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SUMMARY

Thyroid Cancer (TC) accounts for about 3% of all cancers and is the most
common malignant endocrinological tumor. One of the most malignant thyroid
cancers is Medullary Thyroid Carcinoma (MTC), the only parafollicular C-cell-
derived tumor. MTC accounts for about 5% of all thyroid cancers and is sporadic
in about 75% of cases. In the last few decades, several genetic alterations have
been identified in different molecular pathways and associated with tumor
aggressiveness and progression (BRAF, RAS, VEGFR and RET). RET is a proto-
oncogene (10q11.2), which codes for a transmembrane tyrosine kinase receptor
and is expressed on tissues deriving from the neural crest including thyroid C cells
but not in normal thyroid follicular cells. Activation mutations involving RET
have been identified in about 98% of hereditary MTC and about 50% of sporadic
MTC. In all cases, the oncogenic protein RET hyper-activates a complex network
pathway (i.e. RAS/ERK pathway and PI3K/AKT pathway). Preclinical and
clinical studies have demonstrated that therapy based on RET inhibition with
MultiKinase Inhibitors (MKIs) and/or with RET-specific inhibitors, a
TyrosineKinase Inhibitors (TKI), may be a promising strategy for the treatment
of cancers in which this oncogene is involved. In 2011 Vandetanib (Caprelsa,
ZD6474; AstraZeneca) was approved by the U.S. Food and Drug Administration,
as RET kinase inhibitor for the treatment of inoperable progressive MTC or
metastatic patients. Clinical experience with RET TKIs is limited, however,
lessons learned from other tumor types raised the hypothesis that cancer patients
commonly could develop TKI resistance. Polyphenols, represent the main target
of cancer research as they show potential for becoming superior agents for
preventing and treating various malignancies. A combination of cytoprotective
effects toward normal cells and cytotoxic effects toward cancerous cells thus
represents the main advantage of polyphenols as anticarcinogenic agents. In
recent years, many different combined compounds and therapeutic approaches
have been used to treat devastating diseases such as cancer. The main aim is to
achieve a synergistic therapeutic effect, to reduce the dose and toxicity, and to
minimize or delay the induction of drug resistance such that the combinations
would add benefits. In in vitro studies, the Combination Index (Cl) method is a
quantitative representation of the pharmacologic interaction between two drugs.
Several important and clinically relevant interactions between polyphenols and
conventional drugs have been reported over the last few years. Moreover, many
in vitro and in vivo studies suggest that polyphenols can be used as



chemosensitizers when combined with chemotherapeutic agents (i.e.
Doxorubicin, Cisplatin and Taxol). There are many molecular targets on which
polyphenols act as chemosensitizing agents, they are involved in cell cycle
regulation, apoptosis, oxidation and angiogenesis. They work by up-regulating
factors such as Caspase-3, the p21 protein and/or PTEN (Phosphatase and TENSin
homolog), and down-regulating factors such as NF-kB (Nuclear Factor kappa B),
Survivin, metalloproteases and CREB (CAMP Response Element Binding
protein).

Thus, overcoming chemoresistance to Vandetanib in vitro through also the use of
polyphenols appears of great clinical relevance.

In this study, it is proposed to evaluate the possible secondary resistance
mechanisms to Vandetanib and chemosensitizing to Vandetanib by polyphenols
human MTC cell line chemoresistant.

We proceeded to pursue these goals to generate in vitro and characterize MTC
cells resistant to Vandetanib analyzing some of the possible molecular
mechanisms involved in this resistance; To evaluate the stemness component in
the MTC Vandetanib-resistant cells during the process of resistance acquisition;
To investigate whether molecules belonging to the polyphenol class could
sensitize Vandetanib resistant MTC cell line.

It was demonstrated that the constant exposure to increasing concentrations of
Vandetanib results in Vandetanib-resistant cells partially sensitive to
chemosensitization with the polyphenols.



BACKGROUND
Thyroid gland

The thyroid gland is a vital hormone gland due to the major role that it has in the
metabolism, growth and development of the human body. By releasing a steady
amount of thyroid hormones in the bloodstream it helps with the regulation of
many body functions. Glandula thyreoidea is found at the front of the neck, under
the voice box. It is butterfly-shaped: the two side lobes lie against and around the
windpipe and are connected at the front by a narrow strip of tissue (1). The weight
of the thyroid is between 20 and 60 grams on average and is surrounded by two
fibrous capsules.

The thyroid tissue itself consists of a lot of small individual lobules, enclosed in
thin layers of connective tissue. These lobules contain a great number of small
vesicles. These vesicles are called follicles and store thyroid hormones, in the
form of little droplets (2).
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Fig.1: The Thyroid Gland: Location, Anatomy, Organization and Hormones.
Adopted by: Anupama Sapkota. Thyroid Gland- Definition, Structure, Hormones,
Functions, Disorders, The Biology Notes. https://thebiologynotes.com/thyroid-
gland/ (3).

Follicular Cells produces Thyroxine (referred to as T4), and Triiodothyronine
(referred to as T3). The thyroid gland releases in the bloodstream T4 which
constitutes about 80% of the secreted thyroid hormones and T3 which constitutes
about 20%. Once secreted, the T4 is converted into the T3 (which accounts for
most of the T3 in the body) by specific enzymes in other tissues like the liver or
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kidneys. In addition, there are other hormone-producing cells within the thyroid
gland a Parafollicular Cell called C-cells. These cells produce Calcitonin which
plays an important role in regulating calcium and phosphate levels in the blood

(4).
Thyroid Cancer

Thyroid cancer (TC) represents about 3% of all cancers. It is the most common
malignant endocrinological tumor (5) with 586.000 new patients estimated in
2020 (6). Thyroid cancer originates from follicular epithelial cells or
parafollicular C cells. Thyroid cancer originates from follicular epithelial cells are
classified into four histological types: papillary thyroid cancer (PTC 80-85%),
follicular thyroid cancer (FTC 10-15%), poorly-differentiated thyroid cancer
(PDTC, <2%), and anaplastic thyroid cancer (ATC, <2%). PTC and FTC are well-
differentiated thyroid cancers (WDTC) accounting for the majority of thyroid
cancer cases (7). Medullary thyroid cancer (MTC), arising from the parafollicular
cells (C cells), represents 4% of all thyroid cancers. MTC can be both hereditary
(25%) or sporadic (75%) (8). Hereditary MTC including familial MTC (FMTC)
and multiple endocrine neoplasia type 2 (MEN). FMTC is characterized by MTC
alone, recur in several relatives of the same family. In MEN-2A, thyroid
carcinoma can be associated with additional endocrine neoplasia such as
pheochromocytoma and/or hyperparathyroidism; in MEN-2B, thyroid carcinoma
can be associated with non-endocrine diseases such as mucosal neuromas,
megacolon, marfanoid habitus and skeletal abnormalities (9).

In the last 30 years, the availability of the genome sequence has greatly helped the
progress in elucidating the molecular mechanisms underlying TC.

Driver mutations, identified in more than 90% of TC, provide a selective growth
advantage thus promoting cancer development. The molecular pathogenesis of
TC involves dysregulation of the mitogen-activated protein kinase (MAPK) and
phosphatidylinositol-3 kinase (PISK)/AKT pathways. For PTC initiation, the
MAPK activation is crucial, through point mutations of the BRAF and RAS genes
or gene fusions of RET/PTC and Tropomyosin Receptor Kinase (TRK). On the
other hand, PI3K/AKT activation is believed to be critical in FTC initiation. This
activation can be triggered by activating mutations in RAS, PIK3CA, and AKT1
as well as by the inactivation of PTEN, which negatively regulates this pathway.
TC progression and dedifferentiation to PDTC and ATC involve several



additional mutations affecting other cell signaling pathways, such as p53 and
Wnt/B-catenin. Recently, TERT promoter mutations have been described in all
the histological TC types, having a significantly higher prevalence in aggressive
and undifferentiated tumors. This indicates their role in TC progression (10)
Mutations in RET (REarranged during Transfection) proto-oncogene account for
most MTC cases. They can occur either sporadically or as inherited germline
events in the MEN-2A and MEN-2B syndromes. Moreover, a minority of
sporadic MTC are caused by H-, K-, and N-RAS mutations (11).
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Fig.2: The molecular pathogenesis of thyroid cancer: Dysregulation of the
mitogen-activated protein kinase (MAPK) and phosphatidylinositol-3 kinase
(PI3K)/AKT pathways. Adopted by: Prete A, Borges de Souza P, Censi S, Muzza
M, Nucci N, Sponziello M. Update on Fundamental Mechanisms of Thyroid
Cancer. Front Endocrinol (Lausanne). 2020 Mar 13;11:102. dot:
10.3389/fend0.2020.00102. PMID: 32231639; PMCID: PMC7082927 (10).



RET (REarranged during Transfection)

RET is a proto-oncogene (10g11.2) which codes for a transmembrane tyrosine
kinase receptor and is expressed on tissues deriving from the neural crest
including thyroid C cells but not in normal thyroid follicular cells (12). RET gene
which is subjected to alternative splicing that gives origin to three functional
isoforms: RET51, RET9, and RET43. RET9 is expressed in several human tissues
while RET51 is only expressed in some of them. Moreover, when compared, the
RET51 expression has been found to be lower than the RET9 expression.
Conversely, RET51 isoform expression has been reported to be higher in MTC
than in PTC, in more aggressive forms of pancreatic cancer, and
pheochromocytoma. This suggests that this isoform has a specific role in
determining the aggressiveness of a tumor. As a matter of fact, due to the
differentiation in the biochemical and biological properties of these two isoforms,
they play distinct roles in tumorigenesis and/or development (13).

The RET protein is comprised of an extracellular domain, a transmembrane
domain, and an intracellular tyrosine kinase domain. The extracellular domain
contains four cadherin-like domains (CLD1-4), a calcium-binding site, and a
cysteine-rich domain. The intracellular region contains a tyrosine kinase domain
and tyrosine phosphorylation sites located next to the C terminal region, where
two major isoforms, RET9 and RET51, are positioned due to alternative splicing.
There are four known RET ligands, artemin (ARTN), glial cell line-derived
neurotrophic factor (GDNF) neurturin (NRTN), and persephin (PSPN), and four
co-receptors that form GDNF family receptor-a 1-4 (GFRal-4) (14).

RET homodimerization, mediated by a ligand-co-receptor complex, leads to the
activation of several downstream pathways that include RAS/MAPK, PI3K/AKT,
JAK/STAT, PKA, and PKC pathways. Thus, activation of RET signaling
ultimately promotes cell proliferation, growth, and survival (15).
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Fig.3: RET pathway activation signaling: Binding of GDNF-family ligands
(GFLs) and GDNF to co-receptor GFRal-4 induces recruitment of RET, forming
RET-GFRa complex. Formation of the RET-GFRa complex brings two RET
monomers near induce homodimerization and cross phosphorylation of key RET
tyrosine residues that recruit adaptor proteins important for propagation of RET
signaling, such as PI3K/AKT, MAPK, PLCy, and RAS/RAF/ERK. Adopted by:
Prazeres H, Torre J, et all. How to Treat a Signal? Current Basis for RET-
Genotype-Oriented Choice of Kinase Inhibitors for the Treatment of Medullary
Thyroid Cancer. Journal of Thyroid Research Vol. 2011, Article ID 678357, 10
pages doi:10.4061/2011/678357 (15).

RET mutations in medullary cancers

In MTC proto-oncogene RET exerts a crucial role in oncogenesis. Germline RET
mutations are present in >98% of all familial cases of MTC and in 44% of sporadic
MTC (10). In MTC, the RET gene typically carries point mutations, instead
deletions or insertions are rare. The activating point mutations of RET may affect
both extracellular and intracellular domains and as a result, induce different
effects: extracellular mutation domains induce a ret activation, which is both

11



ligand and dimerization independent; furthermore, intracellular mutations domain
induce a ligand-independent constitutive dimerization, promoting the activation
of the tyrosine kinase receptor (16). Cysteine mutations in RET cysteine-rich
domain promote the formation of intermolecular disulfide bridges. These bridges
lead to the constitutive dimerization and activation of RET that is GDNF-
independent. Mutations in tyrosine kinase domains can elicit steric conformations
that regulate access to the ATP binding pocket of RET (E768X, V804X), alter
hinge or inter-lobe flexibility (L790X, Y791X), promote activation of RET
monomers (S891X, M918T), or destabilize the inactive form of RET (A883X),
all of which confer constitutive RET activation albeit with varying activities (17).
One of the most common and more aggressive mutations out of more than 60
activating RET mutations discovered is the RET M918T RET M918T js |ocated in the
kinase domain and is characterized by higher ATP-binding affinity and altered
RET autophosphorylation trajectory (18).
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Fig.4: Representation of the RET gene and reported codons responsible for the
three levels of biological aggressiveness of MTC. Adopted by: Kouvaraki MA,
Shapiro SE, Perrier ND, Cote GJ, Gagel RF, Hoff AO, Sherman SI, Lee JE, Evans
DB. RET proto-oncogene: a review and update of genotype-phenotype
correlations in hereditary medullary thyroid cancer and associated endocrine
tumors. Thyroid. 2005 Jun;15(6):531-44. doi: 10.1089/thy.2005.15.531. PMID:
16029119 (17).
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Treating RET-altered thyroid cancers

The primary strategy of therapy for patients with MTC is surgery. Surgery,
cytotoxic chemotherapy, targeted therapy, radiation therapy, endocrine therapy
and immunotherapy are the current major treatments for cancer management.
RET-altered thyroid cancer was treated with MultiKinase Inhibitors (MKIs)
and/or with RET-specific inhibitors, a TyrosineKinase Inhibitors (TKI). One of
the strategies to target RET is the utilization of MKI, in 2011 Cabozantinib and
Vandetanib were approved by the U.S. Food and Drugs Administration (FDA)
and the European Medicines Agency (EMA) as a treatment for inoperable
progressive MTC or metastatic patients. Notably, Vandetanib gave rise to a
greater objective response rate in M918T-mutant MTC (19). RXDX-105 has more
potent RET protein kinase inhibitor activity than other RET MKIs, like
Cabozantinib and Vandetanib, though, RXDX-105 was unable to inhibit
RETV804M/L gatekeeper mutants. As a consequence, tumors with RETV804M
progressed on RXDX-105 treatment. More recently the U.S. FDA proceeded with
the approval of two RET-specific gatekeeper mutant-effective, Pralsetinib and
Selpercatinib for the treatment of thyroid cancers with RET mutations. Pralsetinib
(BLU-667) and Selpercatinib (LOXO-292) are an orally bioavailable selective
RET inhibitors (20). They are more potent than other MKI RETs and inhibit
RETV804M/L gatekeeper mutants. There have been identified acquired RET
secondary mutations that cause resistance to specific RET TKIs in both preclinical
experiments and in patients whose tumors acquired TKI resistance (21). The
gatekeeper RETV804M/L mutants are resistant to Vandetanib, Cabozantinib,
Lenvatinib, and other MKIs used to inhibit RET.

13
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Fig.5: An overview of MTC therapy: Drugs and target, MKIs versus highly
selective inhibitors. Adopted by: Gild ML, Tsang VHM, Clifton-Bligh RJ. et
all. Multikinase inhibitors in thyroid cancer: timing of targeted therapy. Nat Rev
Endocrinol 17, 225-234 (2021). https://doi.org/10.1038/s41574-020-00465-y
(21).

Polyphenols

Polyphenols are a large group of at least 10.000 different compounds that contain
one or more aromatic rings with one or more hydroxyl groups attached to them.
These are natural compounds found mostly in fruits (apples, cranberries,
pomegranate juice), green and black tea, coffee, red wine, cocoa, and seed (22).
These organic agents fall into several subclasses such as catechins, flavonoids
(which contain flavonols, flavanols, and flavones), anthocyanins, catechins,
isoflavones, chalcones, curcuminoids, and phenolic acid (23). Polyphenols, as
anticancer agents, have many advantages such as high accessibility, low toxicity,
specificity of the response and other various biological effects. The idea of using
polyphenols for treating cancer patients is not new (24). The main advantage of
polyphenols as anticarcinogenic agents is the combination of cytoprotective
effects towards normal cells and cytotoxic effects towards cancerous (25).
Furthermore, the fact that they attack exclusively cancer cells with a variety of
mechanisms directed against tumor markers, makes these compounds beneficial
and interesting (25). Polyphenols have been implicated as potential preventive
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and curative therapeutic agents for a host of diseases like Alzheimer’s,
Parkinson’s, Diabetes, Stroke, Autism etc. (26).

Antioxidant effects

Polyphenols act as antioxidants through several mechanisms. Among these
mechanisms is building a barrier against oxidants generation or scavenging free
radicals. Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are
the main free radicals that exist in our cells and cause oxidative stress. Quercetin
and Chrysin are confirmed to inhibit oxidants generation (27).

Pro-apoptosis effects

In cancer, anti-apoptotic pathways are activated. This involves the uncontrolled
proliferation of cells, which leads to drug resistance and tumor recurrence. Cell
death by apoptosis through the expression of apoptosis-related genes can be
induced by a great number of polyphenols (28). Resveratrol increases apoptosis
in many types of cancers including bladder, prostate, breast and ovarian. Evidence
shows i.e. that the treatment of cells with Resveratrol has led to an increase in the
activation and expression of caspase-3 and AMPK while reducing both activation
and expression of mMTOR and downstream kinase of AMPK. It has been shown
that i.e. Quercetin induces apoptosis in methotrexate-resistant osteosarcoma cell
line U2-OS/ MTX300 as evidenced by fluorescence staining and cytometry via
mitochondrial dysfunction and dephosphorylation of Akt (29).

Epigenetic effects

Polyphenols help with the prevention of epigenetic dysregulation as DNA
methylation, histone modifications and chromatin/nucleosome remodeling which
are involved in a variety of cancer features (30). Curcumin is one of the most
efficient polyphenols that prevent these alterations from aiding the cancer cells by
inhibiting histone deacetylases (HDACs) and histone acetyltransferases (HATS)
(31). Moreover, curcumin suppresses DNA methylation in the promotor region of
many cancer-related genes, including the tumor suppressor gene as i.e. Wnt
inhibitory factor-1, Nrf2 and RARPB2 by decreasing the DNA methyltransferase 1
level (DNMT1) (32).

Polyphenols and chemosensitization: Cancer drug resistance effects

There are several mechanisms that can cause drug resistance-MultiDrug
Resistance (MDR) in cancer cells, such as increased efflux through trans-
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membrane drug transporters. P-gp, MRP1, and BCRP, have been found to mediate
MDR as drug efflux pumps. In response to chemotherapeutic agents, P-gp, MRP1,
BCRP and at least 15 human ABC proteins, are upregulated, which, in turn, leads
to a reduction in the drugs intracellular accumulation and decreases their efficacy
(33). Polyphenols change the sensitivity of cancer cells to chemotherapeutic
drugs, and this named chemosensitizers. Since the discovery of the first
chemosensitizers, a wide variety of natural compounds have been documented for
their ability to induce cell death by many molecular targets. Curcumin,
Resveratrol and Epigallocatechin-3-gallate (EGCG), over-coming cancer drug
resistance (34). There are several mechanisms through polyphenols that affect the
sensitivity of cancer cells to chemotherapeutic agents such as drug uptake, drug
efflux, drug metabolism and cell death. It was found that the expression level of
the MRP1 gene in DOX-resistant acute myeloid leukaemia (AML)-2/DX300
cells, is higher compared to the wild-type AML-2/WT cells (35). Treating this
chemoresistant cell line with Resveratrol has led to a reduction in MRP1
expression. Furthermore, Resveratrol is reported to enhance the absorption of the
MRP1 substrate 5(6)-carboxyfluorescein diacetate. Therefore, it is suggested that
Resveratrol may enhance Doxorubicin cellular absorption by reducing the gene
expression of MRP1 (36). EGCG is shown to modulate P-gp function and enhance
the intracellular entrapment of Doxorubicin in drug-resistant KB-A1l cells. As a
matter of fact, the combination of Doxorubicin with EGCG has increased the
Doxorubicin intracellular concentration by 2.3 times in KB-Al cells in
comparison to the treatment with Doxorubicin alone (25). Polyphenols have
suppressed some enzymes involved in phase | and phase Il of the drug
metabolism. There have been reports that Curcumin may reduce the first-pass
metabolism of Tamoxifen in the small intestine and/or in the liver. This is
achieved by the inhibition of the CYP3A4 subfamily, a member of the cytochrome
P450 family of oxidizing enzymes (37). Polyphenols induce apoptosis in cancer
cells. It has been shown that i.e. Quercetin induces apoptosis in methotrexate-
resistant osteosarcoma cell line U2-OS/ MTX300 as evidenced by fluorescence
staining and cytometry via mitochondrial dysfunction and dephosphorylation of
Akt (29).
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Fig.6: Overcoming cancer drug resistance: schematic representation of the
mechanisms adopted by polyphenols in chemosensitization. Adopted by: Vinod
BS, Maliekal TT, et all. Phytochemicals As Chemosensitizers: From Molecular
Mechanism to Clinical Significance. VOL.18, NO.11 Comprehensive Invited
Reviews normal Published Online: 25 Feb 2013
https://doi.org/10.1089/ars.2012.4573 (36).

Combinational therapy

In recent years, in order to treat devastating diseases such as cancer, many
different combined therapeutic approaches have been used. Since tumors are
almost always multiclonal and genetically heterogeneous, combinational
therapies are strongly preferred. Due to drug resistance, therapeutic strategies that
use single drugs are more likely to lead to treatment failure since the treatment
kills sensitive cancer cells while resistant cancer cells are left to survive and
proliferate. In comparison, a combinational therapy with the use of two or more
drugs is more likely to target multiple driver genes simultaneously and not only
inhibiting more clones in a tumor. This method though is also making new cancer
mutations resistant to multi-drug treatment much more difficult to be selected and
grow up. A recent trend of successful target drug therapy is the simultaneous use
of multi-targeting drugs (38).

Moreover, combinational therapy aims to achieve a synergistic therapeutic effect,
reduce the dose and toxicity, and minimize or delay the induction of drug
resistance (39). After the study of several drug-phytochemical interactions, almost
all interactions between pharmaceutical drugs and dietary polyphenols showed an
increase in the therapeutic effects. This was achieved by blocking one or more
targets of the signal transduction pathways, increasing the bioavailability of the
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other drug or, stabilizing the other drug in the system (40). Many in vitro and in
vivo studies suggest that when combined with chemotherapeutic agents (i.e.
Doxorubicin, Cisplatin and Taxol), polyphenols can be used as chemosensitizers
(41). Polyphenols act as chemosensitizing agents on many molecular targets, they
are involved in cell cycle regulation, apoptosis, oxidation and angiogenesis. Some
polyphenols interact beneficially when administered in combination, and
synergistic chemosensitization properties of polyphenols are well known. Over
the last few years, there have been reported several important and clinically
relevant interactions between polyphenols and conventional drugs (42).

In in vitro studies, the Combination Index (Cl) method is a quantitative
representation of the pharmacologic interaction between two drugs. The median-
drug effect analysis was originally described by Chou and Talalay and is the most
widely used method in the literature for analyzing combinations. The program
Calcusyn (now replaced by Compusyn) provides the software for quantifying
synergism or antagonism (43).

18



OBJECTIVES

Co-occurrence of driver oncogenes, de novo and acquired resistance to MKIs or
RET TKIs represent a main challenge to overcome in the treatment of tumors.

The aim of this project is to generate in vitro MTC-cells resistant to VVandetanib
named TT resistant cell, evaluate some biological characteristics of this
population and analyze the secondary resistance mechanisms, and investigate
whether molecules belonging to the polyphenol class and Doxorubicin could
sensitize Vandetanib-resistant MTC cell line.

Medullary thyroid cancer (MTC) cell line TT was chronically exposed to
increasing concentrations of VVandetanib in order to generate MTC-resistant cells
to Vandetanib. Once the TT resistant cell line was obtained, gatekeeper mutations
V804 (MI/L), cell cycle distribution, cell proliferation, doubling time, colony-
forming ability, Calcitonin release and apoptosis were studied. Some gene
involved in cell cycle regulation, Epithelial-Mesenchymal Transition (EMT),
stemness, and multidrug resistance (MDR) were studied. Subsequently, ABCG2
and P-gP protein were detected and in vitro chemosensitization with the
Combination Index Method was performed. The combined cytotoxic effect of
Pterostilbene, DMU212, Doxorubicin, Fisetin and Quercetin with Vandetanib on
TT resistant cells were investigated.

TT resistant cell line does not acquire V804 (M/L) mutations, and reveled a GOG1
cell cycle arrest, a slowing cell proliferation, an inhibited colony-forming ability,
an increased doubling time and ability to release calcitonin then TT cell line.
Cytometric analysis for apoptosis showed an increased percentage of cell death in
TT cells treated with Vandetanib. ABCG2 and P-gP protein detection by
citofluorimetric analysis and western blotting, reveal increased protein
expression. Evaluating the role of P-gP by cytometric analysis demonstrate that
in TT resistant cell the pump does not have a remarkable activity.

The combined cytotoxic effect of Pterostilbene, DMU212, Doxorubicin, Fisetin
and Quercetin with Vandetanib on TT-resistant cells shows that cytotoxicity is
increased when Vandetanib is used in combination rather than when used alone,
only for certain concentrations of the combinations of drugs tested. The study of
the expression of some genes confirms that TT-resistant cells are a cell with a
slower proliferation rate, the ability to exclude exogenous and endogenous toxic
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substances, a lower colony-forming capacity, and a high ability to resist
Vandetanib even in the presence of chemosensitizers.
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MATERIALS AND METHODS
Compounds

Vandetanib (Selleckchem, M, Italy) was dissolved as a 10 mM stock solution;
Pterostilbene (Sigma Aldrich, MI, Italy) was dissolved as a 50 mM stock solution;
Fisetin (Sigma Aldrich, Ml, Italy) was dissolved as a 10 mM; Quercetin (Sigma
Aldrich, MI, Italy) was dissolved as a 100 mM; EGCG [(-)-epigallocatechin-3-
gallate] (Sigma Aldrich, MI, Italy) was dissolved as a 100 mM stock solution;
DMU-212 (Sigma Aldrich, M, Italy) (a methylated derivative of Resveratrol)
was dissolved as a 20 mM stock solution. Doxorubicin (Sigma Aldrich, Ml, Italy)
was dissolved as a 1mM stock solution. All compounds were dissolved in
Dimethyl Sulfoxide (DMSQO) (Sigma Aldrich, Ml, Italy) and stored at -80°C until
use, then diluted with a medium at the appropriate concentration.

Cell culture

TT cell line is a stabilized cell line derived from human medullary thyroid
carcinoma, and harbors a cysteine 634 to tryptophan (C634W) exon 11 RET
mutation (44). TT cells were purchased from the American Type Culture
Collection (ATCC; Rockville, MD, USA) and cultured at 37°C in a humidified
5% CO2 in coated flasks with 0.01% calf skin collagen (Sigma Aldrich, Ml, Italy)
in F-12 Medium (Sigma Aldrich, Ml, Italy) supplemented with 20% fetal bovine
serum (EUROCLONE, M, Italy), 2 mM L-glutamine and 100 units/ml penicillin-
streptomycin (GIBCO, MI, Italy). TT cells were passaged once a week at a 1:2
split ratio.

Generation of TT resistant cells

In order to generate MTC resistant cells, TT cells were chronically exposed to
increasing concentrations of Vandetanib. Starting from a dose of 10 nM, the drugs
were added every 3 passages up to 0.5 puM. In this way, we isolated a mass
population of TT cells adapted (named TT resistant cells) to proliferate at this
Vandetanib dose. Resistant cells were cultured in Expansion Medium (EM),
represented by a culture medium enriched with 500nM of Vandetanib.

Determination of 1C50 value by MTT assay

Cell viability was evaluated using the MTT assay (Sigma Aldrich, MI, Italy).
Cellular vitality has been expressed as a percentage to control cells. Briefly, TT
cellsand TT resistant cells were plated in 96 wells (CORNING, Arizona, U.S.) at
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a density of 1X10* cells per well in 100 pl culture complete medium in triplicate
and exposed to increasing concentrations of VVandetanib, Pterostilbene, Fisetin,
Quercetin, EGCG, DMU-212, Doxorubicin (from 0.390625 to 100 uM), and
Verapamil (from 0.390625 to 200 puM), doubling the concentration for each
condition and cultured for 3 days. Moreover, TT cells and TT resistant cells were
cultured with VVandetanib for 3, 6 and 10 days. At the end of the time point, MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was
performed (Cell Proliferation Kit (MTT) Sigma Aldrich, Ml, Italy). IC50 was
calculated with a nonlinear fit equation curve by GraphPad Prism version 5.00 for
Windows (GraphPad Software).

Isolation of total DNA and exon sequencing

Total DNA was extracted using the commercial PureLink® Genomic DNA Kit
(Invitrogen, Thermo Fisher Scientific, Italy) following the manufacturer’s
instructions. DNA quantity and quality were evaluated by NanoDrop 2000
(Thermo Fisher Scientific, Milan, Italy). The exons 11 and 14 of the RET gene
were amplified by conventional PCR utilizing the specific pair of primers
presented in Table 1. Amplicons were detected using a 2% agarose gel and the
fragment size was estimated using a DNA molecular weight marker (TrackIt™
100 bp DNA Ladder, Invitrogen, Thermo Fisher Scientific, Italy). Amplicons
were purified by QIAquick Gel Extraction Kit (Qiagen, Germany), quantified and
marked using BigDye Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher
Scientific, Italy). Sequencing reactions before capillary electrophoresis were
purified with BigDye Xterminator TM Purification Kit (Thermo Fisher Scientific,
Italy). Exon sequencing was performed using the 3500 Genetic Analyzer (Applied
Biosystems, USA) with polymer POP-7 as a separation matrix. Nucleotide
sequence identity compared with reference with GenBank database using the
Basic Local Alignment Search Tool (BLAST) and aligned using SnapGene.

Cell cycle analysis

TT cells and TT resistant cells were plated at a density of 5X10°in T25 wells
(CORNING, Arizona, U.S.)) in culture complete medium, with or without
Vandetanib at 500 nM concentration, respectively. After 6 days, the cells were
harvested and Cold Spring Harb Protoc was assessed (45). Briefly, 5X10° cell
resuspended in 1 ml of ice-cold DPBS w/o Ca,+/Mg,+ (EUROCLONE, MI,
Italy). Following fixation in ice-cold 100% ethanol (Sigma Aldrich, Ml, Italy),
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cells were resuspended in 500 pl of ice-cold cell cycle buffer (30 pg/ml propidium
iodide, 100 pg/ml DNase-free RNase A in DPBS w/o Ca,+/Mgy+) (Sigma
Aldrich, MI, Italy). All samples were then acquired using a FACSCalibur flow
cytometer (Becton-Dickinson, New Jersey, USA) and analyzed by the ModFit
software (Verity House).

Cell proliferation curve and Population Doubling Time (DT)

The proliferation rate of TT cells and TT-resistant cells was evaluated by trypan
blue assay (Sigma Aldrich, Milan, Italy). TT cells and TT-resistant cells were
seeded in a 24-well plate (CORNING, Arizona, U.S.) at a density of 1.8X103
cell/well in 1ml culture complete medium and grown up to 480 hours. Every 72
hours, the cells were harvested and stained with trypan blue and counted under
optical microscopy. Cell proliferation curve was obtained with the exponential
growth equation by using GraphPad Prism version 5.00 for Windows (GraphPad
Software). The DT was calculated according to the literature data (46).

Colony Forming Unit (CFU) assay

TT cells and TT-resistant cells were seeded in 10 cm? dishes at a density of 500,
300, and 100 cells/dish, and cultured under opportune conditions, refreshing old
medium every 3 days. After 46 days, Crystal Violet Assay was performed. The
colonies were counted by optical microscope observation. Only cellular groups
containing more than 50 cells were considered as colonies. Three sets of
experiments for each sample were performed for calculations.

Calcitonin assay

To measure calcitonin release TT cells and TT-resistant cells were plated at a
density of 5X10° in T25 wells (CORNING, Arizona, U.S.) in a culture complete
medium. The day before the assay the medium was changed. On the day of the
assay, the medium was collected and centrifuged at maximum speed, and an
aliquot of 100 ul was used to perform the Human Calcitonin ELISA assay (Sigma-
Aldrich, Milan, Italy). The amount of Calcitonin detected will be expressed in
pg/mL normalized by the number of cells.

Determination of Apoptosis

To detect apoptosis in TT cells and in TT resistant cells after exposure to
Vandetanib, cytofluorimetric analysis was used to quantify cell numbers in
apoptosis. Briefly, TT cells and TT resistant cells were plated at a density of
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5X10°%in T25 wells (CORNING, Arizona, U.S.) in culture complete medium with
Vandetanib at 100 nM concentration. After 24 hours cells were tripsinized and
analyzed by cytometry analysis.

Isolation of total RNA and quantitative Real-Time PCR (qRT-PCR)

Isolation and purification of total RNA was performed using the RNeasy Mini Kit
(Qiagen, California, USA), according to the manufacturer’s instructions. RNA
quantity and quality were evaluated by NanoDrop 2000 (Thermo Fisher
Scientific, Milan, Italy); 2 pg of TT cells and TT-resistant cells of RNA were
reverse-transcribed to cDNA in a volume of 20ul with Oligo dT primers using the
QuantiTect Reverse Transcription Kit (Qiagen, California, USA). Quantitative
PCR (qPCR) was performed using the QuantiNova SYBR Green PCR Kit and the
RotorGene Q Instrument (Qiagen, California, USA). The cDNA samples were
mixed with the SYBR Green PCR master mix and a specific pair of primers is
presented in Table 2. The qPCR assay was performed according to the Qiagen
instruction. The specificity of the amplified products was determined by the
melting peak analysis. The relative expression of target genes was calculated
using the AACt method according to Livak et al. (47). B-actin was used to
normalize the expression of target genes.

Flow cytometric analysis

TT cells and TT-resistant cells were plated at a density of 5X10° in T25 wells
(CORNING, Arizona, U.S.)) in culture complete medium, with or without
Vandetanib at 500 nM concentration, respectively. Afterwards, cells were
harvested and washed in ice-cold DPBS w/o Ca,+/Mg,+-BSA 1%.
(EUROCLONE, MI, Italy) (Sigma Aldrich, Ml, Italy). The cells were stained with
human anti-ABCG2 antibody (mouse monoclonal 1gG2b, anti-human ABCG2,
Santa-Cruz Biotechnology, diluted 1:20). All samples were then acquired using a
FACSCalibur flow cytometer (Becton-Dickinson, New Jersey, USA) and
analyzed by CellQuest Pro software.

Doxorubicin accumulation by cytofluorimetric analysis

TT cells and TT resistant cells (3X10%/ml) were incubated with or without
Verapamil at a concentration of 50 pM, for 24 hours, then treated with
Doxorubicin at a concentration of 2, 4 and 6uM for 2 hours. The cells were then
washed, trypsinized and washed twice with cold PBS (CORNING, Arizona,
U.S.). The fluorescence intensity of cells was determined by the flow cytometry
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(FACSAria IllI; Becton Dickinson, San Jose, CA, USA). Doxorubicin has an
intrinsic fluorescence with an emission signal at 595 nm upon excitation with a
488 nm laser. The effect of Verapamil on cell growth was assayed by the MTT
method, as previously described. 50uM concentration of Verapamil has no
cytotoxic effect on resistant TT and TT resistant cells (MTT date not show). All
samples were analyzed by BD FACSDiva (Becton-Dickinson, San Jose, CA,
USA).

Isolation of total protein and western blott analysis

Whole-cell extracts were prepared from TT cells and TT resistant cells. The cells
were lysed in 1X RIPA Lysis and Extraction Buffer (Thermo Fisher Scientific,
Italy) and quantified by Bradford assay (Thermo Fisher Scientific, Italy). 20 ug
total proteins were separated in SDS-PAGE (7% polyacrylamide gel) (Thermo
Fisher Scientific, Italy) and transferred onto a nitrocellulose membrane
(Amersham Biosciences, Amersham, United Kingdom). Membranes were
blocked in blocking solution (TBS-milk5%) (MERCK, Germany), and probed
with primary antibodies over-night at 4°C (ABCG2 (D5V2K) XP® Rabbit mAb
or MDR1/(E1Y7B) Rabbit mAb Cell Signaling Techonology). The primary
antibodies were detected with a polyclonal goat anti-rabbit immunoglobilin
conjugated with HRP (Anti-Rabbit IgG (H+L), or Anti-Mouse 1gG (H+L),
PROMEGA, Milan, Italy) for 1h at room temperature. Signals were developed
with SuperSignal™ West Femto Maximum Sensitivity Substrate Super Signal
(Thermo Fisher Scientific, Italy) in Molecular Imager® ChemiDoc™ XRS
System (Bio-Rad Italy). The intensity of western blotting strength was evaluated
by ImageJ software.

Determination of Combination Index (Cl) value by MTT assay

Combination Index (CI) was evaluated using MTT assay (Sigma Aldrich, Ml,
Italy). TT-resistant cells were exposed to combinations in a Constant Ratio of
Vandetanib and polyphenols (Pterostilbene, DMU212) or Doxorubicin at 1C50
and 1C50x0.25, IC50x0.50, IC50x2; 1C50x4 doses and cultured for 3 days. At the
end of the time point, the MTT assay was performed (Cell Proliferation Kit (MTT)
Sigma Aldrich, MlI, Italy). The combined effects of different concentrations of
polyphenols with Vandetanib were evaluated, and the combination index (CI)
values were determined using CompuSyn software. CompuSyn program is based
on the median-effect equation, derived from the mass-action law principle, which
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is the unified theory that provides the common link between a single entity and
multiple entities, and first-order and higher-order dynamics. This general equation
encompasses the Michaelis-Menten, Hill, Henderson-Hasselbalch and Scatchard
equations in biochemistry and biophysics.

Statistical analysis

All the experiments of the study were performed in triplicate, and results are
reported as means £ SD and compared by the Student’s unpaired two-sample T-

test. P<0.05 was considered statistically significant.
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RESULTS

Selection and Morphologically features of TT resistant cells

Chronic exposure to increasing doses of VVandetanib (starting dose from 10 nM to
0.5 uM), after approximately 5 months, generated MTC-resistant cells TT to
Vandetanib. TT-resistant cells were more refractile, spindle-shaped and staked
than parental cells. Overall, the cells grew in clusters and were less adherent to

the culture flask (Fig.7).

Fig.7: TT cells (A), and TT resistant cells (B) were photographed with an optical
microscope at 5X magnification in a bright field.
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TT resistant cells-1C50 evaluation

IC50 value for Vandetanib in TT cells was estimated to be 467+20 nM, 300.7+32
nM, 275.2 £17 nM, at 3, 6 and 10 days respectively, while in TT resistant cells
was 1108157 nM, 794.1+68.5 nM, 928.6+70 nM at 3, 6 and 10 days respectively
(Fig.8). As expected from the establishment of resistance, the 1C50 value in TT
resistant cells compared to TT cells is ~3-fold higher at 3, 6, and 10 days,
respectively.
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Fig.8: Inhibition curve of Vandetanib on TT cellsand TT resistant cells. The dose-
response inhibition curve of TT cells (A) and TT resistant cells (B) by Vandetanib.
The histogram bar represents the IC50 value in TT cells (blue) and TT resistant
cells (red) at 3, 6, and 10 days (C). The data was presented by meanzSD of three
replicates. p-values *p<0.05, **p<0.01.
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Exon Sequencing

In many studies (20) it was reported that the secondary resistance to Vandetanib
was due to gatekeeper mutations at the codon V804 (M/L) (exon 14 gene RET). In
order to clarify whether the TT resistant cells retained this mutation, targeted
Sanger sequencing was performed. It emerged that the TT resistant cell line did
not acquire c.47480G>R - p.Val804Met/Leu in RET gene (Fig.9). Upon
alignment, the region of exon 14 sequenced show 100% homology with TT cells.
Moreover, TT cells and TT resistant cells conserved C634(R) (exon 11 gene RET)
mutation which is the mutation characterizing this cell line (date non show).

Fig.9: Exon sequencing. The images represent electropherogram of exon 14 that
shown the triplet leading to RET V804 (M/L) mutation, TT resistant cell line
carries wild type triplet (indicated by rectangle). The data presented is
representative of three replicates.
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Cell cycle distribution

To examine the possibility that Vandetanib resistance may modify the cell cycle,
the cell cycle of TT cells and TT resistant cells was investigated. It was observed
that the resistance to Vandetanib in TT resistant cells increased the cell population
in GO/G1 phase (5.8+0.9% p<0.05) and decreased cell number in S-phase
(6.04+0.027 p<0.0001) (Fig.10) suggesting a cell cycle arrest in GO/GL1.

g8 G
3 TSN Nean
x 0201 1%

SPhave

Sage Rectanghe
NHUS Ve N

Compatment 1 2%

o Compatment 2 248 %
S | Compatment ) 420N
1 Modeled Events 7372
> -~ ™ T .g ! RCS 2017

3 % "0 10 00 0
M

Fig.10: Cell cycle analysis of TT cells and TT resistant cells. Cells cycle and the
percentage of TT cells and TT resistant cells in the different cell cycle phases, as
represented by ModFit software, are indicated in the left panel. A representative
table of the distribution in the cell cycle of TT cells and TT resistant cells is
reported in the right panel. The data presented is representative of three replicates.
p-values.*p<0.05, **p<0.01.
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Cell proliferation and Doubling Time

Cell proliferation is decreased in TT-resistant cells rather than in TT cells as
shown in the cell growth curve (Fig.11A). As it is highlighted in the cell growth
curve, after 72h, TT cells started to proliferate faster than TT-resistant cells,
showing a higher proliferation rate. The calculated doubling time (DT) was
136.5+5h vs. 158.7£8h in TT cells and TT resistant cells, respectively (Fig.11B).
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Fig.11: Cell growth analysis. Figure (A) shows the cell growth curve of TT cells
and TT-resistant cells. Figure (B) shows the DT of TT cells and TT resistant cells.
The data was presented by mean+SD of three replicates. p-values **p<0.01.
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Colony-forming assay

The effect of Vandetanib resistance and the capacity of cells to proliferate and
produce colonies was determined by colony-forming assay. As shown in Figure
12, Vandetanib significantly inhibited the colony-forming ability in TT-resistant
cells compared to the TT cells. The counting performed by software ImageJ
showed 85.6 + 2.1 (500 cells/dish), 50 £ 4.2 (300 cells/dish) and 10 + 0.9 (100
cells/dish) for TT cells, 11.5 £+ 3 (500 cells/dish), 6 = 1.3 (300 cells/dish) and 3.2
+0.73 for TT resistant cells.
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Fig.12: Colony formation ability. The histogram bar represents the number of
colonies produced by cells plate with decreasing confluence. CFU: Colony
Formation Unit. The data are reported as mean values = SD of three independent
experiments. p-value *P<0.05; ***P<0.001.
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Apoptosis induction

To determine whether Vandetanib-induced cell death by apoptosis citometric
analysis was performed. Results revealed an increased percentage of cells death
(2v/s8.2%) in TT cells treated with VVandetanib at 100 nM concentration. In TT
resistant cells Vandetanib treatment does not have any apoptotic effect.
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Fig.13: Apoptosis analysis. Histograms plot of TT cells (top panel) and TT
resistant cells (bottom panel) after incubation with VVandetanib (right panel) or
without Vandetanib (left panel). The data presented is representative of three
replicates.
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Cytometric detection of ABCG2 protein

To study the mechanism of resistance, the expression of ABCG2 protein in TT
resistant cells compared to TT cells was evaluated. Anti-ABCG2 antibody
revealed an increase of positivity of about 6% in TT-resistant cells with respect to
TT cells (Fig.14).
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Fig.14: Flow-cytometric analysis of ABCG2. Histograms plot of ABCG2
expression in TT cells (A) and in TT resistant cells (B). Isotype control is not
shown. The data presented is representative of three replicates.
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ABCG2 and P-gP expression analysis by western blotting

To examine ABCG2 and P-glycoprotein expression levels in TT cellsand in TT
resistant cell lines immunoblotting was performed. TT resistant cells had the
highest ABCG2 and P-glycoprotein expression levels compared to TT cells. The
ABCG2 and P-glycoprotein expression level in these cells was positively
correlated with their drug resistance.
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Fig.15: Western blotting analysis on TT cells and TT resistant cells to detected
ABCG2 and P-glycoprotein. (A) Western blotting bands for ABCG2 and P-gP are
reported. B-actin is presented as a loading control. (B) Representation of western
blotting bands quantifications. The data was presented by mean+SD of three
replicates. p-values *p<0.05.
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Combined treatment to study Vandetanib resistance by cytofluorimetric assay-
Doxorubicin accumulation

A method for evaluating the role of P-gP in TT resistant cells is based on the
decreased efflux of a fluorescent P-gP substrate, such as Doxorubicin, and in an
increased accumulation in presence of Verapamil, a P-gP inhibitor. TT cells and
TT resistant were treated with Doxorubicin (2 uM for 2 hours) or Verapamil (50
UM for 24 hours) and Doxorubicin (2/4/6 UM for 2 hours). In TT cellsand in TT
resistant cells, the Doxorubicin accumulation is essentially the same for all
concentrations, demonstrating that in cell lines studied the absence of remarkable
activity of pump activity.
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Fig.16: Doxorubicin accumulation: Histograms plot of TT cells (top panel) and
TT resistant cells (bottom panel) incubate with Doxorubicin or Doxorubicin and

Verapamil. The data presented is representative of three replicates.
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Combined treatment to study Vandetanib resistance by MTT assay

TT cells and TT resistant cells were treated with Doxorubicin or Vandetanib at
decreasing concentrations (from 100 puM to 0.390625 uM) in the presence of
Verapamil (a specific P-gp inhibitor) at a constant concentration of 100 uM and
then MTT was performed. As shown in Fig.17, a significant reduction in cell
viability was observed after co-treatment with Doxorubicin and Verapamil or
Vandetanib and Verapamil for all concentrations. However, the values of IC50
for Vandetanib and Doxorubicin alone or in combination with Verapamil reveal
that the cytotoxic effect of drugs in the presence of the P-gP inhibitor pump is
comparable to the cytotoxic effect of VVandetanib and Doxorubicin alone. The
same values of IC50 were calculated.
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Fig.17: Effects of combined treatment with Verapamil and Vandetanib or
Doxorubicin on TT resistant cells. (A) The histogram bar represents cell viability
of TT resistant cells. (B) The table shows the IC50 values measured. The data was
presented by mean£SD of three replicates. p-values *p<0.05.
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Gene expression analysis

In order to investigate the behavior of TT resistant cells in terms of cell cycle
distribution, Epithelial-Mesenchymal Transition (EMT), multidrug resistance,
transcription factors and stemness, some genes representative of these
characteristics and correlated with the expression of RET, were detected.

To clarify the molecular meaning of the cell distribution in the cell cycle, CCDN1
and its inhibitor CCDNKZ1 expression was evaluated. The expression of CCDN1
was found to decrease by about 46% whereas, as expected, the expression of its
inhibitor increased by about 61% in TT resistant cells. The expression of BCL2
was found to decrease by about 66% in TT resistant cells.

In TT resistant cells SNAIL, SLUG, MMP9, VIMENTIN were decreased by
about 34%, about 27%, about 69%, about 79% respectively; instead TWIST was
increased by about 36%.

Moreover, in TT resistant cells, the qRT-PCR analysis showed a down-expression
of stem genes OCT3-4, C-MYC, and SOX2, of about 13%, about 53%, and about
33% respectively.

Finally, to investigate the molecular basis of Vandetanib resistance, the
expression of ABCG2 and MDR-1 was analyzed. An increase of about 46% of
MDR1 was detected in TT resistant cells compared to TT cells. Whereas an
unchanged ABCG2 expression was found. RET gene is equally expressed in TT
cellsand TT resistant cells.
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Fig.13: Gene expression overviews. Histograms show the expression of BAX,
BAD, BCL2, CDKN1, CCDNK1, RET, SNAIL, SLUG, MMP9, VIMENTIN,
TWIST, OCT3/4F, C-MYC, SOX2, SOX9, MDR, ABCG2 in TT cells and TT
resistant cells. Actin-p3 was used as a housekeeping gene. The data was presented
by meanzSD of three replicates * p<0.05.
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Calcitonin Release

The capability to release calcitonin by TT cells and TT-resistant cells was
analyzed. Calcitonin released by TT resistant cells was about four times higher

than that one released by TT cells (210 pg/1X10° cell versus 788 pg/1X10° cell,
p<0.05).
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Fig.15: Calcitonin release. Histogram shows Calcitonin released from TT cells
and TT resistant cells in the culture medium expressed in pg/cell. The data was
presented by mean+SD of three independent experiments. *p<0.05
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Effects of Pterostilbene, Fisetin, Quercetin, EGCG, DMU?212, Doxorubicinon TT
resistant cells-1C50 evaluation

IC50 value for Pterostilbene, DMU212 and Doxorubicin was estimated to be
5+0.047 pM, 5.5+0.062 uM and 0.25+0.045 uM, respectively. Compared to the
control, low toxicity was observed for Fisetin, Quercetin and EGCG, all of them
tested up to 100 puM, making the calculation of the IC50 not possible (Table 3).

Table 3: IC50 values on TT-resistant cells incubated with various
concentrations of VVandetanib, Doxorubicin and polyphenols: Pterostilbene,
DMU212, Fisetin, Quercetin and EGCG

Drugs *1C50 (UM)
Pterostilbene 5+0.047
DMU212 5.5+0.062
Doxorubicin 0.25+0.045
Fisetin >100
Quercetin >100

EGCG >100
Vandetanib 1+0.057

*|C50: Concentration that inhibited cell growth by 50%. The data was
presented by mean+SD of three independent experiments, *p<0.05.
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Combined effects of Pterostilbene, DMU?212, Doxorubicin, Fisetin and Quercetin
with Vandetanib on TT resistant cells - Combination Index

The effects of different concentrations of polyphenols as Pterostilbene, DMU212
and Doxorubicin in combination with VVandetanib were evaluated for cytotoxicity.
The combined cytotoxic effect was found to be lower or higher depending the
concentrations used. For most drugs tested, cytotoxicity is lower when used in
combination with Vandetanib than when used alone. This means that antagonism
was found. The Combination Index (CI) was found to be lower when polyphenols,
Doxorubicin and Vandetanib were used at the maximum concentrations tested
(Table 4). Five different concentrations (ranging from 0.25x to 4x the 1C50) of
each polyphenol and Doxorubicin in combination with Vandetanib were
evaluated. The results of the comparisons between 15 different groups are shown
in Table 4. Strong antagonism effects were observed in most combinations of
Vandetanib with drugs. A strong synergistic effect was detected when Vandetanib
and Pterostilbene or DMU212 or Doxorubicin were combined at maximum doses
(4x1C50). Synergism and slight synergism were detected when the Vandetanib
was combined at IC50 concentration with DMU212 (5.5 uM) or Doxorubicin
(0.25 uM) (Table 4).

Table 4: The combined effect of Pterostilbene, DMU212, and Doxorubicin with

Vandetanib on TT resistant cells after 72h of incubation

Combination (uM) Cytotoxicity (%) | DRI Cl Conclusion

Value

Van (0.25) + Ptero (1.25) 13.78+2.87 0.32;1.12 3.98 Strong
Antagonism

Van (0.5) + Ptero (2.5) 24.77+3.09 0.55;3.99 2.03 Strong
Antagonism

Van (1) + Ptero (5) 36.29+1.68 0.69;8.39 1.56 Strong
Antagonism

Van (2) + Ptero (10) 1+1.58 0.0001;0.0002 10 Strong
Antagonism

Van (4) + Ptero (20) 68.6+3.00 2.02;0.23 0.5 Synergism
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Van (0.25) + DMU212 (1.375) | 11+2.98 0.19;25 5.26 Strong
Antagonism
Van (0.5) + DMU212 (2.75) 24+4.50 0.48;88 2.08 Strong
Antagonism
Van (1) + DMU212 (5.5) 44.4+3.05 1.19;294 0.84 | Slight
Synergism
Van (2) + DMU212 (11) 51.1+5.25 0.94;255 1.05 Antagonism
Van (4) + DMU212 (22) 71.1+3.00 2.07; 734 0.48 | Strong
Synergism
Van (0.25) + Doxo (0.0625) 20+4,59 0.64;5.19 1.74 Strong
Antagonism
Van (0.5) + Doxo (0.125) 31+1.98 0.88;6.67 1.28 Strong
Antagonism
Van (1) + Doxo (0.25) 47+1.85 1.42;9.98 0.80 | Slight
Synergism
Van (2) + Doxo (0.50) 66+3.26 2.75,17.62 0.42 | Strong
Synergism
Van (4) + Doxo (1) 71+2.08 2.05;12.8 0.56 Strong
Synergism

In this table, Combination Index (CI) values and Dose-Reduction Index (DRI) were obtained from
the contents generated by the CompuSyn report. The Cl was calculated using Cl equation algorithms
with CompuSyn software. Cl=1, <1, and >1 indicate an additive effect, synergism, and antagonism,
respectively. The DRI was calculated from the DRI equation and an algorithm using CompuSyn
software. DRI=1, >1, and <1 indicate no dose reduction, favorable dose reduction, and unfavorable
dose reduction, respectively, for each drug in the combination. Van: Vandetanib, Ptero: Pterostilbene,

Doxo: Doxorubicin.
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It was not possible to calculate the IC50 for Fisetin and Quercetin, as the toxicity
observed was less than 50% at the maximum tested concentrations (100 uM). It
proceeded by combining the first non-toxic concentration of the individual
polyphenols (25uM) which was kept constant, with varying concentrations of
Vandetanib. This chemotherapeutic was added starting from 0.390625 to 10uM,
doubling the concentration for each condition. The concentration of 10 uM
corresponds to 10 times the IC50 of Vandetanib at 72h in TT-resistant cells

(ApM).

IC50 value for Vandetanib in combination with Fisetin was estimated to be
2.14+0.049 pM, while in combination with Quercetin IC50 was 2.153+0.071 uM.
The IC50 value in both cases is approximately double compared to TT resistant
cells treated only with Vandetanib. Demonstrating also, in this case, an
antagonism between the drugs used which results in a reduction of their overall
cytotoxic effect compared to if they were used individually.

2.5+ . |
— Vandetanib
= 2.0- - EE3 Vandetanib+Fisetin
E E= Vandetanib+Quercetin
8 1.54
=
© 3
1.04 .
2 Vandetanib: 1+0.057uM
s 0.54 Vandetanib+Fisetin:2.14+0.049uM
Vandetanib+Quercetin:2.153+0.071pM
0.0 2 =
TT RESISTANT CELLS

Fig.16: 1C50 value for Vandetanib. The histogram bar represents the 1C50 of
Vandetanib alone and in combination with Fisetin or Quercetin in TT resistant
cells. The data was presented by mean+SD of three replicates. p-values *p<0.05.
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DISCUSSION

To fight thyroid cancers there have been developed various therapies such as
surgery, radioiodine therapy, and chemotherapy. In general, most thyroid cancers
are treated surgically by removing the entire thyroid gland. When cancer cells
migrate to the lymph node around the neck, the lymph node should also be
removed. In addition, for the metastatic thyroid cancer, further therapy is required
including radioiodine and hormone replacement therapy (48).

A well-known phenomenon in cancer is drug resistance. This occurs when cancer
becomes tolerant to pharmaceutical treatment. Based on the time it was developed
drug resistance can be categorized either as intrinsic or acquired. While intrinsic
resistance already exists before drug treatment, the acquired resistance is induced
after therapy, each occurring in about 50% of cancer patients. (39).

Many factors can contribute to drug resistance, such as genetic mutations and/or
epigenetic changes, upregulated drug efflux, and various other cellular and
molecular mechanisms (49).

Recent trends of successful target drug therapy have shown that simultaneous
multi-targeting will be more effective in treating drug resistance. As a result, the
anticancer efficacy of therapies is enhanced and the lives of the patients are
prolonged. However, the outcome of therapies inevitably depends on the
resistance profile of tumors and the toxicity tolerance of patients, with
unpredictable therapeutic results (39).

Drug resistance developed in thyroid cancer patients treated with Multikinase
inhibitors (MKIs) and/or recently Tyrosine Kinase Inhibitor (TKIs) is partially
known. It is essential to understand the biological and/or pharmacological
mechanisms to overcome the resistance in the future.

In this project, to study the VVandetanib resistance mechanism the MTC cells line
TT was used as a model. Firstly, the TT cell line was chronically exposed to
increasing concentrations of Vandetanib to generate MTC-resistant cells to
Vandetanib. After 5 months, TT resistant cells were obtained. TT resistant cells
were more refractile, spindle-shaped and staked than parental cells. To
characterize the TT resistant cells, Sanger sequencing for gatekeeper mutation
named V804M/L was performed. TT resistant cells do not acquire the V804M
mutation but conserved the C634R mutation which is the characterizing mutation
in the TT cell line. In addition, there have been evaluated other possible
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mechanisms adopted by cells for escaping the toxic effect of Vandetanib.
Cytometric cell cycle assay, cell proliferation assay and doubling time calculation
were performed. The slowing down of proliferation rate, as indicated by G0/G1
cell cycle arrest, cell growth curve and the higher doubling time detected in TT
resistant cells than in TT cells, is an indication of resistance. Taken together, these
results suggest that TT resistant cells may have acquired an enhanced ability to
prevent effects caused by Vandetanib. This, in turn, may have led to a reduced
proliferation rate.

Finally, this property can be, also, due to overexpression of CCDNKZ1 and a down
expression of CCNDL.

Subsequently, there have been investigated main specific stem genes including
SOX2 and OCT4 transcription factors. SOX2 and OCT4 were down-expressed.
A colony formation assay to investigate the clonogenic property of the TT
resistant cells was performed. TT resistant cells showed a much lower percentage
of colony formation than TT cells, confirming what has been observed by the
expression of stem factors.

Epithelial-mesenchymal transition (EMT) is known to play a critical role in the
development and invasiveness of MTC. Through this process, tumor cells are
known to acquire mesenchymal features and to become invasive, losing their
epithelial characteristics (50). This change is accompanied by increased
expression of a set of pleiotropically acting transcription factors (i.e. SNAIL,
SLUG, VIMENTIN). In light of this, it is of great importance to investigate the
expression of EMT-related genes. In TT resistant cells the expression of SNAIL,
SLUG, MMP9 and VIMENTIN were downregulated than in TT cells. These
results suggest that TT resistant cells are cells that retain their epithelial
characteristics.

A possible mechanism of chemoresistance is the increased ability to exclude
exogenous and endogenous toxic substances using the ATP-binding cassette
(ABC) transporters. Among various ABC transporters, ABCG2 and P-gP are
thought to have a critical role (51). Thus, to quantify the ABCG2 and MDR1
expression in TT-resistant cells qRT-PCR was assessed. Overexpression of
MDR1 was detected whereas an equal ABCG2 mRNA level was found in TT
resistant cells compared to TT cells. A cytofluorimetric analysis and western
blotting showed an increased expression of ABCG2. An increased expression was
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detected also for P-gP, but the evaluation of the activity of P-gP by cytometric
analysis demonstrates that in TT resistant cells the pump does not have a
remarkable activity than TT cells.

In short, the gRT-PCR results all confirm that TT-resistant cells are a cell with a
slower proliferation rate, increased doubling time, a lower colony-forming
capacity, a lower epithelial mesenchymal transition features and increased ability
to exclude exogenous and endogenous toxic substances, than TT cells. Thus, these
properties can be due to overexpression of CCDNK1, MDR, TWIST and a down
expression of CCND1, SNAIL, SLUG, MMP9, VIMENTIN, OCT3-4, C-MYC,
SOX2 in TT-resistant cells compared to TT cells.

MTC is characterized by high levels of calcitonin, which increases in
metastatization and progression of the MTC (52). It was found that TT-resistant
cells secreted higher levels of Calcitonin compared to TT cells. It can be
speculated that induced chemoresistance to Vandetanib could be related to an
alteration in the mechanism that regulates the production of Calcitonin by C cells.

Subsequently, the mechanisms responsible for the resistance were investigated by
trying to re-sensitize the TT resistant cells to Vandetanib through the use of
natural compounds (i.e. polyphenols), as well as other compounds.

With this objective in mind, TT resistant cells were exposed to combinations in a
Constant Ratio of Vandetanib and Pterostilbene, or DMU212, or Doxuricin.
Furthermore, because it was not possible to calculate the 1C50 for Fisetin and
Quercetin in TT resistant cells it was proceeded by combining the first non-toxic
concentration of the polyphenol which was kept constant, with varying
concentrations of Vandetanib.

The combined cytotoxic effect of Pterostilbene, DMU212, Doxorubicin, Fisetin
and Quercetin with Vandetanib on TT resistant cells shows that cytotoxicity is
increased when Vandetanib is used in combination, only for certain
concentrations of the combinations of drugs tested. Demonstrating a synergism
between the drugs used which results in an increase in their cytotoxic effect
compared to if they were used individually.

CompuSyn Software based on Chou-Talalay Theory permits the investigation of
drug combinations in in vitro studies. The Combination Index (Cl) is a
mathematical way to express pharmacologic drug interactions (43) where CI1>1.1
indicates antagonism, CI between 0.9 and 1.1 indicates additive effect, instead,
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CI<0.9 indicates synergism. CI is shown to be the simplest possible way for
quantifying synergism or antagonism and reducing the experimental size of
animals used or the number of patients needed for drug combination clinical trials
(53).

The Chax for Vandetanib in MTC patients following 300 mg daily dose (dose
recommended by AstraZeneca) was 857 ng/mL (385-2241 ng/mL). Since the free
drug in plasma is 6% of the total drug, the free drug concentration is about 51
ng/mL (= ~100 nM) (54). Unfortunately, the concentration of 100 nM is much
lower than the concentration used in this work to achieve a synergistic effect.

Moreover, this study shows that the antagonistic effect of compounds such as
Pterostilbene, DMU212 and Vandetanib is an important finding to be considered.
The reduction of their effect when used in combination, compared to their
individual use, demonstrates a relation between the two drugs and that genomic
and proteomic profiling of tumors is crucial for strategically improving the
therapeutic efficacy. Several pre-clinical studies including combinations of MKIs,
TKI and polyphenol inhibitors have shown encouraging results and hold promise
for further investigation in clinical trials (55).

A recent study (56) reports that P-gp activity increased after incubation for 72
hours of K562 cells with flavonoids and imatinib at high doses, resulting in an
increased value of IC50 and CI. It was felt that this effect is related to the increased
expression and activity of the proteins that transport substances out of cells,
resulting in an increased P-gp activity. The cause of the increased P-gp may be
due to the high doses and long incubation with drugs. After incubation with
flavonoids and imatinib, the cells acquired resistance.

In TT resistant cells, it was observed that, after 72h of incubation, increasing
concentrations of Vandetanib and polyphenols or Vandetanib and Doxorubicin
give a greater synergistic effect with decreasing CI values. This suggests that after
increased drug doses in TT resistant cells, there is no increase in P-gP activity and
thus no additional resistance mechanism is established.

All this assumes even more importance given that, owing to inherent and acquired
chemoresistance, a combination of different drugs is often used in preclinical and
clinical trials to improve therapeutic efficacy.

Based on the results described in this study, chemoresistance can be reversed in
MTC cells by treatment with Vandetanib in combination with polyphenols. The
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results provide information on the resistance mechanism to Vandetanib in MTC
cell line and give a new approach for the treatment of MTC in association with
current therapies based on the use of TKI or MKI with polyphenols. This could
extend the lifespan of MTC patients and improve their quality of life. However,
further research is needed to elucidate the complete mechanisms involved in the
polyphenols' chemosensitization.

Although polyphenols can enhance the chemosensitivity of the TT resistant cells
to Vandetanib, it would be of clinical significance if the anti-MTC effects and the
chemosensitization ability of polyphenols to revert Vandetanib-resistance should
be confirmed in vivo. More studies must be conducted on this topic in the future.

In addition, evaluating drug treatment responses in primary cell cultures of patient
tumors might help in guiding second-line treatment to develop precision
medicine. The development of precision medicine will benefit from a
comprehensive analysis of pharmacological markers to predict the course of
treatment.
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TABLES

Table 1: Primer sequence list for amplification of exons 11 and 14.

_ Brand/code
Exon Primer sequence
number
F:5'CTCGATGGGGTGTTCTCAGG3' ) )
11 Eurofins Genomics
R:5'GGAGGGCAGGGGATCTTC3
F:5'GCTCCTGGAAGACCCAGG3' ) )
14 Eurofins Genomics
R:5'TGGTGGAGTCAGGGTGTGACA3'

F=forward; R=reverse

Table 2: Real-Time qPCR primer sequence list for amplification of TT cell and
TT resistant cells cDNA.

_ Brand/code

Gene Primer sequence

number
F:5-"CCACACTGTGCCCATCTACG-3'
_ EUROFINS

B-actin R:5'-

GENOMICS
AGGATCTTCATGAGGTAGTCAGTCAG-3'
F:5'-GGAGACGGAGCTGAAGCCGC-3'

SOX2 MWG
R:5-GACGCGGTCCGGGCTTGTTTT-3'

SOX9 F:5-GACTTCTGAACGAGAGCGAGA-3’ EUROFINS
R:5-CGTTCTTCACCGACTTCCTC-3’ GENOMICS
F:5’-GCTGGAACAGAAGAGGATCACC-3’

OCT3/4F MWG
R:5-TACAGAACCACACTCGAACCAC -3

C.MYC F:5-TCCTCGGATTCTCTGCTCTC-3’ EUROFINS
R:5-CTCTGACCTTTTGCCAGGAG-3’ GENOMICS
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F:5-TGGACGGGCACAACTTCATC-3”

SSEA-4 EUROGENTEC
R:5-GGGCAGGTTCTTGGCACTCT-3’

NFKEL F:5-ATGGCTTCTATGAGGCTGAG-3’ EUROFINS
R:5-GTTGTTGTTGGTCTGGATGC-3’ GENOMICS
QT00998445 QUANTITECT

CDKN1B 1

PRIMER
_SG
ASSSAY
QT00495285 QUANTITECT
CCNDNL1 1
PRIMER
_SG
ASSSAY
QT00031192 QUANTITECT
BAX PRIMER
ASSSAY
QT00997353 QUANTITECT
BAD PRIMER
ASSSAY

SNAIL F:5-GCTCCTTCGTCCTTCTCCTC-3 EUROFINS
R:5-CCTTTCGAGCCTGGAGATCC-3’ GENOMICS

SLUG F:5-CATCTTTGGGGCGAGTGAGT-3’ EUROFINS
R:5-GGGGTCTGAAAGCTTGGACT-3’ GENOMICS
F:5-CACTGTCCACCCCTCAGAGC-3’

MMP9 MWG
R:5-GCCACTTGTCGGCGATAAGG-3’
F:5-GAATAAGATCCTGCTGGCCGA-3’ EUROFINS

VIMENTIN
R:5-TCGTTGGTTAGCTGGTCCAC-3’ GENOMICS

WiST F:5-ATTCAGACCCTCAAGCTGGC-3’ EUROFINS
R:5°-CCTCCATCCTCCAGACCGA-3’ GENOMICS

ABCG2 F:5-AGTTCCATGGCACTGGCCATA-3’ CUSTOM
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R:5-TCAGGTAGGCAATTGTGAGG-3’

F:5-GCCTGGCAGCTGGAAGACAAATAC-

MDR1 3’ CUSTOM
R:5-ATGGCCAAAATCACAAGGGTTAGC-3’
F:5-TCGAGGGATGCTTACTGGGA-3” EUROFINS

RET R:5-TATGGTCCAGGCTCCGGTTA-3” GENOMICS

F=forward; R=reverse
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