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1. Thyroid cancer

Thyroid cancer is a common type of endocrine malignancy and its incidence in the last 50 years is
increasing significantly and it is project to become the fourth leading type of tumor in the world (Kim
et al.; 2020). The substantial increase of this disorder is likely associated to an increased use of
imaging techniques, biopsy procedures and proactive screening programs (Bible et al.; 2016).
Different risk factors for thyroid cancer have been identified, such as patients’ age, sex, ethnicity and
family history of thyroid cancer, exposure to ionizing radiation and obesity. Another important factor
that can contribute to the increasing incidence of thyroid cancer is cigarette smoking that can reduces
levels of thyroid hormones and estrogens and decreases the prevalence of serum thyroid
autoantibodies (Kitahara et al.; 2016).

There are several histological types and subtypes of thyroid cancer with different cellular origins,
characteristics and prognoses. Thyroid cancers can derive from two type of thyroid cells: follicular
cells and parafollicular C cells.

Thyroid tumors that origins from follicular cells are classified in specific cancer subtypes including:

e Well-differentiated thyroid cancer (WDTC), that is the most frequent neoplasm of the
endocrine system (more than 95% of cases) with a favorable prognosis and generally cured by
surgery and radio-iodine (Cabanillas et al.; 2016). WDTC are represented by papillary thyroid
carcinoma (PTC, ~85% of the cases) (Siegel et al.; 2017; Durante et al.; 2018), follicular thyroid
carcinoma (FTC, ~15%), (Fagin et al.; 2016) and hurthle cell thyroid cancer (HCC). HCC has a
frequency of ~3% to 5% of all types of thyroid cancer, according to the World Health
Organization (WHO) (DeLellis et al.; 2004).

e Poorly differentiated thyroid cancer (PDTC) represents ~5% of cases, both morphologically
and prognostically, occupy an intermediate position between differentiated (follicular and

papillary) and undifferentiated thyroid carcinomas (Patel et al.; 2014).



e Anaplastic thyroid cancer (undifferentiated) (ATC) constitutes less than 5% of
thyroid malignancies with a mortality rate that is over 90% and a mean survival time of
~3-6 months after the diagnosis. ATC is defined by the WHO as a highly malignant
tumor completely or partially composed of undifferentiated cells (Smallridge et al.;

2012).

PDTC and ATC can develop de novo or derive from differentiated thyroid cancer (Cabanillas

et al.; 2016).
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Figure 1. Classification of thyroid carcinogenesis. Scheme of dedifferentiation of
follicular cell-derived thyroid carcinoma with main histological features



Parafollicular C cell-derived medullary thyroid cancer (MTC) represents ~ 3-5% of thyroid
malignancies, is a neuroendocrine tumor and is generally sporadic, only 20-30% of MTC

cases are familial (Ceolin et al.; 2019).

1.1 Morphological and clinical features of follicular cell derived thyroid cancer

Papillary thyroid carcinoma (PTC) is the most frequent type of thyroid cancer (~85-90% of cases)
whose incidence is on the rise. PTC can occur at any age, the mean age is about 40 years, and they are
more frequent in the women respect to men. They are typically characterized by a favorable prognosis
with less than 2% mortality at 5 years and are cured by surgery and radiotherapy (RAI) (Kitahara et
al.; 2019). Histological features of PTC are papillary structures with a central fibrovascular axis and
typical nuclear modifications known as "ground glass”, pseudo inclusions and nuclear
measurements.There are other different PTC variants that are particularly aggressive and associated
with higher tumor stages and lymph-node metastases at diagnosis. These variants are the tall cell
classical variant, columnar, hobnail and solid variants (Filetti et al.; 2019)

Follicular thyroid carcinoma (FTC) represents ~ 10 to 15% of all thyroid cancer (Fagin et al.,
2016). FTCs are defined by the World Health Organization as malignant epithelial tumors, and
histologically has three subtypes: minimally invasive FTC (encapsulated and with invasion only of
the capsule); encapsulated angioinvasive FTC and widely invasive FTC (Fugazzola et al.; 2019). The
prognosis of patients with these cancers depends of different factors such as age of patients, size and
subtype of tumor (James et al.; 2016).

Hurtle cell thyroid carcinoma (HCC) is characterized by an aggressive growth and it is associated
with a higher rate of distant metastases. Hurtle cells carcinoma presents chromosomal losses and
mitochondrial DNA mutation. HCC cells are large, polygonal with high eosinophilic and granular
cytoplasm. HCC, histologically, is subdivided into 2 groups: minimally invasive or widely invasive.

Minimally invasive carcinomas are encapsulated tumors with capsular or vascular invasion, while,
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widely invasive tumors have extensive vascular invasion and extrathyroidal invasion (Montone et al.;
2008).

Poorly differentiated thyroid carcinoma (PDTC) is a follicular thyroid neoplasm. They are
characterized by a solid-trabecular-insular pattern of growth, high mitotic rate and tumor necrosis. In
PDTC are frequent vascular invasion, distant metastases. These carcinomas have also a poor response
to radioiodine therapy and have a 5-year overall survival rate of ~60-85% (Fugazzola et al.; 2019).
Anaplastic thyroid carcinoma (ATC) has an incidence of ~ 1.7% and mortality rate of ~ 33%-50%
(Jayarangaiah et al.; 2019). It represents the most rare and aggressive form of human cancer with
poor prognosis and a mean survival time of 4 months after the diagnosis (Pozdeyev et al.; 2020).
ATC is unresponsive to radioactive iodine treatment and is characterized by rapid tumor growth, local
invasion and high rate of distant metastasis. Indeed, ATC is associated with a high morbidity and
mortality; most of the patients are classified as stage 1V at the moment of diagnosis (Tiedje et al.;
2018). In the recent years, the identification of new molecular determinants of ATC, have led to

several clinical trials for development of new target therapies.

1.2 Genetic alterations in papillary thyroid carcinoma

Thyroid tumorigenesis and progression are associated to different driver mutations of the mitogen-
activated protein kinase (MAPK) and phosphoinositide 3-kinase (PI3K) signaling pathways. In
particular, in PTC, common genetic alterations include point mutations in the BRAF (~62%) and
RAS genes (~13%), and chromosomal rearrangements of the RET proto-oncogene (~7%).
Uncommon molecular alterations in PTC are NTRKS3 fusion in ~1.5%, NTRK1 fusion in ~1.3%, and
TERT promoter in ~9% of cases.

Studies have shown that there is a correlation between the oncogenic genotype and histopathology

phenotype of thyroid cancer (Haroon et al.; 2019).



BRAF is a human gene that encodes a serine/threonine protein kinase B-RAF (Li et al.; 2015; Fagin
et al.; 2016). BRAF can be activated by point mutations, small in-frame deletions or insertions or by
chromosomal rearrangement. The most common oncogenic mutation in BRAF is thymine to adenine
transversion at position 1799 (T1799A) resulting in the substitution of valine by glutamate at residue
600 (V600E). This mutation causes constitutive activation of BRAF kinase and uncontrolled activity
of the MAPK signaling pathway. This mutation is detected in ~ 60% of all PTCs. BRAF-V600E
mutation is associated with highly aggressive clinical-pathological features of thyroid cancer such as
the presence of distant metastases, local invasion, low expression of thyroid differentiation marker,
recurrence and loss of the ability to capture radioactive iodine (Luzon-Toro et al.; 2019).

RET proto-oncogene, was identified in 1985, it is located on chromosome 10q11.2 (Takahashi et al.;
1985). It encodes a tyrosine kinase transmembrane receptor implicated in the signaling pathway of
the glial derived neurotrophic factor family (Mulligan et al.; 2014).

In PTC, RET rearrangement derived from genetic recombination between the tyrosine kinase domain
of the RET gene located on the 3’ and 5’terminal of various partner genes (Santoro et al.; 1994).
There are more of than 10 types of RET-PTC rearrangements, the main are RET/PTC1 and
RET/PTC3, accounting for more than 90% of all the rearrangement. The partner genes for RET/PTC1
and RET/PTC3 are the coiled-coil domains containing gene 6 (CCDCB, also known as H4) and the
nuclear receptor co-activator gene 4 (NcoA4, also known as ELE1) respectively. RET-PTC
rearrangement cause constitutive tyrosine kinase activity of RET and these mutations are particularly
frequent in classical PTC and in follicular variant PTC (Xing M et al.; 2013). To date, the frequency
of these mutations in the PTC patients are ~10-20%. Increase levels of RET fusion protein are
associated with an aggressive phenotype as regional invasion and lymph-node metastasis (Luzén-
Toro et al.; 2019).

The RAS genes (HRAS, NRAS and KRAS) includes a family of GTP binding proteins that are
involved in the activation of the MAPK and PI3K pathway signaling and regulated cell

differentiation, proliferation and survival. The most common RAS mutation was found in codon 61
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of NRAS followed by KRAS. Other mutations have been identified in codons 11 and 13 of RAS
genes (Abdullah et al.; 2019).

Single nucleotide changes in the promoter region of TERT (C228Tand C250T) are found in ~9% of
PTC. The change generates de novo consensus binding motifs for MAPK-dependent ETS (E-twenty-
six) transcription factors (Melo et al.; 2015). TERT promoter mutations, together BRAF mutations
are associated with high tumor aggressiveness and mortality. Other chromosomal rearrangements
have been found in ~5% of PTCs, and involve the gene coding for the NTRK1 tyrosine kinase
receptor of NGF (Nerve Growth Factor). This rearrangement leads to the ectopic expression of the
receptor and its constitutive activation.

Recently DNA sequencing of 500 cases of PTC and genomic analysis by the Cancer Genome Atlas
have confirmed the main mutations that confer a selective advantage to the thyroid cancer cell and
have also identified new mutations that affect the ALK, NTRK3, MET, FGFR2, EIFIAX, THADA
and the LTK genes (Cancer Genome Atlas; 2014).

Finally, a thyroid specific transcription factor, FOXE1, play an important role in thyroid progression
because it regulates cellular differentiation. In PTC is also demonstrated that the loss function of this
transcription factor induces an increase of different genes such as: ADAMTS9, CDH1, DUOX2 and

S100A4 (Penna-Martinez et al.; 2014).
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1.3 Genetic alterations in follicular thyroid carcinoma

FTC is characterized by RAS point mutation (~49% of cases) that affect the GTP binding domain
(exon 2, codons 12 or 13) or the GTPase domain (exon 3, codon 61). This mutation leads to a loss of
its function.

Another important mutation present in FTC is the PAX8/ PPARy rearrangement (~30-58% of cases).
In FTCs, PAX8-PPARY has been associated with female gender, younger patient age, high cellularity
and locally invasive features. PAX8-PPARy positive FTCs may have a lower risk of distant
metastases than tumors lacking the rearrangement.

Finally, in ~17% of FTC, TERT promoter mutation has been detected with a frequency that is higher
respect to PTC. This type of mutation is associated to poor prognosis in thyroid carcinoma (Haroon

et al.; 2019; Acquaviva et al.; 2018).

1.4 Genetic alterations in hurthle cell thyroid carcinoma

HCC is a thyroid tumor characterized by chromosomal losses and mitochondrial DNA mutations. In
particular DNA mutations involving complex | subunits of the electron transport chain while
molecular alterations associated with hirthle cell neoplasms include chromosomal rearrangement
such as CHCHD10-VPREB3, HEPHL1-PANXl.and TMEM233-PRKAB1. TERT promoter
mutations and TP53 mutations are common in HCC respect to PTC, indeed this type of tumor is more
aggressive compared with PTC. Also, mutations in RAS and BRAF genes can occur in HCC with a

low frequency (~5% and 9-15% respectively) (Gopal et al.; 2018; Ganly et al.;2018).
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1.5 Genetic alterations in poorly differentiated thyroid carcinoma and anaplastic thyroid

carcinoma

PDTCs have genetic features intermediate between well-differentiated and ATC. The main driver
mutations in PDTC and ATC are BRAF and RAS mutation, occurring in ~ 33% and ~ 45% of PDTC
and in ~ 29% and 23% of ATC respectively. Additionally, somatic mutations in the promoter of the
TERT (Telomerase Reverse Transcriptase) gene have been described as highly recurrent in PDTC
and ATC (40% and 73% respectively) respect to PTC and FTC (Haroon et al.; 2019).

For anaplastic transformation, genetic alterations in the PI3K pathway, TP53, and the TERT promoter
are necessary. Activing mutations in the PIK3CA (phosphatidylinositol-4, 5-bisphosphate 3-kinase,
catalytic subunit alpha) gene are also common in ATC (Charles et al.; 2014). Amplification of the
PIK3CA genomic locus in 3926 are mostly found in ~40% of ATC suggesting that these genetic
alterations plays an important role in the progression and aggressiveness of thyroid cancer (Xing et
al.; 2013). Importantly, the over-activation of the PI3K-AKT pathway can be induced by PTEN
inactivation, including PTEN promoter methylation, deletion or point mutations that occur in ~10—
20% of ATC (Nucera et al.; 2011). TP53 mutations have been detected in ~ 80% of ATCs, while in
PDTC its frequency is ~ 10%. p53 gene encodes for a nuclear transcription factor that plays a central
role in cell cycle regulation, DNA repair and apoptosis (Haddad et al.; 2015; Xu et al., 2016).
Anaplastic lymphoma kinase (ALK) fusions were reported infrequently in ATC. ALK is a tyrosine
kinase receptor involved with the activation of both the MAPK and PI3K-AKT pathways. The most
common fusion is between ALK and the Striatin (STRN) gene, which leads to constitutive activation
of ALK kinase, inducing tumor formation (Kelly et al.; 2014). In addition, two point mutations have
been identified (ALK L1198F and ALK G1201E) that result in increased tyrosine kinase activity
(Murugan et al; 2011).

EZH2, is a histone lysine-methyl-transferase that is over-expressed in ATC. EZH2 is involved in cell
proliferation and differentiation. When EZH2 is over-expressed, histone methylation is altered,

silencing the PAX8 gene and leading to an aggressive phenotype. Several studies have shown that
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histone deacetylation plays a role in ATC pathogenesis. Indeed, most ATC show over-expression of
histone deacetylases (HDACS). Less acetylation of histones leads to an altered expression of proteins

involved in the regulation of cell cycle and proliferation (Lin et al.; 2013).

Furthermore, PDTC and ATC are characterized by high frequency of TERT promoter mutation
(~40% and ~ 73%) (Haroon et al.; 2019). TERT promoter mutations seem to occur prevalently in
those tumors harboring mutated BRAF or RAS, suggesting that TERT alteration is acquired later
during tumor development and may deliver a functional advance to BRAF or RAS driven tumors by
enabling acquisition of additional genetic defects leading to disease progression (Liu et al.; 2014).
Mutations in the CTNNBL gene have been found in ~ 20% of ATCs. CTNNBI gene encodes for 8
catenin, a cytoplasmic protein. CTNNBL1 is a major component of the E-cadherin cell-cell adhesion
complexes and plays an important role in the epithelial-mesenchymal transition process
(Sasanakietkul et al.; 2017).

In PDTC and ATC have also been identified mutations in different tumor suppressor genes, such as
ATM, RB1, MEN1 (~ 0%-9%). Mutations in DNA mismatch repair (MMR) genes were identified in
ATC and this mutation may arise through BRAF/RAS independent mechanism indicating that this
represents a novel and independent mechanism of aggressive thyroid cancer pathogenesis (Haroon et
al.; 2019).

Kunstman et al, through the sequencing of 22 ATC specimens, identified other mutations in the tumor
suppressors NF1 and NF2, and in the mTOR gene. Additionally, many novel genetic alterations in
cell cycle genes were found in ATC. In particular, inactivating mutations in negative cell cycle
regulators CDKN2A and CDKNZ2B and copy number gains of CCNE1 required for cell cycle G1/S
transition, were highly frequent in ATC (~ 29%). These mutations are associated with the rapid
growth of ATC. Moreover, mutations in genes encoding components of the SWI/SNF chromatin

remodeling complex and histone modification genes are frequently seen in aggressive thyroid
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carcinoma including in poorly differentiated and anaplastic thyroid cancer, proving the important role

of epigenetic mechanisms in anaplastic transformation.

Finally, Pozdeyev and colleagues observed several novel mutations in ATC such as CD274 (PD-L1),

PDCD1LG2 (PD-L2), and in the non-receptor tyrosine kinase JAK2 (Pozdeyev et al.; 2020).

In Table 1 are reported the main morphologic characteristics and the main molecular mutations in

follicular cell derived thyroid cancer.

Tumor type Histologic characteristic Main Molecular Alterations
Papillary architecture and nuclear BRAF (~ 62%)
PTC features that include oval shape, RAS (~13%)
overlapping, inclusion and
grooves.
Hypercellular and microfollicular RAS (~49%)

FTC patterns. Vascular or capsular PAXB8/PPAR, (~30%-52%)
invasion and propensity for the TERT promoter (~17%)
metastasis via the blood stream
More aggressive growth and is TP53 (~7%-12%)

HCC associated with a higher rate of TERT promoter (~22%-27%)

distant metastases. Cells are RAS (~9%-15%)
large, polygonal with high
granular cytoplasm
Poorly differentiated, BRAF (~33%)
PDTC intermediate characteristics RAS (~45%)
between PTC and ATC TERT promoter (~40%)
TP53 mutation (~59%)
Undifferentiated. Pleomorphic BRAF (~29%)
ATC giant and epithelioid cells. RAS (~23%)
Presence of metastases. TERT promoter (~73%)
PIK3CA (~40%)
P53 (~80%)

Table 1- Types of follicular cell derived thyroid cancer and their mutational profiles (modified from

Haroon et.al.; 2019).




1.6 Targeted therapy for thyroid carcinomas

Most cases of differentiated thyroid cancer of follicular cell derivation are characterized by good
prognosis and good response to surgery and radioactive iodine (RAI) therapy. Nevertheless, ~15% of
differentiated thyroid carcinomas develop advanced disease or distant metastatic and become resistant
to all therapies. The majority of patients with ATC die from aggressive local regional disease,
primarily from upper airway respiratory failure. Anaplastic thyroid cancer cells lose expression of
epithelial cell marker and are characterized by the absence of sodium/iodide symporter NIS.

For this reason, this type of carcinoma has a poor response to radioiodine therapy. In these patient
palliative therapy is often the only option. The Food and Drug Administation (FDA) approved two
multikinase inhibitor, sorafenib and lenvatinib for these tumors. Lenvatinib targets VEGFR, FGFR,
PDGFR, RET and sorafenib has its effects on VEGFR, RET, and RAF (Fagin et al.;2016).
Vemurafenib and dabrafenib are other two selective BRAF inhibitors, that can restore RAI uptakes
and efficacy, showing a partial response in 38% of patients with metastatic or unresectable (Brose et
al.; 2016).

Another class of antineoplastic agents are histone deacetylase inhibitors that can induce cell
differentiation, cell cycle arrest, and apoptosis (Smith et al.; 2015). Recent preclinical studies have
shown the efficacy of the CDK4/6 inhibitor LEE011, known as ribociclib, in preclinical models of
ATC, as well as FTC and PTC. Ribociclib was found to reduce tumor growth via suppression of the
RB-E2F1 pathway (Lee et al.; 2018).

Therefore, an effective therapy in the treatment of thyroid tumors may be a multidisciplinary approach
based on a radical surgery followed by adjuvant chemo and target therapy and external beam

radiotherapy (Perri et al.; 2014).
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AIMS OF THE STUDY

Based on the background described it seems particularly important to determine the molecular
mechanism underlying thyroid cancer progression. This could led to the identification of new
molecular biomarkers and target for thyroid cancer therapy.

Thus, the aim of my PhD work was to identify new molecular determinants involved in thyroid cancer
progression. In particular my studies focused on two proteins: the tumor suppressor TUSC2 and the
adhesion molecule JAM-A.

The specific aims were as follow:

1) Study the molecular mechanisms induced by TUSC2 in thyroid cancer cells.

2) Study the role of the JAM-A protein as a novel marker of EMT in thyroid cancer.
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2. Role of TUSC2 in human carcinogenesis

The Tumor Suppressor Candidate 2 (TUSC2), also known as FUS1, as a tumor suppressor role in
several human cancers.

Previous studies, conducted in my research laboratory on thyroid cancer, showed that the expression
of TUSC2, evaluated by immunohistochemistry, was decreased in anaplastic thyroid sample (n = 40)
compared to papillary thyroid samples (n = 20) and to normal thyroid samples (n = 37) (Orlandella
et al.; 2016). Based on these results, during my PhD work, | studied the biological function of TUSC2
in thyroid cancer cells in order to clarify its role as novel potential biomarker for thyroid cancer and
to underpin the molecular mechanisms activated in thyroid cancer cells.

TUSC2, is located in a region on chromosome 3p21.3 that is homozygously deleted in some lung and
breast cancers. Loss or reduction of TUSC2 mRNA expression has been observed in ~80% of non-
small cell lung cancers (NSCLCs) and in 100% of small cell lung carcinomas and this loss was
attributed to 3p21.3 deletion and was associated with a poor prognosis (Prudkin et al.; 2008). Genes
in the 3p21.3 region are associated with cell differentiation, cell proliferation, ion exchange,
transportation, apoptosis, and cell death (Ji et al.; 2005).

Studies in vivo have demonstrated that overexpression of TUSC2 significantly inhibits tumor growth
and progression in mouse models and that TUSC2 knockout mice show an increased frequency of
spontaneous cancers (lvanova et al.; 2007). Loss of TUSC2 expression at the mRNA and at protein
levels was observed in various type of human tumors such as mesothelioma (lvanova et al.; 2009),
esophageal carcinoma (Zhang et al.;2013), sarcomas (Li G et al.; 2011) and glioblastoma (Xin et al.
:2015).

TUSC2 protein contains 110 amino acids and is located in mitochondria and in cytoplasm (lvanova
et al.; 2009). Published studies suggested that TUSC2 encodes a multifunctional protein that play an
important role in many cellular processes. TUSC2 has been shown to induce G1 cell cycle arrest and

apoptosis, to regulate calcium signaling because it has a binding calcium domain, to modulate the
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function of different kinases such as EGFR, PDGFR, AKT and c-ABL kinases and to affect gene
expression (Rimkus et al.; 2017).

In literature it was reported that TUSC2 expression is negatively regulated by different microRNA.
The 3’untranlated region (UTR) of TUSC?2 is highly conserved, strongly suggesting that it plays an
important role in regulating TUSC2 expression. In particular, in lung cancer, miR-93, miR-98, and
miR-197 were capable to target the 3'-UTR region of the TUSC2 and deletion of these miRNAs target
sites in the TUSC2 3-'UTR rescue the expression of TUSC2 protein (Du et al.; 2009).

Additionally, Lee et al, have identified a microRNA that binds to 3-UTR of the TUSC2 transcript
and represses its translation: miR-378. They have shown that expression of miR-378 improves cell
survival, reduces caspase-3 activity, and promotes tumor growth and angiogenesis in glioblastoma
cells (Lee et al.;2007).

In Figure 2 are reported the main pathways that are regulated by TUSC2.
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Figure 2. TUSC2 regulation of cellular processes and signaling pathways. Schematic summary of the
diverse cellular processes regulated by TUSC2, including cell cycle arrest, apoptosis, calcium homoeostasis,
oxidative stress response, immune response, miRNA expression, transcriptional regulation, p53/MDM
pathway, and tyrosine and Ser/Thr kinases (Rimkus et al.; 2017).
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Emerging evidence proposes that the restoration of TUSC2 expression represent an important strategy
to inhibit tumor growth and tumor progression in lung cancer (Rimkus et al.; 2017). To translate these
finding into clinical applications for molecular cancer therapy, a TUSC2 expressing nanoparticle has
been developed with the aim of treating patients with lung cancer. Nanoparticles have been reported
to deliver drugs and siRNA to tumors in humans. Preclinical studies in human lung cancer have
demonstrated that combination treatment with TUSC2 nanovesicles and EGFR inhibitor inhibited
tumor growth and metastasis (Lu et al.; 2012).

Studies conducted by Deng et al., have demonstrated that TUSC2 restoration can potentiate the
properties of cisplatin in NSCLC through downregulation of MDM2, accumulation of p53 and
activation of the Apaf-1-dependent apoptosis pathway (Deng et al.; 2008).

Finally, since TUSC2 is capable to inhibit mTOR activation, a recent study reported that TUSC2
restoration rendered tumors more responsive to the mTOR inhibitor rapamycin in combination with

erlotinib (Xiaobo et al.; 2016).
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2.1 Role of JAM-A in human carcinogenesis

Among thyroid cancers, ATC represents the most aggressive form for which efficient therapies do
not exist.

It’s known that the epithelial-mesenchymal transition (EMT) represents an important mechanism
involved in thyroid tumor progression and that the proteins involved in this process could represent
potential novel molecular targets for treatment of these tumors.

During my PhD, | have studied the molecular mechanisms underlying the EMT process in thyroid
carcinoma.

EMT is a complex process that leads, during tumorigenesis, to the loss of epithelial proprieties in
polarized cells, and the acquisition of a mesenchymal phenotype that promotes tumor invasion and
metastasis. This process is regulated by transcription factors that belong to SNAIL, TWIST and ZEB
proteins’ families that play an important role in neoplastic progression, from the first stages to tumor
invasion, dissemination and metastatization (Singh et al.; 2017).

These transcription factors are also involved in the resistance to anti-neoplastic therapy (Brabletz et
al.; 2018). Among the EMT responsible genes, there is a family of proteins involved in the formation
of Tight Junctions (TJs) whose expression is altered in different tumors including thyroid carcinoma
(Gonzalez-Mariscal et al.; 2007).

TJs are cellular junctions located in the most apical area of epithelial or endothelial cells and can be
sub-divided into the integral membrane and cytoplasmic proteins. TJ perform different functions, in
particular regulate the permeability of solutes between adjacent cells and direct the lateral diffusion
of proteins within the lipid bilayer (Runkle et al.; 2013).

Junctional Adhesion Molecules A (JAM-A, also Known as F11R) belong to immunoglobulin
superfamily of adhesion molecules (Chiba et al.; 2008). Three different proteins have been identified
as belonging to this superfamily: JAM-A, JAM-B and JAM-C which share ~ 32-38% homology

(Aurrand- Lions et al.; 2000; Martin-Padura et al.; 1998). In particular, JAM-A is located near the
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junctions of endothelial and epithelial cells and is predominately expressed in endothelial cells, in
epithelial tight junction, in neutrophils and lymphocytes. JAM-A was originally described as a
receptor capable of binding to a monoclonal antibody that can induce platelet aggregation
(Steinbacher et al.; 2017). JAM-A is an important regulator of the polarity of epithelial and
endothelial cells and participates in different process including regulation of EMT activation of
platelets, transmigration of monocytes and angiogenesis (Keiper et al.; 2005). JAM-A is composed
of an extracellular domain capable of interacting with immunoglobulin antibodies (lg), a single trans-
membrane region and a small intracytoplasmic piece that ends with a PDZ (Platelet Derived
Zimogen) domain able to interact with cytosolic proteins (Liu et al.; 2010). Through the Ig domain,
JAM-A protein mediates the formation of cell-cell adhesions forming both homodimer and
heterodimeric interactions (binding to platelets or membrane integrin). The cytoplasmic domain,
although it doesn’t have catalytic activity, plays a fundamental role for the biological activity of JAM-
A because it contains different interaction sites for different proteins. These proteins include Afadina,
Z0O-1, Z0O-2 (zonula occludens protein 1-2), CASK (calcium/calmodulin dependent serine protein
kinase), PAR-3 (partitioning-defective 3 homolog), MUPP1 (multiple PDZ domain protein), PICK-
1 (protein interacting with C kinase 1) and RAPGEF (Rap guanine nucleotide exchange factor 6)
proteins. In particular the interaction of JAM-A with the Afadina protein seems to regulate cell
migration, while the lack of interaction with the ZO-1 and ZO-2 proteins does not allow the assembly
of tight junctions (Steinbacher et al.; 2017).

In Figure 3 are shown the structure and the signaling model of JAM-A.
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Figure 3. Structure of JAM-A and JAM-A signaling model. JAM-A (crystal structure in blue) has two
extracellular lIg-like loops, the membrane distal domain D1 and the membrane proximal domain D2.
Dimerization of JAM-A is mediated through binding interactions with D1 and brings into close apposition two
PDZ-binding domains that facilitate the formation of PDZ containing scaffold protein complexes and
subsequent signaling events. b) Model of outside-in signaling through JAM-A that regulates epithelial cell
migration. In this model, dimerized JAM-A brings into close apposition Afadin/RaplA and PDZGEF2 to
activate RaplA. The active GTPase acts to stabilize cell surface 1 integrin protein and regulate cell migration
(Severson et al.; 2009).

JAM-A is deregulated in many aggressive and metastatic human tumors. Low expression of this
protein is associated with a poor prognosis in pancreatic, renal, gastric and melanoma tumors (Fong
et al.; 2012; Gutwain et al.; 2009; Kakuki et al.; 2016; Huang et al.; 2014), while overexpression of
JAM-A correlates with tumor progression and poor prognosis in non-small cell lung cancer and
testicular cancer (Zhang et al.; 2013; Tarulli et al.; 2013). Both overexpression and underexpression
of JAM-A has been observed in breast cancer. In fact, in one study it was shown that this protein
reduces the motility and invasiveness of tumor cell lines and its expression is inversely related to
aggressiveness in breast cancer tissue samples (Naik et al.; 2008). While in other works the increase
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of expression of JAM-A protein has been reported to be related to a poor prognosis in breast cancer

patients (McSherry et al.; 2009).
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RESULTS (1)

1. TUSC2 impairs proliferation and motility of thyroid cancer cells

To evaluate, in vitro, the biological function of the tumor suppressor TUSC2 in thyroid
carcinogenesis, anaplastic thyroid cells 8505C, expressing low level of TUSC2, was stably
transfected with the TUSC2 plasmid and the corresponding control vector (named Control Vector).
A mass population, expressing high level of TUSC2 was chosen to conduct functional experiments.
First, we asked whether, in these cell line, TUSC2 forced expression affects cell proliferation rate.
For this purpose, we have conducted a methyl tetrazolium compound assay (MTS) assay and we have

demonstrated that TUSC2 reduced proliferation in 8505C cells respect the control cells (Figure 1).
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Figure 1: TUSC2 overexpression reduced thyroid cancer cell proliferation. Cell proliferation was
measured by MTT assay. Absorbance was measured at O.D.490 nm every 24 hours for four days. The data are
average of three independent experiments + standard errors. *p <0.05, **p<0.01, ***p<0.001 (modified
from Mariniello et al.;2020).
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Finally, we studied the effects of overexpression of TUSC2, in 8505C cell line stably transfected, on
cell cycle progression by flow cytometry with propidium iodide (P1) staining. As shown in Figure 2a,
we have demonstrated that TUSC2 caused an accumulation of the cells in the G2/M phase. Then we
have also analyzed the expression level of proteins involved in the cell cycle regulation such as p21,
p27 and CDK®6. Through Western blot analysis we showed that p21 and CDK6 were decreased while

p27 expression was increased in 8505C cells transfected with TUSC2 plasmid respect to control

(Figure 2b).
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Figure 2: Overexpression of TUSC2 reduced cancer cell proliferation. a) Flow cytometry analysis in
8505C/TUSC2 cell line respect to cells transfected with control vector. b) Western blot of p21,p27 and CDKG6.
Tubulin was used as normalizer (modified from Mariniello et al.;2020).
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To evaluate the role of TUSC2 on migration and invasion ability we performed a wound healing and
Matrigel matrix assay respectively. For wound healing, a scraped wound was introduced on the
confluent monolayer of 8505C/TUSC2 cells transfected with specific plasmid or control vector, and
the cell migration was monitored for 24 hours. 8505C cell line transfected with the control vector

efficiently migrated into the wound; by contrast, cells transfected with TUSC2 show a reduced

migrating ability (Figure 3).
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Figure 3: TUSC2 forced expression reduced thyroid cancer cell migration. A wound was introduced on a
confluent monolayer of 8505C cells stably transfected with TUSC2 plasmid or Control Vector, and cell
migration into the wound was monitored for 24 hours. Wound closure was measured by calculating pixel
densities in the wound area and expressed as percentage + standard errors *p < 0.05 (modified from Mariniello

et al.;2020)

We, then, evaluated cell invasion in Matrigel matrix. To this aim the cells were plated on the surface
of Transwell coated with Matrigel matrix and after 24 hours the invaded cells were stained,
photographed and quantified. As shown in Figure 4, TUSC2 reduced ability to invade Matrigel in

8505C cells respect cells transfected with control vector.
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Figure 4: TUSC2 forced expression reduced thyroid cancer cell invasion. 8505C transfected cells were
seeded in the upper chambers of Transwells coated with Matrigel and incubated for 24 hours; the upper surface
of the filter was cleaned and cells on the lower surface were stained and quantified measuring absorbance at
550 nm (modified from Mariniello et al.;2020).

The obtained results indicate that TUSC?2 restoration decreased the migration and invasion of thyroid
cancer cell lines.
Furthermore, all these results were confirmed in TPC-1, another cell line that is derived from papillary

thyroid carcinoma (data not shown).
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2. ldentification of proteins activated by TUSC2 in response to apoptotic stimuli in thyroid

cancer cells

To investigate the molecular mechanisms through which TUSC2 acts, we analyze the effect of this
tumor suppressor in the apoptosis process. For this purpose, we treated the 8505C/TUSC2 and 8505C/
Control Vector cells with staurosporine (2.5 uM), for 24 hours. We have analyzed, concurrently, 43
human apoptotic markers through Proteome Profiler Human Apoptosis Array (R&D Systems).

The results shows that in 8505C/TUSC2 cells treated with staurosporine (STS), the expression levels
of the apoptotic proteins SMAC/DIABLO and CYTOCHROME C were increased respect control

cells (Figure 5). This data has been confirmed by western blot (data not shown).

Il C.Vecto

SMAC/DIABLOS TUsC2

CYTOCHROME CH

—

N & &b@ -:3"06
Pixel Density

Figure 5: TUSC2 forced expression increased SMAC/DIABLO and CYTOCHROME C protein levels.
8505C /TUSC2 and 8505C/ Control Vector were treated with 2.5 UM STS. After 24 hours from treatment
protein lysates were blotted on the Proteome Profiler Human Apoptosis Array nitrocellulose membrane.
Quantification of pixel intensities was performed with the ImageJ software program (version 1.50i). Pixel
density was normalized by subtracting the average background signal. (modified from Mariniello et al.;2020).
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3. TUSC2 silencing increased the malignant phenotype of the Nthy-ori 3-1 cell line

Furthermore, we silenced TUSC2 in Nthy-ori 3-1 cell line by using two different TUSC2 siRNA
(named 5 and 6) designed to specifically bind and inhibit endogenous level of this tumor suppressor.
After 72 hours of transient transfection, cells were screened by western blot for TUSC2 expression.
We performed, in these cell lines, the specular experiments to verify the previous results. We
evaluated migration capacity through Wound healing assay. In particular, the experiment was
performed 24 hours after transient transfection. As shown in Figure 6, silencing of TUSC2 increased

migration ability of Nthy-ori 3-1 cells respect to cells transiently transfected with Control siRNA.

si si
C. siRNA TUSC2-5 TUSC2-6

Figure 6: TUSC2 silencing increased migration ability of the Nthy-ori 3-1 cell line. Representative images
of scratch wound healing assay of Nthy-ori 3-1 transfected with sSiRNA of TUSC2 and respective vector control
(modified from Mariniello et al.;2020).
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Invasion assay in Matrigel matrix assay demonstrated that low expression level of TUSC2 increases
the ability of these cells to invade (data not shown).

Finally, I have evaluated the effect of silencing of TUSC2 on cell proliferation. To this purpose, Nthy-
ori 3-1 cell line, transiently transfected with sSiRNA TUSC-5 and siRNA TUSC-6 and relative control,
were treated with doxorubicin (for 48 hours) and staurosporine (for 24 hours) and a trypan blue assay
was performed. As shown in Figure 7, silencing of TUSC2 increase the cell number respect to the

corresponding control cells.
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Figure 7: TUSC2 silencing increase resistance to apoptosis in thyroid cancer cells. The Nthy-ori
3-1 cell line was transiently transfected with specific SIRNA. 24 hours after transfection, cells were
treated with 1 uM of DOXO for 24 hours or with 2.5 uM of STS for 24 hours. Successively cells
were stained with trypan blue and counted. The results represent the percentages of cells viability.

Values are the average of duplicate experiments + standard errors. ** p < 0.01 and *** p < 0.001
(modified from Mariniello et al.;2020).
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All together, these results established the role of TUSC2 as a tumor suppressor protein in human

thyroid carcinogenesis.

4. SMAC/DIABLO mediates in part TUSC2 effects

Finally, we asked if SMAC/DIABLO could mediate the biological phenotype induced by TUSC2.
To this aim, we silenced SMAC/DIABLO in 8505C/TUSC2 and in 8505C/C.Vector cells. Silencing
of SMAC/DIABLO was performed using two different sSiRNAS -5 and -6. Through cell viability
assay (Figure 8a) and wound healing assay we have demonstrated that silencing of SMAC/DIABLO

partially rescued the effect induced by TUSC2 (Figure 8b)
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Figure 8: Silencing SMAC/DIABLO partially rescues the TUSC2-induced phenotype in the 8505C cell
line. @) 8505C/C. vector and 8505C/TUSC2 cell lines were transiently transfected with the specific SiRNA of
SMAC/DIABLO. The day after transfection, the cells were treated with STS for 24 hours. After treatment cells
were stained with trypan blue and counted. b) 8505C/C. vector and 8505C/TUSC2 cell lines were transiently
transfected with the SMAC/DIABLO siRNA and, 24 hours post transfection, a scratch wound was generated
on the confluent monolayer. The wound closure was monitored for 24 hours and distance of scratch was
quantified by calculating pixel densities in the wound area and expressed as the percentage of wound closure.
Values represent the average of duplicate experiments+standard errors. **p< 0.01 and ***p<
0.001(Modified from Mariniello et al.;2020).

Finally we have confirmed all these results in Nthy-ori 3-1 cell lines. Initially we have silenced
TUSC2 (using TUSC2 siRNAs) and we evaluated the expression levels of SMAC/DIABLO and
CYTOCHROME C. According to the results shown below, the level of these apoptotic proteins

decreased in Nthy-ori 3-1 siTUSC2 respect to cells transfected with control siRNA (Figure 9).
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Figure 9: TUSC2 silencing decreased expression level of SMAC/DIABLO and CYTOCHROME C in
Nthy-ori 3-1 cell line. Immunoblotting of SMAC/DIABLO and CYTOCHROME C and a-Tubulin in Nthy-
ori 3-1 transiently transfected with TUSC2 siRNAs (modified from Mariniello et al.;2020).

Accordingly, Nthy-ori 3-1 cells transiently silenced for TUSC2 has been also transfected with a
SMAC/DIABLO encoding plasmid to evaluate migration ability through wound healing. As shown
in Figure 10, forced expression of SMAC/DIABLO reversed the motility effects induced by silencing
of TUSC2 in Nthy-ori 3-1 cells. These results suggest that SMAC/DIABLO is a mediator of TUSC2

biological effects in thyroid cancer cells.
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Figure 10: SMAC/DIABLO partially rescued the TUSC2 induced phenotype in the cell line. A wound
was made in a confluent monolayer of Nthy-ori 3-1 (co-transfected with siRNAs TUSC2 and SMAC/DIABLO
plasmid) cells by scratching using a pipette tip. After 24 hours, migrating cells was photographed (modified
from Mariniello et al.;2020).

Overall, the results obtained clarified a role of TUSC2 in thyroid cancer cells as possible novel
biomarker for thyroid carcinomas and as possible therapeutic target. Additionally, these results

demonstrated that SMAC/DIABLO is a mediator of TUSC2 induced effects in thyroid cancer cells.
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RESULTS (11)

1. Identification of EMT-related genes in thyroid carcinoma

To further dissect the molecular mechanisms involved in thyroid neoplastic transformation, during
my PhD, | focused my work on the study of the epithelial-mesenchymal transition (EMT) a key
process involved in neoplastic progression and metastatic dissemination (Montemayor-Garcia et al.;
2013).

The research group, where | performed my PhD work, decided to analyze the expression profile of
the genes involved in EMT, in order to identify new markers of thyroid cancer progression.

For this purpose, we used the EMT-Profiler PCR Array (Qiagen) to characterize the gene expression
profile of EMT-related genes in 9 anaplastic thyroid cancer (ATC), 11 papillary thyroid cancer (PTC),
and 9 normal thyroid tissues (NT). Through PCR array we analyze the expression of 84 genes whose
role in EMT is already known in the literature; in addition, the 84 genes are divided, by the

manufacture, into different groups based on their biological function (Table 2).
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Table 2: Functional groups of EMT-RT2 ProfilerTM PCR Array (provided of Qiagen) (Orlandella et

al.;2019).

Gene List

Extracellular
Matrix & Cell
Adhesion
Molecules

BMP1, BMP7, CDHL1 (E-Cadherin), CDH2 (N-Cadherin), COL1A2, COL3A1, COL5A2, CTNNB1, DSC2,
EGFR (ERBBL1), ERBB3, F11R, FN1, FOXC2, ILK, ITGAS5, ITGAV, ITGB1, MMP2,
MMP3, MMP9, PTK2 (FAK), RAC1, SERPINE1 (PAI-1), SPP1, TGFB1, TGFB2, TIMP1, VCAN.

Up-Regulated
During EMT

AHNAK, BMP1, CALD1, CAMK2N1, CDH2 (N-Cadherin), COL1A2, COL3Al, COL5A2, FN1,
FOXC2, GNGL11, GSC, IGFBP4, ITGAS5, ITGAV, MMP2, MMP3, MMP9, MSN, SERPINEL1 (PAI-
1), SNAIL (SNAIL), SNAI2, SNAI3, SOX10, SPARC, STEAPL, TCF4, TIMP1, TMEFF1, TMEM132A,
TWIST1, VCAN, VIM, VPS13A, WNT5A, WNT5B

Down-Regulated
During EMT

CAV2, CDHL1 (E-Cadherin), DSP, FGFBP1, IL1RN, KRT19, MST1R (RON), NUDT13, OCLN, DESI1,
RGS2, SPP1, TFPI12, TSPAN13.

Differentiation &
Development

AKT1, BMP1, BMP2, BMP7, COL3Al, COL5A2, CTNNBL, DSP, ERBB3, F11R, FOXC2, FZD7,
GSC, JAG1, KRT14, MST1R (RON), NODAL, NOTCH1, PTP4Al, SMAD2 (MADH2), SNAI1
(SNAIL), SNAI2, SOX10, TGFB2, TGFB3, TMEFF1, TWIST1, VCAN, WNT11, WNT5A, WNT5B.

Cell
Morphogenesis

CTNNB1, FOXC2, JAGL, RAC1, SMAD2 (MADH2), SNAI1 (SNAIL), SOX10, TGFB1, TGFB2, TGFB3,
TWISTL, WNT11, WNTSA.

Cell Growth &
Proliferation

AKT1, BMP1, BMP7, CAV2, CTNNBL1, EGFR (ERBBL1), ERBB3, FGFBP1, FOXC2, IGFBP4, ILK, JAG1,
MSTI1R (RON), NODAL, PDGFRB, TGFB1, TGFB2, TGFB3, TIMP1, VCAN, ZEB1.

Cell Migration &
Motility

CALD1, CAV2, EGFR (ERBB1), FN1, ITGB1, JAG1, MSN, MST1R (RON), NODAL, PDGFRB, RACI,
STAT3, TGFB1, VIM.

Cytoskeleton
Regulators

CAV2, KRT7, MAP1B, PLEK2, RAC1, VIM.

Transcription
Factors

CTNNBI, ESR1 (ERa), FOXC2, GSC, NOTCH1, GEMIN2, SMAD2 (MADH?2), SNAI2, SNAI3, SOX10,
STAT3, TCF3, TCF4, TWISTL, ZEB1, ZEB2.

In particular, we analyzed the results obtained from the array q-RT-PCR and calculated the average

expression of each gene, focusing in genes involved in cell adhesion and extracellular matrix

formation in ATC and PTC compared to NT (Table 3). Among the genes differentially expressed we

investigated JAM-A (alias F11R) because it was one of the most down-regulated genes in ATC

respect to PTC and NT and because its role in thyroid cancer was to our knowledge unknown.
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Table 3. Expression levels of “Extracellular Matrix & Cell Adhesion” molecules in thyroid carcinoma

(Orlandella et al.;2019).

Gene Average Fold Change Average Fold Change
Name PTC ATC
(n=11) (n=9)
CDH1 1.3 0.4
BMP7 0.7 0.4
F11R 1.7 0.6
CTNNB1 1.9 0.6
RAC1 1.4 0.9
PTK2 1.4 1
ERBB3 33 1
EGFR 2.0 1.2
ITGAV 1.6 1.5
ILK 1.4 1.6
TGFB2 2.0 1.7
DSC2 37 1.7
ITGB1 1.9 2.0
MMP2 0.8 2.4
BMP1 33 2.5
ITGA5 1.9 2.8
FOXC2 0.9 3.6
TIMP1 7.0 4.3
TGFB1 3.0 6.1
MMP3 8.7 6.1
COL1A2 3.2 75
MMP9 1.9 7.7
COL5A2 2.5 7.8
CDH2 10.9 9.8
SPP1 2.4 10.1
VCAN 7.5 11.9
SERPINE 2.3 12.8
COL3A1 4.1 14.2
FN1 34.7 19.1
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2. JAM-A is down-regulated in ATC samples

Based on the results obtained from previous analysis and because of the absence of study on the role
of JAM-A in thyroid cancer, we investigated the biological function of this protein in thyroid

neoplastic progression.

To confirm the down-regulation of JAM-A expression level obtained by EMT-array, we measured
by qRT-PCR the level of JAM-A in ATC (n=5) with respect to PTC (n=12) and NT (n=7) thyroid
tissues samples. As shown in Figure 11, JAM-A expression level was significantly lower of ~2 fold

in ATC samples respect to PTC and NT.
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Figure 11: JAM-A is down-regulated in ATC samples. gRT-PCR of JAM-A in normal thyroids, PTC and
ATC snap frozen tissue. The expression levels of JAM-A in each sample were measured comparing its
fluorescence threshold with the average fluorescence threshold of the NT samples. The figure shows the
average results of four independent experiments. *p <0.05 (modified from Orlandella.;2019).
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We have also evaluated, by immunohistochemistry the expression level of JAM-A protein in a panel
of human thyroid carcinoma tissues, including a positive control adenocarcinoma sample, normal
thyroids (NT), PTCs and ATCs. As reported in Figure 12, all normal thyroids examined showed JAM-
A positivity (89.4%). On the contrary JAM-A level was low in ATC tissues (14.6%) or undetectable
in 81.2% of cases. An intermediate positivity of staining was seen in PTC. In particular for PTC
classical variant samples, we observed high JAM-A expression in 64.3% and low or totally absent

JAM-A expression in 35.7% (Table 5).

Positive Control NT

Figure 12. Expression of JAM-A in thyroid tissue samples. Immunohistochemical analysis of JAM-A
protein expression in normal and malignant thyroid tissues. Representative histological sections from a positive
control adenocarcinoma sample (10 X magnification), NT (40 X magnification), classical PTC (40 X
magnification), and ATC stained with an anti-JAM-A antibody are shown (modified from Orlandella et al.;
2019).
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Table 4: Expression of JAM-A in human thyroid samples by HIC (Orlandella et al.; 2019).

JAM-A NT PTC ATC
(N=19) (N=14) (N=48)
+++ 17 4 2
(89,4%) (28,6%) (4,2%)
++ 1 5
(53%) (35,7%) -
+ 1 3 7
(5,3%) (21,4%) (14,6%)
Negative - 2 39
(14,3%) (81,2%)

+,>5 a<25% of positive cells;
++, > 25 a < 60% of positive cells;
+++, > 60 % of positive cells.

3. JAM-A forced expression impairs different hallmarks of thyroid cancer cell lines

transformation

To investigate the biological role of JAM-A in thyroid carcinogenesis we stably transfected anaplastic
thyroid cell lines CAL62, negative for expression of JAM-A, with plasmid encoding for JAM-A and
corresponding control vector named Empty Control. After selection with puromycin, the transfection
efficiency was analyzed through western blot. The mass population expressing high level of JAM-A

was chosen for further experiments (Figure 13).
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Figure 13: CALG62 cells transfected with JAM-A express high levels of the protein respect cells
transfected with the control vector. The cells were lysed after stable transfection and analyzed by Western
blot to evaluate the expression of the JAM-A protein. The expression of a-Tubulin was used as a normalizer
(modified from Orlandella et al.; 2019).

We then studied the effects of JAM-A protein on cell proliferation. To this aim CAL62/JAM-A and
respective control were plated at time 0 and counted at different time points (24, 48, 72 and 96 hours).
As shown in Figure 14, in the cells that overexpress JAM-A the proliferation rate was significantly

reduced respect to control.
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Figure 14: Forced expression of JAM-A decreased proliferation rate in ATC cells. CAL62 cells
transfected with JAM-A or with the control plasmid were plated and counted at different time points. Values
represent the average of triplicate experiments + standard deviations. Asterisks indicate *p<0.05, **p <0.01

(modified from Orlandella et al.; 2019).

To confirm this result, we performed a colony formation assay. In this experiment CAL62 cells after
transfection with JAM-A or with the control plasmid were selected with puromycin. Subsequently,

the colonies were stained with crystal violet (Figure 15a) and counted (Figure 15b).
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Figurel5: Forced expression of JAM-A decreased proliferation rate in ATC cells. a)
Representative image of the formation of colonies in CALG62 transfected with JAM-A or with control.
b) Quantification of number of colony. The values represent the mean + SD of three independent
experiments. **p <0.01 (modified from Orlandella et al.; 2019).

The results obtain shows that cell lines transfected with JAM-A have a reduced number of colonies
compared to the cells transfected with the empty vector.

All together these results demonstrates that JAM-A decreases the proliferative capacity of ATC cells.
Subsequently, we evaluated the migration ability of JAM-A in CAL62 cells by wound-healing assay.
For wound healing a scraped wound was introduced on the confluent monolayer of cells transfected
with JAM-A and cells transfected with Empty vector. Cells were photographed at time zero and the
scrape was monitored to closure at 24 hours. As shown in Figure 16, CAL62 transfected with JAM-
A have a reduced migration ability respect cells transfected with Empty control vector. To exclude
that difference in migration could be due to different cell growth, cells were treated with Mytomicin

C that is a cytostatic antibiotic capable of blocking the cell cycle in the G1/S phase of the cell cycle.
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Figure 16: Forced expression of JAM-A reduced migration in ATC cells. Wound healing of CAL62 cells
transfected with JAM-A. Cells were photographed at time zero and after 24 hours. Wound closure distance
was quantified by calculating pixel densities in the wound area and expressed as a percentage of wound closure
of the area. The values represent the average of experiments performed in triplicate £ SD. ** p <0.01 (modified
from Orlandella et al.; 2019).

Furthermore, the invasive ability of CAL62 was analyzed by chemoinvasion assay using a membrane
with characteristics similar to the extracellular matrix. In particular, CAL62/JAM-A and
CALG62/Empty vector cells were plated in the upper chambers of Transwell coated with Matrigel and
incubated 48 hours at 37°C. The cells that migrated on the lower surface were stained with Crystal
Violet and quantized as absorbance at O.D 550 nm. As shown in Figure 17, cells transfected with

JAM-A have a reduced ability to invade a Matrigel matrix compared to control cells.
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Figure 17: Overexpression of JAM-A reduced invasion in ATC cells. CAL62/JAM-A transfected cells
were seeded in the upper chamber of Transwells coated with matrigel and incubated for 24 hours. The invasive
ability is expressed as absorbance at OD 550 nm. Value represent the average of triplicate experiments £ SD
***n<0.001 (modified from Orlandella et al.; 2019).

Furthermore, similar experiments were conducted and the results were confirmed in OCUT-1, another

anaplastic thyroid cancer cell line (data not shown).

4. JAM-A silencing increased proliferation and motility of TPC-1 cells

To confirm our findings, we performed the mirror experiment. To this aim we stably silenced JAM-

A using specific sShRNA in TPC-1 cells.
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The stable silencing of JAM-A in TPC-1 induced an increased cell proliferation capacity measured
by colony formation assay. As shown in Figure 28, TPC-1 cells transfected with sh JAM-A formed

more colonies respect to cells transfected with the control (sh scrambled).
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Figure 18: JAM-A silencing increased proliferation of TPC-1 cells. Representative image of colony
formation in TPC-1/sh JAM-A and TPC / sh scrambled cells (left) and quantitative analysis of the number of
colonies (right). The values represent the average of three independent experiments £ SD. ** p <0.01 (modified
from Orlandella et al.; 2019).

Moreover, silencing of JAM-A increased the ability of TPC-1 to migrate into wound. TPC-1/sh JAM-
A cells migrate efficiently into the wound area after 24 hours, respect to TPC-1/sh scrambled cells,

which exhibit extremely reduced migration ability (Figure 19).
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Figure 19: The cells transfected with sh JAM-A increased migration ability respect cell transfected with
sh scrambled vector. Cells were plated and scratch wound were inflicted at confluent monolayer. After 24
hours, cells were photographed (left). The quantification is expressed as percentage of wound closure area
(right). The values represent the average of experiments performed in triplicate + SD *p <0.01 (modified from
Orlandella et al:;2019).

Similarly the invasion ability was affected by JAM-A silencing (data not shown).

5. JAM-A impairs trans-endothelial migration and anchorage-independent growth of CAL62

cells

Finally, we studied the cell ability to penetrate into the endothelium by a trans-endothelial cell
migration assay. CAL62/JAM-A cells and relative control were plated on confluent monolayer of
HUVECs. As shown in Figure 20a, CAL62/JAM-A cells presented a reduced ability to migrate
through endothelial cells compared with control cells. In addition, we explored if JAM-A affected
anchorage-independent cell growth by soft agar. As shown in Figure 20b, CAL62/JAM-A produced

less and smaller colonies in the semisolid medium when compared with control cells.
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Figure 20: Overexpression of JAM-A suppressed trans-endothelial migration and colony
formation in ATC cells. a) CAL62 transfected cells were seeded on a confluent monolayer of
endothelial human umbilical vein endothelial cells (HUVECSs) and left to migrate. Migration ability
through HUVECS is expressed as absorbance at OD 550 nm. b) Anchorage-independent cell growth
capability in soft agar. In figure is shown the image of colony formation of CAL62 stably transfected
with JAM-A and with Empty Vector (left) and relative quantification (right). ** p <0.01 and
***p<0.001 ( from Orlandella et al:;2019).

6. The expression of JAM-A regulates the signaling pathway of p53 and GSK3 a./ p

To identify the signaling pathways regulated by the JAM-A protein in thyroid cancer, | screened,
simultaneously, the phosphorylation status of 43 proteins using the Human Phospho-Kinase Array

(R&D Systems, Minneapolis, MN, USA) in CAL62/JAM-A and CAL62/Empty vector cells. The
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array is composed of two membranes on which primary antibodies specific for 43 different
phosphoproteins are spotted. The membranes were incubated with the cell lysates obtained from the
CALG62 transfected with JAM-A or with the empty vector. As shown in Figure 21, we found increased
phosphorylation levels of p53 (at Serine 392) and of GSK3 o/ (at Serine 21 and Serine 9) in CAL62

cells overexpressing JAM-A.

CAL62

Empty
Vector

JAM-A

Figure 21. The JAM-A protein increases the phosphorylation of p53 on Serine 392 and GSK3
o/ B on Serine 21/9 in CAL62 cells. The Human Phospho-Kinase Array was hybridized on CAL62
[JAM-A cells and CAL62/ Empty Vector cells. The membranes were incubated with 500 ug of cell
lysate. Each antibody, which binds to specific phosphoproteins, is spotted in duplicate and detected
by luminescent reagents (modified from Orlandella et al:;2019).
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We also confirmed these results by Western blot analysis on an independent cell lysate of
CAL62/JAM-A cells and CAL62/Empty Vector cells (data not shown).
Thus, overall these results showed that the adhesion molecule JAM-A affects multiple hallmarks of

thyroid neoplastic transformation.
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Discussion

Thyroid cancer is among the most frequent endocrine neoplasms, with an increase incidence in recent
years. Thyroid carcinomas, that originate from follicular cells represent ~ 95% of all thyroid tumors
and according to the clinical-pathological characteristics are classified in: well-differentiated
carcinomas that include papillary thyroid carcinoma (PTC), hurthle cells carcinomas (HCC) and
follicular thyroid carcinoma (FTC); poorly differentiated thyroid carcinomas (PDTC) and
undifferentiated or anaplastic thyroid carcinomas (ATC) (Celano et al.; 2017). While well-
differentiated carcinomas are generally curable with surgery and radioiodine therapy, anaplastic
thyroid carcinomas are the most aggressive type of thyroid cancer, refractory to radioiodine treatment
thereby limiting the efficacy of therapeutic interventions (Fuziwara et al.; 2014). For this reason,
novel treatment approaches are needed for anaplastic thyroid cancer. To this aim it will be important
to clarity the mechanisms underlying thyroid progression from well-differentiated to undifferentiated
cancer.

During my PhD course, | have evaluated the role of TUSC2 in thyroid cancer because in previous
studies conducted in the research laboratory where | performed my work, it was demonstrated that
over-expression of miR-584 inhibits synthesis of the TUSC2 protein by targeting the 3’UTR of
TUSC2 in thyroid cancer cell lines (Orlandella et al.;2016).

TUSC2, also known as FUS1, is located on human chromosome 3p21.3 and acts as a tumor
suppressor in several human tumors (Lerman et al.; 2000). Genes in the 3p21.3 region are associated
with cell differentiation, cell proliferation, apoptosis, and cell death (Ji et al.; 2005). Overexpression
of TUSC2 significantly inhibits tumor growth and progression in mouse models and TUSC2 knockout
mice show an increased frequency of spontaneous cancers (lvanova et al.; 2007). The 3’UTR of
TUSC?2 is highly conserved, strongly suggesting that it plays an important role in regulating TUSC2
expression. Loss or reduction in TUSC2 expression has been observed in non-small cell lung

carcinomas (NSCLC) (Prudkin et al.; 2008), mesothelioma (lavanova et al.; 2009), esophageal
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carcinoma (Zhang et al.; 2013), in glioblastoma (Xin et al.; 2015) and in sarcomas (Li et al.;2011).
These observations support the role of TUSC2 as a tumor suppressor in human carcinogenesis.
Previous studies in my research group demonstrated that TUSC2 was down-regulated in almost all
ATC sample and in the majority of PTC samples (Orlandella et al.; 2016). During my PhD studies
we shed light on the role of TUSC2 on thyroid cancer cell migration, invasion and resistance to
apoptosis.

This dissertation is focused on unraveling the molecular mechanisms responsible for TUSC2
biological effects in thyroid cancer cells. To achieve this goal, we have analyzed the forced expression
of TUSC2 in papillary (TPC-1) and anaplastic (8505C) thyroid cancer cell lines demonstrating in
vitro that TUSC2 overexpression decreased growth by arresting the cell cycle progression and by
reducing migration and invasion. These results are in agreement with Kondo and colleagues that
demonstrated that TUSC2 over-expression decreased colony formation and was associated with an
alteration of cell cycle kinetics in lung cancer cells (Li et al.;2014). Moreover, it has been
demonstrated that TUSC2 has pro-apoptotic activity in human lung cancer cells. TUSC2 actives
STAT-1 signal pathway and regulates the protein kinases EGFR, PDGFR, AKT, c-ABL and ¢c-KIT
(Dai et al.; 2015). During my PhD work we found that in 8505C/TUSC2 cells, in response to apoptotic
stimuli, TUSC2 increased sensitivity to apoptosis by increasing the SMAC/DIABLO and
CYTOCHROME C proteins. According to our results, the paper of Yazlovitskaya et al.; reported that
in a TUSC2 knockout mouse model, cells presented low level of CYTOCHROME C (Yazlovitskaya
et al.;2014). Considering that in literature the role of CYTOCHROME C is already known, during
my studies | explored the role of SMAC/DIABLO on the TUSC2 biological effects demonstrating
that the modulation of SMAC/DIABLO rescued the phenotype induced by TUSC2 protein in thyroid
cancer cell lines. Indeed, we showed that TUSC2 is able to increase the expression levels of
SMAC/DIABLO that sensitize cancer cells apoptosis following treatment with staurosporine.

Thus we clarify the mechanisms down-stream TUSC2. On the other hand, the mechanisms

responsible of TUSC2 regulation are partially known. Loss or reduced TUSC2 expression could be
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caused by various mechanisms. Uno et al., showed that one mechanism regulating TUSC2 expression
and function is associated to loss of myristoylation of TUSC2 protein that removes its ability to
suppress tumor growth (Uno et al.; 2004). In literature has been demonstrated that allelic loss of the
3p21.3 chromosomal region containing TUSC2 is the major cause of loss or reduction of TUSC2
expression in lung cancer (Prudkin et al.; 2008). In other type of tumor, the loss or reduction in
TUSC2 expression can be regulate by several microRNASs. In particular the oncogenic activities of
miR-92, miR-97 and miR-197 in lung cancer are mediated by silencing of TUSC2 (Du et al.;2009).
In ovarian and nasopharyngeal cancers, it has been reported that miR-663 inhibits TUSC2 promoting
cell growth, migration and invasion (Liang et al.;2017; Xie et al.;2019). Finally, Lee and colleagues
proved that miR-378 promotes cell survival, tumor growth and angiogenesis by targeting TUSC2
(Lee et al.; 2007). Similarly, in thyroid cancer my research group reported that overexpression of
miR-584 inhibits synthesis of the TUSC2 protein by targeting the 3’UTR of TUSC2. Importantly,
TUSC2 is progressively downregulated in PTC and ATC tissues suggesting that TUSC2 is also likely
to be involved in thyroid cancer progression, with implications for TUSC2 targeting as a rational
therapeutic strategy in ATC (Orlandella et al.; 2016).

In addition, | focused my work on identifying others molecular determinants of thyroid cancer
progression. In particular, one of the most important characteristics of thyroid cancer progression is
that the anaplastic cells lose all the normal biological and functional characteristics of the normal
thyroid follicular cells, as the ability to incorporate iodine, the ability to synthesize thyroglobulin and
the dependence from TSH (Thyroid Stimulating Hormone) (Molinaro et al., 2017) and acquire a
mesenchymal phenotype.

Epithelial mesenchymal transition (EMT) represents a fundamental process for tumor progression in
ATC,; it consists in the transformation of an epithelial cell into a cell with mesenchymal phenotype.
To elucidate the molecular mechanisms underlying the EMT process in thyroid tumor progression,

we performed an EMT Profiler PCR Array.
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Among the genes differently expressed in PCR EMT Array we have identified two under-expressed
genes in the ATC: CDH1 and BMP7. CDH1 encodes for E-Cadherin, and its low expression is
considered a marker for EMT. In addition, the effect of the absence of E-Cadherin in ATC has already
been reported in the literature (Liu et al.; 2010; Aratake et al.; 2006; Wiseman et al.;2007). Bone
morphogenic protein 7 (BMP-7) plays an important role in the initiation and development of tumor,
and also promotes its progression (Thawani et al.; 2010). The low expression of BMP-7 protein
during carcinogenesis, in several human tumors, contributes to bone metastases. Furthermore,
according to the results of our EMT screening, BMP-7 has been shown to inhibit the proliferation of
ATC cells through the over-expression of p21 and p27 (Franzen et al.; 2001).

In particular, among the genes more deregulated in ATC, | chose to focus my work on JAM-A.

The adhesion protein JAM-A is a transmembrane protein located in the tight junctions of endothelial
and epithelial cells where it promotes cell-cell adhesion. JAM-A belongs to the immunoglobulin (1g)
superfamily, and previous studies have shown that JAM-A also plays a role in other cellular
processes, such as leukocyte migration, platelet activation and angiogenesis.

Other data in the literature suggest that EMT is involved in the passage from PTC cells to ATC cells,
and for this reason JAM-A could be considered a marker for the evolution of the thyroid tumor in the
anaplastic form.

JAM-A is overexpressed in some cancers and under-expressed in others, and this behavior could be
in part also explained by its structure. The protein has a cytoplasmic tail that does not have catalytic
activity but contains a class Il PDZ binding domain that is present at the C terminal of the protein,
and which interacts with different proteins (Songyang et al.; 1997). The type of interaction between
JAM-A and other proteins could lead to either a promotion or an inhibition of the tumorigenesis
markers. On the other hand, the mechanisms that lead to an altered expression of JAM-A in tumors
are still unclear: it is possible that the regulation mechanism of JAM-A and the role of this protein
depend on the cellular background. There are some hypotheses that could explain the loss of this

protein in ATC. JAM-A is implicated in carcinogenesis through various signaling pathways such as
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that of TGF-B1 (Zhao et al.;2014). For example, TGF-B1-mediated signaling induces under-
expression of JAM-A in breast cancer, with an increase of the invasive capacity of cancer cells (Wang
et al.; 2012). Activation of the signaling pathway mediated by TGF-B1 is also important in ATC (Sun
et al.;2017; Knauf et al.;2011). Furthermore, the expression of JAM-A can be regulated by pro-
inflammatory cytokines, such as TNF-a and IFN-,, which are also involved in the progression of
thyroid cancer (Jaczewska, et al.; 2014; Dossus et al.; 2018). In fact, the correlation between
inflammation and thyroid cancer is well known. Thyroid cancers are often infiltrated by dendritic
cells, mast cells and macrophages. It has also been seen that ATC contains more than 50% of tumor
associated macrophages (TAM) (Hébrant et al.;2014). In patients with thyroid cancer there is also a
relationship between the increase of TAMs number and a decrease of survival in these patients. In
one study it was observed that in chronic inflammations and in autoimmune thyroid diseases, such as
Hashimoto's thyroiditis (TH), there is an increase in the incidence of thyroid cancer. Interestingly, it
has also been observed that thyroid cells in TH’s patients present a loss of epithelial integrity and a
significant reduction in the expression of tight junction proteins (ZO-1, Claudine and JAM-A)
(Rebuffat et al.; 2013). These data would suggest that inflammation in thyroid cancer may be
responsible for the reduced expression of JAM-A.

The loss of JAM-A could therefore be due to inflammation in the microenvironment created by the
tumor, and represents a link between inflammation and thyroid carcinoma.

Here we have shown that the over-expression of JAM-A activates p53: this could be one of the
mechanism behind the inhibition of ATC cell proliferation. P53 is a tumor suppressor frequently
mutated in many human carcinomas that plays a very important role in genomic stability and its
activation is a primary mechanism which occurs following pathological responses to DNA damage
by agents such as chemotherapy and radiation therapy. The proteins encoded by the TP53 gene bind
to DNA regulating gene expression and preventing mutation in the genome. Mutations in this gene

obviously lead to uncontrolled cell division. More than 50% of human cancers have been shown to
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contain a mutation or deletion of the p53 gene, and mutations in p53 are characteristic of poorly
differentiated or anaplastic thyroid carcinomas (Liu et al; 2017).

We also observed that JAM-A induces GSK3 a / B phosphorylation on serine 9 and serine 21
respectively. GSK3 a / B is a serine-threonine kinase implicated in several signaling pathways, such
as the one which regulates the amount of glucose, cell proliferation and migration. In the past GSK3
o/ B has been evaluated as a possible target for the suppression of inflammation in neurodegenerative
diseases such as Alzhaimer, and in addition today there is a lot of interest in developing GSK3 a /3
inhibitors for use in antineoplastic therapy (Beurel et al.; 2015; Morales et al.; 2014). Changes at
GSK3 a / B level influence its enzymatic activity and therefore the regulation of the signal
transduction pathways downstream of this protein. In particular, the phosphorylation of GSK3 a / 8
on Serine 21 and Serine 9, via kinases such as AKT (Cross et al.; 1995) and PKA (Fang et al.; 2000),
is an inhibitory mechanism which prevent GSK3 o / B to bind its substrates (Schrecengost et al.;
2018).

In summary, JAM-A could be a new marker of thyroid tumor progression, and in the future it could
be supposed that by restoring the expression of this protein, a potential therapeutic effect can be
obtained in the treatment of ATC, not only in a direct way through JAM-A, but also by acting on the
mechanisms downstream of its signaling pathway, such as those mediated by the tumor suppressor

p53 and the enzyme GSK3 a / B.

56



CONCLUSIONS

One of the important question is to understand the mechanisms of thyroid tumor progression.
Anaplastic thyroid carcinoma represents the rarest of all thyroid cancers, but it is responsible for about
50% of thyroid cancer mortality. In this dissertation work, | aim to identify new biomarker of ATC
for the development of novel treatments. In detail a focused on two proteins that have a tumor
suppressor effects in thyroid carcinogenesis.

In Summary my work showed that the ectopic expression of TUSC2 in thyroid cancer cell lines
reduces cell proliferation, migration and invasion. In part the effects are mediated by
SMAC/DIABLO protein. These findings could imply the possibility that restoration of TUSC2
expression, could be used in the therapy of aggressive thyroid cancer.

Finally, in my PhD studies | have individuated JAM-A as a novel marker of EMT in thyroid tumor
progression. The work which I contributed, demonstrated that JAM-A is down-regulated in ATC and
that the restoration of its expression suppressed malignant hallmarks of transformation including
proliferation and motility. For this reason, JAM-A restoration might have a therapeutic potential in
the treatment of ATC.

In conclusion, I identified new molecular markers implicated in cell motility and proliferation that

could be used in the diagnosis and therapy of aggressive form of thyroid cancer.
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MATERIALS AND METHODS

1. Tissue samples

Tumors and normal thyroid tissue samples for RNA extraction, quantitative RT-PCR and
immunohistochemistry analysis were retrieved from the files of the Department of Surgery,
University of Pisa (Italy). Processing of samples and of patient information proceeded in agreement

with the principles of the Helsinki Declaration of 1975.

2. Immunohistochemistry

For immunohistochemistry analysis, in collaboration with Prof. F. Basolo, University of Pisa, we
analyzed 48 ATC samples, 14 PTC of the classic variant and 19 normal tissue distant from neoplasia
or from contralateral lobe. Tissue from colon adenocarcinoma was used as positive control. All
samples were fixed in formalin-fixed and paraffin-embedded (FFPE). The slides of tumor sections
were incubated with a rabbit polyclonal antibody against JAM-A (JAM1/CD31, Thermo Fisher
Scientific) and processed according to standard procedures. Cases were scored as positive when
cytoplasmic staining was observed in tumor cells. Immunoreactivity was expressed as the percentage

of positively stained cells.

3. Quantitative Real-time PCR (g-RT-PCR)

RNA was isolated using the mirVanaTM miRNA Isolation Kit (Thermo Scientific, Waltham, MA,
USA) according to the manufacturer’s instructions. The purity and quantity of RNA were assessed
using the NanoDrop spectrophotometer (Thermo Scientific, Wilmington, DE, USA). The quality of
the RNAs was verified by the 2100 Bioanalyzer (Agilent Techonologies, Waldbronn, Germany).

Only samples with RNA integrity number (RIN) value > 7 were used for further analysis.
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To evaluated the mRNA expression levels, 1 pg was reversed with the QuantiTect Reverse
Transcription (Qiagen, Crawley, UK) according to manufacturer’s instructions. The expression levels
of mMRNA were measured by g-RT-PCR using specific primer and TagMan Universal PCR Master
Mix (Thermo Scientific, Waltham, MA, USA). B-actin was used as an endogenous control. PCR
reactions were performed in triplicate and fold changes were calculated with the formula: 2-(sample

1 ACt - sample 2 ACt).

4. Cell cultures

The anaplastic thyroid cancer cells lines CAL62, 8505C and the human papillary thyroid cancer cells,
TPC-1 (named TPC) were grown in Dulbecco’s modified Eagle’s medium (DMEM) (Thermo Fisher
Scientific, Walthman, MA, USA). The normal immortalized human primary thyroid follicular
epithelial cell line (Nthy-ori 3-1) was grown in Roswell Park Memorial Institute 1640 (RPMI). All
growth media used containing 10% FBS (fetal bovine serum), L-glutamine and

penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA).

5. Plasmids

The plasmids were obtained from Gene Copeia (Rockville, MD, USA):
- TUSC2 plasmid and relative control named CMV;
- JAM-A plasmid control; sh-JAM-A plasmide and relative control named

- SMAC/DIABLO (EX-U1000-M43).
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6. Transfection
For stable transfection, CAL62, 8505C and TPC-1 cells (1 x 10°) cells were transfected with

Lipofectamine 2000 (Thermo Scientific) and 4 pg of plasmid according the manufacturer's
instructions. 48 hours after transfection, several mass populations and cell clones were selected with
puromycin (Sigma-Aldrich, St. Louis, MO, USA). The cells transfected with TUSC2 were selected
with geneticin (Sigma-Aldrich, St. Louis, MO, USA ). The efficiency of transfection for expression
of TUSC2 and JAM-A were analyzed by Western blot. A mass population of each generated line was
used for successive experiments.

8505C/TUSC2 and 8505C/C.vector were transiently transfected with the specific small interfering
RNAs (siRNAs) for SMAC/DIABLO named SMAC-5 (catalogue number S102655576) and SMAC-
6 (catalogue number S100299999) (QIAGEN) in 6-well plates in triplicate.

Finally for transiently transfection of Nthy-ori 3-1, the cells were transfected with 5 ul of 100 uM of
small interfering RNA (FlexiTube siRNA Qiagen, Hilden, Germany) specific for TUSC2 named
TUSC2-5 (Catalog number S102664606) and TUSC2-6 (Catalog number S10266461), and with a
negative control siRNA (AllStars Negative Control siRNA; S103650318). All transient transfection
were performed using HiPerFect Transfection (Qiagen) reagent, according to the manufacturer’s

protocol.

7.Immunoblotting

For Western blot analysis cell lines were lysed in JS Buffer followed by centrifugation at 13,000 rpm
at 4°C for 30 minutes. Protein concentration was determined using Bradford assay (Bio-Rad, Munich,
Germany) and separated on polyacrylamide SDS-PAGE and transferred to nitrocellulose membranes.
The membranes were incubated with primary antibody overnight at 4°C:

-mouse monoclonal anti-a Tubulin, 1:10000 (Sigma-Aldrich);

-rabbit polyclonal anti-TUSC2 1:200 (Abcam, Cambridge, UK);

-mouse monoclonal anti-SMAC/DIABLO, 1:1000 (Cell signaling, Danvers, MA)
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-mouse monoclonal anti CYTOCHROME C, 1:500 (Santa Cruz, Dallas, USA)

-rabbit monoclonal anti-p21, 1:1000 (Cell Signaling)

- rabbit monoclonal anti-p27, 1:1000 (Cell Signaling)

- mouse monoclonal anti-CDK®, 1:1000 (Cell Signaling)

- anti-JAM-A 1:500 (Santa Cruz)

- anti GSK3 o/ phosphorylated 1: 1000 (Cell Signaling Technology)

- anti-p53 phosphorylated 1: 1000 (Cell Signaling Technology)

Secondary anti-mouse and anti-rabbit antibody, conjugated to horseradish peroxidase, were purched
from Bio-Rad (Hercules, CA) and diluted 1:3000. For detection of the band signal intensity enhanced

chemiluminescence detection kit was used (ECL Thermo Fisher Scientific).

8. Array

Proteome Profiler Human Phospho-Kinase Array Kit (R&D Systems, Minneapolis, MN, USA) was
used to analyze the phosphorylated proteins.

Cells were lysate and added (500 ng) to the membranes of the array spotted with antibodies directed
towards different phosphorylated proteins. The spots, were obtained after autoradiographic exposure
and quantized using ImageJ 1.38e software.

For Human Apoptosis array, cells were treated with 2.5 uM of staurosporin for 24 hours. At the end
of the treatment the cells were lysed with the Lysis Buffer and quantized with the Bradford method.
Cell lysate were resuspended in 100 and then were hybridized with the array membrane Proteome
Profiler Human Apoptosis Array Kit (R&D Systems, Minneapolis, MN). Plot were detected with
Chemi Reagent Mix and the image were acquired, in duplicate, through autoradiographic exposure.

Quantification of array was performed with the Image J software programe (version 1.50i).
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9. Cell proliferation assay

For cell proliferation curves, 3x 10* thyroid cell lines were plated in a 6 well plates and counted in
triplicate every 24 hours for 4 days with TC10 automated cell counter (Bio-Rad).

8505C cell transfected with TUSC2 plasmid and relative control, was determined cell viability by
MTS-assay (CellTiter 96® AQueous One Solution Assay, Promega, W1, USA). Briefly, 1x103 cells
were plated in triplicate into 96-well culture plates. 20 ul of MTS solution were added to each well
for 30 minutes after 24, 48, 72 h and after seventh day. The quantity of formazan produced was
determined by measuring absorbance at 490 nm using Microplated reader (Model 550, Ultramark
Microplate Reader, Bio-Rad).

We performed a colony formation assay on CAL62 cells after transfection with JAM-A or with the
control plasmid. After 14 days the colonies formation were fixed and stained with crystal violet for

ten minutes. Finally, the colonies were photographed and counted.

10. Trypan blue assay

For trypan blue assay transfected cells were plated in a 6-well plate. After day, cells were treated with
1 uM doxorubicin (Sigma-Aldrich) for 48 hours and with 2.5 uM staurosporine (Sigma-Aldrich) for
24 hours. After treatment, cells were trypsinized, stained with 0.4% trypan blue reagent (Bio-Rad).
The count was performed in triplicate using TC20™ Automated Cell Counter (Bio-Rad). Cell
viability was expressed in percentage and was calculated by dividing the number of unstained (viable)

cells by the number of total cells (stained and unstained).
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11. Flow cytometry

Fluorescence-activated cell sorting (FACS) analysis was performed to evaluated cell cycle
progression and cell death. To this aim was used using propidium iodide staining and an FC500
Cytometer (Beckman Coulter, Milan, Italy).

For the cell cycle progression, cells were stained with the DNA PREP Reagents Kit (Beckman
Coulter) according to the manufacturer’s instructions, and a minimum of 10,000 single cell events
were recorded using the CXP Software (Beckman Coulter). Finally, cell cycle analysis was performed
using Kaluza Analysis Software 2.1 (Beckman Coulter) with the Michael Fox algorithm to determine
G1, S and G2/M phases.

For cell death, cells were treated with staurosporine (2.5 uM) for 6 h and incubated with 1 pl of a 10

pg/mL propidium iodide (PI) solution (Beckman Coulter) for FACS analysis.

12. Migration assay

Wound healing was performed to evaluate cell migration ability.

For wound healing assay, 5x10° cells were seeded in a 6-well culture plates and after day a scratch
was inflicted on confluent monolayer cells. The closure of scrape area was monitored and
photographed. The wound area was measured through Cell? software (Olympus Biosystem GmbH)

and expressed as percentage of wound closure respect to control cells.

13. Invasion assay

Cell invasion was examined using a reconstituted extracellular matrix (Matrigel, BD Biosciences,
San Jose, CA). The cell suspension (1 x 105 cells for well) was resuspended in serum free culture
medium (100 pl) and loaded onto the upper chamber of Transwell cell culture chambers on a
prehydrated polycarbonate membrane filter of 8-um pore size (Costar, Cambridge, MA) coated with

35 ug of Matrigel (BD Biosciences, San Jose, CA). The lower chamber was filled with 2.5% medium
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(500 pl). After 24-h incubation at 37°C, non-migrating cells on the upper side of the filter were wiped-
off. Invading cells were stained with glutaraldehyde 11% (Sigma-Aldrich, St. Louis, MO, USA) for
90 minutes. Subsequently the upper chamber were colored with crystal violet and quantified at OD

570 nm after color extraction, in triplicate.

14. Colony formation assay

Cell lines were transfected with Lipofectamine 2000 and relative plasmids. After 48 hours from
transfection, cells were selected with Puromycin and later 14 days the colonies were stained with a
0.5% Crystal Violet solution (containing methanol and deionized water in a 1: 5 dilution) for 10

minutes. Finally, the colonies were photographed and counted.

15. Trans-endothelial migration assay

For trans-endhothelial migration, 5x10* CAL62/ JAM-A and CAL62 transfected with empty vector
were seeded on a Transwell insert with 8-um pores (Cell Biolabs, San Diego, CA) coated with a
monolayer of human umbilical vein endothelial cells (HUVECS) cells. after 48 hours of incubation
at 37° C, cells that invaded monolayer were colored with crystal violet, photographed and

quantification as absorbance at O.D 550 nm.

16. Statistical analyses
All results were represented as the means and standard deviation (mean + SD) Statistical analyzes
was elaborated with the GraphPad Prism 6 software (GraphPad Software, La Jolla, California, USA).

Values were considered statistically significant when p < 0.05.
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