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Abstract

Combination therapies exploit multiple drugs to synergistically target key pathways to
reduce tumour growth and metastatic potential. Isothiocyanates (ITCs) have been shown to
have anticancer capabilities and may complement the anticancer activity of clinically
approved chemotherapeutic agents. Hepatocellular carcinoma (HCC) is the most common
type of liver cancer, which is second most lethal tumour. Thus, there is a continuous need
for the development of new therapeutic solutions, and the use of ITCs in combination

therapy seems to be a promising strategy for treatment of HCC progression.

The research presented in this thesis aimed to assess the potential of phenethyl
isothiocyanate (PEITC) to improve the activity of dasatinib in HCC. A murine syngeneic
subcutaneous model was used to assess the combination efficacy in vivo and the MTT cell
viability assay was used to assess the anticancer effect in vitro. Furthermore, the effect on
HCC metastatic potential and angiogenesis was assessed using adhesion, scratch wound
healing, invasion, colony formation, chorioallantoic membrane (CAM), and yolk sac
membrane assays. Flow cytometry, RT-qPCR, HPLC and Western blot were used to

elucidate the mechanism of action of the drug combination.

PEITC and dasatinib showed a synergistic anticancer effect in vitro and in vivo. By
inducing oxidative stress, through the production of reactive oxygen species (ROS), PEITC
and dasatinib combination promoted the formation of a premature CDK1-Cyclin B1
complex, leading to mitotic catastrophe and activating oxeiptosis, a novel programmed
cell death. Furthermore, the inhibition of FAK/STAT3 signalling led to increased E-cadherin
expression and diminished secretion of pro-angiogenic factors, reducing HCC metastatic

potential.

Phenethyl isothiocyanate can complement dasatinib's action in treating HCC, inducing
cell cycle arrest and oxeiptosis and decreasing metastatic potential and tumour-induced
angiogenesis. This thesis highlights the role of ITCs in cancer therapy to complement

clinically approved chemotherapeutic drugs.
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Chapter 1: Introduction

1.1 Cancer and chemoprevention

Cancer is the second leading cause of death worldwide; in 2020, it led to nearly ten
million deaths, and this number is predicted to increase over time as reported by the World
Health Organisation (WHO) '. The main causes of cancer development may include
factors, such as are lack of physical activity, unhealthy diet, and use of tobacco and
alcohol. Indeed, the most influential cause is the environmental exposure to carcinogens 1.
Carcinogens lead to a multistep process with genetic alterations that culminate in cell
transformation. The result of this process is the formation of a group of cells that are
distinguishable from normal ones because of a set of acquired biological capabilities 2.
Tumour cells can produce their own growth signals to avoid the mechanisms that regulate
the cell cycle, activate the invasive capacity, avoid senescence through increased
telomerase activity, induce angiogenesis to help the tumour expansions and avoid cell
programmed death 2. The transformation process can be divided into three fundamental
steps: initiation, promotion, and progression. The initiation step consists of different intra-
and extracellular mechanisms that start from an insult or contact with a carcinogenic agent
that may cause a mutation. Consequently, the cell tries to internalise the carcinogen for
metabolisation or detoxification 3. The promotion step is reversible and slow, during which
neoplastic cells grow with the formation of a population of precancerous cells 3. The final
progression step is irreversible characterised by the development of a population of cells

with invasive capacities 4.
1.1.1 Hepatocellular carcinoma

Hepatocellular carcinoma (HCC) is the most common type of liver cancer, which
accounted for around 800 thousand deaths in 2020 as the second most lethal tumour
worldwide 5. Cancer incidence has not changed in the last few decades, and the mortality
rate increases every year (FIGURE 1.1). Since 1970, the mortality rate of liver cancer in the
UK increased by 228% ¢, and only in the last decade has it increased by 40%. More than
6,000 people are diagnosed with liver cancer every year, and the five years survival rate is
13%. The prediction is that there will be 1.3 million death liver cancer-related in 2040 7.
The only curative treatment modalities are tumour resection and liver transplant at early

stages. However, HCC diagnosis usually presents only after admission to the emergency
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room due to severe symptoms that indicate an advanced stage of cancer. The first drug
approved for the treatment of HCC was sorafenib in 2007, and for a decade it was the only
systemic therapy available 7. Nevertheless, sorafenib showed severe adverse effects and
lack of efficacy after treatment interruption, in addition several patients demonstrated both

primary and acquired resistance 7.
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FIGURE 1.1 | Incidence of liver cancer death over time (UK) 6.

1.1.1.1 Risk factors

Risk factors can be categorised into infectious and toxins, behavioural, and
underlying conditions. Hepatitis B (HBV) virus is responsible for the initiation of a
chronic necro-inflammatory disease that can lead to HCC 5. HBV DNA is found
integrated into the genome of patients affected by HCC and HBV, and the possibility
of developing HCC in HBV carriers is around 10-25% in a lifetime with an increased
of HCC incidence of 11-fold 8. On the other hand hepatitis C virus (HVC) increases
the risk of HCC development by 10-20 fold 9. As an RNA virus, HVC is not found
integrated into the genome but it is likely that repetitive damage, fibrosis and induced
cirrhosis lead to tumour development 5. Aflatoxin B1 has been recognised as a group
1 carcinogen with an increased risk of HCC of 6-fold, while when combined with
HBV infection the risk factor goes to 54-fold 5. Behavioural factors also have a great
impact in the incidence of cancer. Alcohol consumption and cigarette smoking are
well known to be associated with increased risk of cancer development and in
particular they are associated with increased risk of HCC development of 16 and

70%, respectively 5. As it will be discussed in the next section, diet has a fundamental
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role in chemoprevention, indeed certain type of diets that prefer the consumption of
high volumes of vegetables, wholegrains, fish, poultry, with high vitamins and mono-
unsaturated fats, have been associated with reduced risk of HCC development 10.
Underlying conditions such as diabetes, obesity and non alcoholic fatty liver disease
also have an impact on HCC development 1. Diabetes can lead to chronic hepatitis
and increase up to 4 fold the incidence of HCC 1. Overweight subjects have a 4 fold
increased chance of HCC development 1. Obesity is often associated with different
hepatobiliary diseases such as non-alcoholic fatty liver disease, that can culminate

with the development of HCC 1.

1.1.1.2 Driver mutations

As other solid tumours, HCC presents with a series of genetic mutations that confer a
number of cancer hallmarks that allow the uncontrolled growth and tumour
progression 2. Some mutations are not responsible for the increased tumorigenesis
and are defined “passenger mutations”, while the tumorigenic mutations are defined
as “driver mutations” 12. The main driver mutations identified in HCC are found in
different genes involved in diverse fundamental cellular processes 12. Telomere length
maintenance, for example, is achieved with a mutation found in TERT, which is the
most occurring in HCC tissues 2. Cell cycle is controlled with mutation in TP53 a
well known tumour suppressor, CCND1 involved in cell proliferation, and CDKN2A
that regulate the cell cycle 2. The control of the oxidative stress is achieved with
mutations on NFE2L2 (transcriptional regulator) and KEAP1 (proteinase adaptor) 12.
ARIDTA and ARID2 are mutate to control chromatin remodelling, and angiogenesis is
controlled with mutation of VEGF-A, which is fundamental for the growth of a tumour
mass 2. Several major pathways hare altered in HCC in particular the Wnt-B-catenin
signalling pathway is controlled with CTNNb1 and AXINT mutations, AKT-mTOR-
MAPK pathway with RPS6KA3, PTEN, FGF19, and PI3KCA, mutations while the JAK/
STAT signalling JAKT mutation 12.

1.1.1.3 Cellular origin

The cellular origin of HCC is still debated and different players have been proposed
as responsible for the tumour initiation 13. Hepatocytes represent the most common
cellular active type in the liver parenchyma followed by the duct epithelial cells 3.

The duct epithelial cells are hepatic progenitor cells (HPCs) that originate from the
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Hering canal which is considered the hepatic stem cells niche 13. In case of liver
damage HPCs emerge from the niche to form new hepatocytes and maintain the
normal liver function and structure 13. Increased expansion of HPCs has been
observed in HCC and different studies suggest HPCs as the origin of liver tumours 14.
Indeed, different mice models showed that HPCs are responsible for the formation of
masses into the liver 15-17. By contrast, some researchers ruled out the participation of
HPCs in carcinogenesis as the evidences are mainly based on animal models, thereby
not easily translatable to humans 4. More recent studies suggest that HCC may
originate directly from adult hepatocytes that after an insult such as genomic damage
can differentiate into precursor cells and finally transform in cancerous cells 8. On
the other hand, considering the high heterogeneity of solid tumours the concept of
liver cancer stem cells has been considered even if it is complicated to distinguish
between normal stem cells and tumour stem cells 4. Therefore, it is necessary to
better understand the process of HCC initiation to develop tumour markers and more

specific target therapies.

1.1.1.4 Treatment

Surgical resection is considered the first-line treatment of HCC with a 5 year survival
between 41 and 74 %, but this is limited to non-cirrhotic patients and is dependent
on tumour size and, liver function 1. Liver resection can be preceded by the portal
vein embolisation that causes hypertrophy of the liver, allowing a more extensive
resection 11. The best curative option is liver transplantation and HCC is the only solid
cancer that can be treated in this way. Other non-surgical approaches to diminish the
volume of the tumour are the trans-arterial chemo-embolisation to reduce the
angiogenesis on which HCC particularly rely, radiation, local percutaneous or

microwave ablations 11.

As the majority of the patients presents with advanced disease, systemic therapy is
the most used approach. Currently, the HCC systemic treatment is related to
molecular targeted therapy and the administration of immune checkpoint inhibitors
19, Several drugs failed to show positive results in HCC, such as erlotinib 29, brivanib
21 sunitinib 22, linifanib 23, everolimus 24, and tivantinib 25, because of a lack of
efficiency at phase Il trials. Lenvantinib, an inhibitor of vascular endothelial growth
factor receptor 1 (VEGFR1), fibroblast growth factor receptor (FGFR) and platelet-

derived growth factor (PDGF), showed non-inferiority to sorafenib treatment, and it
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was approved as the second first-line treatment in 2018 7. After 2016, several drugs
have been approved as second and third-line treatments of HCC, such as the oral
inhibitor regorafenib (2017), the monoclonal antibodies that target programmed
death-ligand 1 (PD-L1) nivolumab (2017) and pembrolizumab (2018), the tyrosine
kinase inhibitor cabozantinib (2019), and the VEGFR2 monoclonal antibody
ramucirumab (2019) 7. The combination therapy strategy started to gain success with
an improved therapeutic response with a combination of different immune
checkpoint inhibitors and combined with tyrosine kinase inhibitors (TKIs). For
example, nivolumab and ipilimumab combination showed positive long-term results,
and it was approved in 2020 as a further second-line treatment for HCC 26. The latest
addition to the approved treatment strategies is the combination of atezolizumab and
bevacizumab. These two antibodies target PD-L1 and vascular endothelial growth
factor (VEGF) respectively, and their combination has been approved as the third first-
line treatment in 2020 7. Despite the recent advances in HCC treatment of the last
years 7, the efficacy of the newly developed drugs in HCC is not comparable to the
treatments approved for the treatment of other types of cancer 7. Thus, new therapy

solutions are required, and combination therapy is a viable treatment strategy.
1.1.2 Chemotherapy

The term “chemotherapy” has been coined in the early 1900s but the first systemic
treatment approved arrived in 1949 27. The approved agents for treatment of cancer had a
broad action associated with high toxicity. In 1990s and early 2000s the first targeted
agents were approved for a more precise treatment of the only cancer cells and reduced off
site toxicity 27. Different classes oncology therapeutics have been approved by the FDA
and can be included in 3 main categories: targeted drugs, mainly small molecules that
interfere with defined molecular targets in cancerous cells; targeted biologics, which are
biological products such as antibodies that target amino acids sequences specific of
cancerous cells; cytotoxic drugs, small molecules that induce cellular toxicity 27. The total
approvals for targeted drugs is the highest and the amount of approved targeted biologics
has been growing rapidly in the last 10 years, whilst the cytotoxic drug class has not grown

significantly since the early 2000s 27.
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1.1.2.1 Protein kinase inhibitors

Protein kinase inhibitors belong to a class of chemotherapeutics that counts the
majority of drugs approved with the broadest application 27. Most of protein kinase
inhibitors are tyrosine kinase inhibitors (TKIs), that inhibit kinases that specifically
add a phosphate to a tyrosine residue on their substrate 28. The first protein kinase
inhibitor approved was Imatinib, a TKI used for treatment of chronic myeloid
leukaemia arrived in clinical use in 2001 27. Most of the signal transduction processes
occur through a cascade of phosphorylations, indicating that protein kinase inhibitors
are multiple nodes involved in numerous aberrant biological processes such as
cancer 29. In fact, regulation of kinases activity is one of the mechanisms that
cancerous cells exploit to increase their growth and avoid growth suppression 30.
Protein kinase inhibitors action is linked to the inhibition of the phosphorylative
ability of protein kinases, blocking the downstream signalling 31. Sorafenib and
lenvatinib are two multi-kinase inhibitors approved as first-line treatment of HCC,
while regorafenib and cabozantinib are approved as second-line treatment 32. The
main mechanism of these molecules in HCC is the inhibition of angiogenesis and

reduction of the epithelial-mesenchymal transition (EMT) 32.

Dasatinib is an oral TKI that has been approved for the treatment of chronic
myeloid leukaemia and deregulates the enzymatic activity of the protein BCR-ABL
responsible for onset of leukaemia 33. As dasatinib is a multi-kinase inhibitor it also
inhibits several other targets (e.g. Scr, c-Kit, ephrin receptors) 28. Among the different
side effects observed dasatinib can also lead to liver injury 28. Dasatinib showed to
inhibit proliferation, adhesion, migration, and invasion of HCC cells in vitro, affecting
several pathways such as SFK/FAK and PI3K/PTEN/Akt 34. Chang et al. study evaluated
the effect of different chemotherapeutics on HCC in vitro and showed that dasatinib
was the most effective agent in synergising with other compounds, providing the
future research directions for combination therapy in HCC 35. Indeed, other studies
showed that dasatinib synergises with other drugs, to suppress HCC growth 36, 37.
Therefore, dasatinib has potential for treatment of HCC and combination therapy may

be a promising approach to improve its anticancer activity.
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1.1.3 Chemoprevention

The complete elimination of carcinogenic agents exposure is not possible, and often the
source is unknown 4. A radical lifestyle change can help prevent cancer development but
is insufficient to eliminate its risk. Consequently, the most adopted strategy is
chemoprevention 4. The term chemoprevention was first proposed by Sporn et al. as a
strategy that exploits natural or synthetic agents to inhibit tumour development 38. Based
on the simplified cancer expansion process, Lee Wattenberg classified chemopreventive
agents into two main categories: blocking and suppressing agents 39. The first can block a
carcinogenic agent from reaching sensible structures (i.e. DNA), whereas the second
category comprises all the agents that can suppress tumour growth during the promotion
and progression steps 39. The chemopreventive agents' classification is an
oversimplification of a complex mechanism. Moreover, chemopreventive agents can
influence numerous biological processes, such as detoxification through cellular enzymes,
repair of genetic material, apoptosis, cell-cycle arrest, and activation of oncogenes 3. The

totality of these processes could be intended as chemoprevention.

Chemoprevention can be firstly achieved with diet. Richard Doll and Richard Peto
reported that the highest cancer mortality may be attributed to and related to the diet 3.
Guidelines from the WHO explained that to reduce the cancer risk, the increase in fruit
and vegetable consumption could be beneficial 1. Evidence shows that a vegetable-rich
diet is inversely proportional to cancer incidence 3. Identifying the compounds found in
fruit and vegetables that positively affect human health is necessary. The National Cancer
Institute identified over 1,000 different phytochemicals that have a role in
chemoprevention 40. Phytochemicals are non-nutritive compounds that influence several
processes responsible for cancer development. Due to these compounds' potential and
easy availability, several clinical trials have evaluated and are currently evaluating the
human response to these molecules 41-43. Phytochemicals showed the ability to inhibit the
tumour expansion either by blocking the initiation or reversing the promotion phases,
stimulating intracellular-signalling cascades within the major pathways involved in cancer
progression 3. Phytochemicals are classified as terpenoids, phenolic metabolites, alkaloids,
and a class of nitrogen-containing compounds which comprise glucosinolates (GLs) 44.
GLs, and more precisely their metabolites isothiocyanates (ITCs), are mainly known as
activators of detoxification enzymes. GLs are found abundant in cruciferous vegetables of

the Brassicaceae family (e.g. broccoli, cabbage, horseradish, mustard) 45. Several studies
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reported their efficacy against various tumour types such as lung 46, gastric 47, breast 48,
bladder 49, and prostate cancer 50. A recent umbrella review of 41 systematic reviews and
meta-analyses of 303 observational studies showed a correlation between consumption of
cruciferous vegetables and beneficial effects on different types of cancer >'. Moreover, ITCs
showed in vitro anticancer activity against liver cancer 52 and appear to inhibit different
cellular processes involved in the hyper-proliferation of tumour cells. For this reason, ITCs
represent an interesting group of anticancer compounds to be investigated with regard to
liver cancer to contribute to understand and determine the complex pathways involved in

tumour inhibition.
1.2 Isothiocyanates

ITCs are biologically active compounds derived from GLs' hydrolysis. GLs are glucose and
sulfur-containing organic anions 33. The B. oleracea species has the highest diversity in
terms of different GLs chain structures 54. GLs are categorised depending on their amino
acid precursor, and around 200 unique structures have been identified to date 45.
Consequently, different GLs structures correspond to the same amount of different ITCs
structures. ITCs are responsible for the pungent taste of certain types of cruciferous
vegetables. A clear example of that taste is found in mustard and wasabi, produced from
seeds of the genus Brassiceae and the rhizome of the genus Eutremeae, respectively. The
consumption of an average portion of cruciferous vegetables can lead to the intake of

around 10 mg of ITCs 5. FIGURE 1.2 presents some of the most studied ITCs.
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FIGURE 1.2 | Structures of most common isothiocyanates
1.2.1 Absorption of ITCs

The production of ITCs is due to the action of the enzyme myrosinase that hydrolyses GLs
54, The enzyme myrosinase (S-thioglucosidase glucohydrolase) and GLs are located in two
different compartments of the plant cell; only when the plant tissues are damaged, the
enzyme contacts its substrate and the hydrolysis take place with the removal of the -
thioglucose moiety 56. Different products are generated from this reaction (FIGURE 1.3),
including ITCs and nitriles; however, if the reaction happens in a controlled environment
with neutral pH, ITCs represent the only products obtained 56. The parameters that
determine the fate of the reaction are pH, ferrous ions, epithiospecifier proteins (ESPs), and
temperature 57-59. For this reason, preparation and cooking of these vegetables is crucial to
optimise the reaction and increase the intake of bioactive compounds. The plant ESPs are
responsible for the hydrolysis shift to nitriles; consequently, their denaturation due to a
mild heat treatment moves the reaction to the production of ITCs 54. On the other hand,
excessive heating would denature ESPs and myrosinase without hydrolysis, leaving GLs
intact 54. Thus, short cooking times such as boiling, steam, and microwaving represent the

best way to achieve a high intake of ITCs 59.
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FIGURE 1.3 | Hydrolysis of glucosinolates by myrosinase action
Myrosinase enzyme metabolises the glucosinolates in Brassicaceae’s vegetables to produce an

intermediate that can be converted into isothiocyanates and nitriles.

Non-hydrolysed GLs are inactive in the human body and excreted unmodified, even
though intact GLs are hydrolysed by the bacterial thioglucosidase of the colon microflora,
producing a low yield of ITCs >4. Indeed, Liou et al. showed the biochemical mechanism
by which GLs are metabolised by a particular bacteria species in the gut microflora
called Bacteroides thetaiotaomicron, present in the gut microflora ©0. Either way, ITCs are
passively absorbed into epithelial cells of the small and large intestines and are conjugated
with glutathione (GSH) by the glutathione S-transferase (GST) 54. Then the GSH-ITC
conjugate is transported to the bloodstream through the multidrug resistance protein-1
(FIGURE 1.4) 61, before being metabolised through the mercapturic acid pathway in the liver.
The GSH-ITC conjugate is cleaved firstly to ITC-cysteine, then into ITC-cysteine glycine.
Finally, the last metabolite, a dithiocarbamate called N-acetyl cysteine-(NAC-)conjugate, is
translocated to the kidneys for excretion 45, the measure of this final metabolite
concentration in the urine is used to determine the amount of ITC metabolised 59.
Furthermore, a study showed that sulforaphane (SFN) was also found as a free form in

blood samples ©2, which may be related to a possible dissociation in the blood plasma or a

32



CHAPTER 1 INTRODUCTION

GST cleavage, allowing an association with serum albumins and other proteins 54 63. In this
way, ITCs could be released in other tissues.
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FIGURE 1.4 | Metabolism of isothiocyanates.

ITCs are absorbed passively into enterocytes, where they are readily conjugate with GSH. Then,
ITCs reach the bloodstream, passing through the multidrug resistance protein-1. ITCs are
metabolised through the mercapturic acid pathway and excreted with urine, or a part of free

ITCs are released into the blood serum.

Understanding the ITCs' absorption into the body is fundamental to exploit these
compounds for chemoprevention. ITCs activity is characterised by a biphasic effect that
stimulates cell viability at low doses, while at high doses, inhibits a range of cellular

processes involved in the anticancer activity 4. Generally defined as hormesis, this
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behaviour could represent an undesirable risk factor. In this regard, the results of the Bao et
al. study indicate that the action of ITCs may prevent tumour development and promote
healthy cellular processes. However, it could also promote tumour growth ©4. Since
determining the precise hormetic window is fundamental for cancer therapy, and
consideration of the ITCs' hormetic effect and human bioavailability in clinical trials is

essential.
1.2.2 Hormetic effect

Hormesis is an ancient Greek term meaning "to excite" 5. This term is used to describe a
biphasic dose-response of a compound that can stimulate or inhibit particular biological
processes if used at low or high concentrations, respectively 65. This phenomenon is
probably related to an evolutionary mechanism that allows the cell to adapt to a particular
minor stress, elaborating a biochemical response to face a more severe stress ¢6. Indeed,
the cell can respond with different signalling activities and reparative processes ¢5, which
help the cells to also cope with other types of stress ¢6. Understanding hormesis is crucial
in drug development to obtain the requested cellular response rather than the opposite
one. For example, low-dose anxiolytic drugs have a positive effect, but high doses increase
anxiety 65. The hormetic effect is described in FIGURE 1.5 as a diagram of the inverted U
hormetic dose-response curve. When the response reaches a peak, identified as the
maximum cellular response around 130-160% higher than the control, the curve declines
to the NOAEL, which represents the no-observed-adverse-effect-level point ©5. Then,

following the NOAEL, the compound starts to have a toxic effect on cell viability 65.
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FIGURE 1.5 | Hormetic effect diagram.

ITCs exhibit a hormetic effect due to their dual effect depending on the concentration used. At
low doses ITCs elicit a maximum cellular response with the activation of reparative processes,
facilitating cell proliferation. Increasing the dose, the cell response reaches the NOAEL point,

after which the concentration elicits a toxic effect. Adapted from the work of Bao et al. 64.

The exact mechanism by which the hormetic effect elicits two completely different
cellular responses is unclear. Calabrese et al. analysed several studies in which different
cell types and compounds were studied to better understand the hormesis mechanism 67,
68, Every cell type and set of compounds investigated had a specific and unique
mechanism and there was not a general rule that predicted cellular response. The
mechanism could probably be explained with the pharmacological model of natural
receptor-based responses involving two receptor subtypes, one at high affinity and the
other with low affinity but high capacity in terms of simultaneously occupied receptors ¢7.
Consequently, the first receptor is activated at low doses and the second one at high doses,

with two separate cell responses ©7.

Several studies showed that different ITCs, i.e. allyl isothiocyanate (AITC), SFN, and
phenethyl isothiocyanate (PEITC), elicit a hormetic effect in different cell types 64 66,69, The
levels that ITCs can reach in the human blood after a meal of vegetables rich in this type of
compound should not reach concentrations higher than the nM level in the NOAEL zone
(FIGURE 1.5), being far from the hormesis zone ©4. However, different human trials
demonstrated that in particular conditions, such as the increased consumption of
cruciferous vegetables or the intake of ITCs supplements, the blood ITCs value could reach
the level of active biological stimulation ¢4. For this reason, it is important to consider the

bioavailability of these compounds to understand better how ITCs can be exploited for
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chemotherapy, avoiding the undesired stimulation of tumour cells and reaching the desired

anticancer activity.
1.2.3 Bioavailability of ITCs

There are no extensive data about the oral human bioavailability of ITCs. Encapsulated
benzyl isothiocyanate (BITC) and watercress were administered to subjects in a trial study,
and the BITC-NAC metabolite was evaluated in the urine with a peak after 2-4 hours after
ingestion ©3. A dose of 1.8 ymol/kg of BITC produced a peak in urine excretion of the
BITC-NAC metabolite after 2-6 hours 70.71. Platz et al. found that after the ingestion of 10 g
of Indian cress, the subjects showed a high concentration of four different BITC metabolites
in the blood, with BITC-NAC as the prominent metabolite 72. The concentration peak was
reached after 3h with BITC-CysGly at 1 pmol/L 72. Also, they found that the presence of
BITC metabolites in the urine occurred 24 h later, with a peak at 6 h of BITC-NAC that
reached 2.063 pM 72. Oral administration of 3.5 pmol/kg PEITC led to a peak in plasma
concentration of 1 pmol/L after 4.6 hours 73. In a different study, the consumption of
watercress with an estimated content of 25 mg of PEITC led to a concentration peak in
plasma of 0.93 pmol/L 74. SEN was found in plasma at a concentration between 0.943 and
2.27 pymol/L after Th of ingestion of 200 pmol broccoli sprout extract 75. Gasper et al. also
found that the plasma SFN concentration after a soup of "SuperBroccoli" reached 7.3 pmol/
L 62. Song et al. conducted a study on five subjects with oral administration of raw broccoli
76. The results showed an ITCs plasma concentration of 0.55 pmol/L 3 h post the
consumption of 200 g of raw broccoli 76. Considering that several human studies
highlighted that the blood concentration of ITCs could easily reach the hormetic window
levels, it is necessary to consider the risks associated with consuming these compounds in
subjects that are affected by tumours. Therefore, focusing the inhibitory ITCs" activity on

targeted tumour cells is fundamental.
1.2.4 Clinical trials with ITC dietary interventions

A search on ClinicalTrials.gov made on the 19t May 2023, using the keywords cancer,
sulforaphane, isothiocyanate, and PEITC generated a list of 40 registered clinical trials that
investigate the effects of ITCs on different types of cancer. In this list, six trials are registered
as active, two terminated or withdrawn, three unknown, and thirty-two completed, of

which nine with results (TasLe 1.1). A phase Il trial showed that the administration of PEITC
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to smokers subjects could act as an inhibitor of carcinogenesis with a reduction of
nicotine-derived nitrosamine ketone (NNK) metabolism, which has a particular role in
carcinogenesis 77. In a different study, 200 pmol of SFN were administered to prostate
adenocarcinoma-positive patients and the level of prostate-specific antigen (PSA) was
monitored 78. The results were not as expected as it was hypothesised that the PSA levels
would decrease by more than 50%, compared to the baseline PSA, but this was observed
in just one patient 78. The investigators suggested that the study needed to be revised with
treatment optimisation with a higher dose of SFN 78. Moreover, another phase Il clinical
trial considered the effect of SFN broccoli sprout extract on women affected by ductal
carcinoma in situ (breast cancer) 79. The results highlighted the increase of expression of
NAD(P)H quinone reductase 1 (NQOT1), which has a detoxification role, and the decreased
expression of Aldo-keto reductase family 1 member C1 (AKR1CT1), involved in metastasis
79. Furthermore, Zhang et al. published the results of a randomised controlled trial that
evaluated the SFN activity on prostate cancer (PCa) prevention 80. The subjects were
administered with 100 pmol of SFN in capsules 80. The results showed a non-significant
reduction in the expression of the principal PCa biomarkers assessed and it was suggested
that the treatment pattern and dosage should be revised for further studies 80. Atwell et al.
evaluated cancer biomarkers and histone deacetylase (HDAC) activity levels in women
scheduled for breast biopsy after an administration of SFN capsules 81. The study showed
decreased HDAC activity and the expression of the Ki-67 cell proliferation marker, which is
usually over-expressed in breast and prostate cancer 8. Recently results of a randomised
trial of broccoli seed and sprout extract administration to current smokers have been
published 82. The main finding of this study was the increased detoxification of tobacco
carcinogens benzene, acrolein, and crotonaldehyde. Finally, a randomised clinical trial in
China revealed that the administration of a broccoli sprout beverage could increase the
rapid detoxification of pollutants, such as benzene and acrolein metabolites 8. They also
concluded that further studies are necessary to optimise the delivery of SFN and to
evaluate its bioavailability even at low doses 8. The aforementioned clinical trials
demonstrated that ITCs may affect the metabolism of carcinogens and the expression of

cytoprotective mechanisms.

The main conclusion of the studies mentioned above is that the dose and the treatment
pattern for dietary supplementation with ITCs need further investigation. ITCs may
represent valid compounds for chemoprevention and chemotherapy, but additional studies
are required to understand their bioavailability, taking into consideration the hormetic
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effect. Combination therapy might be the right solution to exploit the ITCs' potential to
achieve an effective result, as ITCs could act as adjuvants to clinically approved

chemotherapeutics.

TABLE 1.1 | ITCs clinical trials with results list retrieved from ClinicalTrials.gov.

Condition Results ~ Identifier

Lung cancer/tobacco use Inhibition of lung carcinogen (NNK) metabolism NCT00691132

disorders
SEN Prostate adenocarcinoma No significant decrease in PSA levels (> 50%) NCT01228084
SFN Breast cancer NQOT expressngn ! NCT00982319
AKR1CT1 expression |
SFN Prostate cancer No significant change in PCa biomarkers NCT01265953
prevention
SFN Breast cancer HDAC actwnFy t NCT00843167
Ki-67 expression 1
SFN Envnlronmenta.ll Detoxification of benzene and acrolein metabolites | NCT01437501
carcinogenesis
SFN Env1ronment§| Detoxification of benzene and acrolein metabolites | NCT02656420
carcinogenesis
SEN Tobacco use disorders Detoxification of benzene, crotonaldehyde, and NCT03402230

acrolein metabolites

1.3  Anticancer activity of isothiocyanates

Verhoeven et al. highlighted an inverse association between the consumption of Brassica
vegetables and the risk of cancer development 84. As mentioned, ITCs play a dual role in
cancer depending on their concentration. At low doses, ITCs promote the expression of
antioxidant genes, promoting chemoprevention. On the other hand, higher concentrations
of ITCs elicit an anticancer activity through the activation of anti-proliferative pathways,
inhibiting cancer growth at all three stages of the tumour development process 8>. Cancer
cells present a modified equilibrium with increased proliferation and uncontrolled growth,
many pathways and mechanisms occurring in normal cells are inactivated or down-
regulated, allowing cancer cell survival. ITCs have been shown to exert anticancer activity
through different mechanisms, affecting several cellular processes simultaneously. In
particular, ITCs showed potential benefits in the treatment of HCC, reducing the activation
of different pathways involved in tumour growth and metastasis 8¢. The following section
will highlight some of the mechanisms of action of ITCs" in the reduction of tumour

growth, metastatic potential, and inhibition of angiogenesis.
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1.3.1 Anti-proliferative action of ITCs

The anticancer activity of ITCs can be exploited to reduce the proliferation and inhibit
cancerous cells, targeting multiple pathways. The primary effect of ITCs is their influence
on cell metabolism and redox state. ITCs induce the expression of antioxidant phase I
enzymes that (i) detoxify and prepare molecules for excretion and (ii) inhibit the
production of phase | enzymes that could activate pro-carcinogens 4>. Therefore, ITCs can
regulate the balance of oxidants and antioxidants, perturbing cellular homeostasis. ITCs
also exert an anti-proliferative action through directly regulating gene expression and by
induction of DNA damage in cancerous cells. ITCs may act as histone deacetylase (HDAC)
inhibitors 87, epigenetically controlling gene expression. ITCs can also induce DNA
damage as consequence of DNA replication blockage 8, and control the machinery of
DNA damage response, leading cancerous cells to cell cycle arrest and apoptosis 89-91.
Furthermore, ITCs can control the regulators of the cell cycle to reduce uncontrolled
cancer growth 89 92,93, and to regulate the formation of microtubules 94, which are cellular
structures that play a fundamental role in numerous cellular processes. In addition, ITCs
have been shown to exert their anticancer activity through the control and induction of
programmed cell death. Indeed, ITCs reactivate or up-regulate the normal cellular

mechanisms overridden by aberrant cancerous cells.

1.3.1.1 Metabolism and oxidative stress

Compounds that enters the organism are metabolised to absorb useful molecules and
excrete non-functional ones. In this process, the metabolism comprises two
fundamental phases, | and Il. Phase | regards the functionalisation of exogenous
compounds to increase reactivity and facilitate phase Il reactions 95. Phase Il is
characterised by excretion enzymes that reduce the reactivity of phase | products and
introduce more hydrophilic functions, allowing the final excretion of exogenous
compounds 9. In most cases, carcinogens after the phase | reaction become highly
reactive and may interact with nucleophilic centres in various macromolecules,
generating an insult %. Highly reactive carcinogens are detoxified by phase I
enzymes %. Both phases | and Il are inducible. Consequently, an effective cancer
prevention strategy could be the balance of the two metabolism phase reactions 9%.

ITCs showed the ability to up-regulate phase I, confirmed by human studies of
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cruciferous vegetables feeding, and down-regulate phase | enzymes, mainly through

the binding of Keap1 to avoid Nrf2 degradation 9.

The most studied pathway in ITCs' anticancer activity is the nuclear factor erythroid
2-related factor 2 (Nrf2) (FIGURE 1.6). This pathway is involved in the transcriptional
regulation of numerous antioxidant genes, thus typically associated with a protective
function. Nrf2 is usually situated in the cytoplasm bond by kelch-like ECH-associated
protein 1 (Keapl), which mediates its degradation through ubiquitination 5¢. The
phosphorylation of the cofactor Cul3 leads to the translocation of Nrf2 into the
nucleus, where it can bind a region called antioxidant responsive element (ARE) with
the aid of Maf proteins 56 98, ARE is situated in the promoter region of different
antioxidant genes and regulates gene expression 6. ITCs may stimulate the release of
Nrf2 and the inhibition of its ubiquitination. It has been hypothesised that ITCs can
directly conjugate with the cysteine residues on Nrf2 or Keap1 to alter the interaction
of these two proteins 99. This hypothesis is corroborated by the fact that generally ARE
inducers can react with the cysteine residues on Keap1 to induce expression of ARE-
controlled genes 100. SFN has been shown to increase detoxification with the up-
regulation of genes such as NQO1, GSTs, and thioredoxin reductase (TrxR1) 56. On
the other hand, SFN may inhibit different enzymes of the cytochromes P450 family
that commonly activate pro-carcinogens 101. Therefore, ITCs control the cell redox

state through the control of cellular metabolism.

The balance between oxidants and antioxidants is fundamental for cellular health.
Reactive oxygen species (ROS) are excited molecules that can react with
biomolecules of the organism damaging structures and interfering with normal
biological processes 102. The cell has an antioxidant system that controls the
production and elimination of ROS, protecting itself from oxidative damage 103. The
imbalance created between the produced and eliminated ROS may lead to oxidative
stress. ITCs possess ability to protect the cell from oxidative stress or to induce cell
death through oxidative imbalance (FIGUREe 1.6) 54 104, which may be explained by the
hormetic effect. The protective mechanism is related to the induction of the
expression of antioxidant genes through the Nrf2 pathway 54 after induction of mild
oxidative stress ¢4. ITCs deplete free intracellular GSH generating an oxidative
imbalance that leads the cell to respond with increased production of GSH.

However, if the concentration of ITCs increases, the level of depleted GSH is too
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severe, and the cell cannot cope with the higher oxidative imbalance. The result is
cell death due to ROS damage 104. Indeed, ITCs at low doses increase cell viability,
which is a defensive response against mild oxidative stress, but high doses
correspond to decreased cell viability ¢4. In this context, ITCs-induced oxidative stress
can be exploited to enhance the activity of other chemotherapeutic agents, working
in synergy. Xu et al. demonstrated that the nano-encapsulation of SFN is an effective
way to increase the sensitivity of tumour cells to anticancer drug cisplatin due to

increased sequestration of intracellular GSH 105,
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FIGURE 1.6 | Dual role of ITCs in chemoprevention and chemotherapy.

Low doses of ITCs elicit a cytoprotective effect through the Nrf2 pathway. The release of Nrf2
from Keapl allows the activation of the transcription factor ARE, which activates the
transcription of antioxidant genes (i.e. TrxR1, NQO1, GST) with the aid of Maf proteins. High
doses of ITCs induce an oxidative imbalance. Uncontrolled ROS cause DNA and organelles

damages, leading to cell death, thus playing a role in chemotherapy.
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1.3.1.2 Epigenetic regulation and DNA damage

Epigenetic modifications are responsible for controlling gene expression without
changes in the genetic sequence. It is well documented in literature how these
alterations are involved in the development of cancerous diseases 1%. Different
mechanisms can alter the structure and the organisation of chromatin and DNA
filaments, influencing the expression of specific genes. Tumours can exploit these
naturally occurring mechanisms to enhance the expression of oncogenes while
inhibiting oncosuppressor genes 196. An effective anticancer strategy targets the
enzymes responsible for epigenetic modifications, and ITCs have also demonstrated

to alter the machinery of epigenetic control.

The over-expression of HDACs is a common trait in cancer cells, so the inhibition
of these has been identified as a cancer therapy strategy 107. Histones are responsible
for chromatin packing, a gene expression regulatory mechanism. HDACs and histone
acetyltransferases (HATs) are responsible for the acetylation and deacetylation of
chromatin histones, representing the mechanism of chromatin packing and
unpacking. Consequently, the activity of these two enzymes results in transcriptional
control of specific genes. In tumour cells, the up-regulation of the activity and the
expression of HDACs is common, allowing the expression of oncogenes and the
inhibition of their silencing 107. ITCs appear to inhibit the activity of HDACs in
different tumour types, with increased acetylation of histones, and increased
expression of protein p21, blocking DNA repair mechanisms in tumour cells, thus
inducing DNA damage and stimulating apoptosis and cell cycle arrest (FIGURE 1.7) 45.
Furthermore, SFN seems to inhibit the acetylation of histones related to the pro-

apoptotic Bax gene, thus having a role in apoptosis induction 108,

Uncontrolled DNA methylation is another common trait for cancer development.
DNA methyltransferases (DNMTs) are responsible for adding or removing methyl
groups to the DNA structure 199. Mutated cells exploit the function of these enzymes
to silence oncosuppressor genes and to activate the expression of pro-metastatic
genes 109, Saito et al. showed that the increased expression of DNMT1 in human
hepatocellular carcinoma is related to a poor prognosis 10. Indeed, the inhibition of
DNMTs is considered a feasible anticancer strategy. Several studies showed that the
inhibition of DNMTs, combined with the inhibition of HDAC, prevents or attenuates

the growth of different types of cancer, such as lung cancer "' mammary 12 cancer
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types resulting in resistant tumours being more sensitive to chemotherapy 13. ITCs
inhibit DNMTs and other molecular targets, performing a broad anticancer activity in

different types of tumour 98 104,

Cancer cells are characterised by genomic instability that leads to the accumulation
of DNA damage. Conventional radiotherapy and chemotherapy exploit this fact to
increase DNA damage accumulation, leading to cell cycle arrest and programmed
cell death 4. A fundamental pathway involved in DNA damage response is ATM-
Chk2, which is a signalling cascade that responds to double-strand breaks (DSBs) 115.
Specifically, ATM phosphorylates p53 (Ser-15) and tumour suppressor checkpoint
kinase 2 (Chk2) (Thr-68), regulating cell cycle and programmed cell death 116, ITCs
have been shown to target different types of cancer with increased DNA damage
mediated by the ATM-p53-Chk2 pathway, leading to cell cycle arrest and apoptosis
(FIGURE 1.7) 90.91_ |n particular, the increased DNA damage induced by PEITC showed
to be related to an increase in ROS production that was reversible with an

antioxidant pre-treatment 91.
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FIGURE 1.7 | ITCs epigenetic regulation and DNA damage.

ITCs inhibit HDAC activity, increasing the expression of different proteins such as bcl-2-like
protein 4 (Bax) and p21, controlling the apoptosis. ITCs induce DNA damage with activation of
the ATM-p53-Chk2 pathway.
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1.3.1.3 Cell cycle and microtubule dynamics

Throughout the cell cycle, there are a few checkpoints at which the cell can be
repaired or undergo programmed death. The cell can be blocked at these points if the
conditions are not adequate for the next phase of the cycle. In tumour development,
this control system is bypassed, allowing uncontrolled growth with the perpetration
of deleterious DNA mutations 7, which give the tumour cell genomic instability,
increasing its proliferative capacity 8. The mammalian cell cycle is controlled by
cyclin-dependant kinases (CDKs) that are activated by cyclins and deactivated by
inhibitors 118, Generally, cyclin phosphorylation results in the deactivation of its
activity, while the phosphorylation of inhibitors leads to its activation. ITCs have been
found to regulate the expression of both inhibitors and cyclins (FiGure 1.8). PEITC
down-regulated cyclins A, D, and E with cell cycle arrest at G1 92. Arrest at G2/M was
associated with the reduction in expression of CDK1 and accumulation of
phosphorylated CDK1 119. Also, BITC activated Chk2, leading to G2/M phase cell
cycle arrest 119. Furthermore, SFN acts as a cell cycle modulator, decreasing levels of

cyclin B1 and increasing levels of phosphorylated CDKT1 8.
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FIGURE 1.8 | Effect of ITCs on cell cycle.

ITCs induce cell cycle arrest at the G1 phase through the deregulation of Cyclin A, D, and E
while inducing cell cycle arrest at the G2/M phase with deregulation of CDK1, Cyclin B1 and
up-regulation of p-CDKT.
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Microtubules are dynamic structures, part of the cytoskeleton, formed by the
polymerisation of o/B-tubulin heterodimers. Microtubules play a fundamental role in
numerous cellular processes. In particular, their role in cell division makes them
attractive targets for cancer therapy 120. Microtubules are highly dynamic structures
that reorganise depending on the cellular growth phase. During interphase, they play
a role in cell shape, motility and intracellular trafficking 120. During mitosis,
microtubules reorganise to form the mitotic spindle fibres responsible for
chromosome segregation. Chemotherapeutic agents target tubulin directly to
destabilise microtubule formation, leading to mitotic arrest and consequent cell death
120, Therefore, tubulin-targeting agents reduce cancer cell proliferation, blocking the
formation of a functional mitotic fuse. ITCs may bind directly tubulins to block the
microtubule polymerisation as investigation of binding sites of ITCs on tubulins
showed that their cysteine residues are accessible to ITCs 121. In particular Grzywa et
al. showed that the ITCs" modification of the residue Cys347 on a-tubulin may be
responsible for the inhibition of microtubule polymerisation 122. ITCs were shown to
induce cell cycle arrest and apoptosis in bladder cancer cells through tubulin binding
(FIGURE 1.9), leading to the disintegration of microtubules 121. The effects of BITC and
PEITC also lead to the degradation of a/B-tubulin 94. SFN and PEITC have been shown
to bind to a/B-tubulin to disrupt the formation of microtubules, inhibiting

angiogenesis 4.
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FIGURE 1.9 | ITCs and a/-tubulin degradation.
ITCs are known to control the expression of tubulins, affecting the polymerisation of
microtubules. Microtubules are involved in numerous cellular processes, such as apoptosis, cell

cycle regulation, and angiogenesis.

1.3.1.4 Programmed cell death

Programmed cell death is a conserved controlled mechanism that cells use to
eliminate superfluous and damaged cells that could cause harm to the organism 123.
Different types of programmed cell death have been identified so far, some of which
are widely described in the literature 124. Since 2005, the Nomenclature Committee
on Cell Death (NCCD) regularly publishes guidelines for defining and interpreting
cell death 123. The last update was published in 2018, counting twelve different types
of programmed cell death (FIGUre 1.10). In the last years, other types of programmed
cell death were identified, such as oxeiptosis and alkaliptosis 24; therefore, a new
update from the NCCD is expected. In particular, oxeiptosis is a form of apoptosis

independent from caspases activation that is linked to an increased production of
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ROS. Oxeiptosis is a mechanism of response to an increase of oxidative stress from
which the cell cannot recover, undergoing programmed cell death. The main factors
involved in this process are Keap1, PGAM5, and AIFM1 125, Briefly, Keap1 releases
PGAM5 that translocates into the mitochondria where it de-phosphorylate AIFM1 to
activate oxeiptosis death 126. Interestingly, Keap1 and PGAMS5 form a complex with
Nrf2 that has been identified as a sensor for ROS levels 125. ITCs are known to bind
Keap1-Nrf2 complex but there is no known correlation between ITCs and oxeiptosis.

Therefore, the relation between ITCs and oxeiptosis markers is worth exploring.
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FIGURE 1.10 | Different types of programmed cell death from NCCD.

Intrinsic apoptosis is activated by caspases; Extrinsic apoptosis extracellular perturbations are
detected and then propagated by caspase-8 to caspase-3; MPT-driven necrosis is initiated by
oxidative stress and Ca2* overload that lead to a necrotic morphotype; Necroptosis
characterised by RIPK1 kinase activity; Ferroptosis is initiated by oxidative stress controlled by
GPX4; Pyroptosis is induced by formation of pores from gasdermin proteins; Parthanatos is
induced by PARPT hyperactivation leading to AlF-dependent DNA degradation; Entotic cell
death is characterised by cell-in-cell entosis followed by lysosomes execution; NETotic cell
death is typical of hematopoietic derived cells dependent on ROS; LDCD lysosome-dependent
cell death; ADCD autophagy-dependent cell death; ICD immunogenic cell death. Image reused

under Creative Commons license from L. Galluzzi et al. 123.
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Among various programmed cell death mechanisms, apoptosis or type | cell death
are the most studied, counting more than 3,500,000 results in a Google Scholar
search in June 2023. Apoptosis is a conserved mechanism that allows complex
organisms to eliminate cells in excess or remove aberrant cells that can represent a
risk for a specific tissue and the entire organism 27. One of the primary mechanisms
beyond apoptosis is the activation of the caspases pathway. This family of proteases is
specifically activated in apoptotic cells 127. The activity of caspases is regulated by
other factors, such as apoptotic peptidase activating factor 1 and cytochrome c,
required to activate the caspase pathway 27. Cytochrome c is transported out of the
mitochondria to the cytoplasm and may allow the activation of caspases '27. The B-
cell lymphoma-2 (Bcl-2) family has a role in the induction and inhibition of
apoptosis. Indeed, inhibitors such as Bcl-2 and stimulators of apoptosis such as Bax
compete to block or allow the translocation of cytochrome c to the cytoplasm

through a mechanism that is not completely understood 127.

The anticancer activity of ITCs is also strictly related to the ability of these
compounds to induce apoptosis. ITCs have been shown to induce these natural cell
mechanisms both in vivo and in vitro. Several pathways are involved in apoptosis
induction, and the main ones are discussed here. First of all, ITCs down-regulate
several anti-apoptotic proteins such as Bcl-2 and Bcl-XL and, on the contrary,
stimulate the production of pro-apoptotic protein Bax 98 (FIGURE 1.11). SEN appears to
induce apoptosis through the production of ROS. SFN is one of the more potent ROS
inducers among different ITCs 9. Indeed, SFN-induced ROS production disrupts
mitochondrial membrane potential and consequently releases cytochrome c in the
cytoplasm, leading to apoptosis 98. Furthermore, Xu et al. highlighted the implication
of the Mitogen-activated protein kinases (MAPK) signalling pathways in apoptosis
induction 128. PEITC was shown to bind tubulin, generating the cleavage of caspase

-3/-8/-9 inducing apoptosis 119.
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FIGURE 1.11 | ITCs and induction of apoptosis

ITCs control the induction of apoptosis, affecting mitochondrial homeostasis. The inhibition of
anti-apoptotic proteins (i.e. Bcl2, B-cell lymphoma-extra large (Bcl-XL) and the stimulation of
Bax proteins allow the formation of pores to release cytochrome c into the cytosol. Finally,
cytochrome c triggers the cascade of caspases’ activation/cleavage that culminates with

apoptosis induction.
1.3.2 Anti-metastatic action

Most cancer-associated deaths correlate with metastatic tumours, as there is often no
efficient therapeutic solution for metastatic diseases 29. Once the cells from a primary
tumour disseminate to form tumours into secondary sites of the body, the probability of a
successful treatment decreases drastically. Therefore, it is vital to explore new therapeutic
regimens to fight the metastatic potential of HCC. Metastatic potential is enabled by the
activation of traits that give the cancerous cells the ability to migrate from a primary site,
invade neighbouring tissues, adhere to a new site, and generate a metastatic colony
starting with a group of just a few cells 129. Several studies underlined the ability of ITCs to
suppress cancer cell migration and invasion 130-132, thus reducing the metastatic potential

of cancerous cells.
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1.3.2.1 Epithelial to mesenchymal transition

Epithelial to mesenchymal transition (EMT) is a process in which epithelial cells are
reprogrammed during stages of embryonic development, with the activation of
several transcription factors 133. The transition process allows epithelial cells to gain
migratory and invasive capabilities. Therefore, cells can migrate to allow tissue-
specific development. The activated transcription factors (i.e. Snail, Twist families)
modulate the expression of the cadherin family, which are proteins involved in the
modulation of cell adhesion and migration 133. Cancerous cells exploit this
mechanism to migrate and colonise sites to produce metastasis. ITCs are able to
inhibit the EMT process in cancerous cells 134. BITC inhibited the EMT in breast
cancer cells in vivo through the expression of E-cadherin and the suppression of
vimentin and fibronectin 135 and through suppression of Forkhead box protein OT1
(FOXQ1) 136, PEITC synergised with platinum-based chemotherapy to reduce the
proliferation of several cancer cell lines that showed stem-cell-like EMT properties
through GSH depletion 137, and to reduce the transforming growth factor B (TGF-p)-

induced EMT in colorectal cancer through the Smad pathway 138.
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FIGURE 1.12 | ITCs inhibition of EMT.

PEITC inhibits EMT through the inactivation of the Smad pathway that decreases the expression
of Snail, Slug, and Zeb genes, leading to increased expression of E-cadherin and reduced
expression of N-cadherin and vimentin. BITC inhibits EMT through increased expression of E-
cadherin and reduced expression of fibronectin and vimentin, but the mechanism remains

unknown.

1.3.2.2 Focal adhesion kinase and actin remodelling

Focal adhesion kinase (FAK) is a non-receptor tyrosine kinase often over expressed in
solid cancers 139. In particular, FAK and its phosphorylated residue Tyr-397 were
found over-expressed in HCC 140, The silencing of FAK expression substantially
reduced HCC cell adhesion, migration, and invasion with a reduction of matrix
metalloproteinases (MMPs) 140, Moreover, FAK promotes tumour progression and
metastasis, being often associated with advanced-stage malignant tumours 139.
Indeed, FAK control cell motility and invasion, promoting the EMT process in
cancerous cells. FAK is involved in expressing MMPs to promote invasion of the
extracellular matrix (ECM) and in forming focal adhesions and actin remodelling to
allow cell motility and adhesion to the ECM. Focal adhesions provide an anchorage

link between the ECM and the cytoskeleton and act as signal transmitters for

52



CHAPTER 1 INTRODUCTION

downstream pathways, pivotal in cell proliferation and survival '41. The actin
cytoskeleton has a pivotal role in numerous biological processes. The forces
generated by actin filaments are responsible for motility processes, therefore playing a
role in cancer metastasis 142. Cytoskeleton structures such as microfilaments,
microtubules, and intermediate filaments are also crucial for morphogenesis and the
formation and maintenance of new blood vessels 143. ITCs are known for their anti-
metastatic capability through the inactivation of FAK, reducing invasion and
metastasis in different types of tumours 144 145. The inactivation of FAK leads to
reduced expression of MMP-9 and thus reduced tumour invasion. Moreover, ITCs are
able to target actin filaments 146 147; in particular, PEITC led to disrupted actin fibres

organisation and contributed to cell death in lung cancer cells 147 (FIGURE 1.13).
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FIGURE 1.13 | ITCs reduction of metastatic potential and angiogenesis.

ITCs have been shown to reduce the cancer metastatic potential by inhibiting cell migration and
invasion through deactivation of FAK signalling, as well as targeting actin microfilaments. ITCs
also control angiogenesis through HIF-1at via the STAT3 pathway. HIF-1a activates the
transcription of genes involved in angiogenesis and cancer cell invasion (i.e. VEGF, IL-8,

MMP-9).
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1.3.3 Anti-angiogenic action

Angiogenesis plays a fundamental role in tumour development. The growth of blood
vessels is under the influence of various angiogenic factors and inhibitors in which
equilibrium plays a pivotal role 148. During development and wound repair, the
physiological process could be damaged and become pathological, allowing tumours to
grow and develop other diseases '48. Indeed, different studies showed that oncogenes
could increase the expression of pro-angiogenic factors, such as VEGF and bFGF, while
suppressing the expression of angiogenesis inhibitors, such as THBS1 149, 150 A tumour
requires new angiogenesis to grow beyond 1-2 mm in diameter % thus an oncogene
unable to stimulate the formation of a new network of vessels may be responsible for a
harmless microscopic tumour instead of a macroscopic and potentially lethal one 151.
Various molecules are involved in the complex equilibrium that regulates the angiogenesis
process. In this equilibrium, tumour cells interact with endothelial cells, immune cells, and
ECM 94, The pathological angiogenesis switch may occur when tumour pro-angiogenic
factors modify the equilibrium and overtake the production of natural anti-angiogenic
factors 94. The activity of pro-angiogenic growth factors is accompanied by the action of

MMPs that are crucial to prepare the ECM for the outgrowth of new blood vessels 152.

The VEGF family involved in tumour angiogenesis is the most characterised together with
their binding domain, the family of receptors tyrosine kinases VEGFR. The main family
component involved in tumour angiogenesis is VEGF-A, which binds the receptor VEGFR-2
153 and VEGFR-1 with much more affinity but weaker signal transduction 154. Tumour cells
usually produce VEGF to stimulate angiogenesis through the binding of VEGFR-2 situated
on endothelial cells. However, in rare cases, tumour cells also express this receptor,
stimulating angiogenesis with an autocrine mechanism 154. Furthermore, there is evidence
of tumours that express VEGFR-1 inside the cell, stimulating angiogenesis in an intracrine
way 155. The binding between VEGF-VEGFR-2 results in the activation of different pathways
culminating with the up-regulation of genes that promote proliferation and migration of
endothelial cells, such as MAPK pathway and phosphatidylinositol 3'—kinase (PI3K)-Ak
strain transforming (Akt) pathway, which stimulates cell growth and endothelial-cell survive
respectively 153. Other important factors involved in the angiogenesis process are the
angiopoietin 1 and 2 (Ang-1, Ang-2) that cooperate with VEGF to produce mature
capillaries 154, Ang-1 and Ang-2 bind the Tyrosine-protein kinase receptor TEK (Tie-2),
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expressed on the membrane of endothelial cells 154. Moreover, the hypoxia-inducible

transcription factor Ta and 2a (HIF-1 To/2a) are potent inducers of VEGF in tumours 156,

Since 1980 a broad range of angiogenesis inhibitors have been developed and approved
by the Food and Drug Administration (FDA) 148. The problem with this type of therapy is
that not all tumours respond to it, and side effects include hypertension and bowel
perforation 148. A proposed solution might be the combination of an angiogenesis inhibitor
agents with a chemotherapy drug, allowing increased sensitivity to the latter 148. ITCs
showed the ability to reduce the production of pro-angiogenic factors in vivo, inhibit
cellular migration, and to reduce the formation of blood vessels in cultured human
endothelial cells (HUVECs) models 9. SFN was able to decrease the intratumoral
neovascularisation of xenografted liver tumours in mice '32. BITC inhibited pancreatic
tumour angiogenesis in both rat aorta and chorioallantoic membrane models, by reducing
the activation of signal transducer and activator of transcription 3 (STAT3) pathway 157.
PEITC inhibited angiogenesis in vitro and ex vivo with down-regulation of VEGFR-2 and
inactivation of Akt 130. The mechanisms by which ITCs inhibit the expression of pro-
angiogenic factors are not completely clear. Different mechanisms and pathways involved

are discussed here.

SFN has been shown to influence the expression of VEGF and MMP-9 by inhibiting the
transcriptional factors HIF-Ta 56. HIF is a family of 3 transcription factors, but only HIF-1
and HIF-2 are involved in angiogenesis. These factors are formed by two subunits, a and B.
The subunit alpha is the hypoxia-inducible factor that, in normoxia conditions, is
hydroxylated by oxygen-sensitive prolyl hydroxylases (PHD) 158. This hydroxylation triggers
the bond of VHL protein and ubiquitin ligase, which leads to the ubiquitylation and
degradation of the a subunit '58. On the other hand, hypoxic conditions lead to the
inhibition of PHD's action. Consequently, the a subunit is stabilised and, once
accumulated, translocates into the nucleus and associates with the B subunit and the
hypoxia response element, activating the transcription of pro-angiogenic genes 158. Also, in
normoxia conditions, the factor inhibiting HIF1 (FIH) is hydroxylated in an oxygen-
dependent reaction 9. Indeed, in hypoxia conditions, even the action of the FIH is
decreased, increasing the transcription of angiogenic factors. PEITC appeared to influence
the translation activity of HIF and SFN to decrease VEGF in hypoxic conditions 94 (FIGURE
1.13). BITC down-regulated HIF-1a through the STAT-3 dependent pathway 157.
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1.4 Hypothesis, aims, and objectives

As mentioned before, new therapeutic solutions for HCC treatment are required. Single-
drug treatment seems insufficient for the treatment of advanced HCC. Considering the
results of the latest clinical trials, it seems that combination therapy is the most promising
strategy for HCC treatment 7. ITCs exert an anticancer activity through numerous
mechanisms that lead to the prevention and therapy of various types of cancer. ITCs
showed promising results in HCC and to be viable candidates to improve the anticancer
activity of other chemotherapeutic agents 86. Therefore, the anticancer activity of ITCs can
be exploited to increase the efficacy of clinically approved chemotherapeutic agents.
Clinically approved drugs that did not show efficacy in HCC, such as TKls, may be

repurposed for the treatment of HCC in combination with ITCs.

The primary project hypothesis is that ITCs, through their anticancer potential, can
enhance the efficacy of TKls in hepatocellular carcinoma. This PhD research project aimed
to evaluate if the ITC-TKI combination have a greater anticancer effect, evaluating if they
may work in synergy and to investigate the biochemical and molecular mechanisms

behind the synergistic anticancer activity.
The objectives of the project can be summarised as follows:
1. Identify the most effective ITC-TKI combination;

2. Determine the effect of the ITC-TKI combination on cell growth, DNA damage, cell

cycle, and programmed cell death;

3. Test the effect of the ITC-TKI combination on metastatic potential in vitro and in vivo

with tumour xenograft chorioallantoic membrane (CAM) assay;

4. Assess the influence of the ITC-TKI combination on tumour-induced angiogenesis in

vitro and in vivo with yolk sac membrane assay;

5. Evaluate the efficacy of the ITC-TKI combination in vivo with a syngeneic mouse

model.
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Chapter 2: Materials and Methods

2.1 Materials, chemicals, instruments, and software

Generic cell culture plastics were bought from as follows: flasks and dishes (ThermoFisher
Scientific UK Ltd, Loughborough, UK), plates (Greiner Bio-One, Kremsmdtinster, Austria),
cell scrapers, strippettes, conical tubes, syringes and filters (Sarstedt, Nimbrecht,

Germany).

Generic chemicals such as buffered 10% formalin, methanol, ethanol, EDTA, Tris-Base,
NaCl, HEPES, NaOH, HCl, glycerol, CaCl, acetic acid, sucrose where obtained from Fisher
Scientific (ThermoFisher Scientific, Loughborough, UK), Tween 20, GSH, N-acetylcysteine
(NAC), monobromobimane (mBBr), N-ethylmaleimide (NEM),
diethylenetriaminepentaacetic acid (DTPA), methanesulfonic acid (MsOH), Nonidet-NP40,
corn oil, dithiothreitol (DTT), Dimethyl sulfoxide (DMSO), and Triton X-100

were purchased from Merck Life Science (Gillingham, UK).

TABLE 2.1 | Key resources

Product Supplier Identifier
'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' MATERIALS
CELLSTAR%;EUJTET;ET U bottom Greiner Bio-One, Kremsmtinster, Austria 650970
© ThinCert™ 24 well 8ym Greiner Bio-One, Kremsmiinster, Austria 662638
""""""""" Amicon® Ultra-153kDa  Merck Life Science, Gillingham, UK~ UFC900396

Health Care Equipment and Supplies Ltd,

Leukosilk tape Ipswich, UK HCP1309
"""""" Round glass coverslps 15 mm  SCIentic Laboratry Supplies, Nottngham, 5
"""""" Square glass coverslips 18 mm  Chance Propper Ltd,, West Midlands, UK~ NA
"""""""""""""""""" Teflonrings  FasterSeals, Ashingon, UK BSOI3PTFE
Mice feeding tubes 20 gauge x 30 mm Instech Laboratoriﬁséilymouth Meeting, FTP20-30-50
M35 Ultra low profile blades  Epredia, Portsmouth, New Hampshire, USA 3053835
"""""""""""" Plastic cryomoulds ~ Agar Scientific Ltd, Stansted, UK AGG4580

Menzel-Glaser cover glasses - ThermoFisher Scientific, Loughborough, UK 12342118
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Product Supplier Identifier

Gibco, ThermoFisher Scientific,

DMEM Loughborough, UK 10938-025
Gibco, ThermoFisher Scientific,

DMEM phenol red free Loughborough, UK 21063-029
Gibco, ThermoFisher Scientific,

MEM Loughborough, UK 32561029

Endothelial Cell Growth Medium 2 PromoCell GmbH, Heidelberg, Germany C-22011B

(EGM2) |
SupplementMix/Endothelial PromoCell GmbH, Heidelberg, Germany C-39216

Gibco, ThermoFisher Scientific,

FBS Loughborough, UK 10500-064
. Gibco, ThermoFisher Scientific,
L-glutamine (200 mM) Loughborough, UK 25030081
Penicillin 100 U/ml Gibco, ThermoFisher Scientific, 15070-063
Streptomycin (100 pg/ml) Loughborough, UK

Gibco, ThermoFisher Scientific,
Loughborough, UK

Goat serum Merck Life Science, Gillingham, UK

Collagen 4 mg/mL Gibco, Franklin Lakes, New Jersey, USA

Matrigel® Corning, Somerville, Massachusetts, USA 354230
ECM Gel Merck Life Science, Gillingham, UK E6909
Cultrex Basement Membrane Extract, Bio-Techne Ltd, Abingdon, UK 3632-005-02
Type 3
SEN Toronto Research Chemicals, Toronto, 5699115
Canada
Alfa Aesar, ThermoFisher Scientific,
BITC Loughborough, UK 5 A15008
Alfa Aesar, ThermoFisher Scientific,
PEITC Loughborough, UK AT1596
PEITC in vivo Merck Life Science, Gillingham, UK 253731
Lapatinib Merck Life Science, Gillingham, UK SML2259
Gefitinib Merck Life Science, Gillingham, UK SML1657
Dasatinib Merck Life Science, Gillingham, UK SML2589
. - Advanced ChemBlock Inc., Burlingame,
Sorafenib tosylate California, USA G-6085
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Product Supplier Identifier

STAINING AND HISTOLOGY

Crystal violet Merck Life Science, Gillingham, UK V5265
Calcein AM Merck Life Science, Gillingham, UK C1359
Ethidium homodimer-1 Merck Life Science, Gillingham, UK E1903
ProLong™ Gold Antifade Mountant | . N
with DAPI - ThermoFisher Scientific, Loughborough, UK P36931
OCT compound Agar Scientific Ltd, Stansted, UK AGR1180
Haematoxylin Merck Life Science, Gillingham, UK HHS32
Eosin Merck KGaA, Darmstadt, Germany HX884852
Shandon Xylene substitute ThermofFisher Scientific, Loughborough, UK FIS9999122
DPX mountant VWR, Radnor, Pennsylvania, USA MERCT .(5)013579'050
COMMERCIAL ASSAYS
DCFDA - Cellular ROS Assay Kit abcam Inc., Cambridge, UK ab113851
BD Pharmingen™ PI/RNase staining DD Dlosciences, Fra&';'}; Lakes, New Jersey, 550595
. . . Invitrogen, ThermoFisher Scientific,
Annexin 'V Pl staining kit Loughborough, UK V13242
Apoptosis Human Proteome Profiler™ Bio-Techne Ltd, Abingdon, UK ARY009
Angiogenesis Human Proteome . .
. Bio-Techne Ltd, Abingdon, UK ARY007
Profiler™
DuoSet® ELISA Ancillary kit Bio-Techne Ltd, Abingdon, UK DY008
DuoSet® ELISA VEGF kit Bio-Techne Ltd, Abingdon, UK DY293B
ELISA PIGF/VEGF heterodimer kit Bio-Techne Ltd, Abingdon, UK DY297
WESTERN BLOTTING
Bradford reagent Merck Life Science, Gillingham, UK B6916
Protease Inhibitor Cocktail (100X) Cell Signaling Technologies, Leiden, NL 5871S
R 0 .
Pierce™ Phosphatase Inhibitor Mini ThermoFisher Scientific, Loughborough, UK A32957
Tablets
Invitrogen, ThermoFisher Scientific,
4x NuPage LDS sample buffer Loughborough, UK NP0007
M TEA Tt e
TruPAGE TEABTL::C]E;e SDS Running  Merck Life Science, Gillingham, UK PCG30001
Invitrogen, ThermoFisher Scientific 26619
™ ! ! :
PageRuler™ Plus Loughborough, UK 26616
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CHAPTER 2
Product Supplier | Identifier
© immobilon FLPVDF  Merck Life Science, Gillingham, UK IPFLO0DT0
"""""""""""" TBS blocking buffer ~ LICOR Biotechnology, Cambridge, UK~ 927-60001
 IRDye® 800CW Streptavidin  LI-COR Biotechnology, Cambridge, UK 92632230
"""""""""""""""""""""""""""""""""""""""""""""""""""""""" Santa Cruz Biotech, Dallas, Texas, USA
R&D Systems, Bio-Techne Ltd, Abingdon,
UK
. Cell Signaling Technologies, Leiden, NL TABLE 2.6
Antibodies
ECM Biosciences, Aurora, Colorado, USA TABLE 2.7
Upstate, Merck Life Science, Gillingham,
UK
LI-COR Biotechnology, Cambridge, UK
PCR
"""""""" QuickDNA Microprep it~ Zymo Research, Ivine, USA D3021
 MassRuler™ DNA Ladder  ThermoFisher Scientific, Loughborough, UK SM0403
""""""""" SYBR safe DNA gel stain ~ ThermoFisher Scientific, Loughborough, UK | 533102
""""" Mammalian Total RNA Miniprep ~ Merck Life Science, Gillingham, UK~ RTN70
""""""""" gScript cDNA SuperMix ~ Quantabio, Beverly, Massachusetts, USA 95048
"""""" PrecisionLR QPCR Mastermix ~ Primerdesign Ltd, York, UK~ Precision-R
"""""""""""" Primersand probes  Merck Life Science, Gillingham, UK TABE28
EXPERIMENTAL MODELS: CELL LINES AND ORGANISMS
HepG2 cell line Ame”Ca“Jggaesgag{tggfgﬁ?;'fgi;\“ ATCO 1B-8065
""""""""""""""" HHLS celline  Kind giftfrom Prof. Arvind Patel  Clayton etal. 1%
Hepa 1-6 cell line Ame”Ca”[\I;/r"]’aesga“slltg/fgﬁﬁ!egs\” (ATCC), CRL-1830
""""""""""""" HUVEGscelline  PromoCell GmbH, Heidelberg, Germany ~ C-12200
""""""""" C57BUGNHsd 6.7 Weeks  Envigo RMS, Bicester, UK 11204F
""" Fertised Shaver Brown chicken eggs ~ Henry Stewart & Coltd, UK NA
CRITICAL INSTRUMENTS
"""""" EVOS M5000 Imaging System  ThermoFisher Scientific, Loughborough, UK N/A
LelcaDMIBOOOB """"""""""""" """"""" Leica Biosystems Nussloch GmbH, o
NuBloch, Germany 1
"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" ZE1SS, Germany  NA

Stemi SV11
60



CHAPTER 2 MATERIALS AND METHODS

Product Supplier Identifier

IM IC5500 Ricoh Company Ltd, Tokyo, Japan N/A
iPhone 11 Pro Apple, Cupertino, California USA N/A
FLUOstar Omega BMG Labtech Ltd., Bucks, UK N/A

- BD Biosciences, Franklin Lakes, New Jersey,
BD FACSymphony A1™ ‘ : N/A

USA
Cube 6 Sysmex Partec GmbH, Goerlitz, Germany N/A
GBOX Chemi XRQ Syngene, Cambridge, UK N/A
Odyssey CLx Imaging System LI-COR Biotechnology, Cambridge, UK N/A
Nanodrop 2000 ThermoFisher Scientific, Loughborough, UK N/A
Veriti 96 well thermal cycler - ThermoFisher Scientific, Loughborough, UK N/A
Bio-Rad Laboratories, Hercules, California,
Mini Protean Tank N/A
USA

. Bio-Rad Laboratories, Hercules, California,
Trans-Blot® Turbo™ Transfer System N/A

: USA 1
QuantStudio 5 ThermofFisher Scientific, Loughborough, UK N/A
Gilson HPLC-306 Laboratory system Gilson, Middleton, Wisconsin, USA N/A
HiChrom ACE-AR C18 Phenomenex, Torrance, California, USA N/A
Jasco FP-920 Oklahoma City, Oklahoma, USA N/A

Leica Biosystems Nussloch GmbH,

NuBloch, Germany

SOFTWARE AND ALGORITHMS

| GraphPad software, San Diego, California

GraphPad Prism 9 vO.1.1
f USA f
Compusyn ComboSyn Inc., Paramus, New Jersey USA N/A
Verity Software House, Topsham, Maine,
ModFit LT v6.0.11
USA
- BD Biosciences, Franklin Lakes, New Jersey,
Flow)o 10.4 § § v10.4
f USA |
Image Studio Lite 5.2.5 LI-COR Biotechnology, Cambridge, UK v5.2.5
Clarity 2.6 DataApex, Prague, Czech Republic v2.6
Adobe Photoshop 22.4.3 Adobe, San Jose, California, USA v22.4.3
ChemDraw 16.0.1.4 ParkinElmer, Waltham, Massachusetts,, USA v16.0.1.4
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Product Supplier Identifier

National Institute of Health, Bethesda,
Maryland, USA

Colony area Image) macro, GitHub Guzman et al. 160
""""""""" MRIWound HealingTool ~Image) macro, GitHub ~ Cormier etal. 1
""""""""" ColourThreshold method ~ ImageJmaco  OfBrienetal. 102
 Angiogenesis Analyzer - image) macro, NIH Carpentier et al. 16°

2.2 Cell culture

HepG2, a carcinoma cell line taken from a primary hepatocellular carcinoma, was
cultured in DMEM*, composed of DMEM supplemented with 10% (v/v) FBS, 1% (v/v) L-
glutamine (200 mM), penicillin (100 U/ml) and streptomycin (100 pg/ml), at 37 °C, 5% (v/

v) COy, and cultured to a maximum of 20 passages.

HHL-5, an immortalised human hepatocyte-derived line 5, was provided by Professor
Arvind Patel from the Department of Infection, Immunity & Inflammation, University of
Glasgow 159, and cultured in DMEM*, composed of DMEM supplemented with 10% (v/v)
FBS, 1% (v/v) L-glutamine (200 mM), penicillin (100 U/ml) and streptomycin (100 pg/ml),

at 37°C, 5% (v/v) CO2, and cultured to a maximum of 20 passages.

HUVECs, human umbilical vein endothelial cell line, was cultured in EGM2+, composed
of EGM2 supplemented with SupplementMix/Endothelial, (EGM2- refer to medium without
SupplementMix) penicillin (100 U/ml) and streptomycin (100 pg/ml), at 37 °C, 5% (v/v)
CO,. HUVECs were cultured in flasks pre coated with 2% (v/v) collagen solution (4 mg/
mL) and cultured to a maximum of 8 passages as specified by the supplier (15 doublings).
Cells were sub-cultured using T75 flasks with 10 ml of DMEM+*, which was replaced every
2 days.

Hepal-6, a murine carcinoma cell line generated from the BW7756 mouse hepatoma
that arose in a C57BL6 mouse 164, was cultured in DMEM*, composed of DMEM
supplemented with 10% (v/v) FBS, 1% (v/v) L-glutamine (200 mM), penicillin (100 U/ml)
and streptomycin (100 pg/ml), at 37 °C, 5% (v/v) CO2, and cultured to a maximum of 10

passages.

Cell lines actively growing in flasks were kept at 37°C, 5% CO. and all the processes

were conducted in conditions of sterility in a Class Il Biological Safety Cabinet. The
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subculturing process was carried out once the confluence reached 80%. The medium was
removed and flasks washed twice with PBS. Then, 2 ml of 0.25% (v/v) trypsin-EDTA
(0.05% for HUVECs) was added and the flask incubated at 37 °C, 5% CO, for 5 minutes (3
minutes for HHL-5) (2 minutes RT for HUVECs) to detach all the cells from the plastic
surface. Once the trypsin was neutralised with 8 ml of complete medium with 10% FBS,
the solution containing the cells was centrifuged for 5 minutes at 250 x g (220 x g for
HUVECs). Cells were seeded either in new T75 flasks for subculture or in various plastic
culture vessels for incubation with different test compounds in medium. Cell lines were
preserved by resuspension in a freezing medium made of 10% (v/v) DMSO 90% (v/v) FBS,
or Cryo-SFM for HUVECs and then subject to controlled temperature reduction to -80 °C.
For all experiments with ITCs or other compounds 0.1% DMSO was used as vehicle
control (unless otherwise stated) as no difference was observed between 0.1% (v/v) and

0.2% (v/v) of DMSO in the assays employed (FIGURE A1).
2.3 Cell growth

2.3.1 Cell viability - MTT assay

MTT is the acronym for (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
tetrazolium and it is the most used assay to study cell viability. Cells reduce MTT to
formazan through an electron transfer involving cellular cofactors such as NADH and
mitochondrial succinate dehydrogenase. This product is deposited near the cell membrane
or it is secreted into the extracellular environment. Formazan is produced only by viable
cells and it gives purple colour to the solution. This type of analysis is considered an
endpoint assay because the cytotoxic nature of this compound, which deprives cofactors to
the cellular metabolism, leads to cell death. To quantify the amount of formazan produced,
the solution needs to be analysed with a spectrophotometer to calculate the absorbance at
570 nm (the formazan maximum absorbance value). Before reading the absorbance, the

formazan needs to be solubilised using various solutions such as DMSO 165,

Cells were seeded in 96-well plates (HepG2 7x103 cells/well, HHL-5 5x103 cells/well,
Hepal-6 5x103 cells/well) and once reached 70% of confluency, DMEM+ with test
compounds was added (FIGURe 2.1). After 24 h, 100 pL of 10% (w/v) 5 mg/mL MTT in
DMEM+ was added to each well and incubated at 37 °C for 1 h. The MTT solution was

removed and the formazan crystals formed were then dissolved in 100 pL of DMSO per
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well. The absorbance was determined using a FLUOstar omega plate reader at 550 nm.

Cell viability was calculated as follows:

Test
Cell viability % = ——220""_ w100

ControlA550nm

Values of ICso were calculated using Prism 9.1.1 using a Nonlinear fit with the equation
“Inhibitor vs response, variable slope (four parameters)”, while combination index (Cl)
values were calculated using Compusyn software that employ the Chou-Talalay method,

based on the median-effect equation.

Cells Vehicle/Drug 19% MTT
70-80 % DMEM
confluence \ \
48 h

Y

N, N,
Rer ./ R Re_ R
\N\ Y Reduction Y

/N=N D — N=N 1h

R R

Tetrazolium Formazan

Formazan crystals
eluted in DMSO

<
Y

Absorbance
at 590 nm

FIGURE 2.1 | Diagram of MTT assay
2.3.2 Cell clonogenic capacity - Colony formation assay

The clonogenic or colony formation assay evaluates the ability of single cells to grow and
form a colony formed at least by 50 cells. The assay studies the cell division capacity of a

given population. This assay is often used to test the cytotoxicity radiation of cytotoxic
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agents. Cells were seeded at low density, or reseeded at low density after treatment. After
initial treatment, cells were cultured for 1-3 weeks then fixed and stained and the number

of colonies are counted 166,

Cells were seeded in 6-well plates (HepG2 5x103 cells/well) and incubated for 24 h.
Then DMEM* containing test compounds was added to the cells and incubated for a
further 24 h (FIGURE 2.2). After 24 h the medium was replaced without test compounds. Cell
cultures were maintained for 18 days with medium changed every 5 days. The colonies
formed were fixed with 10% buffered formalin for 20 minutes and stained with 0.1%
Crystal violet for 20 minutes. Macroscopic images were acquired using a document
scanner IM IC5500 with 600 dpi glossy colour image settings. The colony area was
evaluated using Image] 1.53k software with the macro “Colony area” described in Guzman

et al. 160,
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FIGURE 2.2 | Diagram of colony formation assay
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2.3.3 3D spheroids model

Canonical 2D cell culture models are not able to accurately mimic the complexity of the
tumour structure. Therefore, 3D spheroids are employed to better mimic the architecture of

tumour cells organised in a solid mass 167.

On day O cells were seeded in 96-well plates CELLSTAR® cell repellent U bottom
(HepG2 1.25x103 cells/well, Hepa 1-6 500 cells/well) with addition of ECM Gel without
phenol red (8 mg/mL) at a final concentration of 0.1 mg/mL with 50 plL/well as total
volume (FIGURE 2.3). The plates were immediately centrifuged for 5 minutes at 210 x g at
room temperature. After that the plates were incubated for 3 days to allow the formation of
the spheroids. On day 3 images of the cell spheroids were taken then 50 pL of DMEM*
containing test compounds were added. On day 6 spheroids were ready for further

analysis.

2.3.3.1 Spheroids size growth - Area quantification

For the size quantification images of the spheroids were taken with a EVOS M5000
Imaging System on day 3 before the addition of the test compounds and on day 6 after 72
h of treatment. The size of the spheroids was analysed using ImageJ 1.53k software as

follows:
Analyse > Set scale (Set appropriate scale px to pm)
Image > Adjust > Brightness and contrast
Image > Adjust > Threshold
Analyze Particles > 50000-infinity

The size growth was calculated as follows:
Growth size = At] — Aty

where Aty is the spheroid on day 6, and Ato is the spheroid on day 3. The images shown are
representative of a set of three spheroids for each conditions. The quantitative results
presented are the mean of a minimum of three independent experiments with 6 spheroids

for each experiment.
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2.3.3.2 Viability determination - Calcein AM and ethidium homodimer staining

For the viability staining on day 6, spheroids were washed by removing 100 pL of media
and adding 100 pL of PBS containing 2.5% (v/v) FBS twice, and then after removal of 100
uL of volume from the well, 100 pL of2x staining solution were added (Calcein AM 2 pM ,
Ethidium homodimer-1 6 pM final, to give a final concentration of 1 pM and 3 pM
respectively, in PBS containing 0.5% (v/v) FBS). Images were taken using appropriate filters

with a Leica DMI3000 B at 10x magnification.
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FIGURE 2.3 | Diagram of establishment of 3D spheroids model
2.4 Cell death and apoptosis
2.4.1 Apoptotic DNA assessment - DNA fragmentation assay

A typical hallmark of apoptosis is the formation of DNA fragments. There are several types
of DNA fragmentation such as inter-nucleosomal DNA cleavage, fragmentation into large

DNA fragments, and single strand cleavage 68. DNA fragments can be observed using a
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conventional agarose gel electrophoresis that allow visualisation of the fragmented DNA

that appear as a smear commonly referred as DNA ladder 169.

Cells were seeded in 6-well plates (HepG2 1.8x105 cells/well) and grown to confluence,
DMEM+ with different test compounds were added. After 24 h cells were washed twice
with PBS and then DNA was extracted with Quick-DNA Microprep Kit. DNA samples
were quantified with Nano drop and 2 ng of DNA were mixed with 3 pL of 6X loading dye.
Samples were loaded into an agarose gel 1.2% (w/v), with 4 pL of SYBR safe DNA gel
stain, together with MassRuler™ DNA Ladder, and run at 120 V for 120 minutes. DNA

fragmentation was observed with a transilluminator GBOX Chemi XRQ.
2.4.2 Cell cycle analysis - Propidium iodide staining flow cytometry

During the life of a single cell numerous external stresses can arise and lead to DNA
damage. Intracellular checkpoints have the aim to check for possible errors in DNA
replication to ensure proper development of daughter cells 170. In case of identification of
an error, the error it can be repaired or the cells goes into a cell cycle arrest with a
consequent induction of apoptosis. In this assay propidium iodide was used as a DNA
staining dye, and flow cytometry used to quantify stained cells. The resultant signal
distribution was analysed with a mathematical model to fit a curve to quantify the number

of cells in a specific cell cycle phase.

Cells were seeded in 6-well plates (HepG2 3.2x105 cells/well) and once reached
confluence, DMEM+ with different test compounds was added (FIGURE 2.4). After 24 h, cells
were detached with 350 pL of trypsin-EDTA (0.25% (v/v)) and centrifuged at 300 x g for 5
minutes. The cell solution was washed (300 x g for 5 minutes) in 10 ml of cold PBS and
after that were fixed in 5 mL of 70% Et OH added drop by drop while vortexing the pellet.
Cells were fixed at -20 °C for at least 2 h. Fixed cells were washed once in 1 mL of PBS
and once in 2% (v/v) FBS PBS. Washed cells were stained with 500 pL of BD
Pharmingen™ PI/RNase staining buffer. After 15 minutes, samples were analysed with the
flow cytometer BD FACSymphony A1T™ and 10,000 events were collected. Finally, the
data were analysed using ModFit LT 6.0.11 software to quantify the cells present in each

phase of the cell cycle.
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FIGURE 2.4 | Diagram of cell cycle phases analysis by flow cytometry
2.4.3 Apoptosis detection - Annexin V and propidium iodide staining flow cytometry

Annexin V is a Ca2+ dependent phospholipid-binding protein that has a high affinity for
phospholipid phosphatidylserine (PS). PS is a particular phospholipid which is usually
present in the inner leaflet of the phospholipid membrane. When a cell goes into the
apoptosis process, PS is translocated into the outer leaflet to be exposed to the extracellular
environment, to label the cell for disposal. Annexin V binds PS to label all the cells that are
going to apoptosis. The addition of a fluorescent label (i.e. FITC - green) allows to identify
and quantify all the PS labelled cells. On the other hand, Propidium iodide (PI) can only
enter dead cells and stain the DNA, fluorescing in red. Pl penetrates only damaged or
destroyed cell membranes. Consequently, viable cells are negative for both dyes: dead cells
are stained by PI, late apoptotic are stained by both the dyes, and early apoptotic cells are

stained by AnnexinV only 171,

Cells were seeded in 12-well plates (HepG2 1.5x105 cells/well, Hepa 1-6 9x105 cells/

well) and once reached confluence, DMEM* with different test compounds was added
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(FIGURE 2.5). After 24 h, exhausted medium and PBS, used to wash the wells, were collected
and the cells were detached with 200 pL of trypsin-EDTA (0.25% (v/v)) and centrifuged at
300 x g for 5 minutes. The cell solution was washed (300 x g for 5 minutes) in 1T ml of cold
PBS and after that in 1 ml of cold binding buffer (0.1 M HEPES (pH 7.4), 1.4 M NacCl, 25
nM CacCly). Then, cells were resuspended in binding buffer at a density of 1x10¢ cells/ml.
100 pL of cell solution was added with 5 pL of Annexin V and samples were incubated for
15 minutes in the dark. After, cells were washed (300 x g for 5 minutes) adding 900 pL of
binding buffer to remove excess of Annexin V. The pellet was resuspended in 200 pL of
binding buffer with addition of 5 pL of propidium iodide. After 15 minutes, 900 pL of
binding buffer were added and each sample was analysed with the flow cytometer Cube 6
and 10,000 events were collected. Finally, the data were analysed using FlowJo 10.4
software. HyO» treated well was used as apoptosis positive control, flow cytometry
compensation was carried out with samples added with Annexin V or propidium iodide
only. Results are expressed as a percentage of healthy, early apoptotic, late apoptotic, and

necrotic cells.
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FIGURE 2.5 | Flow cytometry-based apoptosis detection
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2.4.4 Apoptosis morphological assessment - DAPI staining

DAPI (4,6-diamidino-2-phenylindole-dihydrochloride) is a fluorescent stain that allows the
visualisation of DNA in live and fixed cells. DAPI binds strongly to adenosine-thymidine
rich regions of DNA through electrostatic interactions 172. During apoptosis the cell DNA is
fragmented and chromatin appears condensed due to a loss of structural organisation.
Furthermore, as the cell loses contact from the ECM it shrinks and starts to form blebs due
to loss of the cytoskeleton structure 73. DAPI staining is often used to image apoptotic cells
as the stain allows to distinguish the modifications in terms of DNA structure and
organisation. Nuclear fragmentation and cell blebbing can be observed and shrunken

nuclei with dense chromatin appears brighter 173.

Cells were seeded on coverslips placed inside 6-well plates (HepG2 1.5x105 cells/well)
and once the monolayer reached confluence, DMEM+ with different test compounds was
added (FIGURE 2.6). After 24 h cells were washed with PBS and then fixed with 10% (v/v)
buffered formalin for 15 mins and permeabilised with Triton X-100 (0.1% (v/v) in PBS) for
30 mins. After that, the coverslips were transferred to a glass slide with 25 pL of ProLong™
Gold Antifade Mountant with DAPI and incubated for 30 mins in the dark. Finally,
morphological changes were observed using fluorescence microscope Leica DMI3000 B

with a 100x magnification.
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FIGURE 2.6 | DAPI staining for apoptosis morphological assessment

2.4.5 Apoptotic protein expression analysis - Antibody array

In order to identify the apoptotic factors involved in the PDc anti-apoptotic action, the

Proteome Profiler™ Human Apoptosis Antibody Array was used to analyse lysate samples.

Antibody arrays allow the multiplexed use of antibodies to analyse several targets using

low amount of sample 174. The Proteome Profiler™ is a membrane-based sandwich

immunoassay. A cocktail of detection antibodies is mixed with the sample and then

incubated with a membrane that contain multiple antibodies captured in dots on the

membrane. Therefore, every dot correspond to a specific target of interest. The detection

antibodies are biotinylated, allowing the quantification of the membrane bound antibodies

using streptavidin conjugated with a fluorophore. The signal generated is relatively

proportional to the amount of analyte and it is compared to a control.
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As per manufacturer instructions the membranes were blocked with blocking buffer for 1
h at room temperature. In the meantime, 300 pg cell lysates were diluted and mixed with
blocking buffer to a final volume of 1.5 mL. The membrane were incubated with the
sample solution over night at 4 °C on a rocking platform. After that the membranes were
washed three times 10 minutes each and incubated with a detection antibody cocktail for
1 h at room temperature on a rocking platform. Then the membranes were washed three
times 10 minutes each and incubated with IRDye® 800CW Streptavidin for 30 minutes at
room temperature. After 3 further washes of 10 minutes each the membranes were imaged
with Odyssey CLx Imaging System. The dot density was quantified using Image Studio Lite

5.2.5 software and compared to the signal of a control membrane.
2.5 Cell redox state analysis

2.5.1 ROS levels quantification - DCFDA staining

ROS play a fundamental role in redox signalling but can also lead to cell damage.
Consequently, ROS have a dual role in physiological and patophysiological processes 175.
Increased production of ROS is often used in chemotherapy to induce DNA damage and
cell death as cancer cells are susceptible due to their imbalanced redox status 176. ROS
levels were measured with a DCFDA cellular ROS assay kit. The protocol was adapted

from Brandolini et al 177 and also optimised following Reiniers et al 178.

Cells were seeded in a 96-well plate at a density of 25,000 cells/well in triplicates and
incubate overnight to allow cells to adhere (FIGURre 2.7). The day after the medium was
removed and wells were washed with 100 pL of 1x buffer. 100 pL of a solution of DCFDA
staining 25 pyM in 1X buffer was added and the plate was incubated for 45 mins 37 °C.
DCFDA solution was then removed and the wells were washed with 100 pL 1X buffer.
Treatment and positive control (TBHP) were diluted in DMEM High Glucose, 25 mM
HEPES, phenol red free, L-glutamine, 10% (v/v) FBS and 100 pL were added to the wells.
The plate was incubated in a plate reader FLUOstar omega at 37 °C 5% (v/v) CO; for 4 h
with readings (ExEm = 485/535) every 30 mins. Fluorescent intensity values were
normalised to To readings. Representative images were taken after 4 h of incubation with a

Leica DMI3000 B at 20x magnification with same exposure levels for all conditions.
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FIGURE 2.7 | DCFDA staining for ROS relative quantification
2.5.2 GSH/GSSG levels quantification - HPLC assay

Glutathione (GSH) is an antioxidant molecule that represent the major system for redox
regulation in the cell environment 179. It is mainly found in its reduced form GSH while the
oxidised form glutathione disulphide (GSSG) is less abundant. The usual ratio GSH/GSSG
in mammalian cells is between 1:10 and 1:100 80, GSH is kept at its reduced state by the
glutathione reductase and this system is responsible for the detoxification of ROS that
could damage cell structures. The levels of GSH were determined by HPLC using
monobromobimane (mBBr) a weakly fluorescent reagent that conjugate with GSH
molecules. Evaluation of GSSG concentration was carried out first neutralising GSH with
N-ethylmaleimide (NEM), then GSSG was reduced using DTT to be conjugated with mBBr
for HPLC detection 181, The assay was adapted from Quievryn and Zhitkovich 182,
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2.5.2.1 GSH/GSSG samples preparation

Cells were seeded on 6-well plates (HepG2 1.8x105 cells/well) and once reached
confluence DMEM+ with different test compounds was added. After different
incubation time points cells were detached and washed twice in PBS then
resuspended in 75 pL of 5 mM diethylenetriaminepentaacetic acid (DTPA) in PBS.
Samples were then acidified by addition of 300 pyl 50 mM methanesulfonic acid
(MsOH), and then subjected to three freeze-thaw cycles alternating between dry ice
and a 37 °C heat block for 6 minutes and vortexed 10 seconds max speed. GSH/
GSSG-containing supernatants were obtained after centrifugation at 12,000 x g for 10
min at room temperature and then kept in ice. Protein content was measured with

Bradford assay.

2.5.2.2 GSH derivatization

GSH was derivatized with monobromobimane by mixing 75 pl of sample with 25 pl
of reaction buffer composed of 50 mM HEPES pH 8, 5 mM EDTA, 15 mM NaOH, 2
mM mBBr, in acetonitrile. The reaction was vortexed immediately and incubated for
15 min in the dark at room temperature. The reaction was stopped through
acidification with 1 pl 5 M MsOH and samples were stored at -20 °C after three-fold
dilution with 10 mM MsOH.

2.5.2.3 GSSG conversion and derivatization

Samples were removed of GSH through a reaction with N-ethylmaleimide. 150 pl of
sample was mixed with 50 pl reaction buffer composed of 50 mM HEPES pH 8, 5
mM EDTA, 15 mM NaOH, 2 mM NEM, in acetonitrile. The reaction was vortexed
immediately and incubated for 15 min in the dark at room temperature. After that
disulfides were reduced for 20 min at room temperature with 3 mM DTT. Reduced
thiols from disulfides were derivatised in 7 mM mBBr for 15 min the in dark at room
temperature. The reaction was halted through acidification with 2 yl 5 M MsOH and

samples were stored at -20 °C.

2.5.2.4 GSH/GSSG quantification

The GSH/GSSG-mBBr complexes were separated by HPLC using a Gilson HPLC-306
Laboratory system with fluorescence detector Jasco FP-920 using the software Clarity

2.6. A HiChrom ACE-AR C18 4.6 x 250 mm, 5 ym column was equilibrated at 37°C
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with Solvent A (0.25% v/v acetic acid and 10% methanol, pH 4 NaOH). Samples
were eluted with a gradient of Solvent B (90% methanol) at 1.0 ml/min flow rate as
follow: 0-5 mins 0%, 5-15 mins 20%, 15-20 100% followed by 5 mins re-
equilibration. The peak of GSH and reduced GSSG were observed at 7.9 min (FIGURE
2.8). Concentrations derived from interpolation from the standard curves were
normalised to total protein concentration in initial sample considering the amount of

sample injected in 10 pl (FIGURE 2.8).
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FIGURE 2.8 | Chromatograms and standard curve of GSH and GSSG quantification by HPLC
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2.6 Interaction of tumour cells with their microenvironment

2.6.1 Cell adhesion - Matrigel® coated plate assay

The adhesion between cells and cells-ECM is regulated by numerous proteins such as
cadherins, integrins, immunoglobulins and selectins. Integrins regulate the cell anchorage
and with other adhesion molecules are attached to actin filaments of the cytoskeleton
forming focal adhesion complexes (FA). The formation of the FA leads to a cascade of
signals which are implicated in numerous cell processes such as differentiation, migration,
and growth 183. Moreover, cell adhesion is crucial for development of tumours that have to
establish strong interactions with the ECM and other cells to form a solid mass and
metastasise. Therefore, the study of cell adhesion is fundamental to evaluate the efficacy of

cancer treatments.

96-well plates were coated with 50 pL of 2% (v/v) Matrigel® (10 mg/mL) in DMEM FBS
free and incubated at 4 °C overnight (FIGURE 2.9). The Matrigel® solution was removed and
the wells washed once with PBS to remove unbound proteins. Cells (HepG2, Hepa 1-6
1x105 cells/well) were seeded with DMEM FBS free media with test compounds added.
After 3 h, medium was removed and the wells were washed three times with PBS to
remove non adhered cells. 100 pL of 10% (v/v) buffered formalin was added for 20
minutes to fix the adhered cells. After that, wells were washed once with PBS and 100 pL
of 0.1% (w/v) crystal violet was added and incubated for 20 minutes. Finally, the wells
were washed three times with dH>O and left in a fume hood to air dry. Single wells were
imaged with a Leica DMI3000 B. Quantification of adhesion rate was calculated using
Image) 1.53k software using a method derived from O’Brien et al. 102. The area occupied

by adhered cells was calculated as follows:

Image > Type > 32-bit
Image > Adjust > Threshold (Set background pixel to NaN)
Analyze Particles (0-infinity)

Adhesion rate was calculated with the following formula:

. Adhered cells area
Adhesion rate % = X 100
Adhered cells area control

The images shown are representative of a set of two pictures/well with three well/

conditions.
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FIGURE 2.9 | Matrigel® coated plate-based adhesion assay
2.6.2 2D cell migration - Scratch wound healing assay

The scratch assay is an easy and economical way to assess cell migration in vitro. Once a
monolayer of cells reaches the maximum confluence, a tip is used to create an artificial
gap defined scratch. After that, the cells on the edges of the gap will start to migrate to
occupy the free available surface. Consequently, it is useful to capture pictures at regular

intervals of the same scratched area to evaluate the cell migration rate 184.

Cells were seeded in 24-well plates (HepG2 2.5x105 cells/well, Hepa 1-6 1.5x10° cells/
well) and once reached 100% of confluence scratches were made with a 200 pL pipette tip
across the centre of the well (FIGURE 2.10). Wells were then washed twice with 1% (v/v) FBS
medium and then added with DMEM 1% (v/v) FBS containing test compounds. Wells were
imaged at 3 experimental times, O h, 24 h, 48 h, and 72 h. Three pictures were taken from
each well using a Leica DMI3000 B with a 5x magnification. Pictures were taken from the

same spot determined by a permanent marker sign at the bottom of the plate. The wound
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area was evaluated using ImageJ 1.53k software with the macro “MRI Wound Healing
Tool” described in Cormier et al. '61. Wound closing rate rate was calculated with the

following formula:

. Aty — Aty
Wound closing rate % = v X 100
0

where Ato is the wound area at time 0, and At; is the correspondent wound area at 24 h,
48 h or 72 h. The images shown are representative of a set of three pictures/well with three
well/conditions.

Cells
90-100 % confluent

Vehicle/Drug

Wound area quantified
with Image]

FIGURE 2.10 | Diagram of scratch wound healing assay

2.6.3 3D cell migration/invasion - Boyden chamber assay

The Boyden chamber assay evaluate the ability of cells to migrate through a porous
membrane attracted by a chemoattractant 85. The Boyden insert is a hollow plastic
chamber sealed at one end with a porous membrane. The size of the pores can vary from 2
to 12 pm. The plastic insert is placed into a larger well that contain a chemoattractant. The
migratory cells will move from the top side of the membrane to the under side of the
membrane passing through the pores. The migrated cells that have attached to the

membrane lower side are stained and quantified.
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Harvested cells were seeded on the top chamber of the Boyden chamber ThinCert™ 8
pm with a density of 1x10¢/mL in 100 pL FBS free DMEM with addition of test compounds
(FIGURE 2.11). The lower chamber was filled with 500 pL of DMEM with 10% (v/v) of FBS.
After incubation at 37 °C for 48 h the solution from the top chamber was discarded and
the non migrated cells removed with a cotton swab. The inserts were washed twice with
PBS and placed in a new 24-well with 500 pL of 10% (v/v) buffered formalin for 20
minutes to fix the cells migrated into the under side of the porous membrane. After that,
the inserts were washed twice with PBS and placed in a new well with 500 pL of 0.1% (w/
v) crystal violet to stain the cells that had migrated for 20 minutes. Finally, the inserts were
washed twice with dH>O and left in a fume hood to air dry. Macroscopic images of the
membranes were taken with an iPhone 11 Pro. Dry inserts were imaged with a Leica
DMI3000 B 5 pictures were taken from each insert from random fields.Migrated/invaded

cells were counted by an independent operator.

The migration/invasion rate was calculated as follows:

M I
Migration rate % = — X 100 Invasion rate % = — X 100

m i
where M and [ are the average number of migrated and invaded cells respectively, while

Cmand C; are migrated and invaded cells respectively in control inserts.

The invasion assay was performed as the migration assay but with the addition of 100 pL
of 1% (v/v) Matrigel® (10 mg/mL) in DMEM FBS free media in the top chamber and DMEM
with 30% (v/v) FBS added in the bottom chamber. The matrix coated inserts were

incubated at 37 °C overnight to allow complete polymerisation of the matrix.
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FIGURE 2.11 | Diagram of Boyden chamber assay
2.6.4 Tumour invasiveness in vivo - Chorioallantoic tumour xenograft in ovo assay

The chick chorioallantoic membrane (CAM) assay is a well established method to study
angiogenesis and tumour development in vivo. Advantages of this technique are a high
reproducibility and reduced costs compared with other animal models. Furthermore, there
is no need for ethical approval as the experiment do not lead to pain as the membrane is
not innervated and also the experiment is terminated before the complete animal
development. Disadvantages are related to low egg viability and low tumour uptake rate.
This model allows the growth of tumours as the CAM mimics the physiological cancer
environment and the absence of an immune system permits the xenograft of human

tumour cells 186,

The CAM assay was run at the UEA Cell & Developmental Biology Miinsterberg lab. The
CAM assay is adapted from Kunz P. et al with some modifications 186. Opened eggs were
managed inside a sterile hood to reduced mortality rate. Fertilised Shaver Brownchicken

eggs were incubated at 37 °C. On day 1 (ED1) 6 ml albumen were removed at the wider
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end of the egg with a syringe (FIGURE 2.12). Eggs were incubated in a horizontal positioning
until ED7. On ED6 40 pL of Cultrex Basement Membrane Extract, Type 3 mixed with
vehicle or drug treatment with 1x10¢ HepG2 were pipetted on a petri dish and incubated
at 37 °C to solidify for 1 h and then covered with DMEM+. On ED7 the side of the egg was
covered with Leukosilk tape and a window of 1.5 cm was opened into the eggshell. The
cut eggshell was not completely removed in order to close the window after cell
transplantation. A plastic ring of 8 mm internal diameter and 11 mm external diameter was
placed onto the CAM and the area within was lacerated with a 30 gauge needle. The pre
formed cell pellet was placed onto the CAM delimited by the plastic ring using a pair of
curved forceps. The eggshell window was sealed with Leukosilk and the eggs incubated for
further 7 days at 37 °C. On ED14 the eggs were opened and the developed xenograft

tumours resected and measured. The tumour relative volume (V,) was calculated as follows:

1
ry = — D1+D2
TV

4
V,=§><Jr><rt3

where r; is the radius calculate using the two perpendicular diameters Dy and D». The
results presented are the mean of a minimum of three biological replicates with
representative images. All experiments were performed on chicken embryos younger than
14 days of development and therefore were not regulated by the Animal Scientific

Procedures Act 1986.

82



CHAPTER 2 MATERIALS AND METHODS

Va
1 Y4
& e , \\/ 6 mL albumen Eggs incubated horizontally
ED 1 | i removed for 7 days
oy
HepG2 cell pellets
preparation
1x10¢ . Vehicle/ Aopt
ED 6 HepG2 Matrigel Dtug ' + DMEM*
379G
= — = P e —— 50 minutes = -
bl ¢ e P
| ‘ (&Sg as> g e -
//\\'\,,,
ED 7
Plastic ring and cell pellet
placed on abraded CAM
= 'ix' Tumour relative ~
ED 14 P volume assessed

(A

0 C™M 1

FIGURE 2.12 | In ovo CAM assay for xenograft model of HCC
2.7  Tumour-induced angiogenesis

During tumour development the relation between cancer cells and non-tumour cells is
fundamental. Tumour cells recruit several cellular types to support their growth.
Furthermore, tumour cells release numerous growth factors to recruit endothelial cells
(ECs) for the formation of new vessels to support the tumour growth 187. Also, this
relationship plays a crucial role in early development of metastasis, due to the

extravasation process '88. Therefore, the effect of the conditioned medium, obtained from
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tumour cells treated with dasatinib, PEITC, or their combination, on ECs has been

evaluated.
2.7.1 Conditioned medium preparation

HepG2 cells (1x106) were seeded in 15 cm dishes and once reached confluence were
washed with FBS free DMEM (Ficure 2.13). Different drug treatment in 30 mL FBS free
DMEM were added to the plates. The conditioned medium from each plates was collected
and centrifuged at 1000 x g 10 mins to remove cells. The supernatant was collected,
filtered with a 0.45 pM filter and added to Amicon® Ultra-15 3 kDa Centrifugal Filter Unit.
One column was filled with FBS free DMEM only as blank control. Filter tubes were
centrifuged at 4 °C for 3000 x g at steps of 30 minutes until the volume reached roughly
500 pL achieving an average concentration of 30X. Samples were aliquoted, the protein
concentration was quantified using Bradford assay, and stored at -80 °C. Conditioned
medium was then diluted with EGM2+ prior HUVECs treatment for different assays or

subjected to analysis using the Proteome Profiler Human Angiogenesis Array Kit.

Vehicle/ i T
Drug Ik |
Collect CM £3
centrifuge and *=  Concentrate 30X
— | :
. filter to | 3 kDa
remove debris 1
I o — 24 h
[ — |
| | —
- —
HepG
70-80 % confluence @ Storage at-80 C
Protein quantification
HUVECs assays Protein expression analysis
Adhesion Migration Tube formation Antibody array ELISA

FIGURE 2.13 | Diagram of CM preparation and analysis

84



CHAPTER 2 MATERIALS AND METHODS

2.7.2 Angiogenesis protein expression analysis - Antibody array

In order to identify the angiogenic factors involved in the PDc anti-angiogenic action, an
antibody array (Proteome Profiler™ Human Angiogenesis Antibody Array, Bio-Techne Ltd,

Abingdon, UK) was used to analyse CM samples.

As per manufacturer instructions the membranes were blocked with blocking buffer for 1
h at room temperature. In the meantime, 500 pL of CM (300 pg) and the antibody
detection cocktail were incubated for 1 h at room temperature. The membranes were
incubated with the sample/antibody detection solution over night at 4 °C on a rocking
platform. After that the membranes were washed three times 10 minutes each and
incubated with IRDye® 800CW Streptavidin for 30 minutes at room temperature on a
rocking platform. After 3 further washes of 10 minutes each the membranes were imaged
with Odyssey CLx Imaging System. The dot density was quantified using Image Studio Lite

5.2.5 software and compared to the signal of a control membrane.
2.7.3 VEGF and PIGF/VEGF heterodimer quantification in CM - ELISA assay

An enzyme-linked immunosorbent assay (ELISA) is a widely used technique to quantify a
specific analyte in a given solution. The most commonly used type of ELISA is the solid
phase sandwich assay where the target of interest is detected using a primary antibody and
then the secondary antibody that has an indicator enzyme is used to allow the
quantification the antigen of interest 189. To quantify VEGF and PIGF/VEGF heterodimers in

the conditioned medium of combination-treated cells, two ELISA assays were employed.

Reagents were prepared at room temperature as per manufacturer instructions (TABLE 2.5).
96-well plate strips were coated with 100 pL of capture antibody diluted in coating buffer
(1X PBS) and incubated overnight. 96-well plate strips were washed 3X with washing
buffer using a squirt bottle and liquid was completely removed blotting against clean paper
towel. The wells were blocked with 300 pL of blocking buffer and incubated for 1 h at
room temperature. The strips were washed again as previously described and then added
with 100 pL of sample/standard diluted in blocking buffer and incubated for 2 h at room
temperature (HepG2 CM PIGF/VEGF heterodimer 1X dilution, VEGF 3X dilution). The strips
were washed again as previously described and then 100 pL of detection antibody diluted
in blocking buffer was added and incubated for 2 h at room temperature. The strips were

washed again as previously described and then 100 pL of streptavidin-HRP diluted in
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blocking buffer was added and incubated for 20 mins at room temperature. The strips were
washed again as previously described and then incubated for 20 mins at room temperature
in the presence of 100 pL of substrate A/B diluted in blocking buffer. 50 pL of stop solution
was added to the strips and then the absorbance was read at 450 nm with a FLUOstar
omega plate reader. The generated standard curves were used to establish the samples

analyte concentrations (FIGURE 2.14).

TABLE 2.2 | Stock and working concentration of VEGF and PIGF/VEGF heterodimer ELISA kits

VEGF  PIGF/VEGF heterodimer
Stock Working Stock | Working
Capture antibody 120 pg/mL 1 pg/mL 240 pg/mL 2 pg/mL
Detection antibody 6 pg/mL = 100 ng/mL 3 pg/mL 50 ng/mL
Standard 120 ng/mlL 31.2-2000 pg/mL 140 ng/mL  93.8-6000 pg/mL.
Streptavidin-HRP 40X 40X
1.0+ 4
y =0.0001x - 0.0062 y =0.001645x% - 1.667
R2 =0.998 RZ=0.994
0.8
3_
0.6
8 8 21
0.4
1 =
0.2
0.0 T | | 0 T T 1
1 2 3 4 1 2 3 4
PIGF/VEGF Heterodimer [log(pg/mL)] VEGF [log(pg/mL)]

FIGURE 2.14 | ELISA standard curves for CM VEGF and CM PIGF/VEGF heterodimer

2.7.4 HUVEC:s proliferation - MTT assay

The MTT assay was used to determine the toxicity of PDc and CM on HUVECs as
previously described with minor modifications (FIGURe 2.1). Cells were seeded in 96-well
plates (3x103 cells/well) and once reached 70% of confluency, 100 pL of EGM2+ with 25
uL of CM at different concentrations was added. After 24 h, 100 pL of 5 mg/mL MTT 10%
in EGM2+ was added to each well and incubated at 37 °C for 4 h. The MTT solution was
removed and the formazan crystals formed were then dissolved by the addition of 100 pL
of DMSO to each well. The absorbance was determined using FLUOstar Omega plate

reader at 550 nm. Cell viability was calculated as follows:
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Test
Cell viability % = ——220"" w100

ControlA550nm

2.7.5 HUVECs adhesion - ECM gel coated plate assay

The adhesion assay was performed with HUVECs cells as previously described with some
minor modifications (FIGURE 2.15). 96-well plates were added with 50 pL of 5% (v/v) ECM
Gel without phenol red (8 mg/mL) in EGM2+ and incubated at 4 °C overnight. The ECM
Gel solution was removed and 2x104 cells/well were seeded with EGM2+ added with 25
pL of CM 0.1 mg/mL. After 30 minutes, medium was removed and the well were washed
three times with PBS to remove non-adhered cells. 100 pL of 10% (v/v) buffered formalin
was added for 20 minutes to fix the adhered cells. After that, wells were washed once with
PBS and added with 100 pL of 0.1% crystal violet for 20 minutes. Finally, the wells were
washed three times with dH>O and left in a fume hood to air dry. Macroscopic images
were taken with an iPhone 11 Pro and single wells were imaged with a Leica DMI3000 B
at 10x magnification. The images shown are representative of a set of two pictures/well

with three well/conditions.

Quantification of adhesion rate was calculated using Image] 1.53k software using a
method derived from O’Brien et al. 162. The area occupied by adhered cells was calculated

as follows:

Image > Type > 32-bit
Image > Adjust > Threshold (Set background pixel to NaN)
Analyze Particles (O-infinity)

Adhered cells area

Adhesion rate % = X 100
Adhered cells area control
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FIGURE 2.15 | HUVECs ECM gel plate adhesion assay
2.7.6 HUVECs migration - Boyden chamber assay

Harvested cells were seeded on the top chamber of the Boyden chamber ThinCert™ 8 pm
with a density of 2x105/mL in 100 pL of EGM2- added with 25 pL of CM 0.1 mg/mL (FIGURE
2.16). After incubation at 37 °C for 6 h the solution from the top chamber was discarded
and the cells that had not migrated were removed with a cotton swab. The inserts were
washed twice with PBS and placed in a new 24-well with 500 pL of 10% (v/v) buffered
formalin for 20 minutes to fix the cells migrated into the underside of the porous
membrane. After that, the inserts were washed twice with PBS and placed in a new well
with 500 pL of 0.1% (w/v) crystal violet to stain the migrated cells for 20 minutes. Finally,
the inserts were washed twice with dH2O and left in a fume hood to air dry. Macroscopic
images of the membranes were taken with an iPhone 11 Pro. Dry inserts were imaged with
a Leica DMI3000 B 5 pictures were taken from each insert from random fields. Migrated/

invaded cells were counted and the migration/invasion rate was calculated as follows:
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M
Migration rate % = — X 100

m

where M is the average number of migrated cells, while C, are migrated cells in control
inserts.
Top chamber

Non migrated cells
are removed

Top chamber
HUVECs in
FBS free EGM2-

Bottom chamber |

10 % Bottom chamber
FBS EGM2* Migrated cells are
stained

Crystal violet
staining 20 mins

Stained cells
are counted

FIGURE 2.16 | HUVECs Boyden chamber assay
2.7.7 Angiogenesis in vitro - Matrigel® tube formation assay

The tube formation assay is an in vitro assay that mimics the process of angiogenesis. This
method is simple and rapid and it is widely used mainly to evaluate the efficacy of
angiogenesis inhibitors 190. Endothelial cells are seeded on or within an extra cellular
matrix such as collagen or Matrigel®. Matrigel® is a mixture of basement membrane
proteins isolated from Engelbreth-Holm-Swarm mouse sarcoma cells that mimic a
favourable environment for the tubes development and is the most used for the tube
formation assay. HUVECs are plated on top of a thick layer of Matrigel® and after 12-16 h
tubules can be observed through light microscopy in bright field or with a cell live

fluorescent staining. Quantitative data are generated through image digital analysis and

39



CHAPTER 2 MATERIALS AND METHODS

several parameters can be considered such as tubules number, tubules length, number of

meshes and meshes area.

96-well plates were added with 50 pL of 10 mg/mL Matrigel® (10 mg/mL) and incubated
at 37 °C for 40 minutes. HUVECs cells were harvested and resuspended at 2x10> cells/mL,
100 pL of cell solution were added with CM diluted in EGM2+ for a final volume of 125 pL
loaded onto the gelified Matrigel® (FIGURE 2.17). After 16 h the tubular structures were
stained with a solution of 8 pg/mL Calcein AM in PBS. The media was removed and the
gels were washed once with PBS and then 50 pL of staining solution were added. The
plates were incubated for 30 minutes at 37 °C and then the staining solution was removed
and the wells were washed once with PBS. Single wells were imaged with EVOS M5000
Imaging System with a 470/525 nm light filter at 4x magnification. One image per well
was taken with both phase contrast, for quantitative analysis, and fluorescence filter for
results presentation. The images were analysed using Image) 1.53k software with the macro

Angiogenesis Analyzer described in Carpentier et a/ 163,

HUVECs seeded on top

of Matrigel®
& + HepG2
CM
P [
8-16 h
—
Master segment
Well coated with ® Segment
thick layer of solid Matrigel® ® Branch

® Mesh

FIGURE 2.17 | HUVECs Matrigel® tube formation assay
2.7.8 Angiogenesis in vivo - Ex ovo yolk sac membrane assay

The yolk sac membrane (YSM) of the chick egg is exploited to study the ability of a
compound to inhibit the formation of new vessels. The membrane that surround the yolk

plays a fundamental role because is responsible for the nutrition of the chick embryo,
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providing the nutrients stored in the yolk 191. Therefore, the yolk membrane become widely
vascularised in just 36 hours and this time frame can be exploited to study the ability of a
compound to inhibit the process of angiogenesis in vivo 192. In this study the conditioned
medium of combination-treated HepG2 has been applied to the YSM to evaluate if the
drug combination can reduce the secretion of important angiogenic factors responsible for

the increased tumour-induced angiogenesis.

The YSM assay was run at the UEA Cell & Developmental Biology Miinsterberg lab. The
YSM assay was adapted from and Wang et al. with some modifications 192. Opened eggs
were managed inside a sterile hood to reduced mortality rate. Fertilised Shaver Brown
chicken eggs were incubated at 37 °C for 2.5 days (FIGURE 2.18). Eggs were crack opened
and the content carefully placed on a paper boat previously sterilised. A teflon ring of 10
mm internal diameter was placed onto the yolk sac membrane on top of a main branch of
blood vessels and 20 pL of CM 2.5 mg/mL were pipetted inside. The egg in boat was
covered with a petri dish lid and incubated at 37 °C for 36 h. Pictures were taken every 12
h to check the blood vessels development using a stereomicroscope Stemi SV11. The
developed blood vessels at 36 h were classified in primary, secondary, tertiary, and
quaternary and quantified as described in Datar P. et al 193. The results presented are the
mean of a minimum of three biological replicates with representative images. All
experiments were performed on chicken embryos younger than 14 days of development

and therefore were not regulated by the Animal Scientific Procedures Act 1986.
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FIGURE 2.18 | Ex ovo yolk sac membrane assay

2.8 Cell morphology and cytoskeleton - Immunocytochemistry

Immunocytochemistry is a widely used technique that exploits antibodies to visualise
specific antigens in vitro. In an indirect immunofluorescence technique, a primary
antibody is raised against a specific target of interest and then a secondary antibodies
raised on the same host of the primary antibody is used to detect the antigen-primary
antibody complex 194. The secondary antibody is usually a fluorophore that is able to emit
light at specific wavelength generating a signal that can be also quantified. This technique
is helpful for protein localisation and to study the structures in specific cell compartments.

In the current study immunocytochemistry techniques have been used to study cell
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morphology with a stain of f-actin, and to investigate the effect on the cell cycle

progression with staining of a-tubulin.

Cells were seeded on 15 mm coverslips in 24 well plates at density of 5x104 cells/well.
After desired time and treatment the wells were washed once with PBS and the cells fixed
with 10% formalin for 15 minutes at room temperature (FIGURE 2.19). After that the wells
were rinsed with PBS and then washed twice with PBS for 5 minutes on a rocker. The cells
were permeabilised with 0.1% (v/v) Triton X-100 in PBS for 15 minutes at room
temperature. The wells were rinsed with PBS and then washed twice with PBS for 5
minutes on a rocker. The cells were blocked with a Blocking buffer (5% goat serum PBS)
for 2 h on a rocker at room temperature. Primary antibody (TaBLE 2.6) solution was added
and incubated over night on rocker at 4 °C. The wells were rinsed in washing buffer (0.1%
Tween 20 PBS) and then washed twice for 10 minutes with washing buffer on a rocker at
room temperature. From this point the plates were covered from direct light. The cells were
incubated with secondary antibody solution for 1 h on a rocker at room temperature. The
wells were rinsed in washing buffer (0.1% Tween 20 PBS) and then washed twice for 5
minutes with washing buffer on a rocker at room temperature. Cell masking for actin
filaments was added for 30 minutes at room temperature. After a rinse in PBS coverslips
were carefully removed from the plate and added to glass slide with 10 pL of ProLong™
Gold Antifade Mountant with DAPI. Protein localisation and cell morphology were

observed using fluorescence microscope Leica DMI3000 B.
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FIGURE 2.19 | Immunocytochemistry assay

TABLE 2.3 | List of antibodies used in immunocytochemistry

Antigen Dilution Supplier C:E?:](;)gf:e
""""" Primary antibodies  «Tubulin 1200 SantaCruzBiotech  sc-5286
""""""" F-Actinmasking  Rhodamine Phalloidin  1:200  Thermo Fisher Scientific ~ R415
"""" Secondary antibodies  AlexaFluor 488 1:500  Thermo Fisher Scientific  A-21202

2.9 Protein expression analysis - Western blot

Western blot allows the identification of specific proteins from a mixture of total cell
protein. The first step consists of the protein separation based on size trough
electrophoresis. After electrophoresis, separated proteins are transferred from the gel to a
membrane of nitrocellulose or polyvinylidene difluoride (PVDF) through an electrophoretic

transfer in wet or semi-dry conditions. After the transfer, the membrane is blocked with a
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blocking buffer to avoid non-specific antibody-membrane interactions. Then the membrane
is incubated firstly with the primary antibody and secondly with the secondary antibody.
Wash steps are useful to remove unbound antibodies. The secondary antibody tipically
labelled with a fluorophore is exploited to visualise the bands and determine the amount

of protein 19.
2.9.1 Protein extraction and quantification

Total protein content was extracted from treated cells using a solution of 20 mM Tris-HCl
(pH 8), 150 mM NaCl, 2 mM EDTA, 10% (v/v) glycerol, 1% (v/v) Nonidet P40 added with
Protease Inhibitor Cocktail (100X) and Pierce™ Phosphatase Inhibitor Mini Tablets at the
moment of the cell lysis. Cells were firstly washed twice with ice-cold PBS, incubated with
lysis solution for 30 minutes at 4 °C on a rocker, and then harvested and centrifuged at
13,600 x g for 15 minutes at 4 °C. The supernatant was collected and stored at -80 °C. The
protein quantification was performed using Bradford reagent, with bovine serum albumin
as a standard. The protein concentration was assessed with a FLUOstar omega plate reader

at 595 nm, assuring the loading of an equal amount of protein.
2.9.2 Protein separation - SDS-PAGE

Total protein samples were mixed with 4x NuPage LDS sample buffer and 1 M DTT in a
mixture of 70% (v/v) Protein, 25% (v/v) sample buffer, 5% (v/v) DTT. The loading samples
were denatured at 95 °C for 5 minutes and between 20-40 pg separated onto 8%/10%/
12% (v/v) SDS-polyacrylamide gels, depending on the target size, with a 4% (v/v) stacking
gel. The electrophoresis was run at 60 V for the first 20 minutes and then 100 V for the rest
of the run using a Mini Protean Tank filled with TruPAGE™ TEA-Tricine SDS Running

Buffer. Molecular weight was determined by PageRuler™ Plus.
2.9.3 Protein transfer and immunoblotting

Separated proteins were transferred into a PVDF membrane using a semi dry Trans-Blote
Turbo™ Transfer System. After that, the membrane was blocked with Intercept TBS blocking
buffer for 1 h. The membrane was then incubated with the primary antibody solution with
appropriate dilution (TABLE 2.7) on low rocker speed overnight at 4 °C. After three washes
with TBST (0.1% Tween 20), the membrane was incubated with a secondary antibody

IRDye® solution (TaBLE 2.7) with appropriate dilution for 1 h on low rocker speed at room
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temperature. After other three washes with TBST (0.1% Tween 20), the membrane was

rinsed with TBS and immediately scanned with Odyssey CLx Imaging System. The protein

band density was quantified using Image Studio Lite 5.2.5 software and normalised to the

signal of a housekeeping protein.

TABLE 2.4 | List of antibodies used in Western blot

Antigen Dilution Molecular Supplier C:ltl?‘:(;)gel:e
ffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff ofpmy MO T’ ree
Chk2 Rabbit L:i(g);)n(:u 65 kDa R&D Systems MAB1358
p-Chk2 (Thr68) Rabbit © ;ﬁ;?nl_) 65 kDa R&D Systems AF1626
P53 Mouse 12:1;;(/):1” 53 kDa SaB“itoateccfz 5c-126
p-p53 (S15) Rabbit (0.113:6;1()gg)mL) 53 kDa R&D Systems AF1043
CDK1 Mouse (012:1&?&)  S4iDa santa T sc-54
p-CDK1 Rabbit (0.019:6}J%?ml_) . kDa ?I'g(l:lhsnlgln(j;:gsg £9114
Cyclin B1 Mouse © 12:1;;(/)2'_) | 60 kDa SaBr}?[eCch:JZ sc-245
aPr:i‘:iT:)r({ies Caspase-9 Rabbit (0'12:1&(/)2'_) 46 kDa SaBr}toateCCrr:Jz sc-8355
Caspase-3 Rabbit © 12:1}10g(/)r?1L) 32 kDa SaBr}tieCcrl:Jz sc-7148
Cytochrome ¢ Goat (011:2“%(/)2]” 15 kDa SaBniE)ateCCrP:Jz sc-8385
KeapT Goat 12: L(;(/)r?ﬂ) 69 kDa SaB“itoateccfz sc-15246
PGAMS Mouse o EL%?:}U 32 kDa Sania Cuz 5c-515880
AlF Rabbit (011:125)2L) 66 kDa R&D Systems AF1457
p-AlF (Ser116) Rabbit © 12: L(;(/)r?ﬁL) 66-57 kDa | ECM Biosciences AP5501
FAK ~ Mouse ( 1};2221_) 125 kDa SaBr}?[e(:ch:JZ sc-1688
p-FAK (Tyr397)  Mouse 11@)&) 125 kDa SaB“itoateCCrr:’Z 5c-81493
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. S Molecular . Catalogue
Antigen Host Dilution weight Supplier humber
STAT3 Rabbit (015:10;&) 79,86kDa Upstate 06-596
p-STAT3 (Tyr705) = Rabbit 12000 79,86 kpa  Cell Signaling £9145
3 ; 3 . Technologies
: 1:4000 :
~ E-Cadherin = Goat = (0.025pg/ = 135kDa = R&D Systems AF748
Primary mL)
antibodies e e e
1 . 1 1:2000 1 1
N-Cadherin Mouse 0.25 pg/ml) | 130 kDa R&D Systems MAB13881
12000 ;. . samaCrz oo
B-Actin Mouse 0.1 pg/ml) 43 kDa Biotech sc-47778
B-Actin Rabbit 1:5000 43 kDa Cell Signaling #4970
Technologies
" IRDye ©800CW 10000
 IRDye® 800CW iy o 1:10000 N/A LI-COR 926-32212
‘ Mouse ‘ (1 pg/mL)
~ IRDye® 800CW | 1:10000
‘ Rabbit - Donkey (1 pg/mb) N/A LI-COR 926-32213
Secondary = IRDye® 800CW ~ 1:10000 ) ]
antibodies Goat - Donkey (1 pg/ml) N/A LI-COR 926-32214
IRDye® 680LT 1:10000
Rabbit Donkey (1 pg/ml) N/A LI-COR 926-68023
® 110000 . S S
IRDye® 680LT -~ Gope 110000 = yn LlcoR 92668020
Mouse 3 - (T pg/mlL) ] 5

2.10 Gene expression analysis RT-qPCR

The quantitative polymerase chain reaction (PCR) allows to amplify a specific gene of
interest to a detectable level. RNA is first converted in cDNA through a reaction of reverse
transcriptase and then it is subjected to the PCR. A mixture of nucleotides, enzyme,
primers and cDNA go through a three-step cycling process with DNA denaturation,
primers annealing, and primer extension, all repeated between 20-40 times 19%. The
amplification result is usually visualised using a common agarose gel but without precise
quantification. Quantification methods require a post-PCR manipulation that can lead to
errors and increased labour time. For this reason, development of the real time quantitative
PCR (RT-qPCR) was completed, which enabled the precise quantification of the gene
copies that arise from the PCR. TagMan qPCR is characterised by a dual-labeled
fluorescent probe system constituted by a reporter FAM and a quencher TAMRA 197. Once
the probe is degraded by the 5' nuclease activity of the Taq polymerase the reporter FAM is
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released and emits a fluorescent signal that is detected at 518 nm. The signal is strongly

proportional to the product number and measured in real time.
2.10.1 RNA extraction and reverse transcription

Total RNA content was extracted from treated cells using the Mammalian Total RNA
Miniprep Kit following manufacturer instructions. RNA samples were quantified using a
Nanodrop 2000 and 500 ng where used for RT reaction using qScript cONA SuperMix

following manufacturer instructions using the Veriti 96 well thermal cycler.
2.10.2 Real-Time quantitative PCR

A TagMan Real-Time PCR assay was run on a QuantStudio 5 (ThermoFisher Scientific UK
Ltd, Loughborough, UK) using the standard Thermofisher protocol, with a 10 pL reaction
composed of 20 ng of the sample cDNA mixed with Precision-LR qPCR Mastermix, 300
nM of forward and reverse primers, 150 nM of FAM-TAMRA probe. Primers and probes
(TaBLE 2.8) were obtained from Merck. Data were analysed for AACT analysis using B-Actin

as housekeeping gene.

TABLE 2.5 | List of primer sequences

Forward 5’ —> 3’ Reverse 3/ —> 5’ Probe FAM/TAMRA
| VEGF  CTGCTGTCTIGGGTG  TCGTGATGATICTGCC  CCTTGCCTTGCTGCTCTACCT
" ANG  TGCGGACTTGTTCTG ~ GCACGAAGACCAACA  ATCACCATCTCTTCCAACACAGGC
"""" PIGF  CAGTGCCTTCAACAAC  CCAAGAACAGGTAGCA  AGAGAAGCCAGCCACAGACC

AT T CGC

2.11 Tumour growth in vivo - Murine syngeneic subcutaneous tumour model

The most used preclinical model to evaluate the efficacy of cancer treatments are currently
the murine model systems. Indeed, mouse model systems are crucial to determine safety,
validity and therapeutic window before moving forward to clinical studies 198. In this study
an ectopic syngeneic model with subcutaneous injection of hepatocellular carcinoma
Hepa 1-6 cells have been used. This model is the most simple, with synchronous tumour

growth, cost effective and most used for this type of tumour.
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A subcutaneous syngeneic HCC murine model was generated injecting 5 x 106 Hepa 1-6
cells in 100 pL of MEM in the right flank of 9-10-week-old female C57BL6 mice. Animal
were weighed and the tumour development was measured with a calliper twice per week
(FIGURE 20). After 10 days, the tumour reached an average of 170 mm3 and the mice were
randomised into 4 groups with 10 mice per group. Each group was administered daily 5
days a week by oral gavage with 100 pL of corn oil using a 20 gauge x 30 mm feeding
tube. Dasatinib was dissolved in DMSO at a concentration of 100 mg/mL while PEITC was
added straight to the corn oil as readily lipophilic. Stocks were prepared fresh at the
beginning of every week. The groups treatment were as follows: 2% (v/v) DMSO as vehicle
control group, 40 mg/kg PEITC + 2% (v/v) DMSO, 10 mg/kg dasatinib (2% (v/v) DMSO),
combination PEITC + dasatinib. Tumour volume was calculated using the following

formula:
V, = 0.52 X (D x d?)

where D is the length or greater diameter of the tumour and d is the width or smallest
diameter. After 3 weeks of treatment, the mice were euthanised and the excised tumours

were measured and weighed.

All animal work was carried out in accordance with regulations established by the UK
Home Office (London, United Kingdom) and the Animal Scientific Procedures Act of 1986
under the Home Office Project Licence PP5500397 (Nicole ]J. Horwood). Experiments
were conducted in accordance with the locally animal handling protocol in the Disease
Modelling Unit (DMU), School of Biological Sciences, University of East Anglia (Norwich,
UK). Mice were housed under 12-12 light dark cycle and fed ad libitum with standard

chow diet.
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FIGURE 2.20 | Murine syngeneic tumour model
2.12 Histology - Hematoxylin and Eosin staining

Histology and histopathology, which are strictly correlated, are fundamental techniques to
examine biological tissues to understand morphological changes associated with disease
199, Tissue sections can be stained with different techniques depending on the structure of
interest or can be subjected to immunohistochemistry to study specific proteins within the
tissue. Haematoxylin and eosin have been used for decades to evaluate the morphological
changes in numerous tissues samples playing an important role in cancer diagnosis 200.
Hematoxylin is a deep blue colour that stains nucleic acid while eosin stains proteins non
specifically. In this study H&E staining has been used to evaluate tumour invasivity in CAM
xenograft samples, tumour cell morphology changes and hepatotoxicity in the murine
syngeneic tumour model. Furthermore, immunohistochemistry has been used to evaluate

the expression of protein of interest in CAM xenograft samples.

Tissue samples (HepG2 tumour CAM xenograft, Hepal-6 tumour murine syngeneic
model and murine livers) were fixed overnight in 10% (v/v) formalin at 4 °C and then were

cryopreserved through incubation with 15% (w/v) sucrose PBS overnight at 4 °C, and then
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30% sucrose PBS overnight at 4 °. Fixed and sucrose infiltrated samples were placed in a
plastic cryomold, covered with OCT compound, placed on top of dry ice for snap freezing
and then stored at -80 °C until ready for sectioning. Samples were sectioned at 6 pm using
a cryostat Leica CM1850 UV with MX35 Ultra low profile blades. Sections were placed on
glass slides and let dry overnight at 37 °C.

Sections were stained with Haematoxylin and Eosin as follows: dH2O 5 mins,
Haematoxylin 1 min, running Tap water 4 mins, 0.5% (v/v) Eosin 5 mins, running Tap water
4 mins. Stained sections were then dehydrated and cleared as follows: 95% (v/v) Ethanol 1
min, 100% (v/v) Ethanol 1 min, 100% (v/v) Ethanol 1T min, Shandon Xylene substitute 2
mins, Shandon Xylene substitute 2 mins. Slides finally were mounted with a glass coverslip

using DPX mountant. Mounted slides were observed using a Leica DMI3000 B.
2.13 Statistical analysis

Data presented are expressed as mean + SEM unless otherwise. Statistical analyses were
performed using the software Prism 9.1.1. Data sets were firstly tested for normality using
the Shapiro-Wilk test. Normal distributed data sets were subjected to one-way ANOVA
with Tukey’s post hoc test for multiple comparison between 3 or more groups, or to the
Student’s t-test for 2 groups comparison. Non-normal distributed datasets were subjected to
the non parametric test Kruscal-Wallis with Dunn’s multiple comparison between 3 or
more groups, or to the Mann-Whitney U test for 2 groups comparison. Sample size (n)
represents number of independent experiments or biological replicates for in vivo studies.
The degrees of significance are indicated as * p < 0.05, ** p <0.01, *** p < 0.001, **** p <
0.0001.
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Chapter 3
Preliminary screening: exploring the combination efficiency of

isothiocyanates and chemotherapeutic drugs

3.1 Introduction

The average 5-year survival for metastatic cancers is still poor so new therapies are
required 1. Liver cancer is among the most aggressive tumours, and HCC is the most
frequently occurring type 5. HCC systemic treatment is not very effective, and for more
than a decade, sorafenib was the only cytotoxic drug available. New single-agent therapies
have been approved during the last ten years, but the response rate is still low, and the
development of new compounds is time and cost-demanding 7. Therefore, combination
therapy has a cardinal role in cancer treatment, allowing the employment of molecules
that were considered inefficient as a single treatment 201. Combining one or more
compounds can improve the efficacy of the single molecules, reducing cancer growth and
progression more effectively because of an additive or synergistic effect, targeting multiple
molecular mechanisms simultaneously. Indeed, the most recent systemic treatment
approved by the FDA for the treatment of HCC consists of the combination of two drugs,
tremelimumab and durvalumab, that shows superior efficacy compared to the single drug

treatments or the canonical sorafenib administration 202,

Several TKls showed positive effects on HCC treatment in vitro. For example, lapatinib,
an inhibitor of epidermal growth factor receptors (EGFR) used for breast cancer, induces
cell toxicity in several HCC cell lines through the induction of autophagy 3 203. Gefitinib,
another EGFR inhibitor approved for non-small cell lung carcinoma, showed inhibition the
growth of HCC cells with induction of apoptosis, cell cycle arrest and reduced secretion of
pro-angiogenic factors 35 204, 205, Dasatinib, a potent steroid receptor coactivator (Src)
inhibitor approved for the treatment of chronic myeloid leukaemia, was proved effective in
HCC cell lines with inhibition of proliferation, migration and invasion through the Src/FAK
and Akt pathways 34 35 It is also true that the mentioned TKls have never reached the
advanced phases in clinical trials because of an inferior efficacy compared to sorafenib or
severe side effects. Lapatinib did not perform well in phase Il study in HCC because it did
not meet the predefined efficacy rate and was only useful in a restricted subset of patients

206,207 |n the same way, gefitinib failed in phase Il studies as it showed to be ineffective in
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advanced HCC 208, Finally, a phase Il trial of dasatinib treatment of unresectable HCC

patients was terminated early because of discouraging results 209.

ITCs, like other natural compounds, have a promising treatment efficacy in several
cancer types due to their ability to inhibit the capacity of cancer cells to grow and interact
with the ECM to develop a malignant tumour mass 210. ITCs have been shown to be able to
synergise with different chemotherapeutic agents in several types of cancer, improving the
overall drug efficacy in vitro. For example, PEITC synergises with gefitinib inducing
apoptosis in non-small cell lung cancer 2'1. Lapatinib efficacy in breast cancer is improved
by co-treatment with erucin or sulforaphane overcoming drug resistance 212, and
sulforaphane and lapatinib combination induces cell cycle arrest and apoptosis in gastric
cancer 213, ITCs have a broad anticancer activity inhibiting several pathways; therefore they
can support and potentiate the efficacy of other chemotherapeutic drugs 214. In spite of
that, more studies are required to assess the capability of ITCs to aid chemotherapy, with a
better understanding of the molecular mechanisms behind the synergistic action with

studies on the pharmacokinetics and pharmacodynamics 215.

The possibility of combining isothiocyanates and approved chemotherapeutic agents to
treat hepatocellular carcinoma has not yet been investigated. Therefore, in this study,
dasatinib, gefitinib, and lapatinib, which showed positive effects in HCC treatment in vitro
35, and the most extensively used approved treatment, sorafenib, have been combined with
several ITCs to evaluate their effect on HepG2 cell line. Dasatinib has been introduced in
the previous Chapter, while lapatinib is a selective tyrosine kinase inhibitor, approved for
breast and other solid cancers, that targets the EGFR receptor and the human epidermal
group factor receptor-2 (HER2). These receptors control several pathways involved in the
unstoppable growth of cancerous cells and and their inhibition can reverse the progression
of the tumour 28. Gefitinib is a tyrosine kinase inhibitor approved for therapy of non-small
cell lung cancer that selectively target EGFR to block the Ras signalling responsible for the
uncontrolled tumour growth 28. Sorafenib is a multi-kinase inhibitors approved for the
treatment of HCC, renal cell and thyroid cancer that targets tumour angiogenesis through
inhibition of VEGF receptor and PDGF receptor 28. The effect on HepG2 cell viability was
also investigated in immortalised human hepatocytes HHL-5 to test the in vitro toxicity in
non-cancerous cells. The more efficient combination has been selected for further studies
to characterise the effect on several cancer hallmarks and to investigate the involved

molecular mechanisms.
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Chapter 3 objectives

- Identify the most effective ITC-TKI combination using cell viability assay
3.2 Results

3.2.1 Toxicity of Isothiocyanates and chemotherapeutic agents in hepatocellular

carcinoma and normal hepatocytes

The cytotoxicity of four TKls (i.e. dasatinib, sorafenib, gefitinib, and lapatinib) and three
isothiocyanates (i.e. PEITC, BITC, and SFN) was evaluated with the MTT assay. The cell
viability was assessed on the cell lines HepG2 and HHL-5, which were cultured in 96-well
plates. Once reached 80-90% of confluence, cells were treated with the selected
compounds at different concentrations (1.25 to 80 pM) for 72 hours. The dose response
curves are presented in FIGURE 3.1 and the I1Cso values are shown in TasLe 3.1. As expected,
sorafenib was the most cytotoxic compound in HepG2 cells with a ICs0 of 9.3 puM,
followed by PEITC 14 pM, while the less effective compound resulted gefitinib with a 1Cso
of 24.7 pM. On the other hand, sorafenib and BITC were the most cytotoxic in normal
cells HHL-5 with a ICso of 8.7 uM and 9.3 pM respectively, whereas SFN was the less toxic
at 31.8 pM.

HepG2 HHL-5
PEITC
150 150
— BITC
2= i s — SFN
5) 3 I
< 100 : 100-
Z-g S B 1S T o et R — Dasatinib
s
< | oYy TR Y == Sorafenib
= 50 50—
S 7 [ S WY | N I\ Y NG Gefitinib
————— Lapatinib
0 T 0 T T T ]
0.0 0.5 0.0 0.5 1.0 1.5 2.0
Log Concentration (uM) Log Concentration (UM)

FIGURE 3.1 | Effect of ITCs and different TKIs on HepG2 and HHL-5 cell viability.
Cells were treated with different concentrations (1.25 to 80 pM) of the selected compounds for

72 h. The cell viability was determined with MTT assay (mean + SD n=1).
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TABLE 3.1 | ICs0 concentrations of ITCs and TKIs on HepG2 and HHL-5 after 72h of treatment

PEITC BITC SFN Dasatinib  Sorafenib  Gefitinib  Lapatinib

HepG2 14.8 18.3 21.9 16.3 9.1 24.7 22.8
1C50 (UM)
HHL-5 10.5 8.7 31.8 14.6 9.3 14.3 13.6

3.2.2 Efficiency of Isothiocyanates and chemotherapeutic agents combination in

hepatocelluar carcinoma

In this study CompuSyn software was employed to determine the combination index (ClI)
values that is a quantitative indication of the ability of two compounds to synergise,
following the Chou Talalay method 2e. First, to determine the best non-toxic synergistic
concentration of ITCs, PEITC, BITC, and SFN were combined with dasatinib, which was
shown to be the most predisposed TKI to synergise with other compounds in HCC 35. One
viable strategy to select a concentration for synergistic studies is to test non-toxic
concentrations that gives 10-20% of the cell viability inhibition and select the most
effective for further studies 217. Consequently, the 1Cy0, 1C10, and 1Cs concentrations of ITCs

on HepG2 were calculated using Prism 9 (TABLE 3.2).

TABLE 3.2 | Sub-toxic concentrations of ITCs on HepG2 and HHL-5 at 72 h

PEITC (uM) 12 106 95 9.5
BITC (uM) 134 111 94 4.3
SFN(M) 149 119 96 = 85

The sub-toxic concentrations selected of ITCs were combined with different concentrations
of dasatinib (0.625-20 pM) as a baseline to determine the most effective concentration to
be used for the TKIs preliminary screening. The CI plots (FIGURE 3.2) shows a group of dots
that can be above or below the threshold line (Cl = 1) that indicate an additive effect. All
the dots above the threshold line (CI > 1) indicate an antagonistic effect while the dots

below the threshold line (Cl < 1) indicate a synergistic effect.
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FIGURE 3.2 | Effect of sub-toxic concentrations of ITCs combined with dasatinib.

HepG2 cells were treated with different increasing concentrations of dasatinib (0.625 to 20 pM)

the ICs 10 and 20 of ITCs and the cell proliferation was measured after 72 h of treatment. Cl

values were calculated with Compusyn software and presented in CI plots.

The results shows that the 1C,9 concentration is the most effective for all the ITCs selected

with PEITC and BITC as the most prone potentially act synergistically with dasatinib over

all of the concentrations tested. SFN may act synergistically only with dasatinib < 5 yM

concentrations. Consequently, 1Cyo concentrations were selected for the preliminary

screening also considering the effect of the selected concentrations in non-cancerous cells

HHL-5.

In FiGure 3.3 the CI plot shows the effect of the combination between [Cy ITCs

concentrations and sorafenib (0.625-20 pM) on both HepG2 and HHL-5. PEITC was the
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less effective in HepG2 and the most toxic for HHL-5 while both BITC and SFN showed a

weak synergistic effect in the tumour cell line with the most effective combination with

BITC at 20 pM that reached a Cl of 0.422 (TABLE 3.3).

Combination Index (CI)

Combination Index (CI)

Combination Index (Cl)

HepG2

HHL-5

T T T T T T
0.625 1.25 2.5 5 10 20

Sorafenib uM + PEITC 12 pM

0

0625 125 25 5 10 20
Sorafenib yM + PEITC 10.5 uM

T T T T T T
0.625 1.25 2.5 5 10 20

Sorafenib uM + BITC 13.4 uM

T T T T T T
0.625 1.25 2.5 5 10 20

Sorafenib pM + BITC 4.3 pM

T T T T T T
0.625 1.25 2.5 5 10 20

Sorafenib UM + SFN 14.9 pM

T T T T T T
0.625 1.25 25 5 10 20

Sorafenib UM + SFN 8.5 pM

FIGURE 3.3 | Cl plots of sorafenib combined with ITCs ICo concentrations.

HepG2 and HHL-5 cells were treated with different increasing concentrations of sorafenib
(0.625 to 20 pM) in combination with the 1Czo of ITCs and the cell proliferation was measured
after 72 h of treatment. Cl values were calculated with Compusyn software and presented in Cl

plots.
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TABLE 3.3 | Cl values of sorafenib combined with fixed ITCs sub-toxic ICyo concentration on

HepG2 and HHL-5 after 72h of treatment

PEITC BITC SFN PEITC BITC SFN

Sozalf&;‘ib 2.5 3.978 1.520 1.450 0.427 1.162 1.636
p H \ ' H H

FIGURE 3.4 shows the CI plots resultant by the addition of ITCs to gefitinib treatment
(0.625-20 pM). SFN resulted the only ITC able to synergistically increase the efficiency of
gefitinib in HepG2 cells but only at lower concentrations with values of weak synergy

(TABLE 3.4).
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Combination Index (Cl)

Combination Index (CI)

Combination Index (Cl)
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HHL-5
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FIGURE 3.4 | Cl plots of gefitinib combined with ITCs IC2o concentrations.

HepG2 and HHL-5 cells were treated with different increasing concentrations of gefitinib (0.625
to 20 pM) in combination with the ICyo of ITCs and the cell proliferation was measured after 72

h of treatment. Cl values were calculated with Compusyn software and presented in Cl plots.
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TABLE 3.4 | CI values of gefitinib combined with fixed ITCs sub-toxic 1Czo concentration on

HepG2 and HHL-5 after 72h of treatment

Gefitinib
(M)

The effects of PEITC and BITC appeared to be counterproductive as their effect was
antagonistic in cancer cells and synergistic in non-cancer cells. Lapatinib Cl plots showed
in FIGURE 3.5 indicated that lapatinib was weakly potentiated by BITC and SNF while PEITC
was antagonistic in HepG2 and synergistic in HHL-5. The Cl values in TagLE 3.5 show only a

weak synergy between 0.7 and 0.9 for the two lowest concentrations of SFN and BITC.
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FIGURE 3.5 | Cl plots of lapatinib combined with ITCs IC20 concentrations.

HepG2 and HHL-5 cells were treated with different increasing concentrations of lapatinib
(0.625 to 20 pyM) in combination with the ICy of ITCs and the cell proliferation was measured
after 72 h of treatment. Cl values were calculated with Compusyn software and presented in Cl

plots
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TABLE 3.5 | Cl values of lapatinib combined with fixed ITCs sub-toxic 1C0 concentration on

HepG2 and HHL-5 after 72h of treatment

PEITC BITC SFN PEITC BITC SFN

Lapatinib

) 5 2271 1.024 1.155 0.560 2.841 2.001

Finally, the dasatinib CI plot for both HepG2 (same as FiGure 3.2) and HHL-5 are
presented in FIGURE 3.6 after 72 hours incubation and in FIGURE 3.7 after 24 hours incubation.
BITC and PEITC appeared to increase the toxicity of dasatinib in non-cancer cells HHL-5
while SFN was less toxic towards non-cancer cells. The addition of PEITC and BITC
resulted in the most potent synergy at all the dasatinib concentrations at both 24 and 72
hours, whereas SFN was effective at < 5 pM only at 72 hours, as the synergistic effect was

not observed at the shorter incubation time of 24 h (TABLE 3.6, TABLE 3.7).
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FIGURE 3.6 | ClI plots of dasatinib combined with ITCs I1C,0 concentrations.

HepG2 and HHL-5 cells were treated with different increasing concentrations of dasatinib
(0.625 to 20 pM) in combination with the 1Czo of ITCs and the cell proliferation was measured
after 72 h of treatment. Cl values were calculated with Compusyn software and presented in Cl

plots
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TABLE 3.6 | Cl values of dasatinib combined with fixed ITCs sub-toxic IC2o concentration on

HepG2 and HHL-5 after 72 h of treatment

0.625 0.449

Dasatinib
(M)
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FIGURE 3.7 | Cl plots of dasatinib combined with ITCs IC20 concentrations.

HepG2 and HHL-5 cells were treated with different increasing concentrations of dasatinib
(0.625 to 20 pM) in combination with the 1Cy of ITCs and the cell proliferation was measured
after 24 h of treatment. Cl values were calculated with Compusyn software and presented in Cl

plots
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TABLE 3.7 | Cl values of dasatinib combined with fixed ITCs sub-toxic IC2o concentration on

HepG2 and HHL-5 after 24h of treatment

PEITC BITC SFN PEITC BITC SFN

Dasatinib

(M)

3.3 Discussion

The results presented in this chapter highlight the possibility of using ITCs to increase the
toxicity of chemotherapeutic agents towards cancerous cells. Addition of BITC or PEITC to
dasatinib administration can lead to potential benefit from an increased cytotoxicity
towards cancer cells, leading to the reduction of tumour volume that can be resected with
an improved outcome for the affected patients. As previously shown in the literature, ITCs
can enhance the anticancer activity of different drugs. ITCs can support the action of
chemotherapeutic agents in the treatment of different types of cancer because of their
broad anticancer activity. The superiority of combination treatment lies in simultaneously
targeting multiple pathways potentiating downstream effects, targeting multiple cellular

processes usually exploited by tumour cells to proliferate and spread into the organism.

Mutations of tumour suppressor genes can lead to the inactivation of cellular control
mechanisms responsible for repairing of corrupted DNA and the abortion of replication in
damaged cells. As mentioned before ITCs can target different proteins involved in DNA
repair and organisation, leading to cell death due to the induction of apoptosis. For
example, PEITC can enhance the activity of cisplatin, blocking the phosphorylation of the
H2A histone family member X (H2AX) with a consequent increase of apoptosis 218. ITCs
also regulate the cell cycle reducing the control cancer cells have on the cell cycle
checkpoints, inducing cell death. ITCs can bind to several structural proteins, such as
tubulin, making them perfect candidates for combination with platinum anticancer agents
219 The binding to tubulin leads to microtubule depolymerisation preventing the formation

of spindle fibres and inducing cell cycle arrest at mitosis stage 220. ITCs can also directly
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induce apoptosis through caspase and non-caspase dependent pathways, and this has been
exploited to increase the efficacy of gefitinib in non-small cell lung cancer cells using

PEITC and in breast cancer associating erucin and lapatinib 211, 221,

Cancer cell proliferation is linked to different genetic aberrations and misregulated
signalling pathways with a high level of ROS, which are often involved in cell signalling
processes 222, Indeed, antioxidant genes are often up-regulated in cancerous cells to
control the high production of ROS. This abnormal redox homeostasis is frequently
exploited with the induction of oxidative stress combined with chemotherapy to achieve
enhanced cytotoxicity. ITCs are directly involved in redox processes as they enhance the
expression of detoxifying enzymes such as glutathione transferases and are directly
conjugated with GSH influencing the cell redox state 223. PEITC can be combined with
cisplatin to increase the production of ROS in malignant pleural mesothelioma to induce
enhanced DNA damage 218. Different mechanisms can be responsible for the increased
ROS production, such as depletion of GSH due to the direct linkage between the ITCs thiol
groups and GSH 223, The latter mechanism has been exploited by sulforaphane co-
treatment to increase the cytotoxicity of arsenic trioxide in leukaemia and to restore the

cisplatin chemosensitivity in breast cancer in an in vivo model 105, 224,

Cancerous cells can also control gene expression to activate mechanisms to induce
differentiation towards more aggressive cells that can invade surrounding tissues,
propagating to various tissues and increasing the metastatic potential 2 225, Cancer cells
adhesion, migration, and invasion are fundamental processes in this context 226. Therefore,
drugs that target genes and proteins involved in these processes have a crucial role in
combating metastatic cancers. ITCs are known to inhibit cell migration and invasion,
targeting several molecules responsible for the cancer cells” invasive capabilities 144,145, For
example, in a positive HER2 breast cancer model with developed drug resistance, the
isothiocyanate erucin downregulated the Akt-mTOR pathway, which is the main target of
lapatinib treatment, together with MEK-ERK signalling 212. The result was the inhibition of

the motility and invasion of cancer cells.

Another fundamental aspect of cancer development is the tumour induction of
angiogenesis 2. 225. Tumours, like other tissues, require nutrients, oxygen, and the need to
remove waste deposits and COz. Cancer cells have the increased ability to up-regulate
growth factors to chronically activate angiogenesis, forming an aberrant neovasculature.

Allyl isothiocyanate combined improved the anticancer activity of celecoxib in urinary
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bladder cancer in vivo, with reduction of the tumour microvasculature, probably caused by
the diminished VEGF secretion 227. Furthermore, a co-treatment of erucin and lapatinib
reduced the secretion of VEGF in lapatinib-resistant cells, highlighting the role that ITCs

can have in treating of drug-resistant tumours 212,

The co-treatment with ITCs may allow a reduction of the treatment dose with a
consequent reduction of the associated side effects. On the other hand, it is also essential
to consider the possible disadvantages of the simultaneous administration of two or more
compounds. The results in the present study showed that the two most successful
combinations of PEITC or BITC with dasatinib are also responsible for a pronounced
cytotoxic effect in normal cells. Therefore, the therapeutic benefits can be accompanied by
severe toxicity, impacting the quality and expectancy of patients’ life 201. Drugs can have
toxic effects on non-cancerous cells, or their metabolites can build up with unexpected
reactions that further exacerbate side effects. Thus, it is crucial to consider the feasibility of
the combination treatment with in vivo pre-clinical models, evaluating not only the

efficacy of tumour growth inhibition but also the possible toxicity.

Targeting multiple pathways to inhibit strategically different malignant mechanisms
simultaneously seems to be an effective way to control the tumour growth, spreading, and
development of its aberrant microenvironment. The addition of ITCs at a non-toxic
concentration to some TKls treatment showed an increased cytotoxic effect in HCC HepG2
cells. In particular, BITC and PEITC showed a marked synergy with lowest Cl values that
indicates a strong synergy. In the following chapters, dasatinib and PEITC combination
(PDc) (FiGure 3.8) has been selected for further analysis to evaluate more extensively the
effect of this drug combination on the main cancer hallmarks that characterise cancer
development and progression. Particular attention was paid to the ability of PDc to

suppress tumour growth, tumour metastatic potential, and tumour-induced angiogenesis.
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FIGURE 3.8 | Structures of phenethyl isothiocyanate and dasatinib.
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Chapter 4

PEITC and Dasatinib combination effect on tumour cell growth

4.1 Introduction

Tumorigenesis is a multistep process that starts with genetic alterations, and production of
oncogenes responsible for functional gain and suppressor genes responsible for functional
loss 228. Both gain and loss of functionality are exploited by tumour cells to drive the
cancer progression with the transformation of normal cells into malignant ones. Therefore,
cancer cells acquire new functional capabilities, which have been identified as hallmarks
of cancer 228, Six fundamental cancer hallmarks were identified, i.e. sustaining proliferative
signalling, evading growth suppressors, resisting cell death, enabling replicative
immortality, inducing angiogenesis, and activating invasion and metastasis. With the
constant growth of the knowledge and understanding of tumour development and
progression, there is now closer attention to the tumour microenvironment. A tumour mass
can not be merely considered as a single cell type but more like a group of different cell
types recruited to form a tumour-associated stroma 2. The six hallmarks of cancer increased
in the last 20 vyears, reaching four so-called enabling characteristics that allow the
activation of ten functional capabilities 2 225. Cancer therapeutic research works to develop
drugs targeting these specific tumour-acquired capabilities to inhibits tumour development

and progression.

Cancer genomic instability is often associated with an increased accumulation of DNA
damage that can be exploited by conventional chemotherapy or radiotherapy 4. The main
issue is that DNA damage induction leads to side effects due to concomitant damage to
healthy cells and tissues. Consequently, a more targeted therapy is required to selectively
kill cancerous cells, which can be achieved with the simultaneous inhibition of DNA
damage response 229. Over-activated tumour repair mechanisms can be selectively targeted
to achieve a more specific action, hence reducing healthy tissue’s damage. An example of
this approach is the inhibition of poly(ADP-ribose) polymerase (PARP) by olaparib, a drug
approved for the treatment of advanced ovarian cancer. Dasatinib was also shown to
induce DNA damage in solid tumours and to inhibit DNA repair processes 230. 231, whereas
PEITC triggered DNA damage through the activation of ATM-Chk2-p53 pathway 91, and

enhanced the activity of PARP inhibitors 232. DNA damage activates a cascade of signals
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that leads to the repair or cell death through cell cycle arrest and apoptosis 229. For
example, the kinase ATM is responsible for the DNA damage with phosphorylation of
numerous substrates, such as Chks that downregulate cyclin-dependent kinases CDKs to
induce cell cycle arrest 229. Therefore, DNA damage is an important marker that can lead

to other mechanisms useful to overcome uncontrolled cancer growth.

Strictly related to DNA damage and cell cycle arrest is the induction of programmed cell
death (PCD) (i.e. apoptosis, autophagy, necroptosis, ferroptosis). The ability of cancer cells
to avoid PCD leads to the accumulation of damaged cells, expanding the number of
tumour cells not only by the increased rate of proliferation but also by the decreased rate
of recycling of damaged cells 228. Induction of PCD can be exploited to induce cancer cell
death reducing the growth of a malignant tumour mass. An example of this approach is the
molecule ABT-737, an inhibitor of Bcl-2 family, a group of apoptosis inhibitors upregulated
in B-cell malignancies 233. Apoptosis is the most known form of PCD that relies on
releasing the cellular contents in the extracellular environment. Both PEITC and dasatinib
showed to induce apoptosis in different solid tumours. While PEITC induces apoptosis in
different ways, such as activation of caspases -3, -9 234 and JNK activation 235, the
mechanism by which dasatinib induces apoptosis is not yet clarified 236-238, A more
profound understanding of PCD can lead to the formulation of new therapies to effectively

induce cell death in tumours.

DNA damage, cell cycle arrest, and PCD can be all triggered by the induction of
oxidative stress in cancer cells, exploiting the imbalanced redox state that characterises
malignant cells 239. Indeed, DNA damage induced by oxidative stress can lead to the
activation of p53, which in turn induces caspase-dependent apoptosis through activation of
the Bax/Bak porous complex that leads to cytochrome c release and cell cycle arrest with
p21 transcription 239. PEITC is well known to induce the accumulation of ROS selectively
in cancerous cells while sparing normal cells 240. The ability of PEITC to increase ROS
accumulation may be linked to the depletion of GSH and inhibition of glutathione
peroxidase (GPX1) 240, 241 While the role of dasatinib in ROS production is unclear, it is
known that dasatinib can sensitise gastric cancer cells to cisplatin, which mainly relies on

an increased ROS accumulation 242,

In this chapter, the ability of PDc to reduce HepG2 cells proliferation was investigated,
looking at understanding the different mechanisms responsible for the reduced cancer

growth. The effect of PDc on DNA damage, cell cycle arrest and programmed cell death
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was evaluated, as well as the possible involvement of the cell redox disturbance as one of

the causes of the cytotoxic effect.

Chapter 4 objectives

Evaluate PDc effect on cell proliferation

Evaluate PDc effect on DNA damage

Evaluate PDc effect on cell cycle

Evaluate PDc effect on apoptosis

Elucidate PDc mechanism of action
4.2 Results

4.2.1 PDc synergistically reduces HepG2 cell viability

The efficacy of PDc at different concentrations has been evaluated on HepG2 cells using
MTT assay at 24 h (FiGure 4.1), and CI values (TABLe 4.1) were calculated by means of
CompuSyn software. The synergistic effect was achieved by adding a PEITC concentration
of 12 pM to a concentration of dasatinib below 10 pM. The addition of lower
concentrations (1.5 - 6 pM) of PEITC did not elicit a synergistic effect, with a similar dose-
response curve of dasatinib alone. Therefore, 12 yM PEITC was used for most of the

experiments on HepG2 with some exceptions (i.e. adhesion assay and colony assay).
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FIGURE 4.1 | Dose-response curve of PEITC and dasatinib combination (PDc).
HepG2 cells were treated with different concentrations of PEITC and dasatinib (1.25 to 80 pM)
or with dasatinib plus fixed concentrations of PEITC (1.5, 3, 6, 12 pM) for 24 h. The data

presented were normalised to control proliferation (mean + SEM, n=3).
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TABLE 4.1 | Cl values of PDc on HepG2 at 24 h

PEITC (pM)

Dasatinib (pM)

The effect of PDc on HepG2 cell viability was also consistent on a time course of 72 h

with a constant decrease of cell viability at the four tested dasatinib concentrations (1.25 -

10 pM) (FIGURE 4.24). The effect on HepG2 cell viability is also evident in FIGURE 4.28 where,

contrast phase images of the formazan crystals formed by the tetrazolium reduction are

presented.
150+ 150
— Das 1.25 pMo — Das 2.5 uMo
= 14— _——F—— 100- w
=}
e
-
=
o 504 50
U [ee]e)
'*6 oggo o0 0000 0*:00 oo*oo
0 0 T T 1
X 2h 48h 72h 24h 48h 72h
N2
.-§‘ 150 150
— = Das 5 pMo = Das 10 pMo
=
[+
.; 100_\/’/_! 100- \§\
O 504 50-]
* Kk k
o*o*ot) 000 o::o oooo 2 Z:z
0 T T 1 0 T T 1
24h 48h 72h 24h 48h 72h
Time (h)

UOBUIGWIO))

* Wil 71 D113d

Dasatinib
(UM)

FIGURE 4.2 | Effect of PDc on HepG2 cell viability over time.

(A) Cells were treated for 24, 48, and 72 h with different concentrations of dasatinib (1.25 to 10
pM) plus a fixed concentration of PEITC (12 pM). Data presented was normalised to control
proliferation (mean + SEM, n=3). (B) Representative images of MTT crystals 24 h (10x, scale bar

200 pm). The cell able to metabolise MTT were massively reduced in PDc treated cells.

PEITC 12 pM
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4.2.2 PDc reduces the growth of 3D HepG2 spheroids

The canonical 2D plastic culture does not represent the tumour complexity, thereby 3D
models are employed to test the effect of different stimuli on tumour cell behaviour. PDc
has been tested on HepG2 spheroids formed using an ECM gel through short centrifugation
(ECM concentration optimisation in FIGURE A1 of the appendices). The size of the spheroids
was measured before and after treatment with PDc showing a decrease of spheroid area
(FIGURE 4.3A) at the combination with dasatinib 5 and 10 pM. However, only the latter
concentration resulted statistically significant compared to both single drug treatments
(FIGURE 4.3B). The PDc cytotoxic effect was also evaluated with dual cell viability staining
using Calcein AM to stain viable cells and ethidium homodimer to stain dead cells (FIGURe
4.4). Spheroids treated with PDc dasatinib 10 pM showed an increase of dead cells in the
core of the spheroid, indicating that the drug combination can reduce the size of the

spheroids, slowing down the cell replication and increasing the percentage of dead cells.
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FIGURE 4.3 | Effect of PDc on HepG2 spheroids growth.

Spheroids were treated for 3 days with different concentrations of dasatinib (1.25 to 10 uM) plus
a fixed concentration of PEITC (12 uM). (A) Effect on spheroids growth (4x, scale bar 500 pm).
PDc treated spheroids appear smaller compared to single drug treatments. (B) Spheroids area
quantification on ED 6 (mean + SEM, n=4). PDc significantly reduced the spheroids growth. The
degrees of significance were calculated with non-parametric Kruskal-Wallis test with Dunn’s
multiple comparisons test and are indicated as °/* p < 0.05, °°/** p < 0.01, °°°°/**** p < 0.0001

(* PEITC vs combination, ° dasatinib vs combination).
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Dasatinib 10 pM
- + i

Viable Dead Merged

+

PEITC
12 M

FIGURE 4.4 | Effect of PDc on spheroids viability.

Cells were treated for 3 days with dasatinib 10 pM with or without PEITC at 12 pM. Dead cells
and viable cells were stained with EthD-1 (red) and Calcein AM (Green), respectively (10x,
scale bar 200 pm). The images show an increase of dead cells into the core of PDc treated

spheroids
4.2.4 PDc induces DNA damage and cell cycle G2/M phase arrest

As discussed before, the induction of DNA damage can be exploited together with the
inhibition of tumour DNA repair mechanisms to target cancerous cells. Here the effect of
PDc on DNA damage has been investigated, looking at the presence of DNA
fragmentation using an agarose gel, the presence of chromatin condensation using a DAPI
stain, and with Western blot to evaluate the expression of proteins involved in DNA
damage and repair. The agarose gel (FIGURE 4.5A) showed a slight increase in DNA
fragmentation in cells treated with PDc, while DAPI staining showed a consistent increase
in cells presenting chromatin condensation and apoptotic bodies (FIGURE 4.5B). Protein
expression analysis showed that PDc decreased the expression of PARP-1, which is a factor
mainly involved in the process of DNA repair (FIGURE 4.6¢-D). Furthermore, PDc significantly
increased the phosphorylation of Chk2 and p53 phosphorylation, which are markers for
DNA damage (FIGURE 4.5C-D).

DNA damage leads to a cascade of signals responsible for the cell fate, which can
activate repair mechanisms or, if the insult is unbearable, the cell goes to programmed cell
death through cell cycle arrest. Therefore, cell cycle phases were analysed using propidium
iodide staining and flow cytometry, as shown by the plots in FIGURE 4.6A. Gating strategy is
presented in appendices in FIGUREA3. PDc treatment showed that the drug combination was

able to induce an arrest of the cell cycle at the G2/M phase with a reduction of cells in the
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G1 phase (FIGURE 4.68), explaining the ability of the drug combination to decrease the cell

proliferation observed in the previous experiments.
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FIGURE 4.5 | Effect of PDc on DNA damage.

(A) DNA laddering indicates DNA fragmentation. PDc lane shows a longer smear compared to
single drug treatments after 24 h of treatment. (B) DAPI staining showed signs of apoptosis with
chromatin condensation and cell blebbing, (c-D) HepG2 cells were treated for 24 h, and the
proteins extracted were analysed with Western blot. Effect of PDc on PAR1, Chk2, and p53
expression (Full blots are presented in FIGURE A5-7), the results presented are representative of
independent protein extractions (mean + SEM, n=3). The degrees of significance were
calculated with one-way ANOVA test with Tukey's multiple comparisons test and are indicated

as * p <0.05, *p<0.01, ***p <0.001.
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The protein expression analysis using Western blot highlighted a change in the
phosphorylation of CDK1 and expression of Cyclin B1. Indeed, CDK1 and Cyclin B1 form
a complex to allow the progression from the G2 phase into the mitosis. The limitation of
the sole propidium iodide staining is that it is not possible to discern between cells in G2

and M phases.
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FIGURE 4.6 | PDc induces cell cycle arrest at the G2/M phase.

(A) Pl staining for cell cycle analysis through flow cytometry. PDc induces an arrest at the G2/M
phase. The degrees of significance are indicated as * p < 0.05, *** p < 0.001. (B) HepG2 cells
were treated for 24 h, and the proteins extracted were analysed with Western blot. Effect of PDc
on the expression of CDK1 and Cyclin B1 (Full blots are presented in FIGURE A8-10), the results
presented are representative of independent protein extractions (mean + SEM, CDK1 n=3,
pCDK1 n=6, Cyclin B1 n=4). The degrees of significance were calculated with one-way ANOVA
test with Tukey's multiple comparisons test and are indicated as * p < 0.05, ** p < 0.01, *** p <

0.001.
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Immunostaining of a-Tubulin was employed to clarify the status of microtubule
polymerisation, considering that PEITC is known to bind tubulin to destabilise microtubule
formation, which involved in the formation of mitosis spindle fibres. Surprisingly, the
overall intensity of a-Tubulin did not change between PDc and single drug treatments,
highlighting that the cell cycle arrest was not related to tubulin degradation. Interestingly,
the PDc-treated cells showed a consistent increased number of cells presenting mitotic

spindle fibres (FIGURE 4.7A), often in a jumbled state (FIGURE 4.78).

Nuclei o-Tubulin

Control
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FIGURE 4.7 | Effect of PDc on a-Tubulin in formation of mitosis spindle fibres.
(A) a-Tubulin immunocytochemistry shows that PDc-treated cells present a higher number of
cells with in an early stage of mitosis (63x, scale bar 20 pm). () The spindle fibres often appears

in a disorganised state which it is a phenomenon observed in mitotic catastrophe.

128



CHAPTER 4 PDC EFFECT ON TUMOUR CELL GROWTH

4.2.5 PDc induces apoptosis in HepG2 cells

Since cell cycle arrest and apoptosis are strictly related, the effect of PDc on apoptosis
induction was assessed using flow cytometry and dual staining with Annexin V FITC
conjugated and propidium iodide. Compensation controls and positive controls are
presented in appendices in FIGURE A4. The addition of PEITC 12 pM to different dasatinib
concentrations consistently increased the number of cells presenting apoptotic staining
(FIGURE 4.8A). In particular, the combination with dasatinib 10 uM led to a higher number of

apoptotic cells (FIGURE 4.88-C).
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FIGURE 4.8 | Effect of PDc on apoptosis induction.

HepG2 cells have been treated with increasing concentrations (1.25 - 10 uM) of dasatinib with
or without PEITC 12 pM for 24 h and then subjected to Annexin V (AV) and PI staining. (A)
Apoptosis assay representative images from FlowJo. (B) Apoptotic cell percentages (mean =
SEM, n=3). (C) Apoptosis (early + late) fold induction (mean + SEM, n=3). The degrees of
significance were calculated with one-way ANOVA test with Tukey's multiple comparisons test
and are indicated as °°°/*** p < 0.001, °°°°/**** p < 0.0001. (* combination vs PEITC, °

combination vs dasatinib).
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4.2.6 PDc apoptosis induction is not related to canonical apoptosis pathways

To investigate the mechanism of increased apoptosis induced by PDc, a proteome profiler
was employed to screen for significant changes in the expression of several apoptosis
markers (FIGURE 4.9). Even if the proteome profiler confirmed a slight increase in
phosphorylation of p53 (S15), the other pro-apoptosis factors (right-hand side of the graph)
did not show significant changes. In the same way, no changes in the expression of anti-
apoptosis factors were observed (left-hand side of the graph). These findings were
confirmed with Western blot analysis of the expression of caspase -3, -9, and cytochrome c

(FIGURE 4.10).
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FIGURE 4.9 | Effect of PDc on apoptosis markers.

On top of the image, quantitative results of proteome profiler are presented with anti apoptotic
and pro-apoptotic targets on left and right of the graph respectively. No significant changes (fold
change higher than 1) have been identified and could be linked to the observed increased
apoptosis induction in PDc treated cells. Below images of single blots indicate the coordinates

that refer to the following legend of targets location.

No changes in pro-caspases as well as cleaved caspases were observed, while only a slight
non-significant increase in cytochrome c expression was observed in PDc-treated cells.
These results confirmed the absence of caspases activation in apoptosis induction observed

in PDc treatment.
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FIGURE 4.10 | Effect of PDc on Caspases and Cytochrome expression

HepG2 cells were treated for 24 h, and the proteins extracted were analysed with Western blot.
(Full blots are presented in FIGURE A10-12). The results presented are representative of
independent protein extractions (mean + SEM, n=3). The degrees of significance were
calculated with non-parametric Kruskal-Wallis test with Dunn’s multiple comparisons test and

are indicated as ns = non significant.
4.2.7 PDc induces ROS production

A staining of 2',7'-dichlorodihydrofluorescein diacetate (DCFDA) was employed to assess
the role of PDc in the cell redox state. Cell esterases deacetylate DCFDA, and the product
obtained is oxidised by ROS, producing DCF. DCF is a fluorescent compound that can be
observed with fluorescence microscopy and quantitatively measured with a plate reader.
HepG2 cells were stained with DCFDA for 45 minutes and then treated with PDc and
single drugs at two dasatinib concentrations (1.25 and 10 pM). After 4 hours of treatment,
visualisation of HepG2 cells with a fluorescence microscope showed the increased
production of ROS in PDc-treated cells (FIGURE 4.11A). The quantitative analysis showed that
the addition of PEITC to dasatinib 10 pM increases the production of ROS starting from 1
hour to 4 hours of treatment with a significant difference between PDc and single drug
treatments (FIGURE 4.118B-C). The assay reliability was confirmed by treatments with tert-Butyl
hydroperoxide (t-BHP) (50, 100, 250 pM) (FIGURE 4.11D), which leads to a concentration-

dependent increase in ROS production. PDc with the lower dasatinib concentration (1.25
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uM) did not show a detectable increase in ROS production; therefore for the subsequent

ROS experiments, only dasatinib 10 pM was used.
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FIGURE 4.11 | Effect of PDc on ROS production.

(A) DCFDA staining after 4 h of treatment. The intensity result higher in PDc treated cells
compared to single drug treatments, with a strong signal from the positive control t-BHP 50 pM
(20x, scale bar 100 pm). (B) ROS production at t4 (mean + SEM, n=3). The degrees of
significance were calculated with one-way ANOVA test with Tukey's multiple comparisons test
and are indicated as * p < 0.05. () ROS quantification with DCDFA fluorescence over a time

course of 4 h, (D) effect of different increasing concentrations of t-BHP on ROS production (50,

100, 250 pM).
4.2.8 Effect of PDc on glutathione balance

Considering that PEITC is known to deplete cellular glutathione (GSH), HPLC was
employed to quantify the levels of glutathione disulphide (GSSG) and reduced GSH using
monobromobimane (mBBr) as a fluorescent label. The levels of GSH and GSSG were
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assessed in HepG2 treated with PDc and single drugs at 1, 3, 6, 16, and 24 hours (FIGURE
4.12A). The results showed that PEITC, compared to dasatinib and control, increased both
GSH and GSSG production between 3-6 hours and sustained the production till 16 hours,
when it started to decline. PDc presented a similar trend but with a marked depression of
GSH at 6 hours. Therefore, PDc at 6 hours showed a significant increase in the GSSG/GSH
ratio compared to the other treatments, while at 16 and 24 hours there was no significant

difference between all the treatments (FIGURE 4.12B).
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FIGURE 4.12 | Effect of PDc on GSSG/GSH balance.

HepG2 cells were treated for 1, 3, 6, 16, 24 h and protein were extracted. GSH and GSSG were
extracted and conjugated with mBBr and subjected to HPLC (A) Time course of GSH and GSSG
levels. (B) Time course of GSSG/GSH ratio (mean + SEM, n=3). The degrees of significance were
calculated with one-way ANOVA test with Tukey's multiple comparisons test and are indicated

as *p <0.05, ** p <0.01.
4.2.9 PDc induces apoptosis and cell cycle arrest through oxidative stress

Considering that PDc leads to an imbalance of the cell redox state, the role of the

increased ROS production was investigated using NAC in different cell assays. NAC is a
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GSH precursor that neutralises ROS and is often used in mechanistic studies to determine
the effective involvement of ROS. HepG2 cells were pre-treated with NAC (1, 5, 10, 20
mM) for 2 hours and then treated with PDc or control media for 24 hours. The MTT assay
data showed that NAC pre-treatment abolished PDc cytotoxicity in a concentration-
dependent manner (FIGURE 4.13A). In particular, NAC 20 mM pre-treatment was able to
abolish the PDc cytotoxic effect on HepG2 almost completely; thus, NAC 20 mM pre-
treatment was selected for subsequent experiments (FIGURE 4.138). Annexin V and PI staining
and flow cytometry analysis showed that the NAC pre-treatment significantly suppressed
the PDc induction of apoptosis (FIGURE 4.13c-D). The NAC antioxidant pre-treatment reduced
the activation of Chk2 and p-53 but the cytoprotective effect did not re-establish normal

levels in terms of phosphorylated proteins (FIGURE 4.13E-F).
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FIGURE 4.13 | PDc induction of apoptosis is abolished with NAC pre-treatment.

(A) Dose-dependent effect of NAC (1, 5, 10, 20 mM) on PDc treated cells (mean + SEM, n=3).

(8) NAC 20 mM abolishes PDc toxicity. (C) Representative images of Flow Jo Annexin V/PI

staining. (D) PDc apoptosis induction is abolished by NAC pre-treatment (mean

+

SEM, n=3).

The degrees of significance were calculated with one-way ANOVA test with Tukey's multiple

comparisons test and are indicated as * p < 0.05, ** p < 0.01, ns = not significant. () HepG2
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cells were treated for 24 h, and the proteins extracted were analysed with Western blot. Effect of
PDc on PARP1, Chk2, and p53 expression (Full blots are presented in FIGURE A5-7), the results
presented are representative of independent protein extractions (mean + SEM, n=3). The degrees

of significance are indicated as * p < 0.05, ** p < 0.01, ns = not significant.

Furthermore, the NAC pre-treatment abolished the cell cycle arrest induced by PDc,
restoring the number of cells in the GO/G1 phase (FIGURE 4.14A). As expected, the
neutralisation of ROS also reduced the phosphorylation of CDK1 but not the expression of

Cyclin B1 (FIGURE 4.148).
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FIGURE 4.14 | PDc-induced cell cycle arrest is abolished with NAC pre-treatment.
(A) PI staining for cell cycle analysis through flow cytometry. The degrees of significance are
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns = not significant. (B)

HepG2 cells were treated for 24 h, and the proteins extracted were analysed with Western blot.
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Effect of PDc on the expression of CDK1 and Cyclin B1 (Full blots are presented in FIGURE
A8-10), the results presented are representative of independent protein extractions (mean + SEM,
CDKT1 n=3, pCDK1 n=6, Cyclin B1 n=4)). The degrees of significance were calculated with one-
way ANOVA test with Tukey's multiple comparisons test and are indicated as ** p < 0.01, *** p
< 0.001.

4.2.10 PDc oxidative stress induction leads to oxeiptosis

Among the different known types of PCD oxeiptosis stands out as an apoptosis-like cell
death induced by increased production of ROS. Considering that PDc significantly induces
ROS production, leading to a redox imbalance, the expression of oxeiptosis markers was
investigated using Western blot. Interestingly, PDc treatment reduced the accumulation of
Keap1, induced PGAMS5 cleavage, and reduced the de-phosphorylation of AIFM1 (FIGURE
4.15A). The pre-treatment with NAC confirmed the involvement of ROS production as a
consequence of PDc action. Indeed, the antioxidant pre-treatment abolished all the effects

of PDc on oxeiptosis markers aforementioned (FIGURE 4.15B).
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FIGURE 4.15 | PDc induces oxeiptosis through the Keap1-PGAM5-AIFMT axis.

HepG2 cells were treated for 24 h, and the proteins extracted were analysed with Western blot.
(A) Effect of PDc on the expression of oxeiptosis markers (mean + SEM, Keap1, and PGAM5,
n=3 AIFM1 and p-AIFM n=6) The degrees of significance were calculated with one-way ANOVA
test with Tukey's multiple comparisons test and are indicated as * p < 0.05, ** p < 0.01, *** p <
0.001. (B) Pre-treatment with NAC 20 mM abolishes PDc induction of oxeiptosis (mean + SEM,
n=3). (Full blots are presented in FIGURE A1-15). The degrees of significance were calculated with
one-way ANOVA test with Tukey's multiple comparisons test and are indicated as * p < 0.05, **

p < 0.01, ns = not significant.
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4.3 Discussion

As widely described in the literature, ITCs can enhance the anticancer activity of other
drugs, targeting different pathways 218 227, 232 On the other hand, dasatinib showed
anticancer activity towards several HCC cells but did not appear to produce effective
results in the clinical setting. This chapter investigated the effect of the addition of PEITC to
dasatinib treatment on HCC cells HepG2. The addition of PEITC at a concentration equal
to its ICzo led to increased toxicity with a synergistic loss of cell viability, as shown by the
Chow-Talalay method. Moreover, PDc reduced the ability of HepG2 to grow within a 3D
structure, reducing the volume of the spheroid, which is a model that better resembles the
spatial organisation of tumour masses. Numerous cell interactions happen in this context,
leading to cell signalling and deposition of the ECM. Different gradients in the spheroid
can lead to oxidative stress that causes cell death at the core of the spheroid 243. Indeed,

PDc increased ROS production, leading to an imbalance of the cellular redox state.

The results underlined that ROS production plays a fundamental role in the PDc
increased anticancer activity. It is known that ITCs can inhibit both phase | and Il enzymes,
and PEITC is known to induce ROS production through the depletion of GSH and
inhibition of GPX 241, On the other hand, dasatinib may have a potential role in
combination with other drugs that relies on oxidative stress as an anticancer mechanism
242 In vitro data showed that dasatinib is metabolised by CYP3A4 244, However, in Li et al.
work dasatinib was shown to inactivate CYP3A4 through an oxidative mechanism, and
that dasatinib metabolites react with GSH 245. Interestingly, it has been reported that also
PEITC can alter the pharmacokinetics of different drugs and in particular, can inhibit
CYP3A4 activity 246. Therefore, the combination of the two molecules may have a
synergistic effect that involves CYP3A4, leading to an increased oxidative imbalance. In
the present work, PDc-induced an increase of GSSG/GSH ratio in the first 6 hours of
treatment, representing the crucial event that explains the PDc's improved ability to
perturb the cellular redox status through increased production of ROS. The involvement of
oxidative stress consequential of PDc synergistic activity was confirmed with the
antioxidant NAC pre-treatment, which abolished PDc cytotoxic effect in a concentration-

dependent manner.

The generated imbalance of the redox state can lead to different mechanisms, including

DNA damage and cell cycle arrest. The increased ROS production can induce double-
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strand breaks, leading to chromosomal rearrangements and impaired DNA repair 247. The
triggering of DNA damage response can activate cell cycle checkpoints to allow time for
DNA repair. Once the damage is fixed, the cell can progress through the cell cycle and
continue to divide and proliferate. In the present work, DNA damage analysis indicated
that PDc induces DNA chromatin condensation and the formation of apoptotic bodies. The
DNA laddering assay needs improvement as the gel did not properly resolved. The use of a
positive control, such as staurosporine, may also improve the assay reliability to confirm
the results and clarify the presence of DNA fragmentation in the control. Western blot
analysis confirmed the activation of Chk2 and p53. Phosphorylation of Chk2 is associated
with a cellular response to DNA damage 248. Indeed, Chk2 has a role as a transducer and
tumour suppressor in the ATM-Chk2-p53 pathway, where ATM phosphorylate both p53
Ser-15 and Chk2 Thr-68 to play a role in cell cycle arrest and apoptosis 1'¢. The pre-
treatment with the antioxidant NAC showed only partial protection of PDc-induced DNA
damage as the activation of Chk2 and p53 was reduced but not completely abolished.
Therefore, the PDc effect on DNA damage is not entirely relatable to the induction of
oxidative stress. Indeed, PEITC induced DNA damage in a ROS-independent way 88 and
through the direct inhibition DNA repair through the control of HDAC expression 45. On
the other hand, dasatinib showed the ability to direct binding to DNA molecules 249 and to

induce DNA damage through the c-Raf pathway 231.

Another essential factor in DNA damage response is PARP1, a member of the poly(ADP-
ribose) polymerases protein family 250. PARPT is activated by proteolytic cleavage to
induce DNA repair and it is highly expressed in liver cancer tissue. PEITC has been
previously correlated with PARP degradation due to DNA damage induced by p53
activation 251, In the present work, the Western blot analysis showed that both PEITC and
dasatinib reduced the expression of PARP1, while PDc abolished it entirely. Conversely,
the pre-treatment with NAC did not rescue from PDc-induced PARP1 inhibition,
confirming the independence of DNA damage from oxidative stress induced by PDc.
Recently, the combination of Src and PARP1 inhibition has been identified as a novel
synthetic lethal strategy for HCC growth inhibition 252. Indeed, the Src inhibitor dasatinib
combined with the PARP1 inhibitor olaparib showed a potent synergistic effect in
inhibiting HCC in vitro and in vivo with phosphorylation of Chk2 and inactivation of STAT3
pathway 252, Ergo, the PDc-induced DNA damage could also be related to the co-
inhibition of PARP1.
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DNA damage and cell cycle arrest are two strictly related processes. Cancerous cells
present an imbalanced expression of the proteins involved in the regulation of the cell
cycle. Consequently, cancerous cells can proliferate with uncontrolled cell growth,
allowing tumour expansion. Cancer therapy targets the dysregulated protein to induce cell
cycle arrest and death 253. Both PEITC and dasatinib were previously shown to influence
different cell cycle regulators to induce cell cycle arrest. A drug combination containing
dasatinib has been reported to induce cell cycle arrest at the G1 phase in lung cancer cells
254 laryngeal squamous cell carcinoma 255. It has been demonstrated that PEITC is able to
target several cell cycle regulators inducing cell cycle arrest in different cancerous cell

types, also through ROS generation 256 257

In this work, cell cycle analysis showed that PDc induces cell cycle arrest at the G2/M
phase in a ROS-dependent manner, as pre-treatment with NAC abolished the
accumulation of cells in the G2/M phase and reduction of cells in the G1 phase. PEITC has
already been associated with G2/M phase cell cycle arrest. In particular, PEITC induces
cell cycle arrest with covalent binding 258, and degradation through ROS production 220 of
a- and B- tubulins, which are the fundamental bricks of microtubules. Microtubules play a
crucial role in different cellular processes, particularly cell division, with the formation of
the mitotic spindle for chromosome segregation. Therefore, the effect of PDc on a-tubulin
was investigated using immunofluorescence to examine the expression and organisation of
a-tubulin. Surprisingly, a-tubulin expression did not appear to be affected by PDc
treatment or PEITC alone, but a higher number of cells possessing irregular mitotic spindle
fibres occurred in PDc-treated cells. CDK1 usually regulates cell cycle arrest at the G2/M
phase; specifically, the complex CDK1/Cyclin B1 has a role in the progression towards
mitosis 259. PEITC has already been associated with the regulation of CDK1 and Cyclin B1
expression through ROS induction 91. Here, Western blot analysis highlighted an increased
activation of CDKT (Thr-161) and accumulation of Cyclin B1. The over-expression of CDK1
and Cyclin B1 has been reported as responsible for the formation of a premature CDK1/
Cyclin BT complex 260, 261, The formed complex is associated with mitotic catastrophe,
leading to cell death due to aberrant mitosis 260. Interestingly, mitotic catastrophe is
generally induced by anti-microtubular drugs 260 and partially by Chk2 activation after
DNA damage 262. Considering that the cell cycle arrest induced by PDc is reversed by the
NAC pre-treatment, this indicates that oxidative stress is the main mechanism of PDc-

induced cell cycle arrest (FIGURE 4.16). To further confirm the mitotic catastrophe event,
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Western blot analysis and immunostaining of o-tubulin could be repeated using
Nocodazole as positive control. Nocodazole is a compound that inhibit the polymerisation

of microtubules, arresting the cell cycle at the mitosis phase 263.

PDc

Cell growth and
mitosis prep

G2 Mitosis Pro-metaphase
t
M arres
DNA synthesis \
S
@1 Mitotic
catastrophe
Cell growth

FIGURE 4.16 | Diagram of PDc induction of G2/M phase arrest and mitotic catastrophe.
PDc induce increased ROS production that lead to formation of a premature CDK1/Cyclin B1

complex that induces mitotic catastrophe with a pro-metaphase arrest.

Mitotic catastrophe is usually followed by programmed cell death. Once the cell leave
the cell cycle cycle and the DNA damage cannot be repaired its destiny leans towards the
programmed cell death. Programmed cell death allow the organism to control the cells
number, avoiding the duplication of cells that contain errors that can threat the cell
homeostasis 127. The most studied form of programmed cell death is apoptosis,
characterised by different pathways triggered by different factors that finally lead the cell to
auto-destruction 264, Within the tumour's uncontrolled growth, cancerous cells tend to
inhibit the process of apoptosis, increasing the expression of apoptotic suppressors and
reducing the expression of pro-apoptotic factors. Therefore, targeting apoptosis is an
important anticancer strategy. In the present work, PEITC and dasatinib have been
demonstrated to induce apoptosis in cancerous cells; hence, the effect of PDc on apoptosis
induction has been investigated. PDc induces apoptosis to a greater extent compared to

the single drug treatments, as showed by the staining of phosphatidylserine using Annexin
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V. Surprisingly, the analysis of the protein expression of the most significant factors
involved in apoptosis was inconclusive. Neither changes in the accumulation of most
important apoptosis indicators such as cytochrome c and caspases, nor reduction in
expression of apoptosis inhibitors have been observed. For a long time, it was thought that
the exposure of phosphatidylserine on the outer cell membrane layer, the so-called "eat
me" signal, was a specific way for apoptotic cells to signal the need for phagocytosis 265.
Recently, the phosphatidylserine dogma has been challenged with the association of outer

membrane phosphatidylserine exposure in different types of cell death other than apoptosis

265,

Considering the role of ROS production in PDc anticancer activity, particular attention
was drawn to a type of cell death triggered by a high production of ROS. Oxeiptosis is a
novel form of apoptosis-like programmed cell death identified in 2018 by Holze et al. 266.
The activation of this mechanism of cell death relies on the Nrf2-Keap1-PGAM5 complex
that works as an oxidative stress sensor 126. At a low levels of ROS, only Nrf2 is released,
which leads to the expression of antioxidant genes to counterbalance oxidative stress. At
higher levels of ROS, the action of the expressed antioxidant genes is not enough to
contrast the oxidative stress; thus, Keap1 is released to activate the oxeiptosis 125. PGAM5
is translocated into the mitochondria where de-phosphorylates AIFM1, the main effector of
ROS-induced cell death 266.

PDc was associated with a marked de-phosphorylation of AIFM1, but Keap1 and PGAM5
expression was not as expected. First, Keap1 accumulation decreased after PDc treatment,
while it was reported as up-regulated in conditions of oxidative stress induced in
melanocytes 267. This difference could be explained by the results of previous work that
studied the role of the Keap1-PGAMS5 complex in the context of mitophagy 268. The
inactivation of Keap1 by menadione treatment inhibited PGAM5 degradation, allowing its
accumulation. Furthermore, recent work that investigated the role of oxeiptosis in colon
cancer observed an increase of Keap1 expression only in the first 2 hours of the treatment
with a drastic reduction after 8 hours 269. Second, PGAMS5 was previously described as up-
regulated in oxidative stress-induced oxeiptosis 266, 267, PDc did not change the
accumulation of total PGAM5 but increased its cleavage. It has been shown that PGAM5
cleavage increases in conditions of stress and that it plays a role in mitochondria dynamics,
triggering different types of programmed cell death 270. The localisation of PGAM5 is

controversial as it can be located on the outer mitochondrial membrane, considering its
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interactions with factors found in the cytosol. Nonetheless, increased evidence shows that
PGAM5 may be located in the internal mitochondrial membrane 270, 271 |t has been
proposed that PGAM5 can shuttle between outer and inner membranes, according to the
cell state and the mitochondrial membrane potential 279, and that the cleavage of PGAM5
can happen only when it is located in the inner membrane 272. The central hypothesis is
that PDc induces high levels of ROS that lead to the PGAMS5 release by Keapl. After
translocation to the inner mitochondrial membrane, where it is proteolytically cleaved,

PGAM?5 de-phosphorylate AIFM1 to trigger oxeiptosis (FIGURE 4.17).
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FIGURE 4.17 | Diagram of PDc induction of oxeiptosis.

PDc induction of ROS production lead to the dissociation of Keap1/PGAM5 complex with
consequent Keap1 degradation and PGAMS5 translocation to internal mitochondrial membrane
where it is cleaved. On the internal mitochondrial membrane PGAMS5 is cleaved (Yellow circle)

determinint AIFM1 de-phosphorylation, which activates the oxeiptosis programmed cell death.
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Chapter 5

PEITC and Dasatinib combination effect on metastatic potential

5.1 Introduction

As discussed before, tumours metastatic capabilities are acquired through hijacking the
epithelial-mesenchymal transition (EMT), a developmental program employed by normal
cells during embryogenesis 273. In contrast with canonical EMT, carcinoma cells acquire
increased motility and invasiveness and may reach new tissues in a collective migration,
maintaining cell-cell interactions 129. Indeed, carcinoma cells with activated EMT acquire
new mesenchymal traits, retaining epithelial traits. It has been defined “partial EMT” state,
which allows cancerous cells to progress and metastasise 274, while a full mesenchymal
state would reduce the tumour-initiating ability 129. It is consequently vital to target both
traits of cancerous cells, reducing cell-cell adhesion and migratory and invasive

capabilities.

A protein that plays a pivotal role in several cellular processes (i.e. cell attachment,
migration, invasion, and proliferation) is FAK 275. FAK has been associated with an
uncontrolled proliferation and migration of cancerous cells, with activation of several
receptor tyrosine kinases (RTK) involved in tumour development and progression. FAK is a
potential target in cancer therapy as it was over-expressed in different types of tumours 275.
Interestingly, the dasatinib effect on HCC in vitro and in vivo was found to be limited by
the activation of FAK and enhanced by association with FAK inhibitors 27¢. The association
of dasatinib with rosuvastatin showed a synergistic effect in HCC in vivo with inhibition of
the Src/FAK pathway as the crucial pathway for the enhanced anticancer activity associated
with decreased activation of other signalling pathways (i.e. Ras-Rac, STAT3, caspase 3-
dependent apoptosis, reduced levels of VEGF, MMP-9) 277 This result is not entirely
unexpected considering that one of the primary targets of dasatinib is the c-Src kinase,
which is strictly related to FAK. The formation of the FAK and c-Src complex has several
effects, starting with forming new focal adhesion complexes and activating downstream
signalling pathways that promote cell survival, proliferation and migration 278 279, As a
result, the association of dasatinib with FAK inhibitors is a promising strategy for tackling
HCC.
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Isothiocyanates are known to reduce the metastatic potential of various cancer cell lines.
PEITC-induced FAK inhibition decreased the migration and invasion of human gastric
cancer cells through suppression of MAPK pathway 280 and in glioma cells through JNK
signalling 144. Furthermore, PEITC resulted in the more potent isothiocyanate to inhibit the
metastatic potential of several cancer cell lines and adenocarcinoma in vivo with a marked
reduction of FAK activation 45. The effect of dasatinib and PEITC (PDc) on the metastatic
potential of HepG2 cells has been explored by looking at the effect on cell migration,
invasion, adhesion, and colony formation and in in vivo with the HepG2 xenograft model

of the chorioallantoic membrane (CAM) assay.
Chapter 5 objectives
- Evaluate PDc effect on migration, invasion, adhesion, and colony formation
- Evaluate PDc effect on tumour metastatic potential in vivo

- Elucidate PDc mechanism of action
5.2 Results

5.2.1 Effect of PDc on HepG2 cell migration and invasion

The effect of PDc on inhibition of cancer cell migration was investigated first with a scratch
wound healing assay. Fully confluent HepG2 cells were scratched with a p200 tip and then
treated with PDc and single drugs for 72 hours. Pictures were taken at 0, 24, 48, and 72
hours and the wound area of the different time points were compared with the initial
wound area to determine a migration rate. The addition of PEITC 1.5 and 3 pM did not
improve the ability of dasatinib to reduce the migration of HepG2, while PEITC 6 pM and
dasatinib induced a reduction only at 24 hours. On the other hand, PEITC 12 pM
consistently reduced HepG2 migration at all time points and dasatinib concentrations

(FIGURE 5.1A-B).

A Boyden chamber assay was employed to confirm the effect of PDc on the reduction of
HepG2 migration and test its effect on HepG2 invasion. The Boyden chamber is a plastic
insert with a lower porous membrane, which is added on top of a cell culture well.
Therefore, cells can be seeded in the top chamber while the bottom chamber is filled with
a chemoattractant to induce cell migration. In this way, the effect of drugs on cell migration

can be tested. The addition of Matrigel® on the top chamber allows to study the cells'

147



CHAPTER 5 PDC EFFECT ON METASTATIC POTENTIAL

invasive capability. The results from the Boyden chamber assay confirmed the capability of
PDc to reduce the number of migrated HepG2 cells if compared with the single treatments

and reduce the number of invasive cells to a minor extent (FIGURE 5.2).
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FIGURE 5.1 | Effect of PDc on cell migration, scratch wound healing assay.
HepG2 cells were treated with increasing concentrations (1.25 - 10 pM) of dasatinib with or
without PEITC 1.5, 3, 6, 12 pM. (A) Representative images at 0 h and 72 h of 12 pM PEITC

combinations. (B) The quantitative data presented were normalised to control migration rate
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(mean = SEM, n=3). Negative values indicate shrinking of cells that made the wound larger. The
values become positive once the cells react to the stress and start to migrate. The degrees of
significance were calculated with one-way ANOVA test with Tukey's multiple comparisons test
and are indicated as °/* p < 0.05, °°/** p < 0.01, °°°/*** p < 0.001, °°°°/**** p < 0.0001. (*

combination vs PEITC, °© combination vs dasatinib).
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FIGURE 5.2 | Effect of PDc on cell migration and invasion, Boyden chamber assay.

HepG2 cells were treated with increasing concentrations (1.25 - 10 pM) of dasatinib with or
without PEITC 12 pM and seeded on the top chamber in FBS-free DMEM. The bottom chamber
was filled with 10% FBS DMEM as a chemoattractant. The number of cells migrated/invaded
and attached to the bottom side of the membrane was counted after 48 h and normalised to the

control. In the invasion assay, the top chamber was coated with 100 pg/mL Matrigel and the
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bottom chamber was filled with 30% FBS DMEM. (a) Quantitative data normalised to control
migration/invasion rate (mean + SEM, n=3). The degrees of significance were calculated with
one-way ANOVA test with Tukey's multiple comparisons test and are indicated as °/* p < 0.05, °
°/** p < 0.01, °°°/*** p < 0.001, °°°°/**** p < 0.0001. (* combination vs PEITC, °® combination

vs dasatinib). (b) Representative images from 5 pictures/experiment (20x, scale bar 100 pm).

5.2.2 Effect of PDc on HepG2 cell adhesion

Cancerous cells often enhance adhesion capability to facilitate migration and adhesion to
a new site. The ability of PDc to reduce cell adhesion was investigated using a Matrigel®
plate-based assay. HepG2 cells were seeded in a Matrigel® coated plate to facilitate
adhesion and treated with PDc and single drugs (PEITC 1.5, 3, 6, 12 pM, dasatinib 1.25,
2,5, 5, 10 pM) and the percentage of adhered cells was evaluated after 3 hours with a
crystal violet staining. PDc showed the ability to inhibit the adhesion of HepG2 cells
starting from at PEITC 3 pM, with a potent inhibition at 6-12 uM (FIGURE 5.3A-B).
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FIGURE 5.3 | Effect of PDc on cell adhesion.

HepG2 cells were seeded on a 200 pg/mL Matrigel-coated plate and treated with increasing
concentrations (1.25 - 10 pM) of dasatinib with or without PEITC 1.5, 3, 6, and 12 uM. The

adhesion was evaluated after 3 h. (a) Cells were stained with crystal violet and imaged with an

inverted microscope. Representative images from 3 independent experiments (20x, scale bar

100 pm). (b) Quantitative data normalised to control (mean + SEM, n=3). The degrees of

significance were calculated with one-way ANOVA test with Tukey's multiple comparisons test

and are indicated as °/* p < 0.05, °°/** p < 0.01, °°°/*** p < 0.001, °°°°/**** p < 0.0001. (*

combination vs PEITC, ° combination vs dasatinib).

5.2.3 PDc inhibits HepG2 cells clonogenic capacity

A colony formation assay was employed to test the capacity of PDc to inhibit the

clonogenic potential of cancer cells. HepG2 cells were treated with PDc with different

concentrations of PEITC as the selected concentration of 12 pM and 6 pM were too toxic
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for such a low seeding density (FIGURE 5.4A). The combination of PEITC 3 pM to dasatinib
resulted in the most efficient in reducing the number of colonies formed by HepG2 single
cells after a culture of 18 days. In particular, PDc with dasatinib 2.5 and 10 pM showed a

statistically significant reduction of the HepG2 clonogenic potential (FIGURE 5.48).
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FIGURE 5.4 | Effect of PDc on clonogenic capability.

HepG2 cells were treated with increasing concentrations (1.25 - 10 yM) of dasatinib with or
without PEITC 6, 3, 1.5 uM for 24 h. The medium was changed after 24 h of treatment and then
every 5 days until day 18. (a) Representative images from 3 of 6-well plates scanned at 600
dpi. (b) The quantitative data presented were normalised to control colony formation rate (mean
+ SEM, n=3). The degrees of significance were calculated with one-way ANOVA test with
Tukey's multiple comparisons test and are indicated as °/* p < 0.05, °°/** p < 0.01 (* PEITC vs

combination, ° dasatinib vs combination).
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5.2.4 Effect of PDc on HepG2 morphology

Actin cytoskeleton is crucially involved in adhesion to the extracellular environment as it is
physically linked to focal adhesion complexes. Moreover, adhesion serves as a starting
point for different types of signalling, activating downstream pathways 28'. The effect of
PDc on cytoskeleton organisation shortly after the start of the treatment (1 h) was evaluated
using fluorescence microscopy with a phalloidin staining that binds selectively to F-actin.
The observation of cell morphology highlighted a significant change in the cytoskeletal
organisation in PDc-treated cells. Cells usually form structures to interact with the
extracellular environment called lamellipodia, spreading to maximise the adhesion to the
plastic surface. After 1 hour of treatment, PDc-treated cells appeared to have shrunk with
less spreading on the cell culture surface and a morphology significantly different from
control and single treatment. A quantification by manual count underlined that PDc
treatment increased the number of cells presenting filopodia, which differs from the

lamellipodia observed in the control and single-drug treatment (FIGURE 5.5).
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FIGURE 5.5 | Effect of PDc on HepG2 actin filaments after 1 h of treatment.

The combination treatment led to an increased number of cells that presented a shrunken
morphology with filopodia-like cytoskeleton protrusion. Single drug treatments showed a
morphology similar to the control (100x, scale bar 20 um). Cells presenting altered morphology
have been counted from 10 different random fields 100x (mean + SEM, n=3). The degrees of
significance were calculated with one-way ANOVA test with Tukey's multiple comparisons test

and are indicated as ** p < 0.01.
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5.2.5 PDc inhibits tumour cell motility through FAK/STAT3 pathways

Focal adhesions (FA) link the cytoskeleton with the ECM to migrate and receive external
stimuli. Indeed, FA contains multiple components with structural and signalling proteins,
such as FAK, which communicate with structural proteins such as cadherins. FAK is known
to have a role in numerous cellular processes such as proliferation, survival and migration
and invasion. Protein expression analysis using Western blot was investigated to evaluate
the effect of PDc on proteins involved in the formation of adhesion complexes and
downstream signalling. The results showed that PDc deactivates FAK and STAT3 pathways
(FIGURE 5.6 ToP), and increases the expression of E-cadherin while reducing the expression of

N-cadherin (FIGURE 5.6 BOTTOM).
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FIGURE 5.6 | PDc inhibiting FAK and STAT3 signalling.

HepG2 cells were treated for 24 h, and the proteins extracted were analysed with Western blot.
Top, effect of PDc on the expression of FAK and STAT3. Bottom, effect of PDc on the expression
of E-cadherin and N-cadherin. (Full blots are presented in FIGURE A16-19), the results presented
are representative of independent protein extractions (mean + SEM, n=3). The degrees of
significance were calculated with one-way ANOVA test with Tukey's multiple comparisons test

and are indicated as * p < 0.05, ** p < 0.01.
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5.2.6 Effect of PDc on tumour invasion in CAM HepG2 xenograft model

The effect of PDc on the relationship between cancer cells and the extracellular
environment was investigated using a chorioallantoic membrane assay (CAM) with a
xenograft of HepG2 cells. A 3D culture of HepG2 was prepared with an ECM gel and the
PDc or the single drugs and then implanted on top of the CAM. The results showed that
PDc significantly reduced the growth of the tumour mass compared to control and single-
drug treatments (FIGURE 5.7 Top). Tumour sections stained with H&E showed a difference in
tumour embedding into the CAM. It appeared that PDc-treated HepG2 xenografts were not
integrated into the CAM as they could not invade the vascularised chick membrane and
were therefore precluded from nutrients retrieval, explaining the reduced growth (FIGURE 5.7

BOTTOM).
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FIGURE 5.7 | Chorioallantoic membrane (CAM) xenograft assay.

Top left, representative images of the xenograft tumour samples captured with a
stereomicroscope. Top right, relative quantitative data of the tumour volume after 7 days of
incubation (Control n=4, PEITC 12 pM n=4, dasatinib 1.25 pM n=6, dasatinib + PEITC n=5)
from 3 independent experiments. The degrees of significance were calculated with one-way
ANOVA test with Tukey's multiple comparisons test and are indicated as * p < 0.05, ** p < 0.01.
Bottom, H&E staining of xenograft tumour samples 10x images were stitched together to form a
picture of the complete section (10x, scale bar 1 mm). Detailed pictures highlighted the
difference in tumour embedding into the CAM. The dotted line indicates the boundaries
between CAM and tumour cells (TC). PDc do not present a clear boundary between TC and

CAM as the tumour cells were not embedded into the membrane (20x, scale bar 100 pm).
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5.3 Discussion

The ability of PDc to inhibit the processes enabled by cancerous cells to spread and grow
into other tissues has been explored in this chapter. Dasatinib could be better exploited in
HCC when combined with other agents 282, with particular potential in sorafenib resistant
cells 34. Notably, the association with FAK inhibitors such as PEITC could be a solution to
exploit its full potential. Indeed, PDc reduced the ability of HepG2 cells to migrate and
invade an ECM and adhere to the extracellular environment. The fact that PDc can affect
both adhesion and migration simultaneously could be crucial for its anticancer potential.
Tumour cells need to form transient attachments to other cells and the ECM to metastasise,
but at the same time, they need to detach to allow migration from the primary tumour 283.
PDc anticancer activity may be tailored to target the “partial EMT”, characterised by
adhesion capability, belonging to the epithelial traits that the cancer cells maintain to form
cancerous clusters, and migration capability, which allow them to reach different regions
of the body 274. Finally, PDc influences the ability of HepG2 cells to form new colonies
starting from small cell agglomerates. The growth of new colonies is the final phase in the
tumour progression and represents the less understood due to the complex interactions of
the highly diverse cell population that composes the metastatic microenvironment. All
these effects elicited by PDc on HepG2 in vitro were congruent with the effect in vivo with
the xenograft CAM assay. The results from the CAM assay experiments are supported by
several works that observed the reduced tumour growth and invasion of the CAM, as
presented in this study 284286, Future experiments using immunocytochemistry of
cytoskeleton proteins in CAM sections could confirm the reduced tumour cell invasion

capability.

As discussed above, the dasatinib effect can benefit from the combination with a FAK
inhibitor, and the findings of this study are in agreement with this. As aforementioned,
PEITC showed to suppress FAK signalling activation 45. Therefore, it is probable that the
anticancer activity of PDc pivots on the role of FAK and c-Src interaction, as protein
expression analysis confirmed that PDc reduces the activation of the FAK Tyr-397
phosphorylation site. The cell interaction with the ECM triggers the auto-phosphorylation
of Tyr-397, situated on the FAK N-terminus, allowing the binding of Src and leading to its
enzymatical activation to propagate the downstream signal 275 287, FAK and c-Src have a
fundamental role in the focal adhesion complex rich in actin-binding proteins responsible

for stabilising actin filaments 287. The actin filaments of the cytoskeleton have a primary
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role in generating forces employed for cell migration and adhesion to the extracellular
environment 142, Actin filaments organise in large bundles to form lamellipodia, structures

responsible for cell motility.

The effect of PDc on the actin filaments was investigated with immunofluorescence with
phalloidin as an f-actin stain. The results highlighted that the drug combination leads
HepG2 cells to form numerous filopodia compared to single-drug treatments. Filopodia are
thin and extended structures which mainly possess a sensory function rather than a motility
or adhesive role. Filopodia rapidly reorganise to form lamellipodia, allowing the cell to
migrate. The induction of filopodia formation has been previously described in human
breast cancer cells treated with polyphenol resveratrol 28. The increased number of
filopodia observed in response to resveratrol was accompanied by a reduction of cancer
cell migration, a marked depression of phosphorylation of Tyr-397 FAK and reduced
formation of focal adhesions. The study concluded that resveratrol inhibited cell migration
by inhibiting focal adhesion formation. A previous study showed that FAK is differentially
activated in adherent and non-adherent cells and FAK inactivation leads to loss of adhesion
followed by apoptosis in colon cancer cells 281. It can be hypothesised that PDc treatment
inhibits the formation of focal adhesion complexes through FAK inhibition, leading to loss
of adhesion and cell death. Further experiments of actin staining with induced over-
expression of FAK could confirm that the effect of PDc treatment on filopodia formation is

due to the altered formation of focal adhesion complexes.

FAK also play a role in JAK2/STAT3 pathway in promoting EMT 289, Indeed, JAK and
STAT3 bind to the FAK-Src complex to promote glioblastoma cell motility and cellular
signalling 289, while the inhibition of STAT3 results in reduction of the invasive capabilities
of astrocytoma cells 290. Moreover, FAK regulates the expression of E-cadherin through the
activation of Src and STAT3 signalling pathways, controlling the migration capability of
melanoma cells 291, PDc was consistently shown to inhibit STAT3 and increase the
expression of E-cadherin while reducing N-cadherin. During EMT, a marked loss of E-
cadherin and gain of N-cadherin expression is described as a “cadherin switch” linked
with breast cancer progression 292. This switch increases the cancerous cells' capability to
migrate and invade, potentiating their metastatic potential. A lower expression of E-
cadherin is often associated with more invasive tumours, and thus E-cadherin is generally
considered a tumour suppressor. The results suggest that, at least in part, PDc reduces the

metastatic potential of HepG2 cells by inhibiting EMT via STAT3 upregulation of E-
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cadherin (FIGURE 5.8). Protein expression analysis of JAK could reveal the linkage between
FAK and STAT3 signalling. Moreover, gene manipulation could help in confirming the
correlation between FAK/STAT3 signalling and Cadherin expression. Silencing of E-
cadherin expression followed by the experiment of adhesion, migration, and adhesion
analysis could further demonstrate the linkage of Cadherin switch and reduced metastatic

potential of HepG2 cells.
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FIGURE 5.8 | Diagram of PDc effect on HepG2 metastatic potential
PDc modulates adhesion, migration, and invasion through the regulation of E-cadherin and N-
cadherin expression. The hypothesis is that PDc target c-Src and FAK simultaneously reduce the

downstreatm signalling of JAK2/STAT3 pathway.
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Chapter 6

PEITC and Dasatinib combination effect on tumour-induced angiogenesis

6.1 Introduction

In normal conditions, the process of angiogenesis is related to embryogenesis before being
turned on transiently during specific processes of the human body's life 2. During tumour
progression, an “angiogenic switch” allows the development of new vessels to sustain the
growth of the tumour mass. Cancerous cells are able to control the expression of
angiogenic factors to drive the sprouting of new vessels 2. Angiogenesis also plays a crucial
role in tumour metastasis as the cancerous cell ability expands to extravasate into the
bloodstream to escape from the tumour's primary site and reach other body regions 293.
Moreover, once cancerous cells reach a different tissue in the body, they have to proliferate

and re-induce angiogenesis to promote metastasis growth.

In early 2000, several anti-angiogenic drugs were developed to tackle different types of
cancer, but their effect was only transitory, with the re-establishment of tumour growth after
a period of apparent stop 294. The transitory effect could be related to a tumour adaptation
that finds alternative pathways to re-establish the induction of angiogenesis. The concept of
metronomic chemotherapy has been introduced to contrast the drug resistance
phenomenon 29. Instead of high doses of chemotherapy with extended periods of pause
between treatment cycles, low doses of chemotherapeutic agent with frequent
administration could improve the outcomes and reduces events of acute toxicity 295.
Therefore, switching from a strategy of total eradication of the tumour to a maintenance
therapy of chronic disease has been proposed, reducing toxicity and preventing drug
resistance 2%. Furthermore, the association of low doses of chemotherapeutics and
angiogenesis inhibitors could improve anticancer activity, making the metronomic therapy

strategy more plausible 29%.

Dasatinib has shown positive results in vitro associated with angiogenesis inhibitors in
breast cancer and hepatocellular carcinoma 37 297. As discussed previously, ITCs can
inhibit angiogenesis in several tumour models. PEITC showed to suppress the expression of
VEGF through inhibition of HIFTa and VEGFR-2’s down-regulation 130, 298, 299 Therefore,
the effect of PDc on the ability of tumour cells to induce angiogenesis has been

investigated in this chapter. As presented in FIGURE 5.1, the effect of PDc on tumour-induced
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angiogenesis was tested by employing a dual cell line model. HepG2 cells were treated
with PDc, and after 24 hours, the conditioned medium (CM) was concentrated with a 3
kDa protein concentrator to collect the HepG2-secreted factors and to discard drug
metabolites and non-metabolised drugs. CM was used in different assays using HUVECs
and the yolk sac membrane (YSM) assay to define the inhibitory effect of PDc on

angiogenesis in vitro and in vivo.
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FIGURE 6.1 | Diagram of CM preparation from HepG2 PDc-treated cells.

HepG2 cells were treated with PDc and single drugs for 24 h. After that, CM was collected and
concentrated with protein concentrators. CM was subsequently applied in different assays using
endothelial human cells to test the effects of PDc on tumour-induced angiogenesis and the

related processes.

Chapter 6 objectives
- Evaluate PDc effect on tumour induced angiogenesis in vitro
- Evaluate PDc effect on tumour induced angiogenesis in vivo

- Elucidate PDc mechanism of action
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6.2 Results

6.2.1 HepG2 CM stimulates HUVECs adhesion and migration

CM concentrated from HepG2 cells was added to cultivated HUVECs to to assess whether
the tumour cells were able to influence the behaviour of endothelial cells. Cell viability,
adhesion, and migration were evaluated by MTT assay, ECM coated plate-based assay, and
Boyden’s chamber assay respectively. The results showed that HepG2 cells were able to
slightly induce (16%) HUVECs proliferation even if not significantly (FIGURE 6.2). On the
other hand, CM had a significant impact on the adhesion and migration of HUVECs cells,
indicating that the concentration of conditioned medium can be employed to study the

tumour influence on endothelial cells (FIGURE 6.2).
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FIGURE 6.2 | Effect of HepG2 CM on HUVECs viability, adhesion and migration.

Control = HUVECs complete medium, CM = HUVECs complete medium with 0.1 mg/mL
HepG2 CM. Top, representative images of HUVECs adhesion and migration assay (10x, scale
bar 200 pm). Bottom, quantitative data of viability (mean + SEM, n=3) adhesion (mean + SEM,
n=3) and migration (mean + SEM, n=4). The degrees of significance were calculated with one-

way ANOVA test with Tukey's multiple comparisons test and are indicated as * p < 0.05.
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6.2.2 PDc CM affects HUVECs adhesion and migration, but not their viability

To assess if PDc can influence tumour-induced angiogenesis, HepG2 cells were treated
with PDc and single drugs, and the medium was concentrated to obtain the CM. The MTT
assay was initially employed to exclude that the observed effects were not a result of the
drug toxicity itself but the effect of the cancer cells' secretome. Indeed, CM did not show a
toxic effect on HUVECs, while the free drugs greatly affected HUVECs viability (FIGURE 6.3A-
B). To avoid any possible toxic effects induced by the higher dasatinib concentrations, CM
was produced using the lowest concentration of dasatinib (i.e. 1.25 pM) combined with
PEITC 12 pM. As the highest CM concentration reduced the HUVECs viability compared to
control, the lowest concentration of CM (0.1 mg/mL) was selected for the subsequent

experiments.
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FIGURE 6.3 | Effect of drug direct treatment and CM treatment on HUVECs.

The validity of CM concentration as method to assess the effect of PDc on HepG2 secretome
was tested comparing the effect of PDc and CM on HUVECs with MTT assay after 24 h
treatment. (A) HUVECs viability assessed after PEITC and dasatinib treatment (mean + SEM,

n=2), and (B) condition media treatment (mean + SEM, n=3).

The effect of CM was then tested on HUVECs adhesion and migration, and the results

showed that PDc treatment reduced the tumour-induced effect on the ability of the
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endothelial cells to adhere and migrate (FIGURE 6.4). Indeed, just 24.8 + 3.56% of CM PDc
treated cells adhered to the plate, while just 39.9 + 6.18% migrate within the Boyden

chamber if compared to control.
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FIGURE 6.4 | Effect of CM from HepG2 treated with PDc on HUVECs adhesion and migration.

(A) Representative images of HUVECs adhesion assay (10x, scale bar 200 pm). (B)
Representative images of HUVECs migration assay (10x, scale bar 200 pm). (€) Quantitative
data of HUVECs adhesion (mean + SEM, n=6) and migration normalised to HUVECs medium
(mean + SEM, n=5) after treatment with CM. The degrees of significance were calculated with
one-way ANOVA test with Tukey's multiple comparisons test and are indicated as * p < 0.05,

#*6% p < 0.0001.
6.2.3 PDc CM inhibits tumour-induced angiogenesis in vitro

The effect of CM on angiogenesis in vitro was investigated by seeding the HUVECs on top
of a layer of Matrigel®, which gives the extracellular support to allow the endothelial cells
to form tubular structures spontaneously. The results showed that the CM derived from
PDc-treated cancer cells inhibited the reorganisation of HUVECs to form tubular structures
in a concentration-dependent manner. Indeed, 0.1 mg/mL of CM reduced the complexity
of the tubular network significantly, while at 0.2 mg/mL, the HUVECs reorganisation was
wholly inhibited by PDc CM and also by CM dasatinib (FIGURE 6.5). Therefore, 0.1 mg/mL of

CM was employed to repeat the experiment.
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FIGURE 6.5 | Concentration dependent effect of CM on tube formation assay.
HUVECs cells were seeded on top of a thick layer of Matrigel and treated with different
concentrations of CM (0.1 and 0.2 mg/mL). PDc derived CM inhibited the formation of tubular

structures if compared to single drug treatments derived CM.

In figure FIGURE 6.6 ToP, staining with Calcein AM was used to show the tubular structure
formed by the endothelial cells. The tubular network was analysed with an Image) macro
to quantify different parameters that describe the complexity of the formed network (FIGURE
6.6 Bortom). CM from PDc-treated cells reduced most of the network complexity
parameters compared to the CM derived from the single drug treatments, while dasatinib

alone reduced only the area meshes formed.
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FIGURE 6.6 | Effect of CM from HepG2 treated with PDc on tube formation assay.

Tubular structure were stained with Calcein AM and the network complexity was calculated
with Image) referring to different parameters. (A) Representative images of HUVECs tube
formation assay stained with Calcein AM (4x, scale bar 200 pm). (B) Quantitative data of tube
formations from 8 different parameters (mean + SEM, n=>5). The degrees of significance were
calculated with one-way ANOVA test with Tukey's multiple comparisons test and are indicated
as * p < 0.05, ** p < 0.01. Only the paramter Number of meshes showed a non-normal
distribution, therefore degrees of significance were calculated with non-parametric Kruskal-

Wallis test with Dunn’s multiple comparisons test.

6.2.4 PDc CM does not affect angiogenesis in vivo

The effect of PDc on tumour-induced angiogenesis was further studied using a chick yolk
sac membrane (YSM) ex ovo assay. The yolk sac is highly vascularised, and the addition of
materials and compounds can give insight into their ability to influence the process of
angiogenesis in vivo. CM (2.5 mg/mL) was applied inside a plastic ring on top of the YSM,
and pictures were taken every 12 hours. At 36 hours, the vessels formed reached a
complexity to the extent of quaternary vessels, which are smaller vessels that arise from

branches that, in turn, arise from branches originating from a principal vessel. The manual
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counting of the vessels showed only a slight trend in quaternary vessels, with fewer vessels

in CM derived from the treatment of cancer cells with PDc (FIGURE 6.7).
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FIGURE 6.7 | Effect of CM from HepG2 treated with PDc on YSM assay.

Top, representative images of the vessels on the yolk sac membrane captured with a
stereomicroscope. Bottom, manual count quantification of vessels observed on the YSM
(Control n=4, CM Control n=6, CM PEITC 12 pM n=4, CM dasatinib 1.25 pM n=5, CM
dasatinib + PEITC n=4) from 3 independent experiments. Only Control and CM Control showed
a significant difference calculated with an unpaired two-tailed Student’s t-test, the degree of

significance is indicated as * p < 0.05.
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6.2.5 PDc treatment reduces HepG2 secretion of pro-angiogenic factors

Angiogenesis can be induced by pro-angiogenic factors or inhibited by antiangiogenic
ones. Therefore, the CM concentrated from the medium of HepG2 cells treated with PDc
and single drugs was subjected to an angiogenesis proteome profiler. A profile of the
factors up or downregulated present in the CM could give insights on the effect of PDc on
tumour-induced angiogenesis. The heatmap showed a summary of the blot results,
underlying a difference in terms of Angiogenin and VEGF concentration, which resulted
lower in PDc conditioned medium (FIGURE 6.8). Also, CXCL16 and placental growth factor
(PIGF) secretion resulted slightly lower in PDc-treated cells but the signal from these targets
was quite low. The results of the proteome profiler were confirmed with an ELISA assay,
which showed a lower VEGF level in CM PDc compared with the CM from the single drug-

treated cells (FIGURE 6.9).
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FIGURE 6.8 | Analysis of CM from HepG2 treated with PDc.

The angiogenesis proteome profiler was employed for the detection of angiogenesis involved

factors. Top left, heatmap of targets that shows a significant change. Top right, images of blots of

proteome profiler. Bottom, the legend of targets location.

170



CHAPTER 6 PDC EFFECT ON TUMOUR-INDUCED ANGIOGENESIS

2000+

1500
1000 —
500 |L‘
0- T

FIGURE 6.9 | CM ELISA assay for VEGF detection.
ELISA assay results for the detection of VEGF in CM (mean + SEM, n=3). The degrees of

VEGF (pg/mL)

significance were calculated with one-way ANOVA test with Tukey's multiple comparisons test

and are indicated as * p < 0.05.
6.2.6 PDc affects HepG2 PIGF, but not ANG and VEGF gene expression

To further assess the effect of PDc on the expression of pro-angiogenic factors, RT-qPCR
was employed to analyse the expression of the three most interesting factors identified with
the angiogenesis proteome profiler (i.e. angiogenin, VEGF, PIGF). As depicted in FIGURE 6.10,
ANG, VEGF, and PIGF expression levels were assessed at three different time points. ANG
did not show any significant difference in expression between the treatments at any
experimental time. VEGF analysis showed an increase in expression at 6 and 12 hours in
PEITC and PDc-treated cells, while at 24 hours the expression went down below the
control level. Interestingly, PIGF analysis showed a significant increase in PDc-treated cells

at 6 hours, returning to the control level at 24 hours.
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FIGURE 6.10 | Gene expression analysis for angiogenesis factors.

Expression of ANG, VEGF, and PIGF was analysed by RT-qPCR after 6, 12, and 24 h (mean =
SEM, n=3). Data were normalised to B-Actin expression before being subjected to 2-4ACT
method. The degrees of significance were calculated with one-way ANOVA test with Tukey's

multiple comparisons test and are indicated as ** p < 0.01, *** p < 0.001.
6.2.7 Effect of PDc on PIGF/VEGF heterodimers formation in HepG2

The study of the literature highlighted the potential of PIGF to form a heterodimer with
VEGF that has anti-angiogenic properties. Therefore, the presence of PIGF/VEGF
heterodimers in CM was assessed by ELISA assay. Non-concentrated and concentrated
medium resulted in a lower presence of PIGF/VEGF heterodimers in PEITC and PDc
compared to the control, while dasatinib treated cells did not significantly change their

secretion in CM (FIGURE 6.11).
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FIGURE 6.11 | Presence of PIGF/VEGF heterodimer in CM.

CM from HepG2 treated with PDc and single drugs was subjected to ELISA assay for the
presence of PIGF/VEGF heterodimers (mean + SEM, n=3) No difference was observed between
the non concentrated CM collect straight from the plate (left) and the CM collected and
concentrated for HUVECs and YSM assays (right).

6.3 Discussion

Chemotherapy coupled with angiogenesis inhibition could be an advantageous strategy in
cancer treatment. PDc showed a promising effect on HUVECs in vitro. The concentrated
CM from HepG2 treated with PDc was able to reduce HUVECs adhesion and migration
capability as well as the ability to form tubular structures in vitro. The effect in vivo was not
marked as expected due to the high intrinsic variability of the YSM assay, which lacked
standardisation capability 300. The analysis of the CM using an angiogenesis proteome
profiler highlighted that PDc treatment significantly reduced two pro-angiogenic factors,
angiogenin and VEGF while changing the expression of CXCL16 and PIGF to a smaller

extent.

Angiogenin serum levels have been associated with a poor prognosis in different tumours
301 particularly in HCC, indicating more tumour vascularity and patient mortality 302, 303,
Angiogenin is secreted by hepatocytes and is internalised by endothelial cells to promote
the transcription of pro-angiogenic factors 304. The analysis of the secretome in hepatoma
cells showed that angiogenin is also responsible for promoting liver cancer through the
activation of hepatic stellate cells 301. Previous publications have indicated that prostate
cancer cells highly express angiogenin that can be responsible for STAT3 signalling
activation 395, and hypoxia-inducible factor Ta (HIF-1a) may up-regulate angiogenin in oral

cancer 306,
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CXCL16 has been identified as a potent mediator of angiogenesis, particularly
influencing endothelial cells' chemotaxis for de novo vessel development 307. Zhuge et al.
demonstrated that CXCL16 stimulates HUVECs proliferation and migration and formation
of a tubular network in vivo through activation of ERK pathway 308. Moreover, CXCL16 has
been associated with increased secretion of VEGF in prostate cancer cells 399, Indeed, solid
tumours secrete CXCL16 to attract endothelial cells and to induce angiogenesis 310. Finally,
the mRNA expression of CXCL16 was associated with hypoxic conditions and, therefore,

with transcription induced by HIF-1a 310,

VEGF is the critical mediator in angiogenesis, typically expressed during embryogenic
development or wound healing in adult life 311. During the before mentioned “angiogenic
switch”, VEGF becomes highly expressed in cancer together with other pro-angiogenic
factors to allow the development of de novo vasculature, favouring the exponential tumour
growth 311, The condition of hypoxia generally induces VEGF expression. Indeed,
overexpression of STAT3 regulates VEGF expression 312 and, in particular, activation of
HIF-Ta mediates the expression of VEGF 313. As the literature shows, inhibition of this
signalling axis led to reduced angiogenesis in HepG2 treated with sulforaphane 286.
Recently, STAT3 angiogenesis mediation has also been associated with the c-Src/FAK
complex 314. As discussed before, PDc synergistic efficiency could also be associated with
the simultaneous targeting of c-Src and FAK to reduce the metastatic tumour potential. C-
Src induces angiogenesis through VEGF expression 315, while FAK plays an important role
in the proliferation and migration of endothelial cells 316. It may be hypothesised that the
observed effect of PDc on the inhibition of angiogenesis is linked to the inhibition of c-Src/
FAK/STAT3 signalling, which results in the reduced expression of pro-angiogenic factors

(FIGURE 6.12).

Further experiments could be helpful to support the above conclusions. The
supplementation of the CM with the pro-angiogenic factors (i.e. PIGF, CXCL16, VEGF) that
resulted reduced after treatment of PDc could highlight the involvement of these factors in
the reduced tumour induced angiogenesis. Even if the correlation between STAT3 and
reduced expression of VEGF has been reported in the literature 286, further experiments to
study the expression of HIF-1a could confirm the linkage between FAK/STAT3 signalling
and the reduced expression of pro-angiogenic factors. Indeed, nuclear HIF-1a could be
isolated to analyse its nuclear translocation, which is responsible for the expression of pro-

angiogenic factors.
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FIGURE 6.12 | Schematic diagram of PDC in inhibition of angiogenesis.
The concomitant inhibition of c-Src and FAK lead to the inactivation of STAT3, which is
involved in the transcription of different pro-angiogenic factors. In particular, PDc reduced the

accumulation of VEGF, angiogenin, and CXCL16 in CM.

The analysis of the mRNA expression of the main pro-angiogenic factors identified by the
proteome profiler highlighted something unexpected. PDc treatment induced an over-
expression of PIGF at 6 hours with a peak at 12 hours. The placental growth factor (PIGF) is
a protein that belongs to the VEGF family, and VEGFR-1 was identified as its primary
receptor 317. The role of PIGF is controversial, some reports this protein involved in
pathological angiogenesis with a potential role in cancer treatment of PIGF inhibition 317.
On the contrary, other studies highlighted the potential of PIGF as an inhibitor of tumour
growth and metastasis 318-320. |t has been shown that the over-expression of PIGF inhibits
angiogenesis by forming a PIGF/VEGF heterodimer, reducing tumour growth in vivo. The
role of VEGF and PIGF in angiogenesis is strictly related to the presence of specific
receptors on endothelial cells. VEGF usually forms homodimers that bind VEGFR-2 to
promote angiogenesis 321. Once VEGF binds to VEGFR-2, an intracellular calcium reserve
is mobilised to activate downstream signalling to promote angiogenesis, while PIGF

homodimers bind to VEGFR-1, leading only to weak angiogenesis 322.

On the other hand, PIGF/VEGF heterodimers bind to VEGFR1/2, the heterodimer
receptor, and inhibit the signals responsible for the calcium release, delaying the activation

of the downstream signalling, thus inducing a negative regulation of angiogenesis 322.
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Therefore, PIGF/VEGF heterodimers inhibit angiogenesis in relation to VEGF receptors
found on endothelial cells. The inhibition can be direct through activation of the
VEGFR-1/2 negative regulation and indirect via blocking the formation of angiogenic
active VEGF homodimers (FIGURe 6.13). The data from the ELISA assay for PIGF/VEGF
heterodimers showed that PDc does not lead to increased secretion of PIGF/VEGF
heterodimers. Therefore, PDc reduction of angiogenesis is unrelated to PIGF/VEGF
heterodimer formation. PIGF increased expression may not lead to the production of PIGF
protein to a sufficient extent to sequester VEGF from homodimer formation and to bind

VEGFR-1/2 in an effective manner.
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FIGURE 6.13 | Hypothesis of angiogenesis inhibition by PIGF/VEGF heterodimers.

PDc increases the expression of PIGF but this is not enough to affect the formation of PIGF/
VEGF heterodimers, which are known to inhibit angiogenesis directly and indirectly. PIGF/VEGF
heterodimers bind to the VEGFR-1/2 receptor which delays the VEGFR-2 downstream signalling
activation. Furthermore, PIGF/VEGF heterodimers formation reduces the formation of active

VEGF homodimers.
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Chapter 7
PEITC and Dasatinib combination and murine syngeneic model: in vivo

preliminary data

7.1 Introduction

Pre-clinical in vivo models are crucial for the development of new drug candidates and
their advancement to clinical studies 323. The likelihood of approval of new oncology drugs
is extremely low compared to drugs for other types of disease. 80% of the drugs that
showed positive results in murine models fail at the clinical stage, resulting in poor
translatability 324. This lack of translational power between in vivo and clinical settings and
the rise of ethical concern is pushing the research towards different models that are more
acceptable under the ethical profile (i.e. 3D cultures, organoids, organs on a chip) 198.
However, the high failure rate at the clinical stage of drugs that showed promising results
in mouse models can be attributed to a weak pre-clinical study design 324. Therefore, it is
crucial to refine the pre-clinical study design to improve the reliability of the results.
Nonetheless, in vivo pre-clinical models, particularly mouse models, are and will be

relevant for drug development for years to come 323.

Different mouse models are employed to evaluate the effect of different stimuli on the
growth and progression of a tumour in vivo 198. The formation of a tumour can be induced
genetically, environmentally (i.e. radiation, chemicals, pathogens) or physically implanting
a human-derived xenograft or inoculating a tumour cell line. Cell line-based mouse
tumour models are the most used, accounting for 82% of all employed models 198. Cell
lines models can count on lower costs, easy technical manipulability and consistent
tumour growth 198, Human-derived tumour cell lines can be injected in
immunocompromised mice to generate a xenograft; on the other hand, mouse cell lines
are injected in immunocompetent mice to generate an allograft. The cell line inoculation
can be performed on the organ of its origin (orthotopic) or subcutaneously (ectopic). In this
work, a cell line derived from the same host strain was inoculated in C57BL6 mice to

generate a subcutaneous syngeneic model to determine PDc efficacy and safety.
Chapter 7 objectives

- Evaluate PDc effect on tumour growth in vivo
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7.2 Results

7.2.1 Murine syngeneic model parameters

The literature was scanned to study the most reliable model to study PDc’ effect on HCC in
vivo. Mice strains, sex, gender, cell lines, and cell number injected were considered and
listed in TABLE 7.1. Hepa 1-6 is among the most used syngeneic models for the study of
HCC in vivo, and it is considered a suitable cell line to inject in C57BL6 mice due to the
reliable tumour growth 325. Furthermore, the literature was scanned to determine the safest
treatment time and dose for dasatinib and PEITC, considering that the time remaining for
the project's completion did not allow to carry out a pilot study (TasLE 7.2). The mice chosen
for the in vivo study to evaluate PDc effect were 8-9 weeks old females, as the average
between the selected articles is 8.7 weeks, and no intersex difference was observed.
Female mice offer an advantage over male mice as they are easier to manage in a colony
because of the absence of territoriality. The number of cells chosen was 5x10¢, which was
the most used. For what concern the drug treatment, three weeks of daily oral gavage were
selected together with the lowest concentrations of the two drugs to ensure a consistent
gap in tumour size between single drugs and combination treatments (dasatinib 10 mg/kg
and PEITC 40 mg/kg). Corn oil was the selected vehicle as PEITC do not dissolve in citric
acid (the usual dasatinib vehicle), while DMSO dissolved dasatinib resulted miscible

in corn oil if prepared right before the administration.

TABLE 7.1 | Most used parameters for Hepa 1-6 murine syngeneic model.

Model Mice Cell number and Treatment start Treatment end
‘ vehicle |
Allograft 8-10 weeks 4x106 Tumour at 100 mm3 Day 22
Subcutaneous %+ = C57L/) 1 3 :
Allograf 8-10 weeks 4x106 Tumour at 100 mm3 Day 15
Subcutaneous 164 - CAnN.Cg-Foxn1nu/ 5 5
CrlCrlj 5
Allograft 5-6 weeks 5x106 Tumour at 200 mm3  Day 15

Subcutaneous 326 Male (no gender 100 pL PBS
difference observed)

- C571/6)
Allograft - 10-25 weeks 1x107 Tumour visible ~Day 18 (2000 mms3)

Subcutaneous 325 C57L/) 0.1 mL FBS free (6 days)
: MEM :
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i Cell number and
vehicle

Treatment start

Treatment end

After 2 weeks of
treatment

Allograft

Subcutaneous 327

8-12 weeks
Female
- C57BL/6

2x107/mL

0.1 mLPBS

“Tumour at 1 cm

1(9-10 days)

Day 40 (4000 mm?3)

Allograft

C57L)

Subcutaneous 328

5x106

0.1 mL FBS free

MEM

' Tumour visible

(15 days)

TABLE 7.2 | Most used parameters for dasatinib and PEITC in vivo.

Route of

administration

Dose, vehicle and
frequency

Treatment
start

Treatment

end

30/60 mg/kg x day
- 80 nM citric acid

7 days after
tumour cell
~injection

10 mg/kg x day
DMSO
- 5 days a week

30 mg/kg x day
- Citrate buffer

Tumour at
- 50-100 mg

30 mg/kg x day
- Citrate buffer

Tumour at
- 50-100 mg

1,5,15,50 mg/kg
- PG in water (50:50) |
- Twice x day 5

Tumour at
- 150-250 mg

15 mg/kg
- 50 pl Labrasol
' Daily

10 days after
- tumour cell
- injection

10 mg/kg x day
DMSO
5 days a week

10 mg/kg x day :
- 80mM citrate buffer

ﬁ1.7cm

1100 mg/kg
CMC-Na
- Every 2 days

Tumour at
- 50-100 mm3

30 mg/kg x day
- 80nM citric acid

Tumour at 75
mm3

30 mg/kg x day
- 80nM citric acid

Tumour at 75
-mm3

Dasatinib 336

Oral gavage

70 mg/kg/day
- dHO
5 days a week

- Colon cancer

Tumour at 50
mm3
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Route of Dose, vehicle and Treatment Treatment
Drug . . . Tumour ‘
administration frequency start end
PEITC 337 Oral gavage 60 mg/kg Prostate cancer Day of Day 38
i - 0.1 mL PBS i ~injection
‘ - 5 days a week 3
PEITC 337 Oral gavage 40 mg/kg Prostate cancer Tumour at 50 Day 38
i 0.1 mL PBS 1 - mm3 ‘
5 days a week (15 days)
PEITC 338 Oral gavage 81 mg/kg x day Breast cancer Tumour at Day 35
PBS 150 mm?
PEITC 339 Oral gavage 81 mg/kg/day ‘Breast cancer  Tumour at 80  Day 35
% - PBS 3 -mm3 3
PEITC 340 Oral gavage 60 mg/kg x day Breast cancer Tumour at Day 22
| 0.1 mL oil | /50-100 mm3
- 21 days - (5 days)
PEITC 341 Oral gavage 67.5/135 mg/kg x Glioblastoma Tumour at - Day 21
5 - day 5 - 100-120 mm3
0.1 mL+0.01 mL 5 5
- DMSO

7.2.2 PDc reduces Hepa 1-6 cells viability and induces apoptosis

To assess the validity of the Hepa 1-6 cell line as a model for testing PDc in vivo, an MTT

assay was employed to evaluate the efficiency of PEITC addition to dasatinib treatment on

Hepa 1-6 cells. Hepa 1-6 cells were treated with PEITC or dasatinib alone and in

combination using concentrations of PEITC below the 1C20 (i.e. 6, 9, 12 uM) (FIGURE 7.1A).

The results showed that PDc significantly reduced cell viability compared to single

treatments. In particular, the addition of PEITC 9 and 12 pM led to a strong synergy with CI

values lower than 0.5 (TABLE 7.3). Moreover, the combination of PEITC 12 uM and dasatinib

0.625 pM lead to a statistically significant increase in apoptotic cells (FIGURE 7.1B-D).
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FIGURE 7.1 | PDc induces cell death and increases apoptosis in Hepa 1-6 cells.

(A) Hepa 1-6 cells were treated with different concentrations of PEITC and dasatinib (0.625 to
10 pM) or with dasatinib plus fixed concentrations of PEITC (6, 9, 12 uM) for 24 h. The data
presented were normalised to control’s proliferation (mean + SEM, n=3). (B) Hepa 1-6 cells
were treated with dasatinib 0.625 pM with or without PEITC 12 pM for 24 h and then subjected
to Annexin V (AV) and Pl staining (mean = SEM, n=3). The degrees of significance were
calculated with a one-way ANOVA test with Tukey's multiple comparisons test and are
indicated as * p < 0.05, *** p < 0.001. (C) Apoptosis assay representative images from FlowJo

software. (D) Apoptotic cell percentages (mean + SEM, n=3).
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TABLE 7.3 | Cl values of PDc calculated after 24 h of treatment.

Dasatinib (uM)

0625 125 25 5 10

12 0411 0363 0444 0484 0.676
7.2.3 PDc affects Hepa 1-6 spheroids’ viability and growth

PDc efficiency was tested using a 3D spheroid model. The effect on spheroids viability was
tested by employing Calcein AM (viable cells) and ethidium homodimer (dead cells) stains.
The combination-treated spheroids (dasatinib 0.625 pM + PEITC 9 pM) showed an
increase of dead cells in the core of the spheroid (FIGURE 7.2A). The analysis of the spheroids
area highlighted a decreased size of dasatinib and PDc-treated spheroids but the difference

was not significant (FIGURE 7.2B).
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FIGURE 7.2 | PDc affects Hepa 1-6 spheroids’ viability and size growth.

Spheroids were treated for three days with dasatinib 0.625 pM with or without PEITC 12
pM. (A) Dead cells and viable cells are stained with EthD-1 (red) and Calcein AM (Green)
respectively (10x, scale bar 200 pm). (B) Effect of drugs on spheroids growth based on the

surface area (4x, scale bar 500 pm). (C) Spheroids area quantification on ED 6 (mean + SEM,

n=3).
7.2.4 PDc inhibits Hepa 1-6 adhesion and migration

The ability of PDc to influence cell adhesion and migration was investigated in Hepa 1-6
cells. Cells were seeded on an ECM-coated plate to facilitate adhesion and treated with
PDc and single drugs; the number of adherent cells was evaluated after 3 hours. The results
showed potent inhibition of adhesion in PDc-treated cells, while PEITC led to a reduction
of just 20% and dasatinib reduced to <50% the adhesion potential of Hepa 1-6 cells
(FIGURE 7.3A-B). The scratch wound healing assay highlighted the ability of PEITC to enhance
the migration inhibition of dasatinib, with the combination cell treatment further reducing

the migration rate to less than 20% when compared with the control cells (FIGURE 7.3c-D).
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FIGURE 7.3 | PDc suppresses Hepa 1-6 adhesion and impairs cell migration.

Hepa 1-6 cells were seeded on a 200 pug/mL Matrigel-coated plate and treated with dasatinib
0.625 pM with or without PEITC 9 pM. (A) Cells were stained with crystal violet and imaged
with an inverted microscope. Representative images from 3 independent experiments (20x,
scale bar 100 pm). (B) Adhesion assay’s quantitative data were normalised to control (mean +
SEM, n=3). Hepa 1-6 cells were treated with dasatinib 0.156 pM with or without PEITC 9 pM,
and pictures were taken at 0, 24 and 48 h. (C) Representative images at 0 h and 72

h. (D) Quantitative data presented were normalised to control’s migration rate (mean = SEM,
n=3).

7.2.5 PDc inhibits tumour growth in vivo

PDc efficacy was further tested in vivo with a syngeneic subcutaneous murine model.

Hepa 1-6 were injected subcutaneously (on the right flank); once the tumour mass

developed, mice were treated with PDc, single drugs, or vehicle control by oral gavage for

three weeks, five days a week (FIGURE 7.4A). Animals were culled after 22 days from the start

of the treatment. The treatment regimen did not negatively influence the animal’s growth,
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which gained weight throughout the experiment (FIGURE 7.4B). Tumour controls steadily
developed, reaching 966.8 + 329.9 mm3 at the end of the experiment, while PEITC
reached 967.7 + 453.8 mm3 and dasatinib 773.6 + 292.8 mm3 (FIGURE 7.4c). PDc proved to
synergistically reduce tumour growth 343.7 + 134.0 mm3 with a CI value of 2.064, which
was calculated with the fractional tumour volume method (TABLE 7.4). The final tumour

volume was normalised to its initial volume; the results are presented in FIGURE 7.4D.

—— Control —— Dasatinib 10 mg/kg
PEITC 40 mg/kg Dasatinib + PEITC
30
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c)
5 days/week - 25
l l PEITC (40 mg/kg) o . =
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FIGURE 7.4 | PDc reduces tumour growth in in vivo murine model.

Diagram of experimental conditions. Mice were injected subcutaneously with Hepa 1-6 cells
and treated by oral gavage after 10 days, 5 days a week for 3 weeks (B) Body weight was closely
monitored over the treatment time. (C) Tumour volume over the treatment time (mean + SEM,
Control n=9, PEITC n=6, dasatinib n=8, P+D n=8); The degrees of significance are indicated as
*** p < 0.001, **** p < 0.0001 calculated with linear regression. (D) Tumour final volume
normalised to the volume measured on the day of the first treatment. The degree of significance
is indicated as * p < 0.05 calculated with non parametric Kruskal-Wallis test with uncorrected

Dunn’s test.
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TABLE 7.4 | Drug combination synergistic effect calculated with CI values related to fractional

tumour volume

Fractional tumour volume (FTV) relative to control 1

Dasatinib + PEITC

treD:t)rln(::)t 34(;) frlng/Ckg Yo S:ng;ll:g | Expected?  Observed Cmi?nlé?xagmn
8 1019 o084 086 0610 1418
oo 0884 o782 0691 0494 1400
"""""""" 15 0961 0663 0638 048 154
8 1146 0602 0690 0426 1619
"""""""" end 1001 0800 0801 0388 2064

TFTV = (mean tumour volume) + (mean tumour volume control)
2 Expected FTV = (FTV of PEITC) x (FTV of dasatinib)
3 Combination index = (FTV Expected) + (FTV Observed)

>1 Synergy, =1 Addition, <1 Antagonism

The tumours were also stained to evaluate the appearance and cell morphology. H&E
staining of tumour sections is presented in FIGURE 7.5 and FIGURE 7.6. PDc-treated tumours
were less prone to form multilobular masses. The higher magnification images showed no
significant difference in cell morphology or tissue organisation between the treatments. The
PDc treatments resulted in significant reduction in the size of the tumour but also the

heterogeneity and the formation of multilobular masses.
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PEITC 40 mg/kg Dasatinib + PEITC

FIGURE 7.5 | Tumour tissue morphology is not affected by the drug treatment.
Mice tumour samples were cryo-embedded, sectioned, and stained with H&E. The 10x images

were stitched together to form a picture of the complete section (10x, scale bar T mm).

PEITC 40 mg/kg Dasatinib + PEITC

FIGURE 7.6 | Tumour cells" morphology is not affected by drugs’ treatment
Mice tumour samples were cryo-embedded, sectioned, and stained with H&E. (40x, scale bar

50 pm).
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7.2.6 PDc does not affect liver microstructure

PDc effect on the liver was assessed with microscopical analysis of livers sectioned and
stained with H&E. The observation of the liver section did not highlight the presence of any
sign of hepatocyte vacuolation, focal necrotic cell death, diffuse fatty changes,

microvesicular steatosis, inflammatory infiltrations, necrosis, or fibrosis (FIGURE 7.6).

PEITC 40 mg/kg Dasatinib + PEITC

FIGURE 7.6 | Liver gross morphology does not change in response of drugs’ treatment
Mouse liver samples were cryo-embedded, sectioned, and stained with H&E. The liver
microstructure was observed to assess the effect of the drug treatments on liver damage (20x,

scale bar 100 pm).
7.3 Discussion

The use of murine models is a critical step to assess the safety and efficacy of test
compounds in the pre-clinical setting. Mouse models have numerous positive aspects such
as low costs, high tumour growth rate, easy manipulation of bred strains, and fast
reproductive cycle 342. On the other hand, ethical implications are pushing the research to
the development of alternative models (3D cultures, organoids, organs on a chip) 343, 344,
Nonetheless, cancer drug discovery and development field still relies on mouse models to
assess the validity of a candidate drug in tumour development and progression and to

establish the correct therapeutic window, avoiding dangerous side effects 323. The high
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failure rate at the clinical stage of drugs that showed promising results in mouse models

can be attributed to a poor pre-clinical study design 324

The liver is the main organ responsible for the metabolisation of most substances
introduced into the body. Therefore, the disposition of therapeutic drugs also goes through
the liver detoxification process. Indeed, hepatic injury induced by medication is a
potentially dangerous complication that could shut down the body's detoxification system
345 The only treatment of drug-induced liver damage is the withdrawal of the therapy
responsible for the hepatic injury. Liver damage can be a limiting factor in repurposing
chemotherapeutic drugs for different tumour types due to the need for higher doses that
lead to unbearable side effects 346. For example, dasatinib is often associated with
hepatotoxicity due to off-target effects that damage normal cells other than cancerous ones
347 Indeed, dasatinib showed damage to hepatocytes in vivo, leading to a significant

reduction in the rat body weight 348.

Conversely, ITCs showed to protect normal cells from drug-induced toxicity. For
example, PEITC has been shown to protect from acetaminophen-induced hepatotoxicity in
vivo through the inactivation of P450 enzymes, thus reducing the production of toxic
metabolites 349 or to protect from streptozotocin-induced liver disease via Nrf2/SIRTT
pathway 350. On the other hand, the combination of multiple drugs can have a synergistic
anticancer activity but with no specificity, damaging normal cells, as shown in the first
chapter of this thesis. Therefore, it is essential to take into consideration that the PDc could
positively reduce tumour growth but with severe toxic effects that make the drug
combination unsuitable for clinical use. The preliminary results of the murine syngeneic
model experiment revealed that PDc did not have a negative impact on the mice's body
weight and did not induce any visible liver damage in the liver sections stained with H&E.
Indeed, no ballooning degeneration, focal necrotic cell death, focal hepatocellular

degeneration, or vacuolisation were observed as outlined in other studies 350 351,

PDc showed promising results in reducing the growth of HCC in vivo without affecting
the health status of the animals tested, as demonstrated by their increasing body weight
and no detectable damaged liver microstructure. The exact mechanism of PDc action in
vivo has not been confirmed. PDc showed similar results in vitro in the murine HCC cell
line Hepa 1-6 and in the human cell line HepG2. PDc inhibited the growth of both cell
lines tested, induced apoptosis, and reduced adhesion and migration. It has to be

confirmed whether the cell cycle arrest and oxeiptosis induced by ROS production, as well
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as inhibition of angiogenesis and tumour metastatic potential through c-Src/FAK/STAT3
signalling can also be relatable to the effect of PDc in vivo. Indeed, it is of fundamental
importance to optimise the experimental model to increase its predictive power to translate
the results to the humans, considering that a model system will always be an

approximation of the effects predicted in a clinical setting 323.
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Chapter 8

Conclusion

8.1  Summary

ITCs are compounds derived from naturally occurring glucosinolates found in
cruciferous vegetables. Evidence from more than 30 years of research showed that these
compounds exert a role in chemoprevention and in cancer therapy. Their anticancer
activity is broad as it involves numerous different pathways. Therefore, it is likely that these
compounds can work in synergy when combined with other molecules that possess
anticancer properties. In particular, numerous reports showed the potential of ITCs to
improve the efficacy of classic chemotherapeutic agents. Combination therapy is an
effective strategy to exploit compounds approved for clinical use; this strategy allows the
repurposing of clinically safe drugs for different tumour types. Adding a second compound
indeed broadens the spectrum of anticancer activity, even towards tumours where the drug

was initially not efficacious.

HCC is among the most lethal malignant tumours, with a constant increase in incidence.
Systemic treatment is not very effective, and sorafenib has been the only approved
treatment for ten years. In the last six years, several drugs have been approved and in
particular, just recently, a drug combination has become one of the four approved first-line
treatments of HCC. Dasatinib is a multi-targeted inhibitor clinically approved for use in
leukaemia. Currently, there are numerous clinical trials to evaluate dasatinib efficacy in
different types of solid tumours alone or in combination with other compounds, but none
in HCC. Different pre-clinical studies evaluated the efficacy of dasatinib in HCC, showing
promising effects in vivo and in vitro with limitations due to the activation of not-targeted

pathways that reduced the overall efficacy 34 35,276,282,

So far, there are no clinical trials to evaluate the efficacy of ITCs in HCC because of a
lack of pre-clinical evidences. ITCs and combination therapy with chemotherapy drugs
may represent as a valuable advance for the treatment of HCC. Therefore, dasatinib efficacy
in HCC may be improved with the addition of the broad ITCs anticancer activity,
improving the overall treatment efficacy in HCC. This thesis investigated the possibility of
combining ITCs and chemotherapeutic agents to treat HCC, focusing on PDc that showed

a promising synergistic activity.
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8.2 Key findings
8.2.1 ITCs improve anticancer activity of TKIs

The results presented in Chapter 3 support the hypothesis that ITCs can improve the
anticancer activity of chemotherapeutic agents. Furthermore, the first objective of thesis
was achieved, identifying PEITC as the most efficient ITC in synergistically improving the
anticancer activity of dasatinib in the hepatoma cell line HepG2. Also, the BITC and
dasatinib combination may be interesting for further studies. ITCs may support the action
of chemotherapeutic agents by simultaneously targeting multiple pathways, which are
exploited by cancerous cells in their uncontrolled growth. On the other hand, the
improved cytotoxic effect of the drug combinations was also observed in the immortalised
hepatocytes cell line HHL-5. This result underlines the fact that multiple drugs can also
target normal cells. Therefore it is essential to carefully study the pharmacokinetics of these
drug combinations to modulate the drug concentrations to exploit the anticancer potential

while also reducing potential toxic effects on non-targeted tissues.

8.2.2 PDc reduces tumour growth through DNA damage, cell cycle arrest, and

oxeiptosis

In Chapter 4, the effect of PDc on DNA damage, cell cycle arrest, and oxeiptosis was
investigated. The results highlighted the ability of PDc to reduce the growth of the HepG2
cell line. The main effect can be attributed to the increase of ROS that perturbs the already
imbalanced redox status of the cancerous cells. The presence of increased ROS is also
confirmed by the increased oxidation of GSH, which reduces the ability of the cell to
detoxify from H2O. production, which negatively impact on tumour cell health. ROS are
partially responsible for DNA damage, also playing a crucial role in the induction of cell
cycle arrest followed by mitotic catastrophe and induction of oxeiptosis. It is known that
DNA damage is strictly related to the induction of both cell cycle arrest and programmed
cell death. At the same time, cell cycle arrest, in particular the mitotic catastrophe,
culminates with programmed cell death. The antioxidant pre-treatment showed that ROS
represent the cause of mitotic catastrophe and oxeiptosis, but not of DNA damage through
Chk2 and p53 activation. Therefore, it is not clear what is the role of DNA damage in these
phenomena. It could be hypothesised that the antioxidant treatment reduced the PDc-

induced DNA damage only to a certain extent that results in a reversible effect.
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8.2.3 PDc reduces metastatic potential

In Chapter 5, the effect of PDc on the metastatic potential of HepG2 cells was investigated.
PDc was shown to target the Src/FAK complex, leading to inhibition of STAT3 signalling
with a consequent increased expression of E-cadherin and diminished expression of N-
cadherin. As discussed, the cadherin switch is an important event in the EMT mechanism
that potentiates the metastatic potential of solid tumours. Indeed, the ability of HepG2 cells
to migrate, invade, adhere, and colonise was strongly impaired in the presence of PDc.
Moreover, the growth of HepG2 xenograft in the in-ovo CAM assay was reduced with a
diminished ability to invade the surrounding membrane. FAK has a fundamental role in the
formation of focal adhesions to provide cells with migratory capabilities 352. FAK activation
has also been correlated with the downregulation of p53, increasing the survival of
cancerous cells that avoid apoptosis 275 287. STAT3 modulates DNA damage response and
is correlated with cytoprotection; its downregulation makes cells sensitive to oxidative
stress, leading to DNA damage evidenced by increased activation of Chk2 353. Therefore,
the effect of PDc on c-Src/FAK/STAT3 signalling can also be linked to increased p53 and
Chk2 activation related to DNA damage, which increases with concomitant induction of
oxidative stress. This finding further confirms the ability of PDc to target multiple pathways

to result in increased anticancer activity.
8.2.4 PDc decreases tumour-induced angiogenesis

The efficacy of PDc on angiogenesis inhibition was investigated in Chapter 5 by studying
the effects of conditioned medium (CM). CM was concentrated from PDc treated HepG2
cells to evaluate the effect on secreted angiogenic factors and to evaluate the effect on
HUVECs cells' behaviour in vitro and on angiogenesis in vivo, using the yolk sac
membrane (YSM) model. The effects of CM indicated that PDc reduced the tumour cells'
secretion of pro-angiogenic factors. The reduced secretion may be associated with the c-
Src/FAK pathway that plays a role in the transcription of angiogenin, VEGF and CXCL16
through the STAT3 activation of HIF-1a. Moreover, angiogenin has been previously
associated with focal adhesion dynamics, playing a role in forming stress fibres involved in
cell motility 354. Angiogenin can be internalised by receptor-mediated endocytosis and, in
the cytoplasm, it interacts with actin fibres for the formation of focal adhesion complexes.
Furthermore, angiogenin has been associated with the regulation of cell migration in breast

cancer cells, interacting on the cell surface to regulate plasmin formation 355. Therefore, the

193



CHAPTER 8 CONCLUSION

reduction of angiogenin secretion induced by PDc can also have a detrimental effect on

cell migration through a negative feedback loop on the formation of adhesion complexes.

DNA % OXEIPTOSIS
DAMAGE

j MITOTIC
CATASTROPHE

METASTATIC POTENTIAL
AND ANGIOGENESIS

VEGF |

[
T l N-cadherin

FIGURE 8.1 | Putative mechanism of PDc in cancer therapeutics.
PDc targets c-Src/FAK pathway to reduce the metastatic potential and tumour induced

angiogenesis; PDc directly induces DNA damage; PDc induces ROS production that lead to

oxeiptosis and mitotic catastrophe.
8.2.5 PDc reduces tumour volume in vivo

The fifth and last objective was to evaluate PDc in an in vivo setting, evaluating the efficacy

and safety of the drug combination. Chapter 7 presented the preliminary results of a
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murine syngeneic model. /n vivo work is often carried out using mouse models. This step is
fundamental in pre-clinical studies to evaluate the efficacy and safety of a drug before
reaching human studies. The results showed that PDc can effectively inhibit the growth of a
tumour mass composed of HCC cells in vivo without eliciting detrimental effects on the
weight of the mouse or inducing apparent liver tissue damage. These preliminary results
confirmed that ITCs might exert a promising role in enhancing the chemotherapeutic

drugs' anticancer activity.
8.3 Limitations

Although the results of this study highlight the possibility of using ITCs to improve the
efficacy of chemotherapeutic agents, there are several limitations. Most of the experiments
were carried out on a single cell line, and in particular, the molecular mechanism of PDc
action was observed only in HepG2 cells. A cell line is derived from a tumour originating
in a patient with a specific age, sex, grade of cancer, and pathology. Therefore, a single cell
line cannot fully represent all the phenotypes characterising a cancerous disease's
complexity. HepG2 is the most used cell line, and according to a recent review it accounts
for 76% of the manuscripts that use hepatic tumour cell lines found in the PubMed
database 356. The American Type Culture Collection (ATCC) describes HepG2 as a “cell line
derived from the HCC of a 15 year old caucasian male” 357. Surprisingly, there is a
controversy regarding the origin of HepG2 cells; a report from 2009 describes this cell line
as derived from hepatoblastoma (HB) instead of HCC 358. Nevertheless, recent studies

published in reputable journals use the HepG2 cell line as an HCC model 36, 359-364,

The use of RNA silencing techniques could benefit further mechanistic investigation into
the anticancer activity of PDc. RNA interference is a valuable technique that allows the
knockdown of the expression of specific genes post-transcriptionally, elucidating the role
of the protein in mechanistic studies 365. RNA silencing techniques may have contributed
to further insights into the role of key targets involved in the molecular mechanism of
mitotic catastrophe, oxeiptosis, and Src/FAK/STAT3 signalling described in the previous

chapters.

The in vivo work was limited in the first instance because of the absence of an extensive
pilot study to select the optimal parameters (i.e. PDc concentration, cell number, treatment
time) to achieve a significant result. Furthermore, the murine syngeneic model work was

limited to a single experiment, leading to high variability. More experiments could yield
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more robust statistical evidence of PDc synergistic action compared to the single drug

treatment.

8.4 Future research

Interesting insights for future research are included below.
8.4.1 Oxeiptosis and hormetic effect

As discussed, the Nrf2-Keap1 complex is a crucial target in the ITCs' antioxidant activity;
indeed Nrf2 ubiquitination is inhibited, and consequently it translocates to the nucleus to
activate the transcription of antioxidant genes. On the other hand, high doses of ITCs
activate an alternative pathway where the complex Keap1-PGAMS5 plays a fundamental
role in the activation of oxeiptosis. The complex Nrf2-Keap1-PGAMS5 may have a role in
the observed hormetic effect, which characterises the ITCs' dual activity in cancer
prevention and therapy. Therefore, the complex Nrf2-Keap1-PGAM5 may be an exciting

topic for further research to understand the relevance of ITCs in clinical applications.
8.4.2 Mitotic catastrophe and oxeiptosis

It is unclear whether a link exists between mitotic catastrophe and oxeiptosis. Mitotic
catastrophe and oxeiptosis may be separate events with ROS as a communal trigger, or the
latter could be the consequence of the other one. Oxeiptosis has been recently identified,
and only a few reports describe the Keap1-PGAM5-AIFM1 pathway. Oxeiptosis role in the
ensemble of all programmed cell death mechanisms is not clarified. On the other hand, the
link between mitotic catastrophe and programmed cell death is also unclear. Some reports
consider mitotic catastrophe as a modality of cell death on its own; others assert that it is a
process that leads to apoptosis or necrosis 366. In some cases, mitotic catastrophe is not
concomitant with caspase activation and cytochrome c release. Indeed, mitotic catastrophe
can lead to a caspase-independent programmed cell death 367. Therefore, it is likely that
oxeiptosis could be the consequence of mitotic catastrophe, representing an appealing

topic for further investigations.
8.4.3 PDc effect on cancerous EMT

As discussed in Chapter 5, PDc targets the cadherin switch through c-Src/FAK/STAT3
signalling to inhibit the cancerous EMT. In previous works, the JAK/STAT3 pathway has
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been found to be required for the TGF-B/Smad signalling 368. It has been determined that
STAT3 inhibition lead to reduced TGF-B1-induced p-Smad3, Snail, and MMP2 expression.
Indeed, PEITC has been previously associated with the inhibition of EMT through
suppression of Smad pathway 138. The effect of STAT3 effect on the cadherin switch has
been linked with Twist activation in HCC cells 369. PDc could exert its anti-metastatic
action through Smad, Snail, and Twist to reduce the potential of cancerous cells to activate
the EMT program to invade new tissues. Therefore, the above mentioned targets may open

new prospects for PDc anticancer activity.
8.4.4 Omics and single-cell analysis approaches

Omics and single-cell analysis could be a useful approaches that could help to investigate
the mechanisms aforementioned and also to investigate potential new mechanisms of
action. The omics approach in medical research is a useful strategy that allows the analysis
of pools of biological molecules and their interactions 370. Omics analysis can be applied
to understand the effect of PDc, identifying new targets that the drug combination may
affect, thus deepening the understanding mechanism of action of the combination therapy.
The omics approaches are able to generate enormous amount of data (e.g. next generation
sequencing (NGS) technologies for genomics and transcriptomics, mass spectrometry for
proteomics) 371; genome (WGS), exome sequencing (WES) and complete transcriptome
sequencing (RNA-seq) are useful to determine the interactions between cell molecular
components 372. NGS technologies can be employed to study the effect of PDc on cell
culture or pre-clinical in vivo models to highlight specific genes targeted by the drug
combination. Understanding the relationship between cancer mutations and PDc action
could give insights on the most susceptible tumours to this type of treatment. Proteomics
analysis using mass spectrometry can identify peptide sequence, protein abundance, post-
translational modifications, and protein interactions 373. In this instance, proteomics
analysis can be employed to obtain more detailed information regarding the changes in the
activity and kinetics of proteins secreted in the conditioned medium after PDc treatment.
Moreover, the emergent single-cell analysis can reveal additional information regarding the
nature of the cells present in a complex tissue 374. For example, tumour samples derived
from pre-clinical studies in mice can be dissected and the cell populations analysed,
understanding how the drug combination affect the tumour heterogeneity and the cell

origin in metastasis models.
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8.5 Conclusion

In conclusion, ITCs have shown to be a promising potential addition to the treatment of
HCC when combined with chemotherapeutic agents. In particular, PEITC was
demonstrated to enhance the activity of dasatinib. The novel combination inhibited the
growth and proliferation of HepG2 cells and reduced the volume of an HCC in vivo. PDc
induced DNA damage, and the increased production of ROS led to cell cycle arrest with a
consequent mitotic catastrophe. Moreover, ROS production induced cell death through the
novel form of programmed cell death, oxeiptosis. PDc reduced the HCC metastatic
potential targeting the processes that are crucial for the metastasis development (i.e.
migration, invasion, adhesion, and colony formation). PDc reduced the c-Src/FAK/STAT3
signalling to contrast the process of cadherin switch, which is a process that plays a crucial
role in the malignant EMT to confer cancerous cells the ability to form a metastatic disease.
Finally, PDc was associated with a decrease of the ability of cancerous cells to induce the

formation of new vessels, a crucial step in tumour progression and metastasis.

Future work is needed to better understand the complex molecular mechanism of the
synergistic anticancer activity and the drug behaviour in in vivo pre-clinical models.
Determining the pharmacokinetics and pharmacodynamics is crucial to pursue the clinical
application of ITCs. ITCs may represent a breakthrough in cancer therapy, enhancing the

efficacy of clinically approved chemotherapeutic agents.
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A1 Comparison of drug vehicle concentrations
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FIGURE A1 | Effect of DMSO concentrations on HepG2 cell line.

There is no significant difference between the DMSO concentration used in single drugs and

combination treatments.
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A 2 Optimisation of HepG2 spheroids formation
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FIGURE A2 | Optimisation of HepG2 spheroids formation.
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A 3 Gating strategy for PI staining for flow cytometry cell cycle analysis
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FIGURE A3 | Gating strategy for Propidium lodide staining for detection of cell cycle phases in

HepG2.
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FIGURE A4 | Representative compensation data and positive control for Annexin V and

Propidium lodide apoptosis assay in HepG2.
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A5
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FIGURE A5 | Representative full blots of PARPT.
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FIGURE A6 | Representative full blots of Chk2 and p-Chk2 (Thr-68).
Samples order Left: Control, PEITC 12 pM, dasatinib 10 pM, PEITC + dasatinib. Samples order
right: Control, PEITC + dasatinib, NAC 20 mM, NAC + PEITC + dasatinib.
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A5.3 p53
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FIGURE A7 | Representative full blots of p53 and p-p53 (Ser-15)

—_—  p53
—  B-Actin

— aspecific

— p-p53
—  B-Actin

Samples order left: Control, PEITC 12 pM, dasatinib 10 uM, PEITC + dasatinib. Samples order
right: Control, PEITC + dasatinib, NAC 20 mM, NAC + PEITC + dasatinib.
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A 5.4 CDK1
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FIGURE A8 | Representative full blots of CDK1 and p-CDKT1 (Thr-161).
Samples order left: Control, PEITC 12 pM, dasatinib 10 uM, PEITC + dasatinib. Samples order
right: Control, PEITC + dasatinib, NAC 20 mM, NAC + PEITC + dasatinib.
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FIGURE A9 | Representative full blots of Cyclin B1.
Samples order left: Control, PEITC 12 pM, dasatinib 10 pM, PEITC + dasatinib. Samples order

right: Control, PEITC + dasatinib, NAC 20 mM, NAC + PEITC + dasatinib.
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A 5.6 Caspase 3

FIGURE A10 | Representative full blot of Caspase 3.
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FIGURE A11 | Representative full blots of Caspase 9.
Samples order: Control, PEITC 12 pM, dasatinib 10 pM, PEITC + dasatinib. Caspase-9 and B-

— B-Actin

actin bands are on the same blot on different near infrared channels, but as they have similar

molecular weight they cannot be on the same black and white image.
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A 5.8 Cytochrome C
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FIGURE A12 | Representative full blot of Cytochrome C.
Samples order: Control, PEITC 12 pM, dasatinib 10 pM, PEITC + dasatinib.
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FIGURE A13 | Representative full blots of Keap1.
Samples order left: Control, PEITC 12 pM, dasatinib 10 pM, PEITC + dasatinib. Samples order

right: Control, PEITC + dasatinib, NAC 20 mM, NAC + PEITC + dasatinib.
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FIGURE A14 | Representative full blots of PGAM5.
Samples order left: Control, PEITC 12 pyM, dasatinib 10 uM, PEITC + dasatinib. Samples order

right: Control, PEITC + dasatinib, NAC 20 mM, NAC + PEITC + dasatinib.
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FIGURE A15 | Representative full blots of AIFM1 and p-AIFM1 (Ser-116).
Samples order left: Control, PEITC 12 pM, dasatinib 10 uM, PEITC + dasatinib. Samples order

right: Control, PEITC + dasatinib, NAC 20 mM, NAC + PEITC + dasatinib.
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FIGURE A16 | Representative full blots of FAK and p-FAK (Tyr-397).
Samples order: Control, PEITC 12 pM, dasatinib 10 pM, PEITC + dasatinib.
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FIGURE A17 | Representative full blots of STAT3 and p-STAT3 (Tyr-705).
Samples order: Control, PEITC 12 uM, dasatinib 10 uM, PEITC + dasatinib.
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FIGURE A18 | Representative full blot of E-cadherin.

Samples order: Control, PEITC 12 uM, dasatinib 10 uM, PEITC + dasatinib.
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FIGURE A19 | Representative full blot of N-cadherin.

Samples order: Control, PEITC 12 pM, dasatinib 10 pM, PEITC + dasatinib.
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	Figure 4.14 | PDc-induced cell cycle arrest is abolished with NAC pre-treatment.
	(a) PI staining for cell cycle analysis through flow cytometry. The degrees of significance are indicated as * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns = not significant. (b) HepG2 cells were treated for 24 h, and the proteins extracted were analysed with Western blot. Effect of PDc on the expression of CDK1 and Cyclin B1 (Full blots are presented in Figure A8-10), the results presented are representative of independent protein extractions (mean ± SEM, CDK1 n=3, pCDK1 n=6, Cyclin B1 n=4)). The degrees of significance were calculated with one-way ANOVA test with Tukey's multiple comparisons test and are indicated as ** p < 0.01, *** p < 0.001.
	Figure 4.15 | PDc induces oxeiptosis through the Keap1-PGAM5-AIFM1 axis.
	HepG2 cells were treated for 24 h, and the proteins extracted were analysed with Western blot.(a) Effect of PDc on the expression of oxeiptosis markers (mean ± SEM, Keap1, and PGAM5, n=3 AIFM1 and p-AIFM n=6) The degrees of significance were calculated with one-way ANOVA test with Tukey's multiple comparisons test and are indicated as * p < 0.05, ** p < 0.01, *** p < 0.001. (b) Pre-treatment with NAC 20 mM abolishes PDc induction of oxeiptosis (mean ± SEM, n=3). (Full blots are presented in Figure A1-15). The degrees of significance were calculated with one-way ANOVA test with Tukey's multiple comparisons test and are indicated as * p < 0.05, ** p < 0.01, ns = not significant.
	4.3 Discussion

	Figure 4.16 | Diagram of PDc induction of G2/M phase arrest and mitotic catastrophe.
	PDc induce increased ROS production that lead to formation of a premature CDK1/Cyclin B1 complex that induces mitotic catastrophe with a pro-metaphase arrest.
	Figure 4.17 | Diagram of PDc induction of oxeiptosis.
	PDc induction of ROS production lead to the dissociation of Keap1/PGAM5 complex with consequent Keap1 degradation and PGAM5 translocation to internal mitochondrial membrane where it is cleaved. On the internal mitochondrial membrane PGAM5 is cleaved (Yellow circle) determinint AIFM1 de-phosphorylation, which activates the oxeiptosis programmed cell death.
	Chapter 5 PEITC and Dasatinib combination effect on metastatic potential
	5.1 Introduction
	5.2 Results

	Figure 5.1 | Effect of PDc on cell migration, scratch wound healing assay.
	HepG2 cells were treated with increasing concentrations (1.25 - 10 µM) of dasatinib with or without PEITC 1.5, 3, 6, 12 µM. (a) Representative images at 0 h and 72 h of 12 µM PEITC combinations. (b) The quantitative data presented were normalised to control migration rate (mean ± SEM, n=3). Negative values indicate shrinking of cells that made the wound larger. The values become positive once the cells react to the stress and start to migrate. The degrees of significance were calculated with one-way ANOVA test with Tukey's multiple comparisons test and are indicated as °/* p < 0.05, °°/** p < 0.01, °°°/*** p < 0.001, °°°°/**** p < 0.0001. (* combination vs PEITC, ° combination vs dasatinib).
	Figure 5.2 | Effect of PDc on cell migration and invasion, Boyden chamber assay.
	HepG2 cells were treated with increasing concentrations (1.25 - 10 µM) of dasatinib with or without PEITC 12 µM and seeded on the top chamber in FBS-free DMEM. The bottom chamber was filled with 10% FBS DMEM as a chemoattractant. The number of cells migrated/invaded and attached to the bottom side of the membrane was counted after 48 h and normalised to the control. In the invasion assay, the top chamber was coated with 100 µg/mL Matrigel and the bottom chamber was filled with 30% FBS DMEM. (a) Quantitative data normalised to control migration/invasion rate (mean ± SEM, n=3). The degrees of significance were calculated with one-way ANOVA test with Tukey's multiple comparisons test and are indicated as °/* p < 0.05, °°/** p < 0.01, °°°/*** p < 0.001, °°°°/**** p < 0.0001. (* combination vs PEITC, ° combination vs dasatinib). (b) Representative images from 5 pictures/experiment (20x, scale bar 100 µm).
	Figure 5.3 | Effect of PDc on cell adhesion.
	HepG2 cells were seeded on a 200 µg/mL Matrigel-coated plate and treated with increasing concentrations (1.25 - 10 µM) of dasatinib with or without PEITC 1.5, 3, 6, and 12 µM. The adhesion was evaluated after 3 h. (a) Cells were stained with crystal violet and imaged with an inverted microscope. Representative images from 3 independent experiments (20x, scale bar 100 µm). (b) Quantitative data normalised to control (mean ± SEM, n=3). The degrees of significance were calculated with one-way ANOVA test with Tukey's multiple comparisons test and are indicated as °/* p < 0.05, °°/** p < 0.01, °°°/*** p < 0.001, °°°°/**** p < 0.0001. (* combination vs PEITC, ° combination vs dasatinib).
	Figure 5.4 | Effect of PDc on clonogenic capability.
	HepG2 cells were treated with increasing concentrations (1.25 - 10 µM) of dasatinib with or without PEITC 6, 3, 1.5 µM for 24 h. The medium was changed after 24 h of treatment and then every 5 days until day 18. (a) Representative images from 3 of 6-well plates scanned at 600 dpi. (b) The quantitative data presented were normalised to control colony formation rate (mean ± SEM, n=3). The degrees of significance were calculated with one-way ANOVA test with Tukey's multiple comparisons test and are indicated as °/* p < 0.05, °°/** p < 0.01 (* PEITC vs combination, ° dasatinib vs combination).
	Figure 5.5 | Effect of PDc on HepG2 actin filaments after 1 h of treatment.
	The combination treatment led to an increased number of cells that presented a shrunken morphology with filopodia-like cytoskeleton protrusion. Single drug treatments showed a morphology similar to the control (100x, scale bar 20 µm). Cells presenting altered morphology have been counted from 10 different random fields 100x (mean ± SEM, n=3). The degrees of significance were calculated with one-way ANOVA test with Tukey's multiple comparisons test and are indicated as ** p < 0.01.
	Figure 5.6 | PDc inhibiting FAK and STAT3 signalling.
	HepG2 cells were treated for 24 h, and the proteins extracted were analysed with Western blot. Top, effect of PDc on the expression of FAK and STAT3. Bottom, effect of PDc on the expression of E-cadherin and N-cadherin. (Full blots are presented in Figure A16-19), the results presented are representative of independent protein extractions (mean ± SEM, n=3). The degrees of significance were calculated with one-way ANOVA test with Tukey's multiple comparisons test and are indicated as * p < 0.05, ** p < 0.01.
	Figure 5.7 | Chorioallantoic membrane (CAM) xenograft assay.
	Top left, representative images of the xenograft tumour samples captured with a stereomicroscope. Top right, relative quantitative data of the tumour volume after 7 days of incubation (Control n=4, PEITC 12 µM n=4, dasatinib 1.25 µM n=6, dasatinib + PEITC n=5) from 3 independent experiments. The degrees of significance were calculated with one-way ANOVA test with Tukey's multiple comparisons test and are indicated as * p < 0.05, ** p < 0.01. Bottom, H&E staining of xenograft tumour samples 10x images were stitched together to form a picture of the complete section (10x, scale bar 1 mm). Detailed pictures highlighted the difference in tumour embedding into the CAM. The dotted line indicates the boundaries between CAM and tumour cells (TC). PDc do not present a clear boundary between TC and CAM as the tumour cells were not embedded into the membrane (20x, scale bar 100 µm).
	5.3 Discussion

	Figure 5.8 | Diagram of PDc effect on HepG2 metastatic potential
	PDc modulates adhesion, migration, and invasion through the regulation of E-cadherin and N-cadherin expression. The hypothesis is that PDc target c-Src and FAK simultaneously reduce the downstreatm signalling of JAK2/STAT3 pathway.
	Chapter 6 PEITC and Dasatinib combination effect on tumour-induced angiogenesis
	6.1 Introduction

	Figure 6.1 | Diagram of CM preparation from HepG2 PDc-treated cells.
	HepG2 cells were treated with PDc and single drugs for 24 h. After that, CM was collected and concentrated with protein concentrators. CM was subsequently applied in different assays using endothelial human cells to test the effects of PDc on tumour-induced angiogenesis and the related processes.
	6.2 Results

	Figure 6.2 | Effect of HepG2 CM on HUVECs viability, adhesion and migration.
	Control = HUVECs complete medium, CM = HUVECs complete medium with 0.1 mg/mL HepG2 CM. Top, representative images of HUVECs adhesion and migration assay (10x, scale bar 200 µm). Bottom, quantitative data of viability (mean ± SEM, n=3) adhesion (mean ± SEM, n=3) and migration (mean ± SEM, n=4). The degrees of significance were calculated with one-way ANOVA test with Tukey's multiple comparisons test and are indicated as * p < 0.05.
	Figure 6.3 | Effect of drug direct treatment and CM treatment on HUVECs.
	The validity of CM concentration as method to assess the effect of PDc on HepG2 secretome was tested comparing the effect of PDc and CM on HUVECs with MTT assay after 24 h treatment. (a) HUVECs viability assessed after PEITC and dasatinib treatment (mean ± SEM, n=2), and (b) condition media treatment (mean ± SEM, n=3).
	Figure 6.4 | Effect of CM from HepG2 treated with PDc on HUVECs adhesion and migration.
	(a) Representative images of HUVECs adhesion assay (10x, scale bar 200 µm). (b) Representative images of HUVECs migration assay (10x, scale bar 200 µm). (c) Quantitative data of HUVECs adhesion (mean ± SEM, n=6) and migration normalised to HUVECs medium (mean ± SEM, n=5) after treatment with CM. The degrees of significance were calculated with one-way ANOVA test with Tukey's multiple comparisons test and are indicated as * p < 0.05, **** p < 0.0001.
	Figure 6.5 | Concentration dependent effect of CM on tube formation assay.
	HUVECs cells were seeded on top of a thick layer of Matrigel and treated with different concentrations of CM (0.1 and 0.2 mg/mL). PDc derived CM inhibited the formation of tubular structures if compared to single drug treatments derived CM.
	Figure 6.6 | Effect of CM from HepG2 treated with PDc on tube formation assay.
	Tubular structure were stained with Calcein AM and the network complexity was calculated with ImageJ referring to different parameters. (a) Representative images of HUVECs tube formation assay stained with Calcein AM (4x, scale bar 200 µm). (b) Quantitative data of tube formations from 8 different parameters (mean ± SEM, n=5). The degrees of significance were calculated with one-way ANOVA test with Tukey's multiple comparisons test and are indicated as * p < 0.05, ** p < 0.01. Only the paramter Number of meshes showed a non-normal distribution, therefore degrees of significance were calculated with non-parametric Kruskal-Wallis test with Dunn’s multiple comparisons test.
	Figure 6.7 | Effect of CM from HepG2 treated with PDc on YSM assay.
	Top, representative images of the vessels on the yolk sac membrane captured with a stereomicroscope. Bottom, manual count quantification of vessels observed on the YSM (Control n=4, CM Control n=6, CM PEITC 12 µM n=4, CM dasatinib 1.25 µM n=5, CM dasatinib + PEITC n=4) from 3 independent experiments. Only Control and CM Control showed a significant difference calculated with an unpaired two-tailed Student’s t-test, the degree of significance is indicated as * p < 0.05.
	Figure 6.8 | Analysis of CM from HepG2 treated with PDc.
	The angiogenesis proteome profiler was employed for the detection of angiogenesis involved factors. Top left, heatmap of targets that shows a significant change. Top right, images of blots of proteome profiler. Bottom, the legend of targets location.
	Figure 6.9 | CM ELISA assay for VEGF detection.
	ELISA assay results for the detection of VEGF in CM (mean ± SEM, n=3). The degrees of significance were calculated with one-way ANOVA test with Tukey's multiple comparisons test and are indicated as * p < 0.05.
	Figure 6.10 | Gene expression analysis for angiogenesis factors.
	Expression of ANG, VEGF, and PlGF was analysed by RT-qPCR after 6, 12, and 24 h (mean ± SEM, n=3). Data were normalised to β-Actin expression before being subjected to 2−∆∆CT method. The degrees of significance were calculated with one-way ANOVA test with Tukey's multiple comparisons test and are indicated as ** p < 0.01, *** p < 0.001.
	Figure 6.11 | Presence of PlGF/VEGF heterodimer in CM.
	CM from HepG2 treated with PDc and single drugs was subjected to ELISA assay for the presence of PlGF/VEGF heterodimers (mean ± SEM, n=3) No difference was observed between the non concentrated CM collect straight from the plate (left) and the CM collected and concentrated for HUVECs and YSM assays (right).
	6.3 Discussion

	Figure 6.12 | Schematic diagram of PDC in inhibition of angiogenesis.
	The concomitant inhibition of c-Src and FAK lead to the inactivation of STAT3, which is involved in the transcription of different pro-angiogenic factors. In particular, PDc reduced the accumulation of VEGF, angiogenin, and CXCL16 in CM.
	Figure 6.13 | Hypothesis of angiogenesis inhibition by PlGF/VEGF heterodimers.
	PDc increases the expression of PlGF but this is not enough to affect the formation of PlGF/VEGF heterodimers, which are known to inhibit angiogenesis directly and indirectly. PlGF/VEGF heterodimers bind to the VEGFR-1/2 receptor which delays the VEGFR-2 downstream signalling activation. Furthermore, PlGF/VEGF heterodimers formation reduces the formation of active VEGF homodimers.
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	7.1 Introduction
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	Table 7.1 | Most used parameters for Hepa 1-6 murine syngeneic model.
	Table 7.2 | Most used parameters for dasatinib and PEITC in vivo.
	Figure 7.1 | PDc induces cell death and increases apoptosis in Hepa 1-6 cells.
	(a) Hepa 1-6 cells were treated with different concentrations of PEITC and dasatinib (0.625 to 10 µM) or with dasatinib plus fixed concentrations of PEITC (6, 9, 12 µM) for 24 h. The data presented were normalised to control’s proliferation (mean ± SEM, n=3). (b) Hepa 1-6 cells were treated with dasatinib 0.625 µM with or without PEITC 12 µM for 24 h and then subjected to Annexin V (AV) and PI staining (mean ± SEM, n=3). The degrees of significance were calculated with a one-way ANOVA test with Tukey's multiple comparisons test and are indicated as * p < 0.05, *** p < 0.001. (c) Apoptosis assay representative images from FlowJo software. (d) Apoptotic cell percentages (mean ± SEM, n=3).
	Table 7.3 | CI values of PDc calculated after 24 h of treatment.
	Figure 7.2 | PDc affects Hepa 1-6 spheroids’ viability and size growth.
	Spheroids were treated for three days with dasatinib 0.625 µM with or without PEITC 12 µM. (a) Dead cells and viable cells are stained with EthD-1 (red) and Calcein AM (Green) respectively (10x, scale bar 200 µm). (b) Effect of drugs on spheroids growth based on the surface area (4x, scale bar 500 µm). (c) Spheroids area quantification on ED 6 (mean ± SEM, n=3).
	Figure 7.3 | PDc suppresses Hepa 1-6 adhesion and impairs cell migration.
	Hepa 1-6 cells were seeded on a 200 µg/mL Matrigel-coated plate and treated with dasatinib 0.625 µM with or without PEITC 9 µM. (a) Cells were stained with crystal violet and imaged with an inverted microscope. Representative images from 3 independent experiments (20x, scale bar 100 µm). (b) Adhesion assay’s quantitative data were normalised to control (mean ± SEM, n=3). Hepa 1-6 cells were treated with dasatinib 0.156 µM with or without PEITC 9 µM, and pictures were taken at 0, 24 and 48 h. (c) Representative images at 0 h and 72 h. (d) Quantitative data presented were normalised to control’s migration rate (mean ± SEM, n=3).
	Figure 7.4 | PDc reduces tumour growth in in vivo murine model.
	Diagram of experimental conditions. Mice were injected subcutaneously with Hepa 1-6 cells and treated by oral gavage after 10 days, 5 days a week for 3 weeks (b) Body weight was closely monitored over the treatment time. (c) Tumour volume over the treatment time (mean ± SEM, Control n=9, PEITC n=6, dasatinib n=8, P+D n=8); The degrees of significance are indicated as *** p < 0.001, **** p < 0.0001 calculated with linear regression. (d) Tumour final volume normalised to the volume measured on the day of the first treatment. The degree of significance is indicated as * p < 0.05 calculated with non parametric Kruskal-Wallis test with uncorrected Dunn’s test.
	Table 7.4 | Drug combination synergistic effect calculated with CI values related to fractional tumour volume
	Figure 7.5 | Tumour tissue morphology is not affected by the drug treatment.
	Mice tumour samples were cryo-embedded, sectioned, and stained with H&E. The 10x images were stitched together to form a picture of the complete section (10x, scale bar 1 mm).
	Figure 7.6 | Liver gross morphology does not change in response of drugs’ treatment
	Mouse liver samples were cryo-embedded, sectioned, and stained with H&E. The liver microstructure was observed to assess the effect of the drug treatments on liver damage (20x, scale bar 100 µm).
	7.3 Discussion
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	Figure 8.1 | Putative mechanism of PDc in cancer therapeutics.
	PDc targets c-Src/FAK pathway to reduce the metastatic potential and tumour induced angiogenesis; PDc directly induces DNA damage; PDc induces ROS production that lead to oxeiptosis and mitotic catastrophe.
	8.3 Limitations
	8.4 Future research
	8.5 Conclusion

	Appendices
	Figure A1 | Effect of DMSO concentrations on HepG2 cell line.
	There is no significant difference between the DMSO concentration used in single drugs and combination treatments.
	Figure A2 | Optimisation of HepG2 spheroids formation.
	Figure A3 | Gating strategy for Propidium Iodide staining for detection of cell cycle phases in HepG2.
	Figure A4 | Representative compensation data and positive control for Annexin V and Propidium Iodide apoptosis assay in HepG2.
	Figure A5 | Representative full blots of PARP1.
	Samples order Left: Control, PEITC 12 µM, dasatinib 10 µM, PEITC + dasatinib. Samples order right Control, PEITC + dasatinib, NAC 20 mM, NAC + PEITC + dasatinib.
	Figure A6 | Representative full blots of Chk2 and p-Chk2 (Thr-68).
	Samples order Left: Control, PEITC 12 µM, dasatinib 10 µM, PEITC + dasatinib. Samples order right: Control, PEITC + dasatinib, NAC 20 mM, NAC + PEITC + dasatinib.
	Figure A7 | Representative full blots of p53 and p-p53 (Ser-15)
	Samples order left: Control, PEITC 12 µM, dasatinib 10 µM, PEITC + dasatinib. Samples order right: Control, PEITC + dasatinib, NAC 20 mM, NAC + PEITC + dasatinib.
	Figure A8 | Representative full blots of CDK1 and p-CDK1 (Thr-161).
	Samples order left: Control, PEITC 12 µM, dasatinib 10 µM, PEITC + dasatinib. Samples order right: Control, PEITC + dasatinib, NAC 20 mM, NAC + PEITC + dasatinib.
	Figure A9 | Representative full blots of Cyclin B1.
	Samples order left: Control, PEITC 12 µM, dasatinib 10 µM, PEITC + dasatinib. Samples order right: Control, PEITC + dasatinib, NAC 20 mM, NAC + PEITC + dasatinib.
	Figure A10 | Representative full blot of Caspase 3.
	Samples order: Control, PEITC 12 µM, dasatinib 10 µM, PEITC + dasatinib.
	Figure A11 | Representative full blots of Caspase 9.
	Samples order: Control, PEITC 12 µM, dasatinib 10 µM, PEITC + dasatinib. Caspase-9 and β-actin bands are on the same blot on different near infrared channels, but as they have similar molecular weight they cannot be on the same black and white image.
	Figure A12 | Representative full blot of Cytochrome C.
	Samples order: Control, PEITC 12 µM, dasatinib 10 µM, PEITC + dasatinib.
	Figure A13 | Representative full blots of Keap1.
	Samples order left: Control, PEITC 12 µM, dasatinib 10 µM, PEITC + dasatinib. Samples order right: Control, PEITC + dasatinib, NAC 20 mM, NAC + PEITC + dasatinib.
	Figure A14 | Representative full blots of PGAM5.
	Samples order left: Control, PEITC 12 µM, dasatinib 10 µM, PEITC + dasatinib. Samples order right: Control, PEITC + dasatinib, NAC 20 mM, NAC + PEITC + dasatinib.
	Figure A15 | Representative full blots of AIFM1 and p-AIFM1 (Ser-116).
	Samples order left: Control, PEITC 12 µM, dasatinib 10 µM, PEITC + dasatinib. Samples order right: Control, PEITC + dasatinib, NAC 20 mM, NAC + PEITC + dasatinib.
	Figure A16 | Representative full blots of FAK and p-FAK (Tyr-397).
	Samples order: Control, PEITC 12 µM, dasatinib 10 µM, PEITC + dasatinib.
	Figure A17 | Representative full blots of STAT3 and p-STAT3 (Tyr-705).
	Samples order: Control, PEITC 12 µM, dasatinib 10 µM, PEITC + dasatinib.
	Figure A18 | Representative full blot of E-cadherin.
	Samples order: Control, PEITC 12 µM, dasatinib 10 µM, PEITC + dasatinib.
	Figure A19 | Representative full blot of N-cadherin.
	Samples order: Control, PEITC 12 µM, dasatinib 10 µM, PEITC + dasatinib.
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