressor gene whose main function is the maintenance of the genomic stability. 

Alteration of TP53 in the context of ATC usually leads to a loss of function resulting in 

genomic instability. Targeted therapy, which restores the function of TP53, is not yet 

available. 

 

5.1.1. Alterations in the MAPK-pathway and PI3K-pathway are characteristic 

features in ATC 

 

Neurofibromin 1 (NF1) is a tumor suppressor gene which inactivates RAS. It was 

possible to identify mutations in NF1 in 37% of ATC samples. Interestingly, NF1 

activation mainly regulates the MAPK-pathway. Loss of function by NF1 results in 

constitutive activation of the MAPK-pathway. Inhibitors of the crucial protein´s dual 

specificity mitogen-activated protein kinase 1/2 showed promising results in 

combination with other drugs and might be a treatment options for ATC patients with 

inactivating NF1 mutation (Infante et al., 2017; LoRusso et al., 2017; Tai et al., 2017).  

However, since NF1 was not specifically analyzed before, NF1 mutations were only 

identified in whole exome sequencing and massive parallel sequencing by Kunstman 

et al., Landa et al. and Sykorova et al. (2/22, 3/33 and 2/5 respectively) in lower 

frequency (Kunstman et al., 2015; Landa et al., 2016; Sykorova et al., 2015). NF1 is 

a driver mutation for neurofibromatosis. Patients suffering from neurofibromatosis 
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only have a slightly increased risk for thyroid cancer indicating that NF1 is definitely 

no driver mutation in the context of anaplastic thyroid carcinoma. 

The Cancer Genome Atlas Research Network study of PTC samples showed that 

0,5% of all samples harbored NF1 mutation. In the present cohort, 43% of all ATC 

derived from PTC showed mutations in NF1 indicating that NF1 contributes to 

progression from a PTC to a ATC.  

Mutations in the proto-oncogenes RAS (comprising H-Ras, N-Ras and K-Ras) can be 

found in 20-30% of all human cancer with the highest incidences in adenocarcinomas 

of the pancreas (90%) (Bos, 1989). RAS is a binary molecular switch cross talking 

between different pathways regulating cell proliferation, cell differentiation, apoptosis, 

and cell metabolism. Although RAS is a key player in activation of the PI3K-pathway 

and MAPK/ERK-pathway, the frequency of RAS mutations is surprisingly quite low in 

ATC (20-30%) and even lower in the present study (NRAS (14%), HRAS (7%), and 

KRAS (3%)). Interestingly, in less aggressive FTC (30-45%), PTC (12%) and PDTC 

(20-40%), mutation frequent seems to be higher and can also be found in benign 

follicular adenoma (Basolo et al., 2000; Challeton et al., 1995; Costa et al., 2008; 

Fukahori et al., 2012; Garcia-Rostan et al., 2003; Hou et al., 2007; Liu et al., 2008; 

Ricarte-Filho et al., 2009; Volante et al., 2009).  

One of the first interaction partners of RAS within the MAPK/ERK-pathway is the 

serine/threonine-specific protein kinase RAF (BRAF) (Van Aelst et al., 1993). The 

codon 600 and its close proximity in BRAF is of great interest. In this codon, a single 

point mutation T1799A accounts for 80% of all BRAF mutations and results in an 

amino acid change from valine to glutamic acid (Davies et al., 2002). This single 

nucleotide exchange results in a substitution of an amino acid with hydrophobic side 

chain (Valine) to an amino acid with negatively charged side chain (Glutamic Acid). 

No phosphorylation from the extracellular matrix is necessary to activate the 

MAPK/ERK-pathway (Xing, 2005). In this cohort, no BRAFV600E was identified. 

However, BRAFV600E mutations in ATC are controversially discussed and must be 

viewed with caution since several studies report that BRAFV600E mutations were 

absent (Fugazzola et al., 2004; Fukushima et al., 2003; Puxeddu et al., 2004) or 

present (20-50%) (Begum et al., 2004; Namba et al., 2003; Nikiforova et al., 2003; 

Nikiforova et al., 2013). In The Cancer Genome Atlas Research Network study, 60% 

of all PTC harbor a BRAFV600E mutation. If ATC dedifferentiate from PTC the 
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percentage of BRAFV600E mutations should be higher if the BRAFV600E mutation is 

required for dedifferentiation. In this study, 7 ATC coexisted with a PTC and only 1 

ATC showed a BRAF mutation supporting the idea that BRAF mutations are not 

required for dedifferentiation. ATC derived from DTC display a higher mutation load 

than without incidence for other DTC (1,85 vs 1,57 mutations per sample).  

ALK mutations had been already described in cancers like neuroblastoma (Berry et 

al., 2012), non-small cell lung cancer (NSCLC) (Kwak et al., 2010) or anaplastic 

thyroid carcinoma (Murugan and Xing, 2011) and usually result in rearrangements 

with other proteins like echinoderm microtubule-associated protein-like 4 (EML4) 

(Pyo et al., 2016). In this cohort, it was possible to identify mutations in ALK in 20% of 

all ATC patients which is similar to the initially reported frequent (11%) (Murugan and 

Xing, 2011). Rearrangements were not analyzed. Six ALK variants were found 

including two nonsense mutations resulting in an early termination of translation. The 

other four ALK variants include mutations at amino acid 1424 which is in close 

proximity to the tyrosine kinase domain. These mutations might result in constitutive 

activation of downstream signaling. Interestingly, a mutation at this position was 

observed in two different patients although resulting a different amino acid. An in vivo 

proof is not yet available. In principle, treatment of ALK-positive ATC with ALK 

inhibitors appears possible. The first ALK inhibitors (e.g .Crizotinib [Xalkori®], 

Ceritinib, [Zykadia®]) have been approved by the Food and Drug Administration 

(FDA) for the metastatic ALK-positive NSCLC and are now regarded as standard 

therapy for this NSCLC subgroup (Khozin et al., 2015; Malik et al., 2014; Scagliotti et 

al., 2012; Soda et al., 2007). A case report of a targeted inhibition of the ALK/EML4 

fusion protein in an ATC patient showed a reduction of metastases by up to 90% 

(Godbert, et al., 2015). The restored quality of life (ECOG 0) over more than 2 years 

after initial diagnosis suggests that ALK inhibitors might be effective for a 

subpopulation of ALK-positive ATC. The authors emphasize that the role of ALK 

mutations in the formation of ATC still needs to be investigated (Godbert et al., 2015). 

ALK screening should therefore be included in all molecular routine diagnostic of 

ATC patients. 
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5.1.2. Next-generation sequencing reveals hallmark mutations in ATC 

 

Targeted next-generation sequencing is limited regarding pathway analysis. Whole 

exome sequencing like Kunstman et al., Landa et al. or Sykorova et al. have 

performed can reveal cluster of mutations in certain pathways. They observed higher 

mutation load (23.7 mutations per samples (Kunstman et al., 2015)) and also found 

novel mutations like EIF1AX and USH2A in 3/22 ATC and 4/22 ATC samples. They 

proposed that, in ATC a cluster of mutations occured in the MAPK/ERK pathway 

(BRAF, HRAS, KRAS, NRAS, RAF1, AKT2, and PIK3CA) and the ErbB pathway 

(MAPK10, ERBB2, ERBB3, RAF1, RAC1, and NF2) rather than random single 

independent mutations.  

Another hallmark study was published by Landa et al. They investigated 341 tumor 

specific genes in 84 PDTC and 33 ATC. The results were compared with the Cancer 

Genome Atlas Research Network study. In the recent years, one additional gene 

seems to play a crucial role in the context of ATC, the telomerase reverse 

transcriptase (TERT) which was found to be most frequently mutated in the study 

performed by Landa et al. (73%).  

TERT is the catalytic subunit of the enzyme telomerase, which leads to the extension 

of the telomeres during the S phase of proliferation (Kirkpatrick and Mokbel, 2001; 

Weinrich et al., 1997) and might result in immortalization of tumor cells. It was first 

identified to be mutated in thyroid cancer in the year 2013 (Liu et al., 2013). Landa et 

al. showed that TERT promotor mutations increase during dedifferentiation (9% PTC, 

40% PDTC, 73% ATC) and are significantly associated with BRAF and RAS 

mutations (Cancer Genome Atlas Research, 2014; Landa et al., 2016). Compared to 

PTC it seems that the frequencies of BRAF-like mutations decrease and RAS-like 

mutations increase. Rearrangements found in DTC (RET/PTC, PAx8-PPARG, and 

ALK fusions) (Kelly et al., 2014; Kroll et al., 2000; Pierotti et al., 1992) were still 

present in PDTCs but gone in ATCs.  

A larger study of 144 ATC samples, 50 genes were recently sequenced and analyzed 

by Bonhomme et al.. Only 62.5% of the samples could be analyzed due to poor DNA 

quality. Again, TP53 mutations were most frequent with 54.4% followed by TERT with 

54%, 33% (HRAS, NRAS, RAS) RAS genes, 13.8% BRAF mutation, and 17% PI3K-
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AKT pathway mutation which presents similar results to the previously described 

study (Bonhomme et al., 2017). 

In a follow up study, we again sequenced a large cohort of 118 ATC samples with a 

broader next-generation sequencing panel this time including TERT. We found 

mutations in TERT (73%), TP53 (55%), RAS (HRAS, KRAS, and NRAS (19.5%)), 

CDKN2A (16.9%), PI3KCA (11.8%), BRAF (11 %), and RET (7.6%). In ALK, KIT and 

MET, no mutations were found. In EGFR, ERBB2, PDGFRA, RB1 and TSC2 

mutations were found in less than 2% of all ATC (Tiedje et al., 2017). This time, no 

ALK mutations were found. In this study, only the hotspots were sequenced. In the 

presented study included in this thesis, the whole sequence was analyzed and might 

explain the differences. 

In the second cohort, the same amount of TERT mutations were found compared to 

Landa et al. (73%) and furthermore also BRAFV600E mutations (11%) were detected. 

The difference in BRAF mutations in our cohort (7% and 11%) compared to 

Kunstman et al. and Landa et al. (27% and 45%) might be due to the finding of 

coexisting of DTC in the ATC samples (30% and 29,6% in our cohorts compared to 

40-45% by Kunstman et al. and Landa et al.). The majority of the ATC observed in 

our study may have arisen de novo.  

However, the sequencing results in the present study, as well as the other studies, 

cannot answer the open question if an ATC develops de novo or as a consequence 

of dedifferentiation from a DTC. Taken together, the findings in the literature support 

both hypotheses.  

In recent decades, and especially in recent years, the genetic landscape of ATC has 

become clearer, although it is very heterogeneous. The current literature suggests 

that three major events take place during dedifferentiation in thyrocytes. i) 

Constitutive activation of the MAPK-pathway and/or PI3K-pathway (e.g. BRAF, RAS 

or PIK3CA) is one of the first events in the genome since mutations are often found in 

PTC. ii) Immortalization of the tumor cells is required by mutations in the TERT 

promoter region as well as to a low-frequency in ATRX (Landa et al., 2016; Latteyer 

et al., 2016b). iii) Genomic instability through mutations in tumor suppressor genes 

such as TP53, NF1 and PTEN results in heterogeneous genetically background.  
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5.2. Identification and characterization of a RET germline mutation which 

escaped the routine sequencing - A 6-base pair in frame germline 

deletion in exon 7 of RET leads to increased RET phosphorylation, ERK 

activation, and MEN2A 

 

In contrast to ATC the genetic landscape in MTC is well characterized and is mainly 

limited to mutations in the proto-oncogene RET. However, in routine sequencing, the 

underlying mutation in MEN2 patients is usually identified. Here, it was possible to 

identify a 6-base pair in frame germline deletion of RET in a female Caucasian 

patient although even extended routine sequencing could not identify any mutation. 

This deletion was cloned and transfected into HEK293 cells in which it was possible 

to show independent (auto)-phosphorylation of RET in the absence of its ligand, 

significant and constitutive activation of MAPK/ERK-pathway by luciferase-assay as 

well as significant growth by colony formation assay. 

The female Caucasian patient initially presented with severe headache, 

hypertension, tachycardia and deteriorating general condition at the age 31 years. 

Magnetic resonance imaging revealed bilateral pheochromocytoma which was 

biochemically confirmed. The finding of bilateral pheochromocytoma was highly 

suspicious for a germline mutation but recommended routine sequencing from the 

ATA guidelines of certain hotspots in the context of pheochromocytoma from RET, 

VHL, SDHB and SDHD failed to identify any mutation. Six years later, the patient 

developed a 4 mm small MTC which was histologically confirmed and the clinical 

diagnosis was MEN2A. Again, routine sequencing of extended exons recommended 

by the ATA and commonly associated with MEN2 by RET (8-11, 13-16) failed to 

detect a mutation.  

Whole exome sequencing was performed and a 6 nucleotide in frame heterozygous 

deletion was identified resulting in a loss of two amino acids (Glutamic Acid and 

Glycine, p505_506del RET). To exclude the possibility that we identified a 

polymorphism, sequencing results were compared to 135 healthy probands 

suggesting indeed a pathogenic property. Furthermore, at this time, the deletion was 

not listed in the Catalogue of Somatic Mutations in Cancer (COSMIC) as well as the 

MEN2 database of the department of pathology in Utah 

(http://arup.utah.edu/database/MEN2/MEN2_display.php). Today, the deletion is 
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officially listed in the MEN2 database of the department of pathology in Utah and 

described as pathogenic. 

All genes known to be involved in pheochromocytoma were examined to exclude an 

additional mutation (NF1, VHL, SDHD, SDHC, SDHB, EGLN1/PHD2, KIF2, 

SDH5/SDHAF2, IDH1, TMEM127, SDHA, MAX, and HIF2). 

According to the MEN2 database of the department of pathology in Utah, the novel 

p.505_506del RET deletion is still the only known pathogenic mutation in exon 7 

(August 2017). The altered protein part resulting from the deletion is located in the 

extracellular part of RET at the end of the cadherin-like domain and outside the 

cysteine-rich region. The most common mutation in RET especially in the 

extracellular compartment appear in the five cysteine codons 609, 611, 618, and 620 

of exon 10 and codon 634 of exon 11 (Eng et al., 1996; Lallier et al., 1998). 

 

5.2.1. Molecular consequences for mutations in RET  

 

The cysteine residues in the cysteine-rich region are involved in the formation of 

intramolecular disulfide bonds with other cysteines (Airaksinen and Saarma, 2002; 

Anders et al., 2001; Santoro and Carlomagno, 2013). Mutations of one cysteine to 

any other amino acid lead to an unbound cysteine in the monomers of RET. The 

unbound disulfide bond of the cysteine of the monomer of RET binds to the unbound 

disulfide bond of another monomer of RET resulting in dimerization. Then 

dimerization leads to in constitutive activation. 

However, RET9 p505_506del results in constitutive activation without dimerization in 

the absence of its ligand. Although the mutation is in the extracellular region, one 

would expect a primary alteration in the extracellular region which either mimics 

ligand binding or ligand independently induced dimerization. Since no dimerization is 

observed, the mutation seems to affect the tyrosine kinase domain somehow. 

Upstream of the cysteine-rich region, only one pathogenic mutation is known (RET 

V292M) in exon 5 of RET and this seems to be comparable to the novel RET 

p505_506del mutation (Castellone et al., 2010). 
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Mutations in RET have been known since more than 25 years. RET p505_506del 

was not observed before maybe due to the fact that routine diagnosis usually 

sequences only the recommended hotspots by the ATA of RET. Although we used 

whole exome sequencing in this patient, the frequency is not high enough to justify 

the expensive search by whole exome sequencing. In addition, the RET 

p505_506del mutation causes a mild clinical phenotype which does not necessarily 

require an exact genetic analysis and thus perhaps remains undiscovered to this day.  

However, it was possible to show that, in the remaining 5% of MEN2 patients without 

genetic diagnose, a RET mutation can be found when the whole gene is sequenced. 

The updated ATA guidelines now include the recommendation to sequence the 

whole sequence of RET if sequencing of hotspots fails to detect any mutation 

referring to the results of this thesis (Latteyer et al., 2016a; Wells et al., 2015) 

The in vitro data confirm the pathogenic nature of the mutation, which then allowed 

screening of the family and prophylactic thyroidectomy of affected children might be 

possible. Especially for the descendants of MEN2 patients in whom no mutation was 

found, it is important to know the mutation to act at an early stage in the case of an 

inherited mutation. 

 

5.2.2. RET mutations in other cancer entities  

 

Mutations in RET are frequently observed in pheochromocytoma, sporadic and 

hereditary MTC. However, RET mutations in other cancer types are only reported in 

low numbers. Large cohorts of 4871 (Kato et al., 2017) and 6011 (Cerami et al., 

2012; Gao et al., 2013) tumor patients with diverse cancer types were sequenced 

regarding RET mutations.  

RET mutations were only found in 88/4.871 (1.8%) and 181/6.011 (3%) tumor 

samples. Most frequently, RET mutations were observed in ovarian epithelial 

carcinoma (4/54 – 7.3%), lung adenocarcinoma (23/412 – 5.6%) non-small cell lung 

carcinoma (4/125 – 3.2%), and melanoma (2/136 – 1.6%). RET alterations were 

mainly mutations (34/88 - 38.6%) followed by fusions (27/88 - 30.7%) and 

amplifications (22/88 - 25.0%). Even one loss of function was detectible.  
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The limitation of these studies is that there is no correlation between clinical outcome 

and underlying mutations since no data was available. In addition, the mutations that 

were found were not investigated for the existence of germline mutations. 

Taken together, RET mutations are highly frequent and driver mutations in the 

context of MTC and pheochromocytoma but less frequent in other cancer types. 

Nevertheless, targeted therapy of RET by Vandetanib, Cabozantinib and Lenvatinib 

might be a treatment option of certain cancer subtypes. None of the inhibitors are 

currently approved by the FDA or EMA for targeting RET mutations in other cancer 

entities than MTC (Mulligan, 2014; Shaw et al., 2013). 

 

5.3. Tumor promoting effects of TH - Thyroxine Promotes Tumor Growth 

And Angiogenesis In An Orthotopic Lung Cancer Mouse Model  

 

TH seem to be involved somehow in tumorigenesis (Kinoshita et al., 1991; Kumar et 

al., 1979; Shoemaker et al., 1976), but the exact mechanisms are still not fully 

understood. To investigate the effects of T3, T4 and/or Tetrac on tumor growth, 

infiltrating immune and angiogenesis, an immunocompetent orthotopic cancer mouse 

model was used. 

The effects of T3, T4 and Tetrac on tumor growth were analyzed in vivo and ex vivo. It 

was possible to detect a significant increase of tumor weight and bioluminescence 

signal intensity. Compared to control treated euthyroid mice, a non-significant 

decrease of the bioluminescence signal intensity and tumor weight in hypothyroid 

mice were measured over time. 

Interestingly, the treatment of immunocompetent orthotopic hypothyroid mice with 

biologically active T3 and T4 resulted in an increase of the bioluminescence signal 

intensity and a significant increase of tumor weight only in the T4, not T3, treated 

group. This observation is in agreement to previous studies although the T4 

concentration used was much lower compared to Kumar et al. (50% lower) and 

Kinoshita et al. (80% lower). The previous studies were performed in non-

immunocompetent mice (Kinoshita et al., 1991; Kumar et al., 1979; Shoemaker et al., 

1976). Nevertheless, T4 is still referred as a prohormone in textbooks and only T3 is 

considered as the only biological active form (Fleisher, 2012; Kansagra M., 2010). 
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All mice groups, except the euthyroid group, were rendered hypothyroid throughout 

the whole entire experiments. Measurements of TSH, TT4 and FT4 confirmed the 

successful induction of hypothyroidism and therefore the effects of endogenous 

released TH by the thyroid gland can be neglected. 

Beside the significantly increased tumor weight and increased bioluminescence 

signal, also a significant increase of CD31+ vessels was observed in T4 treated mice. 

The results obtained from T4 treated mice regarding CD31+ vessel indicate that the 

increased tumor growth might be favored by higher neovascularization. However, the 

exact molecular cascade after T4 treatment is unclear. At this time, still a couple of 

questions need to be answered: 

Do the tumor cells first proliferate faster and, as a consequence, does this results in 

higher vascularization? Or do the vessels proliferate faster and lead to a better 

supply of nutrients? Another question is if the observed effect is a primary or a 

secondary impact. The tumor cells might release signal proteins (e.g. VEGF, bFGF) 

that promote neovascularization upon T4 treatment. The remaining questions need to 

be addressed in future experiments. 

The observed effects are not restricted to 3LL cells that were used in this thesis. 

Several cell lines also showed a significant alteration in cell proliferation and 

angiogenesis upon TH-stimulation in a dose-dependent manner like human non-

small cell lung cancer cells (Mousa et al., 2012), pituitary cancer cells (Barrera-

Hernandez et al., 1999), breast cancer cells (Hall et al., 2008), and prostatic cancer 

cell lines (Tsui et al., 2008). In the human non-small cell lung cancer cells, the effects 

were also reversible in the presence of Tetrac (Mousa et al., 2012). 

 

5.3.1. Tetrac counteracts T4 promoted tumor growth 

 

Tetrac, the deaminated T4 analogue, was shown to bind at the binding site S1 and S2 

within the integrin αvβ3. When the binding sites are blocked, stimulation by the TH is 

blocked and signaling by the integrin αvβ3 is inhibited (Bergh et al., 2005; Davis et al., 

2006). The observed significant increase of tumor weight and CD31+ vessels was 

gone in the presence of Tetrac although mice were treated with T4. This observation 

suggests that the integrin αvβ3 might be one of the “driver” proteins. Mice were 
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treated 3 times per week with Tetrac and 5 times per week with T4. Still Tetrac was 

able to inhibit T4-promoted tumor growth. The reason might be the affinity towards 

αvβ3 which is higher for Tetrac than for T4 (~100 fold). Tetrac is consequently able to 

displace T4 from αvβ3 (Bergh et al., 2005). 

It was also shown that the integrin αvβ3 interacts with pro-angiogenic agents like 

FGF-2 (Sahni and Francis, 2004) and VEGFR2 (Masson-Gadais et al., 2003) and 

that this effect is again gone in the presence of Tetrac (Mousa et al., 2008). In Tetrac-

treated xenografted nude mice, not only significant reduced tumor volume was 

observed but also a diminished hemoglobin concentrations indicating lower tumor 

vascularity (Mousa et al., 2012).  

Similar results were obtained regarding increased neovascularization within T4 

treated mice and significant lower CD31+ vessels when mice were treated with 

Tetrac and T4 compared to T4 alone. Furthermore, Mousa et al. showed that Tetrac 

blocks angiogenesis induced by VEGF in the chick chorioallantoic membrane (CAM) 

model (Mousa et al., 2008). 

In contrast, Carmona-Cortés et al. inoculated 3LL subcutaneously into the dorsum of 

male mice and also observed a significant tumor weight increase upon T4 treatment 

but no alteration of Hb concentration. These results indicate that no increased 

neovascularization took place in this model (Carmona-Cortes et al., 2014).  

T4 seems to promote tumor growth via the integrin αvβ3. However, the biological 

function of the TRs in the context of tumorigenesis was recently described as tumor 

suppressive (Aranda et al., 2009). The reason for this contradictory dual function of 

the THs remains unknown. 

Overall, Tetrac seems not only to regulate angiogenesis and hence tumor growth but 

to be also involved in the expression of checkpoint proteins like PD-1 (programmed 

death-1)/PD-L1 (PD-ligand 1). The PD-1/PD-L1 interaction is a crucial event in the 

tumorigenesis and is one way how cancer cells can evade T-cell activation. Recently, 

it was shown that Tetrac treatment reduces PD-L1 mRNA and protein amount in a 

colorectal carcinoma cell line even though cells were treated with T4 (Lin et al., 

2016).The therapeutic function of Tetrac needs to be elevated in clinical trials. 
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5.3.2. TH do not modulate infiltrating immune cells in an immune-competent 

orthotopic male mouse model 

 

The integrin αvβ3 is not only expressed on vessels and tumor cells but also on 

immune cells. The question rose what effect is mediated by the integrin αvβ3 within 

immune cells. First hints showed that TH somehow might modulate immune cells. 

Kinoshita et al. isolated NK cells from spleens of T3, T4 and methimazole treated 

mice and observed an immunosuppressive mode of action mediated by T4 but not by 

T3. Similar results regarding T4 were obtained by Gupta et al (Gupta et al., 1983). In 

contrast, alveolar macrophages from those mice showed higher mediated cytotoxicity 

when treated with T3 and T4 but not when treated with methimazole alone (Kinoshita 

et al., 1991). Binding of T4 to integrin αvβ3 results in activation of the MAPK-pathway, 

but the effect on immune cells is not understood.s 

To analyze the alteration of infiltrating immune within the tumor upon T4, T3 and/or 

Tetrac stimulation, certain subtypes of immune cells which express αvβ3 were 

analyzed. No difference in the composition of infiltrating immune cells was observed 

throughout the differently treated groups. In this model, TH do not have any influence 

on infiltrating immune cells. 

In sum, T4 promotes tumor growth via S2 of integrin avß3 rather by favoring 

angiogenesis than suppressing the immune system. Such effects need to be taken 

into account regarding cancer patients developing hypothyroidism upon anti-cancer 

treatment. 

 

5.3.3. Clinical relevance of T4 treatment in cancer patients 

 

The observation made in this study and in literature have indeed clinical relevance in 

the context of tumor therapy. Several targeted therapies are currently available for 

the treatment of various carcinomas. But special attention should be paid to their side 

effects. For example, Sunitinib [Sutent®] and Pazopanib [Votrient®]. Both drugs are 

tyrosine kinase inhibitors (e.g., VEGFR, PDGFR, KIT) approved by the FDA in 2010 

for tumor therapy e.g. pancreatic neuroendocrine tumors, kidney cancer and, soft 

tissue cancer. They yielded promising results in clinical trials. One of the possible 

side effects of both drugs is hypothyroidism, which is particularly common in the 
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treatment of renal carcinoma with Sunitinib and Pazopanib (Vanderpump, 2011a; 

Vanderpump, 2011b).  

Tyrosine kinase inhibitors are of course also able to block tyrosine kinase receptors 

within the hypothalamus-pituitary-thyroid axis resulting in a drop of TH concentration. 

This observation is also reported for Sunitinib-treated patients in lung carcinomas 

(Socinski et al., 2008), gastrointestinal stromal tumors (Uno et al., 2013) or 

pancreatic carcinomas (2012). Interestingly, the development of hypothyroidism 

seems to be associated with the success of the therapy.  

This “side effect” is treated by administration of T4. The results obtained in this study 

and the literature suggest that the treatment of hypothyroidism with T4 appears to be 

counterproductive since T4 could promote tumor growth. Furthermore, 

hypothyroidism seems to slow down tumor growth. 

Ultimately, therapeutic consequences need to be addressed urgently now in the 

clinics: Should hypothyroidism in tumor patients be compensated by T4 administration 

when hypothyroidism is caused by tyrosine kinase inhibitor treatment? Should 

patients be treated with T3 instead of T4? 
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6. Outlook 

 

In summary, this thesis could answer several open questions of thyroidology, but still 

many questions need to be addressed. 

The sequencing data generated in this thesis could indeed partially answer the 

question which mutations for targeted therapy can be found in ATC samples. These 

results will now help to provide novel mouse models for targeted therapy. Especially 

mutation found in ALK and NF1 might be potential targets for a subgroup of ATC 

patients. A mouse model developing an ATC requires a thyrocyte specific expression 

of target genes like ALKF1174L. 

Cross breeding with a mouse expressing thyrocytes specific CreERT2-Recombinase 

is necessary to achieve an organ specific expression of ALKF1174L. To achieve the 

thyrocyte specific expression, currently two mouse models are available like the Tg-

CreERT2 (Kusakabe et al., 2004) driven by the thyroglobulin promoter and the Tpo-

CreERT2 driven by the thyreoperoxidase promoter (Kero et al., 2007). The expression 

of the ALKF1174L would be prevented by a stop codon and poly-A-tail (hGH-pA) 

flanked by loxP sequences which can remove the CreERT2-Recombinase after 

Tamoxifen injection.  

Since three major events take place during tumorigenesis of ATC, it might be 

possible that constitutive activation of the ALKF1174L is insufficient and a second 

genetic event might be necessary like the inactivation of the endogenous tumor 

suppressor gene Trp53 or Nf1. A mouse that develops an ATC after overexpression 

of ALKF1174L would be a preclinical in vivo model to test ALK inhibitors in a large 

cohort. 

Furthermore, it would also be possible to generate a thyrocyte specific double knock-

out of the endogenous tumor suppressor genes Trp53 and Nf1 to achieve a 

preclinical mouse model developing an ATC. The relevant exons of the endogenous 

Trp53 and Nf1 will be flanked with loxP sequences that can be inducible removed by 

the Cre-Recombinase-System. 

The case report of the proposita´s, who first developed a pheochromocytoma and 

then 6 years later a MTC where routine diagnosis failed to identify a RET mutations, 

showed that the ATA guidelines were inadequate. This thesis provides a guideline 
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how the remaining MEN2 patients with no detectable mutation by hotspot sequencing 

should be analyzed. Physician should have a close look on the molecular level when 

routine sequencing fails to detect any mutations in the hotspot genes of RET. A 

multiplex PCR panel including primer for the whole sequence of RET should be 

designed. 

In this thesis, it was possible to answer the question if TH modulate tumor growth in 

vivo. Furthermore, it was shown that T4 and not T3 promotes tumor growth via integrin 

αvβ3 activation. The observed influence of TH on tumor growth needs to be analyzed 

more precisely in future experiments. First, the question should be answered which 

target cells responded to T4 stimulation. In vitro analysis of tumor cells might answer 

the question if tumor cells release proteins that favor neovascularization upon T4 

treatment (e.g. VEGF). Second, the experiments should be carried out with additional 

tumor cell lines to check if the observation is not only limited to 3LL. Also, cell lines 

should be included that do not express αvβ3 as negative control. Third, tumor cells 

should be inoculated in orthotopic organs in which a specific knock-out of αvβ3 is 

possible. This might answer the question if αvβ3 is required on blood vessels. Fourth, 

clinical trials are required to translate the findings in rodents and epidemiological 

studies. The clinical trials should be designed in a way that they can answer the 

question whether pharmacological doses of T4 promote tumor growth or if 

hypothyroidism is able to slow down tumor growth. 
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8. Appendix  

8.1 Supplementary Figures 

 

 

Supplementary Figure 1: Plasmid vector map for RET9 WT. This vector was used to create RET9 C634R and 
RET9 p505_506del by mutagenesis. 

 

 

Supplementary Figure 2: Primer design for the mutagenesis to delete glutamic acid and glycine at amino acid 
position 505 and 506 in RET9 WT. 

 

  



   Appendix 

120 
 

8.2 Abbreviations 

 

%    Percent 

3LL   Lewis Lung Cell Carcinoma 

AA   Amino acid 

AKT    Protein kinase B 

ALK   Anaplastic lymphoma kinase 

ATA   American Thyroid Association 

ATC   Anaplastic thyroid cancer 

ATRX   Alpha thalassemia/mental retardation Xlinked 

BFGF   Basic fibroblast growth factor  

BRAF   V-Raf murine sarcoma viral oncogene homolog B 

CD    Cluster of differentiation 

COSMIC  Catalogue of Somatic Mutations in Cancer 

CTNNB1  β-catenin 

DIT   Diiodo-tyrosyl-residue 

DBD   DNA binding domain 

EGLN1/PHD2 Prolyl hydroxylase domain-containing protein 2 

FFPF   Formalin-fixed paraffin embedded tissue 

EIF1AX  Eukaryotic translation initiation factor 1A, X-chromosomal 

ERK    Extracellular signal-regulated kinases 

Fig.    Figure 

FTC   Follicular thyroid cancer 

G   Grams 

GDNF   Gliant cell line-derived neurotrophic factor 

GFL   GDNF-family ligands 

GFRα   Gliant cell line-derived neurotrophic factor receptor-α 

HIF   Hypoxia-inducible factor 

H&E   Hematoxylin and eosin staining 

JNK   Jun NH2-terminal protein kinase 

KIF1   Kinesin-like protein 

LBD   Ligand binding domain 

MAPK   Mitogen-activated protein kinase 

MEN   Multiple endocrine Neoplasia 
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MIT   Monoiodo-tyrosyl residue 

MTC   Medullary thyroid cancer 

MAX   Myc-associated factor X 

NF1   Neurofibromin 1 

NGS   Next-generation sequencing 

NIS   Sodium iodine symporter 

PAX8-PPARγ1 Paired-Box-Protein 8 - Peroxisome proliferator-activated receptor 

gamma 1 

PI3K   Phosphatidylinositol-3 kinase  

PIK3CA Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit 

alpha 

PD-1 Programme death-1 

PD-L1 Programmed death ligand-1 

PDTC   Poorly differentiated thyroid cancer 

PTC   Papillary thyroid cancer 

PTEN   Phosphatase and Tensin homolog 

PTPN11  Protein tyrosine phosphatase non-receptor type 11 

PVDF   Polyvinylidene fluoride 

RAS   Rat sarcoma 

RET   Rearranged during transfection 

SDHAF2  Succinate dehydrogenase complex assembly factor 2 

T3   3,3’,5-triiodo-L-thyronine 

T4   3,3´,5,5’-tetraiodo-L-thyronine 

TMEM127  Transmembrane protein 127 

Tetrac   3,3′,5,5′-Tetraiodothyroacetic acid 

TERT   Telomerase reverse transcriptase 

TG   Thyroglobulin 

TH   Thyroid hormone 

TP53   Tumor suppressor p53 

TPO   Thyroid peroxidase 

TR   Thyroid hormone receptor 

TRH   Thyrotropin-releasing hormone 

TSH    Thyrotropin stimulating hormone 

TSHR   Thyrotropin stimulating hormone receptor 
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SDHB   Succinate dehydrogenase [ubiquinone] iron-sulfur subunit 

SDHD Succinate dehydrogenase [ubiquinone] cytochrome b small 

subunit 

SRE Serum response element 

STRN Striatin 

VHL   Von Hippel–Lindau tumor suppressor 

WT   Wild type 
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