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Thyroid cancer (TC) is the most common Endocrine malignancy. Currently, the 

mechanisms responsible for insensitivity to therapeutic treatments, tumor 

aggressiveness and tumor relapse described in undifferentiated thyroid cancers 

(UTCs) haven’t been fully elucidated yet. The insurgence of therapy resistance 

and disease relapse is believed to be due to a subpopulation of cancer cells within 

the tumor bulk that shows stem-like phenotype and specific tumor-initiating 

abilities. These cells are called tumor-initiating cells (TICs), and a comprehensive 

understanding of how to specifically isolate and target them is necessary. In 

thyroid cancer, TICs have been identified using specific in vitro and in vivo 

assays, variations of enzymatic activities, expression of well-known stemness 

markers and expression of membrane markers. Among the possible membrane 

markers described in literature to identify TICs, Epithelial Cell Adhesion Molecule 

(EpCAM) has already been defined as a marker for cancer cells with tumor-

initiating properties in many solid tumors, where its possible role in tumor 

progression and aggressiveness has been described. However, this protein is 

poorly studied in TC and its role in TC pathology, especially in the undifferentiated 

forms, needs further comprehension. 

 

Hence, the aim of my PhD project was to: 1) characterize EpCAM as a putative 

thyroid TICs marker on poorly differentiated and anaplastic thyroid cancer cell 

lines, applying both classical monolayer cultures and 3D spheres cultures; 2) 

establish if the 3D model is a valid in vitro approach to study the expression and 

role of EpCAM in the context of TC; 3) observe whether TC cell lines respond 

differently when treated as adherent cells or as 3D spheres. 

 

Our data demonstrated that EpCAM is subjected to an intense cleavage process 

in FRO-derived 3D tumor spheres and that the 3D model is representative of the 

variability of EpCAM expression and cleavage that we observed in patient-

derived tissue samples, with the different gradient of EpCAM cleavages 

corresponding to different areas of the tumor sections. We also observed that the 

expression of EpCAM can be modulated by the regulation of its cleavages and 

that the integrity of the protein seem to be a crucial factor for the initial phase of 

the generation of 3D spheres in FRO, while the cleavage of the protein may occur 

in a subsequent phase, induced by the ability of cells to adapt to variations in 
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growth conditions and/or to the microenvironment within the spheres. Moreover, 

we demonstrated that EpCAM+ and EpCAM- subpopulations respond differently 

to treatment with a well-known drug commonly used in clinical practice, 

Vemurafenib (PLX-4032), both in FRO and HTCC3 adherent cells, and EpCAM+ 

cells appeared to be more resistant. Finally, the 3D sphere model is also a valid 

in vitro approach to assess cell response to PLX-4032 and we observed that 

FRO-derived 3D spheres seemed to be more resistant than HTCC3-derived 

spheres upon PLX-4032 treatment. 

 

In conclusion, we believe that EpCAM expression and its cleavage in 3D spheres 

could play a significant role in putative TC TICs biology and may partially explain 

the therapeutic failure observed in the more undifferentiated TCs, concomitantly 

to other mechanisms of resistance and/or escape that may occur. 
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Abbreviations 

 

ABC: ATP-binding cassette 

ABCG2: ABC subfamily G member 2 

ALDH: aldehyde dehydrogenase 

ALDH1A1: ALDH 1 Family Member A1 

ATA: American thyroid association 

ATC: anaplastic thyroid cancer 

CAFs: cancer-associated fibroblasts 

cAMP/PKA: cyclic AMP-protein kinase A 

CSCs: cancer stem-like cells 

CT: computed tomography 

CTLA-4: cytotoxic T lymphocytes antigen-4 

DTCs: differentiated thyroid cancers 

ECM: extracellular matrix 

EGF: epidermal growth factor 

ELDA: extreme limiting dilution analysis 

EMP: epithelial-mesenchymal plasticity 

EMT: epithelial to mesenchymal transition 

EpCAM: epithelial cell adhesion molecule 

EpEx: extracellular domain of EpCAM 

EpICD: intracellular domain of EpCAM 

FGF: fibroblast growth factor 

FHL2: four and a half LIM domains protein 2 

FMTC: familial medullary thyroid cancer 

FNA: fine needle aspirate 

FNMTC: familial non-medullary thyroid cancer 
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FTCs: follicular thyroid cancers 

HCC: Hurthle cell carcinoma 

ITH: intratumoral heterogeneity 

LDA: limiting dilution analysis 

LEF-1: lymphoid enhancer binding factor-1 

MAPK: mitogen-activated protein kinase 

MDR1: multi drug resistance mutation 1 

MEN2: multiple endocrine neoplasia type 2 

MRI: multi-resonance imaging 

MRP: multi drug resistance-associated protein 

MTCs: medullary thyroid cancers 

NT: normal thyroid tissue 

OCT4: octamer-binding transcription factor 4 

PD-L1: programmed death-ligand 1 

PDTCs: poorly differentiated thyroid cancers 

PET: positron emission tomography 

PI3K: phosphoinositide 3-kinase 

Poly-hema: poly(2-hydroxyethyl methacrylate) 

POU5F1: POU class 5 homeobox 1 

PTC: papillary thyroid cancer 

RAI: radioiodine 

RIP: regulated intramembrane proteolysis 

SOX2: sex-determining region Y-box 2 

TAMs: tumor-associated macrophages 

TC: thyroid cancer 

TICs: tumor-initiating cells 

TK: tyrosine kinase 

TKI: tyrosine kinase inhibitor  

TME: tumor microenvironment 

TSH: thyroid stimulating hormone 

UTCs: undifferentiated thyroid cancers 

VEGF: vascular endothelial growth factor 
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1) THYROID CANCER  

 

1.1 Thyroid cancer epidemiology and risk factors 

 

Thyroid cancer (TC) represents the most common endocrine malignancy and has 

the fastest increasing incidence in the United States (1). This is probably due to 

improved medical surveillance and advent of new radiological diagnostic 

techniques that have contributed to the increment of detection of clinically 

indetermined tumors (2). In addition, many incidental thyroid nodules are found 

on imaging studies performed for other reasons than thyroid pathology. Most of 

these nodules are in early stages and are usually well differentiated, and they 

occur more frequently in women than in man (3). Indeed, in the past years, TC 

gender disparity became more pronounced, especially considering women at age 

40–49 with a 3:1 female-to-male ratio in most geographic regions and 

demographic groups (4) (Figure 1). According to Cancer.net epidemiological data 

(5), TC has an overall 5-year survival rate of 98.3%,  but it lower to only 55.5% 

for disseminated disease. However, survival rates are based on many factors, 

including the specific histological type of TC and stage of disease. In particular, 

concerning the undifferentiated forms of TC, especially anaplastic thyroid cancers 

(ATCs), the survival rate tends to get worse due to the limited therapeutic 

approaches that can be applied for these patients and the poor outcomes with 

conventional therapies (6,7). 

 

Figure 1. SEER incidence rates by age at diagnosis, years 2015-2019. Data grouped 

by sex, delay-adjusted SEER incidence rate, all races (1). 
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Apart from the improvement in diagnostic techniques, the increase in  TC 

incidence could also be a consequence of exposure to external  factors  such  as  

radiations or dangerous  chemical  substances, environmental factors, or it might 

be multifactorial. Many studies  have  explored potential risk factors involved in 

TC onset. The most-established risk factor for cancer in general but in particular 

for TC is the exposure to radiations. It is known that ionizing radiations directly 

affects the DNA, causing DNA strand breaks and consequently promoting 

carcinogenesis. The effect of these radiations is especially harmful in children, 

since the thyroid tissue is very radiosensitive at an early age (8), and is reported 

that those who have been exposed to radiations, e.g. after the Chernobyl 

accident, can frequently develop TC, especially papillary thyroid cancer (PTC) 

(9). Iodine deficiency is another factor that considerably affects thyroid 

functionality, since a reduction in the level of thyroid hormones induces an 

increment in thyroid-stimulating hormone (TSH) secretion, which is known to be 

a fundamental growth factor for follicular cells, and the differential iodine intake 

can also affect TC histotype distribution. Indeed, predominantly follicular tumors 

are observed in iodine-deficient areas, while papillary tumors in iodine-replete 

areas (10). Moreover, the increased papillary/follicular ratio may be due to long-

term TSH stimulation and the frequency of BRAFV600E mutation, a typical 

molecular alteration of PTC (11). 

From a metabolic point of view, a strong correlation between obesity and cancer 

risk, as well as mortality, has been demonstrated for several malignancies, 

including thyroid cancer. The study conducted by Almquist and colleagues (12), 

strengthened the possibility that disruptions in insulin metabolism may be risk 

factors for TC. Indeed, insulin can modulate thyroid gene expression and can 

promote thyrocyte proliferation, differentiation, and transformation. 

Genetic alterations and hereditary conditions are crucial factors to be considered 

for the onset of TC. It is well known that alterations in genes involved in mitogen-

activated protein kinase (MAPK), phosphoinositide 3-kinase (PI3K) and cyclic 

AMP-protein kinase A (cAMP/PKA) signaling pathways play a fundamental role 

in the development of TC, thus they can be considered as major risk factors for 

TC. Moreover, several hereditary conditions (13) have been linked to different 

types of TC such as familial medullary thyroid cancer (FMTC), multiple endocrine 
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neoplasia type 2 (MEN2) which is a combination of FMTC and tumors of other 

endocrine glands, familial non-medullary thyroid cancer (FNMTC), and Hurthle 

cell carcinoma (HCC) (13). 

 

1.2 Thyroid cancer classification and diagnosis 

 

The functional unit of the thyroid gland is represented by the thyroid follicles, 

spherical structures formed by an outer layer of thyrocytes and filled in colloid, 

which are the center of thyroid hormones production. Interspersed between the 

thyroid follicles there are also the parafollicular C cells, responsible for calcitonin 

secretion. According to the World Health Organization, it is possible to identify 

four main subtypes of TC based on the histopathological features and on the cell 

of origin (Table 1). Thyroid cancers that derive from the follicular cells can be 

classified in DTCs and in undifferentiated thyroid cancers (UTCs) The DTCs can 

be further classified in PTCs and in FTCs while the UTCs are classified in poorly 

differentiated thyroid cancers (PDTCs) and in ATCs. The thyroid cancer histotype 

that arises from thyroid parafollicular C cells is the MTCs, accounting for ~5% of 

all thyroid cancers (14). The vast majority of TCs is represented by PTCs and 

FTCs (80–85% and 10–15% respectively) (15) and usually show a good 

prognosis. On the contrary, PDTCs and ATCs are rare tumors (5% and 1% 

respectively) (15) but are characterized by poor prognosis and by an aggressive 

phenotype, with complete disruption of the biological features and functions of 

thyrocytes. Even if ATCs represent only 1% of all TC cases, they display rapid 

evolution, local invasion and metastatic spread, and account for higher mortality 

with a median survival time of 6 months. Moreover, they often acquire therapy 

resistance (16,17). 
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Table 1. Classification of thyroid tumors of epithelial origin with prevalence (%), 

morphological features, and 10-year mortality (%). Adapted from (18). 

 

The diagnosis of TC is based on several approaches spacing from imaging tests 

to biopsy to molecular analyses. Concerning imaging tests, the most used 

diagnostic approach is the ultrasound examination of the neck. Advance imaging 

techniques to monitor disease stage and localization are radioiodine (RAI) scans, 

computed tomography (CT) scan, multi-resonance imaging (MRI) scan and 

positron emission tomography (PET) scan. However, the most trustworthy 

Stage of 
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Papillary 

Thyroid Cancer 

(PTC) 

- 

80-84% 
 

Papillary architecture with 

variable size and 

organization, distinctive 

nuclear features that 

include enlargement, oval 

shape, elongation, 

overlapping and clearing, 

inclusions and grooves; 

lymph node metastases. 

5 

Follicular 

Thyroid Cancer 

(FTC) 

- 

10-15% 
 

Small-medium size 

follicular structures filled 

with colloid, lacking nuclear 

features of PTC; 

hematological spreading; 

bone and lung metastases. 

15 
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Poorly 

Differentiated 

Thyroid Cancer 

(PDTC) 

- 

5% 

 

Poorly differentiated, often 

overlapping with PTC and 

FTC; locoregional invasion; 

bone and lung metastases. 

Intermediate 

aggressiveness between 

differentiated and 

undifferentiated thyroid 

cancers. 

̴ 50 

Anaplastic 

Thyroid Cancer 

(ATC) 

- 

1% 
 

Undifferentiated; mixture of 

spindle, pleomorphic giant 

and epithelioid cells; 

extremely invasive and 

metastatic; highly lethal; 

may occur de novo or 

derive from PTC, FTC or 

PDTC. 

95 
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diagnostic approach for the evaluation of thyroid nodules is the cytological 

examination of cells collected after fine-needle aspirate (FNA) biopsy (19). To 

avoid unnecessary surgery or a second surgical procedure, additional diagnostic 

approaches are needed to manage patients with indeterminate thyroid nodules: 

gene expression markers (20), somatic mutations panels (21), liquid biopsy (22), 

circulating miRNAs (23). 

 

1.3 Thyroid cancer pathogenesis and genetic alterations 

 

The  pathogenesis of the majority of TCs involves the dysregulation of the main 

signaling pathways involved in thyrocyte proliferation and differentiation, such as 

Raf/Ras/MEK/ERK, PI3K/AKT and cAMP/PKA,  through acquisition of various  

alterations in genes coding for the effector molecules of these pathways (Figure 

2). In TC, the hyperactivation of Raf/Ras/MEK/ERK  pathway is mainly due to 

point mutations in genes like BRAF and RAS or RET/PTC rearrangements. It 

contributes to dysregulation of growth of tumor cells and promotes tumorigenesis 

mainly in PTCs (24).  

 

Figure 2. Molecular pathogenesis of TC. The molecular pathogenesis of TC involves 

dysregulation of the MAPK, PI3K/AKT and the cAMP signaling pathways. In TC, the 
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MAPK pathway is frequently activated due to point mutations of BRAF and RAS genes 

and RET/PTC and TRK rearrangements. The PI3K pathway is frequently activated due 

to point mutations of PI3KCA and mutation/deletion of PTEN. Modified from (20,25).  

BRAF or RAS gene mutations are found in mutually exclusive modality in nearly 70% of 

PTCs (26). In particular, BRAF is a serine/threonine protein kinase that is activated by 

RAS, and promotes the phosphorylation and activation of MAPK kinase and other 

downstream effectors of the MAPK signaling pathway. In TC, the most frequent point 

mutation of this protein is BRAF T1799A which results in a valine-to-glutamate 

replacement at residue 600 (Val600Glu) inducing a constitutional activation of the protein 

(27). RAS is a family of GTP-binding proteins that is located at the inner surface of the 

cell membrane and transmit signals arising from tyrosine kinase receptors (RTKs) along 

the MAPK and PI3K-AKT pathways. Four different but related proteins H-Ras, N-Ras, K-

Ras4A, and K-Ras4B, encoded by HRAS, NRAS and KRAS respectively, are 

fundamental in controlling cell growth, differentiation and survival. Mutations occurring in 

codons 12, 13 and 61 of the RAS genes lead to a constitutive activation of RAS signaling. 

In TC, RAS mutations are found in 40–50% of FTC pathogenesis, with NRAS codon 61 

and HRAS codon 61 mutations as most common (28). 

Alterations in the effectors of the PI3K-AKT pathway are fundamental for the 

progression of FTCs: in this case, the hyperactivation of the pathway is mainly 

due to deletions of PTEN, a major human tumor suppressor, and genomic copy 

gain of PIK3CA. This last event associates with increased expression of the 

protein and activation of downstream effectors including AKT (29). Advanced TCs 

such as PDTCs and ATCs frequently have additional genetic alterations which 

may be responsible for TC progression toward a less differentiated and more 

aggressive phenotype (30). These events include mutations in genes coding for 

effectors molecules of the PI3K-AKT pathway, as well as mutations of TP53 and 

CTNNB1 genes. Point mutations of TP53 gene lead mostly to loss of function of 

p53 cell cycle regulator, while mutations in CTNNB1 gene affect the function of 

β-catenin, which is known to be involved in cell adhesion and Wnt signaling 

pathway. Both mutations are frequently reported in ATCs (31). 

Other common mutational events in TC are chromosomal rearrangements such 

as RET/PTC, NTRK and PAX8/PPARγ. RET/PTC rearrangement, usually found 

in PTCs, consists in the fusion of a portion of RET gene, that encodes for an intact 

tyrosine kinase domain of RET protein, to the active promoter of another gene 

that drives the expression of RET/PTC protein. The result of this rearrangement 
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is known to constantly stimulate and hyperactivate the MAPK signaling pathway, 

thus promoting tumorigenesis in thyroid cells (32). Another chromosomal 

rearrangement that occurs in PTCs involves the NTRK1 gene. Recently, NTRK 

fusions have been reported in some series of advanced cancers and have been 

proposed as novel targets of cancer therapy (33). Finally, PAX8/PPARγ is 

characterized by the fusion of a portion of the PAX8 gene, a member of the 

paired-box family of transcription factors, and the PPARγ gene, a member of the 

nuclear receptor family of transcription factors. This rearrangement results in the 

overexpression of the PAX8/PPARγ protein and is usually find in FTCs (31,34). 

Quite recently, TERT promoter mutations have been described in all the 

histological TC types. TERT encodes for the telomerase reverse transcriptase, 

and two hotspot genetic alterations have been reported in its promoter (C228T 

and C250T) (35,36). These mutations are known to stimulate telomerase activity 

and to promote the maintenance of telomere length in tumor cells, induce 

oxidative stress, sensitivity to TKI and were found in 12% of PTCs and in 14% of 

FTCs (37), where they are associated with increased tumor aggressiveness and 

worse prognostic expectations (38). Moreover, the presence of TERT mutations 

together with driver mutations like BRAF or RAS (39) is particularly frequent in 

advanced TCs: 33-40% of PDTCs and 43-73% of ATCs are found to carry a 

TERT promoter mutation, leading to an increased risk of distant metastasis (39). 

The distribution and frequency of known somatic mutations among the different 

TC histotypes is reported in Figure 3. 

 

 

Figure 3. Distribution and frequency of known somatic mutations in the different 

histotypes of thyroid cancer. Data adapted from Prete et al (26). 
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1.4 Thyroid cancer conventional and new therapeutic approaches  

 

The treatment of DTCs patients relies first of all on prognostic classification, 

where two risk end points are used: one is the risk of cancer-related death 

assessed by TNM classification, and the second is the risk of recurrence 

estimated by the American Thyroid Association (ATA) risk stratification (40). 

According to the ATA risk stratification for DTCs (41), patients are classified as 

being at low (<5%), intermediate (5-20%) or high (>20%) risk of recurrence, and 

more than 80% of patients are classified as being at low risk. The general 

treatment of DTCs for low-risk and intermediate-risk patients is mainly based on 

surgery and radioactive iodine [(RAI), 131I] treatment. Surgery can include 

lobectomy or total thyroidectomy, and therapeutic neck lymph node dissection in 

patients that present also lymph node metastases. Following surgery, 131I 

administration (also called ablation) can be used to destroy residual thyroid 

tissue, non-identified remaining pathological tissues and/or known residual or 

recurrent disease (41–43). Since it is known that circulating TSH can stimulate 

cells proliferation in normal thyrocytes and in most of TC cells (44), the treatment 

with TSH suppressors, like Levothyroxine, after surgery can significantly reduce 

recurrence and tumor-related mortality in patients with DTCs (44). The 

therapeutic approaches for PDTCs and ATCs must be as tempestive as possible, 

since these tumors are very aggressive and the progression is extremely rapid. 

Conventional therapies for the treatment of these tumors include surgery and 

chemotherapy, often with concurrent radiotherapy. Cytotoxic therapy with 

doxorubicin, paclitaxel and docetaxel alone or in combination with cisplatin or 

carboplatin used for other neoplasms is not very effective for the treatment of 

UTCs, giving considerable side effects and minor clinical responses (45,46). 

In the last years, novel drugs targeting specific thyroid oncogenes like RET and 

c-Met and/or growth factors involved in TC pathogenesis like vascular endothelial 

growth factor (VEGF), epidermal growth factor (EGF), fibroblast growth factor 

(FGF), have been developed. These drugs belong to the category of tyrosine 

kinase inhibitors (TKIs), since their target are genes associated with the family of 

tyrosine kinase (TK) receptors (47). With regard to TC, the ideal inhibitors are 

those that are able to specifically prevent the oncogenic signaling pathways such 

as those activated by BRAF, RAS and RET/PTC mutations. Nevertheless, this 
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approach might not be sufficient for the treatment of many TCs, and combination 

therapy to block multiple pathways may be necessary to enhance their 

therapeutic efficacy (48).  During the past decades, immunotherapy  has  become  

an  important  way of treatment for many tumors, including ATCs (49,50). It is well 

known that tumor progression is supported by the interactions of tumor cells 

within the different components of the tumor microenvironment (TME). In 

particular, the ability of tumor cells to escape the immune surveillance within the 

TME led the immune system to be considered a new promising therapeutic target. 

A negative correlation between thyroid differentiation and immunosuppressive 

markers such as programmed death-ligand 1 (PD-L1) and cytotoxic T 

lymphocytes antigen-4 (CTLA-4) has been described in TC (51). In particular, 

tumors cells that show PD-L1 expression inhibit T cells activation in the tumor 

microenvironment, thus  protecting thyroid  tumors  cells  from  the immune 

response. These markers were also highly expressed in BRAFV600E mutated 

tumors compared to wild-type tumors (51). The combination of anti-PD-L1 

antibody and PLX-4720, a BRAFV600E inhibitor, reduced tumor growth and 

increased the presence of NK cells, FoxP3+ Tregs (T regulatory cells) and CD8+ 

cytotoxic T cells, thus observing an induction of the immunosuppressive TME 

(52). 

 

2) HETEROGENEITY OF SOLID TUMORS AND THE ROLE OF CANCER 

STEM-LIKE CELLS 

 

2.1 Thyroid cancer carcinogenesis models 

 

Throughout the years, different carcinogenesis models have been reported to 

describe TC origin. According to the classic multistep carcinogenesis model, TC 

cells arise from the gradual accumulation of genetic alterations within normal 

thyroid epithelial cells, leading to uncontrolled proliferation and invasive 

phenotype. Thus, PTC and FTC are the result of randomly occurring genetic 

alterations, such as BRAF and RAS or RET/PTC and PAX8/PPARγ 

rearrangements. The sequential accumulation of further genetic alterations, 

particularly the inactivating mutations of TP53 and CTNNB1, can give rise to ATC. 
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These events are associated to a dedifferentiation process that occurs as the 

tumor cells acquire the neoplastic phenotype, with a marked epithelial to 

mesenchymal transition (EMT), a process that finally results in cancer stem-like 

cells (CSCs) phenotype acquisition (53,54). However, this model (Figure 5 A) has 

some intrinsic limitations: the introduction of large scale genome sequencing 

techniques revealed that PTC and FTC already have much more complex genetic 

alterations than what the classical multistep model can explain (55). In 2005, 

Takano et al. (56) proposed that TC cells are derived from normal stem cells or 

precursor cells of fetal origin that survive in the mature gland rather than from 

differentiated thyroid follicular cells. According to this model (Figure 5 B), normal 

fetal thyroid stem cells, which express oncofetal fibronectin but none of the 

markers typical of differentiated thyroid cells, give rise to ATC. Thyroblasts, which 

express both oncofetal fibronectin and the differentiation marker thyroglobulin 

(Tg), give rise to PTC. Finally, prothyrocytes, the more differentiated cell type, 

should give origin to FTC and follicular adenoma (56,57). However, in this model 

there is no explanation on how quiescent thyroid stem cells acquire the different 

genetic alterations, and about the coexistence of cellular subpopulations with 

different degree of differentiation. The evidence that cancer cell population is 

heterogeneous and that molecular alterations are not present in the whole tumor 

bulk finally brought to the CSCs or Tumor Initiating Cells (TICs) hypothesis for 

TC tumorigenesis (Figure 5 C). This hypothesis was firstly established by the 

previous observation that leukemia may contain hierarchical multi-lineage cells 

(58). In this perspective, only a subset of tumor cells that possesses high 

tumorigenic activity and increased self-renew ability can produce progenitor cells 

able to reconstitute and sustain tumor growth (59). According to this view, CSCs 

may originate from either normal stem cells through a transformation process or 

from differentiated tumor cells as the result of a dedifferentiation process (58). 
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Figure 4. TC carcinogenesis models. (A) Multistep model: a progressive accumulation 

of somatic genetic alterations give rise to step-by-step dedifferentiation process from 

mature thyrocytes, to DTCs and finally to PDTCs and ATCs. Mutations in driver genes 

such as BRAF and RAS or RET/PTC and PAX8/PPARγ rearrangements give rise to 

PTCs and FTCs, while the acquisition of TP53 and CTNNB1 mutations leads to the 

transformation in PDTCs and ATCs. (B) Fetal model: TC cells derive from fetal thyroid 

cells such as thyroid stem cells, thyroblasts and prothyrocytes, that acquire transforming 

mutations which may give rise to ATC, PTC and FTC, respectively. (C) CSCs model: 

CSCs with high self-renewal and tumorigenic abilities originate from either normal thyroid 

stem cells through a transformation process or from dedifferentiation process of 

differentiated tumor cells, that acquire CSCs characteristics. Adapted from (60). 

 

2.2 Thyroid cancer heterogeneity and the role of tumor microenvironment 

 

In the last years TC heterogeneity has emerged as a critical aspect for further 

explain the tumorigenic potential and aggressiveness of the most undifferentiated 

forms of TC. Not surprisingly, the CSCs or TICs model is based on the presence 

of cellular subpopulations with different genetic profile, proliferative and/or 

differentiation ability, metastatic potential, and therapy resistance. These features 

that can be observed within the tumor bulk refer to a subclonal diversity that is 

defined in literature as intratumoral heterogeneity (ITH) (61). The bidirectional 
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and dynamic interactions between tumor cells and their microenvironment, 

consisting of stromal cells, that constitute the cellular part, and extracellular matrix 

(ECM) components (collagen, fibronectin, laminin), that constitute the non-

cellular part, is essential to stimulate and maintain the ITH (62). In this complex 

landscape, TICs survive predominantly in specific microenvironmental niches, 

the so-called stem cell niches, where the exchange of factors within the TME 

allows for the maintenance of a stem-like phenotype (Figure 5). This phenotype 

is characterized by quiescence, slow-cycling rate, lack of tissue-specific 

differentiation, and theoretically unlimited self-renew abilities (63–65). TME 

actors are critical for the modulation of thyroid CSCs features. The principal 

regulators are the cancer associated fibroblasts (CAFs) and especially the matrix 

that is produced and secreted when they became reactive. CAFs can also release 

pro-stemness factors that may support tumor cells to acquire a stem-like 

phenotype, and already existing CSCs to maintain their survival and self-renew 

abilities (66). Moreover, a correlation between specific TC mutations and 

fibroblast activation in the TME have been reported in several studies. For 

instance, in this work by Xing M (67) the BRAFV600E mutation in PTC cells has 

been associated to a metastatic phenotype by regulating the TME and the ECM. 

In addition to the ECM, variations in the levels of oxygen and nutrients may also 

generate hypoxic and pseudo hypoxic niches, that further influence the 

adaptation to the changes of TME mainly through hypoxia-inducible factors 

(HIFs) activated pathways (68). Finally, also the immune cells components of the 

TME, grouped in the so-called immune niche, are crucial for the regulation of 

CSCs phenotypes, such as tumor-associated macrophages (TAMs), neutrophils 

and T lymphocytes. Indeed, immune cells inside the TME may promote pro-

tumorigenic processes thanks to the secretion of several cytokines and 

chemokines that can contribute to the survival of tumor cells, particularly those 

with a stem-like phenotype (69). 
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Figure 5. Stem cell niche in TC.CSCs are mainly present in the stem cell niches, tumor 

areas with specific microenvironmental conditions that are fundamental for promoting 

and supporting the survival and self-renewal abilities of already existing CSCs. To ensure 

that, a thick extracellular matrix (ECM) and pro-stemness soluble factors are secreted 

by cancer-associated fibroblasts (CAFs); a wide variety of cytokines and chemokines are 

secreted by different immune cells (T cells, neutrophils and tumor-associated 

macrophages, TAMs) in the immune niche, to support the maintenance of the stem-like 

phenotype; the induction of hypoxia-inducible factors (HIFs) in the hypoxic niche regulate 

the maintenance of CSCs subpopulation by enhancing the stem-like phenotype of 

undifferentiated tumor cells. Adapted from (60).  

 

2.3 Normal Stem Cells and Cancer Stem-like Cells  

 

The characterization of normal stem cells and CSCs in solid tumors in general, 

and in TC as well, is fundamental to understand the involvement of CSCs in 

development of tumor progression and eventually therapy resistance. CSCs 

display two main features, occurring also in normal stem cells: self-renewal, 

which consists in the capacity of a cell to generate daughter cells that presents 

stem-like properties and phenotypes, and pluripotency, which is the ability to 

differentiate into specialized cells, and, in case of tumor stem cells, to give rise to 

an heterogenous cell population (70). The self-renewal abilities of stem cells is a 
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crucial feature for the maintenance of a cell lineage with the same characteristics, 

and two different cell division processes may occur to guarantee this stem cells 

property: one is the symmetric division, that gives rise to two identical daughter 

cells with stem cell properties, and the other one is the asymmetric replication, 

that gives rise to one daughter cell identical to the mother and the other daughter 

cell undergoing a differentiation process (71,72). In this context, these properties 

of stem cells are influenced by the surrounding microenvironment that may 

affects the survival of these cells (71). It is well known that conventional anti-

cancer treatments are usually able to kill tumor cells that are proliferating and well 

differentiated, but they fail in eradicating the slow-dividing subpopulation of 

CSCs, bringing to eventual tumor progression. Indeed, CSCs that develop 

resistance to anti-cancer drugs are considered the main responsible for 

metastatic spread and tumor relapse (73–75).  

 

2.4 Identification of putative thyroid CSCs 

 

The presence of thyroid CSCs is confirmed in literature by several studies that 

were able to characterize these cells by precise in vitro and in vivo assays (e.g. 

clonality assays and tumor grafts), variations of enzymatic activities, expression 

of well-known stemness markers and expression of membrane markers. 

Nevertheless, there is still the lack of a standardize method to accurately identify 

them. Several in vitro assays can be applied to demonstrate the ability of putative 

CSCs to self-renew such as limiting-dilution assay, serial colony formation and 

differentiation assay, or the 3D sphere formation assays. Among them, the 3D 

sphere assay is probably the best approach to determine the clonality and 

multipotency of putative CSCs in the thyroid (59,76) since the ability to generate 

spheres in a specialized serum-free medium, even after several passages, may 

suggest the presence of cells with a strong self-renew ability. Differently from the 

classical monolayer cultures, the 3D sphere organization improves intercellular 

contacts and usually display low levels of oxygen and metabolites creating an 

hypoxic core that resembles the hypoxic niche occurring in solid tumors (77). 

Moreover, this model can be applied for better characterization of a EMT, that is 

strongly implicated in cancer progression (78–81). Indeed, the phenotypic and 

functional properties of tumor cells in transition between the epithelial and 
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mesenchymal status can be explored through 3D spheres, that provide an 

adequate environment for mimicking the solid tumor of origin. With respect to TC, 

Lan et al. (82) observed that the majority of ATC cells show an EMT phenotype 

and observed that the content of CSCs in the ATC cell population directly 

correlates with the presence of EMT. Nevertheless, the most complete way to 

evaluate the presence of possible CSCs is to inject these cells into 

immunocompromised mice to validate the ability of these cells to develop tumor 

over time (77). The identification of long-term tumorigenic potential and self-

renew ability of these cells can be defined by serial transplantations of cells 

isolated from secondary and tertiary xenografts, and the combination of the serial 

transplantations with limiting-dilution assays can determine the number of CSCs 

required for the generation of the tumor (79). 

A well-known approach for the identification of putative CSCs in TC is the 

evaluation of aldehyde dehydrogenase (ALDH) enzymatic activity, since is known 

that high levels of ALDH activity are observed in stem and progenitor cells and 

appear to be related to their resistance to anti-cancer drugs. Todaro et al. (83) 

isolated CSCs from primary TCs by evaluating ALDH activity, and observed that 

the PTC, FTC and PDTC expressed a small population of cells (1.2-3.5% of the 

whole tumor bulk) that was ALDH high and was able to generate 3D spheres 

when expanded in vitro. Moreover, these cells were able to create sequential 

tumor xenografts in immunocompromised mice (83). 

A crucial aspect for the identification of putative thyroid CSCs is the ability of 

these cells to escape the killing mechanism of conventional chemotherapy and 

radiotherapy, causing the relapse of the disease, and many mechanisms can be 

applied by CSCs to induce therapy resistance. One of them is the ability of CSCs 

to induce drug export (65), and this ability can be demonstrated through the side 

population (SP) assay. This assay identifies a small subpopulation of cells that is 

able to exclude the DNA binding dye Hoechst 33342 through the ATP binding 

cassette (ABC) family of membrane transporters (65). Another mechanism is also 

represented by bypass pathways that respond to the therapeutic activity. In the 

context of TC, Gianì et al. (84) observed that the treatment of mutant BRAFV600E 

whole thyroid cancer cell population by Vemurafenib induced a decrease of ERK 

phosphorylation and inhibition of cell growth, but induced a re-activation of ERK 

and increased AKT activation in a subpopulation of potential CSCs. They also 
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noted that this resistance of thyroid CSCs was depending on the higher MAP3K8 

expression as an alternative pathway to elude Vemurafenib activity (84). Another 

important feature of putative CSCs is that they display dysregulated signaling 

pathways and abnormal phenotypes. Among the dysregulated pathways there 

are Wnt/β-catenin, Hedgehog, JAK/STAT and Notch signaling, which are all 

involved in self-renew ability of normal stem cells (85–87). The alteration of these 

pathways consequently modulate the downstream effectors, including 

transcription factors, and is also related to an improved EMT and resistance to 

anti-cancer drugs (87). Several transcription factors have been reported to be 

expressed in cancer cells with stem-like properties. Of them, octamer-binding 

transcription factor 4 (OCT4), sex-determining region Y-box 2 (SOX2), Nanog 

and C-myc, comprise a well-known fundamental regulatory network for stemness 

maintenance and self-renewal (88,89). 

Similar to these transcription factors, many surface markers that are highly 

expressed in stem cells are also expressed in several human cancers (breast, 

colorectal, pancreatic, lung cancer, ovarian and prostate cancer, hepatocellular 

carcinoma) such as ALDH 1 Family Member A1 (ALDH1A1), Epithelial Cell 

Adhesion Molecule (EpCAM), CD13, CD24, CD44, CD166, CD133, CD117/c-kit, 

CD138. These surface markers are less studied and characterized in TC, but 

some of them have been identified throughout the years. A possible CSCs marker 

is CD133, also called prominin-1, a transmembrane glycoprotein that acts as a 

stemness marker both in normal and cancer cell that has been evaluated by 

Tseng et al. (90) in the context of TC. The authors evaluated both ATC primary 

tumors and ATC cell lines and were able to isolate CD133+ cells, noticing that 

these cells also expressed typical stemness-associated genes such as POU 

class 5 homeobox 1 (POU5F1), SOX2 and NANOG1, as well as drug resistance-

associated genes such as ABC subfamily G member 2 (ABCG2), multi-drug 

resistance mutation 1 (MDR1), and multi-drug resistance-associated protein 

(MRP). They also observed that these cells were resistant to anti-cancer drugs 

and were able to generate 3D thyrospheres in in vitro system and tumors in in 

vivo system. The identification of cell surface markers such as CD44 and CD24 

is a further confirm that cells expressing these markers, especially in the 

combination of CD44+/CD24-, are potential CSCs. Concerning TC, Ahn et al. (91) 

identified CD44 and CD24 expression in a small population of cells with 
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tumorigenic potential in PTC human primary samples and cell lines. In particular, 

they observed elevated levels of CD44 but no expression of CD24 (CD44+/CD24- 

phenotype) in a subset of cells, together with high expression of stem cell markers 

POU5F1 and OCT4 and low expression of thyroid differentiation markers (91). 

Quite recently, Shimamura et al. (92) performed a comprehensive study where 

they characterized the expression of a panel of markers (ALDH activity, CD13, 

CD15, CD24, CD44, CD90, CD117, CD133, CD166, EpCAM) among eight TC 

cell lines. In this study they identified ALDH activity and EpCAM expression 

(ALDHpos/EpCAMhigh) in a subpopulation of cells as reliable candidates to spot 

thyroid CSCs, indeed these cells showed higher sphere-forming efficiency and 

both self-renew and differentiation ability. EpCAM has already been defined as a 

CSCs marker in many solid tumors where its possible role in tumor progression 

and aggressiveness has been described (93–95). However, this protein is poorly 

studied in TC and its role in TC pathology, especially in the undifferentiated forms, 

needs further comprehension. 

 

3) EPITHELIAL CELL ADHESION MOLECULE (EpCAM) 

 

3.1 EpCAM: general features and protein structure 

 

Human epithelial cell adhesion molecule (EpCAM; CD326), also called TROP-1, 

is a type 1 transmembrane glycoprotein of approximately 40 kDa that was first 

discovered years ago during monoclonal antibody screening against antigens 

derived from colorectal cancer cells (96). EpCAM structure and role have been 

studied in a wide-variety of human tumors and normal epithelia and has been 

investigated as a potential marker for diagnosis, prognosis and therapeutic 

application in epithelial tumors due to its overexpression and its location at the 

cell surface (95). The EpCAM gene (EPCAM) is conserved in many species 

including mouse, rat and zebrafish, and the protein seems to be highly conserved 

among higher vertebrates (97). The protein aminoacidic sequence has been 

described in 1989 (98), a single transmembrane protein of 314 amino acids (aa), 

characterized by a large extracellular domain of 265-aa, a single-spanning 

hydrophobic transmembrane domain of 23-aa and a short hydrophilic intracellular 
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domain of 26-aa (C-terminal). The extracellular domain of the protein (EpEx) 

comprises the aminoacidic sequence from Gln24 to Lys265, since the very short 

stretch of signal peptide (Met1-Ala23), localized at the N-terminal of EpCAM, is 

cleaved during synthesis (95). The domain also contains an EGF-like small 

domain, called EpCAM motif-1 and formed by cysteine rich residues (12 

cysteines), followed by a motif that resembles the thyroglobulin (TY) type 1A 

domain, suggested by the assignment of intramolecular disulphide bonds, and a 

cysteine-poor residue (99). Moreover, the protein contains three N-glycosylation 

sites and the differential glycosylation may cause differences in the function of 

EpCAM in healthy and malignant tissues (100). Following the transmembrane 

domain, which is involved in the association with the protein Claudin-7, member 

of tight junctions (101), there is the cytoplasmic domain of EpCAM, also called 

EpCAM cleaved intracellular domain (EpICD). This small domain presents a 

couple of α-actinin binding sites which are apparently critical for EpCAM 

localization at cell-cell interaction sites and thus for the adhesion properties of the 

protein (102). Finally, the last three aa of the EpICD can interact with multi-PDZ 

domain proteins that are essential for complex formation with signaling or 

structural proteins (97). 

 

3.2 EpCAM-mediated signaling: role in cell-cell adhesion and proliferation 

 

Early studies on EpCAM (103) suggested that this molecule can induce Ca2+-

independent cell-cell adhesion by interacting with other EpCAM molecules on 

near cells to promote an homophilic interaction in cells that normally lack cell–cell 

interactions, and that the expression of the protein in EpCAM negative cells can 

induce cells aggregation and the generation of cell–cell contacts. Balzar et al. 

(104) have demonstrated that both EpEx and EpICD may contribute to cell-cell 

adhesion: they observed that all the EpEx motifs are required for the creation of 

homophilic intermolecular binding and EpCAM accumulation at cell-cell adhesion 

sites, and that the EpICD fragment can mediate cell adhesion through the 

association with the actin cytoskeleton via α-actinin (104,105). Nevertheless, 

EpCAM expressing cells are only lightly interconnected and EpCAM itself is a 

relatively weak cell–cell adhesion molecule when compared to E-Cadherin 

(103,106). When co-expressed with E-Cadherin, EpCAM is able to weaken E-
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cadherin-mediated adhesion by disturbing E-Cadherin connection with the 

cytoskeleton (106). In addition, EpCAM is also involved in the regulation of 

epithelial integrity by influencing the composition and functionality of tight 

junctions, through interaction with claudins, especially with claudin-7 (107). The 

multiple cellular functions of EpCAM may depend on the tumor type and 

localization, and differently affect single cells within tumors (108). Numerous in 

vitro and in vivo studies showed that overexpression of EpCAM can induce cell 

proliferation (109,110) while downregulation of the protein decreases cell 

proliferation (111). The upregulation of the oncogenic transcription factor c-Myc 

and cell cycle-related proteins cyclin A and E, and a direct effect on cyclin D1 at 

transcriptional level has been observed after stimulation of EpCAM expression in 

some in vitro models (110). 

 

3.3 EpCAM-mediated signaling by regulated intramembrane proteolysis 

(RIP) 

 

In literature is reported that the mechanism of human EpCAM-induced 

proliferation in tumor cells involve a process called regulated intramembrane 

proteolysis (RIP), firstly described in EpCAM by Maetzel and colleagues (112). 

This process is an evolutionarily conserved event that implies the shedding of the 

extracellular domain of a ligand, usually upon induction, and the consecutive 

release of the intracellular domain (ICD). Of note, both the extracellular and 

intracellular part are able to activate signaling events (112). EpCAM is subjected 

to an intense RIP process mainly due to the activity of the metalloprotease 

ADAM17 (also known as tumor necrosis factor-alpha-converting enzyme, TACE) 

and γ-secretase containing presenilin-2 (PS-2), at the level of the plasma 

membrane. The cleavage of ADAM17 occurs between Asp241/Gln246 residues 

and is mainly responsible for the shedding of EpEx into the extracellular space, 

which in turn may act as a ligand for non-cleaved EpCAM to promote homophilic 

interaction and induce RIP (112). In head and neck cancers, the EpEx domain 

seems also to act as a ligand for EGFR, stimulating ERK and AKT pathways 

(113). However, this connection promoted proliferation but antagonized the 

normal EGF-dependent activation of EMT-associated factors, and raised some 

questions regarding the involvement of full length EpCAM in the binding to EGFR 
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and whether this may establish an autocrine, paracrine or juxtacrine signal (113). 

After the first cleavage step by ADAM17, the EpICD is then cleaved by γ-

secretase and released into the cytoplasm where it binds β-catenin and four and 

a half LIM domains protein 2 (FHL2). This complex can then translocate into the 

nucleus, where it associates with lymphoid enhancer binding factor-1 (LEF-1), 

and bind to promoter regions of regulators of cell division (110), genes involved 

in regulation of EMT-associated events (114), and pluripotency genes (115). The 

cleavages of γ-secretase/PS-2 complex may occur in different sites: between 

Val273/Val274, Val274/Val275 and Val275/Val276 residues, and between 

Val284/Val285 and Leu286/Val287 residues. Nevertheless, in recent years 

several additional cleavages have been identified, suggesting that EpCAM 

signaling may be regulated through different proteolytic pathways, not exclusively 

by RIP. Schnell et al. (116) described the presence of C-terminal fragments 

(CTFs) with distinctive molecular weight that could be generated by the activity 

of other membrane-associated proteases rather than by γ-secretase itself, 

without necessarily induce EpEx shedding. Another example is the cleavage 

made by another protease called β-secretase (also known as β-site amyloid 

precursor protein-cleaving enzyme, BACE), that is responsible for EpCAM 

cleavage at position Tyr250/Tyr251 of the extracellular domain of EpCAM. This 

protease has an optimal activity at pH 4 and is effective in the 

endosomal/lysosomal compartment (117). Moreover, since tumor 

microenvironment tends to be acidic, the extracellular shedding of EpCAM by 

BACE is feasible.  
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Figure 6. EpCAM and regulated intramembrane proteolysis (RIP). EpCAM full length 

is cleaved by ADAM17 inducing the release of EpEx in the extracellular domain. Soluble 

EpEX may in turn interact with other EpCAM molecules, inducing RIP. EpCAM 

intracellular domain (EpICD) is released in the cytoplasm after γ-secretase cleavage. 

EpICD associates with FHL2 and β-catenin and translocate into the nucleus, promoting 

the transcription of target genes through binding to LEF-1 consensus sites. EpCAM may 

also weaken E-Cadherin-mediated cell adhesion by interrupting the link between E-

Cadherin and the actin cytoskeleton. This may in turn result in increased availability of 

non-bound β-catenin that may be stabilized by association with EpICD. Modified from 

(97,118). 

 

3.4 EpCAM role in health and disease 

 

In adult normal tissues, EpCAM is expressed in many organs and glands, with 

the highest expression occurring in colon, but the level of expression is quite 

variable among the different tissues. The protein is not detected in bone marrow-

derived and lymphoid-derived cells, in mesenchymal, muscular and 

neuroendocrine tissues (119,120), and is more expressed in proliferating cells 

respect to differentiated cells in several tissues (119). EpCAM can regulate 
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adhesive properties between cells and cell-matrix, even if its overexpression can 

induce a negative effect on the strength of adhesion properties mediated by E-

cadherin (106). EpCAM can be also found in stem/progenitor cells of different 

tissues such as the intestinal epithelium or the liver: hepatocytes, indeed, are 

EpCAM-positive during embryonic liver development, whereas in adults the 

protein is only expressed during liver regeneration in cells with a precursor/stem-

like phenotype (121). Moreover, in undifferentiated human embryonic stem cells 

(hESCs), EpCAM is co-expressed with several pluripotency markers (122,123). 

The expression of EpCAM is strongly increased in many tumors of epithelial origin 

compared to normal epithelia of the same localization, supporting tumor growth 

and progression. EpCAM has been evaluated as a potential prognostic marker 

based on its strong expression, but its prognostic value and association with a 

specific clinical outcome may be different depending on the origin of the tumor 

and/or the stage of tumor progression. High expression of EpCAM usually 

correlates with poor prognosis, since it can promote proliferation and 

tumor/metastatic development, e.g. in pancreatic (124), colorectal (125), breast 

(126), ovarian (127) and prostate cancer (128). On the contrary, high levels of 

EpCAM expression are associated with an increased survival and better 

prognosis for renal (129), head and neck (130) and thyroid cancer (131). 

However, the cleavage rate of the protein was not evaluated in these studies, but 

only its expression. Indeed, Ralhan and colleagues (132) applied an antibody 

targeting the EpICD fragment for the evaluation of EpCAM cleavage at 

immunohistochemistry on healthy and pathological patient-derived tissue 

samples of different histotypes of TC. They observed that nuclear/cytoplasmic 

staining of the EpICD fragment correlates with the aggressiveness of TC and 

overall patient survival. Moreover, this nuclear/cytoplasmic staining was found in 

tumor tissues rather than normal tissues, where the expression of EpCAM was 

mainly membranous (132–134). Moreover, the role of EpCAM in promoting or 

counteracting processes like EMT is still not entirely clear and needs further 

investigation since opposite situations are widely described in literature in 

different epithelial tumors. As an example, Sankpal and colleagues (135) 

observed that the expression of EpCAM was diminished after the activation of 

ERK pathway in primary tumor samples and in cancer cell lines (breast cancer). 

In particular, they observed a double-negative feedback loop between EpCAM 
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and ERK2, where the latter was able to block EpCAM transcription by directly 

binding to its promoter region or indirectly by inducing the activation of EMT-

associated factors. On the other hand, they also noticed that EpCAM itself was 

able to modulate ERK, by blocking its activation and thus inhibiting EMT (135). In 

other epithelial tumors, such as colon cancer, the expression of EpCAM improved 

the transcription of stemness and reprogramming factors genes such as c-Myc, 

Oct4, Sox2 and Nanog, and the EMT-associated factors Slug and Snail, via 

intracellular EpICD signaling (136). Tumor cells with stem-like properties and 

tumor cells with tumor-initiating abilities are also found to be enriched with 

EpCAM, thus classifying this protein as potential CSC marker in different tumors 

(136–138). These observations also deal with the fact that EpICD fragment may 

be necessary for the maintenance of the stem-like phenotype in these cells, being 

associated with the downstream effectors of the Wnt pathway, such as β-catenin 

and LEF-1, when it moves into the nucleus. Therefore, novel therapeutic 

strategies could be developed to further counteract tumor aggressiveness and 

progression by specifically targeting or removing EpCAM-expressing tumor cells, 

especially those with a stem-like phenotype. 
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The mechanisms responsible for insensitivity to therapeutic treatments, tumor 

aggressiveness and tumor relapse described in PDTC and ATC patients haven’t 

been fully elucidated yet. Nevertheless, it is known that TC displays a certain 

degree of intra-tumoral heterogeneity within the tumor bulk, highlighting the 

coexistence of cellular subpopulations (normal cells, tumor cells, CSCs or TICs) 

with distinct proliferative capacities and differentiation abilities. In particular, 

CSCs or TICs give rise to progenitor cells that may drive tumor growth and their 

presence is fundamental for the maintenance of the malignant phenotype and 

eventual development of therapy resistance. As a consequence, a 

comprehensive understanding of how to specifically isolate and target this subset 

of tumor cells is necessary. 

This project is focusing on investigating the biology of putative thyroid TICs and 

observe their sensitivity to anticancer drugs, applying both classical monolayer 

cultures and 3D spheres cultures on PDTC and ATC-derived TC cell lines, in 

order to get more understanding of the pathogenesis of undifferentiated TCs. In 

particular, in vitro studies include: 

 

1. Characterization of TC cell lines-derived 3D spheres to establish if the 3D 

model is a valid in vitro approach to study the expression and role of 

EpCAM as a potential TICs marker for undifferentiated TCs. EpCAM was 

mainly studied through Western Blot and Immunofluorescence on patient-

derived tissue samples, 2D adherent cell cultures and 3D spheres 

cultures. 

 

2. Observation of TC cell lines response to treatment with a well-known 

anticancer drug, currently used in clinical setting, through MTT assay 

performed on both 2D adherent cell cultures and 3D spheres cultures, to 

evaluate whether cells respond differently when treated as adherent cells 

or as 3D sphere 
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REAGENTS 

 

• Euroclone: Trypsin-EDTA Solution 1X, L-Glutamine 100X 200 mM, 

Penicillin-Streptomycin (P/S) Solution 100X, RPMI 1640 w/o L-Glutamine, 

Dulbecco’s Phosphate Buffered Saline (PBS) w/o Ca2+ and Mg2+. 

 

• Gibco: Fetal Bovine Serum (FBS), Dulbecco’s Modified Eagle Medium 

(DMEM) w/ 4.5 g/L D-Glucose and pyruvate, DMEM/F12 (1:1) Nutrient 

Mixture (Ham), Opti-MEM™ (w/o phenol red). 

 

• MedChem Express: MTT (3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-

tetrazolium. 

 

• Roche: PhosSTOP EASYpack phosphatase inhibitor and cOmplete 

EASYpack protease inhibitor. 

 

• SigmaAldrich (Merck Millipore): PBS tablets, Poly(2-hydroxyethyl 

methacrylate) (poly-hema), AmershamTM ECLTM RainbowTM Marker - Full 

Range, Ponceau Staining (0,1% PonceauS (w/v) in 5% (v/v) acetic acid), 

Goat Anti-Rabbit IgG Antibody (H+L) HRP, Goat Anti-Mouse IgG Antibody 

(H+L) HRP, TritonTM X-100, poly-L-lysine solution (mol wt 150,000-

300,000), ampicillin, TAPI-2, BACE and DAPT inhibitors. 

 

• Thermo Fisher Scientific: B-27™ Supplement, BCA Pierce™ Protein 

Assay Kit, NuPageTM® Antioxidant. 

 

• Invitrogen (part of Thermo Fisher Scientific): NuPAGETM MOPS SDS 

Running Buffer (20X), NuPAGETM 10% Bis-Tris gels, iBlot Dry Blotting 

System, Donkey Anti-Goat IgG (H+L) Secondary Antibody HRP conjugate, 

Wheat Germ Agglutinin (WGA) Alexa-Fluor 594 Conjugate, Donkey anti-

Rabbit IgG (H+L) Alexa Fluor™ Plus 488, Donkey anti-Rabbit IgG (H+L) 

Alexa Fluor™ Plus 555, Donkey anti-Mouse IgG (H+L) Alexa Fluor™ 555, 
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Donkey anti-Goat IgG (H+L) Highly Cross-Adsorbed Alexa Fluor Plus 488, 

PureLinkTM HiPure Plasmid Filter DNA Purification Kit. 

 

• Fisher scientific (part of Thermo Fisher Scientific): Corning™ membrane 

matrix Matrigel™ 

 

• Abcam: Anti-EpCAM Ab [E144] Rabbit Monoclonal, Anti-GFP Ab Rabbit 

Polyclonal, Anti-E Cadherin Ab [M168] Mouse Monoclonal, Recombinant 

Anti-Vimentin Ab [EPR3776] Rabbit Monoclonal. 

 

• R&D: EpCAM/TROP-1 (AF960) goat polyclonal Ab. 

 

• BD Biosciences: Purified Mouse Anti-Actin Ab-5. 

 

• Selleckchem: Vemurafenib (PLX-4032). 

 

• Venor®GeM Classic (Minerva Biolabs®). 
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1) PATIENTS AND SAMPLE COLLECTION 

 

The application of patient-derived tissue samples was performed after 

institutional review board approval (Ethical Committee of the Istituto Auxologico 

Italiano IRCCS #2018_09_25_04) and informed consent for the use of thyroid 

tumor tissues was obtained from all participants. All methods were carried out in 

accordance with relevant guidelines and regulations (Declaration of Helsinki). 

Frozen thyroid tissues from 15 patients undergone total thyroidectomy were used 

for Western Blot and Immunofluorescence analysis. In particular, we studied 4 

papillary (PTC), 3 follicular (FTC), 4 poorly differentiated (PDTC) thyroid cancers 

and 4 normal thyroid tissues. Patients are followed in a single tertiary care 

endocrine center and were diagnosed and treated according to the recent 

guidelines for the management of thyroid cancer during the period 2001–2020 

(41,139). Tumors were classified and staged according to the thyroid malignancy 

World Health Organization classification and the 8th edition of TNM staging (140). 

 

2) CELL CULTURES 

 

Poorly differentiated thyroid cancer cell lines (SW579, HTCC3, B-CPAP) and 

anaplastic thyroid cancer cell lines (FRO and SW1736) with different genetic 

drivers (141) used in the present study were kindly provided by Dr. I. Bongarzone 

(Istituto Nazionale dei Tumori, Milan, Italy). Human embryonic kidney 293T (HEK 

293T) cell line was kindly gifted from Professor V. Silani (Istituto Auxologico 

Italiano, Milan, Italy) (Table 2). All cells were cultured as monolayers in 100 mm 

tissue-culture treated Petri dishes and kept in a humidified incubator at 37°C, 5% 

CO2, with medium change every 2-3 days. Cells were routinely split when 

reaching  ̴ 80% confluency. All cell lines were routinely screened for mycoplasma 

contamination with Venor®GeM Classic (Minerva Biolabs®). 
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Cell lines 
Identification 

(Cellosaurus) 

Culture 

medium 

Histotype of 

origin 

Key genetic 

drivers 
Other 

SW579 CVCL_3603 

DMEM/F12 (1:1) 

with 10% FBS, 

1% P/S 

PDTC P53 I255S - 

HTCC3 CVCL_1295 
DMEM with 10% 

FBS, 1% P/S 
PDTC BRAFV600E P53 P152L 

B-CPAP CVCL_0153 
DMEM with 10% 

FBS, 1% P/S 
PDTC BRAFV600E P53 D259Y 

SW1736 CVCL_3883 
DMEM with 10% 

FBS, 1% P/S 
ATC BRAFV600E P53 silenced 

FRO CVCL_6287 

RPMI with 10% 

FBS, 1% P/S, 

1% L-Glutamine 

ATC BRAFV600E 

P53 

silenced, 

CDKN2A 

C238T 

HEK 293T CVCL_0063 

RPMI with 10% 

FBS, 1% P/S, 

1% L-Glutamine 

Human 

Embryonic 

Kidney 

- - 

 

Table 2. Cell lines. Cell lines applied for the study, with histotype of origin and principal 

genetic alterations for each cell lines were adapted from Landa I et al (141). 
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3) TC CELL LINES-DERIVED 3D SPHEROIDS GENERATION 

 

3.1 Hanging-drop technique 

 

This technique takes advantage of gravity to keep cells in suspension inside a 

drop, preventing them from adhering to a surface. To obtain the 3D spheres, cells 

were seeded at clonal density through serial dilutions (20 cells, 10 cells, 5 cells, 

1 single cell per drop) in a volume of 33 μl for each drop. The drops were directly 

spotted onto the inner surface of a 48-well plate lid, while all wells of the plate 

were filled with sterile H2O to ensure a humid environment to prevent the drying 

of drops. Cells were kept in a humidified incubator at 37°C, 5% CO2 for 7-10 

days, without medium changing, until 3D spherical structures appeared (Figure 

7). 3D spheres were obtained after seeding cells in their appropriate culture 

medium or in Sphere Medium (DMEM/F12 (1:1) Nutrient Mixture (Ham) 

supplemented with human EGF (PeproTech EC) 20 ng/ml, human b-FGF 

(PeproTech EC) 20 ng/ml, and B-27™ Supplement 1:50 (Thermo Fisher 

Scientific) (142). 

 

 

Figure 7. Hanging-drop technique for the generation of 3D spheres when cells 

were seeded at clonal density. 

 

 

 

 

 

 



38 
 

3.2 Non-adhesive substrate technique 

 

Poly(2-hydroxyethyl methacrylate) is an acrylic compound mainly used for 

inhibiting cell adhesion to growth surfaces first used in 1984 by Minnet and 

colleagues (143). In the present study, the protocol by McCaffrey et al (144) was 

applied: poly-hema was dissolved in 95% ethanol to a final concentration of 20 

mg/ml by heating in a water bath at 65°C for 3/4 hours or until crystals were 

completely dissolved. Plates were then coated with different amount of poly-

hema solution, depending on the well’s diameter: for 6-well plates were used 700 

μl per well, for 48-well plates were used 70 μl per well, while for 100 mm Petri 

dishes were used   ̴ 4 ml. Plates were dried under the sterile hood until the 

complete evaporation of ethanol, and subsequently exposed to UV for 

sterilization. Coated plates were stored at RT up to 1 year or indefinitely at 4°C. 

To obtain the 3D spheres, cells were seeded in their culture medium or in Sphere 

Medium at the desired concentration on top of the dried non-adhesive layer and 

left in a humidified incubator at 37°C, 5% CO2 for 7-10 days until were obtained 

3D spherical structures. 

 

3.3 Light microscopy for 3D spheres dimensions and morphology 

 

Light microscopy images of TC cell line-derived 3D spheres were obtained by 

taking pictures with Leica MC 120 HD light microscope and Leica Microsystems 

camera at 5X magnification. Images were then used for further determination of 

3D spheres morphology and for quantification of the area. An average of the 

measurements of the area of at least 7 spheres for each independent replicate 

was reported. The area of each sphere was calculated on Fiji Software applying 

the ellipses formula. 
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4) CLONALITY ASSAY BY EXTREME LIMITING DILUTION ANALYSIS 

(ELDA) 

 

Limiting dilution analysis (LDA) assay is an experimental technique that quantifies 

the proportion of biologically active particles in a larger population and is a 

commonly applied in stem cell research. LDA presumes the Poisson single-hit 

model, which assumes that the number of biological active particles in each 

culture varies according to a Poisson distribution, and a single biologically active 

cell is sufficient for a positive response from a culture (145). Extreme limiting 

dilution analysis (ELDA) assay is a further evolution of LDA for extreme data 

situations, non-Poisson distribution and multiple populations (145). 

For clonality evaluation, cells were seeded at different densities (1, 5, 10, 20 cells) 

and sphere formation was performed with hanging drop technique. After 7-10 

days the number of wells containing spheres was counted and ELDA analysis 

performed with an on line tool (146). The parameters required by ELDA web tool 

for the analysis were: 

- Dose: number of cells seeded (1, 5, 10, 20 cells). 

- Tested: number of wells tested for each condition. 

- Response: number of wells where the generation of 3D spheres occurred, 

for each condition. 

 

5) PROTEIN EXTRACTION AND WESTERN BLOTTING 

 

5.1 Solubilization with RIPA lysis buffer for 2D adherent cells 

 

Cells were seeded at optimal density (200000/well) in 6-well plates and, the day 

of protein extraction, washed with PBS and then lysed with 80-100 μl of ice-cold 

RIPA buffer per well (10 mM Tris-HCl pH 7.5, 500 mM NaCl, 0,1% SDS, 1% 

NP40, 1% Na-deoxycholate, 2 mM EDTA), supplemented with freshly added 

protease inhibitors (cOmplete EASYpack, Roche) and phosphatase inhibitors 

(PhosSTOP EASYpack, Roche) by scraping. Samples were collected in pre-

cooled 1.5 ml tubes and sonicated (10-20 hits). Samples were then centrifugated 



40 
 

at 12000g for 20 minutes at 4°C; the supernatant was collected to new tubes and 

the pellet discarded. 

 

5.2 Solubilization with RIPA lysis buffer for 3D spheres 

 

Cells were seeded at the optimal density (24240 cells) in pre-coated poly-hema 

Petri dishes and cultured until the generation of 3D spheres. The day of protein 

extraction, spheres were collected by gentle centrifuging at 400g for 2 minutes, 

washed with PBS, pelleted again and directly resuspended in 80-100 μl of ice-

cold RIPA buffer. Samples were then transferred in pre-cooled 1.5 ml tubes and 

the procedure continued as for 2D monolayer cells. 

 

5.3 Solubilization with Laemmli lysis buffer for patient-derived tissue 

samples 

 

Protein extraction from patient-derived tissues was performed with Laemmli 

buffer (62.5 mM Trish-HCl pH 6.8, 1% SDS), supplemented with protease and 

phosphatases inhibitors cocktail. First of all, a small piece of frozen tissue was 

dissociated mechanically with a surgical scalpel and placed in 1.5 ml Eppendorf 

tube. 50-100 μl of Laemmli buffer pre-heated at 99°C was added to each sample. 

Samples were boiled for 5 minutes, placed on ice and vortexed 10 seconds for 

three times. Samples were sonicated (20 hits, two or three times if requested) 

and then centrifugated at 12000g for 20 minutes at 4°C; the supernatant was 

collected and the pellet discarded. 

 

5.4 Protein quantification and sample preparation 

 

Proteins amount was quantified with bicinchoninic acid method (BCA, Pierce™ 

Protein Assay Kit, Thermo Fisher Scientific) following manufacturer’s instructions. 

After 30 minutes at 37°C on a plate shaker, absorbance was red at 540 nm using 

ELx800 Absorbance Microplate Reader. For each experiment, a range of 20-60 

μg of protein extracts were denatured in Laemmli Sample Buffer at final 
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concentration 1X, by heating at 99°C for 5 minutes (Eppendorf ® Thermomixer 

Compact) and analyzed by electrophoresis. 

 

5.5 Western Blotting 

 

Protein electrophoresis was performed on NuPAGETM 10% Bis-Tris gels (Thermo 

Fisher Scientific) with MOPS Running Buffer 1X (Thermo Fisher Scientific) and 

500 μl of NuPageTM® Antioxidant (Thermo Fisher Scientific) following 

manufacturer’s instructions. AmershamTM ECLTM RainbowTM Marker - Full Range 

(Merck Millipore) was used for molecular weight determination. Proteins were run 

at 120 V until the leading edge reached the bottom of the gel. Proteins transfer 

was then performed with iBlot dry Blotting System (Thermo Fisher Scientific) on 

iBlot Gel Transfer Stacks, Nitrocellulose (Thermo Fisher Scientific) followed by 

Ponceau Staining (0,1% PonceauS (w/v) in 5% (v/v) acetic acid, Merck Millipore) 

to quickly assess the quality of protein loading, running and the total amount of 

transferred proteins. 

 

Nitrocellulose membranes were incubated for 1 hour in blocking solution 

consisting of 5% milk in TBS-T (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% 

Tween-20) in agitation, washed three times with TBS-T and incubated with 

primary antibody (Table 3), following manufacturer instruction, at 4°C over night. 

The following day, membranes were washed three times with TBS-T and 

incubated for 1 hour at room temperature in secondary antibody solution (anti-

rabbit, anti-mouse or anti-goat HRP-conjugated Ab (Merck Millipore), 1:5000 in 

5% milk in TBS-T. 

 

After three times washing with TBS-T, a chemiluminescence-based 

immunodetection was performed with ECL Star Detection (Euroclone) or with 

Westar Supernova (Cyanagen). Chemiluminescence was detected with Azure C-

400 (Azure Biosystems©) detection system. Images were then quantified with Fiji 

software. 

 



42 
 

 

Table 3. Primary antibodies applied for Western Blot experiments with respective 

dilutions and molecular weight. 

 

6) IMMUNOFLUORESCENCE AND CONFOCAL MICROSCOPY 

 

6.1 Immunofluorescence on patient-derived tissue samples 

 

Patient-derived tissue samples were included in O.C.T. solution (Bio Optica), a 

cryoprotectant that prevents the formation of crystals, and 10 μm thick 

cryosections on SuperFrost® slides were obtained. Cryosections were stored at 

-80°C. The day of staining, the slides were allowed to dry horizontally for 20 

minutes at room temperature, and then moved to Hellendahl staining jars 

containing PBS. Fixation was carried out using 4% paraformaldehyde (PFA) for 

30 minutes. The fixed tissue samples were washed with PBS for three times, 

permeabilized with 0.3% TritonTM X-100 (Merck Millipore) permeabilization 

solution in PBS for 10 minutes and washed again with PBS for three times. Slides 

were move back to horizontally holder and the outline of the tissue area on the 

slide was defined through a Pap Pen (ImmEdgeTM Pen, VECTOR 

LABORATORIES) that created an hydrophobic contour around the tissue sample 

to prevent subsequent washings, blocking solution and incubation with antibodies 

from leaking from the slide. Slides were placed for 1 hour in 200 μl of blocking 

Antibody 
Concentration 

used 
Solution Productor 

Expected 

molecular 

weight 

Anti-EpCAM Ab 
[E144] 

1:1000 5% milk TBS-T Abcam (ab32392) ̴ 40 kDa 

Anti- 
EpCAM/TROP-1 

Ab 
1:1000 5% milk TBS-T R&D (AF960) ̴ 40 kDa 

Anti-GFP Ab 
1:2000 
1:5000 

5% milk TBS-T Abcam (ab290) ̴ 20 kDa 

Anti-E-Cadherin 
Ab [M168] 

1:1000 5% milk TBS-T Abcam (ab76055) 135 kDa 

Recombinant Anti-
Vimentin Ab 
[EPR3776] 

1:2000 
1:4000 

5% milk TBS-T Abcam (ab92547) 57 kDa 

Purified Mouse 
Anti-Actin Ab 5 

1:1000 5% milk TBS-T BD Biosciences 42 kDa 
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solution consisting of 5% BSA in PBS and incubated with primary antibody 

following manufacturer instruction over night at 4°C in the dark in a humidified 

chamber. The following day, slides were washed three times with PBS, incubated 

in secondary antibody solution (anti-goat IgG Alexa-Fluor 488 or anti-rabbit IgG 

Alexa-Fluor 555, Thermo Fisher Scientific, 1:500) for 1 hour at room temperature 

in the dark and washed again. Mounting solution (VECTASHIELD® HardsetTM) 

containing DAPI was added and, once the slides were dried, the edges were fixed 

with transparent polish sealer. 

 

6.2 Immunofluorescence on 2D adherent cells 

 

Sterile coverslips were coated with 1 ml of poly-L-lysine solution (Merck Millipore) 

and leaved at 37˚C for 1 hour; poly-lysine was then removed and coverslips 

washed with PBS for three times before seeding cells at the optimal density 

(100000 cells/well); if required, cells were treated with PLX-4032 24 hours later. 

For cell membrane visualization, living cells were incubated with 5 μg/ml Wheat 

Germ Agglutinin (WGA) Alexa-Fluor 594 Conjugate (Thermo Fisher Scientific) in 

PBS for 10 minutes at room temperature prior to samples fixation. From now on, 

coverslips were kept in the dark as much as possible. Cells were washed three 

times with PBS and fixated by incubation with 4% PFA for 10 minutes at room 

temperature. Fixed cells were washed with PBS for three times, permeabilized 

with 0.2% saponin in PBS for 10 minutes, washed again and incubated for 1 hour 

in 5% BSA in PBS blocking solution. Cells were then incubated with primary 

antibody (Table 4a) following manufacturer instruction over night at 4°C in the 

dark. The following day, cells were washed three times in PBS, incubated in 

secondary antibody solution (anti-goat IgG Alexa-Fluor 488, anti-rabbit IgG 

Alexa-Fluor 555 or anti-mouse IgG Alexa-Fluor 555, Thermo Fisher Scientific, 

1:500) (Tab 4b) for 1 hour at room temperature in the dark, and washed again. 

Slides were mounted with VECTASHIELD® HardsetTM with DAPI. Once the slides 

were completely dry, the edges of the coverslip were fixed with transparent polish 

sealer. 
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6.3 Immunofluorescence on 3D spheres 

 

Cells were seeded at the optimal density (24240 cells)  in pre-coated poly-hema 

Petri dishes and leaved in the incubator at 37˚C, 5% CO2 for 7-10 days, until the 

generation of 3D spheres. Sterile coverslips were covered with 1 ml of cold 

Corning™ membrane matrix Matrigel™ (Thermo Fisher Scientific), previously 

thawed on ice; 10 μl of Matrigel were mixed with 1 ml of ice-cold culture medium 

without FBS and P/S. Coverslips were incubated at 37˚C, 5% CO2 for 30 minutes 

and washed with PBS for three times. The 3D spheres obtained in poly-hema 

Petri dishes were collected, gently centrifugated at 400g for 2 minutes, seeded 

on Matrigel-coated coverslips and let attach for 2/3 hours. When needed, for cell 

membrane visualization, the 3D spheres were incubated with 5 μg/ml WGA in 

PBS for 10 minutes at room temperature prior to fixation. From now on, coverslips 

were kept in the dark as much as possible. The procedure continued as for 2D 

monolayer cells even if with some time variations: the fixation with 4% PFA was 

20 minutes instead of 10, the permeabilization with 0.2% saponin in PBS was 15 

minutes instead of 10, the incubation with primary antibody was 2 hours at room 

temperature in the dark before over night incubation at 4°C, and the incubation 

with secondary antibody solution was 3 hours at room temperature instead of 1 

hour. Moreover, 2 μg/ml of DAPI solution (Thermo Fisher Scientific 1 mg/ml) were 

added to each coverslip and leaved at room temperature for 20 minutes, prior to 

the mounting on microscope slides. 
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(a) 

Primary antibody Concentration used Solution Productor 

Anti-EpCAM Ab [E144] 1:150 5% BSA PBS Abcam (ab32392) 

Anti- EpCAM/TROP-1 

Ab 
1:150 5% BSA PBS R&D (AF960) 

Anti-E-Cadherin Ab 

[M168] 
1:150 5% BSA PBS Abcam (ab76055) 

Wheat Germ Agglutinin 

(WGA) 
5 μg/ml 5% BSA PBS 

Thermo Fisher 

Scientific 

 

(b) 

Secondary 

antibody 

Concentration 

used 
Solution 

Conjugated 

fluorophore 
Productor 

Donkey anti-Rabbit 
IgG (H+L) 

Secondary Ab 
1:500 5% BSA PBS Alexa Fluor™ 488 

Thermo Fisher 
Scientific 

Donkey anti-Rabbit 
IgG (H+L) 

Secondary Ab 
1:500 5% BSA PBS Alexa Fluor™ 555 

Thermo Fisher 
Scientific 

Donkey anti-Mouse 
IgG (H+L) 

Secondary Ab 
1:500 5% BSA PBS Alexa Fluor™ 555 

Thermo Fisher 
Scientific 

Donkey anti-Goat 
IgG (H+L) 

Secondary Ab 
1:500 5% BSA PBS Alexa Fluor™ 488 

Thermo Fisher 
Scientific 

 

Table 4. Primary (a) and secondary (b) antibodies applied for Immunofluorescence 

experiments with respective dilutions and conjugated fluorophores. 

 

6.4 Fluorescent and confocal microscopy 

 

Images were acquired with Nikon EclipseTi-E inverted microscope with IMA10X 

Argon-ion laser System by Melles Griot. Fluorescent microscopy was applied for 

2D adherent cells images acquisition with CFI Plan Apo VC 20X (Nikon) 

objective. For FRO, HTCC3 and SW1736 adherent cells images, at least 10 

different fields were acquired for each cell line. For PLX-4032 treatment on FRO 

and HTCC3 adherent cells images, at least 10 different fields were acquired for 

each condition for each cell line. Confocal microscopy was applied for tissue 

sections and 3D sphere images acquisition: 

- Z-series acquisition were acquired with CFI Plan Apo VC 20X objective for 

healthy tissue and 40X Oil (Nikon) objective for PTC. At least 10 different 
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fields were acquired for both healthy tissue and PTC sections. For each 

acquisition, 8 stack (2 μm z-step) were acquired, comprising the whole 

thickness of the tissue section. Lasers parameters were the same for every 

acquisition: CH1 (DAPI) laser power: 2.8, HV: 152, offset: -11; CH2 (FITC) 

laser power: 3.1, HV: 76, offset: -7; CH3 (TexasRed) laser power: 3.8, HV: 

86, offset: -4. Pinhole size (μm): 20. The maximal intensity projection for 

each z-series acquisition is reported in the Results. 

- 3D spheres images were acquired with  CFI Plan Apo VC 40X Oil (Nikon) 

objective. Z-series acquisition was performed for 3D spheres images and 

3D structure was reconstructed with Nikon NIS-Elements AR software. For 

each acquisition, 17 stack (2 μm z-step) were acquired, comprising the 

whole thickness of the sphere. Lasers parameters were the same for every 

acquisition: CH1 (DAPI) laser power: 2.8, HV: 115 offset: -5; CH2 (FITC) 

laser power: 3.1, HV: 84, offset: -7; CH3 (TexasRed) laser power: 3.8, HV: 

83, offset: 0. Pinhole size (μm): 20. The maximal intensity projection of 6 

central merged stack for each z-series is reported in the Results. We used 

the central stacks for better visualization of Epithelial Cell Adhesion 

Molecule (EpCAM) intracellular domain (EpICD) and extracellular domain 

(EpEx). For FRO-derived 3D spheres experiments a total number of 27 

spheres were acquired with 40X magnification. 

 

7) TRANSIENT TRANSFECTION 

 

Human EpCAM and the C-terminal EGFP [enhanced GFP (green fluorescent 

protein)]-tagged version were previously described (106,116,147) and were a 

kind gift of professor B.G. Giepmans (University of Groningen, The Netherlands). 

EpCAM cDNA was originally subcloned into the pMep4 vector (Invitrogen BV, 

Leek, The Netherlands), using the HindIII/Bgl restriction sites (106,147). The 

construct contained the Epstein-Barr virus’s origin of replication and the EBNA-1 

gene, and was placed under the control of the methallothionin promotor (106). 

For transient transfection, FRO and HEK293T were seeded at the optimal density 

(300000 cells/well for FRO and 350000 cells/well for HEK293T) in 6-well plates. 

The day after, transfection of 1 μg DNA per well was performed with FuGENE® 
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HD transfection reagent (Promega Corporation) in Opti-MEM™ (Gibco), following 

manufacturer’s instructions. Four hours after transfection, medium was changed 

with the appropriate culture medium. Cells were then treated with EpCAM 

cleavages’ inhibitors 48 hours post transfection and Western Blot was performed 

the following day. 

 

8) EpCAM CLEAVAGE INDUCTION AND INHIBITION 

 

8.1 Epidermal Growth Factor (EGF) and 2,2’-Bipyridyl (DIP) treatments 

 

Epidermal growth factor (EGF) is one of the main growth factors used for 3D 

sphere maintenance (142) and treatments were performed in order to assess if 

the growing condition of the spheres may affect EpCAM expression. EGF is also 

known to up-regulate EpCAM expression by activating ERK1/2 signaling in some 

human epithelial cancers (148,149). 2,2'-Bipyridyl (DIP) is an iron chelating agent 

used as an hypoxia-mimetic compounds in several in vitro studies (68,150–152). 

It is known to mimic the pseudo-hypoxic state that is present in undifferentiated 

TC, and to increase the proteolytic activity of ADAM17 and γ-secretase (68,153–

156). Treatments with EGF and DIP were performed 24 hours after seeding FRO 

as adherent cells at the optimal density (200000 cells/well) in 6-well plate; 

increasing concentrations of EGF (10 ng/ml, 20 ng/ml and 40 ng/ml) and DIP (50 

μM, 100 μM, 200 μM) were used. For EGF treatment, since the concentration of 

EGF used for Sphere Medium is 20 ng/ml, we decided to use the half and the 

double of that concentration. For DIP treatment, the range was determined by 

searching in literature (68,150–152). Proteins extraction was performed the 

following day. 

 

8.2 EpCAM cleavages’ inhibitors treatments on transfected cells 

 

Treatments with inhibitors of EpCAM cleavages were performed 48 hours after 

cells transfection. Each inhibitor selectively decreased the proteolytic activity of 

the enzymes involved in EpCAM cleavages (ADAM17, β-secretase and γ-

secretase) as previously described. The inhibitors used are: 
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• TAPI-2 (Merck Millipore): ADAM17 inhibitor, final concentration 20 μM 

(68,157,158); 

• BACE (Merck Millipore): β-secretase inhibitor, final concentration 30 nM 

(159,160); 

• DAPT (Merck Millipore): γ-secretase inhibitor, final concentration 10 μM 

(68,112,116,161,162). 

 

Transfected cells were treated with the selected concentration of inhibitor and 

placed in the incubator for 4 hours before treatment with DIP at final concentration 

of 100 μM. Proteins extraction was performed the following day. 

 

8.3 EpCAM cleavages’ inhibitors and DIP treatments effects on sphere-

forming abilities 

 

Treatments with EpCAM cleavages’ inhibitors were performed 24 hours after 

seeding FRO as adherent cells at the optimal density (200000 cells/well) in 6-well 

plate. Cells were treated with selected concentrations of EpCAM cleavages’ 

inhibitors TAPI-2 (20 μM), BACE (30 nM) and DAPT (10 μM) or with increasing 

concentrations of DIP (25 μM, 50 μM, 100 μM). After 48 h, cells were collected 

and seeded at clonal density as hanging-drops (10 cells per drop) 24 hours after 

treatments. The ability to generate 3D spheres was assessed after 7-10 days of 

culture. 
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9)  ANTI-CANCER DRUG TREATMENTS AND PROLIFERATION ASSAYS 

 

9.1 2D adherent cells 

 

Cells were seeded at the optimal density (2000 cells/well for FRO and 3000 

cells/well for HTCC3) in 96-well plates with the exception of the outer wells that 

were filled with sterile water; cells were treated with increasing concentrations of 

Vemurafenib (PLX-4032, Selleckchem). Vemurafenib is a potent inhibitor of wild 

type (wt) BRAF, BRAFV600E mut, and of several non-Raf kinases. It is known to 

be highly effective in the treatment of melanoma, for the inhibition of BRAFV600E 

mutated cells. The range of concentrations used for treatments was 0-100 μM for 

both FRO and HTCC3. Effects on cell proliferation were assessed after 72 hours 

with MTT assay. MTT solution (5 mg/ml in PBS) was equilibrated at room 

temperature and 10 μl were added to each well to a final concentration of 0.5 

mg/ml, in the dark. Plates were then incubated at 37˚C for different period of time, 

depending on the cell line: 40 minutes for FRO and 1 hour for HTCC3. Culture 

medium was gently removed and formazan crystals solubilized in 200 μl of 

mixture of EtOH-DMSO 1:1 solution. After 5 minutes solubilization on a plate 

shaker, absorbance was red at 540 nm using ELx800 Absorbance Microplate 

Reader (BioTek). 

 

9.2 3D spheres 

 

Cells were seeded at the optimal density (1212 cells/well) in pre-coated poly-

hema 48-well plates with the exception of the outer wells that were filled with 

sterile water, and grown for 7-10 days. Based on the proliferation curve obtained 

after treating adherent cells with increasing doses of PLX-4032, three 

concentrations were selected to test on FRO-derived and HTCC3-derived 3D 

spheres: 1.56, 12.5 and 100 μM. MTT assay was performed 72 hours after 

treatments. On the day of the assay, 10 μl of MTT solution 5 mg/ml were added 

to each well and incubated at 37˚C for 1 h for both FRO and HTCC3-derived 3D 

spheres. The spheres treated for each different PLX-4032 concentration were 

collected by centrifuged at 400g for 2 minutes and directly resuspended in 200 μl 
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of EtOH:DMSO 1:1 solution. After resuspension, absorbance was red at 540 nm 

using ELx800 Absorbance Microplate Reader. 

 

10) STATISTICAL ANALYSIS 

 

All Western Blot quantifications were made with Fiji Software. Confocal 

microscopy quantifications were made with Nikon NIS-Elements AR Software, 

followed by Fiji analysis when necessary. All statistical analysis were performed 

with GraphPad Prism Software version 9, on a minimum of three independent 

experiments. Values are expressed as mean standard error. Shapiro-Wilk 

normality test was first carried out to determine normal or non-normal distribution 

of data. One-way and 2way ANOVA followed by appropriate post-hoc test were 

used as indicated in figure legends. Levels of significativity were reported as 

follows: ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05. 
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1) STUDIES ON THE CHARACTERIZATION OF EPITHELIAL CELL 

ADHESION MOLECULE (EpCAM) EXPRESSION AND CLEAVAGES 

 

1.1 EpCAM and its cleaved domains are expressed differently in healthy 

and pathological patient-derived TC tissue samples 

 

To evaluate Epithelial Cell Adhesion Molecule (EpCAM) expression and its 

cleavage in thyroid cancer (TC), Western Blot and Immunofluorescence 

experiments were performed on samples from a small cohort of TC patients 

representative of the different histotypes (Table 5). We noticed that the 

expression of EpCAM in healthy tissues is quite similar between patients, with a 

strong signal of the full length form and very feeble bands with lower molecular 

weight, corresponding to EpCAM cleavage products (Figure 8a). In agreements 

with Western Blot, Immunofluorescence on tissue cryosections showed a 

constant EpCAM signal in thyrocytes (Figure 8b). Despite a great inter-patient 

variability, EpCAM full length signal was similar to healthy tissues in follicular 

thyroid cancers (FTCs) while a consistent decrease was observed in papillary 

thyroid cancers (PTCs) (Figure 8a). In poorly differentiated thyroid cancers 

(PDTCs) tissue samples, EpCAM full length signal was strongly reduced, even if 

not significantly, and this was accompanied by an increase of the cleavages’ 

bands intensity. This was associated with a strong increase in Vimentin, a well-

known mesenchymal marker, and absence of E-Cadherin, a typical epithelial 

marker (Figure 8a). Immunofluorescence and confocal microscopy experiments 

on tissues cryosections, confirmed high variability of EpCAM expression and 

subcellular localization in aggressive cancers. We noticed areas with a uniform 

expression of extracellular domain, EpEX, together with transmembrane domain, 

TMD (EpEx+TMD), at the plasma membrane together with almost total absence 

of intracellular domain (EpICD) signal, flanked by other regions with a variable 

expression of both EpEx+TMD and EpICD (Figure 8b). In particular, in some 

fields we detected cells with high EpICD cytoplasmic and/or nuclear signal 

together with variable membrane EpEX+TMD signal while in other areas we 

could observe an almost total loss of EpCAM signal with nuclear localization of 

EpICD alone. We hypothesize that these variations could be due to different 

degree of differentiation of tumor cells and/or microenvironment changes in 
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specific areas of the tumor and on these premises we moved forward to better 

characterize EpCAM role in TC biology. 

 

Patient Gender Genetic Histotype 

Patient age at 

diagnosis 

(year old) 

1 M BRAF V600E PTC 35 

2 F BRAF V600E PTC 39 

3 F BRAF V600E aggressive PTC 69 

4 M 
BRAF V600E + 

RET/PTC 
PTC 64 

5 M RAS FTC 47 

6 F 
NRAS Q61R + 

TERT 
FTC 81 

7 M n.d. aggressive FTC n.d. 

8 F TERT + p53 PDTC n.d. 

9 F 
BRAF V600E + 

TERT 
PDTC 72 

10 M PTEN mut PDTC 34 

11 F P53 PDTC n.d. 

 

Table 5. Cohort of TC patients representative of the different histotypes. PTC= 

papillary thyroid cancer; FTC= follicular thyroid cancer; PDTC= poorly 

differentiated thyroid cancer. 
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Figure 8. EpCAM is subjected to differential expression and cleavage pattern in 

patient-derived tissue samples. (a) Western Blot representative images and 
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corresponding quantifications of proteins extracted from 4 healthy thyroid, 4  PTC, 3 FTC 

and 4 PDTC tissue samples. EpCAM expression was evaluated with two different 

antibodies, Recombinant Anti-EpCAM antibody [E144] (EpICD) that is directed against 

an epitope localized in the ICD and is able to recognize both full length (arrow) and 

intracellular cleaved fragments (bracket) and EpCAM/TROP-1 Antibody [AF960] (EpEX) 

that recognizes the full length form but not the ICD. E-Cadherin was used as epithelial 

marker, Vimentin was used as mesenchymal marker, while actin was used as loading 

control. Statistical analysis: One way ANOVA followed by Dunnett’s multiple 

comparisons test. *p <0.05. (b) Confocal microscopy representative images of tissue 

cryosections of healthy thyroid and aggressive PTC, characterized by undifferentiated 

regions, showing expression of EpEx+TMD (EpCAM/TROP-1 Antibody [AF960]) in 

green, EpICD (Recombinant Anti-EpCAM antibody [E144])  in red and DAPI staining for 

nuclei in blue. Images were acquired with 20X magnification for healthy tissue and 40X 

magnification for PTC sections. Scalebars represent 50 μm. (c) Higher magnification 

images representative of the different EpCAM signal observed in the tumor tissue. 

Nuclear and cytoplasmic staining for EpICD fragment is indicated by white arrows and 

dotted white arrows, respectively. Scalebars represent 10 μm. PTC= papillary thyroid 

cancer; FTC= follicular thyroid cancer; PDTC= poorly differentiated thyroid cancer; ATC= 

anaplastic thyroid cancer; EpEx= extracellular domain of EpCAM; TMD= transmembrane 

domain of EpCAM; EpICD= intracellular domain of EpCAM. 

 

 

1.2 TC cell lines have different EpCAM expression levels 

 

As first step we evaluated EpCAM expression in TC cell lines, to select a suitable 

model for further in vitro studies. The screening of five TC cell lines (FRO, 

SW1736, HTCC3, SW579 and B-CPAP) by Western Blot revealed that FRO, and 

in small amount HTCC3, expressed full length EpCAM at basal conditions (Figure 

9a). Immunofluorescence experiments performed on adherent cells confirmed 

this result and revealed that EpCAM expression was not uniformly distributed 

among cells, but instead two cellular subpopulations were observed, one EpCAM 

positive (EpCAM+) and one EpCAM negative (EpCAM-), both in FRO (61,9% ± 

5,9 EpCAM+; 38,1% ± 5,9 EpCAM-) and HTCC3 (77,8% ± 10,44 EpCAM+; 

22,2% ± 10,44 EpCAM-) (Figure 9b). On the basis of these results, FRO cell line 

was mainly used for further experiments on EpCAM characterization. 
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Figure 9. EpCAM is mainly expressed by FRO and HTCC3 cell lines. (a) Western 

Blot of protein extracts obtained from FRO, SW1736, HTCC3, SW579 and B-CPAP 

cultured as 2D adherent cells. Statistical analysis: ANOVA Kruskal-Wallis test followed 

by Dunn’s multiple comparisons test. *p < 0.05. (b) Immunofluorescence experiment of 

FRO, HTCC3 and SW1736 adherent cells showing EpCAM+ and EpCAM- 

subpopulations. Scalebars represent 100 μM. EpCAM (EpICD), green; membrane 

marker Wheat Germ Agglutinin (WGA), red; DAPI staining for nuclei, blue. 
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1.3 Thyroid cancer cell lines have different 3D sphere-forming ability  

 

Prior to deepen EpCAM analysis using the 3D sphere model, we tested the ability 

of our TC cell lines to actually generate 3D spheres when seeded at clonal density 

as hanging drops both in their culture medium and in Sphere Medium. After 7-10 

days in culture, we observed that all cell lines were able to create 3D spheres, 

but with a strong variability in number, morphology and dimensions (Figure 10a). 

In particular, we observed that very few 3D structures were obtained in Sphere 

Medium; they were also smaller and with more irregular shape than those 

obtained in the original culture medium. The dimensions of the spheres were 

determined only for spheres obtained after seeding cells in their culture medium, 

since we didn’t obtain a sufficient number of spheres for any statistical evaluation 

in Sphere Medium. Our results showed that the two EpCAM positive cell lines, 

FRO and HTCC3, were forming bigger spheres than other cell lines in their 

culture medium (Figure 10a,b). Nevertheless, we observed that FRO cell line was 

the only one that displayed more rounded shape morphology and larger 

dimensions in both culture medium and Sphere Medium respect to the other cell 

lines. Moreover, when FRO were seeded as hanging-drops in Sphere Medium, 

independently from the cell density, they created 3D structures with complex 

architectures that weren’t observed in the other cell lines. Irrespective of spheres 

dimension, when seeded at 10 cells dilution all the cell lines had similar sphere-

forming abilities (Figure 10c). 

 

Moreover, to assess the frequency of tumor cells with potential tumor-initiating 

ability able to generate 3D spheres within the different cell lines, we performed 

an Extreme Limiting Dilution Assay (ELDA) (145,146). Interestingly, we noticed 

that  FRO cell line seem to have the greatest frequency of tumor cells with 

possible tumor-initiating ability respect to the other cell lines when cells were 

seeded in their culture medium (Figure 10d). Indeed, as reported in the estimate 

values computed by ELDA analysis, 1 out of 5.07 cells in FRO could potentially 

have tumor-initiating properties (Table 6a). Moreover, pairwise comparisons 

between FRO and HTCC3 and FRO and SW1736 were significant only in 

spheres obtained in their culture medium, but not in Sphere Medium (Table 6b).  

When cells were seeded in Sphere Medium (Figure 10e), we detected high 
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variability between the different cell lines, with lowest ratio represented by HTCC3 

and SW579 characterized by an estimate value of 1 out of 160 and 1 out of 173 

respectively (Table 6a), and pairwise comparisons were not significant in Sphere 

Medium between the different cell lines (Table 6b). 

 

 

Figure 10. 3D sphere-forming abilities in TC cell lines. (a) Representative 

morphological panel of spheres obtained from different TC cell lines when 10 cells were 
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seeded as hanging drops in their culture medium (upper panel) or in Sphere Medium 

(lower panel). (b) Sphere’s dimensions quantification: for each cell line, an average of 

the measurements of the area of at least 7 spheres for each independent replicate was 

reported. The area of each sphere was calculated on Fiji applying the ellipses formula. 

The number of replicates for each cell line was reported as follows: SW579 n= 5, HTCC3 

n= 3, B-CPAP n= 3, HTH74 n= 6, SW1736 n= 3, FRO n= 13. Statistical analysis: One 

way ANOVA followed by Tukey’s multiple comparisons test. **p < 0.01, *p < 0.05. (c) 

Sphere-forming abilities of the different cell lines when only 10 cells were seeded as 

hanging drops in their culture medium. (d), (e) Extreme Limiting Dilution Assay of cells 

seeded in their culture medium (d) and in Sphere Medium (e) displayed by ELDA web 

tool. 

 

Confidence intervals for 1/tumor-initiating ability 

 Culture Medium Sphere Medium 

Cell line Lower Estimate Upper Lower Estimate Upper 

B-CPAP 15.79 9.53 5.84 Inf Inf 96.6 

FRO 8.32 5.07 3.18 946 189 37.9 

HTCC3 18.16 10.84 6.56 712 160 36.4 

SW1736 23.94 13.89 8.15 1813 268 39.9 

SW579 14 8.51 5.26 812 173 37.1 

 

 

Pairwise tests for differences in tumor-initiating abilities 

Cell line 
(group 1) 

Cell line 
(group 2) 

Culture medium 
Pr(<Chisq) 

Sphere Medium 
Pr(<Chisq) 

FRO HTCC3 0.0285 0.884 

FRO SW1736 0.00486 0.781 

FRO SW579 0.128 0.939 

FRO B-CPAP 0.0642 0.147 

B-CPAP HTC/C3 0.716 0.115 

B-CPAP SW1736 0.304 0.223 

B-CPAP SW579 0.742 0.13 

HTC/C3 SW1736 0.509 0.671 

HTC/C3 SW579 0.491 0.945 

SW1736 SW579 0.179 0.723 

(a) 

(b) 
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Table 6. Extreme Limiting Dilution Analysis. ELDA web tool was applied to perform 

the analysis (146). Confidence intervals for frequency of tumor cells with potential tumor-

initiating ability, for each cell line, are described in (a); pairwise comparison tests for 

differences in tumor-initiating abilities between the different cell lines are reported in (b). 

Pairwise comparisons between FRO and HTCC3 and FRO and SW1736 were significant 

(p= 0.0285, p= 0.00486 respectively) only in spheres obtained in their culture medium 

but not in Sphere Medium. 

 

 

1.4 FRO-derived 3D spheres are a valid in vitro model to study EpCAM 

cleavage pattern  

 

Given the previously described results on the ability of FRO to generate 3D 

spheres, we selected this cell line for the study of the role of EpCAM and its 

cleavage also in a three-dimensional organization. Comparing the expression of 

EpCAM in FRO when seeded as 2D adherent cells or as 3D spheres at Western 

Blot, we appreciated a decrease in the expression of the full length protein in 3D 

spheres, accompanied by a slight increased expression of E-Cadherin and a 

strong increase in Vimentin signal (Figure 11a). Immunofluorescence and 

confocal experiments performed on FRO-derived 3D spheres with antibodies 

directed against EpEx+TMD and EpICD fragments confirmed Western Blot data 

and gave more insight into EpCAM cleavage in a tridimensional environment 

(Figure 11b). We noticed a trend of EpCAM cleavage and subcellular localization 

that resembled what was observed in patient-derived tumor tissues. A 

progressive reduction of EpEx+TMD signal was detected, proceeding from the 

outer surface to the inner core of the spheres. This was paired to almost opposite 

variations in EpICD signal, that also showed increased cytoplasmic and even 

nuclear localization in the intermediate/inner part of the spheres (Figure 11b). 
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Figure 11. FRO-derived 3D spheres are representative of the variability of EpCAM 

cleavage. (a) Western Blot of protein extracts obtained from FRO adherent cells and 

from FRO-derived 3D spheres. R= RPMI, SM= Sphere Medium. (b) Confocal microscopy 
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representative images of 3D spheres obtained in Sphere Medium (A, C) and respective 

magnification of a selected area of the sphere (B, D). A strong cytoplasmic, and even 

nuclear, staining of EpICD fragment was appreciated inside the spheres compared to 

the EpEx+TMD fragment that was mainly located at the plasma membrane. White arrows 

indicate cytoplasmic/nuclear signal of EpICD; dotted white arrows indicate membranous 

EpEx+TMD signal. Expression of EpEx+TMD in green, EpICD in red and DAPI staining 

for nuclei in blue. Statistical analysis: ANOVA Kruskal-Wallis test followed by Dunn’s 

multiple comparisons test. *p < 0.05. Scale bar (A, C)= 50 μm; (B, D)= 10 μm. 

 

 

1.5 Characterization of EpCAM cleavages in FRO cells 

 

To study if and how the growing conditions of the spheres or the 3D organization 

alone may affect EpCAM expression and cleavage, we performed Western Blots 

on FRO adherent cells treated with different concentrations of epidermal growth 

factor (EGF), since is one of the main growth factors used for 3D sphere 

maintenance (142), and increasing concentrations of 2,2’-Bipyridyl (DIP), used 

as an hypoxia-mimetic compound (Figure 12). We observed that EGF, at the 

concentration of 20 ng/ml, which is the exact concentration applied for Sphere 

Medium, seems to increase EpCAM full length expression respect to the 

untreated control, even if not significantly. On the other hand, increasing 

concentrations of DIP induced a significant reduction of EpCAM full length 

expression respect to the untreated control, probably due to the fact that DIP 

increases the proteolytic activity of ADAM17 and γ-secretase (68,152–156), and 

the full-length protein is rapidly cleaved. We also observed that treatments with 

either EGF and DIP did not affect in a significant manner the expression of E-

Cadherin and Vimentin. 
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Figure 12. Pseudo-hypoxic state induced by DIP significantly affects EpCAM full 

length expression in FRO adherent cells. Adherent FRO were treated with increasing 

concentrations of EGF (10 ng/ml, 20 ng/ml and 40 ng/ml) and DIP (50 μM, 100 μM, 200 

μM); Western Blot of protein extracts was performed 24 h after treatments and relative 

expression of EpCAM, E-Cadherin and Vimentin was quantified. CTRL= untreated 

control; EGF= epidermal growth factor; DIP=  2,2’-Bipyridyl. Statistical analysis: One way 

ANOVA followed by Dunnett’s multiple comparisons test. ***p < 0.001,  **p < 0.01,  n= 

4. 

 

Despite Immunofluorescence experiments on TC tissues and FRO spheres were 

indicative of a complex EpCAM cleavage pattern at Western Blot experiments on 

adherent FRO, we were able to detect mainly the full-length form and only some 

faint cleavage bands. Indeed, EpCAM intermediate cleavage products may have 

an extremely short half-life in adherent cells and it was impossible to visualize the 

EpICD fragment due to its low molecular weight (about 2-3 kDa). To better 

characterize EpCAM cleavages bands in FRO adherent cells at Western Blot, we 

transiently transfected cells with a C-terminal EGFP-tagged EpCAM plasmid 

(106,116,147). Transfected cells were then treated with selected concentrations 

of the inhibitors of the different proteases involved in EpCAM shedding: TAPI-2 

(ADAM17 inhibitor) (68,157,158), BACE (β-secretase inhibitor) (159,160) and 

DAPT (γ-secretase inhibitor) (68,112,116,161,162). DIP treatment was used as 

previously to mimic hypoxia (68,150–152). Thanks to the inhibition of the different 

proteases, we were able to identify different EpCAM cleavage bands with an 

increase in molecular weight of around 20-25 kDa because of the EGFP tag 

(Figure 13a): the full length protein of 67/68 kDa, the TMD plus EpICD fragment 
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(TMD+EpICD) of 35/36 kDa and the EpICD fragment alone of 25/26 kDa. We 

also observed other cleavages bands with molecular weight comprised between 

30 and 34 kDa, called C-terminal fragments (CTFs) (116), whose expression 

remained unchanged despite treatments with inhibitors, suggesting that probably 

other proteases may be involved. 

 

 

Figure 13. Three main proteases (ADAM17, β-secretase and γ-secretase) are 

involved in EpCAM cleavages in FRO adherent cells. (a) Western Blot of protein 

extracts obtained from FRO adherent cells transfected with human EpCAM-EGFP and 
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treated with TAPI-2 (20 μM), BACE (30 nM) and DAPT (10 μM). DIP (100 μM) was also 

added to mimic pseudo-hypoxic condition. Relative quantification of EpCAM full length 

(b)  and EpCAM TMD+ICD (c). (d) Western Blot of protein extracts obtained from 

HEK293T adherent cells transfected with human EpCAM-EGFP and treated with TAPI-

2 (20 μM), BACE (30 nM) and DAPT (10 μM). DIP (100 μM) was also added to mimic 

pseudo-hypoxic condition. Relative quantification of EpCAM full length (e), EpCAM 

TMD+ICD (f) and EpICD only (g). CTRL= untreated control transfected with human C-

terminal EGFP. Statistical analysis: One way ANOVA followed by Tukey’s multiple 

comparisons test. **p < 0.01, n= 4. 

 

From the quantification of the bands obtained in FRO, as expected, EpCAM full 

length decreased after DIP treatment respect to the control in basal condition. On 

the contrary, we didn’t expect such high expression of full length EpCAM in the 

control in basal condition, since in this context all three proteases should be active 

and should cleave the full length, and a corresponding higher TMD+EpICD 

expression should be observed (Figure 13b, c). However, this trend could be due 

to the fact that, without any kind of stimulation, EpCAM remains intact in the 

plasma membrane and is not necessarily cleaved by proteases. 

Considering each inhibitor alone, after inhibition of ADAM17 cleavage also γ-

secretase is blocked and EpCAM should remain in its full length conformation, 

but β-secretase can still be active and able to cleave EpCAM, especially after DIP 

treatment. After inhibition of β-secretase alone, we observed a decrease of the 

full length respect to the control in basal conditions and a slight increase respect 

to the control under DIP treatment (Figure 13b). In this situation, ADAM17 and γ-

secretase are active and their activity is increased by DIP, so they should cleave 

EpCAM more powerfully, but β-secretase cleavage is blocked and so a small 

portion of the full length can still be present. After inhibition of γ-secretase only, 

the full length is decreased respect to the control in basal condition since 

ADAM17 and β-secretase are both active and their activity is intensified after DIP 

treatment (Figure 13b). In this condition, the only part of the protein that is not 

cleaved is a small portion of the extracellular domain left after β-secretase cut, 

the TMD and the EpICD fragment. Indeed, in correspondence to a decreased 

EpCAM full length after DAPT treatment, we observed an increased expression 

of the TMD+EpICD, more pronounced after DIP treatment (Figure 13b, c). 



66 
 

Since the EpICD signal was hard to detect clearly, HEK293T easily transfectable 

cells were used to better identify the different bands obtained in FRO. After 

treating transfected cells with different inhibitors in the same way as FRO, we 

were able to visualize the full length, the TMD+EpICD and the EpICD fragment 

alone (Figure 13d). From the quantification of the different bands obtained in 

HEK293T,  we observed an increased expression of EpCAM full length after DIP 

treatment (Figure 13e). This is quite unexpected since the full length should be 

more cleaved under pseudo-hypoxic condition induced by DIP, thus its 

expression should be lower. Moreover, differently than in FRO cells we also 

detected increased EpCAM full length expression after treatment with different 

inhibitors in normoxic conditions (Figure 13e). 

After both ADAM17 and β-secretase inhibition, in correspondence to an 

increased EpCAM full length signal we observed a decreased TMD+EpICD 

expression, while after inhibition of γ-secretase we obtained a significant increase 

of TMD+EpICD expression, as expected, especially after DIP treatment (Figure 

13e, f). In HEK293T transfected cells we were also able to better distinguish and 

quantify the EpICD-EGFP fragment alone (Figure 13g). As expected, EpICD 

expression increased in the control after DIP treatment respect to the control in 

basal condition, since the activity of the proteases is improved by DIP and they 

cleave EpCAM in all its domains (Figure 13g). After the inhibition of ADAM17, 

both without DIP and after DIP treatment, the EpICD signal is lower respect to 

the control, and this correlates to the increased EpCAM full expression (Figure 

13g). After inhibition of β-secretase, the expression of EpICD is almost similar to 

the control in basal condition, but tend to increase after DIP treatment, probably 

suggesting that the block of β-secretase activity doesn’t influence the proteolytic 

activity of γ-secretase, that is still active and cleaves EpICD fragment (Figure 

13g). 

At last, although the γ-secretase inhibition lead to an increase in the TMD+EpICD 

fragment, we didn’t detected a corresponding decrease in the EpICD fragment 

alone (Figure 13g). This could be due either because the γ-secretase inhibition 

was only partially effective or because of in the case of artificially induced EpCAM 

overexpression in EpCAM negative cells, other degradation pathways different 

than canonically RIP ones may be activated. 
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1.6 EpCAM cleavage manipulation influences sphere-forming abilities of 

FRO cells 

 

Given the complex pattern of EpCAM cleavages and the possibility to regulate it 

at many different levels we wanted to understand how this may influence the 

ability of cells with potential tumor-initiating properties to generate the 3D 

spheres. To do so, we performed two distinct experiments: in one experiment, 

adherent FRO were treated with selected concentrations of TAPI-2, BACE and 

DAPT; in the other one, adherent FRO were treated with increasing 

concentrations of DIP. After 24 hours of treatments, cells were then collected and 

seeded at clonal density as hanging-drops, and the ability to generate spheres 

was assessed after 7-10 days of culture. We observed that after the treatment 

with cleavages’ inhibitors, the sphere-forming ability of cells in RPMI was slight 

increased after ADAM17 inhibition, decreased after beta-secretase inhibition and 

significantly increased after gamma-secretase inhibition (Figure 14a, left). We 

observed the same trend also in Sphere Medium, but the inhibition of gamma-

secretase was not significant in this case (Figure 14a, right). On the other hand, 

the sphere-forming ability of cells was significantly compromised respect to the 

untreated control after increasing concentrations of DIP (Figure 14b). We 

observed the same trend both in RPMI (Figure 14b, left) and Sphere Medium 

(Figure 14b, right). Based on these results, we postulated that the integrity of 

EpCAM may be a crucial aspect for the initiation of 3D structures generation, at 

least in this specific in vitro setting, while EpCAM cleavage pattern may occur 

after the 3D spheres have been generated, in response to the more complex 

environment that exist in bigger spheres and in aggressive tumors. 
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Figure 14. Pseudo-hypoxic state, but not inhibition of EpCAM cleavages, 

significantly affects 3D sphere-generation ability in FRO. (a) FRO were first seeded 

as adherent cells and treated with TAPI-2 (20 μM), BACE (30 nM) and DAPT (10 μM) 

after 48 h. Cells were then collected and seeded at clonal density as hanging-drops (10 

cells per drop) in RPMI (left) and Sphere Medium (right) 24 h post treatments. The ability 

of cells to generate 3D spheres was assessed after 7-10 days of culture. (b) FRO were 

first seeded as adherent cells and treated with DIP (25 μM, 50 μM, 100 μM) after 48 h. 

Cells were then collected and seeded at clonal density as hanging-drops (10 cells per 

drop) in RPMI (left) and Sphere Medium (right) 24 h post treatments. The ability of cells 

to generate 3D spheres was assessed after 7-10 days of culture. Statistical analysis: 

ANOVA Kruskal-Wallis test followed by Dunn’s multiple comparisons test. *p < 0.05, **p 

< 0.01,  n= 4. 
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1.7 Vemurafenib (PLX-4032) treatments on FRO and HTCC3 

 

Considering the results obtained, we tested if cells expressing EpCAM were 

resistant or sensitive to the effect of a well-known drug already used in clinical 

setting, Vemurafenib (PLX-4032), since is known that tumor cells with tumor-

initiating properties exert mechanisms of resistance toward pharmacological 

treatment (65,84–87). To evaluate whether the presence of EpCAM may be 

considered an additional factor to induce therapy resistance in tumor cells with 

tumor-initiating abilities, we treated adherent FRO and HTCC3 with increasing 

concentrations of PLX-4032. From cell proliferation curve obtained after MTT 

assay on FRO (Figure 15a) and HTCC3 (Figure 15b), we observed that both cell 

lines were responsive to PLX-4032 treatment but especially in FRO not all the 

data corresponded to the predicted sigmoidal dose-response curve. Since we 

demonstrated that EpCAM is expressed by both FRO and HTCC3 and they both 

present EpCAM+ and EpCAM- subpopulations, we hypothesized that this trend 

may be due to a different sensitivity of the two subpopulations to PLX-4032 

treatment. One of the two might be more sensitive than the other, and the 

inhibitory effect of the drug is visible even at low concentrations, while the other 

one might be more resistant and responds to the drug at higher concentrations. 

 

 

 

Figure 15. Cell proliferation after PLX-4032 treatment on FRO and HTCC3 adherent 

cells. Cells were seeded at the optimal density in 96-well plates and treated with 

increasing concentrations of PLX-4032 (0-100 μM) 24 h later. Cell proliferation curves of 
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FRO (a) and HTCC3 (b) were assessed with MTT assay (% control) 72 h after PLX-4032 

treatment. n= 3. 

 

To validate the hypothesis that EpCAM+ and EpCAM- subpopulation may 

present different sensitivity to PLX-4032, we performed Immunofluorescence on 

FRO adherent cells 72 h after the treatment with selected concentrations of PLX-

4032 (IC50 and IC75), comparing them with untreated cells (Figure 16a). We 

clearly observed that the two subpopulations were fairly balanced in untreated 

cells (EpCAM+ 54,68% ± 6,47; EpCAM- 45,32% ± 6,47), while they tend to loose 

this balance upon treatment with PLX-4032 IC50 (EpCAM+ 76,22% ± 5,26; 

EpCAM- 23,78% ± 5,26) and IC75 (EpCAM+ 71,41% ± 14,50; EpCAM- 28,59% 

± 14,50), characterized by a very significant decrease of EpCAM- subpopulation 

(Figure 16b). These results suggested that EpCAM+ cells appear to be more 

resistant than EpCAM- upon drug treatment, and this is a common feature of 

tumor cells that display tumor-initiating properties. 

 

Knowing that the spatial organization of cells in the 3D spheres is a key factor to 

block drug penetration, as a next step we assessed the response of FRO-derived 

3D spheres to PLX-4032. From the cell proliferation curve obtained in adherent 

cells, three concentrations were selected to be tested on 3D spheres and we 

observed that FRO-derived spheres seem to be non responsive to PLX-4032 

treatment (Figure 16c), compared to FRO adherent cells. 
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Figure 16. EpCAM+ and EpCAM- cell subpopulations respond differently to PLX-

4032 treatment on FRO adherent cells. (a) Immunofluorescence experiments on FRO 

adherent cells were achieved respecting the same time points of the MTT assay: cells 

were seeded and treated with PLX-4032 IC50 (6.15 uM) and IC75 (44.53 uM) 24 h later, 

and Immunofluorescence was performed 72 h after treatment. EpICD in green, Wheat 

Germ Agglutinin (WGA) in red and DAPI staining for nuclei in blue. Scale bars represent 

100 μM. (b) Quantification as relative percentage of EpCAM+ and EpCAM- cells respect 

to the total number of cells. At least 10 different fields for each condition have been 

analyzed. CTRL= untreated cells. Statistical analysis: 2way-ANOVA followed by Šídák's 

multiple comparisons test. ns, not significant; ****p < 0.0001; ***p = 0.0001. n=3. (c) Cell 

proliferation curves of FRO-derived 3D spheres and FRO adherent cells. Selected 

concentrations of PLX-4032 were applied for treatment on 3D spheres (1.56, 12.5, 100 
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μM). White dots indicate FRO adherent cells relative proliferation (fold change), black 

dots indicate FRO-derived 3D spheres relative proliferation (fold change). For FRO-

derived 3D spheres, n= 3. 

 

For further confirmation, the same Immunofluorescence experiments were 

carried out also on HTCC3 (Figure 17a) and we noticed a very significant 

imbalance of the two subpopulations toward the EpCAM+ one, even in untreated 

cells (EpCAM+ 76,51% ± 7,58; EpCAM- 23,49% ± 7,58). In cells treated with 

PLX-4032 IC50 we observed that EpCAM+ and EpCAM- were 82,98% ± 3,67 

and 17,02% ± 3,67 respectively, and in cells treated with PLX-4032 IC75 were 

100% and 0% respectively (Figure 17b). As for FRO, from the cell proliferation 

curve obtained in HTCC3 adherent cells, three concentrations were selected to 

be tested on 3D spheres and we observed that HTCC3-derived spheres seem to 

be more responsive to PLX-4032 treatment (Figure 17c), even at low 

concentrations, compared to FRO-derived 3D spheres. 
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Figure 17. EpCAM+ and EpCAM- cell subpopulations respond differently to PLX-

4032 treatment on HTCC3 adherent cells. (a) Immunofluorescence experiments on 

HTCC3 adherent cells were achieved respecting the same time points of the MTT assay: 

cells were seeded and treated with PLX-4032 IC50 (13.23 uM) and IC75 (78.55 uM) 24 

h later, and Immunofluorescence was performed 72 h after treatment. EpICD in green, 

Wheat Germ Agglutinin (WGA) in red and DAPI staining for nuclei in blue. Scale bars 

represent 100 μM. (b) Quantification as relative percentage of EpCAM+ and EpCAM- 

cells respect to the total number of cells. At least 10 different fields for each condition 

have been analyzed. CTRL= untreated cells. Statistical analysis: 2way-ANOVA followed 

by Šídák's multiple comparisons test. ****p < 0.0001, n= 3. (c) Cell proliferation curves 

of HTCC3-derived 3D spheres and HTCC3 adherent cells. Selected concentrations of 

PLX-4032 were applied for treatment on 3D spheres (1.56, 12.5, 100 μM). White dots 
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indicate HTCC3 adherent cells relative proliferation (fold change), black dots indicate 

HTCC3-derived 3D spheres relative proliferation (fold change). For HTCC3-derived 3D 

spheres, n= 3. 

 

These results suggest that probably the subpopulation of EpCAM+ cells in FRO 

may have a greater role in inducing resistance to treatment, especially when cells 

are organized as 3D spheres, compared to HTCC3, that appear to be more 

sensitive when treated as 3D spheres. Different mechanisms of resistance or 

escape may occur in both FRO and HTCC3 when cells are organized in a 3D 

environment, but the presence of EpCAM+ cells seem to be effective in induce, 

at least partially, drug resistance in FRO. 
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Conclusions 
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Thyroid cancer (TC) is the most common Endocrine malignancy. Nowadays 

undifferentiated thyroid cancer are still a lethal disease, mostly because lack of 

effective therapeutic options. The insurgence of therapy resistance and disease 

relapse is believed to be caused by a subpopulation of cancer cells with a stem 

like phenotype and specific tumor initiating abilities, the so called tumor-initiating 

cells (TICs). Several markers have been identified and described over the years 

to detect TICs and allow the development of potential therapeutic approaches 

that could serve to specifically target these cells and promote the eradication of 

the tumor. In thyroid cancer, TICs have been identified using precise in vitro and 

in vivo assays (e.g. sphere-forming assays and tumor grafts), variations of 

enzymatic activities, expression of well-known stemness markers and expression 

of membrane markers. 

 

In the present work we provide more insight into the role that Epithelial Cell 

Adhesion Molecule (EpCAM), a known TICs marker, may have in TC biology (93–

95). This result was accomplished through the integration of TC tissues 

examination and in vitro 2D and 3D models. 

 

Up to date, only a couple of studies, where TC-derived cell lines were used, 

investigated how EpCAM and its related molecules are involved in the 

pathological features of ATC: Shimamura et al (92) described that EpCAM appear 

to be a candidate marker only in FRO cells, showing that EpCAMhigh cell fraction 

alone or in combination with aldehyde dehydrogenase (ALDH) positive cells 

(ALDHpos) cells displayed higher sphere-forming ability respect to other 

anaplastic thyroid cancer (ATC) and differentiated thyroid cancer (DTC) cell lines, 

both in vitro and in vivo; Okada et al (163) observed that the expression levels of 

EpCAM, claudin-7 and ALDH in ATC-derived cells were significantly higher than 

those in DTC-derived cells, especially in FRO cell line. Nevertheless, in vitro 

studies on the possible involvement of EpCAM in TC pathology and tumor 

progression are generally few and do not investigate the role of protein cleavages’ 

in tumor context, nor the tumorigenic potential of the intracellular portion of the 

protein, as occurs for other epithelial tumors in which EpCAM and its cleavages 

are studied more thoroughly (112,115,164,165). Indeed, most of the studies of 
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EpCAM in TC focus on evaluating its expression in patient-derived tissues by 

immunohistochemistry. 

 

Our data demonstrated that EpCAM is subjected to an intense cleavage process 

in FRO-derived 3D tumor spheres (Figure 11a, b). FRO is a promising cell line 

for 3D spheres in vitro characterization of EpCAM, since this model is 

representative of the variability of EpCAM expression and cleavage that we found 

in patient-derived tissue samples (Figure 8a, b, c). We also demonstrated that 

the expression of EpCAM can be modulated by the regulation of its cleavages 

and that the integrity of the protein seem to be a crucial factor for the initial phase 

of the generation of the 3D spheres in FRO (Figure 14a, b). Moreover, we 

demonstrated that EpCAM+ and EpCAM- subpopulations respond differently to 

treatment with a well-known drug commonly used in clinical practice, 

Vemurafenib (PLX-4032), both in FRO and HTCC3 adherent cells (Figure 15a, 

b). Finally, we observed that the 3D sphere model is also a valid in vitro approach 

to assess cell response to PLX-4032 activity (Figure 16c and 17c). We will now 

discuss more in detail the accomplished results. 

 

First of all, we evaluated the expression and cleavage of EpCAM on healthy and 

pathological patient-derived tissue samples. Quite recent studies have 

demonstrated that cytoplasmic and/or nuclear localization of EpCAM could be a 

useful marker for aggressive TC (132–134,166). At immunohistochemistry, 

Ralhan et al (132,133) demonstrated that the low-grade papillary thyroid cancers 

(PTCs) showed membranous expression of EpCAM (both extracellular, EpEx, 

and intracellular, EpICD, fragments), the follicular thyroid cancers (FTCs) showed 

a variable EpCAM signal, both membranous and cytoplasmic, but no detectable 

nuclear EpICD was reported in both PTCs and FTCs. On the other hand, loss of 

membranous expression and increased cytoplasmic and nuclear accumulation of 

EpICD fragment was observed in ATCs, correlating with tumor aggressiveness. 

We obtained similar results in our patient-derived tissue samples both at Western 

Blot and Immunofluorescence, where the variability in EpCAM expression in the 

healthy tissue and within the different TC histotypes is not due to a loss of protein 

expression, but to a differential cleavage pattern, where EpCAM is highly cleaved 

in UDTCs (Figure 8a, b, c). We hypothesized that these variations observed in 
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EpCAM cleavage could be associated with the distinct degree of differentiation 

of neoplastic cells within the tumor and/or with variations of microenvironment in 

specific areas of the tumor, as a support of the presence of tumor cells with tumor-

initiating abilities and stem-like properties in certain niches of the tumor mass 

(61,63–65).  

 

Having observed that EpCAM was predominantly expressed in FRO and in small 

amount in HTCC3 cell lines (Figure 9a, b), we decided to develop a proper 

tridimensional model based on these cells to study EpCAM modifications in vitro. 

We first analyzed the ability of the selected TC cell lines to generate 3D spheres 

when seeded at clonal density as hanging-drops, discriminating between cells 

seeded in their culture medium or in Sphere Medium. We applied the 3D spheres 

model since one of the main features of TICs is to self-renew and display 

anchorage-independent growth in form of spheroids, as described in different 

cancer types (167–170). Moreover, cells were seeded at clonal density in order 

to observe if even from a single clone, potentially capable of regenerating the 

tumor, 3D spheres were obtained; in this case, that cell could display self-renew 

ability and could grow in anchorage-independent way, thus being considered as 

a putative TIC. 

Given that we observed an impairment in cells ability to generate 3D spheres 

when seeded in Sphere Medium, we postulated that, since they are immortalized 

cell lines, they are "pre-selected" to grow in their culture medium, so they may 

not be able to generate spheres in a serum-free environment. It is known that 

Sphere Medium is the ideal medium to isolate stem-like cells (142), however in 

recent years it has been observed that not all cells that are capable of 

regenerating the tumor are considered stem cells, but rather the term TIC has 

been applied, which represents a functional definition of the capacity of these 

tumor cells to induce tumor formation in xenotransplantation studies. TICs have 

only some common features with CSCs, so cells with stemness ability could still 

be present in immortalized cell lines, but they don’t have such a degree of 

stemness that they can survive only in Sphere Medium, but could be selected 

through the seeding at clonal density or single clone seeding in their culture 

medium. 
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As a confirm, FRO presented the highest frequency of tumor cells with putative 

tumor-initiating ability within the 3D sphere cultures, as observed by Extreme 

Limiting Dilution Analysis (ELDA), when cells were seeded at clonal density in 

their culture medium (Figure 10d and Table 6a). Considering the preliminary 

results, we decided to deepen the studies on FRO for the characterization of 

EpCAM, applying the 3D spheres model with both their culture medium and 

Sphere Medium.  

 

The same variations in the degree of EpCAM cleavage obtained in patient-

derived tissues were also observed in FRO-derived 3D spheres (Figure 11a, b). 

The progressive increase in EpICD signal in opposite to a reduction of EpEx 

signal from the outer surface to the inner core of the spheres could indicate the 

existence of a radial gradient of EpCAM cleavage in FRO spheres, probably due 

to the radial gradient of nutrients and oxygen typical of 3D tumor spheres (64,77) 

and the consequent progressive loss of epithelial differentiation towards a more 

mesenchymal phenotype (171–174). Moreover, we noticed a slight expression of 

both E-Cadherin, typical epithelial marker, together with a strong expression of 

Vimentin, typical mesenchymal marker, in 3D spheres at Western Blot. The 

presence of both markers may be explained by the fact that the epithelial 

component is not completely lost when cells are organized as 3D spheres: 

indeed, cells forming the outer layer of the sphere are those that keep more 

epithelial-like phenotype, so E-Cadherin may still be expressed. However, 

Vimentin is also present in these spheres, characterized by a stronger 

expression, as observed at Western Blot, that may indicate that cells in an 

intermediate condition are more prone to change their phenotype based on 

metabolism and/or oxygen variations, which resembles what we observed in 

patient-derived tissues. 

Therefore, we decided to evaluate whether the expression and cleavage of 

EpCAM could be modulated or influenced by some features occurring in solid 

tumors such as the presence of an hypoxic niche and the 3D organization of the 

tumor itself, since EpCAM is also involved in cell-cell adhesion, and we aimed to 

study this protein in a in vitro condition that is similar, as far as possible, to primary 

solid tumors. To evaluate the influence of 3D organization on EpCAM full 

expression, cells were treated with epidermal growth factor (EGF), being one of 
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the main growth factors for the maintenance of stem-like cells in 3D cultures, 

known to upregulate EpCAM expression in some tumors via ERK1/2 signaling 

(113,135). We expected to see an increase in full length protein expression 

correlated with increasing concentrations of EGF in culture; on the contrary, we 

didn’t observe significant differences in EpCAM full length expression between 

treated and untreated conditions (Figure 12). 

Although we used the same concentrations as for the maintenance of cells as 3D 

sphere cultures, where we observed an intense cleavage rate of EpCAM at 

Immunofluorescence, the presence of growth factors such as EGF in the culture 

medium may not influence the preservation of EpCAM in its full length form or 

induce its cleavage, but rather the fact that cells grow in a three-dimensional 

organization may have stronger effect on EpCAM expression and/or its cleavage. 

On the other hand, the presence of a condition of pseudo-hypoxia induced by 

2,2'-Bipyridyl (DIP) treatment allowed us to demonstrate that the expression of 

the full length decreases as the concentration of DIP increases (Figure 12). This 

supports what is described in literature regarding DIP as an hypoxia-mimetic 

compound that increases the proteolytic activity of ADAM17, and consequently 

of γ-secretase, which are known to be among the major proteases involved in 

EpCAM cleavage (68,153–156). As a consequence, the more the pseudo-

hypoxic condition is emphasized, the more the full length EpCAM is cleaved and 

potentially the intracellular portion of the protein is able to translocate from the 

membrane to the cytoplasm and/or nucleus.  

 

To better understand the role of the different proteases involved in EpCAM 

cleavage, we performed Western Blots on both our cell line of interest (FRO) and 

on HEK293T (Figure 13), as they are an easily transfectable cell line already used 

in literature to characterize EpCAM cleavages (116). After having tested the 

cleavage activity of the different proteases (ADAM17, β-secretase and γ-

secretase) through their inhibitors (TAPI-2, BACE and DAPT, respectively), we 

noticed that the inhibition of ADAM17 and β-secretase in FRO didn’t play a 

predominant role in the regulation of EpCAM cleavage and eventually in the 

activation of intracellular signaling due to its shedding. Indeed, both in FRO, that 

normally express EpCAM, and in HEK293T cells, that presented overexpression 

of EpCAM after transient transfection, the protease γ-secretase seemed to have 
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a greater role, since the inhibition of its cleavage induced by DAPT led to an 

increased expression of transmembrane domain and intracellular domain of 

EpCAM (TMD+EpICD) portion, as observed at Western Blot. We weren’t able to 

obtain great variations in the EpICD expression alone in FRO, since in these 

experimental conditions in immortalized cells is hard to perfectly recreate the 

conditions that exist in the primary tumor, and the use of the different inhibitors 

may alter the activity of co-factors that could stabilize the EpICD fragment and 

eventually prevent its degradation. Indeed, ADAM17 and γ-secretase in 

particular, are involved in the cleavage, and eventual activation, of membrane 

receptors involved in other well-known pathways in tumor context, such as Notch 

or Wnt/β-catenin, which are involved in maintenance of stemness and in 

promoting tumor-initiating abilities (85–87). Thus, ADAM17 and γ-secretase 

inhibitors may not only block EpCAM cleavage but may also induce inhibition or 

significant alteration of other pathways in which these proteases are involved. 

Nevertheless, we observed that EpCAM cleavage is present and occur in FRO 

cell line and that has a fundamental role, otherwise we wouldn’t observe any 

changes following γ-secretase inhibition, as we did notice at Western Blot. 

 

To further characterize the role of EpCAM cleavages, in particular of EpICD, we 

performed Western Blot experiments on FRO adherent cells treated with TAPI-2, 

BACE and DAPT, and observe the ability of treated and untreated cells to 

generate 3D spheres when seeded as hanging-drops (Figure 14a). We believed 

that protein cleavage in EpCAM-expressing cells was a necessary event to 

induce the generation of the 3D spheres, as the intracellular portion of EpCAM, if 

translocate into the nucleus, can regulate the transcription of genes associated 

with proliferation (109–111), stemness (112,115), and epithelial to mesenchymal 

transition (EMT)-associated factors (114). However, the inhibition of EpCAM 

cleavages by treating cells with the different proteases’ inhibitors, led us to 

observe that the ability of FRO to generate 3D spheres when seeded at clonal 

density was not impaired, as we originally expected, but had the tendency to 

increase, even slightly significantly after γ-secretase inhibition with DAPT. 

This result is fundamental, since suggests that the intracellular domain of 

EpCAM, when it is not cleaved but remains in the plasma membrane, can be 

associated with actin molecules of the cytoskeleton, and can contribute to the 
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stability of the connection between the protein itself and the cytoskeleton through 

alpha-actinin binding sites (104–106). The maintenance of this connection might 

then be necessary for the involvement of EpCAM in the generation of the 3D 

structures, as described in literature (104,105,175). 

 

The manipulation of EpCAM cleavages in adherent cells, given that FRO are first 

treated as adherent cells and then seeded at clonal density as hanging-drops, 

can be considered an artificial attempt to reproduce the conditions occurring in 

the spheres, and that EpCAM cleavages can be promoted as the organization of 

the spheres increases, together with increase in dimensions. We believe that the 

integrity of EpCAM in the initial stages of sphere generation could be an 

advantage for cells that have to organize the 3D structure, especially in the very 

early stages and when the 3D aggregate is small, since EpCAM role as an 

adhesion molecule, that could promote and intensify cell-cell contact, is 

guaranteed when the protein is in its full length form. As the sphere grows and 

the 3D structure is more defined, EpCAM cleavage may then occur, as we have 

observed at Immunofluorescence on FRO-derived spheres (Figure 11b), induced 

by the ability of cells to adapt to variations in growth conditions and/or to the 

microenvironment within the spheres. 

As a confirm, the results obtained after treating adherent cells with increasing 

concentrations of DIP, that improves proteolytic cleavage of ADAM17 and γ-

secretase, showed that DIP-induced pseudo-hypoxic condition significantly 

compromise the ability of FRO to generate 3D spheres when seeded at clonal 

density (Figure 14b). 

 

 

Given their identification and characterization in TC, TICs have emerged as 

possible fundamental players for the resistance to conventional therapies. Unlike 

the highly proliferating cells, TICs may not be eradicated by chemotherapy and 

radiotherapy, causing the relapse of the disease. Resistance of TICs to kinase 

inhibitors may be due to different mechanisms, including induction of EMT 

through the activation of EMT transcription factors (78,79,82,176), increased drug 

efflux efficiency through ATP-binding cassette (ABC) transporters (65,90), 

activation of the bypass pathways via overexpression of MAP3K8, after 
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BRAFV600E inhibition, that promotes survival of tumor cells (84), and 

deregulation of stem cell signaling pathways such as Hedgehog, Notch, 

JAK/STAT and Wnt/β-catenin (85–87). 

 

Since we demonstrated that FRO-derived 3D spheres present a gradient of 

EpCAM cleavage and after manipulating these cleavages we obtained different 

sphere-forming abilities, we aimed to observe whether EpCAM+ and EpCAM- 

subpopulations present in FRO and HTCC3 could express a different sensibility 

to the effect of Vemurafenib (PLX-4032), a well-known drug commonly used in 

clinical setting, upon treatment on adherent cells and on 3D spheres. 

 

Giving the proliferation curves obtained after treating adherent cells with PLX-

4032 (Figure 15a, b), we hypothesized that the two subpopulations present in 

FRO and HTCC3 may actually respond differently to the drug and that the trend 

observed is due to a different sensitivity of the two subpopulations to PLX-4032 

treatment. Indeed, one might be more sensitive than the other, and the inhibitory 

effect of the drug is visible even at low concentrations, while the other one might 

be more resistant and responds to the drug at higher concentrations. Through 

Immunofluorescence experiments on adherent FRO and HTCC3 we actually 

confirmed that EpCAM+ cells appear to be more resistant than EpCAM- cells 

(Figure 16 a, b and Figure 17 a, b). Through these experiments we also noticed 

that after the treatment with different concentrations of PLX-4032 (IC50 and IC75) 

cells displayed a more elongated, “mesenchymal-like” morphology, especially the 

EpCAM+ ones, respect to the untreated control (Figure 16a and 17a), in both cell 

lines. 

 

We hypothesized that this morphological change may be due to the activation of 

mechanisms of resistance to the treatment, for example by promoting the 

induction of EMT which, as previously mentioned, is known to be one of the 

mechanisms of drug-resistance in TICs, or by activating some escape 

mechanisms via different pathways that lead them to change morphology. In 

literature is known that cells in response to signals that receive from their 

microenvironment may induce EMT, where changes in gene expression and 

post-translational mechanisms lead to the repression of the epithelial features 
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and induce the acquisition of mesenchymal ones, where cells display more 

elongated and fibroblast-like morphology and architecture (78,79,82,176). 

Certainly these results will have to be further investigated in the future, to observe 

whether in EpCAM+ cells the switch between expression of E-Cadherin or 

cytokeratins to vimentin occurs, or whether we are facing the phenomenon of 

epithelial-mesenchymal plasticity (EMP) (176), where cells assume both 

epithelial and mesenchymal features and interchange between intermediate 

epithelial/mesenchymal phenotype. 

 

Knowing that the spatial organization of cells in the 3D spheres is a key factor to 

block drug penetration, concomitantly to the treatment on adherent cells and 

Immunofluorescence experiments, we assessed whether FRO-derived and 

HTCC3-derived 3D spheres respond differently to PLX-4032 treatment respect 

to 2D adherent cells (Figure 16c and 17c). 

We noticed a differential response of the two cell lines in response to PLX-4032: 

FRO-derived 3D spheres seemed to be more resistant, since they didn’t respond 

to the drug at any of the selected concentrations, while HTCC3-derived 3D 

spheres seemed to be more sensitive, even at low concentrations. Moreover, 

although we obtained a complete different response in treatment between 

adherent cells and 3D spheres in FRO, also in HTCC3 the survival of cells when 

treated as 3D spheres at higher concentrations of PLX-4032 is greater than when 

treated as adherent cells, and this reflects what we observed at 

Immunofluorescence on adherent cells, where the only cells that persisted after 

treatment with high concentrations of PLX-4032 were the EpCAM+ ones. 

Furthermore, 3D spheres are mostly constituted by EpCAM+ cells, at least as we 

demonstrated in FRO, and present a different degree of protein cleavage. The 

different domains of cleaved EpCAM could therefore be another important aspect 

that may be involved in inducing drug resistance. As observed at Western Blot in 

FRO-derived 3D spheres (Figure 11a), cells organized in 3D structures may 

induce higher cleavage of EpCAM full length, together with an increase in 

vimentin signal, and this could lead to the generation of a more “mesenchymal-

like” phenotype, that is known to be another mechanism of resistance toward 

anticancer drugs. 
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Nevertheless, EpCAM alone may not be responsible for the induction of drug 

resistance, but could play a role in maintaining tumor cells with tumor-initiating 

abilities during pharmacological treatment. Indeed, other several factors may be 

implied to induce therapy resistance, such as problems with drug penetration that 

may occur in the inner core of the spheres, or the activation of drug efflux 

mechanisms and/or escape mechanisms. At the moment we cannot say with 

confidence that the difference we observed in PLX-4032 sensitivity is due to the 

actual presence of EpCAM+ subpopulation, and not due to other factors such as 

the genetic background of these cell lines. 

Indeed, as future work it would be of interest to separate the two subpopulations 

through fluorescence-activated cell sorting (FACS), and confirm which one is 

actually resistant and which one is not, also evaluating the type of mutations that 

the two subpopulations have, as it is not certain that they both express the same 

genetic background. Upon cell sorting, it would be also interesting to characterize 

EpCAM+ and EpCAM- subpopulations in both adherent cells and 3D spheroids 

by studying the co-expression and possible correlation of the protein with stem 

cell markers (OCT-4, NANOG, SOX2, CD133) or with thyroid differentiation 

markers (thyroglobulin, TG, receptor of thyroid stimulating hormone, TSH-R, 

thyroid peroxidase, TPO) through Immunofluorescence, Western Blot and RT-

PCR. It would be equally intriguing to assess if the contribution of only one or 

both subpopulations in FRO is required to create and maintain the 3D spheres 

structures, and to observe if these abilities are somehow improved or 

compromised after EpCAM silencing in FRO through siRNA or shRNA. In 

addition, once the EpICD fragment moves from the plasma membrane to the 

cytoplasm or nucleus, it would be useful to apply a high-resolution imaging 

technique, such as expansion microscopy (ExM), to better visualize its 

localization; this technique allows to generate valuable structural insights that 

would otherwise require more complex super-resolution methods. 

 

Overall, we observed that FRO exhibit different biological behavior than the other 

cell lines used in the study, even compared with other cell lines with the same 

tumor origin. We hypothesize that one of the reasons may be due precisely to the 

properties associated with tumor-initiating ability that we found in this cell line, as 

previously mentioned; these properties suggest that FRO, better than the other 
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cell lines, may be able to reproduce the heterogeneity of the tumor of origin in 

vitro,  as far as possible. Furthermore, in FRO EpCAM-expressing cells, the 

intense cleavage of the protein and the transfer of the EpICD portion from the 

plasma membrane to the cytoplasm and/or nucleus, as previously discussed, 

could play a key role in maintaining a more undifferentiated phenotype with 

respect to the other cell lines, which are totally negative for EpCAM, and respect 

to HTCC3, where the protein is expressed but is localized predominantly in the 

plasma membrane. In addition to EpCAM, FRO may also express other markers 

related to TICs, as already described in literature for other epithelial tumors. 

Certainly, a further comprehension of the properties of this cell line is needed. 

 

In conclusion, in the present study we demonstrated that FRO is a promising cell 

line for the characterization of EpCAM through in vitro studies, both applying 

classical monolayer cultures and 3D sphere cultures, given that the 3D model is 

representative of the variability of EpCAM expression that we observed in patient-

derived tissue samples, with the different gradient of EpCAM cleavages that 

corresponds to different areas of the tumor sections. We demonstrated that the 

3D model was also manageable to perform experiments that better described 

EpCAM expression and cleavage pattern. In particular, the results obtained after 

the inhibition of EpCAM cleavages and after DIP treatments suggested that the 

integrity of EpCAM may be required for the initial phases of the generation of the 

3D spheres, and that cleavage of the protein may occur in a second moment, 

induced by the ability of cells to adapt to variations in growth conditions and/or to 

the microenvironment within the spheres. Giving the proliferation curves obtained 

after treating cells with PLX-4032, we hypothesized that EpCAM+ and EpCAM- 

subpopulations present in FRO and HTCC3 may respond differently to the drug, 

and Immunofluorescence performed after treatment on both cell lines confirmed 

that EpCAM+ cells appeared to be more resistant. Finally, the treatment with 

PLX-4032 on FRO-derived and HTCC3-derived 3D spheres showed that FRO 

seemed to be more resistant than HTCC3-derived spheres. We believed that the 

presence of EpCAM and its cleavage in 3D spheres could be an additional factor 

for cells to induce therapy resistance, concomitantly to other mechanisms of 

resistance and/or escape that may occur. 
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To conclude, EpCAM expression and cleavage is playing a significant role in 

putative TC TICs biology and may partially explain the therapeutic failure 

observed in the more undifferentiated thyroid cancers. For these reasons we 

believe that EpCAM evaluation could play a role in the clinical decisions regarding 

patients therapy and further studies need to be performed in order to translate 

these findings in patient-derived primary tumors. 
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Summary of the research 

English version: 

The present thesis investigates some features concerning the biology of the most 

aggressive thyroid cancers, classified as poorly differentiated and anaplastic 

tumors. Although they are extremely rare, patients with these types of tumor have 

a poor chance of survival as nowadays there is still the lack of specific therapeutic 

approaches capable of counteracting the extremely rapid and malignant 

progression of these tumors. Indeed, they are known to be resistant to common 

radiotherapy and chemotherapy. In literature is reported that a very small part of 
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the complex mixture of cells within the tumor mass has some specific factors that 

distinguish them from the other tumor cells and may improve aggressiveness of 

the tumor. In my thesis I’ve studied one of these possible factors, i.e. a protein 

expressed on cell membrane, to understand if its expression and role could be 

associated with these tumor cells, and eventually consider this protein as a new 

therapeutic target in the context of undifferentiated thyroid cancer. 

Italian version: 

La presente tesi approfondisce alcune caratteristiche riguardanti la biologia dei 

tumori tiroidei più aggressivi, classificati come tumori scarsamente differenziati e 

tumori anaplastici. Nonostante questi tumori siano estremamente rari, le 

possibilità di sopravvivenza sono scarse, in quanto ad oggi non esistono ancora 

terapie specifiche che riescano a contrastare la progressione estremamente 

rapida e maligna di questi tumori, che sono noti essere resistenti ai comuni 

trattamenti con radioterapia e chemioterapia. In letteratura è riportato che una 

piccolissima parte delle cellule tumorali che fanno parte del complesso mix di 

cellule all’interno della massa tumorale, presenta alcuni fattori specifici che le 

distinguono dalle altre cellule e possono promuovere l’aggressività del tumore. 

Nella mia tesi ho studiato uno di questi possibili fattori, ovvero una proteina 

espressa sulle membrana cellulare, per capire se la sua espressione e il suo 

ruolo possano essere associati a queste cellule aggressive, ed eventualmente 

considerare questa proteina come un nuovo target terapeutico nel contesto dei 

tumori tiroidei scarsamente differenziati. 
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Abstract: Thyroid cancer (TC) is the most common endocrine malignancy. Recent progress in thyroid
cancer biology revealed a certain degree of intratumoral heterogeneity, highlighting the coexistence
of cellular subpopulations with distinct proliferative capacities and differentiation abilities. Among
those subpopulations, cancer stem-like cells (CSCs) are hypothesized to drive TC heterogeneity,
contributing to its metastatic potential and therapy resistance. CSCs principally exist in tumor areas
with specific microenvironmental conditions, the so-called stem cell niches. In particular, in thyroid
cancer, CSCs’ survival is enhanced in the hypoxic niche, the immune niche, and some areas with
specific extracellular matrix composition. In this review, we summarize the current knowledge about
thyroid CSCs, the tumoral niches that allow their survival, and the implications for TC therapy.

Keywords: thyroid cancer; cancer stem cells; tumor microenvironment; CSCs niche; targeted therapy

1. Introduction

Thyroid cancer (TC) is the most common endocrine malignancy [1]. The thyroid gland
is a complex endocrine organ that is potentially affected by a variety of cancers that differ
in molecular profile, morphology, tumorigenicity, and invasiveness [1]. Follicular cells can
give rise to three different subtypes of thyroid carcinoma: papillary thyroid carcinoma
(PTC), follicular thyroid carcinoma (FTC), poorly differentiated thyroid carcinoma (PDTC)
and anaplastic thyroid carcinoma (ATC) [2]. PTCs and FTCs account for 80–85% and
10–15% of all TCs, respectively, and usually have a good prognosis. In contrast, ATCs are
rare but are characterized by an aggressive phenotype and a poor prognosis [2]. Although
ATCs represent only 1% of all thyroid cancers, they account for >50% of the mortality,
as they often acquire therapy resistance [3,4]. TCs have a complex genetic background,
with the acquisition of hyperactivating mutations in the BRAF, RAS, and PI3K pathways,
together with the loss of function and suppression of PTEN, p53, and b-catenin in the less
differentiated forms [5,6].

Recent progress in thyroid cancer biology revealed a certain degree of intratumoral
heterogeneity [7–10], highlighting the coexistence of cellular subpopulations with distinct
proliferative capacities and differentiation abilities, whose hierarchical organization is
fundamental to the maintenance of the malignant phenotype [11]. Similarly to other solid
tumors [12–17], a rare subpopulation of cells called cancer stem-like cells (CSCs) is hy-
pothesized to drive the TC heterogeneity and contribute to the metastatic potential and
therapy resistance [18–21]. CSCs exist predominantly in different specific tumor niches,
where the dynamic equilibrium within cell-intrinsic and cell-extrinsic factors derived by
the tumor microenvironment allow for the maintenance of the stem-like phenotype, which
is characterized by a lack of tissue-specific differentiation, slow-cycling rate, quiescence,
and theoretically unlimited self-renewal abilities [13,22,23].

In recent years, the discovery of thyroid CSCs uncovered the inadequacy of the “classical”
carcinogenesis model and prompted further knowledge on the TC complex microenvironment.
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2. Thyroid Cancer and CSCs
2.1. Thyroid Carcinogenesis and CSCs Origins

According to the classic multistep carcinogenesis model (Figure 1A), TC cells arise
from the gradual accumulation of genetic alterations within normal thyroid epithelial cells,
leading to uncontrolled proliferation and an invasive phenotype [24,25]. Thus, PTC and
FTC are the results of randomly occurring genetic alterations, such as BRAF and RAS point
mutations or the more complex RET/PTC and PAX8/PPARγ rearrangements. The sequential
accumulation of further genetic alterations, particularly the inactivating mutations of TP53
and CTNNB1, can then give rise to ATC [26]. These events come with the dedifferentiation
process that occurs as the cancer cells acquire the neoplastic phenotype, with a marked
epithelial-to-mesenchymal transition (EMT), which is a process that finally results in CSCs’
phenotype acquisition [27,28]. Nevertheless, this model has some intrinsic limitations.
While the mature thyroid follicular cells have a low proliferation rate, intrinsically limiting
the accumulation of multiple mutations [29], the introduction of large-scale genome se-
quencing techniques revealed that PTC and FTC already have much more complex genetic
alterations than what the classical multistep model can explain [30–32].
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Figure 1. Thyroid carcinogenesis models. (A) Description of the classic multistep carcinogenesis
model: the gradual accumulation of genetic alterations in normal thyrocytes leads to the transforma-
tion into cancer cells and to the acquisition of subsequently less differentiated and more aggressive
phenotypes. Mutations in driver genes, such as BRAF and RAS or RET/PTC and PAX8/PPARγ rear-
rangements, give rise to the well-differentiated papillary thyroid cancers (PTCs) and follicular thyroid
cancers (FTCs), while the acquisition of TP53 and CTNNB1 mutations leads to the transformation in
anaplastic thyroid cancers (ATCs). (B) Fetal stem cells’ origin model: thyroid cancer cells are derived
from normal stem cells or precursor cells of fetal origin that acquire transforming mutations. These
genetic alterations confer proliferative advantages and prevent fetal thyroid cells from differentiat-
ing. Less differentiated stem cells give rise to ATCs, while the more differentiated thyroblasts and
prothyrocytes give rise to PTCs and FTCs, respectively. (C) Cancer stem-like cells’ (CSCs) origin
model: CSCs with high tumorigenic activity and increased ability to self-renew originate from either
normal stem cells through a transformation process or from differentiated cancer cells as the result
of a dedifferentiation process. The transition of stem cells into mature cancer cells is stimulated
by the different tumor environment that is present outside the stem niches. Mature cells cannot
sustain tumor progression, while CSCs can reconstitute and sustain tumor growth. TME, tumor
microenvironment; TC, thyroid cancer.
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In 2005, Takano et al. [26] proposed that TC cells are derived from normal stem
cells or precursor cells of fetal origin that survive in the mature gland rather than from
differentiated thyroid follicular cells [26,33] (Figure 1B). According to this model, normal
fetal thyroid stem cells, which express oncofetal fibronectin but none of the markers that
are typical of differentiated thyroid cells, give rise to ATC. Thyroblasts, which express
both oncofetal fibronectin and the differentiation marker thyroglobulin (Tg), give rise to
PTC. Finally, prothyrocytes, which are the more differentiated cell type, should give rise
to FTC and follicular adenoma [33]. In this model, genetic alterations confer proliferative
advantages and prevent fetal thyroid cells from differentiating. However, there is no
explanation regarding how quiescent thyroid stem cells acquire such genetic alterations or
about the coexistence of cellular subpopulations with different degrees of differentiation.
The evidence that a cancer cell population is heterogeneous and that molecular alterations
are not present in the whole tumor bulk finally brought about the CSC hypothesis for TC.
This hypothesis was first established by the previous observation that leukemia may contain
hierarchical multi-lineage cells [34]. In this perspective, some authors hypothesized that
TC may be a CSC-driven disease [26,35,36], with only a subset of cancer cells that possess
high tumorigenic activity, with increased ability to self-renew and produce progenitor
cells that can reconstitute and sustain tumor growth [1] (Figure 1C). The transition of
stem cells into mature cells is stimulated by growth factors and cytokines present in the
microenvironment outside the stem niche [25]. According to this view, CSCs may originate
from either normal stem cells through a transformation process or from differentiated
cancer cells as the result of a dedifferentiation process [35]. The clinical implication of
the CSC model may give rise to important effects for both the diagnosis and treatment of
TC, especially for the management of poorly differentiated, recurrent, or rapidly growing
diseases that are refractory to radioactive iodine (RAI) therapy. In this view, the eradication
of all CSCs may arrest tumor growth, whereas the failure to eliminate CSCs will eventually
lead to tumor relapse [37].

2.2. Thyroid CSC Identification

Nowadays, CSC identification relies mostly on the identification of stemness biomark-
ers, together with specific in vitro and in vivo assays (Table 1).

In vitro assays aim to demonstrate the self-renewal abilities of the CSCs and comprise
thyrosphere formation assays, limiting–diluting assay, serial colony formation, and differ-
entiation assays. Because normal thyroid stem cells can be grown as sphere-like cellular
aggregates in a specialized stem cell culture medium, the multicellular three-dimensional
(3D) spheroids assay is the best-studied methodology to determine the clonality and
multipotency of putative thyroid CSCs [1,38]. Indeed, the ability to generate spheres in
serum-free medium, even after serial passages, indicates that the cells have an extensive
capacity for self-renewal and should be able to recreate a heterogeneous tumor cell pop-
ulation and recapitulate the primary tumor morphology [39]. Moreover, different from
two-dimensional monolayer cultures, tumor spheroids create intercellular contacts and usu-
ally display low values of nutrients, oxygen, and glucose, generating a hypoxic core in the
center of the 3D structure, thereby imitating the natural environment of solid tumors [40].
Researchers have also established a colony-forming assay in which cells are cultured in a
semisolid methylcellulose medium that recapitulates the extracellular matrix (ECM). This
assay allows the clonal progeny of a single cell to grow as a distinct cluster or colony and
monitors anchorage-independent growth, which is a key property of cancer cells.

The most definitive way to assess putative CSCs is to inject these cells into immuno-
compromised mice to verify their ability to develop tumors over time [41]. In particular,
the serial transplantations of cells that were isolated from secondary and tertiary xenografts
allow for defining their long-term tumorigenic potential, as well as their self-renewing
ability [42]. A further enhancement of this approach involves combining these serial trans-
plantations with limiting–dilution assays to determine the minimum number of cancer
stem cells that are required for tumor formation and to confirm that tumor size is positively
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correlated with the number of cells injected [1]. Moreover, the ability of tumor initiation
can be more accurately evaluated using an orthotopic transplantation to mimic the tumor
environment as closely as possible [39].

Table 1. Markers that are used to identify thyroid CSCs.

Markers Functions References

aldehyde dehydrogenase (ALDH)
activity (ALDEFLUOR)

Used to isolate CSCs based on their elevated ALDH activity via
positive flow cytometry selection [21,41,43–47]

CD133 (prominin-1)
CD133+ cells express stemness genes (POU5F1, SOX2, and

NANOG1), drug-resistance genes (ABCG2, MDR1, and MRP),
and a low expression of thyroid differentiation markers.

[47–49]

CD44+/CD24− phenotype CD44+/CD24− subpopulation of cells with tumorigenic
potential identified by flow cytometry positive selection [47,48,50]

Side population (SP) cells
Ability to exclude DNA-binding dye Hoechst 33342 via ABC

family of transporters; they export anticancer drugs when
overexpressed in tumor cells

[15,51,52]

Stem cell transcription factors
(OCT-4, SOX2, NANOG)

Highly enriched markers in cell populations with
stemness properties [32,39,48,49,52–54]

EMT-promoting pathways (Notch-1, Wnt
signaling, Sonic hedgehog protein)

Pathways involved in promoting self-renewal ability and
tumorigenic potential [39,53,54]

Many studies have been carried out to identify the specific biomarkers of thyroid
CSCs in the three histopathological TC variants.

Evaluating the enzymatic activity of aldehyde dehydrogenase (ALDH) is a well-
known approach for identifying putative CSCs. Indeed, high levels of ALDH activity are
present in stem and progenitor cells and seem to be related to their resistance to chemother-
apy. Todaro et al. [21] were the first to isolate CSCs from primary thyroid tumors using
ALDH activity. They demonstrated that the three histopathological TC variants expressed
a small population of cells with tumorigenic potential, elevated ALDH activity, and unlim-
ited replication ability [21]. This subpopulation of cells (1.2–3.5%) of the whole tumor was
ALDHhigh and was able to form thyroid spheres when expanded in vitro in serum-free
conditions, as well as create sequential tumor xenografts in immunocompromised mice
model [21]. Another putative CSCs marker is prominin-1, also called CD133, which is a five
transmembrane domain glycoprotein with unknown function that behaves as a stemness
marker in many normal and tumor cells. In TC, Tseng et al. [49] isolated CD133+ cells
from ATC primary tumors and ATC cell lines. The CD133+ cells expressed stemness genes,
such as POU class 5 homeobox 1 (POU5F1), sex-determining region Y-box 2 (SOX2), and
NANOG1, as well as drug-resistance genes (ABCG2, MDR1, and MRP). These cells were
also chemoresistant and formed thyrospheres in vitro and tumors in vivo [49].

Ahn et al. [50] identified CD44 and CD24 expression in a small percentage of cells
with tumorigenic potential in PTC cell lines and human primary samples. They observed
that this subset of cells with tumorigenic capability expressed high levels of CD44, but no
expression was detected for CD24 (CD44+/CD24−) [50]. Moreover, these CD44+/CD24−

cells expressed the stem cell markers OCT4 and POU5F1 and had a low expression of
differentiation markers [50].

To further identify specific thyroid CSCs markers, Shimamura et al. [47] performed
a comprehensive analysis of multiple markers (CD13, CD15, CD24, CD44, CD90, CD117,
CD133, CD166, CD326, and ALDH activity) on eight thyroid cancer cell lines and then
evaluated their ability to form thyrospheres in vitro and tumors in vivo. Their results
suggest that ALDHpos and CD326high subpopulation of cells showed higher sphere-forming
ability and both self-renewal and differentiation capability, generating homogeneous and
heterogeneous cell populations. However, even if ALDH activity and CD326 expression
are reliable candidates for detecting thyroid CSCs, they are not universal [47].
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Another method to detect CSCs is the side population (SP) assay. This identifies a
small subpopulation of cancer cells that is able to exclude the DNA binding dye Hoechst
33342 through the adenosine triphosphate-binding cassette (ABC) family of membrane
transporters, which is also responsible for the anticancer drug export and therapy resistance
of CSCs [15].

SP cells have been identified in different TCs: they presented a primitive morphology,
with a high nuclear-to-cytoplasmic ratio, the ability to undergo thyrosphere formation, and
expressed typical stem cell markers, such as OCT-4, NANOG, and SOX2, but no markers
of thyroid differentiation [51,52].

Mitsutake et al. [54] also found a very small portion of SP cells in human thyroid
cancer cell lines. The detection of putative thyroid CSCs can also be supported by the
evaluation of the expression of biomarkers belonging to self-renewing control pathways,
such as Wnt/β-catenin, Sonic hedgehog protein, and Notch1, which are also responsible
for the EMT process regulation [54]. Indeed, there is a strong correlation between EMT
markers’ expression and the presence of CSCs in TC [28,55]. For example, a loss of E-
cadherin is associated with the expression of CD44, CD133, and Nestin, while Snail1 and
vimentin upregulation is associated with ALDH expression [56–58].

3. Tumor Microenvironment and CSC Maintenance

Cancer stem cells are a small subpopulation that principally exists in tumor areas
with specific microenvironmental conditions, the so-called stem cell niches, which are
constituted by different stromal cell types, including a vascular system, mesenchymal and
immune cells, the ECM, and soluble factors [13,59] (Figure 2 and Table 2). The stromal
cells and the substances that they secrete are fundamental to maintaining the CSCs in a
quiescent state and regulating their self-renewal and differentiation through the modulation
of several signaling pathways [59]. The principal regulators of thyroid CSCs are the cancer-
associated fibroblasts (CAFs) and the matrix secreted from them, the local variations in
nutrients and oxygen distribution, mainly due to tumor fibrosis and altered vasculature
growth that may create specific hypoxic niches, and immune cells, such as tumor-associated
macrophages (TAMs) and mast cells (MCs), which secrete important paracrine factors.

Table 2. Secreted factors that promote CSCs’ phenotypes and survival.

Factors Cell Type Action/Function Pathways Involved Other Cancers References

CCL-2 CAFs,
TAMs Stimulates CSCs survival Notch, NF-κB Breast cancer [60,61]

CCL-15 TCs Recruit TAMs
Promotes therapy resistance CCR1 [62]

CXCL-1 CAFs Promotes cancer cell stemness IL-1a/JAK/STAT Pancreatic ductal
adenocarcinoma [63–65]

CXCL-12 CAFs Induces CSC markers expression Wnt, PI3K/Akt Colorectal cancer [66–70]

CXCL-2 CAFs Promotes cancer cell stemness IL-1a/JAK/STAT Pancreatic ductal
adenocarcinoma [65,71]

CXCL-8 TAMs,
TCs

Promotes and maintains CSCs
phenotype and induces EMT. NF-κB, EGFR/RAS

Melanoma,
ovarian cancer

Colorectal cancer,
non-small cell

lung cancer

[71–79]

HGF CAFs Induces CSC markers expression PI3K, Met Colorectal cancer [70,80]

IGF-2 CAFs Promotes acquisition of
stem-like phenotype

PI3K, TGF-β,
Wnt, SHH

Non-small cell
lung cancer [48,81,82]

IL-6 CAFs,
MCs

Promotes and maintains CSCs
phenotype and induces EMT. JAK/STAT, NF-κB Breast cancer, pancreatic

ductal adenocarcinoma [65,79,83–88]

IL-8 CAFs,
MCs

Promotes and maintains
CSCs phenotype FAK/AKT, Akt/Slug Breast cancer, pancreatic

ductal adenocarcinoma [89–93]
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Table 2. Cont.

Factors Cell Type Action/Function Pathways Involved Other Cancers References

OPN CAFs,
TCs

Supports the clonogenic
capacity of CSCs

Induces CSCs markers expression
Wnt, PI3K Colorectal cancer [70,94–96]

TGF-β
CAFs,
TAMs,

TCs
Induces CSCs markers expression Wnt, PI3K Colorectal cancer [70,97]

TNF-α MCs Stimulate immune tolerance CCL20
CXCL8/EGFR

Breast cancer,
colorectal cancer [93,98,99]

MCs: mast cells.
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Figure 2. TC stem cell niches. CSCs principally exist in tumor areas with specific microenvironmental
conditions, the so-called stem cell niches. The cancer-associated fibroblasts (CAFs) secrete a thicker
extracellular matrix (ECM) and different prostemness soluble factors that induce the acquisition
of a stem-like phenotype by cancer cells and promote and support the survival and self-renewal
abilities of already existing CSCs. The immune niche is composed of all the different immune
cells that contribute to regulate the CSCs’ phenotypes, such as T lymphocytes, tumor-associated
macrophages (TAMs) and neutrophils. Indeed, immune cells secrete a wide variety of cytokines and
chemokines that support the maintenance of the stem-like phenotype. The hypoxic niche contributes
to CSCs’ phenotype maintenance, mainly through the induction of hypoxia-inducible factors (HIFs),
whose activation deeply influences the paraphysiological adaptations to the changes of the tumor
microenvironment. Indeed, increasing evidence indicates that HIFs are one of the main regulators of
CSC subpopulation maintenance, not only by stimulating an increase in the number of CSCs but also
by enhancing the stem-like phenotype of dedifferentiated cancer cells.

3.1. CAFs, Extracellular Matrix, and Desmoplasmic Reaction in TC

As with many other solid tumors of glandular origin, the more aggressive thy-
roid cancers are characterized by a pronounced desmoplastic stromal reaction [100–108],
whose major components are CAFs and the ECM that they secrete (Figure 2) [107,109,110].
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Indeed, different studies revealed that CAFs often secrete an ECM that is rich in
collagen 1, which has been associated with tumor progression, metastatization, and
therapy resistance [32,92,107,111–116].

In many cancer types, the crosstalk between the tumor and stromal components is
fundamental for the establishment and maintenance of permissive niches that promote
cancer progression and therapy resistance [117,118]. In fact, the interactions between
cancer cells and CAFs often involve molecules such as CD44, thrombospondin-1, os-
teopontin, fibronectin, and integrins that are also involved in the induction and main-
tenance of CSCs’ phenotypes [50,95,96,109,110,119–123] (Table 2). Moreover, a specific
subpopulation of CAFs that effectively secrete pro-stemness factors have recently been
identified [61,82,87,88,124–126]; these pro-stemness factors can induce the acquisition of a
stem-like phenotype by cancer cells in normal conditions and promote and support the
survival and self-renewal abilities of already existing CSCs after different stresses, such as
anticancer therapies [127–130].

Although in recent years, the relationships between CSCs, CAFs, and the ECM
have been deeply explored, only a few studies have investigated this topic regarding
thyroid cancer.

In 2010, Nucera et al. demonstrated that the downstream pathways activated by
BRAFV600E are crucial for ECM remodeling, where they identified thrombospondin 1 as
one of the main effectors, together with CD44, fibronectin cathepsin B, and TGFb1 [131].

Further studies revealed that collagen 1 and lysyl-oxidase (LOX, a collagen fiber
crosslinker) expressions are associated with less differentiated TC types and a poor overall
survival rate; these alterations are the result of BRAF activation and/or PTEN loss, which
promote the formation of a fibrotic tumor stroma that is rich in CAFs and collagen 1,
facilitating tumor progression [117,132]. All these effects are mostly due to the fact that TC
cells with specific genetic alterations secrete peculiar soluble factors that are able to activate
the nearby fibroblast, inducing the changes in metabolism and phenotype that are typical
of CAFs [131,133]. In turn, activated CAFs secrete soluble factors that modulate TC cells’
proliferative and invasion potentials [133].

Thus, it seems that the well-characterized paracrine loop between CAFs and cancer
cells that is definitely important for the definition of specific niches in which CSCs are
mainly localized also exists in TC; further studies are, however, needed in this direction.

3.2. Hypoxic Niche

In many cancer types, hypoxia is a hallmark of malignancy and progression, as solid
tumors often outgrow the vasculature, and the vasculature itself can be aberrant [134,135]
(Figure 2). At the cellular level, hypoxia induces a complex coordinated response that deeply
influences the paraphysiological adaptations to the changes in the tumor microenvironment,
which are modifications that are often also responsible for therapy resistance [136–138].

The main players in the hypoxia response are two transcription factors, namely,
hypoxia-inducible factors 1 and 2 (HIF-1 and HIF-2, respectively). HIF protein activ-
ity is finely regulated by the turnover of its oxygen-dependent alpha subunits (HIF-
1α, HIF-2α, and HIF-3α) [135,139]. Upon exposure of the cells to hypoxia, the HIFα
subunits are stabilized, translocate in the nucleus, and induce the transcription of dif-
ferent target genes that regulate cell metabolism, proliferation, invasive potential, and
therapy resistance [140–142].

Indeed, increasing evidence indicates that HIFs are one of the main regulators of CSCs
subpopulation maintenance, not only by stimulating an increase in the number of CSCs but
also by enhancing the stem-like phenotype of dedifferentiated cancer cells [119,134,143–145].
HIF-1α or HIF-2α overexpression and their interplay in CSC maintenance have been
observed in many cancer types, such as glioblastoma, colon, breast, lung, pancreatic, and
ovarian cancers [22,146–152].

Although necrotic or hypoxic areas are uncommon in well-differentiated thyroid
cancers, they are frequently found in the more aggressive anaplastic ones [3,153]. Moreover,



J. Clin. Med. 2021, 10, 1455 8 of 23

it is known that HIF1α activity is also induced in non-hypoxic conditions by the hyperacti-
vation of PI3K and RAS/RAF/ERK pathways, which is a direct consequence of genetic
alterations that are common in thyroid cancer, such as PTEN deletion and RAS and BRAF
mutations [154–158]. Overexpression of HIFs has been associated with an advanced tumor
grade and distant metastasis in thyroid cancer [155,159].

Different studies demonstrated that the expression of HIF1 and its target genes, GLUT1
and VEGF, correlate with the TC grade and type [160–164]. While PTC and FTC showed
only focal HIFs expression, PDTC and ATC presented a diffuse expression, which may be
the result of a specific combination of tumor genotype and microenvironment alterations
induced by diffusion-limited chronic hypoxia [155]. Up till now, no data exists on HIF2
expression in TC, but in vitro experiments demonstrated that HIF2 activation may be
induced by the same stimuli that regulate HIF1, and its inhibition greatly affects thyroid
cancer cell proliferation in hypoxic conditions [159,165].

3.3. Immune Niche

CSCs have a dual relationship with the immune components of the microenvironment.
On one side, they are able to escape the attacks of immune cells against bulk cancer thanks
to their quiescent state, low immunogenicity, and ability to recruit immunosuppressive
cells [166,167]. On the other hand, immune cells secrete a wide variety of cytokines and
chemokines that support the maintenance of the stem-like phenotype [168,169] (Figure 1
and Table 2). All the different immune cells that contribute to regulating the CSCs pheno-
type maintenance, such as T regulatory lymphocytes (T-regs), TAMs, and MCs, compose
the so-called immune niche.

The immune evasion mechanism of TC cells is mainly based on the downregulation
of MHC class I molecules, the upregulation of B7 homolog I (B7-HI), and the upregulation
of HIF-1α. Angell et al. [170] found that the expression of human histocompatibility
antigen (HLA)-ABC and β2-microglobulin in PTC was significantly reduced compared
with normal thyroid tissue, and the proportion of tumor-infiltrating lymphocytes (TILs)
was also decreased. In PTC, the B7-H1 protein and mRNA levels are strongly associated
with tumor aggressiveness: the higher the B7-H1 expression level, the stronger the tumor
aggressiveness [171]. Moreover, the hypoxic-like environment characterized by HIF-1
activation, which promotes CSC maintenance, also possesses an immune-suppressive
effect that enhances tumor escape [172].

T-regs are highly enriched in the tumor microenvironment (TME), where they reduce
the antitumor immune response. Some studies have suggested that T-regs can efficiently
migrate into tumors in response to chemokines (e.g., chemokine receptor 4 (CCR4)-CC
motif ligand 17/22 (CCL17/22), CCR10-CCL28, and CXC chemokine receptor 4 (CXCR4)-
CXC motif ligand 12 (CXCL12)) that are expressed on the stroma and tumor cells and can
be associated with a poor prognosis in patients [173,174].

Cytotoxic T lymphocytes (CTLs) are another subpopulation of T lymphocytes that
possess the ability to kill target cells. Regarding thyroid cancer, French and colleagues [175]
found that a low concentration of CD8+ T cells and a reduced ratio of CD8/Foxp3+ T cells
was correlated with a larger tumor diameter in PTC patients. In fact, a reduced number
of CD8+ T cells diminishes the lethality to cancer cells and accelerates their rapid growth
and invasiveness. Natural killer (NK) cells destroy pathogenic cells, mainly by secreting
perforin and granzyme, expressing Fas ligand (FasL), and destroying their targets through
antibody-dependent cell-mediated cytotoxicity (ADCC) [176]. Studies have reported that
CSCs secrete immunosuppressive factors, such as transforming growth factor-β (TGF-β),
indoleamine2,3-dioxygenase (IDO), arginase-1, and interleukin 6 (IL-6), which reduces the
expression of NK cell surface-activated receptors and result in a decreased number and
quality of NK cells [86,93,97,177].

MCs secrete cytokines, such as tumor necrosis factor α (TNF-α) and IL-8 to stimulate
immune tolerance and enhance tumor progression [78,79,93,99]. The role of MCs has
been widely studied in TC and its density has been positively correlated with cancer
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aggressiveness [130]. Indeed, Visciano et al. [79] found that TC cells activate MCs to
produce chemokines, such as Il-6 and TNF-α, which in turn induce the EMT and a stem-
like phenotype in TC cells.

TAMs are the most abundant population of tumor-infiltrating immune cells in the
TME and have strong plasticity, as they can switch between proinflammatory (M1) and
anti-inflammatory (M2) phenotypes [178,179].

The frequency of TAM infiltration varies between TC subtypes, increasing with ded-
ifferentiation and culminating in ATCs, where TAMs represent up to 50% of all immune
cells [180]. In all TCs, TAM infiltration has been invariably correlated with poor prognosis,
large tumor size, capsular invasion, extra-thyroid tumor extension, lymph node metastasis,
and decreased survival [181–183].

Indeed, TAMs secrete a wide variety of cytokines and chemokines, such as CXCL-8,
TGF-β, and CCL-2, which influence CSC survival [61,71,79,86,184,185].

3.4. Exosomes in CSC Niches

Exosomes are extracellular vesicles with an endosomal origin that are produced
by the different cell types present in the CSC niches [186,187]. Indeed, the intercellular
communication mediated by exosomes plays a fundamental role in tumor development
and aggressiveness [188].

In thyroid cancer, the CSCs produce exosomes containing different long non-coding
RNAs (lncRNAs) that promote the EMT and the acquisition of a stem-like phenotype of the
bulk cancer cells and induce a pro-metastatic phenotype [28,189–191]. Moreover, patients
with metastatic PTC have significantly higher levels of circulating exosomal miRNAs and
hypoxic PTC cells can secrete exosomes that modulate the expression of TGF-β and collagen
isoforms, enhancing the tumoral angiogenesis [192]. The exosomes secreted by CSCs also
modulate the polarization of TAMs toward the M2 phenotype and suppress NK cell activity,
promoting an immunosuppressive environment in CSC niches [193–196]. In turn, CAFs
and TAMs also release exosomes that contribute to the regulation of the TME [187,197,198].

4. Genetic Alterations, TME, and CSCs

Many of the different genetic alterations present in TC cells not only confer a pro-
liferative advantage to the cell themselves but also deeply influence the surrounding
microenvironment and the survival of CSCs.

The most studied alteration in this regard is BRAFV600E. Mutated cells have an altered
expression of factors that are crucial for ECM remodeling, such as thrombospondin 1, CD44,
fibronectin, cathepsin B, TGF-β1, collagen 1, and LOX [117,131,132]. Indeed, the ECM of
BRAFV600E TCs has a composition and stiffness that promote the EMT of TC cells and
enhances the stem-like phenotype of CSCs. Moreover, the alterations induced by BRAF
hyperactivation also induce a more acidic TME that also contributes to the induction of an
undifferentiated cell phenotype [199].

Moreover, BRAFV600E also significantly induces HIF1a in a hypoxia-unrelated way,
and through TIMP-1 activation, synergizes with HIF1A itself to promote metastatic po-
tential and a stem-like phenotype [200,201]. Similar alterations are also found in TC with
PTEN loss, though fewer studies support these findings [117].

Alterations in p53 activity that are usually found in less differentiated TCs can deeply
influence the CSCs phenotype and maintenance in different ways, from metabolic repro-
gramming to immune evasion. Even if p53 loss-of-function mutations are characteristic
only of the less differentiated TCs, the proinflammatory TME induced by bulk cancer
cells can suppress p53 function with various mechanisms. For instance, the activation of
pathways such as NOTCH, WNT/b-catenin, and Hedgehog contribute to CSC stemness
maintenance by suppressing p53 expression [202–206].

Indeed, p53 activity is critical for the maintenance of cell proliferation and differentia-
tion, where the loss of p53 functionality promotes the dedifferentiation and maintenance
of CSCs [207]. In addition, p53 suppression has also been reported in the thyrosphere
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generated from wild-type p53 TCs [208], and the inhibition of p53 is also fundamental in
the reprogramming process that allows for the generation of induced pluripotent stem-cells
(iPS) cells [209–212].

Another mechanism by which p53 loss promotes stemness is the upregulation of
Twist1 and Snail2 expression, which are two important regulators of the EMT process that
promote the generation of CSCs through the dedifferentiation of cancer cells [213,214].
Moreover, p53 can also regulate CD44 expression by modulating its alternative splicings
through the RNA-binding protein ZMAT3 [215].

Furthermore, a loss of p53 functions promotes the metabolic switch from cellular
respiration to glycolysis known as the Warburg effect [216,217]. This is fundamental
for the survival of CSCs in the altered tumor microenvironment, and especially in the
hypoxic niches.

Lastly, epigenetic alterations also play a role in CSC maintenance, but this area has been
scarcely investigated in TC. A significant number of genes with abnormally methylated
promoters in TC are involved in the regulation of the MAPK pathways controlled by RAS,
BRAF, and PI3K, and can act as regulators of the EMT [218–220]. In addition, in FTC,
hypermethylation of the E-cadherin promoter has been reported and was hypothesized to
be a further mechanism of the EMT [221,222]. A similar mechanism is also responsible for
the suppression of thyroid differentiation markers, such as NIS and TTF1 [223,224].

5. Therapeutic Targeting of CSCs and TME Crosstalk

Because CSCs are the main cause of therapy resistance and disease relapse, in recent
years, different strategies to target these cancer subpopulations have been developed.
Indeed, CSC-targeting therapies rely mostly on three different strategies: the inhibition of
CSC stem factors, the modulation of CSCs and TME crosstalk, and the promotion of CSC
differentiation [225] (Figure 3 and Table 3).
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Table 3. Compounds that act against CSC-related pathways.

Pathways Compound Cancer Type Clinical Trials

CD44 H90, P245, H4C4, RO5429083,
SPL-108, AMC303 Ovarian, solid tumors

NCT01358903,
NCT03078400,
NCT03009214

CD133 BsAb Glioblastoma NCT03085992

Nanog BBI503 Hepatocellular, advanced
solid tumors

NCT02483247,
NCT01781455,
NCT02279719

EpCAM Catumaxomabr (emovab) Ovarian NCT00189345

Notch
MK-0752, RO4929097,

LY3039478, AL101,
CB-103, BMS-906024

Pancreatic, breast, melanoma,
hematologic malignancies

NCT00106145,
NCT01098344,
NCT00645333,
NCT01196416,
NCT01232829,
NCT02836600,
NCT02518113,
NCT03422679
NCT01363817

Wnt Vantictumab, Ipafricept Pancreatic, ovarian,
hepatocellular, breast

NCT02050178,
NCT02092363,
NCT02069145,
NCT01973309,
NCT02005315

B-catenin PRI-724, CWP232291 Pancreatic,
hematologic malignancies

NCT01606579,
NCT01764477,
NCT01398462,
NCT02426723

FAK Defactinib/VS-6063, VS-4718 Lung, ovarian,
non-hematologic

NCT01951690,
NCT01778803,
NCT02004028,
NCT01849744

JAK/STAT Ruxolitinib, AZD4205,
SAR302503, BBI608

Breast, glioblastoma,
hematopoietic

malignancies, pancreatic

NCT01594216,
NCT00952289,
NCT03450330,
NCT01523171,
NCT02178956,
NCT02315534,
NCT02352558,
NCT02231723

EGFR Bevacizumab, Matuzumab Breast, gastric NCT01190345,
NCT00215644

HIFs PX478, Topotecan Solid tumors,
lymphoma, ovarian

NCT00522652,
NCT01600573,
NCT00194935,
NCT02963090

AMPK Metformin Ovarian, lung NCT01579812,
NCT01717482

CXCR4
Plerixafor, BL-8040, BKT140,

BMS-936564, LY2510924,
USL311, AMD3100

Pancreatic, glioblastoma,
hematologic malignancies

NCT02179970,
NCT02907099,
NCT02765165,
NCT00512252

TGF-β
Galunisertib, LY3200882,

Trabedersen, Fresolimumab,
Vactosertib, NIS793

Prostate, colorectal,
pancreatic, breast, melanoma,
hepatocellular, glioblastoma

NCT02452008,
NCT04031872,
NCT00844064,
NCT01959490,
NCT00431561,
NCT00356460,
NCT02947165
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The first approach is the use of different molecules that directly target the
pathways necessary for CSC survival, alone or in combination with more classical
anticancer drugs [226,227].

In this sense, tyrosine kinase inhibitors (TKIs) are the more studied compounds,
as they can inhibit different pathways that are involved in either cell proliferation or
stemness acquisition. TKIs against the EGFR pathway are the most studied, as many CSC
characteristics, such as quiescence, glycolytic metabolism, and immunosuppressive activity,
are modulated by EGFR and its downstream target STAT3 [228,229]. Indeed, STAT3 is
required for the survival of CD133+ TC cells, and inhibition of this transcription factor
suppresses CSC tumorigenesis in vitro and in vivo [49].

Another pathway that has recently been explored for CSC targeted therapy is the
Wnt/β-catenin one, together with its interactors NHERF1 and PTEN [230].

For example, Defactinib, which was developed first as a FADK1/2 inhibitor, was
shown to directly target CSC survival through the modulation of β-catenin localization and
activity [231]. Moreover, different inhibitors of Wnt and β-catenin are actually undergoing
phase I and II clinical trials.

Besides TKIs, different compounds that were previously developed for other diseases
had shown in vitro and in vivo efficacy against CSCs, principally by modulating their
metabolism. For example, Lovastatin, which is an inhibitor of hydroxymethylglutaryl
coenzyme A reductase, is able to target CSCs in mammary tumors due to its intrinsic
mechanism of action [232,233].

Similarly, other statins and metabolically active drugs, such as metformin and mena-
dione, efficiently target CSC survival in different cancer types [234–236].

As CSCs are a highly heterogeneous population that exist in a dynamic equilibrium
between different differentiation states, they could easily escape one of the targeted ther-
apies mentioned above, thus explaining the therapeutic failure of some TKIs. Moreover,
conventional anticancer therapies are not only not effective against CSCs but can also
induce CAFs to secrete different chemokines that indeed support CSC survival, thus finally
resulting in relapses that are more aggressive than the original tumor [129]. Nevertheless,
CAFs are a more stable population that is easily identifiable, and at the same time, the
paracrine factors that they secrete are a fundamental support for CSCs. For these reasons,
the disruption of the crosstalk between CSCs and CAFs by directly targeting the molecular
signaling pathways involved may be successful.

For example, a gastric CSC population was significantly suppressed by TGF-β inhibi-
tion [237,238]. Unfortunately, although TGF-β secretion is dysregulated by the frequent TC
BRAFV600E mutation, no clinical studies have been performed for TC in this sense.

Moreover, as previous studies revealed that c-Met silencing inhibits the metastatic
potential of TC CSCs [21], this could be another potential target. Indeed, c-MET and
β-catenin pathways are both regulated by CAF-secreted HGF and WNT [239,240], and
their inhibitors are under investigation in phase I clinical trials [241,242].

The inhibition of IL-6 activity by specific antibodies in combination with chemotherapy
successfully induced an almost complete regression in a PDX model of breast cancer by
interrupting the inflammatory loop between the IL-6 and STAT-3 responsible for the EMT
and stemness maintenance [243]. Besides IL-6, molecules that act against its downstream
pathway are another opportunity for directly targeting CSCs and simultaneous inhibition
of CSC–CAF crosstalk. Moreover, different molecules that disrupt the CSC–immune cells
crosstalk are actually under investigation. For example, compounds targeting CXCR4
effectively induced remission in hematopoietic cancers.

6. Conclusions

Although TC is a manageable disease in the majority of the cases, the more aggressive
and less differentiated types are still highly lethal diseases. The discovery of CSCs and
the complex dynamics that exist in the tumor microenvironment and highly specialized
niches may explain how TC subpopulations can survive different anticancer drugs, leading
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to disease recurrence and therapeutic failure. Despite the CSC–TME interplay being well
studied for other cancer types, this field is still evolving for TC, with some important
studies that identified the TC CSCs but with scarce knowledge of the TME complexity.
The understanding of the heterogeneous biology of TCs will prompt the development of
more specific therapies, which can be directed not only against the cancer cell bulk but also
aimed at disrupting the crosstalk between CSCs and the different components of the TME,
and finally allowing for the complete eradication of the disease.
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