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Abstract

Thyroid cancer is the most common endocrine malignancy and among the major types, papillary
thyroid carcinoma (PTC) represents 90% of all thyroid carcinomas. Several studies have
identified in PTC recurrent somatic genetic alterations in known oncogenes (i.e., BRAF, RAS
and RET). Recently, hTERT promoter mutations have been observed in approximately 11% of
PTC with aggressive behavior, and together with other genetic mutations, like TP53 mutations,
have been associated with aggressive forms of PTC. Cancer cells show profound metabolic
alterations and a perturbed redox homeostasis, allowing them to meet the metabolic and
biosynthetic needs. Redox state, which, together with altered metabolism, is considered a
hallmark of cancer cells, is closely dependent on various metabolic pathways, resulting in a
crosstalk between metabolism and redox homeostasis. Currently, cancer research and the
evaluation of targetable features, have met a new challenge, due to the heterogeinity of tumor
and the different cell populations behaviour whitin the tumor mass. Indeed, PTCs, as most
tumors, are constituted by a subset of cells, cancer stem cells (CSCs), which are crucially
involved in tumor progression and recurrence more than the differentiated tumor cells. CSCs
exhibit a distinct metabolic phenotype, supporting tumor growth and survival, but how they
adapt their metabolism to the cancer process is still unclear, and no data are yet available for
PTC. Understanding this metabolic remodeling and dependence is essential to elucidate the
fundamental mechanisms of tumorigenesis as well as to find new therapeutic strategies, targeting
cancer metabolism. Among all the possible anti-tumoral compounds, high-dose of vitamin C has
been showed to exhibit cytotoxic effect in cancer cells, primarily mediated by pro-oxidant and
metabolic effects. However, the exact role of vitamin C in the metabolic perturbation and its
potential use as a therapy target in cancer treatment and prevention in PTC in still poorly

understood and require further studies.



This study aimed to investigate the metabolic alterations and redox status of PTC-derived cell
lines in association with the different genetic backgrounds, underlying the metabolic
dependencies of PTC differentiated and CSCs cells. Furthermore, vitamin C has been used as
anti-tumoral compound, in order to clarify the anti-cancer mechanism and to better understand
the metabolic sensitivity of PTC-derived cells.

A targeted and untargeted metabolomic approach has been used to investigate the metabolic
profile of PTC-derived cells, while molecular analysis, such as immunoglotting,
immunofluorescense, fluorimetric assays have been used to better understand the mechanism
beyond the metabolic alterations. This approach has led to the understanding of the metabolic
features and their association with redox balance and genotypes in PTC-derived differentiated
and stem cells. Furthermore, beside the known oxidative effect of vitamin C, our analyses have
elucidated its effect in the alteration of the metabolism, consequently affecting the cancer cell
survival. Our data demonstrated that PTC-derived cells, particularly B-CPAP cells, harboring
BRAF, TP53 and hTERT mutation, displayed the most perturbed metabolism and altered redox
homeostasis, as reported by changes in metabolites and carriers involved in energetic pathways,
and by changes in antioxidants, ROS and electron carriers levels. According to the fundamental
role of metabolic alterations in CSCs, our findings reported variations in metabolic pathways,
particularly in glycolytic and TCA cycle metabolites in thyrospheres, containing CSCs,
compared to non-cancer stem-like cell and in thyrospheres versus parental cells. Finally, our
data highlighted the sensitivity of PTC-derived cells to the vitamin C and its anti-tumoral
mechanism by modulating metabolism and redox balance reciprocally.

Taken together, our study demonstrated the pivotal role of the metabolism and redox homostasis
regulations in PTC biology, and, consequently their role as promising therapeutic and diagnostic
features. Overall, we underlined the interplay among oncogenic, metabolic and redox events in
cancer development, progression and survival, pinpointing the need for a better understanding

of the metabolic complexity and plasticity in cancer cells.
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Thyroid Cancer

Thyroid cancer (TC) is the most frequent endocrine cancer, with an increasing incidence
worldwide in the last decades (EI-Naggar et al. 2017). TC originates in the thyroid gland
from two different cell types: follicular cells, which are epithelial and the majority of thyroid
cells, and parafollicular cells (Colin et al. 2013). Those carcinomas derived from epithelial
cells, can be classified in four major types, based on cellular morphology and histological
architecture: papillary (PTC), follicular (FTC) poorly differentiated (PDTC), and anaplastic
(ATC). On the contrary, carcinomas originating from parafollicular cells are medullary

thyroid carcinomas (MTC) (Ciavardelli et al. 2017).
Papillary thyroid carcinoma.

PTC is the most common type of TC, representing up to 84% of cases (Davies et al. 2015)
with 5-year survival rate of 98% (Lubitz and Sosa, 2016). The etiology of PTC has been
related to environmental, genetic and hormonal factors (Hemminiki and Li, 2003). From a
clinical point of view, patients with PTC usually show cold nodule on radioactive iodine
scan and, some of them, might also present lymphadenopathy. In the PTC diagnosis, the
most common safe and cost-effective method for examining thyroid nodules is the fine
needle aspiration biopsy (FNAB), which provides a definitive preoperative diagnosis of
malignanc (Renshaw 2001). PTCs appear quite variable, from a solid and grey-white
morphology to the cystic form, (LlIyoid 2011) and heterogeneous. It can be classified in
several histological variants: classic variant (CV-PTC), follicular variant (FV-PTC) and the

tall cell variant (TCV-PTC) (Figure 1) (Giordano et al. 2018).

17



Other rare
variants
1%

Tall cell variant
7%

Follicular variant,
encapulated
without invasion
(NIFTP)

17%

Microcarcinoma,
all variants
33%

Follicular variant,
encapulated
with invasion
4%

Follicular variant,
inflitrative
6%

Classical variant
32%

Relative incidence of papillary
carcinoma variants

Figure 1. Relative frequency of the main variants of papillary carcinoma in the United States.
(Giordano et al. 2018)

Furthermore, PTCs also show a distinctive set of molecular alterations (Khanafshar and

Lloyd 2011)., with several genetic features, which have been identified as fundamental in

the tumorigenesis of various thyroid tumours (Table 1), and together with the FNAB,

represent helpful diagnostic tools.

Table 1. Frequency of genetic alterations in commonly mutated genes across the spectrum of

PTC

PTC, all
PTC, CV
PTC, FV

Tumor type BRAFY*E  RAS RET/PTC PAX8/PPARG
40-65% 10-30% 10-20% <5%
50-75% <10% 20-40% <1%
10-20% 30-50% <5% <10%
>95% <1% <1% <1%

PTC, TCV

(Giordano 2018)
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hTERT
8-27%
<10%
<10%
10-30%

TP53
<1%
<1%
<1%
<1%



These genetic alterations have been found in particular signaling pathways, such as the
MAPK pathway (mitogen-activated protein kinase pathway) and the PI3BK—AKT pathway
(Xing 2013). Particularly, PTCs are characterized by recurrent mutations in genes involved
in the MAPK pathway (i.e., RET rearrangement or BRAF and RAS activating point
mutations) (Nikiforov and Nikiforova 2011), in an exclusive manner, suggesting that the
activation of the MAPK pathway is essential for the neoplastic transformation (Kimura
2003). The relationship between environment and genetic factors, results in a remarkable
heterogeneity and variability in the molecular background of all PTCs variants (Tallini et al.
2017). Tumor progression and aggressivity depend on additional changes implicated in cell
adhesion, cell cycle, cell survival and other cellular functions. These complementary events,
such as TP53 mutations and hTERT mutations, characterizes on hallmark of aggressive
clinical features and poor outcome (Quiros et al. 2005; Costa et al. 2008). Common mutated

genes in PTC are:

e BRAF

BRAF is a proto-oncogene encoding a serine-threonine protein kinase and it is the most
potent activator of the MAPK kinase pathway. BRAF has been found mutated in several
human cancer types, as colorectal, lung, melanoma, thyroid and others (Davies et al. 2002;
Weir et al. 2004). In thyroid carcinoma BRAF mutation is characterized by a constitutively
kinase activation of the protein due to the mutation on the serine/threonine kinase domain
(V600E) (Xing 2010). BRAFY8®E mutation occurs in 40-65% of PTC (Xing 2005)
constituting BRAFV5%E-|ike PTC with true papillary architecture. It has been previously
elucidated the near-perfect mutual exclusivity between BRAF- and RAS-mutated tumors.
This mutually exclusive relationship allows to define BRAF'6%°E-RAS gene expression score,

which provide a description between the biological properties of RAS-mutated tumors (RAS-
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like) and BRAFV®%%E_ike tumors. Interestingly, BRAFV%E-Jike PTCs show also RAS- gene

expression patterns (Giordano 2018)

e RAS

The RAS genes family encodes proteins involved in the regulation of several cytoplasmic
pathways (Papke and Der 2017): GTPase, which normally cycle between an active state
(binding GTP) and an inactive state (binding GDP) (Bos et al. 2007). RAS is a common proto-
oncogene, which is mutated in about one-third of all human cancers, especially pancreatic,
lung and colorectal adenocarcinomas (Pylayeva-Gupta et al. 2011). Its mutation occurs in
10% to 30% of PTC, with follicular variant histology representing RAS-like nodules
(Giordano 2016). RAS point mutations are highly presented in different types of TC, such
asFTA, FTC and FVTPC (Giordano et al. 2005; Di Cristofaro et al. 2006) and usually favors

the formation of persistently GTP-bound RAS, which is constitutively activated.

e RET/PTC

RET/PTC rearrangement is a chimeric oncogene encoding a protein containing a
constitutively activated RET tyrosine kinase. RET is a transmembrane receptor that binds
ligands in conjunction with coreceptors, to form a dimer (RET dimer-ligand-coreceptor) that
regulates signaling pathways such as MAPK and PI3K-PTEN-AKT pathways (Acquaviva
et al.2018). Among all the possible rearrangements of RET/PTC, the most common are
RET/PTC1, RET/PTC2, and RET/PTC3 and they occur in the 10-20% of cases (Catalano et
al. 2010). The resultant chimeric form, characterized by the C-terminal and kinase domains
of RET gene rearranged with N-terminal region from the partner gene, is a constitutively

active kinase (Grieco et al. 1990).
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e PAX8/PPARG

PPARG is a nuclear receptor protein and it binds with cofactors to activates the transcription
of target genes. It has a central role in the regulation of adipogenesis, lipid metabolism and
insulin sensitivity (Acquaviva et al.2018). In FTC, and in a small subset of PTCs, PPARG
has been reported rearragend with infram fusion of coding sequence of PAX8. The result is
a PAX8 constitutively expressed which drives the expression of the chimeric oncogenic

PPFP protein (Giordano 2018).

e TERT

Recently, telomerase reverse transcriptase promoter mutations (nTERT) have been observed
in 8-27 % of PTC with aggressive behavior, associated with worse outcome and disease-
specific mortality (Vinagre et al. 2013; Landa et al. 2013; Liu et al. 2013). Telomerase
reverse transcriptase (TERT) is a catalytic subunit of the enzyme involved in the
maintenance of telomere length, and it plays a central role in cellular immortality and
tumorigenesis. Cancer cells show a constitutive active TERT, which results in telomeres
maintenance and unlimited cellular proliferation (Skvortzov et al. 2009). Indeed the promoter
mutations is the most common noncoding mutation in cancer (Fredriksson et al. 2014),
including melanoma, glioma, urithelial carcinoma and hepatocellular carcinoma (Vinagre et
al. 2013). In PTC TERT mutations often co-occurrs with both BRAFY5%°F and RAS mutations,

and with p53 mutations, leading to aggressive forms of the tumor (Asa 2017).

e TP53

TP53 is a tumor suppressor activated by DNA damaging agents and, in thyroid cancer cells,
its activity is inhibited by three mechanisms: inhibition of transcriptional activity, protein

stability and signaling (Manzella et al. 2017). p53 mutations occur in 50-80% of
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undifferentiated thyroid cancers (Quiros et al. 2005), but several studies highlighted its
fundamental role in the early stage of thyroid cancerogenesis. Indeed, p53 mutations were

found in up to 40% of PTC (Cancer Genome Atlas Research Network 2014).
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Cancer cells metabolism.

Cancer is a disease characterized by highly proliferating cells with common biological
features, in which unrestrained proliferation is one of the most fundamental (Hanahan and
Wieberg 2011). Several evidences indicate that cancer cells acquire genetic alterations that
allow them to proliferate in extreme environments and they undergo a metabolic
reprogramming to meet the increased demands of macromolecules and energy in order to
sustain the proliferation (Locasale and Cantley 2010). Metabolism has a central role for the
cellular homeostasis and survival and, for this reason; there are multiple regulating
mechanisms, which converge to satisfy needs of high rate dividing cells,such as cancer cells.
(Cairns et al. 2011). The first discovery about cancer’s altered metabolism was conducted by
Otto Warburg, over the first half of the twentieth century (Warburg 1956). Normal tissues
metabolize glucose to pyruvate through glycolysis, in presence of oxygen, and then
completely oxidize the generated pyruvate in the mitochondria through oxidative
phosphorylation. Cancer cells redirect glycolytic pyruvate to fermentation, in order to
produce lactate, away from mitochondria, which results in a shift from ATP generation
through oxidative phosphorylation to ATP generation through glycolysis, even under normal
oxygen concentrations (Vander Heiden et al. 2009). After the Warburg’s discovery, altered
metabolism remained a by-product and a consequence of the oncogene-induced
reprogramming (Sciacovelli et al. 2014). The association between metabolism and cancer
was then reported by the discovery that mutations of metabolic enzymes, such as succidate
dehydrogenase (SDH) (Baysal et al. 2000) and fumarate hydratase (FH) (Tomlinson et al.
2002), were responsible for some hereditary forms of cancer, proving that altered metabolism
could be the cause of the cancer transformation and development (Gottlieb and Tomlinson,
2005). Since that, accumulating evidence indicates that several oncogenes and tumor
suppressors are implicated in the regulation of cancer metabolism (Locasale et al.2009;
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Sciacovelli et al. 2014). It is now clear that cancer-altered metabolism is considered to be a
“hallmarks of cancer”, triggered by the activation of several oncogenic pathways (Figure 2)
(Ward and Thompson 2012). Particularly, the tumorigenesis-associated metabolic alterations
affect the metabolite flux across the cancer cells, conferring an advantage in the uptake of
necessary nutrients, which can be preferentially conveyed into metabolic pathways that
contribute to the cancer development (Pavlova and Thompson 2016). The main metabolic
cancer features can be summarized into six points: deregulated uptake of both glucose and
amino acids, aerobic glycolysis, increased nutrient acquisition, use of glycolysis/Krebs cycle

intermediates for biosynthesis and NADPH production (Pavlova and Thompson 2016).
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Figure 2. Hallmarks of cancer. Biological capabilities acquired during the multistep
development of cancer. They include sustaining proliferative signaling, evading growth
suppressors, avoiding immune destruction, enabling replicative immortality, tumor-
promoting inflammation, activating invasion and metastasis, inducing angiogenesis,
genome instability and mutation, resisting cell death, deregulating cellular energetics.
(Hanahan and Weinberg 2011)
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e Aerobic Glycolysis

Aerobic glycolysis, known also as “Warburg effect” is the metabolic process that converts
glucose into lactate, even in the presence of abundant oxygen (Warburg at al. 1927). Warburg
hypothesized that the aerobic glycolysis was triggered by non-functioning mitochondria,
which were incapable of maintaining oxidative respiration (Warburg at al. 1927). However,
it has now been elucidated that cancer cells do not necessarily exhibit compromised
mitochondrial function (Salem et al. 2012). Glycolysis has the capacity to generate ATP at
a higher rate than oxidative phosphorylation, indeed, ATP production by glycolysis is more
rapid than by oxidative phosphorylation but less efficient in terms of ATP production.
Consequently cancer cells regulate this metabolic process at various level, indeed, they have
an increased uptake of glucose, overexpression of glucose transporters and glycolytic
enzymes, in order to meet their increased energy, biosynthesis and redox demands (Cairns
et al. 2011). The increased glucose uptake of cancer cells has provided useful for tumour
detection and monitoring, through the ['*®F]fluorodeoxyglucose positron emission
tomography (FDG-PeT) imaging. FDG—PeT uses a radioactive analogue of glucose to detect
regions of high glucose uptake and consequently for identifying many tumours types
(Gambhir 2002). One of the main regulatory mechanisms underlying aerobic glycolysis
involves hypoxia-inducible factor (HIF-1). Hypoxia promotes the stabilization of HIF 1 and
2, which activate the expression of several components involved in angiogenesis, metastasis,
and also glycolysis pathways (Rempel et al. 1996). HIF-1 switches from an inactive state,
under normoxic conditions, to an active state, under oxygen-deprived hypoxic conditions.
HIF-1a becomes stable because hypoxic environment directly decreases prolyl hydroxylases
(PHDs), an enzyme involved in the prolyl hydroxylation and subsequent ubiquitination
(Hirota and Semenza 2005). Then, the formation of the heterodimer between HIF-1a and

HIF-1B allows the DNA binding, which induces the expression of several genes (Erler et al.
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2006). Therefore HIF-1 induces the upregulation of some glucose transporters, glycolytic
enzymes (HKI, HKII, PFK-1, ALDO-A, ALDO-C, PGK1, ENO-a, PK-M2, PFKFB-3) and
enzymes related to lactate production and lactate/proton extrusion (LDH-A, MCT4) (Marin-
Hernandez et al. 2009). Furthermore, under hypoxic conditions, HIF-1 regulates the
expression of pyruvate dehydrogenase kinases (PDKSs), which inactivate the mitochondrial
pyruvate dehydrogenase complex and reduce the flow of glucose-derived pyruvate into the
tricarboxylic acid (TCA) cycle (Semenza 2011). However, HIF1 can also be activated under
normoxic conditions by oncogenic signalling pathways, including PI3K (Plas and Thompson
2005), by mutations in tumour suppressors such as VHL (Kaelig 2008), SDH (Selak et al.
2005) and FH (King et al. 2006). For these reasons, prevalence of HIF-1 overexpression in

tumors is correlated with the severity of the cancer (Rankin and Giaccia 2008).

e Tricarboxylic acid (TCA) cycle

TCA cycle plays a central role for energy metabolism, macromolecule synthesis and redox
balance (Anderson et al. 2018). Normal cells use glucose as a main source of pyruvate which
enters in the TCA cycle, while cancer cells often shunt glucose away for catabolism by
aerobic glycolysis, and for this reason they rely more on glutamine and fatty acids to fuel
TCA cycle (Eagle 1955). Several evidences demonstrated that cancer cells uncouple
glycolysis from TCA cycle, using different metabolites as source for the metabolic needs
(Chen and Russo 2012). The replenishment of the TCA cycle from alterative metabolic
sources is regulated by various oncogenes and tumor suppressors which regulate the
expression of transporters and enzymes (Chen and Russo 2012). Amino acids, particularly
glutamine, can enter the TCA cycle via conversion into acetyl-CoA or keto-intermediates
(Anderson et al. 2018). Glutamine and its breakdown, glutaminolysis, is essential in
replenishing cycle intermediates in cancer cells. For this reason, cancer cells upregulate

glutamine trasporters and enzymes, enabling cells to meet energetic and biosynthetic
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demands through glutamine metabolism (DeBerardinis et al. 2007). Moreover, another fuel
source in cancer cells is fatty acids, which fuel TCA cycle by generation of acetyl-CoA

(Migita et al. 2008).

e Glutaminolysis

In order to maintain mitochondrial function, in spite of the limited pyruvate availability due
to aerobic glycolysis, cancer cells fuel TCA cycle by anaplerotic processes (Yang et al.
2017). Many studies have highlighted the so called “glutamine addiction” for cancer cells,
which are also dependent on glutamine for their replication and survival (DeBerardinis and
Cheng 2010). Indeed glutamine serves as a critical nitrogen donor, enabling de novo
synthesis of nucleotides, protein synthesis and energetic substrate in the TCA cycle
anaplerosis (Yang et al. 2017). Glutaminolysis is the process by which cells convert
glutamine into TCA cycle intermediates. Glutamine is converted into glutamate via
glutaminase (GLS1/GLS2). Glutamate is then converted into o-ketoglutarate. Both a-
ketoglutarate and glutamine-derived oxoaloacetate can serve as anaplerotic substrates for the
TCA cycle (Wise and Thompson 2010). Glutamine-derived glutamate can also be use for
the glutathione biosynthesis by the enzyme glutathione cysteine ligase (GCL), making the
role of the glutamine essential also for the regulation of the redox status (Kim and Kim 2013;
Wise and Thompson 2010). Glutaminolysis is upregulated in many types of cancers due to
the energy demands in tumor cells (Li et al. 2016). Among all the oncogenes regulating
glutaminolysis, MYC is the main oncogene responsible for the mitochondrial
reprogramming, resulting in increased expression of glutaminase enzymes and glutamine
transporters (Gao et al 2009). MY C increases glutamine uptake inducing the expression of
glutamine transporters (SLCA1 and SLC7A1) (Cairns et al. 2011). Furthermore, the tumor
suppressor TP53 also contributes to the regulation of glutamine metabolism by affecting the

activity of glutaminase enzymes (Curthoys and Watford 1995). Two are the phosphate-
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activated GLS isoforms: GLS1 and GLS2 (Curthoys and Watford 1995). GLS2 is induced
in response to intracellular ROS accumulation, through the p53 activation, which results in
the activation of the glutathione biosynthesis, in order to counteract the oxidative stress
(Suzuki et al. 2010). GLS1 is upregulated in cells with increased rates of proliferation, and
accounts for the majority of glutaminase activity in some human tumor cells. Overexpression
of GLS2 results in a reduction of tumor cell growth (Perez-Gomez et al. 2005). Different
studies have shown that GLS1 is upregulated in different cancer phenotypes, such as
gliomas, colorectal carcinomas, adenomas, and breast cancer cell lines, whereas, GLS2
expression is associated with resting or quiescent cell states (Szeliga et al.2005; Szeliga et
al. 2008; Turner and McGivan 2003). Particularly, KRAS downregulates expression of
glutamate dehydrogenase, which converts glutamate into a-ketoglutarate and upregulates
expression of glutamate-oxaloacetate transaminase, which convert the glutamate into
oxaloacetate, to release aspartate for NADPH generation via malic enzyme 1 (Son et al.

2013).

e Pentose phosphate pathways

Pentose phosphate pathways (PPP) branches from glycolysis, at the first step of this process,
and is required for the ribonucleotides biosynthesis and for NADPH production (Krushna et
al.2014). NADPH is fundamental for the fatty acids synthesis and for the redox balance
(Nathan and Ding 2010). Therefore, PPP covers a fundamental role for cancer cells,
particularly for highly glycolytic cancer cells, to meet their anabolic demands and counteract
the oxidative stress (Cho et al. 2018). PPP activation has been demonstrated in different types
of cancer and several oncogenic signaling pathways are involved in the regulation of this
process (Jiang et al. 2014). Previous studies have highlighted the importabce of PPP in
rapidly growing cancer cells and consequently, an increased expression of PPP-related

enzymes, particularly glucose 6 phosphate dehydrogenase (G6PD) enzyme, in human cancer
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tissues (Lucarelli et al. 2015). Since PPP contributes directly to cell proliferation, survival
and senescence, it is tightly regulated by many oncogenes, tumor suppressors, oncoproteins
and intracellular metabolites (Jiang et al. 2014). TP53 mutations, for instance, has been
related to the regulation of PPP, increasing the metabolites flux in PPP and glycolysis (Jiang
et al. 2014). Moreover, oncogene KRAS drives glycolytic intermediates into PPP in
pancreatic ductal adenocarcinoma (Ying H et al. 2012). Recently it has been highlighted the
regulatory role in PPP of PISK/AKT signaling pathways, resulting in the regulation of G6PD

(Wagle et al. 1998).

e Lipid metabolism

Rapid cell proloferation requires a constant supply of lipids to fuel membrane biosynthesis
and protein modification, resulting in a strong lipid and cholesterol avidity (Omabe et al.
2015). Accumulation of cholesterol and lipids in cancer cells are stored in lipid droplets
(LDs), which are now considered as a hallmark of aggressiveness (de Gonzalo-Calvo et al.
2015). Cancer cells regulate the activation of lipid catabolic and anabolic pathways in order
to meet demands for membranes formation, energy production, production of signaling
molecules and redox homeostasis (Luo et al. 2017). Particularly, fatty acid B-oxidation
(FAO) pathway is the dominant energetic process in non-glycolytic tumors, making
potentially useful for the design of therapeutic strategies (Liu et al. 2010). Several lipogenic
enzymes are overexpressed in cancer cells, such as acetyl-CoA carboxylase (ACC), fatty
acid synthase (FASN), and ATP citrate lyase (ACLY) that promote also cholesterol synthesis
(Menendez and Lupu 2007; Zaidi et al. 2012). Therefore, genes involved in cholesterol-
related pathways and FAO are finely regulated as well, proving to be crucial in supporting

malignancy (Baenke et al. 2013).
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e Redox Balance

Oxidative stress, implicated in cancer development and progression, results from an
imbalance in the ROS production and cellular antioxidant molecules (Valko et al. 2006).
Cancer stem cells have the advantage of the aberrant redox system, showing an increased
level of ROS due to the rapid dividing activity (Liou and Storz 2012). ROS are chemical
species that contain oxygen and include the superoxide anion (O2"), hydrogen peroxide
(H202), and the hydroxyl radical (OH") (Murphy 2009). Normal cells produce ROS as a
physiological byproduct of metabolic processes, showing several downstream effects,
depending on their intracellular concentrations. They are involved in various functions such
as DNA synthesis, transcription factor activation, gene expression, and proliferation (Liou
and Storz 2012). High concentration of ROS might cause damage to macromolecules,
leading to senescence and apoptosis (Cairns et al. 2011). One of the most important source
of ROS is the NADPH oxidases (NOXs), which catalyze the production of superoxide anion
(O2-) from O, and NADPH (Brand 2010). Subsequently, the mitochondrial or cytosolic
superoxide dismutase enzyme (SOD) converts superoxide anion into hydrogen peroxide
(H20>). The detoxification of H20- is mediated by the enzymatic activity of mitochondrial
and cytosolic peroxiredoxins (PRXs), which converts H20- into water (Rhee et al. 2012).
The resulting oxidized form of PRXSs is then reduced by thioredoxin (TXN), thioredoxin
reductase and reducing equivalent NADPH, in order to complete the catalytic cycle (Cox et
al. 2009). Normal cells counteract ROS effects by regulating antioxidant molecules. An
important antioxidant system is the Glutathione peroxidase (GPX), which is able to convert
H20:2 in H20 in the mitochondrial matrix and cytosol through H>02-mediated oxidation of
reduced glutathione (GSH). Then glutathione reductase (GR) in the presence of NADPH,
reduces oxidized glutathione (GSSG) back to GSH (Murphy 2012). Another abundant

antioxidant, localized in peroxisomes, is the catalase, which detoxifies H.O> into water.
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However, H20> can become OH" and quickly causes the oxidation of lipids, proteins, and
DNA, resulting in cellular damage (Halliwell 2000). As indicated above, the reduced form
of NADP (NADPH) is essential and required to maintain antioxidant defenses, as a co-factor
of most of the redox mechanisms (Ying 2008). The delicate balance between intracellular
ROS production and antioxidant requests is closely dependent on various metabolic
pathways. Indeed, several pathways, such as the oxidative PPP and glutaminolysis, or the
activity of enzymes such as pyruvate kinase isoform M2 (PKM2), NADP-dependent
isocitrate dehydrogenate (IDH) and malic enzyme 1 (MEL), are involved in antioxidant
regeneration (Liu et al. 2014; Cairns et al. 2011). Among all the function of ROS in cell
physiology, they may act in the regulation of cell proliferation and cellular adaptation to
metabolic stress (Finkel 2012). Moreover, because of these ROS cellular functions,
evidences, over the past years, has indicated a consistent association between ROS and
malignant transformation (Jackson and Loeb 2011). Cancer cells show an increased level of
ROS, due to the increased dividing activity, compare to normal cells (Liou and Storz 2012).
This increased ROS production causes the activation of signaling pathways necessary for
tumorogenesis (PIP3K, MAPK/ERK, HIF, NF-kB). In the tumor microenvironment,
characterized by high proliferative cells, ROS regulation is crucial owing to the presence of
oncogenic mutations that promote metabolic alterations, resulting in increased rates of ROS
production. However, tumoral cells are able to counteract this accumulation of ROS by
further upregulating antioxidant systems (Schafer et al. 2009). The main transcriptional
target that enables the increased production of antioxidant proteins in cancer cells is through
the activation of nuclear factor (erythroid-derived 2)-like 2 (NRF2) (Sporn and Liby 2012).
Stabilization of the transcription factor NRF2 by inhibition of its negative regulator Kelch-
like ECH-associated protein 1 (KEAP1) allows it to increase expression of antioxidants
(Jaramillo and Zhang 2013). Once activated, NRF2 induces the transcription of many

antioxidant proteins including GPXs and TXNs as well as enzymes involved in GSH
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synthesis and cystine import. For this reason, NRF2 has also been shown to be essential for
tumorigenesis, related to their ability to counteract oxidative stress (DeNicola et al. 2011).
Several studies have elucidated the connection between redox balance and metabolism.
Indeed, it has been suggested that, once the cancer develops, the metabolic activity is
increased and this induces an increase of ROS with an activation of pathways involved in

the cancer cell proliferation, survival and metabolic adaptation (Chandel and Tuveson 2014).
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Thyroid cancer metabolism.

During thyroid tumorigenesis, as previous reported, several oncogenes and tumor
suppressors are involved in different tumoral processes, such as abnormal proliferation,
angiogenesis and resistance to apoptosis (Ciavardelli et al. 2017). Among all of these
processes, toward thyroid malignancy, the metabolic alterations have gained increasing
interest, since they are related to several thyroid biological functions. Indeed thyroid
hormone biosynthesis is a highly energy requiring process, and mainly, the energy is
provided by mitochondria through the oxidative phosphorylation (OXPHQOS) (Kim et al.
2012). Previous studies have reported that highly proliferating cancer cells display a shift
towards a high rate of glycolysis and, consequently, increased glucose uptake, consumptions
and lactate production (Heiden et al. 2009). These metabolic alterations are usually regulated
by transcription factors such as hypoxia inducible factor 1 alpha (HIF-1a) (Denko 2008).
HIF-1a has been found to be overexpressed in aggressive types of TC (Burrows et al. 2010).
Several glycolytic enzymes, upstream to HIF-1a, such as the hexokinase Il (HKII),
phosphoglycerate kinase (PGK), glucose-6-phosphate dehydrogenase (G6PDH), and lactate
dehydrogenase A (LDH-A), glucose transporter 1 (GLUT1) and the monocarboxylate
transporter 4 (MCT4), have been found to be overexpressed in TC as well (Chen et al. 2015;
Nahm et al. 2017; Grabellus et al. 2012). Thyroid cancer is characterized by different type
of host cells, which represent the so-called tumor microenvironment. These cells are
fibroblasts, immune cells and endothelial cells (Ciavardelli et al. 2017). Increased evidences
showed that cancer associated fibroblasts (CAFs), which are stromal cells, support metabolic
requirements and alterations of cancer cells. Cancer cells activate glycolysis and related
enzymes and transporters, expecially MCT4 in CAFs, which, consequently, provide
metabolites, such as lactate, in order to satisfy energy requirements of cancer cells (Pavlides
etal. 2009). It has been demonstrated that lactate is exported via MCT4 by CAFs and is taken
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up by cancer cells via MCT1, and then converted in pyruvate, defining the so-called “reverse
Warburg” effect (Dhup et al. 2012). Recently it has been showed that the expression of
MCT4 and MCT1, and the traslocase of outer mitochondrial membrane 20 (TOMMZ20), a
marker of mithocindrial mass, is increased in both PTC and ATC (Curry et al. 2016; Gill et
al. 2016; Nahm et al. 2017). Several studies have elucidated which oncogenes and other
tumor-related molecules were related to the cancer metabolic reprogramming in TC.
BRAFY8%°E mutation has been associated to the Warburg phenotype in PTC, through the
regulation of the expression of the isoform M2 of pyruvate kinase (PKM2), conferring an
selective growth advantage (Feng et al. 2013). The overexpression of these proteins,
involved in glycolytic processes, has been associated with the aggressive thyroid tumors,
probably because of their increased need of energy to sustain the proliferation (Nahm et al.
2017). Glutaminolysis has been investigated in TC as well, considering its fundamental role
for cancer development and progression (Smith et al. 2016). The expression of several
glutamine metabolism-related proteins has been found altered in TC, particularly both ATC
and PTC showed high expression of enzymes involved in glutaminolysis (Kim et al. 2016).
Another important regulator of glucose metabolism is p53, which has been found frequently
deleted or mutated in TC (Malaguarnera et al. 2007). p53 controls glucose uptake,
modulating expression of glycolytic proteins such as GLUTL, inhibiting the glycolytic
processes and promoting mitochondria oxidation. Consequently, because of deletion or
mutation on p53, glucose uptake and glycolysis result increase in cancer cells (Morani et al.
2014). This strong glycolytic phenotype has been highlighted particularly in poorly
differentiated TC (Grabellus et al. 2012; Frilling et al. 2001). Considering the essential
contribution that metabolomics give to the elucidation of cancer metabolism, several
metabolomics studies have been conducted in TC (Wojakowska et al. 2015). Although
genomics, transcriptomics and proteomics have contributed to the knowledge of TC, they do

not completely characterize the cancer phenotype most close to the cancer metabolome
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(Liesenfeld et al. 2013). Metabolomics, instead, can provide information more closely
connected to altered metabolism in cancer cells. Several studies on healthy tissues and
malignant tissues have reported a principal role of alanine and lactic acid (Torregrossa et al.
2012; Deja et al. 2013). As reported above, lactic acid is a common features of Warburg
phenotype associated to many types of tumors (Doherty and Cleveland 2013), and it has also
been related to the angiogenesis processes (Goodwin et al. 2014; V'egran et al. 2011).
Among all the amino acids, alanine and glutamine levels were found increased in malignant
lesions compared with healthy tissues (Xu et al. 2015). In many cancer types glutamine fuel
the protein and nucleotides biosynthesis, providing nitrogen, and the TCA cycle, providing
intermediates (Wise and Thompson 2010). On the other hand high levels of serine and
glycine were found in FNA specimens from malignant nodules and in cancer tissues (Ryoo
et al. 2016). These amino acids can provide intermediates for lipid, nucleotides and proteins
biosynthesis, showing an essential role for cancer progression (Locasale 2013; Amelio et al.
2014). Recently, in BRAFV%E |ike-PTC serine/glycine-related proteins have been found
higher than other TC types (Sun et al. 2016). In term of lipid metabolism, malignant TC
showed high levels of fatty acids, such as palmitic, myristic, palmitoleic and oleic acids (Guo
and Qiu et al. 2014; Guo and Wang et al 2014). Related to the lipid metabolism, choline
(Gupta et al. 2011; King et al. 2005) and citrate (Ryoo et al. 2016) have been found

respectively increased and decreased.
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Cancer stem cells (CSCs)

Cancer is characterized by highly proliferative malignant cells, which are different in
morphology and functions, resulting in a heterogeneous population of cells. These cells
display different proliferative capacity, metabolic behavior, invasiveness and functions in
the tumor microenvironment (Islam et al. 2015). Over the past decade, it has been
demostrated that cancers show a hierarchical organization, with a subset of cancer cells,
called cancer stem cells (CSCs) or cancer initiating cells (TI1Cs), which display self-renewal
capacity. CSCs are known to be responsible for cancer initiation, metastasis, therapy
resistance, and recurrence (Islam et al. 2015). The origin of CSCs is still debated and
controversial, and several hypothesis have been proposed. The first hypothesis demonstrated
that CSCs are the product of malignant transformation, including mutations affecting the
control of cell proliferation in adult stem cells (Smalley and Ashworth 2003). The second
hypothesis reported that the epithelial-mesenchymal transition (EMT) might be responsible
for the de-differentiation of mature cancer cells that acquire the ability to self-renew (Mani
et al. 2008). The third hypothesis is related to the induction of pluripotent stem cells, derived
from a non-pluripotent cell, through the expression of specific genes involved in the
reprogramming of somatic cells (Takahashi and Yamanaka 2006). Two models, hierarchical
and stochastic, have been proposed for the explanation of cancer initiation and heterogeneity
(Figure 3), although these two models are not exclusive. According to the hierarchical
model, cancer initiation occurs when normal stem cells escape the regulation and they
become cancer stem cells, with self-renewal and the ability to produce cancer progenitor
cells. At the same time, also normal progenitor cells can escape the regulation and become
cancer progenitor cells as well (Plaks et al. 2015). According to this model, from a clinical
point of view, only the complete eradication of all CSCs will eliminate the possibility of
relapse. On the other hand, the stochastic model supports the idea that every cell, within the
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tumor mass, is equally responsible for the tumor initiation and progression. This ability is
due to the sequential acquisition of oncogenic mutations, in genes involved in the regulation

of the cell cycle, that contribute to the creation of cancer progenitor cells (Plaks et al. 2015).
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The presence of CSCs has been demonstrated in several cancer types, leukemia (Lapidot et
al. 1994), breast (Al-Hajj et al. 2013), glioblastoma (Singh et al. 2004), colorectal (Dalerba
etal. 2007; O'Brien et al. 2007), pancreatic (Li et al. 2007), liver (Li etal. 2017), lung (Shukla
et al. 2018), ovarian (Zhang et al. 2008) and thyroid cancer (Bhatia et al. 2014). CSCs are
typically resistant to conventional cancer therapies and they are implicated in disease
persistence or relapse. Indeed, the elimination of these cells is a great challenge and covers
a fundamental role in the improvement of the survival of patients (Wang et al. 2017; Yiet al.
2017). As cancer cells adapt the metabolism to deal with the unfavorable microenvironments
and the energetic needs, also CSCs show a metabolic rewriting (Yi et al. 2018). Studying
metabolism in cancer has become a promising and emerging field of research; however, the
cellular heterogeneity within tumors creates bias in most studies. Highlighting the different
phenotypes of normal cancer cells and CSCs may results in a better understanding of the
metabolic addiction and consequently of different responses to metabolic therapies (Peiris-
Pages et al. 2016). Although the metabolism of CSCs has been intensely investigated in
recent years; it remains controversial whether CSCs mainly rely on glycolysis or OXPHOS.
Stem cells rely more on glycolysis compared to their differentiated cells, which rely more
on oxidative phosphorylation. Previous studies underlined that induced pluripotent stem
(iPC) cells acquire stemness proprieties through the metabolic reprogramming, shifting from
mitochondrial respiration to a metabolism that is mainly glycolytic (Zhou et al. 2012). Stem
cells are also able to reprogram their metabolism to generate large amounts of energy needed
for the differentiation process (Jang et al. 2015). Nevertheless, metabolic features associated
to CSCs and the metabolic effects on CSCs physiology remain poorly explored, and it is
deeply dependent of the tumor type. A new paradigm about the acquisition of stemness
features linked to the metabolic reprogramming has been recently proposed. Indeed
combined biological, biochemical and genetic studies has revealed that CSCs may be

generated from metabolic adaptations, which affect chromatin organization and activate
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epigenetic program. These metabolic-driven reprogramming of CSCs is called
metabostemness hypothesis, and together with the traditional clonal evolution model they

explained the origin of CSCs in cancer (Figure 4) (De Francesco et al. 2018).
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Figure 4. Metabostemness hypothesis for the tumor heterogeneity and the origin of
CSCs. To explain tumor heterogeneity, two models have been proposed: the clonal evolution
model and the metabostemness hypothesis (De Francesco et al. 2018).

Several studies suggest that CSCs are more glycolytic compared with other differentiated
cancer cells in vitro and in vivo (Ciavardelli et al. 2014; Emmink et al. 2013; Liao et al.
2014; Palorini et al. 2014). According with these findings, glucose uptake, expression of
enzymes involved in the glycolysis, lactate and ATP content were found to be significant
increased in CSCs and linked to a decrease of oxidative phosphorylation (Guha et al. 2013;
Petros et al. 2005). Moreover, experiments in breast cancer cell lines suggested that CSCs
functions are deeply linked and dependent on the switch from OXPHOS to aerobic glycolysis

(Dong et al. 2013). Mitochondria revert to an immature state in some glycolytic CSCs,
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characterized by low levels of ROS compared with differentiated cells (Prigione et al. 2010).
Consequently, reduced levels of ROS are essential for maintaining quiescence and self-
renewal ability (Jang and Sharkis 2007). On the other hand, CSCs in other cancer types have
demonstrated OXPHOS dependence for the energy production. Previous studies have
reported that CSCs may also rely on mitochondrial FAO for ATP and NADPH production
(Sancho et al. 2016). Although the OXPHOS phenotype of some CSCs have not yet been
fully understood, this metabolic feature renders CSCs resistant to inhibition of glycolysis,
providing higher independency from microenviromental nutrients (Sancho et al. 2016). For
this reason, OXPHOS-dependent CSCs acquire an advantage as they make a better use of
nutrients to meet energetic demands. Furthermore, it has been demonstrated that lactate
excretion from differentiated cells may fuel the mitochondrial metabolism in OXPHOS-
dependent CSCs (Nakajima and Van Houten 2013). Understanding the metabolic
dependence of CSCs in various tumors could be an effective pharmacological strategy for
the elimination of CSCs. Particularly, OXPHOS-dependent CSCs that are not able to meet
their energetic demands by glycolysis, might be eradicated by targeting mitochondrial
OXPHOS (Sancho et al. 2016). However, targeting either glycolysis or OXPHOS pathways
may result inconclusive and unsatisfactory, mainly due to the metabolic heterogeneity and

plasticity of CSCs (Valent et al. 2013).
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Targeting cancer cells metabolism: Vitamin C anti-tumoral
effects

Tumor initiation and progression are deeply associated to the metabolic reprogramming,
whose metabolic features can be exploited to treat cancer. Understanding the differential
metabolic dependencies of tumors has the potential to provide new therapeutic strategies
(Luengo et al. 2017). Indeed the inhibition of metabolic processes and enzymes involved in
the metabolic programming may have a promising effect on tumors by depleting bioenergetic
sources and anabolic reactions. These effects result in growth stop, apoptosis induction and,
eventually, inhibition of invasion (Kroemer and Pouyssegur 2008). Several inhibitors of
metabolic enzymes have been described, such as glucose transports, glycolytic enzymes,
fatty acid synthesis and oxidative phosphorylation inhibitors (Simons et al. 2007, Kim et al.
2007; Pedersen 2007; Bonnet et al. 2007, Kim et al. 2007; Pedersen 2007; Bonnet et al. 2007,
Hatzivassiliou et al. 2005; Beckers et al. 2007; Wang et al. 2005, Pouyssegur et al. 2006; Chi
et al. 2007). Tumors characterized by glycolytic phenotypes could be more sensitive than
other tumors to agents targeting the glycolytic enzymes (Hamanaka and Chandel 2012). On
the other hand, tumors characterized by alteration in the TCA cycle and/or glutamine-
dependence could be sensitive to agents targeting glutamine metabolism such as glutaminase
(Teicher et al. 2012). Nevertheless, it has been well verified that tumor mass is characterized
by a heterogeneous cell population, and within this population, cancer stem cells have been
as responsible for metastasis, therapy resistance and tumor relapse (Clevers 2011). As such,
targeting CSCs may be a useful strategy to improve the cancer therapies. Considering that
CSCs show several oncogenic alterations which trigger metabolic changes and that
metabolism has been shown to deeply influence the maintenance of CSCs, targeting their
metabolism plays a fundamental role for identification and eradication on CSCs (De

Francesco et al. 2018).
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Since the discovery of vitamin C, the evaluation of its biological functions is continually
rising. Particularly, the use of pharmacological concentrations (high dose) of vitamin C in
cancer started with the discoveries of Linus Pauling and Ewan Cameron, who reported the
positive effect of vitamin C in cancer treatment (Cameron and Pauling 1976). Furthermore,
vitamin C has long been used in the prevention of several diseases, where it primarily acts
as antioxidant (Fang et al. 2002; Ames et al. 1993) while evidences that vitamin C is
selectively toxic to some types of tumor cells, functioning as a pro-oxidant, are now
increasing (Bram and Froussard 1980; Fujinaga and Sakagami 1994). Vitamin C uptake is
mediated by two membrane transporters: the sodium-ascorbate co-transporters (SVCTSs) and
hexose transporters (GLUTS). Particularly SVCTs import vitamin C in its reduced form
(ascorbate), while GLUTs (mainly GLUT1) import dehydroascorbate (DHA), the oxidized
form, followed by intracellular reduction at the expense of GSH, thioredoxin, and NADPH
(Savini et al. 2008; Vera et al. 1995; Welch et al. 1995). Previous studies have been demonstrated
that the cytotoxicity of high-dose of vitamin C is mediated by delivering hydrogen peroxide
(H202) and, consequently, it acts as pro-oxidant inside the cells (Du et al. 2012). The
production of H2O> results in depletion of intracellular antioxidant, such as intracellular
GSH, causing oxidative stress and cancer cell death (Du et al. 2012). Several studies reported
the different sensitivity to vitamin C-induced cytotoxicity in cancer cells (Table 2) (Takemura

etal. 2010; Du et al. 2010; Roomi et al. 1998).
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Table 2. Cytotoxicity of vitamin C in cancer cells.

Cell Line IC50 (mM)
HL-60 0.33+0.18
NB4 0.76 £0.14
NB4-R1 0.45+0.24
NB4-R2 0.75+0.3
KG1 0.79+£0.22
K562 05+0.11
U937 0.3+0.16
OVCAR >10
SK-OV3 >10
JLP119 <1

MCF7 2

MB231 7

Hs587T 20
KNL205 <1

RAG <2

CT26 4

B16 7

LL/2 11
Hs587/bST >20
CCD34SK >20

HL-60, human myeloid leukemia; NB4, NB4-R1, NB4-R2, human acute promyelocytic
leukemia (APL); KG1, human myeloblast; K562, human chronic myelogenous leukemia;
U937, human histiocytic lymphoma; OVCAR, SK-OV3, ovarian cancer; JLP119, human
lymphoma; MCF7, MB231, Hs587t, human breast cancer; KLN205, mouse lung cancer;
RAG, mouse kidney cancer; CT26, mouse colon cancer; B16, mouse melanoma; LL/2,
mouse lung cancer; Hs587Bst, human normal breast cells; CCD34SK, human normal
fibroblast cells (Chen et al. 2005; Park et al. 2014).

However, the anti-proliferative effects seem to affect the cancer cells metabolism, but the
mechanism underlying this effect is not fully understood. Recently Yun J et al., have reported
that high-dose of vitamin C is able to selectively inhibit glycolysis in KRAS and BRAF
driven colorectal cancer cells by increasing oxidative stress (Yun et al. 2015). Furthermore,

high-dose of vitamin C was found to be able to affect the viability of breast adenocarcinoma
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and colon cancer cells by inhibiting energetic processes such as glycolysis and TCA cycle,
and consequently the ATP production (Uetaki et al. 2015). Taken together these findings
support the hypothesis that vitamin C-induced cytotoxicity can be mediated also by

alterations in metabolic pathways, affecting energetic processes and survival of cancer cell.
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Metabolomics

e The metabolomic approach

Metabolomics is a comprehensive analysis of small molecule metabolites (< 1kDa) of
biological samples. This analytical approach involves the study of intermediates and
products of metabolism, such as carbohydrates, fatty acids, amino acids, nucleotides, organic
acids, vitamins, antioxidants and many other classes of compounds (Klupczynska et al.
2015). Metabolome, the complete set of metabolites of a sample, can be characterized from
all levels of biological complexity: organisms, tissues, cells or cell compartments (Fiehn
2002). Metabolomics allows studying the metabolic fingerprint and it provides a ‘top-down’,
an integrated view of the organism (Nicholson and Lindon 2008). The metabolic information
is deeply dependent on physiological or pathological state of organism, tissue or cells .The
described metabolic phenotype might provide an insight into the biological status and it
might be used as information about the organism (Holmes et al. 2008). Considering that
metabolites are the final product of the genic expression and the protein activity, among the
other “omics” technologies, metabolomics is the research platform most closely related to
the phenotype (Nicholson et al. 1999). Several metabolomic studies have been conducted
with the aim to discriminate samples, based on the different metabolomes, between different
physiological and/or pathological conditions, making the metabolomics approach useful to
discover biomarkers and to identify the biochemical pathways involved in biological
processes (Spratlin et al. 2009). The metabolomics analytical workflow can be divided into
different crucial steps, from the sample collection to the sample acquisition and data analysis

(Figure 4).
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Figure 5. General metabolomics workflow. Flowchart of metabolomics analytical approach, from
the sample pre-treatment to the data interpretation.

Sample collection is a critical step, which may determine the success of metabolomic
experiment. There is a wide variety of biological samples that can be used for metabolomics
studies, and the sample state (in term of typology, collection technique, sex, ages, diet) may
affect the analysis, introducing variation or bias into the experiments (Snyder et al. 2015).
Furthermore, the sample preparation might remove the complexity or problems from the
collection step. Indeed, the extraction processes may ‘“clean” the sample and increase the
specificity and sensitivity of the method. The instrumental approach, to detect the
metabolites within samples, can be divided as well as either targeted or untargeted. The first
studies a define number and type of metabolites, maximizing the sensitivity; the second
approach scans the greatest number of metabolites inside the biological sample (Fiehn 2002).
For the instrumental analysis different analytical techniques can be used, and the choice
depends both on the type of the sample and on the type of required information (Beger 2013).
The analytical platforms typically employs either nuclear magnetic resonance spectroscopy
(NMR) or mass spectrometry (MS), which usually is coupled with separation technologie,

such as gas-chromatrography (GC-MS), liquid chromatograpfy (LC-MS) and capillary
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electrophoresisi (CE-MS) (Armitage and Barbas 2014). Mass spectrometry employs a range
of different mass analyzers depending on the type of experiment, such as single quadrupole,
triple quadrupole, time-of-flight mass spectrometer, ion traps. Among all the separation
techniques, GC-MS and LC-MS are the most widely used in metabolomics approach, while
recently CE-MS is getting more attention in this field. (Ramautar et al. 2013).GC-MS allows
the analysis of metabolites in the mass range of 650-1000m/z and its applications are
dependent on chemical reactions which enchance the volatility of the metabolites and ensure
the chemical separation (Halket, et al. 2005; Garcia and Barbas 2011). GC-MS presents
different advantages, such as high separation efficiency and high reproducability. An
universal electron ionization (EI) is applied and it provides a standardized mass spectral
fingerprints (Fiehn et al. 2000). One of the disadvantages is that metabolites, after the
required derivatization, are not very stable and they can be degrade during injection and
separation (Kanani et al. 2008; Koek et al. 2006). In term of type of MS detectors for GC-
MS analysis single quadrupole or a time-of-flight (TOF) are the most used. On other hand,
LC-MS has the advantage of requiring minimal sample preparation, without derivatization
before the analysis. It is highly applicable to the analysis of a wide range of semi-polar
compounds and highly sensitive. The traditional reverse-phase chromatography is used in
the separation of non polar and slightly polar molecules (Roberts et al. 2012) whereas HILIC
(hydrophilic interaction liquid chromatography) mode is becoming the most common
technique for strongly and polar metabolites (Bajad et al. 2006). Several MS detectors can
be used in LC-MS analysis, ranging from ultra-high resolution MS, such as Fourier transform
ion cyclotron resonance (FT-ICR) or Orbitrap FT, and high resolution MS (TOF) to low
resolution MS (ion traps, triple quads (Dwivedi et al. 2008). One of the disadvantages of LC-
MS is the ion suppression, indeed the ionization processes may depend on the presence of
matrix compounds, and this effect is closely dependant on the type of ionization (ESI or

APCI). Metabolite detection employs several options including single (MS) or tandem
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(MS/MS) mass analysers, which show different sensitivity and resolution performances
(Gowda and Djukovic 2014). The MS/MS mode, which is characterized by an additional
MS/MS fragmentation, offers more information about the identification and the structure of
the metabolites. Despite the most common approach to study cancer has been the molecular
biology for decades, metabolomics is becoming one of the fastest analytical technologies in
cancer research, considering the metabolic cancer phenotypes as a possible therapeutic
target. Taking into account the increased interest on targeting metabolism of cancer cells,
metabolomics approach is rising year by year, in the investigation of metabolic changes

associated with the tumor phenotypes (Armitage and Barbas 2014).

e Metabolomics in thyroid cancer research

Several studies in cancer research have been focused on the investigation of metabolic
features linked to the neoplastic transformation and development. The most studied
pathways are glycolysis, TCA cycle and oxidative phosphorylation, with all their related
regulation mechanism. Numerous works have proved successful application of genomics,
transcriptomics, and proteomics in the field of thyroid cancer research (Xing et al. 2013;
Krause et al. 2009). Determining the type of thyroid cancer and, consequently, the prognosis
and the treatment is a crucial step in the clinical practice. Unfortunately, classical
histopathological approaches can be inconclusive and for this reason, molecular and
metabolic biomarkers are increasingly needed in thyroid cancer research (Wojakowska et al.
2015). The metabolomics approach implemented in identification of biomarkers for
diagnosis and classification of thyroid tumors has been dynamically expanding in recent
years and, significant differences were observed between the metabolomes of normal thyroid
tissues and neoplastic lesions, as well as between benign and malignant nodules (Miccoli et
al. 2012; Guo et al. 2014). Furthermore, several studies have shown the link between TC

oncogene mutations and metabolic alterations, particularly involved in glucose uptake,
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glycolysis, and glutamine metabolism (Ciavardelli et al. 2017). Interestingly, BRAF%%°E has
been associated with a glycolytic phenotype in PTC, through the regulation of the expression
of the isoform M2 of pyruvate kinase (PKM2), constituting an aggressive tumor features of
PTC (Feng et al. 2013). Therefore, aggressive tumors, harboring BRAF'®%E mutation,
according with their need for glucose to fuel proliferation, express the highest levels of
metabolic carriers, such as GLUT1 and MCT4 (Ciavardelli et al. 2017). On the other hand,
also alterations in glutamine metabolism have been related to BRAFY®%E positive PTC,
particularly high expression rate of proteins involved in glutaminolysis (Kim et al. 2016).
Furthermore, RAS, PTEN and TP53 mutations, frequently mutated in TC (Ciavardelli et al.
2017; Carracedo and Pandolfi 2008), have been studied in association with metabolic
features involved in glucose metabolism (Ciavardelli et al. 2017). From this point of view,
metabolomics can help to provide fundamental mechanistic insight into thyroid cancer
development and progression. Numerous studies clearly highlighted the investigative power
and utility of metabolomics in discriminating healthy tissues or benign thyroid nodules and
malignant lesions (Ciavardelli et al. 2017). In particular, increased levels of lactic acid , often
paralleled by alanine, have been found relevant in TC subtypes (Ryoo et al. 2016). High
levels of lactic acid are a common feature of tumors characterized by a Warburg phenotype,
and particularly, the shuttle of lactate between cancer and stromal cells is an underlined
feature of the microenvironment of TC (Gill 2016). Indeed, in a previous study, high levels
of amino acids and lactate, combined with a decrease of choline and scyllo-inositol were
identified in malignant lesions such as PTC, FVPTC and FTC, compared control samples,
through a HR-MAS H-NMR approach (Miccoli et al. 2012). Furthemore, potential
biomarkers, including alanine, methionine, glutamate, glycine, tyrosine, phenylalanine,
hypoxanthine, acetone and lactate, were commonly found in thyroid lesions (Deja et al.
2013), confirming the promising role of metabolomics in thyroid cancer research.

Meanwhile, decrease of glucose, fructose, and galactose and increase of malonic acid and
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inosine, detected with GC-MS based metabolomics analysis, were reported as discriminant
features for PTC tissue (Chen et al. 2015). Also glutaminolysis, frequently altered in tumor
cells due to its role in the providing of nitrogen or protein and nucleotide synthesis and
intermediates for TCA cycle (Wise and Thompson 2010), has been found increased in TC
malignant lesions compared with healthy tissue (Xu et al. 2015). Significant alteration of
lipid profiles, such as higher levels of saturated fatty acids, such as myristic and palmitic
acids, have been reported in TC compared with adjacent non-tumor tissues or benign lesions
(Tian et al. 2015). Interestingly, PTC and ATC tissues also showed increased expression

levels of key enzymes involved in FA biosynthesis (Tian et al. 2015).

50



Aim of the Project
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1)

The general aim of this work is the evaluation of changes in metabolic processes occurring
in cancer development and progression, such as energetic metabolism and redox balance, in
association with cancer genetic background. Based on previous studies on cancer
metabolism and cancer metabolic plasticity, and considering the cross talk among oncogenic,
metabolic and redox events during tumorigenesis, this thesis aimed to highlighted the need
for a holistic and translational approach of studying cancer. Particularly, we focused our
studies on PTC, by using in vitro model of PTC-derived cell lines with different genotypes.
The possibility to detect changes in metabolism and understand metabolic sensitivity and
dependence of cancer cells represents an intriguing prospective for the study of cancer and,
particularly, for the management of aggressive tumors. Since the initiation, metastasis,
therapy resistance, and recurrence of tumor are now believed to be caused and trigged by a
subset of cancer cells, such as CSC, the characterization and elimination of these cells is a
great challenge and covers a fundamental role in the improvement of the survival of patients.
Therefore profiling the metabolism of CSCs is important to identify the metabolic
dependencies, as potential “Achilles heel” of PTC. The identification of metabolic features
and consequently therapeutic targets covers a fundamental role also for the improvement of
cancer therapy, targeting pathways needed for the proliferation and survival of cancer cells

through enzymatic inhibitors or compound with anti-tumoral effects.
For these reasons, we focused our project on three main parts:

Characterize metabolic changes and alterations of redox balance, associated with oncogene
pathways, in PTC-derived cell lines. Particularly, we analyzed three PTC-derived cell lines
harboring the PTC recurrent somatic genetic alterations (e.g. BRAFV¢%E TP53, hTERT
mutations and RET/PTC rearrangement), using an immortalized normal thyrocytes cell line

Nthy-ori3-1, negative for the PTC genetic mutations, for comparisons.
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2)

3)

Identify metabolic phenotype and dependency of CSCs, generated by PTC-derived cell lines
through the spheroid-formation assay by means of a metabolomic approach, considering the
key role of these CSCs in cancer development and progression.

Explore the anti-tumoral effects of vitamin C in terms of anti-proliferative and modulation
of metabolic processes, in PTC-derived cell lines, understanding how vitamin C affect
selectively energetic pathways and redox balance and how different genetic backgrounds

affect the cell sensitivity to vitamin C treatment.
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I1l. Materials and methods
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Cell culture and treatment

The cell lines used and their respective tissue origin and genetic background are listed in
Table 3. The human PTC-derived B-CPAP, K-1, TPC-1 cell lines and the SV40-
immortalized human thyroid cell line Nthy-ori3-1 cell line were grown as a monolayers in
culture in Dulbecco’s Modified Eagle’s Medium/Ham’s F-12 (DMEM/F12) supplemented
with 10% fetal bovine serum (FBS, Life Technologies, Milan, Italy), 100 Ul/ml penicillin
and 100 pg/ml streptomycin (Sigma-Aldrich, Milan, Italy), at 37°C in a humidified 5% CO>
atmosphere. For subculture, cells were detached from the flasks by trypsinization. Cells were
subcultured 2 times per week at a dilution of 1:10. All cell culture work was performed under
sterile conditions. Vitamin C was obtained from Sigma-Aldrich (Milan, Italy) and stored at
4°C. Cells were seeded for at least 24h prior the treatment with the vitamin C, at different
cell density and in different supports, based on the assay. Vitamin C was solubilized either
DMEM or sterile PBS (60 mg/ml) and then diluted for the treatments. Dose-dependent and
time-dependent effects of Vitamin C in cell viability were determined. Vitamin C experiment
was also coupled with 2.5mM of tert-butyl hydroperoxide (TBH), as pro-oxidant, and 10mM

of N-acetyl cysteine (NAD), as anti-oxidant).

55



Table 3. Thyroid cell lines, tissue origins and genetic background.

Cell lines Z'rf;‘fs hTERT BRAFFV600E RET/PTC TP53 References
Meireles et al, 2007; Liu et al.
- - * _ ’ ’ I}
B-CPAP PTC C228T GTG-> GAG wit GAC->TAC 2013: Caria et al., 2017
Meireles et al., 2007; Liu et
- ** ’ ]
K1 PTC Cc228T GTG->GAG wt wt al., 2013; Caria et al., 2017
Meireles et al., 2007; Maric et
TPC-1 PTC C228T wit RET/PTC1 wit al., 2011, Liuetal., 2013;
Caria et al., 2017
. Maric et al., 2011; iaetal.,
Nthy-ori 3-1 NTT wit wit wit wit arceta 2817 Cariaeta

* homozygous; ** heterozygous; PTC: papillary thyroid carcinoma; NNT: normal thyroid tissue; wt: wild
type.
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Sphere formation assay

A sphere-forming assay was used to assess self-renewal and sphere-forming efficiency
(Figure 5). B-CPAP, TPC-1 and Nthy-ori3-1 monolayer cells were grown for one week with
reduced FBS (5%). Adherent cells were then gently dissociated with StemPro Accutase (Life
Technologies), and single cells were cultured in permissive condition, at a density of 2x10*
cells/ml in low-attachment flasks (Corning, Corning, NY, USA). Cells were cultured in
serum-free medium (SFM) as follows: DMEM/F12 with 2% B27 supplement (Life
Technologies) and epidermal growth factor (EGF), and basic fibroblastic growth factor
(bFGF) (Miltenyi Biotec, Calderara di Reno, BO, Italy) (20 ng/ml each). Every 15 days,
spheres that had formed were counted, dissociated, and replated to generate new spheres.
The numbers of spheres counted were expressed as a percentage of total plated cells. To
induce differentiation of thyrospheres into adherent cells, thyrospheres were cultured in
medium supplemented with 10% FBS for at least 4 weeks, and then harvested for molecular
analysis. To confirm self-renewal, primary thyrospheres of approximately 200 um in size
were enzymatically dissociated and seeded in SFM every seven days (2x10%cells/ml) in order
to obtain next generation spheres.

Functional parameters and stemness markers of thyrospheres were compared to thyrospheres
generated by the control line Nthy-ori 3-1 (SV-40 immortalized normal human thyroid

follicular cells) and showed in Table 4, as previously published (Caria et al. 2018).
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Table 4. Functional parameters and stemness markers of thyrospheres.

Assays Nthy-ori3-1 B-CPAP TPC-1
Formation Assay capability YES YES YES
Selpf-renewal 5 generations 21 generations 5 generations
MRNA expression Nthy-ori3-1 B-CPAP TPC-1
thyrospheres thyrospheres thyrospheres
oCT4 YES YES YES
Nanog YES YES YES
ABCG2 YES YES YES
ALDH1A1 NO YES NO
TTF1 NO YES (low) NO
PAX8 YES YES YES
Protein expression
OCT4 YES YES YES
Nanog YES YES YES
ABCG2 YES YES YES
ALDH1A1l NO YES NO
CD44 YES YES YES
TTF1 NO NO NO
CK19 NO YES NO
SSAE-1 YES YES YES
YES YES
Genetic Alterarions NO (hTERT, (hTERT,
BRAFV600E TP53) RET/PTC1)

(Caria et al. 2017; Caria et al. 2018)
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Evaluation of Cytotoxicity

The MTT ((3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide) tetrazolium)
cytotoxicity assay was chosen as method for evaluating the cytotoxicity of Vitamin C. MTT is a
yellow tetrazolium dye that is reduced by living and metabolically active cells, turning it into an
insoluble, purple formazan dye. MTT reduction is specifically carried out by enzymes in the
mitochondria. As the quantity of reduction of yellow dye is related to living cells, it enables the
estimation of cell viability by measuring the optical density (OD) of the purple formazan produced

by the cells (Mosmann 1983).

Briefly, the cells were seeded at the density of 7.5x10%cells, in a 96-well plate and left to grow for
24 h. Then, in order to evaluate the sub-lethal concentration for the metabolic and molecular assays,
vitamin C was added at six different concentrations (0,1 mM-10 mM) and incubated for 48 h.
MTT reagent was prepared by dissolving in PBS and further diluted to 1mg/ml in DMEM. 50 uL
of the MTT reagent 1 mg/ml were added to each well, and the plates were incubated for additional
2h. The resulting formazan crystals were dissolved in 100 uL of dimethyl sulfoxide (DMSO). The
viability was measured at 540 nm using a micro plate reader (Infinite 200, Tecan, Salzburg,
Austria) prior 5 minutes shaking. Cell viability was expressed as average + SD of percentage of

control (untreated cells).
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Reactive Oxygen Species (ROS) Assay

For the investigation of intracellular ROS generation, a 2’,7'-dichlorofluorescin diacetate
(H.DCFDA) assay was performed (Eruslanov and Kusmartsev 2010). The cell-permeant
H>DCFDA is a is a chemically reduced form of fluorescein used as an indicator probe for ROS.
Upon cleavage of the acetate groups by oxidation , the nonfluorescent H.DCFDA is converted
to the highly fluorescent 2',7'-dichlorofluorescein (DCF). ROS levels and fluorescence intensity
are proportional. ROS were measured in BCPAP, K1, TPC-1 and immortalized non tumoral
Nthy-ori 3-1 cell lines, seeded in 96-well plates (7.5x10%ml) and grown for 48 hours. Cells were
washed with PBS solution and incubated for 30 min with 10 uM of H.DCFDA (Sigma-Aldrich,
Milan, Italy). H.DCFDA was then removed and cell were washed with PBS. ROS production
was measured by reading the fluorescence emitted after 2 hours, using a micro plate reader
(Infinite 200, Tecan, Salzburg, Austria) at a controlled temperature of 37 °C. The measurement
was performed using an excitation of 490 nm and an emission of 520 nm. For the determination
of the ROS production vitamin C-induced cell were seeded in 96-well plates (7.5x10*ml) and
grown for 48h. Cells were washed with PBS solution and incubated for 30 min with 10 uM of
H>DCFDA as described above. Cells were then treated with vitamin C, using the different sub-
lethal concentrations (15mM, 10mM, 5mM, 5mM respectly for Nthy-ori3-1, TPC-1, K-1 and B-
CPAP). tert-Butyl hydroperoxide (TBH) was used as positive control, since it is a strong oxidant
compound, and N-acetyl-cysteine (NAC), a natural ROS scavenger, was used as a control to
ensure effectiveness of the assay. Vitamin C was aslo used in combination with respectively TBH
and NAC. ROS production was measured by reading the fluorescence emitted after 2 hours, as

described above.
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Determination of intracellular aminothyol levels.

High-performance liquid chromatography linked with electrochemical detector (HPLC—
ECD) method has been used for the simultaneous determination of intracellular aminothiols
(GSH, GSSG, cysteine and cystine), using the method described by Khan et al (Khan et al.
2011) Cells were seeded in 6-well plates (1x10°cells/ml) and incubated for 48h. After
incubation, cells were scraped and extracted with 150 ul of 10% meta-phosphoric acid and
150ul of 0.05% trifluoroacetic acid (TFA) (Sigma-Aldrich, Milan, Italy) solution. After
centrifugation the clear supernatant was injected into the HPLC system. GSH, GSSG,
Cysteine and Cystine amount were measured by electrochemical detection, using an HPLC
(Agilent 1260 infinity, Agilent Technologies, Palo Alto, USA) equipped with an
electrochemical detector (DECADE Il Antec, Leyden, The Netherlands) and an Agilent
interface 35900E. A C-18 Phenomenex Luna column, 5 um particle size, 150 x 4.5 mm, was
used with a mobile phase of 99% water with 0.05% TFA (v/v) and 1% MeOH at a flow rate
of 1 ml/min. Electrochemical detector was set at an oxidizing potential of 0.74 V. A
calibration curve was created using standards of GSH, GSSG, Cysteine and Cystine (Sigma-
Aldrich, Milan, Italy) injected at different concentrations. Data were collected and expressed
as ng of GSH, GSSG, Cysteine and Cystine to pug of measured proteins, analyzed by Bradford

assay (Bradford 1976).
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Protein extraction and quantification

Total proteins were extracted with the Bradford assay (Bradford 1976), with some
modifications. PTC-derived cell lines, B-CPAP, K1, TPC-1, and the immortalized non
tumoral Nthy-ori 3-1 cell line were seeded in 6-well plates (1x10°cells/ml). Treatment with
vitamin C was performed the day after the seeding, using the sub-lethal concentration. Cells
were incubated with vitamin C for 24h and then, vitamin C was replaced with culture
medium, and treated and no treated cells were incubated for further 24h. After 48 hours from
the seeding, growth medium was removed and cells were washed with ice-cold PBS prior to
the addition of 180ul CelLytic M lysis buffer (Sigma-Aldrich, Milan, Italy) for protein
extraction, added with mammalian protease and phosphatase inhibitor cocktail (1:100 v/v).
Cells were scraped on ice and lysates were incubated for 15 min on ice before centrifugation
at 12500 g at 4 °C for 7 minutes and then stored at -20°C prior quantification. The calibration
curve was generated using bovine serum albumin (BSA) in CelLytic M reagent, at different
standard concentrations (0.1mg/ml-10mg/ml). Bradford Reagent solution totaling 500 pl
was incubated with either 10 pl of standard or protein sample at room temperature for 5
minutes. The absorbance was measured at 595 nm using a micro plate reader (Infinite 200,
Tecan, Salzburg, Austria) at a controlled temperature of 37 °C. The equation of the line of

the standard curve was used to calculate the protein concentration of the cell samples.
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Immunoblotting.

For immunoblotting experiments, the antibodies listed in Table 5. were used.

Equal amounts (20ug/lane) of proteins were electrophoresed on SDS-10% polyacrylamide
gels (Bio-Rad, Hercules, CA, USA). The same protein sample preparation was used for all
gels. After gel electrotransfer onto nitrocellulose membrane (Osmonics, Westborough, MA,
USA), the membranes were stained with 0,5% (wt/vol.) Ponceau S red (ICN Biomedicals,
Aurora, Ohio, USA). After blocking in TBS containing 0.05% Tween 20 (Sigma-Aldrich,
Saint Louis, MO, USA) and 5% BSA (Sigma Aldrich), membranes were incubated with the
specific primary antibodies diluted in blocking buffer. Filters were incubated with anti-
mouse or anti-rabbit horseradish peroxidase conjugated IgGs (Santa Cruz Biotechnology,
CA, USA). Immunoreactive bands were identified with a chemiluminescence detection
system, as described by the manufacturer (Supersignal Substrate, Pierce, Rockford, IL,
USA). The molecular weights of the bands were calculated from comparison with pre-
stained molecular weight markers that were run in parallel with the samples. Densitometric
analysis of immunoreactive bands was performed using the program ImageJ (JAVA, Wayne

Rasband, National Institute of Health, USA).
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Table 5. Antibody List

Antigen Host Class Company
B-Actin Mouse Monoclonal Sigma-Aldrich
Glutaminase 1 Rabbit Polyclonal Abcam
Glutamate- Rabbit Polyclonal Sigma-Aldrich
cysteine ligase

ALDH1-A1 Rabbit Polyclonal Millipore

CD44 Mouse Monoclonal ThermoScientific
CD19 Mouse Monoclonal Millipore

TTF-1 Rabbit Monoclonal Abcam
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Immunofluorescence.

For immunostaining, cells were enzymatically dissociated and cultured directly on
previously sterilized slides and placed in square tissue culture dishes (quadriPERM®,
Sarstedt AG & Co, Nimbrecht, Germany). The cells were maintained for 16 h at 37°C in a
humidified 5% CO, atmosphere. Cells were fixed with 4% paraformaldehyde for 10 minutes
at room temperature. Immunostaining was performed as previously described (24) using
rabbit polyclonal anti-GLUTL1 (1:200; Abcam, CA, USA) and rabbit polyclonal anti MCT4
(1:100; Abcam, CA, USA) antibodies. Alexa-conjugated (Alexa Fluor 488 or 594, Life
Technologies) goat anti-rabbit IgG were used as secondary antibodies. Nuclei were

counterstained with 4',6-diamidino-2-phenylindole (DAPI).
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Glucose uptake assay.

The measurement of glucose uptake was quantified using the fluorescent D-Glucose analogue 2-
deoxy-2-[(7-nitro-2,1,3- benzoxadiazol-4-yl)amino]-D-glucose (2-NBDG), which can be taken up
by cells through glucose transporters (Zou et al. 2005). Fluorescence generated by this fluorescent
glucose analog is proportional to glucose uptake by the cells and can be used to measure glucose
uptake using fluorescent microscopy and flow cytometry. For the assay optimization, cells were
plated in 96-well plates at a cell density of 1x10°cells/ml and incubated for 24h. The day after the
seeding, cells were washed with PBS to ensure the removal of growth medium and consequently
glucose. The assay optimization was performed with two different concentration of 2-NBDG,
according to the manufacturing information, (50 and 100 uM) and with different incubation time
of the fluorescent. Finally, the concentration of 50 uM and the incubation time of 30 minutes were
chosen for performing the experiments. Briefly, cells were seeded in 96-well plates at the density
of 1x10°cells/ml and incubated for 24h. The day after the seeding, cells were washed with PBS to
ensure the removal of growth medium and consequently glucose, followed by the addition of
50uM of 2-[N-(7-nitrobenz-2-oxa-1, 3-diazol-4-yl) amino]-2-deoxy-Dglucose (2-NBDG,
fluorescently-tagged glucose derivative, N13195; Invitrogen), which was incubated for 30
minutes. For the vitamin C treatment, different concentrations of vitamin C (15mM fof Nthy-ori3-
1, 10mM for TPC-1 and 5 mM for K1 and B-CPAP) were prepared in PBS and added with 2-

NBDG. After the incubation, external 2-NBDG, with and without vitamin C, was washed off and

replaced with PBS. Relative glucose uptake was measured by reading the fluorescence emitted
using a micro plate reader (Infinite 200, Tecan, Salzburg, Austria) at a controlled temperature of

37 °C. The measurement was performed using an excitation of 485 nm and an emission of 530 nm.
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Glucose Addiction Assay.

To perform the glucose addiction assay, cells were exposed to three metabolic conditions. Control
cells were grown in DMEM/F12 with 3.1g/L glucose supplemented with 10% fetal bovine serum
(FBS, Life Technologies, Milan, Italy), 100 Ul/ml penicillin and 100 pg/ml streptomycin (Sigma-
Aldrich, Milan, Italy). The first experimental condition was DMEM with 4.5g/L glucose, (High
glucose) supplemented with 10 % heat-inactivated FBS (56 °C,30 min), 100 U/ml penicillin G,
100 pg/ml streptomycin. The second experimental conditions was DMEM with 1 g/L glucose,
supplemented with 10 % heat-inactivated FBS (56 °C,30 min), 100 U/ml penicillin G, 100 pg/ml
streptomycin. The third experimental condition was DMEM with 0 g/L glucose, supplemented
with 10 % heat-inactivated FBS (56 °C,30 min), 100 U/ml penicillin G, 100 pg/ml streptomycin.
Cells were seeded at 1x10%/ml in 12well plates. After 24h from the seeding, cells were exposed to
the experimental conditions for 6 h, 24 h and 48 h. Subsequently, cells were washed with PBS and
then gently dissociated with StemPro Accutase (Life Technologies) and counted with Scepter™

2.0 Cell Counter (Merck Millipore), according to the manufacturer’s instructions.
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Apoptosis Analysis: Flow Cytometric Analysis with Annexin
V/Propidium lodide staining

In order to investigate cell death induced by vitamin C treatment, a flow cytometric analysis, using
the cell apoptosis kit Annexin V/Propidium lodide (PI) double staining uptake (Invitrogen, Life

Technologies, Italia).

The percentage of apoptotic and necrotic cells, induced by vitamin C, was determined by flow
cytometric analysis with Annexin V and propidium iodide staining. Annexin V binds with
phosphatidylserine externalized from inner plasma membrane after cells undergo apoptosis,
serving as a signal for macrophages to eliminate the apoptotic cells at a later stage (Cohen et al.
1992). In healthy cells, phosphatidylserine molecules are embedded in the inner layer of the cell
membrane. (Cohen et al. 1992). Propidium iodide (PI) is a viability dye, and it is widely used in

conjunction with Annexin V to determine if cells are viable.

In brief, 5x 10° cells/ml were seed in 6-well plates (Corning, USA) with complete DMEM/F12.
Cells were then treated with vitamin C for 48 hours. The cells were washed once with PBS 1X,
re-suspended in 100 uL of annexin binding buffer plus 1 ul of Annexin V fluorescein
isothiocyanate and 1 pl of Pl. Then, the reaction was performed in the dark for 15 min at room
temperature. Stained cells were then analyzed by flow cytometry, measuring the fluorescence
emission at 530 and 620 nm using 488 nm excitation laser (MoFlo Astrios EQ, Beckman Coulter).

Cell apoptosis was analyzed using Software Summit Version 6.3.1.1, Beckman Coulter.
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Sample preparation for metabolomics analysis

In order to perform metabolomics analysis, PTC-derived cell lines and the immortalized non
tumoral cell line, were seeded in Petri dishes (100mm) at the density of 1.8x10° cells. For
thyrospheres extraction, adherent cells were cultured in permissive condition, at a density of 2x10*
cells/mL, in low attachment flasks and in a serum-free medium (SFM) supplemented with
epidermal growth factor and basic fibroblastic growth factor. After 48h of growing, the growth
medium was removed from the Petri-dishes and aliquoted (500pl) in Eppendorf™ tubes in order
to be extracted as the cells. Both thyrospheres and adherent cells were collected at a density of
4x10° cells/mL and washed with a physiological solution to ensure the removal of medium.
Adherent cells were then scraped with a mixture of 1 mL of ice-cold methanol and water (80—20)
and transferred in Eppendorf™ tubes. Thyrosphere cells were centrifuged at 1300 rpm for 10 min
and the cell pellet was reconstituted with 1 mL of cold methanol and water (80—20) for metabolite
extraction. The extraction was combined with 10 min of ultrasonic treatment at 4°C, to ensure the
complete lysis of the cells. The lysate suspensions were then centrifuged at 4500 rpm for 30 min.
The upper aqueous phase was separated, aliquoted in Eppendorf tubes and dried in an Eppendorf™

Concentrator Plus overnight.
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Ultra high performance liquid chromatography-tandem mass
spectrometry analysis.

Metabolites in the polar dried fraction of the samples were quantified using an ultra
performance liquid chromatography coupled with a TSQ Quantiva™ Triple Quadrupole
Mass Spectrometer (UHPLC-MS/MS) using two targeted analysis, based on positive and
negative ion mode. For the first analysis samples were reconstituted with 200 pL of
acetonitrile:water (7:3v/v) with ammonium carbonate 0,1 M. A BEH amide HILIC column
(100 x 2.1 mm, 1.7 um; Waters Ltd) was used and the mobile phase consisted of: (A) a 0.1%
of ammonium carbonate water solution and (B) an acetonitrile solution (600 puL/min of flow
rate). For the second analysis sample were reconstitued in water with 0,1% of formic acid
and injected using a reverse phase column ACE Excel C18-pfp (150 x 2,1 mm, 2 um; ACE).
The mobile phase consisted of: (A) a 0.1% of formic acid water solution and (B) a 0.1% of
formic acid acetonitrile solution. Agueous metabolites were acquired through selected
reaction monitoring (SRM) mass spectrometry analysis following prior infusion of standard
compounds. Both mass spectrometry analyses were performed using an mix containing
isotope-labelled standards: [**C, °N] L-proline, L-leucine-d10, L-Valine-d8, L-
phenylalanine d5, Succinate-*C and Serotonine-d4 (Sigma Aldrich, Gillingham, Dorset,
UK) and [**C, °N] L-glutamate (10 um each) (Cambridge Isotope Laboratories, Andover,
MA, USA). The Xcalibur software (Thermos fisher scientific, Waltham, Massachusetts,
United States) was used for data acquisition. Putative recognition of all detected metabolites
was performed using a targeted MS/MS analysis. Metabolites with different isoforms (2/3-
phosphoglicerate and glucose-6-phosphate/fructose-6-phosphate) were not
chromatographically resolved, thus peaks of these metabolites were considered as the sum

of both isoforms. Calculated masses and mass fragments of the calculated compounds were
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reported in Table 6. Peak areas, for each detected metabolites, were then normalized by total

area and reported as ranks in the bar graph.

Table 6. UHPLC/MS-MS detected compound with calculated masses, mass fragments, polarity and
column.

Compound RT Precursor (m/z) Product (m/z) Polarity Column
2/3 Phosphoglycerate 4.02 185.000 97.065 Negative BEH amide
Acetyl-CoA 3.65 810.225 303.049 Positive BEH amide
ADP 3.92 428 136.174 Positive BEH amide
Alanine 0.73 90.1 44.275 Negative C18-pfp
o-ketoglutarate 3.35 145 101.123 Negative BEH amide
Arginine 0.68 175.15 70.2 Positive C18-pfp
Asparagine 0.62 133.1 116.049 Positive C18-pfp
Aspartic Acid 0.7 134.175 74.175 Positive C18-pfp
ATP 4.05 508 136.189 Positive BEH amide
cAMP 1.84 330.1 136.21 Positive BEH amide
CDP 3.98 404 112.132 Positive BEH amide
Citrate 1.32 191 111 Negative C18-pfp
CMP 3.96 324.1 112.194 Positive BEH amide
Coenzyme A 3.74 768.374 261.111 Positive BEH amide
CTP 419 484 112.234 Positive BEH amide
Dihydroxyacetone phosphate 3.88 169 97.143 Negative BEH amide
Glucose 6 phosphate/ Fructose 6 4.05 259 97.077 Negative BEH amide
phosphate

Fructose bisphosphate 4.24 339 97.084 Negative BEH amide
Fumaric Acid 3.48 115 71.172 Negative BEH amide
GDP 41 444 152.08 Positive BEH amide
Glucose 2 179 89 Positive BEH amide
Glutamic Acid 0.74 148 84.15 Positive C18-pfp
Glutamine 0.72 153.1 89.169 Positive C18-pfp
Glyceraldhehide-3-phosphate 3.83 169.009 97 Negative BEH amide
Glycine 0.68 76.1 48.2 Positive C18-pfp
GMP 3.99 364.1 152.197 Positive BEH amide
GTP 4.23 524 152.106 Positive BEH amide
Histidine 0.68 156.1 110.15 Negative C18-pfp
Isocitrate 1.71 191 111 Negative C18-pfp
Lactic Acid 25 89 43 Negative BEH amide
Malic Acid 3.67 133 115.081 Negative BEH amide
Methionine 3.4 150.05 61.16 Positive C18-pfp
NAD+ 3.82 664.1 136.237 Positive BEH amide
NADH 3.72 666.183 301.929 Positive BEH amide
NADP+ 4.15 744.1 136.2 Positive BEH amide
NADPH 4.09 744.057 396.942 Negative BEH amide
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Nicotinamide 1.23 123.152 80.165 Positive C18-pfp

Nicotinic Acid 1.23 124.07 80.111 Positive C18-pfp
Oxaloacetate 3.34 131 87.084 Negative BEH amide
Phenylalanine 3.61 166.1 120.15 Positive C18-pfp
Phosphoenolpyruvate 3.94 167 79.081 Negative BEH amide
Pyruvic acid 2.75 87 43 Negative BEH amide
Serine 0.69 106.075 60.2 Positive C18-pfp
Succinic acid 351 117 73 Negative BEH amide
Succynil-CoA 3.92 868.1 361.214 Positive BEH amide
Tryptophan 4.23 205.2 188.093 Positive C18-pfp
Tyrosine 2.25 182.075 136.125 Positive C18-pfp
UDP 4 405 97.062 Positive BEH amide
UMP 3.85 325 97.179 Positive BEH amide
UTP 4.19 485 378.973 Positive BEH amide

Compound name, retention time, calculated masses, mass fragments, polarity and column for all
detected metabolites.
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Gas chromatography-mass spectrometry analysis.

Dried exctracts from thyrospheres and adherent cells were derivatised with 50 pL of a
solution of methoxyamine in pyridine (10 mg/mL) (Sigma-Aldrich, St. Louis, MO, USA).
After 1h at 70°C, 50 puL of N-Methyl-N-(trimethylsilyl)-trifluoroacetamide, MSTFA,
(Sigma-Aldrich, St. Louis, MO, USA) was added and left at room temperature for one hour.
Successively, cellular extracts were re-suspended with 50 uL of hexane and transferred into
vials for the GC-MS analysis. Samples were injected splitless into a 7890A gas
chromatograph coupled with a 5975C Network mass spectrometer (Agilent Technologies,
Santa Clara, CA, USA) equipped with a 30 m x0.25 mm ID, fused silica capillary column,
which was chemically bonded with 0.25 uM TG-5MS stationary phase (Thermo Fisher
Scientific, Waltham, MA, USA). The injector temperature was 250°C. The gas flow rate
through the column was 1 ml/min. Transfer line temperature was 280 °C. The column initial
temperature was kept at 60 °C for 3 min, then increased from 60°C to 140°C at 7°C/min,
held at 140°C for 4 minutes, increased from 140°C to 300°C at 5°C/min and kept in isocratic
mode at 300°C for 1 minute. Peak detection and deconvolution, filtering and normalization
were performed using a pipeline on Knime (Liggi et al. 2018). A total of 24 metabolites was
detected (Table 7) and the identification was performed using the standard NIST 08
(http://www.nist.gov/srd/mslist.cfm), Fiehn 2013 (http://fiehnlab.ucdavis.edu/Metabolite-
Library-2007) and GMD (http://gmd.mpimp-golm.mpg.de) mass spectra libraries and, when

available, by comparison with authentic standards.
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Table 7. GC/MS identified metabolites with masses (m/z) and retention time (RT).

Compound m/z RT (minutes)
Alanine 116 9.92
Aminomalonic Acid 147 18.32
Aspartic Acid 160 16.97
Citric acid 273 19.41
Cholesterol 368/485 49.67
Fructose 2171307 29.08
Galactitol 319 30.46
Glucose 317 29.62
Glutamate 84/156/264 20.59
Glycero-1-phosphate 299 26.77
Glycine 147 14.1
Isoleucine 86 11.55
Lactic Acid 117 8.89
Malic Acid 147 18.99
Myo Inositol 605 33.42
Oxalic Acid 133 10.75
Palmitic Acid 313 3297
Phenylalanine 120 21.04
Proline 70 11.54
Pyruvic Acid 174 8.75
Ribitol 217 25.64
Sorbitol 205 30.36
Stearic Acid 132 36.59
Succinic Acid 147 14.37
Valine 144 12.24
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Nuclear magnetic resonance spectroscopy: ‘H-NMR.

Dried polar extracts from adherent cells were suspended in 690uL potassium phosphate
buffer in DO (0.1 M, pH 7.4) and 10 pL of TSP (sodium 3-trimethylsilyl-propionate-
2,2,3,3,-d4) as internal standard (98 atom% D, Sigma-Aldrich, Milan). An aliquot of 650 pL
was transferred to 5-mm NMR glass tubes. NMR experiments were carried out using a
Varian UNITY INOVA 500 spectrometer operating at 499.839 MHz for proton and equipped
with a 5 mm double resonance probe (Agilent Technologies, CA, USA). *H-NMR spectra
were acquired at 300K with a spectral width of 6000 Hz, a 90° pulse, an acquisition time of
2s, a relaxation delay of 2s, and 256 scans. The residual water signal was suppressed by
applying a presaturation technique with low power radiofrequency irradiation for 2s. *H-
NMR spectra were imported in ACD Lab Processor Academic Edition (Advanced Chemistry
Development, 12.01, 2010) and pre-processed with line broadening of 0.5 Hz, zero-filled to
64K, and Fourier transformed. Spectra were manually phased and baseline corrected and
chemical shifts referenced internally to TSP at A = 0.0 ppm. The ACD Labs intelligent
bucketing method was used for spectral integration between 0.50-8.50 ppm. A 0.01 ppm
bucket width was defined with an allowed 50% looseness resulting in buckets that ranged

between 0.005 and 0.015 ppm in width.
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Statistical Analysis

e Multivariate statistical analysis

Multivariate statistical data analysis was performed using SIMCA (version 14.0, Umetrics,
Umea, Sweden). Raw data from untargeted analysis, both from *H-NMR (for adherent cells)
and GC/MS (for thyrosphere and adherent cells) techniques were processed and organized
in matrix for the multivariate statistical analysis to investigate separation across the cell
samples. To account for variable dilution factors of metabolite concentrations, datasets were
normalized to the total area. All imported data were scaled for the multivariate statistical
analysis, using Pareto scaling for tH-NMR data and UV-scaling for GC/MS data. A Principal
component analysis (PCA), a unsupervised analysis, coupled with Hotelling t-squared was
used to identify the presence of outliers. PCA is characterized by a linear transformation
which preserves as much of the variance in the original data (Jolliffe 2012). Subsequently a
supervised analysis, such as Partial Least Squares Discriminant Analysis (PLS-DA) was
performed to investigate all the metabolic differences between the PTC-derived cell lines.
Indeed, PLS-DA relies in the class membership of each observation and allows the
investigation of clusters within the datasets (Barker and Rayens 2003). Variable importance
projection list (VIP), showing the most important variables over the models as a whole, was
used to detect the metabolites responsible for the separation. Only metabolites with VIP

values >1.0 were further considered for the univariate stastical analysis.

e Univariate statistical analysis

GraphPad Prism software (version 7.01, GraphPad Software, Inc., CA, USA) was used to
perform the univariate statistical analysis of the data. Statistical significance was calculated

comparing average of results from each PTC-derived cells with control cells. Since the
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comparisons were performed in two-group case (each tumoral cells vs. control cells) a

Student t-Test was chosen to verify the statistical significance.
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V. Results

Part one: Metabolic and redox reprogramming in
PTC-derived cell lines
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Bioenergetic metabolic changes in PTC-derived cell lines.

To investigate metabolic changes in PTC-derived cell lines, the metabolomic profile was
characterized by untargeted *H-NMR and targeted UHPLC-MS/MS analysis of the cellular
extracts. Principal components analysis (PCA) coupled with Hotelling’s t-squared was
performed using the!H-NMR untargeted profile, to examine the distribution of samples and
ensure the absence of outliers (Figure 6A). Data were then subjected to a supervised Partial
Least Square-Discriminant Analysis (PLS-DA) to evaluate differences between the cell
lines. PLS-DA showed a clear separation between PTC-derived and control cells (Figure
6B). Then changes in energetic pathways, such as glycolysis, TCA cycle and part of
glutaminolysis, were investigated by using UHPLC/MS-MS with a targeted analysis. Our
results revealed that the majority of metabolites associated with glycolysis were increased in
B-CPAP compared to K1 and TPC-1, such as glucose-6-phosphate/fructose-6-phosphate
(G6P/F6P), dihydroxyacetone phosphate (DAHP), glyceraldheide-3-phosphate (GAP), and
2/3-phosphoglycerate (2PG/3PG), phosphoenolpyruvate (PEP). Glucose levels were
significantly decreased in TPC-1 and K1, compared to the control line. Considering the three
PTC-derived cell line, glucose showed an increasing trend from K1 to Nthy-ori3-1 cells (
K1<TPC-1<B-CPAP<Nthy-ori3-1). On the contrary, lactate was found significantly
increased only in K1, compared to the control line, while B-CPAP cells showed a significant
decrease of this metabolite (Figure 7). Moreover, G6P/F6P, 2PG/3PG, PEP and pyruvic acid
levels were significantly decreased in K1 and TPC-1 cells compared to the control line.
Conversilly, F1,6P was found to be significantly decreased only in TPC-1 and B-CPAP
compared to the control line. Considering metabolites involved in the TCA cycle, levels of
acetyl-CoA were found to be significantly decreased in all PTC-derived cells compare to
Nthy-ori3-1 cells. On the contrary, citrate was significantly increased in B-CPAP and K1,

while isocitric acid was significantly decreased in B-CPAP and K1 as well. a-ketoglutarate
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levels were significantly increased in all PTC-derive dells. Succinyl-CoA was found to be
significantly decreased in TPC-1 and K1, as well as succinic and fumaric acids which were
significantly decreased in K1 and B-CPAP cell lines. while fumarate was increased only in
B-CPAP. Conversely, acetyl CoA, isocitrate, succinyl CoA, succinate and oxaloacetate were
significantly decreased for all cancer cells (Figure 7). We further investigate the
glutaminolysis pathway, measuring glutamine and glutamate and o-ketoglutarate levels
(described above). Glutamine was significantly increased in all PTC-derived cells, while
glutamate was significantly increased only in B-CPAP cells and significantly decreased in
K1 cells compared to control cells. Instead, aspartate levels were found to be significantly

increased only in TPC-1 (Figure 7).
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Figure 6. Multivariate statistical analysis of PTC-derived and control cells untargeted
'H-NMR profile. A) PCA of PTC-derived and control cells. B) PLS-DA of PTC-derived
and control cells (R?X: 0.877, R2Y: 0.647, Q2 0.484, p= 0.00090).
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Figure 7. Energetic metabolites in PTC-derived cell lines. Metabolites levels were
measured using UHPLC-MS/MS. Bar graphs indicate the peak areas of the metabolites (n=3)
normalized for total area and expressed in the graphs as ranks (data transformation in which
numerical or ordinal values are replaced by their rank when the data are sorted). Statistical
analyses were performed by Student T-test. Data are presented as means * standard
deviation. All experiments were performed three times independently, each time in triplicate
to confirm the results. Results were considered significant when * P<0.05, * P<0.01, =™

P<0.001.
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Glucose and lactate exchange across the membrane of PTC-
derived cells

In order to better define the role of lactate in glucose homeostasis as well as in the function
of glycolysis in thyroid cancer cells we examined the glucose uptake, which is the rate-
limiting step in aerobic glycolysis, extracellular levels of lactate and their respective carriers.
Particularly, among all the members of mammalian GLUTs family, we focused on
GLUTZ1,which is reportedly expressed abundantly in cancer cells (Furuta et al. 2010) while

for the lactate excretion we investigated the expression of MCT4.

Relative glucose uptake was assessed through the fluorescent glucose analog 2-NBDG. Our
data revealed that only B-CPAP cells showed a significant increased uptake of glucose (B-
CPAP> K1> TPC-1>Nthy-ori3-1) (Figure 8A). Aliquots of growth medium were collected
for the measurement of extracellular lactate, excreted by the cells due to its accumulation.
Peak area of lactate was reported as percentage of the control line. Only B-CPAP cells
displayed a significant increase of extracellular lactate compared the other cell lines (Figure

8B).
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Figure 8. Relative glucose uptake and extracellular lactate level. A) Quantification of the
relative glucose uptake was measured through the fluorescent glucose analog 2-NBDG in
cancer cells and control cell lines. B) Extracellular lactate levels, quantified in the growth
medium, expressed as percentage of the relative concentration of the Nthy-ori3-1 cells. Data
are presented as means * standard deviation. All experiments were performed three times
independently, each time in triplicate to confirm the results. Statistical analysis was
performed by Student t-Test. Results were considered significant when * P<0.05, ** P<0.01,
*** P<(0.001.

To further confirm the cellular exchange of glucose and lactate across the cellular membrane,
metabolites carriers, glucose transporter GLUT1 and lactate transporter MCT4, were
analyzed by immunofluorescence analysis. Our data reported that Nthy-ori3-1 and TPC-1
cells were barely positive for both carriers expression (Figure 9A and 9B) while K1 and,

mostly, B-CPAP cells were positive for GLUT1 and MCT4 (Figure 9E, F, G and H).
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Figure 9. Expression of GLUT-1, MCT-4 in thyroid cells. Immunofluorescence pattern
in Nthy-ori3-1 for both GLUT1 (A) and MCT4 (B), in TPC-1 for GLUT1 (C) and MCT4
(D), in K1 for GLUT1 (E) and MCT4 (F) and in B-CPAP for both GLUT1 (G) and MCT4
(H). Nuclei were stained with DAPI (blue), GLUT1 and MCT4 were stained in red.



Cell viability was measured after the exposure for 6h, 24h and 48h of glucose at different
concentrations. After only 6 h of exposure of high, low and no glucose concentration, the
cell viability was not affected for all PTC-derived cell lines and the control line (Figure
10A). After 24h of incubation, the low glucose condition induced a significant decreased of
viability only in K1 cell, while, at the same incubation time, the no glucose condition induced
a significant decreased of viability in all PTC-derived cells and control cells (Figure 10B).
Interestingly, after 48h of exposure the high glucose condition resulted in increased cell
density for K1 and B-CPAP cells. Moreover, no glucose concentration, at 48 hours of
exposure, resulted in a significant decreased in cell viability for all PTC-derived cells and

the control cells (Figure 10C). All the statistical results are listed in Table 7.
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Figure 9. Glucose addiction assay. Cell viability after the exposure 6h (A), 24h (B) and
48h (C) glucose starvation. Data, expressed as % of control for each cell line (cells seeded

in DMEM/F12), are presented as means *

standard deviation. All experiments were

performed three times independently, each time in triplicate to confirm the results. Statistical
analyses were performed by Student T-test. Results were considered significant when *

P<0.05, ™ P<0.01,

*k*k

P<0.001, against control.
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Incubation Metabolic Nthy- TPC-1 K1 B-CPAP

conditions ori3-1
6h High NS NS NS NS
Glucose
Low NS NS NS NS
Glucose
No NS NS NS NS
Glucose
24h High NS NS NS NS
Glucose
Low NS NS * NS
Glucose
No *x * — *
Glucose
48h High NS NS ** *k
Glucose
Low NS NS NS NS
Glucose
No * folsiad * falaie
Glucose

Table 8. Statistical analysis results of glucose starvation assay. NS= not statistical significance.
Statistical analysis was performed by Student t-Test. Results were considered significant when
*=p<0.05; **=p<0.001; ***=p<0.0001.
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Redox status in PTC-derived cell lines

We further investigated the redox state of the three PTC-derived cell lines in comparison
with the non tumoral control line, Nthy-ori3-1. We assessed intracellular aminothiols, as
intracellular antioxidant species (reduced and oxidized glutathione, cysteine and cystine)
through high pressure liquid chromatography (HPLC) coupled with an electrochemical
detector (ECD), intracellular reactive oxygen species through a colorimetric assay and
intracellular electron carries (NAD™ and NADP*) involved in oxidation-reduction reactions

through UHPLC-MS/MS analysis.

Peak areas of intracellular aminothiols were normalized using protein contents (ng of
amithiols per pg of proteins) and expressed as ratio of reduced and oxidized forms.
GSH/GSSG ratio, considered a marker for oxidative stress, was significantly decreased in
B-CPAP, K1 and TPC-1 cancer cells compared to control cells, (Figure 11A). Similarly, the
cysteine/cystine ratio, another important biomarker of redox status of cells, was significantly
decreased in B-CPAP, K1 and TPC-1 cells compared to control cells (Figure 11B). To
further elucidate alteration in the redox state of thyroid cancer cells in comparison with non
tumoral cells, we investigated the intracellular ROS levels, exposing cells to 2°, 7’-
dichlorodihydrofluorescein diacetate Ho-DCF-DA (10uM) for 30 minutes. Intracellular ROS
levels, expressed in percentage of control (non tumoral cell line, Nthy-ori3-1) were
significantly increased in cancer cells compared to non tumoral cells (Figure 11C). Electron
carriers, such as NAD", NADH, NADP*, NADPH and respectively ratio were detected by
targeted UHPLC-MS/MS analysis and reported as ranks of peak areas normalized by total
area. Levels of NAD" were significantly increased in K1 and B-CPAP cells while NADH
leves were decreased in all PTC-derived cells, compared to the control cells (Figure 11D).
Consequently, we found a significant increase of NAD*/NADH ratio in K1 and B-CPAP

cells (Figure 11D). Similarly, NADP™ levels were significantly increased in B-CPAP and
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K1 cells compared to the control cells, while NADP*/NADPH ratio was increased only in

B-CPAP cells (Figure 11E).
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Figure 11. Redox control in human thyroid cell lines. (A) Levels of GSH/GSSG ratio in human
thyroid cell lines. (B) Levels of Cysteine/Cystine ratio in human thyroid cell lines. (C) ROS level in
human thyroid cancer cell lines, expressed as % of control (human thyroid cell line, Nthy-ori3-1),
were probed with DCFH-DA (10uM) for 30 minutes. (D) Intracellular NAD*, NADH and
NAD*/NADH ration levels. (E) Intracellular NADP*, NADPH and NADP*/NADPH ratio levels
detected by ultra high performance liquid chromatography—mass spectrometry (UHPLC-MS/MS)
targeted analysis as described in Material and Methods. Data are presented as means + standard

deviation. All experiments were performed three times independently, each time in triplicate

to confirm the results. Statistical analysis were performed by Student t-Test. Results were
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Glutamate cysteine ligase and glutaminase 1 expression.

According to the alteration in the redox state of thyroid cancer cells, we investigated changes
in GSH synthesis, studying the expression of the catalytic subunit of GSH synthetic enzymes
glutamate-cysteine ligase (GCL). Expression of GCL was measured by immunoblotting and
reported as fold change of the control non tumoral line. GCL levels were found significantly
increased in B-CPAP and K1 compared to non tumoral cells (Figure 12A)

On the other hand, we decided to further investigated the role of the glutaminolysis pathways
in thyroid cancer cells by assessing the expression of Glutaminase-1 (GLS1), an enzyme
involved in the utilization of glutamine in the first step of glutaminolysis. GLS1 expression
levels, reported as fold change as describe above, were found to be significantly

overexpressed in all PTC-derived cells compared to non tumoral cells (Figure 12B).
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Figure 12. Expression of glutamate-cysteine ligase and glutaminase 1. A) Expressionof
glutamate-cysteine ligase in PTC-derived control cells. B) Expression of glutaminase 1 in PTC-
derived and control cells. C) Captures of gels for both proteins and the reference gene. Data are
expressed as fold change of expression in the control cells, and were normalized to actin as reference
gene. All experiments were performed three times independently, each time in triplicate to
confirm the results. Statistical analysis were performed by Student’s t-Test. Results were considered
significant when * P<0.05, ™ P<0.01, " P<0.001.
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V. Results

Part two: Metabolomic alterations in CSCs-like In
thyrospheres derived from PTC-cell lines.
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Thyrospheres Forming Assay and stemness profile

Adherent cells were seeded at a density of 2x10* cells/ml in serum-free medium (SFM)
supplemented with epidermal growth factor (EGF) and basic fibroblastic growth factor
(bFGF). In these conditions, B-CPAP, TPC-1 and Nthy-ori3-1 cells were able to form
thyrosphere in SFM. Cells began to form spheres on day 3 reaching their maximum after
seven days of suspension culture (Figure 13 A-B-C-D). Stemness markers were expressed
in PTC-derived thyrospheres. Particularly CD44 was expressed in thyrospheres from both
B-CPAP, TPC-1 and Nthy-ori3-1 cell lines, (Figure 13E) while aldehyde dehydrogenase 1
(ALDH1) was expressed only in B-CPAP thyrospheres (Figure 13F). The TTF-1
transcription factor and the differentiation marker CK19 were detected only in B-CPAP
adherent cells as well as in Nthy-ori3-1 cell but were negative in TPC-1 (Figure 13 G). To
evaluate the presence of self-renewing cells within thyrospheres, primary thyrospheres were
enzymatically dissociated and re-seeded at the initial cell density. B-CPAP cells had an
extensive capacity for self-renewal, reaching at least 21 generations (Figure 13 H), whereas
TPC-1 and Nthy-ori 3-1 self-renewal capacity was instead limited to five and four

generation, respectively (Figure 13 1)
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Figure 13. Thyrospheres forming assay. (A) The sphere-forming assay workflow. (B) A
representative image of thyrospheres formed by B-CPAP cells at 7 days, 20x. (C) A
representative image of thyrospheres formed by TPC-1 at seven days, 20x (D) A
representative image of thyrospheres formed by Nthy-ori3-1 at seven days, 20x (E-G)
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Western blot analysis of stemness (ALDH1-A1, CD44) and differentiation markers (TTF1
and CK19) in adherent and thyrosphere cells.(H) Self-renewal assay of cell lines: graphs

show the total number of cells (Y axis) for each generations after 7 day of culture in serum-
free medium.
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Multivariate statistical analysis of GC-MS metabolomics
profile of thyrosphere and adherent cells.

The aqueous metabolites contents of thyrospheres and adherent cells from B-CPAP, TPC-1
and Nthy-ori3-1 cells were characterized by GC-MS analysis. Metabolites, including amino
acids, sugars, organic and fatty acids were detected. A PCA coupled with Hotelling t-squared
was used to ensure the absence of outliers (data not shown). Three PLS-DA were performed
to elucidate the discriminant metabolic features between thyrosphere and parental cells from
the three cell lines. PLS-DA showed a clear separation between thyrosphere and adherent
cells for all the comparisons (Figure 14A-C) and the models were validated by permutation
test (n=200). All the statistical parameters (R?X, R?Y, Q? and P value) are showed in Table
5. Separation between thyrospheres and adherent cells for all the three models is
accomplished by the presence of metabolic variables that contribute to the discrimination
between the sample groups. Variable importance in projection list (VIP) was used to detect
the metabolites responsible for the separations (VIP values < 1.0=and these metabolites

underwent to Student t-Test.
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Figure 14. Multivariate statistical analysis of thyrospheres and adherent thyroid cell
lines. A) PLS-DA scores plot of metabolic profile of B-CPAP thyrosphere and adherent
cells, B) PLS-DA scores plot of metabolic profile of TPC-1 thyrosphere and adherent cells,
C) PLS-DA scores plot of metabolic profile of Nthy-ori3-1 thyrosphere and adherent cells.
Legend: m : thyrospheres, o : adherent cells.
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Table 9. Multivariate stastical analysis parameters

PLS-DA Models R?X R2Y Q? P value
A. B-CPAP thyrosphere vs. adherent 0.651 0.995 0.97 0.0051
(I;e.I!?PC-l thyrosphere vs. adherent 0.618 0.947 0.903 0.0302
g?.”lflthy-ori}l thyrosphere vs. 0.495 0.942 0.854 0.0560

adherent cells
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Metabolic comparison between B-CPAP adherent cells and
thyrospheres

In term of metabolites involved in energetic pathways, such as glycolysis, B-CPAP
thyrospheres showed a significant decrease of glucose, pyruvate and fructose (Figure 15).
Among the discriminant metabolites that are directly or indirectly components of the Kreb’s
cycle, succinic acid, malate, aspartate and glutamate were found significantly increased in
thyrospheres (Figure 15). Some amino acids, such as glycine, isoleucine, proline,
phenylalanine, valine and threonine were significantly increased in thyrospheres, while
alanine was significantly decreased (Figure 15). Myo-inositol and polyols, such as ribitol
and sorbitol, were significantly increased as well. Regarding lipid features, palmitic acid,

stearic acid and cholesterol were also significantly increased (Figure 15).
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Figure 15. Metabolomic changes in B-CPAP derived thyrosphere and adherent cells. Bar
graphs of discriminant metabolites, indicating the relative concentration of the metabolites.
Statistical analyses were performed by unpaired Student t-Test. Data are presented as means
* Standard Deviation. All experiments were performed three times independently, each time
in triplicate to confirm the results. *P<0.05, ** P<0.01, *** P<0.001, **** P<(0.0001.
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Metabolic comparison between TPC-1 adherent and
thyrospheres.

In the comparison between TPC-1 adherent and thyrospheres, levels of glucose and fructose
were significantly decreased in thyrospheres, while citric acid and succinic acid and were
significantly increased. Amino acids, such as glutamate, alanine, phenylalanine and valine
were found significantly increased in thyrospheres compared to adherent cells. Levels of
galactitol were found significantly decreased, instead of palmitic acid and cholesterol, which

were found significantly increased in thyrospheres (Figure 16).
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Figure 16. Metabolomic changes of TPC1 derived thyrosphere and adherent cells. Bar
graphs of discriminant metabolites, indicating the relative concentration of the metabolites.
Statistical analyses were performed by unpaired Student t-Test. Data are presented as means
* Standard Deviation. All experiments were performed three times independently, each time
in triplicate to confirm the results.*P<0.05, ** P<0.01.
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Metabolic comparison between Nthy-ori3-1 adherent cells and
thyrosphere

Glucose and pyruvate were significantly decreased in thyrospheres. No significant difference

was found for Kreb’s cycle metabolites, but valine, myo inositol, cholesterol, ribitol and

galactitol were found to be significantly increased, while palmitic acid and sorbitol were

found significantly decreased (Figure 17).
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Figure 17. Metabolomic changes in Nthy-ori3-1 derived thyrosphere and adherent
cells. Bar graphs of discriminant metabolites, indicating the relative concentration of the
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presented as means = Standard Deviation. All experiments were performed three times
independently, each time in triplicate to confirm the results.*P<0.05, ** P<0.01, ***
P<0.001.
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Metabolomic comparison between B-CPAP, TPC-1 and Nthy-
ori3-1 thyrospheres

A further multivariate statistical model was performed between B-CPAP, TPC-1 and Nthy-
ori3-1 derived thyrosphere cells. PLS-DA showed a separation between the three groups of
thyrospheres (Figure 18A; R?X= 0.738 R%Y= 0.949 Q°=0.998. Metabolites involved in
energetic and biosynthetic pathways were studied and Student t-Test performed. Glucose,
pyruvate and fructose were significantly decreased in both B-CPAP and TPC1 thyrospheres,
while pyruvate was significantly increased in B-CPAP and TPC-1 compared to Nthy-ori3-1,
but it was significantly decreased in B-CPAP compared to TPC-1 thyrospheres. Citric acid
was significantly increased in TPC-1 compared both B-CPAP and Nthy-ori3-1 thyrospheres,
while it was significantly decreased in B-CPAP compared to Nthy-ori3-1 thyrospheres
(Figure 18B). Malic acid levels were significantly increased in both tumoral thyrospheres
from B-CPAP and TPc-1 compared to Nthy-ori3., as well as aspartate and glutamate. Among
all the amino acids, TPC-1 showed significantly higher levels of alanine, isoleucine, proline
and valine compared both B-CPAP and Nthy-oei3-1 thyrospheres, although also B-CPAP
showed significantly increased levels of alanine, isoleucine, proline and valine compared to
Nthy-ori3-1 thyrospheres. Moreover, our data showed a significant increase in myo-inositol
only in B-CPAP thyrospheres compared to TPC-1 and Nthy-ori3-1, as well as ribitol, while
sorbitol, was significantly increased only in Nthy-ori3-1 thyrospheres. With reference to
lipids, palmitic acid was significantly increased in both B-CPAP and TPC-1 compared to
Nthy-ori3-1, where TPC-1 showed the higher level. Stearic acid was significantly increased
in TPC-1 thyrospheres, while cholesterol was significantly increased in B-CPAP. The
metabolic variations, resulting from the comparison between B-CPAP, TPC-1 and Nthy-
ori3-1 thyrosphere cells described above, and the involved pathways are summarized

pathways analysis (Figure 19).
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Figure 18. Metabolomic changes between B-CPAP, TPC-1 and Nthy-ori3-1 derived
thyrosphere cells. A) PLS-DA scores plot of metabolic profile of B-CPAP, TPC-1 and
Nthy-ori3-1 thyrosphere ( Black box: B-CPAP thyrospheres, Grey box: TPC-1 thyrospheres,
White box: Nthy-ori3-1 thyrospheres) . B) Bar graphs of discriminant metabolites, indicating
the relative concentration of the metabolites obtained by the chromatogram area and then
normalized by total area. Statistical analyses were performed by Unpaired Student t-Test.
Data are presented as means + Standard Deviation. All experiments were performed three
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times independently, each time in triplicate to confirm the results. * P<0.05, ** P<0.01, ***
P<0.001.
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Figure 19. Summary of the metabolic variations and pathways resulting from the comparison
between B-CPAP, TPC-1 and Nthy-ori3-1 thyrosphere cells.
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V. Results

Part three: Anti-tumoral effects and metabolic
reprogramming Vitamin C-induced.

108



Citotoxicity Vitamin C-induced in PTC-derived cell lines.

In order to evaluate the cellular cytotoxic effects of Vitamin C in PTC-derived cell lines and
non tumoral cell line, a MTT assay was performed. PTC-derived cell lines were treated with

different concentrations of Vitamin C (0.5mM-15mM), incubated for 24 and 48 hours.

After 24h of incubation, cell viability was not affected by the exposure to vitamin C (Figure
20 A). On the contrary, 48h of vitamin C incubation induced a significantly decreased in cell
viability. Nthy-ori3-1 cells were the least sensitive to vitamin C, with a half-maximal
inhibitory concentration (IC50) of 15mM, followed by TPC-1 with ICso of 10mM. Instead
B-CPAP and K1 cells were the least sensitive, with an 1Cso of 5mM (Nthyori3-1>TPC-1>K1

and B-CPAP) (Figure 20B and C).
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Figure 20. Effects of vitamin C in cell viability. A) Vitamin C effects in the cell viability
after 24h of incubation. B) Vitamin C effect in the cell viability after 48h of incubation. C)
Decreased cell viability after ECso of Vitamin C treatment (48h) (15mM for Nthy-ori3-1,
10mM for TPC-1 and 5mM for K1 and B-CPAP). Data, expressed as % of control, are
presented as means + Standard Deviation. All experiments were performed three times
independently, each time in triplicate to confirm the results Statistical analysis were
performed by Student t-Test. Results were considered significant when ****P<0.0001.
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Oxidative stress and aminothiols modulation by vitamin C

We investigated changes in the redox balance after vitamin C treatment, by measuring the
ROS production in cells exposed to 1°,7°-dichlorodihydrofluorescein diacetate Ho-DCF-DA
(10 pM). Oxidant TBH was used as positive control, while NAC was used as antioxidant, in
order to confirm the presence of oxidative stress induced by vitamin C. In Nthy-ori3-1 cells
TBH as well as vitamin C treatment induced significant increase of ROS compared to the no
treated cells (Figure 21). Treatment with the anti-oxidant NAC seems to be not effective in
the counteracting the vitamin C effect, as demonstrated by the significant increase of ROS,
due to the treatment of vitamin C. In TPC-1 and K1 cells, intracellular ROS levels were
found significantly increased following by the exposure of TBH but not vitamin C, compared
to the control. Although Vitamin C did not significantly increase ROS levels in TPC-1,
compared to the control, NAC treatment, coupled with Vitamin C treatememt, significantly
reduced ROS levels compared to cells treated with Vitamin C in both cell lines, while in
TPC-1 cells NAC significantly reduced ROS levels also compared to untreated cells. In B-
CPARP cells both TBH and vitamin C treatments significantly induced the production of ROS

and this effect was suppressed by treatment with the antioxidant NAC.
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Figure 21. ROS production vitamin C-induced in thyroid cell lines. ROS level in PTC-derived
cell lines and non tumoral thyroid cell line, expressed as % of control (untreated cells for each cell
line) after vitamin C (15mM for Nthy-ori3-1, 10mM for TPC-1 and 5mM for K1 and B-CPAP), TBH
(2.5mM) and NAC (10mM) treatments. Data are presented as means + Standard Deviation (n=3).
All experiments were performed three times independently, each time in triplicate to confirm
the results Statistical analysis were performed by Student t-Test. Results were considered significant
when * /°P<0.05, **/°°P<0.01, ***/°°°P<0.001. ****/°°°° P<(0.0001 (* statistical significance refers
to negative control not treated cells, ° statistical significance refers to positive control TBH treated

cells).
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We further investigated the redox perturbation in thyroid cancer cells by measuring
intracellular antioxidant species. The GSH/GSS/ ratio was significantly decreased due to the
vitamin C treatment only in B-CPAP cells (Figure 22 A ). Similar trend was found for the
cysteine/cysteine ratio, which was found significantly decreased in B-CPAP, K1 and the
control cells, although a not significant decrease of cysteine/cysteine ration was found in

TPC-1 as well (Figure 22 B).
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Figure 22. Antioxidants ratio modulation vitamin C-induced. (A) Levels of GSH/GSSG
ratio in PTC-derived cell lines and control cell line, (B) levels of Cysteine/Cystine ratio after
24h of incubation with vitamin C (15mM fof Nthy-ori3-1, 10mM for TPC-1 and 5 mM for
K1 and B-CPAP). Peak areas of intracellular aminothiols were normalized using protein
contents (ng of aminothiols per pg of proteins) and expressed as ratio of reduced and
oxidized forms. Data are presented as means + standard deviation. All experiments were
performed three times independently, each time in triplicate to confirm the results. Statistical
analysis were performed by Student t-Test. Results were considered significant when *
P<0.05, **P<0.01, ***P<0.001. (Legend: white bar= untreated cells, black bar= treated
cells).
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Metabolic effect induced by Vitamin C treatment in PTC-
derived cell lines.

The effect of vitamin C on the metabolism of PTC-derived cells has been studied, focusing
on energetic pathways, such as glycolysis, TCA cycle and electron carriers, changes in
nucleotide levels and glucose uptake rate. Energetic metabolites and nucleotides were
measured by using UHPLC-MS/MS with a targeted analysis. Our results revealed that
metabolites upstream of glycolysis (glucose, glucose-6-phosphate/fructose-6-phosphate,
fructose-1,6-biphosphate, glyceraldheide-3-phosphate and dihydroxyacetone phosphate)
were significantly increased in PTC-derived cell lines B-CPAP, K1 and TPC-1, and in the
control line Nthy-ori3-1 (Figure 23A). On the contrary, those metabolites downstream of
glycolysis (2/3-phosphoglycerate, phosphoenolpyruvate, pyruvate) were decreased after
vitamin C treatment. Similarly, TCA cycle seems to be affected by vitamin C treatment.
Indeed metabolites involved in the first step of the cycle, such as coenzyme A and acetyl-
CoA, were significantly increased in all thyroid cell lines, with the exception of B-CPAP
cells, where acetyl-CoA was found significantly reduced. Moreover, metabolites upstream
of TCA cycle (citrate, isocitrate, a ketoglutarate, succinyl-CoA) were significantly decreased
due to the treatment, while metabolites such as succinate, fumarate, malate, oxaloacetate

were found to be significantly increased (Figure 23 B).
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Figure 23. Metabolic alterations in glycolysis and TCA cycle vitamin C-induced.
Intracellular levels of glycolytic metabolites (A), TCA cycle metabolites (B) measured after
24h of incubation with vitamin C (15mM fof Nthy-ori3-1, 10mM for TPC-1 and 5 mM for
K1 and B-CPAP). Data are presented as means + standard deviation of peak areas of the
metabolites, normalized for total area. All experiments were performed three times
independently, each time in triplicate to confirm the results Statistical analysis were
performed by Student T-test. Results were considered significant when * P<0.05, ™ P<0.01,
" P<0.001. (Legend: white bar= control not treated cells, black bar= vitamin C treated
cells).

To better investigate the effect of the vitamin C treatment on the glucose homeostasis, we
examined the glucose uptake by using the fluorescent glucose analog 2-NBDG. Our data
revealed that for all PTC-derived cells and the control cells the treatment with vitamin C

significantly reduced the glucose uptake (Figure 24).
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Figure 24. Relative glucose uptake after vitamin C treatment. Quantification of the
relative glucose uptake was done through the fluorescent glucose analog 2-NBDG in cancer
cells and control cell lines treated with vitamin C (15mM fof Nthy-ori3-1, 10mM for TPC-1
and 5 mM for K1 and B-CPAP). Data are expressed in percentage of control (not treated
cells). Data are presented as means + standard deviation. All experiments were performed
three times independently, each time in triplicate to confirm the results. Statistical analysis
were performed by Student T-test. Results were considered significant when ™ P<0.05, ™
P<0.01, ™ P<0.001. (Legend: white bar= control not treated cells, black bar= vitamin C
treated cells).
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Furthermore, metabolites involved in the NAD® salvage pathway (nicotinic acid,
Nicotinamide and NAD™) were detected by UHPLC-MS/MS. Levels of Nicotininc Acid
were found significantly decreased onlu in the control cells, while Nicotinamide was
significantly decreased in TPC-1, K1 andB-CPAP. Similarly, NAD+ levels were

significantly reduced by vitamin C in K1 and B-CPAP cells (Figure 25).
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Figure 25. Changes in Nicotinamide and NAD+ levels vitamin C-induced. Intracellular
Nicotinic Acid, Nicotinamide and NAD+ levels measured after 24h of incubation with
vitamin C (15mM fof Nthy-ori3-1, 10mM for TPC-1 and 5 mM for K1 and B-CPAP). Data
are presented as means * standard deviation of peak areas of the metabolites, normalized for
total area and expressed in the graphs as ranks. All experiments were performed three times
independently, each time in triplicate to confirm the results Statistical analysis were
performed by Student T-test. Results were considered significant when * P<0.05, ™ P<0.01,
™ P<0.001. (Legend: white bar= control not treated cells, black bar= vitamin C treated
cells).
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Preliminary results: detection of apoptosis or necrosis induced
by Vitamin C treatment.

To better understand the mechanism of cell death of Vitamin C, we examined if the treatment
resulted in cells death through apoptosis or necrosis, by using Annexin V/Propidium lodide
Assay. Scatterplots (Figure 26) represent the percentage of live cells and cells undergo
apoptosis and necrosis for both untreated and treated PTC-derived and control cells. After
48h exposure to Vitamin C (15mM for Nthy-ori3-1, 10mM for TPC1, 5mM for K1 and B-
CPAP cells) the percentage of apoptotic cells (early apoptotic plus late apoptotic cells) in
treated control cells was 44.13%, while the percentage of necrotic cells was 4.88% (Figure
26 A). Therefore, in PTC-derived cells vitamin C treatment induced cell death by necrosis.
In particular, the percentage of necrotic cells in TPC-1 cells was 72.34% (Figure 26B), in

K1 was 76.71% (Figure 26 C) and in B-CPAP was 78.35% (Figure 26 D).
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Figure 26. Representative scatter-plots of flow cytometric analysis of apoptotic/necrotic
cell. Scatterplots of control cells (left) and cells treated with vitamin C (48h of incubation)

(right) for (A) Nthy-ori3-1, (B), TPC-1, (C) K1 and (D) B-CPAP cells
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Figure 27. Vitamin C metabolic effects. Summary of vitamin C-effects studied in energetic
pathways, such as glycolysis and TCA cycle, Nicotinamide and NAD+ availability. Legend:
Red=decreased metabolites, Green=increased metabolites, Grey= not detected.
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Metabolic and redox reprogramming in PTC-derived cell lines.

Cancer cells appear to reprogram metabolic pathways to meet bioenergetic, redox and biosynthetic
demands (DeBerardinis and Chandel 2016). The elucidation of reprogrammed metabolic activities
may provide opportunities to understand tumor development and progression, to predict tumor
behavior, and prevent tumor progression by inhibiting essential pathways (Ward and Thompson
2012). Metabolic changes and redox balance are common features in cancer cells and are now
considered as fundamental features for the initiation of cancer and for the amplification of the
tumor phenotype (Pavlova and Thompson 2016). Several mutated oncogenes and tumor suppressor
genes have been associated to different signaling pathways that affect, directly and indirectly, the
tumor cell metabolism and redox status (Cairns et al. 2011). The first part of the project aimed to
characterize metabolic changes and alterations of redox balance, associated with oncogene
pathways, in PTC-derived cell lines, using an immortalized normal thyrocytes cell line Nthy-ori3-
1, negative for the PTC genetic mutations, for comparison. Our results revealed that metabolites
involved in energy production pathways, including glycolysis, Krebs cycle and glutaminolysis,
were found altered in the three studied PTC-derived cell lines. In particular, we found that B-CPAP
cell line, with a genetic background reflecting the aggressive behavior of the primary tumor from
which it was derived (TP53, BRAF and hTERT mutations), displayed a strong glycolytic
phenotype, exemplified by the increase of energetic metabolites such as G6P/F6P, F1,6P, DHAP,
GAP, 2PG/3PG, PEP and pyruvate compared to the control line and the other PTC-derived cells
line. Particularly, levels of lactic acid were found to be significantly decreased only in B-CPAP,
compared to control cells. Based on these results, B-CPAP cell line showed the most perturbed
glycolytic phenotype, compared to the control cells and the others PTC-derived cells. These
findings are in agreement with the glycolytic phenotype of cancer cells (Lunt et al. 2011). The
increase in glycolytic rate allows glycolytic intermediates to fulfill the metabolic demands of

proliferating cells, in fact these intermediates, are also used as precursors for macromolecule
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synthesis, providing a biosynthetic advantage (Ahn et al. 2015). This high glycolytic rate is
regulated by several factors, such as HIF-1a, which was found to be overexpressed in aggressive
types of TC such as ATC (Burrows et al. 2010), and it has been also associated with distant
metastasis in PTC (Burrows et al. 2011). Furthermore, also glycolytic enzymes such as the
hexokinase Il (HKII), phosphoglycerate kinase (PGK), glucose-6-phosphate dehydrogenase
(G6PDH), and lactate dehydrogenase A (LDH-A), have also been found overexpressed in TC
(Nahm et al. 2017). Moreover, the glycolytic phenotype has been found to be higher in PTCs with
BRAFV®%E mytation compared to wilt-type for BRAF mutation, which agrees with the results
obtained in a previous study (Nagarajah et al. 2015). Overall, our findings support the association
of BRAF mutation with the increased glycolysis pathways and suggest PTC-derived cells, with an
aggressive phenotype, rely on aerobic glycolysis for energy production, thus exhibiting the
Warburg phenotype. Furthermore, the TCA cycle plays a central role for fulfilling bioenergetic,
biosynthetic and redox balance requirements and previous studies showed that cancer cells bypass
TCA cycle primarly utilizing aerobic glycolysis (Anderson et al. 2018). Moreover, several studies
have demonstrated that cancer cells can uncouple glycolysis from TCA cycle, allowing the use of
different fuel sources to meet metabolic needs (Chen and Russo 2012; Pavlova and Thompson
2016). Our data displayed that TCA cycle was perturbed in all cell lines as demonstrated by a
decrease of acetyl CoA, isocitrate, succinyl CoA, succinate, oxaloacetate and fumarate compared
the control cells (although the latter was found to be increased in B-CPAP cells). Interestingly,
citrate levels were found to be significantly increased in K1 and B-CPAP cells, problably due to
its role in many biochemical pathways. Indeed citrate levels support de novo lipid and sterol
biosynthesis in cancer cells (Icard et al. 2012). Several studies have demonstrated that in cancer
cells, to promote lipid route through the accumulation of citrate, TCA cycle is slowed down (Icard
et al. 2012). In particular, while citrate sustains the lipid production, glutamine fuels TCA cycle

with intermediates such as aKG, which are depleted by biosynthetic reactions (Feron 2009). The
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increase of glutamine and oK G in PTC-derived cells might further confirmed tha role of citrate in

the lipid biosyntheisis.

An alternative to glucose, as fuel for bioenergetic pathways is glutamine, which feeds the TCA
cycle by providing a-ketoglutarate from glutamate (Anderson et al. 2018), by GLS1 activity,
showing the characteristics of an oncogene (Maddocks OD and Vousden KH 2011). Hence, we
investigated the role of this pathway in PTC-derived cells by measuring glutaminolytic metabolites
(glutamine, glutamate and aKG). Our data showed an increase of these metabolites in PTC-derived
cells compared to the control cells, particularly in B-CPAP cells. This evidence is in agreement
with the importance of glutaminolysis in cancer cells, and it is closely dependent on the marked
glycolytic phenotypes. Indeed, due to the high rate of glycolsys, cancer cells usually rely on
anaplerotic reactions in order to replenich TCA cycle intermediates throught glutaminolysis
(DeBerardinis et al. 2007). Consequently, cancer cells displayed an upregulation of glutamine
trasporters and enzymes involved in its breakdown (Pavlova and Thompson 2016). Metabolites
involved in the glutaminolysis were increased in PTC-cells. This metabolic trend supports the idea
that glutaminolysis pathway was significantly changed across the several thyroid cancer cell lines.
Moreover, previous studies have demonstrated that PTC with BRAF6%F mutations, characterized
by an aggressive behavior, displayed increased expression of glutamine metabolism- related
proteins (Kim et al. 2016). Interestingly, wild-type p53 plays an important role in the regulation of
glutamine destiny by activating another glutaminase isoform, GLS2, promoting energy and
antioxidant production (Maddocks OD and Vousden KH 2011). The expression of GLS1 rather
than GLS2 seem to be closely related to the activity of wild-type p53, which only drives the
activitation of GLS2 (Maddocks OD and Vousden KH 2011). Considering the fundamental role
of GLS1 in glutamonilysis regulation and the role of TP53 mutation in the glutaminolysis
regulation, we investigated the expression of Glutaminase 1, usually overexpressed in many cancer

types (Choi and Park 2018). Particularly, in some cancer types, increased levels of GLS1 have
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been associated with a higher disease stage and poor prognosis (Yu et al. 2015). In our study, GLS1
levels were found to be increased in PTC-cells compared to the non tumoral cells, resulting with

its essential role in the bioenergetic state of cancer cells.

We further elucidated fluxes across glycolysis pathway by studying the expression of metabolic
carriers (GLUT1 and MCT4), glucose uptake rate, extracellular lactate levels. In order to sustain
the energetic demands and compensate for the bioenergetic inefficiency of the glycolytic pathways,
cancer cells usually displayed an increased glucose import due to the overexpression of GLUTL1 in
the plasma membrane (Jozwiak et al. 2015). As demonstrated by immunofluorescence, we found
an increased expression of GLUT1 mainly in the plasma membrane of B-CPAP cells, while K1,
TPC-1 cells showed less expression and the control line was barely positive for the expression of
GLUTL. Similarly, cancer cells display also increased production of lactic acid, as result of the
increased glucose uptake and consumption, which is then exported in the microenvironment (Jiang
2017; Choi et al. 2016) through the monocarboxylate transporters (MCTSs), specifically MCT4
(Choi et al. 2016; Lee et al. 2016). Cancer cells displayed an overspression of this carrier, which
contributes to the hyperglycolytic phenotype. In our immunofluorescence data, MCT4 was mostly
overexpressed in B-CPAP cells, in accordance with the decreased levels of intracellular lactate
which is exportated into the extracellular space. Indeed several studies have underlined that
GLUTL1 overexpression has been correlated to poor prognosis (Younes et al. 1996) as well as
MCT4 being highly expressed level in many tumors (Hao et al. 2010). Glucose addiction for PTC-
derived cells was further investigated by exposing cells to four metabolic conditions with different
glucose concentrations. Our data showed that the viability of all PTC-derived cells line,
particularly B-CPAP and K1 cells, was negatively affected after 48h exposure to low and no
glucose concentrations, confirming the glucose dependency of cancer cells. Interestingly, high
glucose concentration induced an increase in cell viability in B-CPAP and K1 cells after 48h of

incubation, suggesting the glucose addiction of PTC-derived cells harbroring BRAF mutations.
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These findings are in keeping with the already described glucose addiction in cancer (Granja et al.
2015). There is a reciprocal cross talk between metabolic pathways and redox balance of cancer
cells, involving pathways such as glycolysis, glutaminolysis, fatty acid oxidation, and the pentose
phosphate pathway (Panieri and Santoro 2016). Indeed ROS play a critical role in cancer initiation
and in the amplification of the tumor phenotype, and they are considered a byproduct of metabolic
processes of highly proliferative cancer cells (Gupta et al. 2012). Alterations in redox balance as
well as deregulated redox signaling are now considered common hallmarks of cancer (Kumari et
al. 2018). Cancer cells maintain intracellular redox homeostasis and prevent oxidative stress-
induced damage by upregulating several antioxidant systems, including glutathione, TrX
(Fruehauf and Meyskens 2007) and cysteine/cystine cycle (Lo et al. 2008). The balance between
the redox homeostasis, oxidative stress and the antioxidant systems is deeply connected to several
metabolic pathways (Cairns et al. 2011). Moreover, recent studies have elucidated the association
with deregulated redox signaling and metabolic pathways (Kumari et al. 2018). In our study PTC-
derived cells, differing in their genetic background, manifested significant changes in the redox
state (viz. decreased ratio of GSH/GSSG and cysteine/cystine). This is in line with the oxidative
stress, which previous studies reported has an essential role in the tumorigenesis and in tumor
progression (Gupta et al. 2012). To further elucidate the redox homeostasis in PTC, we measured
intracellular ROS and electron carriers levels, as key molecules involved in the redox balance and
in the antioxidant biosynthesis, respectively (Ying 2008). Particularly, a key molecule produced
crucially in quenching ROS production by providing reducing power for the GSH and TRX
systems is reduced NADPH,which functions as a cofactor (Cairns et al, 2011). For these reasons
NADPH appears to be the limiting factor for oxidative stress management in cancer cells (Nathan
and Ding 2010). On the other hand, NAD" is a metabolic co-factor and electron carrier that is

crucially involved in both glycolysis and oxidative phosphorylation (Cairns et al. 2011).
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PTC-cells showed significant increase of intracellular ROS compared to the control line, as well
as NAD*/NADH and NADP*/NADPH which were found significantly increased in B-CPAP and
K1 for the first ratio and only in B-CPAP for the second ratio, supporting previous findings (Cairns
etal. 2011). Our findings support the idea of a deregulated redox signaling in cancer cells, resulting
from the increased ROS levels and the imbalance of antioxidants and electron carriers.
Furthermore, we investigated the expression of a key enzyme in the redox balance: GCL, enzyme
responsible for the glutathione biosynthesis. GCL catalyzed the first and rate-limiting step of the
glutathione biosynthesis and it is generally overexpressed in cancer cells (Estrela et al. 2006;
O'Brien and Tew 1996). In PTC-derived cell lines, the GCL expression was higher in B-CPAP and

K1 cells than TPC-1 and the control line, in agreement with the antioxidant demands.

Overall data from the first part of the project reflect the interplay among rewiring tumor
metabolism, oncogenic driver mutations and deregulated redox balance. Particularly, PTC cells,
with an aggressive genotype (BRAFV®%E hTERT promoter mutation and TP53 mutation) showed
the most perturbed metabolic and redox phenotype than those harboring wild-type TP53. These
results are in agreement with previous studies about role of oncogenic mutations, such as TP53
and BRAF mutations, in the reprogramming of the cancer metabolism. Indeed, mutations in KRAS
or BRAF have been demonstrated to play important roles in regulating metabolic alterations,
particularly affecting glycolytic and glutaminolysis cancer phenotypes (Hutton et al. 2016).
Similarly, p53 is well known to be involved in the regulation of glucose metabolism, TCA cycle

and glutaminolysis (Bensaad et al.2006; Contractor and Harris 2012; Hu et al. 2010).
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Metabolomic alterations in CSCs-like in thyrospheres derived
from PTC-cell lines.

PTC, similarly to most cancers, shows intracellular tumor heterogeneity, harboring a dynamic
population of cells with stem cell-like properties, characterized by a distinct metabolic behavior,
invasive potential and different interactions with the tumor microenvironment (Islam et al. 2015).
Within this population, CSCs are considered the root cause of metastatic dissemination, therapeutic
resistance and tumor recurrence (De Francesco et al. 2018). As differentiated cancer cells adapt
their metabolism to support proliferation and survival, CSCs also seem to remodel their
metabolism to microenviromental changes, by shifting toward a glycolytic or a mitochondrial-
based metabolism (Peiris-Pegés et al. 2016). The fundamental role of CSCs in carcinogenesis
highlights the paramount importance of understanding of the CSCs metabolism, in view of
developing combined strategies acting on CSCs metabolism (Wang et al. 2015). Despite the
metabolism of CSCs having been the focus of investigation in recent years, it remains far from to
be clear whether CSCs are predominatly glycolytic or they rely more on OXPHOS. In order to
gain therapeutic advantage from the metabolic dynamics of tumors, identifying the metabolic
dependencies and alterations that occur within the CSCs might be one of the possible strategies to
eradicate these cell population (De Francesco et al. 2018). Although CSC isolations from PTC
have been reported by several studies (Mirshahidi et al. 2018), their biological meaning and the
metabolic rewiring are still poorly understood. The second part of the project aimed to characterize
the metabolic phenotype and dependence of cancer stem cells (CSCs), generated by PTC-derived

cell lines through the spheroid-formation assay and an untargeted metabolomic approach.

In our data we found a substantial metabolic alteration between thyrospheres and adherent cells.
Particularly, thyrospheres had a significant decreased of metabolites involved in the glycolytic
pathways, indicating an highly glycolytic phenotype, which has been reported as important

pathways for the maintainance of self-renewing capacity in both CSCs and adult stem cells (Ito
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and Suda 2014). Thus, it has been proposed that glycolytic phenotype favours stemness by
enhancing also antioxidant capacity (Sancho et al. 2016). According to this finding, cellular
metabolism plays an important role in the control of stemness proprieties. During differentiation,
stem cells are also able to adapt their metabolism, to generate the large amounts of energy needed
for this process (Jang et al 2015). Subsequently, it has been showed that CSCs from breast, ovarian
and colon cancer showed a marked glycolytic phenotype to support energy demands (Bhowmik et
al. 2015; Samudio et al. 2010; Ito et al. 2012). Particularly, switching from OXPHOS to aerobic
glycolysis was found to be essential for the functionality of CSCs, due to the decreased ROS levels
induced by the upregulation of glycolysis (Dong et al. 2013). In our data, tumor thyrospheres, as
expected, showed higher consumption of glycoltic metabolites, according to their higher
proliferation rate compared to non cancer stem cells. Similarly, our data reported an altered flux
of metabolites across the TCA cycle. In particular, levels of succinic and malic acid were found to
be increased in tumor thyrospheres, as well as metabolites which might fuel TCA cycle, such as
aspartate and glutamate. Particularly, significantly increased level of aminoacids, detected only in
tumor thyrospheres, suggests their role in fueling the TCA cycle, determining an anaplerotic flux,
a key aspect in proliferating cells (DeBerardinis et al. 2008). Among all the detected aminoacids,
levels of glutamate were found to be increased in tumor thyrospheres. Intriguingly, glutamate has
been previously reported to be significantly elevated following EMT induction (Bhowmik et al.
2015), a phenomenon observed in TPC-1 and B-CPAP cells (Hardin et al. 2014). On the contrary,
several studies indicated that CSCs preferentially use mitochondrial respiration and oxidative
metabolism (De Francesco et al. 2018). Moreover, among all the mitochondrial oxidative
pathways, some CSCs rely on fatty acid oxidation for ATP and NADPH generation (Samudio et
al. 2010). In some cases, FAO appeared to be essential for self-renewal capacity in hematopoietic
stem cells (Ito et al. 2012). In our data, we observed a significant increase of fatty acid levels in
thyrospheres, such as palmitic and stearic acid, in B-CPAP and palmitic acid in TPC-1. These

findings are in line with the fundamental role of FAO pathway in PTC biology and with the
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reported overexpression of genes associated with FAO in ovarian CSCs (Pasto et al. 2014). The
increased levels of fatty acid oxidation rate are also in agreement with the changes observed in
TCA cycle of both B-CPAP and TPC-1 thyrospheres. Indeed, an increase of fatty acid oxidation
might result in an increase in concentration of intermediated in the second half of the TCA cycle
(Owen et al. 2002). Moreover, our data also showed an increased level of succinic acid in the PTC-
derived thyrospheres, confirming a role as oncometabolite and contributing to the CSC phenotype

(Tretter et al. 2016; Vinogradov et al. 2012).

This study pin point to the importance of understanding of the CSCs metabolic features involved
in survival and functionality, aiming to develop novel therapeutic strategies to eradicate CSCs.
Several studies provided information about CSCs metabolism, considering it as a relevant target
in anticancer therapy (De Francesco et al. 2018). In this scenario, the second part of this project
provided data of the metabolic profiles of two PTC-derived cell lines, which are both representative
of the BRAF-like PTC subgroup. Although in other tumors the glycolytic and oxidative phenotypes
are mutually esclusive (Sancho et al. 2016) in our data, CSCs of PTC-derived cells seem to be
characterized by glycolytic and oxidative metabolic features, suggesting a metabolic plasticity. A
deeper knowledge on the CSCs ability to switch to different metabolic in response to

environmental stimuli, might improve the development of therapeutic strategies.

130



Anti-tumoral effects and metabolic reprogramming Vitamin C-
induced.

Vitamin C has become relevant in cancer research, playing an important role in the regulation of
cancer development and growth (Margreet et al. 2018). In the last decades, several studies have
reported cytotoxicity toward cancer cells by vitamin C in vitro and in vivo (Du et al. 2012; Park
2013). Increasing evidences reported that high concentration of vitamin C acts as pro-oxidant in
some types of cancer cells, suggesting that doses of vitamin C induce oxidative stress (Bram et al.
1980). The cytotoxic effects of vitamin C have been associated with its ability to produce ROS,
which may trigger several effects also in the metabolism of cancer cells (Liu et al. 2008). Indeed
previous studies reported that high-dose of vitamin C induced apoptosis in cancer cells through
the accumulation of H2O> and, consequently, the oxidation of glutathione (Park et al. 2004).
Although the main established mechanism of the cytotoxicity of vitamin C is the induction of
oxidative stress in cancer cells, there is an ongoing interest in cellular mechanisms underlying
vitamin C effects. Recently, it has been suggested that there is an important relationships between
vitamin C pro-oxidant effects and cancer cell metabolism (Park et al. 2018), particularly related to
glycolysis, TCA cycle, and pentose phosphate pathway (Uetaki et al. 2015). Furthermore, the
biological significance of vitamin C-induced metabolic changes is still far from being clear. In
this scenario, the third part of the project aimed to determine the anti-tumoral effects of vitamin
C and the modulation of metabolic processes, in PTC-derived cell lines, understanding how
vitamin C selectively affects redox balance and energetic pathways. In our data, as expected,
PTC-derived cells display a decrease in cell viability due to the high-dose of vitamin C.
Particularly, PTC-derived cells and the control cells exhibited different susceptibility to the
vitamin C treatment, showing different ICso at 48 h of incubation. B-CPAP and K1 cells
displayed a 50% decrease in cell viability with 5SmM of vitamin C, while TPC-1 needed 10mM.

The least sensitive cell line for the vitamin C citotoxicity resulted to be Nthy-ori3-1. These
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findings are in agreement with previous studies about the selectively cytotoxic effect of vitamin
C in cancer cells harboring KRAS or BRAF mutations (Yun et al. 2015) as B-CPAP and K1,
which shared BRAF. As described above, vitamin C stimulates the accumulation of ROS, by
H>0, generation, resulting in a deregulation of redox balance (Park et al. 2018). Our data, in
keeping with these findings, showed an increase production of ROS, due to vitamin C treatment,
particularly in B-CPAP and Nthy-ori cells. TBH was used as positive control, and ROS levels,
TBH-induced, was almost 4-fold higher than ROS induction by vitamin C. Interestingly, adding
the anti-oxidant compound, NAC significant decreased ROS levels only in PTC-derived cells
and not in the control cells. This finding might confirm the different susceptibility to vitamin C
between cancer and normal cells (Vissers et al. 2018), and it demonstrated the higher capability
of cancer cells to recover the redox homeostasis after the oxidative stimulus vitamin C-induced.
Furthermore, ratio of antioxidants, such as GSH/GSSG and Cysteine/Cystine were affected by the
vitamin C treatment. Particularly, our data showed a significantly decreased of GSH/GSSSG ratio
only in B-CPAP, while cysteine/cystine ratio was significant decreased in B-CPAP and K1 and
the control cells. In accordance with vitamin C pro-oxidant effects, antioxidant species and their
reduced/oxidized ratio appeared to be reduced, probably due to H.O2 accumulation (Park 2013).
Our data suggested that cysteine/cystine antioxidant system seemed to be more perturbed and
involved in the regulation of the oxidative stress vitamin-C induced. Decreased cysteine/cystine
ratio induced by vitamin C reflected the increased demands of antioxidants, particularly GSH.
Indeed cancer cells exhibited high requirement for cysteine for GSH synthesis, particularly under
oxidative stress condition, where cysteine production is insufficient for GSH synthesis (Cramer et
al. 2017). Considering the closely relationship between redox balance and metabolism, vitamin C,
modulating the redox status, might affects the cancer metabolism, providing an alternative
paradigm in cancer therapy, where both redox homeostasis and metabolism will be perturbed. In
order to explore metabolic effects, we measured metabolic features, such as glycolytic and TCA

cycle metabolites and electron carries involved in redox reaction through metabolomics targeted
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analysis by using UHPLC/MS. Our data showed an increase of metabolites upstream the
glycolysis, while metabolites from 3PG to pyruvate were decreased in most of the analyzed cells.
Additionally, the first part of the TCA cycle was reduced in levels of metabolites from citrate to
succinyl-CoA, while succinate, fumarate, malate and oxaloacetate were increased due to the
treatment. Interestingly, levels of coenzyme A and acetyl-coA were significantly increased in all
PTC-derived cells and in Nthy-ori3-1 and TPC-1 respectively. These results confirmed that
vitamin C altered cell metabolism, with a critical reduction of the second half of the glycolysis and
the first half of the TCA cycle. These findings are in keeping with previous data about the
perturbation of glycolysis, TCA cycle and pentose phosphate shunt vitamin C-induced in breast
cancer cells (Uetaki et al. 2015). Moreover, further confirmation of metabolic perturbation vitamin
C-induced was obtained by measuring the relative glucose uptake after vitamin C treatment.
Exposure to high-dose of vitamin C resulted in a decrease in glucose uptake in PTC-derived and
control cells. In particular, B-CPAP and TPC-1 showed a more evident decrease of glucose uptake,
suggesting their increase sensitivity to vitamin C treatment compared to the control cells. Indeed
the oxidized form of vitamin C, DHA, is similar to glucose in the chemical structure and is uptaken
into cells by GLUTSs trasnposters (Rumsey et al. 1997). According to this, entrance of vitamin C
into cells might reduce the glucose entrance, perturbing uptake rate of glucose and, consequently,
its metabolism. The effects of vitamin C in the PTC-cell metabolism suggested a possible
regulation of energetic pathways, particularly glycolysis and TCA cycle. Indeed metabolic effect
induced by vitamin C treatment has been already described in breast cancer cells as a consequence
of NAD depletion (Uetaki et al. 2015). It has also been hypothesized that NAD depletion was a
consequence of oxidative stress H2O»-induced (Chen et al. 2005). According with these previous
findings, we measured NAD, Nicotinamide and Nicotinic acid levels, involved in the NAD*
salvage pathway (Garten et al. 2009). Our data showed a decreased in NAD™ (significantly in K1
cells ) and its precursors, Nicotinamide (significantly in TPC-1, K1 and B-CPAP cells) and

Nicotinic acid (significantly in control cells), due to vitamin C treatment. NAD salvage synthesis,
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and the key enzyme of this pathway, Nampt, have been described as potential therapeutic target in
cancer (Chini et al. 2014). Overall, we proposed a possible effect of vitamin C on NAD?,
Nicotinamide and Nicotinic acid viability, mediated by ROS accumulation, which is responsible
for NAD™ depletion. It has been previously described that vitamin C induces cell cycle arrest in
various cancer cells, such as lymphoma cells and leukemia cells (Kao et al. 1993; Yanagisaga-
Shiota et al. 1995; Ilwasaka et al 1998), melanoma cells (Kang et al. 2005), brain tumor cells
(Baader et al.1994; Lee et al. 1994), prostate cancer cells (Maramac et al. 1997; Menon et al. 1998),
and stomach cancer cells (Head et al.1996). The cytotoxicity induced by the vitamin C has been
linked to the accumulation of hydrogen peroxide, which induces cell growth arrest, apoptosis
and/or necrosis (Sakagami et al. 2000). Apoptosis and necrosis may occur simultaneously
depending on the stimulus (EImore et al. 2007). Despite many studies have reported that relatively
high concentration of vitamin C induced apoptosis on tumor cells (Kang et al. 2003; Kang et al.
2005), our preliminary data showed that vitamin C treatment induced cell death by necrosis in
PTC-cells while in control cells by apoptosis. These findings suggested a different effect in cell
death mechanism in cancer and non cancer cells. Normal cells usually activate programmed cell
death against toxic stimuli, while cancer cells often avoid this cellular response by disabling the
apoptotic pathways (Fernald and Kurokawa 2013). Moreover, accumulating evidences have shown
that necrosis can also proceed in a regular manner, by “necroptosis”, which can be induced by
several stimuli, including cellular metabolic and genotoxic stresses, or various anti-cancer agents

(Su et al 2015).
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V1. Conclusion
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By examining the alterations in metabolism and redox status, resulting from oncogenic mutations
such as BRAF, TP53, RET/PTC and hTERT mutations, we provided evidence of the crosstalk
among metabolic dependencies, redox modulation and oncogenic features in PTC-derived cells.
Particularly, we found that the most perturbed metabolic phenotype, characterized by higher
glycolytic rate and altered metabolite flux across TCA cycle and glutaminolysis, was associated
with PTC-derived cells harboring the most distintive genetic background (BRAFY%%E TP53 and
hTERT mutations). Similarly, considering the heterogenous cancer cell population within tumor
mass, we provided evidences about metabolic dependencies and changes in PTC-derived CSCs,

pinpointing possible metabolic targets, to eradicate the “beating heart” of tumor.

Overall, our project confirmed the pivotal role of the metabolism and redox state regulation in the
cancer development and maintenance, and, consequently, their role as promising therapeutic
targets or as diagnostic features. The ongoing investigation and understanding of cancer cell
metabolism provide useful information, which can be translated into therapeutic and diagnostic
tools. Metabolic differences between normal and malignant tissues are thought to be driven by
cancer genes. Nevertheless, it is now becoming increasingly evident that cancer metabolism, as
hallmark of cancer, might be considered as root cause of the development, progression and
aggressiveness of cancer. Our fidings underline this hypothesis, highlighting that the aggressive

forms of PTC-derived might be also characterized by marked metabolic alterations.

Hence, the complexity network of oncogenes and metabolic pathways needs to be understood, in
order to strategically target cancer cells. In this scenario, we studied the antitumoral effect of
vitamin C, according with its ability to affect cell survival and proliferation, mostly by inducing
oxidative stress. Interestingly, we report the metabolic effect of Vitamin C in PTC-derived cells,
by affecting energy production, inducing oxidative stress, and finally cell death by necrosis. Our
data displayed the possibile modulation of NAD+, Nicotinamide and Nicotinic acid, and,

consequently, the arrest of metabolic pathways, by vitamin C treatment.
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Despite many studies having focused their attention on cancer cell metabolism and cancer cell
metabolic plasticity over the last decade, our study has highlighted the need for a holistic and
translational approach of studying cancer, considering the cross talk among oncogenic, metabolic
and redox events during tumorigenesis. Overall, we can conclude that understanding and dissecting

the metabolic complexity of cancer cells remain a great challenge in this field.
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