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Abstract 
 

Thyroid cancer (TC) remains understudied when compared to other cancers, resulting in 

persistent gaps in patient risk assessment, prognostic, and management decisions. Identifying 

low-risk tumors and predicting the risk of recurrence/persistent disease, structural disease and 

disease-specific mortality remains challenging for both sporadic and familial forms of TC. 

Papillary Thyroid Carcinoma (PTC) usually presents with good prognosis, however a 

number of cases present with high aggressiveness and distant metastases. Also, the genetics 

behind Non-Syndromic Familial Non-medullary Thyroid Carcinoma (NSFNMTC) is rather 

heterogeneous and poorly understood, leaving many affected families without identified 

genetic risk loci. The establishment of clinicopathological and molecular markers is essential for 

adjusting patient management, genetic counseling and for contributing to the development of 

new therapies. Disease prevention and active surveillance are key factors in reducing aggressive 

treatments, comorbidities, invasive surgeries, and the burden to the healthcare system. 

This work aims to advance early diagnosis, risk stratification, and personalized medicine 

for thyroid cancer patients through a comprehensive study of both sporadic and familial cases. 

In a first approach, our team showed that clinicopathological factors like sex, presence 

of psammoma bodies, extrathyroidal extension, lateral compartment lymph node metastasis, 

lymph vessel invasion, venous invasion, necrosis, and incomplete surgical resection are crucial 

to predict TC outcome. We further showed that tumor molecular status also has implications in 

disease progression. We demonstrate BRAF mutation to be associated with locoregional tumor 

aggressiveness, while TERT promoter mutations are linked to structural disease and PTC-related 

mortality. Analysis of concomitant BRAF and TERT promoter mutations were shown to be 

associated with disease progression and poorer prognosis. No association between RAS 

mutations and patient worse prognosis was found. 

In our study, we also compare the outcomes of subcentimetric PTC tumors (PTC tumor 

size ≤1 cm) that were clinically diagnosed versus incidental tumors. We suggest that, for 

subcentimetric tumors, less invasive surgery and post-operative surveillance can be applied for 

low-risk malignancies. However, this work further showed that subcentimetric PTC tumors, 

although frequently being associated with favorable disease outcome, sometimes may result in 

distant metastases and PTC-related death. We explored and reported in this thesis a case report 

of a patient with a lethal subcentimetric PTC tumor that presented with aggressive 

clinicopathological and molecular markers. Hence, emphasizing that PTC prognosis should 

consider patient characteristics, histological components, molecular landscape, and the risk of 

infiltration or invasion into surrounding tissues and distant sites. 
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Familial Non-Medullary Thyroid Carcinoma (FNMTC) is still a largely unexplored disease 

and our team employed Whole-Exome Sequencing (WES) in two families (Family R and Family 

C) in order to progress in the understanding of the clinical situation. Although both families 

comprised the criteria for TC heredity (>3 first-degree relatives affected by the disease and 

diagnosis at early age), no syndromic forms of the disease were detected. Therefore, our team, 

aiming to explore the pathogenesis and genetics of NSFNMTC, by WES analysis, identified in 

these families two novel germline, possibly pathogenic, mutations in the USP42 gene in family 

R and in the KCNB2 gene in family C. Our in silico and in vitro assays demonstrate the putative 

pathogenic role of these germline mutations in NSFNMTC. To our knowledge, we describe for 

the first time mutations in USP42 and KCNB2 genes in the context of NSFNMTC 

With our in-depth exploration of sporadic and familial thyroid carcinomas we contribute 

with new data that can lead to better patient risk stratification and prognostication, as well as 

improve genetic risk assessment, providing patients with a clearer understanding of their 

specific situation and facilitate a more informed and confident decision-making process by the 

physicians. 
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Resumo  

O cancro da tiroide (CT) permanece pouco estudado em comparação com outros 

cancros, resultando em lacunas persistentes na estratificação de risco, prognóstico e tratamento 

clínico adequado a cada paciente. Identificar tumores de baixo risco e prever o risco de 

recorrência/persistência de doença, doença estrutural e mortalidade, permanece um desafio 

tanto para formas esporádicas assim como para formas familiares do CT. 

O Carcinoma Papilar da Tiroide (CPT) geralmente apresenta um bom prognóstico, no 

entanto, alguns casos manifestam alta agressividade e metástases à distância. Além disso, a 

genética por detrás do Carcinoma Não Medular Familiar da Tiroide Não Sindrómico (CNMFTNS) 

é bastante heterogénea e pouco compreendida, deixando muitas famílias afetadas sem loci 

genéticos de risco identificados. O estabelecimento de marcadores clinicopatológicos e 

moleculares é essencial para ajustar o manejo clínico do paciente, auxiliar o aconselhamento 

genético e contribuir para o desenvolvimento de novas terapias. A prevenção da doença e a 

vigilância ativa são fatores chave na redução de tratamentos agressivos, comorbidades, cirurgias 

invasivas e no encargo económico para o sistema de saúde. 

Este trabalho tem como objetivo auxiliar no diagnóstico precoce, na estratificação de 

risco e na medicina personalizada para pacientes com CT, através de um estudo abrangente de 

casos esporádicos e familiares. 

Numa primeira abordagem, a nossa equipa demonstrou que fatores clinicopatológicos 

como sexo, presença de corpos psamomatosos, extensão extratiroideia, metástases em gânglios 

linfáticos no compartimento lateral, invasão de vasos linfáticos, invasão venosa, necrose e 

resseção cirúrgica incompleta são cruciais para prever o desfecho do CT. Demonstramos ainda 

que o estado molecular do tumor também tem implicações na progressão da doença. 

Demonstramos que a mutação BRAF está associada à agressividade tumoral locorregional, 

enquanto que, as mutações no promotor da TERT estão ligadas à doença estrutural e à 

mortalidade relacionada com o CPT. A análise de mutações concomitantes BRAF e promotor da 

TERT mostrou estarem associadas à progressão da doença e a um pior prognóstico. Não foi 

encontrada nenhuma associação entre mutações RAS e um pior prognóstico do paciente. 

No nosso estudo, nós também comparamos o desfecho de tumores CPT 

subcentimétricos (tamanho ≤1 cm) diagnosticados clinicamente em comparação a tumores 

incidentais. Sugerimos que, para tumores subcentimétricos, podem ser aplicadas cirurgias 

menos invasivas e vigilância pós-operatória para malignidades de baixo risco. No entanto, este 

trabalho mostrou ainda que os tumores CPT subcentimétricos, embora frequentemente 

associados a um desfecho favorável da doença, por vezes podem resultar em metástases à 
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distância e morte relacionada com CPT. Exploramos e reportamos nesta tese um caso clínico 

com um tumor CPT subcentimétrico letal que apresentava marcadores clinicopatológicos e 

moleculares agressivos. Assim, enfatizando que o prognóstico do CPT deve considerar 

características do paciente, componentes histológicos, estadio molecular e o risco de infiltração 

ou invasão em tecidos circundantes e à distância.  

O Carcinoma Não Medular Familiar da Tiroide (CNMFT) é ainda uma doença pouco 

explorada e a nossa equipa aplicou Whole-Exome Sequencing (WES) em duas famílias (Família R 

e Família C) de forma a contribuir para o conhecimento da situação clínica. Embora ambas as 

famílias cumprissem os critérios de hereditariedade (>3 familiares de primeiro grau afetados 

pela doença e diagnóstico em idade precoce), não foram detetadas formas sindrómicas da 

doença. Assim, a nossa equipa, com o objetivo de explorar a patogénese e genética do 

CNMFTNS, através da análise WES, identificou nessas famílias duas novas mutações 

germinativas, possivelmente patogénicas, no gene USP42 na família R e no gene KCNB2 na 

família C. As nossas análises in silico e in vitro demonstram o potencial papel patogénico destas 

mutações germinativas no CNMFTNS. Dentro do nosso conhecimento, descrevemos pela 

primeira vez mutações nos genes USP42 e KCNB2 no contexto do CNMFTNS.  

Com a nossa abordagem aprofundada dos carcinomas da tiroide esporádicos e 

familiares, contribuímos com novos dados que podem melhorar a estratificação do risco e 

prognóstico dos pacientes, bem como melhorar a avaliação do risco genético, proporcionando 

aos pacientes uma compreensão mais clara da sua situação específica e facilitando um processo 

de tomada de decisão mais informado e confiante pelos clínicos.  
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CHAPTER I – INTRODUCTION 
 

The thyroid gland 
 

1.1. Anatomy and histology   
 

The thyroid is a butterfly shaped gland located in the neck, below the hyoid bone and 

anterior to the trachea (Figure 1, A) [1]. This vital endocrine organ produces hormones that play 

major roles in the human organism, being implicated in organ development, carbohydrate, lipid 

and protein synthesis, as well as body homeostasis regulation [2, 3]. 

The thyroid is divided macroscopically into 3 parts: right lobe, left lobe and the 

connective part, the isthmus (Figure 1, A) [1]. The lobes present a conical shape, with a base, an 

apex, three surfaces (lateral, medial, and posterolateral) and two borders (anterior and 

posterior). The isthmus presents two surfaces (anterior and posterior) and two borders (inferior 

and superior) [1].  

Microscopically, the lobes are composed of two endocrine cell types: follicular cells and 

parafollicular cells (C cells) (Figure 1, B). Follicular cells are cuboid cells organized in spherical 

structures, that constitute the functional units of the thyroid gland (Figure 1, B). These functional 

units, the thyroid follicles, contain a gelatinous substance in their interior, denominated colloid, 

where the thyroid hormones T3 (triiodothyronine) and T4 (thyroxine) are produced and stored. 

The colloid is mostly constituted by thyroglobulin (Tg), an acidophilic secretory glycoprotein 

(Figure 1, B) [1]. Scattered between the thyroid follicles, are present parafollicular cells which 

are derived from neural crest cells [1]. These cells secret calcitonin, a vital hormone in calcium 

regulation (Figure 1, B). These structures are held together by a delicate network of reticular 

fibers with an extensive capillary bed [4].  

 

Figure 1 - A) Anatomy and B) histology of the thyroid gland. Created with Biorender.com 
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1.2. Embryogenesis 

The thyroid is the first endocrine organ to appear during embryogenesis, at the 3rd week 

of gestation [2, 5, 6], with transcription factors such as NKX2.1, PAX8, FOXE1, and HHEX, being 

expressed at the 4th week [7]. It has two embryological origins: the primitive pharynx and the 

neural crest.  

Proliferation of endodermal epithelial cells that form a diverticulum in the pharyngeal 

floor start thyroid embryogenesis [5]. First, the embryonic thyroid develops caudal to the 

tuberculum impar (the median tongue bud) and after several stages of transformation (e.g. 

enlargement, bifurcation, lobulation), finally sets in the neck as a bilobed encapsulated structure 

by the 7th week of gestation [2, 5, 6]. The thyroid stimulating hormone receptor (TSHr) begins to 

be expressed at the 8th week of gestation [7]. The diverticulum finally descends to its final adult 

position by the 11th week of gestation and almost in its final form is already capable of producing 

colloid and uptake radioiodine (131I) [2, 5]. Genes such as SCL5A5 (which codes for the sodium-

iodide symporter – NIS), Thyroglobulin (Tg), Thyroid peroxidase (TPO) and dual oxidase (DUOX) 

genes are expressed at this stage of development [7]. 

 The histological differentiation of the thyroid gland can be divided into three stages: 

pre-colloid - which occurs between the 7th and the  13th week of gestation; colloid - which occurs 

between the 13th and the  14th week and finally the follicular stage, which occurs after the 14th 

week of gestation [2]. Interestingly, despite organ formation is completed after 11 weeks, 

fetuses continue to receive maternal thyroid hormones, which are critical for their development, 

until they are capable of producing hormones for themselves, which occurs by the 16th week of 

pregnancy [5, 8]. The fetal thyroid stimulating hormone (TSH) begins its production at the 10th 

week of gestation, although in low circulating levels, reaching its peak at week 30 [7]. However, 

already in week 20, the TSHr is already sensitive to fetal TSH. Levels of T4 are described to be 

detected at the 18th week of gestation, reaching its peak between the 34th and 36th weeks [7]. 

It is important to note that full maturation of the thyroid gland is only achieved 30 days 

after birth, when TSH and T4 levels in the blood are at similar concentration as in adults [7]. 

 

1.3. Thyroid hormones: function, regulation, and synthesis 
 

1.3.1. General overview of thyroid hormone function: 

The thyroid hormones T3 and T4, perform fundamental roles in orchestrating a multitude of 

physiological functions.  

The receiving and further production of thyroid hormones brings great implications in the 

development of the brain of fetuses and newborns, continuing to have major implications during 
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growth and throughout lifetime [9]. T3 and T4 hormones have been shown to impact neuronal 

and glial cell differentiation and migration, synaptogenesis, and myelination [9]. The lack of 

hormone was shown to result in neurocognitive impairment and retardation [9]. Even a slight 

reduction in maternal T4 production during gestation is sufficient to impair cognitive 

development in the newborn and result in decreased IQ in an irreversible manner [10-12]. In 

adults, the lack or excess of hormone production also brings great consequences that will be 

further explored in this thesis [5, 13]. Hormone fluctuations can influence mood, cognition, and 

mental well-being, being associated with mental disorders such as depression and anxiety [14, 

15]. T3 and T4 also stimulate the breakdown of carbohydrates, proteins, and fats, fostering 

energy production for various bodily activities [16]. Regulation of body temperature and 

thermogenesis is also regulated by thyroid hormones [17]. By affecting heart rate, contractility, 

and blood pressure, these hormones have also been shown to be important for the 

cardiovascular system [5]. Dysregulation of thyroid hormones can also contribute to a spectrum 

of conditions from menstrual irregularities and infertility, both in men and women [18, 19]. 

Beyond these, proper levels of T3 and T4 play a role in skin texture, hair growth, bone density, 

and the overall balance of endocrine functions in the body [20-22].  

 

1.3.2. Thyroid hormone regulation – The Hypothalamus-Pituitary-Thyroid axis 

The Hypothalamus-Pituitary-Thyroid (HPT) axis is a complex hormonal system that 

regulates the function of the thyroid gland and the synthesis of thyroid hormones (Figure 2). 

The process begins in the hypothalamus, which produces the Thyrotropin-Releasing Hormone 

(TRH), under a feedback mechanism, when receiving signals that thyroid hormones are in low 

levels in the blood (Figure 2, A). TRH stimulates the pituitary gland to produce TSH (Figure 2, B), 

which then enters the blood stream and reaches the thyroid gland (Figure 2, C-D). TSH 

recognizes TSHr, a G-protein-coupled seven-transmembrane receptor, that locates at the 

basolateral membrane of follicular cells [23]. In response to TSHr activation, a series of molecular 

mechanisms are activated inside the follicular cells, leading to the production and storage of T3 

(20%) and T4 (80%) hormones in the colloid  (Figure 2, E), that are later released into the blood 

stream (Figure 2, F) in order to reach cells (Figure 2, G) and resulting in the transcription and 

activation of target genes (Figure 2, H). When the circulating levels of T3 and T4 are high, the 

negative feedback mechanism is activated, resulting in the inactivation of TSH and TRH hormone 

synthesis (Figure 2, I-J). The tight regulation of this system allows to keep homeostasis [5, 24, 

25].  
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Figure 2 - The Hypothalamus-Pituitary-Thyroid (HPT) axis - regulation of T3 and T4 thyroid hormone synthesis. 
Created with Biorender.com 

 

1.3.3. Thyroid hormone synthesis in follicular cells: the major role of iodide (I-) and the 

sodium-iodide symporter (NIS) 

The synthesis of thyroid hormones is dependent on the capacity of the follicular cells to 

incorporate iodide (I-), the limiting component for the hormone synthesis [26]. In fact, the ability 

of the thyroid to accumulate I- has long provided the diagnostic and therapeutic tools for the 

management of thyroid diseases, in particular thyroid cancer (TC) [27]. In 1896, Baumann 

described for the first time that the thyroid gland concentrates I- by a factor of 20-40 times with 

respect to plasma under physiological conditions [28]. In 1996, the Sodium-Iodide Symporter 

(NIS), which mediates I- uptake in follicular cells was first cloned in rats (X. laevis oocytes) using 

cDNA libraries derived from FTRL-5 cells and then in humans by Smanik and colleagues [29, 30]. 

I- deficiency can often bring great consequences in human health since it affects the 

production and concentration of thyroid hormones, as previously described (Chapter 1.3.1) [12]. 

Ion channels and transporters rarely function in isolation, instead, they often regulate each 

other (Figure 3) [12]. The major determinants of I- retention in follicular cells are NIS mediated 

I- uptake, organification and efflux [31].  

When reaching the thyroid parenchyma through the blood stream, TSH binds to TSHr, 

activating the cAMP Signaling Pathway, through G protein-coupled receptor (GPCR) signaling 
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(Figure 3) [31]. Then, cAMP activates protein kinase A (PKA) that activates NIS transcription [10, 

26, 32]. Upon activation, and in normal conditions, NIS imports I- together with 2 Na+ ions (Figure 

3). This transport is permitted by the gradient created by the Na+/K+ ATPase that exports 3 Na+ 

ions from the cell, followed by the import of 2 K+ ions (Figure 3) [31]. The excess of K+ ions creates 

a hyperpolarization of the cell membrane, activating potassium channels to export K+ ions to the 

exterior of the cell. Disruption of this chemical balance could be sufficient to impair NIS function, 

even though no mutations in NIS are present [33]. Even though some NIS mutations have been 

reported in the literature, these seem little relevant for the study of iodine deficiencies [34, 35]. 

Interestingly, NIS presents a very low affinity for I-, which increases 10 times when the 2 Na+ 

molecules bind to the transporter. Almost 80% of NIS proteins are occupied with 2 Na+ ions, 

enabling an efficient I- transport [36].  

Also important for maintaining the membrane potential, at the apical membrane, pendrin 

(SLC26A4), an 1:1 electroneutral iodide/chloride, iodide/bicarbonate, and chloride/bicarbonate 

exchanger), and another yet unidentified transporter, mediate I- efflux to the colloid (Figure 3) 

[37]. Thyroid peroxidase (TPO), using hydrogen peroxide (H2O2) generated by the 

DUOX2/DUOXA2 system (NADPH oxidase complex of dual oxidase 2 and dual oxidase 

maturation factor 2, respectively) mediates the oxidation, organification and coupling reaction 

between tyrosine residues, Tg and I- that result in the synthesis of T3 and T4 (Figure 3). Of note, 

TPO has no biological activity in the absence of H2O2 which is likely to be the limiting factor for 

Tg iodination when I- supply is normal [10, 27].   

Iodinated Tg is taken into the cell by micro- and macropinocytosis and digested in lysosomes. 

Monoiodotyrosine (MIT) and diiodotyrosine (DIT) are dehalogenated by DEHAL1 (iodotyrosine 

dehalogenase 1) and together with Tg and I- are recycled for new organification processes 

(Figure 3). T3 and T4 are excreted via the monocarboxylate channel MCT8 (SLC16A2) and other 

transporters [31, 34, 38, 39].  

Importantly, NIS can be regulated by several pathways. TSH is the primary regulator of NIS 

in the thyroid, modulating its expression and function through transcriptional and post-

transcriptional events [40, 41]. TSH increases NIS transcription, modulates its half-life (5 days in 

the presence of TSH and 3 days in its absence) and also regulates its targeting and/or retention 

in the plasma membrane and its phosphorylation status at the carboxy terminus [42-45]. Other 

main regulator of NIS expression is I- itself [31]. High concentration of I- blocks T3 and T4 

synthesis via inhibition of organification (Wolff-Chaikoff effect) [46]. Escaping this effect will lead 

indirectly to decreased NIS gene transcription, increased NIS protein degradation and decreased 

activity [39]. 
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Figure 3 - Thyroid hormone synthesis by thyroid follicular cells and cellular homeostasis maintenance. Created with 
Biorender.com 

 

Tg can also regulate NIS, being proposed to explain the morphologic heterogeneity of the 

thyroid follicles and its differential expression of thyroid genes, such as decrease in NIS, TPO and 

DUOX [47, 48]. The Transforming Growth Factor-β (TGF-β) has also been shown to downregulate 

I- transport, inhibiting mRNA expression of TSHr, TPO, NIS, Na+/K+-ATPase and Tg [49, 50]. 

Insulin-like growth factor 1 (IGF-1) affects thyroid hormone synthesis by downregulating the 

expression of NIS  and cytokines, such as TNF-α and IL-1 that were shown to inhibit NIS mRNA 

[51, 52]. Another downregulator of NIS is estradiol, which could explain why women present a 

higher incidence of hypothyroidism and cancer [39, 53, 54]. This hypothesis is still controversial. 

A recent study by Yuk et al. (2022) hypothesized that I- deficiency leads to increased estrogen 

activity in women, resulting in increased risk for uterine fibroids and thyroid dysfunction [55]. 

Yet another recent study by Xu et al. (2023) found no difference in thyroid function of post-

menopausal women receiving menopause hormone therapy [56]. Estradiol has also been shown 

to upregulate Tg synthesis [54].  

NIS glycosylation was also demonstrated to modulate both NIS membrane translocation and 

function, through cAMP-mediated glycosylation [57]. 

NIS is predicted to be composed of 13 transmembrane segments, an extracellular N-

terminal region and an intracellular carboxy terminus, passive of being phosphorylated. In the 
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thyroid cell, the carboxy terminus faces the lumen [27, 31]. A total of 275 organisms have been 

described to present NIS orthologs, such as dogs and zebrafish [58]. This transporter is expressed 

in stomach and intestine for I- absorption, which is then cleared by the kidney and thyroid gland, 

which storages most I-. NIS is also present in the lacrimal sac, choroid plexus and salivary glands. 

Additionally, in the placenta, NIS is expressed in the apical membrane of cytotrophoblasts, being 

later expressed in lactating breast tissue to provide I- to the infant [10, 12].  

 

 

Thyroid disorders 

Thyroid disorders comprise a group of distinct illnesses, from autoimmune disorders to 

tumors [5].  

The most prevalent are hypothyroidism, which is characterized by a reduced concentration 

of T3 and T4 and hyperthyroidism, which results in the excessive production of the same 

hormones. Both these conditions can result from autoimmune disorders, namely Hashimoto’s 

thyroiditis, and Grave’s disease, respectively [59]. 

 

1.4. Hashimoto’s Thyroiditis  

Hashimoto’s Thyroiditis (HT) is a chronic inflammatory condition in which the immune 

system produces antibodies against follicular cells [60, 61]. HT is one of the most common 

autoimmune diseases in humans, being the main cause of hypothyroidism and goiter worldwide 

[60, 61]. The gradual destruction of the thyroid tissue will further lead to insufficient thyroid 

hormone production (hypothyroidism). Patients with HT often presented higher levels of 

circulating TSH [15, 62]. This illness is clinically evident in only 0.1-2.0% of the population, being 

subclinical in 10-15% [63]. HT is eight times more frequent in women than in men, reaching a 

pick of incidence between the 45 and 55 years of age [63, 64]. Common symptoms of 

hypothyroidism include fatigue, weight gain, difficulty in paying attention or executing tasks, 

cognitive impairment, altered sexual drive, overall reduction in the quality of life, anxiety, and 

depression disorders [15, 65-67]. Treatment often includes hormone therapy (LT4 - 

levothyroxine) [15].  

 Other inflammation conditions in thyroid are, for instance, painless postpartum 

thyroiditis and painless sporadic thyroiditis however, contrary to HT, these conditions are 

subacute rather than chronic [61, 68]. 
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1.5. Grave’s disease  

Grave’s disease (GD) is a chronic illness characterized by antibody-mediated overstimulation 

of the thyroid gland, leading to excessive production of thyroid hormones (hyperthyroidism). 

Antibodies that mimic TSH are produced by the immune system causing a continuous 

stimulation of the hormone synthesis cascade (Figure 3). Symptoms include lack of 

concentration, irritability, sweating, weight loss, rapid heart rate, and anxiety. GD often presents 

with follicular nodular disease (FND) and may be associated with eye comorbidities, known as 

Graves' ophthalmopathy [5, 59, 69]. Treatment includes antithyroid drugs, radioiodine therapy 

and thyroidectomy [69, 70]. 

 

1.6. Sporadic thyroid tumors: from benign to malignant nodules 
 

1.6.1. Epidemiology 
 

TC in the most common endocrine malignancy worldwide and its incidence has been 

increasing over the past decades [71]. TC ranks as the 9th most incident cancer worldwide and 

as 24th in mortality [72]. Incidence varies per geographical region, with higher incidence in more 

developed countries for both genders but generally showing a 3-fold difference in incidence 

between females and males (3:1 ratio) [72, 73].  

High-income Asian countries present the highest numbers of diagnosed TC cases, which may 

be due to overdiagnosis resulting from high surveillance [74]. In Portugal, a study by the National 

Cancer Registry (Registo Oncológico Nacional - RON) demonstrated that between the 1989 and 

2009, TC incidence increased over 8% in both men and women in the northern region per year 

[75]. Hence the need to better comprehend this illness at the clinicopathological and molecular 

level. 

Regarding age at diagnosis, most studies describe a “bell-like” shaped curve, beginning at 

the end of adolescence and peaking at the ages of 55 in women and 65 in men, declining with 

older age [76, 77]. Other studies suggest a bimodal distribution with two peaks, one before the 

3rd decade of life and other after the 7th decade [78, 79]. 

Despite TC incidence continuous increase over the years (and is yet predicted to continue to 

increase), TC related mortality has remained stable over the years 

(https://seer.cancer.gov/statfacts/html/thyro.html, accessed in December 2023). 

 
 
 
 

https://seer.cancer.gov/statfacts/html/thyro.html
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1.6.2. Etiology 
 

TC risk factors can be subdivided into two main groups: non-modifiable and modifiable risk 

factors [73]. Non-modiafiable risk factors are essentially related to gender and inherited genetic 

traits and family clusters that might predispose for thyroid disease. These will be further 

elaborated in subsequent sections of this thesis. Modifiable (or potentially modifiable) risk 

factors are those in which the individual may intervene or modify its behavior [73], which will 

now be addressed: 

 

1.6.2.1. Exposure to ionizing radiation 

The most well studied risk factor for TC is exposure to ionizing radiation during childhood 

[72]. The first association was reported in 1950, and has been consolidated over time, especially 

with data from World War II bombing of Hiroshima and Nagasaki and from the Chernobyl 

incident in 1986 [80, 81]. More recent data from the Fukushima earthquake and tsunami that 

hit the nuclear power plant, further infer that TC and its outcome is dose-dependent [82].  

 

1.6.2.2. Incidental findings - Overdiagnosis 

Overdiagnosis is defined as the “diagnosis of a condition that would not have caused harm 

to the individual over their lifetime if left undetected” [73]. In virtue of the evolution of imaging 

techniques in the medical field (e.g. ultrasound, MRI, CT scan), many subclinical thyroid nodules 

were detected. Between 1998 and 2012 there was a 3-4-fold increase in thyroidectomy surgeries 

[83]. Most detected nodules were indolent – non-palpable and asymptomatic. Furthermore, 

several studies show that occult TCs are prevalent upon autopsy on death by other causes [76, 

84, 85].  This might point out that in fact a great number of cancer cases are being overdiagnosed 

and overtreated [83].  

However, the hypothesis of incidental findings explaining the large increase of TC incidence 

has some limitations. Although the incidence of other cancers has also been increasing, we fail 

to observe such abrupt increase as we see for TC, despite high surveillance, extensive use of 

imaging techniques and biomarker identification [72, 86]. This leads to the belief that we might 

be searching for a thyroid specific cause. Additionally, for overdiagnosis to be the only 

explanation of incidence increase, it would be expected a more prominent decrease in the 

incidence of advanced stage and large thyroid carcinomas, which was not observed. Plus, a 

higher incidence of TC, would lead to an increase in TC-specific mortality. However, TC-specific 

mortality remained stable over the years [86, 87]. 
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1.6.2.3. Iodide intake 

Iodine deficiency was recognized as a major cause of morbidity in human an animal 

population around the globe, particularly in Europe and Southeast Asia. Already in the 19th 

century it was recognized that I- deficiency was associated with FND, development delay and 

irreversible mental retardation in children in several worldwide countries [88, 89]. Both I- deficit 

and excess have been described to be associated with FND, Follicular Thyroid Adenomas (FTA), 

HT, GD, and TC [68, 90].  

The diet is the only source of I- and the current recommended daily dosage of I- is of 150 μg 

for healthy adults, 220 μg during pregnancy and 290 μg during lactation [88, 91]. Between 70-

80% of dietary I- is stored in the thyroid gland [12, 39].  

Political actions have been taken to decrease I-
 deficiency through salt iodization programs. 

In 1994 WHO and UNICEF officially recommended salt iodization as the main strategy to 

eliminate I- deficiency [88, 92]. Other sources of I- are sea water, fish, milk, and infant formula 

[93]. It has been reported however, that excess I- can also be harmful in humans and other 

animals [94]. It seems that I- concentration correlation with thyroid illness can be represented in 

a U-shaped curve [90]. 

In mice studies, association between I- excess and autoimmune disease has been 

demonstrated. The same study stated that I- enhances disease in a dose-dependent manner and 

further explored the possible mechanisms by which I- incorporation in Tg may increase its 

antigenicity and promote inflammation [95]. 

The prevalence of FND, as well as thyroid nodules has been reported to be higher in I- 

deficient populations [96]. Of note, while in I-  rich regions, Papillary Thyroid Carcinoma (PTC) is 

the most prevalent histotype, in I-  deficient regions, Follicular Thyroid Carcinoma (FTC) seems 

to be more prevalent [97]. Iodine prophylaxis in a FND endemic area in Poland was shown to 

cause a shift from FTC to PTC tumors [98]. Furthermore, animal studies, such as the one 

conducted by Yamashita et al. (1990), exclusively detected PTC in animals that were provided 

with an iodine-enriched diet [99]. Hence, I- concentration might not only influence the incidence 

of TC but also impact the tumor’s histology [97]. Importantly, mice studies indicate that when in 

the condition of I- deficiency or excess, only mice exposed to carcinogens or radiation developed 

tumors [100]. This seems to indicate that I- concentration may be a carcinoma promoter but not 

an initiator [96]. 

Interestingly, high I- intake was previously associated with the highly prevalent BRAF V600E 

mutation in PTCs [101]. However, a study by Vuong et al. (2016) comparing TC in an iodine-rich 

region in Japan and an iodine-deficient region in Vietnam, found no differences in the tumor at 
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a molecular level, stating that I- concentration does not impact on the occurrence of BRAF and 

RAS point mutations, as well as RET/PTC translocations [102]. 

 

1.6.2.4. Environmental pollutants 

Environmental pollutants have been in the spotlight when it comes to study the higher 

incidence of all cancers that we have witnessed over the years [72, 103]. A systematic review 

conducted by our group, evaluating the effect of endocrine disrupting chemicals on endocrine 

cancer tumorigenesis, showed that the thyroid gland was the endocrine organ with a higher 

number of studies showing a positive correlation for cancer risk (67%) [104] (APPENDIX – 

ARTICLE VI). Even though most studies focus on the effects of pesticides, flame retardants and 

Polychlorinated Biphenyls (PCBs), exposure to phthalates showed higher risk for TC 

development [104], with exposure to DEHP and MEHP metabolites showing 14 and 16 times 

increased risk, respectively [105, 106].  Also, the anion ClO4−, an environmental pollutant, 

previously known as a competitive inhibitor of NIS and that is actively transported by NIS as a 

substrate, may compromise thyroid normal function [107]. 

 

1.6.2.5. Other risk factors 

Female gender presents increased risk of thyroid disease. Alcohol consumption and smoking 

are habits also associated with thyroid carcinogenesis [108]. High body mass index (BMI) and 

obesity have been strongly correlated with TC [73, 109]. In fact, higher weight and adiposity 

were shown to be associated with more aggressive forms of the disease and even TC-related 

mortality [110]. Autoimmune conditions such as HT and GD, due to their inflammatory 

condition, were also indicated to promote carcinogenesis [108]. Estrogen also seems to play a 

role in TC. This may explain why females are more predisposed for the disease. However, the 

mechanisms behind this correlation are still unclear [111].  

 

1.6.3. Tumor Histotypes 
 

Tumor histotypes will be presented according to the 2022 WHO classification of 

thyroid tumors (5th edition) [112-114].  

Thyroid tumors may originate in two cell types that compose the thyroid gland (Figure 4, A). 

Medullary thyroid carcinoma is the only tumor that originates solely from parafollicular cells, 

however, tumors rising from follicular cells may be divided into three major groups: benign 

lesions, low-risk neoplasms, and malignant thyroid neoplasms (Figure 4, A) [112-114]. (Of note: 
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Mixed medullary and follicular cell–derived carcinomas rise from both thyroid cell types, 

although being a rare entity, with less than 60 cases reported in the literature [115]). 

 

 
Figure 4 - Histologic subtypes of thyroid tumors. A) Thyroid tumors major groups and origin cell type. B) Further 

subdivision of thyroid tumors originated in thyroid follicular cells. Created with Biorender.com 

 

1.6.3.1. Benign lesions 

Benign lesions of the thyroid gland comprise Follicular Nodular Disease (FND), previously 

designated as multinodular adenomatous goiter, Follicular Thyroid Adenoma (FTA), FTA with 

Papillary Architecture, previously known as papillary adenomatous/hyperplastic nodule and 
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Oncocytic Adenoma (OA) (Figure 4, B, I). Usually, FTA with Papillary Architecture tumors are 

associated with thyroid hyperfunction, appearing as warm nodules in thyroid scans [115].  

 

1.6.3.2. Low-risk neoplasms  

Low-risk neoplasms of the thyroid comprise Non-Invasive Follicular Thyroid neoplasm with 

Papillary-like nuclear features (NIFTP), Well-Differentiated Tumors of Uncertain Malignant 

Potential (WDT-UMPs), Follicular Thyroid Tumors of Uncertain Malignant Potential (FT-UMPs) 

and Hyalinizing Trabecular Thyroid Tumors (HTT) (Figure 4, B, II). These tumors are classified 

regarding their pathological features and molecular profile, which reflects their clinical behavior, 

which is benign-like, despite having a risk to progress to invasive (malignant) tumors. NIFTP is a 

non-invasive follicular neoplasm that presents PTC atypia, and that is rarely associated with 

lymph node metastases (LNM), being classified as a low-risk neoplasm (Figure 4, B, II). NIFTP 

presents very low risk of recurrence and an excellent prognosis [116]. Tumors of Uncertain 

Malignant Potential (UMPs), are those in which despite throughput analysis of the tumor, the 

existence of capsular and/or vascular invasion is equivocal, therefore these tumors require 

vigilance and new assessment [113]. Given that the risk of progression in low, less aggressive 

treatment is recommended for low-risk neoplasms [113, 117]. 

 

1.6.3.3. Malignant Thyroid Neoplasms 

Given that this thesis centers around malignant thyroid neoplasms, these will be more 

extensively explored in this subchapter: 

Malignant thyroid neoplasms present a broad spectrum of histologic subtypes, from 

differentiated lesions: Papillary Thyroid Carcinoma (PTC), Follicular Thyroid Carcinoma (FTC), 

Invasive Encapsulated Follicular Variant of Papillary Thyroid Carcinoma (IEFV-PCT), Oncocytic 

Thyroid Carcinoma (OCA), and Differentiated High-Grade Thyroid Carcinoma (DHGTC); to less 

differentiated or undifferentiated lesions: Poorly-Differentiated Thyroid Carcinomas (PDTC) and 

Anaplastic Thyroid Carcinomas (ACA) (Figure 4, B, III). 

FTC, IEVF-PTC and OCA are usually encapsulated lesions, and according to the extension of 

invasion can be further classified into minimally invasive (capsular invasion only), encapsulated 

angioinvasive and widely invasive [112, 113]. Minimally invasive tumors are categorized as low-

grade, and surgical removal alone may suffice for treatment approach, while angioinvasive and 

widely invasive tumors may require complete thyroidectomy and adjuvant therapy to prevent 

loco-regional recurrence and/or distant metastasis (DM) [112]. [This subchapter is extensively 
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explored in the APPENDIX - BOOK CHAPTER: Pathobiology, morphology and clinical significance 

of minimally invasive thyroid neoplasms]. 

Papillary Thyroid Carcinoma (PTC), Differentiated High-Grade Thyroid Carcinoma (DHGTC), 

Poorly-Differentiated Thyroid Carcinomas (PDTC) and Anaplastic Thyroid Carcinomas (ACA) are 

cancers with a clear infiltrative/invasive behavior [112, 113]. 

 

1.6.3.3.1. Papillary Thyroid Carcinoma (PTC) 

Classic PTC is composed of well-formed papillae in which tumor cells show specific nuclear 

features (PTC atypia): enlargement of the nucleus with clear nucleoplasm, peripheral 

concentration of the chromatin and irregular nuclear shape, resulting in cytoplasmic 

pseudoinclusions [112]. In PTC, the presence of lymphatic invasion is common, often resulting 

in lymph node invasion, while vascular invasion is less common. Due to multifocality and the 

presence of local invasion, PTC recurrence is high, reaching 35% of all cases [118].  

PTC accounts for up to 85% of all TC diagnoses, being the most common TC [118]. It seems 

to be the most prevalent histotype in I- rich regions [97].  

PTC may be subclassified into different subtypes, with differential characteristics, growth 

pattern, prognosis, and molecular profile. Over 15 histopathologic PTC subtypes have been 

described [119] but in this subchapter we will approach only the most common: 

 

1.6.3.3.1.1. Infiltrative Follicular Variant PTC (IFV-PTC) 

IFV-PTC presents with follicular growth, lacking the common PTC papillae presentation. 

However, the nuclei atypia of PTC is present. This subtype is also characterized by the presence 

of psammoma bodies and fibrosis [112]. Sometimes, small papillae may be found [112]. IFV-PTC 

is classified as a BRAF-like tumor, similar in behavior to classic PTC [116, 120]. 

 

1.6.3.3.1.2. Tall cell PTC 

Tall cell PTC is diagnosed when more than 30% of tumor cells are columnar, present a height 

2-3 times its width, and the nuclei atypia of PTC is present [112, 121]. This subtype is more 

common in older patients and is associated with higher aggressiveness and higher mortality risk, 

when comparing to classic PTC, being itself a prognostic factor in TC [112, 121].  

 

1.6.3.3.1.3. Columnar cell PTC 

Columnar cell PTC is a rare and aggressive subtype of PTC characterized by columnar cells 

that present PTC nuclear atypia and a mixed morphology of papillae and follicles [112, 122]. An 
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eosinophilic cytoplasm and subnuclear vacuoles are characteristic of this subtype [112]. 

Tendency for invading the surrounding tissues and poor prognosis has been described [122]. 

 

1.6.3.3.1.4. Hobnail PTC 

The Hobnail PTC is characterized by tumors with a papillary or micropapillary growth pattern 

that present ≥ 30% hobnail cells, meaning tumors cells of abundant cytoplasm and enlarged 

nuclei that is pressured into the apical surface of the cell (high nuclei/cytoplasm ratio) [112, 123]. 

This complex subtype is more frequent in women and associated with higher mortality and 

worse prognosis [123]. 

 

1.6.3.3.1.5. Solid PTC 

Solid PTC (or Trabecular PTC) is characterized histologically by nests of tumor cells that can 

be solid, trabecular and insular [112, 124]. Solid PTC is rather similar to PDTC, however, 

maintaining the nuclear atypia of PTC and lacking the presence of high grade features [112, 124]. 

This subtype is rare and indicated as associated with higher risk of local metastases and DM, 

presenting poorer prognosis when comparing to classic PTC [125]. 

 

1.6.3.3.1.6. Diffuse sclerosing PTC 

Diffuse sclerosing PTC is another rare subtype of PTC that is characterized by affecting a 

large area of the thyroid, sometimes being present in both lobes (bilateral disease) [112, 119]. 

It is more common in women and at young age (< 30 years) [119]. Dense sclerosis, abundant 

psammoma bodies, fibrosis and lymphocytic infiltration are common findings on histologic 

evaluation [112, 119]. Association with HT has been reported in up to 75% of the cases [119]. 

 

1.6.3.3.1.7. Warthin-like PTC 

Warthin-like PTC presents papillary growth, with the papillae lined with oncocytic cells [112, 

126]. This subtype is more common in middle-aged women and is characterized by marked 

infiltration of lymphocytes and plasma cells [112, 126]. It is often associated with thyroiditis 

[126]. The outcome of Warthin-like PTC is similar to that of classical PTC, not being associated 

with tumor aggressiveness or worse outcome [126]. 

 

1.6.3.3.1.8. Oncocytic PTC 

Oncocytic PTCs, previously designated as “Hürthle cell” carcinomas, are characterized by 

papillary growth and over 75% of oncocytic tumor cells [112]. Over the years, the different 
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classifications attributed to oncocytic tumors, lead to misconceptions regarding this entity, since 

all tumors with over 75% of oncocytic tumor cells were grouped as “Hürthle cell” carcinomas 

[127]. This included OCAs and even PDTCs, which can explain why patient prognosis and therapy 

response analysis differed so markedly across studies [127]. The most recent WHO classification 

has allowed to group these tumors according to their clinicopathological risk, allowing a better 

clinical management [112, 113]. 

 

Of note, PTC ≤ 1 cm were frequently incidental cases, and presenting good prognosis. 

Previously to the 2022 WHO update, PTC ≤ 1 cm were grouped as an independent subtype: 

papillary microcarcinoma (mPTC). However, some cases of mPTC were highly metastatic and 

aggressive, leading to DM and PTC-related mortality. Therefore, in the 5th edition of the WHO 

classification of thyroid neoplasms, these tumors are no longer grouped by size in a subtype of 

PTC, but rather evaluated by their histopathologic characteristics, invasiveness and 

aggressiveness [112]. In this thesis, we will present a study evaluating subcentimetric PTC 

prognosis between cases that were clinically diagnosed and those that were incidental findings 

(ARTICLE III). We will also present an example of an aggressive case of lethal papillary 

“microcarcinoma”, now designated subcentimetric PTC (ARTICLE IV). 

 

1.6.3.3.2. Follicular Thyroid Carcinoma (FTC) 

FTC is a differentiated malignant epithelial tumor that accounts for approximately 10% of all 

TCs [128, 129]. FTC presents a follicular growth pattern, ranging from small-to-medium-sized 

follicles, while lacking the nuclei features of PTC [129, 130]. Solid or trabecular growth patterns 

can also be present [129]. This histotype seems to be more frequent in I- deficient areas [95].  

Despite presenting a good prognosis, 20-30% of FTC cases show vascular invasion, local 

recurrence and DM, being associated with poorer prognosis [130, 131]. Histologically, FTC is 

similar to FTA, what distinguishes both entities is the presence of invasion (capsular and/or 

angioinvasive) in FTC, which also determines disease prognosis [130].  

 

1.6.3.3.3. Invasive Encapsulated Follicular Variant of Papillary Thyroid Carcinoma (IEFV-

PCT) 

The new WHO classification has brought to light some TC subtypes that despite histologically 

similar, showed rather different prognosis, and allowed to better group this entities regarding 

their risk, invasion and clinical behavior [112, 113]. The distinction between FTC and IEFV-PCT is 

based on nuclear morphology, since IEFV-PCT presents PTC nuclear atypia [112]. IEFV-PTC is an 



17 
 

invasive tumor that can be further classified as minimally invasive, encapsulated angioinvasive 

or widely invasive, falling in the category of malignant tumor [112, 120, 132]. This entity was 

shown to present higher recurrence and metastatic potential [120]. However, IEFV-PTC presents 

better prognosis than IFV-PTC, that behaves more similarly to classic PTC [120, 132]. Another 

distinction between IEFV-PTC and IFV-PTC is their molecular profile, since IEFV-PTC is a RAS-like 

tumor and IFV-PTC is a BRAF-like tumor [116]. 

 

1.6.3.3.4. Oncocytic Thyroid Carcinoma (OCA)  

OCA is an invasive tumor that is composed of at least 75% of oncocytic cells [112]. Oncocytic 

cells are composed of abundant granular eosinophilic cytoplasm, that results from the 

accumulation of altered mitochondria. OCA presents capsular and/or vascular invasion and is 

absent of high-grade features [tumor necrosis and/or high mitotic grade (≥ 5 mitosis/2mm2)] 

[109, 110]. OCA can be further classified into minimally invasive (capsular invasion only), 

encapsulated angioinvasive and widely invasive [109, 110]. This subtype is the malignant 

counterpart of OA and is more frequent in women, representing 3-5% of all TC cases, and tends 

to develop DM [133]. At diagnosis, up to 27% of the cases show DM at diagnosis, which relates 

to an association with extensive vascular invasion [109, 110]. 

 

1.6.3.3.5. Differentiated High-Grade Thyroid Carcinoma (DHGTC) 

DHGTC can be comprised of PTC, FTC or OCA tumors that despite also presenting a 

differentiated histology, are classified as high-grade given the presence of tumor necrosis and/or 

high mitotic grade (≥ 5 mitosis/2mm2), which has been associated with poorer prognosis [112, 

113]. DHGTC tumors present either PTC-related nuclear atypia or a follicular growth pattern, not 

falling in the PDTC category (Figure 4, B, III) [113].  

 

1.6.3.3.6. Poorly-Differentiated Thyroid Carcinomas (PDTC) 

PDTC diagnosis is made according to Turin criteria: (1) presence of a solid/trabecular/insular 

growth pattern, while in the (2) absence of the conventional nuclear features of PTC and (3) at 

least one characteristic of poor prognosis - convoluted nuclei; > 3 mitoses per 2 mm2, and tumor 

necrosis [112, 113, 134]. PDTC comprises a small subset of thyroid tumors, representing 3-5% of 

all TC [135]. Given its loss of tumor differentiation and aggressiveness, it contributes significantly 

to TC-related death (Figure 4, B, III) [134]. 
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1.6.3.3.7. Anaplastic Thyroid Carcinomas (ACA) 

ACA is the most aggressive subtype of TC, comprising less than 2% of all cases [136] (Figure 

4, B, III). Despite rare, this disease presents with rapid growth and high metastatic rate [137]. 

DM are usually present at diagnosis [136]. ACA is undifferentiated but some characteristics such 

as: squamous morphology, giant cells, and pleiomorphic morphology can be found [137]. Due 

to its rapid and highly lethal behavior, ACA usually requires multimodal therapy: excisional 

surgery (whenever possible), radiation therapy, chemotherapy and/or targeted therapy, namely 

Tyrosine Kinase Inhibitors (TKI) [137]. 

 
 

1.6.4. Thyroid Cancer Staging  

TC treatment is dependent on TC staging and prognosis. TC staging can be performed 

according to several guidelines. The TNM staging evaluates tumor size as well as the presence 

and number of LNM and DM [138]. TNM classification and age are considered for patient staging 

and tumor classification by the American Joint Committee on Cancer (AJCC) guidelines, which 

allows a good communication between clinicians worldwide [139]. 

In 2015, the American Thyroid Association (ATA) published the guidelines for management 

of differentiated thyroid neoplasms [140]. ATA guidelines present recommendations for the 

management of differentiated TC depending on tumor and patient characteristics, colleting the 

overall knowledge obtained over the years [140]. The guidelines cover clinical and ultrasound 

criteria for fine-needle aspiration biopsy (FNAB), molecular markers, staging, surgery, 

radioiodine therapy, thyrotropin suppression therapy, surveillance, and management of 

recurrent and metastatic TC [140]. 

 

1.6.5. Thyroid Cancer Treatment 

According to the ATA guidelines, standard treatment for TC usually comprises surgery, that 

may be the complete removal of the thyroid gland (total thyroidectomy) or partial removal 

(hemithyroidectomy, when only one lobe is excised), in some cases followed by radioiodine (RAI) 

ablation of remnant thyroid tissue using 131I [140, 141]. For low-risk patients, the ATA guidelines 

establish that active surveillance is now an option within standard treatment [142].  

RAI is possible given NIS’s ability to uptake 131I [143]. Inside the follicular cell, 131I decays, 

emitting β-radiation with a mean tissue penetration of 1 mm and γ-radiation which presents a 

deeper penetration capacity, being visualized in scintigraphy. Preserved NIS expression and 

functionality allows RAI to be specifically delivered in the targeted tissue [144]. The effectiveness 
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of RAI therapy depends both on the radiation dose and the I- concentrating ability of the cells 

through the organification of RAI and its retention [145, 146].   

Of note, NIS presents the ability to transport other substrates, such as thiocyanate (SCN−), 

chlorate (ClO3−), perrhenate (ReO4−), and perchlorate (ClO4−) [147]. This has provided the basis 

for diagnostic scintigraphy imaging of the thyroid using inexpensive radioisotopes with affinity 

for NIS (131I-, 123I-, 99mTcO4-), however 131I contrary to other isotopes, is the only radioisotope 

that allows not only imaging but also a therapeutic effect by inducing cell death [148]. 

 For tumors that are not RAI avid, or that develop RAI resistance, molecular-targeted 

therapies with several tyrosine kinase inhibitors (TKIs) can be applied [140, 141, 149]. RAI 

refractory patients are described as: those whose tumors show no 131I uptake in the post therapy 

scan; patients with multiple lesions, with at least one not showing 131I uptake; patients whose 

tumors progressed even if showing 131I uptake (12-16 months after treatment); and patients 

submitted to accumulated doses of 131I ≥ 600 mCi and with no remission [150].  

In undifferentiated tumors, such as ACA, high spectrum TKIs (e.g. Lenvatinib and Sorafenib), 

BRAF or MEK inhibitors (Dabrafenib, Trametinib) are usually required, since these have shown 

effectiveness in RAI refractory tumors, some of which are irresectable [151].  

Since the thyroid gland is a vital organ, its surgical removal/ablation implicates treatment 

with hormonal substitution, namely LT4, a synthetic analogous of the T4 hormone, which is also 

used to treat hypothyroidism [152]. 

 

1.6.6. Thyroid cancer prognostic factors  

Prognostic factors in TC may be related to patient characteristics, tumor characteristics, 

treatment response and/or molecular markers. Here, a brief overview of prognostic factors will 

be given, since clinicopathological and molecular factors will be further explored in ARTICLE I 

and ARTICLE II, respectively. 

 

1.6.6.1. Patient characteristics 

As previously discussed, patient sex impacts prognosis. Although TC incidence is higher in 

women, males tend to present poorer prognosis [153, 154]. Patient’s age, as shown by Kim et 

al. (2018) when applying the AJCC/TNM age cut-off of ≥ 55 years is also an important prognostic 

factor. Patients with 55 years or older presented lower overall survival (OS) and recurrence-free 

survival (RFS) when comparing to younger patients, furthermore, the genetic background of 

patients <55 years of age was shown to be different from patients ≥55 years of age [139, 155]. 
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1.6.6.2. Tumor characteristics 

As shown in chapter 2.3.3. tumor histology has a great impact on prognosis. While 

differentiated tumors tend to present a better prognosis, undifferentiated tumors tend to be 

rapidly lethal [112, 113]. However, even differentiated tumors may present dismal prognosis. 

The separation of minimally invasive encapsulated angioinvasive and widely invasive tumors has 

come to help with the evaluation of the tumor’s capacity to form LNM and/or DM, which are 

major prognostic factors (see APPENDIX – BOOK CHAPTER) [112, 113]. The presence of 

extrathyroidal extension (ETE) and tumor size are also appointed as important 

clinicopathological factors [156].  

 

1.6.6.3. Treatment response 

A study by Durante et al. (2006) showed that patients with RAI avid tumors presented a 10-

year survival rate of 92%, while patients without any RAI uptake only had 10% [157]. Recent 

studies have attempted to re-differentiate RAI refractory tumors in order to make them RAI avid 

using TKI inhibitors [158, 159]. In fact, between 7-23% of TC patients will develop DM and from 

those, around 60% will become I- refractory [160, 161]. Patients who remain with structural 

disease 6-24 months after initial therapy, present double-to-triple risk of disease recurrence, 

which compromises their recovery and quality of life [150, 162]. NIS function and expression 

alterations that could be associated with worse prognosis have been studied over time [163, 

164]. But as demonstrated by Mian et al. (2008) tumors with no RAI uptake show reduced Tg, 

TPO and pendrin gene expression, while showing an increase in GLUT-1 gene expression. This 

may show that alterations in molecules that are involved in follicular cell intracellular 

metabolism may also contribute to tumor recurrence [164]. 

 

1.6.6.4. Molecular markers 

Knowledge of TC genetic and epigenetic alterations has been shown as fundamental for the 

management and treatment of the disease, being not only acknowledged in the 2015 ATA 

guidelines but also strongly considered in the 5th edition of WHO Classification of thyroid tumors 

[112, 116, 140, 165]. Molecular markers have been shown to assist with TC histologic subtype 

determination, allowing to avoid overtreatment in low-risk tumors, particularly upon FNAB 

(Table 1) [116, 165, 166].  

Benign lesions are associated with TSHr, RAS and DICER 1 mutations [167-169]. Gene fusions 

including the PPARG and THADA genes have been reported in NIFTP lesions [170]. HTT, at the 

molecular level, presents PAX8::GLIS1 and PAX8::GLIS3 gene fusions [112]. 
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Encapsulated follicular neoplasms, either benign lesions or low-risk neoplasms do not 

present BRAF V600E mutation, usually being called RAS-like lesions, that are similar to FTC (Table 

1) [112]. The type of genetic alterations found in benign and low-risk neoplasms is similar, 

however, NIFTP presents the highest rate of RAS mutations (up to 60%) (Table 1) [112]. For this 

entity, the presence of a BRAF V600E mutation would exclude a NIFTP diagnosis, since this 

alteration is essentially associated to malignancy (Table 1) [112]. The malignant neoplasm IEFV-

PTC, is actually more genetically related to FTC than PTC, presenting almost the same genetic 

landscape as NIFTP and FTC (Table 1) [112]. The BRAF K601 mutations, however, seem to be 

common in encapsulated follicular neoplasms (Table 1) [112, 170].  

Rather than diagnostic determination, molecular markers also allow to stratify patients 

according to aggressiveness, prognosis and risk of recurrence and mortality [166]. RAS 

mutations can be found either in benign, low-risk and malignant lesions, however, RAS-like 

mutations appear to be more frequent in benign and low-risk neoplasia, being usually present 

in encapsulated lesions with follicular pattern. Hence these are normally associated with better 

patient outcome, although some studies are controversial (Table 1) [112, 171]. Nevertheless, it 

is recommended that RAS mutations are not evaluated alone, but with the presence of other 

genetic alterations that might be present in the tumor [172]. The presence of other molecular 

alterations, such as TERT promoter (TERTp) mutations and p53 alterations has long been 

associated with DM and worse patient prognosis, usually indicating a subset of tumors that will 

progress over time (Table 1) [112].  

The presence of RET fusions, like the ones found in classic PTC, Diffuse sclerosing PTC and 

Solid PTC are frequently radiation induced (Table 1) [112, 173]. These gene fusions or mutations 

can also result from RAI treatment applied to TC, or be spontaneously acquired [173]. 

Further detail on molecular and immunohistochemical markers associated with TC subtype 

is depicted in Table 1. 

 

Table 1 - Molecular and immunohistochemical markers associated with thyroid cancer subtype. 

Type of thyroid 
cancer 

Thyroid cancer Subtype Molecular markers and IHC markers References 

Benign lesions FTA RAS mutations  
BRAF K601E, EIF1AX, EZH1, DICER1, 
PTEN, rTSH mutations 
PAX8::PPARG and THADA fusions 
Absence of BRAF V600E 

[112, 165] 

Low-risk 
neoplasms 

FT-UMP RAS mutations  
BRAF K601E, EIF1AX, EZH1, DICER1, 
PTEN, rTSH mutations  
PAX8::PPARG  
Absence of BRAF V600E 

[112] 
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Type of thyroid 
cancer 

Thyroid cancer Subtype Molecular markers and IHC markers References 

WDT-UMP RAS mutations 
BRAF K601E, EIF1AX, EZH1, DICER1, 
PTEN, rTSH mutations  
PAX8::PPARG, THADA fusions (rare) 
Absence of BRAF V600E 

[112] 

NIFTP RAS mutations  
BRAF K601E, EIF1AX, EZH1, DICER1, 
PTEN, rTSH mutations  
PAX8::PPARG, THADA fusions  
Absence of BRAF V600E 

[112, 170] 

HTT PAX8::GLIS3 (the most frequent 
type) and PAX8::GLIS1fusions 
Tg, TTF1, and PAX8 expression 
Absence of BRAF V600E 

[112] 

Malignant thyroid 
neoplasms 

IFV-PTC BRAF V600E and K601E mutation  
NRAS and CTNNB1 mutations (less 
common) 
RET translocation 
NTRK and ALK fusions 

[112] 

Tall cell PTC BRAF V600E mutations 
TERT promoter mutations 
TP53 mutations 
 

[112] 

Columnar cell PTC BRAF V600E mutations  
BRAF fusions and deletions 
CDKN2A loss 
Chromosse 1q gain 
RAS mutations (rare) 
TERT promoter (rare) 
TP53 mutations (rare) 
 

[112, 122] 

Hobnail PTC BRAF V600E mutations 
TERT promoter mutations 
TP53 mutations 
PIK3CA mutations 
RET rearrangements (rare) 
EGFR, ATK1, ATM, ARID2, and 
NOTCH1 (rare) 

[112] 

Solid PTC CCD6::RET and NCOA4::RET 
rearrangements (radiation induced) 
ETV6::NTRK3 fusions 
BRAF V600E mutations (rare) 
 

[112, 125] 

Difuse sclerosing PTC NCOA4::RET rearrangements 
(radiation induced) 
RET/PTC rearrangements 
BRAF V600E mutations (up to 20%)  
ALK rearrangements (up to 10%) 
LOH of 3p24, 9p21, 17q21, 21q22, 
and 
22q13 (frequent) 

[112, 174] 

Warthin-like PTC BRAF V600E mutations [112] 
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Type of thyroid 
cancer 

Thyroid cancer Subtype Molecular markers and IHC markers References 

Oncocytic PTC BRAF V600E mutations 
NDUFA13 germline mutations (rare) 
RET rearrangements (rare) 

[112] 

FTC RAS  
PAX8::PPARG  
PTEN, PIK3CA, EIF1AX, DICER1, rTSH 
mutations 
TERT promotor mutations 
TP53 mutations 

[112, 166] 

IEFV-PTC RAS mutations  
BRAF K601E, EIF1AX, EZH1, DICER1, 
PTEN, rTSH mutations  
PAX8::PPARG  
THADA fusions  
BRAF, RET, NTRK, or ALK fusions 
(rare) 
BRAF V600E (uncommon) 

[112, 116] 

OCA TERT promotor mutations 
Mitochondrial DNA mutations 

[166, 175, 176] 

DHGTC BRAF (BRAF V600E) mutation 
RAS mutations 
RET or NTRK3 fusions  
TERT promoter mutations 
PIK3CA mutations 
TP53 mutations 

[112] 

PDTC BRAF (BRAF V600E) mutation 
RAS mutations  
RET, ALK, NTK1 and NTRK3 gene 
fusions 
TERT promoter mutations 
PIK3CA mutations 
TP53 mutations 

[112, 165] 

ACA BRAF V600E mutations (frequent) 
RAS mutations 
TERT promoter mutations (frequent) 
TP53 (frequent) 
PTEN and PIK3CA mutations 
NF1, NF2, ATM, CDKN2A, CDKN2B 
and RB1 mutations 
PAX8 expression (frequent) 
TTF1 expression 

[112, 165] 

Based on Overview of the 2022 WHO Classification of Thyroid Neoplasms by Baloch et al. (2022) [112]; FTA - 

Follicular Thyroid Adenoma, FT-UMP - Follicular Thyroid Tumor of Uncertain Malignant Potential, WDT-UMP - Well-

differentiated Tumor of Uncertain Malignant Potential, NIFTP - Non-Invasive Follicular Thyroid neoplasm with 

Papillary-like nuclear features, HTT - Hyalinizing Trabecular Thyroid Tumor, IEFV-PTC - Invasive Encapsulated Follicular 

Variant of Papillary Thyroid Carcinoma , FTC – Follicular Thyroid Carcinoma, OCA – Oncocytic Thyroid Carcinoma, IFV-

PTC – Infiltrative Follicular Variant Papillary Thyroid Carcinoma, PTC- Papillary Thyroid Carcinoma, DHGTC - 

Differentiated High-Grade Thyroid Carcinoma, PDTC - Poorly-Differentiated Thyroid Carcinomas, ACA - Anaplastic 

Thyroid Carcinomas. 
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Molecular markers have been fundamental for predicting the efficacy of treatment, 

encouraging the production of novel therapeutic targets [165, 166]. Identification of tumor 

driver mutations has allowed to select specific TKIs to treat TC when standard RAI treatment 

fails or is not applicable [166]. In some cases, even allowed to obtain tumor re-differentiation so 

that RAI therapy could be applied [165]. 

Most mutations identified in TC affect essentially two signaling pathways: the mitogen-

activating protein kinase (MAPK), and the Phosphatidylinositol-3-kinase (PI3K/AKT) pathways 

[166]. These pathways are activated when a ligand (e.g. growth factor) binds to the Receptor 

Tyrosine Kinase (RTK) [177]. In the MAPK pathway, activation of RAS after RTK binding sets off a 

protein chain reaction designated the MAPK cascade (Figure 5) [177]. This cascade involves a 

series of protein phosphorylation events, namely the activation of BRAF, followed by MEK and 

ERK proteins (Figure 5). Activated ERK migrates to the cell nucleus, regulating gene expression 

through transcription factors that result in cell growth, proliferation, motility and migration 

(Figure 5) [177]. For the PI3K/AKT-pathway, the activated RTK signals PI3K to phosphorylate cell 

membrane lipids, forming PIP3 (phosphatidylinositol (3,4,5)-trisphosphate), which then 

activates AKT (protein kinase B) that by itself can regulate several cellular processes, but can 

also activate mTOR (mammalian target of rapamycin), which further regulates cell growth and 

protein synthesis (Figure 5) [178]. Mutations in BRAF and RAS genes have been shown to lead 

to the constitutive activation of these pathways, resulting in excessive cellular proliferation and 

migration [112, 166]. Of note, RAS also activates de PI3K/AKT pathway (Figure 5) [178]. 

Mutations in the other proteins belonging to MAPK and PI3K/AKT pathways can also be found 

[112, 166]. 

MAPK and PI3K/AKT pathways have been intensely studied regarding the development of 

targeted therapies to surpass RAI resistance [177, 178]. For instance, Dabrafenib, Sotorasib and 

Selumetinib have been FDA approved as BRAF, RAS and MEK inhibitors, respectively [177]. 
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Figure 5 – Simple representation of the Mitogen-Activating Protein Kinase (MAPK), and the Phosphatidylinositol-3-
kinase (PI3K)/AKT-pathways. Mutated proteins marked with a red asterisk shape. Created with Biorender.com 

 

1.6.7. Familial Thyroid Cancer 

Familial forms of TC account for up to 10% of all TC [179]. In familial forms, cancer diagnosis 

occurs at an early age, usually presenting as a multifocal disease, and some authors advance 

that the course of the disease can be aggressive, with local invasion, lymph nodes metastasis, 

increased risk of recurrence and decrease survival rates when comparing to sporadic TC [180]. 

However, some authors argue that the clinical outcome of familial cases does not differ from 

sporadic cases [181]. 

Familial forms can commonly arise from parafollicular cells and are frequently syndromic 

forms related to RET mutations (25% of the cases), being designated Familial Medullary Thyroid 

Carcinoma (FMTC) [181]. Since tumors, sporadic or familiar, rising from parafollicular cells are 

not the focus of this thesis, these will not be further explored. 

Follicular cells also give rise to familial forms of TC, being designated Familial Non-

Medullary Thyroid Carcinoma (FNMTC) [182, 183]. Through clinicopathological findings, familial 

forms of TC are divided into two categories: syndromic and non-syndromic [179, 184, 185]. 

Syndromic FNMTC (SFNMTC) comprehends several syndromes where TC is not the main 

phenotypic expression, but rather a less common manifestation. Some of these syndromes are: 
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Familial Adenomatous Polyposis (FAP), PTEN-hamartoma tumor syndrome, Werner Syndrome 

(WS), Carney Syndrome (CS), DICER1 syndrome, and others [183, 184] (Table 2). 

Non-syndromic FNMTC (NSFNMTC) presents TC has the main phenotypic manifestation 

[182, 185]. FNMTC is challenging to differentiate from sporadic NMTC due to three main 

reasons: 1 - FNMTC is known for being a rare condition; 2 - histologically speaking, FNMTC 

tumors do not differ considerably from sporadic cancers; and 3 - the genetics behind FNMTC is 

rather heterogeneous and poorly understood [182, 185].  

NSFNMTC has been hypothesized to be a polygenic disorder usually coupled with 

various low- to moderate-susceptibility genes and incomplete penetrance [182, 183, 186-189]. 

Although the genetic component is poorly understood, there has been a few reports that 

advance several genes that may play a role in NSFNMTC, such as germline mutations in Forkhead 

Box E1 (FOXE1) gene [187, 190], in Thyroid Transcription Factor-1 (TITF-1) [188, 190], in Mitogen-

Activated Protein Kinase Kinase 5 (MAP2K5) gene [190, 191] and in the USP13 gene (Table 2) 

[192]. 

According to the WHO classification, in the absence of previous irradiation and known 

syndromic cancer, NSFNMTC is clinically suspected when one of three conditions are found in a 

family: 1 - presence of follicular cell-derived thyroid carcinoma in at least three first-degree 

relatives, 2 - presence of PTC in two or more first-degree family members, or 3 – presence of 

FND in three or more first- or second-degree relatives [181, 182, 184, 185]. NSFNMTC is 

frequently concomitant with benign lesions. FND, FTA, inflammatory diseases, e.g. HT, and 

oncocytic change have been reported (Table 2) [181]. Also, synchronous PTC with other 

subtypes, namely FTC an OCA can be found in NSFNMTC (Table 2) [181, 187]. Comparing to 

SNMTC, NSFNMTC has been associated with increased risk of lateral compartment LNM, ETE 

and disease recurrence [181].  

The emergence of Next Generation Sequencing (NGS) techniques, namely Whole-Exome 

Sequencing (WES), has allowed genetic analysis with extraordinary coverage and has permitted 

to overcome some genetic barriers [193]. Table 2 explores syndromic and non-syndromic forms 

of FNMTC, their respective altered genes and thyroid lesions that were reported in familial cases. 
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Table 2 - Syndromic and Non-syndromic forms of FNMTC, respective altered genes and associated thyroid lesions.  

 FNMTC 
Gene 

(gene location) 
Thyroid lesions Reference 

Syndromic Familial 
adenomatous 

polyposis 
(autosomal 
dominant) 

APC  
(5q22.2) 

Cribriform-morular PTC 
(16%) 

[179, 181, 
183] 

PTEN-hamartoma 
tumor syndrome 

(autosomal 
dominant) 

PTEN  
(10q23.31) 

FND (43–75%), FTA (25%), 
OA, classic PTC and IFV-PTC 

(60%), FTC (14–45%), OCA (≈ 
1%), ACA (< 1%), C-cell 

hyperplasia, 
Lymphocytic thyroiditis 

(55%) 

[179, 181, 
183] 

DICER1 syndrome                            
(autosomal 
dominant) 

DICER1  
(14q32.13) 

FND, FTA 
PTC, FTC and PDTC (rare)  

[179, 181, 
183] 

Carney complex                                
(autosomal 
dominant) 

PRKAR1A  
(17q24.2) 

FND, FTA 
PTC and FTC (15%) 

[179, 181, 
183] 

Werner syndrome                             
(autosomal 

recesive) 

WRN  
(8p12) 

FTA 
FTC, PTC and ATC (18%) 

[179, 181, 
183] 

McCune–Albright 
syndrome 

GNAS  
(20q13.2–q13.3) 

FTA with Papillary 
Architecture PTC, FTC 

[179] 

Non-syndromic Familial papillary 
thyroid carcinoma  

(autosomal 
dominant) 

TCO  
(19p13) 

FTA 
PTC (classic and oncocytic), 

OCA 
 

[179, 181, 
183, 194] 

Familial papillary 
thyroid carcinoma 
with papillary renal 

cell neoplasia 
(unkown) 

PRN  
(1q21) 

PTC [179, 183] 

Familial non-
medullary 

thyroid carcinoma 
type 1 (unkown) 

NMTC1  
(2q21) 

PTC 
(follicular variant) 

[179, 181, 
183] 

Familial papillary 
thyroid 

carcinoma and 
multinodular goitre  

(autosomal 
dominant) 

MNG1 
PTCSC3 
(14q32) 

Nodular hyperplasia 
PTC 

 

[179, 183] 

- FOXE1 
(9q22) 

FND 
classic PTC, Tall cell PTC 

IFV-PTC, FTC 

[181, 183, 
187, 190] 

- TITF-1 
(14q13) 

FND 
PTC 

[183, 188, 
190] 
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 FNMTC 
Gene 

(gene location) 
Thyroid lesions Reference 

- MAP2K5 
(15q23) 

PTC [183, 190, 
191] 

- USP13 
(3q26.33) 

FND, HT, Thyroiditis 
PTC 

[192] 

- SRGAP1 
(12q14.2) 

PTC [183, 190, 
195] 

- CHEK2 
(22q12.1) 

PTC [181, 196] 

- TIMM44 
(19p13.2) 

FTA, OA 
OCA, classic PTC, Oncocytic 

PTC 
 

[181, 194, 
197] 

- NTN4 
(12q22) 

OCA, Classic PTC, IFV-PTC 
 

[181, 198] 

- NOP53 
(19q13.33) 

OCA, PTC [181, 199] 

FND – Follicular Thyroid Disease, PTC- Papillary Thyroid Carcinoma, FTA - Follicular Thyroid Adenoma, FTC – Follicular 

Thyroid Carcinoma, OA – Oncocytic Adenoma, OCA – Oncocytic Thyroid Carcinoma, IFV-PTC – Infiltrative Follicular 

Variant Papillary Thyroid Carcinoma, PDTC - Poorly-Differentiated Thyroid Carcinomas, ACA - Anaplastic Thyroid 

Carcinomas, HT - Hashimoto thyroiditis 
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CHAPTER II – AIMS 

Comparing to other cancers (e.g. breast, lung, colorectal), TC remains understudied. 

Over the last years, several improvements in TC research were made, however, gaps persist in 

prognostication and patient management decisions. Establishing clinicopathological and genetic 

markers would improve genetic counseling and contribute to the development of new 

therapies. Disease prevention and active surveillance are crucial to evade aggressive treatments, 

reduce comorbidities, avoid invasive surgeries, and alleviate the burden to the healthcare 

system. 

Distinguishing TC low-risk tumors from those at risk of recurrence and TC-related 

mortality remains challenging. This is true for both sporadic and familial forms of the disease, 

with the latter posing additional challenges. In familial TC, a substantial void exists on the 

knowledge of the genetic factors associated with disease. This limited understanding is partially 

due to the absence of identified genes associated with the disease, as well as the small size of 

some studied families and the variable disease phenotype within affected individuals. It appears 

that in some families’, mutations attributable to familial disease segregation are unique of that 

family, hampering our understanding of the genetic background of the disease. 

 

MAIN AIM:  

The main aim of this work is to contribute to offer to thyroid cancer patients an early 

and better diagnosis, a more accurate risk-stratification, and a personalized medicine approach.  

For that we perform an in-depth exploration of sporadic and familial thyroid cancer, analyzing 

clinicopathological aspects as well as the molecular landscape of these tumors. 

 

SPECIFIC AIMS: 

 
1. In-depth exploration of sporadic thyroid cancer, with emphasis in Papillary 

Thyroid Carcinoma (PTC):  

1.1. First, we aim to identify clinicopathological factors that can contribute to better 

predict the outcome of PTC patients, considering recurrent/persistent disease, 

structural disease and disease-specific mortality outputs. We aim to contribute to 

the knowledge of PTC biological behavior and to optimize patient management 

during follow-up (ARTICLE I and ARTICLE III).  

1.2. Second, we aim to identify molecular markers that can contribute to predict the 

outcome of PTC patients. Here, we aim to establish the role of BRAF, RAS (NRAS, 
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HRAS and KRAS) and TERT promoter genes in TC progression and how mutational 

status may contribute to predict disease recurrence/persistence, structural 

disease, development of DM and PTC-related mortality (ARTICLE II and ARTICLE 

IV).  

 

2. In-depth exploration of familial thyroid cancer: Investigation of two families 

Our team identified two families that presented familial TC (Family R and Family C). Both 

families comprised the criteria for TC heredity (>3 first-degree relatives affected by the disease 

and diagnosis at early age), but no syndromic forms of the disease were detected.  

Resorting to Whole-Exome Sequencing, we identified in these families two novel germline, 

possibly pathogenic, mutations in the USP42 gene (a ubiquitin-specific protease) in Family R and 

in the KCNB2 gene (a voltage-gated potassium channel) in Family C.  

Therefore, our specific goals were to find evidence for USP42 and KCNB2 gene alterations 

as underlying causes of NSFNTMC. Therefore, we aim: 

2.1. To evaluate the pathogenic role of USP42 as a putative gene in NSFNMTC. For that we 

will study in in silico databases, public and in-house, the relevance of ubiquitin-specific 

peptidases (USPs) in TC, and we will also carry out in vitro studies to evaluate the impact 

of USP42 detected mutation’s impact in thyroid cell biology (ARTICLE V).  

2.2. To evaluate the pathogenic role of KCNB2 as a putative gene in NSFNMTC. For that we 

will study in in silico databases, public and in-house, the relevance of voltage-gated 

potassium channels (vgKCNs) in TC, and we will also carry out in vitro studies to 

evaluate the impact of the KCNB2 detected mutation’s impact in thyroid cell biology. 

We further aim to establish a correlation between vgKCN mutations, I- uptake and 

patient response to treatment (Section 4.7; Manuscript in development). 
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CHAPTER III – MATERIALS AND METHODS 
 

3.1.  Sporadic Thyroid Cancer (AIM 1) 

Materials and methods regarding the study of AIM 1, are depicted in ARTICLES I-IV. 

 

3.2.  Familial Thyroid Cancer (AIM 2) 

Materials and methods regarding AIM 2, the study of familial TC, are depicted in ARTICLE 

V.  Subsequent materials and methods related to ongoing work are described in segments 4.6 

and 4.7 of the RESULTS chapter. 
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CHAPTER IV – RESULTS 
 

 

4.1. ARTICLE I 

Even though PTC presents a good prognosis, some cases are metastatic and highly 

aggressive, several times resulting in patient loss. There is a need to understand which patients 

to treat with a more conservative approach and which patients require a more aggressive 

treatment. This way, our team performed a study in which investigated clinicopathological 

factors that may influence patient outcomes, namely recurrent/persistent disease, structural 

disease, and disease-specific mortality. The main goal was to identify pre-surgical factors linked 

to adverse outcomes in a consecutive series of PTC patients. 
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Full Supplementary Tables S1-S5 are available in Excel format (XLSX.) at 

https://www.mdpi.com/2072-6694/12/11/3186/s1  

 

https://www.mdpi.com/2072-6694/12/11/3186/s1
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4.2. ARTICLE II 

After completion of ARTICLE I, we aimed to search the potential application of molecular 

markers as prognostic tools in TC treatment. Therefore, molecular analyses of BRAF, RAS and 

TERT promoter genes were screened in a consecutive series of patients. The main goal of this 

study was to evaluate the association between molecular markers and patient status, namely, 

recurrent/persistent disease, structural disease and disease-specific mortality, as well to 

understand if there was a polygenic effect on disease progression of PTC patients. 
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4.3. ARTICLE III 

ARTICLE I investigates clinicopathological factors associated with thyroid cancer 

prognosis. In this study, we perform an evaluation of a consecutive case series of tumors 

regardless of their size. In ARTICLE III we highlight an issue that has been enigmatical to 

investigators and clinicians, which is how to appropriately handle subcentimetric papillary 

tumors (≤ 1 cm). Our team posed the question: which are the clinicopathological characteristics 

of indolent subcentimetric papillary tumors and those that require tight vigilance and aggressive 

treatment? To answer this, we hereby present a study in which we compare the outcome of 

subcentimetric tumors that were clinically diagnosed with tumors that were incidental findings 

(overdiagnosed). 
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4.4. ARTICLE IV 

During the course of our studies on ARTICLE I and ARTICLE III, we detected one atypical 

PTC case that called our attention. A patient of the series, diagnosed with subcentimetric PTC (a 

2mm FVPTC) died of PTC-specific mortality. Subcentimetric PTC often present good prognosis 

and indolent behavior, however, this patient presented many large LNM and further developed 

brain metastases eight years after diagnosis. In order to understand what contributed to disease 

progression, we performed an evaluation of the molecular status of the developed LNM, and 

brain metastases surgically removed over the course of 10 years of follow up and correlated 

those results with patient outcome. 
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The genetics behind non-syndromic FNMTC is rather heterogeneous and poorly 

understood. Many affected families remain without an identified genetic risk locus. The 

establishment of molecular markers would lead to accurate genetic counseling and the 

development of new therapies. Disease prevention and active surveillance are key factors for 

reducing aggressive treatments, high comorbidities, and invasive surgeries, besides avoiding 

high burden for the health care system.  

Our team employed WES in two families (Family C and Family R) presenting with FNMTC. 

Although both families comprised the criteria for TC heredity (>3 first-degree relatives affected 

by the disease and diagnosis at early age), no syndromic forms of the disease were detected. 

Therefore, our team, aiming to explore the pathogenesis and genetics of NSFNMTC, by WES 

analysis, identified in these families two novel germline, possibly pathogenic, mutations in the 

USP42 gene in family R and in the KCNB2 gene in family C. 

 
 

 

4.5. ARTICLE V 

Family R is composed of a mother, diagnosed with TC at the age of 35 and two 

monozygotic twin daughters both diagnosed at the age of 19. Our team detected the 

p.(Gly486Arg) heterozygous missense mutation in exon 13 of the USP42 gene  that segregates 

within the family. Literature findings relating USP42 and other similar USPs with cancer are 

strong. Its role in cell biology and more particularly in cell cycle regulation has been particularly 

noted. This data supports our hypothesis that USP42 may be underlying cause of disease in 

Family R, which motivated our search for its validation through in vitro functional assays. To our 

knowledge, no research has been done on USP42's biological role and expression pattern in 

FNMTC. The results of this study will be presented in ARTICLE V. Subsequent ongoing studies on 

USP42 gene will be presented in section 4.6 - USP42 gene knockout synthesis using CRISPR-RNP 

editing technique (in development). 
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4.6. USP42 GENE KNOCKOUT SYNTHESIS USING CRISPR-RNP 
EDITING TECHNIQUE (in development) 

 
Our ARTICLE V results showed promising results regarding the role of USP42 gene 

silencing on thyroid cell biology. In continuation of this work, and with the aim of obtaining a 

permanent USP42 knockout (KO) cell line, to understand the full impact of USP42 loss, the Nthy-

ori 3-1 were transfected using CRISPR-RNP gene editing methodology [200, 201].  

The following data is related to unpublished results of work that is still ongoing. 

 
 

4.6.1. MATERIALS AND METHODS 

4.6.1.1. Knockout of USP42 gene using CRISPR-RNP 

With the aim of obtaining a permanent USP42 knockout (KO) cell line, the Nthy-ori 3-1 

thyroid cells were transfected using CRISPR-RNP gene editing methodology [200, 201]. 

Lipofectamine™ CRISPRMAX™ Cas9 transfection reagent (CMAX00015, Invitrogen™, Thermo 

Fisher Scientific, USA) was used [202]. USP42 specific sgRNA, donor DNA and respective primers 

were designed using the Invitrogen TrueDesign Genome Editor online tool 

(https://www.thermofisher.com/) (Invitrogen™, Thermo Fisher Scientific, USA) (Table 3). CDK4 

positive control (A35523, Invitrogen™, Thermo Fisher Scientific, USA) and negative control 

(A35526, Invitrogen™, Thermo Fisher Scientific, USA) sgRNAs were used as transfection controls 

(Table 3). Cell concentration was optimized to 2.5x103 cells/well in 96-well plates. Transfection 

was performed 24h after platting, following the indications of the manufacturer (Invitrogen™, 

Thermo Fisher Scientific, USA) and in duplicates for each condition. All reagents were 

prepared/diluted in Opti-MEM Reduced-Serum Medium (31985070, Gibco, USA) or TE buffer 

(Invitrogen, Thermo Fisher Scientific, USA), accordingly to manufacturer’s instructions. Cells 

were maintained in RPMI 1640, with Stable Glutamine, (RPMI-STA, Capricorn Scientific, 

Germany) and 10% of heat-inactivated Fetal Bovine Serum (FBS) (10500064, Gibco, USA). 

Medium was changed 72h post-transfection. 

 

Table 3 – Sequences of guides and primers used for the CRISPR-RNP assay to obtain a USP42 knockout cell line 

Material Sequence 

USP42 Donor DNA 
ATGTGTCAAATCACACACTTTCTTTAGGACCAGTATGATGATGATGACCTGG 

TGCTGTAGTTTATTCGAGTTCATCTGTACC 

sgRNA USP42 5’- TAAACTACAGCACCAGGTAC -3’ 

USP42 Forward primer 5’-ATCTTCAGACCCATCAGCCT -3’ 

USP42 Reverse primer 5’- ATACAACTCTGCTGGCCACT - 3’ 

CDK4 Forward primer 5’-GCACAGACGTCCATCAGCC-3’ 

CDK4 Reverse primer 5’-GCCGGCCCCAAGGAAGACTGGGAG-3’ 

https://www.thermofisher.com/
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sgRNA CDK4 5’- CACUCUUGAGGGCCACAAAG-3’ 

sgRNA Negative Control 5’- AAAUGUGAGAUCAGAGUAAU -3’ 

Donor DNA synthesized to insert four STOP codons (TGA) at Valine 57 in USP42 exon 2, using the USP42 

normal sequence as template. Amplicon USP42: 343 bp; Amplicon CDK4: 557 bp; Materials designed and 

acquired at Invitrogen™, Thermo Fisher Scientific, USA. 
 

4.6.1.2. Clonal selection of USP42 and CDK4 edited cells 

CRISPR-RNP transfected cells that were cultured in a 96-well plate were allowed to grow 

and sequentially moved from a 96-well plate to 12-well plate, T25 flask until reaching a T75 flask. 

At this point, cells were harvested, and pellets were collected for DNA extraction of stock cells 

and for cell storage at -80ºC. Cells were counted on a Neubauer chamber and subsequently 

diluted until reaching an estimated dilution of 8 cells/mL. Resuspended cells were then 

distributed through five 96-well plates, at a volume of 100 µL/well. 

For USP42 sgRNA plus donor DNA transfected cells, a total of 59 wells from replicate 1 

(Flask 1) were selected as viable to proceed selection, for included wells in which only one cell 

was visibly present. Over time, only 30 USP42 clones were grown and collected for Sanger 

Sequencing analysis. Reasons for the loss of 29 candidate clones were: 1 – due to the death of 

the single cell, 2 – more than one clone were visible in the well, thus was considered “not pure” 

and discarded. 

For CDK4 sgRNA transfected cells, from the two replicates (Flask 1 and 2) a total of 43 

clones were selected as viable to proceed selection, but only 25 clones were grown and collected 

for Sanger Sequencing analysis.  

 

4.6.1.3. USP42 edited cells DNA extraction 

Cell DNA was extracted using the GRS Total DNA Kit – Blood & Cultured Cells (GrisP, Porto, 

Portugal), following the manufactures’ instructions. DNA concentration, sample purity and 

quality were analyzed by spectrophotometry, as previously described in ARTICLE II. 

 

4.6.1.4. PCR and Sanger sequencing validation of USP42 

DNA from candidate clones were analyzed by Polymerase Chain Reaction (PCR) using 

the QIAGEN multiplex PCR kit (QIAGEN, Hilden, Germany) and by Sanger sequencing analysis, as 

previously described in ARTICLE II. The annealing temperature of 62ºC was established after 

protocol optimization for the USP42 gene. All alterations were confirmed by performing 

two/three new and independent analysis. All PCR reactions were conducted in the SimplyAmp 

Thermal Cycler (Applied Biosystems, Life Technologies, USA).  
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4.6.1.5. Selection of USP42 Knockout/Knockdown clones 

Eletropherograms obtained by Sanger sequencing were independently analyzed by two 

different softwares to confirm if the clones were pure and if the four STOP codon sequences had 

been inserted after Valine 57 of exon 2 as intended. First, all eletropherograms were ran on the 

SeqScreener Gene Edit Confirmation App (Invitrogen, Thermo Fisher Scientific, USA), followed 

by the Mutation Surveyor® DNA Variant Analysis Software (SoftGenetics, USA). 

 

4.6.1.6. USP42 CRISPR clones characterization (a preliminary analysis) 

 A preliminary analysis of the selected USP42 CRISPR-RNP clones was performed by the 

evaluation of 1- USP42 mRNA expression assessment by RT-PCR; 2- USP42, p53, cyclin D1, p21, 

p27, and β-actin protein expression assessment by Western blot; and 3 - Apoptosis analysis by 

the Annexin-V assay. Materials and Methods for this part of the work are described in ARTICLE 

V. 

 

4.6.2. RESULTS 
 

4.6.2.1. USP42 CRISPR-RNP transfection evaluation 

Contrary to siRNA assays performed in ARTICLE V, CRISPR-RNP transfection did not 

present with cytotoxicity to the Nthy-ori 3-1 cell line. 72h post-transfection, cells were thriving. 

96h post-transfection cells presented with confluence over 80% in the 96-wells and were 

immediately harvested to 12-well plates. When reaching T75 flasks, cell images of the pool of 

cells for each condition were acquired (Figure 6). No evident differences between the clones 

were observed, however, control CDK4 cells from replicate 2 (Flask 2) grew less and showed less 

confluence when comparing to Flask 1 and the other clones. 
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Figure 6 – Images of the pool of Nthy-ori 3-1 cells grew up to T75 flaks, post-transfection and before clonal selection. 
Magnification: 200X. 

 

4.6.2.2. USP42 CRISPR-RNP clone cells morphology 

A total of 34 clones were obtained after single-cell clonal selection. Different clones 

presented with changes in cell morphology when comparing to Nthy-ori 3-1 parental cells 

(Figure 7). P1C12 clone presented a morphology similar to Nthy-ori 3-1 parental cells, while 

clones P2F12 and P5D2 presented an elongated morphology, as shown in Figure 7. 

Cells were harvested and stabilized for four weeks before acquiring new images that 

confirmed cell morphology changes in CRISPR-RNP USP42 edited cells (Figure 8).  

 

Figure 7 - Nthy-ori 3-1 parental cells morphology in comparison to CRISPR-RNP USP42 edited cells. Magnification: 
200X. 
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Figure 8 - Nthy-ori 3-1 parental cells morphology in comparison to CRISPR-RNP USP42 edited cells four weeks after 
cell stabilization. Magnification: 40X, 200X and 400X. 
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4.6.2.3. USP42 CRISPR-RNP candidate clones’ selection 

All 34 USP42 viable clones were amplified and analyzed by electrophoresis before 

Sanger sequencing and purification, as previously described in ARTICLE II. All samples were 

amplified by PCR reaction (Figure 9). We observed that DNA samples from different clones 

presented with different molecular weight in several cases and that some samples presented 

more than one band (Figure 9). 

 

 

Figure 9 – Electrophoresis gels of the DNA of the USP42 viable clones. DNA samples from different clones presented 
with different molecular weight in several cases and that some samples presented more than one band. All samples 
amplified by PCR reaction. 

 

4.6.2.4. SeqScreener Gene Edit Confirmation 

In a first analysis, the pool of cells collected after transfection and before clonal 

selection, was sequenced and analyzed in the SeqScreener Gene Edit Confirmation software 

(Invitrogen, ThermoFisher Scientific, USA) to access the success of transfection. Both pools of 

CDK4 clones obtained through non-homologous end joining (NHEJ) were classified as good 

knockouts (KO), however, clone 1 (Flask 1) showed less percentage of DNA editing when 

comparing to the wild-type (WT) sequence (Table 4). The higher percentage of editing observed 

on CDK4 clone 2 (Flask 2) may explain the slow growth and expansion observed in this pool of 

cells (Table 4, Figure 6). USP42 clones, obtained by Homology-Directed Repair (HDR) by using a 

donor DNA during transfection, showed that clone 1 (Flask 1) was the most likely to harbor the 

targeted clone containing the TGATGATGATGA insertion (Table 4). As expected, Negative 

control pool of cells presented the WT USP42 sequence (Table 4). 
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Table 4 - SeqScreener Gene Edit Confirmation software results of the eletropherograms of the pool of cells 
collected after CRIPR-RNP transfection and before clonal selection. 

Grade Experiment file Target sequence Model fit              
(R-square) 

Editing 
(%) 

HDR 
(%) 

FrameShif
t (%) 

Edits 
diversit

y 

Good KO CRISPR_Clone_CDK4_[2] CACUCUUGAGGGCCACAA
AG 

0.91 78.4 0.0 76.4 5 

Good KO CRISPR_Clone_ CDK4_[2] CACUCUUGAGGGCCACAA
AG 

0.91 75.1 0.0 74.2 4 

Good KO CRISPR_Clone_CDK4_KO_[1] CACUCUUGAGGGCCACAA
AG 

0.98 26.4 0.0 25.2 1 

Good KO CRISPR_Clone_CDK4_KO_[1] CACUCUUGAGGGCCACAA
AG 

0.98 25.7 0.0 24.9 1 

Good KI CRISPR_Clone_USP42_[1] TAAACTACAGCACCAGGTA
C 

0.99 25.1 13.1 9.2 1 

KI needs 
review 

CRISPR_Clone_ USP42_[1] TAAACTACAGCACCAGGTA
C 

0.98 19.9 6.2 6.3 1 

KI needs 
review 

CRISPR_Clone_ USP42_[2] TAAACTACAGCACCAGGTA
C 

0.99 18.0 6.5 3.8 1 

WT CRISPR_Clone_ USP42_[2] TAAACTACAGCACCAGGTA
C 

0.99 12.3 4.3 3.8 0 

WT CRISPR_Clone_Negative_control_
[1] 

TAAACTACAGCACCAGGTA
C 

1.00 0.5 0.0 0.3 0 

WT CRISPR_Clone_Negative_control_
[2] 

TAAACTACAGCACCAGGTA
C 

1.00 0.1 0.0 0.0 0 

WT CRISPR_Clone_Negative_control_
[2] 

TAAACTACAGCACCAGGTA
C 

1.00 0.1 0.0 0.0 0 

WT CRISPR_Clone_ 
Negative_control_[1] 

TAAACTACAGCACCAGGTA
C 

1.00 0.0 0.0 0.0 0 

KO – Knockout; KI – Knockin; WT - Wild-Type HDR - Homology-Directed Repair. 
 

 
After clonal selection of USP42 pool of cells (Flask 1), a new SeqScreener Gene Edit 

Confirmation software analysis was conducted in the 34 obtained clones in order to find our 

target clone that contained the TGATGATGATGA insertion (Table 5). Out of the 34 clones, 12 

presented the WT USP42 sequence, being excluded from any further analysis. Three clones, 

P5D2, P1C12 and P2F12 were indicated by the software as interest clones, with insertion of the 

four STOP codons. However, edit diversity indicated that in two of the clones, (P1C12 and P2F12) 

more than one edit might be present, being dubious. Other 19 clones, presented with lower HDR 

%, 15 of which presented with 0% HDR, being excluded from further analysis. The remaining 

seven clones presented HDR% ranging from 14.2-24.5%, being selected for further analyses.  
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Table 5 - SeqScreener Gene Edit Confirmation software general results of the eletropherograms of the CRIPR-RNP 
USP42 edited cells after clonal selection. 

Grade USP42 CRISPR-
RNP Clone 

Model fit (R-
square) 

Editing 
(%) 

HDR 
(%) 

FrameShift 
(%) 

Edits 
diversity 

Good KI P5D2 0.93 99.4 83.2 7.8 1 

Good KI P1C12 0.92 100.0 70.9 13.1 2 

Good KI P2F12 0.86 100.0 42.9 56.7 2 

KI needs review P5H4 0.28 87.6 0.0 53.7 5 

KI needs review P5E2 0.48 86.0 16.6 57.3 5 

KI needs review P2E11 0.38 84.3 0.0 61.8 4 

KI needs review P2F8 0.87 61.2 21.6 38.5 2 

KI needs review P2F7 0.94 60.5 0.0 0.00 3 

KI needs review P3A9 0.58 56.8 0.0 46.5 2 

KI needs review P1A5 0.96 49.3 0.0 47.6 1 

KI needs review P3C11 0.77 31.5 0.6 15.8 0 

KI needs review P3F9 0.95 30.9 0.0 30.9 1 

KI needs review P3E1 0.94 29.8 0.0 29.3 2 

KI needs review P2B1 0.95 25.6 0.0 0.8 1 

KI needs review P3G6 0.95 25.3 23.0 0.0 1 

KI needs review P4C5 0.96 24.9 22.6 0.3 1 

KI needs review P2F5 0.96 23.1 21.2 0.1 1 

KI needs review P2D12 0.96 20.2 0.0 20.0 1 

KI needs review P5A8 0.95 17.9 0.0 15.9 1 

KI needs review P2F12 0.61 100.0 24.5 66.6 4 

KI needs review P4B5 0.60 100.0 14.2 80.5 5 

KI needs review P2F10 0.97 100.0 0.0 7.0 2 

KI needs review P1C12 0.00 100.0 0.0 66.5 9 

KI needs review P3B6 0.59 100.0 0.0 100.0 7 

WT P3D1 1.00 1.4 0.0 0.8 0 

WT P2G5 1.00 0.5 0.0 0.0 0 

WT P3G11 1.00 0.4 0.0 0.1 0 

WT P4B10 1.00 0.3 0.0 0.0 0 

WT P3A7 1.00 0.2 0.0 0.1 0 

WT P4H2 1.00 0.2 0.0 0.0 0 

WT P1A2 1.00 0.2 0.0 0.1 0 

WT P4C4 1.00 0.2 0.0 0.1 0 

WT P3C2 1.00 0.1 0.0 0.0 0 

WT P2F3 1.00 0.1 0.0 0.1 0 

WT P5F8 1.00 0.1 0.0 0.1 0 

WT P2A10 1.00 0.0 0.0 0.0 0 

KO – Knockout; KI – Knockin; WT - Wild-Type HDR - Homology-Directed Repair. 
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4.6.2.5. Mutation Surveyor® DNA Variant Analysis 

As seen in Figure 10, more than one sequence was present in all analyzed clones, except 

for WT specimens, dictating that USP42 edition did not lead to homozygous alteration.  

By the analysis of the clone’s eletropherograms and given the results from the 

SeqScreener Gene Edit Confirmation software we could verify that the insertion of the four STOP 

codons was successful in several clones (Figure 10 and Table 6). However, whether the second 

allele was WT or if it presented other genetic alterations resulting from transfection, remained 

to be evaluated. 

This way, Mutation Surveyor® DNA Variant Analysis software was applied to attempt 

separate both alleles to observe each sequence separately. Several analyzed clones were 

immediately discarded since it presented three sequences or many genetic alterations that 

could be unpredictable on following assays.  

The three clones most likely to be USP42 KO (P1C12 and P2F12, and P5D2) were shown 

to present one allele with the TGATGATGATGA insertion and one WT allele. However, other 

genetic alterations (substitutions, insertions and deletions) were present in these clones (Table 

6). Upon this second eletropherogram analysis, we proceed to analyze two other clones, that 

presented the TGATGATCATAC insertion in Valine 57, P4C5 and P2F5 (Table 6). 

Of note, given to the fact that in some eletropherograms allele separation was not 

possible, due to low signal, we performed an observational analysis in some of the sequenced 

clones. 
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Figure 10 – CRISPR- RNP edited USP42 clones eletropherograms - A) Clone P1C12; B) Clone P2F5; C) Clone P2F12; D) 
Clone P4C5; and E) Clone P5D2. 
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Table 6 - Mutation Surveyor DNA Variant Analysis software results of the eletropherograms of the CRIPR-RNP 
USP42 clones most likely to be USP42 knockouts 

USP42 CRISPR-RNP 
Clone 

Genetic alterations detected by the software 

P5D2 

30064_30065_ins: TGATGATGATGA 
30165_30166_ins: 
CSAAACTCCKGTGTAAATGCTGCTKGGGCTTGGTGGTTTCARAGAGGGGCTTATTTTG
CAAGGCGTGAGGCCACCTGAGTGGCCAGCARAGTTGTATGCM 

P1C12 
30064_30065_ins: TGATGATGATGA 
Other genetic alterations 

P2F12 
30065_del_C 
30065_30066het_ins: TGATGATGATGAC 

P4C5 
30064_30065het_ins: TGATGATCATAC 
30069_30070het_ins: ATATGACCTGGT 

P2F5 
30064_30065het_ins: TGATGATCATAC 
Several other genetic alterations are present. 

This analysis was performed in replicates. In some eletropherograms, allele separation was not possible 
due to low signal. 

 
 

4.6.2.6. USP42 mRNA expression on USP42 clones  

A preliminary analysis of USP42 mRNA expression was performed to assist clone 

selection for futures assays. Only slight variations on USP42 mRNA expression were found in the 

five tested clones in comparison to the parental cell line. USP42 mRNA was less expressed in 

P1C12 and P2F5 cell clones when comparing to the parental cell line, more expressed in P2F12 

and P4C5 and maintained in the P5D2 clone (Figure 11). No studies with Negative control e CDK4 

controls were performed at this point, only a preliminary assessment in comparison to the 

parental cell line was conducted. 

 

 
Figure 11 – USP42 mRNA expression of CRISPR-RNP USP42 edited clones in comparison to the parental cell-line. Only 
one experiment with two experimental replicates is presented in the graph. RT-PCR was performed in triplicates. No 
statistical analysis was conducted. 
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4.6.2.7. USP42 protein expression evaluation 

USP42 protein expression was altered in the tested clones (Figure 12, A), despite mRNA 

expression being similar between clones and parental cells (Figure 11). Clones P5D2 and P4C5 

showed the lowest USP42 protein expression, when comparing to parental cells and remaining 

clones (Figure 12, A). A decrease in USP42 protein expression was also observed in clone P2F12 

(Figure 12, A). On the other hand clones P1C12 and P2F5 showed higher protein expression than 

parental cells. These results represent a preliminary analysis, since only one experiment using 

two replicates was performed. Expression estimates were calculated using total protein 

quantification on Ponceau (Figure 12, B). 

 

 

Figure 12 – A) USP42 protein expression of CRISPR-RNP USP42 edited clones in comparison to the parental cell-line. 
Only one experiment with two experimental replicates is presented in the graph. No statistical analysis was 
conducted. B) Expression estimates were calculated using total protein quantification on Ponceau. 

 

4.6.2.8. β-actin protein expression evaluation 

In ARTICLE V, we demonstrate that structural proteins, like β-actin are altered upon 

siRNA silencing of USP42 gene. To verify if the same would happen in CRISPR-RNP edited clones, 

we evaluated β-actin expression by western blot (Figure 13). The following results represent a 

preliminary analysis, since only one experiment using two replicates was performed. We show 

that P5D2 clone seems to overexpress β-actin, when comparing to parental cells (Figure 13, A). 

Clone P2F5 β-actin expression was similar to parental cells despite showing a high standard 

deviation, however, clones P1C12, P2F12 and P4C5 presented underexpression of β-actin when 

comparing to parental cells (Figure 13, A). Expression estimates were calculated using total 

protein quantification on Ponceau (Figure 13, B). 
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Figure 13 – A) β-actin protein expression of CRISPR-RNP USP42 edited clones in comparison to the parental cell-line. 
Only one experiment with two experimental replicates is presented in the graph. No statistical analysis was 
conducted. B) Expression estimates were calculated using total protein quantification on Ponceau. 

 

4.6.2.9. Cell cycle-related protein expression evaluation 

Same as in ARTICLE V, we aimed to assess if USP42 clones presented altered expression 

of cell cycle-related proteins. The following results represent a preliminary analysis, since only 

one experiment using two replicates was performed. We verified that clones P2F12, P4C5 and 

P2F5 presented lower expression of p53, when comparing to parental cells (Figure 14, A). 

Regarding Cyclin D1 analysis, clone P5D1 presented overexpression of Cyclin D1 when 

comparing to parental cells or any other clone (Figure 14, B). A slight increase of Cyclin D1 

expression was seen in clone P2F12 and a decrease of protein expression was verified in clone 

P2F5 (Figure 14, B). p21 and p27 protein expression was markedly increased in clones P1C12, 

P2F12 and P5D2 (Figure 14, C and D). Expression estimates were calculated using total protein 

quantification on Ponceau (Figure 14, E). 
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Figure 14 – Cell cycle-related protein expression of CRISPR-RNP USP42 edited clones in comparison to the parental 
cell-line. A) p53 protein expression; B) Cyclin D1 protein expression; C) p21 protein expression; D) p27 protein 
expression. Only one experiment with two experimental replicates is presented in the graph. No statistical analysis 
was conducted. E) Expression estimates were calculated using total protein quantification on Ponceau. 
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4.6.3. DISCUSSION 

USP42 variants had not been described as cancer drivers but rather as benign variants 

or variants of uncertain significance, according to IntOGen and gnomAD databases [203, 204].  

Although the specific USP42 p.(Gly486Arg) variant is described in IntOGen, gnomAD, 

Essembl and Clinvar databases as a variant of uncertain significance, no other data regarding 

this variant or its pathogenesis were found [203-206]. In thyroid tumors, only ten missense 

USP42 variants are described on COSMIC, none of which is the p.(Gly486Arg) variant found in 

family R [207]. 

In the next paragraph, we will deepen the results obtained in the TCGA database. Our 

literature search, together with bioinformatic analysis, showed that USPs, other than USP42 may 

be implicated in thyroid cancer. When searching the TCGA database, USP9X and USP6 were the 

most frequently encountered altered USPs in Papillary thyroid carcinoma. USP9X is well-

described in several forms of cancer, including TC [208, 209]. However, due to the complex 

nature of USP9X as both a proto-oncogene and a tumor suppressor gene, many questions 

remain to be answered [208]. In TC, in the context of a RET rearrangement, USP9X expression 

was higher in the primary tumors and in metastatic lesions when comparing to respective 

normal tissues, indicating this protein as an attractive strategy to combat RET-mediated 

oncogenesis [209]. In the context of prostate cancer, USP9X has been identified as a promoter 

of cell invasion and migration, through the regulation of MMP9 and activation of DRP1 [210, 

211]. In breast cancer, USP9X was described to regulate cell cycle through CDC123 protein [208]. 

In hepatocarcinoma, USP9X targeting using miRNA-26, lead to inhibition of epithelial-to-

mesenchymal transition [212]. In melanoma, this gene was proposed to have therapeutic 

implications [213]. USP9X was shown to prevent Ets-1 proteasomal degradation, indirectly 

resulting in increased NRAS expression, having an impact in the regulation of the MAPK and 

PI3K/AKT pathways [213].  

Despite being present in TCGA database, no findings of USP6 role in TC were found in 

the literature. USP6 rearrangements were described in aneurysmal bone cyst, nodular fasciitis, 

among other diseases well-described by Teramura et al. (2019) [214, 215]. USP6 presents many 

fusion partners all of them promoting transcriptional activation [215]. Despite presenting rapid 

growth, these neoplasms usually follow a benign clinical course and spontaneous regression has 

been described [215]. Several other punctual USPs alterations were found in this database 

search, but due to their low frequency, these won’t be further explored in this thesis. However, 

we would like to emphasize that the majority of USP mutated cases also presented BRAF 

mutations (76%) and several other sporadic alterations are also present. This further supports 



150 
 

the notion that NSFNMTC may be a polygenic disorder, in which key genes confer susceptibility 

to develop TC but sporadic mutations may be the “second hit” that promotes tumor formation.

 In family R we detected a sporadic hotspot HRAS mutation in the proband, however, this 

alteration was not present in the other family members. No other sporadic alterations were 

indicated as possible causes of disease in our evaluation.  

In familial cases, such as in Family R, tumors with oncocytic component are frequently 

described (OA, OCA, Oncocytic PTC) [179, 181, 184, 198]. This led us to wonder if USP42 could 

be associated with mitochondrial changes, but no information regarding this interaction was 

found in the literature. However, other USPs were demonstrated to regulate mitochondria. 

USP30, a mitochondrial DUB located within the mitochondrial outer membrane, plays a role in 

enhancing mitochondrial fusion while suppressing fission and arrests mitochondrial clearance 

via mitophagy [216, 217]. Knockdown of USP9X, in prostate cancer cells was shown to induced 

mitochondrial fission [210, 211]. DRP1, a mitochondrial fission protein, was shown to be 

regulated by USP9X [210]. In thyroid cancer, our group has previously shown that the active 

(phosphorylated) form of DRP1 (S616-p-DRP1) may be a molecular marker of malignancy in TC 

and in patients' risk assessment [218]. USP15 was also described to antagonize mitophagy in the 

liver [219, 220]. 

To obtain a better knowledge of USP42 protein role on thyroid cancer, after silencing 

assays (ARTICLE V) we proceed to perform CRISPR-RNP technique in which we inserted four 

STOP codons in Valine 57 of USP42 exon 2 to arrest protein translation. USP42 CRISPR-RNP 

edited clones showed different morphologies when comparing to Nthy-ori 3-1 parental cells. 

Some cells presented an elongated morphology not typical of parental cells. Despite STOP codon 

insertion, all clones presented with USP42 mRNA expression, however, when looking at USP42 

protein expression, the latter was reduced in some clones while being higher in other clones 

when comparing to parental cells. Selected clones also demonstrated variable β-actin protein 

expression, thus supporting the observation of altered morphology. Cell cycle-related proteins 

were also differently expressed in all clones.  

As limitations of the phenotypic evaluation of the clones resulting from the CRISPR-RNP 

assay, we recognize that only two experimental replicates are presented for protein assessment 

and therefore, we present only a preliminary analysis of the top five clones selected for the 

study. Each one of the five clones was validated at least three times by Sanger sequencing 

analysis, followed by electropherogram evaluation. Due to low signal in some eletropherograms 

we were not able to analyze both alleles separately, leaving some doubts relating to other 

molecular alterations resulting from CRISPR-RNP editing.  
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Our software analysis leads us to hypothesize that 1 - USP42 mutation may be present 

in heterozygosity, hence the clones present USP42 mRNA and protein expression, given that one 

allele may be sufficient for gene expression; 2 - our selected sgRNA may have lack of specificity, 

resulting in several off-targets; 3 - we may have to consider that we might have impure clones 

suggesting that more than one clone might have been selected in the well during clonal selection 

assays. This could be solved by a new clonal selection on already selected clones or by 

performing a new transfection with fluorescent sgRNAs to ameliorate and accelerate the clonal 

selection process. For the already selected clones, new Sanger sequencing analysis with higher 

concentration of ABI Prism Big Dye Terminator kit v3.1 Cycle Sequencing may lead to better 

electropherogram signal and software evaluation to help determine if both DNA sequences 

present in eletropherograms are in fact due to heterozygosity or due to clone impurity. 

Overall, we can conclude that no USP42 Knockout clone was obtained, however, more 

than one Knockdown clone was achieved through CRISPR-RNP methodology. Morphologic and 

cell-cycle alterations were induced in CRISPR clones that might be interesting to explore. Further 

analysis conducted in USP42 CRISPR-RNP clones will be compared to Negative Control 

transfected cells. Of note, CDK4 pool of cells 2 (Flask 2) presented with 75% prediction of 

frameshift being classified as a good KO for this gene. This demonstrated that cell transfection 

was effective and further provided us with an interesting cell line to evaluate the consequences 

of CDK4 depletion on thyroid cells. CDK4 inhibitors have been indicated as putative therapy in 

cancer [221, 222]. 

If possible, in future assays and to complete our work, CRISPR-RNP will be used to 

transform Nthy-Ori 3-1 cells to harbor the specific SNP that was found in Family R by WES. This 

will allow us to understand the true impact of the USP42 p.(Gly486Arg) missense mutation in 

thyroid cell biology. 
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4.7. EVALUATION OF THE PATHOGENIC ROLE OF KCNB2 AS A 
PUTATIVE GENE IN NSFNMTC (in development)  

 

4.7.1. INTRODUCTION 

Our team employed WES in a family (Family C) diagnosed with FNMTC and detected a new 

potentially pathogenic germline mutation in the KCNB2 gene [p.(Gly106Arg)], which codes for 

the ion channel kv2.2, a voltage-gated potassium channel (vgKCN). 

Ion channels activity is vital for development and homeostasis of almost all living organisms 

and ion channels are virtually present in all cell types, establishing a membrane potential [223, 

224]. Ion channel’s implication in cellular morphology, differentiation and migration has been 

recognized [224].  

Particularly, vgKCNs channels are tetrameric proteins of α subunits that form aqueous pores 

on plasmatic membranes, mediating K+ ions flow upon an action potential generation [225] 

(Figure 15). The active site is composed of conserved TVGYG motifs highly specific for K+ ligation. 

These channels are divided into different classes according to their structure and function 

(Figure 15). Specifically, vgKCNs comprise a family of 40 genes further subdivided into 12 

subfamilies [226]. These are composed of 6 subunits of α-helices from which S1-S4 helices form 

the voltage sensor domain and S5-S6 helices form the pore-forming domain (Figure 15). 

Positively charged aminoacids at the S4 subunit make the vgKCN sensitive to electric charge 

[224, 225, 227] (Figure 15). KCNB2 p.(Gly106Arg) missense mutation is predicted to be located 

in the protein’s tetramerization domain (T1) [228]. T1 promotes channel assembly and hinders 

the assembly of homo- and heterotetramers by obstructing tetramerization between subunits 

that are incompatible [228]. Other than affecting channel assembly, alterations in T1 domain 

could result in impaired ion gating, alterations of cytoskeletal dynamics, altered protein 

targeting for ubiquitination and alterations in transcription [229-231]. 

In Figure 16, we show a map of the location of the 40 vgKCN genes. Of note, some of this 

tetrameric channels are functional by the assembly of four α subunits of themselves (e.g. kv2.2) 

however, other channels are gating modulators/modifiers, that must be associated with other 

subunits to be functional [232]. However, the kv2.2 channel can form heterodimers and be 

modulated by its family channel kv2.1 (KCNB1 gene) and with the silent subunits kv9.1 (KCNS1 

gene) and kv9.2 (KCNS2 gene) [232]. 
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Figure 15 – kv2.2 channel and predicted mutation location. KCNB2 p.(Gly106Arg) missense mutation is predicted to 
be located in the protein’s tetramerization domain (T1) [228]. T1 promotes channel assembly and hinders the 
assembly of homo- and heterotetramers by obstructing tetramerization between subunits that are incompatible 
[228]. Other than affecting channel assembly, alterations in T1 domain could result in impaired ion gating, alterations 
of cytoskeletal dynamics, altered protein targeting for ubiquitination and alterations in transcription [229-231]. 
Created with Biorender.com 

 
Figure 16 – vgKCNs location in the human genome. Chromosome images were collected from NCBI Genes and Disease 
(https://www.ncbi.nlm.nih.gov/books/NBK22266/) . Gene localization was obtained in NCBI Genome Data Viewer 
(https://www.ncbi.nlm.nih.gov/genome/gdv/browser/genome/?id=GCF_000001405.39)  and HUGO 
(https://www.genenames.org/tools/search/#!/all?query=kcn)  databases. 

 

Several lines of data are supportive of vgKCNs alterations to be involved in cancer [233-

235]. Interestingly, mice studies have shown that the disruption of the KCNE2 subunit impairs I- 

uptake by the cell, therefore leading to hypothyroidism or FND [236-238]. 

In the thyroid parenchyma, NIS function is fundamental for the entering of 131I in the 

tumor cell which constitutes the standard treatment for TC, as previously discussed in chapter 

1.6.5. [34] (Figure 17). We hypothesize that vgKCN alterations may indirectly impair I- uptake by 

https://www.ncbi.nlm.nih.gov/books/NBK22266/
https://www.ncbi.nlm.nih.gov/genome/gdv/browser/genome/?id=GCF_000001405.39
https://www.genenames.org/tools/search/#!/all?query=kcn
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the follicular cells, leading to higher levels of TSH on the blood and resulting in cellular 

proliferation [231, 239, 240]. Secondly, vgKCN alterations may explain why some patients with 

sporadic TC loose the capacity to intake I- and to respond to RAI therapy. This way, by indirect 

effect on NIS function, vgKCN mutations may increase predisposition to TC and maybe explain 

why some patients do not respond to RAI therapy. If our hypothesis is verified, it can have 

therapeutic repercussions and introduce vgKCNs as new pharmacological targets in TC therapy. 

 

Figure 17 – Normal ionic conductivity in thyroid follicular cells. Cell homeostasis is tightly regulated by the ionic 
conductivity and membrane potential. The disruption of a vgKCN channel may be sufficient to impact the other 
channels nearby, namely, the Sodium-iodide symporter (NIS), which is fundamental for thyroid hormone metabolism. 
This mechanism was previously studied by Purtell et al. (2012) [238] that showed that the disruption of the potassium 
channel KCNE2, resulted in defaulted iodide uptake by the follicular thyroid cell. Since NIS function is fundamental for 
the entering of radioiodine (131I) in the tumor cell, its function must be maintained to assure the efficacy of thyroid 
cancer standard treatment. 

 

The innovative nature of our proposal comes from genetically and functionally 

addressing vgKCNs as novel targets for TC susceptibility. To our knowledge, how KCNB2 

(8q21.11) or other vgKCN mutations can affect thyroid cell proliferation/differentiation and cell 

malignant potential was never studied in TC.  

 

4.7.2. MATERIALS AND METHODS 
 
 

4.7.2.1. Family presentation 

Family C is comprised of 15 relatives, in which, five were diagnosed with FNMTC 

between the age of 26 and 38 years, and two were submitted to thyroid surgery of unknown 

diagnosis. A germline missense mutation that segregated within the family was found in the 

KCNB2 gene [p.(Gly106Arg)]. KCNB2 encodes a voltage-gated potassium channel (vgKCN) and 

was found in all affected family members, while being absent in the tested healthy individuals 

and random population controls (Figure 18). 
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Figure 18 - Heredogram of family C. Our team had access to information of two generations reaching a total of 15 
relatives, in which, five were diagnosed with FNMTC between the age of 26 and 38 years, and two were submitted to 
thyroid surgery of unknown diagnosis. Benign (FND) and malignant lesions (PTC- Papillary Thyroid Carcinoma; FVPTC 
– Follicular Variant of Papillary Thyroid Carcinoma, non-otherwise specified; FCT – Follicular Thyroid Carcinoma) were 
found in the family. The heterozygous missense KCNB2 p.(Gly106Arg) segregated within the family. Het. – 
Heterozygous. Of note: Tumor classification was performed before the 2022 WHO update, according to the 4th edition 
of the WHO Classification of Thyroid Tumors [241].  

 
 

4.7.2.2. In silico studies 

The same in silico methodology, as the one described in ARTICLE V was applied to 

investigate vgKCN mutations in thyroid cancer. Bioinformatic analysis was conducted on The 

Cancer Genome Atlas (TCGA) base (https://portal.gdc.cancer.gov/) and in a in house database. 

When possible, clinicopathological variables were analyzed according to vgKCN mutation status 

on TCGA database. Statistical analysis was conducted using parametric or non-parametric tests, 

when appropriate. For some categories, cases presented missing information (e.g. age at 

diagnosis – 2 cases). Other online databases namely IntOGen [204], gnomAD [203], COSMIC 

[207], Ensembl [205] and ClinVar [206] were searched in order to verify mutation status and 

effect prediction. 

 

4.7.2.3. In vitro studies 

4.7.2.3.1. FRTL-5 cell line 

FRTL-5 cells and respective clones were cultured at 37ºC with 5% CO2 in Nutrient 

Mixture F-12 Coon's modification (F6636, Sigma) and supplemented with 10μg/ml Insulin 

(I9278, Sigma-Aldrich, USA), 10nM Hydrocortisone (H0888-1G, Sigma-Aldrich, USA), 5μg/ml apo-

Transferrin (T2036, Sigma-Aldrich, USA), 10ng/ml Gly-His-Lys acetate (G1887, Sigma-Aldrich, 

USA), 10ng/ml Somatostatin (S9124, Sigma-Aldrich, USA), 5% of heat-inactivated Foetal Bovine 

Serum (FBS) (Gibco), 1mU/ml TSH. Penicillin-Streptomycin (L0022-100, Biowest) and Fungizone 

https://portal.gdc.cancer.gov/
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(30-003-CF, Corning™ Amphotericin B, Fisher Scientific, UK) were added at prophylactic 

concentration. 

 

FRTL-5 cells do not naturally express the KCNB2 gene, therefore these were previously 

transfected with human WT and Mutated KCNB2 gene, using the overexpression pcDNA3.1+/C-

(K)-DYK Vector (GenScript, USA). Two clones were obtained: KCNB2 wild-type (WT) (OHu25595, 

GenScript, USA), and KCNB2 Mutated (Mut) (OHu25595M, GenScript, USA), in which the specific 

KCNB2 p.(Gly106Arg) mutation detected in Family C was inserted. Empty vector (negative 

control) was achived by the insertion of the pCMV6-AC-Myc vector (PS100003, OriGene) 

available in our lab, since in presents the same backbone as the pcDNA3.1+/C-(K)-DYK Vector. 

 

4.7.2.3.2. FRTL-5 transfected cells clonal selection. 

Transfected cells were treated with the selection antibiotic G418 (Geneticin) at the 

concentration of 0.4 mg/mL (Invitrogen, France) and then maintained at 0.2 mg/mL to prevent 

non-transfected clones from growing. Cells were counted on a Neubauer chamber and 

subsequently diluted until reaching an estimated dilution of 8 cells/mL. Resuspended cells were 

then distributed through five 96-well plates, at a volume of 100 µL/well. Surviving clones were 

maintained and grown up to T75 flasks were at this point cells were harvested, and cell pellets 

were collected for DNA extraction and storage at -80ºC. 

 

4.7.2.3.3. KCNB2 edited cells DNA extraction  

Cell DNA was extracted using the GRS Total DNA Kit – Blood & Cultured Cells (GrisP, 

Porto, Portugal), following the manufactures’ instructions. DNA concentration, sample purity 

and quality were analyzed by spectrophotometry, as previously described in ARTICLE II.  

 

4.7.2.3.4. PCR and Sanger Sequencing validation of KCNB2 transfected cells   

DNA from candidate clones was analyzed by Polymerase Chain Reaction (PCR) using the 

QIAGEN multiplex PCR kit (QIAGEN, Hilden, Germany) and by Sanger sequencing analysis, as 

previously described [215]. Utilized primers for clonal selection are depicted in Table 7. All 

alterations were confirmed by performing two new and independent analysis. All PCR reactions 

were conducted in the SimplyAmp Thermal Cycler (Applied Biosystems, Life Technologies, USA).  
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Table 7 – Characteristics of KCNB2 and pCMV6 primers used for clonal selection – primer sequence, amplicon size 
and annealing temperature. 

Primer Primer sequence Amplicon 
size (bp) 

Annealing 
temperature 

KCNB2_hotspot Forward 5' - AACCACGAAGTCCTGTGGAG - 3' 364 54ºC 

KCNB2_hotspot Reverse 5' - TCTTCTCCTTCTCGCTCTCG - 3' 

KCNB2_middle_ORF Forward 5' - CATTGTGCTTTCCACCATTG - 3' 194 60ºC 

KCNB2_middle_ORF Reverse 5' - TCAGTGGGCCTTTGAAGAAC - 3' 

KCNB2_end _ORF Forward 5' - GCCACCGACAGTCCTAAGAG - 3' 150 60ºC 

KCNB2_end _ORF Reverse 5' - CGAAAAGTCAGCTGTGGTGA - 3' 

pCMV6 Forward 5' - CTTCAGTGACAACGTCGAGC - 3' 254 52ºC 

pCMV6 Reverse 5' - TGAACAAGATGGATTGCACG - 3' 

 

4.7.2.3.5. FRTL-5 proliferation assessment 

Proliferation assessment was performed by plating the Empty vector (negative control) 

cells at 2x104, 3x104, 4x104, 5x104, 7.5x104, and 1x105 cells/wells. Only negative control cells 

were used at this point due to similar growth in all clones. Cells were observed at 24h, 48h and 

72h post-plating, harvested and counted on the Z2 Coulter - Particle Count and Size Analyzer 

(Beckman Coulter Diagnostics, USA). 

 

4.7.2.3.6. RNA extraction and cDNA conversion 

RNA was extracted using the GRS Total RNA Kit – Blood & Cultured Cells (GrisP, Porto, 

Portugal), following the manufactures’ instructions. RNA concentration, sample purity and 

quality were analyzed by spectrophotometry, as previously described in ARTICLE V. 1000 ng of 

RNA were converted to cDNA by Reverse Transcriptase reaction upon DNAse I and EDTA 

treatments. Samples were amplified and converted, using the SimplyAmp Thermal Cycler 

(Applied Biosystems, Life Technologies, USA) at 25ºC for 10 minutes, 42ºC for 60 minutes and 

70ºC for 10 minutes. 

 

4.7.2.3.7. Real-Time quantitative Polymerase Chain Reaction 

Human KCNB2 (Hs.PT.58.39309562, Integrated DNA Technologies - IDT, USA), rat slc5a5 

(nis) (Rn.PT.58.10552131, Integrated DNA Technologies - IDT, USA), and rat tshR 

(Rn.PT.58.44590530, Integrated DNA Technologies - IDT, USA) RNA expression was accessed, 

using rat tbp (Rn.PT.39a.22214837, Integrated DNA Technologies - IDT, USA) as our endogenous 

control gene. cDNA was amplified using the following cycle: 50X (95º for 10 min, 95 for 15 sec 

and 60º for 1 min, for TSH and 58ºC for 1 min for slc5a5 and Tpo). Quantification of mRNA 

expression was performed using the 2-ΔΔCt method. 
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4.7.2.3.8. Mycoplasma spp. contamination elimination 

Rotine mycoplasma spp. assessment revealed Mycoplasma spp. contamination of 

transfected cells. Cells were treated with Plasmocin® - Mycoplasma Elimination Reagent 

(Invivogen, France) at the concentration of 25 μg/mL in complete medium for 15 days. 

Treatment medium was changed all 2-to-3 days and cells were tripsinized always below a 

confluence of 40%. After treatment, cells were left in T25 flasks for 7 days with Plasmocin, 

penicillin-streptomycin and fungizone free-medium until full confluence. Medium was collected 

for mycoplasma spp. PCR testing. Upon positivity, treatment was repeated and Plasmocin 

concentration was raised for 37.5 μg/mL, but resistance to treatment was sill verified.  

Plasmocure® - Mycoplasma Elimination Reagent (Invivogen, France) used to treat mycoplasma 

spp. resistant strains, was applied to at 50 μg/ml for 3 weeks, as indicated by the manufacturer. 

 

4.7.3. RESULTS 
 

4.7.3.1. In silico results 

In IntOGen database, KCNB2 mutations are not described as “cancer drivers” [204] In 

gnomAD, KCNB2 alterations are classified as variants of uncertain significance (VUS), benign 

variants or probably benign variants [203]. 

Alterations of vgKCN were searched on the TCGA database from Cell, 2014 [242] and in an 

in-house database composed of oncocytic tumors (OA and OCAs) (Figure 19).  In TCGA, 19/488 

(4%) of the cases presented pathogenic alterations in vgKCNs, with KCNH2 (7q36.1), KCNH1 

(1q32.2) and KCNIP4 (4p15.31-p15.2) being the most frequently altered channels (Figure 19). In 

our oncocytic tumors database 3/18 (17%) of the cases presented vgKCN mutations (Figure 19). 

One patient presented with homozygous deletion on KCND3, KCNC4, KCNA2 and KCNA10 

channels, all located in cytogenetic band 1p13.2-1p13.3. The other two patients showed 

amplification of KCNIP2 (10q24.32) and deletion of KCNE3 (11q13.4) channels (Figure 19). No 

KCNB2 pathogenic mutations were found in any of the databases.  

The specific KCNB2 p.(Gly106Arg) mutation described in Family C was previously described 

as a somatic mutation in prostate cancer, as result of an WES analysis, but no prediction of the 

mutation’s impact or its clinical significance is described [243]. In thyroid, only the KCNB2 

p.(T666=) (c.1998G>T) silent mutation is described [207].   

Altered vgKCNs cases also presented BRAF hotspot mutation in 11/19 (58%) of the cases and 

NRAS alterations in 3/19 (16%) of the cases (data not shown). 
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Figure 19 – vgKCN genetic alterations found in TCGA database from Cell, 2014 [221] and in an in-house database 
composed of oncocytic tumors (OA and OCAs). 

 
In a broader analysis, our team searched cBioportal (https://www.cbioportal.org/) and to 

the TCGA Cell (2014) database, added the TCGA Firehose Legacy (2016) and PanCancer Atlas 

(2018) databases. Genes coding for 40 vgKCNs were searched. Since several cases of these 

databases were overlapping, we performed a detailed merge of the three databases. 

Duplicate/triplicate cases were excluded, collecting the most informative data for each case. 

Cases without clinical information were excluded from the analysis. A total of 513 cases were 

considered valid. Statistical analysis for patient stage, clinicopathological characteristics, and 

molecular status was conducted for the global TCGA database. 

The series was comprised of 372 females and 139 males (two cases had missing information 

on sex), 410 (79.9%) tumors were histologically classified as PTC, including 37 (7.2%) Tall cell 

PTC, and 103 were classified as FTC (20.1%). Mean age at diagnosis was 46.1 ± 15.22 years for 

women and 49.9 ± 17.07 years for men (p=0.013). 

For the 513 cases, 41 (8%) presented alterations in vgKCNs (missense mutations, 

amplifications, or deletions). Correlation between vgKCN-altered tumors and prognostic factors 

was analyzed.  No statistically significant association between vgKCN-altered tumors and any of 

the analyzed prognostic factors depicted in Figure 20 was found, namely: A) Patient sex, B) 

Clinical stage, C) Distant metastases, D) Extrathyroidal extension, E) Tumor location, F) RAI 

treatment, G) Disease recurrence, H) Disease-free survival, and I) Overall survival. Although no 

significant association was found between the presence of vgKCN alterations and patient 

prognosis, we observed that patients with vgKCN-altered tumors were more frequently at 

https://www.cbioportal.org/
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disease stage IV (Figure 20, B) and presented more often with DM at diagnosis (Figure 20, C). 

These tumors seemed to be more frequently present in the isthmus when comparing to thyroid 

lobes (Figure 20). 

At a molecular level, in vgKCN-altered cases, BRAF point mutations were concomitantly 

present in 22/41 (54%) of the cases, RAS point mutations in 4/41 (10%), TERT mutations in 1/41 

(2%), and 2/41 (5%) of the cases presented both BRAF point mutation and USP42 point 

mutations.  

 

 

Figure 20 – Analysis of clinicopathological factors in vgKCN-altered (orange)  and in vgKCN-WT cases (grey) – A) Patient 
sex, B) Clinical stage, C) Distant metastases, D) Extrathyroidal extension, E) Tumor location, F) RAI treatment, G) 
Disease recurrence, H) Disease-free survival, and I) Overall survival. No statistically significant association was found 
in any of the analysed prognostic factors. 
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4.7.3.2. In vitro results 

 

4.7.3.2.1. KCNB2 transfected cell clonal selection results 

FRTL-5 cells were successfully transfected with the pcDNA3.1+/C-(K)-DYK Vector (GenScript, 

USA) or pCMV6-AC-Myc vector (OriGene), as shown by the electrophoresis and Sanger 

sequencing results in Figure 21. Antibiotic selection with G418 at the concentration of 0.4 

mg/mL, led to very clean electropherograms, indicating almost pure clones (Figure 21). 

To assure clone purity, after G418 selection cells were subjected to further clonal selection 

by the platting of one cell per well in 96-well plates. A G418 prophylactic concentration of 0.2 

mg/mL was maintained to prevent non-transfected cells from growing. Surviving clones were 

grown up to T75 flasks, and DNA was collected for testing. 

 

 

 

 

Figure 21 – Electropherograms from the analysis of transfection in the pool of cells. A) Electrophoresis results of 
KCNB2 WT and Mutated sequences and of pCMV6 vector, B) KCNB2 WT hotspot region, C) KCNB2 Mutated hotspot 
region, D) pCMV6 vector representative region. 
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From single cell clonal selection, we obtained one Empty vector clone (Clone G5) (Figure 

22, A), five KCNB2 WT clones (Clones B1, B5, D5, F9 and G5) and two KCNB2 mutated clones 

(Clones D3 and D8) (Figure 22, B). As shown in Figure 22 (B) the selected clones did not amplify 

for the hotspot region of KCNB2. New PCR annealing temperature’s optimization was performed 

but unsuccessful. The middle and end regions of the inserted ORF were amplified for the pools 

of cells and for two KCNB2 clones (one WT, G5, and one mutated, D8) as to test if these cells 

contained the vector. When comparing to the pool of cells, only the end segment of the ORF 

was inserted in clone KCNB2 WT Clone G5, while in KCNB2 Mutated Clone D8, most of the ORF 

was successfully inserted (Figure 22, C), however, our KCNB2 target region is not present in any 

of the surviving clones (Figure 22, B and C). 

 

 
 
Figure 22 – Electrophoresis results of antibiotic and single cell clonal selection in 1% agarose gel. A) Empty vector 
clone G5 amplification, B) KCNB2 WT and Mutated clones’ amplification of KCNB2 hotspot region, C) Amplification of 
the middle and end section of the ORF of KCNB2 WT and Mutated pool of cells and of tested KCNB2 WT G5 and KCNB2 
Mutated D8 clones. 

 

4.7.3.2.2. Cell proliferation analysis 

Cell proliferation assays showed that platting concentrations ≥ 7.5x104 cells/well lead to 

excessive cell confluence and growth arrest (Figure 23). The concentration of 3x104 cells/well 

was established as the optimal concentration for in vitro assays after cell observation and fold-
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change assessment (Figure 24). Since cell growth was similar in all clones, the same 

concentration was used for the following assays. 

 

Figure 23 – Cell proliferation assay using Empty vector transfected cells. Fold change [(Final cell count/Initial cell 
count)-1] was calculated at 24h, 48h and 72h after plating.  

 

 

Figure 24 – Representative images of the six tested cell concentrations of Empty vector transfected cells at 48h 
timepoint. A) 2x104, B) 3x104, C) 4x104, D) 5x104, E) 7.5x104, and F) 1x105 cells/well. 

 

4.7.3.2.3. KCNB2 mRNA expression evaluation  

KCNB2 mRNA expression was evaluated by RT-PCR in FRTL-5, Nthy-ori 3-1, TPC-1, 8505 and 

T241 parental cells lines, using HEK293 embryonic kidney cells as control, and none of the 

thyroid cell lines presented KCNB2 mRNA amplification (data not shown). 

KCNB2 mRNA expression was evaluated by RT-PCR. KCNB2 mutated cells (pool) showed 

higher mRNA expression of KCNB2 channel (8.8 times higher) when comparing to cells 

transfected with KCNB2 WT segment (Figure 25). Given the low number of samples, no statistical 

significance was found between both clones.  
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Figure 25 – KCNB2 mRNA expression evaluation. KCNB2 mutated cells (pool) showed higher expression of KCNB2 
channel when comparing to cells transfected with KCNB2 WT segment. The experiment was conducted using two 
experimental replicates. mRNA expression was assessed using triplicates. WT – wild-type; Mut – Mutated. 

 

4.7.3.2.4. Thyroid cell markers mRNA expression evaluation  

Expression of slc5a5 was 50% higher in KCNB2 transfected cells (pools), when comparing to 

negative control (Empty Vector – EV) and expression was similar between KCNB2 WT and KCNB2 

mutated cells (Figure 26, A). Regarding tsh receptor, expression was higher in KCNB2 transfected 

cells (pools), when comparing to negative control, however, KCNB2 WT cells seem to present 

74% increase in KCNB2 expression, while mutated cells present 54% increase. Given high 

standard deviations, and low number of samples results must be analyzed with caution. 

 
Figure 26 - Thyroid markers mRNA expression. A) Rat slc5a5 expression on FRTL-5 transfected pool of cells, B) Rat tsh 
receptor expression on FRTL-5 transfected pool of cells. The experiment was conducted using two experimental 
replicates. mRNA expression was assessed using triplicates. EV – Empty vector; WT – wild-type; Mut – Mutated. 

 

4.7.4. DISCUSSION 

Most vgKCN alterations are characteristic of illnesses such as neurological disorders 

(epilepsy, ataxia, encephalopathy, hearing loss, and intellectual disability) [244-246] and 

cardiovascular disorders (cardiac arrhythmia syndromes) [247, 248]. In cancer, vgKCNs have 

been gaining attention over the years. High expression of KCNH2 channel was shown to be 
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associated with reduced survival in glioblastoma multiforme and hepatocellular carcinoma 

[249]. In vitro studies in breast cancer, appointed KCNQ4 as a cancer marker, since channel 

overexpression resulted in tumor cell apoptosis and inhibited cell migration and invasion [250].  

Other vgKCNs were appointed as potential therapeutic targets for breast cancer metastasis 

[251]. The KCNB1 gene, that translates the kv2.1 channel was already demonstrated in prostate 

cancer cells to play an important role, since inhibition of this channel using stromatoxin-1 or 

siRNAs lead to inhibition of cell migration [252]. KCNB1 SNP rs3331 found in a subset of Tunisian 

patients with colorectal cancer was shown to be associated with treatment response [253]. The 

study shows that patients with homozygous mutation were 4 times more likely of treatment 

failure than patients with the heterozygous mutation. However, another study reporting KCNB1 

in colorectal and gastric cancers showed that this channel (along with KCNA5) were similarly 

expressed in tumoral and adjacent tissues [254]. In gliomas, KCNB1 was previously associated 

with malignant progression and outcome [255].  

Since KCNB1 and KCNB2 genes (kv2.1 and kv2.2 channels, respectively) belong to the same 

family and may form heterotetramers, this relation can have physiological implications when 

one of the channels is altered [256]. As shown in our in silico results, KCNB2 mutations are rare 

alteration in thyroid cancer. The role of KCNB2 is not well-established or studied. To our 

knowledge, almost no information relating KCNB2 alterations and cancer are found in the 

literature. A study in which NGS was applied in 875 breast tumors, KCNB2 mutations were 

associated with luminal B breast cancer subtype [257]. KCNB2 is highly expressed in human 

medulloblastoma (pediatric tumor), influencing tumor growth [258]. Knocking out Kcnb2 in mice 

showed reduced replicative potential in medulloblastoma cells, hindering tumor growth [258]. 

Mechanistically, Kcnb2 controls potassium homeostasis, modulating EGFR signaling and cell 

proliferation in medulloblastoma, being hypothesized as a therapeutic marker for this cancer 

[258]. In MalaCards database, KCNB2 alterations are appointed in colorectal  and extragonadal 

germ cell cancer, but no other reports in cancer were found [259]. 

Despite not finding KCNB2 alteration in our in silico analysis of TCGA and in our in-house 

database, other vgKCNs possibly pathogenic alterations were found. Furthermore, these 

alterations seem to be concomitant with somatic mutations such as BRAF and NRAS, which could 

be implicated in the tumorigenic process working as a “second hit”. However, no association 

between vgKCNs and patient prognosis was found in our analysis. 

Since other vgKCNs have been demonstrated to be implicated in carcinogenesis, and since 

a large gap of information about KCNB2 gene exists, we proceed to perform in vitro studies. 

We successfully transfected FRTL-5 cells with both WT and KCNB2 mutated genes. Our pools 

of cells were almost pure after antibiotic selection. We still proceeded to perform single cell 
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clonal selection which was only successful for the selection of Empty vector Clone G5. KCNB2 

WT and Mutated cells did not show upon PCR amplification of the hotspot region of the 

mutation. Our first hypothesis was that during selection, we may have selected parental cells 

present in the pool. Our second hypothesis was that during proliferation, selected clones may 

have lost the vector. To test our hypotheses, we tested one WT and one Mutated KCNB2 clone, 

amplifying more downstream regions of the inserted ORF (after the hotspot region) and 

compared with the pool of cells. These results showed that these clones were antibiotic resistant 

so probably harbored the vector, but the hotspot region was not present in the two single cell 

selected clones. This indicated that vector insertion of the clones that were tested was not 

properly performed by the cell machinery and a part of the KCNB2 gene was probably missing. 

A new single-cell clonal selection may be more successful in separating the targeting clones.  

Since the pool of cells was almost pure and the majority of the clones presented the 

intended insertions, we proceed to perform functional assays in the pool of cells. Our in vitro 

studies showed that KCNB2 mRNA expression was notably higher in KCNB2 mutated cells when 

comparing to KCNB2 WT cells, although not statistically significant. 

We performed an exploratory analysis of the expression of thyroid markers in KCNB2 WT 

and Mutated transfected cells and verified that when comparing to negative control KCNB2 cells 

(WT and Mutated) presented twice the expression of slc5a5. This is a possible indication that nis 

may be regulated by KCNB2 expression. Furthermore, expression of ths receptor was also 

affected by KCNB2 expression. When comparing to negative control cells, both KCNB2 

transformed pools showed increased expression of tsh receptor, with KCNB2 WT cells showing 

the highest increase. 

We are currently continuing mRNA evaluation assays in order to validate the results from 

the exploratory analysis. Cell cycle, apoptosis, cell morphology and migrations assays will also 

be performed in short time. Additionally, our group recently acquired the Guangxitoxin-1E (GTx), 

a kv2.1/kv2.2 selective inhibitor (toxin) extracted from the Plesiophrictus guangxiensis tarantula 

[260]. GTx was shown to be a very potent and specific inhibitor of the kv2 family in a study 

regarding diabetes treatment [261]. In our upcoming experiments, transfected KCNB2 WT and 

Mutated cells will be subjected to KCNB2 inhibition and functional assays will be performed to 

assess the impact of this inhibition in nis function. It would also be interesting to evaluate KCNB2 

function in a human thyroid cell line, such as the Nthy-ori 3-1. 

However, given that the tested thyroid cell lines do not naturally express the KCNB2 gene, 

we hypothesize that the mutation found in family C may be an activating missense mutation. In 

the TT cell line, derived from Familial MTC (Multiple endocrine neoplasia type 2), KCNB2 is 

described to be highly expressed [262]. 
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CHAPTER V – GENERAL DISCUSSION 
 

Comparing to other cancers (e.g. breast, lung, colorectal), TC remains understudied, 

with less attention from the National Institutes of Health [72, 263]. In recent years, several 

improvements in TC research and translational knowledge and management have been made 

regarding clinicopathological factors, genetic landscape and the issue of overdiagnosis [112, 

263]. However, a large gap in TC knowledge is still present when it comes to diagnosis criteria 

and patient management [264]. Difficulty persists in separating low-risk disease from patients 

at risk of recurrence, progression and PTC-related mortality. This is true for both sporadic and 

familial forms of the disease, with the latter posing additional challenges [263]. The complexity 

of TC familial forms and their genetic landscape are still puzzling researchers, highlighting the 

importance of specialized care, tailored treatment strategies, and ongoing research efforts to 

unravel the clinicopathological and molecular factors influencing the outcomes of these patients 

[183]. 

Our team explored the clinicopathological and genetic characteristics of sporadic and 

familial forms of TC. 

As previously stated, PTC is the most frequently diagnosed TC and despite generally 

portraying a favorable prognosis, some cases present highly aggressive and metastatic disease 

[112, 241]. To contribute to better knowledge regarding patient management, our first aim (AIM 

1) was to identify clinicopathological and molecular factors that can contribute to better predict 

the outcome of PTC patient’s prognosis (recurrent/persistent disease, structural disease and 

overall survival).  

Since we aimed to have a trustworthy representation of the everyday clinical practice, 

patient selection was performed in an unbiased way. Patients that presented with sporadic PTC 

diagnosis between January 2002 and December 2015 were selected from one central hospital. 

History of previous irradiation and familial history of TC were exclusive criteria. Our cohort was 

mostly composed of middle-aged women (80%), thus representing the population most affected 

by PTC and the vast majority of the cases were at stage I/II according to the AJCC/TNM 

guidelines, with only four cases showing DM at diagnosis [155]. After a 10-year follow-up, the 

overall survival rate among patients with PTC exceeded 96%, indicating the success of patient 

management strategies in the central hospital. 

We have demonstrated that necrosis was the strongest prognostic factor associated 

with recurrent/persistent disease, structural disease and overall survival, thus becoming 

overpowering in all multivariate analysis, which is in line with 5th edition of the WHO 

Classification of Thyroid Tumors, in which necrosis is itself a prognostic factor associated with 
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tumor aggressiveness and poor prognosis [112, 113]. Differentiated tumors (e.g. PTC, FTC or 

OCA) that present necrosis are immediately classified in the new DHGTC histotype [112]. We 

further performed a comprehensive analysis, shedding light on the pivotal role of calcifications 

in PTC diagnosis, the impact of surgical margins, and the importance of the level of ETE (minimal 

or gross) on PTC prognosis. Contrary to previous studies [265, 266], that analyzed the impact of 

lymphovascular invasion, we performed a separate evaluation of the presence of lymph vessel 

invasion and venous invasion, demonstrating that while lymph vessel invasion was associated 

with recurrent/persistent disease, venous invasion was associated with PTC-specific mortality. 

Regarding our exploration of thyroid cancer molecular markers associated with 

(recurrent/persistent disease, structural disease and overall survival), our results challenge the 

previous notion that BRAF mutations alone are the primary indicators of PTC aggressiveness. 

Several previous studies have indicated BRAF to be associated with poor outcome, RAI 

resistance and disease-specific mortality [267, 268]. However, this effect of BRAF mutation may 

be overestimated in these studies since no other molecular markers known to be associated 

with poor outcome were evaluated [269, 270]. Additionally, the frequency of BRAF mutations in 

PTC is high (40%-80%), so if BRAF by itself was a PTC poor prognosis factor, a lot more cases with 

dismal prognosis would be expected [271]. TERTp mutations on the other hand, are described 

to be present in 10% of PTC cases, which is about the percentage of PTC cases that present poor 

prognosis, thus supporting this mutation as a prognostic factor in PTC [241, 242].  

Our study shows that BRAF mutation is associated with locoregional tumor 

aggressiveness, while the presence of TERTp mutations associates with structural disease and 

PTC-related mortality. We further tested the possible relationship of molecular status 

combinations and different outcomes to obtain a more trustworthy effect of each mutation 

separately. RAS mutations were not found in more aggressive subtypes of PTC nor found to be 

associated with worse prognosis in our series, which is in line with previous studies stating that 

thyroid cancers harboring RAS mutations alone have an excellent prognosis [272]. One patient 

that presented a KRAS mutation died of PTC-related death, however, a TERTp mutation was also 

present in the same lesion (AIM 1.2). 

PTC tumor’s size has also been a target of debate over the years regarding thyroid cancer 

prognosis, with larger tumors being associated with worse prognosis [273]. Some authors argue 

that the impact of tumor size in disease recurrence and LNM is limited to older patients [274, 

275]. “Papillary microcarcinomas (mPTCs)” usually present mild biological behavior and good 

prognosis, being recognized as low-risk malignancies. However, some mPTCs, though 

infrequent, can display aggressive behavior and metastasize to distant sites [276, 277]. Brain 

metastases are uncommon in TC, and even rarer in mPTC (0.8-1.3%), but are indicative of highly 
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aggressive disease [278]. Over the past 13 years, only 24 instances of “mPTCs” with DM have 

been documented in the literature [279]. For this reason, the “mPTC” category disappeared 

from the new 2022 WHO Classification of Thyroid Tumors and tumors ≤ 1 cm are now evaluated 

by their histopathologic characteristics, invasiveness and aggressiveness [112]. We discuss a 

case report detailing the demise of a patient who succumbed to PTC a decade after being 

diagnosed with a 2 mm FVPTC, previously classified as a microcarcinoma (mPTC) due to its size 

(according to the 4th edition of the WHO Classification of Thyroid Tumors) [241]. Being a male 

patient over the age of 55 years and presenting at diagnosis invasion of LNM, already indicated 

a higher risk for aggressive disease, despite having a primary subcentimetric well-differentiated 

malignant tumor [153-155, 274, 275]. Upon recurrence in the retrotracheal region, new lesions 

presented the Tall cell subtype of PTC, indicating a more aggressive tumor [112, 121]. 

Our study further supports the 2022 alterations of the WHO Classification of Thyroid 

Tumors, demonstrating PTC prognosis should not be evaluated by size alone, but rather by the 

patient characteristics, histological component, and molecular landscape of the tumor, as well 

by its risk of infiltration and/or invasion to surrounding tissues and distant sites. Even in 

subcentimetric tumors, a patient risk stratification must be carefully considered, to differentiate 

low-risk cases that may undergo active surveillance from patients whose subcentimetric tumors 

are aggressive and indicated for TC surgical treatment.  

To better understand the impact of subcentimetric PTCs, we presented a study 

evaluating subcentimetric PTC prognosis between cases that were clinically diagnosed and those 

that were incidental findings [280]. Our cohort showed that medium- to long-term survival 

prognosis was excellent in both groups. In 97 patients, only two died of PTC-related mortality 

during the time of follow-up, both elderly and presenting LNM at diagnosis, characteristics 

previously discussed as associated with guarded prognosis [274, 275]. We further showed that 

subcentimetric tumors above 5.5 mm discriminated clinically detected PTC and that tumor size 

was a marker of higher aggressiveness in this subset of tumors. No statistical association 

between tumor histology and worse prognosis were encountered, however we are aware that 

this study presents some limitations: incomplete data in several studied cases, a relatively small 

sample size, and a restricted follow-up. An extended follow-up of these patients could possibly 

provide with more concise data on patient outcome. Thus, we emphasize the need for continued 

exploration and refinement of our understanding of subcentimetric PTCs. 

Our case report molecular analysis revealed that while BRAF V600E mutation was 

initially present at diagnosis, the subsequent recurrence featured both BRAF V600E and TERTp 

mutations. Ki-67 index was also higher in the recurrent lesions compared to the LNM detected 

at diagnosis. Subsequently, the patient developed DM in the lung, dorsal lumbar spine, and 
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brain. Analyzes of the resected brain lesions showed Hobnail variant PTC subtype and clear cells, 

also demonstrating a more aggressive subtype of TC [112, 123]. Additionally, these lesions 

showed concomitant BRAF V600E and TERTp promoter mutations and even a higher ki-67 index, 

when comparing to previous lesions (AIM 1.2).  

Our investigation challenges some treatment guidelines by showing that patients 

treated without RAI had excellent outcomes, supporting the idea that RAI may not be necessary 

in all cases [264, 281]. To this assessment we divided the patients regarding type of surgery and 

RAI treatment, since hormone levels (e.g. Tg, TSH) are affect by the selected treatment. Our 

analysis of the literature supports that low-risk malignancy may be handled by less invasive 

surgery (hemithyroidectomy) and post-operative surveillance. In some cases, no RAI treatment 

is necessary. This allows to reduce the health care system burden and avoids overtreatment of 

indolent tumors. Furthermore, by categorizing tumors accordingly to their risk groups, we not 

only enhance clinical approach but also alleviate patient anxiety associated with a diagnosis 

labeled as "cancer." Categorization of low-risk neoplasms permits for a more personalized 

communication strategy, providing patients with a clearer understanding of their specific 

situation and promoting a more informed and confident decision-making process. 

Overall, our investigation states that male gender, presence of psammoma bodies, gross 

extrathyroidal extension, lateral compartment LNM, lymph vessel invasion, venous invasion, 

necrosis, incomplete surgical resection, and tumor molecular status should be taken into 

consideration regarding treatment and follow-up of PTC patients (AIM 1.1).  

As limitations of our studies, we recognize that at the time of publication, tumor 

histology assessment was performed using the 4th edition of the WHO Classification of Thyroid 

Tumors [241]. Accordingly, the Follicular Variant PTCs (FVPTCs) were evaluated as a group. In a 

new case revision, these would be separated into IEFV-PCT and IFV-PCT. Oncocytic tumors 

(either Oncocytic PTC, Whartin-like PTC or FTC) were evaluated together due to the small 

number of cases. (n=18). We further acknowledge that we had a small number of 

BRAFwt/TERTpmut cases, which leads us to interpret these results with caution. 

Despite these limitations, our findings allow us to answer our first aim (AIM 1) and 

provide valuable insight to the distinction of low-risk patients and patients at risk of poorer 

prognosis, urging a personalized approach in treatment decisions based on the evaluation of 

patient-specific characteristics, tumor histologic characteristics, and molecular profile.  

Our second aim consisted of performing an in-depth exploration of familial thyroid 

cancer (AIM 2). The genetics behind NSFNMTC is rather heterogeneous and poorly understood. 

In numerous families, the genes behind FNMTC remain to be identified. The establishment of 
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molecular markers holds the potential to enhance genetic counseling and facilitate the 

development of novel therapies. 

It is important that physicians can properly identify risk factors that might indicate 

familial disease, namely: 1 - follicular cell derived thyroid carcinoma in at least three first-degree 

relatives; 2- papillary thyroid carcinoma in two or more first-degree relatives; 3 – young male 

presenting papillary thyroid carcinoma; 3 – three family members diagnosed with FND [181, 182, 

184, 185]. The identification of these families and the understanding of the genetic profile of 

these tumors could result in many benefits. Also, disease prevention or active surveillance would 

prevent invasive surgeries and more aggressive treatments in those who are affected by the 

illness. Besides reducing patient morbidity, preventive measures would be more economical for 

the health care system. Additionally, detecting familial disease and identifying the responsible 

gene(s), we can, through assisted reproduction, eradicate the segregation of the disease in the 

family tree. This could also lead to the development of new therapies targeting these specific 

genes. 

While several families have been studied, there's limited progress in identifying a shared 

genetic event that could pinpoint the hereditary changes responsible for disease [194]. 

NSFNMTC patients have more frequently early onset disease, when comparing to sporadic cases 

and this is usually more aggressive, showing large tumors and LNM involvement. Furthermore, 

in each following generation patients presents at an earlier age with more severe symptoms, 

suggesting clinical anticipation of the disease in the family tree [282, 283]. Hence the need to 

identify consistent patterns of disease. Our research team detected two families (denoted as 

Family R and Family C) with familial TC diagnosis. Both families met the criteria for hereditary 

thyroid cancer: 1- disease manifesting in more than three first-degree relatives; and 2- an early-

age diagnosis. However, no syndromic forms of the disease were recognized. Employing WES, 

we unveiled two novel germline mutations, potentially pathogenic in nature. In Family R, the 

mutation was identified in the USP42 gene, a ubiquitin-specific protease, while in Family C, it 

manifested in the KCNB2 gene, a voltage-gated potassium channel. 

We were able to demonstrate the pathogenic role of USP42 as a putative gene in 

NSFNMTC through in silico and in vitro studies (AIM 2.1). Our in silico analysis showed that 

although USP mutations are a rare event in thyroid cancer, this assessment identifies the 

existence of pathogenic USP alterations within the analyzed dataset. USP42 variants had not 

been described as cancer drivers but rather as benign variants or variants of uncertain 

significance, according to IntOGen and gnomAD databases [203, 204]. However, our assessment 

showed that USP42 mutation is associated with pathogenicity in the thyroid cell biology. 
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Interestingly, another USP similar to USP42, USP13, was already described as an underlying 

cause of NSFNMTC in a Brazilian family [192]. 

Family R tumors presented a strong oncocytic component. Oncocytic tumors have been 

shown to present a higher incidence in familial cases than in sporadic TC [194]. However, the 

genetic and factors that contribute to the onset of familial oncocytic tumors are yet to be 

understood [194]. Genetic alterations on the TCO locus seem to be associated with oncocytic 

change [194]. Histologically, familial tumors can be very heterogenous lesions, as seen in both 

families studied by our group. Family R showed histological patterns that included follicular, 

solid, trabecular and papillary patterns of growth, all with a strong oncocytic component. Family 

C presented with FTC and PTC with papillary and follicular patterns of growth. Histological and 

genetic heterogeneity present in familial tumors increases the challenges of understanding 

NSFNMTC, adding to the fact that histologically, familial tumors are similar to the sporadic 

counterpart [182, 185]. Also, the fact that some genetic alterations seem to be “private” and 

therefore unique in each family, complicates researchers’ work when attempting to establish a 

consistent pattern of disease [194]. Given the high heterogeneity of Family R’s tumors, our 

ongoing efforts involve a rigorous third review of the cases by an experienced pathologist (MSS) 

taking into account the new update on the WHO Classification of Thyroid Tumors. 

Simultaneously, we are in the process of initiating a new manuscript based on NSFNMTC tumor 

pathology. The forthcoming manuscript will adhere to the WHO 2022 guidelines, with all lesions 

being meticulously reviewed and reclassified. A comprehensive analysis will be conducted to 

identify prognostic factors associated with disease progression: e.g. invasion, infiltration, 

necrosis, mitotic rate, surgical margins. Benign lesions and adjacent tumor tissues will also be 

thoroughly analyzed. Selection of additional immunohistochemical markers is currently 

underway for a comprehensive tumor analysis (in development). 

Literature findings on the association between vgKCNs and cancer are strong [249-255], 

although almost no information regarding KCNB2 alterations and cancer are described. A huge 

gap exists on the KCNB2 role in carcinogenesis, while alterations in the similar gene KCNB1, 

which forms complexes with kv2.2 are already well described [253-255]. One could speculate 

that alterations in KCNB2 could affect the function of kv2.1. We further hypothesized that KCNB2 

mutations would lead to impaired Nis function (AIM 2.2). We showed that KCNB2 mutated cells 

presented higher expression of channel mRNA when comparing to KCNB2 WT cells. Preliminary 

analysis points out to a possible influence of kv2.2 expression on slc5a5 and tsh receptor 

expression. 

Since thyroid cells do not naturally express the KCNB2 gene, we hypothesize that the 

mutation detected in Family C may be activating. Ongoing studies on this correlation are being 
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performed. FRTL-5 KCNB2 WT and Mutated cells will be challenged with GTx selective kv2.2 

inhibitor and I- assays will be performed to establish a correlation between vgKCN mutations, I- 

uptake and patient response to treatment (in development). 

NSFNMTC has been hypothesized to be a polygenic disorder usually coupled with 

various low- to moderate-susceptibility genes and incomplete penetrance, indicating that 

germline mutations may lead to TC susceptibility but a “second hit” may be necessary for 

carcinogenesis initiation [182, 183, 186-189]. BRAF mutations seem to be a highly prevalent 

event in USPs and vgKCNs mutated tumors, which could contribute to disease initiation. 

However, other than histology and genetics, environmental disruptors may also be key players 

in thyroid carcinogenesis, or even be a non-genetic “second hit”. Our group performed a 

systematic review in which explores the role of Endocrine-Disrupting Chemicals (EDCs) in the 

carcinogenesis of six endocrine-related tumors. Thyroid was the endocrine organ that showed 

the highest cancer risk after EDC exposure which may help explain the increasing thyroid cancer 

incidence over the last decades [104]. We found that exposure to phthalates showed higher risk 

for TC development [104-106]. 75% of the studies showed an increased risk for thyroid cancer 

upon pesticide exposure, with exposure to atrazine being the most significant, representing 

almost five times increased risk of TC [104, 284]. Heavy metals, e.g. cadmium and lead, and 

phenols like bisphenol A (BPA), bisphenol AF (BPAF), bisphenol E (BPE) were also associated with 

increased risk for thyroid tumors, as shown by our systematic review [104, 105, 285, 286]. Two 

recent studies demonstrated an environmental-genetic interaction, one demonstrating that BPA 

results in decreased expression of KCNB2 mRNA, and other showing that BPA leads to decreased 

methylation of KCNB2 gene [287, 288]. 

Much yet is to be discovered on NSFNMTC and we are still far from establishing a 

consistent pattern of disease. Since in vitro models may fail to represent the full spectrum of 

disease, studies in animal models, like zebrafish could be very informative on the overall 

implications of USP42 and KCNB2 germline mutations in TC. Most components of zebrafish 

thyroid axis have been described and shown to be structurally and functionally similar to 

humans, given that 70% of human genes have at least one zebrafish orthologue, including USP42 

and KCNB2. 

More studies in this field are needed.  As a long-term aims, we wish to promote research 

in other families affected by non-syndromic FNMTC and conduct to the recognition of disease 

manifestation and molecular patterns, as well as to contribute to the development of a 

molecular panel of genes for improved patient risk stratification in PTC. 
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CHAPTER VI – GENERAL CONCLUSIONS 

This thesis aimed to enhance early diagnosis, precise risk stratification, and personalized 

medicine for thyroid cancer patients. We conducted a comprehensive investigation into both 

sporadic and familial thyroid cancers, searching for clinicopathological and molecular aspects of 

these tumors. 

Our findings highlight that male gender, presence of psammoma bodies, gross 

extrathyroidal extension, and lateral compartment LNM, together with pathological factors, 

namely lymph vessel invasion, venous invasion, necrosis, and incomplete surgical resection, 

should be taken into consideration regarding treatment and follow-up of PTC patients. 

Additionally, we showed how tumor molecular status may help predict patient outcome. BRAF 

mutation is associated with locoregional tumor aggressiveness, while the presence of TERTp 

mutations associates with structural disease and PTC-related mortality. In addition, concomitant 

BRAF and TERTp mutations were associated with disease progression and poorer prognosis. 

Our analysis supports that low-risk malignancy may be handled by less invasive surgery 

(hemithyroidectomy) and post-operative surveillance. However, PTC prognosis should not be 

evaluated by size alone, but rather by the patient characteristics, histological component, and 

molecular landscape of the tumor, as well by its risk of infiltration and/or invasion to surrounding 

tissues and distant sites. 

This characterization, allows for an improved communication strategy, providing 

patients with a clearer understanding of their specific situation and promoting a more informed 

and confident decision-making process. 

To our knowledge we describe for the first time mutations on USP42 and KCNB2 genes 

in the context of NSFNMTC. Considering our in silico and in vitro assays, along with the 

information available in the literature, we hereby propose USP42 mutation as an underlying 

cause of NSFNMTC. We are currently continuing our promising investigation into the potential 

pathogenic role of KCNB2 mutations and hope to contribute to bridging the information void on 

KCNB2 gene in NSFNMTC. 
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Appendix 
 
 

ARTICLE VI 

Thyroid cancer incidence has been continuously increasing over the past decades [71]. 

Despite the well-established overdiagnosis effect already discussed in chapter 2.3.2.4., exposure 

to environmental pollutants, such as endocrine disrupting chemicals, has been pointed as a risk 

factor for thyroid cancer and therefore a cause for that increase [72, 103]. Our team has 

explored the association of endocrine disrupting chemicals with six endocrine-related tumors. 

Despite the emphasis of this thesis is the study of thyroid tumorigenesis related factors, we also 

explore tumors of the breast, prostate, uterus, testis, ovary. 
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BOOK CHAPTER 

Regarding tumor invasion, in the BOOK CHAPTER we provide a review of the evolution of the 

Thyroid Classification Systems from 1914 to 2022 and perform a reflection on the pathobiology, 

morphology and clinical significance of minimally invasive tumors. We further characterize the 

histology and prognostic significance of benign and low-risk tumors approached in chapter 2.3.3.  
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