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Abstract

To the Nervous System (NS) belong a heterogeneous group of cancers, whose
classification, in the years, has undergone numerous implementations
following the integrated use of genotypic and phenotypic parameters. This
new approach has added a greater level of objectivity in diagnosis and the
possibility of carrying out targeted therapies. Nevertheless, tq siatee

types of tumours, such as gliomas androblastomas remain refractory to
treatments. Despite the initidbenefits, current therapiesj.e. clinical
treatment with cisplatin (CDDP), are associated with severe systemic side
effects and are unable to contrast the typical relapsing forms of timgers.
Furthermore, the standard therapy with Temozolomide (TMZ), although it
has prol onged patientds | i fe expectancy
ineffective in some case sieddue to the genetic characteristics of patients.
To overcomehelimits of classical oncotherapy, platinum(IV) prodrugs have
been synthesised. Among these, the new -G34)
acetatodiamminedichlorido{@-propynyl)octanoaplatinum(lV) prodrug,
named Pt(IV)AePOA, synthesised by Prof. Osella and his team (Amedeo
Avogadro Univergy of Eastern Piedmont, Italy), represents a promising tool,
able to generate a synergistic action in the hypoxic tumour cell
microenvironment. This prodrug bearing as axial ligangr{&ynyl)octanoic

acid (POA),a histone deacetylase inhibitor, has ghler activity due to the

high cellular accumulation by virtue of high lipophilicity and to the inhibition

of histone deacetylase which leads to increased exposure of nuclear DNA,
thereby permitting higher platination levels and promoting cancer cells death
The first part of the present study investigated the effects induced by
Pt(IV)Ac-POA on two typs of rat cell linesj.e. B50 neuroblastoma and C6
glioma cells and human U251 glioblastoma cells, evaluating toxic
concentrations, morphological and functbmlterations, afted8 hours of
treatmenbf continuous exposure to the new compound.

The second part of the work focused mainlytba U251 line, a human
glioblastoma multiforme (GBM) cell line, in order to identify whether
Pt(IV)Ac-POA treatment couldinduce chemoresistance, as was often
detectedn vitro after treatment with CDDP. In this view, in collaboration
with Dr. Facoetti of the National Center for Cancer Treatment (CNAO, ltaly),
the effects induced on the U251 line by carbon ion radiotherapy, i
association or not with Pt(IV)APOA, have been evaluated, with the aim to
identify the most efficacy therapeutic combination to obtain the best long
term antitumor effect and consequently to reducing the possible phenomena
of cheme and radioresistance.



Parallelly, this study investigated the response of U251 to different
concentrations aheextract of Dandelion rooffaraxacum officinalpanda
myco-phytotherapui ¢ suppl ement called fiGanostil eo
on Ganoderma lucidumand contaiing several extracts of medicinal
mushrooms, to evaluate antitumor activity on U251 cell line. Indeed, both the
Taraxacum officinaland theGanoderma lucidurare known in the literature

not only for their beneficial effects but also for their use intthatment of
different type of tumours.

Lastly, in collaboration with Prof. Rossi (Neurobiology and Integrated
Physiology LaboratoryUniversity of Pavia, Italy), the localization and the
possible functional role of the inwardly rectifying potassium ce&miKir4.1,

and largeconductance C#activated potassium channels (BK) were
analysed in U251 cells. The study was conducted focusing on the changes
observed performingwound healing as an assay to migration. In this
contet, several studielighlighted the role of ion channels and intracellular
calcium levels in cell proliferation and migration processes, which are at the
basis of GBM malignancy.

The results obtained showed the efficacy of the new prodrug Pt(iFi%&

to induce cell death iall three cell lines at lower concentrations than the
standard reference treatment with CDDP. Especially, this cytotoxic effect was
observedn the U251 cell line even after 7 days from treatmeaetcg@very
condition), demonstrating a prolonged antituméeetfof the new compound.

The combination of Pt(IV)A®OA pretreatment with carbon ion irradiation
showed very promising data in the treatment of the U251 line of glioblastoma
multiforme. This efficacy was already detected at 48 hours of exposure, but
theresults obtained also showelbagtermeffect of the combined treatment,
compared to the one with the CDDP, demonstrating once again the greater
efficacy of the Pt(IV)AePOA.

The use of phytoand/or mycotherapeutic substances, thanks also to the basic
benefits of which they are characterized, has shown promising effects in the
treatment of GBM, suggesting a possible adjuvant effect to treatment,
combining both an antitumor effect and an improvement in the quality of life
of the patient in a context ofigical treatment.

Moreover, the better characterization of the BK and Kir4.1 channel involved
in proliferation and migration could allow the implementation of new
strategies in glioblastoma treatment, thus representing a possible new target
for anticancedrugs.

This study is part of a broader project, aimed at connecting different
methodological approaches to improve the overall view on the
characterization and the problems related to the treatment of tumours of the
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NS. Therefore, this work allowed to identify a new valid antitumor agent,
such as Pt(IV)A€POA, for the treatment of different brain tumours cell line.
Furthermore, the different investigations have led both to the identification of
possible new antitumotargets and the feasible use of unconventional
therapies.e. hadrontherapy and myephytotherapy. Then, these new results
could also improve GBM treatment and overcdhedimitationsof standard
oncotherapy such as chemoresistance and toxicity retatedhigh dose of
treatment, aimed at improving not only the pafiemirognosis but also to
improve his quality of life during therapy.
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Abbreviati ons

o yM: mitochondrial transmembrane potential
UKG: Uketoglutarate

AA: Anaplastic Astrocytoma

ABC: ATP-binding cassette protein

Acac: acetylacetonate

ACD: Accidental Cell Death

ADP: Adenosine Diphosphate

AIC: 5-aminoimidazoled-carboxamide

AIF: Apoptosisinducing Factor

AGT: Of-alkylguanineDNA-alkyltransferase
AMBRA: Activating Molecule in Beclirl-Regulated Autophagy Protein
APAF-1: Apoptotic Protease Activating Factbr
APEL: AbasieAP Endonucleasé

APNG: Alkylpurine DNA-N-glycosylase

ATG: Autophagyrelated Genes

ATM: Ataxia Telangiectasia Mutated

ATP: Adenosine Triphosphate

ATP7B: ATPase Copper Transporting Beta
ATP11B:ATPase Phospholipid Transport 11B
ATR: ATM and Rad3elated

Bak/Bak1: Bci2 Antagonist Killer

Barkor: Beclin-1-Associated AutophagRelated Key Regulator
Bax: Bcl2 associated X

BBB: Blood Brain Barrier

BCSF: BloodCerebrospinal Fluid Barrier
Bcl-2: B-cell lymphoma 2

bFGF: basic Fibroblast Growth Factor

BK: Big Potassium channel

BMB: Blood-Meningeal Barrier

BSA: Bovine Serum Albumin

BRAP: BRCAZLXAssociated Protein

b.w.: body wejht

Ca": Calcium

CAD: Caspas\ctivated DNAase

CaM: Calmodulin

CaMK: Ca&*/CaM-dependent Protein Kinase
CAR: Chimeric Antigen Receptor

CARD: Caspas®ecruitment Domain

CAT: Catalase



CB: Calbindin

CBDCA: CycloButane DiCarboxylic Acid
CBPs: Calcium Binding Proteins

CCDC178: CoileeCoil Domain Containing 178
Chk1: Checkpoinkinase 1

CDDFP: Cisplatin

CMA: ChaperonéMediated Autophagy

COG: Childreids Oncology Group

COX2: Cyclooxygenase 2

CNS: Central Nervous System

CR: Calretinin

CSCs: Cancer Stem Cells

CT: Continuous treatment

CTLA-4: Cytotoxic Fcell Lymphocyte Antigert
Ctrl: Copper Transporter 1

CYCS: Cytochrome c, somatic

CypA: Cyclophilin A

d-2-HG: d-2-hydroxyglutarate

Da: Dalton

DACH: Diaminocyclohexane

DAMPs: DangetAssociated Molecular Patterns
DBD: DNA Binding Domain

DCs: Dendritic Cells

DD: Death Domain

DDR: DNA Damage Response

DED: DeathEffector Domain

DFFA: DNA Fragmentation Factor subunit alpha
DFFB: DNA fragmentation factor subunit beta
DISC: Death Inducing Signaling Complex
DMEM: Dulbeccds Modified Eagle Medium
DMS: Dimethylsulphide

DNA: Deoxyribonucleic acid

dpi: dots per inch

DR: Death Receptor

DRE: Dandelion Root Extract

DYRKZ1B: Dualtspecificity Y-phosphorilation regulated kinase 1B
ECM: Extracellular Matrix

EDTA: Ethylenediaminetetraacetfcid

EGFR: Epidermal Growth Factor Retep
EMEM: Eaglés Minimal EssentiaMedium

EP: ergosterol peroxide



ER: Endoplasmic Reticulum

ERBB2: Erbb2 receptor tyrosine kinase 2
ERK: Extracellular SignaRegulated Kinases
ESCRT: Endosomal Sorting Complexes Required For Transport
FAD: Flavin Aderine Dinucleotide

FBS FetalBovine Serum

FDA: Food and Drug aAdministration
FIP200: Focal Adhesion Kinase

FLIP: FADD-like IL-1b-converting enzyménhibiting protein
GABARAP: Gammaaminobutyric acid receptaassociated protein
GAP: GTPase Activatingrotein

GBM: Glioblastoma Multiforme

G-CIMP: Glioma CpGlsland Methylator Phenotype
GEF: Guanine Nucleotide Exchange Factor
GFAP: Glial Fibrillary Acidic Protein

GPx: Glutathione Peroxidase

GSC: Glioma Stem Cells

GSH: Glutathione

GSN: Gelsolin

GTP:Guanosine Triphosphate

GDP: Guanosine Diphosphate

GLPS: Ganoderma lucidum Polysaccharides
Gy: Gray

H20,: Hydrogen peroxide

HAT: Histone Acetyltransferase

HDAC: Histone Deacetylase

HDACI: Histone Deacetylase inhibitors

HDR: Homology Directed Repair

HIF-1: Hypoxialnducible Factor 1

HMGB: High-Mobility Group Box

HSC70: Heat shock cognate 70 kilodaltons
HSP70: Heat Shock Protein 70 kilodaltons
HVA: High-VoltageActivated

IAP: Inhibitors of Apoptosis Proteins

ICAD: Inhibitor CAD

IDH: Isocitrate Dehydrognase

IKK: 1 8B Kinase Complex

IL-1b: Interleukin 1 beta

IL-4: Interleukin 4

IL-10: Interleukin 10

IL-13: Interleukin 13



INF-2: Interferon gamma

INRGSS: International Neuroblastoma Risk Group Staging System

InsP3R: InositolTtriphosphate Receptor

INSS: International Neuroblastoma Staging System

IP3: Inositol Triphosphate

JNK: ¢Jun NTerminal Kinase

Kir: Inwardly rectifying potassium channel

LAMP-2A: LysosomalAssociated Membrane Protein type 2A

LC3: Microtubule Associated Protein 1 Light Chain 3

LDCD: LysosomeDependent Cell Death

LET: Linear Energy Transfer

LINAC: medical linear accelerator

LMP: Lysosomal Membrane Permeabilization

LPO: Lipid Peroxidation

LSDs: Lysosomal Storage Diseases

LVA: Low-VoltageActivated

MAPK: Mitogen-Activated ProteirKinase

MCFA: MediumChain Fatty Acid

MGMT: O%-methylguanineDNA-methyltransferase

MHC: Major Histocompatibility Complex

mHCX: mitochondrial F/C&* exchanger

MMP: Mitochondrial Membrane Permeabilization

MMR: Mismatch Repair

mNCX: N&a/Ca* exchanger

MAMs: MitochondriatAssociated Endoplasmic Reticulum Membranes

MCU: Mitochondrial CalciurAUniport

MeV: MegaelectronVolt

MOMP: Mitochondrial Outer Membrane Permeabilization

MPTP: Mitochondrial Permeability Transitional Pore

MRP2: MultidrugResistanceassociated Protein 2

MtDNA; mitochondrial DNA

MTIC: 5-(3-methyltriazenl-yl)imidazole-4-carboxamide

mMTOR: Mammalian Target of Rapamycin

MTS:[3-(4,5-dimethylthiazol2-yl)-5-(3-carboxymethoxyphenyi2-(4-
sulfophenyly2H-tetrazolium]

NADPH: Nicotinamide Adenine Dinucleotide Phosphate

NCCD: Nomenclature Committee on Cell Death

NEAA: Non-Essential Amino Acids

NEMO: NF-aB Essential Modulator

NER: Nucleotide Excision Repair

NF-8B: Nuclear Factor kapplagght-chainenhancer of activated B cells
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NGF: Nerve Growth Factor

NGS: NormalGoatSerum

NMDA: N-methytD-aspartate

NO: Nitric Oxide

NOS: Nitric Oxide Synthases

NS: Nervous System

NSCs: Neural Stem Cells

«OH: Hydroxyl radical

O2: Superoxide anion

Os: Ozone

10,: Singlet oxygen

OER: Oxygen Enhancement Ratio

OMM: Outer Mitochondrial Membrane

OPAL: Optic Atrophy type 1

OPCs: Oligodendrocyte Precursor Cells

P2XR: Purinergic ionotropic Receptor

P62/SQSTM1Sequestosome 1 protein

PBSPhosphateBufferedSaline

PARP: PolyADP-Ribose Polymerase

PAS: Phagophore Assembly Site

PCD: Programmed Cell Death

PD-1: Programmed Cell Death

PDGFR: PlateleDerived Growth Factor Receptor

PE: Phosphatidylethanolamine

PhB: Phenylbutyrate

PI: Propidium lodide

PI3K: Phosphadylinositol 3-class kinase |l

PIP: Phosphatidylinositol Phosphate

PIP2: Phosphatidylinositol 4Bisphosphate

PKA: Protein Kinase A

PKC: Protein Kinase C

PKC-U Protein Kinase @lpha

PLC: Phospholipase C

PMCA: Plasma Membrane Calcium ATPase

PNS: Pepheral Nervous System

PRR: Pathogen Recognition Receptor

Pt(IV): Platinum(IV)

Pt(IV)Ac-POA: (OG6-44)acetatodiamminedichlorido(@-
propynyl)octanoato)platinum(IV)

PTEN: Phosphatase and Tensin homolog

PTP: Permeability Transition Pore
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PTPC: Permeabtly Transition Pore Complex
PV: Parvalbumin

PYD: Pyrin Domain

QoL: Quality of Life

RABBS8A: Rasrelated protein RaBA

RBE: Relative Biological Effectiveness
RCD: Regulated Cell Death

RCS: Reactive Chloride Species

REC: Recovery Condition

RIP: Receptointeracting Protein

RIPA: RadioimmunoprecipitatioAssay
RIPK: Receptoiinteracting Protein Kinase
RNS: Reactive Nitrogen Species

RNPs Ribonucleoproteins

ROS: Reactive Species of the Oxygen
RSS: Reactive Sulphur Species

RT: RoomTemperature

RTK: Tyrosine Kinase Receptor

RyR: Rianodine Receptor

SAHA: Suberoylanilide Hydroxamic Acid
SEM: Standard error ofhemean

SERCA: SarceEndoplasmatic Reticulum Calcium ATPase
SD: Standard Deviation

SDS: &dium dodecyl sulphate

SMAC/ DIABLO: Second Mitochondrial Activator of Caspases
SOBP SpreadOut BraggPeak

SOCE: Store Operated Calcium Entry
SOD: Superoxide Dismutase

STIM1: Stromal Interaction Molecular 1
SVZ: Subventricular Zone

TAK1: Transforming Growth FacteBetaActivated Kinase 1
TCR: TranscriptiorCoupled Repair

TERT: Telomerase Reverse Transcriptase
TET: TenEleven Translocation

TF: Transcription Factors

TGFb: Transforming Growth Factor beta
TM: Tumour Microtubes

TME: Tumour Microenvironment
TMEM205: Transmembrane Protein 205
TMZ: Temozolomide

TNF: Tumor Necrosis Factor
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TRAF: TNF RecepteAssociated Factor
TRAIL: TNF-related apoptosismducing ligand
Tregs: regulatory Tells

TRP: Transient Receptor Potential

Ulk: Unc-51 Like Kinase

UVRAG: UV Irradiation ResistaneAssociatedsene
VDAC: Voltage Dependent Anion Channel
VDCC: VoltageDependent Calcium Channels
VEGF: Vascular Endothelial Growth Factor
VGCC: VoltageGatedCalcium Channel

VPA: Valproate

WHO: World Health Organization

XIAP: X-Linked Inhibitor of Apoptosis Protein
ZBP1: ZDNA Binding Protein 1
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1. Review of the literature

1. Review of the | i teratu

1.1 Nervous System tumours

Nervous System (NSjumoursbelongto a heterogeneous group of
cancers,and in the years,the classificationhas undergone numerous
implementations following the integrated use of genotypic and phenotypic
parameters (Louis DN et al. 2014). This new approach has added a greater
level of objedivity in diagnosis, althouglsome types of tumours, such as
gliomas and neuroblastomasmain refractory to treatments
The tumours of the NS can be classified in different ways: a possible
distinction is based on the localization, distinguisteagcerghat affect the
Central Nervous System (CN@hd those that originate in thieripheral
Nervous System (SNP). Another subdivision differentiates tumours of glial
origin (the secalled gliomas) from those of neuromgrivation

In this study the attentiowas focused on two types of tumours with
different cell origins: neuroblastoma and glioma, subsequently deepening the
analysis of one of the most malignant gliomas, the Glioblastoma multiforme.

1.1.1 Neuroblastoma

Neuroblastoma is the most frequent exdranial solid tumour that
affects infants and children. This type of cancer represed®@ of all
childhood tumours and 15% of causes deaths from paediatric cancers with
only a 38% survivalrate (BrodeuiGM et al.2011; Salazar BM et al. 261
Spix C et al 2006. Neuroblastoma is principally a tumour of young children.
Indeed, neuroblastomsusuallydiagnosed before 5 years of age, and in most
casesthe diagnosis is established around 17 months oflldadon\WB et
al. 2005. Moreover, neuroblastoma is slightly more frequent in boys than
girls (Whittle SB et al. 2017). Neuroblastoma is often diagnosed
concomitantly with other congenital anomalies such as Hirschsfung
disease, Congenital Central Hypoventilatio Syndrome and
Neurofibromatosis Type 1 (Park JR et al. 2010). Due to its neuroendocrine
properties, neuroblastoma can secrete catecholamine, resulting oresaty
hypertension anthchycardia (Colon NC and Chung DH 20185% of these
tumours developni the abdomen, while about half of them localized
preferentially at the adrenal medullary. However, neuroblastoma can affect
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1. Review of the literature

the neck (5%), the chest (20%) or the pelvis (5%) (Kushner BH 2004; Park
JR et al. 2010)f the primary tumour originates in theck or upper chest, it

can lead to the onset of Horner syndrome which is characterized by ptosis,
miosis and anhidrosis. Neuroblastomas can also affect the spinal column and
spread through the intraforaminal spaces leading to a compression of the
backbonewith a consequent paralysis. Often these tumours penetrate the
structures of the organs themselves going to surround importance nerves and
vessels, such as the celiac tripdedg(re 1). Generally, neuroblastomas
metastasize to the liver, regional lymphdeg and bone marrow level
through the hematopoietic system. Furthermore, metastatic tumour cells can
also invade compact bone (Maris JM 2010)

Paraspinal tumor Horner's syndrome

Jp’?; a8
B

Celiac-axis tumor

Liver infiltration 7
/ \ Y i
| 3 Z g
W \
\ \

&

Adrenal tumor

Bone marrow metastasis

WA
IR
)

Figure 1. Most common sites of neuroblastoma localizafidiaris JM 2010).

Neuroblastoma can be described as the result of a neural cell
differentiation failure. Neuroblastoma derives from developing cells and
grows within the neuronal ganglia of the Sympathetic Peripheral Nervous
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1. Review of the literature

System. These neuronal structuregginate from the ventrolateral neural
crest cells, which early migrate from the neural tube, during embryogenesis
(Betters E et al. 2010). The neural crest is a transient embryological tissue
that derives from neuroectoderm (Hall BK 200@)vertebrates, during the
formation of the neural tube maturation process, strongly regulated by
transcription and epigenetic factors, takes place within the neural crest
(Mayanil CS 2013 Prasad MS et al. 2012)n the normal physiological
process, the population of neural creststhe border between neuroblast and
epiblast, subsequently loses adhesion and migrates, forming the different
tissues.e. pigmented cells of the epidermis, portions of the PNS (neurons and
sensory ganglia, ganglion and postganglionic motor neuronshef t
Autonomous Nervous System, Schwann cells, neuroglia cells),
neuroendocrine cells (including those of the adrenal medulla), endocrine cells
(including those of the adenohypophysis) and part of the neurocranium
(Figure 2).

Neural crest Neural Groove

Neural plate Ectoderm Neu:al fold
\__ 2\ / _- \
_-f‘(\ * . :

Notochord

Neural Tube — =———3gie | ! .S
e 75 Neural crest cells
// 7 \\\)
> e ) . :
@ @/@@) GBSy T X R %

ZFHE 00 . 'y (0 i o5 S
O /% K /v r - 3

Smooth muscle  Qsteoblasts and  Adipocytes  Melanocytes  Sympatho- Sch od blasts N

cells Chondroblasts adrenal cells cells

Figure 2. Neurulation and form@tion of neural crestgletails of differentiation of
neural crest cells (Shyamala K 2015).

17



1. Review of the literature

The process oheural crestslevelopment is finely regulated in the various
stages (including the acquisition of the typical characteristics of stem cells)
thanks6 a group of genes <call ed ANeur al Cre
(Adams M et al. 2008). However, some alterations in this strongly regulated
cascade may increase the chances of neoplastic transformateuralfcrest
multipotent precursors (Louis CU ans@hohet JM 2015). The clinical
manifestation and the consequent outcome are highly varialigterm
survival appears to be mainly dependent on the degree of tumour cells
differentiation, since that the most differentiated tumours determine a more
favouradle outcome compared to less differentiabees(Fredlurd E et al
2008).

Neuroblastoma is distinct from other solid tumours due to its
remarkable heterogeneity of biological, pathological, genetic and clinical
features (StallingRL 2009). These prognostic factors include clinical aspects
such as the stage of the tumour and the
cancerbiological features.e. histology and ploidy of DNA, cytogenetic
factors, including amplification of MYCN oncege and the main
chromosomal deletions or gains and other serum and molecular tumour
markers. Based on these clinical and biological prognostic elements, patients
with neuroblastoma can be divided into one of three risk groupsriséw
intermediaterisk, and highrisk (Whittle SB et al. 2017). The two methods
most used to classify neuroblastoma are the International Neuroblastoma
Staging System (INSS) and the International Neuroblastoma Risk Group
Staging System (INRGSS). The INSS developed in 1988 armifiethin
1993, characterized by sstage/prognostic grosgl, 2A, 2B, 3, 4 and 4S),
is based on the possibility to remove totally or partially the tumour, then on
biopsies, on the infiltrating characteristics of tumour cells eventually present
in the lymph nodes and on the spread of any metastases. This method is still
used by several research groups, however, the INSS is a postsurgical staging
system, based on the extent of tumour removal and is not suitable for-the pre
treatment risk classification giatients (Brisse Hét al. 2011; Monclair T et
al. 2009). Therefore, the INRGSS was develope@008to establish a
classification of risk in préreatment conditions (Monclair T et al. 2009). This
system is characterized by the presence of ttwmbedin | maDgfiaed Risk
Factorso (I DRFs), which are radiographic
assess the possibility of tumour removal (Owens C and Irwin M 2012, Pohl
A et al. 2016) This methods used to definéwo stages of localized (L1 and
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1. Review of the literature

L2) and two stages of metastatic disease (M and MS). Based on this
classification, patients are assigned to distinct risk groups in very low, low,
intermediate and highn some cases, the tumour, low grade, can undergo
spontaneous regression, with a favourable adiniprognosis or a total
survival rate, otherwisedifferentiate in benign ganglioneuromas. On the
contrary patients with highsk neuroblastoma have very aggressive tumours
and it can be detected the onset of metastases at the level of the liver, bones,
brain, and skin, which are not responsive to standard anticancer treatments
(Moreno L et al2013; Park JR et a2013).

Two main genetic causes have been identified at the origin of the
disease: one familial and one sporadic. The sporadic cases are ghe mo
frequent ones while the familial forms represent about 1% (Maris JM et al.
2007;@ra | and Eggert A 2011). Familial tumours are mainly caused by a
germline mutation due to a loss of function of the PHOX2B gene (Pladed
Homebox2B), which together Wit the PHOX2A gene, drives the
differentiation of neural crest precursors into sympathetic neurons (Pei D et
al. 2013). This mutation has also been found in 4% of sporadic cases (Mosse
YP et al. 2004; Trochet D et al. 2004). Furthermore, activating musation
the ALK gene (Anaplastic Lymphoma Kinase) have been identified among
the main causes of neuroblastoma of familial origin (Webb TR et al. 2009),
as well as being implicated in¥% of sporadic cases (Mosse YP et al.
2008). The ALK gene, coding for grosine kinase, was initially discovered
in anaplastic large cell lymphoma (Morris SW et al. 1994), it is an important
oncogene for neuronal proliferation and differentiation and normally present
in embryonic neuronal cells, promoting cell proliferationyvéval, and
differentiation (Yao S et al. 2013). This gene is highly expressed in
neuroblastoma cells and many studies have shown that ALK also promotes
tumour cell growth (Speleman F et al. 20High expression of ALK seems
to be closely correlated wiitan unfavourable clinical response in patients
with neuroblastoma (De Brouwer S et al. 2010; Duijkers FA et al. 2012).
However, the pathogenic role of ALK in these tumours is still not clear
(Alshareef A et al. 2017). The sporadic origin of neuroblastisntize result
of chromosomal anomalies, such as the amplification of the MYCN gene
(also present in more than ten copies), which was found in 20% of cases and
is associated with a poor prognosis (Maris JM and Matthay KK 1999)
Transgenic murine models camh that the alteration of MYCN gene
expression, at the level of the neural crest, is sufficient to induce
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tumorigenesis (Hansford LM et al. 2004). MYCN is a transcription factor that
acts either by activating or inhibiting different genetic targets, tir@audirect

link with DNA or indirectly through protenprotein interaction mechanisms
(Schramm A et al. 2013; Shohet JM et al. 2011). Moreover, its physiological
effect is extremely significant, since it is able to intrinsically activate
angiogenic facta, which lead to the formation of new blood vessels, to
ensure an adequate supply of nutrients to tumour cells, and to repress
angiogenic inhibitors (Shohet JM 2012). During normal embryogenesis and
neural crest development, MYCN is transiently expressedells of the
ventrolateral portion, destined to become sympathetic ganglia (Wakamatsu Y
et al. 1997); therefore, it is not surprising to find high levels of MYCN in a
subgroup of poorly differentiated and particularly aggressive neuroblastoma
cells (Fretund E et al. 2008). It was observed that downregulation of the
MYC gene induces inhibition of cell proliferation and activates the apoptotic
pathway, therefore, through downregulation of the MYC gene it may be
possible to reduce the growth of neuroblasidivestermark UK et al. 2011).
However, several cases of highk neuroblastoma present minimal levels of
MYCN expression, suggesting the implication of other mechanisms
independent of the alteration of this gene in the genesis of the tumour (Maris
JM 2010).

Specific epigenetic patterns may be implicated in tumour development; for
example, an important epigenetic regulator is the methyltransferase
DNMT3B, normally active in cells of the ectodermguang differentiation

in neural crest cells (MartinBaylor K et al. 2012)but of which
overexpression determines cisplatin resistance in murine tumour cells (Qiu
YY et al. 2015).

Even noncoding RNAs (microRNAs, IncRNAs, piRNAs) are essential
transcriptional regulators, involved in the development and maiaratithe
neural crest, and many of thesech asniR-9 and miR17-92a are directly
implicated in some aggressive forms of neuroblastopramoting the
development of metastases (Ma L et al. 2010; Stallings RL 2009)

Neuroblastoma treatments

To definethe correct treatment strategy, the Childse®ncology
Group (COG) has been developedaassk group stratification for clinical
trials. Combining the INSS/INRGSS classifications with the age at diagnosis,
the histologic data, and the biology and gesaticthe type of neuroblastoma,
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allows to place the patient into a lguntermediate or highrisk group (Swift

CC et al. 2018). The biological heterogeneity of neuroblastoma strongly
influences the choice of therapeugigpproachFor the treatment of lowisk
neuroblastoma casesurgical removal can be carried out, according to the
invasiveness, extensipand location of the tumour, while for higlsk
patients a multimodal therapy is required. Induction chemotherapy is aimed
at reducing tumour volume, allowing, when possible, a complete surgical
removal. The drug treatment consists different combinations of
cyclophosphamide, doxorubicin, cisplatin, melphalan, carboplatin, etoposide,
topotecan, ifosfamideand vincristine. Sukequently, one or more cycles of
high-dose chemotherapy are performed to induce bone marrow ablation with
subsequent autologous hematopoietic stem cell transplantatiagn(Baét

al. 2015). Intermediatask patients are subjected to milder chemotherapy,
followed by surgical resection of the remaining tumour mass, whileikiw
patients receive minimal therapy. In some cases, patients can recover thanks
to surgery alone or not need any treatment due to spontaneous tumour
regression (Berlanga P et al. Z0Bhohet J and Foster J 2017). However,
more aggressive neuroblastomas can show chemoresistance; abet®%)%

of high-risk patients show recurrence (Maris JM 2010). In addition, for the
treatment of higkrisk patients, radiotherapy is often necessaryprder to
manage tumour localization and any metastases (Colon NC and Chung DH
2011; Modak S and Cheung NK 2010). However, radiotherapy is not
recommended when the tumour is in the spinal cord, because serious side
effects may occur; such as growth arresbliosis and damage to the vertebral
column (Ishola TA and Chung DH 2007). Currently, new biological therapies
have been included in the treatment of higk patients, such as

i mmunot herapy, which consists in activat
recognise and fight the tumour (Louis CU and Shohet JM 2015)-GD#
immunotherapy associated with dinutuximab is the standard therapy
treatment (Swift CC et al. 2018), which improvegiear survival to 66% (Yu

AL et al. 2010). Other possible therapieg to identify a new therapeutic
target, for the treatment of neuroblastoma. Among these new tangetd K

gene was suggested, however, a resistance to the inhibitors of this gene has
been discovered, including crizotinib (Alshareef A et al. 2017).
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Neuroblastoma cell lines

Different neuroblastoma cell lines are extensively used for testing drug
neurotoxicity suchas anticancer agents, in order to better understand
relationships between proliferation and differentiation mechanisms as well as
the inducton of apoptosis and chemoresistance.

In this work the attention was focused the B50 neuronal cell line that
offers considerable advantages over primary CNS neurons for use in cell
biology and biochemistry experiments, including simplicity of culturel a

the possibility to establish stable cell lines. This cell line was derived from
neuroblastoma in the neonatal CNS, induced by transplacental administration
of ethyhitrosairea inRattus norvegicugSchubert D et al. 1974). B50 cells

are excitable and oa produce a regenerative action potential, thus
highlighting the neural origin of the line (Kuffler SW and Nicholls JG 1966).
The neuronal origin of B50 cells derives from the fact that the S100 and 14
3-2 proteins are widely expressed, moreover this loedl express higher
levels of neurotransmitters and acetylcholine receptors and exhibit a more
flattened morphology, suggesting that they may represent a more
differentiated state (Schubert D et al. 1974). B50 cells came into wide use in
the study of facts that control the morphological differentiation of CNS
neurons. These cells can be also used to understand morphological
differentiation and active neurite outgrowth (Audesirk T et al. 1991;
Reboulleau CP 1990). B50 cells were also used in many toxicolog
experiments, such as the evaluation of different compmoand substanse
neurotoxicity, with attention on the activation thfe cell death pathway
(Capano M et al. 2002; Hayton S et al. 200tey CA et al. 2008
Concerning to our research, the BS0natiroblastoma cells represent, to date,

a good model for the study of vitro neurotoxicity, resulting very useful to
identify the mechanisms of cytotoxicity induced by treatment with cisplatin
and other compound of interest (Bottone MG et al. 2008, &dinM et al

2019; Rangone B et al. 2018). This feature has been useful in understanding
the neuroblastoma and for development of newer therapies.

1.1.2 Gliomas and Glioblastoma multiforme

Most brain tumours in adults and children are derived from glikd ce
or their precursors and are referred tofiggkoma®. Gliomas are highly
heterogeneous tumours, refractory to treatment and are the most dgmmon
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diagnosed primary brain tumours (Poff A et al. 2019). They represent about
80% of all brain malignancied/f@augeri R et al. 2016) and are characterized
by a high degree of malignancy and a low degree of patient survival &cium
G et al. 2010), presenting a rate of higher mortality than any other brain
tumour (Wen PY et al. 2010). Several studies in transgeicie demonstrate

that gliomas can evolve from a variety of cell types, including neural stem
cells, astrocytes, oligodendroglial progenitor or ependymal cells (Zong H et
al. 2015).

For several years, gliomas have been classifiedtheyWorld Health
Organiation (WHO) on histological criteria defined in 2007, by which
histological variants were added thanis evidence of different age
distribution, location, genetic profile or clinical behaviour (Louis DN et al.
2007). After the publication of the revisedH@® Classification of Tumours

of the CNS in 2016, for the first time, molecular parameters in addition to
histology was applied to define different tumour entities, thus making a
significant improvement in the diagnosis of CNS tumaexsliffuse gliomas,
medulloblastomasand other embryonal tumours (Louis DN et al. 2016).
Furthermore each tumour is ascribed to a histological grade of anaplasia,
from WHO grade | to IV. This WHO classification system indicates the
degree of tumour malignancy and the pdssiiatural disease course, with
WHO grade | indicating slowgrowing cancer usually relatéoa favourable
prognosis, while WHO grade 1V is assigned to highly malignant tumours
(Reifenberger G et al. 2017). Generally, the most common types of glioma
include glioblastoma (grade V), astrocytic tumourdlljl oligodendroglial
tumours (grade Hll) and ependymomas (graddéll) (Rasmussen BK et al.
2017). Gliomas are complex and may consist of both neoplastic arnd non
neoplastic cells, the latter population being mainly represented by tumour
associated macrophages (TAMs) which make up about 50%e afedlular
fraction of gliomas (Yin J et al. 2017). A distinctive aspect of gliomas is to
localize themselves in brain areas that exhibit greater functional activity such
as the motor area, the language area and the usedKiekow CJ et al.
2016), makng difficult the possible removal interventions. Glioma cells are
highly invasive (Markovic DS et al. 2009) and their main characteristic is the
ability to infiltrate healthy brain tissue adjacent to the tumour mass. The
propensity of malignant cells tqpead widely in the brain, make these
tumours more malignant, aggressive and refractory to therapy (Chakravarti A
et al. 2002). Gliomas, in fact, can also be distinguished as a circumscribed or
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diffused species. Depending on the location and low malignathey
circumscribed gliomas can be surgically removed, on the contidfyse
gliomas are highly invasive. Due to the absence of adetihed boundary
between the tumour and the surrounding tissues surgical resection can never
be performed completelynd residual neoplastic cells can often lead to
recurrences (Masui K et al. 2017; Soomro SH et al. 2017). Compared with
the previous, the main improvement in the 2016 WHO gliomas classification,
is the change in the identification of diffuse gliomas nowngef based on
thepresence/absence of isocitrate dehydrogenase (IDH) mutation and 1p/19q
codeletion (Wesseling P and Capper D 2018).

The discovery of IDH mutations in most WHO grade Il and 11l gliomagha
represented a revolution in the understandingesttcances. Indeed, mutant

IDH proteins acquire a different enzymatic activity, resulting tie
conversikemn oglf u-K® road2dydroxihlutarate (€2-HG),
which i n t4G-dependanh didxygenases,Usuch aselenen
translocation TET) family 5methylcytosine hydroxylases and the Jumoniji

C domainrcontaining histondysine demethylases (Pajtler KW et al. 2017).
Consequently, IDH mutation produces aberrant DNA and histone
methylation, eventually leading to thiglioma CpGisland methiator
phenotype (G-CIMP), a hypermethylation phenomenon of CpG islands
(Collins VP et al. 2015). Based on these observations IDH mutation
represents an important marker for glioma classification, leading to the
introduction of the following, genetically efined subtypes: diffuse
astrocytoma, IDHmutant; anaplastic  astrocytoma, IBhutant;
oligodendroglioma, IDHmMutant; anaplastic oligodendroglioma, IPH
mutant; and glioblastoma, IDHwutant, in addition, the definition &not
otherwise specifietlcategory isused when molecular testing could not be
performed or the results of such tests were inconclusive (Wesseling P and
Capper D 2018). However, studies conducted in mice indicate that IDH
mutation alone is not enough for tumorigenesis, but as occur imibDigint
astrocytoma, an additional mutation T®*53 and ATRX10 is required for
cancer development (Suzuki H et al. 2015). Moreaveraccumulation of
somatic mutations in genes that encode inhibitors of th& Gellcycle
checkpoint is also implicadkein the dysregulation of cell divisigrdriving
tumour progression (Ceccarelli M et al. 2016; Mazor T et al. 2015). Another
biomarker for tumour, that emphasize the important role of epigenetic
alterations, are mutations in the histone genes H3F3A or HIST1IHIB®K?2
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(Ceccarelli M et al. 2016). The histone mutation H3K27 M is distinguishing
for paediatric midline higlyrade glioma and the H3G34R/V mutation for
hemispheric higlgrade glioma in young adults and children (Louis DN
2007). Interestingly, this epigeneti@berration is correlated with
characteristic DNA methylation profiles, showing distinctive age
distributions and tumour locations, suggesting a possible associatioa with
phase of brain development and diseases (Gusyatiner O and Hegi ME 2018).
Unlike othe solid malignant tumours, gliomas very rarely metastasize outside
the brain. Furthermore, glioma cells do nanpboy a lymphatic or
intravascular pathway to migrate (Beauchesne P 2011) but move through the
extracellular space of brain tissue (CuddapahetAl. 2014; Montana V and
Sontheimer H 2011). In particular, these cancer cells migrate through pre
existing brain structures such as: the interstitial spaces of the cerebral
parenchyma; the white substance; the subarachnoid space (Cuddapah VA et
al. 2014 and the blood vessels/here a constant supply of oxygen and
essential nutrients for growth is guaranteed (Manini | et al. 2018; Montana V
and Sontheimer H 2011Figure 3). Furthermore, glioma stem cells (GSC),
which are profoundly influenced by the &@anicroenvironment, have been
reported as the population responsible for glioma invaarmh resistance
(Roos A et al. 2017). Indeed, thank sethewal properties and the
bidirectional crosgalk between GS€and the tumour microenvironment
(TME), thesecellscan initiate and support tumour growligeingresponsible

for tumour recurrence (Chen J et al. 2012; Hanahan D and Weinberg RA
2011).
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Figure 3. Preferential migration way of glioma cells. Interstitial spaces of the brain
parenchyma (1); subarachnaidace (2);perivascular space (3) and white matter
traits (4) (adapted from Manini | et al. 2018).
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In addiction when glioma cells move through theirbg@arenchyma, they
interact with the extracellular matrix (ECM) molecules (GritseRkdet al.
2012) and migrate along the blood vessels, also modifying the organization
of cerebral vasculature (Watkisset al. 2014). Also important is a stromal
componehand soluble factors (Li G et al. 2017; Wu M and Swartz MA 2014)
as the kinin signal molecules. Normally kigiare present in the brain but
appear to be more expressed in physiopathological conditions (hypoxia,
inflammation, tissue damage) that correlatgh metastasis and tumour
progression (Ratajczak MZ et al. 2006). The vascular endothelial cells of the
brain synthesize bradykinin, which is a chemotactic signal and as such is able
to attract glioma cells (Montana V and Sontheimer H 2011). Bradykinin
performs numerous functions, including activating the secretion of matrix
metalloproteinases, through its binding to one of the two B1R receptors. The
latter is expressed in pathological conditions, while the B2R is constitutively
active and is responsiblér physiological responses. The bradykinin
receptors are coupled to G proteins which, after interacting with the ligand,
activate a signal transduction cascade leading to the activation of
phospholipase C (PLC) and the mobilization of calcium (Higashie# &.
2001). In fact, the inositol triphosphate (IP3) produced by the PLC binds to
its receptor withthe consequent release of calcidnom the intracellular
stores. Tests carried out on tissues derived from cancer patients showed an
increase in B2R expssion in gliomas. In rat glioma cells, low doses of
Bradykinin (1eM)) cause an increase aalciumintracellular concentration
(Wang YB et al. 2007), while high dosesBradykinindetermine oscillations

in the intracellular concentration of the ion (@w@ne G et al. 2002). Just as
the granular cells of the cerebellum under development, require intracellular
calcium variations to migrate into the layers of the cerebellar cortex, glioma
cells also show an oscillation of intracellular calcium during thregration
(Bordey A et al. 2000; Ishiuchi S et al. 2002).

Glioblastoma multiforme (GBM) or grade IV astrocytoma, according
to the WHO classification, is the most aggressive and frequent of all primary
brain tumours (Li R et al. 2015). It represents 12%%6 of all intracranial
tumours and 50%60% of astrocytic tumours (Soomro SH et al. 2017). The
average age of onset of GBM is 64 years and the as&ire common in
males than female$his tumour has a higher incidence in the Caucasian race,
followed bythe African and Asian orsd Thakkar JP et al. 2014). Some risk
factors are associated with GBM, on the other hand, although most GBMs
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start sporadically, 5% are associated with hereditary syndromes, such as
neurofiboromatosis or EFraumeni syndrome (FarteCJ and Plotkin SR
2007). Furthermore, GBM, like other tumours, can grow thanks to the
immunodepressn of the microenvironment surrounding the tumour and
often patients present n@pecific signs and symptoms (Sasmita AO et al.
2018). It is estimated thahe average survival of the patient is less than 15
months, but it does not seem to vary between the different races (Brandes AA
et al. 2008; Johnson DR and\&:ill BP 2012; Shahar T et al. 2012).

The most common sites of GBMs development are the tiemimoral region

and the parietal lobes, while it is rare to find them in the cerebellum and even
more in the spinal cord (Taghipour Zahir S et al. 20E8)ure 4a). These
tumours begin mainly in the frontal lobe, growing in the two hemispheres
simultaneosly (overlapping tumours) rather than in the temporal or parietal
lobe (Thakkar JP et al. 2014). Infiltration through the corpus callosum in the
contralateral hemisphere leads to a bilateral and symmetrical lesion for which

t he tumour i sgldalmaedd fUJmdtitkeer ftlhye ot her t u
does not metastasize through the vascular system, and not from metastases in
other organs, but it can spread so rapidly in the cerebral parenchyma and
along the spinal cord that the infiltrated cells in tissuesaéready present at
diagnosis, surrounding brain and making tumour eradication impossible, thus

|l eading to a pati d&moatks (Gataquzazenwy ladtal.b et we en
2015).

The termfiglioblastom@& meangiblast of the glig, this because in contrast t

the other astrocytomas where the cells maintain the astrocytic morphology, in
the glioblastoma the cells are blasts, that divide into other blasts and Have los
their ability to differentiate. While, the terfimultiformed, on the other hand,
illustratesthe heterogeneity presented by this tumour in all its characteristics
(lacob G and Dinca EB 2009). Indeed, GBM is extremely heterogeneous at
the microscopicpdleivedd o wdedlhl s pasreauadso surr o
regions, pleomorphic nuclei and a yestrong vascularization (Holland EC
2000). At the macroscopic leyehe tumour area is characterized by a high
proliferative rate (identifiable by the ¥7, a proliferation marker), which
results in extensive necrotic regions due to the high proliferadi the
tumour mass and to the crushing inside the cranial thEicauré 4b).
Infiltrative growth is therefore associated with high recurrence rates,
resistance to therapy, neurological deterioration and low survival rates (Kim
SS et al. 2015). Low sumal is partly due to the inability to deliver
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chemotherapeutic agents through the biboain barrier (BBB) and to the
low tumour response to radiotherapy (Natsume A and Yoshida J 2008).

7 T;h % 0"« y

& s (JJ’«' FLp &'Q- ;‘ " \ ‘i
¥ o e 5 "‘

Yo A X *""ﬂ"‘.a LR |

T
"F'l" .g“:

Figure 4. a) Magnetic resonance imagingMultiple, well-defined rouneto-ovoid
lesions attached to frontal, occipital horn and septum pellucidum of lateral ventricles
(yellow arrow).b) Post craniotomy histopathology report.Large areas of necrosis
with peripheral pseudopalisade celterhatoxylh and eosin stain) (Purkayastha A

et al. 2018).

The vascular density in GBM is considerably higher than that ofgi@ade
glioma and an increase in vascularization considerably worsens the prognosis
of the disease. Vasculogenesis and angiogenesis have altstinct role in

the pathogenesis of primary malignant glioblastoma and recurrences (Kioi M
et al. 2010). Angiogenesis is one of the key events in the development of
GBM, in fact among all solid tumours, GBM has been reported as the most
angiogenic, adt shows a high degree of endothelial cell proliferation,
hyperplasia and vascular proliferation (Folkerth RD 2000). Microvascular
proliferation, necessary for tumour growth (McNamara MG and Mason WP
2012), is induced by vascular endothelial growth fa@i{&GF) (Norden AD

et al. 2009; Onishi M et al. 2011). Indeed, high levels of VEGF seem to be
associated with adverse outcomes in patients with GBM (Flynn JR et al.
2008). Furthermore, GBM presents hypoxic regions (Yang L et al. 2012),
which are fundamenitéor the aggressiveness of the tumour itself (Evans SM
et al. 2004)Hypoxia has been associated with resistance to treatment, local
invasion and worse prognosis (Keith B and Simon MC 2007). It is responsible
for the resistance to chemotherapy throughtiplel mechanisms) hypoxic
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cells are distant from blood vessels and therefore remain far from exposure to
systemically administered antitumoral agemtshypoxia also reduces the
proliferative potential of cells which is a critical factor fargetingof many
chemotherapeutic compounds and increases the regulation of genes involved
in chemotherapy resistance, such agyoprotein (Sermeus A et al. 2008;
Aghi MK et al. 2009). Furthermore, it has been shown that a hypoxic glial
tumour microenvironment am create podtanslational epigenetic
modifications in tumour suppressors, such as at p53 (Cobbs CS et al. 2003).
To date, the origin of GBM is still controversial and several studies
attempt to identify théicell of origin, which represents an importaaspect
in understanding tumour heterogeneity and in designing novel therapeutic
strategies for glioblastoma. It should be noted floahcer stem call(CSC)
is a functional definition that can only be assessed by the ability of a cancer
cell to initiatenew tumours. Based on these elements, progress in the biology
of neural stem cells (NSCs) and oligodendrocyte precursor cells (OPCs)
offers novel insights into their candidacy as the cell of origin for human
glioblastoma. Adult NSCs (also termed Bl cellsave been widely
considered as the most feasible cell of origin for fgghde glioma, due to
their property to selfenew, and the remarkable plasticity to differentiate into
several neural cell types (Stiles CD and Rowitch DH 2008). In addition, CSCs
isolated from human GBMs show several markers normally expressed by
NSCs,i.e.Nestin, GFAP, CD133, and Sox2, also generating renewable NSC
like spheres in culture (Shao F and Liu C 2018). Interestingly, human
glioblastomas were commonly diagnosed next ® shbventricular zone
(SVZ2), further proving the possibility that they originated from NSCs.
Moreover, it has also been observed that the increased possibility of
developing recurrences in specific brain areas is associated with the presence
of niches in wich the NSCs reside (Barami K et al. 2009).
Nevertheless, NSCs do not constantly renew themselvié® adult brain,
but exclusively in postnatal life, thus decreasing the ability to accumulate
mutations Figure 5). Furthermore, CSC markers detectedNi8Cs could
result from a process of dbfferentiation and niches could essentially be
places of preference where GBM cells migrate (Batlle E and Clevers H 2017).
On the contrary, the OPCs constantly divide during adult life, produce various
cell types andherefore they are susceptible to an accumulation of mutations,
showing markers in common with CSCs. Furthermase,a result othe
induction of mutations in the p53 protein gene, OPCs are transformed into
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GBM cells. Thus, the hypothesis of their imptioa in the origin of GBM is
being validated (Shao F and Liu C 2018). An important detail to take into
consideration is that ihevidence comsfrom studies on transgenic mice and
the validity of a translation to humans is controversial. Therefore, the
dynamics at the base of the cell origin of the GBM remain not entirely clear.
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Figure 5. In the conventional (left) view, it was assumed that a single NSC can
recurrently selrenew for many generations and generate new NSCs, as well as
differentiate into rurons, astrocyte and OPCs, that,darturn, differentiate into
mature oligodendrocyte. The updated (right) analysis of the NSC, asimause
model, suggest that adult form of NSCs (aNSC) are derived from embryonic NSCs
(eNSCs) that actively proliferasg DE14.5. These embryonic NSCs stay quiescent
until they are reactivated at the adult stage. Moredkerlonal analysis revealed

that a single adult NSC can either give rise to heurons or glial cells (such as astrocytes
and oligodendrocytes), btdarely to both cell types. On the contrary clonal analysis
further revealed that adult OPCs can-seifew continuously (adapted from Shao F

and Liu C 2018).
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From a clinical and biological point of view, it is important to distinguish
primary GBM (IHD wild-type) and secondary GBM (IHBwtant), which are
histologically indistinguishable, but differ in the expression of molecular
markers, chromosomal aberrations, age of onset and prognosis (Louis DN et
al. 2016; Mutlu H et al. 2014; Thakkar JP et al. 2014im&y GBM is
detected in about 90% of patients with GMB, and particularly in males,
without evidence of previous less malignant lesions, thus originagimgpvo

from glial cells (Furnari FB et al. 2007; Reardon DA and Wen PY 2006). It
Is the most commoamong patients of advanced age for whom the prognosis
is poorer. Primary GBM is characterized by mutations and amplifications for
the EGFR gene (Epidermal Growth Factor Receptor), mutations in PTEN
(Phosphatase antensin homolog) and in the TERT promof@elomerase
Reverse Transcriptas@arysz D et al. 2011).

In contrast, secondary glioblastoma develops more slowly, deriving from
low-grade gliomas (grade IlI) or anaplastic astrocytoma (grade Ill). This
tumour represents 15% of GBM, tends to developubjexts under 45 years,

iIs more frequent in women, and the prognosis is better than in primary GBM
(Parsons DW et al. 2008). Secondary GBM is also characterized by TP53
mutationsalterationan ATRX, chromatinremodeing, and IDH1 (Larysz D

et al. 2011)Some studies have shown how radiation, tobacco, alcohol, head
trauma, exposure to-Nitroso compounds, may represent risk factors for the
development of this tumour (Braganza MZ et al. 2012).

Among the alterations mainly involved in the tumour transforomadif glial

cells we also find changes in membrane receptors. These receptors, in
physiological conditions, activated by growth factors, allow the beginning of
intracellular transduction signals, such as the MAPK and PI3K pathways,
stimulating the cell osle and survival. In tumorigenic conditions, these
receptors are constitutively activated, independently of extracellular signals,
and theirexpressioncan be increased, thus stimulating cell proliferation
uncontrollably (Agnihotri S et al. 2013; Alifieri€ and Trafalis DT 2015).
The most mvolvedreceptors belong to the tyrosine kinase (RTKs) receptor
family, the epidermal growth factor receptor (EGFR) and the pladeleted
growth factor receptor (PDGFR). The gene for EGFR is amplified in about
40% ofall GBMs and the most frequent mutation, consisting in the deletion
of exons 27 (known as variant three, EGFRVIII) found in-20% of cases,
where a increased EGFR activitis detectablgAgnihotri S et al. 2013;
Alifieris C and Trafalis DT 2015).
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Recenlty, membranous extensions that start from the cells that compose
astrocytomahave been discovered and identified as tumour microtubes
(TMs). TMs approximately connect half of the tumour cells, forming
syncytium with elongated extensions that invade arelie @djacent healthy

brain parenchyma. The formation of TMs may depend on the integrity of
1p/19q (possibly due to the presence of neurotrophic factors in these areas)
and that it is mediated by tight junctions of the Cx43 type. This association
could bealso implicated in resistance to chemotherapy eewirrences
formation(Lou E 2017; Osswald M et al. 2016).

Gliomas and Glioblastoma treatments

The first therapeutic approach in the treatment of gliomas is surgical
resection. There is considerable evide thatthe total eradication of the
tumour mass is associated with an increase in the s@bjsatvival
(Chaichana KL et al. 2014). However, in most cases, complete surgical
removalis impossible. In the case of very infiltrating tumours, such as the
glioblastoma which presents an irregular perimeter, the tumour cells can
migrate into the cerebral parenchyma far from the tumour nfassour
recurrence is commonly observed along the periphery of the tumour removal
cavity (Hide T et al. 2013), also favodréoy the presence of aberrant
vasculature located around the tumour tissue (Wait SD et al. 2015). In
addition, some regions of the brain, such as the basal ganglia and the brain
root, are highly sensitive to surgery, which makes the disease prognosis even
worse (Goffart N et al. 2013). Although the chenamd/or radiotherapy
protocols, which follow surgical resection (Brodbelt A et al. 2015), are very
strong, patients with glioblastoma have a mean survival expectandy of 1
months.That becausen additionto the characteristics of the tumour, it is
necessary to consider the presence of the BBB, which limits the availability
of chemotherapeutic agents at the level of the cerebral parenchyma and
consequently of the tumour site. The size of the moleculesiptihilicity
of the drug, the presence of active pumps and the integrity of the BBB,
strongly influence the access of the drug to the tumour site and therefore the
treatment outcome (Lebelt A et al. 2008; Neuwelt EA et al. 2011).

For decades, neurosurgiagsection and postoperative radiotherapy have
been the basis of treatment for patients with GBM (Weller M et al. 2010), but
recent advances have improved patient survival, especially since the
introduction of Temozolomide (TMZ) (Okada M et al. 2017),athihas been
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extensively used for the treatment of higfiade gliomas, including anaplastic
astrocytoma (AA) and GBM. TMZ is an imidazotetrazine derivative of the
alkylating agent dacarbazine with antineoplastic activity, it is a second
generation lipophit prodrug with a molecular weight of 194 Da therefore
capable of crossing BBB and is well toleralsdGBM patients so much to

be administered orally (Liu YL et al. 2017). The access of TMZ into the CNS
has been studied in rats and rhesus monkeys, sholanhghe levels othe

drug in the brain and cerebrospinal fluid are around 30% to 40% of the plasma
concentration, however its metabolite does not effectively diffuse in to the
CNS (Agarwala SS and Kirkwood JM 2000). TMZ is stable at a pH less than
5 but at a pH higher than 7 it is spontaneously hydrolysed (8- 5
methyltriazerl-yl)imidazole-4-carboxamide (MTIC), thus allowing the drug

to perform its function in the tumour tissue (Lee SY 2016). Subsequent
intracellular reactions lead to the formation adthylhydrazine, C@and 5
aminoimidazoled-carboxamide (AIC) (Zhang J et al. 2012). The
methyldiazonium ion formed by the breakdown of MTIC then yields the
methyl groups to Nguanine, to Rladenineand to a small extent to thé O
position of guanine. During replication, the alkylation &fgDanine leads to

the insertion of thymine instead of a cytosine opposite to methylguanine. The
formation of 3-methylguanine adducts, if not repaired, lead to single and
doublestranded DNA braks, causing tumour cell block in the @hase of

the cell cycle and triggering apoptotic processes and senescence mechanisms
in glial cells (Kheirelseid EA et al. 2013; Lee SY 2016%rhkethylguanine is
moderately less cytotoxic because the nucleotidsiexcrepair pathway can
successfully remove these adducts without damaging the DNA. TMZ does
not induce chemical crogmking of the DNA strands, thus, it is less toxic to

the hematopoietic progenitor cells in the bone marrow than other agents, such
as patinum compounds, and procarbazine, which create-irdsthe DNA
(Agarwala SS and Kirkwood JM 2000). However, the difficulty in tumour
treatment is also due to genetic instability, which causes the alteration of the
geneticpool of the cells, thus makg cancer cells different from one another.
Indeed, the limited success of TMZ in the treatment, in partic@l&M
treatment, appears to be related to the occurrence of chemoresistance and to
the inability of TMZ to induce tumour cell death in some pasien

The key enzyme involved in the removal of methyl groups frofa O
methylguanine is BalkylguanineDNA-alkyltransferase (AGT), also known

as @-methylguanineDNA-methyltransferase (MGMT)Overexpression of
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the AGT enzyme may induce resistance to thetoyic effect induced by the
active metabolite MTI C. The MGMT enzyme
(MMR) system seem to be closely related to the failuteerapywith TMZ
(Figure 6). The MMR system is fundamental to guarantee correct DNA
replication and tinduce adequate cellular responses in case of DNA damage
(Hsieh P and Yamane K 2008). The MGMT enzyme eliminates the alkyl
groups from the ®position of guanine, the site of several chemotherapy
induced DNA alkylatios, protecting the cellular genome frahe mutagenic
effects of some alkylating agents, includinglZ. The methylation status of

the MGMT promoter is responsible for the regulation of MGMT expression
and has been correlated to an increase in the survival of patients with
glioblastoma (MelguizcC et al. 2012; Perazzoli G et al. 2015). Indeed, the
MGMT enzyme removes the®@lkylguanineDNA adducts thus reducing

the effect of TMZ (Donson AM et al. 2007; Marchesi F et al. 2007). Only 5
10% of methylated DNA adducts resulting from TMZ treatment Gte
methylguanine, but if MGMT is not active to repair the damage, these
chemotherapynduced alkylation lead to DNA damage in cancer cells,
including DNA doublestrand breaks and mismatches, which trigger
apoptosis and cytotoxicity (Gerson SL 2002). Itadethe methylation of the
CpG islands of the MGMT promoter leads to a reduced expression of the
protein itself in the tumour tissue, resulting in a failure of MGMT action
which consequently increases the possible alkylating effect of TMZ and
increasinghe survival of patients witEBM (Melguizo C et al. 2012). It has
been shown that the loss of chromosome 10926 on which the MGMT gene is
located or the methylation of the MGMT promoter leads to inactivation of the
enzyme and a positive response of pasiemichemotherapy with TMZ (Hegi

ME et al. 20050kada M et al. 201 Riemenschneider MJ et al. 2010). The
methylation of the MGMT promoter,ishereforean important biomarker in
patients with glioblastoma treated wittMZ (Wick W et al. 2014).
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Figure 6. Mechanism of Temozolomide and chemoresistancéemozolomide
(TMZ) modifies DNA or RNA at Nand J sites on guanine and thé bh adenine

by the adding of methyl groups. The methylated sites)cay mutatedj) be fixed

by DNA mismatch repair (MMRY)iji) be eliminated by base excision repair (BER)
by the action of a DNA glycosylase such as, alkylpuA-N-glycosylase
(APNG), or dealkylated by the action of a demethylating enzyme suctf-as O
methylguanine methtyansferase (MGMT). When MMR is expressed and active
cells are TMZ sensitive, on the contrary when MGMT, APNG, and BER proteins
are functional, GBM cells are resistant to TMZ (Lee SY 2016).

TMZ therapy is often associated with radiotheralyiZ seems toricrease

DNA breakage in a proapoptotic environment induced by radiological
treatment according to the standard daily dose of 60 Gray (Gy) in 30 fractions
(Zzhang M and Chakravarti A 2006). However, it has been shown that
radiotherapy induces a sgifotective attitude in the tume cells indeed it
seems that the treatment is able to induce the migration of tumour cells going
to activate the CGa-dependenpotassiunchannels. These channels together
with the Ci channels are fundamental in the regulationedf volume due to

the change in cell morphology during the migration process (Steinle M et al.
2011), an extremely negative process in the formation of metastases and
recurrences.
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Survival with the use of TMZ is also improved in patients with low expass

of Alkylpurine-DNA-N-glycosylase (APNG). APNG is also implicated in
TMZ resistance, as it directly mediates the repair of alkylated bases il the N
position guanine andMdenine (Agnihotri S et al. 2012) addition to these
resistance mechanism®ARP-1 (Poly-ADP-Ribose Polymerasg) and
APE1 (AbasieAP Endonucleasé&) are also implicated in base excision
repair, and their inhibition shows increased sensitivity to TMZ (Wen PY and
Kesari S 2008; Zhang J et al. 2012). At the same time, TMZ induces
EGRRvIIl and EGFR expansion, therefore the combined use of EGFR
inhibitors such as Erlotinib (Tarceva) is recommended (Munoz JL et al.
2014).

The high progression and the relapse rate after therapy could be associated
with the presence of cell populations WIESCs characteristics, as described
above, which present a high tumorigenic activity (Warrier S et al. 2012;
Wirth R et al. 2013), thus supporting the mechanism of tumour recurrence
and therapeutic resistance (Ahmed EM et al. 2018; lwanami A et al. 2013).
Since the CSCs are involved in tumour recurrence and drug resistance it is
important, from a therapeutic point of view, to be able to identify them
(Brescia P et al. 2013; Roy S et al. 2017). In this regard, a cell surface
glycoprotein CD133, also knowis @romininl, could be a marker to identify

this type of cells (Ahmed EM et al. 2018). CSCs canrszléw, differentiate,

with metastatic properties and capable of repairing DNA (Liu YL et al. 2017),

a skill that explains the resistance of GBM to themmpiairthermore, CSCs

also show drug resistance against TMZ (Lesueur P et al. 2018). GBM tumours
that have relapsed after radiotherapy or chemotherapy show an increased
percentage of CD138ells compared with the primary tumour, suggesting a
key role for M133 in tumour recurrence and invasion. However, not all stem
cells express CD133, whigo can be considered as a marker for progenitor
cells (Bradshaw A et al. 2016).

Traditional therapies are therefore able to improve the pé&ieondition

only slighty, so to datebiomedical researchim is to find new treatment
approaches (Patel M et al. 2014; Zhang X et al. 2018). Strategies such as
immunotherapy (Del Vecchio CA et al. 2012), the use of agents with
epigenetic effects (Alvarez AA et al. 2015) ane #pplicationof miIRNA
inhibitors (Rolle K 2015), have shown to have synergistic effects with
traditional approaches, as well as émeploymenbf a targeted diet could not
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only improve the patientodés prognosi s, bu
(Sanbs JG et al. 2018).

Glioma cell line

Rat C6 glioma cell line represents an experimental model for the study
of gliomas, in order to understand the mechanism of growth, angiogenesis
and tumour invasion (Grobben B et al. 2002). The origin of thesadeeiles
from the induction of carcinogenesis in WisEurth rats, following exposure
to N,N&nitrosomethylurea (Benda P 1968; Chekhonin VP et al. 2007). C6
cells developed in Wistar rats show similar characteristics to human
malignant glioma including ralear pleomorphism, high mitotic index, foci
of necrosis, haemorrhage and parenchymal invasion of healthy tissue. The
invasion of tumour cells is due to the presence of metalloproteases, an
endopeptidase with highly conserved metal ions that degrade ints o
components of basement membranes and the extracellular matrix, playing an
essential role both in tumour invasion and in angiogenesis (Takahashi M et
al. 2002). Furthermore, C6 cells express different growth factors and their
receptors including: PDGR and PDGFB; bFGF (basic fibroblast growth
factor); VEGF (Vascular endothelial growth factor); EGFR (Epidermal
growth factor receptor) and IGE (InsulinLike Growth Factor), which are
overexpressed in human malignant gliomas (Barth RF and Kaur B 2009;
Chekhonin VP et al. 2007) In particular, VEGF is eegpressed in hypoxic
conditions and VEGF upregulation, in response to a reduction in oxygen
levels, is mediated by the HIF protein (Hypoxianducible Factor 1)
(Damert A et al. 1997)n vitro C6 cellmigration is induced by tenascin and
fibronectin which are both secreted by C6 cells following stimulation with
the neuronal growth factor (Yavin E et al. 1991), on the contraryjvo
fibronectin has no effect (Ohnishi T et al. 1998). Laminin, typedWagen
and fibronectin are released into the tumour microenvironment following
contact with healthy brain tissue (Knott JC et al. 1998).

C6 cell line is thereforea good experimental model for the study of growth,
metastasiformation,and invasiveness of glioblastoma. Furthermore, this cell
line allows screening for future drug targets ahd development of new
therapies (Ferrari B et al. 2019; Grobben B et al. 2002; KEaf006; Mares

V et al. 20Q3).
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Glioblastoma multiforme celine

Glioblastoma is a solid tumour able to develop a stable ceinliviero
(Ponten J et al. 1978). GBM is characterized by a complex cellular
heterogeneity and many cell lines derived from it have been usetadel
to study the molecular mechanismsderlying the tumour. Several human
glioblastoma cell lines are used in scientific research such d53U87MG,
D54-MG, U251, and A175. To date, the human U2BIG cell line is widely
used in several studies as a GBM model. This line was created in the
Wallenberg laboratory in Uppsala, Sweden, by removing tumour tissue from
a male patient with a malignant astrocytoma (Torsvik A et al. 2014). Human
U251 cells have a fusiform, round and pleomorphic morphology, the size of
the cells ranges from small celtsmultinucleated giant cells. U251 cells are
characterized by intense mitotic activity and positivity to the GFAP, which
identifies the astrocytic nature of the tumour (Karsy M et al. 2012). In
addition, U251 cell line may exhibit stem cell charactesssach as the
formation of floating neurospheres, a lot of cells in th&zphase, resistance
to hypoxia, to radiation and to some chemotherapy agents (Qiang L et al.
2009). Glioblastoma is characterized by a large number and variety of genetic
mutationsthat negatively affect many pathways that control cell survival,
proliferation, differentiation and invasion (Purow B and Schiff D 2009).

In U251 cells, the glycolysis pathway was also found to beegplated (Li
H et al. 2017). This phenomenonisreded t o0 as t he fAWarburg ef
has been observed atypical feature of cancer cells. This effect has been
associated with adaptation to conditions of hypoxia and nutrient starvation,
as well as immortalization, resistance to oxidative stress amajz stimuli
(Mikawa T et al. 2015). Based on the elements U251 cells may be more
resistant to hypoxia and low glucose compared to other glioblastoma cell
lines.
Among these altered pathways are those that control the expression of ion
channels, whichra transmembrane proteins with an ions permeable pore.
Usually, ion channels are selective to a specific ion and can open and close
their pore in response to physical or chemical stimuli such as
neurotransmitters or due to changes in membrane potentish, Adn
channels are involved in the regulation of various processes such as
proliferation, apoptosis and cell migration, but in most cadhsir
contribution consists in regulating mainly two important cellular parameters:
cell volume and internal calaw concentration (Arcangeli A et al. 2009;
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Kunzelmann K 2005). Many ion channels commonly involved in tumour cell
transformation could, therefore, be consideretasochannels(Huber SM,
2013). Midst the many channels examined, those of potassium havgeeim

to be involved in different pathways in gliomas (Turner K and Sontheimer H
2014). One of the main functions of glial cells in the brain is the potassium
spatial buffering process that maintains ionic homeostasis during neuronal
activity (HigashimoriH and Sontheimer H 2007). Several studies show that
in glioma cells Inwardly rectifying potassium channel (Kir), and specifically
the bariunmsensitive Kir4.1 encoded by KCNJ10, are differait expressed

and mislocated compared to physiological condi{@fsen Ml et al. 2004;
Wart A et al. 2005)In tumour cells these channels are associated to the
maintenance of a more depolarized resting membrane poteB@ah}/ to-

50 mV) than other neoancer cells (Blackiston DJ et al. 2009; Molenaar RJ
et al. 201) and their involvement has be found in U251 cell line invasion
process too (Thuringer D et al. 201F)rthermore, the change in cell volume
necessary to allow the cell to invade the surrounding tissue, dalé&d
shrinkag®, is also regulated by th@otassium flow, associated with that of
chlorine and the concomitant movement of water through the plasma
membrane (Catacuzzeno L et al. 2015; Turner K and Sontheimer H 2014).
Therefore, specific molecular motors that allow a cyclic modulation of
membrane/olume and rearrangements of the plasma membrarsseatial

to the cellular movement (Turner K and Sontheimer H 2014); a mechanism
that appears to be at the basis of the tumour behaviour of glioblastoma cells
(Molenaar RJ et al. 2011).

Another channel fointerest in the study of glioma behaviour is large
conductance calciuractivated potassium channel (BK), or Big Potassium,
sensitive to changes in intracellular calcium levels. It belongs to a
heterogeneous family of calciudependent potassium channalso called
maxipotassium channels, encoded by the KCNMAL gene. These channels
differ in their amino acid sequence and show different siogénel
conductance and characteristic pharmacological profiles (Vergara C et al.
1998). They are activated at ose potentials, greater than +60 mV,
however an increase in the concentration of intracellular calcium at
micromolar levels shifts the voltage dependence of these channels to more
negative values (Salkoff L et al. 2006). The BK channels of gliomaarels
also much more sensitive to intracellular calcium concentration than BK
channels expressed by healthy glial cdlisi (X et al. 2002 Ransom CB et
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al.2001) . This typical variant of glioma cel |
and contains an insert 8% amino acids near the channel calcium sensor (Liu

X et al. 2002). This makes these channels much more sensitive to small but
physiologically relevant changes in intracellular calcium concentration
(Ransom CB et al. 20). To date there are conflicting tdaon the
characterization of these channels and their expression within the tumour cell
(Catacuzzeno L et al. 2015), in fact as regards the U251 cell line there are
different interpretations of the role oKBchannels and subtypes of channels
that theseumour cells expressAbdullaev IF et al. 2010Fioretti B et al.

2006; Weaver AK et ak006).

However,the U251 cell line represents a valid phygathologic model to
understandhetrigger mechanisms of glioma. The analysis of changes in ion
channels epression and functionalitgnd the study of the effects induced by
chemotherapeutic agents on U251 cells may give us an overall vision not only
on genetic and molecular characteristics of tumour, but also on functional
aspects that sustain cancer, with #im of finding potential pharmacological
targets and new antitumoral strategies.

1.2 Cisplatin

Cisplatin CDDP, cisP}, also callectis-diaminodichloroplatin(ll), is a
platinumbased compound with a square planar geometry (Dasari S and
Tchounwou PB 2014 At room temperature thEeDDP appears as a white
crystalline powder that can take on colour variations from deep yellow to
orange, it is slightly soluble in water and soluble in dimethylprimanide and
N,N-dimethylformamide. ODP is stable at normal tempgures and
pressures but can slowly turn intotitansisomer (IARC 1981).

CDDP was first synthesized by Michele Peyrone in 1844, while in 1893
Alfred Werner characterized its chemical structure (Desoize B and Madoulet
C 2002). However, the compound wast miologically investigated until
1960, when Barnett Rosenberg at Michigan State University pointed out that
some platinum electrode electrolysis products, inclu@b@P, were able to
inhibit cell division inEscherichia colthus creating a growing intest in the
possible use of platinum in chemotherapy (Rosenberg B et al. 1965). The
discovery ofCDDPIin 1960, as an anticancer drug, opened a new era in cancer
treatment (Chen D et al. 2009)DOP was first administered to a cancer
patient in 1971, becomg available for clinical practice in 1978, under the
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name APl atinol o0; it waAdministrdtien (FDA)r s t
approved platinum compound for the treatment of tumours (Kelland L 2007).
The widespread clinical use GDDP s due to its cytotoxiproperties on a
variety of cancer, such as ovarian and testicular cancer, and solid tumours of
the head and neck; furthermore, its ability to fight tumours such as sarcoma,
bone, muscle and blood vessel cancer has been clinically proved (Florea AM
and Bisselberg D 2011).

TheCDDPis composed of a doubly charged platinum ion surrounded by four
ligands: two amino ligands, which form stronger interactions with the
platinum ion, and two chloride ligands, forming outgoing groups that allow
the platinum ion todrm bonds with the bases of DNA (Goodsell DS 2006).

1.2.1 Mechanism of action

The antineoplastic activity &8DDP s attributed to its stereochemical
characteristics (Connors TA et al. 1978)deed,the effectiveness of the
compound depends on tlees postion assumed by the two amino groups
(Sherman SE and Lippard SJ 198#)is agent is administered intravenously,
with shortterm infusions in saline, and spreads rapidly in the tissues due to
its binding in the blood with albumin and other plasma protdihateffect
can be attributetb the abilityof CDDP to interactvith sulphurcontaining
amino acids cysteine and methioni@dedson | and Kelland L 2000). Then
CDDP can pemeateacross the cell membrabg passive diffusion or enter
in cellsactively using transporters, such as those of some metals, such as the
copper Ctrl transporter (Copper Transporter 1) (Arnesano F et al. 2013;
Ishida S et al. 2002).

CDDPis chemically inert until one or two of its chloride ions are replaced by
water moleules. The hydrolysis of the molecule, following the loss of
chloride ions, occurs spontaneously in the cytoplasm, because the
concentration of chloride ions in the cell is relatively lowl@® mM),
compared to that of the extracellular space (100 mM)Il&Kdl L 2007,
Michalke B 2010). The substitution dfis-chlorine groups with water
molecules, leading to the formation @DDP species monoand btaquate
which are highly reactive (Galluzzi L et al. 2012). Although the aqua
complex can interact with diffent cellular componentandDNA represerd

the main biological target @DDP. Indeed, the central platinum atom forms
covalent bonds with the nitrogen atoms of purine bases, especially guanine,
preferably in position N reactive centre on purine resiguend forming
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inter- or intrastrand crosslink inducirt@ODP-DNA adducts (Perez RP 1998).
The 1,2intrastrand crosinks of purine bases witiCDDP are the most
significant among the changes in DNA. These include thentr@strand
d(GpG) adducts 1;ihtrastrand d(ApG) adducts representing about 90% and
10% of adducts, respectively (Dasari S and Tchounwou PB 2014). 1,3
intrastrand d(GpXpG) adducts and other adducts such assirded
crosslinks and no fusional adducts have been reported to contribate t
CDDP toxicity (Basu A and Krishnamurthy S 2010; Gonzaldd et al.
2001) Figure 7).

The formation of these adducts causes a local distortion of the double
helix (Kostova | 2006), inevitably causing the arrest of both replication and
transcription and iducing the arrest of the cell cycle (Kelland L 200710
exposure increases the duration gsttase and blocks cells inGhis arrest
is relatedo the accumulation of the inactive phosphorylatedcpg82 protein.

After a protracted delay, the p&#2 potein is dephosphorylated, and
aberrant mitosis occursSeveral agents that abrogate the €Il cycle
checkpoint and induce premature mitosis, have demonstrated enhancement of
CDDP-induced cytotoxicity (Shah MA and Schwartz GK 2001). The damage
is then ecognized by about 20 proteins, which bind to the physical distortions
in DNA causéd by theCDDP-DNA adductsThese recognition proteins can,
therefore, activate different repair mechanisms which, depending on the
extent of the damage, may have differeggults in their turnif the DNA
lesions produced by theDDP-DNA adducts are in limited quantities they
can be recognized and effectively removed by different repair systems that
normally operate in the context of a temporary cell cycle arrest (Vitaia.l e
2011); on the contrary, whe@DDP-induced DNA damage becomes
irreparable, a damage response is triggered.
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Figure 7. Mechanism of MDP activation and DNA damage induction.A) The
CDDP activation process occurs by reptagone or two of its chlorides with water
molecules (monoaquated and diaquated, respectivBly)CDDP can produce
covalent bonds with DNA, inducing intrastrand DNA adducts and interstrand
crosslinks (adapted from Rocha CRR et al. 2018).

The repair of DNA dmage can be done by nucleotide excision repair
(NER) (Galluzzi L et al. 2012). NER is an AJdependent multiprotein
complex that recognizes DNA damage that can be caused by chemotherapy,
radiation and oxidative stress, including irsteand crosslinks, ahit acts
removing 2729 nucleotides Subsequently after the action of the DNA
polymerase; if the damage is not too extensive, the cell survives, while if the
damage is significant, the repair mechanisms are not enough, and cell death
is triggered. As welgll see, strong activation of this reparative process is
associated with chemoresistance mechanismsC@dDP (Basu A and
Krishnamurthy S 2010). Iraddition to NER, CDDP can also activate
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transcriptioncoupled repair (TCR). The intrastrand crosslbiacks RNA
polymerase Il to trigger TCR (Damsma GE et al. 2007). It has been described
that p53 protects against apoptosis in a IJd@Rendent manner (McKay BC

et al. 2001). In addition, the homolegyrected DNA repair (HDR) has been
implicated in the repair cEDDP-induced DNA damage, allowing erriree

repair of the doubkstrand breaks caused by the excisiorC&fDP-DNA
adducts (Borst P et al. 2008). Mismatch repair (MMR) system identifies
CDDP-induced DNA damage, but instead of increasing cell viabitfig,

MMR system was shown to be crucial f@DDP-mediated cytotoxicity
(Sedletska Y et al. 2007yhe DNA damage caused yDDPtriggers DNA
damage response (DDR) cascades which sustains a complex interaction of
downstream pathways to define cell fate, inclgdeoordination of DNA
repair, cell cycle arresand apoptosis. At the site of DNA damage, the DDR

is initiated by the early (sensor) protein kinases: ataxia telangiectasia mutated
(ATM), ATM and Rad3related (ATR), which in turn actatesthe kinases
CHK2 e CHK1, respectively, with the final activation of the orstppressor
protein p53 (Galluzzi L et al. 2012; Huntoon CJ et al. 2013). The p53 protein
can be activated as a result of DNA damage iiDP also acts directly on

the ATR, CHK2 and MAPK proteingctivating them. ATR is also associated
with the activation of Mitogefctivated Protein Kinase (MAPK) (Tang D et

al. 2002; Zhang Y et al. 2002), which phosphorylates the p53 protein in
several sites, but in particular at Serine 15 (Persons DL et &) 20l
Threonine 81 (Appella E and Anderson CW 2001). The MAPK family
includes Extracellular Sign&tegulated Kinases (ERK)-Jun NTerminal
Kinase (JNKs) and the p38 kinase. Therefore, when DNA damage is
irreparable, p53 in turn allows the transcriptimingenes,of which protein
products regulate the mitochondrial membrane permeabilization (MMP),
triggering cell death by apoptosis through different pathways (Kroemer G et
al. 2007) Thenigh mobility group protein B1 and B2 (HMGB1 e HMGB?2) is

a family of diromatinassociated nehistone protein, thas also involved in

the DNA damage response. They present a domain, formed by about 80
amino acid residues, which interacts with the minor groove of DNA and acts
as a regulator in processes such as transarjptplication and repair; these
proteins are able to bind to the adducts, preferably 1,2 intrastrand crosslinks,
and to interfere with the activity of reparative enzymes (NER), leading to cell
death (Zamble DB et al. 2002). It should be noted, howevet, ttie
cytostatic/cytotoxic effect of CODP does not represent the single

44



1. Review of the literature

consequence of its genotoxic activity but derives from both nuclear and
cytoplasmic signiéing pathways (Galluzzi L et al. 2012; Galluzzi L et al.
2014; Sanchdartinez SM et al2012) Figure 8).
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Figure 8. Mode of action of CDDP and different targets. In addition to DNA
damage,CDDP can physically interact with different cytoplasmic nucleophiles,
including mitochondrial DNA (mtDNA), several mitochondrial and
extramitochondrial mteins. Other effects are the establishment of oxidative and
reticular stress; induction of signal transduction cascade that involves BAK1 and
BAX, as well as voltagelependent anion channel 1 (VDAC1) and activation of the
cytoplasmic pool of p53. Astekis tag the primary consequence€8DPreactivity
(adapted from Galluzzi L et al. 2014).

Only about 1% of the intracellul@&DDPforms covalent bonds with nuclear
DNA (Gonzals VM et al. 2001), while among the remaining molecular
mechanisms that suppohtet cytotoxic potential of cytoplasm@DDP there
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is for example the accumulation of reactive species of the oxygen (ROS) and
nitric oxide (NO), which not only aggravate the genotoxicityC&fDP, but

also exert direct cytotoxic effects favouring the opermighe secalled
PTPC complex (Permeability Transition Pore Complex) (Brenner C and
Grimm S 2006; Godoy LC et al. 2012; Kroemer G et al. 2007). In addition,
the mone and btaquate forms o€DDP are highly electrophilictherefore
prone to form covalentdmds with methionine and with a large group of
peptides and polypeptides containing cysteines, including reduced
glutathione (GSH), which is present within the cell in high concentrations
(0.510 mM) and metallothioneins (Timerbaev AR et al. 2006). Thé hig
affinity with GSH leads to the formation of ROS that can damage proteins,
lipids and even the DNA itself. However, tikbDP-GSH conjugates are
readily eliminated from the cell by Multidrug resistafassociated protein 2
(MRP2), a member of the ATPasddtte ABC protein family, promoting the
outflow of the drug itself and thus contributing to induction into the cell of
theCDDPresistance (Dilruba S and Kalayda GV 2016). Several studies have
shown thatCDDP also induces damage directly to cytoplasmicaosiles,
causing apoptotic cell death (Ferri KF and Kroemer G 2001). The activation
of a p53 cytoplasmic pool can promote MOMP (Mitochondrial Outer
Membrane Permeabilization) through various mechanisms and by VDAC1
(VoltageDependent Anion Channel 1), angponent of PTCP (Vaseva AV

et al. 2012).Experiments carried out on mitochondria have shown that
exposure toCDDP leads to calciundependent swelling, calcium release,
depolarization of mitochondrial potenti@nd decay of NADPH (Cuadio

JB et al. 2009).Furthermore, following the increase in Bax protein
expression, cytochrome c is released from the mitochondrial intermembrane
space (Santin G et al. 2012). Cytochrome c binds both AP Adpoptotic
protease activating factdr) and other proteins to forrné complex known

as apoptosome, which hydrolyzes ATP to recruit the procaspase initiator 9
and allow its cleavag® active caspas® (Yuan S et al. 2010). The latter then
activates caspas® which mediates most of the events in the apoptosis
execution phase, including cytoskeletal reorganization, phosphatidylserine
membrane externalization, chromatin condensation and DNA fragmentation
in the nucleus witlthe formation of apoptotic bodies (fiez R et al. 2010).

It has been shown that both the Golgi apparatus and the endoplasmic
reticulum (ER) appear modified in rat neuroblastoma cells expo<&dDd,

and these alterations are connected to a reorganization of the cytoskeletal
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tubulin, suggestig that the whole process is the basis of the generation of
apoptotic bodies (Santin G et al. 2012). It has been shown th@Bé-
induced ER stress leads to the activation of casp2sed consequently of
caspase3, with consequent induction of apopto¢Hodeify R et al. 2010;
Santin G et al. 2011 fter the lysosomal membrane permeabilization (LMP)
by CDDP, with the consequent release of the organelle content in the cytosol,
also lysosomes become inducers of cell death patteyssesomes contain
different proteases of the cathepsin family, which can activate the intrinsic
apoptotic pathway, or cause massive proteolysis, which leads to necrosis
(SancheMartinez SM et al. 2012). Th€DDP also interacts with the
cytoskeleton: at low concentratignsprevents the polymerization of actin,
while at higher concentrationis causes the depolymerization eagtin and
f-actin (Sanchevlartinez SM et al. 2012). The-tubulin also undergoes a
rearrangement after treatment W@ DP that can cause the inductiohthe
apoptotic pathway. Consequently, the reorganization of the cytoskeleton and
fragmentation of the microfilaments confer plasticity to the whole cell and
favour the decrease of cell volume (Bottone MG et al. 2013; Santin G et al.
2012).

1.2.2 Side éécts of cisplatin treatment

The benefits produced usinGDDP in anticancer treatments are
compromised by severe systemic side effects, which determine a restriction
in the dose of drug administration and limit the duration of treatment (Dasari
S and Tchoowou P 2014). The main side effects include: nephrotoxicity,
neurotoxicity and ototoxicity, but there are also phenomena of cardiotoxicity,
hepatotoxicity, as well as myelosuppression (specifically neutropenia and
thrombocytopenia), gastrointestinal toxyci(nausea and vomitingland
possible allergic reactions (Bloeebbum B et al 2006; Dugbartey GJ et al.
2016; Florea AM and @sselberg D 2011). These elements not only aggravate
the patientdés already compromised state
qudity of life (QoL).

Nephrotoxicity

Nephrotoxicity is one of the main side effects that occur during
chemotherapy. It has been estimated that 20% of patients receiving high doses
of CDDP show severe renal dysfunction, in some cases even just a few days
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after starting treatment (Crona DJ et al. 2017). Nephrotoxicity is characterized
by various types of symptoms; acute kidney damage, the most serious and
frequent side effectwhich occurs in 2630% of patients. Other symptoms
include hypomagnesemia, Fanctike syndrome, distal renal tubule
acidosis, hypocalcemia, loss of salts in the kidney, hyperuricemia (Miller RP
et al. 2010). The pathophysiological phenomena underlyingCihBP-
induced renal damage incluttee sequential renal vasoconstriction, decrease

in renal blood flow, reduction of glomerular filtration, increase in serum
creatinine levels and a reduction in serum magnesium and potassium levels.
Indeed CDDP, being a noftharged molecule with a low molecular weight,
can be freely filtered by glomerylinternalized in renal tubular cells and
finally reach the highest gradient at the proximal tubule, between the inner
medullary and external cortical part causing damedpch can then extend

to other tubular areas, including the distal tubule and thiecting duct
(Pabla N and Dong B 2008). The lotegm effects oCDDPat the renal level

have not yet been completely clarified, but it is believed that they may be
associated with a permanent reduction in renal function (Oh GS et al. 2014).
The mechanim by which CDDP induces nephrotoxicity is complex and
involves numerous cellular processes, such as cell death by necrosis and by
apoptosis, oxidative stress, with production of free radicals of both oxygen
and nitrogen, and inflammation, which leads tmedge andell death at the

level of renal tubular cells (Miller RP et al. 2010). On the contrary, some
literature data have shown that the inhibition of autophagy tead€nhance

in apoptosis, indicating a protective functiortlod autophagic process the
cellular response t6DDP (Kaushal GP et al. 2008). Although nephrotoxicity
can be controlled using diuretics and adequate hydration of patients, its
incidence, duringCDDP therapy, is still high (Crona DJ et al. 2017; Oh GS

et al. 2014).

Ototoxicity

Ototoxicity occurs in approximately Z3% of patients treated with
CDDP and in more than half of the children receiving this type of care,
showing greater risk for developing hearing loss than adults (Sheth S et al.
2017; Waissbluth S and Daniel SJ 2013). Hearing loss is often verified in
children who are undergoing treatmefdr brain tumours, such as
neuroblastoma. Cisplatimduced hearing loss is predominantly in the high
frequency range. The damage is bilateral and permanent and drastically
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affects the quality of life for cancer patients, and, in childhood, it couldtaffec
early speech development and hamper social integration (Sheth S et al. 2017).
Generally platinum levels inthe brain remain very low, the cochlea,
however, exhibited distinctive pharmacokinetics among the other organs
analysed. Indeed, gradually accmulates platinunwith each subsequent
treatment cycle, indicating that the cochlea has a little capacity to eliminating
CDDPand its derivatives (Breglio AM et al. 2017). The mechanism probably
responsible for this side effect involves the accumulatiotiéncochlea of
ROS and NO species which exert direct cytotoxic effects promoting cell death
pathway activation, such as mitochondria¢diated apoptosis (Callejo A et

al. 2015). Unfortunately, no clinical treatment is currently available for
CDDP-induced ¢otoxicity. However, it was shown that the calciaimannel
blocker, flunarizine, can attenua@DDP-induced cell death also by anti
inflammatory role (So H et al. 2008) and it is believed that exogenously
administered antioxidants or other drugs can im@rothe local
microenvironment and intracellular redox status to ensure otoprotection
(Sheth S et al. 2017).

Hepatotoxicity

High doses ofCDDP can lead to hepatotoxicity (dos Santos NA et al.
2007); several studies have reported a significant increase ihethedic
concentration of malonaldehyde and a reduction in antioxidant levels
following treatment withCDDP (Mansour HH et al. 2006; Yilmaz HR et al.
2005). After cycles o£DDP therapy, there is an increase in levels of liver
enzymes in serum, which amedicators of a impairment of liver functions
(Iseri S et al. 2007); furthermore, histopathological changes were observed
with necrosis and degeneration of hepatocytes, infiltration of hepatocytes at
the level of the portal vein and dilation of the sindabtapillaries (Kart A et
al. 2010). Hepatotoxicity studies suggest that augmented ROS generation,
with consequent impairment of mitochondrial function and structureld
be a triggering negative effect. Indeed, the increased lipid peroxidation (LPO)
may reduce mitochondrial membrane fluidity, enhance the negative surface
charge distribution and alter membrane ionic permeability including protons
permeability, which uncouples oxidative phosphorylation (Waseem M et al.
2015).
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Cardiotoxicity

Among the catiotoxic manifestations of th e DDP chemotherapy that
have been describedhere are heart failure, angina, acute myocardial
infarction, thromboembolic events, autonomous cardiovascular dysfunction,
both hypertension and hypotension, myocarditis, peritardnd severe
congestive cardiomyopathy (Paéa8 2014).Findingsshow that oxidative
stress is strongly involved in the pathological process of platindoced
cardiotoxicity. MDP induces lipid peroxidation on cardiac cell membranes,
leading to the los of enzymes such as lactate dehydrogenase and creatine
kinase at the level of cardiomyocytes. The histological changes induced by
CDDP treatment, which lead to this type of toxicity, are degeneration and
necrosis of cardiac muscle cells, with consequambation of fibrous tissue,
presence of vacuolations at the level of the cardiomyocytes cytoplasm and
swelling of blood vessels (AWlajed AA et al. 2006). Due to the limited
regeneration  capability of the cardiomyocyte CDDP-induced
cardiomyopathy is irrearsible. In addition to temporary cardiotoxicity,
CDDP cancauseseveral persistent cardiac complications, and even lead to
congestive heart failure (Demkow U and Stelmaszdziyimel A 2013).
Therefore, employ highly effective antioxidants to prevent ROS
accumulation and oxidative damage is one of the most useful approaches to
avoid cardiotoxicity o€CDDP (Zhang P et al. 2017).

Neurotoxicity

The neurotoxicity caused by anticancer agents severely complicates the
treatment of cancer patients, because the ousntissue, besides being
particularly sensitive to the cytotoxic action of chemotherapeutic agents, may
be more exposed to high doses of treatment in a contest of damaged BBB
(Abbott NJ et al. 2010; Dubois LG et al. 2014). The greatest difficulty is
limiting the damage caused by neurotoxicity during the treatment of
paediatric tumours. During postnatal development, when the BBB is not yet
fully formed, some areas of the CNS. hippocampus and cerebellum, are
more sensitive to external agents, such disuamour agents, that may cause
severe neuronal damage, affecting the normal structural and functional
development of the brain (Bernocchi G et al. 2015; Cerri S et al. 2011,
Ikonomidou C 2017; John Tt al. 2017). The toxicity o€CDDPin the CNS
mainly affects the ganglia of the dorsal root of the spinal cord and the
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peripheral nerves often affecting peripheral sensory neurotoxicity
(Abdelsameea AA and Kabil SL 2018). The first manifestations of peripheral
neurotoxicity consist of nubmess, tingling or paraesthesia in the fingers
and/or toes, dysesthesia and decreasing distal vibratory sensitivity (Hausheer
FH et al. 2006). In addition, prolonged treatment can also influence
proprioception with possible subsequent development of ait @it (Avan

A et al. 2015). Peripheral toxicity induced by platinum is manifested through
two clinically distinct syndromes: an acute and transient paraesthesia at the
distal extremities, more common following treatment with oxaliplatin and
which normally occurs in the early phase of drug administration; or a chronic
cumulative sensory neuropathy, which shows more persistent clinical
alterations (Argyriou AA et al. 2012). Neuropathic symptoms can also
interfere with treatment, leading to dose reductionearly cessation of
chemotherapy, with a potential impact on patient survival (Park SB et al.
2013). The pathophysiology of neurotoxicity has not yet been completely
clarified, based on the literature data, platinum compounds could actively
enter the tumar and into normal cells through organic cationic transporters
(Sprowl JA et al. 2013), organic cation/carnitine transporters (Jong NN et al.
2011), and some metal transporters, such as copper transporters. Another
mechanism could involve oxidative stresssociated with mitochondrial
dysfunction as a trigger for neuronal apoptosis. Therefore, peripheral
neurotoxicity could be modulated by a reduction in the activity of enzymes
involved in DNA base excision, in the repair of oxidative damage and redox
reguation (Jiang Y et al. 2008).

1.2.3 Cisplatin and drug resistance

The benefits that treatment wi@DDP entails in tumour therapies are
often limited, in addition to toxicity, also by the acquired drug resistance that
it induces. Cell resistance can originate frjmlterations in processes that
precede the binding of£DDP with its targets, including DNA ral
cytoplasmic structures (ptarget resistanceiji) molecular damages directly
caused byCDDP action (ontarget resistancelij) modifications involved in
the pathways related to signals of cell death triggered by some molecular
lesions (postarget reistance);iv) signals activated b¥°DDP (off-target
resistance) (Galluzzi L et al. 201Bigure 9).
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Figure 9. Molecular mechanisms of CDDP resistance. Different resistance
pathways induced in malignant cells ®pDPtreatment (Galluzzi L et al. 2014).

Pre-target resistance

CDDP resistance can develop through alterations that lead to a
reduction in the amount &DDP and its aquaomplexes in the cytoplasm.
It has beerpobservedthat CDDP can enter cells by passive diffusion, but
above all by transporter such as the copper Ctrl transporter, which is
responsible for the internalization of a significant fractio€DDP (Galluzzi
L et al. 2012; Ishida S et al. 2002). In human c&BDP initiates a rapid
degradation of transporter Ctrl, with a consequdatrease in the
intracellular influx of CDDP, resulting in drugnduced resistance (Holzer AK
et al. 2006). A recent study has shown that genetic Ctrl knockout promotes
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cellular CDDP resistancen vivo, whereas overexpression of Ctrl has been
associaté with increasedCDDP accumulation and sensitivity (Shen DW et

al. 2012). On the contrary, an increase in Ctrl expression could lead to an
increase irCDDP accumulation and, in many cases, increase cell sensitivity
to the compound itself (Kilari D et al. 26). Converselythe ATP7B
transporter protein (ATPase Copper Transporting Beta), uses the metabolic
energy produced by ATP hydrolysis to transport excess copper through cell
membranes and plays a significant role in the extrusid®DddP from cells
(Ciarimboli G 2014). Thus, changes in expression levels, in the subcellular
localization and/or functionality of the Ctrl and ATP7B transporters, may
represent possible targets associated WIDDP resistance, both in
preclinical and clinical models (Kuo MT et.&2012; Li T et al. 2017).
Furthermore, it has been shown that other transporters present in the plasma
membrane such as MRP2 (Multidrug Resistafissociated Protein 2), the
ABC transporter (ATP Binding Cassette) (Yamasaki M et al. 2011), and the
ATPaseATP11B (ATPase Phospholipid Transport 11B) (Mor&mith M

et al. 2018) can contribute to tE®DP extrusion from cells and therefore to

the mechanism of resistance. Another protein with a possible role in cellular
resistance t&€DDPis Transmembrane Prate205 (TMEMZ205). Analysis of
TMEM205 expression profiles in normal human tissue indicates a differential
expression pattern with high levels of expression in the liver, pancreas and
adrenergic glands. The overexpression of TMEM20BIDP resisant cells

could thus play a role in platinum cellular resistance in different types of
tumour and could also be a valuable biomarker for cancer therapy (Schmit K
and Michiels C 2018; Shen DW et al. 2012).

On-target resistance

The sensitivity of tumor cells to the gtostatic/cytotoxic effects of
CDDPis limited by the presence of an efficient, and probably overexpressed,
DNA repair apparatus. In particular, the NER system is believed to repair
most of the DNA lesions caused BYpDP exposure (Furuta T et al. 2002,
Galluzzi L et al. 2012; Rocha CRR et al 2018). Some components of the
MMR system, normally implicated in the repair of incorrect insertions,
deletions and misincorporations of bases that may occur during DNA
replication and recombination, are also implidatm this process of
chemoresistance (Kunkel TA and Erie DA 2005; Rocha CRR et al 2018).
Furthermore, the cytoplasmic components also considered the target of
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CDDP extranuclear toxicity, such as cytoskeletal, mitochondrial and
ribosomal proteins, could uadyo frequent turnover phenomena, thus
reducing the effect o€EDDP damage and preventing the activation of the
mechanisms associated with cell death (SarMhdinez SM et al. 2012).

Posttarget resistance

Posttarget resistance t&€DDP can be the consequee of several
alterations that affect signal transduction pathways that normally promote
apoptosis but also problems with the cell death execution mechanisms
(Galluzzi L et al. 2011). The neoplastic cells, due to the numerous alterations,
are inherently rare resistant to an adverse microenvironment, such as the
accumulation of ROS, and are therefore more inclined to acquire genetic and
epigenetic alterations that influence the susceptibility to drugs (Negrini S et
al. 2010), promoting the activation of @gfrated adaptive responses, with the
aim of reestablishing initial cellular homeostasis (Kroemer G et al. 2010).
Tumour cells with aCDDP-resistant phenotype exhibit defects in the-pro
apoptotic function of p53, resulting in inactivation of cell deathtaletance
to CDDP-produced DNA adducts (Vousden KH and Lane DP 2007). This is
due to the decreased ability of p53 to transactivate its genes, including, Bax.
Furthermore, p53 loses its ability to regulate cell cycle checkpoints and thus
block cells in G phase, increasing resistance (Shah MA and Schwartz GK
2001). Further alterations that decrease the extrinsic pathway of apaptosis
the MAPK signding pathway triggered by Fas/FasL. Furthermore, MAPK
signdling also contributes to the pesanscriptionamodification of p53, so
a malfunctioning of p53 is not only due to defects in the transcription pathway
or mutations in its gene, but also to the upstream mechanisms that support its
activation (Mansouri A et al. 2003).

Off-target resistance

The susceptility of tumour cells toCDDP can also be limited by the
off-target mechanisms, which are molecular circuits that deliver
compensatory survival signals, although these are not directly activated by
chemotherapy (Galluzzi L et al. 2014). Among these pemE=®Sthe
upregulation of the DYRK1B kinase (Duspecificity Y-phosphoylation
regulated kinase 1B) appears to be involved, which increases the expression
of antioxidant enzymes such as ferroxidase or superoxide dismutase,
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contributing to tumour survivaDeng X et al. 2009). Recently, it has been
observed that the TMEM205 protein appears to prorG®@®P resistance
through a molecular cascade involving the smalslikke GTPase, RAB8A
(Rasrelated protein RaBA) (Shen DW et al. 2012). Finally, several non
specific adaptive responses to stress are implicatedDDP resistance.
These general stress responses include macroautophagy and the response of
heatshock proteins, which allow cells to adaptreatmen({Kroemer G et al.
2010). Concerning to mitochond, more morphological aspect of the-off
target CDDP resistance could be given by the increase in mitochondrial
fusion. In fact, this process has been correlated with a reduction in apoptosis,
would suggest that it could be a phenomenon of resistarf@@ D (Santin

G et al. 2012).

1.3 Platinum-based compounds

In recent years, based on the antitunmmroperties oCDDP, the focus
has been put on the use of platirbased drugs in cancer therapy (Frezza M
et al. 2010). Among these compounds, theresamnegeneration drugs,
such as carboplatin, and thiggneration drugs, such as oxaliplatin, which
have already been approved by the FDA as chemotherapeutics (Boulikas T et
al. 2007; Wheate NJ et al. 2010), but also promising compounds of new
synthesis arrently under study.

1.3.1 Platinum(ll)
Carboplatin

In terms of its structure, carboplatin, sold under the trade name
Paraplatin, differs fronCDDP in that it has a bidentate dicarboxylate (the
ligand is CycloButane DiCarboxylic Acid, CBDCA) in place dfettwo
chloride ligands, which are the leaving groups GDDP (Figure 10).
Carboplatin andCDDP exert antineoplastic effects in a very similar way, so
the nondistinguishable mechanism of action reflects the fact that the active
form of these two drugs iglentical. Carboplatin, while forming the same
reaction products vitro at doses equivalent ©©DDP, has a longelasting
action, attributable to a lower excretion and greater retention of the compound
from the organism. Another difference wiiDDP s the activation mode: it
does not occur by faquationo, but
aspartic acid and other molecules containing sulthydryl groups (Frezza M et
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al. 2010). In contrast t&€DDP, carboplatin has shown less nephamd
neurotoxic effets, it does not cause hearing loss and patients treated with this
drug show a lower incidence of nausea and/or vomiting (Ardizzoni A et al.
2007). Carboplatin, having an activity spectrum identicalCODP, is
therefore ineffective again€IDDP-resistantumours (Moncharmont C et al.
2011). The main problem of carboplatin is its myelosuppressive effect that
induces a cytotoxic action at bone marrow hematopoietic precursors and
progenitors, promoting damage to the cells through the block of replication
(Cheng YJ et al. 2017).

Oxaliplatin

Oxaliplatin, sold under the name Eloxatin, is a derivative of platinum
consisting of the diaminocyclohexane ligand (DACH), in place of the two
monodentate amine ligands, and of the oxalate representing a leaving group,
making oxaliplatin a chemical entity distinct from tDDP (Figure 10).

The presence of bidentate oxalate significantly reduces the reactivig of
drug, which therefore presents immunological and pharmacological
properties different fron€DDP, correlated wth a reduction irthe effect on
peripheral sensory neuropathy (Whekiteet al. 2010; Zou Y et al. 2016).
Oxaliplatin has shown a wide antitumor effect bothitro andin vivo, being
effectivein tumour cell lines resistant t8DDP and carboplatin (Diltba S

and Kalayda GV 2016; Stordal B et al. 2007). Oxaliplatin induces apoptosis
following DNA-induced lesions, howeveit shows several side effects
including myeloablation, hemolytic anaemia, secondary immune
thrombocytopenia and cases of acute leukadiicindor T and Beauger N
2011) have also been reported.

HN,, .Cl HN, .0 N, .0
/’Pt‘ g Q “pg
HN e H3N/ S "’ﬁ’ “ o
2

Figure 10. Platinum(ll) compounds. The chemical structures o€DDP,
carboplatin, and oxaliplatin. The leaviggoup ligands are in red and the non
leavinggroup ligands are in blue (Johnstone 2W6).
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[Pt(O,0OGacac)p-acac)(DMS)]

The synthesis of novel platinum(ll) compounds is aimed to find
platinumbased drugs, not only with higher antitumour activity and with a
lower capability to induce side effacbut also able to overcoméDDP
resistancehat occurs in many types of tumours (Muscella A et al. 2007). In
this regard, Professor Fanigziteam (University of Salento, Lecce, Italy)
synthesized a new platinum(ll) compound; the [Pt@&g€ac)f-
acac)(DMS)], containing two acetylacetonate (adganids: respectively one
O,0chelate and the othdi-linked by methine in the position, and
dimethylsulphide (DMS) in the metal coordination sphere (De Pascali SA et
al. 2005). The [Pt(O,®acac)p-acac)(DMS)] has exhibited the capability to
induce apofosis not only in the endometrial tumour cells Hela, with activity
about 100 times higher than that GDDP, but also to induce a higher
cytotoxic effect on resistant MGCF breast cancer cells (Muscella A et al.
2008).

The major effect of [Pt(O,@acac)f-acac)(DMS)] may be ascribable to its
higher accumulation in the intracellular compartment (Muscella A et al. 2011)
and the different mechanism of action. Indeed, previous studies showed that
[Pt(O,Q3acac)p-acac) (DMS)] has a nonthagteenomi ¢ t ar
mechanisms underlying its cytotoxicity not necessarily require reaction with
DNA (Muscella A et al. 2007). The presence of DMS in the chemical
structure of the molecule indicates its prevalence action on sulphur ligands
such as thiols or thioetheattached to proteins (Muscella A et al. 2007). In
this casethe principal targets may be represented by proteins, suggesting that
the cellular targets could be amino acid residues of protein that could promote
different apoptotic pathwayand consequély an increase in cell death level
(Muscella A et al. 2008). Furthermore, at sublethal concentration, [RO,0
acac)p-acac)(DMS)] is able to induce cell death in MZFells through
anoikis and prevented events leading to cell migration (Muscella A et al
2010). Indeed, anoikis, which acts as a physiological obstacle to metastasis,
is a form of programmed cell death that occurs in anchetagendent cells,
when they detach from the surrounding extracellular matrix (ECM) (Valentijn
AJ et al. 2004). Morear, in MCF7 cells, [Pt(O,@acac)¢-acac)(DMS)]
can cause a decrease in the activity of PMCAL (Plasma Membrane Calcium
ATPase 1) (not SERCA or SPCA) and of membrane permeability 3y Ca
resulting in the overall [G4)i increase (Muscella A et al. 2011). addition,
[Pt(O,08acac)p-acac)(DMS)] causes the activation of PKIC(Protein
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Kinase Galpha) and the production of ROS that were responsible for #ie Ca
permeability (Muscella A et al. 2011), indicating a wide involvement of
calcium in the mechanismaduced by the activity of the new compound
(Figure 11). Otherin vitro studies conducted on the B50 rat neuroblastoma
line, revealed that the cytotoxic action of [Pt(@#&2ac)p-acac)(DMS)] is
already obtained at concentrations four times lower thantrdegment
standard withCDDP (Grimaldi M et al. 2016). The morphological and
functional effects of exposure for 48 h to the new compound include damage
of Golgi apparatus, loss of the actin and tubulin cytoskeletal organization,
mitochondria fission andeduction of the mitochondrial membrane potential
(Grimaldi M et al. 2016). Furthermore, preliminary data showed that the
effects induced by treatment with [Pt(@&cac)f-acac)(DMS)] may have a
long-term cytotoxic effect on tumour cells, in contrast tisceeated with
CDDP that show features of chemoresistance (Grimaldi M et al. 201.9).
vivo, compared toCDDP, [Pt(O,G3acac)¢-acac)(DMS)] has shown less
hepatotoxicity and nephrotoxicity, associated with a major concentration of
platinum in the blood essels (Muscella A et al. 2014). vivo evaluations,
conducted on Wistar male rats that had been subjected to [B#Ca0)0-
acac)(DMS)] injection at postnatal day 10, have shown that, one week after
administration of the drug, no significant apoptetients have been induced,
but rather a less injury in the neuroarchitecture of both cerebellum and
hippocampus have been observed (Bernocchi G et al. 2011; Cerri S et al.
2011; Piccolini VM et al. 2015). However, the mechanisms involving the
buffering of calcium must be better understood, especially will be
investigated the possible mechanisms of oxidative stress that the compound
could induce at the level of healthy brain tissue.

58



1. Review of the literature

c N
v
Na*/Ca?* K/
00 ), Y A

exchanger

Figure 11.[Pt(O,0&acac)b-acac)(DMS)] mechanism of action and targets.
[Pt(O,08acac)¢-acac)(DMS)] alters the [G4 acting on the PK@-mediated
closure of some channels aod PMCA activity. The compound algargets the
mitochondria, causing a dissipation of the membrane potential, which may affect the
role of mitochonda to C&* homeostasisMitochondrial release cytochrome c
leading to activation apoptosis cascaddeaddition, [Pt(O,@acac)é-acac)(DMS)]
decreases B& expression, reducing its contribution to the ER' Gptake, an effect
likely related to its anéipoptotic functio(Muscella A et al. 2011).

1.3.2 Platinum(1V)

The efficacy ofCDDP, and in general of other platinum(ll), is therefore
limited by a combination of different factors, such as toxicity, resistance and
also a poor pharmacokinetic profile badt the cellular and systemic level
(Wang D and Lippard SJ 2005). Furthermore, most platinub@éed drugs
are lost before reaching their final target, because they interact with
bloodstream proteins, giving rise to secondary reactions, which leaeé to t
onset of undesirable side effects (Timerbaev AR et al. 2006).

Although some side effects can be alleviated, for years scientific research has
concentrated on trying to obtain molecules with lower systemic toxicity and
better pharmacological profiles (Whate NJ et al. 2010).
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A strategy to overcome the limitations of platinum@gsed drugs may be
the use of platinum(IlV), Pt(IV). They are synthesized through an oxidative
addition to the platinum(ll) square planar geometry, usually of two hydrogen
peroxides, which produces an octahedral complex, which maintains the
original coordination structure of platinum(ll) in equatorial position, with the
addition of two hydroxides in axial position, finally the latter can be modified
to give the desired propertiesttte complex (Chin CF et al. 2011; Galanski
M et al. 2003) $cheme L

0
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Scheme 1. Mechanism of Pt(IV) compoundictivation byareduction reaction of
a genericCDDP-based Pt(IV) compound. R=alkyl or aryl substituent (Gabano E et
al. 2017).

These octahedral compounds, thanks to their external electronic
configuration, are stable outside the tumour cells, while they are activated
through a reduction process only inside them, thus allowing their oral
administration (Graf N and Lippard SJ 2012; Wilddrand Lippard SJ 2014).
Intracellular activation is caused by reducing agents present inside the cell,
for example ascorbic acid or reduced GSH, and occurs through a reduction
reaction with elimination of two electrons, which leads to the release of a
molecule with planar geometry square of the platinum(ll) family, often
CDDP, and of the two axial ligands, which may be the same or different
(Gibson D 2016; llangovan G et al. 2002).

The reduction of Pt(IV) complexes, from which the different products are
obtained, represents an essential and critical step in the mechanism of action
of these compounds (Ravera M et al. 2012). In fact, if the reduction occurs
too quickly, before the drug reaches the tumour and is internalized by it, or if
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the compound is resiant to reduction and cannot be activated within the
tumour cells, then these compounds are almost inactive (Chen CKJ et al.
2013; Wexselblatt E and Gibson D 2012). Just due their specific mechanism
of activation,i.e.they are reduced to cytotoxic plaim(ll) analogues within

the hypoxic tumour cells, it is generally accepted that Pt(IV) complexes act
as prodrugs (Graf N and Lippard SJ 2012; Johnstone TC et al. 2016;
Wexselblatt E and Gibson D 2012).

The two axial ligands, which detach themselves duttiregreduction of the
Pt(IV) complexes, can be used in different ways to verify and improve the
pharmacological properties of these prodrugs. A recent approach is to attack
the prodrugs, through the axial ligands, to polymers, nanoparticles, or to other
targets and transport systems, to increase the bioavailability and improve its
specificity (Johnstone C et al. 2016). The axial ligands can increase the
affinity to certain target receptors present on the surface of tumour cells,
influencing the influence irthe cell, mainly by passive diffusion, and
consequently by acting on the cellular accumulation of Pt(IV) compounds
(Ravera M et al. 2015). The Pt(IV) derivatives with one/two synergistic
drug/s can be conjugated as axial ligand/s in the octahedral assembly
generating an ideally synergistic antineoplastic action when released along
with CDDPupon reduction (Gabano E et al. 2017). For example, some Pt(IV)
complex, derived fron€CDDP, carboplatinand oxaliplatin, present as axial
ligands ibuprofen, indomethiag valproate or phenylbutyrate (Gibson D
2016).

In particular, the conjugation @DDPor oxaliplatin with histone deacetylase
inhibitors (HDACI) is interesting. Histone deacetylase inhibitors are
anticancer drugs that are attributed epigenetic propentieésh can alter gene
transcription and exert antitumor effects, such as the arrest of growth
processes, differentiation, apoptosiad inhibition of tumour angiogenesis;
furthermore the inhibition of histone deacetylase leads consequently to
hyperacetydtion of histones, decreasing histdDNA interactions DNA,

thus leaving it in an open form and which allowing for chesapsitization
versus DNAdamaging agents (Atadja PW 2011; Boldé&ret al. 2006; Lee

MJ et al. 2008, Li Y and Seto E 2016). HDACI, mtading the expression

and functions of DNArepair proteins, further incrsathe persistence and
efficacy of the PDNA adducts (Falkenberg KJ and Johnstone RW 2014;
Nikolova T et al. 2017)
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HDACI consiss of two main chemical families: hydroxamic acids such
as suberoylanilide hydroxamic acid (SAHA or Vorinostat) and medibain
fatty acids (MCFAs) or, more correctly (at physiological pH), their
conjugated anions (Gabano E et al. 2017). Despite the hejtdgtive of
SAHA, it required heavy chemical modifications to coordinate the
platinum(ll) molecule core (Brabec V et al. 2012; Griffith D et al. 2009). On
the contrary, MCFAS.e. 2- propylpentanoate or valproate (VPA), clinically
used as anticonvulsangent, and phenylbutyrate (PhB) orphan drug applied
in urea cycle disorders treatment (Manal M et al. 2016; Minucci S and Pelicci
PG 2006) have been easily conjugated to the metal core via esterification
reaction of hydroxidePt(IV) synthons (Raveendran Ra. 2016; Yang J et
al. 2012), proving themselves as efficient HDACI. These derivatives, based
on the squarplane arrangement of platinum(ll) and carrying one or two
MCFA molecule/s inthe axial position, have been examined to better
understand the pab¢e antitumor dualor multi-action (Gibson D 2006).
In addition to using the elements present in the axial position in platinum(I1V)
complexes to obtain these prodrugs with different actions, the ligands can also
be involved in the attack of platinum &pecific target agent§here are
several examples d¢iie conjugation of platinum(lVV) compounds to peptides
to promote interaction with tumour targets or to facilitate internalization in
cells. The target receptors that are mostly expressed in cancecaelfzred
to healthy ones, represent a way to increase the selectivity of prodrugs and its
cell uptake, which usually occurs by endocytosis (Massaguer A et al. 2015)
Finally, one of the major challenges in the development of new drugs is to
avoid unwantedinteractions with serum proteins, and especially with
albumin. As often happens with platinum(ll) complexes; the formation of
covalent bonds with these proteins occurs with consequent inactivation of the
drug and a decrease in bioavailability. In confrggatinum(IV)}based
prodrugs are less inclined to form Roovalent bonds with serum proteins
such as albumin. Anyway, this interaction could represent avo strategy
to improve the anticancer properties of these prodrugs; since human serum
albumin fas recently attracted attention for its transport system properties
(Zheng YR et al. 2014; Pichler V et al. 2013).

The new Pt(IV)AE®OA prodrug

To overcome limits of classical oncotherapy, the complex-61@)-
acetatodiamminedichlorido{@-propynyl)octawato)platinum(lV), named
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Pt(IV)Ac-POA, has been synthesised by Professor Osella and his team
(University of Eastern Piedmont, Alessandria, Italy). Pt(I\\JAOA is
synthesized starting from th€DDP which is oxidized with hydrogen
peroxide to obtain an immediate octahedral compound, which is then
esterified with the addition of two loaghain carboxylic acids. Pt(IV)é
POA contains a different MCFAIDACI, namely 2(2-propynyl)octanoate
(POA), along with an inert acetate (Ac) as axial ligands (Gabanal E26x17)
(Scheme 2.
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Scheme 2. Synthetic pathways for Pt(IV)A?OA synthesis.Cisplatin(CDDP),
2-(2-propynyl)octanoicacid, POA, and its Pt(IV) mixed derivative (O@8)-
acetatodiamminedichlorido{@2-propynyl)octanoato)platinum(lV), Pt(IV)APOA
(Rangone B et al. 2018).

The Pt(IV)AGPOA, acting as a prodrug, represents a promising tool, able to
produce a synergistic agoh in the hypoxic tumour cell microenvironment.
This prodrug, bearing as axial ligand POA, has a higher activity due to the
high cellular accumulation due to high lipophilicity and to the inhibition of
histone deacetylase which leads to increased expaguneiclear DNA,
thereby permitting higher platination levels at DNA, and promoting cancer
cells death (Leng Y et al. 2010; Gabano E et al. 2017; Novohradsky V et al.
2017). Indeed, the HDACI activity of free POA has been established as an
inducer of a sting histone H3 acetylation (at lysine 9 levglljesumably
acting at the HDACS8 levelQehme | et al. 2009 Moreover it has been
reported that POA is more active than VPA to induce histone
hyperacetylation in cerebellar granule cells, also exhibitingpaniifierative

and neurotrophic activity (Gabano E et al. 2017; Leng Y et al. 2010).
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Several stuigs have shown that the new prodrug Pt(IV)AA0A exhibited
promising antitumor activity botim vitro andin vivo on different human
tumour cell lines (Gabano & al. 2017). As it may show fewer side effects
thanCDDP, as Pt(IV) derivatives generally do (Oehme | et al. 2009; @it
et al. 2009), Pt(IV)Ae€POA is currently under investigation to understand its
effect on other types of cancers such as nervousnsyataours.

Role of HDAC inhibitors in therapy

As described above, the possibility of modifying histones acetylation
levels could represent an effective strategy in reducing DNA packaging,
leading DNA exposure to the chemotherapeutic agents and so ingreasin
antitumoral effect. The genomes of eukaryotic organisms are tightly packaged
in chromatin, which forms the structural basis of the nuclear processes
associated witlthe genetic activity. The concept of epigenetics is defined to
describe changes in theprssion of genes or their function, but which does
not involve alterations in the underlying DNA sequenéducci L and
Stunnenberg HG 200Baylin SB and Schuebel KE 2007; Goldberg AD
2007). Many alterations in the epigenetic scenario, correlated erthtig
changes, form the fundamental bases for the beginning and progression of
many human diseases, especially cancer (Hirst M and Marra MA 2009; Szyf
M 2009). In physiologic cell conditions, histone proteins contribute to gene
expression control by modating chromatin structure and function. Rost
translational modifications of histone tails, such as acetylation, methylation,
ubiquitination and phosphorylation, determine how these histone proteins
control chromatin remodelling (Bezecny P et al. 2014¢r8tD et al. 2014).

There are two sets of antagonist enzymes: histone acetyltransferase (HATS),
which adds acetyl groups to histone tails, neutralizing them and weakening
their interactions with the nucleosome, and histone deacetylase (HDACS)
which removeghe acetyl groups from histones and drives compaction of
chromatin and gene silencing on local DNA (Smith BC and Denu JM 2009).
HDAC and HAT do not bind directly to DNA but interact with DNA through
multi-protein  complexes that include corepressors an@cto@tors
(Marmorstein R 2001; Sengupta N and Seto E 2004). Cancer has been
considered a disease promoted by genetic defeetsgene mutations,
chromosomal deletigrand abnormalities, resulting in a loss of function of
tumour suppressor genes and/amgof functionality or hyperactivation of
oncogenes (Kops GJ et al. 2005; Torti D and Trusolino L 2011). Nevertheless,
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the epigenetic regulation of genes and therefore, the plasticity of the
epigenome, plays a key role in the development and progresscamaer
(Herceg Z et al. 2013). Current studies found that class | HDAC expression
was high in strongly proliferating and advanced tumours, sometimes founded
in patiens with poor prognosis (Weichert W 2009). In contrast, a reduction
in class Il HDAC expession was described in different types of tumours,
including GBM (LucieEterovic AK et al. 2008)

The treatment of cancer cells with HDACi can lead to histone
acetylation and gene expression, resulting in increased susceptibility of
cancer cells to apopss. The induction of apoptosis appears to be a
predominant pathway in HDAGnduced cell death (Frew AJ et al. 2009) and
this aspect is of considerable therapeutic value for the treatment of cancer
(Marks PA and Xu WS 2009). HDACIi can induce cell growtlest, terminal
differentiation, cell death and/or angiogenesis inhibition. Normal cells are
relatively resistant to HDAGInduced cell death (Burgess A et al. 2004;
Insinga A et al. 2005; Ungerstedt JS et al. 2005). The cell death pathways
identified in he mediation of programmed cell death induced by HDACI
include apoptosisBolden JE et al. 2006Rosato RR and Grant S 2005;
Minucci S and Pelicci PG 2006) by intrinsic and extrinsic pathways,
autophagic cell death (Shao Y et al. 2004), senescence (Xu WS2605)
and cell death induced by ROS (Cornago M et al. 2014; Rosato RR and Grant
S 2005; Ungerstedt JS et al. 2005). HDACI can alter cell cycle progression
by decreasing the expression afcheckpoint kinases Weel and checkpoint
kinase 1 (Chkl). Inddition, HDACI reducs the expression of proteins
involved in DNA repair (Cornago M et al. 2014).

Furthermore, HDACs can promotiee deacetylation of structural proteins,
chaperones, and transcription factors (TFs) with a significant impact on the
physiopdhological pathway (Benedetti R et al. 2015). The response to
HDACIi seems to depend, at least in part, on the nature of HDACI, on
concentration and on exposure time, and, above all, on the cellular context.
In tumours that poorly respond to chemotheramgtment with HDACi may
increase the sensitivity of cancer cells to other drugs and treatments (Munshi
A et al. 2005). To date, many HDACI are inqataical and clinical stages of
investigation, also due to HDACIis potential ability to penetrate the BBB
(Sturm D et al. 2014). A good strategy in glioblastoma therapy in -a pre
clinical setting may be to restore balance of histone HAT to HDAC activity,
thereby enhancing the abilities of the body itself to recognise and fight cancer
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and, in the same time, seti@ng tumour cells to HDACI, not only as
monotherapeutic agents, but also in combination with chemo and/or
radiotherapy (Lee P et al. 2015).

1.4 Cell death pathway activated byhe platinum compounds

In order to obtain key elements that would alladentifying and
characterizing the various types of cell death, over the last decade the
Nomenclature Committee on Cell Death (NCCD) has drawn up guidelines
for the definition and interpretation of various types of cell death on the bases
of morphologicalpiochemical and functional aspects (Galluzzi L et al. 2018).

Two types of cell death are defined on the basis of the context in which they
are activated and on the causes that induce thjeRegulated cell death
(RCD) that depends on a specific molecufmathway, which can be
modulated in reaction times through genetic regulation but also
pharmacologically;ii) Accidental cell death (ACD), very rapid and
characterized by drastic effects, caused by events such as exposure to severe
physical, mechanical archemical insults (Galluzzi L et al. 2018).
RCD is activated in two different situations of cell death: RCD can occur as
a physiological program for development or tissue turnover, without any
exogenous environmental perturbation (Conradt B 2009; Fuchsl Bizller
H 2011) and can be referred to as programmed cell death (PCD). In contrast,
RCD can be induced by alterations of the intracellular or extracellular
microenvironment, when such perturbations are too severe or protracted for
adaptive responses (lGkexzi L et al. 2016).
Each cell death manifests peculiar macroscopic morphological alterations,
which in the past year have been applied to distinguish three different forms
of cell deathi) type | cell death or apoptosis, characterized by cytoplasmic
shrinkage, chromatin condensation (pyknosis), nuclear fragmentation
(karyorrhexis), and the generation of plasma membrane blebbimg.
process culminates with the formation of apoptotic bodies, an intact
membrane small vesicles containing cytoplasm nadtevhich subsequently
are efficiently removed by cells with phagocytic activity dhendegraded
within lysosomesii) type Il cell death or autophagy, is manifested with the
creation of numerous cytoplasmic vacuolization and similarly ending to
apoptoss with phagocytic uptake and following lysosomal degradatign;
type Il cell death or necrosis, displaying no typical features of type | or Il
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cell death and it concludes without phagocytic and lysosomal involvement,
but it is often associated with thectivation of inflammatory processes
(Galluzzi L et al. 2007; Galluzzi L et al. 2018).

1.4.1 Apoptosis

Apoptosis is the most widespread form of programmed cell death that
occurs during the development of the organism and regulates tissue
homeostasis. Its a type of controlled and enerdggpendent cell death,
presenting some distinctive morphological and molecular features such as
reduction of the cell volume, chromatin condensation, phosphatidylserine
externalization and activation of caspases. Caspases class of cysteine
aspartic proteases that recognize aspartate residues on intracellular proteins
such as other caspases, which then are cleaved along the proteolytic cascade;
this recognition is possible by the presence of a cysteine residue, tagigthe
one of glycine, in the conserved sequence QACXG -@#CysX-Gly)
where X corresponds to a residue of arginine, glutamine or glycine of such
proteases, which contributes to the formation of the catalytic site (Cohen
1997; Cummings BS et al. 2000).

Caspase activation is a key step in the initiation of apoptosis; different stimuli
can initialize these molecules, including those that activate death receptors at
the plasma membrane (casp&3e and those that cause mitochondrial
dysfunction (caspas®). These proteins are produced in inactive form, called
zymogens or prg@aspases, the initiating caspases (2, 8, 9 and 10) are
activated, through a process of gmibteoltic that is facilitated by the
interaction with specific adapter molecules, througlomain of recruitment,
defined as CARD (Caspagecruitment Domain); a proteinteraction
module belonging to the deattomain superfamily, which includes the death
domain (DD), deatleffector domain (DED) and pyrin domain (PYD) (Park
HH 2019). Executingaspases are responsible for apoptosis induction due to
different biochemical features, including the cleavage and activation of poly
ADP-ribose polymerase (PARP) and other inhibitors of the caspase protein
activator domain, which leads to DNA fragmeraat(Elmore S 2007).
Apoptosis is therefore,a phenomenon that controls the programmed cell
death at a certain point in its life cycle. On the other hand, other organelles do
not undergo changes, such as mitochondria, which remain intact. In the
apoptosigpathway three different stages of apoptosis can be distinguiyhed:
Al nitiationd phase, in which a stimulus ¢
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patterns, which respond to a specific stimuijg) Ef f ect i veo phase, in
every signal of initiations integrated by the cell to decide its destiny of life
ordeathjil)fn Executi ono final phase, in which di

and the DNA fragmented (Apraiz A et al. 2011). Apoptosis is involved in
physiological procegssuch as remodliéng tissues, organs and maintaining

the number of cells. However, this process is also implicated in different
pathologies; excessive apoptosis has been linked to neurodegenerative
diseases and organ function dysregulation. On the contrary, a lack of
apoptotic pthway activation has been found in hyperproliferative diseases,
such as cancer (Fawero B et al. 2012). Cells that undergo apoptosis in
response to stress and damage can release morphogenetic and mitogenic
signal proteins to stimulate tissue growth ammhne(Bergmann A and Steller

H 2010). Several studies have shown that the overexpression of some
molecules inhibiting the apoptotic process, such as Survivin and XIAP (X
Linked Inhibitor of Apoptosis Proteinis associated to the increaseGIdDP
resistage (Asselin E et al. 2001; Ikeguchi M et al. 2002). Indeed, these
proteins directly or indirectly influence the activity of caspases, which we
know to be the effectors of the apoptotic proces€DDP-resistant cells, the
activation of caspas€s-8 and -9 is often reduced resulting in a
downregulation of apoptotic signdissselin E et al. 2001; Onoét al. 2001)
Apoptosis can be triggered by two main mechanisms: the binding of specific
ligands to death receptors in the extrinsic pathway, and thtogigdity that
initiates the intrinsic (or mitochondrial) pathwayidure 12). These
mechanisms are not clearly separated and both pathways converge in the
activation of a series of specific caspases that lead to the disassembling of the
cell (Galluzzi L etal. 2018; Parrish AB et al. 2013).
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Figure 12. The intrinsic and extrinsic apoptotic pathway.The intrinsic pathway

is triggered by cellular stress, while the extrinsic pathway is activated by death
signals mediated by death ligands. Both pathways converge in the activation of a
series of specific caspases that lead to cell death (Z8mbal. 214).

Intrinsic apoptoticpathway

Intrinsic apoptosis is a type of RCD caused by several
microenvironmental stimuli including growth factor deletion, DNA damage,
ER stress, ROS accumulation, microtubular alterations or mitotic faults
(Brumatti G et al. 20Q; Czabotar PE et al. 2014; Vitale | et al. 2017). The
decisive step for intrinsic apoptosis is the irreversible mitochondrial outer
MOMP and the consequent loss of the electrical potential of the inner
membrane (Galluzzi L et al. 2016; Tait SE and Gredét R010). This
pathway is finely regulated by papoptotic and antapoptotic proteins of
the Bcl2 superfamily (Danial NN and Korsmeyer SJ 2004), a group of
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proteins sharing one to four B2lhomology (BH) domaing.é. BH1, BH2,

BH3, and BH4) (CzabotdPE et al. 2014; Shamdin A et al.2013) and
which control the permeability of the outer mitochondrial membrane (OMM).
In response to apoptotic stimuli, MOMP is provoked by-Belssociated X
apoptosis regulator (Bax), and/or Bthntagonist/killer 1 (Bel; best known

as Bak), both of which contain four BH domains and a preserved
transmembrane domain (Delbridge AR et al. 2016; FNMaaas MP and
Chipuk JE 2016). The two proapoptotic factors, Bax and Bak, undergo
structural changes, which lead to theimaion: both proteins migrate to the
mitochondria, where they form homodimers to expose daireer binding

sites and introduce pores on the surface of mitochondria (Cory S and Adams
JM 2002; Dewson G et al. 2009). Bax and Bak, containing a single BH3
domain, require the presence of some BoiBy proteins such as BIM (&
2-interacting mediator of cell death), PUMA (p&Bregulated modulator of
apoptosis) and BIDBH3 interacting domain death agonist to promote their
activation by homeligomerization (Ren Det al. 2010). Other effects
induced by Bax and Bak activation are the permeabilization of ER
membranes and the consequent activation of the type 1 inositol triphosphate
receptors (InsP3Rs) that induce the leakage &f @am ER to cytosol
(Oakes SA et ak005).

MOMP can be antagonized by aapoptotic members of the B2lfamily,

such as BeR itself, Bct2 like 1 (known also as Be{L) that exert their effect
inhibiting Bax and Bak and preventing their oligomerization and -pore
forming activity (BarclayLA et al. 2015; Hardwick JM and Soane L 2013;
OdNeill KL et al. 2016). This mechanism can occur either directly, upon
physical sequestration at the OMM, or indirectly, following the sequestration
of BH3-only activators.

MOMP induces, the opening of mitamidrial permeability transitional
pores (MPTPs) located in the contact sites between the outer and inner
membranes of the mitochondria, with the activation of the protein OPAl
(Optic atrophy 1) protein, a mitochondrial dynamic like GTPase (Tait SW
and Grea DR 2010). OPA1l is essential for preserving normal cristae
structure and function, for maintaining the inner membrane organization and
for protecting cells from apoptosis (Knowlton AA and Liu TT 2015). The
dynaminrelated protein OPAL, positioned on theneér mitochondrial
membrane, protects against apoptosis by preventivg release of
cytochrome c¢ from the mitochondria (Frezzat al. 2006). On the contrary,
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the mitochondrial pathway is induced when the release of some molecules
happensi.e. cytochrone c, somatic (CYCS), which usually operates as an
electron shuttle in the mitochondrial respiratory chain (Galluzzi L et al. 2012),
and diablo IAPbinding mitochondrial protein (DIABLO; also known as
second mitochondrial activator of caspases, SMAC) (\ghaAM et al.
2000; Du C et al. 2000) which antagonize caspase inhibitory proteins (IAP)
(Wu G et al. 2000; Srinivasula SM et al. 2001).
To note, MOMR in the endJeads to the dissipation of the mitochondrial
transmembrane potentiabfm), because of theespiratory impairment due
by the loss of CYCS, and hence to the cessatiornpgi-dependent
mitochondrial functions such as ATP synthesis and some forms of protein
import (Schmidt O et al. 2010). In addition, when MOMP affects a restricted
number of mitochndria, the consequent sublethal activation of caspases does
not induce RCD but promotes genomic instability (Ichim G 2016).

The cytosolic pool of CYCS binds to apoptotic peptidase activating
factor 1 (APAF1) and precaspas® in a deoxyATP-dependent marer to
form the complex known as apoptosome, which is responsible for ceBpase
activation (Jiang X and Wang X 2004) through the CARD domain (Hu Q et
al. 2014, Riedl SJ and Salvesen GS 2007).
The active caspaggsplits and cleavages caspas® and caspe7, which
in turn activate the different intracellular substrates leading to morphological
changes characteristic of apoptosis (Julien O and Wells JA 2017). G&spase
is responsible for the fragmentation of DNA in oligonucleosomal fragments
of 50-300 kb catalysing the inactivation of DFFA (DNA fragmentation factor
subunit alpha) also known as ICAD (inhibitor of CAD), and initiates the
catalytic activity of DFFB (DNA fragmentation factor subunit beta, or CAD,
Caspasactivated DNase) (Nagata S 2000). ledeCAD, in proliferating
cells, is associatedith its ICAD inhibitor; in apoptotic cells, however,
caspase3 cuts the inhibitor factor permitting the release of DNAses (Sakahira
H et al. 2015). Among caspa8esubstrates there BARRPR1, this protein
possesses an-férminal domain able to bind DNA thanks to the presence of
a double zinc structure, called DBD (DNA Binding Domain), a nuclear
localization signal, a @erminal catalytic domainand afiselfmodifying
domaird (Kim MY et al. 2005). The DBD lnids with high affinity to single
or doublestranded breaking sites and in the presence of low levels of DNA
damagePARR1 acts as a survival factor, while in the presence of extensive
damage it acts to promote cell death (Virag L and Szabo C 2002). €8spas
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can inactivate the enzynffARR1, by a proteolytic cleavage between the
residues of Asp214 and Gly215 of the damage repair enzyme, producing two
fragments and so splitting the catalytic domain of 89 kDa from the DNA
binding domain of 24 kDa (Los M et.2002). The p24 fragment can still
bind DNA, but in the absence of the catalytic domain the protein is unable to
act (Kim MY et al. 2005). Another target of casp&sis Gelsolin (GSN)
whichi s a cytoskel eton associ adrimthbn pr ot ei n t
in the cell nucleus and can bind phosphatidylinositebisphosphate (PIP2).
Gelsolin correlates cytoskeletal organization to signal transduction. An
aberrantly regulation of Gelsolin has been observed in many tumour types,
dueto its implication in the promotion or inhibition of apoptosis depending
on the pathological conditions and cell types (Wang PW et al. 2014).
Regulatory proteins of the intrinsic pathway, such as proapoptotic
proteins of the BeR family, can promote also autophadie mmponents of
the autophagic system can also influence the way intrinsic apoptotic; for
example, the Atg5 factor increases the susceptibility to permeabilization of
mitochondria during treatment with DNéamaging agents (Yousefi S et al.
2006). FurthermoreHHDACIis induce apoptosis in a series of cancer cells
through the activation of the intrinsic mitochondria pathway by decreasing
the expression of antiapoptotic proteins -B¢clBckxl and improving the
expression of proapoptotic proteins Bax and Bak (BakDYO0).
Moreover, cytoskeletal actin also appears to be involved in the apoptotic
pathway, as it would allow cytoplasmic proapoptotic proteins to translocate
into the mitochondria via the cytoskeleton (Thomas SG et al. 2007).

Anoikis is indicated as aggticular variant of intrinsic apoptosis, which
is promoted by the loss of integrttependent attachment to the extracellular
matrix (Paoli P et al. 2013). Generally, anoikis, preventing the anchorage
independent proliferation and the attachment to an ingoropatrix, is
considered as an oncosuppressive process (Buchheit CL et al. 2012; Buchheit
CL et al. 2014), indeed thrmechanisnprevent that cancer cells initiate and
progress trough thefimetastatic cascadéGalluzzi L et al. 2018).
Tumour cells can eape anoikis upon activation of the MAPK1, ERK2,
caused by cellular aggregation and subsequent EGFR stabilization facilitated
by Erb-B2 receptor tyrosine kinase 2 (ERBB2) (Rayavarapu RR et al. 2015),
or by degradation of the negative ERK2 regulator BR@#&sbciated protein
(BRAP), which is favoured by coilecbil domain containing 178
(CCDC178) (Hu X et al. 2017).
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Extrinsicapoptoticpathway

Extrinsic apoptosis is an RCD modality induced by perturbations of the
extracellular microenvironment (Strasseeidd. 2009) and it is triggered by
the secalled death receptors (DRs). Death receptors include TNF (Tumor
Necrosis Factor) receptor superfamily members and Fas cell surface death
receptors.e. FAS, CD95 andAPOL1 (Aggarwal BB et al. 2012; Dasari S and
Tchownwou PB 2014, von Karstedt S et al. 2017). After the binding between
receptors with their ligands such as TRAIL (Tifated apoptosisducing
ligand) ligand and FAS ligand (FASLG, CD95and APQ1), respectively,
the subsequent formation of the Deathuicidg Signaling Complex (DISC)
occurs. Following this interaction, the receptors undergo a conformational
change, necessary to attract cytoplasmic adaptive molecules, which expose in
turn a DD:i.e. Fasassociated death domain (FADD) and TNFRSF1A
associaté via death domain (TRADD), which are required for the
transmission of death signals (Dasari S and Tchounwou PB 2014).
Subsequently, this multiprotein complex triggers the activation of ca§pase
and 10 (Brenner D et al. 2015; Fu Q et al. 2016). Theaiivof caspas8
in the DISC complexin turn,determines the activation of casp#&seavhich
initiates the action of caspadependent deoxynuclease (Santin G et al.
2011). Most of the signals that inhibit casp8s&ct on its recruitment at the
level ofthe DISC complex; for example the facteFtIP (FADD-like IL-

1 Bconverting enzyménhibitory protein) shows structural similarities with
caspase and this allows it to compete with it for the binding to specific sites
and to replace itself in theomplex DISC (Hughes MA et al. 2016; Kavuri
SM et al. 2011).
Another mechanism of negative regulation of casj@asavolves the
recruitmentof factors, such as IAP 1/2, which trigger survival signals and
inhibit its activation (GyreHansen M and Meier P010)
Finally, the execution of apoptotic cascade can be initibte caspas&
and/or caspaseé which are activated by caspa&éBarnhart BC et al. 2003).
Caspas@ can activate the cytoplasmic Bid8ly protein Bid,which is a
mediator of the apoptosipathway following death receptor activation
(Huang K et al. 2016). Death receptor activation by Fas or TRAIL, induced
the cleavage of Bid (tBid formation) within this complex. tBID then shifted
to separate mitochondressociated complexes that containgideo Bcl2
family members (Schug ZT et al. 2011). Then fibrenation of the poren
the outer mitochondrial membrane allothig cytoplasmic release of factors
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responsible for the intrinsic pathway (such as cytochrome c), suggesting a
Acr-toalsk 0 e ibtnmsiceamd ektrinsic pathways (Huang K et al.
2016).

It was observed that HDACI increases sitjng through the extrinsic
apoptotic pathway according to several mechanisms that include cell surface
receptors upregulation of death, and/or ligandesgion, reduction inELIP
cytoplasmic levels and increased recruitment of DISC components. The
effects of HDACI on the extrinsic pathway may increase the sensitivity of
many types of tumour cells to activators of this pathway, such as TRAIL. For
example it has been observed that HDACI increases the expression of
TRAIL-R2 and causes a decrease in the expressiorF@fRcin human
malignant tumour cells, which results in the rapid production of DISC in the
presence of TRAIL and the activation of caspesdGarlisi D et al. 2009
Lagneaux L et al. 200%anOosten RL et al. 2005).
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1.4.2 Autophagy

Autophagy is a dynamic and highly conserved process from eukaryotic
microorganisms to humans. Itas energydependent cellular pathway that
responds to diffient types of stress and cellular condition with the goal of
selfpreservation (Claudiu A et al. 2015). This process predominantly occurs
during strong changes in environmental conditions, such as nutrient
deprivation, oxidative stress and ultraviolet radia{Levine B and Kroemer
G 2008). In addition, autophagy can play an essential role in the multitude of
physiological processes including cell differentiation and development,
cellular quality control, tumour suppression, innate and adaptive immunity,
enaggy homeostasisheextension of life span and cell death (Deretic V et al.
2013; Puri P and Chandra A 2014). Autophagy promotes cell survival through
the clearance of damaged organelles and aggregated proteins, provides for the
elimination of intracelluar pathogens and the recycling of essential
macromolecules during nutrient limiting periods (Deretic V et al. 2015;
Claudiu A et al. 2015). The involvement of autophagy in these different
processes attributes a dual role to this mechanistaethif on the one hand
it represents a cell survival strategy, on the other, if induced in an excessive
way, it can result in the death of the cell, called programmed type Il cell death,
which differs from the other forms of cell death (Galluzzi L et al. 2018).

This double function of autophagy is also related to a wide rangeian
disorders including autoimmune diseases, neurodegeneration, infections,
inflammatory processesind even neoplasms, in which autophagy is often
associated with chemoresistance (Der¥tiet al. 2015;Grimaldi M et al.

2019 Jiang P and Mizushima N 2014).

For years, autophagy has been considered as@lective degradation
pathway within the cell, but recent evidence has shown that specific stimuli
active selective types of autophagy utentify structures for lysosomal
turnover (Farre JC and Subramani S 2016).

Autophagy can be classified into three groups: macroautophagy,
microautophagy and chaperemediated autophagy (CMA), these
mechanisms differ from each other for transport toolstHe specificity of

the material to be degraded and for regulation, playing a different role in the
ability to adapt to environmental changes (Yang Z and Klionsky DJ 2010;
Yoshii SR and Mizushima N 2017).
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Macroautophagy

Macroautophagy, usually referremlds simple autophagy, compared to
the other two forns, is the predominantype and the most investigated
process. The first information on macroautophagy derives from initial genetic
studies on the vacuole system of the y&asicharomyces cerevisjakin to
the lysosomal system of mammals (Huang WP and Klionsky DJ 2002). This
process involves the turnover of aggregates of cytosolic proteins and damaged
organelles, inside lysosomes, through the formation of a double membrane
structure, known as autbpagosome (Nixon RA 2013).
Macroautophagy begins with the formation of a -pumophagosomal
structure, called phagophore, which extends from both sides, and closes
around the target, which must be eliminated, leading to the formation of
autophagosome (Mizhgna N et al. 2008), which is able to incorporate all
the cyt@lasmc components, including the organelles. The latter then uses a
microtubular trace that allows it to hend fuse with lysosomes, to form
vesicles, called autolysosomes, within which hjio enzymes degrade
internalized substrates (Xie R et al. 2010). Autophagosomes can also merge
with endosomes and with major histocompatibility complex (MHC) class Il
(Schmid D et al. 2007). This process takes place in all eukaryotic cells and is
highly regulated by the action of various kinases, phosphatases and guanosine
triphosphatases (Klionsky DJ and Emr SD 2000). Autophagy can be divided
into several distinct stages: induction; vesicle nucleation; vesicle expansion
and completion; retrieval; dockiramnd fusion; breakdown and efflux (Amelio
| et al. 2011; Harris and Rubinsztein 201RigQre 13).

Initiation Vesicle elongation Maturation Docking and fusion Vesicle breakdown

and degradation
/ : |
Q ) > |
=

Isolation membrane i
(phagophore) Autophagosome

Figure 13. Steps of macroautophagyMacroautophagy is characterized by well
defined phases, which lead to winding in a douwhémbrane vesicle of the metd

to be degraded, which will finally be demolished to obtain useful substances for the
cell (Choi AM et al. 2013).
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These steps are performed by proteins encoded by a group of autophagy
related genes (ATG). Atg proteins are grouped according to thpeatge
functions and are divided into five subgroups: the Atgl/Ulk1 protein kinase
complex, the AtgAtg2-Atgl8 complex, the Vps3Atg6/beclinl class Il
complex phosphoinositide-ldnase, Atgl2 conjugation system and the
Atg8/LC3 conjugation system (ligation) (Ariosa AR and Klionsky DJ
2016). The formation of autophagosomes occurs at the phagophore assembly
site (PAS) where the key proteins involved in the formation of the
autophagosome are localized (Tooze SA and Yoshimori T 2010; Rubinsztein
DC et al.2012). However, in mammalian cells, the existence of PAS remains
unclear, since more assembly sites for autophagasbave been detected,
including ER, Golgi, endosomesand mitochondria (Tooze SA and
Yoshimori T 2010; Weidberg H et al. 2011). Severatlss suggest that the

ER is crucial for autophagosome formation. The cisterns of the ER are often
associated with the development of autophagosomes and from the analysis of
electronic tomography direct connections between ER and autophagosomal
membranesdwe been observed (Haya$tishino M et al. 2009; YkAntilla

P et al. 2009).

The activity of the Atgl kinase in a complex with Atg13 and Atgl7 is required
for the formation of the phagbore in yeast (Klionsky DJ 2007).

Ulk-1 and Ulk2 (Unc51 Like Kinasg, are a mammalian homologof Atg1,

the ULK complex, formed by Ulk1/2, Atg13, Atg101, and a scaffold protein
FIP200 (Focal Adhesion Kinase), plays an important role in the initiation
pathway of macroautophagy.

In nutrientrich conditions, the seriAtireonine kinase mMTOR
(Mammalian Target of Rapamycin), a mechanistic target of rapamycin, acts
together with other proteins of the mTORC1 complex (MTOR Complex 1) to
inhibit autophagy, through direct interaction with the Ulkl complex (He C
and Klionsky DJ 2000 On the contrary, in response to stressful conditions,
such as fasting, mTOR is inhibited and dissociates from the ULK1 complex
(Wong PM et al. 2013), which activates and catalyses the phosphorylation of
Atgl3, FIP200, and ULK1 itself, which is essentialinitiate the macro
autophagic process (Kim J et al. 2011). Furthermore, this complex can also
be activated by AMPK (a protein kinase activated by AMP) through a
mechanism of direct phosphorylation, at the level of serine residues at
positions 317 and777, which leads to the induction of autophagy in response
to deprivation of glucose (Kim J et al. 2011; Egan DF et al. 2011).
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Downstream of ULK1, the PI3K kinase complex (Phosphatidylinosiol 3
class kinase lll) intervenes, which assembles thanks to tien auf the
Beclin-1 factor, which acts as a platform through the bonding of different
cofactors, such as Barkor (Beclii-Associated AutophagRelated Key
Regulator), p150 and UVRAG (UV Irradiation Resistaasociated Gene)
(Sunet al. 2008; Itakur& and Mizushima N 2009). This resulting complex
plays an essential role in the nucleation and assembly of the initial
phagphoremembrane (Jaber N et al. 2012; Puri P and Chandra A 2014). The
phosphorylation of the ULK1 complex can therefore promote thggthore
nucleation, mediated by the PI3K complex (Suzuki K et al. 2007), probably
through the phosphorylation of key molecules, such as AMBRA (Activating
Molecule in Beclinl-Regulated Autophagy Protein 1) (Di Bartolomeo S et
al. 2010) and Beclii (Russ# RC et al. 2013). This phase is followed by the
expansion and completion of the vesicles. The membranes assemble and then
seal themseksforming the autophagosome, two conjugation systems similar
to ubiquitin are involved: the Atg1&tg5 conjugation syem and the LC3

PE system, between the LC3 (Microtubule Associated Protein 1 Light Chain
3) factor and the phosphatidylethanolamine (PE) (Puri P and Chandra A
2014). The first ubiquitidike conjugation system is Atgi&tg5: Atg7 (EX

like activating enzymkeactivates the ubiquitiprotein Atgl2 and transfers it

to Atgl0; finally, Atg10 (EZike activating enzyme) covalently links the C
terminal glycine residue of Atg12 to a lysine residue of Atg5 (Kuma A et al.
2002). The Atgl2Atg5 conjugate possesses damiactivity to the ligase
facilitating the conjugation of Atg8 to the autophagic membranes. Atgl12
Atg5 forms a constitutive complex of approximately 350 kDa, with the
coiled-coil dimeric protein Atgl6, which is essential for the biogenesis of
autophagosom but not necessary for the enzymatic activity of At§1gs
(Hanada T et al. 200Ruma A et al. 2002). This complex serves as the basis
for stimulating the second conjugation reaction, which involves the LC3
factor. LC3 is processed and converted intsoluble LC3I, immediately

after its synthesis, by the enzyme Atg4, a cysteine protease that leaves a
glycine residue uncovered in thet€minal position; this is a target site for a
thioester bond to a cysteine residue of Atg7, followed by transfetig® a#nd
finally by the establishment of an amide bond with PE (Kaufmann A et al.
2014 Romanov J et al. 20)2Thus LC3lIl is localized at the level of the
inner and outer membrane of the phagophore and is essential for the
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biogenesis and closure of thet@ahagosome membrane (Nagatogawa H al.
2007).

The autophagosome then fuses with the lysosomes to form autolysosomes,
with consequent degradation of the vacuolar content by lysosomal hydrolases.
Recent evidence indicates that autophagy is a more seleativesp than
initially thought. Selective autophagy depends on the binding of the substrates
with the inner surface of the growing phadore indicated as cargo, a
process mediated by adapter proteins associated with both the substrate and
the lipidated L@, anchored to the phagjaore.

The autophagic adapter protein p62, also known as Sequestosome 1
(SQSTM1), is a ubiquitously expressed protein and within cells it is
distributed not only in the cytoplasm, but it is also localized in the nucleus, as
well asin autophagosomes and lysosomes; in fact, in the presence of different
stress factors, it is able to move substrates to be degraded within such vesicles,
such as ubiquitinated proteins, protein aggregates, damaged mitochondria
and bacterianfected cells (Katsuragi Y et al. 2015). Furthermore,
p62/SQSTM1 acts as a scaffold protein for the transduction of different
signals, through the interaction with other proteins, such as RIP (Receptor
Interacting Protein), TRAF6 (TNF Receptassociated Factor 6), ERK
(Extracellular SignaRegulated Kinase) and PKC (Protein Kinased) Z
et al. 2009 Moscat J et al. 2006). P62/SQSTML1 can polymerize through an
N-terminal PB1 domain and can interact with ubiquitinated proteins through
the Gterminal UBA domain. Furthemore, p62/SQSTML1 binds directly to
the LC3 and GABARAP (Gammaminobutyric acid receptassociated
protein) family proteins via a specific sequence pattern. Furthermore, this
protein is selectively degraded and acts to recognize ubiquitinated protein
aggegates, linking them to autophagosomes, a process necessary for
lysosomal degradation (Chen S et al. 2014; Liu WJ et al. 26id)ré 14).
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Figure 14. Molealar pathway of macroautophagy.Steps of autophagy induction
and autophagosome formation (Quaraid Lee MS 2013).

Finally, in the process of fusion of autophagosomes with lysosomes, Rab
proteins, monomeric GTPases that are activated following the action of a GEF
(Guanine Nucleotide Exchange Factor) factor, which facilitates the
replacement of GDP, aiinvolved to form the polysomal linked to them with

a GTP, which will then be again and rapidly hydrolyzed in GDP with the help
of a GAP protein (GTPase Activating Protein) (Ao X et al. 2014). In addition,
the autophagosome can form an amphisome, assgciaself with the
multivesicular body produced by an endocytic vesicle containing exogenous
substances to be eliminated, called endosome, before melting with the
lysosome, or performing this last step directly for degradation of the
substrates; these m®sses are regulated in a similar way, also thanks to the
intervention of common factors, such as the ESCRT (Endosomal Sorting
Complexes Required For Transport) (Metcalf D and Isaacs AM 2010). Once
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the macromolecules have been degraded within lysosongesjdhomeric

units obtained, such as amino acids, can be exported to the cytoplasm for
reuse (Sagh C et al. 2001). Prinflammatory cytokines,i.e. IL-1b
(interleukin 1 beta), INf (interferongamma) (Harris J et al. 2007; Singh SB

et al. 2010) and TNF(Mostowy S et al. 2011), can also stimulate autophagy,
while it is inhibited by cytokines T helper 2, such asdlinterleukin 4) and

IL-13 (interleukin 13) (Harris J et al. 2007). The metabolites generated in
these proteolytic processes, which include #meino acids, are actively
removed by the autolysosomesported in the cytosol and reused by the cell
(Ariosa AR and Klionsky DJ 2016).

Microautophagy

Microautophagy has been described in yeast but has not yet been well
characterized in eukaryotic celldlicroautophagy works through direct
invagination of lysosomes, leading to the formation of single membrane
limited vesicles (Li VW et al. 2012).The lysosome membrane is itself an
active part of the process and there is no formation of intermediateegesicl
such as autophagosomes. Therefore, microautgpl@es not depend on the
canonical autophagic machinety WW et al. 2012 Sahu R et al. 2011).
Microautophagy works in maintaining the organelle sizecomposition of
the membranes and promoteell survival under nitrogen restriction
conditions. This process can be induced by nitrogen starvation and rapamycin
(Li WW et al. 2012); it has also been shown that this catabolic process is
mainly performed by the cell to digest peroxisomes, thecafled
Afexophagyo (Veenhuis M et al. 2000).
Like macroautophagy, microautophagy is induced through the TOR
signdling complex and is also controlled by a second regulator, the EGO
complex. This complex is composed of three proteins: Egol, Ego3 and
GTPase Gtr2 (DutulozF et al. 2005). Another important protein crucial for
microautophagy is the VTC complex, composéébur proteins Vtcl, Vic2,

Vtc3, and Vtc4. This complex is in the vacuolar membrane, but also in other

cell membranes (Uttenweiler A et al. 2007).

The mechanisms that drive the profound changes in lysosomal structure
during invagination and cleavage of the nascent microautophagic vesicle are
still unknown (Sattler T and Mayer A 2000).
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Chaperonemediated autophagy (CMA)

Thethird type of selective autbpgy for the degradation of a subgroup
of cytosolic proteins has been called chapemmeeiated autophagy (CMA)
(Tekirdag K and Cuervo AM 2018; Wong E and Cuervo AM 2010). For this
degradatiorprocessvesicular trafficking is not required, therefore iffelis
from macroautophagy and microautophagy. The pathway is -sicésated
such as prolonged starvation, exposure to toxic compounds or oxidative
stress. The mechanisms of chaperoreliated autophagy are like the
mechanisms of protein import into mitaendria, chloroplastsand ER
(Cuervo AM and Wong E 201Majeski AE and Dice JF 2004). All the
proteins internalized in lysosomes through CMA contain in their amino acid
sequence a pentapeptide motif, KFERQ, which is necessary and enough for
their targetng to lysosomes (Kaushik S and Cuervo AM 2012; Tekirdag K
and Cuervo AM 2018).
This pentapeptide has been identified as a binding site for a cytosolic
chaperone and this bindirig necessary for lysosomal degradation of the
substrate protein (Cuervo AM aidong E 2014).
In the CMA pathway, cytoplasmic proteins are segregated and degraded
within lysosomes in a highly selective manner. This selectivity is obtained
from the heat shock protein of MDa (HSC70), which identifies and
transports the individual protein substrates one at a time to the surface of
lysosomes (Puri P and Chandra A 2014). The substhatgerone protein
complex is then bound to the LAMPA receptor (Lysosomahssociated
Membrane PRotein type 2A), located on the lysosome membrane, and at this
stage LAMP-2A acts as a monomefubsequently the binding of the
substrate to this receptor leadsL®®MP-2A multimerization, with the help
of the lysosomal protein HSP9O0, since it is thoutat the association of
multiple LAMP-2A molecules can create a discontinuity in the membrane to
facilitate the transport of the substrate. At this pdim substrate protein is
unrolled and translocated in the lysosome lumen, thanks to the E2MP
comgdex, and with the help of a specific chaperone present in the lumen,
lysosomal HSC70, the substrate is degraded by lysosomal proteases. Finally,
the LAMP-2A multimer is disassembled and degraded for the subsequent
chaperonanediated autophagy cycle (Kausl8 and Cuervo AM 2012).
This finely regulated process (Cuervo AM and Wong E 2014) is maintained
at basal levels and is activated following prolonged fasting and other types of
stress. In fact, this mechanism represents an alternative energy source and a
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control system to remove damaged proteins following various types of stress
(Ravikumar B et al. 2010). Moreover, the capability of CMA to selectively
degrade intracellular proteins involves important functions such as
regulation of transcription bthe elimination of several transcription factors

or control of proteins involved ithecell cycle (Tekirdag K and Cuervo AM
2018).

1.4.3 Necrosis

The type Il cell death or necrosis consists of cellular swelling, loss of
organelle homeostasis and integritypture of the membrane and release of
cellular contents into the extracellular space (Davidovich P et al. 2014). It is
therefore not surprising that in this situation, the cells surrounding the necrotic
cells are strongly influenced by their dying neighits) triggering various
responses such as inflammation and additional cell death (Fuchs Y and Steller
H 2015). The excess of DNA damage produced by genotoxic stresses, such
as oxidizing and alkylating agents, overactive PARP polymerase which
operates by dting coenzyme NAD and transferring ADRibose motifs to
carboxyl groups of nuclear proteins. This depletes the reserves o/ NAD
and causing a metabolic catastrophe and the activation of the necrotic
pathway (Van Wijk SJ and Hageman GJ 2005).

For seveal yeas necrosis has been considered a univocal form of-ATP
independent cell death, refed toasa random and uncontrolled process that
leads tdiaccidentabcell death. In the last decade, recent data have discovered
a caspasendependent process thakesembles necrosis mechanisms,
suggesting that necrosis can occur in a highly regulated and genetically
controlled manner (Vanden Berghe T et al. 2014).

1.44 Other type of cell death

In the last decade, numerous studies have proved the existence of
different pathways of regulated necrosis, exhibiting the same features of non
regulated necrosis described above (Galluzzi et al. 2018; Vanden Berghe T
2014). Several molecular mechanisms chareseterthese processes,
identifying different forns of regulatechecrosids.e. necroptosis, ferroptosis,
oxytosis, parthanatos, ETosis, NETosis, pyronecroaisd pyroptosis
(Vanden Berghe T et al. 2014).
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Necroptosis

Necroptosis is a type of RCD activated by alterations of extracellular or
intracellular homeostasis detected by specific death receptors, including FAS
and TNFR1 (Degterev A et al. 2008; Galluzzi L et al. 2014) or pathogen
recognition receptors (PRRs), lnding TLR3, TLR4, and Z2DNA binding
protein 1 (ZBP1) (Upton JW et al. 2010; 2012). This process takes its name
from its morphological similarity with necrosis. Indeed necroptosis, just like
necrosis, is characterised by cell swelling and rupture of thena
membrane, with concomitant release of the cell contents in the extracellular
environment, aspects that make it clearly distinct from apoptosis (Degterev A
et al. 2005). The Iytic nature of necroptotic cell death led to the formulation
of a hypothesisaccording to which this process triggers inflammatory
responses vivo. This process isrobably mediated by the release of DAMPs
(DangerAssociated Molecular Patterns), a class of molecokesvhich
release bylamaged cells is read as a danger sigiral which may evoke a
response from immune cells (Krysko DV et al. 20Hwever, different data
in the literature are in contrast (Kearney CJ et al. 2015).

Necroptosis is mediated by death receptors, such as Fas, TNFR1/2,-TRAIL
R1/2, DR3 and DR6, and bydin ligands, such as FASL, TNF, TRAIL, as
well as by interferons, Tolike receptors, intracellular DNA and RNA

sensors, and may also from other mediators (Pasparakis M and Vandenabeele

P 2015; Vandenabeele P et al. 2010). It has been added to thedestibrs
capable of inducing necroptosis TAK1 (Transforming Growth Feagtia
Activated Kinase 1), which is activated through a set of different-iatrd
extracellular stimuli (Mihaly SR et al. 2014).
The most known pathway begins following the bimdof TNFU  wi t h
TNFR1 receptor, which triggers allosteric changes in the intracellular portion
(Andera L 2009),and thus recruits a series of proteins containing death
domains, including TRADD and FADD, and several-lg@ses, such as
TRAF2/5 (TNF Receptor Associated Factor 2/5) and clAP1 and clAP2; all
these proteins form the complex | (Wertz IE and Dixit VM 2008) FRNl
also recruits the protein kinase RIP1 (Receptteracting Protein 1), which
is polyubiquitinated at the level of a lysine residue at position 63 by TRAF2/5,
clAP1 and clAP2 (Mahoney DJ et al. 2008). This allows it to activate the IKK
(IeB Kinase Comfex) and NEMO (NFeB Essential Modulator) complex,
triggering the presurvival pathway of NFeB. Conversely, when RIP1 is
deubiquitinated by the action of the CYLD (Cylindromatosis) enzyme, it is
84
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released into the cytoplasm and forms the complex Il, wRADD, FADD,

the RIP3 kinase (Recepttrteracting Protein 3) anchspase (Hitomi J et

al. 2008).Caspass, in its active formcleaves RIPK3 and induces apoptosis
through the caspase cascanlethe contrarynhibition of caspas® activity

by FLIP, a atalytically inactive homolog of caspa8ehat can combine into
complex 11, can block RIPK1 cleavage and induce necroptosis (Feng S et al.
2007). The necrosome recruits, phosphorylates and consequently activates
the MLKL, an effector protein that acts dogstream of RIPK1 and RIPK3
(Sun L et al. 2012), which undergoes a conformational chand&ads to

the formation of a trimer and the exposure of a domaint@riinal position,
formed by four packed helices (Murphy M et al. 2013). This motif interacts
with phosphatidylinositol phosphate (PIP), inside the plasma membrane,
triggering the final stage of necroptosis, which leads to destruction of the
membrane and consequent loss of ionic homeostasis, swelling and rupture of
the cell, with dispersion of cellar content in interstitial space, and therefore
cell death (Pasparakis M and Vandenabeele P ;200hg H et al. 2014
(Figure 15).
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Figure 15. Necroptosis pathway Upon TNFU binding to its re
TRAF2, and RIP1 are recruited to form complexn turn, TRADD and RIP1 are

bound to FADD and caspase eventually forming the cytoplasmic complex II. In

situations where caspase is inactivated, RIP1 interacts with RIP3 to trigger

consecutive downstream sidlvag events, including the recruitment dLKL,

which transmit cytosolic death signals (Cho YS and Park HL 2017).
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Regarding the regulation of necroptosis, IAP proteins also playportant
functionin its activation. They are ubiquitiigases E3, which play a key role

in numerous cellular presses, able to mediate the proteasdependent
degradation of the active RIPK1/3 complex, thus blocking the execution of
necroptosis (Feoktistova M et al. 2011; Moulin M et al. 2012).

Recently, further regulators of necroptosis have been describedssuch a
Ppm1 phosphatase, which directly dephosphoryBRIEK3, thus reducing
necroptosis (Chew et al. 2015); or on the contrary, it has been shown that
a complex formed by chaperon proteins, such as HSP90 and CDC37, is able
to associate with RIPK3 and enharits activation (Li D et al. 2015).

Current research suggests that necroptosis acts a major role in cancer as well
as numerous neurodegenerative diseases. Necroptosis is involved in
metastasis formation; therefore, inhibition of the necroptotic pathwalg co

limit tumour growth (Najafov A et al. 2017). Since apoptotic death of
damaged or transformed cells is the key mechanism of tumour suppression,
but the evasion of apoptosis is a classic feature of caiiceoguld be
interesting to find if some chemotiageutic agents that cause DNA damage
can trigger death by necroptog§i®enev T et al. 2011).

Caspase independent cell death

This pathway is mediated by AIF (Apopto$islucing Factor, a
flavoprotein with NADHoxidase activity containing a flavin adenine
binding domain of nucleotide (FADinding domain), located at the level of
the mitochondrial intermembrane space #rat is released into the cytosol
during the execution of PCQCardé C et al. 2002). AlF has a local redox
function that is essential for optimal oxidative phosphorylation and efficient
antioxidant defence (Modjtahedi N et al. 2006). The increase in mitochondrial
permeability following specific apoptotic signals is meeiiaby the MPTP,
allowing the release of apoptogenic effectors, such as AlF, which is released
into the cytosol and subsequently transported into the nucleus (Bano D et al.
2010). In the cytosol, truncated AlF physically interacts with several proteins,
swch as HSP70 and cyclophilin A (CypA) (Bano D and Prehn JHM 2018).
Oncein the nucleugAlF interacts directly with nuclear DNA and determines
chromatin condensation, largeale DNA fragmentation and cell death
(Modjtahedi N et al. 2006). Furthermore, iasvalso shown that, in late
apoptosis, AlF returns from the nucleus to the cytoplasm (Bottone MG et al.
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2009; Scovassi Al et al. 2009), hypatising that AIF could be degraded
during this phase or 1g&ynthesized in mitochondria (Bottone MG et al. 2009).

Recent studies have shown that AIF is involved in a caspdsependent cell
death, which is known as parthanatos (Bano D and Prehn JHM 2018).

Parthanatos does not require the contribution of caspases for its
execution but is mechanistically dependenttanrtuclear translocation of the
AIF. The time course of this type of cell death is reléetie rapid activation
of PARP-1 and other biochemical events such as synthesis and accumulation
of PAR polymer, mitochondrial depolarizati@nd nuclear AlF trartscation
as describe above (Fatokun AA et al. 2014). In contrast to apqptosis
parthanatos does not promote the apoptotic bodies formation and it produces
large-scale DNA fragmentation compared to snsahle DNA fragmentation
observed in apoptosis (WangeY al. 2009).
As occurs in necrosis, parthanatail death producesloss of cell membrane
integrity, but without cell swelling (Wang H et al. 2004). Parthanatos and
necroptosis may be considered two examples of regulated or programmed
necrosis, while lte ceinvolvement of PARP-1, PAR and AIF, which is
absent in other forms of programmed or regulated necrosis, still discriminates
parthanatos from other typef cell death (Fatokun AA et al. 2014; Galluzzi
L et al. 2018). To datesomedata implicate PAR damage repair, and so
parthanatos, in the pathogenesis of several human diseases such as cancer. To
avoid the expression of this phenomenon, PARP blockers have been used as
a strategy to avoid PAR®B/peractivation and thefore parthanatos induction.
Therationale for this use is that sustained inhibition of PARP in cancer cells
promotes their death by blocking their DNA repair machinery needed for
survival (Fatokun AA et al. 2014).

Lysosomalependent cell death

The permeabilization of the lysosomal meare, called LMP
(Lysosomal Membrane Permeabilization), represents another process capable
to positively regulate apoptosis (Foghsgaard L et al. 2001; Galluzzi L et al.
2018). LMP results from different signals, such as activation of death
receptors, presee of ROS, ultraviolet radiation, proteasome inhibition,
deprivation of growth factors and p53 activation (Appelqgvist H et al. 2013;
SerranePuebla A and Boya P 2016). Following an initial stimulus, the death
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signals are transmitted to the lysosome inasiways, including through
factors, such as Bax anchspasd, following the activation of death
receptors; or in the case of p53 activation, through the lyseassoziated
apoptosisnducing protein (Boya P and Kroemer G 2008; Chen W et al.
2005). Follaving a partial or total permeabilization of the membrane,
lysosomes release hydrolases, such as cathepsins, in the cytoplasm, which can
activate apoptosis through the caspaspendent or independent pathways,
optional involvement of MOMP, depending on tiipe of cells, in the context

of lethal signal, the quantity of cathepsins released by the lysosome and the
relative abundance of cathepsin inhibitors (Foghsgaard L et al. 2001).
Lysosomal activity is essential to maintain cellular homeostasgntrast
lysosomal dysfunction has been implicated in various disease conditions,
including lysosomal storage diseases (LSDs), neurodegeneration,
autoimmune diseaseand cancerTo better understand the pathological
consequences of lysosordependent ckldeath (LDCD), lysosomes may
constitute important novel therapeutic targets to blockade of metabolic
dysfunctions and to treat human disease (SerPareila A and Boya P 2016;
Wang F et al. 2018).
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1.5 The role of calcium homeostasis and cytotoxicity

Cacium(C&) is an ion, <called fithe univer s
property to be the most widespread transduction signal present in cells and its
cytosolic concentration is about 2000 times lower (100 nM) than
extracellular concentration (2 mM) (Macha€£011; Parkash J and Asotra
K 2010). C&* takes part in many physiological procesisesncreased bone
mass, muscle contraction, blood coagulation, differentiation and cell death,
immune response and enzymatic activation (Nbret al. 2014). Especiall
at the neuronal level, &ais important for neurotransmitter release, synaptic
plasticity, gene expression as well as for neuronal death (Calvo M et al. 2015;
Segal M and Korkotian E 2016).

C&* permeates through the membrane by the presence of séweral
channels, which are subtyping in two superfamilies of* €aannels: the
channels of the plasma membrane, through which the extracelldtar@ars
the cell, and the intracellular channels that allow the release?tfrGa the
intracellular storesThe main intracellular C4store is the smooth ER which
has a C&-ATPase called SERCA (Sar&ndoplasmatic Reticulum Calcium
ATPase) whose function is to sequester th iDaide the cisterns (Manja&s

IM et al. 2010; Marchi S and Pinton P 2016)abidition to the smooth ER,
mitochondria also play an important role in the?Captake, which is
performed thanks to the presence of the MCU system (Mitochondrial
CalciumUniport) (Giorgi C et al. 2012; Mallilankaraman K et al. 2012). The
action of this mehanism is counteracted by mitochondrial®&&* exchanger
(MHCX) and N&/Ca&* exchanger (mNCX) both situated in the inner
membrane, while the permeability tiie outer membrane is ensured by
overexpression of the VDACY ¢ltage Dependenfnion Channel) (Rzzuto

R et al. 2012).

To prevent cell damage induced by intracellulat*@acumulation, there are
several mechanisms of regulation such as PMCA, which p@efsut of
the cell (Nedergaard M et al. 2010), aNt'/Ca* proteins that are located on
theplasma membrane and on the mitochondrial membrane, which alféw Ca
transport by the electrochemical gradient of (&eichmann M and Mattson
MP 2011) Figure 16).
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Figure 16. Calcium homeostasis in normal cell€a* conertration in the cytosol

is normally maintained at 3D00 nM, topreservehis value, several mechanisms of
regulation are involved such asdoplasmic reticulum (ER), and protein binding.
Physiological increases of cytosol@z* take place by plasma memheCa*
channelsthe release ofC&* from the ER, upon binding of inositol trisphosphate
(IP3) to the inositol trisphosphate receptor (IP3R) (Dong Z et al. 2006).

Another homeostatic mechanism is represented by the chelation of cytosolic
free C&" operaed by the Calcium Binding Proteins (CBPs}(#z M et al.
2012). The concentration of intracellular ‘C&an increase following its
massive access from the extracellular space, following the opening of
voltagegated calcium channels (VGCCs), also knowna@tagedependent
calcium channels (VDCCs), or through the NMDA receptor, located on the
postsynaptic membrane. Other channels are involved #h I@eneostasis
such as the newoltagegated channel P2XRs (purinergic ionotropic receptor
families) and the &msient receptor potential (TRP) channels, which mediate
the influx of C&* in response to several stimuli (Burnstock G and Di Virgilio
9C
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F 2013; Marchi S and Pinton P 2016; Montell C 2005). TRP channels
modulate ion driving forces, the €and Md¢"* transport machinery in the
plasma membrane, where most of them are located. TRP channels play an
important role in the mechanism known as SOCE (Stperated calcium
entry): the C& influx from the ER induces the opening of channels present
in the plasmanembrane taking an increase of this ion in the cytoplasm to
restore theCa?* concentration in the cellular stores (Hogan PG and Rao A
2015). In this proces$wo TRP channels operate; ORAIL (calcium release
activated calcium channel protein 1) and STIM3tr¢mal Interaction
Molecular 1) (Hogan PG and Rao A 2015; Stathopulos PB et al. 2013). The
increase in intracellular GHevels can also be induced by the release of the
ion from the ER through the InsP3Rs and the receptors for Rianodine (RyR)
(Marchi Sand Pinton P 2016).

A non-physiological increase in &3 as well as those induced by
CDDP treatment, can lead to the activation of calpain, an activ@st
protein that is involved in apoptosis (Chang L and Wang A 2013; Debatin
KM et al. 2002; Smith MAand Schnellmann RG 2012). Calpain cleavages
AIF protein, ensuring its translocation to the nucleus and consequently the
DNA fragmentation (Norberg E et al. 2010). Increases in the cytosolic
concentration of G4, and ROS accumulation can promote the oggafrthe
PTP leading to a loss of the potential of mitochondrial membrane, to the
release of cytochrome c from the mitochondria in the cytosol and
consequently to the activation of caspa@emnd-3 triggering the apoptotic
pathway (Marchi S and Pinton P15).

In neuronal cells, excessive activationtiof NMDA receptor by glutamate
produces a higher activation of the associated channels, increasing cytosol
C&* concentration that consequently casgcitotoxicity and eventually
cellsdeath (Carozzi VA etl. 2010).

When intracellular C&4 concentration is high, it can induce protein and
nucleic acid aggregation, which can result in a collapse of the membrane lipid
structure (Case RM et al. 2007). An alteration of'G@meostasis causes
bone anomalies andn increased risk of developing epithelial twmso
(Crosara Teixeira et al. 2014). deed since the intracellular G4 is
fundamental for neuronal neurotransmitter release (Burnashev N and Rozov
A 2005) anomalies in the &asignal homeostasis processinclead to
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disorders of various nature: migraine, ataxia (Lory P and Mezghrani A 2010),
Al zhei mer 0 s-BldscosSechat 2008|, Stiake £Toescu EC 2004),
epilepsy (BerpAri Y 2001; Lory P and Mezghrani A 2010) and cancers
(Mignen O et al. 2017). Ithis contet, several studies have been focused on
the role C&' channes, whichhave shown to be involved in progression and
proliferation of cancer, migration, invasicand metastasis (Abdullaev IF et

al. 2010; Catacuzzeno L et al. 2015; Thuringer [alet2017). Another
element that seems to have an important role in cancer is the mitochondrial
associated endoplasmic reticulum membranes (MAMs). MAMs are locating
between ER and mitochondria making a contact between two organelles but
maintaining ER and itochondria biochemical distinct, therefore MAMs may
have a role in cancer therapy response, especially during cell death processes
by the modulation o€&* signdling pathway (Morciano G et al. 2018).

1.5.1 Calcium Binding Proteins (CBPS)

The CBPs contain ERand motifs (helidoop-helix) that allowbinding
C&* (Lewit-Bentley A and Réty S 2000;4afez M et al. 2012). The structure
of these EFhand motifs refers to the anatomy of the right hand, where the
two helices can be traced back te thumb and index, while the bent middle
finger reproduceghe C&*-binding loop (Schwaller B 2009). CBPs are
divided into two large group$) C&* sensing proteins, which following the
bond with C&", undergo a conformational change and interact wittrias
of targets, activating the signal transduction casddstosolic C&* buffers
that do not undergo a conformational change and have the function of
dissipating local C4 (Alpar A et al. 2012). However, in addition to this first
distinction betwen these two classes of CBP, the classification of CBP also
depends on their expression and the effective function they perform within
the cell and the targets with which they interact. Some LC&8Rh as
calreticulin and calsequestrin are invalweithin intracellular C& stores,
while synaptotagmin, calmodulin and S100 families are recruited during
neuronal process(Alpar A et al. 2012). Therefore, the function of individual
proteins can depend on their focal concentration, the availability of
interactng partners in sighieng networks, and the cellular context. In
conclusion, there are also extracellular CBPs that can be classified according
to their C&" binding structures which exert several functions also with ECM
(Yarez M et al. 2012).
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Parvalbumin

Parvalbumin (PV) is a CBP of the albumin family, with a PM ofL20
kDa, encoded by theVALB gene located on chromosome 22 in humans and
on chromosome 15 in the mouse (Hara E et al. 2012). It is an important protein
for signal transduction, for gene exgs®n andit is involved in muscle
relaxation following the contraction phase (Wilwert JL et al. 2006).

PV consists of two Efaand motifs witha high affinity for Mg?* and
low affinity for Ca&*. The PV tends to slowly dissociate froBe¢* and
therefore takes longer to restor€a* intracellular homeostatic
concentrations. This suggests that PV is involved in the modulation of slow
and transien€a* signals, not appearing to be involved in the phasic release
of neurotransmitters and in tleentrol of rapidCa* signals (Collin T et al.
2005). PV is also present at the neuronal level and its expression can be found
in about 50% of the interneurons of the basolateral amygdala (McDonald AJ
and Betette RL 2001). It is also expressed in thebcarecortex, in the
hippocampus, in the spinal cord and in Purkinje cells (Celio MR 1990), where
it is located at the level of the soma, dendritesl axon. PV appears to be
expressed above all in those myelinated neuronal cells with thin projections,
sud as Golgi interneurons of type Il (Plogmann D and Celio MR 1993).

Calbindin

Calbindin (CB) is a CBP of 28 kDa which acts as both & €ansor
protein and a buffamg protein, interacts with several proteins localizethm
cytoplasm, intracellular memdnes and in the nucleus (Schwaller B, 2010).
This protein is typical of neurons, but is also present in renal cells, in the
pancreas and in the intestine (Yew DT et al. 1997). It has sikidtfl
domains of which four can bind the €éon. CB has also aifding site for
vitamin D, being its vitamin D dependent activity, and for some metals
including zinc.

In the CNS, CB is localized in Golgi neurons of type I, in nigrostriatal
neurons, in the neurons of the Meynert Basal Nucleus, in Purkinje cerebellar
cels and in ganglion cells of the vestibular, cochlear, retinal and spinal nuclei
(Celio MR 1990). Physiologically, inthe cerebellum, CB, like PV, is
expressed in dendrites, axons and the soma of Purkinje cells. (Schwaller B et
al. 2002).
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Calretinin

Calretnin (CR), also known as calbindin 2, is a CBP protein having a
PM 29 kDa and encoded by the CALB2 gene located on chromosome 8. Its
name is since this protein has been discovered at the level of retinal cells
(Camp AJ and Wijesinghe R 2009). CR, as webtagr CBPs, has ERand
domains, in this cassix C&*-binding EFHand domains. The domains that
can bind theCa* are the first five, while the sixth would seem to be inactive
(Schwaller B 2014).
CR is particularly expressed neuronalcell and highexpressionof this
protein have been found at the level of the granular cells of the cerebellum
(Marini AM et al. 1997;Résibois A and Rogers JH 1992; Schiffrme®N et
al. 1999), where it modulates neuronal excitability (Schurmans S et al. 1997).
CR is not expressed only at the neuronal level, but its presence has also been
demonstrated in other cell types such as mesothelial cells, neuroendocrine
cells and swealands (Camp A and Wijesinghe JR 2009).

Calmodulin

Calmodulin (CaM) is a ubiquitous CBP having a PM of 16.7 kDa and
is expressed in all eukaryotic cells (Mori M et al. 2003). CaM, binding four
calcium ions, undergoes conformational changes that can iadgteadfinity
for the target proteins. This protein can interact with different targets which
include: cellular proteins, enzymes, ion channels, transcription faetas
cytoskeleton proteins. Furthermore, CaM also interacts with a series of
receptors,including G proteircoupled receptors (Wang D et al. 1999).
Recently it has been shown that CaM interacts with the EGFR (Li H and
Villalobo A 2002). Although total CaM levels in the brain are elevated (10
€M), the concentration of free protein appears ¢ordéduced (Persechini A
and Stemmer PM 2002).

CaM participates in the regulation of various biological processes including
energy metabolism, cell motilityand exocytosis (Berchtold MW and
Villalobo A, 2014). Indeed, CaM plays an important role in theuieoent

of synaptic vesicles following activation of the?@&aM-dependent Protein
Kinase (CaMK) | and I, and through the phosphorylation of synapsin, a
protein located on the synaptic vesicle membrane. This phosphorylation
allows the synaptic vesiclés free themselves from the cytoskeletal filaments
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of actin and to reach the presynaptic active zones (Valkodgaal. 1992;
Benfenati F et al. 1993; Hilfiker S et al. 1998).

1.5.2 PMCA (Plasm&a?*-ATPase Membrane)

The PMCA protein belongs to the famjl of P-type ATPase pumps,
whose name derives from the fact that a high energy phosphorylated
compound is formed (Di Leva F et al. 2008) ahdvas discovered in
erythrocytes at the level of the cell membrane (Schatzmann HJ 1966).
Together with the otheransport systems, it is involved in the controCef*
homeostasis and uses ATP to eje@a&" ion to the outside (Brini M et al.
2013). The PMCA has the same membrane topology as the SERCAipump;
has ten transmembrane domains, two broad intracelodps| an Nerminal
chain and a @erminal, both cytoplasmic. The-®€rminal chain is very long
and has specific binding sites for CaM and for other proteins such as kinase
A (PKA) and kinase C (PKC). The-términal chain possesses the regulation
sites agvell as the sites of PMCA inhibitory proteins bindirign@de CI et al.
2007 Rimessi A et al. 2005). The pump can exist in two different
conformational states defined E1 and E2. E1 differ the diversebinding
affinity that PMCA presents t€&". In E1 configuration, the pump binds
Ca* with high affinity on the cytoplasmic side, while in the E2 configuration,
PMCA bindsC&"* with low affinity, releasingCa* in the extracellularspace
(Brini M et al. 2013) The passage of the protein from the E1 to the E2
conformation occurs following the phosphorylation of a residue of aspartic
acid,a constituent of the PMCA protein itself, by the ATP. At this pgdiné
E2 configuration is cleaved and the protein rettorte E1 state. The protein
can transpora C&* ion for eachATP moleculeconsumed (Di Leva et al.
2008). In mammals, 4 distinct genes (ATP2Blercode for 4 isoforms of
the PMCA protein; PMCA2 is poorly expressedthé tissue level and
significantexpressionof this protein habeen found in CNSn Purkinje cell
dendrites (Brini M et al. 2013). This protein has two isoforms: the PMCA2a
and the PMCA2b, with different locations; the firstdstectablein the
presynaptic terminal, while the second isha postsynaptic level (Burette A
and Weinberg RJ 2007). As well as the PMCA2 pump, the PMCAS protein
is also poorly ubiquitous and its localization is confined to the CNS (Brini M
et al. 2013), in the axonal terminals of granular cells. The PMCA1 and
PMCA4 pumps are ubiquitous and perform the function of housekeeping
proteins (Brini M et al. 2017). The PMCA4 isoform is particularly expressed
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in the sperm tails; mice having a deletion of the gene encoding the PMCA4
protein survive but are not fertile duethe inability of sperm to move (Schuh

K et al. 2004). The PMCA1 protein is widely expressed in tissues and
embryonic tissues (Brini M et al. 201¥)eletion of the gene that codes for
this protein leads tdhe premature death of the embryo, underlinihg t
important role of PMCA1 in development and organogenesis. This protein
also regulates and maintains levelsQ#* around lifecompatible values
(Okunade GW et al. 2004). The PMCAL1 isoform is a very important protein,
able to compensate for the absent@ther isoforms (Okunade GW et al.
2004). There are two isoforms of the PMCA1 pump: PMCAla and PMCA1b
PMCA1bis mainly expressed during development and is then replaced by the
la variant in the brain of adult mice (Kenyon KA et al. 2010). Several studie
have shown that loss, mutation or inappropriate expression of different
PMCAs is associated with pathologies ranging (Strehler EE 2013). It has been
demonstrated that alterations in the expression of PMCA isoforms have been
described in a variety of cagictypes, including those of breast and colon
(Curry MC et al. 2012; Lee WJ et al. 2005; Robai®mson SJ et al. 2010).

In turn, the characterization of the different PMCA isoforms could improve
the understanding of the role played by these proteirteindrious types of
neoplasias, representing a strategy for the conception of more specific and
targeted treatments.

1.6 The role of oxidative stress in cells

Reactive species involved in cell stress can be classifiedfour
groups: ROS, RNS (Reactiveitibgen Species), RSS (Reactive Sulphur
Species) and RCS (Reactive Chloride Species). The family of ROS includes
the superoxide anion ¢, the hydroxyl radical OH), the hydrogen
peroxide (HO,), singlet oxygen'Q,) and ozone (€) (Sosa V et al. 2013).

In physiological conditions, the presence of antioxidant molecules guarantees
the equilibrium between reactive species and antioxidant species, by
balancing their generation and elimination. The scavenger systems consist in
SOD (superoxide dismutase) thatthe principal enzyme involved in the
neutralization of ROS and catalyses the dismutation,oh@ H>O. which,

in turn, is transformed in water by CAT (catalase) enzyme and GPx
(glutathione peroxidase) (Desoize B 2002; Halliwell B 2007, PacherIP et a
2007). At lower levels, ROS act as intracellular signal transduction molecules
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which can regulate kinas#riven pathways, in turn mediating cellular
responses to external stimuli, such as growth factors, nutrient deprivation, or
hypoxia (Gough DR and @er TG 2011).

However, in some conditions such as prolongated starvation, the excessive
levels of ROS produced can damage cellular proteins, lipids, DNA and RNA
leading to functional alterations, which can contribute to cell death and, in
some cases, taainogenesis and metastasis formation (Sabharwal SS and
Schumacker PT 2014; Veskoukis AS et al. 2012). Indeed, oxidative stress can
produce mutation at DNA and can also compromise the function of DNA
damage repair mechanisms, inducing the onset of caf@@apa RK et al.
2014). Cancer cells exhibit high levels of ROS compared to normal cells, this
is partly due to oncogenic stimulatiamhich increases metabolic activity and
mitochondrial breakdown. Mitochondrare the main source of RCG&hd

their dysfunction may represent a link to tumorigenesis (Kongara S and
Karantza V 2012; Starkov AA 2008).

Notably, inthe tumoral contgt, several pathways are implicated in the
downstream of the increase of ROS production, such as MAPK and PI3K
pathways that are assatedwith the induction of tumours proliferation (Seo

JH et al. 2005; Tobiume K et al. 2001). High ROS level can also produce
negative effect by the interaction with a lot of proteins involvedi)n
inflammation such as NkB and cyclooxygenase 2 (COXtPat has a central

role in the inflammation/cancer sidhiag axis and has been correlated poorer
prognosis among patients with estrogedependent breast canc@hfkman

B et al. 2014 Schexnayder C et al. 201B) invasion as well as HIF1 and
matrix metalloproteinasesijii) angiogenesis processe. VEGF and its
receptor (Hu Z et al. 2017; Sosa V et al. 2013).

The family of nitric oxide synthases (NOSs) symsthes nitric oxide (NO)

that play an important role in genotoxic mechanisms, antiapoptofectsf
promotion of angiogenesis and metastasisd limits the effect ofthe
anticancer immune systenit has been associatedth several typs of
cancerd.e. cervical, breastCNS tumaurs and others (Choudhari SK et al.
2013).

Oxidative stress is one of the most important mechanisms involved P
toxicity. Mitochondria are the first target @DDP in inducing oxidative
stress, which is expressed in a decrease in the sulfhydryl group of
mitochondrial proteins, inhibition of &a uptake and reduction of
mitochondria membrane potential. The formation of ROS depends on the
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intracellular concentration o€DDP and the duration of exposure to it
(Brozovic A et al. 2010). By inducing an increase in the ROS I&@2DP
can thus promotBNA damage and consequently induce cell death.

1.7 Unconventional alternative therapies

In order to improve the effects induced by standard anticancer therapies
and overcome the negative effects that can seriously compromise the quality
of life (QoL) of the cancer patient, scientific research has adopted different
methods to overcome the limits of conventional therapies.

Immunotherapy

In recent yearsimmunotherapy has gained more interest from the
scientific community, resulting in a good tool for tmeatment of different
types of cancers and to date, several immunotherapy approaches are currently
in clinical development or have reached FDA approval.
Antagonistic antibodies to the CTEA (Cytotoxic Tcell Lymphocyte
Antigen4) pathways have been acaapfor the treatment afifferent forms
of cancer and the first anticancer drug targeting an immune checkpoint was
Ipilimumab, a CTLA4 blocker approved in metastatic melanoma therapy
(Hodi FS et al. 2010). In addiction PD(Programmed Cell Death) blockng
drugs such as nivolumab or pembrolizumab have shown unprecedented
activity in patients with advanced melanoma and other cancers (Robert C et
al. 2014; 2015). To dattheoncolytic herpesirus has been approved for the
treatment of metastatic melanoad Chimeric Antigen Receptor (CAR) T
cells that target CD19 are employed for acute lymphoblastiadeok and
diffuse largecell lymphoma.
For decades, the brain has been considered an impniwileged system due
to unique anatomical, physiological,caimmunological barriers (Roth P et
al. 2016). Indeed, it was thought that the brain to be devoid of lymphatics, but
current studies show that lymphatics are present in the arachnoid meninges
and dura and that lymphocytes exit the brain via this systeleep cervical
lymph nodes (Schlager C et al. 2016).
It has been demonstrated that malignant brain tumour can induce a
pathological neuroimmune response that promotes a heterogeneous cellular
milieu composeaf anetwork of immuneactivating and immunré&mpering
cells (Kipnis J 2016). Indeed, higher grade brain tumours promote the
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intensification of irregular vascularization, BBB disruption, the formation of
necrosis foci, and antigen expulsion (Charles NA et al. 2012; Domingues P et
al. 2016; Dubois LG etla2014; Yang | et al. 2011). The leaking of antigens
from brain parenchyma, leading by the fenestration of the BBB, and in this
case its rupture, is significant to promote the attraction and invasion of
immunomodulatory cells from the periphery systdtigre 17). Although

this mechanism contributes to increasing the immune infiltrate at the tumour
level, it is not necessarily associated with better survival results. This is due
to the presence of the BBB which, althoug
can be intact inside the tumour core, representing an obstacle for
immunotherapy (van Tellingen O et al. 2015).
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Figure 17.The neuroimmune environment in brain tumour. The BBB, Blood
Meningeal Barrier (BMB), and the Blogderebrospinal Fluid Barrier (B&F) all
actively prevent bloothorne cells from entering the brain parenchyma. In the
presence of brain tumar, the BBB is damaged and blcbdrne signals and
immune cells can more readily infiltrate the brain parenchyma (on the left).
Simplified overview of immunesuppressed cellular regulation in brain tumso(on

the right) (Lyon JG et al. 2017).

It is known that naive cytotoxic-Tells (CD8) and Fhelper cells (CD%) are

attraced by the brain tumour microenvironment which actively modutate

their phenotypes (Han S et al. 2014). CO8cells confer an antitumour
response, while CD4 T-cells seem to control the tumeassociated
microglia/macrophage phenotype toward a more tursapportive one.
Despite the ratio of infiltrated CD& CD4 T-cdls is a prognostic indicator

in brain tumours (Dunn GP et al. 2007);cé@ll function is blocked by
cytokines, such all, exyresSed ,in tAeGteEnbour | L
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microenvironment (Domingues P et al. 2016; Razavi SM et al. 2016).
Impaired Fcells have minoproliferation and an attenuated response te pro
inflammatory signals that therefore induce an overall dovgulation of
MHCs and Dendritic Cells (DCs) maturation (Albesiano E et al. 2010; Razavi
SM et al. 2016)Massive infiltration of regulatory-Cells (Tregs) has been
describé in many highgrade braircancersvia tumoursecreted chemokines
e.CCL22, TGFb (Crane CA et al . 2012;
More aggressive brain tumours/edeen correlated with activated Tregs that
can repress prolifeti@an and the cytokingroduction of tumouinfiltrating
lymphocytes; depletion of Tregs in mice has demonstrated to prolong survival
and lead to noimmmunosuppressive myeloid cell infiltration (Maes W et al.
2013).

To date, many clinical trials are beingnclucted in brain cancer treatment
and checkpoint blockade alone or in combination with engineereell T
therapies also may effectively overcome tumour heterogeneity (Grada Z et al.
2013; Hegde M et al. 20).2Ipilimumab and pembrolizumab have been
shownto have acceptable safety and some efficacy in patients with brain
metastasis from melanoma or remallcell lung cancer (Goldberg SB et al.
2016; Margolin K et al. 2012). However, patients treated with VEGF antibody
bevacizumab showed a decline in glolmaurocognitive function, most
obvious after prolonged treatment, compared to untreated patients, but further
studies are still in progress (Fathpour P et al. 2014).

The EGFRUVIllis a tumowspecific mutation mostly expressed the lethal
primary malignah neoplasm of the brain, such as primary GBMth a
prevalence of 2@B0% (Babu R and Adamson DC 2012). The potential
immunogenicity of the EGFRvIII mutation, first recognised in 2002, resulted
in the development of Rindopepimut (CEIX0), a peptide vacan
containing the specific novel amimaeid sequence created by the EGFRuvIII
deletion mutation conjugated to keyhole limpet hemocyanin (Elsamadicy AA
et al. 2017; Weller M et al. 2017). Rindopepimut has shown clinical efficacy
in phase | and Il clinical tals, with a phase Il clinical trial recently
discontinued. Indeed, it seems that Rindopepiuiogisnot improve survival

in patients with newly diagnosed GBM, but combination approaches
potentially includingRindopepimutare currently under study to shothe
efficacy of immunotherapy in GBM (Weller M et al. 2017).
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Hadrontherapy with carbon ions

Radiotherapystamb ut i n Aconventional<o0 that wuse
rays) produced by medical linear accelerator (LINAC), which accelesate
electrons to a dozen MeV (MegaelectronVol
as hadrontherapy, based on charged particles.

Hadrontherapy is a form radiotherapy in which hadrons are ilsestoms
with electrons torn off, one in the case of proton therapysanth the case
of carbon ion therapy. Hadrontherapy has been in constant progress in the
past decades, bringing technical innovations both in clinical and scientific
research (Marvaso G et al. Z0Rossi S 2015).
Hadrontherapy has shown to be less inv@sinan conventional radiotherapy
and more effectiveness than radiotherapy whtays (Combs SE et al. 2013).
The advantage in the use of charged hadron beams is that a proton
nanoampere, accelerated to 200 MeV, and a tenth of carbon ion nanoamperes,
accderated to 4800 MeV, make it possible to irradiate deep tumoues (
those that they are also found at 25 cm below the skin) following the contour
with millimetre precision. In additigncarbon ion therapy represents an
advancement in the field of radmrapy. Indeed, it has the same
characteristics as proton therapy, but carbon ion beams allow improved dose
distribution, leading to the concentration of enough dose within a target
volume while minimizing the dose in the adjacent healthy tissues (Kamada T
et al. 2015). Therefore, these properties allow the use of carbon ion beams in
deep localized tumes and nearby organs particularly susceptibligure
18). Furthermore, in contrast to-Kys, protons and ions are heavy particles,
so they can penetratbet tissue without deviating much from the initial
direction and with their electric charge they tear electrons from the tissue
molecules depositing most of their energy in the last centimetres of the path,
providing a higheraction (Kamada T et al. 2015)nd so using a greater
relative biological effectiveness (RBE).
Carbon ion beams providegreater amount of energy per unit length (Linear
Energy Transfer, LET) ithematter than lowLET radiation such as photons.
Consequently, carbon ion beams generadlyse the breakup of both DNA
strands, resulting in the most significant event for tumour cell death (Hamada
N et al. 2010)Compared to conventional photonic irradiation, carbon ions
are less dependent on Oxygen Enhancement Ratio (OER), which in
radiobiobgy refers to the increased effect of ionizing radiation due to the
presence of oxygen. This would allow carbon ion therapy to eradicate hypoxic
101
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glioblastoma cells, for example following an antiangiogenic therapy. The
induction of apoptosis, autophagand cellular senescence are a set of
mechanisms underlying the Kkilling of glioblastoma cells mediated by
irradiation of carbon ions (JinAOue A et al. 2010; Tomiyama A et al. 2010).
Furthermore, it has been demonstrated that such radiations would be able to
inhibit the migratory capacity of glioma cells through a reduction in the
expression of integrins (Rieken S et al. 2012). It has also recently been
hypothesized that carbon ion radiation is able to overcome the intrinsic
radioresistance of cancer stem sdPignalosa D and Durante M 2012), in
addition may be a promising therapy for paediatric brain tumours decreasing
side effect related of CNS sensibility (Laprie A et al. 20A%hough clinical
studies need to be more thoroughly investigated, to dist¢hirapy, in the
case of lowgrade tumours, is associated with a potential reduction in long
term morbidity, while in cases of higirade neoplasms, better tumour control
and improve patient survival (Combs SE 2018).
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Figure 18.The difference of dose @htribution by one port between Xrays and
carbon ion beams.The figure represente difference of dose distribution by one
port between Xays and carbon ion beams. The lateraldgéflaround the target area
obtained withthe carbon ions beam is steepban proton beams. Primary carbon
ions undergo nuclear interactions and fragment into particles with a lower atomic
number, producing a fragmentation tail beyond the peak. The consequent effect is
that in the region beyond the distal end of the pealgstimo dose is deposited with
protons, while a small dose is deposited with carbon ©Bhsi¢ T 2013)
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The accelerators used to produce the collimating beams are the
cyclotrons and synchrotrons. The National Center of Oncologic
Hadrontherapy (CNAQ) dPavia (Italy) uses for therapeutic purposes beams
of carbon ions and protons. The accelerator assembly is based on a
synchrotron with a diameter of 25 m able to accelerate carbon ions up to 400
MeV/u and protons up to 250 MeV/u. Inside the ring are thestwances, the
two injection linesand the linear accelerator. Outside the rthgre are four
extraction lines, of about 50m each, which carry the extracted beam into the
three treatment rooms. In one of the three rqoansertical beam and a
horizontal beam are located, while in the remaining two rooms the treatment
is administered only with horizontal beams. The time required for the beam
to make a turn in the circle depends on the speed of the particles and therefore
on its energy; however, for the range of bundles used for therapeutic purposes
and in the synchrotrons wused, t he ti me
radius was extracted after one revolution, the pulse duration would be less
t han 1 ¢ s .se, Fieadvantdgeonsitochave a modulable intensity in
a range of time ranging from hundreds of milliseconds up to a few seconds.
In summarythe main components of the synchrotron are desthibieigure
19.
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Figure 19. The layout of the high technologyof CNAO. Sources; low energy
transport line (LEBT line); radio frequency quadrupole (RFQ); linear accelerator

(LINAC); medium energy transport line (MEBT line); synchrotron; high energy
transport line (HEBT line) (Rossi S 2015).
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Phyto and nycotherapy

In recent years the therapeutic power of ancient medicinal herbs has
become very popular in alternative medicine, so much so that many of the
medicines used in the treatments have been created starting from them
(Kolasinski SL 2014). To dat¢he use of phytoand nycotherapy, already
used in alternative therapies for the treatment of many diseases, could
represent a new strategy to assist the treatment of diffen@oiurs thanks
to the numerous benefits that these substances bring to the whole organism
andtherefore to thg@atients QoL.

Taraxacum officinaléDandelion) originates from Europe, it is a plant
of genusTaraxacumand a member of the Asteraceae famalyd ts extracts
have long been usédl traditional oriental medicine (Wirngo FE et al. 2016).
Thanks to its benefit properties such as diuretic, antiangiogenic,
antirheumatic and aninflammatory effects (Jeon HJ et al. 2008; Schitz K et
al. 2006), Taraxacum officinales widely used in the treatment of several
inflammatory or infectious diseas@scluding hepatitis, upper respiratory
tract infections, bronchitis, pneumonia obesity and cardiovascular disease
(Sweeney B et al. 2005; Wirngo FE et al. 2016).
In recent years, differe forms of Taraxacum officinaleextracts hae been
studied extensivg also for its antidepressant andiainflammatory effects.
Phytochemical analyses of the extract showed complex -oartponent
composition of the root extract (DRE), that includes some known bioactive
phyt ochemi cadmyrsangyhr bans, -throtgne ovhich b
protects cells from oxidation and cellulaardage, and taraxasterol (Khoo HE
et al 2011; Wirngo FE et al 2016)araxasterol is a pentacyclic triterpene,
which greatly reduces the expression of NOS and COX2, decreasing the
production of nitric oxide and prostaglandin induced by the
lipopolysaccharid, and inhibiting NFeB thereby decreasing the level of
inflammatory mediators such as TNFIL-16, and IL-6 (ZhangX et al. 2012;
Xiong H et al. 2014) This suggested that this natural extract could engage
and effectively target multiple vulnerabilitie$ cancer cells. Curreim vitro
works have shown the anticancer potential of an aqueous DRE in several
cancer cell models, without inducingtoioxicity on norcancer cells (Ovadje
P et al. 2016) and acting to reduce-prilammatory response (Xiong H &kt
2014). It has beedemonstratethat Taraxacum officinaleaused apoptosis
and loss of mitochondrial integrity as well as inhibition of invasion and
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migration. In addition, the simultaneous theragth Taraxacum officinale
and the mistletoe extracashown synergistic effects on neuroblastoma cell
line SHSY5Y compared to human fibroblast.&h preclinical data support
the use ofTaraxacum officinaleas a potential adjuvant application in
paediatric oncology (Menke K et al. 2018).

Regarding ngcotheapy, among the most known and studied fungi for
their use or adjuvant acti@ga conventional therapies a@ordyceps sinensis
Hericium erinaceusandGanoderma lucidum

Cordycepss a genus of mushrooms to which different species belong,
including Cordyceps sinensjsthe only one to have been recognized as a
medicinal mushroom and used for more than 300 years in the traditional
Chinese pharmacopoeia as a tonic, which gives the body greater energy and
vitality (Ma L et al. 2015). The countless beneficiedjperties are conferred
by its biological components, the most important of which is cordycepin
(cordycepic acid), a secondary metabolite (Kuo HC et al. 2015) to which
many research groups have attributed anticancer properties, antidepressants,
antrinflammatory, hypoglycemic, antimicrobial and antiviral.

Hericium erinaceuss a fungal species belonging to thtg/lumof the
Basidiomycetes (Shen T et al. 2015) and it has always been an integral part
of the Japanese and Chinese diet. Scientists have rebegtin to study it
for its powerful properties against neurodegenerative disorders (Brandalise F
et al. 2017), moreover behavioral studies have demonstrated the effectiveness
of this fungus in improving the performance aagnition memory in mouse
modelsof Frailty during aging (Rossi P et al. 2018; Ratto D et al. 2019).
Among its biological componentsrinacines and hericenones are the two
active ebments responsible for increasing the synthesis of NGF (Nerve
Growth Factor) in nerve cells (Li IC et 2014). These discoveries have given
way to further studies on the possible use of this fungus in the treatment of

senil e dementi a, degenerative di seases

Parkinsonds di sease, mul tiple sclerosi

many others (Samberkar S et al. 2015).

Ganoderma lucidumalso known as Ling Zhi in China or Reishi in
Japan, is an oriental fungal species belonging to the Polyporaceae family of
Basidiomycetes (Qu L et al. 2017), perennial fungi, saprophytes that grow
and develop on broadleaf stumps, oak and chestnut (Avasad Naik ST
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2002). TheGanoderma lucidurts characterized by a large fruiting body: the
cap of the mushroom has a circular shape, redafisivn, concentric streaks

and a peculiar shiny appearance from which derives its scientific name
Ganoderma lucidunfSheena N et al. 2003). The stem may be in a vertical
position or oblique, but it is almost always eccentric and of the samar colo

as the hat or darkeFigure 20). For over 2000 years it has been used in
traditional oriental medicine, pureGhinesethanks to its multiple beneficial
effects as a therapeutic agent for health and longevity, showing great efficacy
in the treatment of many diseases including cancer (Jiang D et al. 2017). Due
to the beneficial properties of this fungus, the researchers fbati@ntion

on the study of its bioactive compounds present mainly in the basidiocarp
(basidiomycetes fruibody) in the mycelium and in the spores (Cifgrd et

al. 2014 Sanodiya BS et al. 2009

Different classes of bioactive substances have beeatesbbnd identified

from Ganoderma lucidum such as triterpenoids, polysaccharides,
nucleosides, sterqglsand alkaloids. Among all the various bioactive
compounds mentioned, triterpenoids and polysaccharides represent the main
constituents responsible fdhe anticancer activity of the fungus. The
potential role of the polysaccharides@dnoderma lucidunfGLPS) consig

of the targetingimmune cells andmmune correlated cells including B
lymphocytes, T lymphocytes, dendritic cells, macrophaayss naturbkiller

cells. Recent data suggest that GLPS suppresses tumorigenesis or inhibits
tumourgrowth through the direct cytotoxic effect and antiangiogenic actions
(Xu Z et al. 2011). Triterpenoids have antiproliferative, antimetastatic and
antiangiogenic aotity (Wu GS et al. 2013). More 4idepth studies have
already been started to better understand the molecular mechanisms of action
of the various compounds of the fungus and highlightoiteaviourof the

cells involved. The use dBanoderma lucidunextracs could be a new
therapeutic opportunity also in the treatment of breast cancer, melanoma and
as a support during chemotherapy, considering itsiaffdinmatory and
antimetastatic actions (Barbieri A et al. 2017). Literature data show that
ergosterol perxdde (EP) promotes anpiroliferative effects through {phase

cell cycle arrest, apoptosis induction via casg#3eactivation, and PARP
cleavage on triplmegative breast cancer cells (Martindantemayor MM

et al. 2019). Furthermor&anoderma luciduncan be associated with other
types of mycephytotherapuics in order to improve the conditions of
oxidative stress present in the organism, fundamental as a method of

10¢€



1. Review of the literature

prevention of other diseases (Rossi P et al. 2014). This represents a prime
example of bw an ancient remedy can take on great importance in the
modern era (Paterson RR 2006), whose next step will be to produce
medicines.

Figure 20. The lingzhi mushroom Ganoderma lucidum. Ganoderma luciduns

large, with a glossy exterior and a woody texture. The Latin Waidus means
fibrilliantd and refers to the varnished appearance of the surface of the mushroom
(WachtelGalor S et al. 2011).



2. Aims of the research

2 . Al ms of t he resear ch

The aim of this research was mainly to characterize the effects of the newly
synthesized platinurhased compound Pt(IV)ABOA (Prof. Osella,
Amedeo Avogadro University of Eastern PiedmoAtgessandria,ltaly)
evaluating whether the new platinum compound may be more efficient than
CDDPIn treating different tumours of NS. The analysis was carried out on
three different types of cells in order to increase the spectrum of analysis and
understand the possiapplications of the new compound.

1. In detail, two tumoral rat cell lines with different characteristics were
examined: the B50 neuroblastoma cell line, with staminal properties, and the
C6 glioma cell line, with differentiated features. Following tthentification

of the efficacious dose by flow cytometric techniques, the main cell death
pathways were analysed by electron microscopy, immunocytochemical
techniques and western blotFurthermore, in these two cell linethe
involvement of calcium was aluated in order to understamdpossible
indudion of cytotoxicity and the mechanisms of intracellular homeostasis
sustained by CBPs anthe PMCA pump. Finally, the effect of histone
deacetylase inhibition of the new prodrug was evaluated, analysinffeitis e

at both the molecular and ultrastructural cellular leselThis study was
conducted in expectation dtasible employof Pt(IV)Ac-POA in vivo, to
characterize the possible cytotoxic effects, especially during the development
stages of the CNS, whéine BBB is not fully formed.

2.In the second part of the study, U251 human glioblastoma cells were used.
The analyses carried out were based on the same approach described above,
to understand the different induced cell death pathways. However, in this
case the analysis focused on possible ngwitro treatmenttargets and
strategies, with a view to developing methods that can then guarantee a better
quality of life for the cancer patient. The different experimentation
approaches were based on differepitaborations:

Hadrontherapy with carbon ionsi(FFacoetti, CNAO, Pavia, Italygtudythe
effect of irradiation,discriminating the efficacy dose.v&8uating the
implementatiorof chemotherapgndhadrontherapyanalysis othelong-
termactionof treament
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Treatment with two different natural compounds to understand a possible
adjuvant action to conventional therapies, focusing on the possible
beneficial effects that could be useful in improving the QoL of cancer
patients:

The watery root extract ofaraxacum officinal€Dr. Veltri, ICS Maugeri Spa
IRCCS, Pauvia, Italy)

Ganoderma luciduAbased mycghytotherapuic supplement called
fiGanostil® (Miconet s.r.l.) Prof. Rossi, Neurobiology and Integrated
Physiology Laboratory, University of Pavia, Pauialy).

Finally, characterization of Ca-activated potassium channels order to
identify the mechanismsainderlyingproliferationandmigration of GBM
cells (Prof. Rossi, Neurobiology and Integrated Physiology Laboratory,
University of Pavia, Pavidtaly).
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3. Materials and met hods
3.1 Cell Culture

B50 neuroblastoma rat cells (Lombardy and Emilia Romagna
Experimental Zootechnic InstitutéZSLER, catalogue no. BS TCL 115) and
C6 glioma ratells (ATTC CCL 107, Rocklie, Md, USA) were cultured in
Dul beccobés Modi fied Eagle Medium ( DMEM)
glutamine, 1% penicillin/streptomycin and 10% fetal bovine serum (FBS).
Human U251 MG cell line (SigmaAldrich, Rome, Italy) was culted in
Eagl eds mi ni mal essenti al medi um ( EMEM
glutamine, 1% nomessential amino acids (NEAA), 1% sodium pyruvate, 10%
foetal bovine serum, 1% penicillin/streptomycin.
All cell culture reagents were purchased from Celbio s.p.a. anoclBoe
s.p.a. (Pero, Milan, Italy). All type of cell culture was maintained at 37°C in
a humidified atmosphere (95% air/5% §0O

3.2 Treatments
3.2.1 Pharmacological treatment

Twenty-four h before experiments, cells were seeded on glass
coverslips (200 0D cells) for fluorescence microscopy or grown in 7% cm
plastic flasks for flow cytometric, western blotting and ultrastructural analysis
at transmission electron microscope. Cell exposure to different treatment was
performed at 37C. To compare the effiency of the new prodrug ©©DDP
standard treatment, the administered concentration eMI@DDP (Teva
Pharma, Milan, Italy) was selected considering previaos vitro
investigations (Bottone MG et al. 2008) as welliasvivo experimental
designs (BottondIG et al. 2008; Cerri S et al. 2011), employing a single
subcutaneous injectiond. a single injection of fug/g b.w.) in 16days old
rats, corresponding to the therapeutic dose proposed by Bodenner et al. (1986)
and Dietrich et al. (2006), already usedclinical practiceCell lines were
exposure to platinum compounds according to the following protocols:

i) standard acute test (48h continuous treatment, CT) to P{?J2A or
CDDP, for all cell lines (B50, Céand U251);
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i) standardacute test (48ICT) to Pt(IV)Ac-POA orCDDP, followed by a
7 dayrecovery phase in drdgee normal DMEM, namely recovered
condition (only U251)

3.3.2 Carbon ion irradiation

Twenty-four h before experiments, U251 cells (400 000 cells) were
seeded on culte flask sterile on slide 18 x 50 mm (Thermo Scierffic
NuncE Lab-TekE ) for fluorescence microscopyigure 1A). Cell lines
were exposure for prgeatment to platinum compounds for 48h. At the
end of the préreatment U251 cells were irradiated wéhorizontal beam
according to the protocol envisaged for clinical aearbon ion therapy in
CNAO (Facoetti A et al. 2015; Mirandola A et al. 201Bhe flasks were
positioned vertically immersed in a container full of water, 15 cm deep from
the water srface Figure 1B, 1Q. The spreadut Bragg peak (SOBP),
homogeneous in terms of dose absorbed in water, of 6 cm of thickness, was
obtained with a modulation of the beam and of the pencil beam, using 31
different energies in the range from 2362 MeV/u.The LET at a depth of
15 cm is equivalent to about 46 keV/u. For this stulkg cellular samples
were irradiated with 2 Ggr 4 Gy. At the end of the experimettie medium
was discaed; samples were divided tm fistandard acute teéstand
firecovered coritiono (following the procedure described above). Finally,
samples were with 4% formalin for 20 min and piostd with 70% ethanol
at-20°C for at least 24 h for immunocytochemical procedures.
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Figure 1.Irradiation with carbon ions . A) Flask sterile on slide used for U251 cell
culture.B) Setup for the irradiation of cultured cells in the treatment room of the
CNAO FoundationC) The flasks were placed vertically, immersecthe water
chamber of the seip.

3.3.3Treatmentith naturd compounds

Before eachexperimentthe concentration to be used was evaluated
through MTS[3-(4,5-dimethylthiazol2-yl)-5-(3-carboxymethoxypheny2-
(4-sulfophenyl)2H-tetrazolium]assay on U251 cell lines
Briefly, the cell viability test was performedsing the CellTiter 96®
AQueous One Solution Cell Proliferation Assay (Promega) kit. A volume of
200¢L of cells was suspended at a density of 10 000 cells/well and transferred
to a 96well plate (0.1 ml per well) and incubated at ®7 for 24 h, in a
humidified atmosphere containing 5% of @CSubsequentlythe culture
medium was replaced with a fresh medium to then carry out the requested
treatment. As a control, cells incubated with the culture medium alone were
used, while for the treatment a range ancentrations was obtained
dissolving the compound in the specific culture medium for the cells under
examination. Each condition was repeated at least 4 times, to which 4 specific
Awhi t eso wer ewithnbrealizateors f @bsorbantes. difter the

112



3. Materials and methods

incubation time for 48 h at the treatment, the culture medium was replaced
with fresh medium and to each well 20 of MTS solution, previously
brought to RT, was added. This operation was performed in the dark and
subsequentlythe plates were incubatedrfabout 3 h at 37C. At the end of

the 3 h, the plates were read at 490 nm, using the ELx808TM Absorbance
Microplate Reader (Bidek Instruments, Inc.) plate reader. Percent cell
viability was calculated using the following formula:

Cell viability (%) =(Abs490 treated cells/Abs490 control cells) x 100
This protocol was executed in triplicate to obtain statistical data.

Taraxacum officinale treatment251 cells were first exposed to aqueous
extract of Taraxacum officinaleoot (from 694 mg of dandelioroot in 15

ml) alone for 48 FCT. Then was also evaluated the combinate effect of this
extract with Pt(IV)AePOA for 48 RCT. The concentrations tested were
chosen based on data already present in the liteatdne order to be within

the tolerability rage of healthy celldSigstedt SC et al. 2008; Zhu H et al.
2018).

Ganoderma lucidum treatmemt mhyco-phytotherapeuic supplement based
on Ganoderma lucidupcalledfiGanostil® (Miconet s.r.l, Italy) was used to
treat U251 for 48CT. The supplememompgition is echinaceachinacea
purpurea (L.) Moench., root) dry extract, eleutherococcus
(Eleuterococcussenticosu®Rkupr et Maxim) Maxim., root) dry extract,
ganoderma Ganoderma lucidum(Curtis) P.Karst., fungus) dry extract,
astragalus Astragalus memianaceusMoench., Root) dry extracbulking
agent: calcium phosphate; antiking agent: silicon dioxide, magnesium salts
of fatty acids.The tested concentratiovaschosen considering the maximum
daily dose recommendeahd based on the effect tme primary culture of
human fibroblasts were cultured in RPMI 15% FBS, supplemented with 1%
L-glutamine, 1% penicillin/streptomycin.

3.4 Flow cytometry

After 48hCT of treatment, cells were detached by mild trypsinization
(0.25% in phosphatbuffered salinePBS, with 0.05% EDTA) to obtain
singlecell suspensions to be processed for flow cytometry with a Partec PAS
Il flow cytometer (Minster, Germany), equipped with argon laser excitation
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(power 200 mW) at 488 nm. Data were analysed with the-ipudoftware
(Flowmax, Partec).

3.4.1 Cell cycle analysis

Cells were washed in PBS, permeabilized in 70% ethanol for 10 min,
treated with RNase A 100 U mlL and then stained for 10 min at room
temperature (RT) with Propidium lodide (P1) f§ mL-1 (SigmaAldrich,

Milan, Italy) 1 h before flow cytometric analysis. Pl red fluorescence was
detected witha 610 nm longpass emission filter. At least 20 000 cells per
sample were measured to obtain the distribution among the different phases
of the cell cycle and the percegeaof apoptotic cells.

3.4.2 Identification of apoptotic cells with Annexin V assay

Singlecell suspensions, obtained as described above, were incubated
with Annexin V-FITC (Annexin FITC Apoptosis Detection Kit, Abcam,
Italy) for 10 min in the dark at RTPI was used as a counterstain to
discriminate necrotic/dead cells from apoptotic cells. Fluorescence was
revealed by means flow cytometry at 488 nm excitation and with 530/30
(FITC) and 585/42 nm (PI) barghss emission filters.

3.5 Ultrastructural analysis at TEM

Control cells and treated were harvested by mild trypsinization (0.25%
trypsin in PBS containing 0.05% EDTA) and collected by centrifugation at
800 rpm for 5 min in fresh tubes. The samples were immediately fixed with
2.5% glutaraldehyde ioulture medium (2 h at RT), centrifuged at 2000 rpm
for 10 min and washed several times with PBS. Later, samples were post
fixed in 1% OsQfor 2 h at RT and washed in water. The cell pellets were
preembedded in 2% agar, dehydrated with increasing ctratiems of
acetone (30, 50, 70, 90 and 100%, respectively). Finally, the pellets were
embedded in Epon resin and polymerized &®&6or 48 h. Ultrathin sections
were obtained with ultramicrotome Rechter, then located on nickel grids and
stained with urayl acetate and lead citrate. Sections were observed under a
Zeiss EM 900 transmission electron microscope operating at 80kV. The
plates, after being developed, have been computerized through Epson
Perfection 4990 Photo scanner at a resolution of 800rpiten processed
using the Epson Scan software.
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3.6 Western blotting

Treated and control cells were washed twice with PBS and lysed in
RIPA (Radioimmunoprecipitation assayuffer (Tris HCI 1M pH 7.6, EDTA
0.5M pH 8, NaCl 5M, NP40 Nonidet 100%, with thddition of proteases
and phosphatases inhibitors &4or 30 min. Proteins were quantified using
the Bradford reagent (Sigma Aldrich, Italy). Samples were electrophoresed in
a 15% SDSPAGE minigel and transferred onto a nitrocellulose membrane
(BioRad, Hercules, CA) by semidry blotting for 1.30 h under a constant
current of 60 mA. The membranes were saturated for 30 min with PBS
containing 0.2% Tweef0 and 5% skimmilk andincubated overnight with
antibodyreported inTable 1. After several washes witRBSTween, the
membranes were incubated for 30 min with the proper secondary antibody
conjugated with horseradish peroxidase (1:2000, Dako, Italy).
Immunoreactive bands were detected with the reagent LumiBata
Crescendo (Merk Millipore, Billerica, MA), &ording to the appropriate
instructions, and revealed on Amersham HyperfilmTM ECL (GE Healthcare,
Little Chalfont, UK) slabs. The density of the protein bands was normalized
with the respective actin and subsequently with the loading control using
ImageJ eftware.

Table 1 Antibodes used in wstern blat

Primary antibody Dilution

PCNA Mouse monoclonal [PC10] arfICNA ~ 29 kDa(Abcam, Cambridge, 1:5000
USA)

Acetyl-H3 Rabbit polyclonal antiHistone H3~ 17 kDa (acetyl K9) @bcam, 1:500
Cambridge, USA)

PARR1 Rabbit monoclonal arfPARR-1 ~ 116 kDa full length, ~ 89 kDa cleave 1:1000
(Cell Signaling Technology, Danvers, USA)

Calbindin Mouse polyclonal arttalbindin D28k ~ 28 kDa(Swant, Switzerland) 1:100

Calmodulin Rabbit polyclonal antCalmodulin [EP799Y] ~ 17 kDa (Abcam, 1:500
Cambridge, USA)

Calretinin Rabbit polyclonal antCalretinin~ 29-30 kDa(Swant, Switzerland) 1:1000

PMCA1 Rabbit polyclonal amPMCA1 ~130-134 kDa (Abcam, Cambridge, 1:1000
USA)

Actin Mouse monoclonal antictin ~ 43 KDa (Developmental Studie 3:500

Hybridoma Banklowa City, USA)
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3.7 Evaluation of C&*-activated potassium channels BK and Kir4.1

3.7.1 Wound healing assay

For the celimigration assay, U251 cells were seeded on glass coverslips
(22x 22 mm) located in cell culture dishes %0 mm). Once the cells have
reached 90% confluence, a disposable pipette #ipl(¥olume) was used to
scratch wounds on the midline of the colipréigure 2).
Therefore, withdwas indicated the time at which the scratch was made, while
with t was specified the condition after 24 h from scrafdiese samples
were performed in duplicate both notvasive perforating patch experiments
in wholecell conditions (BAngelo E et al. 1998 and fluorescence
immunocytochemical experiments following the standard protocol. The study
was focused principally on the cells definedfpslarized, a morphology
often associated with migration, whictagsdetected at the scratch level.

t, t,
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Figure 2. Experimental condition of wound healing assayito represents the
condition immediately after the scratch.identifies coverslip after 24 h from
scratch. To note, the schematic drawing describes the presemograted cells in

scratch.

3.7.2 Analysis of C&-activated potassium channels localization

U251 @lls were grown in 75 cfnflasks harvested using mild
trypsinisation and collected by centrifugation as desdriabove. The
samples were immediately fixedttv 2% formaldehyde in PBS (2 &t RT),
centrifuged (2000 rpm for 10 min) and washed with PBS. The cell pellets
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were preembedded in 2% agar and dehydrated with increasing
concentrations of ethanol (30, 50, 70, 90 and 100%). Finally, the pellets were
embkedded in LRwhite resin (SigmaAldrich, Italy) and polymerised at 6C

for 24 h.

Ultrathin sections were obtained using ultramicrotome Rechter and then
placed on nickel gridsThe grids were floated on normal goat serum (NGS)
diluted 1:100 in PBS for 3 miat RT and incubated with rabbit polyclonal
antrKCal.1 or antiKir4.1 antibody Table 2) overnight at £C. The primary
antibody was diluted 1:200 and 1:100, respectively, in PBS containing 0.1%
Bovine Serum Albumin (BSA) and 0.05% Tween 20. The sampka®
rinsed with PBSTween two times for 5 min and equally with PBS. After
incubation in NGS (1:50 in PBS) for 5 min at RT, the grids were treated with
the specific secondary antibody (Jackson ImmunoResearch) coupled with
colloidal gold of 6 nm diluted 12in PBS for 30 min at RT. The sections
were rinsed with PBS for 5 min twice and then witfOH

Sections were then stained for ribonucleoproteins (RNPs) following the
regressive EDTA technique procedure. The grids were incubated in uranyl
acetate for 2 minn EDTA for 10 sec to remove uranyl from DNA and finally

in lead citrate fothe other 2 min.

Lastly, sections were observed under a Zeiss EM 900 transmission electron
microscope operating at 80kV, computerised through Epson Perfection 4990
Photo scanneat a resolution of 800 dpi, and then processed using the Epson
Scan software.

3.8 Immunocytochemical reactions athe fluorescence microscope

Control and treated celNgeregrown on coverslips were fixed with 4%
formalin for 20 min and podtxed with 70%ethanol at20°C for at least 24
h. Samples were rehydrated for 10 min in PBS and then immunolabeled with
primary antibodiesliluted in PBSfor 1 h at RT in a dark moist chamber.
After 3 washes in PB®Sf 5 minutes eachcoverslips were incubated with
seondary antibodiesin PBS (:200, Alexa Fluor,Molecular Probes,
Invitrogen)for 45 min. At the end of the incubation and after other washing
in PBS, sections were counterstained for DNA with @glmL?! Hoechst
33258 (Sigma&ldrich, Milano, Italy), washedavith PBS, and mounted in a
drop of Mowiol (Calbiochem, Inalco, Italy), for fluorescence microscopy
analysis. An Olympus BX51 microscope equipped with a\AW0éhercury
lamp was used under the following conditions: -38% nm excitation filter
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(excf), 400 nndichroic mirror (dm) and 420 nm barrier filter (bf) for Hoechst
33258; 450480 nm excf, 500 nm dm and 515 nm bf for the fluorescence of
Alexa 488; 540 nm excf, 580 nm dm and 620 nm bf for Alexa 594. Images
were recorded with an Olympus MagniFire camerdesysand processed
with the Olympus Cell F software.

Primary and secondary antibodies used for immunocytochemical reactions at

thefluorescence microscope aeported inTable 2

Table 2 Antibodies used for immunofluorescence reactions

Primary antibody Dilution Secondary antibody

Caspas® Rabbit polyclonalanticaspas® (Cell 1:200 Alexa 594conjugated arviabbit
Signaling Technology, Danvers, USA) antibody

CaspasS Rabbit monoclonahnti-caspase (Cell 1:200 Alexa 594conjugated arviabbit
Signaling Technology, Danvers, USA) antibody

PARR1 Rabbit monoclonalant-PARR1 (Cell 1:200 Alexa 594conjugated antrabbit
Signaling Technology, Danvers, USA) antibody

Caspase Rabbit nonoclonalanti-caspase (Cell 1:100 Alexa 594conjugated arviabbit
Signaling Technology, Danvers, USA) antibody

RIP1 Rabbit plyclonal antiRIP1 (Santa Cruz  1:200 Alexa 594conjugated arviabbit
Biotechnology) antibody

MLKL Mouse monoclonal AmMLKL 1:200 Alexa 594conjugated antmouse
Antibody, clone 3HYSigmaAldrich) antibody

Golgi Human autoimmune serum recognizii  1:200 Alexa 594conjugated arthuman
proteins of Golgi Apparatu’s antibody

Mitochondria | Human autoimmune serum recognizii  1:200 Alexa 594conjugated arthuman
the 70 kDa E2 subunit of the pyruva antibody or Alexa 594conjugated
dehydrogenase compléx antrhuman antibody

LC3B Rabbit mlyclonal antiLC3B (Cell 1:400 Alexa 594conjugated antrabbit
Signaling Technology, Danwg USA) antibody

p62/SQSTM1  Mouse monoclonal antip62SQSTM1 1:100 Alexa 488conjugated antmouse
(Abcam, Cambridge, USA) antibody

Lysosomes Human autoimmune serum recognizii  1:400 Alexa 488conjugated arthuman
lysosomabproteinase antibody

PCNA Mouse monoclonal [PC10] arfCNA 1:200 Alexa 594conjugated amtmouse
(Abcam, Cambridge, USA) antibody

Active-Cdc42 = Mouse monoclonal an#ctive Cdc42 1:100 Alexa 488conjugated antmouse
(BIOMOL GmbH, Hamburg, Germany) antibody

Acetyl-H3 Rabbit polyclonal anti-Histone H3 1:200 Alexa 488conjugated arviabbit
(acetyl K9) @bcam, Cambridge, USA) antibody

BK channel Rabbit polyclonal antKCal.l 1:200 Alexa 594conjugated arviabbit
(KCNMA1) (Alomone Labs, Jerusalen antibody
Israel)

KIR4.1 Rabbit polyclonal antKir4.1 (KCNJ10) 1:100 Alexa 594conjugated arti rabbit

channel (Alomone Labs, Jerusalem, Israel) antibody

Bcl-2 Rabbit polyclonal antiBcl-2 (N-19) 1:200 Alexa 594conjugated antrabbit

(Santa Cruz Biotechnology)

antibody

11¢



3. Materials and methods

Bax

AlIF

NOS2

COX2

Calbindin
Calmodulin
Calretinin
Parvalbumin
PMCA1
Gtubulin

Actin

(®Santin G et al. 201?;Bottone MG et al. 2008)

Rabbit polyclonal antiBax (Cell
Signaling Technology, Danvers, USA)

Rabbit polyclonal amntAlF (Cell
Signaling Technology, Danvers, USA)

Mouse monoclonal anrtlOS2 (G11)
(Santa Cruz Biotechnology)

Mouse polyclonal arHCOX2 (M-19)
(Santa CruBiotechnology)

Mouse polyclonalanti-calbindin D28k
(Swant, Switzerland)

Rabbit  polyclonal anti-Calmodulin
[EP799Y] (Abcam, Cambridge, USA)

Rabbit  polyclonal anti-Calretinin
(Swant, Switzerland)

Rabbit  polyclonal anti-Parvalbumin
(Abcam, Cambridge, USA)

Rabbit polyclonabnti-PMCAL (Abcam,
Cambridge, USA)

Mouse monoclonal anti+tubulin (Cell
SignalingTechnology, Danvers, USA)
Alexa 488Phalloidin /Alexa 594
Phalloidin (Molecular
Invitrogen)

Probes,
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3.8.1 Immunofluorescence quantification

After

immunocytochemical

Alexa 594conjugated
antibody

Alexa 594conjugated
antibody

Alexa 594conjugated
antibody

Alexa 594conjugated
antibody

Alexa 488conjugated
antibody
Alexa 488conjugated
antibody
Alexa 488conjugated
antibody
Alexa 488conjugated
antibody
Alexa 488conjugated
antibody
Alexa 488conjugated
antibody

artiabbit

artiabbit

artmouse

artmouse

artmouse

ardiabbit

andrabbit

andrabbit

ardfabbit

artimouse

reactionsimages acquisition was

performed by Cell F softwareTo make the fluorescence intensity
comparable, during image acquisition the exposure time to desrgisingle
fluorescence was selected based on the cosdirapleand then maintained
constant for the respective experimental conditions, thus avoiding the
insertion of any variables in the analysi$ie fluorescence intensity of the
proteins of interest asanalysed with the ImageJ software. The channels of
each fluorecence have been split to obtain the single images in a greyscale
where the minimum value is 0 (black) and the maximum value is 255 (white),
as shown in the lower right panel reportedFigure 3. Then the mean values
were normalized to control and expredsn percentage.
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File Edit Image Process Analyze Plugins Window Help

aloja|o|~|&)s N A« @ Qloy s|a]”

Figure 3. Screenshot othe software ImageJ working area.Greyscale used to
measure the fluorescence intensity signal. The greyscale is included in a range that
goes from 0 which represents the minimum value (black) and 255 whichawefsres

the maximum value of signal intensity (whitélhe yellow line indicatesthe
measurement area.

3.9 Statistical analysis

Each experiment described above, on which a statistical evaluation was
performed, was carried out as three independent replid¢atearticular, for
the immunofluorescence quantifications, three independent experiments were
performed for each condition related to the marking of interest. Subsequently,
for each condition, 11 quadrants were evaluated for a random analysis of cell
fluorescenceln the end, the values obtained were expressed asHriaiaki
(standard error of the mean). Data differences were analyzed for statistical
significance utilizing Studef# t-test or with onavay ANOVA and post hoc
Bonferronts test (software pacga GraphPad Prism Incj).values ranging
from < 0.001 to < 0.05 were considered statistically significant

12C
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4. Resul t s

4.1 The effect of Pt(IV)AcPOA on B50 neuroblastoma rat cells

Based on the ability test dataobtained on the B50 rat neuroblastoma
cell line(Randone B et al. 2018), some concentrations of intef&{I\V)Ac-
POA have been testdace. 10, 4 and JuM. Control and treated samplesre
analysed by cytofluorimetric techniquesevaluate the efficacy of the new
platinumbased compound Effects of CDDP exposureon rat B50
neuroblastoma cellsave already been extensively investigataditerature
(Bottone MG et al. 2008; Grimaldi M et al. 2016, 2019; Santin G et al. 2011,
2012, 2a3).

4.1.1 Cell cycle distribution

In Figure 1 the data of 48CT to Pt(IV)Ac-POA at different
concentrations (10, 4 andeM) are reported. The cytogramspresent the
distribution of DNAIn treatedcellsafter Pistaining,compared tahe control
condition (CTR) Untreated cells were distributed among tikerent cell
phases (g S, G), thepresence of a large phaselenotedhat the cells were
proliferating. Conversely, the treatment with 01 48hCT intensely
modified the histogram distributionf.o note, the presence @ massive
number of cells irnthe subG: peak(dead cells), while G S, and G phases
were almostacking After 4eM 48h-CT the subG;: peak was still evident,
while the presence ofi@&nd S peaks and the absence ppé&ak indicatirg
an arrestof proliferation. After 1eM 48h-CT, the cellsredistributed in the
different phases dhecell cycle, with a small suls; peakstill visible.
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1uM
4 uM
10 uM
100 CIR
80+
40~
0 50 100 DNA-PI

Figure 1. Flow cytometry after PI stainingCytograms of DNA content in B50
control cells (CTR) and treated for 48T with Pt(IV)Ac-POA at different
concentrations (10, 4 anduM).

4.1.2 Ultrastructural analysis

The ontrol cell (Figure 2a), exhibited a healthy nucleus with
decondensed chromatamd an evidentnucleolus After 48-CT to Pt(IV)Ac-
POA at 10 ¢eM strong subcellular disorganization and disaggregation of
organelles and cytoskeletal components were obserseggesting the
activation of necrosis(Figure 2b). Moreover, the fragmentation dhe
nucleus and highly condensed chromatin (karyorrhexis) were also detectable.
Treatmentsat 1 ¢eM (Figure 2¢) and, even moregt4 uM (Figure 2d) seem
to promotetheautophagyathway A reductionin nucleus volume (pyknosis)
and an increase of lysosomes and autophagic vacuole were obdarved.
addition, ®me vac
uolesincludedmembranous cytoplasmic residues in the degradation phase,
which can beascribableto autophagosome# Figure 2e and 2f a cdl in
apoptosis and necroptosrespectivelywere evidencedfter treatment with
Pt(IV)Ac-POAat 4uM.
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Figure 2. Ultrastructural analysis at electron microscopy.a) B50 cell inthe
control conditionb) B50 cell after 48KCT with Pt(IV)Ac-POA at 10uM. c) B50
cell after treatment 486 T with Pt(IV)Ac-POA at 1uM. d), e), f)B50 tradeecells
for 48hCT at 4uM Pt(IV)Ac-POA. Imagesl-f show examples af) autophagye)
apoptosis, anf) necroptosis. Bars: 1&m.

» Y

4.1.3 Flow cytometric analysiby Annexn Vassay

A test with Annexin V/PI staining was performéal investigatethe
possiblanduction of apoptosis after 4 and 181 48-CT with Pt(IV)Ac-POA,
the concentrations at which the compound was most effec¢tigare 3
showsa high numberof vital cellsin the control, while after treatmerttss
value decrease drastically. At 4 pM an increase of late apoptotic cells
compared to control (6260.8vs2.1+ 0.2) was observednstead 810 uM
48-CT, necrotic cellsstronglyincreased compared topM 48hCT sample
(45.79+ 0.32vs 10.88+ 0.44). For this reason, the concentration pi\tof
Pt(IV)Ac-POA was chosen hereafter for the standisdtment with the new
compound.
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1000 1000

PL(IV)Ac-POA 10 uM
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FL1- Annexin V-FITC FL1- Annexin V-FITC
1000 €A Q1: necrotic

Pt(IV)Ac-POA 4 uM £33 Q2: late apoptotic

B3 Q3: live cells
M Q4: early apoptotic

100

cells number (%)

i 2 , .
0.1 1 10 100 1000 CTR P(IV)Ac-POA  Pt(IV)Ac-POA
FL1- Annexin V-FITC 10 uM 4 uM

Figure 3. Dual parameter cytograms of Flfl@belled Annexin V (FL1) versus PI
staining (FL3) of the controlCytograms represent control cellSTR) andtreated
cells48-CT with Pt(IV)Ac-POA at 10or 4 uM. Thebar charrepresentthe average

of three independent experimeatsishows the percentage of Annexin V/PI positive
cells * Statistical significance between control and Pt(IVROA-treatedcells 10
UM, and 4 uM, respectively “statistical significance between the two treatments
Pt(IV)Ac-POAat10 uM vsPt(IV)Ac-POAat4puM. | val ues (¥ g*=**) < 0.
0.001; %) <0.01

4.1.4 Activation otlifferentapoptotic pathways

The activation of cell death pathways, following treatment thigdhnew
compound was analysed bymmunocytochemical reactionstudyingthe
mainproteins involved in these process&fer immunolabelingFigure 4),
in control cellsBaxwas present irthe cytoplasm and not colocalize with the
mitochondria. On the contrary, afté8h-CT with Pt(IV)Ac-POA at 4uM,
thedistribution of Baxabelingwas detectablatthe mitochondridevel with

124



4. Results

a clear colocakation of both related fluorescencd~urthermore,the
expression of Bax increasdé treatedcells compared to controgspecially
in cells withanapoptotic nucleus whichBax fluorescence increaselso,

a redwing in cell size was evident afterexposure to Pt(IV)AOA,

moreovesthe mitochondria Idgheir elongated morphologndclusteed as
suggested by an increase in fluorescence in the perinuclear area.

Mitochondria Merge

O CTR
[ Pt(IV)Ac-POA 4 uM

CTR

Pt(IV)Ac-POA

»n

o

1=
)

»n

o

o
1

*kk

-

o

1=
1

-

o

o
L

o
2=
1

Fluorescent intensity (%)

0

Figure 4. B50 control cells (CTR) and after treatment with Pt(IV)ABOA 4¢M.
Mitochordriaz green fluorescence,Bax: red fluorescence Hoechst 33258
counterstaining for the nuclei (bludhserts showa detail of immunadbelling in

control and in apoptotioucleuscells. Bars: 40em. The kar chartshows the
percentage of mean fluorescence intensity per cells normalised to cBritral.d e nt 6 s

t-test: *gatisticalsignificancebetweercontrolandPt(IV)Ac-POA;} v a(**t)e s :
0.001.
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The images ifrigure 5show double immunolabeling for B2land the
mitochondria. Following treatment with Pt(IV)A2OA at 4¢M for 48h-CT,
reduced labeling of B&€ and an increase of apoptosiss observed
Furthermore it was no longer possible to observe colocalization of2B
fluorescenceat mitochondriacompared to control conditiomn addition in
treated cellsthe mitochondria appead smaller and more rounded, with a
clearaggregatiorat the perinuclear level.

Mitochondria Bcl-2 Merge

CTR

<
@]
o
o
<
>
=
=
o
Bcl-2
250
) 3 CTR
> 200 Pt(IV)Ac-POA 4 uM
2
S 150
=
g 100+ dokk
?
[
S 50
=
E -
0 T

Figure 5.B50 cells in control condition and after-&@¥ with Pt(IV)Ac-POA 4¢M.
Mitochondria: green fluorescence, Bl red fluorescence and Hoechst 33258
counterstaining for the nuclei (blue). Inserts shidetail of immunadbelling in
control and in apoptotic cells. Bars: 4. The kar chart showthe percentage of
mean fluorescence intensity per cells normalised to control ((§R)u d &test: 6 s
*statisticalsignificancebetweencontroland Pt(IV)Ac-POA-treated cellsy values:
(***)< 0.001.
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In B50 control cells the AIF immundabeing colocalizel with the
mitochondria(Figure 6). After treatment with Pt(IV)APOA at 4eM for
48hCT, the fluorescence related to A¥as no associated with labeling for
mitochondria butwas foundat thelevel of thenuclaus, which following
treatmentappeaed fragmented and with apoptotic features.

The difference in morpholggof the mitochondria, between the B50 control
cells and those exposed to treatmerds significant.In control conditions
the mitochondria colocalizewith the AIF protein, witha fusiform aspect
and with cytoplasmic localizatiorin contrast, dllowing Pt(IV)Ac-POA
treatmen the mitochondria Idsheir structure and arrangi¢ghemselves on
the periphery of the nucleu§.o note, asfluorescent signakuggested,
mitochondria colipsedin dense masses around the nucleus.

Mitochondria Merge

Figure 6. B50 cells in control condition and after treatment with Pt(I\2QA 4
eM. Mitochondria: green fluorescenc&l|F: red fluorescence and Hoechst 33258
counterstaining for the nuclén(blue). Inserts shova detail of immunadbelling in
control and in apoptotic cells. Bars: gf.

To corroborate the data obtaindtle activation ofthe intrinsic apoptotic
pathway was assessed by immunocytochemical detection for active
caspas®,-3 and forPARP-1 was performed.

In the control condition, cells were nehmunopositivityto activecaspas®

or -3, as testified by the presence of only viable c@figure 7). In this
condition, the actin cytoskeletal was weditructuredin filaments within all
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cytoplasm. After treatment, the cells underwent apoptosis: the
immunopositivity of bothactive caspas® and caspasg was increaseds
demonstrated also by the quantificatdaavedcaspase positive cells In

this condition, cell morphology was alterdde cells had a round shape and
their nucleus appeared fragment&de actin cytoskeleton collapsed, with in
homogeneous distribution localized around the nucleus.

caspase-9 + actin  caspase-3 + actin

CTR

Pt(IV)Ac-POA

Caspase-3” cells
100- 3 CTR
Pt(IV)Ac-POA 4puM

n° caspase-3" cell (%)

0 [ T !

Figure 7. B50 cells in control condition and after treatment with Pt(I\2QA 4
eM. Active caspasé® and-3: red fluorescence, actin: green fluorescehtechst
33258 counterstaining for the nuclei blue). Bars: 2Em. The bar chantepresents
the number ofcleaved caspas& positive cells.St u d et-test: 6*gatistical
significancebetweercontrolandPt(IV)Ac-POA-treated cells} values: (**)< 0.01.
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PARP-1, involved in DNA damage repair processes, actssasvival factor

in the presence of low levels of DNA damage, whereas extensive DNA
damage promotes cell death (Vilragaind Szab& 2002). During apoptosis

the longer fragment moves from the nucleus to the cytosol, due to its lower
DNA-binding affinity (Chaitanya GV et al. 2010).deed when severe DNA
damage is preserdgctive caspase& cleaves PARR in two fragmentsp89

and p24 (Aredid and Scovasshl 2014 SoldaniC et al 200]). Therefore

p89 is considered an apoptotic marker, that was evaluated by
immunocytochemistry.

In control cellsPARP-1 was found colocalized in nucjean the contraryin
treatedcells it moved to the cytoplasm in late apoptotic cells, where nuclei
resulted clearly fragmented. The cytoskeletal tubulin showed alteraftens
exposure to Pt(IV)A®OA and formed aggregatesp longer able to give
structure to the cellFigure 8). The presence dPARR1 cleaved form (89
kDa), and consequently the activatiortledintrinsic apoptotic pathway, was
confirmed by western blot.



4. Results

a-tubulin PARP-1 Merge
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Figure 8. Double immunocytochemical detection in control (CTR) and-@8hto
Pt(IV)Ac-POA at 4uM treatedB50 cells. PARR1: red fluorescencel}tubulin:
green fluorescence, Hoechst 33258 counterstaining for the nudbkué). Bars: 20
um. Western blot analysis shows the bsiofl full-lengthPARR1 (116 kDa) and
cleavedPARR1 (89 kDa) compared to the loadi control (CTR) and actin (43
kDa).

Caspas® is implicated in the extrinsic apoptotic pathwagnd its
activationwas evaluated btheimmunofluorescence technigue Figure 9,
a high increasea thenumber ofactivecaspase positive cellsvasdetected
in treateccells compared to control conditiore those cells that have shown
immunolabeling forcleavedcaspase, it was possible to observe the loss of
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the structure of the tubulin cytoskeleton, which collapses around the apoptotic
nucle.

a-tubulin caspase-8 Merge
v I
}_
O - - -
< -
o
o
o)
<
=
a

Figure 9. B50 control cells (CTR) and 48FCT to Pt(IV)AcPOA at 4uM treated
cells. Active caspase: red fluorescencelJtubulin: green fluorescence, Hoechst
33258 counterstaining for the nuclai blue). Bars: 20 pm.

To confirm the activation of theextrinsic apoptotic pathway, an
immunocytochemical detection of RIRas performedRIP1is involved in

a preliminary stepf thenecroptosiprocesswhichis promoedinter alia by
oxidative stress (Hitoml et al 2008) Necroptosis is orm of cell death that

is activatedby the autophosphorylation of RIP1, which is a casf@ase
substrate, and RIP3, thus forming a necrosis complex E&engl 2007).In
control cells Figure 10), RIP1 was expressed in the cytoplasm with a
homogeneous distribution, but the treatment caused a redistribution of RIP1
from the cytoplasm to a perinuclear zone, indicating that active RIP1
translocated from the cytoplasm, whi@ppeareddestroyedin tardive
apoptosis.
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a-tubulin RIP1 Merge

CTR

Pt(IV)Ac-POA

Figure 10. B50 controlcells (CTR) and 48FCT to Pt(IV)AcPOA at 4uM treated
cells. RIPX red fluorescencelUtubulin: green fluorescence, Hoechst 33258
counterstaining for the nuclen(blue). Bars: 20 pm.

4.1.5Evaluation ofautophagy

Autophagy is dorm of cell death, but which can also represent a cell
survival strategy in some stress conditidhe ubiquitinrlike protein LC3 is
cleaved at its @erminus to form LC3H, which is then conjugated with
phosphatidylethanolaminia the autophagosome membrane to form LE3B
Il (KabeyaY et al 2000), suggesting the activation of autophagy, which can
contribute totype Il cell death.LC3B-I is involved in autophagosome
formation and interactswith another essential protein p62/SQSTMiter
immunoreactionin control cells, LC3B walcatedin the cytoplasm and did
not colocalize with lysosomgsesenin the cytoplasm. On the contrary after
48-CT to Pt(IV)Ac-POA at 4uM, LC3B moved mostly into the cytoplasm of
cellswith altered morpblogy, compared to control cellBigure 11). In early
apoptosis LC3B colocalized with lysosomes in the cytoplasm, whereas in late
apoptosis there was no colocalizatiand lysosomesumberdecreased.
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Lysosomes LC3B Merge

Figure 11.B50 control cells (CTR) and 488T to Pt(IV)AcPOA at 4uM treated
cells. LC3B: red fluorescence, lysosomes: green fluorescence, Hoechst 33258
counterstaining for the nuclaen(blue). Bars: 2@um.

CTR

Pt(IV)Ac-POA

4.16 Effects of Pt(IV)Ad°OA on intracellular organelles

The action of Pt(IV)Ac-POA was also evaluatedn cytoplasmic
organelles, such as Golgi Apparatus and mitochondria. In control cells
(Figure 12A), immunofluorescence for GolgiApparatus appeared
homogeneous with a perinuclear localization whiletthmilin cytoskeleton
maintained its organization. Aftet8-CT, cells underwent death showing
evident alterations. Itreatedcells the nucleus wafragmented,and the
tubulin cytoskeleton collapsed around it; Golgi Apparatus lostulsitiar
connections,spreadingin the cytoplasm. In controtells, mitochondria
appearedvith a spottedike shapeandlocalized inthe cytoplasm near the
nucleus (Figure 12B). Compared to control, treated celbxhibited
mitochondria with evident morphological alterations, resulting in
homogeneoudluorescence and clusteation in dense masses around the
nucleus.Also, in this case, actin cytoskeleton underwent strong alterations
collapsing around fragmented nuclei
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a-tubulin Golgi Apparatus Merge
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Figure 12. A) Double immunocytochemical detection G&lgi Apparatus(red
fluorescence) andctin(green fluorescencéy control and 4B-CT Pt(IV)Ac-POA

at 4 uM treatedcells. B) Double immunocytochemical detection of mitochondria
(red fluorescence) antl+tubulin (green fluorescence) in control and 48h
Pt(IV)Ac-POA at 4uM treated cells. DNA was counterstained with Hoechst 33258
(in blue). Bars: 20um.
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4.1.7 Evaluation of CBPs after treatment with Pt(I\\JA@A

To evaluate the effects, followidBh-CT Pt(IV)Ac-POA 4uM, on the
expression ofCBPs in B50 cells immunocytochemical reactions were
conducted to highlight the proteins involved @&* homeostasisThis
preliminary study also investigated the effects induced by the treatment with
CDDP, at the condition o#8hCT at 40uM, as there is no data in the
literature concerning the action of CDDR CBPsin rat B5S0 neuroblastoma
cell line. The double immunoeetions were carried on marking the
respectively CBPs (green fluorescence) and actin cytoskeleton (red
fluorescence)Kigure 13). In addition, to betteunderstand the qualitative
data, quantification of each CBPs fluorescent signal intensity was performed
(lower part ofFigure 13).

Typically expressed in interneurgnsn control cells the PV
fluorescence was cytoplasmiehile following 48hCT with CDDP 40 uM
or with Pt(IV)Ac-POA 4 uM, proteinassociated labeling was still
cytoplasmic, but a higheelatedfluorescencéntensitywas observed in cells
treated withCDDP compared to treatment with Pt(IV)AROA Moreover
after treatment withCDDP and Pt(IVAc-POA, cells that underent cell
death have a fragmented nucleus and the actin cytoskeleton loses its
morphology, collapsing around the nucle@aantitative analysishowed a
statistically significant reduction in the fluorescence intensity oPWeignal
after Pt(IV)AcPOA compared t&€DDP-treated ana@ontrolcells

CRis a cytosolic buffeng protein implicated in the modulation G&*
homeostasis and neuronal excitability Figure 13, in control cells CRis
homogeneously distributed in the cytagm. Followingd8h-CT with CDDP
40 uM or with Pt(IV)Ac-POA 4 uM, proteirassociated labeling/as still
visible at the cytoplasmic leveshowing an increase in its fluorescence
intensity In control conditionthe cytoskeleton appears well structyred
converselyafterbothtreatmers, cells show evident structural alteraticar
fragmented nucleitypical of cell deathBar chatdisplayeda statistically
significant increase in the fluorescence intensitthefCR signal whichwas
observed after both treatmentscompared to the control sampleslo
differences between CDDBRNd Pt(IV)AcPOA-treated cells were observed.
CaM is a ubiquitousCBP involved in the regulation a$everalbiological
processesincluding energy metabolism, cell motiljtgnd exogtosis. The
image presented irigure 13displaysa double immunolabeling for ®and
actin cytoskeletonIn B50 control celland afer 48h-CT with CDDP at 40
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MM or with Pt(IV)Ac-POA at 4uM, the labeling folCaM was diffusedin the
cytoplasm In detail, the CaM fluorescence signal was increased in cells
treated with RIV) Ac-POA compared to control cells and treated with CDDP,
as confirmed by the quantitative analysis of fluorescence intensity
Immunolabelingfor the actin cytoskeleton displayedhorphologcal and
structural alterations of the cytoskeletoomponent after both treatments.
Indeed compared to control cells in whithe actin cytoskeleton fiba well
defined and regular organization in thin filamerfédowing treatment with
CDDP and Pt(IV)AcPOA, changs in cell morphology and cytoskeleton
werevisible, associated tthe fragmentedchucleus in apoptoticells

CB is involved in the development of neurons, neurite elongation and
the growth and formation of dendritic spinébe image presented Figure
13 shows a double immunolabeling forEBCand actincytoskeletonjn B50
control cells the labeling fo€B protein was recorded at the level of the
cytoplasm while ater 48hCT to CDDPat 40uM or to Pt(IV)Ac-POA at 4
UM, the fluorescence relative to theB was still in cytoplasm, buta
significantincrease in fluorescenaetensity was observeespeciallyafter
exposure to CDDRn addition,between control B50 cells and those exposed
to both treatmentssome differencewere evaluated in cell morphologio
note, control cells actin cytoskeleton hh the typical well-defined
organizationjnstead, following treatmesjtthe nucleus appezafragmented
in apoptotic cells and cytoskelet@hanges weralso visible. ladeed the
actin cytoskeleton appears to be collapsed and perinuclearly localized.

All thesepreliminarydata obtained by immunofluorescence reactions
were then corroborated by western blot analyidie data obtained, shown in
Figure 14, were found to be in linevith what was previously seen in
immunofluorescenceNestern blot conducted to quantify CR in B50 cells
revealed a significant increase in protein expression in the treated samples
compared to the control. The trend of the values seems to confirm the data
obtained by fluorescence intensity quantification, although there were no
substantial differences between the two treatments. Quantification of CaM
showed differences between treated samples and control conditions,
confirming a statistically significant anease in CaM expression especially
after exposure to Pt(IV)APOA. Analysing thevestern blodataaboutCB,
it was evident how the treatments with CDDP and with Pt(IVIPAZA have
induced changes in the expression of the protein, compared to the daritrol,
not between the two treatments.
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Figure 13. Immunocytochemical detection of CBPs: parvalbumin, calretinin
calmodulin and calbindin (red fluorescence) and actin cytoskeleton (green
fluorescence) in control B50 cells and after-4B8hwith CDDP 40 uM oPt(IV)Ac-

POA 4 uM.DNA was counterstained with Hoechst 332B8juée). Bar: 4Qum. Bar
chartswith the percentage of fluorescence intensity for each CBPs in control and
treated cells with CDDP and Pt(IV)A2OA* Statistical analysis:control vs each
treatment and CDD®SPt(IV)Ac-POA;} values( * * * )  ns: roDsig@ifieaht.
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Figure 14. Western blot bands of CBRalretinin,calmodulin and @lbindin after

48hCT to CDDP 40 uM or Pt(IV)A€POA 4 uM, compared to the loading control

(CTR) ard actin 43 kDa. On the right of each western blot the respdudivehart

of density bands quantificatiohStatisticalanalysis:control vs each treatment and
CDDPvsPt(IV)Ac-POA;; val(upsh(%6)0)(*<0*.)01ns:<0. 001
not significant

4.18 Evaluation ofPMCAL1 after treatment with Pt(IV)APOA

PMCA1 is an ATPase pump involved in the control of?'Ca
homeostasis, using ATP to expel a?Cautside, in development and
organogenesisAs reported in the images kigure 15, the immunolabetig
for PMCAL, in green, and the actin, in red, revealed a profound difference
between the control cells and the 481 CDDR and Pt(IV)AcPOA-treated
cells. In control condition$®MCAL1 was cytoplasmatic but weakly expressed.
In contrast, the cells exposéal CDDP showed an increase in the PMCAL
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fluorescence intensity, while after Pt(IV)AWOA this increase was less
evident (Figure 15A). Immunolabeling for actin revealed that the
cytoskeleton was well structured in the control cells, insté@atbst its
organization and collapsed near the nucleus following both treatments. The
quantitative analysis concerning PMCAMfluorescence displayed a
statistically significant increase of the marking in the two treatments
compared to the control conditio However, western blot analysis
corroborated the data observed for CDDP treatment but evinced no significant
differences between control and Pt(IV}ROA-treated cellgFigure 15B).
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Figure 15. A) Double immunofluorescence for PMCAL(green fluoresceace)

actin (red fluorescence) in B50 cells in control condition and afterGiBlhwith

CDDP 40 uM or Pt(IV)Ac-POA 4 uM. DNA was counterstained with Hoechst

33258 (n blug). Bar: 4Qum. Bar chartwith the percentage of fluorescence intensity

for PMCAL in the hree conditionsB) Western blot density bandsd the respective

graph of density bands quantificatiofStatistical analysis: control vs each

treatments and CDD®Pt(IV)Ac-POA;; v a( u®)s : j( *<0-.)0 4ns:<0. 001
not significant
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4. Results
4.19 Analysisof the deacetylation effects induced by F®B50 cells

To identify the action as HDACi and consequently the induction of
deacetylation, the free acid POA vaasalysedndividually to separate it from
the action of the CDDP contained in Pt(IVROA. For this analysis the
sameconcertatiorused for the standard treatment with PtA@)POA was
employed therefore using the POA alone at the concentrationudfl 4The
preliminary data obtained showed that after-@@hwith POAat4 puM no
significantdifference in cell cycle distribution was obser&igure 16A).

The only significant difference was a sGhpeak evaluated after treatment,
but not ascribable to an increase of #maountof apoptotic cellafter
evaluation with Annexi¥V/ assayFigure 16B).
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Figure 16. A) Cytograms of DNA content in B50 control cells (CTR) and treated
for 48nhCT with POA at 4uM after PI stainingOn the rightthe quantification bar
chart represents the percentage of cell number in the respective cell cycleBhases.
Dual parameter cytograms of Fldli@belled Annexin V (FL1ys Pl staining (FL3)
represerihg control cells (CTR) and treated cells-@8 with POA at 41M. The bar
chart shows the percentagef dAnnexin V/PI positive cells.St u d &-tedt:6 s
*statistical sigificance betweerthe respective conditions of contrahd POA-
treatedc e | | s ; }} <0.86)ns:mossignifiCaht)
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4. Results

Double immunolabeling for the acetylated histone H3 and PCNA wasdaarr

out in order to evaluate the expression of these proteins after treatment for
48nCT with POA 4 uM. PCNA, in this casea specific antody for
proliferation and not for DNA damage, was used as a reference nuclear
protein for immunolabelingin Figure 17A the images related to the
immunofluorescence show how after treatment there was an increase in
fluorescence intensity for acetfd3, on the contrarya significant decrease in

the PCNA fluorescent signal was observed, supporting the presence of dead
cells in the image andhe previous data observed in cytofluorimetry.
Following western blot analysis, although not significant, in the samples
treated with POA there was an increase in histéif acetylation.
Furthermore the reduction of PCNA expression in trahteells was
confirmed by western blot evaluation
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Figure 17. A)Double immunofluorescence reactjiaith the relative quantification,
for acetytH3 (in green) and PCNA (in red), nuclei weminterstained with Hoechst
33258 [n blug. Bar: 20um. B) Wedern blot bands and density lidrartsof acetyt
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4. Results

Despite the data obtained from tharevious analysis, through the
ultrastructural observations at electron microscopy, a visible decondensation
in the chromatin was not found in 48T POAcells compared to controls
(Figure 18). This led to the assumption that acetylation could only bea |
effect and not induce a structural chromatin modification.

v g o
o J

Figure 18. Ultrastructural analysis alhe electron microscope ress no difference
in chromatin decondensation between confadland treated cells at 48T with
POAUM (b). Bars: 1.1um.

To elucidate this mechanism of action induced by the free acid POA, short
times treatmenti.g. 2h, 4h, 8hand 24h) have been evaluated which, as shown
in Figure 19, revealed how the decondensation effect of 4 uM POA treatment
was detectable at 4h obmtinues exposure. At 2h of exposure to POA and in
time after 4h the level of chromatin decondensatias kike to control
conditions descrilzkabove.
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NI al

Figure 19.B50 cells after 4 uM POA treatment at @), 4h(b), 8h(c) and 24hd),
respectively. To note the strong chromatin decondensation after 4h of continuous
exposure to POABars: 2 pM.

Once the effect oihr-CT POA at4 uM was evaluated, the expression of
acetytH3 and PCNA was quanigfd. Double immunolabeling revealed a
significant increase for acetyd3 after treatment with POA compared to the
respective control at 4fFigure 20A). The data was also confirmed by the
western blot analysis, where a significant increase of this marker was
observed compared to the control céfigure 20B). Insteadthe evaluation

of PCNA after 4rCT with POA a4 uM, showed no differenceomparedo

the control samples, both after fluorescence intensity analysis and after
western bloevaluation
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Figure 20. A) B50 control cells and treated withuM POA at 4RCT. Double
immunofluorescence reaction, with the relative quantification, for aei&y(in
green) and PCNA (in red), nuclei were counterstained with Hoechst 33258 (in blue).
Bar: 2Qum. B) Western blot bands and density ledrarts of acetyH3 and PCNA

quantification St u d etast: fatistital significance between control and ROA
treated cellsy values: t**) } < 0.001, ns: not significant.

No changes induced by the treatm&8it-CT with POAat 4 uMwerefound
on B50 cellscompared to controin the analysesn the pathway and CBPs
previously described and carried out4&h-CT Pt(IV)Ac-POAat 4 uM
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4. Results

4.2 The effect of Pt(IV)Ac-POA on C6 glioma rat cells

Pt(IV)Ac-POA treatment lmshown encouraging result&xhibiting a
strong anticancer effect on B50 neuroblastoma rat cells already at the
coneertration of 4¢M (Rangone B et al. 2018). Therefpfarther analysis
wasconducted on the rat glioma C6 cell line, focusing on the activation of
cell death pathways and evalugtimorphological and functional changes
induced by the novel prodrug Pt(IV)AROA (FerrariB et al. 2019) The C6
line was widely used in the study of the gliomas and mechanisms underlying
the action of CDDPKrajci D et al. 2006Mares Vet al. 2003Mohamadi N
et al. 2017Noda S et al. 20Qlhus the 48kCT with CDDP at 4&M was
introduced to have a comparison with the data already obtained on other lines
and to perform a treatment comparable to that with Pt(IM)AaA.

4.2.1 Cell cycle distribution ancell death

First of all, the concentrations of Pt(IV)AROA were evaluated on C6
cells in order to obtain the most effective dose to be used for subsequent
procedures. Based on the analysed in Rangone B et al. 2018, the respective
concentrations of Pt(IV)&POAi.e.10, 4 and M were testedCytograms
in Figure 21 represent the distribution of DNéontentin C6 control cells
and after treatment for 48BT with CDDP (40eM) or Pt(IV)Ac-POA (10, 4
and 1eM). In thecontrol condition CTR), cells were distribted among the
different cell phases (GS, &), where an intense S phase indicated active
proliferation. After CDDP exposure,the cell cycle lost its physiological
distribution and a suf®: peak (dead cells was observedAfter 48h-CT
Pt(IV)Ac-POA at 1M, DNA content distribution wageeplymodified,and
debriswasdetectableln addition, &this concentratiopeaks G, S and G
were almost absent. Aftédi8h-CT at 4e¢M cytogramexhibitedan enlarged
subG; peak,representindiigh cell mortality, morewer, the distribution of
the cell DNA content was comparable to those obtained with CDDP
treatment, but which was already achieved at a concentration ten times lower
than reference treatmer@onversely, cells treated withe newprodrug at a
concentratia of 1M returnedo be distributed in the different phases of the
cycle, but a small su®: peak can be stililistinguishableBased on these
results, like fotheB50 cell line, the concentration oM of Pt(IV)Ac-POA
was chosen for the standard-A8CT to compare with CDDP 46M
treatment.
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Figure 21.Cytograms of DNA content after staining withi® C6 control cells and
after treatment with CDDP (4M) or Pt(IV)Ac-POA (10, 4 and £M) for 48h-CT.

A test with Annexin V/PI staining was performed to assess the
induction of apoptosis aftef8hCT with 4 uM Pt(IV)Ac-POA. To note, n
Figure 22, that incontrolconditionalmost cells were living, while treatments
induced a strong reductiaon the number @ viable cells Bar chartdisplays
that compared to control condition, aft€DDP exposure there was an
increase in th@ecrotic cellconcentration (35.96 1.14vs0.42+ 0.03) and
late apoptotic cells (37.361.86vs7.06+ 0.34), while a concentration of live
cells (23.9# 0.75vs86.58+ 4.36) was still preserved. At of Pt(IV)Ac-
POA, the number of late apoptotic cells increased (62:81.32), on the

contrary the amount of necrosis decreased (23.683) comparetb CDDP
treated sample.
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Figure 22. Dual parameter cytograms of Flfi@belled Annexin V (FL1) versus PI
staining (FL3) of the control (CTR) and of cells treated with CDDP gtMOQor
Pt(IV)Ac-POA at 4uM concentrations, respectively. Thar chat regesents the
average of three independent experiments, showpedteentage of the vauof
Annexin V/PI positive cells: in quadrant Q1 (necrotic), Q2 (late apoptotic), Q3
(viable cells) and Q4 (early apoptotid)Statistical analysis: control vs treated
samples: (*** ) | < 0.001; Sstatistical analysi<CDDP vs Pt(IV)Ac-POA treated
samples(®%9) | < 0.001.
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4. Results

4.2.2 Ultrastructural analysis

Through investigationst electron microscopy, CDDP treatment has
been shown to induce apoptosis in C6 cells (Ki@jet al. 2000)Based on
these datathe effect of Pt(IV)AePOA on the rat gbma line was analysed,
to identify the possible structural alterations and classifyptitential cell
deaths induced by the treatme@ontrol cel|l (Figure 23a) showedthe
presence of a nucleusarmentral position with decondensed chroma@olgi
Apparatus wastructuredn the perinuclear zondn addition,in cytoplasm
medium size mitochondriaere detectable araytoplasmic extensi@at the
cellular periphery lesl and sporadic lysosomasiggested @ossible basal
autophagic activity. Ifrigure 23b after48hCT Pt(IV)Ac-POAat 4uM, cell
exhibited the typical apoptosisatures chromatincondensation, absence of
nuclear envelope and cytosal partdegraded. Astowed inFigure 23c,
somecharacteristicof autophagy were detectable after prodrug treatment
Indeed many cytoplasmaticautophagic vacuolewere observedprobably
autophagolysosomes, characterized by a double membrane and containing
degraded cytoplasmicomponentsiiisert black arrowhead). Furthermor,
necroptosisepatedin Figure 23d showed some characteristics similar to the
apoptosis, such as the karyorrhexis, and aspeal®gouso necrosis as well
ascytoplasmic vacuolations and rupture of the plasma membrane.
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Figure 23.C6 cellsultrastructural analysig the control condition(a) andafter 4
UM Pt(IV)Ac-POA 48hRCT (b-d). Apoptoss (b), autophag (c) with some

autophagolysosomes (insert, blacloarnead), necroptos(gl) are shown. Bars: 1.1
em.

4.2 .3Effects of Pt(IV)Ad°OA on intracellular organelles

Previous studiesonduced on the B50 neuroblastoma cell line, after
48h-CT with CDDP at 4QuM, have shown that cytoplasmic organelles, such
asGolgi Apparatus and mitochondria, gressibletarges of drug exposure
(SantinG et al 2012; Santirs et al 2013). Thusthe effects of 4&T with
Pt(IV)Ac-POA at 4 uM on Golgi Apparatus and mitochondria were
evaluated. In control cells Figure 24A), Gdgi Apparatus
immunofluorescence showed usual appearance, with a homogeneous
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distribution inthe perinuclear zone, moreovehe actin cytoskeletorwas
well-structured After 48rCT with Pt(IV)Ac-POA, cells showed evident
alterations related to cell déatactin cytoskeleton collapsed around the cell
fragmentednuclei, and Golgi Apparatus lost its physiological tubular
connections, exhibiting globular appearance distributed in the cytoplasm.
Regarding mitochondrjan control cells, immunolabelling hadspottedike
shape with cytoplasm and perinuclelstribution (Figure 24B). Compared

to control cells, after CT exposure, treated cells showed morphological
alterations; mitochondria immunofluorescence resulted homogdyemcs

these organelles clustered around apoptotic nuclei, forming dense masses.

Also, in this casethe tubulin cytoskeleton collapsed, and cells lost their
fusiform shape.

A actin Golgi Apparatus

Merge

CTR

CDDP

Pt(IV)Ac-POA
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B a-tubulin Mitochondria

CTR

CDDP

Pt(IV)Ac-POA

Figure 24. Intracellular organelles investigation by fluorescence microscGgy,
control cells andafter 48hCT with CDDP 40 uM or Pt(IV)Ac-POA 4 uM. A)
Double immunocytochemical detection of Golgi Apparatus (red fluorescence) and
actin (green fluorescence)B) Double immunocytochemical detection of
mitochondria (red fluorescence) abikubulin (green fluorescence) in control and
treated cells. DNA counterstaining with Hoechst 3326®Iue). Bars: 20um.

4.2.4Activation ofdifferentapoptotic pathways

Similarly, tothe B50 cell ling, for C6 cells a double immunolabel was
cariied out for proteins involved in cell death pathways. In particular, the
images shown irFigure 25 reported double immunolabeling for the Bax
protein and mitochondria. As has been observed in B50 cells, even in the C6
control cells, Baxelated fluorescenceal a purely cytoplasmic localization,
without any colocalization with the mitochondria. Instead, at-@8hwith
CDDP 40uM or with Pt(IV)Ac-POA 4 uM, an increase in mitochondrial
localization of the Bax immunolabeling was observed. After treatment with
Pt(IV)Ac-POA, in early apoptosishe fluorescence intensity for Bax appears
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to be strongly increased, compared to cells exposed to CDDP. While
immunolabeling for mitochondria shows a visible morphological difference
between C6 control cells and treated #® ¢bmpounds. In control conditions
the mitochondria were distributed evenly in the cytoplasm, in contrast,
following treatment with CDDP the mitochondria tend to be clustered, losing
their classic tapered shapiéhis aspect wasore evident after treatmentth
P{(IV)Ac-POA, where the mitochondriahanging their morphologynoved
mainly around the nucleus. The quantificatiorBak fluorescence intensity
showed that in C6 cells therevas a statistically significant increasdter
Pt(IV)Ac-POA and CDDP, copared to controlThis valuewas increased
after treatment with Pt(IV)A®OA, compared with that obtained after
exposure to CDDP.
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Figure 25.Double immunoreaction for mitochondria (green fluorescence) and Bax
(red fluorescence) in control and treated ceith CDDP or Pt(IV)Ac-POA DNA
counterstaining wittoechst 33258 (in blyeBars: 2Qum. The tar chart represents
the quantification of Ba fluorescent intensity* Statisticalanalysis:controlvseach
treatmentand CDDPvsPt(IV)Ac-POA; ) values:( * * ) J( *<*0*.)0L3 <0. 001.

Figure 26 shows the double immunolabeling for B& and mitochondria.
After 48hCT with CDDP at 4M or Pt(IV)Ac-POA at 4eM, the Bcl2
labdling increased compared to C6 control ceifer CDDP exposurethe
Bcl-2 fluorescence increadeompared to control and Pt(IV)AROA-treated
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cells as the bar chart shows kigure 26. On the contrary, no sigmnant
difference was found compared to the contnot Pt(IV)Ac-POA-treated

cells The effect on mitochondria, before and after treatment, was like that
seen in B50 cells. Indeed, while in the control samples the mitochondria
appear fusiform and have a Wwdkfined structure, following exposure to both
compounds, these organelles condensing around the nucleus and an even
more evident aspect after treatment with PIEEPOA.
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Figure 26.Double immunoreaction for mitochondria (green fluorescencepahd
2 (red fluorescence) in control and treated oglth CDDP orPt(IV)Ac-POA. DNA
counterstaining with Hoechst 33258 blug). Bars: 2Qum. The tar chart represents
thequantification oBcl-2 fluorescent intensity*Statisticalanalysiscontrolvseach
treatment and CDD®sSPt(IV)Ac-POA;} values(***) | <0.00] ns: not significant.
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Finally, the double immunoreaction for AIF and mitochondFRmre 27),
displayed how in C6 control cells, similarly to B50 cells, AlF colocalized
with mitochondria, while @r48RCT with CDDPat 40eM or Pt(IV)Ac-
POA at 4eM, the AIF fluorescence was detected in cells nuclei. In Pt(IV)Ac
POA-treated sample, compared to CDbBPated one, an increase time
number of ceBwith AIF colocalization within the nucleus was evakd An
increase in nuclear labieg for AIF in early apoptosis was observed,
although AIF was also present in late apoptosissides after both
treatmend, mitochondria produced clussat the perinuclear level, losing the
physiological morphology especially afexposure tdhe new compound.
Mitochondria AIF Merge

. 4

CTR

CDDP

Pt(IV)Ac-POA

Figure 27.Double immunoreaction for mitochondria (green fluorescence pdad

(red fluorescence) in control and treated ceith CDDP orPt(IV)Ac-POA DNA
counterstaining with Hoechst 33258 (blue fluorescence). Bajam20

After this analysisthe focus was on the caspatspendent pathway$o
understandhe effectsnducedon C6 cellsby 48RCT with Pt(IV)Ac-POA at

4 uM. Thereforejmmunocybchemical detections for the principal markers
involved in these pathways were performed. Immunocytochemistry
confirmed the presence of positive selb the activecaspas® andactive
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caspase afterCDDP at 40uM or Pt(IV)Ac-POA at 4uM exposure, on the
contrary in control condition no cells were markEayure 28). The presence

of both markers near fragmented nuclei suggested the induction of
mitochondriaimediated pathway in apoptotic cedisd corroborated the data
described abovd-urthermore, in cells caspasamunopositive, cytoskeletal
fragmentation and the onset of dense perinuclear masskplace after
treatmentTo compare thefficiencyof the two treatments, a quantification

of the active caspase-positive cells wascarried out. The percentage of
cleavedcaspase positive cells was (1.180.66)% in the control, (18.50
1.21)% inCDDP-treatedsamples and (31.4¥ 2.64)% in Pt(IV)AcPOA-
treated cells, thus showing a significant increase in the activation of the
intrinsic apoptotic pathway after exposure to new prodrug.
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Figure 28. Controls and treatedells after48hCT with 40 uM CDDP or4 uM
Pt(IV)Ac-POA. The dbuble immunocytochemical reaction factivecaspas® and
activecaspase (red fluorescence)}tubulin andactin (green fluorescence); DNA
countersaining with Hoechst 33258 (in blueBand chartepresents the percentage
values of caspas& immunopositive cells*Statistical analysis:control vs treated

samplesvs each treatment and CDDEB Pt(IV)Ac-POA;} values:( * * ) ) <0.

(*-k* )J < 0.001. Bars: Zﬂm
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In control cells, PARR fluorescenceolocalized with the nucleus and
the cytoskeletal tubuliwas weltstructuredAfter 48h-CT with 40eM CDDP
or 4 eM of the prodrug, PARPL was expressed #Hte nuclear level in cells
during the early stages of apoptosis, whereas in late apopitsisvidently
fragmentechuclei, PARPL, ormore exactlyp89, moved intdhe cytoplasm.
After both treatmend, cells lost theirelongatedshape due to cytoskeletal
tubuin alterationgFigure 29). Although the effect of PARR translocation
was more evident in the sample treated with the new compound and there
were more apoptotic cells, western blot showed greater expression of cleaved
PARP1 (p89 fragment) in cellexposed to CDDRompared to the other
conditions Therefore the analysis of the possible activation of other cell
death pathways was continued.
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Figure 29.Double immunocytochemical detection of PARRIN red) and+tubulin

(in green) in controls cellandafter40eM CDDP or4 eM Pt(IV)Ac-POA 48hCT.
DNA counterstaining with Hoechst 33258 plue). Inserts: PARR translocation
from nuclei to cytoplasm. Bars: 20m. Western blot analysis shows the bands of
full-length PARPL (116 kDa) and cleaveBARPR1 (89 kDa) compared to the
loading control (CTR) and actin (43 kDa).

Immunopositivity to active caspase3, a protein involved in the
extrinsic apoptotic pathway, increasafter both treatments comparedhe
control condition, in which no marked tselvere observed-(gure 30). After
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48nh-CT with Pt(IV)Ac-POA a drastic decrease in cell number was evaluated
In addition those ceb with a nonfragmented nucleus displayed an intense
Immunopositivity tocleavedcaspase, suggesting a preliminary step the
extrinsic apoptotic pathwayAdditionally, after treatment, cellshowed
fragmented nuclei anan irregular morphology due téhe cytoskeleton

collapse.
actin caspase-8 Merge

Figure 30. Double immunocytochemical detection aictive caspas& (red
fluorescence) andctin (green fluorescenc@) C6 control cells and after 48T
with 40 eM CDDP or 4eM Pt(IV)Ac-POA. DNA counterstaining with Hoechst
33258 [n blue). Bars: 2Qum.

Caspase is also involved irtheinitial phaseof necroptosis. To confirm the

activation of the extrinsic apoptotic pathway and possible preliminary

activation ofthe necroptoticpathway, an immunocytochemical detection of

RIP1 was performed. In control cells, RIRdorescence was detectabie

the cytoplasm with a uniform distribution. In contrast after treatrsesame

cells were marked only near the nuclei, suggesting a redistribution of RIP1
16C
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Pt(IV)Ac-POA



4. Results

Although only after 48tCT with Pt(IV)AcPOA there was an evident
translocation of RIPfrom the cytoplasmwithin the nuclei, indeed in CDDP
treated cells RIP1 was in tperinuclear zonéyoon S et al. 2016)This data
may suggest that only afteeatment with the new compound there was a
possible activation ahe necroptotic pathwagFigure 31).

a-tubulin

CDDP CTR

Pt(IV)Ac-POA

Figure 31. Double immunocytochemical detection of RIP1 (red fluorescence) and
Utubulin (green fluorescence). DNA counterstaining with Hoechst 33258 (blue
fluorescence).Ilnsert: RIP1 translocation withithe condensed nucleus after
treatment with Pt(IV)Ae€POA. Bars: 20um.

4.2.5 Analysis of autophagic proceastivation

To analyse the activation of autophabZ3B and p62SQSTM1were
evaluated by immunofluorescence reactisgince beingtwo proteins
prindpally involved in this proces3 he p62 protein, SQ®B/1, is a ubiquitin
binding scaffold protein that colocalizes with ubiquitinated protein
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aggregates. The protein can polymerize through-é@ridinal PB1 domain,
interacting with ubiquitinated proteins through theée@minal UBA domain
(Katsuragi Y et al. 2015). Images inFigure 32A show the double
immunolabelling fop62SQSTM1and LC3B. In control cell62/SQSTM1
was localized in the cytoplasm and no coloeiwith LC3B. After 48n-CT
with CDDP at 40 uM, immunofluorescence of botbroteinsincreasecdand,
LC3B was detectablalsoin cell nuclei.After exposure tdt(IV)Ac-POA 4
UM, nucleiremainedhegative fop62/SQSTMland LC3B but compared to
control cells, the two fluorescence colocaliz®destern blot analysis for
p62/SQSTML1 performed on C6 cetiter 48hCT to 40e M CDDP or 4eM
Pt(IV)Ac-POA, compared to controls, \gaanother aspect of the activation
of autophagy Kigure 32B). Indeed, vestern blotting density band analysis
evidenced a declined expression p2SQSTML1 after both treatments,
especially in CDDRreated cells, suggesting a deep activationthad
autophagic pathway.
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4. Results

Figure 32.A) Double immunolabelling for p62/SQSTM1 (green) and LC3B (red).
DNA counterstaining with Hoechst 332581 (blug). Bars: 20um. B) Wesern
blotting data of p62/SQSTM1The lar chart representing density bands
quantification of p62/SQSTML1 ithe control sample and followin@GDDP 40eM
or4eM Pt(IV)Ac-POA 48RCT. * Statistical analysicontrolvstreated samplesnd
CDDPvsPt(IV)Ac-POA; } values:(***)} <0.05 (**)} <0.0L, (***)} < 0.001.

4.2.6 Analysis of CBPs after Pt(IV}ROA treatment

CBPs were also analysed in C6 glioma cells. Although the glial cells
cannot produce an action patial like neuronal cells, these calsy a key

role in the regulation of the extracellular microenvironment, especially the

synaptic one. Glial cells are therefore fundamental for the correct
165








































































































































































































































































































































































