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ABSTRACT 

 

Anaplastic thyroid carcinoma (ATC) is a rare and aggressive form of thyroid cancer. It is often 

considered one of the most aggressive cancers known, with a very poor prognosis. ATC is 

characterized by its rapid growth and invasion into surrounding tissues. It is often diagnosed at 

an advanced stage when it has already spread to nearby structures in the neck, making it 

challenging to treat. 

Due to its rarity and aggressive nature, anaplastic thyroid cancer is a difficult condition to treat 

and requires an early diagnostic approach and timely intervention, therefore knowledge of the 

mechanisms underlying thyroid cancer progression and identification of new therapeutic targets 

represent important research challenges. Benzyl isothiocyanate (BITC) is a naturally occurring 

compound found in cruciferous vegetables that has shown promise for its potential anticancer 

properties.  

The aim of this study was to evaluate the antitumor effect of BITC in thyroid cancer, 

highlighting signaling pathways involved in BITC mechanism of action, and identify new 

therapeutic strategies for the treatment of the most common endocrine cancer. The study 

examined how BITC interacts with specific signaling pathways, including mTOR 

(mammalian target of rapamycin) and MAPK (mitogen-activated protein kinase). These 

pathways are often dysregulated in cancer and can be targeted for therapeutic purposes. This 

work included in vitro and in vivo studies. The in vitro model was performed using different 

TC cell lines to study the effect of BITC on the modulation of autophagy, through direct 

interaction with mTOR and MAPK pathways, and to evaluate its ability to modulate apoptosis 

and reduce cell migration.  To confirm the in vitro findings and better mimic the complex 

tumor microenvironment, an in vivo orthotopic model of ATC was used. This involved the in-

situ inoculation of ATC cells in mice, followed by treatment with BITC. Histological analysis 

of the mouse thyroids was conducted to evaluate the effects of BITC on tumor growth and 
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progression and Western blot analysis was used to examine markers related to autophagy, 

apoptosis, and epithelial-mesenchymal transition (EMT). The study's results indicate that 

BITC, both in vitro and in vivo, has the potential to slow the progression of anaplastic thyroid 

cancer. This effect appears to be mediated through interactions with autophagy pathways, 

reduction in EMT, and the attenuation of tumor-related inflammation. In conclusion, this 

study provides valuable insights into the potential role of BITC as a therapeutic agent for 

anaplastic thyroid carcinoma. It highlights the importance of understanding the molecular 

mechanisms underlying cancer progression and identifies BITC as a compound worth further 

investigation for the development of new treatment strategies for this aggressive form of 

thyroid cancer. 
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1. INTRODUCTION 

 

Thyroid carcinomas (TC) are the most frequent malignancy of the endocrine system and present 

a great variability in terms of molecular, cellular and clinical characteristics. Based on these 

parameters, TC are divided into differentiated carcinomas such as Papillary Thyroid Carcinoma 

(PTC) and Follicular Thyroid Carcinoma (FTC), characterized by a favorable prognosis, and 

undifferentiated carcinomas such as Anaplastic Thyroid Carcinoma (ATC), lacking valid 

therapeutic possibilities [1]. This type of thyroid cancer typically arises from the follicular cells 

of the thyroid gland. It can develop de novo or may arise from pre-existing well-differentiated 

thyroid cancers, such as papillary or follicular thyroid carcinomas [2]. ATC is a rare and highly 

aggressive form of thyroid cancer and accounts for only a small percentage of all thyroid cancer 

cases but is responsible for a disproportionate number of thyroid cancer-related deaths due to 

its aggressive nature and poor prognosis [3]. The incidence of this neoplasia is three-fold higher 

in women and in individuals aged 25 to 65 years [4]. Diagnosis usually involves a combination 

of imaging studies, such as ultrasound, CT or MRI scans, and a thyroid nodule biopsy, but 

because of its tendency to progress rapidly ATC is often diagnosed at an advanced stage making 

timely treatment difficult [5]. Conventional therapies, including surgery and radioactive iodine 

(RAI) treatment, often significantly prolong overall survival (OS) and progression-free survival 

(PFS) of patients with well-differentiated thyroid cancer (WDTC), while more invasive and 

metastatic anaplastic thyroid cancer often cannot be surgically removed and has poor response 

to local therapies. Anaplastic tumor cells are not responsive to radioiodine and most modalities 

of chemotherapy and radiotherapy [6]. While targeted therapies for ATC have evolved rapidly 

over the past decade, drug resistance is a major obstacle to improving the prognosis of patients 

with advanced thyroid cancer [7].  

Although many efforts have been made to improve the accuracy in the characterization of these 

tumors, the understanding of the mechanisms that regulate the differentiation of tumor cells and 
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the identification of new therapeutic targets are important steps in the treatment of thyroid 

carcinomas. Most of the recently discovered targeted therapies for ATC inhibit the known 

oncogenic mechanisms in thyroid cancer initiation and progression such as MAPK pathway, 

PI3K/Akt-mTOR pathways, or VEGF [8]. Benzyl isothiocyanate (BITC), a bioactive natural 

product found in cruciferous vegetables, has shown anticancer effects through modulation of 

apoptosis, inflammation, and autophagic pathways. BITC has been shown to inhibit cancer 

progression in preclinical animal testing [9-11].  Some studies report the beneficial effect of 

BITC in the inhibition of both basal and Hepatocyte growth factor (HGF)-stimulated migration 

and in the invasion of breast cancer cells, effects that seem to be attributable to urokinase-type 

plasminogen activator (uPA) downregulation and Plasminogen activator inhibitor-1 (PAI-1) 

upregulation, which in turn may be mediated by suppression of Akt activation [9]. In addition, 

orthotopic xenograft models of breast cancer have documented the inhibition of EMT by BITC, 

through up-regulation of adherent junction proteins (E-cadherin and occludin) and down-

regulation of mesenchymal markers such as vimentin and fibronectin and suppression of E-

cadherin transcriptional repressors (snail and slug) [12].  Further works showed that BITC 

treatment inhibited the expression of pro-survival proteins IGF1R, mTOR and FGFR3 by 

upregulation of miR-99a in bladder cancer cell lines, providing strong preclinical evidence for 

miRNA-based treatment of cancer [13]. The most reported signaling pathway with which BITC 

interacts is certainly autophagy. BITC is known to affect the mammalian target of rapamycin 

(TOR) pathway, which is a key regulator of autophagy, potentially affecting the balance 

between cell survival and cell death in cancer cells. BITC's ability to induce autophagy in cancer 

cells has led to research exploring its potential therapeutic applications. Some studies suggest 

that combining BITC with autophagy inhibitors or other cancer therapies could improve its 

effectiveness in treating certain types of cancer [14,15]. Research on BITC and autophagy has 

been conducted in various types of cancer, including breast cancer, prostate cancer, colon 

cancer, and more [16-18]. The specific effects of BITC on autophagy may vary depending on 
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the type of cancer cell and context. BITC causes inhibition of cytoprotective autophagy of 

human gastric adenocarcinoma AGS cells by decreasing both autophagy initiator proteins and 

lysosomal degradation [10], while it has demonstrated antitumor activity in human prostate 

cancer cells through the induction of early protective autophagy pathways by inhibiting mTOR 

signaling regardless of their sensitivity to androgens [19]. However little attention has been paid 

to the impact that BITC could have on the progression of thyroid cancer. The aim of this work 

was to evaluate, through both in vitro and in vivo models, the antitumor effect of BITC in ATC, 

highlighting signaling pathways involved in its mechanism of action. 

This research aiming to evaluate the impact of BITC on ATC represents a significant effort to 

address a challenging and deadly cancer type. Understanding how BITC influences ATC 

progression and identifying relevant signaling pathways can potentially lead to the development 

of innovative and more effective therapeutic approaches for ATC patients, offering hope for 

improved outcomes and quality of life. 
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2. THYROID CARCINOMAS 

 

2.1  Definition 

Thyroid carcinoma (TC) is the most frequent neoplasm of the endocrine system, accounting 

for about 95% of all endocrine cancers and about 2.5% of all malignancies. TCs are 

characterized by great variability in terms of cellular, molecular, genetic, and clinical 

characteristics. This important phenotypic heterogeneity generally results from the integration 

of genetic and non-genetic influences and may have implications in understanding the 

mechanisms underlying therapeutic resistance and in the development of effective strategies. 

Recent advances in multiscale profiling of these tumors have improved understanding of the 

tumor landscape and led to the potential identification of novel biomarkers and molecular 

targets for prognosis and therapeutic intervention [20]. 

 

2.2  Etiopathogenesis 

The etiological factors involved in the development of TCs include both constitutional 

predispositions and genetic etiological factors. Among the risk factors involved in the 

oncogenesis of the most studied TCs is certainly radiation exposure. In fact, numerous 

evidences have revealed the close correlation between radiation exposure (e.g. local 

irradiation for the treatment of infections or inflammation of the tonsillar and nasopharyngeal 

region or even acne and thymus irradiation therapy) and the significant increase in the risk of 

developing thyroid carcinomas [21]. The facts for the deleterious effect of radiation exposure 

in the development of thyroid cancer have been confirmed in the population of Hiroshima and 

Nagasaki following the accident at the Chernobyl nuclear power plant [22]. An increase in the 

incidence rate was detected in the first 3-4 years after the accident, due to exposure to 

radioisotope 131 I, especially in the younger population in the age group of 4 years. The 

assessed relative risk exists at an average exposure dose of 10 cGy and above this exposure 
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dose up to 1500 cGy there is a linear dependence between irradiation and risk of developing 

TCs. Higher exposures above 1500 cGy are associated with a relative risk reduction, probably 

due to the cytotoxic effect of these high doses of exposure [23]. 

Another environmental factor related to the etiopathogenesis of TCs is dietary iodine intake 

(nutritive iodine deficiency or sufficiency) [24]. Both low and high iodine intake conditions 

can result in changes in TSH and stimulate the development of carcinogens. According to 

some investigations, iodine deficiency compared to its excessive intake has an impact more 

like a promoter, not a direct carcinogen, causing the increase in TSH and the consequent 

stimulation of thyroid EGF (epidermal growth factor) and the reduction of TGFβ1 

(transforming growth factor β1), with concomitant promotion of angiogenesis and tumor 

growth. To confirm this evidence, numerous studies have shown a high incidence of follicular 

and anaplastic carcinomas in the population coming from iodine-deficient regions [25]. 

Among the constitutional etiological factors related to the development of TCs there is pre-

existing benign thyroid disease. According to several case-control studies and prospective 

studies, conditions such as benign nodular/multinodular thyroid disease, goiter, autoimmune 

disorders (Graves' disease and Hashimoto's disease), can lead to an increased risk of 

developing TCs [26]. In addition, there was a significant difference in the incidence rate of 

TCs between females and males after puberty and in the reproductive period [27]. This 

evidence therefore suggests the possibility that estrogenic effects are also related to the 

development of TCs. Another risk factor identified through numerous case-control studies is 

the condition of obesity. The exact pathophysiological mechanism is not fully understood, but 

the increase in TSH related to this condition could lead to an altered interaction with insulin-

like growth factor 1, causing the inactivation of the MAPK and PI3K pathways that may be 

enrolled in pathogenesis of TCs. Recent developments in molecular biology have unveiled 

several genetic alterations associated with the oncogenesis of TCs. Key mutations include 

those in the RET gene (15-33% of cases), RAS mutations (10%), and BRAF mutations (40-
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60%). Additional molecular alterations involve signaling pathways such as the MAPK and 

PI3K-AKT pathways. The MAPK pathway, crucial for tumor initiation, is activated in thyroid 

carcinomas through RET/PTC rearrangement [28], RAS mutations, and BRAF mutations 

[29]. This pathway consists of a network of three kinases that activate each other through 

sequential phosphorylation in response to various stimuli and it regulates cellular processes 

such as cell growth, differentiation, and adaptation to stress. In the RAF-RAS/MEK/ERK 

pathway, signal transduction begins with the activation of RAS through various membrane 

proteins. RAS mutations, found in follicular adenomas, lead to permanent activation. There 

are three RAS isoforms (HRAS, KRAS, NRAS) found in thyroid cancers, with mutations 

occurring early in premalignant lesions. The deletion of KRAS and concurrent deletion of 

PTEN may trigger malignant transformation into aggressive forms of follicular thyroid 

carcinoma (FTC). Mutations and deletions of the tumor suppressor gene PTEN activate the 

PI3K-AKT pathway are exceedingly rare in  papillary thyroid carcinoma (PTC) but contribute 

to  80% of FTC and in 2–11% of Poorly differentiated thyroid carcinomas (PDTC) and in 12–

39% of Anaplastic thyroid carcinoma (ATC) [30-32]. While RAS mutations are characteristic 

of follicular thyroid malignancies, RET/PTC proto-oncogenes are predominantly found in 

PTC. Similar to their well-differentiated counterparts, BRAF and RAS mutations remain the 

main drivers in PDTC and ATC, occurring in 33% and 45% of PDTC, and 29% and 23% of 

ATC respectively [33,34]. BRAF mutations, specifically the transverse point mutation 

T1799A resulting in BRAF-V600E expression, are detected in about 45% of PTCs, activating 

serine/threonine kinase [35]. The tumor suppressor gene TP53, located on chromosome 17, 

may undergo mutations leading to dedifferentiation in tumor evolution. Inactivating TP53 

mutations, a genetic hallmark of ATC [36], are infrequent in well-differentiated thyroid 

carcinoma, being detected in merely 0.8% of PTC, but are highly prevalent in ATC, detected 

in up to 73% of tested ATC [32-34]. Genetic rearrangements, such as the PAX8/PPARγ 

rearrangement (t(2;3)(Q13;p25)), result in the creation of oncogenic proteins in  follicular 
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variant FTC (13%) [37]. In addition, mutations in the TERT promoter appear to be associated 

with a more aggressive phenotype [38]. In fact, they are detected at low frequency in well-

differentiated thyroid cancer: 10% of PTC, 17% of FTC, while on the contrary high mutation 

rates of the TERT promoter occur in 40% of PDTCs and 73% of ATCs, respectively [39]. 

Understanding these molecular processes has facilitated in-depth investigations into the 

molecular pathogenesis of thyroid carcinomas.  

 

2.3  Classification 

The fifth edition of the World Health Organization's (WHO) Classification of Endocrine and 

Neuroendocrine Tumors was released in March 2022 [40] and lists the different tumor types 

within a hierarchical taxonomic classification that is assigned based on the cell of origin, 

pathological or molecular characteristics, and biological behavior. The four main taxonomic 

ranks are category, family (class), type, and subtype. Most thyroid cancers arise from follicular 

epithelial cells, while a small number arise from calcitonin-secreting C cells. Follicular cell-

derived malignancies are classified into benign tumors, low-risk malignancies, and malignant 

malignancies. The classification of thyroid tumors has evolved on the basis of classical 

histopathology and molecular pathogenesis.  

 

2.3.1 Benign follicular cell-derived thyroid tumors 

The category of benign thyroid neoplasms includes: follicular nodular disease (FND), 

follicular adenoma, follicular adenoma with papillary architecture and oncocytic follicular 

adenoma. Follicular nodular disease (FND) is a term proposed by the new edition of the WHO 

classification to indicate all conditions that were previously referred with the clinical term 

"goiter". In fact, this term refers to an enlargement of the thyroid gland associated with various 

neoplastic and non-neoplastic disorders.  FDN therefore includes all pathologies previously 
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defined with the terms "colloidal nodules", "multinodular goiter", "adenomatous goiter" and 

"multinodular hyperplasia" often used by pathologists, but which did not reflect the underlying 

pathology beyond the mere confirmation of clinical findings. Follicular adenoma is a common 

benign neoplasm of the thyroid gland. It is an encapsulated tumor characterized by a solid or 

rubbery, homogeneous, round, or oval appearance surrounded by a thin fibrous capsule. 

Papillary follicular adenoma is an encapsulated, well-demarcated, non-invasive tumor 

characterized by intrafollicular centripetal papillary growth and lack of the nuclear features of 

papillary thyroid carcinoma (PTC) [41]. These tumors are often associated with autonomous 

hyperfunction and may therefore appear as hot or warm nodules on radionuclide thyroid scan 

[41]. Molecular analyses have shown that these are driven by TSHR, GNAS or EZH1 

mutations and alterations that activate the protein kinase A (PKA) pathway [42,43]. Moreover, 

non-functional follicular adenomas with papillary architecture can harbor DICER1 mutations, 

and a subset of these have been reported in association with DICER1 syndrome [44-46]. 

Oncocytic thyroid tumors represent a distinct entity of thyroid malignancies, characterized by 

the presence of 75% of tumor cells with oncocytic features. This neoplasm is supported by 

specific genetic aberrations including mitochondrial DNA mutations and increased copy 

number alterations [46,47].  

 

2.3.2 Low-risk follicular cell-derived thyroid neoplasms  

The fourth edition of the WHO Classification of Thyroid Cancers introduced a group of 

malignancies termed "low-risk." This category encompasses non-invasive follicular neoplasm 

of the thyroid with papillary-like nuclear features (NIFTP), thyroid tumors of uncertain 

malignant potential, including follicular thyroid tumors of uncertain malignant potential (FT-

UMP), well-differentiated tumors of uncertain malignant potential (WD-UMP), and 

trabecular meshwork hyalinizing tumors (HTT) [1]. When assessed using stringent diagnostic 
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criteria, these malignancies collectively exhibit clinically benign behavior and typically do 

not necessitate aggressive treatment modalities. It's important to note that HTT is an exception 

to this trend. Most of these low-risk malignancies are predominantly driven by RAS 

mutations. However, the identification of non-RAS-like molecular signatures (e.g., BRAF 

p.V600E) or high-risk molecular alterations (e.g., TERT promoter mutations) warrants a re-

evaluation of pathological features to exclude overt malignancy. This underscores the 

significance of a comprehensive molecular and pathological assessment for accurate 

classification and determination of appropriate treatment strategies. NIFTP is a well-

demarcated or encapsulated, non-invasive neoplasm characterized by follicular matrix with 

PTC-related nuclear atypia lacking high-grade features (mitosis/necrosis) [48,49]. Most 

NIFTPs are RAS-driven or have BRAF codon 601 (K601) and BRAF p mutations, therefore 

the V600E mutation represents an exclusion criterion for NIFTP. Thyroid tumors of uncertain 

malignant potential are rare types of neoplasm in which the histological confirmation of 

capsular and/or vascular invasion is unclear, so they require extensive microscopic evaluation, 

because the presence of a single invasive focus would exclude this type of diagnosis. HTTs 

are follicular cell-derived thyroid neoplasms with PTC-related nuclear atypia, trabecular 

growth pattern, extracellular hyaline matrix and specific PAX8::GLIS1 and PAX8::GLIS3 

fusions [50].  

 

2.3.3 Follicular thyroid carcinoma and follicular variant of papillary thyroid carcinoma 

Follicular thyroid carcinomas are mostly RAS-driven invasive tumors that lack PTC nuclear 

cytology.  FTCs are divided into three different subtypes, each reflecting the overall prognosis 

based on tumor capsule invasion and vascular invasion foci: minimally invasive FTC, 

encapsulated angioinvasive FTC, and extensively invasive FTC [1]. The related follicular 

variant of PTC (FVPTC) is similar to FTC in terms of predominant growth patterns but 
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exhibits thinner nuclear features than most PTCs that are linked to molecular alterations 

similar to BRAF p.V600E. FVPTCs are now divided into infiltrative and encapsulated 

subtypes. Infiltrative FVPTCs are BRAF-driven tumors with florid nuclear atypia with 

invasion of the surrounding thyroid parenchyma and lymphatic vessels (thus behaving like 

real PTCs).  Encapsulated FVPTCs are RAS-driven lesions with an invasive pattern similar 

to FTCs (capsular and/or propensity for vascular rather than lymphatic invasion) [1]. Similar 

to FTC, FVPTCs also show a correlation between the extent of invasion and the patient's 

prognosis [51].  

 

2.3.4 Papillary thyroid carcinoma 

Papillary Thyroid Carcinoma (PTC) is the most common type of thyroid cancer, accounting 

for about 80% of all thyroid cancer cases. It is characterized by distinctive features, including 

papillary structures (finger-like projections) and nuclear abnormalities such as nuclear 

grooves and psammoma bodies (calcified structures). In recent years, much attention has been 

paid to the histological subtyping of PTCs [1]. PTCs driven by oncogenic BRAF mutations 

account for 50-60% of all cases and are specifically overrepresented in high-cell, columnar 

cell, and hobnail subtypes. This subtype correlates with the higher risk of lymph node 

metastases, loco-regional recurrences, distant metastases, and poor outcomes compared to 

RAS- driven PTC counterpart [1]. In addition to the classic PTC, several histological subtypes 

in terms of histological definitions and molecular profiles are now listed. The most common 

are infiltrative, high-cell, columnar cell, nail-cell, solid, diffuse sclerosing, Warthin-like and 

oncocytic PTCs.  
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2.3.5 Poorly differentiated thyroid carcinoma and differentiated high-grade thyroid 

carcinoma 

Poorly differentiated thyroid cancer (PDTC) is a subset of differentiated thyroid carcinomas 

(PTC, FTC) that exhibit high-grade pathological features such as increased mitotic index and 

the presence of tumor necrosis and it is associated with an aggressive clinical course [52,53]. 

The diagnosis of PDTC is made on the basis of the so-called Turin criteria; (1) presence of a 

solid/trabecular/insular growth pattern, (2) absence of the conventional nuclear features of 

papillary carcinoma, and (3) presence of at least one of the following: convoluted nuclei; >3 

mitosis per 2 mm2 (10 high-power fields) and tumor necrosis [54]. In the latest revision of the 

WHO classification, an intermediate entity of "high-grade differentiated thyroid cancer" 

(DHGTC) is therefore introduced for high-risk differentiated thyroid carcinomas that retain 

PTC-related nuclear atypia or a follicular growth pattern, but that exhibit features that are not 

acceptable for a diagnosis of PDTC, such as ≥ 5 mitoses per 2 mm
2 

and/or tumor necrosis [1]. 

DHGTCs and PDTCs are lesions guided by BRAF or RAS, because they are tumors preceded 

by a PTC or FTC. Interestingly, DHGTCs are mostly derived from BRAF-driven PTCs, while 

PDTCs often exhibit aberrant RAS signaling, indicating a relationship between FTCs and 

FVPTCs [55].  

 

2.3.6 Anaplastic thyroid carcinoma  

Anaplastic thyroid carcinoma (ATC) is a highly aggressive thyroid tumor constituted of 

undifferentiated follicular cells. This rare type of thyroid carcinoma (1–2% of all thyroid 

malignancies) usually develops in elderly patients, presenting rapidly growing, firm and 

infiltrative neck mass. The prognosis of ATC is severe with a median survival period of less 

than 6 months and mortality rate of more than 90% [56]. Three histological types (sarcomatoid, 
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giant cell, and epithelial) are observed in any combination and proportion in ATC. Nuclear 

pleomorphism, tumor necrosis, increased mitosis, and infiltrative growth are key features for 

a conclusive diagnosis of ATC, and immunohistochemistry Ki67 is useful to confirm ATC 

and other high-risk thyroid carcinomas. In the previous WHO classification, squamous cell 

carcinoma (SCC) of the thyroid gland was listed as a separate entity from anaplastic thyroid 

carcinoma (ATC); however, studies have shown that both behave clinically similarly. 

Molecular profiling solved this diagnostic issue; the vast majority of thyroid SCCs harbor 

BRAF p.V600E mutations and show immune-expression of TTF1 and PAX8, demonstrating 

the origin from follicular cells [57] [58]. In addition, thyroid SCCs can be seen in combination 

with a well-differentiated thyroid cancer, and similarly, a subset of ATCs exhibits easily 

recognizable squamous differentiation, making it logical to classify thyroid SCCs as a 

morphological model/subtype of ATC rather than a separate entity. The new classification 

also encourages routine use of BRAF p.V600E mutation-specific VE1 immunohistochemistry 

in all patients with ATC, given the potential benefit of BRAF and MEK inhibitor therapies 

[1].  

 

2.3.7 Medullary thyroid carcinoma  

Medullary thyroid carcinomas (MTCs) constitute approximately 5–10% of all thyroid cancers. 

Although the tumor forms in the thyroid, it doesn’t originate from thyroid cells, but from the 

C cells or parafollicular cells which produce and release a hormone called calcitonin (CT) [59]. 

MTC are defined as high-grade tumors based on the presence of at least one of the following 

parameters: tumor necrosis, mitotic count ≥5 per 2 mm2, and/or a Ki67 proliferation index ≥ 

5% [60] .    
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Figure 1. Overview of the main diagnostic groups of the 2022 WHO classification of thyroid 

tumors. MI, minimally invasive; EAI, encapsulated angioinvasive; WI, widely invasive. 

[Christofer Juhlin C, Mete O, Baloch ZW. The 2022 WHO classification of thyroid tumors: 

novel concepts in nomenclature and grading. Endocr Relat Cancer. 2022 Dec 22;30(2):e220293. 

doi: 10.1530/ERC-22-0293. PMID: 36445235]. 

 

2.4  Diagnosis  

The diagnostic process of TCs (including poorly differentiated forms) includes pre- and 

postoperative pathological and molecular evaluations. Guidelines for the diagnosis of TCs 

recommend thyroid ultrasound along with examination of cervical lymph nodes in patients with 

suspected thyroid nodules. When thyroid ultrasound is performed, the clinical goal is to detect 

nodules at high risk of thyroid cancer. The presence of findings such as microcalcifications, 

irregular margins, and marked hypoechogenicity indicate a higher risk of malignancy. Existing 

guidelines classify thyroid nodules into risk categories based on the suspected features 

mentioned above and make recommendations for biopsy. In the Thyroid Imaging Reporting and 
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Data System (TI-RADS) developed by the American College of Radiolology (ACR) the nodules 

were then reclassified and evaluated in terms of echogenic foci, margin irregularity, taller-than-

wide shape, and calcification and microcalcification. The risk category of the nodules was 

scored according to the following features. Nodules were classified as benign (TR1, 0 points), 

very low suspicion (TR2, 2 points), low suspicion (TR3, 3 points), intermediate suspicion (TR4, 

4–6 points), and high suspicion (TR5, ≥7 points) [61]. According to the guidelines fine needle 

aspiration biopsy (FNAB) is recommended at 1 cm and above for high or moderate suspicious 

nodules, 1.5 cm and above for low-suspicion nodules, and 2 cm and above for ultra-low-

suspicion nodules [62]. Cytological findings are classified into diagnostic categories associated 

with different risks of malignancy [63]. Most malignant thyroid tumors can be identified 

cytologically. Notable exceptions are FTCs and non-invasive follicular thyroid neoplasm with 

nuclear papillary-like features (NIFTP), which are usually classified as indeterminate in the 

various thyroid cytology reporting schemes [64]. FNAB-based diagnosis of poorly differentiated 

carcinoma is also difficult unless there is an obvious increase in mitotic activity and/or necrosis. 

The diagnosis of FNAB may be facilitated by the evaluation of markers of malignancy 

(including proteins commonly overexpressed in tumors, e.g., HBME1 or galectin-3) and 

molecular profiling to detect alterations specifically associated with malignancy (e.g., BRAF-, 

RAS-, TERT-, TP53-, RET- mutations, other new genetic alterations). Resected TCs are 

histologically classified according to World Health Organization (WHO) criteria (updated in 

2022) and mentioned previously.  

 

2.5  Epidemiology 

The incidence of thyroid cancer has been steadily increasing since the 1980s and appears to 

be related to geographic location. In fact, it is found to be higher in higher-income countries, 

including the Republic of Korea, Canada, Italy, France, Israel, Croatia, Austria, and the United 

States, as well as in some upper-middle-income countries, such as Turkey, Brazil, Costa Rica, 



 23 

and China. The incidence is also high in some island nations and territories, including Cyprus, 

Cape Verde, French Polynesia, New Caledonia and Puerto Rico. This variation is thought to 

be primarily attributable to geographical differences in access to care and diagnostic practices, 

although environmental exposures may also play a role [65]. Globally, in 2020, the age-

standardized incidence rates of thyroid cancer were 10,1 per 100 000 women and 3,1 per 100 

000 men. Compared to incidence, thyroid cancer death rates tend to be much lower and vary 

much less based on geographic location, in fact, in 2020 age-standardized mortality rates were 

0,5 per 100 000 women and 0,3 per 100 000 men [66]. Thus, mortality has remained very low 

and stable over time compared to incidence. The rising incidence coincided with the 

introduction and increasingly widespread use since the 1980s-90s of medical imaging 

techniques, including thyroid ultrasonography, and sensitive diagnostic tools [67], resulting in 

the incidental detection and diagnosis of cancers that would previously not been detected. For 

these reasons, the rising incidence of thyroid cancer has been referred to as an “epidemic of 

overdiagnosis” [68]. Overdiagnosis is defined as the diagnosis of a condition that would not 

have caused harm to the individual over their lifetime if left undetected. Similar trends in 

incidence have been observed in nearly every region of the world, including some lower-

resource countries, without clear corresponding increases in mortality. Thyroid cancer 

incidence increases from adolescence through middle age, peaking around 55 years in women 

and 65 years in men, and subsequently declining with older age. The prognosis for thyroid 

cancer is typically excellent, because most cases are PTCs are localized to the thyroid gland 

at diagnosis, in fact the 5-year relative survival is 98.6% overall, 99.9% for localized, 98.3% 

for regional, and 54.9% for distant metastatic disease [69].  
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2.6  Treatments 

Clinical practice guidelines in oncology for thyroid cancer address the management of thyroid 

cancers depending on the type of tumor and are different for papillary, follicular, medullary, and 

anaplastic cancer.  Thanks to innovations in recent decades, most patients can be cured of this 

disease if properly treated. The treatment of choice is surgery, followed by radioactive iodine 

(RAI) ablation (iodine-131) in selected patients and thyroxine therapy in most patients.  

 

2.6.1  Surgery  

Before performing surgery, it is necessary to evaluate the extent of thyroidectomy on the basis 

of the type of tumor, family history, and the coexistence of bilateral thyroid disease. Guidelines 

recommend total thyroidectomy for patients with biopsy-proven PTC under the following 

circumstances: T3 or higher, clinical N1 disease, M1 disease, aggressive subtype, significant 

radiation exposure, significant family history, or coexisting thyroid disease. While unilateral 

lobectomy is recommended as appropriate management for most patients with papillary and 

follicular carcinoma based on (1) the low mortality and low recurrence rates among most 

patients (those patients categorized as low risk); and (2) the high complication rates reported 

with more extensive thyroidectomy. Lobectomy (without RAI ablation) is recommended for 

PTC patients who have small volume incidental pathologic metastases (<5 lymph nodes 

involved without metastases >2 mm, in the largest dimension) [62]. For patients with FTC, who 

in most cases have benign disease, total thyroidectomy is recommended only if interoperative 

findings of extrathyroidal extension or lymph node metastases are evident at the time of surgery. 

Otherwise, lobectomy is advised as the initial surgery for follicular neoplasia on FNAB and it 

is preferred also for minimally invasive cancers, as well as NIFTP tumors, followed by 

surveillance, because usually they have an excellent prognosis. Instead, completion 

thyroidectomy is recommended for any of the following cases: tumor greater than 4 cm in 

diameter, positive resection margins, gross extrathyroidal extension, multifocal macroscopic 
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disease (>1 cm), macroscopic lymph node metastases, confirmed contralateral disease, or 

vascular invasion [62]. Surgery is also the main treatment for MTC. Total thyroidectomy and 

bilateral central neck dissection (level VI) are indicated in all patients with MTC whose tumor 

is ≥1 cm or who have bilateral thyroid disease; total thyroidectomy is recommended, and neck 

dissection may be considered for those whose tumor is <1 cm and for unilateral thyroid disease 

[70]. For patients diagnosed with ATC, the possibility of local resection should be evaluated [71]. 

If the disease involves the larynx, trachea, esophagus, pharynx, carotid artery, and other 

structures of the neck, surgery should be thoroughly evaluated by an experienced surgeon who 

can perform complex neck surgery. If the patient appears to have resectable disease, an attempt 

at total thyroidectomy with complete resection of the gross tumor, with resection of all involved 

local or regional structures and lymph nodes, should be performed, although this type of 

approach has not been shown to prolong survival. However, most patients with ATC have 

unresectable or metastatic disease [72]. 

 

2.6.2 Radioactive Iodine 

Radioactive iodine (RAI), also known as radioactive iodine or iodine-131 (I-131), is a 

radioactive isotope of iodine, and it is often used as the primary treatment for DTC after 

thyroidectomy. It involves the administration of radioactive iodine to destroy any remaining 

thyroid tissue or cancer cells. RAI for removal of postsurgical gland remnants is typically not 

indicated for patients classified as having a low risk of disease-specific recurrence/mortality;  

adjuvant therapy with RAI may be considered for patients with intermediate-risk disease 

without gross residual disease, but data are conflicting regarding the benefit of RAI in this 

setting;  RAI treatment is often used for patients with known postoperative residual disease or 

inoperable distant metastases based on whether the persistent tumor has been shown to be 

greedy for iodine-131. Pre- and post-treatment imaging with iodine-131 (with consideration 

of dosimetry for distant metastases) is recommended for suspected or proven metastatic foci 
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greedy for iodine-131. In patients with known or suspected distant metastatic disease, iodine 

imaging (iodine-123 or iodine-131) with adequate stimulation of thyroid-stimulating hormone 

(TSH) (thyroid shrinkage or thyrotropin alfa) should be considered prior to administration of 

iodine-131 therapy, paying attention to dosage recommendations to avoid the problem of 

lightheadedness, which may limit the effect of treatment. RAI is not effective in the case of 

ATC patients [5]. 

 

2.6.3 Radiation therapy 

Radiation therapy is a treatment modality that uses high doses of radiation to target and destroy 

cancer cells. In the context of thyroid carcinomas, radiotherapy is not always the first-line 

treatment, as thyroid cancers tend to be more responsive to surgery and radioiodine therapy. 

However, there are certain situations in which radiotherapy may be considered for thyroid 

carcinomas. Among these External Beam Radiation Therapy (EBRT), especially if the cancer 

has spread to nearby tissues or lymph nodes and cannot be effectively treated with surgery or 

radioactive iodine, may be considered. Slight improvements in local disease-free survival 

have been reported after EBRT for selected patients, such as those with extrathyroidal 

invasion or extensive locoregional node involvement [73]. ERBT is often used as part of the 

treatment plan for ATC patients to shrink the tumor and relieve symptoms especially if thyroid 

cancer recurs after initial treatment or if it has metastasized (spread) to other parts of the body. 

In some cases, when the thyroid cancer is advanced and not responsive to other treatments, 

radiation therapy may be used to provide palliative care to reduce painful or progressing bone 

metastases [74]. This aims to relieve symptoms and improve the quality of life for the patient.  

 

2.6.4 Systemic Therapy 

Systemic treatment recommendations favor the use of targeted therapeutic options in cases 

where systemic therapy is indicated. Thyroid cancer guidelines recommend molecular testing 
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to help make informed decisions about systemic targeted therapy and to determine eligibility 

for clinical trials. Therapy therefore depends on the result of the molecular test and the 

mutations involved. The combination of Dabrafenib and Trametinib is an option FDA 

approved in 2018 for BRAF V600E mutation-positive ATC tumors [75], Larotrectinib or 

Entrectinib are TRK inhibitors FDA approved for NTRK gene fusion-positive ATC metastatic 

tumors, based on a pooled analysis of 3 studies (a phase 1 including adults, a phase 1/2 

involving children, and a phase 2 involving adolescents and adults) [76,77]. One hundred 

percent of the thyroid cancers in this study responded to Larotrectinib, with one complete 

response and 4 partial responses. In 2020, the FDA approved two RET inhibitors, 

Selpercatinib or Pralsetinib, for RAI refractory RET fusion-positive thyroid cancer requiring 

systemic therapy [78,79]. That same year, the FDA approved the anti-PD-1 antibody 

Pembrolizumab for the treatment of solid tumors TMB-H (≥10 mut/Mb), based on the results 

of a phase II study, which included 2 patients with thyroid cancer [80]. Other recommended 

regimens include treatment with anthracyclines and taxanes, which are generally not very 

effective for advanced anaplastic disease, but in some cases may contribute to disease 

response or maintenance of stable disease [81].  Single-agent Doxorubicin is approved by the 

FDA for ATC. A randomized trial including 84 patients with advanced thyroid cancer (not 

limited to ATC) showed an 11.6% complete response rate in patients who received 

Doxorubicin combined with Cisplatin, compared with a complete response in 0 patients who 

received single-agent Doxorubicin [82]. Single-agent Paclitaxel may benefit some patients 

with newly diagnosed ATC; increased survival has been reported in patients with stage IVB 

disease [83]. Paclitaxel combined with Carboplatin and Docetaxel combined with Doxorubicin 

are also systemic treatment options for patients with metastatic ATC, but these are category 

2B options based on low-quality evidence and lower panel consensus. Given the poor 

outcomes with current standard therapy, all patients, regardless of surgical resection, should 

be considered for clinical trials, some of which  have tested vascular interference agents such 
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as Fosbretabulin, Combretastatin A4 phosphate and Crolibulin, or oral PPAR gamma agonists 

such as Efatutazone or new multitarget therapies including Bevacizumab, Sorafenib, 

Sunitinib, Imatinib and Pazopanib [84-86] [87] (Figure 2).  

 

 

Figure 2.  The NCCN Guidelines Version 2.2022 for Systemic Therapy Regimes for Metastatic 

Thyroid Carcinomas. [Haddad RI, Bischoff L, Ball D, Bernet V, Blomain E, Busaidy NL, 

Campbell M, Dickson P, Duh QY, Ehya H, Goldner WS, Guo T, Haymart M, Holt S, Hunt JP, 

Iagaru A, Kandeel F, Lamonica DM, Mandel S, Markovina S, McIver B, Raeburn CD, Rezaee 

R, Ridge JA, Roth MY, Scheri RP, Shah JP, Sipos JA, Sippel R, Sturgeon C, Wang TN, Wirth 

LJ, Wong RJ, Yeh M, Cassara CJ, Darlow S. Thyroid Carcinoma, Version 2.2022, NCCN 

Clinical Practice Guidelines in Oncology. J Natl Compr Canc Netw. 2022 Aug;20(8):925-951. 

doi: 10.6004/jnccn.2022.0040. PMID: 35948029.]. 
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CHAPTER THREE: BENZYL ISOTHIOCYANATE  
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3. Benzyl isothiocyanate (BITC) 

 

Isothiocyanates (ITCs) are natural bioactive compounds found as conjugates in cruciferous 

vegetables of the genus Brassica such as broccoli, watercress, brussels sprouts, cabbage, 

cauliflower, and Japanese radishes [88]. The high content of glucosinolates, which store ITCs 

in cruciferous vegetables, attributes significant chemo-preventive and anti-carcinogenic 

effects. In fact, several studies in the literature have found a close correlation between dietary 

intake of cruciferous vegetables and a reduction in the risk of cancer or cancer complications, 

mainly attributed to the presence of isothiocyanates (ITCs) in these vegetables [89]. ITCs are 

the product of the hydrolysis of glucosinolates, which occurs as a defense mechanism against 

pathogens, by some enzymes of the myrosinasic family [90]. From a chemical point of view, 

ITCs have a highly electrophilic central carbon atom at the N˭C˭S structure, therefore, 

following hydrolysis, they are able to generate reactive oxygen species (ROS) and cause 

oxidative damage to DNA [91]. The most studied ITCs are allyl isothiocyanate (AITC), benzyl 

isothiocyanate (BITC), phenethyl isothiocyanate (PEITC) and sulforaphane (SFN) [92]. Of all  

ITCs, benzyl isothiocyanate (BITC) is the one that has been demonstrated to exert multiple 

beneficial effects on human health. BITC is one of the main components of alliaria petiolata, 

pilu oil, watercress, garden cress, and papaya seeds [93]. BITC, with a molecular weight of 

149.21 g/mol and the molecular formula C8H7NS, is lipophilic and poorly soluble in water, is 

metabolized through degradation and hepatic conjugation by gluthathione-S-transferase and 

glutamyl transpeptidase, respectively, and is 62% excreted in the urine as mercapturic acid 

[94]. The antibacterial, antifungal, and anti-inflammatory properties of BITC are known, but 

in recent years a growing research interest in the antitumor activity of BITC has been reported. 

A literature research conducted in 2020 shows a total of 75 publications regarding the 

anticancer properties of BITC [95], of which 27% investigated the antitumor activity of BITC 

against breast cancer, followed by pancreatic cancer (19%) and lung cancer (8%), 
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accumulating in vitro and in vivo evidence points to the effectiveness of BITC against several 

types of cancer (Figure 3).  

 

 

Figure 3. Studies regarding anticancer activity of BITC up to 2020. [Dinh TN, Parat MO, Ong 

YS, Khaw KY. Anticancer activities of dietary benzyl isothiocyanate: A comprehensive review. 

Pharmacol Res. 2021 Jul;169:105666. doi: 10.1016/j.phrs.2021.105666. Epub 2021 May 12. 

PMID: 33989764]. 

 

 

3.1  Signaling pathways involved in BITC mechanism of action 

 

BITC influences several keys signaling pathways which are considered the hallmarks of 

cancer such as apoptosis, cell proliferation, cell cycle, metastasis, angiogenesis, autophagy.  
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3.1.1 Cell proliferation and apoptosis  

Evidence suggests the ability of BITC to induce cancer cell death through the modulation of 

several pathways related to apoptosis and cell proliferation. Among the most studied 

mechanisms, through which BITC can induce programmed cell death, there is certainly the 

production of reactive oxygen species (ROS), which causes mitochondrial dysfunction 

through the disruption of membrane integrity and oxidative damage. This mechanism has been 

observed in a wide variety of tumors: glioblastoma GBM8401 cells [96], cisplatin-resistant 

oral carcinoma CAR cells [97], gefitinib NCI-H460/G-resistant lung cancer cells [98], 

estrogen-responsive (MCF-7) and estrogen-independent (MDA-MB-231) human breast 

cancer cells [99], murine WEHI-3 leukemia cells [100],  human melanoma A375. S2 cells [101], 

pancreatic cancer cells L3.6pL, MiaPaCa2 and Panc-1 [102], human gastric cancer AGS cells 

[103], human prostate cancer cells DU 145, human prostate cancer cells Rv1 sensitive to 

hormones and PC3 refractory to hormones [11]. Disruption of mitochondrial integrity caused 

by BITC is also related to upregulation of the expression of pro-apoptotic proteins Bax, Bad 

and downregulation of anti-apoptotic proteins Bcl-2 and Bcl-xL. This mechanism of 

regulation of mitochondrial dynamics through modulation of proteins involved in 

mitochondrial fusion-fission has been found in estrogen-responsive (MCF-7) and estrogen-

independent (MDA-MB-231) human breast cancer cells [104]. Some in vivo studies have also 

demonstrated the tendency to BITC-mediated downregulation of proteins involved in the 

regulation of mitochondrial dynamics in mammary tumors of MMTV-neu mice and in 

addition oral administration of BITC increased the expression of the pro-apoptotic proteins 

caspase-3 and Bax in nude mice affected by GBM 8401 tumor [105]. Furthermore, BITC has 

been shown to increase the total expression of the tumor suppressor protein p53, its 

phosphorylation, stabilization and nuclear localization, inducing apoptosis. This mechanism 

seems to be mediated by the promotion of PUMA (p53 regulated apoptosis modulator) 
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expression, which facilitates apoptosis through direct interaction with members of the 

antiapoptotic Bcl-2 family. This mechanism has been studied in MCF7 and MDA-MB-231 

breast cancer cells [106], U937 leukemia cells [107] and SCC9 oral squamous cell carcinoma 

cells. These findings were further validated by in vivo studies conducted in SCC9-xenografted 

SCIID mice, in which intraperitoneal administration of BITC significantly inhibited tumor 

growth [108]. Another pathway by which BITC regulates apoptotic processes is the 

suppression of the protein family of inhibitor of apoptosis (IAP) includes scIAP1, XIAP and 

survivin, key regulators of apoptotic cell death, whose overexpression is associated with the 

aggressiveness of several types of cancer. BITC has been shown to suppress XIAP and 

survivin in a lot of in vitro studies conducted in glioblastoma GBM8401 cells [109], glioma 

U87MG cells [110], MCF-7 and MDA-MB-231 breast cancer cells [97], gastric 

adenocarcinoma AGS cells [103], human liver cancer HLE cells [99], pancreatic cancer cells 

(L3.6pL,  MiaPaCa2 and Panc1) [102], as well as in vivo in different mouse tumor models [97]. 

BITC is capable of triggering the extrinsic apoptotic signaling pathway to induce cancer cell 

death by inducing activation of TNF-related Aptoptosis-Inducing Ligand (TRAIL) death 

receptors. These receptors are overexpressed on the surface of cancer cells and represent a 

potential chemotherapy target, as their activation causes the cleavage of caspase 8 and the 

activation of caspase 3 initiating cell death [111]. Increases in protein expression levels of death 

receptors or their ligands (Fas, Fas-L, Fas, FADD and TRAIL) have been observed in 

glioblastoma GBM8401 cells [109] and in human melanoma cells A375.S2 and AGS cells.  

 

3.1.2 Cell cycle arrest 

The eukaryotic cell cycle, intricately regulated by cyclins and cyclin-dependent protein 

kinases (CDKs) [112], is a meticulously organized series of events comprising the G1, S, G2 

and M phases, which are essential for completing the process of cell division and cell 

replication [113]. Tumor development is often linked to the overexpression of cell cycle 
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proteins, while the prospect of inhibiting these proteins and enhancing gene expression to 

control cell proliferation is a promising strategy in preventing cancer progression. Numerous 

studies have explored the ability of benzyl isothiocyanate (BITC) to hinder cell cycle proteins. 

BITC has been shown to inhibit the proliferation of mouse TRAMP-C2 prostate cancer cells 

by inducing G1 cell cycle arrest through downregulation of CDK2, CDK4, cyclin A, and 

cyclin D1 proteins [17]. BITC also induces substantial G2/M arrest and reduces G1 and S 

phase populations in human multiple myeloma MM U266 cells [114]  and in human pancreatic 

cancer cells Capan-2 by activating Chk2, Cdc25C, Cdc-2, the cyclin-dependent kinase 

inhibitor p21Waf1/Cip1, and downregulating cyclin B1 proteins [115]. In addition, BITC 

regulates the expression levels of G2/M phase proteins, including the downregulation of 

cyclin A, CDK1, CDC25C and the upregulation of Chk1 and Wee1 proteins in human 

melanoma cells [101] and enhances the expression of genes associated with inhibition of 

human glioblastoma cell proliferation, such as CDC-4, CCNG2, CCNA1, CCNYL1, CDK-5, 

DMTF1 and CCPG1 [96]. In addition, BITC induces cell cycle arrest by modulating cyclin B1 

and p21Waf1/Cip1 proteins in glioma cell line U87MG [110].  

 

3.1.3 Angiogenesis  

Some preclinical animal studies have demonstrated the ability of BITC to prevent 

angiogenesis, the process of forming new capillaries from existing blood vessels, which plays 

a crucial regulatory role in tumor growth by facilitating the transport of nutrients, the removal 

of waste products, and providing cancer cells with access to the vascular system for diffusion 

throughout the body. Key proteins in angiogenesis include vascular endothelial growth factor 

(VEGF) and the VEGF-R2 receptor, the interaction of which promotes endothelial cell 

proliferation, migration, and differentiation [116]. In an in vivo study, BITC significantly 

inhibited breast cancer angiogenesis by downregulating the expression of the VEGF protein 

in a xenograft tumor model. This finding is in line with cell-based studies indicating 



 35 

suppression of VEGF secretion and expression of VEGF receptor protein 2 in MDA-MB-231 

cells [117]. Another study showed that oral administration of BITC reduced the volume of 

GBM 8401 tumors in nude mice [105], while intraperitoneal administration downregulated 

VE-cadherin, a gene related to angiogenesis, in nude BALB/c mice with U87MG tumor [110].  

 

3.1.4 Metastasis  

Among the processes belonging to the metastatic cascade that contribute to the migration of 

tumor cells from the primary site to other tissues and organs, the epithelial-mesenchymal 

transition (EMT) emerges as a fundamental mechanism in tumor resistance, invasion and 

metastasis [118]. During EMT, the epithelial-tumor suppressor cadherin (E-cadherin) is 

downregulated, while the neural cadherin (N-cadherin) is upregulated, accompanied by 

overexpression of the intermediate filament protein vimentin, promoting increased cell 

motility and detachment of tumor cells [119]. Some investigations have revealed the ability of 

BITC to inhibit EMT by upregulating adherent junction proteins such as E-cadherin and 

occludin, along with the downregulation of mesenchymal markers such as vimentin and 

fibronectin in both highly metastatic HN12 head and neck cancer cells [3], both MDA-MB-

231 and MCF-7 breast cancer cells [12,120]. Treatment with BITC has also been shown to 

inhibit leptin-induced clonogenicity, an adiponectin responsible for three-dimensional colony 

formation, invasion and migration of MDA-MB-231 and MCF-7 breast cancer cells [121]. 

Further studies have underlined the effect of BITC in reducing the formation of skeletal 

metastases in breast cancer patients through modulation of the RANK receptor and its ligand 

RANKL. BITC, in fact, reduced the number of breast cancer-induced osteoclasts and 

attenuated osteoclast differentiation by suppressing sRANKL expression in MCF-7, MDA-

MB-231 and RAW264 breast cancer cells [122]. Tumor cell metastases often result from 

impaired cell-extracellular matrix (ECM) adhesion, disrupted intercellular interactions, and 

ECM degradation. This can be attributed to the overexpression of matrix metalloproteinases 
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(MMPs) such as MMP-2 and MMP-9 and urokinase plasminogen activator (u-PA), which 

leads to degradation of ECM components and release of metastasis-inducing growth factors 

from the ECM [123]. The activity of MMP-9 is regulated by transcription factors such as 

activator protein AP-1, nuclear factor NF-κB, and focal adhesion kinase (FAK) [124]. BITC 

inhibited tumor growth and metastasis in U2OS osteosarcoma cells by suppressing MMP-9 

protein expression through inhibition of TPA-induced FAK phosphorylation [125].  

 

3.1.5 MAPK signaling 

Mitogen-activated protein kinases (MAPKs) are serine/threonine-specific protein kinases, 

present in the cell cytoplasm, which by activating and phosphorylating downstream cytosolic 

proteins, govern essential intracellular pathways and play crucial roles in cellular processes 

such as cell growth, differentiation, and apoptosis [126]. Dysregulation of MAPK signaling 

pathways is implicated in proliferation, angiogenesis, and metastasis of cancer cells, with 

hyperactivation of proteins such as extracellular signal-regulated kinase (ERK), N-terminal 

kinase c-Jun (JNK), p38 [127]. Several papers have reported that BITC modulates apoptosis, 

cell cycle arrest and angiogenesis through interaction with MAPK signaling pathways.  For 

example, BITC induced apoptotic cell death through p38 MAPK activation in head and neck 

squamous cell carcinoma (1483 and UM-22B), while a structurally similar compound, phenyl 

isothiocyanate (PITC), showed no comparable effects, suggesting the importance of BITC's 

unique chemical structure in its antitumor ability [128]. Activation of this signaling pathway 

has been reported in Capan-2 pancreatic ductal adenocarcinoma cells [129], MDA-MB-231 

and MCF-7 breast cancer cells [130], where exposure to BITC significantly increased 

phosphorylation of ERK, JNK and p38 inducing apoptosis and in some cases cell cycle arrest. 

Beyond apoptosis, the ERK/MAPK pathway can modulate transcription factors involved in 

matrix metalloproteinase (MMP) synthesis and activation, which degrade the extracellular 

matrix and increase tumor cell metastasis. BITC inhibited ERK1/2 in AGS human gastric 
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cancer cells [131], leading to a reduction in MMP-2 and MMP-9 protein and mRNA 

expression, with a consequent decrease in migration and invasion. Similar inhibitory effects 

on tumor metastases were observed in U2OS osteosarcoma cells [125], SK-Hep1 liver cancer 

cells [132], and human colon cancer HT29 cells [18], where BITC suppressed MMP-2 and 

MMP-9 protein expression by downregulating MAPK signaling pathways.  

 

3.1.6 Autophagy 

Autophagy is an intracellular process that contributes to the maintenance of cellular and 

energy homeostasis by protecting the cell through the degradation and elimination of damaged 

organelles and obsolete proteins, playing an adaptive role in development and cell death under 

stressful conditions, such as nutrient deprivation. Of all signaling pathways, the one with 

which BITC has been shown to interact the most is autophagy. BITC reduced viability and 

have shown to induce autophagy-related LC3-II protein processing in Rv1 and PC3 prostate 

carcinoma cells through inhibition of the mammalian target of rapamycin (mTOR) kinase 

signaling pathway [19]. Similar effects were reported in human colorectal carcinoma HCT-

116 cells, where BITC upregulated autophagy symbol proteins, including LC3BII and 

LAMP1 [15]. Likewise, induction of autophagy by BITC was demonstrated in A549, H661 

and SK-MES-1 lung cancer cell lines, through accumulation of LC3-II protein and increased 

expression of Atg5, which led to inhibition of tumor growth [14]. Also in breast cancer cells 

MDA-MB-231, MCF-7, MDA-MB-468, BT-474 and BRI-JM04, BITC was able to activate 

autophagy both in vitro and in vivo by LC3 cleavage and suppression of p62 and mTOR 

expression [133]. This effect appears to be mediated by increased expression and acetylation 

of forkhead box protein O1 (FOXO1), a key regulator of autophagy in breast cancer cells. 

Similarly, in a xenograft model of mouse BxPC-3 pancreatic adenocarcinoma, oral 

administration of BITC was shown to suppress tumor growth through inhibition of the 

PI3K/AKT pathway and phosphorylation of downstream transcription factor FOXO [134]. In 
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addition, BITC inhibited the phosphorylation of AKT through upregulation of the tumor 

suppressor phosphatase and tensin homologue deleted on chromosome 10 (PTEN) to suppress 

the growth of human glioma U87MG cells [110]. PTEN, through the dephosphorylation of the 

lipid phosphatidylinositol-3,4,5-triphospate (PIP3), plays a role in the negative regulation and 

homeostatic maintenance of phosphatidylinositol-3 kinase (PI3K) cascades at the time of 

activation [135]. PIP3 modulates cellular physiological processes through its downstream 

signaling proteins: protein kinase B (AKT), and mammalian target rapamycin (mTOR). The 

mutation or loss of PTEN causes the alteration of AKT/mTOR functions, which is 

consequently responsible for the induction of tumorigenesis in most human tumors [136]. The 

ability of BITC to exert antitumor properties by regulation of PTEN and interaction with the 

PI3K/AKT pathway has been demonstrated in conducted work of highly metastatic L9981 

lung cancer cells and HCT-116 colon cancer cells [137,138].  

 

3.1.7 Cellular Senescence 

Cellular senescence is a condition of quiescence between life and death that cells can be 

subjected in response to different internal and external stimuli, such as dysfunctional 

telomeres, mitogenic signals, oxidative stress, oncogene activation, ionizing radiation, 

treatment with anti-cancer therapies, which can cause persistent DNA damage and trigger 

permanent cell cycle arrest [139,140]. This stable cell cycle arrest is correlated with an 

augmented level of cell cycle inhibitors, including p16INK4a, p21CIP1, and p27 and it limits 

cell proliferative lifespan [141].  Thus, thanks to its antiproliferative effects, senescence is 

considered a potent antitumor mechanism. This tumor-suppressive function of senescence has 

paved the way for new senescence-enhancing treatments for cancer therapy, a process called 

prosescence therapy [142]. Senescent cells undergo characteristic changes, including 

chromatin rearrangement, cell cycle arrest and increased senescence-associated β-

galactosidase (SA-β-gal) activity. Features of senescence is also the secretion of pro-
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inflammatory cytokines, growth factors and matrix metalloproteinases (MMPs), collectively 

termed the senescence-associated secretory phenotype (SASP), which is primarily responsible 

for the paracrine effects of senescent cells, by reinforcing the senescent growth arrest and/or 

by promoting immune surveillance [143,144]. Some isothiocyanates including Phenethyl 

isothiocyanate (PEITC) have been shown to have a prosenescence action mediated by 

modulation of senescence effectors p16, p53 and p21 and increased staining for SA-β-Gal in 

tumor cells at concentrations ranging from 4 μM to 20 μM [145-149]. PEITC also 

downregulated telomerase in cervical cancer cells (HeLa) [148]. Among the isothiocyanates, 

sulforaphane (SFN) is also capable of inducing senescence through the production of ROS. 

SFN appears to interfere with GSH/GSSG equilibrium to promote ROS generation, which in 

turn could trigger ROS-mTOR-dependent autophagy inhibition and induction of paracrine 

senescence in ESCC cells [150]. Although the SASP of senescent cancer cells is initially tumor 

suppressive in the long term it creates a chronic inflammatory microenvironment that supports 

cancer growth. To achieve better antitumor responses by SASP factors, senescence-inducing 

therapies can be combined with senolytic treatments [151]. This so-called, “one-two punch” 

approach may be most effective in eliminating cancer cells, in which the first drug induces 

cancer cells to be senescent cells that are killed by the second senolytic agents. To date, there 

is little evidence on the effect of BITC in modulating the senescent response, therefore this 

thesis work aims to also investigate this aspect.  

 

3.1.8 MicroRNAs 

MicroRNAs constitute a class of small non-coding RNAs (ncRNAs), whose fundamental role 

is to negatively regulate gene expression at the post-transcriptional level. They act as control 

elements of complex regulatory pathways underlying many fundamental cellular processes, 

such as the cell cycle, proliferation, differentiation and apoptosis [152]. Therefore, changes in 

the activity of miRNAs caused by chromosomal aberrations, genetic mutations, and epigenetic 
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changes, have been found in several diseases, including cancer [153]. In this respect, there is 

now a large body of evidence demonstrating that more than 60% of the human genes are 

regulated by miRNAs, which, in dependence on the tissue or organ and target genes, might 

act as tumor suppressors or oncogenes [154]. The importance of miRNAs in tumors is 

highlighted in the literature by numerous studies showing their expression profiles in a wide 

variety of human carcinomas. The involvement of miRNAs in TC carcinogenesis has recently 

changed the paradigm for the discovery of biomarkers of clinical interest in these neoplasms, 

suggesting how these small ncRNAs can be used to develop, refine, or strengthen diagnostic 

strategies and therapeutic choice in TC [155]. MiR-99a has recently been reported as a tumor 

suppressor gene in various human cancers, including anaplastic (ATC) and papillary (PTC) 

thyroid carcinomas. Indeed, some studies suggest the involvement of miR-99a in the 

inhibition of cell proliferation and reduction of thyroid cancer progression through targeting 

of the mTOR/p-4E-BP1/p-S6K1 pathway [156,157]. BITC has shown anticancer effects 

through upregulation of miR-99a mediated by modulation of the ERK signaling pathway and 

mitogen-activated protein kinase (MAPK) in bladder cancer (BC) [158]. Another study 

demonstrated that BITC treatment inhibited expression of prosurvival proteins IGF1R, mTOR 

and FGFR3 by upregulation of miR-99a in human BC cells [13].  
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4. Aim of the thesis 

 

Based on the promising antitumor capabilities that BITC has demonstrated over the years in 

several preclinical studies conducted on different types of tumors, the present PhD project aims 

to apply this knowledge also to anaplastic thyroid carcinoma (ATC) in order to shed light on the 

mechanisms of action underlying the effects responsible for tumor suppression. This evaluation 

was conducted through both in vitro and in vivo models of ATC, emphasizing the modulation 

by BITC of signaling pathways defined as hallmarks of cancer, including. apoptosis, 

inflammation, autophagy, mesenchymal epithelial transition, and cellular senescence. Given the 

limited treatment options and challenges of drug resistance in ATC, there is a growing interest 

in finding effective strategies for cancer prevention or treatments, including the use of natural, 

synthetic, or biologic agents to prevent, suppress, or reverse the early stages of carcinogenesis. 

Knowledge at the molecular level of the multiple pathways that play a critical role in the 

fundamental stages of carcinogenesis initiation, promotion and progression have significantly 

improved the prevention of certain types of cancer including breast, colon and prostate cancer, 

so this research could represent a significant effort to address a challenging and deadly type of 

cancer such as ATC. Understanding how BITC influences ATC tumor progression and 

identifying relevant signaling pathways can potentially lead to the development of innovative 

and more effective therapeutic approaches for ATC patients, offering hope for improved 

outcomes and quality of life. 
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5. Materials and Methods 

 

 

5.1 In vitro studies 

 

 

5.1.1 Materials 

BITC was obtained from Sigma–Aldrich Company (Milan, Italy, cat. 252492). All the chemical 

reagents used for the studies were of the highest commercial grade available. All stock solutions 

were made in nonpyrogenic saline (0.9% NaCl; Baxter Healthcare Ltd., Thetford, Norfolk, UK).  

 

5.1.2 Cell cultures 

Human TC cell lines FTC-133, K1 and 8305C were obtained from ATCC American Type 

Culture Collection, Rockville, MD, USA). Cells were cultured in RPMI-1640 medium (Sigma-

Aldrich, St. Louis, MO, USA cat. R8758) supplemented with 10% fetal bovine serum (FBS, 

Life Technologies, Gibco®; Carlsbad, CA, USA), 100 U/ml of penicillin and 100 μg/ml of 

streptomycin. All cell lines were maintained in incubators at 37 ° C with 5% CO2. 

 

5.1.3 Cell viability (MTT Assay) 

Cell viability of FTC-133, K1 and 8305C cells was evaluated using a mitochondria-dependent 

dye for live cells (tetrazolium dye; MTT) (M5655; Sigma-Aldrich). Cells were plated on 96-

well plates at a density of 4 × 10 4 cells/well to a final volume of 150 μl. After 24 hrs, FTC-133, 

K1 and 8305C cells were treated with BITC (Sigma-Aldrich®) for 24 hrs at increasing 

concentrations 1 μM, 10 μM, 30 μM, 50 μM, 100 μM, 200 μM and 300 μM dissolved in basal 

medium. After 24 hrs cell were incubated at 37°C with MTT (0.2 mg/mL) for 1 h, the medium 

was removed by aspiration and then cells were lysed with DMSO (100 μl). The extent of 
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reduction of MTT to formazan was quantified by measurement of optical density at 540 nm 

(OD540) with a microplate reader as previously described [159].  

 

5.1.4 Experimental groups 

1) Control group: TC cell lines: FTC-133, K1 and 8305C; 

2) BITC 30 μM group:  FTC-133, K1 and 8305C cells were treated with BITC 30 μM for 24 hrs; 

3) BITC 100 μM group: FTC-133, K1 and 8305C cells were treated with BITC 100 μM for 24 

hrs; 

4) BITC 200 μM group: FTC-133, K1 and 8305C cells were treated with BITC 200 μM for 24 

hrs; 

For other analysis we continued to analyze only BITC 30 μM, 100 μM and 200 μM because 

represented the most cytotoxic concentrations revealed by MTT assay. Moreover, since BITC 

showed similar effects on cell viability in all three cell lines, we decided to continue to analyze 

the effect of BITC only on 8305C cell line because it represents one of the most frequently 

used cell line in the field of ATC. 

5.1.5 Western Blot Analysis  

Western blot analysis was performed as previously described [160]. For cell lysates, 8305C cells 

were washed twice with ice-cold phosphate buffered saline (PBS), collected and resuspended 

in lysis buffer containing 20 mM Tris-HCl pH 7.5, 10 mM NaF, 150 μl of NaCl, 1% Nonidet 

P-40 and protease cocktail of inhibitors (Catalog No. 11836153001; Roche, Switzerland). After 

40 minutes, cell lysates were centrifuged at 12,000 rpm for 15 minutes at 4 °C. Protein 

concentration was estimated using the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, 

CA, USA) using bovine serum albumin as a standard. The samples were then heated to 95 ° C 

for 5 minutes and equal amounts of proteins were separated by 10% -15% sodium dodecyl 
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sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to a membrane of 

polyvinylidene difluoride (PVDF) (Immobilon-P, catalog # 88018; ThermoFisher Scientific). 

The following primary antibodies were used: anti-BCL-2 (1: 500; sc-7382; Santa Cruz 

Biotechnology), anti-BID (1:500; sc-11423; Santa Cruz Biotechnology), anti-BAX (1:500; sc-

20067; Santa Cruz Biotechnology), anti-pmTOR (1:500; sc-517464; Santa Cruz 

Biotechnology), anti-MAP LC3 (1:500; sc-398822; Santa Cruz Biotechnology), anti-p62 

(1:500; sc-48402; Santa Cruz Biotechnology), anti-LAMP2 (1:500; MA1-205 Invitrogen), anti-

pP38 (1:500; sc-7973; Santa Cruz Biotechnology), anti-TRAF6 (1:500; sc-8409; Santa Cruz 

Biotechnology). The antibody dilutions were made in PBS / 5% w / v skimmed milk powder / 

0.1% Tween-20 (PMT) and the membranes were incubated overnight at 4° C. The membranes 

were then incubated with a secondary antibody (1: 2000; Jackson ImmunoResearch, West 

Grove, PA, USA) for 1 hour at room temperature. To ensure that the stains were loaded with 

equal amounts of protein lysate, they were also incubated with β-actin antibody (cytosolic 

fraction 1: 500; sc-47778; Santa Cruz Biotechnology) or laminin A/C (nuclear fraction 1: 500; 

sc-376248; Santa Cruz Biotechnology). The signals were detected with enhanced 

chemiluminescence (ECL) detection system mixture (Thermo Fisher, Waltham, MA, USA). 

 

5.1.6 Wound healing assay (Scratch test) 

The effects of BITC on 8305C cell migration was performed by the Wound healing assay 

(Scratch test) as previously described [161]. Briefly, 2 × 106  8305C cells were plated on 60 mm 

plates (Corning Cell Culture, Tewksuby, MA, USA) in a final volume of 2 ml to obtain a 

confluent monolayer. 24 h later, cell monolayer was scratched creating a straight line using a 

p200 pipette tip. After removing debris from each plate, cells were treated with increasing 

concentrations of BITC (30 μM, 100 μM and 200 μM) for 48 hours. For the control group, cells 

were treated with normal culture medium. Finally, to record the wound width and therefore the 

migratory ability of the cells, photos of each plate were acquired through a phase contrast 
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microscope at 0, 24 and 48 hours. At the end of the experiment the cell migration rate was 

analyzed using Image J software. 

 

5.1.7 Colony formation assay 

For the colony formation assay 8305C cells were grown in six-well plates at 1,000 cells per 

well, and then treated with different concentrations of BITC (30 μM, 100 μM and 200 μM) or 

with solvent alone as a control. After 24 h of treatment, the wells were washed with PBS and 

incubated with RPMI-1640 medium supplemented with 10% FBS. After incubation for 10 days, 

the cells were washed twice with PBS and stained with 0.1% (w/v) crystal violet. The stained 

cells were imaged using a bright-field microscope (Zeiss) [162].  

 

5.1.8 Enzyme-Linked Immunosorbent Assay (ELISA) for IL-17 and IL-12p70 

To evaluate the inflammatory response, the levels of IL-17 (ELISA kit for IL-17, SEA063Hu 

Cloud-Clone Corp.) and IL-12p70 (Human IL-12p70 ELISA kit, KE00019, Proteintech) were 

measured in cell lysates collected by enzyme-linked immunosorbent assay (ELISA), 

according to the manufacturer’s instructions. Briefly, 100 µl of standards and cell lysates were 

added to the appropriate wells and incubated for 1 hour at 37 °C. Then, 100 µl of 1x Detection 

Reagent A was added to each well and the plate was incubated for 1 hour at room 37 °C. The 

solution was then discarded, and 4 washes were performed with 1X Wash Solution. Later 100 

µl of streptavidin solution was added to each well and the plate was incubated for other 30 

minutes. After repeated washes, 90 µL of Substrate Solution was added to each well and the 

plate was incubated for 10-20 min at 37 °C protecting it from light. After that, 50 µL of Stop 

Solution was added to each well and the absorbance was read immediately using microplate 

reader at 450 nm. 
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5.1.9 Proliferation assays 

Proliferation assay in 8305C cell line was performed by plating 1 × 104 cells per well of a 96-

well plate in at least triplicate. Proliferation was monitored and analyzed by using Incucyte 

S3 in vitro system (Essenbioscience)[163], but also using Crystal Violet assay. For each time 

point, cells were washed twice with 1x PBS followed by 10 mins fixation using 10% Formalin 

(Thermo Fisher Scientific, 5701). After fixation, formalin was aspired followed by 2 washes 

with 1x PBS and thereafter stained with crystal violet (Sigma, V5265) for 15 mins. 

Afterwards, the crystal violet staining solution was washed with distilled water and allowed 

to dry overnight. Representative images of the plates were obtained using an image scanner 

and the cells were destained using 10% acetic acid solution on the shaker at room temperature 

for 30-40 mins. The crystal violet dye extracted from the cells was measured using 

spectrophotometer at 590 nm [164]. 

 

5.1.10 Condition media assay 

 

Cell supernatants were harvested and spun down at 453 g for 10 min and the supernatant was 

filtered using 0.22 mm filters. Conditioned medium was administered to parental cells at time 

zero or 48 h prior the assay for proliferation and β-galactosidase (SA-β-gal) assays, 

respectively. The conditioned medium in all the experiments was normalized based on the 

number of cells present in the well at the moment of the harvesting [163]. 

 

5.1.11 Senescence associated β-galactosidase (SA-β-gal) assay 

 

For the in vitro evaluation of senescent cells, SA- β -gal staining was performed using 

Senescence β-Galactosidase Staining Kit (Cell Signaling Technology, Cat. No 9860) 

according to the manufacturer’s instructions [163]. 
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5.1.12 Quantitative real-time PCR (RT-qPCR) 

 

RNA extraction from 8305C cells was performed using Trizol (Ambion, life technologies, 

15596026), and the cDNA was obtained using ImPROM II kit (Promega, A3800) following 

the manufacturer’s instructions. For RT-qPCR Gotaq® qPCR Master Mix, Promega® 

(A6002) on Step One Real-Time PCR systems (Applied Biosystems) was used. Expression 

levels were calculated using the CT method [163]. 

 

5.2  In vivo studies 

 

 

5.2.1 Animals 

For in vivo studies BALB/c nude male mice (25-30 g; 6-8 weeks of age) were used and 

purchased from Envigo (Milan, Italy). Mice were safely placed in a controlled environment 

and were fed with a standard diet and water ad libitum under pathogen-free conditions with a 

12 h light/12 h dark. Animal study was approved by the University of Messina in accordance 

with Italian regulations on the use of animals (D.M.116192) and Council Regulation 

regulations (EEC) (O.J. of E.C. L 358/1 12/18/1986).  

 

5.2.2 Orthotopic model of ATC 

For the orthotopic model of ATC, BALB/c-nu/nu mice will receive an injection of 5 x105 

8305C cells, resuspended in 50 μl of saline, into the right lobe of thyroid using an insulin 

syringe with a 28G 1/2 needle, after anesthetizing the animals with 3% isoflurane. At the end 

of the procedure the animals were monitored daily and weighed periodically to assess overall 

health. 13 days later the injection, animals were treated with oral administration of BITC at 

different doses (5, 10 and 30 mg/kg) for 2 weeks. At the end of the experiments the animals 

were euthanized and  thyroids harvested, weighed and analyzed [165].   
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The mice were randomly divided into five experimental groups, as described below: 

1) SHAM group (8): oral administration of saline;  

2) ATC group (8): mice that received tumor cell inoculation, orally administrated with saline; 

3) ATC + BITC 5 mg/kg group (8): mice that received tumor cells inoculation, orally 

administrated with BITC at the dose of 5 mg/kg; 

4) ATC + BITC 10 mg/kg group (8): mice that received tumor cells inoculation, orally 

administrated with BITC at the dose of 10 mg/kg.  

5) ATC + BITC 30 mg/kg group (8): mice that received tumor cells inoculation, orally 

administrated with BITC at the dose of 30 mg/kg.  

 

5.2.3 Histological evaluation 

Histological evaluation was performed as previously described [160]. Thyroid samples were 

quickly removed and fixed with 10% buffered formalin for at least 24 h at room temperature. 

After dehydration in graded ethanol and xylene, samples were embedded in paraffin and 

sectioned at 7 μm thickness. After staining with hematoxylin and eosin, sections were 

observed by an optical microscope (Nikon Eclipse Ci-L microscope). The histological results 

are shown at 20× magnification (bar scale at 50 μm). Histological analyses were conducted in 

a blinded manner. 

 

5.2.4 Masson’s Trichrome staining 

Morphological evaluation of tumors was performed on 5 µm sections stained using the 

Masson’s trichrome kit (Bio-Optica cat: 04-010802), according to manufacturer instructions. 

The images were acquired using a Nikon Eclipse Ci-L microscope at the magnification of 20x 

(50 μm of the bar scale)[166].  
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5.2.5 Immunohistochemistry assay  

 

Immunohistochemical localization for E-Cadherin (1:100; sc-8426 Santa Cruz 

Biotechnology, Dallas, TX), N-Cadherin (1:100; sc-59987 Santa Cruz Biotechnology, Dallas, 

TX), and S100 antibodies (1:100; sc-53438 Santa Cruz Biotechnology, Dallas, TX), was made 

as previously described [167]. The images were shown at a magnification of 20x (50 μm of the 

bar scale) using a Nikon Eclipse Ci-L. 

 

5.2.6 Western Blot Analysis 

 

Protein levels in thyroid samples were quantified as previously described [168]. Cytosolic 

proteins were prepared and separated electrophoretically to be transferred to nitrocellulose 

membranes. Membranes were blocked with 5% (w/v) dried nonfat milk in buffered saline (PM) 

for 45 min at room temperature and subsequently probed with specific antibodies: anti-BID (1: 

500; sc-11423; Santa Cruz Biotechnology), anti-BCL-2 (1: 500; sc-7382; Santa Cruz 

Biotechnology), anti-BAD (1:500; sc-8044; Santa Cruz Biotechnology), anti-pmTOR (1:500; 

sc-517464; Santa Cruz Biotechnology), anti-p62  (1:500; sc-48402; Santa Cruz Biotechnology), 

anti-PTEN (1:500; sc-7974; Santa Cruz Biotechnology)  and anti-SOS1 (1:500; sc-17793; Santa 

Cruz Biotechnology) in 1× PBS, 5% w/v dried nonfat milk and 0.1% Tween-20 (PMT) at 4 °C 

overnight. Membranes were incubated with peroxidase-conjugated goat anti-mouse IgG 

secondary antibody (1:2000, Jackson ImmunoResearch, West Grove, PA, USA) or peroxidase-

conjugated goat anti-rabbit IgG secondary antibody (1:5000, Jackson ImmunoResearch, West 

Grove, PA, USA) for 1 h at room temperature. To establish that blots were loaded with equal 

amounts of proteins, they were also incubated in the presence of the antibody against β-actin 

protein (sc-8432, 1:500; Santa Cruz Biotechnology, Dallas, TX, USA). An enhanced 

chemiluminescence (ECL) reagent was used for signal detection according to the 
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manufacturer’s instructions (Thermo, Waltham, MO, USA, cat# 457). The relative expression 

of protein bands was quantified by densitometry with Bio-Rad ChemiDoc XRS+ software and 

standardized to β-actin levels as an internal control. 

 

5.2.7 Statistical Analysis  

 

All values are expressed as mean ± standard deviation (SD) of N observations. Each analysis 

was performed three times with three samples replicates for each one. Data obtained  were 

analyzed by one-way analysis of variance (ANOVA) followed by a Bonferroni post hoc test 

for multiple comparisons. A value of p < 0.05 was considered significant. 
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6. Results 

 

 

6.1  In vitro results 

 

 
6.1.1 BITC reduces TC Cell Viability 

 

MTT assay was used to assess FTC-133, 8305C, and K1 cell viability following 24 h of 

treatment with BITC at different concentrations (1 μM, 10 μM, 30 μM, 50 μM, 100 μM, 200 

μM and 300 μM). Our results show that BITC treatments were able to decrease cells viability 

in a concentration dependent manner as showed in Figure 1. (A, B, C). Based on the MTT 

results, we decided to investigate in further analysis only BITC at concentrations of 30 μM, 

100 μM and 200 μM because these represented the most effective concentrations in the 

reduction of cell proliferation as demonstrated by the colony formation assay (Figure 1E). 

Moreover, since BITC showed better effects on cell viability in 8305C cell line, we decided 

to continue to investigate its effect on only the anaplastic carcinoma cell line, because it 

represents the most aggressive type of thyroid carcinoma with poor prognosis and with limited 

therapeutic possibilities.  

 

6.1.2 BITC reduces cell migration and proliferation 

 

The effect of BITC on 8305C cell migration was evaluated using an in vitro wound healing 

test. Confluent cells were scratched and then subjected to BITC treatment for 48 hours. The 

images were acquired, and the percentage of cells migrated to the scratched area was 

calculated. Our results showed that BITC led to a marked reduction in the number of cells 

migrating to the scratched area, particularly at the concentration of 100 μM and 200 μM after 

48 hours of treatment (Figure 1.D). The ability of 8305C cells to form colonies was evaluated 
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following treatment with 30 μM, 200 μM and 300 μM of BITC. The results of 0.1% (w/v) 

crystal violet staining suggested that BITC significantly inhibited colony formation (Figure 

1.E). 

 

 

Figure 1. Effect of BITC on cell viability, migration and colony formation. BITC 

treatment was able to significantly reduce cell viability in a concentration dependent manner 

on FTC-133 cells (A), 8305C cells (B) and K1 cells (C). The Wound healing assay (Scratch 

test) revealed a significant reduction in the number of cells migrating to the scratched area, 

following 48 hours of BITC treatment at the concentrations of 100 μM and 200 μM (D). ** p 

< 0.01 vs. Untreated 8305C cells. The colony formation assay of 8305C cells treated with 30 

μM, 100 μM, 200 μM BITC for 24h, followed with 0.1% (w/v) crystal violet staining of 

attached cells after 10 days, showed a significant reduction of colonies formation compared 

to untreated 8305C cells (E). ***p < 0.001. 
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6.1.3 BITC modulates autophagy markers 

 

To examine the effect of BITC on the autophagy of 8305C cells, we measured the expression 

of autophagy-related proteins (p-mTOR, p62, MAP LC3 and LAMP2) by Western blot 

analysis. Our data showed that the expression of p-mTOR and p62 proteins were significantly 

reduced after the treatment with 30 μM, 100 μM and 200 μM BITC (Figure 2.B-C). At the 

same time, we demonstrate an upregulation of MAP LC3 and LAMP2 in 8305C cells 

following the treatment with 200 μM BITC (Figure 2.D-E).  

 

 

 
 

 

 

 

Figure 2. Effect of BITC on autophagy markers expression in 8305C cells. The blots 

revealed a significant modulation of autophagy markers expression following BITC treatment 

(A). BITC at the concentrations of 30 μM, 100 μM, and 200 μM was able to significantly 

reduce the expression of p-mTOR (B); * p < 0,05 vs untreated 8305C cells. BITC at the 

concentration of 100 μM causes a significant reduction of p62 expression (C). ; ** p < 0.01 
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vs untreated 8305C cells. Treatment with 200 μM BITC was also able to increase the 

expression of MAPLC3 (D) and LAMP2 (E) markers compared to untreated 8305C cells; *** 

p < 0.001 vs untreated; ** p < 0.01 vs untreated. Our data are the result of three experimental 

replicates.  

 

 

6.1.4 BITC modulates apoptosis pathway 

 

Western blot analysis was performed in order to evaluate the effect of BITC on the expression 

of apoptotic markers such as BAX, BID and BCL-2. Our results showed that BITC, at higher 

concentrations of 200 μM, significantly improved the levels of pro-apoptotic proteins BAX 

and BID (Figure 3.C-D), and it was also able to reduce the expression of the anti-apoptotic 

BCL-2 protein (Figure 3.B). In addition, BITC at the concentration of 200 μM was capable to 

induce the activation of p38 promoting 8305C cell death (Figure 3.E). 
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Figure 3. Effect of BITC on apoptosis markers expression in 8305C cells. The blots 

revealed a significant modulation of apoptosis markers expression following BITC treatment 

(A). BITC at the concentration of 200 μM was able to significantly reduce the expression of 

BCL-2 (B) and to increase the expression of BAX (C) BID (D) and pP38 (E) markers 

compared to untreated 8305C cells; *** p < 0.001 vs untreated; ** p < 0.01 vs untreated; * p 

< 0.05 vs untreated.  

6.1.5 BITC modulates inflammation – associated cancer  

 

Previous studies have indicated that cancer may be promoted and/or exacerbated by 

inflammation and infection. The cytokines produced by activated innate immune cells that 

stimulate tumor growth and progression are considered as important components in this 

process [169]. In this contest our data showed an important down-regulation of TRAF6, IL-17 

and IL-12p70 in 8305C cells after the treatment with BITC compared to the control (Figure 

4.), suggesting its role in maintaining the tissue barrier functions necessary for host defense. 
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Figure 4. Effect of BITC on inflammation – associated cancer in 8305C cells. BITC 

treatments at the concentrations of 100 μM and 200 μM was able to significantly reduce the 

expression of TRAF6, compared to untreated 8305C cells (A); ** p < 0.01 vs untreated; * p 

< 0.05 vs untreated. The enzyme-linked immunosorbent assay (ELISA) revealed a significant 

decrease of IL-12p70, following BITC treatments at all the concentrations (D) and also of IL-

17 levels, especially at the concentration of 100 μM (B) * p < 0.05 vs. untreated ; ** p < 0.01 

vs untreated . 

 

 

6.2  In vivo results 

 

 
6.2.1 BITC reduces tumor growth on ATC orthotopic model 

 

To evaluate the effect of BITC on the growth of ATC cells in vivo, the 8305C orthotopic 

model was established in nude mice. The histological analysis of the ATC group showed 
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features of a high-grade malignant neoplasm characterized by high-grade nuclear atypia, 

marked cellular pleomorphism, necrosis, and significant neutrophil infiltration compared to 

the sham group [170]. Our results demonstrate that the treatment with BITC at doses of 10 and 

30 mg/kg was able to significantly reduce these pathological features as showed in Figure 5. 

No important changes in the animals’ body weight was showed during the experiments 

(Figure 5 F.). 

 

 

 

Figure 5. Effect of BITC on tumor growth in an orthotopic model of ATC. BITC 

treatments at the concentrations of 10 mg/kg (D) and 30 mg/kg (E) were able to reduce 

features of a high-grade malignant neoplasm such as high-grade nuclear atypia, marked 

cellular pleomorphism, necrosis, and neutrophil infiltration compared to the sham group (A). 

No important change in the animals’ body weight was showed after the treatment (F). 

 

 

 
6.2.2 BITC ameliorates the morphological aspects of ATC studied by Masson’s Trichrome 

Staining  
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The morphology of orthotopic 8305C tumors was observed on histologic sections after 

Masson’s trichrome staining. Overall, the presence of collagen fibers stained in blue around 

the tumors, as well as their invasion within the tumors are noticeable in the ATC group 

compared to sham group. Our data showed that BITC treatments at doses of 30 and 100 mg/kg 

were able to ameliorate these morphological aspects as showed in Figure 6. 

 

 

 

Figure 6. Effect of BITC on tumor morphology in an orthotopic model of ATC. Masson’s 

trichrome staining of ATC (8305C) tumors developed in nude mice orthotopically; cytoplasm 

is stained in red; the collagen is stained in blue.  

  

6.2.3 BITC modulates EMT markers expression on ATC orthotopic tumors  

 

EMT causes significant morphological changes from the epithelial to mesenchymal phenotype 

and promotes greater progression and invasion [171]. In this context, our results showed a 

significant upregulation of mesenchymal marker N-cadherin and a downregulation of 

epithelial factor E-cadherin in the ATC group compared to sham group (Figure 7.B-H). BITC 
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treatments at doses of 30 and 100 mg/kg led to significant downregulation of N-cadherin 

expression and upregulation of E-cadherin expression in orthotopic tumors as showed in 

Figure 7, carrying out an important role in reducing tumoral migration and invasion. 

 

 

 

 

Figure 7. Effect of BITC on EMT markers in an orthotopic model of ATC. The 

immunohistochemical assay revealed a significant increase of N-cadherin expression in the 

ATC group (B) compared to Sham mice (A); this expression was reduced following treatment 

with BITC at doses of 10 mg/kg (D) and 30 mg/kg (E) compared to ATC group (B). At the 

same time the staining revelated a significant reduction of E-Cadherin expression in the ATC 

group (H), compared to Sham mice (G); 10 mg/kg (J) and 30 mg/kg (K) BITC treatments 

caused an important increase of E-Cadherin expression compared to ATC group (H). The data 

are representative of at least three independent experiments. The sections were observed and 

photographed at 20× magnification. *** p < 0.001 vs Sham; # p < 0.05 vs. ATC; ## p < 0.01 

vs ATC; ### p < 0.001 vs ATC. 
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6.2.4 BITC reduces S100 expression on ATC orthotopic tumors  

 

S100A4 protein is also known as “metastasin”, and its increased expression has been 

associated with many malignancies including thyroid cancer [172-175]. Expression of S100A4 

is increased in ATC group compared to sham counterpart where expression is low or non-

existent. Expression of S100A4 has been shown to be inversely related to E-cadherin 

expression in some cancers, leading to a more aggressive phenotype and hence a worse 

prognosis. BITC treatments mainly at doses of 30 mg/kg and 100 mg/kg were able to reduce 

S100 expression compared to the ATC group as showed in Figure 8.   

 

 

Figure 8. Effect of BITC on S100 expression in an orthotopic model of ATC. The 

immunohistochemical assay revealed a significant increase of S100 expression in the ATC 

group (B) compared to Sham mice (A); this expression was reduced following treatment with 

BITC at doses of 10 mg/kg (D) and 30 mg/kg (E) compared to ATC group (B). The data are 

representative of at least three independent experiments. The sections were observed and 

photographed at 20× magnification. *** p < 0.001 vs Sham; # p < 0.05 vs. ATC; ### p < 

0.001 vs ATC.  
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6.2.5 BITC confirms the modulation of apoptotic and autophagy pathways in the 

orthotopic model 

 

To confirm the key role of apoptosis in the progression of ATC we evaluated some of the 

main apoptotic factors by western blot analysis, also on the thyroid samples collected in the 

ATC orthotopic model. The results showed that BITC was able to significantly increase BID 

and BAD expression and reduce BCL-2 expression, mainly at the highest doses as showed on 

Figure 10. For the same reason we also investigated the expression of autophagy markers, 

demonstrating that BITC was able to significantly increase the expression of PTEN, and 

reduce the expression of p-mTOR, p62 and SOS-1 mainly at doses of 30 and 100 mg/kg 

compared to ATC group, as showed in Figure 9. 

 

 

Figure 9. Effect of BITC on autophagy markers expression in an orthotopic model of 

ATC.  The blots revealed a significant modulation of autophagy markers expression following 

BITC treatment (A). BITC at the doses of 10 mg/kg and 30 mg/kg was able to significantly 
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increase the expression of PTEN (B), and reduce p-mTOR (C), p62 (D) and SOS-1(E) 

proteins; # p < 0.05 vs ATC; ## p < 0.01 vs ATC; ### p < 0.001 vs ATC.  

 

 

Figure 10. Effect of BITC on apoptosis markers expression in an orthotopic model of 

ATC. The blots revealed a significant modulation of apoptosis markers expression following 

BITC treatment (A). BITC at the doses of 10 mg/kg and 30 mg/kg was able to significantly 

reduce the expression of anti-apoptotic protein BCL-2 (B) # p < 0.05 vs ATC; at the same 

time 30 mg/kg BITC treatment increased the expression of pro-apoptotic BAD (C), and BID 

(D) markers compared to ATC group; # p < 0.05 vs ATC; ## p < 0.01 vs ATC. 

 

 

6.3  Experiments conducted at the Institute of Oncology Research (IOR), 

Bellinzona, Switzerland  

 

 

6.3.1  Effect of Palbociclib and Cisplatin on 8305C cells proliferation 

To evaluate the effect of Palbociclib and Cisplatin on 8305C cell proliferation we used 

Incucyte imaging analysis. After 84 hrs of treatment with Palbociclib at different 
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concentrations (20 μM, 10 μM, 5 μM, 2.5 μM, 1.2 μM, 0.6 μM, 0.3 μM and 0.15 μM) and 

Cisplatin (50 μM, 25 μM, 12 μM, 6 μM, 3 μM, 1.5 μM, 0.7 μM and 0.3 μM) our results show 

that Palbociclib and Cisplatin treatments were able to decrease cells proliferation in a 

significant manner compared to vehicle at all of concentrations as showed in Figure 11 (A, 

B).  Based on the Proliferation assay results, we decided to investigate in further analysis only 

Palbociclib at the concentration of 5 μM and Cisplatin 5 μM and 1 μM because they represent 

the most effective concentrations. To confirm the efficacy of these concentrations we also 

performed a Crystal Violet assay. Our result confirmed that these drugs were able to 

significantly reduce cell proliferation compared to untreated 8305C cells as showed in Figure 

11 (C). 
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Figure 11. Effect of Cisplatin and Palbociclib on 8305C proliferation and miR-99a 

expression. Titration of Palbociclib (A) and Cisplatin (B) concentrations after 84 hrs of 

treatment in 8305C cells, by Incucyte S3 in vitro system (Essenbioscience). Crystal violet 

assay to confirm the antiproliferative effect of Cisplatin 5 μM and 1 μM and Palbociciclib 5 

μM in 8305C cells (C). qRT-PCR for miR-99a on 8305C cells treated with Cisplatin 5 μM 

and 1 μM and Palbociclib 5 μM (D). * p < 0.05 vs vehicle; ** p< 0.01; **** p < 0.0001 vs 

vehicle. 

 

6.3.2 Effect of Cisplatin and Palbociclib on miR-99a modulation 

Recent evidence suggests that BITC acts through overexpression of the tumor suppressor 

miR-99a. After confirming the expression of miR-99a by RT-PCR in 8305C cells, we 

evaluated how treatments with Palbociclib, Cisplatin and BITC may be able to modulate the 

expression of this microRNA. Our results showed that Cisplatin 1 μM and 5 μM were able to 

significantly increase the expression of miR-99a compared to untreated cell, while Palbociclib 

5 μM did not result in significant overexpression (Figure 11 D). The results about BITC are 

ongoing, but it would be interesting to understand if BITC has a greater effect compared to 

these drugs in miR-99a modulation, as it would confirm what is present in the literature 

regarding a possible mechanism of action. 

 

 

6.3.3 Evaluation of involvement of senescence response on 8305C cell line  

Senescent cells undergo characteristic changes, including chromatin rearrangement, cell cycle 

arrest and increased senescence-associated β-galactosidase (SA-β-gal) activity [140]. For this 

reason, we evaluated how treatments with Palbociclib, Cisplatin and BITC may be able to 

modulate the senescence response in 8305C cell line. Our result showed that Cisplatin 5 μM 

and 1 μM and Palbociclib 5 μM were able to significantly increase the activity of SA-β-gal 
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compared to untreated cells (Figura 12 A). This senescent effect in Cisplatin 5 μM and 1 μM 

appears to be mediated by mRNA overexpression of senescence-associated markers p16 and 

p21, whereas p27 does not appear to be significantly involved in inducing stable cell cycle 

arrest (Figure 12 C, D,E).  

 

 

Figure 12. Effect of Cisplatin, Palbociclib on induction of senescence response in 8305C 

cells. SA- Gal assay on 8305C cells treated with Cisplatin 5 μM and 1 μM and Palbociciclib 

5 μM (A) and respective quantification (B). qRT-PCR for p21 (C), p16 (D) and p27 (E) 

senescence markers on 8305C cells treated with Cisplatin 5 μM and 1 μM and Palbociclib 5 

μM. ** p< 0.01;  **** p < 0.0001 vs vehicle. 

 

 

6.3.4 Effect of Cisplatin and Palbociclib in the induction of Senescence-Associated 

Secretory Phenotype (SASP) on 8305C cell line  

Features of senescence is also the secretion of pro-inflammatory cytokines, growth factors and 

matrix metalloproteinases (MMPs), collectively termed the senescence-associated secretory 

phenotype (SASP), which is primarily responsible for the paracrine effects of senescent cells, 
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by reinforcing the senescent growth arrest. In line with our previous findings, conditioned 

media (c.m.) from senescent 8305C cells treated with Cisplatin 1 μM and Palbociclib 5 μM  

manteined the prosenescence effect and arrested the proliferation of 8305C parental cells 

(Figure 13). The results about BITC are ongoing, but it would be interesting to understand if 

BITC has an effect in the modulation of senescence response, in order to consider its use as a 

possible pro-senescence therapy.  

 

 

 

 

Figure 13. Paracrine effect of Cisplatin, Palbociclib on induction of senescence response 

in 8305C cells.  Proliferation assay (A) and Crystal Violet assay (B) on parental 8305C cells 

treated with conditioned media (cm) from senescent 8305C cells treated with Cisplatin 5 μM 

and 1 μM and Palbociciclib 5 μM.  SA- Gal assay on 8305C cells treated with cm of 8305C 

cells treated with Cisplatin 5 μM and 1 μM and Palbociciclib 5 μM (C) and respective 

quantification (D).  * p< 0.05; *** p< 0.001;  **** p < 0.0001 vs vehicle. 
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CHAPTER SEVEN: DISCUSSION 
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7. Discussion 

 

Although ATC is the type of thyroid cancer with the lowest incidence, compared to 

differentiated carcinomas, it is characterized by a high risk of recurrence and poor prognosis 

[176]. Conventional treatments including surgery and chemotherapy have proven ineffective 

for ATC and have failed to improve survival rates [177]. Accumulating evidence suggests that 

autophagy plays a key role in thyroid cancer, acting to promote tumor cell viability and 

metastatic disease through maintenance of cancer stem cells (CSCs), supporting epithelial-to-

mesenchymal transition (EMT), and preventing tumor cell death [178]. Autophagy refers to 

the process of maintaining cellular homeostasis by which dysfunctional cellular components, 

such as damaged proteins or aging organelles, are recruited directly into lysosomes via 

autophagic vacuoles for degradation [179].  Several signaling pathways participate in 

autophagy formation, including PI3K/Akt/mTOR pathways, MAPK, and AMP-activated 

protein kinase (AMPK), with PI3K/Akt/mTOR signaling reported more. In the PI3K-AKT-

mTOR pathway, mutations of PIK3CA, PTEN and AKT1 were detected in patients with 

anaplastic thyroid carcinoma. PTEN (Phosphatase and tensin homolog) encoded PTEN 

enzyme, which acts as a tumor suppressor by regulating cell division and preventing abnormal 

cell growth and division [180]. mTOR is a regulatory protein, involved in the PI3K/Akt/mTOR 

pathway, which facilitates iodine uptake by thyroid cells, resulting in the promotion of cell 

proliferation and survival. Genetic alterations occurring in this pathway play a role in the 

progression of ATC. mTOR is a highly attractive target via several therapeutic strategies [181-

183]. mTOR interacts with the adaptor protein p62 (also known as sequestosome-1, SQSTM-

1 or A170) in the formation of the complex in the lysosomal compartment. P62 is a crucial 

molecule in the regulation of cell growth, survival and proliferation. P62 recognizes 

polyubiquitin chains through its C-terminal domain and binds to LC3, thus promoting 

autophagic degradation of ubiquitinated loads. P62 colocalized with LAMP2 (a lysosomal 
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marker) and Rags and the translocation of the mTORC1 complex to the lysosomal surface is 

necessary for the interaction of mTOR [184]. Another process that can indirectly influence 

autophagy is the activation of the Ras-MAPK pathway, mediated by SOS1 (Son of Sevenless 

Homolog 1). SOS1 participates in the transduction of signals from growth factor receptors 

and may respond to stressors such as oxidative stress or DNA damage, which can trigger 

autophagic responses as a means of removing damaged cellular components and promoting 

cell survival. Activating Ras can, in fact, activate the mTOR path, which is a key negative 

regulator of autophagy [185]. Our results showed that BITC was able to increase the expression 

of the tumor suppressor gene PTEN, leading to the modulation of the autophagic pathway 

mediated by downregulation of p-mTOR, P62 and SOS1 and upregulation of LC3 and 

LAMP2, contributing to the improvement of apoptosis and repression of ATC cell 

proliferation and invasion. The activation of apoptotic processes has been confirmed by our 

data obtained both in vitro and in vivo through the increase in the expression of proapoptotic 

markers such as BID, BAX and BAD and the decrease of antiapoptotic factors such as BCL-

2. The epithelial-mesenchymal transition (EMT) is a distinctive process of metastatic disease, 

characterized by the loss of cell-to-cell adhesion capabilities and the consequent transition to 

a mesenchymal phenotype, which results in increased cell plasticity and motility, as well as 

resistance to apoptosis [178]. The loss of E-cadherin leads to activation of the Wnt/β-catenin 

pathway and subsequent transcription of genes that promote proliferation and migration. Our 

results showed that BITC treatments were able to reduce the migration and invasiveness both 

in vitro and in vivo and to promote the expression of E-cadherin and the loss of genes typically 

expressed in mesenchymal cells, like N-cadherin and S100. Growing evidence suggests that 

the immune response may influence tumorigenesis and thyroid cancer progression [169,186]. 

Networks of cytokines and chemokines present in the tumor microenvironment appear to be 

involved in the development of the immune response may influence the progression of thyroid 

cancer. IL-17 is a cytokine produced by a subset of lymphocytes known as Th17 cells and 
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shows an important function in inducing the production of high concentrations of IL-1β, TNF-

α, TGF-β, chemokine and matrix metalloproteinase mediators that are widely present in the 

tumor microenvironment [187]. Tumor necrosis factor receptor (TNFR)-associated factors 6 

(TRAF6) is part of the heterotrimeric complex required for IL-17 signaling and gene 

expression [188] and is implicated in the downregulation of the NFκB pathway while 

promoting the p38 MAPK pathway. In this work we demonstrated that BITC treatment was 

able to reduce IL-17, IL-12p70 levels and TRAF6 expression and to increase pP38, suggesting 

a key role also in the modification of the immune response and in the reduction of 

inflammatory cytokine levels in the tumor microenvironment.  

 

During the third year of my PhD, I had the opportunity to be hosted at the Institute of Oncology 

Research (IOR) in Bellinzona, Switzerland, for a period of six months, during which I 

deepened my knowledge and skills related to the mechanisms underlying cellular oncology.  

The work in collaboration with the IOR stems from the idea of linking the research topics 

carried out at the Molecular Oncology laboratory of Professor Andrea Alimonti with the 

studies previously conducted for my PhD project. This laboratory, in fact, is highly specialized 

in the identification and development of pro-senescence and senolytic compounds for the 

treatment of prostate cancer. Cellular senescence is a condition of quiescence between life and 

death that cells can be subjected to in response to different internal and external stimuli, such 

as dysfunctional telomeres, mitogenic signals, oxidative stress, oncogene activation, ionizing 

radiation, and treatment with anticancer therapies, which can cause persistent DNA damage 

and trigger permanent cell cycle arrest [139,140].  This stable cell cycle arrest correlates with 

increasing level of cell cycle inhibitors, including p16INK4a, p21CIP1, and p27, and limits 

the proliferative lifespan of the cell.  Therefore, due to its antiproliferative effects, cellular 

senescence is currently being recognized as a potent antitumor mechanism, paving the way 

for new treatments for cancer therapy [142]. Some isothiocyanates, including Phenethyl 
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isothiocyanate (PEITC) and sulforaphane (SFN) have been shown in preclinical studies to 

have a prosescence action in different types of tumors [145-149], but to date there is no evidence 

regarding the effect of BITC in modulating this senescent response. Therefore, these 

evidences have provided the rationale to continue the studies related to this compound, which 

aim to investigate the involvement of cellular senescence as a mechanism below the antitumor 

action of BITC.  The hypothesis underlying this study is that the over-expression of miR-99a 

induced by BITC may be linked in some way to the induction of a senescent response and 

consequently to the reduction of tumor progression, providing the necessary elements for the 

identification of a new therapeutic strategy. For this reason, some experiments were conducted 

in order to evaluate how the expression of miR-99a changes in relation to the activation of 

cellular senescence induced by some known pro-senescence stimuli such as Palbociclib and 

Cisplatin. Our results showed that Cisplatin and Palbociclib were able to induce a significant 

autocrine and paracrine senescent response in ATC cell line, demonstrated by increased SA-

β-gal activity and mRNA overexpression of senescence-associated markers p16 and p21. At 

the same time, Cisplatin has been shown to increase the expression of the tumor suppressor 

miR-99a, suggesting the possible existence of a link between the upregulation of this small 

non-coding mRNA and the activation of cellular senescence.  
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CHAPTER EIGHT: CONCLUSIONS 
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8. Conclusions  

 

The results suggest that treatment with BITC has the potential to influence various cellular 

processes like autophagy, apoptosis, EMT (Epithelial-Mesenchymal Transition) and 

inflammation in thyroid cancer. This indicates that BITC may play a role in influencing the 

development of thyroid cancer by modulating several signaling pathways often dysregulated 

and correlated with the initiation and progression of anaplastic thyroid carcinoma. Ongoing 

studies aim to investigate whether this antitumor effect of BITC can be mediated by an 

increase in miR-99a expression directly linked to the activation of a pro-senescence response. 

Although further studies are required to confirm these initial findings especially in human 

clinical trials, to better understand its safety and effectiveness in cancer prevention and 

treatment, BITC could be explored as a potential therapeutic approach for managing thyroid 

cancer.  
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