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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, to date, some
types of tumours, such as gliomas and neuroblastomas remain refractory to
treatments. Despite the initial benefits, current therapies, i.e. clinical
treatment with cisplatin (CDDP), are associated with severe systemic side
effects and are unable to contrast the typical relapsing forms of these tumours.
Furthermore, the standard therapy with Temozolomide (TMZ), although it
has prolonged patient’s life expectancy from 5 to 15 months, is still
ineffective in some case studies due to the genetic characteristics of patients.
To overcome the limits of classical oncotherapy, platinum(lV) prodrugs have
been synthesised. Among these, the new (OC-6-44)-
acetatodiamminedichlorido(2-(2-propynyl)octanoate)platinum(lV) prodrug,
named Pt(IV)Ac-POA, synthesised by Prof. Osella and his team (Amedeo
Avogadro University 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 ligand (2-propynyl)octanoic
acid (POA), a histone deacetylase inhibitor, has a higher 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 types of rat cell lines, i.e. B50 neuroblastoma and C6
glioma cells and human U251 glioblastoma cells, evaluating toxic
concentrations, morphological and functional alterations, after 48 hours of
treatment of continuous exposure to the new compound.

The second part of the work focused mainly on the U251 line, a human
glioblastoma multiforme (GBM) cell line, in order to identify whether
Pt(IV)Ac-POA treatment could induce chemoresistance, as was often
detected in vitro after treatment with CDDP. In this view, in collaboration
with Dr. Facoetti of the National Center for Cancer Treatment (CNAO, Italy),
the effects induced on the U251 line by carbon ion radiotherapy, in
association or not with Pt(IV)Ac-POA, 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 chemo- and radioresistance.



Parallelly, this study investigated the response of U251 to different
concentrations of the extract of Dandelion root (Taraxacum officinale) and a
myco-phytotherapeutic supplement called “Ganostile” (Miconet s.r.1.), based
on Ganoderma lucidum and containing several extracts of medicinal
mushrooms, to evaluate antitumor activity on U251 cell line. Indeed, both the
Taraxacum officinale and the Ganoderma lucidum are known in the literature
not only for their beneficial effects but also for their use in the treatment of
different types of tumours.

Lastly, in collaboration with Prof. Rossi (Neurobiology and Integrated
Physiology Laboratory, University of Pavia, Italy), the localization and the
possible functional role of the inwardly rectifying potassium channels, Kir4.1,
and large-conductance Ca?*-activated potassium channels (BK) were
analysed in U251 cells. The study was conducted focusing on the changes
observed performing “wound healing” as an assay to migration. In this
context, several studies highlighted 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(IV)Ac-POA
to induce cell death in all three cell lines at lower concentrations than the
standard reference treatment with CDDP. Especially, this cytotoxic effect was
observed in the U251 cell line even after 7 days from treatment (recovery
condition), demonstrating a prolonged antitumor effect of the new compound.
The combination of Pt(IV)Ac-POA pre-treatment 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
the results obtained also showed a long-term effect of the combined treatment,
compared to the one with the CDDP, demonstrating once again the greater
efficacy of the Pt(IV)Ac-POA.

The use of phyto- and/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 of clinical 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 anticancer drugs.

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)Ac-POA, for the treatment of different brain tumours cell line.
Furthermore, the different investigations have led both to the identification of
possible new antitumor targets and the feasible use of unconventional
therapies i.e. hadrontherapy and myco- phytotherapy. Then, these new results
could also improve GBM treatment and overcome the limitations of standard
oncotherapy such as chemoresistance and toxicity related to the high dose of
treatment, aimed at improving not only the patient’s prognosis but also to
improve his quality of life during therapy.
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Chk1: Checkpoint kinase 1
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GAP: GTPase Activating Protein

GBM: Glioblastoma Multiforme

G-CIMP: Glioma CpG-Island Methylator Phenotype
GEF: Guanine Nucleotide Exchange Factor
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GSN: Gelsolin
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INF-y: Interferon gamma

INRGSS: International Neuroblastoma Risk Group Staging System

InsP3R: Inositol Ttriphosphate Receptor

INSS: International Neuroblastoma Staging System

IP3: Inositol Triphosphate

JNK: c-Jun N-Terminal Kinase

Kir: Inwardly rectifying potassium channel

LAMP-2A: Lysosomal-Associated Membrane Protein type 2A

LC3: Microtubule Associated Protein 1 Light Chain 3

LDCD: Lysosome-Dependent Cell Death

LET: Linear Energy Transfer
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LMP: Lysosomal Membrane Permeabilization
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LSDs: Lysosomal Storage Diseases
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MCFA: Medium-Chain Fatty Acid
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MeV: MegaelectronVolt
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MPTP: Mitochondrial Permeability Transitional Pore

MRP2: Multidrug Resistance-associated Protein 2

mtDNA; mitochondrial DNA
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NS: Nervous System
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«OH: Hydroxyl radical
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PE: Phosphatidylethanolamine
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PKA: Protein Kinase A

PKC: Protein Kinase C

PKC-a: Protein Kinase C-alpha

PLC: Phospholipase C

PMCA: Plasma Membrane Calcium ATPase
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Pt(IV)Ac-POA: (OC-6-44)-acetatodiamminedichlorido(2-(2-
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RCS: Reactive Chloride Species
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SD: Standard Deviation
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TF: Transcription Factors

TGFp: Transforming Growth Factor beta
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TRAF: TNF Receptor-Associated Factor
TRAIL: TNF-related apoptosis-inducing ligand
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1. Review of the literature

1. Review of the literature

1.1 Nervous System tumours

Nervous System (NS) tumours belong to a heterogeneous group of

cancers, and in the years, the classification has 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 objectivity in diagnosis, although some types of tumours, such as
gliomas and neuroblastomas, remain refractory to treatments.
The tumours of the NS can be classified in different ways: a possible
distinction is based on the localization, distinguishing cancers that affect the
Central Nervous System (CNS) and those that originate in the Peripheral
Nervous System (SNP). Another subdivision differentiates tumours of glial
origin (the so-called gliomas) from those of neuronal derivation.

In this study the attention was 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 extra-cranial solid tumour that
affects infants and children. This type of cancer represents 8-10% of all
childhood tumours and 15% of causes deaths from paediatric cancers with
only a 38% survival rate (Brodeur GM et al. 2011; Salazar BM et al. 2016;
Spix C et al. 2006). Neuroblastoma is principally a tumour of young children.
Indeed, neuroblastoma is usually diagnosed before 5 years of age, and in most
cases, the diagnosis is established around 17 months of life (London 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 Hirschsprung’s
disease,  Congenital  Central  Hypoventilation = Syndrome  and
Neurofibromatosis Type 1 (Park JR et al. 2010). Due to its neuroendocrine
properties, neuroblastoma can secrete catecholamine, resulting in early-onset
hypertension and tachycardia (Colon NC and Chung DH 2011). 65% of these
tumours develop in 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). If the primary tumour originates in the neck 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
backbone with a consequent paralysis. Often these tumours penetrate the
structures of the organs themselves going to surround importance nerves and
vessels, such as the celiac tripod (Figure 1). Generally, neuroblastomas
metastasize to the liver, regional lymph nodes, 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

Celiac-axis tumor
Liver infiltration

\

/‘ ( { —
\ 1
\

Adrenal tumor

Bone marrow metastasis

Figure 1. Most common sites of neuroblastoma localization (Maris 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 structures originate 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 2000). In vertebrates, during the
formation of the neural tube, a maturation process, strongly regulated by
transcription and epigenetic factors, takes place within the neural crest
(Mayanil CS 2013; Prasad MS et al. 2012). In the normal physiological
process, the population of neural crests, on the border between neuroblast and
epiblast, subsequently loses adhesion and migrates, forming the different
tissues i.e. pigmented cells of the epidermis, portions of the PNS (neurons and
sensory ganglia, ganglion and postganglionic motor neurons of the
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
\__ —\ / ‘- \
= _.f-&\ * ! ,"'-

Notochord

Neural Tube — =———3gie | ! .S
% Neural crest cells
> e ) . :
= % BE A &mw Xk
@é&p@ _‘}'. Y ,"- (‘ "(0
Smooth muscle  Qsteoblasts and  Adipocytes  Melanocytes  Sympatho- Sch od blasts N
cells Chondroblasts adrenal cells cells

Figure 2. Neurulation and formation of neural crests: details of differentiation of
neural crest cells (Shyamala K 2015).
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The process of neural crests development is finely regulated in the various
stages (including the acquisition of the typical characteristics of stem cells)
thanks to a group of genes called “Neural Crest Gene Regulatory Network”
(Adams M et al. 2008). However, some alterations in this strongly regulated
cascade may increase the chances of neoplastic transformation of neural crest
multipotent precursors (Louis CU and Shohet JM 2015). The clinical
manifestation and the consequent outcome are highly variable: long-term
survival appears to be mainly dependent on the degree of tumour cells
differentiation, since that the most differentiated tumours determine a more
favourable outcome compared to less differentiated ones (Fredlund E et al.
2008).

Neuroblastoma is distinct from other solid tumours due to its
remarkable heterogeneity of biological, pathological, genetic and clinical
features (Stallings RL 2009). These prognostic factors include clinical aspects
such as the stage of the tumour and the patient’s age at the time of diagnosis,
cancer biological features i.e. histology and ploidy of DNA, cytogenetic
factors, including amplification of MYCN oncogene 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 groups: low-risk,
intermediate-risk, and high-risk (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 and modified in
1993, characterized by six stage/prognostic groups (1, 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 of patients (Brisse HJ et al. 2011; Monclair T et
al. 2009). Therefore, the INRGSS was developed in 2008 to establish a
classification of risk in pre-treatment conditions (Monclair T et al. 2009). This
system is characterized by the presence of the so-called “Image-Defined Risk
Factors” (IDRFs), which are radiographic and preoperative images, used to
assess the possibility of tumour removal (Owens C and Irwin M 2012, Pohl
A et al. 2016). This method is used to define two stages of localized (L1 and
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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 high. In some cases, the tumour, low grade, can undergo
spontaneous regression, with a favourable clinical prognosis or a total
survival rate, otherwise, differentiate in benign ganglioneuromas. On the
contrary patients with high-risk 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 al. 2013; Park JR et al. 2013).

Two main genetic causes have been identified at the origin of the
disease: one familial and one sporadic. The sporadic cases are the most
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 (Paired-like
Homebox2B), which together with 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 mutations in
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 6-10% of sporadic cases (Mosse YP et al.
2008). The ALK gene, coding for a tyrosine 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 proliferation, survival, 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. 2016). High expression of ALK seems
to be closely correlated with an 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 neuroblastoma is the 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 confirm 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, through a direct
link with DNA or indirectly through protein-protein 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 factors, 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 expressed in cells 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 (Fredlund E et al. 2008). It was observed that downregulation of the
MY C 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 neuroblastoma (Westermark UK et al. 2011).
However, several cases of high-risk 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 ectoderm, inducing differentiation
in neural crest cells (Martins-Taylor K et al. 2012) but of which
overexpression determines cisplatin resistance in murine tumour cells (Qiu
YY etal. 2015).

Even non-coding RNAs (microRNAs, IncRNAs, piRNAs) are essential
transcriptional regulators, involved in the development and maturation of the
neural crest, and many of these, such as miR-9 and miR-17-92a, are directly
implicated in some aggressive forms of neuroblastoma, promoting the
development of metastases (Ma L et al. 2010; Stallings RL 2009).

Neuroblastoma treatments

To define the correct treatment strategy, the Children’s Oncology
Group (COG) has been developed as a risk group stratification for clinical
trials. Combining the INSS/INRGSS classifications with the age at diagnosis,
the histologic data, and the biology and genetics of the type of neuroblastoma,
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allows to place the patient into a low-, intermediate-, or high-risk group (Swift
CC et al. 2018). The biological heterogeneity of neuroblastoma strongly
influences the choice of therapeutic approach. For the treatment of low-risk
neuroblastoma cases, surgical removal can be carried out, according to the
invasiveness, extension, and location of the tumour, while for high-risk
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 of different combinations of
cyclophosphamide, doxorubicin, cisplatin, melphalan, carboplatin, etoposide,
topotecan, ifosfamide, and vincristine. Subsequently, one or more cycles of
high-dose chemotherapy are performed to induce bone marrow ablation with
subsequent autologous hematopoietic stem cell transplantation (Yalcin B et
al. 2015). Intermediate-risk patients are subjected to milder chemotherapy,
followed by surgical resection of the remaining tumour mass, while low-risk
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. 2017; Shohet J and Foster J 2017). However,
more aggressive neuroblastomas can show chemoresistance; about 50% -60%
of high-risk patients show recurrence (Maris JM 2010). In addition, for the
treatment of high-risk patients, radiotherapy is often necessary, in order 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 arrest, scoliosis and damage to the vertebral
column (Ishola TA and Chung DH 2007). Currently, new biological therapies
have been included in the treatment of high-risk patients, such as
immunotherapy, which consists in activating the patient’s immune system to
recognise and fight the tumour (Louis CU and Shohet JM 2015). Anti-GD2
immunotherapy associated with dinutuximab is the standard therapy
treatment (Swift CC et al. 2018), which improved 2-year survival to 66% (Yu
AL et al. 2010). Other possible therapies try to identify a new therapeutic
target, for the treatment of neuroblastoma. Among these new targets, the ALK
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 such as anticancer agents, in order to better understand
relationships between proliferation and differentiation mechanisms as well as
the induction of apoptosis and chemoresistance.
In this work, the attention was focused on the B50 neuronal cell line that
offers considerable advantages over primary CNS neurons for use in cell
biology and biochemistry experiments, including simplicity of culture, and
the possibility to establish stable cell lines. This cell line was derived from
neuroblastoma in the neonatal CNS, induced by transplacental administration
of ethylnitrosourea in Rattus norvegicus (Schubert D et al. 1974). B50 cells
are excitable and can 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 cell line 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 factors 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 toxicology
experiments, such as the evaluation of different compounds and substances
neurotoxicity, with attention on the activation of the cell death pathway
(Capano M et al. 2002; Hayton S et al. 2017; Otey CA et al. 2003).
Concerning to our research, the B50 rat neuroblastoma cells represent, to date,
a good model for the study of in 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, Grimaldi M 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 glial cells
or their precursors and are referred to as “gliomas”. Gliomas are highly
heterogeneous tumours, refractory to treatment and are the most commonly
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diagnosed primary brain tumours (Poff A et al. 2019). They represent about
80% of all brain malignancies (Maugeri R et al. 2016) and are characterized
by a high degree of malignancy and a low degree of patient survival (Sciumé
G et al. 2010), presenting a rate of higher mortality than any other brain
tumour (Wen PY et al. 2010). Several studies in transgenic mice 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 classified by the World Health
Organization (WHO) on histological criteria defined in 2007, by which
histological variants were added thanks to evidence of different age
distribution, location, genetic profile or clinical behaviour (Louis DN et al.
2007). After the publication of the revised WHO 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 tumours i.e. diffuse gliomas,
medulloblastomas, and 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 possible natural disease course, with
WHO grade I indicating slow-growing cancer usually related to a 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 tumours (I-111), oligodendroglial
tumours (grade I1-111) and ependymomas (grade I-111) (Rasmussen BK et al.
2017). Gliomas are complex and may consist of both neoplastic and non-
neoplastic cells, the latter population being mainly represented by tumour-
associated macrophages (TAMs) which make up about 50% of the cellular
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 visual one (Kiekow CJ et al.
2016), making 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 to spread 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 malignancy, the
circumscribed gliomas can be surgically removed, on the contrary, diffuse
gliomas are highly invasive. Due to the absence of a well-defined boundary
between the tumour and the surrounding tissues surgical resection can never
be performed completely and 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 now defined based on
the presence/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 11 and 111 gliomas have
represented a revolution in the understanding of these cancers. Indeed, mutant
IDH proteins acquire a different enzymatic activity, resulting in the
conversion of a-ketoglutarate (0-KG) to d-2-hydroxyglutarate (d-2-HG),
which in turn inhibits a-KG-dependent dioxygenases, such as ten-eleven
translocation (TET) family 5-methylcytosine hydroxylases and the Jumonji
C domain-containing histone-lysine demethylases (Pajtler KW et al. 2017).
Consequently, IDH mutation produces aberrant DNA and histone
methylation, eventually leading to the “glioma CpG-island methylator
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 defined subtypes: diffuse
astrocytoma, IDH-mutant;  anaplastic  astrocytoma, IDH-mutant;
oligodendroglioma, IDH-mutant; anaplastic oligodendroglioma, IDH-
mutant; and glioblastoma, IDH-mutant, in addition, the definition a “not
otherwise specified” category is used 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 in IDH-mutant
astrocytoma, an additional mutation in TP53 and ATRX10 is required for
cancer development (Suzuki H et al. 2015). Moreover, the accumulation of
somatic mutations in genes that encode inhibitors of the G1/S cell-cycle
checkpoint is also implicated in the dysregulation of cell division, driving
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 HIST1H3B K27M
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(Ceccarelli M et al. 2016). The histone mutation H3K27 M is distinguishing
for paediatric midline high-grade glioma and the H3G34R/V mutation for
hemispheric high-grade glioma in young adults and children (Louis DN
2007). Interestingly, this epigenetic aberration is correlated with
characteristic  DNA methylation profiles, showing distinctive age
distributions and tumour locations, suggesting a possible association with a
phase of brain development and diseases (Gusyatiner O and Hegi ME 2018).
Unlike other solid malignant tumours, gliomas very rarely metastasize outside
the brain. Furthermore, glioma cells do not employ a lymphatic or
intravascular pathway to migrate (Beauchesne P 2011) but move through the
extracellular space of brain tissue (Cuddapah VA et al. 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, where a constant supply of oxygen and
essential nutrients for growth is guaranteed (Manini I et al. 2018; Montana V
and Sontheimer H 2011) (Figure 3). Furthermore, glioma stem cells (GSC),
which are profoundly influenced by the local microenvironment, have been
reported as the population responsible for glioma invasion and resistance
(Roos A et al. 2017). Indeed, thank self-renewal properties and the
bidirectional cross-talk between GSCs and the tumour microenvironment
(TME), these cells can initiate and support tumour growth, beeing responsible
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); subarachnoid space (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 the brain parenchyma, they
interact with the extracellular matrix (ECM) molecules (Gritsenko PG et al.
2012) and migrate along the blood vessels, also modifying the organization
of cerebral vasculature (Watkins S et al. 2014). Also important is a stromal
component and soluble factors (Li G etal. 2017; Wu M and Swartz MA 2014)
as the kinin signal molecules. Normally Kinins are present in the brain but
appear to be more expressed in physiopathological conditions (hypoxia,
inflammation, tissue damage) that correlate with 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 responsible for 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 (Higashida H et al.
2001). In fact, the inositol triphosphate (IP3) produced by the PLC binds to
its receptor with the consequent release of calcium from the intracellular
stores. Tests carried out on tissues derived from cancer patients showed an
increase in B2R expression in gliomas. In rat glioma cells, low doses of
Bradykinin (1 uM)) cause an increase in calcium intracellular concentration
(Wang YB et al. 2007), while high doses of Bradykinin determine oscillations
in the intracellular concentration of the ion (Giannone 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 their migration
(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% -15% 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 onset is more common in
males than females. This tumour has a higher incidence in the Caucasian race,
followed by the African and Asian ones (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
neurofibromatosis or Li-Fraumeni syndrome (Farrell CJ and Plotkin SR
2007). Furthermore, GBM, like other tumours, can grow thanks to the
immunodepression of the microenvironment surrounding the tumour and
often patients present non-specific signs and symptoms (Sasmita AO et al.
2018). It is estimated that the 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 O’Neill BP 2012; Shahar T et al. 2012).

The most common sites of GBMs development are the frontotemporal 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. 2018) (Figure 4a). These
tumours begin mainly in the frontal lobe, growing in the two hemispheres
simultaneously (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
the tumour is called “butterfly glioma”. Unlike the other tumours, the GBM
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 tissues are already present at
diagnosis, surrounding brain and making tumour eradication impossible, thus
leading to a patient’s survival between 12-18 months (Catacuzzeno L et al.
2015).

The term “glioblastoma” means “blast of the glia™, this because in contrast to
the other astrocytomas where the cells maintain the astrocytic morphology, in
the glioblastoma the cells are blasts, that divide into other blasts and have lost
their ability to differentiate. While, the term “multiforme”, on the other hand,
illustrates the heterogeneity presented by this tumour in all its characteristics
(lacob G and Dinca EB 2009). Indeed, GBM is extremely heterogeneous at
the microscopic level, with “pseudo-palised” cells areas surrounding necrotic
regions, pleomorphic nuclei and a very strong vascularization (Holland EC
2000). At the macroscopic level, the tumour area is characterized by a high
proliferative rate (identifiable by the Ki-67, a proliferation marker), which
results in extensive necrotic regions due to the high proliferation of the
tumour mass and to the crushing inside the cranial theca (Figure 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 survival is partly due to the inability to deliver
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chemotherapeutic agents through the blood-brain barrier (BBB) and to the
low tumour response to radiotherapy (Natsume A and Yoshida J 2008).
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Figure 4. a) Magnetic resonance imaging. Multiple, well-defined round-to-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 cells (hematoxylin and eosin stain) (Purkayastha A
et al. 2018).

The vascular density in GBM is considerably higher than that of low-grade
glioma and an increase in vascularization considerably worsens the prognosis
of the disease. Vasculogenesis and angiogenesis have shown a distinct 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, as it 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 factor (VEGF) (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 fundamental for 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 through multiple mechanisms: i) hypoxic
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cells are distant from blood vessels and therefore remain far from exposure to
systemically administered antitumoral agents ii) hypoxia also reduces the
proliferative potential of cells which is a critical factor for targeting of many
chemotherapeutic compounds and increases the regulation of genes involved
in chemotherapy resistance, such as P-glycoprotein (Sermeus A et al. 2008;
Aghi MK et al. 2009). Furthermore, it has been shown that a hypoxic glial
tumour microenvironment can create post-translational 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 the “cell of origin”, which represents an important aspect
in understanding tumour heterogeneity and in designing novel therapeutic
strategies for glioblastoma. It should be noted that “cancer stem cell” (CSC)
is a functional definition that can only be assessed by the ability of a cancer
cell to initiate new 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 B1 cells) have been widely
considered as the most feasible cell of origin for high-grade glioma, due to
their property to self-renew, 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 to the subventricular zone
(SVZ), 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 which the NSCs reside (Barami K et al. 2009).
Nevertheless, NSCs do not constantly renew themselves in the adult brain,
but exclusively in postnatal life, thus decreasing the ability to accumulate
mutations (Figure 5). Furthermore, CSC markers detected in NSCs could
result from a process of de-differentiation 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 and therefore they are susceptible to an accumulation of mutations,
showing markers in common with CSCs. Furthermore, as a result of the
induction of mutations in the p53 protein gene, OPCs are transformed into
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GBM cells. Thus, the hypothesis of their implication in the origin of GBM is
being validated (Shao F and Liu C 2018). An important detail to take into
consideration is that this evidence comes from 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 self-renew for many generations and generate new NSCs, as well as
differentiate into neurons, astrocyte and OPCs, that can, in turn, differentiate into
mature oligodendrocyte. The updated (right) analysis of the NSC, using a mouse
model, suggest that adult form of NSCs (aNSC) are derived from embryonic NSCs
(eNSCs) that actively proliferate at ~E14.5. These embryonic NSCs stay quiescent
until they are reactivated at the adult stage. Moreover, the clonal analysis revealed
that a single adult NSC can either give rise to neurons or glial cells (such as astrocytes
and oligodendrocytes), but rarely to both cell types. On the contrary clonal analysis
further revealed that adult OPCs can self-renew 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 (IHD-mutant), 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. 2014). Primary GBM is
detected in about 90% of patients with GMB, and particularly in males,
without evidence of previous less malignant lesions, thus originating de novo
from glial cells (Furnari FB et al. 2007; Reardon DA and Wen PY 2006). It
Is the most common among 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 and Tensin homolog) and in the TERT promoter (Telomerase
Reverse Transcriptase) (Larysz D et al. 2011).

In contrast, secondary glioblastoma develops more slowly, deriving from
low-grade gliomas (grade Il) or anaplastic astrocytoma (grade Ill). This
tumour represents 15% of GBM, tends to develop in subjects under 45 years,
Is 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
mutations, alterations in ATRX, chromatin remodeling, and IDH1 (Larysz D
et al. 2011). Some studies have shown how radiation, tobacco, alcohol, head
trauma, exposure to N-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 transformation of 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 cycle and survival. In tumorigenic conditions, these
receptors are constitutively activated, independently of extracellular signals,
and their expression can be increased, thus stimulating cell proliferation
uncontrollably (Agnihotri S et al. 2013; Alifieris C and Trafalis DT 2015).
The most involved receptors belong to the tyrosine kinase (RTKS) receptor
family, the epidermal growth factor receptor (EGFR) and the platelet-derived
growth factor receptor (PDGFR). The gene for EGFR is amplified in about
40% of all GBMs and the most frequent mutation, consisting in the deletion
of exons 2-7 (known as variant three, EGFRvVIII) found in 20-30% of cases,
where an increased EGFR activity is detectable (Agnihotri S et al. 2013;
Alifieris C and Trafalis DT 2015).
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Recently, membranous extensions that start from the cells that compose
astrocytoma have been discovered and identified as tumour microtubes
(TMs). TMs approximately connect half of the tumour cells, forming
syncytium with elongated extensions that invade areas of the adjacent 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 be also implicated in resistance to chemotherapy and recurrences
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 evidence that the total eradication of the
tumour mass is associated with an increase in the subject’s survival
(Chaichana KL et al. 2014). However, in most cases, complete surgical
removal is 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 mass. Tumour
recurrence is commonly observed along the periphery of the tumour removal
cavity (Hide T et al. 2013), also favoured by 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 chemo- and/or radiotherapy
protocols, which follow surgical resection (Brodbelt A et al. 2015), are very
strong, patients with glioblastoma have a mean survival expectancy of 15
months. That because, in addition to 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 molecules, the lipophilicity
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, neurosurgical resection 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), which has been
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extensively used for the treatment of high-grade 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 lipophilic prodrug with a molecular weight of 194 Da therefore
capable of crossing BBB and is well tolerated by GBM 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, showing that the levels of the
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 to 5-(3-
methyltriazen-1-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 of methylhydrazine, CO and 5-
aminoimidazole-4-carboxamide (AIC) (Zhang J et al. 2012). The
methyldiazonium ion formed by the breakdown of MTIC then yields the
methyl groups to N guanine, to N® adenine, and to a small extent to the O°
position of guanine. During replication, the alkylation of O°® guanine leads to
the insertion of thymine instead of a cytosine opposite to methylguanine. The
formation of O8-methylguanine adducts, if not repaired, lead to single and
double-stranded DNA breaks, causing tumour cell block in the G2 phase of
the cell cycle and triggering apoptotic processes and senescence mechanisms
in glial cells (Kheirelseid EA et al. 2013; Lee SY 2016). N’-methylguanine is
moderately less cytotoxic because the nucleotide excision repair pathway can
successfully remove these adducts without damaging the DNA. TMZ does
not induce chemical cross-linking of the DNA strands, thus, it is less toxic to
the hematopoietic progenitor cells in the bone marrow than other agents, such
as platinum compounds, and procarbazine, which create cross-link the 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
genetic pool of the cells, thus making cancer cells different from one another.
Indeed, the limited success of TMZ in the treatment, in particular, GBM
treatment, appears to be related to the occurrence of chemoresistance and to
the inability of TMZ to induce tumour cell death in some patients.

The key enzyme involved in the removal of methyl groups from O°S-
methylguanine is O®-alkylguanine-DNA-alkyltransferase (AGT), also known
as O°®-methylguanine-DNA-methyltransferase (MGMT). Overexpression of

33



1. Review of the literature

the AGT enzyme may induce resistance to the cytotoxic effect induced by the
active metabolite MTIC. The MGMT enzyme and the “mismatch repair”
(MMR) system seem to be closely related to the failure of therapy with TMZ
(Figure 6). The MMR system is fundamental to guarantee correct DNA
replication and to induce adequate cellular responses in case of DNA damage
(Hsieh P and Yamane K 2008). The MGMT enzyme eliminates the alkyl
groups from the O° position of guanine, the site of several chemotherapy-
induced DNA alkylations, protecting the cellular genome from the mutagenic
effects of some alkylating agents, including TMZ. 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 (Melguizo C et al. 2012; Perazzoli G et al. 2015). Indeed, the
MGMT enzyme removes the O%-alkylguanine-DNA 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 are O°-
methylguanine, but if MGMT is not active to repair the damage, these
chemotherapy-induced alkylation lead to DNA damage in cancer cells,
including DNA double-strand breaks and mismatches, which trigger
apoptosis and cytotoxicity (Gerson SL 2002). In detail, the 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
increasing the survival of patients with GBM (Melguizo C et al. 2012). It has
been shown that the loss of chromosome 10g26 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 patients to chemotherapy with TMZ (Hegi
ME et al. 2005; Okada M et al. 2017; Riemenschneider MJ et al. 2010). The
methylation of the MGMT promoter is, therefore, an important biomarker in
patients with glioblastoma treated with TMZ (Wick W et al. 2014).
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Figure 6. Mechanism of Temozolomide and chemoresistance. Temozolomide
(TMZ) modifies DNA or RNA at N7 and O° sites on guanine and the N® on adenine
by the adding of methyl groups. The methylated sites can i) stay mutated, ii) be fixed
by DNA mismatch repair (MMR), iii) be eliminated by base excision repair (BER)
by the action of a DNA glycosylase such as, alkylpurine-DNA-N-glycosylase
(APNG), or dealkylated by the action of a demethylating enzyme such as O°S-
methylguanine methyltransferase (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 radiotherapy, TMZ seems to increase
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 self-protective attitude in the tumour cells, indeed, it
seems that the treatment is able to induce the migration of tumour cells going
to activate the Ca®*-dependent potassium channels. These channels together
with the CI" channels are fundamental in the regulation of cell 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 expression
of Alkylpurine-DNA-N-glycosylase (APNG). APNG is also implicated in
TMZ resistance, as it directly mediates the repair of alkylated bases in the N’
position guanine and N® adenine (Agnihotri S et al. 2012). In addition to these
resistance mechanisms, PARP-1 (Poly-ADP-Ribose Polymerase-1) and
APEL (Abasic-AP Endonuclease-1) 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
EGFRvIIl 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 with CSCs 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; Iwanami 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 known as prominin-1, could be a marker to identify
this type of cells (Ahmed EM et al. 2018). CSCs can self-renew, differentiate,
with metastatic properties and capable of repairing DNA (Liu YL etal. 2017),
a skill that explains the resistance of GBM to therapies. Furthermore, 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 CD133" cells compared with the primary tumour, suggesting a
key role for CD133 in tumour recurrence and invasion. However, not all stem
cells express CD133, which so can be considered as a marker for progenitor
cells (Bradshaw A et al. 2016).

Traditional therapies are therefore able to improve the patient’s condition
only slightly, so to date, biomedical research aim 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) and the application of miRNA
inhibitors (Rolle K 2015), have shown to have synergistic effects with
traditional approaches, as well as the employment of a targeted diet could not
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only improve the patient’s prognosis, but also the quality of life conditions
(Santos 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 these cells derives
from the induction of carcinogenesis in Wistar-Furth rats, following exposure
to N,N’-nitroso-methylurea (Benda P 1968; Chekhonin VP et al. 2007). C6
cells developed in Wistar rats show similar characteristics to human
malignant glioma including nuclear 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 most of the
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: PDGF-A and PDGF-B; bFGF (basic fibroblast growth
factor); VEGF (Vascular endothelial growth factor); EGFR (Epidermal
growth factor receptor) and IGF-1 (Insulin-Like Growth Factor), which are
over-expressed in human malignant gliomas (Barth RF and Kaur B 2009;
Chekhonin VP et al. 2007) In particular, VEGF is over-expressed in hypoxic
conditions and VEGF upregulation, in response to a reduction in oxygen
levels, is mediated by the HIF-1 protein (Hypoxia-Inducible Factor 1)
(Damert A et al. 1997). In vitro C6 cell migration 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 contrary, in vivo
fibronectin has no effect (Ohnishi T et al. 1998). Laminin, type IV collagen,
and fibronectin are released into the tumour microenvironment following
contact with healthy brain tissue (Knott JC et al. 1998).
C6 cell line is, therefore, a good experimental model for the study of growth,
metastasis formation, and invasiveness of glioblastoma. Furthermore, this cell
line allows screening for future drug targets and the development of new
therapies (Ferrari B et al. 2019; Grobben B et al. 2002; Krajci D 2006; Mares
V et al. 2003).
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Glioblastoma multiforme cell line

Glioblastoma is a solid tumour able to develop a stable cell line in vitro
(Ponten J et al. 1978). GBM is characterized by a complex cellular
heterogeneity and many cell lines derived from it have been used as a model
to study the molecular mechanisms underlying the tumour. Several human
glioblastoma cell lines are used in scientific research such as GL-15, U87MG,
D54-MG, U251, and A175. To date, the human U251-MG 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 cells to multinucleated 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 characteristics such as the
formation of floating neurospheres, a lot of cells in the Go/G1 phase, 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
mutations that 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 be up-regulated (Li
H et al. 2017). This phenomenon is referred to as the “Warburg effect” and it
has been observed as a typical 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 and apoptotic 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, which are 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 potential. Also, ion
channels are involved in the regulation of various processes such as
proliferation, apoptosis and cell migration, but in most cases, their
contribution consists in regulating mainly two important cellular parameters:
cell volume and internal calcium 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 considered as “‘oncochannels” (Huber SM,
2013). Midst the many channels examined, those of potassium have emerged
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 (Higashimori H and Sontheimer H 2007). Several studies show that
in glioma cells Inwardly rectifying potassium channel (Kir), and specifically
the barium sensitive Kir4.1 encoded by KCNJ10, are differentially expressed
and mislocated compared to physiological condition (Olsen 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 potential (-20 mV to -
50 mV) than other non-cancer cells (Blackiston DJ et al. 2009; Molenaar RJ
et al. 2011) and their involvement has be found in U251 cell line invasion
process too (Thuringer D et al. 2017). Furthermore, the change in cell volume
necessary to allow the cell to invade the surrounding tissue, called “cell
shrinkage”, is also regulated by the potassium 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 volume and rearrangements of the plasma membrane are essential
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 of interest in the study of glioma behaviour is large-
conductance calcium-activated potassium channel (BK), or Big Potassium,
sensitive to changes in intracellular calcium levels. It belongs to a
heterogeneous family of calcium-dependent potassium channels also called
maxi-potassium channels, encoded by the KCNMAU1 gene. These channels
differ in their amino acid sequence and show different single-channel
conductance and characteristic pharmacological profiles (Vergara C et al.
1998). They are activated at positive 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 glioma cells are
also much more sensitive to intracellular calcium concentration than BK
channels expressed by healthy glial cells (Liu X et al. 2002; Ransom CB et
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al. 2001). This typical variant of glioma cells of BK channels is called “gBK”
and contains an insert of 34 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. 2001). To date there are conflicting data on 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 of BK channels and subtypes of channels
that these tumour cells express (Abdullaev IF et al. 2010; Fioretti B et al.
2006; Weaver AK et al. 2006).

However, the U251 cell line represents a valid physio-pathologic model to
understand the trigger mechanisms of glioma. The analysis of changes in ion
channels expression and functionality, and 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 the aim of finding potential pharmacological
targets and new antitumoral strategies.

1.2 Cisplatin

Cisplatin (CDDP, cisPt), also called cis-diaminodichloroplatin(ll), is a
platinum-based compound with a square planar geometry (Dasari S and
Tchounwou PB 2014). At room temperature the CDDP 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. CDDP is stable at normal temperatures and
pressures but can slowly turn into its trans isomer (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 was not biologically investigated until
1960, when Barnett Rosenberg at Michigan State University pointed out that
some platinum electrode electrolysis products, including CDDP, were able to
inhibit cell division in Escherichia coli thus creating a growing interest in the
possible use of platinum in chemotherapy (Rosenberg B et al. 1965). The
discovery of CDDP in 1960, as an anticancer drug, opened a new era in cancer
treatment (Chen D et al. 2009). CDDP was first administered to a cancer
patient in 1971, becoming available for clinical practice in 1978, under the
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name “Platinol”; it was the first Food and Drug Administration (FDA)
approved platinum compound for the treatment of tumours (Kelland L 2007).
The widespread clinical use of CDDP is due to its cytotoxic properties 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).

The CDDP is 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 to form bonds with the bases of DNA (Goodsell DS 2006).

1.2.1 Mechanism of action

The antineoplastic activity of CDDP is attributed to its stereochemical
characteristics (Connors TA et al. 1979), indeed, the effectiveness of the
compound depends on the cis position assumed by the two amino groups
(Sherman SE and Lippard SJ 1987). This agent is administered intravenously,
with short-term infusions in saline, and spreads rapidly in the tissues due to
its binding in the blood with albumin and other plasma proteins. That effect
can be attributed to the ability of CDDP to interact with sulphur-containing
amino acids cysteine and methionine (Judson I and Kelland L 2000). Then
CDDP can permeate across the cell membrane by passive diffusion or enter
in cells actively 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).

CDDP is chemically inert until one or two of its chloride ions are replaced by
water molecules. 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 low (2-10 mM),
compared to that of the extracellular space (100 mM) (Kelland L 2007;
Michalke B 2010). The substitution of cis-chlorine groups with water
molecules, leading to the formation of CDDP species mono- and bi-aquate
which are highly reactive (Galluzzi L et al. 2012). Although the aqua-
complex can interact with different cellular components, and DNA represents
the main biological target of CDDP. 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 residues, and forming

41



1. Review of the literature

inter- or intrastrand crosslink inducing CDDP-DNA adducts (Perez RP 1998).
The 1,2-intrastrand cross-links of purine bases with CDDP are the most
significant among the changes in DNA. These include the 1,2-intrastrand
d(GpG) adducts 1,2-intrastrand 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 as inter-strand
crosslinks and no functional adducts have been reported to contribute to
CDDP toxicity (Basu A and Krishnamurthy S 2010; Gonzales VM 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 inducing the arrest of the cell cycle (Kelland L 2007). CDDP
exposure increases the duration of S-phase and blocks cells in G, this arrest
is related to the accumulation of the inactive phosphorylated p34cdc2 protein.
After a protracted delay, the p34cdc2 protein is dephosphorylated, and
aberrant mitosis occurs. Several agents that abrogate the Gz cell cycle
checkpoint and induce premature mitosis, have demonstrated enhancement of
CDDP-induced cytotoxicity (Shah MA and Schwartz GK 2001). The damage
is then recognized by about 20 proteins, which bind to the physical distortions
in DNA caused by the CDDP-DNA adducts. These recognition proteins can,
therefore, activate different repair mechanisms which, depending on the
extent of the damage, may have different results in their turn. If the DNA
lesions produced by the CDDP-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 (Vitale | et al.
2011); on the contrary, when CDDP-induced DNA damage becomes
irreparable, a damage response is triggered.
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Figure 7. Mechanism of CDDP activation and DNA damage induction. A) The
CDDP activation process occurs by replacing one or two of its chlorides with water
molecules (monoaquated and diaquated, respectively). B) 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 damage can be done by nucleotide excision repair
(NER) (Galluzzi L et al. 2012). NER is an ATP-dependent multiprotein
complex that recognizes DNA damage that can be caused by chemotherapy,
radiation and oxidative stress, including intra-strand crosslinks, and it acts
removing 27-29 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 we shall see, strong activation of this reparative process is
associated with chemoresistance mechanisms to CDDP (Basu A and
Krishnamurthy S 2010). In addition to NER, CDDP can also activate
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transcription-coupled repair (TCR). The intrastrand crosslink blocks RNA
polymerase Il to trigger TCR (Damsma GE et al. 2007). It has been described
that p53 protects against apoptosis in a TCR-dependent manner (McKay BC
et al. 2001). In addition, the homology-directed DNA repair (HDR) has been
implicated in the repair of CDDP-induced DNA damage, allowing error-free
repair of the double-strand breaks caused by the excision of CDDP-DNA
adducts (Borst P et al. 2008). Mismatch repair (MMR) system identifies
CDDP-induced DNA damage, but instead of increasing cell viability, the
MMR system was shown to be crucial for CDDP-mediated cytotoxicity
(Sedletska Y et al. 2007). The DNA damage caused by CDDP triggers DNA
damage response (DDR) cascades which sustains a complex interaction of
downstream pathways to define cell fate, including coordination of DNA
repair, cell cycle arrest, and apoptosis. At the site of DNA damage, the DDR
is initiated by the early (sensor) protein kinases: ataxia telangiectasia mutated
(ATM), ATM and Rad3-related (ATR), which in turn activates the kinases
CHK2 e CHK1, respectively, with the final activation of the onco-suppressor
protein p53 (Galluzzi L et al. 2012; Huntoon CJ et al. 2013). The p53 protein
can be activated as a result of DNA damage, but CDDP also acts directly on
the ATR, CHK2 and MAPK proteins, activating them. ATR is also associated
with the activation of Mitogen-Activated 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 al. 2000) and
Threonine 81 (Appella E and Anderson CW 2001). The MAPK family
includes Extracellular Signal-Regulated Kinases (ERK); c-Jun N-Terminal
Kinase (JNKs) and the p38 kinase. Therefore, when DNA damage is
irreparable, p53 in turn allows the transcription of genes, of which protein
products regulate the mitochondrial membrane permeabilization (MMP),
triggering cell death by apoptosis through different pathways (Kroemer G et
al. 2007) The high mobility group protein B1 and B2 (HMGB1 e HMGB2) is
a family of chromatin-associated non-histone protein, that is 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 transcription, replication 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, however, that the
cytostatic/cytotoxic effect of CDDP does not represent the single

44



1. Review of the literature

consequence of its genotoxic activity but derives from both nuclear and

cytoplasmic signalling pathways (Galluzzi L et al. 2012; Galluzzi L et al.
2014; Sancho-Martinez SM et al. 2012) (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 proteins. Other effects are the establishment of oxidative and
reticular stress; induction of signal transduction cascade that involves BAK1 and
BAX, as well as voltage-dependent anion channel 1 (VDAC1) and activation of the

cytoplasmic pool of p53. Asterisks tag the primary consequences of CDDP reactivity
(adapted from Galluzzi L et al. 2014).

Only about 1% of the intracellular CDDP forms covalent bonds with nuclear
DNA (Gonzales VM et al. 2001), while among the remaining molecular
mechanisms that support the cytotoxic potential of cytoplasmic CDDP 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 genotoxicity of CDDP, but
also exert direct cytotoxic effects favouring the opening of the so-called
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 mono- and bi-aquate forms of CDDP are highly electrophilic, therefore
prone to form covalent bonds 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
(0.5-10 mM) and metallothioneins (Timerbaev AR et al. 2006). The high
affinity with GSH leads to the formation of ROS that can damage proteins,
lipids and even the DNA itself. However, the CDDP-GSH conjugates are
readily eliminated from the cell by Multidrug resistance-associated protein 2
(MRP2), a member of the ATPases of the ABC protein family, promoting the
outflow of the drug itself and thus contributing to induction into the cell of
the CDDP resistance (Dilruba S and Kalayda GV 2016). Several studies have
shown that CDDP also induces damage directly to cytoplasmic organelles,
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
(Voltage-Dependent Anion Channel 1), a component of PTCP (Vaseva AV
et al. 2012). Experiments carried out on mitochondria have shown that
exposure to CDDP leads to calcium-dependent swelling, calcium release,
depolarization of mitochondrial potential, and decay of NADPH (Custddio
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 ¢ binds both APAF-1 (apoptotic
protease activating factor-1) and other proteins to form the complex known
as apoptosome, which hydrolyzes ATP to recruit the procaspase initiator 9
and allow its cleavage to active caspase-9 (Yuan S et al. 2010). The latter then
activates caspase-3 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 with the formation of apoptotic bodies (NUfiez R et al. 2010).
It has been shown that both the Golgi apparatus and the endoplasmic
reticulum (ER) appear modified in rat neuroblastoma cells exposed to CDDP,
and these alterations are connected to a reorganization of the cytoskeletal
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tubulin, suggesting that the whole process is the basis of the generation of
apoptotic bodies (Santin G et al. 2012). It has been shown that the CDDP-
induced ER stress leads to the activation of caspase-12 and consequently of
caspase-3, with consequent induction of apoptosis (Hodeify R et al. 2010;
Santin G et al. 2011). After 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 patterns. Lysosomes contain
different proteases of the cathepsin family, which can activate the intrinsic
apoptotic pathway, or cause massive proteolysis, which leads to necrosis
(Sancho-Martinez SM et al. 2012). The CDDP also interacts with the
cytoskeleton: at low concentrations, it prevents the polymerization of actin,
while at higher concentrations, it causes the depolymerization of g-actin and
f-actin (Sancho-Martinez SM et al. 2012). The a-tubulin also undergoes a
rearrangement after treatment with CDDP that can cause the induction of the
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 effects of cisplatin treatment

The benefits produced using CDDP 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 Tchounwou 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 toxicity (nausea and vomiting), and
possible allergic reactions (Bloechl-Daum B et al 2006; Dugbartey GJ et al.
2016; Florea AM and Busselberg D 2011). These elements not only aggravate
the patient’s already compromised state of health, but also worsen their
quality 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 effect, which occurs in 20-30% of patients. Other symptoms
include hypomagnesemia, Fanconi-like syndrome, distal renal tubule
acidosis, hypocalcemia, loss of salts in the kidney, hyperuricemia (Miller RP
et al. 2010). The pathophysiological phenomena underlying the CDDP-
induced renal damage include the 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 non-charged molecule with a low molecular weight,
can be freely filtered by glomeruli, internalized in renal tubular cells and
finally reach the highest gradient at the proximal tubule, between the inner
medullary and external cortical part causing damage, which can then extend
to other tubular areas, including the distal tubule and the collecting duct
(Pabla N and Dong B 2008). The long-term effects of CDDP at 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 mechanism 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 to damage and cell 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 leads to an enhance
in apoptosis, indicating a protective function of the autophagic process in the
cellular response to CDDP (Kaushal GP et al. 2008). Although nephrotoxicity
can be controlled using diuretics and adequate hydration of patients, its
incidence, during CDDP therapy, is still high (Crona DJ et al. 2017; Oh GS
et al. 2014).

Ototoxicity

Ototoxicity occurs in approximately 23-54% 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 treatment for brain tumours, such as
neuroblastoma. Cisplatin-induced 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 could affect
early speech development and hamper social integration (Sheth S et al. 2017).
Generally, platinum levels in the brain remain very low, the cochlea,
however, exhibited distinctive pharmacokinetics among the other organs
analysed. Indeed, it gradually accumulates platinum with each subsequent
treatment cycle, indicating that the cochlea has a little capacity to eliminating
CDDP and its derivatives (Breglio AM et al. 2017). The mechanism probably
responsible for this side effect involves the accumulation in the cochlea of
ROS and NO species which exert direct cytotoxic effects promoting cell death
pathway activation, such as mitochondrial-mediated apoptosis (Callejo A et
al. 2015). Unfortunately, no clinical treatment is currently available for
CDDP-induced ototoxicity. However, it was shown that the calcium-channel
blocker, flunarizine, can attenuate CDDP-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 improve the local
microenvironment and intracellular redox status to ensure otoprotection
(Sheth S et al. 2017).

Hepatotoxicity

High doses of CDDP can lead to hepatotoxicity (dos Santos NA et al.
2007); several studies have reported a significant increase in the hepatic
concentration of malonaldehyde and a reduction in antioxidant levels
following treatment with CDDP (Mansour HH et al. 2006; Yilmaz HR et al.
2005). After cycles of CDDP therapy, there is an increase in levels of liver
enzymes in serum, which are indicators of an 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 sinusoidal capillaries (Kart A et
al. 2010). Hepatotoxicity studies suggest that augmented ROS generation,
with consequent impairment of mitochondrial function and structure, could
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 cardiotoxic manifestations of the CDDP chemotherapy that
have been described, there are heart failure, angina, acute myocardial
infarction, thromboembolic events, autonomous cardiovascular dysfunction,
both hypertension and hypotension, myocarditis, pericarditis and severe
congestive cardiomyopathy (Patane S 2014). Findings show that oxidative
stress is strongly involved in the pathological process of platinum-induced
cardiotoxicity. CDDP induces lipid peroxidation on cardiac cell membranes,
leading to the loss 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 consequent formation of fibrous tissue,
presence of vacuolations at the level of the cardiomyocytes cytoplasm and
swelling of blood vessels (Al-Majed AA et al. 2006). Due to the limited
regeneration  capability of the cardiomyocyte, CDDP-induced
cardiomyopathy is irreversible. In addition to temporary cardiotoxicity,
CDDP can cause several persistent cardiac complications, and even lead to
congestive heart failure (Demkow U and Stelmaszczyk-Emmel A 2013).
Therefore, employ highly effective antioxidants to prevent ROS
accumulation and oxidative damage is one of the most useful approaches to
avoid cardiotoxicity of CDDP (Zhang P et al. 2017).

Neurotoxicity

The neurotoxicity caused by anticancer agents severely complicates the
treatment of cancer patients, because the nervous tissue, 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, i.e. hippocampus and cerebellum, are
more sensitive to external agents, such as antitumour 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 T et al. 2017). The toxicity of CDDP in 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 numbness, 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 an ataxic gait (Avan
A etal. 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 reduction or early 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 tumour 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 stress, associated 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
regulation (Jiang Y et al. 2008).

1.2.3 Cisplatin and drug resistance

The benefits that treatment with CDDP entails in tumour therapies are
often limited, in addition to toxicity, also by the acquired drug resistance that
it induces. Cell resistance can originate from i) alterations in processes that
precede the binding of CDDP with its targets, including DNA and
cytoplasmic structures (pre-target resistance); ii) molecular damages directly
caused by CDDP action (on-target resistance); iii) modifications involved in
the pathways related to signals of cell death triggered by some molecular
lesions (post-target resistance); iv) signals activated by CDDP (off-target
resistance) (Galluzzi L et al. 2012) (Figure 9).
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Figure 9. Molecular mechanisms of CDDP resistance. Different resistance
pathways induced in malignant cells by CDDP treatment (Galluzzi L et al. 2014).

Pre-target resistance

CDDP resistance can develop through alterations that lead to a
reduction in the amount of CDDP and its aqua-complexes in the cytoplasm.
It has been observed that CDDP can enter cells by passive diffusion, but
above all by transporters, such as the copper Ctrl transporter, which is
responsible for the internalization of a significant fraction of CDDP (Galluzzi
L et al. 2012; Ishida S et al. 2002). In human cells, CDDP initiates a rapid
degradation of transporter Ctrl, with a consequent decrease in the
intracellular influx of CDDP, resulting in drug-induced resistance (Holzer AK
et al. 2006). A recent study has shown that genetic Ctrl knockout promotes
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cellular CDDP resistance in vivo, whereas overexpression of Ctrl has been
associated with increased CDDP accumulation and sensitivity (Shen DW et
al. 2012). On the contrary, an increase in Ctrl expression could lead to an
increase in CDDP accumulation and, in many cases, increase cell sensitivity
to the compound itself (Kilari D et al. 2016). Conversely, the 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 extrusion of CDDP 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 with CDDP resistance, both in
preclinical and clinical models (Kuo MT et al. 2012; Li T et al. 2017).
Furthermore, it has been shown that other transporters present in the plasma
membrane such as MRP2 (Multidrug Resistance-Associated Protein 2), the
ABC transporter (ATP Binding Cassette) (Yamasaki M et al. 2011), and the
ATPase ATP11B (ATPase Phospholipid Transport 11B) (Moreno-Smith M
et al. 2018) can contribute to the CDDP extrusion from cells and therefore to
the mechanism of resistance. Another protein with a possible role in cellular
resistance to CDDP is Transmembrane Protein 205 (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 TMEMZ205 in CDDP resistant 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 tumour cells to the cytostatic/cytotoxic effects of
CDDP is 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 by CDDP 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 mis-incorporations of bases that may occur during DNA
replication and recombination, are also implicated in 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 undergo frequent turnover phenomena, thus
reducing the effect of CDDP damage and preventing the activation of the
mechanisms associated with cell death (Sancho-Martinez SM et al. 2012).

Post-target resistance

Post-target resistance to CDDP can be the consequence 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 more 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 integrated adaptive responses, with the
aim of re-establishing initial cellular homeostasis (Kroemer G et al. 2010).
Tumour cells with a CDDP-resistant phenotype exhibit defects in the pro-
apoptotic function of p53, resulting in inactivation of cell death and tolerance
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 Gz phase, increasing resistance (Shah MA and Schwartz GK
2001). Further alterations that decrease the extrinsic pathway of apoptosis is
the MAPK signalling pathway triggered by Fas/FasL. Furthermore, MAPK
signalling also contributes to the post-transcriptional modification 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 susceptibility of tumour cells to CDDP 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 processes, the
upregulation of the DYRKI1B kinase (Dual-specificity Y-phosphorylation
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 survival (Deng X et al. 2009). Recently, it has been
observed that the TMEMZ205 protein appears to promote CDDP resistance
through a molecular cascade involving the small Ras-like GTPase, RAB8A
(Ras-related protein Rab-8A) (Shen DW et al. 2012). Finally, several non-
specific adaptive responses to stress are implicated in CDDP resistance.
These general stress responses include macroautophagy and the response of
heat-shock proteins, which allow cells to adapt to treatment (Kroemer G et al.
2010). Concerning to mitochondria, 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 resistance to CDDP (Santin
G etal. 2012).

1.3 Platinum-based compounds

In recent years, based on the antitumour properties of CDDP, the focus
has been put on the use of platinum-based drugs in cancer therapy (Frezza M
et al. 2010). Among these compounds, there are second-generation drugs,
such as carboplatin, and third-generation 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 currently under study.

1.3.1 Platinum(ll)
Carboplatin

In terms of its structure, carboplatin, sold under the trade name
Paraplatin, differs from CDDP in that it has a bidentate dicarboxylate (the
ligand is CycloButane DiCarboxylic Acid, CBDCA) in place of the two
chloride ligands, which are the leaving groups in CDDP (Figure 10).
Carboplatin and CDDP exert antineoplastic effects in a very similar way, so
the non-distinguishable mechanism of action reflects the fact that the active
form of these two drugs is identical. Carboplatin, while forming the same
reaction products in vitro at doses equivalent to CDDP, has a longer-lasting
action, attributable to a lower excretion and greater retention of the compound
from the organism. Another difference with CDDP is the activation mode: it
does not occur by “aquation”, but by nucleophiles such as glutathione,
aspartic acid and other molecules containing sulfhydryl groups (Frezza M et
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al. 2010). In contrast to CDDP, carboplatin has shown less nephro- and
neurotoxic effects, 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 identical to CDDP, is
therefore ineffective against CDDP-resistant tumours (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 the CDDP (Figure 10).
The presence of bidentate oxalate significantly reduces the reactivity of the
drug, which therefore presents immunological and pharmacological
properties different from CDDP, correlated with a reduction in the effect on
peripheral sensory neuropathy (Wheate NJ et al. 2010; Zou Y et al. 2016).
Oxaliplatin has shown a wide antitumor effect both in vitro and in vivo, being
effective in tumour cell lines resistant to CDDP and carboplatin (Dilruba S
and Kalayda GV 2016; Stordal B et al. 2007). Oxaliplatin induces apoptosis
following DNA-induced lesions, however, it shows several side effects
including myeloablation, hemolytic anaemia, secondary immune
thrombocytopenia and cases of acute leukaemia (Alcindor T and Beauger N
2011) have also been reported.
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Figure 10. Platinum(ll) compounds. The chemical structures of CDDP,
carboplatin, and oxaliplatin. The leaving-group ligands are in red and the non-
leaving-group ligands are in blue (Johnstone TC 2016).
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[Pt(O,0 -acac)(y-acac)(DMS)]

The synthesis of novel platinum(ll) compounds is aimed to find
platinum-based drugs, not only with higher antitumour activity and with a
lower capability to induce side effects but also able to overcome CDDP
resistance that occurs in many types of tumours (Muscella A et al. 2007). In
this regard, Professor Fanizzi’s team (University of Salento, Lecce, Italy)
synthesized a new platinum(ll) compound; the [Pt(O,0’-acac)(y-
acac)(DMS)], containing two acetylacetonate (acac) ligands: respectively one
0O,0’-chelate and the other o-linked by methine in the y position, and
dimethylsulphide (DMS) in the metal coordination sphere (De Pascali SA et
al. 2005). The [Pt(O,0’-acac)(y-acac)(DMS)] has exhibited the capability to
induce apoptosis not only in the endometrial tumour cells Hela, with activity
about 100 times higher than that of CDDP, but also to induce a higher
cytotoxic effect on resistant MCF-7 breast cancer cells (Muscella A et al.
2008).

The major effect of [Pt(O,0’-acac)(y-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,0’-acac)(y-acac)(DMS)] has a non-genomic target, suggesting that the
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 thioethers attached to proteins (Muscella A et al. 2007). In
this case, the principal targets may be represented by proteins, suggesting that
the cellular targets could be amino acid residues of protein that could promote
different apoptotic pathways and consequently an increase in cell death level
(Muscella A et al. 2008). Furthermore, at sublethal concentration, [Pt(O,0’-
acac)(y-acac)(DMS)] is able to induce cell death in MCF-7 cells 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 anchorage-dependent cells,
when they detach from the surrounding extracellular matrix (ECM) (Valentijn
AJ et al. 2004). Moreover, in MCF-7 cells, [Pt(O,0’-acac)(y-acac)(DMS)]
can cause a decrease in the activity of PMCAL (Plasma Membrane Calcium
ATPase 1) (not SERCA or SPCA) and of membrane permeability to Ca?*,
resulting in the overall [Ca?*]iincrease (Muscella A et al. 2011). In addition,
[Pt(O,0’-acac)(y-acac)(DMS)] causes the activation of PKC-a (Protein
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Kinase C-alpha) and the production of ROS that were responsible for the Ca*
permeability (Muscella A et al. 2011), indicating a wide involvement of
calcium in the mechanisms induced by the activity of the new compound
(Figure 11). Other in vitro studies conducted on the B50 rat neuroblastoma
line, revealed that the cytotoxic action of [Pt(O,0’-acac)(y-acac)(DMS)] is
already obtained at concentrations four times lower than the treatment
standard with CDDP (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 and reduction of the mitochondrial membrane potential
(Grimaldi M et al. 2016). Furthermore, preliminary data showed that the
effects induced by treatment with [Pt(O,0’-acac)(y-acac)(DMS)] may have a
long-term cytotoxic effect on tumour cells, in contrast to cells treated with
CDDP that show features of chemoresistance (Grimaldi M et al. 2019). In
vivo, compared to CDDP, [Pt(O,0’-acac)(y-acac)(DMS)] has shown less
hepatotoxicity and nephrotoxicity, associated with a major concentration of
platinum in the blood vessels (Muscella A et al. 2014). In vivo evaluations,
conducted on Wistar male rats that had been subjected to [Pt(O,0’-acac)(y-
acac)(DMS)] injection at postnatal day 10, have shown that, one week after
administration of the drug, no significant apoptotic events 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.
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Figure 11. [Pt(O,0’-acac)(y-acac)(DMS)] mechanism of action and targets.
[Pt(O,0’-acac)(y-acac)(DMS)] alters the [Ca?'); acting on the PKC-a-mediated
closure of some channels and on PMCA activity. The compound also targets the
mitochondria, causing a dissipation of the membrane potential, which may affect the
role of mitochondria to Ca?* homeostasis. Mitochondrial release cytochrome c
leading to activation apoptosis cascade. In addition, [Pt(O,0’-acac)(y-acac)(DMS)]
decreases Bcl-2 expression, reducing its contribution to the ER Ca?* uptake, an effect
likely related to its antiapoptotic function (Muscella A et al. 2011).

1.3.2 Platinum(1V)

The efficacy of CDDP, 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 both at the cellular and systemic level
(Wang D and Lippard SJ 2005). Furthermore, most platinum(ll)-based drugs
are lost before reaching their final target, because they interact with
bloodstream proteins, giving rise to secondary reactions, which lead to the
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 (Wheate NJ et al. 2010).
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A strategy to overcome the limitations of platinum(ll)-based drugs may be
the use of platinum(1V), Pt(IV). They are synthesized through an oxidative
addition to the platinum(I1) 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 properties to the complex (Chin CF et al. 2011; Galanski
M et al. 2003) (Scheme 1).

0
)\R
0 0
HaN,, | Cl HaNy,  WCl >
"Pt. +2e +2H" ——— Pt +2 R
HN | Yl HNT e
& HO
7/R
0

Scheme 1. Mechanism of Pt(1V) compound. Activation by a reduction reaction of
a generic CDDP-based Pt(I1V) 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; Wilson JJ and 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(1V) 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 resistant 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 platinum(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 during the reduction 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 in the cell, mainly by passive diffusion, and
consequently by acting on the cellular accumulation of Pt(I\VV) 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 CDDP upon reduction (Gabano E et al. 2017). For example, some Pt(1V)
complex, derived from CDDP, carboplatin, and oxaliplatin, present as axial
ligands ibuprofen, indomethacin, valproate or phenylbutyrate (Gibson D
2016).

In particular, the conjugation of CDDP or oxaliplatin with histone deacetylase
inhibitors (HDACI) is interesting. Histone deacetylase inhibitors are
anticancer drugs that are attributed epigenetic properties, which can alter gene
transcription and exert antitumor effects, such as the arrest of growth
processes, differentiation, apoptosis, and inhibition of tumour angiogenesis;
furthermore the inhibition of histone deacetylase leads consequently to
hyperacetylation of histones, decreasing histone-DNA interactions DNA,
thus leaving it in an open form and which allowing for chemo-sensitization
versus DNA-damaging agents (Atadja PW 2011; Bolden JE et al. 2006; Lee
MJ et al. 2008, Li Y and Seto E 2016). HDACI, modulating the expression
and functions of DNA-repair proteins, further increase the persistence and
efficacy of the Pt-DNA adducts (Falkenberg KJ and Johnstone RW 2014;
Nikolova T et al. 2017).
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HDACI consists of two main chemical families: hydroxamic acids such
as suberoylanilide hydroxamic acid (SAHA or Vorinostat) and medium-chain
fatty acids (MCFAs) or, more correctly (at physiological pH), their
conjugated anions (Gabano E et al. 2017). Despite the highly effective of
SAHA, it required heavy chemical modifications to coordinate the
platinum(I1) molecule core (Brabec V et al. 2012; Griffith D et al. 2009). On
the contrary, MCFAs i.e. 2- propylpentanoate or valproate (VPA), clinically
used as anticonvulsant agent, 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 hydroxido-Pt(IV) synthons (Raveendran R et al. 2016; Yang J et
al. 2012), proving themselves as efficient HDACI. These derivatives, based
on the square-plane arrangement of platinum(ll) and carrying one or two
MCFA molecule/s in the axial position, have been examined to better
understand the possible antitumor dual- or multi-action (Gibson D 2006).

In addition to using the elements present in the axial position in platinum(IV)
complexes to obtain these prodrugs with different actions, the ligands can also
be involved in the attack of platinum to specific target agents. There are
several examples of the conjugation of platinum(IVV) compounds to peptides
to promote interaction with tumour targets or to facilitate internalization in
cells. The target receptors that are mostly expressed in cancer cells, compared
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 unwanted interactions 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 contrast, platinum(IV)-based
prodrugs are less inclined to form non-covalent bonds with serum proteins
such as albumin. Anyway, this interaction could represent an in vivo strategy
to improve the anticancer properties of these prodrugs; since human serum
albumin has recently attracted attention for its transport system properties
(Zheng YR et al. 2014; Pichler V et al. 2013).

The new Pt(IV)Ac-POA prodrug

To overcome limits of classical oncotherapy, the complex (OC-6-44)-
acetatodiamminedichlorido(2-(2-propynyl)octanoato)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(IV)Ac-POA is
synthesized starting from the CDDP which is oxidized with hydrogen
peroxide to obtain an intermediate octahedral compound, which is then
esterified with the addition of two long-chain carboxylic acids. Pt(IV)Ac-
POA contains a different MCFA-HDACI, namely 2-(2-propynyl)octanoate
(POA), along with an inert acetate (Ac) as axial ligands (Gabano E et al. 2017)
(Scheme 2).
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Scheme 2. Synthetic pathways for Pt(IV)Ac-POA synthesis. Cisplatin (CDDP),
2-(2-propynyl)octanoic acid, POA, and its Pt(IV) mixed derivative (OC6-44)-
acetatodiamminedichlorido(2-(2-propynyl)octanoato)platinum(lV), Pt(IV)Ac-POA
(Rangone B et al. 2018).

The Pt(IV)Ac-POA, acting as a prodrug, represents a promising tool, able to
produce a synergistic action 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 exposure of nuclear 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 strong histone H3 acetylation (at lysine 9 level), presumably
acting at the HDACS level (Oehme | et al. 2009). Moreover, it has been
reported that POA is more active than VPA to induce histone
hyperacetylation in cerebellar granule cells, also exhibiting antiproliferative
and neurotrophic activity (Gabano E et al. 2017; Leng Y et al. 2010).
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Several studies have shown that the new prodrug Pt(IVV)Ac-POA exhibited
promising antitumor activity both in vitro and in vivo on different human
tumour cell lines (Gabano E et al. 2017). As it may show fewer side effects
than CDDP, as Pt(1V) derivatives generally do (Oehme | et al. 2009; Witt O
et al. 2009), Pt(IV)Ac-POA is currently under investigation to understand its
effect on other types of cancers such as nervous system tumours.

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 increasing
antitumoral effect. The genomes of eukaryotic organisms are tightly packaged
in chromatin, which forms the structural basis of the nuclear processes
associated with the genetic activity. The concept of epigenetics is defined to
describe changes in the expression of genes or their function, but which does
not involve alterations in the underlying DNA sequence (Altucci L and
Stunnenberg HG 2009; Baylin SB and Schuebel KE 2007; Goldberg AD
2007). Many alterations in the epigenetic scenario, correlated with genetic
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 modulating chromatin structure and function. Post-
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; Sturm D 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 removes the 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 and coactivators
(Marmorstein R 2001; Sengupta N and Seto E 2004). Cancer has been
considered a disease promoted by genetic defects, i.e. gene mutations,
chromosomal deletion, and abnormalities, resulting in a loss of function of
tumour suppressor genes and/or gain of 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 progression of cancer
(Herceg Z et al. 2013). Current studies found that class | HDAC expression
was high in strongly proliferating and advanced tumours, sometimes founded
in patients with poor prognosis (Weichert W 2009). In contrast, a reduction
in class Il HDAC expression was described in different types of tumours,
including GBM (Lucio-Eterovic 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 apoptosis. The induction of apoptosis appears to be a
predominant pathway in HDACi-induced 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). HDACI can induce cell growth arrest, terminal
differentiation, cell death and/or angiogenesis inhibition. Normal cells are
relatively resistant to HDACi-induced cell death (Burgess A et al. 2004;
Insinga A et al. 2005; Ungerstedt JS et al. 2005). The cell death pathways
identified in the mediation of programmed cell death induced by HDACI
include apoptosis (Bolden JE et al. 2006; Rosato 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 WS et al. 2005)
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 of G2 checkpoint kinases Weel and checkpoint
kinase 1 (Chkl). In addition, HDACI reduces the expression of proteins
involved in DNA repair (Cornago M et al. 2014).

Furthermore, HDACs can promote the deacetylation of structural proteins,
chaperones, and transcription factors (TFs) with a significant impact on the
physiopathological 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 chemotherapy, treatment with HDACi may
increase the sensitivity of cancer cells to other drugs and treatments (Munshi
A et al. 2005). To date, many HDAC: are in pre-clinical and clinical stages of
investigation, also due to HDACIs 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, sensitizing 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 by the platinum compounds

In order to obtain key elements that would allow identifying 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 morphological, biochemical 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 them: i) Regulated cell death
(RCD) that depends on a specific molecular pathway, 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 and chemical 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; Fuchs Y and Steller
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 (Galluzzi 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 death: i) type I cell death or apoptosis, characterized by cytoplasmic
shrinkage, chromatin condensation (pyknosis), nuclear fragmentation
(karyorrhexis), and the generation of plasma membrane blebbing. This
process culminates with the formation of apoptotic bodies, an intact
membrane small vesicles containing cytoplasm material, which subsequently
are efficiently removed by cells with phagocytic activity and then degraded
within lysosomes; ii) type Il cell death or autophagy, is manifested with the
creation of numerous cytoplasmic vacuolization and similarly ending to
apoptosis with phagocytic uptake and following lysosomal degradation; iii)
type 111 cell death or necrosis, displaying no typical features of type I or Il
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cell death and it concludes without phagocytic and lysosomal involvement,
but it is often associated with the activation 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. It is a type of controlled and energy-dependent 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 are a 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, together with
one of glycine, in the conserved sequence QACXG (GIn-Ala-Cys-X-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 (caspase-8), and those that cause mitochondrial
dysfunction (caspase-9). These proteins are produced in inactive form, called
zymogens or pro-caspases, the initiating caspases (2, 8, 9 and 10) are
activated, through a process of self-proteolytic that is facilitated by the
interaction with specific adapter molecules, through a domain of recruitment,
defined as CARD (Caspase-Recruitment Domain); a protein-interaction
module belonging to the death-domain superfamily, which includes the death
domain (DD), death-effector domain (DED) and pyrin domain (PYD) (Park
HH 2019). Executing caspases 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 fragmentation (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
apoptosis pathway three different stages of apoptosis can be distinguished: i)
“Initiation” phase, in which a stimulus determines the recruitment of different
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patterns, which respond to a specific stimulus; ii) “Effective” phase, in which
every signal of initiation is integrated by the cell to decide its destiny of life
or death; iii) “Execution” final phase, in which different proteins are degraded
and the DNA fragmented (Apraiz A et al. 2011). Apoptosis is involved in
physiological processes such as remodelling 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 pathway activation has been found in hyperproliferative diseases,
such as cancer (Favaloro 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 and repair (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 Protein), is associated to the increase of CDDP
resistance (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 process. In CDDP-resistant cells, the
activation of caspases-3,-8 and -9 is often reduced, resulting in a
downregulation of apoptotic signals (Asselin E et al. 2001; Ono Y et al. 2001).
Apoptosis can be triggered by two main mechanisms: the binding of specific
ligands to death receptors in the extrinsic pathway, and the cytotoxicity that
initiates the intrinsic (or mitochondrial) pathway (Figure 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 et al. 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 (Zaman S et al. 2014).

Intrinsic apoptotic pathway

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. 2010; 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 Green DR, 2010). This
pathway is finely regulated by pro-apoptotic and anti-apoptotic proteins of
the Bcl-2 superfamily (Danial NN and Korsmeyer SJ 2004), a group of

69



1. Review of the literature

proteins sharing one to four Bcl-2 homology (BH) domains (i.e. BH1, BH2,
BH3, and BH4) (Czabotar PE et al. 2014; Shamas-Din A et al. 2013) and
which control the permeability of the outer mitochondrial membrane (OMM).
In response to apoptotic stimuli, MOMP is provoked by Bcl-2 associated X
apoptosis regulator (Bax), and/or Bcl-2 antagonist/killer 1 (Bak1; best known
as Bak), both of which contain four BH domains and a preserved
transmembrane domain (Delbridge AR et al. 2016; Luna-Vargas MP and
Chipuk JE 2016). The two proapoptotic factors, Bax and Bak, undergo
structural changes, which lead to their activation: both proteins migrate to the
mitochondria, where they form homodimers to expose dimer-dimer 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 BH3-only proteins such as BIM (Bcl-
2-interacting mediator of cell death), PUMA (p53-upregulated modulator of
apoptosis) and BIDBH3 interacting domain death agonist to promote their
activation by homo-oligomerization (Ren D et 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 of Ca?* from ER to cytosol
(Oakes SA et al. 2005).

MOMP can be antagonized by anti-apoptotic members of the Bcl-2 family,
such as Bcl-2 itself, Bcl-2 like 1 (known also as Bcl-XL) that exert their effect
inhibiting Bax and Bak and preventing their oligomerization and pore-
forming activity (Barclay LA et al. 2015; Hardwick JM and Soane L 2013;
O’Neill 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 mitochondrial 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 Green DR 2010). OPAL 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
dynamin-related protein OPAL, positioned on the inner mitochondrial
membrane, protects against apoptosis by preventing the release of
cytochrome c¢ from the mitochondria (Frezza C et al. 2006). On the contrary,
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the mitochondrial pathway is induced when the release of some molecules
happens, i.e. cytochrome ¢, somatic (CYCS), which usually operates as an
electron shuttle in the mitochondrial respiratory chain (Galluzzi L et al. 2012),
and diablo 1AP-binding mitochondrial protein (DIABLO; also known as
second mitochondrial activator of caspases, SMAC) (Verhagen AM et al.
2000; Du C et al. 2000) which antagonize caspase inhibitory proteins (I1AP)
(Wu G et al. 2000; Srinivasula SM et al. 2001).

To note, MOMP, in the end, leads to the dissipation of the mitochondrial
transmembrane potential (Aym), because of the respiratory impairment due
by the loss of CYCS, and hence to the cessation of Aym-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 mitochondria, 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 (APAF-1) and pro-caspase-9 in a deoxy-ATP-dependent manner to
form the complex known as apoptosome, which is responsible for caspase-9
activation (Jiang X and Wang X 2004) through the CARD domain (Hu Q et
al. 2014; Riedl SJ and Salvesen GS 2007).

The active caspase-9 splits and cleavages caspase-3,-6 and caspase-7, which
in turn activate the different intracellular substrates leading to morphological
changes characteristic of apoptosis (Julien O and Wells JA 2017). Caspase-3
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,
Caspase-activated DNase) (Nagata S 2000). Indeed CAD, in proliferating
cells, is associated with its ICAD inhibitor; in apoptotic cells, however,
caspase-3 cuts the inhibitor factor permitting the release of DNAses (Sakahira
H et al. 2015). Among caspase-3 substrates there is PARP-1, this protein
possesses an N-terminal domain able to bind DNA thanks to the presence of
a double zinc structure, called DBD (DNA Binding Domain), a nuclear
localization signal, a C-terminal catalytic domain, and a “self-modifying
domain” (Kim MY et al. 2005). The DBD binds with high affinity to single
or double-stranded breaking sites and in the presence of low levels of DNA
damage, PARP-1 acts as a survival factor, while in the presence of extensive
damage it acts to promote cell death (Virag L and Szabo C 2002). Caspase-3
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can inactivate the enzyme PARP-1, 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 al. 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 caspase-3 is Gelsolin (GSN)
which is a cytoskeleton-associated protein that regulates actin polymerization
in the cell nucleus and can bind phosphatidylinositol 4,5-bisphosphate (PIP2).
Gelsolin correlates cytoskeletal organization to signal transduction. An
aberrantly regulation of Gelsolin has been observed in many tumour types,
due to 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 Bcl-2 family, can promote also autophagy. The components 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 DNA-damaging agents (Yousefi S et al.
2006). Furthermore, HDACIs induce apoptosis in a series of cancer cells
through the activation of the intrinsic mitochondria pathway by decreasing
the expression of antiapoptotic proteins Bcl-2, Bcl-xI and improving the
expression of proapoptotic proteins Bax and Bak (Bai LY 2010).
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 a particular variant of intrinsic apoptosis, which
is promoted by the loss of integrin-dependent attachment to the extracellular
matrix (Paoli P et al. 2013). Generally, anoikis, preventing the anchorage-
independent proliferation and the attachment to an improper matrix, is
considered as an oncosuppressive process (Buchheit CL et al. 2012; Buchheit
CL et al. 2014), indeed this mechanism prevent that cancer cells initiate and
progress through the “metastatic cascade” (Galluzzi L et al. 2018).

Tumour cells can escape 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 BRCA1-associated protein
(BRAP), which is favoured by coiled-coil domain containing 178
(CCDC178) (Hu X et al. 2017).
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Extrinsic apoptotic pathway

Extrinsic apoptosis is an RCD modality induced by perturbations of the
extracellular microenvironment (Strasser A et al. 2009) and it is triggered by
the so-called death receptors (DRs). Death receptors include TNF (Tumor
Necrosis Factor) receptor superfamily members and Fas cell surface death
receptors i.e. FAS, CD95, and APO1 (Aggarwal BB et al. 2012; Dasari S and
Tchounwou PB 2014; von Karstedt S et al. 2017). After the binding between
receptors with their ligands such as TRAIL (TNF-related apoptosis-inducing
ligand) ligand and FAS ligand (FASLG, CD95L, and APO-1), respectively,
the subsequent formation of the Death Inducing 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. Fas-associated death domain (FADD) and TNFRSF1A
associated 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 caspase-8
and 10 (Brenner D et al. 2015; Fu Q et al. 2016). The activation of caspase-8
in the DISC complex, in turn, determines the activation of caspase-3, which
initiates the action of caspase-dependent deoxynuclease (Santin G et al.
2011). Most of the signals that inhibit caspase-8 act on its recruitment at the
level of the DISC complex; for example the factor c-FLIP (FADD-like IL-
1B-converting enzyme-inhibitory protein) shows structural similarities with
caspase-8 and this allows it to compete with it for the binding to specific sites
and to replace itself in the complex DISC (Hughes MA et al. 2016; Kavuri
SM et al. 2011).

Another mechanism of negative regulation of caspase-8 involves the
recruitment of factors, such as IAP 1/2, which trigger survival signals and
inhibit its activation (Gyrd-Hansen M and Meier P 2010).
Finally, the execution of apoptotic cascade can be initiated by caspase-3
and/or caspase-7 which are activated by caspase-8 (Barnhart BC et al. 2003).
Caspase-8 can activate the cytoplasmic BH3-only protein Bid, which is a
mediator of the apoptosis pathway 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 mitochondria-associated complexes that contained other Bcl-2
family members (Schug ZT et al. 2011). Then the formation of the pore on
the outer mitochondrial membrane allows the cytoplasmic release of factors
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responsible for the intrinsic pathway (such as cytochrome c), suggesting a
“cross-talk” between the intrinsic and extrinsic pathways (Huang K et al.
2016).

It was observed that HDACI increases signalling through the extrinsic
apoptotic pathway according to several mechanisms that include cell surface
receptors upregulation of death, and/or ligand expression, reduction in c-FLIP
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 expression of c-FLIP in human
malignant tumour cells, which results in the rapid production of DISC in the
presence of TRAIL and the activation of caspases-8 (Carlisi D et al. 2009;
Lagneaux L et al. 2007; VanOosten 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. It is an energy-dependent cellular pathway that
responds to different types of stress and cellular condition with the goal of
self-preservation (Claudiu A et al. 2015). This process predominantly occurs
during strong changes in environmental conditions, such as nutrient
deprivation, oxidative stress and ultraviolet radiation (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,
energy homeostasis, the extension 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 intracellular 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 mechanism. Indeed, if 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 11 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 range of human
disorders including autoimmune diseases, neurodegeneration, infections,
inflammatory processes, and even neoplasms, in which autophagy is often
associated with chemoresistance (Deretic V et al. 2015; Grimaldi M et al.
2019; Jiang P and Mizushima N 2014).

For years, autophagy has been considered a non-selective degradation

pathway within the cell, but recent evidence has shown that specific stimuli
active selective types of autophagy to identify structures for lysosomal
turnover (Farre JC and Subramani S 2016).
Autophagy can be classified into three groups: macroautophagy,
microautophagy and chaperone-mediated autophagy (CMA), these
mechanisms differ from each other for transport tools, for the 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 referred to as simple autophagy, compared to

the other two forms, is the predominant type and the most investigated
process. The first information on macroautophagy derives from initial genetic
studies on the vacuole system of the yeast Saccharomyces cerevisiae, akin 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 autophagosome (Nixon RA 2013).
Macroautophagy begins with the formation of a pre-autophagosomal
structure, called phagophore, which extends from both sides, and closes
around the target, which must be eliminated, leading to the formation of
autophagosome (Mizushima N et al. 2008), which is able to incorporate all
the cytoplasmic components, including the organelles. The latter then uses a
microtubular trace that allows it to melt and fuse with lysosomes, to form
vesicles, called autolysosomes, within which hydrolytic enzymes degrade
internalized substrates (Xie R et al. 2010). Autophagosomes can also merge
with endosomes and with major histocompatibility complex (MHC) class 11
(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; docking and fusion; breakdown and efflux (Amelio
| etal. 2011; Harris and Rubinsztein 2012) (Figure 13).

Initiation Vesicle elongation Maturation Docking and fusion Vesicle breakdown

and degradation
Q\.() 4 ’ o |
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acid hydrolases
Isolation membrane
(phagophore)

Autophagosome

Figure 13. Steps of macroautophagy. Macroautophagy is characterized by well-
defined phases, which lead to winding in a double-membrane vesicle of the material
to be degraded, which will finally be demolished to obtain useful substances for the
cell (Choi AM et al. 2013).

76



1. Review of the literature

These steps are performed by proteins encoded by a group of autophagy-
related genes (ATG). Atg proteins are grouped according to their respective
functions and are divided into five subgroups: the Atg1/Ulk1 protein kinase
complex, the Atg9-Atg2-Atgl8 complex, the Vps34-Atg6/beclinl class Il
complex phosphoinositide 3-kinase, Atgl2 conjugation system and the
Atg8/LC3 conjugation system (lipidation) (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 autophagosomes have been detected,
including ER, Golgi, endosomes, and mitochondria (Tooze SA and
Yoshimori T 2010; Weidberg H et al. 2011). Several studies 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
membranes have been observed (Hayashi-Nishino M et al. 2009; Yla-Antilla
P et al. 2009).

The activity of the Atgl kinase in a complex with Atg13 and Atg17 is required
for the formation of the phagophore in yeast (Klionsky DJ 2007).

Ulk-1 and Ulk-2 (Unc-51 Like Kinase), are a mammalian homologue of Atg1,
the ULK complex, formed by Ulk1/2, Atgl13, Atg101, and a scaffold protein
FIP200 (Focal Adhesion Kinase), plays an important role in the initiation
pathway of macroautophagy.

In nutrient-rich conditions, the serine-threonine 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 Ulk1 complex (He C
and Klionsky DJ 2009). 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 essential to initiate 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 and 777, 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 (Phosphatidylinositol 3-
class kinase Ill) intervenes, which assembles thanks to the action of the
Beclin-1 factor, which acts as a platform through the bonding of different
cofactors, such as Barkor (Beclin -1-Associated Autophagy-Related Key
Regulator), p150 and UVRAG (UV lIrradiation Resistance-Associated Gene)
(Sun et al. 2008; Itakura E and Mizushima N 2009). This resulting complex
plays an essential role in the nucleation and assembly of the initial
phagophore membrane (Jaber N et al. 2012; Puri P and Chandra A 2014). The
phosphorylation of the ULK1 complex can therefore promote the phagophore
nucleation, mediated by the PI3K complex (Suzuki K et al. 2007), probably
through the phosphorylation of key molecules, such as AMBRA (Activating
Molecule in Beclin-1-Regulated Autophagy Protein 1) (Di Bartolomeo S et
al. 2010) and Beclin-1 (Russell RC et al. 2013). This phase is followed by the
expansion and completion of the vesicles. The membranes assemble and then
seal themselves forming the autophagosome, two conjugation systems similar
to ubiquitin are involved: the Atgl2-Atg5 conjugation system 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 ubiquitin-like conjugation system is Atg12-Atg5: Atg7 (E1-
like activating enzyme) activates the ubiquitin-protein Atg12 and transfers it
to Atgl0; finally, Atgl10 (E2-like activating enzyme) covalently links the C-
terminal glycine residue of Atgl2 to a lysine residue of Atg5 (Kuma A et al.
2002). The Atgl2-Atg5 conjugate possesses similar activity to the ligase
facilitating the conjugation of Atg8 to the autophagic membranes. Atgl2-
Atg5 forms a constitutive complex of approximately 350 kDa, with the
coiled-coil dimeric protein Atgl6, which is essential for the biogenesis of
autophagosome, but not necessary for the enzymatic activity of Atgl2-Atg5
(Hanada T et al. 2007; Kuma 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 into a soluble LC3-1, immediately
after its synthesis, by the enzyme Atg4, a cysteine protease that leaves a
glycine residue uncovered in the C-terminal position; this is a target site for a
thioester bond to a cysteine residue of Atg7, followed by transfer to Atg3 and
finally by the establishment of an amide bond with PE (Kaufmann A et al.
2014; Romanov J et al. 2012). Thus LC3-11 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 the autophagosome 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 selective process than
initially thought. Selective autophagy depends on the binding of the substrates
with the inner surface of the growing phagophore, indicated as cargo, a
process mediated by adapter proteins associated with both the substrate and
the lipidated LC3, anchored to the phagophore.

The autophagic adapter protein p62, also known as Sequestosome 1
(SQSTML1), 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 as in 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 bacteria-infected 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 Receptor-Associated Factor 6), ERK
(Extracellular Signal-Regulated Kinase) and PKC (Protein Kinase C) (Jin Z
et al. 2009; Moscat J et al. 2006). P62/SQSTM1 can polymerize through an
N-terminal PB1 domain and can interact with ubiquitinated proteins through
the C-terminal UBA domain. Furthermore, p62/SQSTM1 binds directly to
the LC3 and GABARAP (Gamma-aminobutyric acid receptor-associated
protein) family proteins via a specific sequence pattern. Furthermore, this
protein is selectively degraded and acts to recognize ubiquitinated protein
aggregates, linking them to autophagosomes, a process necessary for
lysosomal degradation (Chen S et al. 2014; Liu WJ et al. 2016) (Figure 14).
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Figure 14. Molecular pathway of macroautophagy. Steps of autophagy induction
and autophagosome formation (Quan W and 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, are involved 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, associating itself 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 processes 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 lysosomes, the monomeric
units obtained, such as amino acids, can be exported to the cytoplasm for
reuse (Sagne C et al. 2001). Pro-inflammatory cytokines, i.e. IL-1f
(interleukin 1 beta), INF-y (interferon-gamma) (Harris J et al. 2007; Singh SB
et al. 2010) and TNFa (Mostowy S et al. 2011), can also stimulate autophagy,
while it is inhibited by cytokines T helper 2, such as IL-4 (interleukin 4) and
IL-13 (interleukin 13) (Harris J et al. 2007). The metabolites generated in
these proteolytic processes, which include the amino acids, are actively
removed by the autolysosomes, reported 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 cells. Microautophagy works through direct
invagination of lysosomes, leading to the formation of single membrane-
limited vesicles (Li WW et al. 2012). The lysosome membrane is itself an
active part of the process and there is no formation of intermediate vesicles,
such as autophagosomes. Therefore, microautophagy does not depend on the
canonical autophagic machinery (Li WW et al. 2012; Sahu R et al. 2011).
Microautophagy works in maintaining the organelle size, the composition of
the membranes and promotes cell 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, the so-called
“pexophagy” (Veenhuis M et al. 2000).

Like macroautophagy, microautophagy is induced through the TOR
signalling complex and is also controlled by a second regulator, the EGO
complex. This complex is composed of three proteins: Egol, Ego3 and
GTPase Gtr2 (Dubouloz F et al. 2005). Another important protein crucial for
microautophagy is the VTC complex, composed of four proteins Vtcl, Vtc2,
Vic3, 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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Chaperone-mediated autophagy (CMA)

The third type of selective autophagy for the degradation of a subgroup
of cytosolic proteins has been called chaperone-mediated autophagy (CMA)
(Tekirdag K and Cuervo AM 2018; Wong E and Cuervo AM 2010). For this
degradation process, vesicular trafficking is not required, therefore it differs
from macroautophagy and microautophagy. The pathway is stress-activated
such as prolonged starvation, exposure to toxic compounds or oxidative
stress. The mechanisms of chaperone-mediated autophagy are like the
mechanisms of protein import into mitochondria, chloroplasts, and ER
(Cuervo AM and Wong E 2014; Majeski 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 targeting 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 binding is necessary for lysosomal degradation of the
substrate protein (Cuervo AM and Wong 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 70 kDa (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 substrate-chaperone protein
complex is then bound to the LAMP-2A receptor (Lysosomal-Associated
Membrane Protein type 2A), located on the lysosome membrane, and at this
stage, LAMP-2A acts as a monomer. Subsequently, the binding of the
substrate to this receptor leads to LAMP-2A multimerization, with the help
of the lysosomal protein HSP9O0, since it is thought that the association of
multiple LAMP-2A molecules can create a discontinuity in the membrane to
facilitate the transport of the substrate. At this point, the substrate protein is
unrolled and translocated in the lysosome lumen, thanks to the LAMP-2A
complex, 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
chaperone-mediated autophagy cycle (Kaushik S 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 in important functions such as
regulation of transcription by the elimination of several transcription factors
or control of proteins involved in the cell cycle (Tekirdag K and Cuervo AM
2018).

1.4.3 Necrosis

The type 111 cell death or necrosis consists of cellular swelling, loss of

organelle homeostasis and integrity, rupture 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 neighbours, 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 cutting coenzyme NAD™ and transferring ADP-ribose motifs to
carboxyl groups of nuclear proteins. This depletes the reserves of NAD*/ATP
and causing a metabolic catastrophe and the activation of the necrotic
pathway (Van Wijk SJ and Hageman GJ 2005).
For several years necrosis has been considered a univocal form of ATP-
independent cell death, referred to as a random and uncontrolled process that
leads to “accidental” cell death. In the last decade, recent data have discovered
a caspase-independent process that resembles necrosis mechanisms,
suggesting that necrosis can occur in a highly regulated and genetically
controlled manner (Vanden Berghe T et al. 2014).

1.4.4 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; VVanden Berghe T
2014). Several molecular mechanisms characterise these processes,
identifying different forms of regulated necrosis i.e. necroptosis, ferroptosis,
oxytosis, parthanatos, ETosis, NETosis, pyronecrosis, and 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), including TLR3, TLR4, and Z-DNA 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 the plasma
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 lytic nature of necroptotic cell death led to the formulation
of a hypothesis according to which this process triggers inflammatory
responses in vivo. This process is probably mediated by the release of DAMPs
(Danger-Associated Molecular Patterns), a class of molecules of which
release by damaged cells is read as a danger signal, and which may evoke a
response from immune cells (Krysko DV et al. 2012). However, 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 DR, and by their ligands, such as FASL, TNF, TRAIL, as
well as by interferons, Toll-like receptors, intracellular DNA and RNA
sensors, and may also from other mediators (Pasparakis M and VVandenabeele
P 2015; Vandenabeele P et al. 2010). It has been added to the list of receptors
capable of inducing necroptosis TAK1 (Transforming Growth Factor-Beta-
Activated Kinase 1), which is activated through a set of different intra- and
extracellular stimuli (Mihaly SR et al. 2014).
The most known pathway begins following the binding of TNF-o with its
TNFRL1 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 E3-ligases, 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). TNFR1
also recruits the protein kinase RIP1 (Receptor-Interacting 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
(IxB Kinase Complex) and NEMO (NF-xB Essential Modulator) complex,
triggering the pro-survival pathway of NF-xB. Conversely, when RIP1 is
deubiquitinated by the action of the CYLD (Cylindromatosis) enzyme, it is
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released into the cytoplasm and forms the complex Il, with TRADD, FADD,
the RIP3 kinase (Receptor-Interacting Protein 3) and caspase-8 (Hitomi J et
al. 2008). Caspase-8, in its active form, cleaves RIPK3 and induces apoptosis
through the caspase cascade; on the contrary inhibition of caspase-8 activity
by FLIP, a catalytically inactive homolog of caspase-8 that 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 downstream of RIPK1 and RIPK3
(Sun L et al. 2012), which undergoes a conformational change and leads to
the formation of a trimer and the exposure of a domain in N-terminal 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 cellular content in interstitial space, and therefore
cell death (Pasparakis M and Vandenabeele P 2015; Wang H et al. 2014)
(Figure 15).

TNF-a ....

29
ah

‘ Tt\F]R ‘ Complex I

\ \/k

TRADD

w k Complex II
w
Aase-t? ik

@

WD ———" Necroptosis
MLKL PGAMS

Figure 15. Necroptosis pathway. Upon TNFa binding to its receptor, TRADD,
TRAF2, and RIP1 are recruited to form complex I. In turn, TRADD and RIP1 are
bound to FADD and caspase-8, eventually forming the cytoplasmic complex Il. In
situations where caspase is inactivated, RIP1 interacts with RIP3 to trigger
consecutive downstream signalling events, including the recruitment of MLKL,
which transmit cytosolic death signals (Cho YS and Park HL 2017).
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Regarding the regulation of necroptosis, IAP proteins also play an important
function in its activation. They are ubiquitin-ligases E3, which play a key role
in numerous cellular processes, able to mediate the proteasome-dependent
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 described, such as
Ppm1 phosphatase, which directly dephosphorylates RIPK3, thus reducing
necroptosis (Chen W 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 enhance its 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 pathway could
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 cancer, it could be
interesting to find if some chemotherapeutic agents that cause DNA damage
can trigger death by necroptosis (Tenev T et al. 2011).

Caspase independent cell death

This pathway is mediated by AIF (Apoptosis-Inducing Factor), a
flavoprotein with NADH-oxidase activity containing a flavin adenine-
binding domain of nucleotide (FAD-binding domain), located at the level of
the mitochondrial intermembrane space and that is released into the cytosol
during the execution of PCD (Candé C et al. 2002). AlIF 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 mediated by 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 AIF physically interacts with several proteins,
such as HSP70 and cyclophilin A (CypA) (Bano D and Prehn JHM 2018).
Once in the nucleus, AIF interacts directly with nuclear DNA and determines
chromatin condensation, large-scale DNA fragmentation and cell death
(Modjtahedi N et al. 2006). Furthermore, it was also 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), hypothesising that AIF could be degraded
during this phase or re-synthesized in mitochondria (Bottone MG et al. 2009).

Recent studies have shown that AIF is involved in a caspase-independent 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 dependent on the nuclear translocation of the
AIF. The time course of this type of cell death is related to the rapid activation
of PARP-1 and other biochemical events such as synthesis and accumulation
of PAR polymer, mitochondrial depolarization, and nuclear AlF translocation
as describe above (Fatokun AA et al. 2014). In contrast to apoptosis,
parthanatos does not promote the apoptotic bodies formation and it produces
large-scale DNA fragmentation compared to small-scale DNA fragmentation
observed in apoptosis (Wang Y et al. 2009).
As occurs in necrosis, parthanatic cell death produces a loss 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 the co-involvement of PARP-1, PAR, and AIF, which is
absent in other forms of programmed or regulated necrosis, still discriminates
parthanatos from other types of cell death (Fatokun AA et al. 2014; Galluzzi
L et al. 2018). To date, some data implicate PARP 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 PARP hyperactivation and therefore parthanatos induction.
The rationale 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).

Lysosome-dependent cell death

The permeabilization of the lysosomal membrane, 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, presence of ROS, ultraviolet radiation, proteasome inhibition,
deprivation of growth factors and p53 activation (Appelgvist H et al. 2013;
Serrano-Puebla A and Boya P 2016). Following an initial stimulus, the death
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signals are transmitted to the lysosome in various ways, including through
factors, such as Bax and caspase-8, following the activation of death
receptors; or in the case of p53 activation, through the lysosome-associated
apoptosis-inducing protein (Boya P and Kroemer G 2008; Chen W et al.
2005). Following a partial or total permeabilization of the membrane,
lysosomes release hydrolases, such as cathepsins, in the cytoplasm, which can
activate apoptosis through the caspase-dependent or independent pathways,
optional involvement of MOMP, depending on the type 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 homeostasis, in contrast,
lysosomal dysfunction has been implicated in various disease conditions,
including lysosomal storage diseases (LSDs), neurodegeneration,
autoimmune diseases, and cancer. To better understand the pathological
consequences of lysosome-dependent cell death (LDCD), lysosomes may
constitute important novel therapeutic targets to blockade of metabolic
dysfunctions and to treat human disease (Serrano-Puebla A and Boya P 2016;
Wang F et al. 2018).
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1.5 The role of calcium homeostasis and cytotoxicity

Calcium (Ca?") is an ion, called “the universal messenger” due to its
property to be the most widespread transduction signal present in cells and its
cytosolic concentration is about 20 000 times lower (100 nM) than
extracellular concentration (2 mM) (Machaca K 2011; Parkash J and Asotra
K 2010). Ca?* takes part in many physiological processes i.e. increased bone
mass, muscle contraction, blood coagulation, differentiation and cell death,
immune response and enzymatic activation (Mori M et al. 2014). Especially
at the neuronal level, Ca?* is 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).

Ca?" permeates through the membrane by the presence of several ion
channels, which are subtyping in two superfamilies of Ca?* channels: the
channels of the plasma membrane, through which the extracellular Ca®* enters
the cell, and the intracellular channels that allow the release of Ca?* from the
intracellular stores. The main intracellular Ca* store is the smooth ER which
has a Ca*-ATPase called SERCA (Sarco-Endoplasmatic Reticulum Calcium
ATPase) whose function is to sequester the Ca?* inside the cisterns (Manjarrés
IM et al. 2010; Marchi S and Pinton P 2016). In addition to the smooth ER,
mitochondria also play an important role in the Ca®* uptake, which is
performed thanks to the presence of the MCU system (Mitochondrial
Calcium-Uniport) (Giorgi C et al. 2012; Mallilankaraman K et al. 2012). The
action of this mechanism is counteracted by mitochondrial H*/Ca?* exchanger
(MHCX) and Na'/Ca?* exchanger (mNCX) both situated in the inner
membrane, while the permeability of the outer membrane is ensured by
overexpression of the VDACs (Voltage-Dependent Anion Channel) (Rizzuto
R etal. 2012).

To prevent cell damage induced by intracellular Ca?* accumulation, there are
several mechanisms of regulation such as PMCA, which pumps Ca?* out of
the cell (Nedergaard M et al. 2010), anti-Na*/Ca?* proteins that are located on
the plasma membrane and on the mitochondrial membrane, which allow Ca?*
transport by the electrochemical gradient of Na* (Gleichmann M and Mattson
MP 2011) (Figure 16).
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Figure 16. Calcium homeostasis in normal cells. Ca?* concentration in the cytosol
is normally maintained at 10-100 nM, to preserve this value, several mechanisms of
regulation are involved such as endoplasmic reticulum (ER), and protein binding.
Physiological increases of cytosolic Ca?* take place by plasma membrane Ca?*
channels, the release of Ca?* 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 Ca?* operated by the Calcium Binding Proteins (CBPs) (Yafiez M et al.
2012). The concentration of intracellular Ca?* can increase following its
massive access from the extracellular space, following the opening of
voltage-gated calcium channels (VGCCs), also known as voltage-dependent
calcium channels (VDCCs), or through the NMDA receptor, located on the
postsynaptic membrane. Other channels are involved in Ca?* homeostasis
such as the non-voltage-gated channel P2XRs (purinergic ionotropic receptor
families) and the transient receptor potential (TRP) channels, which mediate
the influx of Ca* in response to several stimuli (Burnstock G and Di Virgilio
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F 2013; Marchi S and Pinton P 2016; Montell C 2005). TRP channels
modulate ion driving forces, the Ca?* and Mg?* transport machinery in the
plasma membrane, where most of them are located. TRP channels play an
important role in the mechanism known as SOCE (Store-operated calcium
entry): the Ca2* influx from the ER induces the opening of channels present
in the plasma membrane taking an increase of this ion in the cytoplasm to
restore the Ca®* concentration in the cellular stores (Hogan PG and Rao A
2015). In this process, two TRP channels operate; ORAIL (calcium release-
activated calcium channel protein 1) and STIM1 (Stromal Interaction
Molecular 1) (Hogan PG and Rao A 2015; Stathopulos PB et al. 2013). The
increase in intracellular Ca?* levels can also be induced by the release of the
ion from the ER through the InsP3Rs and the receptors for Rianodine (RyR)
(Marchi S and Pinton P 2016).

A non-physiological increase in Ca?*, as well as those induced by
CDDP treatment, can lead to the activation of calpain, an activated Ca®*
protein that is involved in apoptosis (Chang L and Wang A 2013; Debatin
KM et al. 2002; Smith MA and 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 Ca?*, and ROS accumulation can promote the opening of the
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 caspases-9 and -3 triggering the apoptotic
pathway (Marchi S and Pinton P 2016).

In neuronal cells, excessive activation of the NMDA receptor by glutamate
produces a higher activation of the associated channels, increasing cytosol
Ca?* concentration that consequently causes excitotoxicity and eventually
cells death (Carozzi VA et al. 2010).

When intracellular Ca®* 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 Ca®* homeostasis causes
bone anomalies and an increased risk of developing epithelial tumours
(Crosara Teixeira et al. 2014). Indeed, since the intracellular Ca®* is
fundamental for neuronal neurotransmitter release (Burnashev N and Rozov
A 2005) anomalies in the Ca?" signal homeostasis process, can lead to
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disorders of various nature: migraine, ataxia (Lory P and Mezghrani A 2010),
Alzheimer’s disease (Sanz-Blasco S et al. 2008), stroke (Toescu EC 2004),
epilepsy (Ben-Ari Y 2001; Lory P and Mezghrani A 2010) and cancers
(Mignen O et al. 2017). In this context, several studies have been focused on
the role Ca?* channels, which have shown to be involved in progression and
proliferation of cancer, migration, invasion, and metastasis (Abdullaev IF et
al. 2010; Catacuzzeno L et al. 2015; Thuringer D et al. 2017). Another
element that seems to have an important role in cancer is the mitochondrial-
associated endoplasmic reticulum membranes (MAMSs). MAMs are locating
between ER and mitochondria making a contact between two organelles but
maintaining ER and mitochondria biochemical distinct, therefore MAMs may
have a role in cancer therapy response, especially during cell death processes
by the modulation of Ca?* signalling pathway (Morciano G et al. 2018).

1.5.1 Calcium Binding Proteins (CBPs)

The CBPs contain EF-hand motifs (helix-loop-helix) that allow binding
Ca?* (Lewit-Bentley A and Réty S 2000; Yafiez M et al. 2012). The structure
of these EF-hand motifs refers to the anatomy of the right hand, where the
two helices can be traced back to the thumb and index, while the bent middle
finger reproduces the Ca?*-binding loop (Schwaller B 2009). CBPs are
divided into two large groups: i) Ca?* sensing proteins, which following the
bond with Ca?*, undergo a conformational change and interact with a series
of targets, activating the signal transduction cascade; ii) cytosolic Ca?* buffers
that do not undergo a conformational change and have the function of
dissipating local Ca?* (Alpar A et al. 2012). However, in addition to this first
distinction between 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 CBPs such as
calreticulin and calsequestrin are involved within intracellular Ca?* stores,
while synaptotagmin, calmodulin and S100 families are recruited during
neuronal processes (Alpar A et al. 2012). Therefore, the function of individual
proteins can depend on their focal concentration, the availability of
interacting partners in signalling networks, and the cellular context. In
conclusion, there are also extracellular CBPs that can be classified according
to their Ca?* binding structures which exert several functions also with ECM
(Yafiez M et al. 2012).
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Parvalbumin

Parvalbumin (PV) is a CBP of the albumin family, with a PM of 10-12
kDa, encoded by the PVALB 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 expression and it is involved in muscle
relaxation following the contraction phase (Wilwert JL et al. 2006).

PV consists of two EF-hand motifs with a high affinity for Mg?* and
low affinity for Ca?*. The PV tends to slowly dissociate from Ca?* and
therefore takes longer to restore Ca®* intracellular homeostatic
concentrations. This suggests that PV is involved in the modulation of slow
and transient Ca®* signals, not appearing to be involved in the phasic release
of neurotransmitters and in the control of rapid Ca?* 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 the cerebral cortex, in the
hippocampus, in the spinal cord and in Purkinje cells (Celio MR 1990), where
it is located at the level of the soma, dendrites, and axon. PV appears to be
expressed above all in those myelinated neuronal cells with thin projections,
such 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 a Ca?* sensor

protein and a buffering protein, interacts with several proteins localized in the
cytoplasm, intracellular membranes 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 six EF-Hand
domains of which four can bind the Ca?* ion. CB has also a binding 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
cells and in ganglion cells of the vestibular, cochlear, retinal and spinal nuclei
(Celio MR 1990). Physiologically, in the 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

Calretinin (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 well as other CBPs, has EF-Hand
domains, in this case, six Ca?*-binding EF-Hand domains. The domains that
can bind the Ca?* are the first five, while the sixth would seem to be inactive
(Schwaller B 2014).
CR is particularly expressed in neuronal cell and high expression of 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; Schiffmann SN 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 sweat glands (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 increase its affinity
for the target proteins. This protein can interact with different targets which
include: cellular proteins, enzymes, ion channels, transcription factors, and
cytoskeleton proteins. Furthermore, CaM also interacts with a series of
receptors, including G protein-coupled 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
uM), the concentration of free protein appears to be reduced (Persechini A
and Stemmer PM 2002).

CaM participates in the regulation of various biological processes including
energy metabolism, cell motility, and exocytosis (Berchtold MW and
Villalobo A, 2014). Indeed, CaM plays an important role in the recruitment
of synaptic vesicles following activation of the Ca?*/CaM-dependent Protein
Kinase (CaMK) I and Il, and through the phosphorylation of synapsin, a
protein located on the synaptic vesicle membrane. This phosphorylation
allows the synaptic vesicles to free themselves from the cytoskeletal filaments
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of actin and to reach the presynaptic active zones (Valtorta F et al. 1992;
Benfenati F et al. 1993; Hilfiker S et al. 1998).

1.5.2 PMCA (Plasma-Ca?*-ATPase Membrane)

The PMCA protein belongs to the family 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) and it was discovered in
erythrocytes at the level of the cell membrane (Schatzmann HJ 1966).
Together with the other transport systems, it is involved in the control of Ca?*
homeostasis and uses ATP to eject a Ca?* ion to the outside (Brini M et al.
2013). The PMCA has the same membrane topology as the SERCA pump; it
has ten transmembrane domains, two broad intracellular loops, an N-terminal
chain and a C-terminal, both cytoplasmic. The C-terminal 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 N-terminal chain possesses the regulation
sites as well as the sites of PMCA inhibitory proteins binding (Linde Cl et al.
2007; Rimessi A et al. 2005). The pump can exist in two different
conformational states defined E1 and E2. E1 differs for the diverse binding
affinity that PMCA presents to Ca?*. In E1 configuration, the pump binds
Ca?* with high affinity on the cytoplasmic side, while in the E2 configuration,
PMCA binds Ca?* with low affinity, releasing Ca?* in the extracellular space
(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 point, the
E2 configuration is cleaved and the protein returns to the E1 state. The protein
can transport a Ca?* ion for each ATP molecule consumed (Di Leva et al.
2008). In mammals, 4 distinct genes (ATP2B1-4) encode for 4 isoforms of
the PMCA protein; PMCAZ2 is poorly expressed at the tissue level and
significant expression of this protein has been found in CNS, in Purkinje cell
dendrites (Brini M et al. 2013). This protein has two isoforms: the PMCA2a
and the PMCAZ2b, with different locations; the first is detectable in the
presynaptic terminal, while the second is in the postsynaptic level (Burette A
and Weinberg RJ 2007). As well as the PMCA2 pump, the PMCAS3 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 PMCAA4 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 due to the inability of sperm to move (Schuh
K et al. 2004). The PMCAL protein is widely expressed in tissues and
embryonic tissues (Brini M et al. 2013). Deletion of the gene that codes for
this protein leads to the premature death of the embryo, underlining the
important role of PMCAL in development and organogenesis. This protein
also regulates and maintains levels of Ca?* around life-compatible values
(Okunade GW et al. 2004). The PMCAL1 isoform is a very important protein,
able to compensate for the absence of other isoforms (Okunade GW et al.
2004). There are two isoforms of the PMCAL pump: PMCAla and PMCALb.
PMCA1Db is mainly expressed during development and is then replaced by the
l1a variant in the brain of adult mice (Kenyon KA et al. 2010). Several studies
have shown that loss, mutation or inappropriate expression of different
PMCA:s 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 cancer types, including those of breast and colon
(Curry MC et al. 2012; Lee WJ et al. 2005; Roberts-Thomson SJ et al. 2010).
In turn, the characterization of the different PMCA isoforms could improve
the understanding of the role played by these proteins in the various 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 classified into four
groups: ROS, RNS (Reactive Nitrogen Species), RSS (Reactive Sulphur
Species) and RCS (Reactive Chloride Species). The family of ROS includes
the superoxide anion (O2), the hydroxyl radical (¢OH), the hydrogen
peroxide (H202), singlet oxygen (*O2) and ozone (Os) (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) that is the principal enzyme involved in the
neutralization of ROS and catalyses the dismutation of Oz into H2O2 which,
in turn, is transformed in water by CAT (catalase) enzyme and GPx
(glutathione peroxidase) (Desoize B 2002; Halliwell B 2007, Pacher P et al.
2007). At lower levels, ROS act as intracellular signal transduction molecules
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which can regulate kinase-driven pathways, in turn mediating cellular
responses to external stimuli, such as growth factors, nutrient deprivation, or
hypoxia (Gough DR and Cotter 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, to carcinogenesis 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 cancers (Gupta RK et al.
2014). Cancer cells exhibit high levels of ROS compared to normal cells, this
is partly due to oncogenic stimulation, which increases metabolic activity and
mitochondrial breakdown. Mitochondria are the main source of ROS and
their dysfunction may represent a link to tumorigenesis (Kongara S and
Karantza V 2012; Starkov AA 2008).

Notably, in the tumoral context, several pathways are implicated in the
downstream of the increase of ROS production, such as MAPK and PI3K
pathways that are associated with 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 involved in: i)
inflammation such as NF-kB and cyclooxygenase 2 (COX2) that has a central
role in the inflammation/cancer signalling axis and has been correlated poorer
prognosis among patients with estrogen-independent breast cancer (Chikman
B et al. 2014; Schexnayder C et al. 2018) ii) invasion as well as HIF1 and
matrix metalloproteinases; iii) angiogenesis process i.e. VEGF and its
receptor (Hu Z et al. 2017; Sosa V et al. 2013).

The family of nitric oxide synthases (NOSs) synthesises nitric oxide (NO)
that plays an important role in genotoxic mechanisms, antiapoptotic effects,
promotion of angiogenesis and metastasis, and limits the effect of the
anticancer immune system. It has been associated with several types of
cancers i.e. cervical, breast, CNS tumours and others (Choudhari SK et al.
2013).

Oxidative stress is one of the most important mechanisms involved in CDDP
toxicity. Mitochondria are the first target of CDDP in inducing oxidative
stress, which is expressed in a decrease in the sulfhydryl group of
mitochondrial proteins, inhibition of Ca?" uptake and reduction of
mitochondria membrane potential. The formation of ROS depends on the

97



1. Review of the literature

intracellular concentration of CDDP and the duration of exposure to it
(Brozovic A et al. 2010). By inducing an increase in the ROS level, CDDP
can thus promote DNA 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 years, immunotherapy has gained more interest from the
scientific community, resulting in a good tool for the treatment 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 CTLA-4 (Cytotoxic T-cell Lymphocyte
Antigen-4) pathways have been accepted for the treatment of different forms
of cancer and the first anticancer drug targeting an immune checkpoint was
Ipilimumab, a CTLA-4 blocker approved in metastatic melanoma therapy
(Hodi FS etal. 2010). In addiction PD-1 (Programmed Cell Death-1) blocking
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 date, the oncolytic herpes virus has been approved for the
treatment of metastatic melanoma and Chimeric Antigen Receptor (CAR) T
cells that target CD19 are employed for acute lymphoblastic leukaemia and
diffuse large-cell lymphoma.

For decades, the brain has been considered an immune-privileged system due
to unique anatomical, physiological, and immunological 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 system to deep cervical
lymph nodes (Schldger C et al. 2016).

It has been demonstrated that malignant brain tumour can induce a
pathological neuroimmune response that promotes a heterogeneous cellular
milieu composed of a network of immune-activating and immune-tempering
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 et al. 2014; 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 system (Figure 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, although it can be considered “permeable”,
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 neuro-immune environment in brain tumour. The BBB, Blood-
Meningeal Barrier (BMB), and the Blood-Cerebrospinal Fluid Barrier (BCSF) all
actively prevent blood-borne cells from entering the brain parenchyma. In the
presence of a brain tumour, the BBB is damaged and blood-borne signals and
immune cells can more readily infiltrate the brain parenchyma (on the left).
Simplified overview of immune-suppressed cellular regulation in brain tumours (on
the right) (Lyon JG et al. 2017).

It is known that naive cytotoxic T-cells (CD8*) and T-helper cells (CD4") are
attracted by the brain tumour microenvironment which actively modulates
their phenotypes (Han S et al. 2014). CD8* T-cells confer an antitumour
response, while CD4" T-cells seem to control the tumour-associated
microglia/macrophage phenotype toward a more tumour-supportive one.
Despite the ratio of infiltrated CD8" to CD4" T-cells is a prognostic indicator
in brain tumours (Dunn GP et al. 2007), T-cell function is blocked by
cytokines, such as VEGF, TGFp, IL-10, expressed in the tumour
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microenvironment (Domingues P et al. 2016; Razavi SM et al. 2016).
Impaired T-cells have minor proliferation and an attenuated response to pro-
inflammatory signals that therefore induce an overall down-regulation of
MHCs and Dendritic Cells (DCs) maturation (Albesiano E et al. 2010; Razavi
SM et al. 2016). Massive infiltration of regulatory T-cells (Tregs) has been
described in many high-grade brain cancers, via tumour-secreted chemokines
I.e. CCL22, TGFp (Crane CA et al. 2012; Jacobs JFM et al. 2010).

More aggressive brain tumours have been correlated with activated Tregs that
can repress proliferation and the cytokine-production of tumour-infiltrating
lymphocytes; depletion of Tregs in mice has demonstrated to prolong survival
and lead to non-immunosuppressive myeloid cell infiltration (Maes W et al.
2013).

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

The EGFRvVIII is a tumour-specific mutation mostly expressed on the lethal
primary malignant neoplasm of the brain, such as primary GBM, with a
prevalence of 20-30% (Babu R and Adamson DC 2012). The potential
immunogenicity of the EGFRvIII mutation, first recognised in 2002, resulted
in the development of Rindopepimut (CDX-110), a peptide vaccine
containing the specific novel amino acid sequence created by the EGFRVIII
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 trials, with a phase Il clinical trial recently
discontinued. Indeed, it seems that Rindopepimut does not improve survival
in patients with newly diagnosed GBM, but combination approaches
potentially including Rindopepimut are currently under study to show the
efficacy of immunotherapy in GBM (Weller M et al. 2017).
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Hadrontherapy with carbon ions

Radiotherapy stands out in “conventional” that uses mostly photons (X-
rays) produced by a medical linear accelerator (LINAC), which accelerates
electrons to a dozen MeV (MegaelectronVolt) and “unconventional”, known
as hadrontherapy, based on charged particles.

Hadrontherapy is a form radiotherapy in which hadrons are used i.e. atoms
with electrons torn off, one in the case of proton therapy and six in 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. 2017; Rossi S 2015).
Hadrontherapy has shown to be less invasive than conventional radiotherapy
and more effectiveness than radiotherapy with X-rays (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,
accelerated to 4 800 MeV, make it possible to irradiate deep tumours (i.e.
those that they are also found at 25 cm below the skin) following the contour
with millimetre precision. In addition, carbon ion therapy represents an
advancement in the field of radiotherapy. 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 tumours and nearby organs particularly susceptible (Figure
18). Furthermore, in contrast to X-rays, protons and ions are heavy particles,
so they can penetrate the 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 higher action (Kamada T et al. 2015) and so using a greater
relative biological effectiveness (RBE).
Carbon ion beams provide a greater amount of energy per unit length (Linear
Energy Transfer, LET) in the matter than low-LET radiation such as photons.
Consequently, carbon ion beams generally cause 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
radiobiology refers to the increased effect of ionizing radiation due to the
presence of oxygen. This would allow carbon ion therapy to eradicate hypoxic
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glioblastoma cells, for example following an antiangiogenic therapy. The
induction of apoptosis, autophagy, and cellular senescence are a set of
mechanisms underlying the killing of glioblastoma cells mediated by
irradiation of carbon ions (Jinno-Oue 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 cells (Pignalosa 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. 2015). Although clinical
studies need to be more thoroughly investigated, to date this therapy, in the
case of low-grade tumours, is associated with a potential reduction in long-
term morbidity, while in cases of high-grade neoplasms, better tumour control
and improve patient survival (Combs SE 2018).
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Figure 18. The difference of dose distribution by one port between X-rays and
carbon ion beams. The figure represents the difference of dose distribution by one
port between X-rays and carbon ion beams. The lateral fall-off around the target area
obtained with the carbon ions beam is steeper than 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 peak, almost no dose is deposited with
protons, while a small dose is deposited with carbon ions (Ohno 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 (CNAO) of Pavia (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 the two sources, the
two injection lines, and the linear accelerator. Outside the ring, there are four
extraction lines, of about 50m each, which carry the extracted beam into the
three treatment rooms. In one of the three rooms, a vertical 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 used, the time is usually less than 1 ps. So, if the
radius was extracted after one revolution, the pulse duration would be less
than 1 ps. For clinical use, it is advantageous to have a modulable intensity in
a range of time ranging from hundreds of milliseconds up to a few seconds.
In summary, the main components of the synchrotron are described in Figure
19.
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Figure 19. The layout of the high technology of 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 mycotherapy

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 date, the use of phyto- and mycotherapy, already
used in alternative therapies for the treatment of many diseases, could
represent a new strategy to assist the treatment of different tumours, thanks
to the numerous benefits that these substances bring to the whole organism
and therefore to the patient’s QoL.

Taraxacum officinale (Dandelion) originates from Europe, it is a plant
of genus Taraxacum and a member of the Asteraceae family, and its extracts
have long been used in traditional oriental medicine (Wirngo FE et al. 2016).
Thanks to its benefit properties such as diuretic, antiangiogenic,
antirheumatic and anti-inflammatory effects (Jeon HJ et al. 2008; Schiitz K et
al. 2006), Taraxacum officinale is widely used in the treatment of several
inflammatory or infectious diseases including hepatitis, upper respiratory
tract infections, bronchitis, pneumonia obesity and cardiovascular disease
(Sweeney B et al. 2005; Wirngo FE et al. 2016).

In recent years, different forms of Taraxacum officinale extracts have been
studied extensively also for its antidepressant and anti-inflammatory effects.
Phytochemical analyses of the extract showed complex multi-component
composition of the root extract (DRE), that includes some known bioactive
phytochemicals such as a-amyrin, B-amyrin, lupeol, B-carotene, which
protects cells from oxidation and cellular damage, and taraxasterol (Khoo HE
et al 2011; Wirngo FE et al 2016). Taraxasterol is a pentacyclic triterpene,
which greatly reduces the expression of NOS and COX2, decreasing the
production of nitric oxide and prostaglandin induced by the
lipopolysaccharide, and inhibiting NF-xB thereby decreasing the level of
inflammatory mediators such as TNF-a, IL-1f, and IL-6 (Zhang X et al. 2012;
Xiong H et al. 2014). This suggested that this natural extract could engage
and effectively target multiple vulnerabilities of cancer cells. Current in vitro
works have shown the anticancer potential of an aqueous DRE in several
cancer cell models, without inducing cytotoxicity on non-cancer cells (Ovadje
P et al. 2016) and acting to reduce pro-inflammatory response (Xiong H et al.
2014). It has been demonstrated that Taraxacum officinale caused apoptosis
and loss of mitochondrial integrity as well as inhibition of invasion and
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migration. In addition, the simultaneous therapy with Taraxacum officinale
and the mistletoe extract has shown synergistic effects on neuroblastoma cell
line SH-SY5Y compared to human fibroblast. These preclinical data support
the use of Taraxacum officinale as a potential adjuvant application in
paediatric oncology (Menke K et al. 2018).

Regarding mycotherapy, among the most known and studied fungi for
their use or adjuvant action to conventional therapies are Cordyceps sinensis,
Hericium erinaceus, and Ganoderma lucidum.

Cordyceps is a genus of mushrooms to which different species belong,
including Cordyceps sinensis, the 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 beneficial properties 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,
anti-inflammatory, hypoglycemic, antimicrobial and antiviral.

Hericium erinaceus is a fungal species belonging to the phylum of the
Basidiomycetes (Shen T et al. 2015) and it has always been an integral part
of the Japanese and Chinese diet. Scientists have recently begun to study it
for its powerful properties against neurodegenerative disorders (Brandalise F
etal. 2017), moreover behavioral studies have demonstrated the effectiveness
of this fungus in improving the performance of recognition memory in mouse
models of Frailty during aging (Rossi P et al. 2018; Ratto D et al. 2019).
Among its biological components, erinacines and hericenones are the two
active elements responsible for increasing the synthesis of NGF (Nerve
Growth Factor) in nerve cells (Li IC et al. 2014). These discoveries have given
way to further studies on the possible use of this fungus in the treatment of
senile dementia, degenerative diseases such as Alzheimer’s disease,
Parkinson’s disease, multiple sclerosis, amyotrophic lateral sclerosis and
many others (Samberkar S et al. 2015).

Ganoderma lucidum, also 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 (Prasad M and Naik ST
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2002). The Ganoderma lucidum is characterized by a large fruiting body: the
cap of the mushroom has a circular shape, reddish-brown, concentric streaks
and a peculiar shiny appearance from which derives its scientific name
Ganoderma lucidum (Sheena N et al. 2003). The stem may be in a vertical
position or oblique, but it is almost always eccentric and of the same colour
as the hat or darker (Figure 20). For over 2 000 years it has been used in
traditional oriental medicine, purely Chinese, thanks 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 focused attention
on the study of its bioactive compounds present mainly in the basidiocarp
(basidiomycetes fruit-body) in the mycelium and in the spores (Cilerdzi¢ J et
al. 2014; Sanodiya BS et al. 2009).

Different classes of bioactive substances have been isolated and identified
from Ganoderma lucidum, such as triterpenoids, polysaccharides,
nucleosides, sterols, and alkaloids. Among all the various bioactive
compounds mentioned, triterpenoids and polysaccharides represent the main
constituents responsible for the anticancer activity of the fungus. The
potential role of the polysaccharides of Ganoderma lucidum (GLPS) consists
of the targeting immune cells and immune correlated cells including B
lymphocytes, T lymphocytes, dendritic cells, macrophages, and natural killer
cells. Recent data suggest that GLPS suppresses tumorigenesis or inhibits
tumour growth through the direct cytotoxic effect and antiangiogenic actions
(Xu Z et al. 2011). Triterpenoids have antiproliferative, antimetastatic and
antiangiogenic activity (Wu GS et al. 2013). More in-depth studies have
already been started to better understand the molecular mechanisms of action
of the various compounds of the fungus and highlight the behaviour of the
cells involved. The use of Ganoderma lucidum extracts could be a new
therapeutic opportunity also in the treatment of breast cancer, melanoma and
as a support during chemotherapy, considering its anti-inflammatory and
antimetastatic actions (Barbieri A et al. 2017). Literature data show that
ergosterol peroxide (EP) promotes anti-proliferative effects through G phase
cell cycle arrest, apoptosis induction via caspase-3/7 activation, and PARP
cleavage on triple-negative breast cancer cells (Martinez-Montemayor MM
et al. 2019). Furthermore, Ganoderma lucidum can be associated with other
types of myco-phytotherapeutics in order to improve the conditions of
oxidative stress present in the organism, fundamental as a method of
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prevention of other diseases (Rossi P et al. 2014). This represents a prime
example of how 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 lucidum is
large, with a glossy exterior and a woody texture. The Latin word lucidus means
“brilliant” and refers to the varnished appearance of the surface of the mushroom
(Wachtel-Galor S et al. 2011).
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2. Aims of the research

The aim of this research was mainly to characterize the effects of the newly
synthesized platinum-based compound Pt(IV)Ac-POA (Prof. Osella,
Amedeo Avogadro University of Eastern Piedmont, Alessandria, Italy)
evaluating whether the new platinum compound may be more efficient than
CDDRP in 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 possible applications 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 the identification
of the efficacious dose by flow cytometric techniques, the main cell death
pathways were analysed by electron microscopy, immunocytochemical
techniques, and western blot. Furthermore, in these two cell lines, the
involvement of calcium was evaluated in order to understand a possible
induction of cytotoxicity and the mechanisms of intracellular homeostasis
sustained by CBPs and the PMCA pump. Finally, the effect of histone
deacetylase inhibition of the new prodrug was evaluated, analysing the effects
at both the molecular and ultrastructural cellular levels. This study was
conducted in expectation of feasible employ of Pt(IV)Ac-POA in vivo, to
characterize the possible cytotoxic effects, especially during the development
stages of the CNS, when the 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 new in vitro treatment targets 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 different collaborations:

Hadrontherapy with carbon ions (Dr. Facoetti, CNAO, Pavia, Italy); study the
effect of irradiation, discriminating the efficacy dose. Evaluating the
implementation of chemotherapy and hadrontherapy, analysis of the long-
term action of treatment.
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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 of Taraxacum officinale (Dr. Veltri, ICS Maugeri Spa
IRCCS, Pavia, Italy);

Ganoderma lucidum-based myco-phytotherapeutic supplement called
“Ganostile” (Miconet s.r.l.) (Prof. Rossi, Neurobiology and Integrated
Physiology Laboratory, University of Pavia, Pavia, Italy).

Finally, characterization of Ca?*-activated potassium channels, in order to
identify the mechanisms, underlying proliferation and migration of GBM
cells (Prof. Rossi, Neurobiology and Integrated Physiology Laboratory,
University of Pavia, Pavia, Italy).
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3.1 Cell Culture

B50 neuroblastoma rat cells (Lombardy and Emilia Romagna
Experimental Zootechnic Institute - IZSLER, catalogue no. BS TCL 115) and
C6 glioma rat cells (ATTC CCL 107, Rockville, Md, USA) were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 1% L-
glutamine, 1% penicillin/streptomycin and 10% fetal bovine serum (FBS).
Human U251 MG cell line (Sigma-Aldrich, Rome, Italy) was cultured in
Eagle’s minimal essential medium (EMEM) supplemented with 1%
glutamine, 1% non-essential amino acids (NEAA), 1% sodium pyruvate, 10%
foetal bovine serum, 1% penicillin/streptomycin.

All cell culture reagents were purchased from Celbio s.p.a. and Euroclone
s.p.a. (Pero, Milan, Italy). All type of cell culture was maintained at 37°C in
a humidified atmosphere (95% air/5% COy).

3.2 Treatments
3.2.1 Pharmacological treatment

Twenty-four h before experiments, cells were seeded on glass
coverslips (200 000 cells) for fluorescence microscopy or grown in 75 cm?
plastic flasks for flow cytometric, western blotting and ultrastructural analysis
at transmission electron microscope. Cell exposure to different treatment was
performed at 37°C. To compare the efficiency of the new prodrug to CDDP
standard treatment, the administered concentration of 40 uM CDDP (Teva
Pharma, Milan, Italy) was selected considering previous in vitro
investigations (Bottone MG et al. 2008) as well as in vivo experimental
designs (Bottone MG et al. 2008; Cerri S et al. 2011), employing a single
subcutaneous injection (i.e. a single injection of 5 pg/g b.w.) in 10-days old
rats, corresponding to the therapeutic dose proposed by Bodenner et al. (1986)
and Dietrich et al. (2006), already used in clinical practice. Cell lines were
exposure to platinum compounds according to the following protocols:

i) standard acute test (48h continuous treatment, CT) to Pt(IV)Ac-POA or
CDDRP, for all cell lines (B50, C6, and U251);
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i) standard acute test (48h-CT) to Pt(IV)Ac-POA or CDDP, followed by a
7 day-recovery phase in drug-free 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 culture flask sterile on slide 18 x 50 mm (Thermo Scientific™
Nunc™ Lab-Tek™) for fluorescence microscopy (Figure 1A). Cell lines
were exposure for pre-treatment to platinum compounds for 48h-CT. At the
end of the pre-treatment U251 cells were irradiated with a horizontal beam
according to the protocol envisaged for clinical use of carbon ion therapy in
CNAO (Facoetti A et al. 2015; Mirandola A et al. 2015). The flasks were
positioned vertically immersed in a container full of water, 15 cm deep from
the water surface (Figure 1B, 1C). The spread-out 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 246-312 MeV/u. The LET at a depth of
15 cm is equivalent to about 46 keV/u. For this study, the cellular samples
were irradiated with 2 Gy or 4 Gy. At the end of the experiment, the medium
was discarded; samples were divided into “standard acute test” and
“recovered condition” (following the procedure described above). Finally,
samples were with 4% formalin for 20 min and post-fixed 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) Set-up for the irradiation of cultured cells in the treatment room of the
CNAO Foundation. C) The flasks were placed vertically, immersed in the water
chamber of the set-up.

3.3.3 Treatment with natural compounds

Before each experiment, the concentration to be used was evaluated
through MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium] assay on U251 cell lines.

Briefly, the cell viability test was performed using the CellTiter 96®
AQueous One Solution Cell Proliferation Assay (Promega) kit. A volume of
200 pL of cells was suspended at a density of 10 000 cells/well and transferred
to a 96-well plate (0.1 ml per well) and incubated at 37 °C for 24 h, in a
humidified atmosphere containing 5% of CO,. Subsequently, the 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 of concentrations 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
“whites” were then associated with normalization of absorbances. After the
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incubation time for 48 h at the treatment, the culture medium was replaced
with fresh medium and to each well 20 ul of MTS solution, previously
brought to RT, was added. This operation was performed in the dark and
subsequently, the plates were incubated for about 3 h at 37 °C. At the end of
the 3 h, the plates were read at 490 nm, using the ELx808TM Absorbance
Microplate Reader (Bio-Tek 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 treatment: U251 cells were first exposed to aqueous
extract of Taraxacum officinale root (from 694 mg of dandelion root in 15
ml) alone for 48 h-CT. Then was also evaluated the combinate effect of this
extract with Pt(IV)Ac-POA for 48 h-CT. The concentrations tested were
chosen based on data already present in the literature and in order to be within
the tolerability range of healthy cells (Sigstedt SC et al. 2008; Zhu H et al.
2018).

Ganoderma lucidum treatment: A mhyco-phytotherapeutic supplement based
on Ganoderma lucidum, called “Ganostile” (Miconet s.r.1, Italy) was used to
treat U251 for 48-CT. The supplement composition is: echinacea (Echinacea
purpurea  (L.) Moench.,, root) dry extract, eleutherococcus
(Eleuterococcussenticosus (Rupr et Maxim) Maxim., root) dry extract,
ganoderma (Ganoderma lucidum (Curtis) P.Karst., fungus) dry extract,
astragalus (Astragalus membranaceus Moench., Root) dry extract, bulking
agent: calcium phosphate; anti-caking agent: silicon dioxide, magnesium salts
of fatty acids. The tested concentration was chosen considering the maximum
daily dose recommended and based on the effect on the primary culture of
human fibroblasts were cultured in RPMI 15% FBS, supplemented with 1%
L-glutamine, 1% penicillin/streptomycin.

3.4 Flow cytometry

After 48h-CT of treatment, cells were detached by mild trypsinization
(0.25% in phosphate-buffered saline, PBS, with 0.05% EDTA) to obtain
single-cell suspensions to be processed for flow cytometry with a Partec PAS
I11 flow cytometer (Munster, Germany), equipped with argon laser excitation

113



3. Materials and methods

(power 200 mW) at 488 nm. Data were analysed with the built-in software
(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 mL-1 and then stained for 10 min at room
temperature (RT) with Propidium lodide (PI) 50 pg mL-1 (Sigma-Aldrich,
Milan, Italy) 1 h before flow cytometric analysis. Pl red fluorescence was
detected with a 610 nm long-pass 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 percentage of apoptotic cells.

3.4.2 Identification of apoptotic cells with Annexin V assay

Single-cell suspensions, obtained as described above, were incubated
with Annexin V-FITC (Annexin V-FITC Apoptosis Detection Kit, Abcam,
Italy) for 10 min in the dark at RT. Pl 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) band-pass 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 in culture 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% OsO4 for 2 h at RT and washed in water. The cell pellets were
pre-embedded in 2% agar, dehydrated with increasing concentrations of
acetone (30, 50, 70, 90 and 100%, respectively). Finally, the pellets were
embedded in Epon resin and polymerized at 60 °C for 48 h. Ultrathin sections
were obtained with ultramicrotome Rechter, then located on nickel grids and
stained with uranyl 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 800 dpi and then 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 assay) buffer (Tris HClI 1M pH 7.6, EDTA
0.5M pH 8, NaCl 5M, NP40 Nonidet 100%, with the addition of proteases
and phosphatases inhibitors at 4°C for 30 min. Proteins were quantified using
the Bradford reagent (Sigma Aldrich, Italy). Samples were electrophoresed in
a 15% SDS-PAGE 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% Tween-20 and 5% skim milk and incubated overnight with
antibody reported in Table 1. After several washes with PBS-Tween, 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 Luminata ™
Crescendo (Merk Millipore, Billerica, MA), according 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 software.

Table 1 Antibodies used in western blot.

Primary antibody Dilution

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

Acetyl-H3 Rabbit polyclonal anti-Histone H3 ~ 17 kDa (acetyl K9) (Abcam, 1:500
Cambridge, USA)

PARP-1 Rabbit monoclonal anti-PARP-1 ~ 116 kDa full length, ~ 89 kDa cleaved 1:1000
(Cell Signaling Technology, Danvers, USA)

Calbindin Mouse polyclonal anti-calbindin D-28k ~ 28 kDa (Swant, Switzerland) 1:1000

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

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

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

Actin Mouse monoclonal anti-actin ~ 43 KDa (Developmental Studies 3:500

Hybridoma Bank, lowa City, USA)
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3.7 Evaluation of Ca?*-activated potassium channels BK and Kir4.1
3.7.1 Wound healing assay

For the cell migration assay, U251 cells were seeded on glass coverslips
(22 x 22 mm) located in cell culture dishes (35 x 10 mm). Once the cells have
reached 90% confluence, a disposable pipette tip (1-mL volume) was used to
scratch wounds on the midline of the coverslip (Figure 2).
Therefore, with to was indicated the time at which the scratch was made, while
with t; was specified the condition after 24 h from scratch. These samples
were performed in duplicate both non-invasive perforating patch experiments
in whole-cell conditions (D’Angelo E et al. 1998) and fluorescence
immunocytochemical experiments following the standard protocol. The study
was focused principally on the cells defined as “polarized”, a morphology
often associated with migration, which was detected at the scratch level.
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Figure 2. Experimental condition of wound healing assay. to represents the
condition immediately after the scratch. t; identifies coverslip after 24 h from
scratch. To note, the schematic drawing describes the presence of migrated cells in
scratch.

3.7.2 Analysis of Ca**-activated potassium channels localization

U251 cells were grown in 75 cm? flasks, harvested using mild
trypsinisation and collected by centrifugation as described above. The
samples were immediately fixed with 2% formaldehyde in PBS (2 h, at RT),
centrifuged (2 000 rpm for 10 min) and washed with PBS. The cell pellets
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were pre-embedded in 2% agar and dehydrated with increasing
concentrations of ethanol (30, 50, 70, 90 and 100%). Finally, the pellets were
embedded in LR-white resin (Sigma-Aldrich, Italy) and polymerised at 60°C
for 24 h.

Ultrathin sections were obtained using ultramicrotome Rechter and then
placed on nickel grids. The grids were floated on normal goat serum (NGS)
diluted 1:100 in PBS for 3 min at RT and incubated with rabbit polyclonal
anti-KCal.1 or anti-Kir4.1 antibody (Table 2) overnight at 4 °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 samples were
rinsed with PBS-Tween 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 1:20 in PBS for 30 min at RT. The sections
were rinsed with PBS for 5 min twice and then with H20.

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

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

3.8 Immunocytochemical reactions at the fluorescence microscope

Control and treated cells were grown on coverslips were fixed with 4%
formalin for 20 min and post-fixed with 70% ethanol at -20°C for at least 24
h. Samples were rehydrated for 10 min in PBS and then immunolabeled with
primary antibodies diluted in PBS for 1 h, at RT in a dark moist chamber.
After 3 washes in PBS of 5 minutes each, coverslips were incubated with
secondary antibodies in PBS (1:200, 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 0.1 ug mL™? Hoechst
33258 (Sigma-Aldrich, Milano, Italy), washed with PBS, and mounted in a
drop of Mowiol (Calbiochem, Inalco, Italy), for fluorescence microscopy
analysis. An Olympus BX51 microscope equipped with a 100-W mercury
lamp was used under the following conditions: 330-385 nm excitation filter
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(excf), 400 nm dichroic mirror (dm) and 420 nm barrier filter (bf) for Hoechst
33258; 450-480 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 camera system and processed
with the Olympus Cell F software.
Primary and secondary antibodies used for immunocytochemical reactions at
the fluorescence microscope are reported in Table 2.

Table 2 Antibodies used for immunofluorescence reactions

Caspase-9
Caspase-3
PARP-1
Caspase-8
RIP1
MLKL
Golgi

Mitochondria

LC3B
p62/SQSTM1
Lysosomes

PCNA
Active-Cdc42
Acetyl-H3

BK channel

KIR4.1
channel

Bcl-2

Primary antibody

Rabbit polyclonal anti-caspase-9 (Cell
Signaling Technology, Danvers, USA)
Rabbit monoclonal anti-caspase-3 (Cell
Signaling Technology, Danvers, USA)

Rabbit monoclonal anti-PARP-1 (Cell
Signaling Technology, Danvers, USA)

Rabbit monoclonal anti-caspase-8 (Cell
Signaling Technology, Danvers, USA)

Rabbit polyclonal anti-RIP1 (Santa Cruz
Biotechnology)

Mouse monoclonal Anti-MLKL
Antibody, clone 3H1 (Sigma-Aldrich)
Human autoimmune serum recognizing
proteins of Golgi Apparatus ?

Human autoimmune serum recognizing
the 70 kDa E2 subunit of the pyruvate
dehydrogenase complex °

Rabbit polyclonal anti-LC3B (Cell
Signaling Technology, Danvers, USA)
Mouse monoclonal anti- p62/SQSTM1
(Abcam, Cambridge, USA)

Human autoimmune serum recognizing
lysosomal proteinase

Mouse monoclonal [PC10] anti-PCNA
(Abcam, Cambridge, USA)

Mouse monoclonal anti-Active Cdc42
(BIOMOL GmbH, Hamburg, Germany)

Rabbit polyclonal anti-Histone H3
(acetyl K9) (Abcam, Cambridge, USA)

Rabbit polyclonal anti-KCal.1
(KCNMAZ1) (Alomone Labs, Jerusalem,
Israel)

Rabbit polyclonal anti-Kir4.1 (KCNJ10)
(Alomone Labs, Jerusalem, Israel)

Rabbit polyclonal anti-Bcl-2 (N-19)
(Santa Cruz Biotechnology)

Dilution
1:200

1:200

1:200

1:100

1:200

1:200

1:200

1:200

1:400

1:100

1:400

1:200

1:100

1:200

1:200

1:100

1:200

Secondary antibody
Alexa 594-conjugated anti-rabbit
antibody
Alexa 594-conjugated anti-rabbit
antibody

Alexa 594-conjugated anti-rabbit
antibody

Alexa 594-conjugated anti-rabbit
antibody

Alexa 594-conjugated anti-rabbit
antibody

Alexa 594-conjugated anti-mouse
antibody

Alexa 594-conjugated anti-human
antibody

Alexa 594-conjugated anti-human
antibody or Alexa 594-conjugated
anti-human antibody

Alexa 594-conjugated anti-rabbit
antibody

Alexa 488-conjugated
antibody

Alexa 488-conjugated anti-human
antibody

Alexa 594-conjugated
antibody

Alexa 488-conjugated
antibody

Alexa 488-conjugated
antibody

Alexa 594-conjugated
antibody

anti-mouse

anti-mouse
anti-mouse
anti-rabbit

anti-rabbit

Alexa 594-conjugated anti- rabbit
antibody

Alexa 594-conjugated anti-rabbit
antibody
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Bax Rabbit  polyclonal anti-Bax  (Cell 1:200 Alexa 594-conjugated anti-rabbit
Signaling Technology, Danvers, USA) antibody

AlF Rabbit  polyclonal anti-AIF  (Cell 1:200 Alexa 594-conjugated anti-rabbit
Signaling Technology, Danvers, USA) antibody

NOS2 Mouse monoclonal anti-NOS2 (C-11) 1:200 Alexa 594-conjugated anti-mouse
(Santa Cruz Biotechnology) antibody

COX2 Mouse polyclonal anti-COX2 (M-19) 1.200 Alexa 594-conjugated anti-mouse
(Santa Cruz Biotechnology) antibody

Calbindin Mouse polyclonal anti-calbindin D-28k 1:200 Alexa 488-conjugated anti-mouse
(Swant, Switzerland) antibody

Calmodulin Rabbit  polyclonal  anti-Calmodulin 1:200 Alexa 488-conjugated anti-rabbit
[EP799Y] (Abcam, Cambridge, USA) antibody

Calretinin Rabbit  polyclonal anti-Calretinin 1:2000 Alexa 488-conjugated anti-rabbit
(Swant, Switzerland) antibody

Parvalbumin Rabbit  polyclonal anti-Parvalbumin 1:200 Alexa 488-conjugated anti-rabbit
(Abcam, Cambridge, USA) antibody

PMCA1 Rabbit polyclonal anti-PMCAL (Abcam, 1:300 Alexa 488-conjugated anti-rabbit
Cambridge, USA) antibody

a-tubulin Mouse monoclonal anti-o-tubulin (Cell 1:1000 Alexa 488-conjugated anti-mouse
Signaling Technology, Danvers, USA) antibody

Actin Alexa 488-Phalloidin /Alexa 594- 1:500
Phalloidin (Molecular Probes,
Invitrogen)

(3 Santin G et al. 2011; ® Bottone MG et al. 2008)

3.8.1 Immunofluorescence quantification

After immunocytochemical reactions, images acquisition was
performed by Cell F software. To make the fluorescence intensity
comparable, during image acquisition the exposure time to detect every single
fluorescence was selected based on the control sample and then maintained
constant for the respective experimental conditions, thus avoiding the
insertion of any variables in the analysis. The fluorescence intensity of the
proteins of interest was analysed with the ImageJ software. The channels of
each fluorescence 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 reported in Figure 3. Then the mean values
were normalized to control and expressed in percentage.
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Figure 3. Screenshot of the software ImageJ working area. Greyscale used to
measure the fluorescence intensity signal. The greyscale is included in a range that
goes from O which represents the minimum value (black) and 255 which represents
the maximum value of signal intensity (white). The yellow line indicates the
measurement area.

3.9 Statistical analysis

Each experiment described above, on which a statistical evaluation was
performed, was carried out as three independent replicates. In particular, 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
fluorescence. In the end, the values obtained were expressed as mean = SEM
(standard error of the mean). Data differences were analyzed for statistical
significance utilizing Student’s t-test or with one-way ANOVA and post hoc
Bonferroni’s test (software package GraphPad Prism Inc.). p values ranging
from < 0.001 to < 0.05 were considered statistically significant.
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4. Results

4.1 The effect of Pt(IV)Ac-POA on B50 neuroblastoma rat cells

Based on the viability test data obtained on the B50 rat neuroblastoma
cell line (Randone B et al. 2018), some concentrations of interest of Pt(IV)Ac-
POA have been tested i.e. 10, 4 and 1 uM. Control and treated samples were
analysed by cytofluorimetric techniques to evaluate the efficacy of the new
platinum-based compound. Effects of CDDP exposure on rat B50
neuroblastoma cells have already been extensively investigated in literature
(Bottone MG et al. 2008; Grimaldi M et al. 2016, 2019; Santin G et al. 2011,
2012, 2013).

4.1.1 Cell cycle distribution

In Figure 1 the data of 48-CT to Pt(IV)Ac-POA at different
concentrations (10, 4 and 1 uM) are reported. The cytograms represent the
distribution of DNA in treated cells after Pl-staining, compared to the control
condition (CTR). Untreated cells were distributed among the different cell
phases (G, S, Gz), the presence of a large S phase denoted that the cells were
proliferating. Conversely, the treatment with 10 uM 48h-CT intensely
modified the histogram distribution. To note, the presence of a massive
number of cells in the sub-G1 peak (dead cells), while Gy, S, and G2 phases
were almost lacking. After 4 uM 48h-CT the sub-G; peak was still evident,
while the presence of G1 and S peaks and the absence of G2 peak, indicating
an arrest of proliferation. After 1 uM 48h-CT, the cells redistributed in the
different phases of the cell cycle, with a small sub-G; peak still visible.

121



4, Results

1uM
4 uM
10 uM
100. CIR
80+
40~
0 50 100 DNA-PI

Figure 1. Flow cytometry after Pl staining. Cytograms of DNA content in B50
control cells (CTR) and treated for 48h-CT with Pt(IV)Ac-POA at different
concentrations (10, 4 and 1 uM).

4.1.2 Ultrastructural analysis

The control cell (Figure 2a), exhibited a healthy nucleus with
decondensed chromatin and an evident nucleolus. After 48-CT to Pt(IV)Ac-
POA at 10 uM strong subcellular disorganization and disaggregation of
organelles and cytoskeletal components were observed, suggesting the
activation of necrosis (Figure 2b). Moreover, the fragmentation of the
nucleus and highly condensed chromatin (karyorrhexis) were also detectable.
Treatments at 1 uM (Figure 2c) and, even more, at 4 uM (Figure 2d) seem
to promote the autophagy pathway. A reduction in nucleus volume (pyknosis)
and an increase of lysosomes and autophagic vacuole were observed. In
addition, some vac

uoles included membranous cytoplasmic residues in the degradation phase,
which can be ascribable to autophagosomes. In Figure 2e and 2f a cell in
apoptosis and necroptosis, respectively, were evidenced after treatment with
Pt(IV)Ac-POA at 4 uM.
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| Ty | COS I
Figure 2. Ultrastructural analysis at electron microscopy. a) B50 cell in the
control condition. b) B50 cell after 48h-CT with Pt(IVV)Ac-POA at 10 pM. c) B50
cell after treatment 48h-CT with Pt(IV)Ac-POA at 1 uM. d), e), f) B50 traded-cells
for 48h-CT at 4 uM Pt(IV)Ac-POA. Images d-f show examples of d) autophagy, €)
apoptosis, and f) necroptosis. Bars: 1.5 um.

4.1.3 Flow cytometric analysis by Annexin V assay

A test with Annexin V/PI staining was performed to investigate the
possible induction of apoptosis after 4 and 10 uM 48-CT with Pt(IV)Ac-POA,
the concentrations at which the compound was most effective. Figure 3
shows a high number of vital cells in the control, while after treatments this
value decreased drastically. At 4 UM an increase of late apoptotic cells
compared to control (62.6 + 0.8 vs 2.1 + 0.2) was observed. Instead at 10 uM
48-CT, necrotic cells strongly increased compared to 4 uM 48h-CT sample
(45.79 £ 0.32 vs 10.88 £ 0.44). For this reason, the concentration of 4 uM of
Pt(IV)Ac-POA was chosen hereafter for the standard treatment with the new
compound.
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Figure 3. Dual parameter cytograms of FITC-labelled Annexin V (FL1) versus Pl
staining (FL3) of the control. Cytograms represent control cells (CTR) and treated
cells 48-CT with Pt(IV)Ac-POA at 10 or 4 uM. The bar chart represents the average
of three independent experiments and shows the percentage of Annexin V/PI positive
cells. *Statistical significance between control and Pt(IV)AC-POA-treated cells, 10
UM, and 4 uM, respectively; *statistical significance between the two treatments
Pt(IV)Ac-POA at 10 uM vs Pt(IV)Ac-POA at 4 UM. p values: (***) < 0.001; (%) <
0.001; (*) < 0.01.

4.1.4 Activation of different apoptotic pathways

The activation of cell death pathways, following treatment with the new
compound, was analysed by immunocytochemical reactions, studying the
main proteins involved in these processes. After immunolabeling (Figure 4),
in control cells, Bax was present in the cytoplasm and not colocalize with the
mitochondria. On the contrary, after 48h-CT with Pt(IV)Ac-POA at 4 UM,
the distribution of Bax labeling was detectable at the mitochondria level with
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a clear colocalization of both related fluorescence. Furthermore, the
expression of Bax increased in treated cells, compared to control, especially
in cells with an apoptotic nucleus in which Bax fluorescence increased. Also,
a reducing in cell size was evident after exposure to Pt(IV)Ac-POA,
moreover, the mitochondria lost their elongated morphology and clustered as
suggested by an increase in fluorescence in the perinuclear area.
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Figure 4. B50 control cells (CTR) and after treatment with Pt(IV)Ac-POA 4 uM.
Mitochondria: green fluorescence, Bax: red fluorescence, Hoechst 33258
counterstaining for the nuclei (blue). Inserts show a detail of immunolabelling in
control and in apoptotic nucleus cells. Bars: 40 um. The bar chart shows the
percentage of mean fluorescence intensity per cells normalised to control. Student’s
t-test: *statistical significance between control and Pt(IV)Ac-POA; p values: (***)<
0.001.
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The images in Figure 5 show double immunolabeling for Bcl-2 and the
mitochondria. Following treatment with Pt(IV)Ac-POA at 4 uM for 48h-CT,
reduced labeling of Bcl-2 and an increase of apoptosis was observed.
Furthermore, it was no longer possible to observe colocalization of Bcl-2
fluorescence at mitochondria compared to control condition. In addition, in
treated cells, the mitochondria appeared smaller and more rounded, with a
clear aggregation at 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 48-CT with Pt(IV)Ac-POA 4 uM.
Mitochondria: green fluorescence, Bcl-2: red fluorescence and Hoechst 33258
counterstaining for the nuclei (blue). Inserts show a detail of immunolabelling in
control and in apoptotic cells. Bars: 40 um. The bar chart shows the percentage of
mean fluorescence intensity per cells normalised to control (CTR). Student’s t-test:
*statistical significance between control and Pt(IV)Ac-POA-treated cells; p values:
(***)< 0.001.
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In B50 control cells, the AIF immunolabeling colocalized with the
mitochondria (Figure 6). After treatment with Pt(IV)Ac-POA at 4 uM for
48h-CT, the fluorescence related to AIF was no associated with labeling for
mitochondria but was found at the level of the nucleus, which following
treatment, appeared fragmented and with apoptotic features.

The difference in morphology of the mitochondria, between the B50 control
cells and those exposed to treatment, was significant. In control conditions,
the mitochondria colocalized with the AIF protein, with a fusiform aspect,
and with cytoplasmic localization. In contrast, following Pt(IV)Ac-POA
treatment, the mitochondria lost their structure and arranged themselves on
the periphery of the nucleus. To note, as fluorescent signal suggested,
mitochondria collapsed in dense masses around the nucleus.

Mitochondria Merge

Figure 6. B50 cells in control condition and after treatment with Pt(IV)Ac-POA 4
uM. Mitochondria: green fluorescence, AlF: red fluorescence and Hoechst 33258
counterstaining for the nuclei (in blue). Inserts show a detail of immunolabelling in
control and in apoptotic cells. Bars: 40 um.

To corroborate the data obtained, the activation of the intrinsic apoptotic
pathway was assessed by an immunocytochemical detection for active
caspase-9,-3 and for PARP-1 was performed.

In the control condition, cells were not immunopositivity to active caspase-9
or -3, as testified by the presence of only viable cells (Figure 7). In this
condition, the actin cytoskeletal was well structured in filaments within all
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cytoplasm. After treatment, the cells underwent apoptosis: the
immunopositivity of both active caspase-9 and caspase-3 was increased, as
demonstrated also by the quantification cleaved caspase-3 positive cells. In
this condition, cell morphology was altered: the cells had a round shape and
their nucleus appeared fragmented. The 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(IV)Ac-POA 4
uM. Active caspase-9 and -3: red fluorescence, actin: green fluorescence, Hoechst
33258 counterstaining for the nuclei (in blue). Bars: 20 um. The bar chart represents
the number of cleaved caspase-3 positive cells. Student’s t-test: *statistical
significance between control and Pt(IV)Ac-POA-treated cells; p values: (**)< 0.01.
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PARP-1, involved in DNA damage repair processes, acts as a survival factor
in the presence of low levels of DNA damage, whereas extensive DNA
damage promotes cell death (Virag L and Szabo C 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). Indeed, when severe DNA
damage is present, active caspase-3 cleaves PARP-1 in two fragments: p89
and p24 (Aredia F and Scovassi Al 2014; Soldani C et al. 2001). Therefore,
p89 is considered an apoptotic marker, that was evaluated by
Immunocytochemistry.

In control cells PARP-1 was found colocalized in nuclei, on the contrary, in
treated cells, it moved to the cytoplasm in late apoptotic cells, where nuclei
resulted clearly fragmented. The cytoskeletal tubulin showed alterations after
exposure to Pt(IV)Ac-POA and formed aggregates, no longer able to give
structure to the cell (Figure 8). The presence of PARP-1 cleaved form (89
kDa), and consequently the activation of the intrinsic apoptotic pathway, was
confirmed by western blot.
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Figure 8. Double immunocytochemical detection in control (CTR) and 48h-CT to
Pt(IV)Ac-POA at 4 uM treated B50 cells. PARP-1: red fluorescence, o-tubulin:
green fluorescence, Hoechst 33258 counterstaining for the nuclei (in blue). Bars: 20
um. Western blot analysis shows the bands of full-length PARP-1 (116 kDa) and
cleaved PARP-1 (89 kDa) compared to the loading control (CTR) and actin (43
kDa).

Caspase-8 is implicated in the extrinsic apoptotic pathway, and its
activation was evaluated by the immunofluorescence technique. In Figure 9,
a high increase in the number of active caspase-8 positive cells was detected
in treated cells compared to control conditions. In those cells that have shown
immunolabeling for cleaved caspase-8, it was possible to observe the loss of

130



4, Results

the structure of the tubulin cytoskeleton, which collapses around the apoptotic
nuclei.
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Figure 9. B50 control cells (CTR) and 48h-CT to Pt(IV)Ac-POA at 4 UM treated
cells. Active caspase-8: red fluorescence, a-tubulin: green fluorescence, Hoechst
33258 counterstaining for the nuclei (in blue). Bars: 20 pum.

To confirm the activation of the extrinsic apoptotic pathway, an
immunocytochemical detection of RIP1 was performed. RIP1 is involved in
a preliminary step of the necroptosis process, which is promoted inter alia by
oxidative stress (Hitomi J et al. 2008). Necroptosis is a form of cell death that
is activated by the autophosphorylation of RIP1, which is a caspase-8
substrate, and RIP3, thus forming a necrosis complex (Feng S et al. 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, which appeared destroyed in tardive
apoptosis.
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Figure 10. B50 control cells (CTR) and 48h-CT to Pt(IV)Ac-POA at 4 uM treated
cells. RIP1: red fluorescence, a-tubulin: green fluorescence, Hoechst 33258
counterstaining for the nuclei (in blue). Bars: 20 um.

4.1.5 Evaluation of autophagy

Autophagy is a form of cell death, but which can also represent a cell
survival strategy in some stress condition. The ubiquitin-like protein LC3 is
cleaved at its C-terminus to form LC3B-I, which is then conjugated with
phosphatidylethanolamine in the autophagosome membrane to form LC3B-
Il (Kabeya Y et al. 2000), suggesting the activation of autophagy, which can
contribute to type Il cell death. LC3B-I is involved in autophagosome
formation and interacts with another essential protein p62/SQSTM1. After
immunoreaction, in control cells, LC3B was located in the cytoplasm and did
not colocalize with lysosomes present in the cytoplasm. On the contrary after
48-CT to Pt(IV)Ac-POA at 4 uM, LC3B moved mostly into the cytoplasm of
cells with altered morphology, compared to control cells (Figure 11). In early
apoptosis LC3B colocalized with lysosomes in the cytoplasm, whereas in late
apoptosis there was no colocalization, and lysosomes number decreased.
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Figure 11. B50 control cells (CTR) and 48h-CT to Pt(IV)Ac-POA at 4 uM treated
cells. LC3B: red fluorescence, lysosomes: green fluorescence, Hoechst 33258
counterstaining for the nuclei (in blue). Bars: 20 um.

CTR

Pt(IV)Ac-POA

4.1.6 Effects of Pt(IV)Ac-POA on intracellular organelles

The action of Pt(IV)Ac-POA was also evaluated on cytoplasmic
organelles, such as Golgi Apparatus and mitochondria. In control cells
(Figure 12A), immunofluorescence for Golgi Apparatus appeared
homogeneous with a perinuclear localization while the tubulin cytoskeleton
maintained its organization. After 48-CT, cells underwent death showing
evident alterations. In treated cells, the nucleus was fragmented, and the
tubulin cytoskeleton collapsed around it; Golgi Apparatus lost its tubular
connections, spreading in the cytoplasm. In control cells, mitochondria
appeared with a spotted-like shape and localized in the cytoplasm near the
nucleus (Figure 12B). Compared to control, treated cells exhibited
mitochondria with evident morphological alterations, resulting in
homogeneous fluorescence and clusterization in dense masses around the
nucleus. Also, in this case, actin cytoskeleton underwent strong alterations
collapsing around fragmented nuclei.
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Figure 12. A) Double immunocytochemical detection of Golgi Apparatus (red
fluorescence) and actin (green fluorescence) in control and 48h-CT Pt(IV)Ac-POA
at 4 uM treated cells. B) Double immunocytochemical detection of mitochondria
(red fluorescence) and a-tubulin (green fluorescence) in control and 48h-CT
Pt(IV)Ac-POA at 4 uM treated cells. DNA was counterstained with Hoechst 33258
(in blue). Bars: 20 pm.
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4.1.7 Evaluation of CBPs after treatment with Pt(1V)Ac-POA

To evaluate the effects, following 48h-CT Pt(IV)Ac-POA 4 uM, on the
expression of CBPs in B50 cells, immunocytochemical reactions were
conducted to highlight the proteins involved in Ca?* homeostasis. This
preliminary study also investigated the effects induced by the treatment with
CDDP, at the condition of 48h-CT at 40 uM, as there is no data in the
literature concerning the action of CDDP on CBPs in rat B50 neuroblastoma
cell line. The double immunoreactions were carried on marking the
respectively CBPs (green fluorescence) and actin cytoskeleton (red
fluorescence) (Figure 13). In addition, to better understand the qualitative
data, quantification of each CBPs fluorescent signal intensity was performed
(lower part of Figure 13).

Typically expressed in interneurons, in control cells the PV
fluorescence was cytoplasmic, while following 48h-CT with CDDP 40 uM
or with Pt(IV)Ac-POA 4 uM, protein-associated labeling was still
cytoplasmic, but a higher related fluorescence intensity was observed in cells
treated with CDDP compared to treatment with Pt(IV)Ac-POA. Moreover,
after treatment with CDDP and Pt(IV)Ac-POA, cells that underwent cell
death have a fragmented nucleus and the actin cytoskeleton loses its
morphology, collapsing around the nucleus. Quantitative analysis showed a
statistically significant reduction in the fluorescence intensity of the PV signal
after Pt(IV)Ac-POA compared to CDDP-treated and control cells.

CRis a cytosolic buffering protein implicated in the modulation of Ca?*
homeostasis and neuronal excitability. In Figure 13, in control cells, CR is
homogeneously distributed in the cytoplasm. Following 48h-CT with CDDP
40 uM or with Pt(IV)Ac-POA 4 uM, protein-associated labeling was still
visible at the cytoplasmic level, showing an increase in its fluorescence
intensity. In control condition the cytoskeleton appears well structured,
conversely, after both treatments, cells show evident structural alterations and
fragmented nuclei, typical of cell death. Bar chat displayed a statistically
significant increase in the fluorescence intensity of the CR signal, which was
observed after both treatments compared to the control samples. No
differences between CDDP- and Pt(IVV)Ac-POA-treated cells were observed.
CaM is a ubiquitous CBP involved in the regulation of several biological
processes, including energy metabolism, cell motility, and exocytosis. The
image presented in Figure 13 displays a double immunolabeling for CaM and
actin cytoskeleton. In B50 control cells and after 48h-CT with CDDP at 40
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MM or with Pt(IV)Ac-POA at 4 uM, the labeling for CaM was diffused in the
cytoplasm. In detail, the CaM fluorescence signal was increased in cells
treated with Pt(IVV)Ac-POA compared to control cells and treated with CDDP,
as confirmed by the quantitative analysis of fluorescence intensity.
Immunolabeling for the actin cytoskeleton displayed morphological and
structural alterations of the cytoskeleton component after both treatments.
Indeed, compared to control cells in which the actin cytoskeleton had a well-
defined and regular organization in thin filaments, following treatment with
CDDP and Pt(IV)Ac-POA, changes in cell morphology and cytoskeleton
were visible, associated to the fragmented nucleus in apoptotic cells.

CB is involved in the development of neurons, neurite elongation and
the growth and formation of dendritic spines. The image presented in Figure
13 shows a double immunolabeling for CB and actin cytoskeleton, in B50
control cells the labeling for CB protein was recorded at the level of the
cytoplasm, while after 48h-CT to CDDP at 40 uM or to Pt(IV)Ac-POA at 4
UM, the fluorescence relative to the CB was still in cytoplasm, but a
significant increase in fluorescence intensity was observed, especially after
exposure to CDDP. In addition, between control B50 cells and those exposed
to both treatments, some differences were evaluated in cell morphology. To
note, control cells actin cytoskeleton had the typical well-defined
organization, instead, following treatments, the nucleus appeared fragmented
in apoptotic cells and cytoskeleton changes were also visible. Indeed, the
actin cytoskeleton appears to be collapsed and perinuclearly localized.

All these preliminary data obtained by immunofluorescence reactions
were then corroborated by western blot analysis. The data obtained, shown in
Figure 14, were found to be in line with what was previously seen in
immunofluorescence. Western 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 increase in CaM expression especially
after exposure to Pt(IV)Ac-POA. Analysing the western blot data about CB,
it was evident how the treatments with CDDP and with Pt(IV)Ac-POA have
induced changes in the expression of the protein, compared to the control, but
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 48h-CT with CDDP 40 uM or Pt(1V)Ac-
POA 4 uM. DNA was counterstained with Hoechst 33258 (in blue). Bar: 40um. Bar
charts with the percentage of fluorescence intensity for each CBPs in control and
treated cells with CDDP and Pt(IV)Ac-POA. *Statistical analysis: control vs each
treatment and CDDP vs Pt(IV)Ac-POA, p values: (***) p <0.001, ns: not significant.
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Figure 14. Western blot bands of CBPs calretinin, calmodulin, and calbindin after
48h-CT to CDDP 40 uM or Pt(IV)Ac-POA 4 uM, compared to the loading control
(CTR) and actin 43 kDa. On the right of each western blot the respective bar chart
of density bands quantification. *Statistical analysis: control vs each treatment and
CDDRP vs Pt(IV)Ac-POA; p values: (*) p <0.05, (**) p <0.01, (***) p <0.001, ns:
not significant.

4.1.8 Evaluation of PMCAL after treatment with Pt(IV)Ac-POA

PMCAL is an ATPase pump involved in the control of Ca®*
homeostasis, using ATP to expel a Ca?* outside, in development and
organogenesis. As reported in the images in Figure 15, the immunolabeling
for PMCAL, in green, and the actin, in red, revealed a profound difference
between the control cells and the 48h-CT CDDP- and Pt(IVV)Ac-POA-treated
cells. In control conditions, PMCA1 was cytoplasmatic but weakly expressed.
In contrast, the cells exposed to CDDP showed an increase in the PMCAL1
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fluorescence intensity, while after Pt(IV)Ac-POA this increase was less
evident (Figure 15A). Immunolabeling for actin revealed that the
cytoskeleton was well structured in the control cells, instead, it lost its
organization and collapsed near the nucleus following both treatments. The
quantitative analysis concerning PMCAL fluorescence displayed a
statistically significant increase of the marking in the two treatments
compared to the control condition. However, western blot analysis
corroborated the data observed for CDDP treatment but evinced no significant
differences between control and Pt(1VV)Ac-POA-treated cells (Figure 15B).

>

CTR CDDP Pt(IV)Ac-POA

PMCA1

PMCA1

g

%)

0 CTR
i W CODP 40uM
@3 Pi(IV)Ac-POA 4 uM

»
S
-3

@
-3

2 2
3

Fluorescent intensity (

o
> 3

B PMCA1
= O CIR
130-134k0a N PMCA . = W CDDP 40uM
43 kDa _ actin 2 = BB Pt(IV)Ac-POA 4 uM
& Q o $
© 000 o’Q S os
St
& »

Figure 15. A) Double immunofluorescence for PMCAL(green fluorescence) and
actin (red fluorescence) in B50 cells in control condition and after 48h-CT with
CDDP 40 puM or Pt(IV)Ac-POA 4 uM. DNA was counterstained with Hoechst
33258 (in blue). Bar: 40pum. Bar chart with the percentage of fluorescence intensity
for PMCAL in the three conditions. B) Western blot density bands and the respective
graph of density bands quantification. *Statistical analysis: control vs each
treatments and CDDP vs Pt(IV)Ac-POA; p values: (¥*) p <0.01, (***) p <0.001, ns:
not significant.
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4.1.9 Analysis of the deacetylation effects induced by POA in B50 cells

To identify the action as HDACIi and consequently the induction of
deacetylation, the free acid POA was analysed individually to separate it from
the action of the CDDP contained in Pt(IV)Ac-POA. For this analysis the
same concertation used for the standard treatment with Pt(I\V)Ac-POA was
employed, therefore using the POA alone at the concentration of 4 uM. The
preliminary data obtained showed that after 48h-CT with POA at 4 uM no
significant difference in cell cycle distribution was observed (Figure 16A).
The only significant difference was a sub-Gi peak evaluated after treatment,
but not ascribable to an increase of the amount of apoptotic cell after
evaluation with Annexin-V assay (Figure 16B).
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Figure 16. A) Cytograms of DNA content in B50 control cells (CTR) and treated
for 48h-CT with POA at 4 uM after PI staining. On the right, the quantification bar
chart represents the percentage of cell number in the respective cell cycle phases. B)
Dual parameter cytograms of FITC-labelled Annexin V (FL1) vs Pl staining (FL3)
representing control cells (CTR) and treated cells 48-CT with POA at 4 uM. The bar
chart shows the percentage of Annexin V/PI positive cells. Student’s t-test:
*statistical significance between the respective conditions of control and POA.-
treated cells; p values: (*) p < 0.05, ns: not significant.

140



4, Results

Double immunolabeling for the acetylated histone H3 and PCNA was carried
out in order to evaluate the expression of these proteins after treatment for
48h-CT with POA 4 puM. PCNA, in this case, a specific antibody for
proliferation and not for DNA damage, was used as a reference nuclear
protein for immunolabeling. In Figure 17A the images related to the
immunofluorescence show how after treatment there was an increase in
fluorescence intensity for acetyl-H3, on the contrary, a significant decrease in
the PCNA fluorescent signal was observed, supporting the presence of dead
cells in the image and the previous data observed in cytofluorimetry.
Following western blot analysis, although not significant, in the samples
treated with POA there was an increase in histone H3 acetylation.
Furthermore, the reduction of PCNA expression in treated cells was
confirmed by western blot evaluation.
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Figure 17. A) Double immunofluorescence reaction, with the relative quantification,
for acetyl-H3 (in green) and PCNA (in red), nuclei were counterstained with Hoechst
33258 (in blue). Bar: 20um. B) Western blot bands and density bar charts of acetyl-
H3 and PCNA quantifications. Student’s t-test: *statistical significance between
control and POA-treated cells; p values: (*) p <0.05, (**) p <0.01, ns: not significant.
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Despite the data obtained from the previous analysis, through the
ultrastructural observations at electron microscopy, a visible decondensation
in the chromatin was not found in 48h-CT POA-cells compared to controls
(Figure 18). This led to the assumption that acetylation could only be a local
effect and not induce a structural chromatin modification.

Figure 18. Ultrastructural analysis at the electron microscope reveals no difference
in chromatin decondensation between control (a) and treated cells at 48h-CT with
POA uM (b). Bars: 1.1 um.

To elucidate this mechanism of action induced by the free acid POA, short
times treatment (i.e. 2h, 4h, 8h, and 24h) have been evaluated which, as shown
in Figure 19, revealed how the decondensation effect of 4 uM POA treatment
was detectable at 4h of continues exposure. At 2h of exposure to POA and in
time after 4h the level of chromatin decondensation was like to control
conditions described above.
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Figure 19. B50 cells after 4 uM POA treatment at 2h (a), 4h (b), 8h (c) and 24h (d),
respectively. To note the strong chromatin decondensation after 4h of continuous
exposure to POA: Bars: 2 M.

Once the effect of 4h-CT POA at 4 uM was evaluated, the expression of
acetyl-H3 and PCNA was quantified. Double immunolabeling revealed a
significant increase for acetyl-H3 after treatment with POA compared to the
respective control at 4h (Figure 20A). The data was also confirmed by the
western blot analysis, where a significant increase of this marker was
observed compared to the control cells (Figure 20B). Instead, the evaluation
of PCNA after 4h-CT with POA at 4 uM, showed no difference compared to
the control samples, both after fluorescence intensity analysis and after
western blot evaluation.
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Figure 20. A) B50 control cells and treated with 4 uM POA at 4h-CT. Double
immunofluorescence reaction, with the relative quantification, for acetyl-H3 (in
green) and PCNA (in red), nuclei were counterstained with Hoechst 33258 (in blue).
Bar: 20um. B) Western blot bands and density bar charts of acetyl-H3 and PCNA

quantification. Student’s t-test: *statistical significance between control and POA-
treated cells; p values: (***) p < 0.001, ns: not significant.

No changes induced by the treatment 48h-CT with POA at 4 uM were found
on B50 cells compared to control, in the analyses on the pathway and CBPs
previously described and carried out for 48h-CT Pt(IV)Ac-POA at 4 uM.
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4.2 The effect of Pt(IV)Ac-POA on C6 glioma rat cells

Pt(IV)Ac-POA treatment has shown encouraging results, exhibiting a
strong anticancer effect on B50 neuroblastoma rat cells already at the
concentration of 4 uM (Rangone B et al. 2018). Therefore, further analysis
was conducted on the rat glioma C6 cell line, focusing on the activation of
cell death pathways and evaluating morphological and functional changes
induced by the novel prodrug Pt(IV)Ac-POA (Ferrari B et al. 2019). The C6
line was widely used in the study of the gliomas and mechanisms underlying
the action of CDDP (Krajci D et al. 2006; Mares V et al. 2003; Mohamadi N
et al. 2017; Noda S et al. 2001) thus the 48h-CT with CDDP at 40 uM was
introduced to have a comparison with the data already obtained on other lines
and to perform a treatment comparable to that with Pt(I\VV)Ac-POA.

4.2.1 Cell cycle distribution and cell death

First of all, the concentrations of Pt(IV)Ac-POA 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)Ac-POA i.e.10, 4 and 1 uM were tested. Cytograms
in Figure 21 represent the distribution of DNA content in C6 control cells
and after treatment for 48h-CT with CDDP (40 uM) or Pt(IV)Ac-POA (10, 4
and 1 uM). In the control condition (CTR), cells were distributed among the
different cell phases (G, S, G2), where an intense S phase indicated active
proliferation. After CDDP exposure, the cell cycle lost its physiological
distribution and a sub-G: peak (dead cells) was observed. After 48h-CT
Pt(IV)Ac-POA at 10 uM, DNA content distribution was deeply modified, and
debris was detectable. In addition, at this concentration peaks G, S, and G2
were almost absent. After 48h-CT at 4 uM cytogram exhibited an enlarged
sub-G1 peak, representing high cell mortality, moreover, 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 treatment. Conversely, cells treated with the new prodrug at a
concentration of 1 uM returned to be distributed in the different phases of the
cycle, but a small sub-G: peak can be still distinguishable. Based on these
results, like for the B50 cell line, the concentration of 4 uM of Pt(IV)Ac-POA
was chosen for the standard 48-h CT to compare with CDDP 40 uM
treatment.
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Figure 21. Cytograms of DNA content after staining with P1 in C6 control cells and
after treatment with CDDP (40 uM) or Pt(IV)Ac-POA (10, 4 and 1 uM) for 48h-CT.

A test with Annexin V/PI staining was performed to assess the
induction of apoptosis after 48h-CT with 4 uM Pt(IV)Ac-POA. To note, in
Figure 22, that in control condition almost cells were living, while treatments
induced a strong reduction in the number of viable cells. Bar chart displays
that compared to control condition, after CDDP exposure there was an
increase in the necrotic cell concentration (35.96 + 1.14 vs 0.42 + 0.03) and
late apoptotic cells (37.36 = 1.86 vs 7.06 + 0.34), while a concentration of live
cells (23.97 £ 0.75 vs 86.58 * 4.36) was still preserved. At 4 uM of Pt(I\V)Ac-
POA, the number of late apoptotic cells increased (62.81 + 1.32), on the

contrary, the amount of necrosis decreased (23.68 + 0.83) compared to CDDP
treated sample.
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Figure 22. Dual parameter cytograms of FITC-labelled Annexin V (FL1) versus PI
staining (FL3) of the control (CTR) and of cells treated with CDDP at 40 uM or
Pt(IV)Ac-POA at 4 uM concentrations, respectively. The bar chart represents the
average of three independent experiments, shows the percentage of the value of
Annexin V/PI positive cells: in guadrant Q1 (necrotic), Q2 (late apoptotic), Q3
(viable cells) and Q4 (early apoptotic). *Statistical analysis: control vs treated
samples: (***) p < 0.001; Sstatistical analysis CDDP vs Pt(IV)Ac-POA treated
samples: (3%) p < 0.001.
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4.2.2 Ultrastructural analysis

Through investigations at electron microscopy, CDDP treatment has
been shown to induce apoptosis in C6 cells (Krajci D et al. 2000). Based on
these data, the effect of Pt(IV)Ac-POA on the rat glioma line was analysed,
to identify the possible structural alterations and classify the potential cell
deaths induced by the treatment. Control cell, (Figure 23a) showed the
presence of a nucleus in a central position with decondensed chromatin, Golgi
Apparatus was structured in the perinuclear zone. In addition, in cytoplasm
medium size mitochondria were detectable and cytoplasmic extensions at the
cellular periphery level and sporadic lysosomes suggested a possible basal
autophagic activity. In Figure 23b after 48h-CT Pt(IV)Ac-POA at 4 uM, cell
exhibited the typical apoptosis features: chromatin condensation, absence of
nuclear envelope and cytosol in part degraded. As showed in Figure 23c,
some characteristics of autophagy were detectable after prodrug treatment.
Indeed, many cytoplasmatic autophagic vacuoles were observed, probably
autophagolysosomes, characterized by a double membrane and containing
degraded cytoplasmic components (insert, black arrowhead). Furthermore, a
necroptosis reported in Figure 23d showed some characteristics similar to the
apoptosis, such as the karyorrhexis, and aspects analogous to necrosis as well
as cytoplasmic vacuolations and rupture of the plasma membrane.
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Figure 23. C6 cells ultrastructural analysis in the control condition (a) and after 4
UM Pt(IV)Ac-POA 48h-CT (b-d). Apoptosis (b), autophagy (c) with some
autophagolysosomes (insert, black arrowhead), necroptosis (d) are shown. Bars: 1.1
pm.

4.2.3 Effects of Pt(IV)Ac-POA on intracellular organelles

Previous studies conducted on the B50 neuroblastoma cell line, after
48h-CT with CDDP at 40 puM, have shown that cytoplasmic organelles, such
as Golgi Apparatus and mitochondria, are possible targets of drug exposure
(Santin G et al. 2012; Santin G et al. 2013). Thus, the effects of 48-CT with
Pt(IV)Ac-POA at 4 uM on Golgi Apparatus and mitochondria were
evaluated. In control cells (Figure 24A), Golgi Apparatus
immunofluorescence showed a usual appearance, with a homogeneous
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distribution in the perinuclear zone, moreover, the actin cytoskeleton was
well-structured. After 48h-CT with Pt(IV)Ac-POA, cells showed evident
alterations related to cell death: actin cytoskeleton collapsed around the cell
fragmented nuclei, and Golgi Apparatus lost its physiological tubular
connections, exhibiting a globular appearance distributed in the cytoplasm.
Regarding mitochondria, in control cells, immunolabelling had a spotted-like
shape with cytoplasm and perinuclear distribution (Figure 24B). Compared
to control cells, after CT exposure, treated cells showed morphological
alterations; mitochondria immunofluorescence resulted homogeneously and
these organelles clustered around apoptotic nuclei, forming dense masses.
Also, in this case, the tubulin cytoskeleton collapsed, and cells lost their
fusiform shape.
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Figure 24. Intracellular organelles investigation by fluorescence microscopy, C6
control cells and after 48h-CT with CDDP 40 pM 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) and a-tubulin (green fluorescence) in control and
treated cells. DNA counterstaining with Hoechst 33258 (in blue). Bars: 20 um.

4.2.4 Activation of different apoptotic pathways

Similarly, to the B50 cell line, for C6 cells a double immunolabel was
carried out for proteins involved in cell death pathways. In particular, the
images shown in Figure 25 reported double immunolabeling for the Bax
protein and mitochondria. As has been observed in B50 cells, even in the C6
control cells, Bax-related fluorescence has a purely cytoplasmic localization,
without any colocalization with the mitochondria. Instead, at 48h-CT with
CDDP 40 pM or with Pt(IV)Ac-POA 4 pM, an increase in mitochondrial
localization of the Bax immunolabeling was observed. After treatment with
Pt(IV)Ac-POA, in early apoptosis, the 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 to the compounds. 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 shape. This aspect was more evident after treatment with
Pt(IV)Ac-POA, where the mitochondria, changing their morphology, moved
mainly around the nucleus. The quantification of Bax fluorescence intensity
showed that in C6 cells there was a statistically significant increase after
Pt(IV)Ac-POA and CDDP, compared to control. This value was increased
after treatment with Pt(IV)Ac-POA, 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 cells with CDDP or Pt(IV)Ac-POA. DNA
counterstaining with Hoechst 33258 (in blue). Bars: 20 um. The bar chart represents
the quantification of Bax fluorescent intensity. *Statistical analysis: control vs each
treatment and CDDP vs Pt(IV)Ac-POA; p values: (**) p <0.01, (***) p <0.001.

Figure 26 shows the double immunolabeling for Bcl-2 and mitochondria.
After 48h-CT with CDDP at 40 uM or Pt(IV)Ac-POA at 4 uM, the Bcl-2
labelling increased compared to C6 control cells. After CDDP exposure, the
Bcl-2 fluorescence increased compared to control and Pt(1V)Ac-POA-treated
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cells, as the bar chart shows in Figure 26. On the contrary, no significant
difference was found compared to the control and 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 well-defined structure, following exposure to both
compounds, these organelles condensing around the nucleus and an even
more evident aspect after treatment with Pt(1\VV)Ac-POA.
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Figure 26. Double immunoreaction for mitochondria (green fluorescence) and Bcl-
2 (red fluorescence) in control and treated cells with CDDP or Pt(IV)Ac-POA. DNA
counterstaining with Hoechst 33258 (in blue). Bars: 20 um. The bar chart represents
the quantification of Bcl-2 fluorescent intensity. *Statistical analysis: control vs each
treatment and CDDP vs Pt(IV)Ac-POA; p values: (***) p <0.001, ns: not significant.
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Finally, the double immunoreaction for AIF and mitochondria (Figure 27),
displayed how in C6 control cells, similarly to B50 cells, AIF colocalized
with mitochondria, while after48h-CT with CDDP at 40 uM or Pt(IV)Ac-
POA at 4 uM, the AIF fluorescence was detected in cells nuclei. In Pt(IV)Ac-
POA-treated sample, compared to CDDP-treated one, an increase in the
number of cells with AIF colocalization within the nucleus was evaluated. An
increase in nuclear labelling for AIF in early apoptosis was observed,
although AIF was also present in late apoptosis. Besides, after both
treatments, mitochondria produced clusters at the perinuclear level, losing the
physiological morphology especially after exposure to the new compound.
Mitochondria Merge
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Figure 27. Double immunoreaction for mitochondria (green fluorescence) and AlF
(red fluorescence) in control and treated cells with CDDP or Pt(IV)Ac-POA. DNA
counterstaining with Hoechst 33258 (blue fluorescence). Bars: 20 um.

After this analysis the focus was on the caspase-dependent pathways, to
understand the effects induced on C6 cells by 48h-CT with Pt(IV)Ac-POA at
4 uM. Therefore, immunocytochemical detections for the principal markers
involved in these pathways were performed. Immunocytochemistry
confirmed the presence of positive cells to the active caspase-9 and active
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caspase-3 after CDDP at 40 uM or Pt(IV)Ac-POA at 4 uM exposure, on the
contrary in control condition no cells were marked (Figure 28). The presence
of both markers near fragmented nuclei suggested the induction of
mitochondrial-mediated pathway in apoptotic cells and corroborated the data
described above. Furthermore, in cells caspase-immunopositive, cytoskeletal
fragmentation and the onset of dense perinuclear masses took place after
treatment. To compare the efficiency of the two treatments, a quantification
of the active caspase-3-positive cells was carried out. The percentage of
cleaved caspase-3 positive cells was (1.13 £ 0.66)% in the control, (18.50
1.21)% in CDDP-treated samples and (31.47 = 2.64)% in Pt(IV)Ac-POA-
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 treated cells after 48h-CT with 40 uM CDDP or 4 uM
Pt(IV)Ac-POA. The double immunocytochemical reaction for active caspase-9 and
active caspase-3 (red fluorescence), a-tubulin and actin (green fluorescence); DNA
counterstaining with Hoechst 33258 (in blue). Band chart represents the percentage
values of caspase-3 immunopositive cells. *Statistical analysis: control vs treated
samples vs each treatment and CDDP vs Pt(IV)Ac-POA; p values: (**) p <0.01,
(***) p <0.001. Bars: 20 pm.
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In control cells, PARP-1 fluorescence colocalized with the nucleus and
the cytoskeletal tubulin was well-structured. After 48h-CT with 40 uM CDDP
or 4 uM of the prodrug, PARP-1 was expressed at the nuclear level in cells
during the early stages of apoptosis, whereas in late apoptosis with evidently
fragmented nuclei, PARP-1, or more exactly p89, moved into the cytoplasm.
After both treatments, cells lost their elongated shape due to cytoskeletal
tubulin alterations (Figure 29). Although the effect of PARP-1 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
PARP-1 (p89 fragment) in cells exposed to CDDP compared 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 PARP-1 (in red) and a-tubulin
(in green) in controls cells and after 40 uM CDDP or 4 uM Pt(IVV)Ac-POA 48h-CT.
DNA counterstaining with Hoechst 33258 (in blue). Inserts: PARP-1 translocation
from nuclei to cytoplasm. Bars: 20 um. Western blot analysis shows the bands of
full-length PARP-1 (116 kDa) and cleaved PARP-1 (89 kDa) compared to the
loading control (CTR) and actin (43 kDa).

Immunopositivity to active caspase-8, a protein involved in the
extrinsic apoptotic pathway, increased after both treatments compared to the
control condition, in which no marked cells were observed (Figure 30). After
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48h-CT with Pt(IV)Ac-POA a drastic decrease in cell number was evaluated.
In addition, those cells with a non-fragmented nucleus displayed an intense
immunopositivity to cleaved caspase-8, suggesting a preliminary step of the
extrinsic apoptotic pathway. Additionally, after treatment, cells showed
fragmented nuclei and an irregular morphology due to the cytoskeleton
collapse.

actin caspase-8 Merge

Figure 30. Double immunocytochemical detection of active caspase-8 (red
fluorescence) and actin (green fluorescence) in C6 control cells and after 48h-CT
with 40 uM CDDP or 4 uM Pt(IV)Ac-POA. DNA counterstaining with Hoechst
33258 (in blue). Bars: 20 pum.

Caspase-8 is also involved in the initial phase of necroptosis. To confirm the
activation of the extrinsic apoptotic pathway and possible preliminary
activation of the necroptotic pathway, an immunocytochemical detection of
RIP1 was performed. In control cells, RIP1 fluorescence was detectable in
the cytoplasm with a uniform distribution. In contrast after treatments, some
cells were marked only near the nuclei, suggesting a redistribution of RIP1.
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Although only after 48h-CT with Pt(IV)Ac-POA there was an evident
translocation of RIP1 from the cytoplasm within the nuclei, indeed in CDDP-
treated cells RIP1 was in the perinuclear zone (Yoon S et al. 2016). This data
may suggest that only after treatment with the new compound there was a
possible activation of the necroptotic pathway (Figure 31).

a-tubulin

CDDP CTR

Pt(IV)Ac-POA

Figure 31. Double immunocytochemical detection of RIP1 (red fluorescence) and
a-tubulin (green fluorescence). DNA counterstaining with Hoechst 33258 (blue
fluorescence). Insert: RIP1 translocation within the condensed nucleus after
treatment with Pt(IV)Ac-POA. Bars: 20 um.

4.2.5 Analysis of autophagic process activation

To analyse the activation of autophagy, LC3B and p62/SQSTM1 were
evaluated by immunofluorescence reaction, since being two proteins
principally involved in this process. The p62 protein, SQSTML, is a ubiquitin-
binding scaffold protein that colocalizes with ubiquitinated protein
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aggregates. The protein can polymerize through an N-terminal PB1 domain,
interacting with ubiquitinated proteins through the C-terminal UBA domain
(Katsuragi Y et al. 2015). Images in Figure 32A show the double
immunolabelling for p62/SQSTM1 and LC3B. In control cells, p62/SQSTM1
was localized in the cytoplasm and no colocalized with LC3B. After 48h-CT
with CDDP at 40 uM, immunofluorescence of both proteins increased and,
LC3B was detectable also in cell nuclei. After exposure to Pt(IV)Ac-POA 4
UM, nuclei remained negative for p62/SQSTM1 and LC3B, but compared to
control cells, the two fluorescence colocalized. Western blot analysis for
p62/SQSTM1 performed on C6 cells after 48h-CT to 40 uM CDDP or 4 uM
Pt(IV)Ac-POA, compared to controls, gave another aspect of the activation
of autophagy (Figure 32B). Indeed, western blotting density band analysis
evidenced a declined expression of p62/SQSTM1 after both treatments,
especially in CDDP-treated cells, suggesting a deep activation of the
autophagic pathway.
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Figure 32. A) Double immunolabelling for p62/SQSTM1 (green) and LC3B (red).
DNA counterstaining with Hoechst 33258 (in blue). Bars: 20 um. B) Western
blotting data of p62/SQSTM1. The bar chart representing density bands
quantification of p62/SQSTML1 in the control sample and following CDDP 40 pM
or 4 uM Pt(IV)Ac-POA 48h-CT. *Statistical analysis: control vs treated samples and
CDDRP vs Pt(IV)Ac-POA,; p values: (***) p < 0.05, (**) p < 0.01, (***) p < 0.001.

4.2.6 Analysis of CBPs after Pt(IV)Ac-POA treatment

CBPs were also analysed in C6 glioma cells. Although the glial cells

cannot produce an action potential like neuronal cells, these cells play a key
role in the regulation of the extracellular microenvironment, especially the
synaptic one. Glial cells are therefore fundamental for the correct
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maintenance of the physiological processes of nervous tissue cells. An
aberration of their role would, therefore, affect not only the onset of cellular
transmission dysfunctions but also the genesis of neoplasms.

Double immunolabeling for PV and actin showed a predominantly
immunopositivity in cell cytoplasm in each condition, with some differences
in PV signal between C6 control cells and those exposed to both treatments.
As can be seen in Figure 33, following 48h-CT with CDDP the PV labelling
increase compared to control or to Pt(IV)Ac-POA-treated cells, as
quantification of fluorescence intensity confirmed. In addition, following
both treatments, cells that underwent cell death exhibited the fragmented
nucleus and the actin cytoskeleton lost its morphology and collapsed around
the nucleus.

After immunofluorescence for CR, the labelling was distributed in the
cytoplasm of C6 control cells (Figure 33). Also, after 48h-CT with CDDPt at
40 uM or with Pt(IV)Ac-POA at 4 uM, the relative fluorescence of CR was
still present in the cytoplasm. Fluorescence intensity quantification revelled
CDDP-treated cells an increase in CR fluorescence compared to the control
conditions and after treatment with Pt(IV)Ac-POA. Compared to C6 control
cells, immunolabeling for actin revealed structural alterations of the
cytoskeleton in treated cells. Indeed, following exposure to CDDP or
Pt(IV)Ac-POA, the nucleus appeared fragmented, associated with changes in
cell morphology and cytoskeleton alteration that promote actin cytoskeleton
reorganization around the fragmented nuclei.

Following 48h-CT with CDDP at 40 uM or with Pt(IV)Ac-POA at 4
uM, cells showed an intensify in CaM fluorescence compared to control, this
data was also confirmed by quantification analysis, which displayed an
evident increase in CaM labelling in cells treated with Pt(IV)Ac-POA.
Immunolabeling for actin revealed strongly changes in cytoskeleton
organisation, between control C6 cells and those exposed to both treatments.

Finally, images and the bar chart of CB reported in Figure 33 showed
a significant increase of protein signal only in CDDP-treated cells compared
to control and Pt(IV)Ac-POA-treated cells. Moreover, immunolabeling for
actin revealed an altered cytoskeletal organization observed in treated
samples.
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Figure 33. Immunocytochemical detection of CBPs: parvalbumin, calretinin
calmodulin and calbindin (red fluorescence) and actin cytoskeleton (green
fluorescence) in control C6 cells and after 48h-CT with CDDP 40 uM or Pt(IV)Ac-
POA 4 uM. DNA was counterstained with Hoechst 33258 (in blue). Bar: 40um. The
bar charts with the percentage of fluorescence intensity for each CBPs in control and
treated cells with CDDP or Pt(IV)Ac-POA. *Statistical analysis: control vs each
treatment and CDDP vs Pt(IV)Ac-POA,; p values: (**) p <0.01, (***) p <0.001, ns:
not significant.
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Western blot analysis was conducted on C6 control cells and after 48h-CT
with CDDP 40 uM or Pt(IV)Ac-POA 4 uM, to corroborate the fluorescence
data described above (Figure 34). From the data of the western blot a non-
significance increment of CR was evaluated, the remaining results for CaM
and CB, although different from those obtained from immunofluorescence
quantifications, showed a significant increase in the expression of the two
proteins after both treatments, suggesting a role of these two proteins in
treatments response.
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Figure 34. Western blot bands of CBPs: calretinin, calmodulin and calbindin after
48h-CT to CDDP 40 uM or Pt(IV)Ac-POA 4 uM, compared to the loading control
(CTR) and actin (43 kDa). On the right of each western blot the respective bar chart
of density bands quantification. *Statistical analysis: control vs each treatment and
CDDP vs Pt(IV)Ac-POA; p values: (*) p <0.05, (**) p <0.01, (***) p <0.001, ns:
not significant.
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4.2.7 Immunofluorescence analysis of PMCAL1 after treatment

PMCAL1 is another important protein in Ca?* homeostasis and is often
involved in the mechanism of action of anticancer drugs. As shown in the
images in Figure 35, in control conditions the labelling associated with
PMCAZ1 was higher than the cells treated with Pt(IV)Ac-POA 4 uM 48h-CT.
Cells exposed to 40 uM CDDP exhibited greater PMCA1 fluorescence signal
than control and Pt(IV)Ac-POA-treated cells. However, quantification of
PMCAL1 fluorescence intensity did not reveal significant differences though
the three conditions. Also, immunolabeling for actin revealed that the
cytoskeleton was well structured in control cells, while it lost its organization
and collapsed near the nucleus following treatment with CDDP and Pt(1\VV)Ac
-POA.
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Figure 35. Double immunofluorescence for PMCAZL(green fluorescence) and actin
(red fluorescence) in C6 cells in control condition and after 48h-CT with CDDP 40
UM or Pt(IV)Ac-POA 4 uM. DNA was counterstained with Hoechst 33258 (in blue).
Bar: 40um. Bar chart with the percentage of fluorescence intensity for PMCAL in
the three conditions. *Statistical analysis: control vs each treatment and CDDP vs
Pt(IV)Ac-POA; ns: not significant.
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4.2.8 Analysis of the deacetylation effects induced by POA on C6 cells

The effect of 48h-CT with 4 uM POA on the C6 glioma cell line was
investigated to understand how the free acid works in these cells compared to
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B50 neuroblastoma cells. Compared to control condition, the results of cell
cycle analysis showed that, after 48h-CT with POA at 4 uM, a reduction in S
phase was evident, associated with the presence of a sub-G: peak ascribable
to an increased number of dead cells (Figure 36A). To confirm the presence
of the apoptotic activation, the samples were subjected to reaction with
Annexin V. In Figure 36B the cytograms obtained after flow cytometry
analysis are reported. The results confirmed the presence of apoptotic cells
(16%) after 48h-CT with POA alone, compared to the control condition (7%).
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Figure 36. A) Cytograms of DNA content after Pl staining in C6 control cells (CTR)
and treated for 48h-CT with POA at 4 uM. B) Dual parameter cytograms of FITC-
labelled Annexin V (FL1) vs PI staining (FL3) representing control cells (CTR) and
treated cells 48-CT with POA at 4 pM.
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Acetyl-H3 and PCNA were then studied by double immunoreaction to
evaluate their expression after treatment for 48h-CT with POA 4 pM. In
Figure 37A the images of the immunofluorescence display how after
treatment there was an increase in fluorescence intensity for acetyl-H3, on the
contrary, a significant decrease in the PCNA fluorescent signal was observed.
Despite, a non-significant reduction of PCNA expression in treated cells was
observed by western blot analysis, a significant increase in histone H3
acetylation was obtained after POA treatment.
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Figure 37. A) Double immunofluorescence reaction, with the relative quantification,
for acetyl-H3 (in green) and PCNA (in red), nuclei were counterstained with Hoechst
33258 (in blue). Bar: 20um. B) Western blot bands and density bar charts of acetyl-
H3 and PCNA. Student’s t-test: *statistical significance between control and POA-
treated cells; p values: (*) p < 0.05, ns: not significant.
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Similar to what observed in B50 cells, in C6 cells, the effect of the POA, as
an HDACI, on chromatin decondensation, appeared ineffective at 48 h-CT
(Figure 38), showing control-like characteristics in cells treated with the
POA.

Figure 38. Ultrastructural analysis at the electron microscope reveals no difference
in chromatin decondensation between control (a) and treated cells at 48h-CT with
POA uM (b). Bars: 1.1 um.

To verify whether what observed was the greatest effect of the POA, as for
B50 cells, the short exposure times to POA 4 uM were analysed (Figure 39).
The data obtained showed a maximum effect in the chromatin decondensation
at 2h compared to the remaining treatments (4h, 8h, and 24h respectively).
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Figure 39. C6 cells after 4 uM POA treatment at 2h (a), 4h (b), 8h (c) and 24h (d),
respectively. To note the strong chromatin decondensation after 2h of continuous
exposure to POA: Bars: 2 M.

Subsequently, this data was confirmed by the immunolabeling for the acetyl-
H3 and by the western blot analysis of the sample treated for 2h with POA a
4 uM and the respective control. A significant difference was observed for
PCNA only by western blot analysis (Figure 40).
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Figure 40. A) C6 control cells and treated with 4 uM POA at 2h-CT. Double
immunofluorescence reaction, with the relative quantification, for acetyl-H3 (in
green) and PCNA (in red), nuclei were counterstained with Hoechst 33258 (in blue).
Bar: 20um. B) Western blot bands and density bar charts of acetyl-H3 and PCNA.
Student’s t-test: *statistical significance between control and POA-treated cells; p
values: (**) p <0.01, (***) p < 0.001, ns: not significant.

No changes induced by the treatment 48h-CT with POA at 4 uM were found
on C6 cells compared to control, in the analyses on the pathways and CBPs
previously described and carried out for 48h-CT Pt(IV)Ac-POA at 4 M.

Densi
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4.3 The effect of Pt(1VV)Ac-POA on the human U251 cell line

The effects of CDDP and analogues have long been studied in the
human U251 glioblastoma line. This cell line, following studies conducted in
the laboratory of Cell Biology and Neurobiology, was particularly resistant
to the standard dosages used for in vitro investigations. Several data have
been previously obtained on the use of new compounds such as [Pt(O,0’-
acac)(y-acac)(DMS)] in the treatment of this cell line (Griamaldi M, 2015,
Ph.D. thesis) and the observations obtained indicate the U251 cell line as a
good model for the study of GBM, especially due to its strong intercellular
heterogeneity.

4.3.1 Analysis of cell death and activation of the apoptotic pathway

The concentrations used for the U251 line treatment with Pt(I\VV)Ac-
POA were selected by comparing the data previously obtained for standard
in vitro treatment with CDDP (40 pM) and new platinum(ll) such as
[Pt(O,0’-acac)(y-acac)(DMS)]. Among the concentrations analysed by MTS
assay, only Pt(IV)Ac-POA at 10 uM was found to be effective on the U251
line. After 48h-CT treatment with Pt(IV)Ac-POA at 10 uM and following
counterstaining with PI the cells were divided into the different phases of the
cell cycle, with a slight decrease of the S phase of (14.73 + 0.51)% (Figure
41A). Evaluating the cytograms obtained from the cytofluorimetric analysis,
the presence of a sub-G: peak (black arrow) was observed, corresponding to
an accumulation of dead cells (Figure 41A, insert). By Annexin V assay was
confirmed that compared to control condition, after 48h-CT with Pt(IV)Ac-
POA at 10 pM, an increase in the number of apoptotic cells was observed,
especially of late apoptotic cells (Figure 41B).
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Figure 41. A) Cytograms of DNA content after staining with Pl in U251 control
cells and after treatment with Pt(IVV)Ac-POA at 10 uM for 48h-CT. Insert represents
the graph of the sample treated with Pt(IV)Ac-POA 10 uM compared to the same
number of cells analysed in the control sample (y: 800x10). The black arrow
indicates the sub-G; peak corresponding to dead cells. B) Dual parameter cytograms
of FITC-labelled Annexin V (FL1) versus Pl staining (FL3) in the control (CTR) and
in cells treated with Pt(IV)Ac-POA at 10 uM. Quadrant Q1: necrotic cells, Q2: late
apoptotic cell, Q3: viable cells, and Q4: early apoptotic.

4.3.2 Ultrastructural investigation at TEM

Thanks to the evaluation of the samples by electronic microscopy, it
was possible to assess the different ultrastructural alterations induced after
48h-CT with Pt(IV)Ac-POA at 10 uM. In the control cell, a nucleus with
decondensed chromatin, a well-organized ER located in the perinuclear area
and medium-sized mitochondria were observed (Figure 42a). On the contrary
after continuous exposure to the new compound, several phenotypes of cell
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death were detected such as apoptotic features i.e. chromatin condensation
and disappearance of the nuclear envelope (Figure 42b), typical elements of
autophagy such as the increase in the number of vacuoles containing
degradation material (Figure 42c) and morphologies attributable to
necroptosis (Figure 42d).

Figure 42. U251 cells ultrastructural analysis in the control condition (a) and after
10 uM Pt(IV)Ac-POA 48h-CT (b-d). Apoptosis (b), autophagy (c) and necroptosis
(d) are shown. Bars: 5 um.

4.3.3 Evaluation of different apoptotic cell death

Based on the different morphologies detected by electron microscopy,
the presence of proteins mainly involved in the respective cell death pathways
was evaluated by immunofluorescence. Moreover, data previously collected
on U251 cells, showed a tendency of these cells to resist treatments,
modifying cell death pathways and triggering resistance mechanisms,
observed above all in the treatment with CDDP (Grimaldi M, 2015, Ph.D.
thesis). Data relating to these survival processes, observed in the B50 line of
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rat neuroblastoma, have already been published (Grimaldi M et al. 2019).
Therefore, a second experimental condition i.e. “recovery condition” (REC)
(see Materials and Methods) was added, aimed at bringing out the strategies
of defense of tumour cells implemented after 48h-CT with chemotherapy.

The activation of the intrinsic and extrinsic apoptotic pathway was
investigated by immunolabeling for active caspase-3 and active caspase-8,
respectively (Figure 43). After 48h-CT with CDDP 40 uM or Pt(IV)Ac-POA
at 10 puM, an increase in immunopositivity of both active caspases was
observed, compared to the control condition, in which no labelling was found
for the proteins of interest. A progressive increase in the relative investigated
markers was found in the recovery samples compared to the control and the
respective treatments at 48h-CT. Furthermore, the greatest apoptotic
induction effect was observed in the recovery samples, especially in which
exposed to 10 uM Pt(IV)Ac-POA. This data suggests that although the cells
have had a 7-day recovery time in fresh medium, U251 cells continue to die.
The immunolabelling of the actin cytoskeleton reveals how respect to the
well-defined structural organization in control cells, following treatment there
was a complete degeneration of the cellular morphology with a cytoskeleton
collapsed around the nuclei that were highly degraded. Also, from the
quantification of the cell immunopositivity for the two cleaved caspases, the
predominantly expressed pathway seemed to be the intrinsic one.
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Figure 43. Immunolabelling for active caspase-3 and active caspase-8 (red
fluorescence) and actin (green fluorescence) in U251 control cells, after 48h-CT with
CDDP 40 uM or Pt(IV)Ac-POA 10 uM and in recovery conditions after exposure
for 48h to CDDP or Pt(IV)Ac-POA. Hoechst 33258 counterstaining for the nuclei
(in blue). Inserts: magnifications of apoptotic marked nuclei. Bars: 40 um. Bar charts
represent the number of cells immunopositive to active caspase-3 or active caspase-
8, respectively. *Statistical significance between control and each treatment
condition; *statistical significance between CDDP and the other treatments
conditions; Sstatistical significance between Pt(IV)Ac-POA and the other recovery
conditions; “statistical significance between recovery conditions CDDP and
Pt(IV)AC-POA respectively; p values: (*) p < 0.05; (**) p < 0.01; (*) p < 0.001.
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Following this analysis, the activation of the active caspase-3 substrate
i.e. PARP-1 was investigated (Figure 44). In U251 control cells, PARP-1 was
localized at the nucleus level, while the well-organized tubulin cytoskeleton
supported cell morphology. After 48h-CT with CDDP 40 uM and Pt(IV)Ac-
POA 10 pM, the cells underwent apoptosis, as suggested by the presence of
cells with a degraded nucleus. Different cell death phases were observed: late
apoptosis, in which there was no more colocalization between the
fluorescence of PARP-1 and the nucleus, and early apoptosis in which PARP-
1, or rather the p89 fragment, moved from the nucleus to the cytoplasm, a
phenomenon that can be observed especially in the treated sample with
Pt(IV)Ac-POA. The cells with a healthy phenotype detectable in the sample
exposed to CDDP, on the other hand, showed a still nuclear PARP-1 signal.
In recovery conditions of the sample exposed to the CDDP, a redistribution
of the fluorescent signal of PARP-1 was observed in more spots-like
labelling, observable in the lower-left cell. In these conditions, apoptosis was
also observed, but also a morphology suggesting an ongoing autophagic
process. The recovery condition of Pt(IV)Ac-POA-treated sample still
revealed the presence of apoptosis (insert), while the cells with nuclear
PARP-1 displayed a strongly altered tubulin cytoskeleton, indicating possible
cellular damage. Finally, the western blot analysis for PARP-1 showed the
activation of PARP-1 in all treatments compared to the control. It should be
noted that in the Pt(IVV)Ac-POA recovery condition there was a reduction in
the expression of PARP-1, associated however with its activation and which
could suggest a strong effect of Pt(IV)Ac-POA in reducing expression of this
protein involved in DNA repair.
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Figure 44. Double immunocytochemical detection of PARP-1 (in red) and a-tubulin
(in green) in controls cells and after 40 uM CDDP or 10 uM Pt(IV)Ac-POA 48h-CT
and respective recovery conditions. DNA counterstaining with Hoechst 33258 (in
blue). Inserts: PARP-1 translocation from the nucleus to cytoplasm. Bars: 20 pm.
Western blot analysis shows the bands of full-length PARP-1 (116 kDa) and cleaved
PARP-1 (89 kDa) compared to the loading control and actin (43 kDa).
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As regards the pathway supported by the caspase-8, therefore of the
extrinsic apoptotic pathway, the RIP1 protein was evaluated by
immunofluorescence reaction (Figure 45). After immunolabelling for RIP1
it was observed in control cells that the fluorescent signal of the protein was
diffused homogeneously for the entire cytoplasm and was not revealed at the
nucleus level. After 48h-CT with CDDP 40 uM, a redistribution of the
fluorescent signal was evaluated around fragmented nuclei, while in cells that
had almost similar characteristics to the control, the distribution of RIP1
remained predominantly cytoplasmic. In the samples exposed to Pt(IV)Ac-
POA for 48h, there was an increase in the RIP1 signal around degraded nuclei,
compared to the conditions described above. Furthermore, the tubulin
cytoskeleton appeared strongly damaged, compared to the control conditions
and the cells treated with CDDP. Under the recovery conditions of both
treatments, the cells appeared non-viable, with an increase in the signal for
RIP1 around the visibly damaged nuclei. In particular, the Pt(IV)Ac-POA
sample showed cells with evident pyknosis.

In the necrosome formation, RIP1, or rather RIP3, interacts with MLKL
that is essential to induce necroptosis. Conformational change in MLKL
promotes its translocation to the plasma membrane, causing its
permeabilization, but also to the nucleus in the early necroptosis stage (Weber
K et al. 2018). In this regard, the possible translocation of MLKL was
investigated following treatment with CDDP or Pt(IV)AC-POA both at 48h-
CT and recovery conditions (Figure 46). In control cells, the MLKL labelling
was purely cytoplasmic, while after treatment the fluorescent signal revelled
a redistribution in cells with a fragmented nucleus. After treatment with
CDDP 40 pM the MLKL signal was like the control, with redistribution
around a nucleus damaged, due to the collapse of the cytoskeleton around it.
In the remaining treatments, an increase in MLKL fluorescence was detected,
especially in cells with an apoptotic phenotype. To note, the localization of
MLKL in the cell nucleus of the Pt(IV)Ac-POA recovery sample.
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Figure 45. Double immunocytochemical detection of RIP1 (red fluorescence) and
a-tubulin (green fluorescence). DNA counterstaining with Hoechst 33258 (blue
fluorescence). U251cells were analysed in each different conditions i.e. control, 48h-
CT with CDDP 40 puM or Pt(IV)AC-POA 10 uM and recovery condition for CDDP
or Pt(IV)Ac-POA. Bars: 20 um.
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Figure 46. Double immunocytochemical detection of MLKL (red fluorescence) and
actin (green fluorescence). DNA counterstaining with Hoechst 33258 (blue
fluorescence). U251cells were analysed in each different conditions i.e. control, 48h-
CT with CDDP 40 puM or Pt(IV)AC-POA 10 uM and recovery condition for CDDP
or Pt(IV)Ac-POA. Bars: 20 um.
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Then also the activation of the independent caspase pathway was investigated
by immunolabeling for the AIF protein and the mitochondria (Figure 47). In
the control cells, the AIF protein was found to be at the level of the
mitochondria, as suggested by the colocalization of the two associated
fluorescence. Following treatment, AIF loses its physiological location and
moves into the cytoplasm and then into the nucleus. At 48h-CT with CDDP
at 40 uM and Pt(IV)Ac-POA at 10 uM the translocation of AIF to the nucleus
was more evident, on the contrary in the two recovery conditions, despite the
apoptosis present, it was more difficult to discriminate this process, as it
seems there is a return of localization of AIF with the mitochondria, which
could, therefore, be associated with a cellular recovery mechanism.
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Figure 47. Double immunoreaction for mitochondria (green fluorescence) and AlIF
(red fluorescence) in control and treated cells. DNA counterstaining with Hoechst
33258 (blue fluorescence). U251 cells were analysed in each different conditions i.e.
control, 48h-CT with CDDP 40 uM or Pt(IV)AC-POA 10 pM and recovery
condition for CDDP or Pt(IV)Ac-POA. Bars: 20 um.
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4.3.4 Evaluation of autophagy pathway activation

As described in the previous analyses, after treatments, it was possible

to detect the typical morphologies of autophagy. For this reason, the two
proteins mainly involved in the autophagic pathway such as p62/SQSTM1
and LC3B were evaluated. In the control cells, the two associated
fluorescence did not colocalize, p62/SQSTM1 was evaluated both in the
cytoplasm and in the nucleus, while LC3B was predominantly cytoplasmatic.
After treatments a colocalization of the two protein signals was detectable in
all conditions, suggesting an activation of the autophagic process. The only
distinct condition was the CDDP recovery sample in which the cells have
strongly changed their morphology, increasing in size and considerably the
basal expression of the two proteins of which fluorescence was not observed
to be colocalized (Figure 48A).
Through western blot analysis, the levels of p62/SQSTM1 were examined in
the respective treatments and control condition, however, despite a reduction
in the expression levels of this protein, no statistically significant differences
were obtained compared to the control samples (Figure 48B).
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Figure 48. A) Double immunolabelling for p62/SQSTML1 (in green) and LC3B (in
red). DNA counterstaining with Hoechst 33258 (in blue). Bars: 20 um. B) Western
blotting data of p62/SQSTM1. The bar chart represents density bands quantification
of p62/SQSTML1 in the control sample and following CDDP 40 uM or 4 uM
Pt(IV)Ac-POA 48h-CT and their respective recovery conditions.
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4.3.5 Analysis of Pt(IV)Ac-POA treatment on cytoplasmic organelles

Based on experiments already carried out on the U251 cell line treated
with CDDP 40 uM and platinum(11) 48h-CT (Grimaldi M, 2015, Ph.D. thesis)
and the observations obtained on the involvement of cytoplasmic targets,
cellular components such as the Golgi Apparatus and mitochondria were
analysed to establish whether cytoplasmic organelles were also targets of
treatment with Pt(IV)Ac-POA. From the obtained data it was shown how
compared to the control conditions, after each treatment, there was a strong
alteration of the organelle under study.

In control conditions, Golgi Apparatus fluorescence was clear and in the
perinuclear area, suggesting a good structuring of the organelle, thanks also
to the presence of a well-organized actin cytoskeleton. In contrast, after
treatments, there was a degeneration of both Golgi cistern attachment and
cytoskeletal structure. After 48h-CT with CDDP 40 uM or Pt(IV)Ac-POA 10
MM, a degradation of Golgi Apparatus was observed, resulting in a diffuse
and homogeneous fluorescence purely localized around fragmented nuclei.
This effect was considerably intensified in the Pt(IVV)Ac-POA sample, where
cytoskeleton and Golgi Apparatus were no longer distinguishable. On the
contrary, in the CDDP recovery conditions, despite the presence of cells in a
state of stress, there was a restoration of physiological conditions, associated
with well-defined actin and Golgi Apparatus labelling as observed in control
cells (Figure 49).

Very similar effects were also observed in the double immunolabelled
analysis for the mitochondria and the tubulin cytoskeleton (Figure 50). In
control conditions, the mitochondria were distributed evenly throughout the
entire cytoplasm of the cell, delineating according to the pattern of
microtubules of the well-organized cytoskeleton. After the respective
treatments, a very intense effect was obtained in the 48h-CT samples exposed
to Pt(IV)Ac-POA 10 uM and the exposure action seems to persist even in
recovery conditions. In the samples treated with CDDP at 40 uM to 48h-CT,
different cells showed similar characteristics to the control, which worsened
in the recovery condition, but which in any case showed less intense effects
than those obtained in cells treated with the new compound.
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Figure 49. Double immunocytochemical detection of Golgi Apparatus (red
fluorescence) and actin (green fluorescence). An investigation by fluorescence
microscopy, U251 control cells and after 48h-CT with CDDP 40 uM or Pt(IV)Ac-
POA 10 uM and the respective recovery conditions. DNA counterstaining with
Hoechst 33258 (blue fluorescence). Bars: 20 pum.
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a-tubulin Mitochondria Merge

CDDP REC Pt(1V)Ac-POA CDDP CTR

Pt(IV)Ac-POA REC

Figure 50. Double immunocytochemical detection of mitochondria (red
fluorescence) and a-tubulin (green fluorescence) in control and after 48h-CT with
CDDP 40 pM or Pt(IV)Ac-POA 10 pM and the respective recovery conditions.
DNA counterstaining with Hoechst 33258 (blue fluorescence). Bars: 20 pm.
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4.3.6 Hadrontherapy with carbon ions on U251

Preliminary studies have been conducted on U251 cells using carbon

ion hadrontherapy. The effects were evaluated by applying different
experimental conditions, to observe the action of hadrontherapy alone and
combined with the use of chemotherapeutic drugs such as CDDP or new
compounds being studied such as Pt(IV)Ac-POA. The same concentrations
of compounds were maintained, to compare the effects of combined therapy
with those already observed with the treatments where the chemotherapeutic
was already used. The data obtained (Figure 51), although very preliminary,
showed that hadrontherapy and chemotherapeutic treatment can promote cell
death of U251 tumour cells. Above all, we can see how the 4Gy radiation is
more effective on U251 cells compared to 2Gy radiation. Indeed, the
structural modifications of the cytoskeleton were observed in the samples
pretreated with the compounds and then irradiated to 4Gy. However, the
PARP-1 translocation was found only in some conditions i.e. CDDP+4Gy,
Pt(IV)Ac-POA+2Gy, and Pt(IV)Ac-POA+4Gy, suggesting a great efficacy
on U251 cells.
The observation of the 48h-CT conditions was then associated with the
analysis of long-term effects, evaluating the various treatments in recovery
conditions (Figure 52). To note that the effects of the pretreatment and/or
irradiation were preserved only under specific conditions. Indeed, the samples
only irradiated resumed being like the control, particularly in recovery
conditions, as showed by cells in mitosis (white arrow). The treatments
associated with CDDP both at 2Gy and 4Gy seemed to have a good yield, but
the presence of cells with fusiform morphology would allow assuming the
beginning of cellular recovery. The best result was obtained with Pt(IV)Ac-
POA pretreatment, with both exposures to 2Gy and 4Gy. The possibility to
obtain a good antitumor effect, even after exposure to 2Gy, would make this
combined treatment a good strategy to reduce the high dose of therapy.
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caspase-3 PARP-1 + a-tubulin

CTR

2Gy

4Gy

CDDP+4 Gy PH(IV)Ac-POA+2Gy  CDDP +2Gy

Pt(IV)Ac-POA + 4Gy

Figure 51. Representation of the experimental conditions for hadrontherapy. The
left column indicates U251 cultured in flask before being processed for
immunofluorescence reactions. Immunoreaction to active caspase-3 or PARP-1 (in
red) with a-tubulin (in green). DNA counterstaining with Hoechst 33258 (in blue ).
Bars: 20 pm.
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Figure 52. Representation of the experimental conditions for hadrontherapy after
recovery condition. The left column indicates U251 cultured in flask before being
processed for immunofluorescence reactions. Immunoreaction to active caspase-3 or
PARP-1 (in red) with a-tubulin (in green). DNA counterstaining with Hoechst 33258
(in blue). White arrow indicates a mitosis Bars: 20 pum.
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4.3.7 Taraxacum officinale effects on free radical stress on U251

To assess whether the beneficial effects of the Taraxacum officinale
could also be employed in the treatment of the U251 cell line, an MTS assay
was performed to identify the concentrations of interest for this type of study
I.e. 25 pg/ml, 250 pg/ml and 2500 pg/ml. Following this investigation, the
effects on the cell cycle were evaluated (Figure 53). However, all
concentrations showed no effect on the cell cycle, which was therefore very
similar to the control even after 48-CT with Taraxacum officinale extract.
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Figure 53. Flow cytometry after Pl staining. Cytograms of DNA content of U251
control cells (CTR) and treated for 48h-CT with Taraxacum officinale root extract
at different concentrations (25, 250 and 2500 pg/ml).
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Since there was no alteration in the cell cycle, the possibility of the extract to
reduce the effects of free radical stress was investigated. For this analysis, the
three concentrations (25, 250, 2500 pg/ml) were evaluated both by treating
the cells with the extract of Taraxacum officinale for 48h-CT and by using
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this procedure as a pre-treatment for the subsequent exposure to Pt(IV)Ac-
POA at 10 pM.

The most significant effects were obtained at the concentration of 250 ug/ml,
concentration already used in other studies and therefore non-toxic for healthy
cells (Zhu H et al. 2017). First, the presence of active caspase-3 positive cells
was evaluated, to discriminate against a possible adjuvant effect between the
treatments. The images reported in Figure 54, revealed a non-
immunopositivity of the U251 control cells for cleaved caspase-3, while
single apoptosis was found after 48-CT with the Taraxacum officinale extract
at 250 pg/ml. On the contrary, after combined treatment, an increase in
immunopositive cells for active caspase-3 or in any case cells with a cell death
phenotype, was observed, although not intensively. The 48-CT treated sample
with Pt(1V)Ac-POA 10 pum was used as a positive control.

Subsequently, proteins related to free radical stress and inflammation such as
NOS2, or inducible NOS, and COX2 were analysed by immunofluorescence
analysis. A decrease in the levels of both proteins following 48h-CT with the
extract at a concentration of 250 pg/ml was observed. To note that Pt(IV)AC-
POA at 10 pM, in addition to inducing cell death and a perinuclear
redistribution of mitochondria, also promoted an increase in the fluorescent
signal for both NOS2 and COX2. The compound having a reducing action,
could, therefore, influence the mechanisms of regulation of free radical stress
and related mechanisms. However, this effect was decreased with the pre-
treatment with the extract for 48h-CT, suggesting an action to restore normal
physiological levels. Furthermore, the tumour cell, having a hypoxic
microenvironment, could represent a target for the action of the Taraxacum
officinale, which could, therefore, increase the sensitivity of the tumoral cell
to the chemotherapeutic agent.

Besides, the reduction of inflammation-associated molecules could reduce the
damage caused by it, especially in the nervous tissue where the cells are most
sensitive.
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caspase-3+ a-tubulin NOS2+Mitochondria COX2 +Mitochondria

Pt(IV)Ac-POA T- 250ug/ml CTR

Pt(IV)Ac-POA
+ T- 250ug/ml

Figure 54. Double immunoreactions for active caspase-3 (red fluorescence) and a-
tubulin (green fluorescence) are reported in the first column; in the middle double
immunoreaction for NOS2 (red fluorescence) and mitochondria (green
fluorescence); the last column indicates double immunoreaction for COX2 (red
fluorescence) and mitochondria (green fluorescence). Each investigation was
performed for cells in the control condition, after 48h-CT with 250 pg/ml of
Taraxacum officinale or Pt(IV)Ac-POA at 10 uM. At last, pre-treatment with 250
pg/ml of the extract 48h-CT, followed by treatment with Pt(IV)Ac-POA at 10 uM
48h-CT. Bars: 20 um.
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4.3.8 Ganoderma lucidum treatment and its effect on calmodulin protein

Ganoderma lucidum has long been used to treat various tumours, and
its effect on the U251 line was then evaluated. After testing different
concentrations of the Ganoderma lucidum supplement, through the MTS
assay, in order not to induce any type of damage to control cells such as
fibroblasts, three concentrations of interest were selected for flow cytometric
analyses. After 48h-CT with the supplement, cytofluorimetric analysis of
U251 cells DNA content was performed (Figure 55). Compared to the
control, at the concentration of 10 mg/ml, the cells no longer showed a
distribution in the various phases of the cycle, but there was a complete
degeneration of the cell cycle. At the concentration of 5 mg/ml there was a
more evident sub-G: peak than the control; to note a blockage of the cells in
the G2/M phase of the cell cycle. Finally, at the lowest concentration, 1 mg/ml,
a pattern of cell distribution very similar to the control, but with less obvious
peaks was observed. At this concentration, cells were not damaged
considerably and therefore the U251 slowly start to proliferate again even
after treatment. Based on these data, the concentration of 5mg/ml was chosen
for subsequent treatments.
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Figure 55. Cytograms of DNA content after staining with Pl in U251 control cells

and after treatment with Ganoderma lucidum based supplement (10, 5 and 1 mg/ml)
48h-CT.

Once the treatment concentration was chosen, double immunolabelling for
NOS2 and actin was performed, in order to observe any changes in the free
radicals stress and the possible effect on cell morphology i.e. reductions in
cell volume and de-structuring of microfilaments. After 48h-CT with the
supplement based on Ganoderma lucidum, a reduction in the NOS2
fluorescent signal was observed compared to the control conditions,
suggesting a reduction in the level of nitrogen radical stress. The treatment
with H20, at 300 uM was tested as a positive control for the induction of
NOS2 (Figure 56).
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actin NOS2

Figure 56. Double immunocytochemical detection in control (CTR) and 48h-CT to
Ganoderma lucidum based supplement at 5mg/ml (G-5mg/ml) treated cells. Positive
control obtained by U251 exposure to H,0O- at 300 uM. NOS2: green fluorescence,
actin: red fluorescence, Hoechst 33258 counterstaining for the nuclei (in blue). Bars:
20 pm.
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Another aspect that was evaluated following treatment with the Ganoderma
lucidum supplement was to assess changes in CaM levels before and after
treatment for 48h-CT. CaM plays an important role in numerous pathways,
including the remodelling of the actin cytoskeleton, intercellular
communication, and regulation of Ca?* homeostasis, which is a key
component in the physiological mechanisms of neuronal and glial cells. The
images in Figure 57 represent U251 control cells and cells after 48h-CT to
the supplement based on Ganoderma lucidum. The actin cytoskeleton in the
treated U251 cells showed no obvious morphological changes compared to
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control cells, thus maintaining its structural integrity. CaM in U251 control
cells appeared to be homogeneously distributed in the cytoplasm, this
localization was maintained even after treatment, although there was an
accumulation at the perinuclear level. This data could, therefore, suggest a
direct action of the treatment even at the intracellular level, acting on
mechanisms of essential signalling such as CaM.

actin CaM Merge

Figure 57. Double immunocytochemical detection in control (CTR) and 48h-CT to
Ganoderma lucidum based supplement at 5mg/ml (G-5mg/ml) treated cells. CaM:
green fluorescence, actin: red fluorescence, Hoechst 33258 counterstaining for the
nuclei (in blue). Bars: 20 pm.

CTR

G — 5mg/ml

4.3.9 Characterization of BK and KIR4.1 channel in U251 cell line

Wound healing assay after 24 h was used to verify cell migration, but
above all to distinguish the cellular phenotype that could be considered
“migrant”. The experimental plan consisted of a basal condition and 24 h after
wound healing assay (t1) (see Material and Methods). In these conditions,
U251 cells, after immunolabelling to the actin cytoskeleton, showed two
different morphologies: flattened cells and cells with polarised cytoplasmic
protrusions, called “polarised cells” (Figure 58).
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C — d P

Figure 58. Actin immunostaining for U251 cells cytoskeleton (red fluorescence),
revealing different cell morphologies at the basal condition and at t; (a,c and b,d,
respectively); nuclear counterstaining with Hoechst 33258 (blue fluorescence).
White arrowhead indicates polarized cells. Bars: 200 um (a and b), 20 um (¢ and d).

The migration marker, active-Cdc42, used to stained cell cytoplasm and
identify cell morphology, revelled that in polarised cells immunoreactivity
was enhanced compared with flattened cells (Figure 59). Especially, in
polarised cells, the mean fluorescence density per cell progressively increased
from basal to out, to intra scratch cells (Figure 59 c), whereas in the flattened
cells, the fluorescence persisted constant (Figure 59 a—c).
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Figure 59. Active-Cdc42 immunolabelling (green fluorescence), in flattened and
polarized cells, evaluated at basal condition (a) and at t;, both outside (extra scratch,
b) and within (intra scratch, ¢) wounded area. Bar chart shows the mean fluorescence
density per cell. Nuclei were counterstained with Hoechst 33258 (blue fluorescence).
White arrowhead indicates polarised cells. Bars: 40 um. Student’s t-test: *statistical
analysis between flattened and polarized cell in the three experimental conditions: p
values: (*) p <0.05; (**) p <0.01; (***) p < 0.001.

The proliferation marker PCNA was used to identify proliferating U251 cells
and discriminate against some differences in cell morphology as described
above. No statistically significant differences were measured in flattened and
polarised cells under different experimental conditions except for extra
scratch cells between flattened and polarised cells (Figure 60 a—c). The
difference in the type of immunolabelling was evaluated; in polarised cells
was homogeneously distributed in the nucleus, while in flattened cells the
fluorescence appeared spot-like, indicating that the latter were actively
cycling cell.
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Figure 60. PCNA immunolabelling (green fluorescence), in flattened and polarised
cells, evaluated at basal condition (a) and at t1, both outside (extra scratch, b) and
within (intra scratch, ¢) wounded area. Bar chart shows the mean fluorescence
density per cell. Nuclei were counterstained with Hoechst 33258 (blue fluorescence).
White arrowhead indicates polarised cells. Bars: 40 um. Student’s t-test: *statistical
analysis between flattened and polarized cell in the three experimental conditions: p
values: (***) p < 0.001, ns: not significant.

Immunocytochemistry demonstrated the cytoplasmic expression of both
Kird.1 and BK channels, and a mislocation in the nucleus under basal
conditions. In polarised cells, BK-immunopositivity was detectable in both
the cytoplasm and nucleus (Figure 61A). The mean fluorescence density per
cell was higher in the nucleus of cells extra scratch and intra the wounded
area compared with the basal condition (Figure 61B). In the cytoplasm, a
similar non-significant trend was observed. Kir4.1-immunopositivity was
detected in both the cytoplasm and nucleus (Figure 61C). The mean
fluorescence density was higher in both the cytoplasm and nucleus of cells
extra the wounded area compared with the basal condition (Figure 61D).
Therefore, scratch wounding may trigger the increased expression of BK and
KIR4.1 in the nucleus and cytoplasm.
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Figure 61. Immunocytochemical detection of BK (Panel A, red fluorescence) and
Kir4.1 (Panel B, red fluorescence) in the nucleus and cytoplasm of polarized cells
at basal condition (a, d) and at ti, both outside (b, ) and within (c, f) the wounded
area. Nuclei were counterstained with Hoechst 33258 (blue fluorescence). Inserts:
details of BK and Kir4.1 nuclear immunoreactivity. White arrowhead: polarised
cells. Bars: 40 um. Bar charts show the mean fluorescent density per cell of BK
(Panel C) and Kir4.1 (Panel D) in the nucleus and cytoplasm. *Statistical analysis:
cells at basal condition vs t;, outside and within the wounded area; *statistical
significance between cells at t; within and outside wounded area. p values: (*) p <
0.05; (**) p <0.01; (***) p < 0.001.
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The EDTA-regressive technique displayed the ultrastructural localisation of
BK and Kir4.1 channels in the U251 cell line. In the nucleus, the BK-labelling
was mainly found near the heterochromatin rather than euchromatin. In
particular, several marked spots were observed on RNA fibrils. The labelling
of the BK channel was also present in the cytoplasm and near the cell
membrane. BK-positive membrane protrusions were also observed (Figure
62A b). Ultrastructural analysis of Kir4.1 channels displayed a more
heterogeneous localisation inside the nucleoplasm compared with BK
labelling. The Kir4.1-labelling was also detected near the cytoplasmic
membrane and membrane vesicle (Figure 62B c,d).

A
BK
B
KIR "

Figure 62. TEM ultrastructural analysis (EDTA-regressive staining technique): BK
and Kir4.1 channels localization. Panel A: nuclear BK labelling mainly detected
closed to the heterochromatinic space, compared to euchromatin (a), and
cytoplasmic BK immunopositivity present nearby the cytoplasmic membrane,
membrane protrusions (asterisk), also detectable in cell vesicles (b). Panel B: Kir4.1
immunolabelling heterogeneously localised inside the nucleoplasm (c), and
cytoplasmic Kir4.1 staining mostly present nearby the membrane and membrane
vesicle (d). Continuous line: nuclear membrane. Black spots: Immuno-gold labelling
for BK- and Kir4.1; gold particles dimension: 6nm (black arrowhead). Dashed line:
RNA fibrils. Cy: cytoplasm; Nu: nucleus; Het: heterochromatin; Ve: vesicle. Bars:
500nm.
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5. Discussion

This thesis work is part of a broad scientific project that involves several
research laboratories and that has the aim of identifying new treatments useful
for overcoming the limits associated with conventional cancer therapies
currently in use. Among these limits, chemoresistance is one of the major
obstacles in the treatment of NS tumours, as the standard protocols, as well
as the treatment with TMZ, can only in some cases improve the patient’s
prognosis, but not leading to a complete resolution. Also, the high
heterogeneity that characterizes these cancers, in particular, GBM, represents
a great challenge for the diagnosis and the development of tumour-specific
therapies. Hence, based on these data, for more than ten years the laboratory,
in which this work has been carried out, has been involved in identifying new
platinum-based compounds that may have greater efficiency than the CDDP
standard treatment, but with lower systemic toxicity. Several data obtained in
our laboratory have confirmed the possibility of synthesizing new platinum-
based compounds with good antitumor action and a lower cytotoxic effect on
healthy cells (Piccolini VM et al. 2015), however, the problem of acquired
chemoresistance remains a process to be clarified. In this regard, biomedical
research has focused on new platinum(IVV) compounds, which act as prodrugs,
thus reducing the possible side effects of cytotoxicity outside tumour cells
(Johnstone TC et al. 2016). Furthermore, the ability to associate biologically
active axial ligands, i.e. HDACI, within the molecule, allows obtaining a
synergistic effect that would implement the antitumor effect.

From 2017, the study of the new platinum-based compound Pt(IVV)Ac-POA
was undertaken and, to date, promising data have been published on the use
of this prodrug in several lines of NS tumours (Ferrari B et al. 2019; Rangone
B et al. 2018). Pt(IV)Ac-POA belongs to the platinum(lV) family and
performs its cytotoxic action by acting as a prodrug. Indeed, it is inactive
outside the tumour cells, while it is activated inside them through a reduction
mechanism that leads to the splitting of the CDDP molecule and the two axial
ligands including the POA (Gabano E et al. 2017). Thanks to the presence of
POA, the Pt(IV)Ac-POA molecule is more lipophilic, thus increasing the
intracellular accumulation of the prodrug compared to CDDP alone.
Moreover, POA is considered a very active HDACI, thus indirectly producing
an increase in acetylation at the chromatin level, increasing its
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decondensation and consequently enhancing the exposure of DNA to the
action of the CDDP (Gabano E et al. 2017; Novohradsky V et al. 2017).

The first step of this study was to characterize the effects of Pt(I\V)Ac-
POA treatment, on two different cell lines of NS tumours, such as B50
neuroblastoma and C6 glioma rat cell lines. These two lines, distinguished by
different characteristics, have been chosen for their easy use as an in vitro
model for the study of new antitumor compounds effects, as already described
in various studies in the literature (Grimaldi M et al. 2019; Krajci D et al.
2000). Furthermore, the choice fell on B50 and C6 cell line is the forecast to
translate in vitro studies to in vivo model, in order to evaluate the aspects of
neurotoxicity, also comparing them with the data previously obtained from
other platinum-based compounds (Bernocchi G et al. 2011; Piccolini VM et
al. 2015).
The U251 human GBM cell line represents the third line selected for the
evaluation of the new compound action. This line has a very variable cellular
phenotype, thus reflecting one of the negative aspects of GBM, i.e.
heterogeneity. This feature drastically influences the efficacy of the
treatments by not having specific targets available that can facilitate the action
of cancer agents. Therefore, in addition to evaluating the effects of treatment
with Pt(IV)Ac-POA, different approaches have been used to analyse: i) the
using combined treatments to increase effectiveness and reduce the negative
aspects of toxicity, ii) the role of ion channels, important for understanding
the pathophysiology of this cell line especially in the migration mechanisms.

In the first part of the study, focused on two rat cell lines, i.e. B50 and
C6 cells, by several analyses it has been observed that the new prodrug acts
on both cell lines inducing cell death already at the concentration of 4 uM.
This concentration is 10 times lower than the standard CDDP concentrations
(40 uM) used for in vitro cytotoxicity experiments, suggesting more
effectiveness of Pt(IVV)Ac-POA compared to CDDP (Grimaldi M et al. 2019;
Krajci D et al. 2000).
From cytofluorimetric analyses carried out on B50 and C6 cells, following
continuous exposure for 48 h to the prodrug, alterations of the cell cycle were
detected with the formation of large sub-G: peaks indicating the presence of
dead cells, subsequently found also as apoptosis by the analysis with Annexin
V.
By ultrastructural analysis at electron microscopy, both B50 and C6 cell lines
showed the activation of different cell death pathways following the 48h-CT
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with Pt(IV)Ac-POA at 4 uM. The morphologies evaluated in the samples are
attributable to different cell death such as apoptosis with strong pyknosis,
karyorrhexis, and disappearance of the nuclear envelope; autophagy
characterized by the increase of cytoplasmic vacuoles and double-membrane
autophagolysosomes; necroptosis with features like both apoptosis and
necrosis, but which is counted among the cell deaths of the programmed type.
The presence of necrosis was not found in treated samples, a positive aspect
considering the cascade of inflammatory, and therefore harmful, events that
this pathway induces. The activation of these cell death pathways was
supported by fluorescence immunolabeling data of the main proteins involved
in these mechanisms. Following 48 h exposure to the new compound,
compared to control conditions, an increase of Bax immunofluorescence
signal was detected correlated with a reduction of Bcl-2 fluorescence
intensity, suggesting a major pro-apoptotic effect in the treated cell at the
expense of anti-apoptotic signal. An increase in the immunopositivity of
cleaved caspases-9 and -3 supports the activation of the intrinsic apoptotic
pathway, finally corroborate by cleavage of PARP-1 evaluated by
immunofluorescence reactions and western blot analysis. AIF involved in the
caspase-independent apoptosis was also investigated. AIF translocation from
mitochondria to the nucleus was observed after 48h-CT with Pt(IV)Ac-POA,
indicating the activation of this cell death pathway. In each cell line, the
induction of the extrinsic apoptotic pathway was detected by immunoreaction
to cleaved caspase-8. In Pt(IV)Ac-POA-treated sample an increased in
immunopositivity of active caspase-8 was also detected. Furthermore, the
RIP1 translocation from the cytoplasm to the nucleus corroborated the
activation of the extrinsic apoptosis process, also suggesting a possible
involvement of the necroptotic mechanism. Therefore, as described above,
the possibility of inducing a regulated death process represents a positive
aspect in the treatment of tumours, in order to exclude all those secondary
mechanisms that could reduce the effectiveness of treatment or otherwise
compromise the pathological scenario.

Another pathway induced by 48-CT with Pt(IV)Ac-POA, previously
evaluated at electron microscopy was autophagy. Autophagy may have a
double role in cell death mechanisms. Indeed, it could be a way to induce cell
death, type Il cell death, or can be a strategy of cell survival and consequently
a mechanism of drug resistance (Belounis A et al. 2016). The reduction in
p62/SQSTM1 expression after Pt(IV)Ac-POA 48h-CT, may confirm the
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activation of the autophagic pathway, in which p62 has a role. Several data in
literature proposed that homeostatic maintenance of p62 levels may
contribute to the outcome of the tumorigenic process (Liu WJ et al. 2016).
The p62 levels evaluated after Pt(IV)Ac-POA 48h-CT exposure, was
quantitatively closer to those measured in physiological condition, suggesting
a possible role in preventing tumour progression. This result differs from
previous experimental results obtained from CDDP treatment, showing that a
strong decrease in p62 expression level is often associated to a
chemoresistance phenomenon, correlated to a high activation of autophagic
pathway, and so able to support cell survive (Lin JF et al. 2017; Chen J et al.
2018). In addition, previous data showed that also cytoplasmic organelles are
CDDP targets (Bottone MG et al. 2008; Santin G et al. 2012) and this
involvement was also investigated in B50 and C6 rat cell lines after 48h-CT
with Pt(IV)Ac-POA. In this study, in treated cells, was produce drastic
damage to mitochondria and Golgi Apparatus, indicating that also
cytoplasmic organelles are a possible target of the new prodrug.

In neuronal and glial cells, Ca?*ion is involved in the different
functional pathway and dysregulation of its homeostasis could produce a
severe impermeant not only in cell function but also induce apoptosis (Calvo
M et al. 2015; Lory P et al. 2010). Furthermore [Ca?']; alterations are
associated with several modifications in the regulation of cell proliferation
and migration such as occur in several types of tumour (Marchi S and Pinton
P 2018; Mignen O et al. 2017; Morciano G et al. 2018). Based on these data,
a preliminary investigation of Ca®* homeostasis regulation by CBPs and
PMCAL (Roberts-Thomson SJ et al. 2010; Schwaller B et al. 2002), was
performed in B50 and C6 cells, after treatment with Pt(IV)AC-POA. Previous
data demonstrated the involvement of Ca?* regulation mechanism in the
CDDP-induced effects (Bernocchi G et al. 2015; Brini M et al. 2017; Piccolini
VM et al. 2015), therefore CDDP treatment was used as a standard treatment
to compare Pt(IV)Ac-POA effects.

Experiments in immunofluorescence and western blotting were performed to
demonstrate the influence of the two drugs on Ca?* homeostasis, on both cell
line, by evaluating the quantitative changes of PV proteins, a cytosolic CBP
used as a marker for inhibitory interneurons, CR, a cytosolic buffer protein
implicated in the modulation of Ca?* homeostasis and neuronal excitability,
CaM, a ubiquitous CBP involved in the regulation of various biological
processes including energy metabolism, cell motility and exocytosis, CB, a
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cytoplasmic CBP involved in the development of neurons, in neurite
elongation and in the growth and formation of dendritic spines, and PMCAL,
an ATPase pump involved in the control of Ca?* homeostasis, in development
and in organogenesis. This data will be useful to correlate it with oxidative
stress and excessive production of ROS, processes induced by both
compounds on the tumour lines in question. Comparing the data related to the
expression of CR after the two treatments, a significant difference was not
evident, suggesting that B50 and C6 cells maintain stem cell characteristics.
CB, on the other hand, increased in both samples treated with CDDP and with
Pt(IV)Ac-POA, but its expression was more significant in cells treated with
CDDP. Considering the function of the protein, linked to the preservation of
nerve cells during development (Bernocchi G et al. 2015), this could be
related to a possible mechanism of resistance to CDDP induced by the cells.
CaM, instead, increased significantly in Pt(IV)Ac-POA-treated cells
compared to those with CDDP. This data agreed with the decrease of Bcl-2
and the presence of a greater percentage of apoptotic cells after this treatment.
Moreover, the Ca®* concentration increase in cytosol induced mitochondrial
alterations that may lead to greater production of ROS and therefore to an
increase in oxidative stress (Muscella A et al. 2011). The results related to the
PMCAL1 protein, confirmed the increase in Ca?* level, indeed PMCA1 signal
raised in both treatments compared to the control, however in cells exposed
to Pt(IV)Ac-POA, PMCAL was expressed in a reduced measure compared to
the cells treated with CDDP (Figure 1).
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Figure 1. Comparison of the main mechanisms involved following treatment with
a) CDDP; b) Pt(IV)Ac-POA (adapted from Muscella A et al. 2011).

This data contributes to confirming the indirect evaluation of the increase in
intracellular Ca?* induced by Pt(IV)Ac-POA. The data related to CDDP could
support the hypothesis of the promotion of the drug resistance process in cells.
Data on the expression of PV, showed a reduction following the two
treatments compared to the control, in both cell lines. If compared, a greater
reduction in the expression of PV was evident after treatment with Pt(IV)Ac-
POA compared to CDDP. This could be attributed to a reduced long-term
Ca?* buffering action, thus indicating prolonged effects of the increased ion
concentration.

Finally, the results presented show that Pt(IV)Ac-POA has an overall effect
on the increase in Ca?*, an effect that was probably related to its ability to
trigger effective apoptosis.

In order to verify the action of the free acid POA at 48h-CT, its effect
was initially evaluated by flow cytometry, demonstrating the induction of
minimal apoptosis and a reduction in S phase. Then immunocytochemical and
western blot investigations were conducted on acetyl-H3 levels, showing an
increase in the levels of this acetylation, but not of the expression of the
PCNA proliferation marker. To confirm the results obtained so far, some
analyses have been carried out in electron microscopy to effectively evaluate
the induction of chromatin decondensation following exposure to POA.
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However, after 48h-CT at the POA in both the two cell lines no effect was
obtained on chromatin decondensation. Based on these results, short-term
effects were investigated, for which an increase in acetylation was obtained
after 4 h or 2 h respectively in B50 and C6 cells. The different responses of
the two cell lines could be associated with the neuronal and glial features that
characterize the cells and consequently their functions. It is interesting to
observe how C6 cells may have activated glia characteristics and therefore
showing a strong euchromatic component (Mares V et al. 2003).

All the investigation describe so far was conducted on samples treated with
POA at 4 uM for 48h-CT, but any effects different to control conditions were
evaluated. Other data obtained from samples treated with CDDP or Pt(IV)Ac-
POA, showed drastic levels of H3 acetylation, due to the presence of the
CDDP molecule that induces cell death and consequently reduced acetylation
levels (data not shown). Therefore, data of POA confirmed that this
compound has only a synergistic action when it is complexed with CDDP,
implementing its function as an inhibitor of the enzyme histone deacetylase
(Gabano E et al. 2017).

The second part of this study focused on the analysis of the effects
induced by the new compound Pt(IV)Ac-POA on human glioblastoma cells
U251. Thanks to data previously collected on this cell line, concerning the
use of new platinum compounds, it was possible to compare the different
concentrations and mechanisms activated following treatment with CDDP.
The first step carried out was the choice of the dose to which the new
compound was used, also referring to concentrations used in previous works
on other cell lines (Ferrari B et al. 2019; Rangone B et al. 2018) and on the
data obtained from the comparison between treatment with CDDP and a new
platinum(ll), i.e. [Pt(O,0’-acac)(y-acac)(DMS)] (Grimaldi M, 2015, PhD
thesis). The dose of 10 uM Pt(IV)Ac-POA has proven to have the most
significant effects after 48 h of continuous treatment, always remaining
within a range of ICxo, therefore of relative toxicity. It should be noted that
this concentration was found to be 4 times less than 40 uM CDDP normally
used in vitro treatment.

Although the effects on the cell cycle were not as intense as had been seen in
the previous lines analysed, it was possible to find cell death, confirmed later
by the presence of different apoptotic pathways. After treatment with the new
compound, it was possible to detect through the analysis at electron
microscopy the presence of different phenotypes of cell death such as
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apoptosis, autophagy, and necroptosis; all forms of cell death among the types
of programmed cell death. The positive aspect of treatment with Pt(IV)Ac-
POA was to not have detected at 10 uM necroptosis, compared to other
concentrations used, indicating a possible lower pro-inflammatory effect and
side effect for healthy cells.

Since GBM is a tumour with a tendency to form relapses, the “recovery”
condition was used to mimic the recovery period following the chemotherapy
treatment and consequently to observe a possible activation of resistance
mechanisms in the U251 cell line.

Through immunofluorescence reactions, the presence of both active caspases
-3 and -8 after 48h-CT with CDDP and Pt(IV)Ac-POA was detected,
compared to the control conditions. A significant finding was the progressive
increase of immunopositivity to the two cleaved caspases in the samples after
recovery conditions, showing a steady increase in the fluorescent signal
especially in cells treated with the new compound. This data would, therefore,
suggest that the effect of treatment with Pt(1\VV)Ac-POA can be prolonged over
time, inducing cell death even a long time after treatment. PARP-1 and RIP1,
substrates of caspase-3 and -8 respectively, were both activated after
treatments. In fact, about the intrinsic apoptotic pathway, the translocation of
the p89 fragment from the nucleus to the cytoplasm was observed, although
with a more visible effect in the 48h-CT samples exposed to the new
compound. The cleavage of PARP-1 was also confirmed by western blot, by
which the full length of PARP-1 and the fragment p89 were detected.
Furthermore, in cells treated with CDDP and then subjected to recovery, a
redistribution of the fluorescent protein was observed, indicating a possible
damage compensation induced by the treatment. Moreover, in this condition,
an autophagic-like morphology was detected, hypothesizing a mechanism of
survival to the stress conditions operated by the U251 cells. As concerning
RIP1, in treated cells this protein moved from cytoplasm to the nucleus, thus
confirming the activation of the extrinsic apoptotic pathway and the
preliminary step for necroptosis. Also in this case, for all three proteins
analysed, after 48-CT with Pt(IV)Ac-POA the effect of cell death induction
was maintained even in recovery conditions, on the contrary, after CDDP and
its related recovery the cells showed always altered phenotype, but much
more similar to control conditions.

Autophagy activation was corroborated in immunofluorescence reaction by
the colocalization of the two proteins signal p62/SQSTM1 and LC3B. Indeed
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in controls, any colocalization was observed, on the contrary after treatments
the presence of the activation of autophagy mechanisms was detected. In this
context, autophagy activation plays an important role in cell survival, in fact
as described above, a strong reduction in p62 level could be associated with
higher activation of autophagy process, correlated to a protective effect
against stress conditions. On the contrary if p62 increases in its expression
level could be a promotion of tumour progression (Liu WJ et al. 2016).
However, despite no significant data was obtained by western blotting
analysis, in the CDDP recovery condition, an autophagy morphology was
detected, while the proapoptotic effect persisted in Pt(IV)Ac-POA recovery
samples.

Finally, modifications at the level of the cytoplasmic organelles have
suggested that they too can be targets of treatment with Pt(IV)Ac-POA.
Specifically, it is important to note that in a recovery condition, the cells
exposed to the new compound were characterized by a highly damaged Golgi
Apparatus and mitochondria clustered, compared to cells treated with CDDP,
in which a beginning of cellular improvement was observed, whereby the
organelles resumed their physiological structure and localization.

The hadrontherapy with carbon ions represents, compared to the classical
photon radiotherapy, an innovative method for the treatment of aggressive
tumours that are refractory to treatment (Rieken S et al. 2012). The principle
on which this technique is based allows obtaining the maximum irradiation
dose in the area to be treated, reducing its diffusion of the surrounding healthy
cells (Ohno T 2013). Furthermore, carbon ion hadrontherapy seems to show
better effects than classical radiotherapy as it would reduce the migratory
capacity of tumour cells (Rieken S et al. 2012).

What was observed in this study was the great capacity of the combined
chemotherapy and hadrontherapy effect in inducing almost 90% U251 cell
death, using the new platinum-based compound associated with 4Gy
irradiation. This data was also confirmed by the recovery conditions,
therefore by the long-term effect of the treatment, where it was possible to
find the maintenance of the induced apoptotic effect. This effect could not be
detected in samples pre-treated with CDDP or only exposed to irradiation, in
which U251 cells showed a strong recovery from treatment. It should also be
noted that even in the recovery conditions for the samples pre-treated with
Pt(IV)Ac-POA and subsequently exposed to 2Gy, there was a still visible
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effect of apoptotic induction, suggesting the possibility to select a lower dose
of irradiation in order to reduce the possibility of side effect.

The U251 line was also subjected to treatment with phyto- and/or
mycotherapeutic to evaluate its possible effects not so much in inducing
apoptosis as in reducing the negative effects of chemotherapy and therefore
improving the aspects linked to the patient’s quality of life. As far as
Taraxacum officinale is concerned, the effects already known in the literature
for other types of tumours (Sheena N et al. 2018) have also been confirmed
on the U251 line. The possibility of combining chemotherapeutic exposure
with a pre-treatment with Taraxacum officinale root extract could create an
adjuvant effect, able to increase the sensitivity of tumour cells, acting on the
reduction of free radicals that characterize the tumour cell microenvironment.
Similar effects were also found after treatment with the Ganoderma lucidum
supplement, which in addition to inducing a reduction in free radicals, blocks
the cell cycle, accumulating cells in the G2/M phase and thus making them a
possible target for an action combined with therapy.

The effects induced on CaM could also be the basis of a direct effect of the
fungus, not only therefore in the modulation of the immune system through
beta-glucans, but acting directly on intracellular mechanisms.

As these phyto- or -mytotherapeutic is a possible dietary supplement, the
cancer patient could benefit directly from a targeted diet, which then may
become active systematically.

Finally, the characterization of BK and Kir4.1 Ca?*-activated potassium
channels in U251 cells allowed to lay the basis for a new type of therapeutic
approach. Polarised cells resulted positive for the migration marker active-
Cdc42, and the immunopositivity progressively increased from basal to extra
to intra scratch, in contrast to flattened cells negative for active-Cdc42
immunostaining. Furthermore, in flattened cells was observed a spotted-like
PCNA-immunolabelling, in contrast to the homogeneous staining in
polarized cells. This data may corroborate the “go-or-grow” phenotypic
switch of GBM cells, a phenomenon described for brain tumours, where
migration and proliferation are mutually exclusive behaviours (Catacuzzeno
L et al. 2015). The immunolabelling of BK and Kir4.1 channel was present
both in the cytoplasm and nucleus of U251 cells. The immunofluorescence
density in the cytoplasm and nucleus was lower in the basal condition,
however, was raised in extra and intra wounded area. These data indicated
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that the scratch wounding was necessary and enough for triggering the
expression of BK and Kir4.1 in the nucleus and cytoplasm. In addition, the
cell immunofluorescence density intra and extra the wounded area was
comparable, indicating the expression of channels was present in both
migrated and non-migrated cells. Therefore, electrophysiological data
suggested that cells extra the wounded area expressed Kir4.1 and BK,
however, both channels were not in a functional state (data not showed).
Cytoplasm Kir4.1 immunolabelling was evaluated near the membrane and in
membrane vesicles, whereas BK channels were also present in several
protrusions.

TEM ultrastructural analysis displayed a heterogeneous labelling of Kir4.1
inside the nucleoplasm, while BK immunostaining in the nucleosome was
mainly detected close to the heterochromatin compared with euchromatin,
suggesting a possible involvement of BK channels in chromatin remodelling.
These novel findings can encourage in designing new therapeutic strategies
targeting ion channels to stop the invasiveness of glioma cells in surrounding
healthy tissues.
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6. Conclusions and perspectives

These data reinforce the idea that Pt(IV)Ac-POA would be a promising drug
in cancer treatment, acting on different types of NS tumours.

The possibility of using the prodrug at lower concentrations than the CDDP
i.e. 4 uM for B50 and C6 cell lines and 10 uM for the U251 line obtaining
the same cytotoxic action, is extremely favourable in a context of use even in
vivo, in which side effects such as toxicity to the body’s healthy cells are often
incurred.

Base on the encouraging data obtained on rat cell lines, future perspectives
will, therefore, test the new compound in vivo, investigating the effects of
Pt(IV)Ac-POA and eventually combined treatment strategies on: i) tumour
formation, growth; ii) molecular and morphological changes in tissue and any
damage/repair process of cytoarchitecture iii) signal transduction and
neurotransmission. These analyses will be conducted especially during the
development of the CNS when the absence of a fully developed BBB makes
specific brain areas more sensitive to collateral effects of the chemotherapy.
These analyses will be conducted especially in two different regions of the
CNS such as the cerebellum and hippocampus. Indeed, during the rat
postnatal life (11 to 30 days of life), these areas show an intense neurogenic
activity; representing a good model to studying treatment-induced alteration
in the tissue organization, histogenesis processes, and functions.

The results obtained in this work on the U251 cell line open up new
perspectives also for the treatment of GBM. The use of combined actions such
as hadrontherapy with carbon ions, as well as the administration of phyto-
mycoterapeutic supplements could improve the standard therapy currently in
use, in an overview bringing both improvements in the anticancer treatment
itself and a targeted advancement to support the cancer patients.

An intense collaboration with other research centres has recently been
initiated in our laboratory that aims to use the new compound in an extensive
in vitro investigation, that will be carried out on different GBM lines (i.e.
T98G, U87-MG, TMZ- and Paclitaxel-resistant cells), as well as on
Glioblastoma-like Stem Cells (GSCs) isolated from patient with GBM.
Indeed, based on recent studies, GSCs seem to be responsible for tumour
heterogeneity and to trigger cellular mechanisms that induce GBM growth
and its resistance to current therapies. About that, the novel findings on ion
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channels can aid in designing new therapeutic strategies targeting to block the
invasiveness or proliferation of GBM cells, trying to improve the treatments
for this tumour so that to date the prognosis is still fatal.
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The B50 neurcnal cell line was derived, in the 1974,
from neurchlastoma in the necnatal rat central nervous
system [CNS), and to date it's a cell line widely used in
different smudies. BS0 cells offer several advantazes to
researchers for the study of CNS neurons in culture: they
are simple to grow, to differentiate and to transfect. BS0
cells have been extensively used in the study of death,
toxicology and neuronal cell differentiation. Since 2008,
Bortone and collaborators use this model to investigate
the effects of cisplatin (cisPt] and new platinum
compounds on the stem component of a brain tumour:
neurcblastoma. MNeuroblastoma is the maost common
extra-cranial solid tumour in infants and children and
accounts for 8-1094 of all childhood cancers. It causes the
1534 of cancer deaths in the paediatric population. The
incidence of neuroblastoma is 10,2 cases per million in
children under 15 years of age and almost 500 new cases
are reported each year [1].

Weuroblastoma can be seen as the result of a neural
nature cell differentiation failure. The neural crest is a
population of cells from neural folds and at the time of
closure of the neural tube, these cells will be found in the
dorsal part, but soon they will move away migrating in
the surrounding tissues. The development of these crests
is regulated by transcription factors Adam, et al. (2008)
[2], pest-transcriptional, post-translational medifications
and epigenetic events [3].

A Brief Communication on a Cell Line of Neural Stem Cells BS0 Cells Treated With a Mew Cisplatin-Based Drug

The traditional weatment of neuroblastoma includes:
chemotherapy, surgical resection and [/ or radictherapy.
However, many aggressive neuroblastomas hawve
developed resistance to chemotherapeutic agents,
increasing the probability of relapses. Induction
chemotherapy is carried out by a combination of
cyclophosphamide, doxorubicin, cisplating carboplatin,
etoposide, topotecan, ifosfamide, and wvinecristine. The
treatment does not exclude complicarions, because it can
lead to growth disorders, endocrinopathies and the
appearance of secondary malignancies [4].

[Pt{D,0"-acac]) (y-acac)(DMS]], called also PrAcacDMS, is
a new platinum-based compound, that has shown less
toxicity compared to cisPt Indeed, during normal
development of CNS, in rat cerebellum sections treated
with the new compound, early minor apoptotic events
was observed with a reduction in alteration of granule cell
migration and in the growth of Purkinje cell dendrites [5].
Furthermore, PtAcacDMS enters in cells faster, about a
quarter of more time than cisPt [& 7]

Despite cisPt, PticacDMS target is not primarily DNA
in fact it shows low reactivity with nucleobases and a
specific reactivity with intracellular sulphur ligands, In rat
neurchlastoma cells (B50), it has been observed that cisPt
induces activation of the intrinsic apoptotic pathway,
through the alteration of mitochondrial membrane
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permeability [8]. Using immunocyvtochemical, cytometric
and morphological techniques, it has also been shown
that these compounds exert a cytostatic action and
activate  apoptosis by  different pathways [9].
Morphological alterations of Golgi Apparatus. in B30 cells
treated with cisPt may be related to souctural changes of
the cytoskeletal system that is reflect in a soong
production of wvesicles and a spatial rediswibution in
dense masses [10]. After treatment with PtAcacDMS, an
evident rearrangement has been detectable at the RE
level: membranes completely disrupted and cisterns
compressed into the cytoplasm without a uniform
distribution was observed [3]. Recently, Grimaldi and
collaboraters (201&) have shown that the long-term
effects of PtAcacDMS, exert cytotoxicity [induce cell death
by apoptosis) in the neuronal B50 cell line but do not
induce drug resistance. Furthermore, the alteration of the
permeability of the external mitochondrial membrane
induced by PtAcacDMS treatment causes the loss of the
maintenance of Ca?+ and ATF homeostasis. The lack of this
energetic molecule determines the blocking of the pumps
responsible to the expulsion of Ca?* from the cell leading
an increase in intracellular Ca®* concentration.
PracacDMS alzo causes the inhibition of Ca® transport
pumps activity such as PMCA (Flasma Membrane Calcium
ATPase], but not SERCA [Sarco/End plasmatic Reticulum
Caleium ATPase] or SPCA (Secretary Pathway Calcium
ATPase] and Na?'/Ca?" pump. ROS preduction is also
evident by inducing the activity of NAD (P) H oxddase,
which directly induce DNA damage [11].

Eased on these assumptions, we compared the effect of
cisPt and PtAracDMS treatment on intracellular calcium
homeostasis in B50 cells. The presented data were
obtained by fluorescent immunchistochemically and
microscopic techniques. Images reported in (Figure 1)
show immunclabelling for caleium-binding proteins
Calmodulin (CaM)] and Calretinin (CE). In eukaryotic cell,
CaM has an important role in the regulation of several
cellular functions. Interacting with many target protein,
CaM controls cell proliferation and death processes ie
apoptosis, autophagy and necroptosis [12, 13], regulating
the physiclogy of cancer cells (including cancer stem
cells) and the progression. growth, angiogenesis and
metastases associated with the tumour. CR is a protein
associated with development and regulates processes
such as proliferation, differentiation and cell death.
Moreover, even if still much discussed, it seems to be
involved in neuro-protection.

Bottone MG, et al. A Brief Communication on & Cell Line of Neural Szem Cells B30
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Figure 1: Double immunocytochemical detection in
control [CTR) and in treated cells for 48 h ar cisPr40
pM and PtacacDMS 10 uM: [A) CaM(red fluorescencs)
and a-Tubulin (green fluorescence); [B] CR [red
fluorescence] and Actin (green flucrescence. DNA was
counterstained with Hoechst 33238 (blue
fluorescence). Bars: 20 pm,

This analysis was conducted on E50 neuroblastoma rat
cells cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with L-glutamine [2 mM),
penicillin 100 IU ml!, strepromyein (100 mg 1-1) and 1004
fetal bovine serum (FES). Cell culture was carried out at
37°Cina 5% COz humidified chamber.
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After treatinent with cisPt (40UM) and PtAcacDMS
(10uM) for 48h at continuous exposure an
immunchistochemistry detection for CaM and CR was
performed, associated with a labelling for the tubulinic
and actinine  cytoskeleton  respectively and  a
counterstained with Hoechst 33258for the nuclei (Table
1). For images acquisition an Olympus EX51 microscope
equipped with a 100-W mercury lamp was used under the
following conditions: 330-385 nm excitation filter (excf),

400 nm dichroic mirror (dm) and 420 nm barrier filter
[bf] for Hoechst 33258; 450-480 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 camera system and
processed with the Olympus Cell F software. The analysis
of the differences between the meared samples was
conducted, evaluating three independent experiments for
each condition and protein analysed.

Antigen Primary antibody Dilution in PES Secondary antibody Dilution in PES
Calmodulin | 223 mml’;;:""""dmaj 1:200 Anti-mouse IgG1 Alexa Fluor 594 1:200
Calretinin Swant, rabbit polyclonal 1:2000 Anti-mouse IgG1 Alexa Fluor 594 1:200
-Tubulin 'n":;i‘:f';;‘;““ 1:100 Anti-mouse IgG1 Alexa Fluor 488 1:200
| A |

Table 1: Primary and secondary antibedies used for immunocytochemical reactions at flusrescence microscope.

Images reported in (Figure 1) demonstrate that after
treatment with PtAcacDMS and cisPt. there was an
increase of red fluorescence relating to both CaM and CR
respectively. 4 rearrangement of the actinic and tubulin
cytoskeleton (green fluorescence) was observed
compared to control sample. 4 clear intensification of
CaM fluorescence was detectable in cells treated with
PtAracDMS compared to those treated with cisPt. This
data is well correlated with the presence of a higher
percentage of apoptotic cells obtained after PticacrDMS
treatment. Moreover, the increase of Ca? in cytosol
correlates with mitochendrial alterations Grimaldi, et al
[2016) [7] which also induce higher ROS production and
therefore an increase in oxidative stress [14].

These preliminary data, which will have to be
confirmed by quantitative evaluations, appear promising
and in line with others presented in the literature and
give us the possibility to consider PricacDMS as a new
strategy for umours treatment, in particular by its action
on pathways involved in CaM-dependent systems [15-19].
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1. Introduction

One of the most active agenis used in the systemic treatment of
cancer is cisplatin. This metal-drug and its analogues (carboplatin and
wxaliplatin] represent the standard therapy for a wide ange of dhild.
hood and adult tumours, induwding some nervous system caneers, such
s neunohlastoma [10]. This type of cancer is the most commeon extra-
cranial tumour in children. It represents 8= 10% of all childhood cancers
amsd could start inembryonic or fetal life [12]. The benefit of cisplatinis
hampered by severe side effects, nchuding neurstoxicity, such as some
studiss conductsd on mk trexed with this drug have demonstrabed
[1%,37]. Damages against the Peripheral Nervous System (FRS) ane
wellknown [13] and some momphofunctional alterstions were de-
tected both during development [J] and in sdult Central Nervous
System (CNS) ([48]; Kelly et al [300)

A goal of biomedia] research is the synthesis of new antiumar
agents, having the same thempewtic =ffsct of the reference drug, but
with less systemic bocidty. In this context, the clas of platinum{T¥)
derivatives, Ft{l']), & gaining incresting attention. k & genemlly ac.
wepted that P V) complexss act 2 prodrugs, ie. they are reduced to
aytobmde FHIT) analogues within the hypodc wmowr cells [24,27,50
{Schemes 1L

The twen acial ligamds, nelessed along with the P{IT) metabolite, can
be synergistic or adjuvant agents, giving rise to multiection PV
drugs [20,23,31). In particular, PYIV) complexes bearing histone des-
aetylese inhibitors (HDACE) would benefit of the widslydesaribed sy
nergistic effect that these maleales exent on DNA-damaging agents as
dsplatin Indesd, HDAC inhibition incresses histone acetylation, de.
wreasing histone-DNA intersctions and allowing for chemo-s snitization
versus DNAdamaging agents [6 35]. Members of medium chain fatty
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acid (MCFA) family 2= valproae (VPA) and phemylbutyrate (PhB],
have proved themselves as HDAC, and have been abund anfly dis cussed
im literature {[349, 40,43]; Witt et al 20170

Here we report an a new PH{l¥) complex, based on cisplatin con-
taining a different MCFA-HDACE, namely 24{2-prommyl loctanaste
{POA), along with an inert acetate {Ac) as adal ligands. FOA has been
reported to be mare active than YPA inducing histone hypeacetylation
in cerehellar gramule cells [34], and showing antiproliferative activity
an newrohblzstama cancer celks (neuritogenesis and differentistion) [5].
The resulting complex  (OC-6-440)-scetatod ismmi nedichlorid ol 2-(2-
propyny Joctanasta Jplatinum{IV), mamed PAIVIAC-POA (Scheme 2),
has showed a promising antitumor adivity both in vitro and in vive on
several buman cancer cell lines [21] with less side effects thancisplatin,
s generally Po(IV) derivatives do.

Om these hases, the aim of our study is to evahuate the sffects on the
B5{ neuroblastoma rat cells induced by expasurs to PV AcPOA, to
understand the adivation of el death pathwarys and the morphal ogical
and functional changes.

2. Materials and methods
2.1, Cell ulture and sreatmmis

B50 neuroblastoma rat ek (Istituin Zooprafilattico Sperimentale
della Lombardia & dellEmilia Romagna, catalogue no. BS TCL 115],
were cultred in Dulbecod's Modified Eagle Medium (DMEM) supple
mented with eghitamine (2mM), penicllin 10010 ml™ ", streptomycin
(100!115]“‘] and 10% fetal bovine serum (FES]. Cell culhre was car-
ried out &t 37°C in a 5% 00y humidified chamber. Cells were chal-
lenged with PHIVAcPOA or fre= POA or fres cisplatin for 48h con-

immunocytachemistry and malecular analysis were perfarmed.

The cells were incubated with 40 pM cisplatin {Teva Phamma, Milan,
Haly) for 48 h at 37 "C. This concentration was chasen comsidering in
vive experiments experimental design (e, a single injection of 5 pgeg
h.w.) in the nonmal devel opment nervous system [7] and comresponds to
the dose most eommonly used in the chemotherapy [4,17]. BSO cells
were chasen since they offer several advantages for shadying CHS
neunoms in culure [42]. Moreover these cells wene previously used to
investigate the mechanizms of cisplatindinduced oymtmdcity.

23 Antiolifrotiw activity and combination indec

To amsess the growth inhibition of the compounds wnder nvestga-
tion, a cell visbdlity e=t, i.e. the resmrin redudtion ascay was wmed
Brisfly, cells were sesded in black serile tissue culture trested 96-well
plates. At the end of treatment (48h}), viability was asayed by
MpsmL_l resazmin { Acmos Chemicals, France) in fresh medium for
1hat 37°C, and the amount of the reduced product, Le. resarufing, was
mexmured by mess of fluorscence (sxcitation 535 nm, emdssion
595 nm) with a Tecan Infinite FA0Proplate resder (Tecan Austria]). In
each experiment, cells were sxpossd to the drugs at different con-
centrations and the final data were @loulsted from at least thres e
plicates of the same experiment performed in riplimie. The fuons-
@noe of 8§ wels mntaining medium without cells were ised as blank
Fluorescense dat were nomalized to 100% c=ll viabdlity for non-
treated cells.

Half inhibitory concentration{ Kza), defined 2 the concentration of
the drug reducing cell vishility by 50%, wes obtained fom the dose.
mespanse curve fitting using Origin Pro (version 8, Microcal Saftware,
Inc., Narfamptan, MA, AL

timuous  trestment, CT, then viability assay, flow cytometry, In the cmbinaton index (CI} analysis [15], BR{IViAcPOA

CI>_
Q

H?‘":: - H;N\_\R,GI

Hat ™ | ™o o
a = HsN (] - -

o
FH{IViAc-POA Cizplatin FOA

Scheme 2 shetch of elsplain, 242 propynyljoaanole acid, POA, and f1s PEIV) mivad derivatve (006 44)-acetarodiammd ned iehl oridad 2 {2 pmp oyl anoata)

platinumI vy, PolVieFOA
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conjugaie wes viewsd as a combination of csplatin and FOA at ficed
1:1 dose ratio [53], accarding to its stoichiometry. The residual viabi-
lity was mmpared to those obtained with free cisplatin or free FOA 2
single trestments, by means of the simple formulx

where C1 and C2 are the dug concentrations of metbolies dsplatin
and POA in FH{IV)JAc.POA {Clm and C2m) or when administrated as
single trestment (Cla and C2a) o obiin the same level of residual
viahility. The value of CI allows evalating drug inbeaction: 5 1
indicates an additive effed, O < 1 anda I > | indicate symergism
and antagonism, respectively.

2.3, Cell uptake

Cell uptake was mezmured aconding toalresdy published proceduns
(Ravera et al) [44]. Briefly, cell were seeded in T2 flasks and con.
timuously treated for 4h with 1 and 10 pM concentrations of PH{IViAc-
PFOA or free cisplating, respectively. At the end of the exposure, cells

Life Sciences 210 (A01E) 166176
27 Transmssion elrion microsmpy | TEM)

B0 oells treated with different concentrations of P WA POA {1,
4 and 10pM) were harvesisd by mikd rypsingation (025% trypsin in
PES contsining 0.05% EDTA) and collsctsd by centrifugaton at
A0rpm for Smin in fresh tubes. The samples wene immedistely foed
with 25 glutraklshyde in culture medium (2h at room temper-
tume), eentrifuged at 2000rpm for 10min and washed several times
with PES. Then, samples were past-fived in 1% Os04 for 2 hat room
temperature and washed in water. The c=ll pellets were pre-embedded
in 2% agar, dehydrated with increasing concentrations of acione (30,
50, 70, 90 and 1008, respectively). Finally, the pellets wers smbaeddsd
in FPON resin and polymerized at 60°C for 48h. Ultmathin sections
weere albtained wi th ultrami crotame Rechber, then placed on nicke] grids
and stained with urany] acetate and lead citrate. Sections were ob.
served under a Zeiss EM 900 tammision electrn micrmscope aper
ating at 80kV. The plates, after being developed, have been @mpu-
ierimed through Epson Perfection 4990 Photo scanner at a resolution of
600 dpi and then procesed wing the Epson San soffware.,
24 M

dirinl membrone with JC- 1

et

were washed, detiched from the flasks and harvested in fresh o
msdium. An atic cell device (Co , Life Technal-
ogies), was wed 0 measure the cell mumber and the mean dismeter
from every cell count. Abowt 5§ = 10% cells were tramsferred intoa glass
tube, centrifuged, and the supematant wes carefully removed by as-
piration. Cellular pelles wene stored a2t —20°C until mineralization.
After defrsting, c=lls wene mineralined with HNO: in an ultmasonic
bath Flatinum determination was performed by inductively cupled
plsmamas spectrometry (ICPMS, Thermo Opiek X Series 2). The
level of Pt found in cells after the trestment was nomalized upan the
cell menber and the cellular volne, n onder o obizin the ntacelular
Pt concentration. The ratio between the intacellular and the sxtma-
cellular {in the culhre medium) Pt concentration is defined acoumu-
lation ratio, AR [20].

2.4. Fow cysmary

B5{ ks were treated in 75 on® plastic flasks with different con-
centrations of Po{IWjAcFOA for 48h at 37°C (mntinued sxpasure ta l,
4 and 10pM). Afier irestments, o=l wene detached by mild trypsinis
zation (0254 in phosphaie-buffersd saline, PES, with 0.05% EDTA) to
abtain single-csll suspemsions to be procesed for flow cytometry with a
Partec PAS 01 flow cytometer (Miinster, Germamy], squipped with
argan leser excitation (power 200mW) at 488 nm. Data wene anahzed
with the builtdn software (Flowmax, Fartec].

25, Cell gyde analyds and idmification of apopintic cdls

Celks were washed in FES, permeabilized in 708 ethanal for 10 min,
treated with BNase A 100 UmL ™" and then stained for 10 min at room
with Propidium lodide (PT) 50pgml " (Sigma-Alkdrich,

Milan, ltaly) 1h before flow cytomeiric analysis. FI ned fuorescence
was detected with a §10-nm long-pass emission filter. At least 20000
cells por sample were messured to obtain the distribution amang the
different phases of the o=l cycle and the percentage of apoptotic cells.

26, Analyds of call death with Amexin ¥ accay

Singlescell suspersions, obtzined as described above, wene ins
cubated with Annexin V-FITC (Annexin ¥ FITC Apoptosis Detection Kit,
Abcam, kaly) for 10min in the dark Propidium lodide was used 2z a
counterstain to disciminate necotic/desd cells from apoptatic cells.
Fluarescence was nevealsd by means flow cymometry at 488 nm ex-
citation and with 530,30 (FITC) and 585/42 nm (FT) band.pess emis.
sion filters.

t of

Changes in mitochondrial membrane potential were monioned
wing the JC.1 dye (namely, 5,566%=tmachlom-1,13 ¥ tetra.
thy Thenzimidamly keathocyanine indide, Malsoular Frobes, Invitrogen,
Talyl BS0 cells, harvested 2= described above, were inmbated in culs
ture medium with 2pM JC-1 for 20min st 37°Cin the dark Afer two
washes with PES at 37 'C, the suspension was analysed at 488 nm ex.
ditation and with 530,30 and 585,42 nm band-pass emission filers.

29 Imrmnocytochemiol reoclons o flusrescace microsope

P50 cells wene grown an @verslips and treated with the compownd
under imvestigation PoIWIAcPOA at the mncentration of 4pM. Afer
8 b, the cells were fived with 4% formalin for Mmin and post.fixed
with 70% ethanol at —20°C for at keast 24 h. Samples were rehydrated
for 10 minin PES and then immamnalabeled with primary antibodies for
6 min at room tempe rabme in 2 dark moist chamber. After some wa.
shes in PRS, coverslips were incubated with sscondary antibodies for
45 min. Afier that, sedions wers counterstined for DNA  with
Q. 1lpgml™" Hoschst 33258 (Sigma-Aldrich, Milana, Ttaly), washed
with PES, and mounted ina dropof Mowiol (Calbiochem, Inalca, Tely),
for fuarsaeencs microscopy analysis. An Olympus BXS1 microscape
equipped with 2 100-W meraury lamp wes ussd under the following
mnditons 330=385nm sxdi tation filer {exd]), 400nm dichmoic mimor
{dm) and 420nm bammier flier (bf) for Hoschst 33258; 450-480nm
exc, 500nm dm and 515 mm bf for the fuorescence of Alexa 488
S40nm exd, 580nm dm and 20nm bf for Al 594, Images were
mecorded with an Olympus MagniFire camera system and prooessed
with the Olympus Cell F software. The percentage of caspesepasitive
el was obtained by counting the cells on coverslips.

Primary and sscondary antibadies used for immunocytachemical
meactions at fluares ence microscope ane reported in Table 1

2 10 Western blogting

After trestments with cisplatin and POTVIACPOA o=k wens washed
iwioe with PBS and lysed in RIPA buffer (Tris HCl 1M pH 7.6, EDTA
0.5M pHE, NaCl 5M, NP40 Nonidet 100%, with the addition of pro-
ieases and phosphatases inhibitors) at 4°C for 30 min Probeins were
quantified using the Bradford reagent (Sigma Aldrich, Italy). Samples
wene elsctropharesed in a 15% SDE-PAGE minigel and transfemed onto
a nitroceluks e membrane (Bio-Rad, Heroules, CA) by a semidry blat
ting for 1. 3:0h under a constant curment of 60 mA. The membranes were
saturated for 30 min with FES containing 0.2% Tween20 and 546 skim
milk, and mcubated overmipht with monoclonal mouse antiPCNA
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Table 1

iiiiiiiilii antibody {1:5000, Abcam, Cambridge, USA). After several washes with
' EEEEEEEEE PRE-Tween, the membranes were incubated for 30 min with the proper
ﬁgﬁﬁgﬁﬁﬁﬁﬁﬁ secandary antibody conjugated with homeradish peroxidase (12004,
........... Daka, kalyl Immunoreactive bands were deteded with the reagent
luminata ™ Crescendo (Merck Millipore, Billetica, MA), acmding to
T I the appropriste instrudtions, and revealsd on Amersham Hyperfilm T
ECL {GE Healthcare, Little Chalfont, UK) slabs. The demsity of the
protein bands wene nommalized with the respective adin and subse.
quently with the loading control using Image J softwarne.

Frok,
e Frb B
[

2 11. Syaistical analysis

Every experiment was performed with three independent replicaies
and the obtained scares were expresed ax the mean = SD (standard
deviation) ar SEM (stendand sror of mean) Data differsnos wers
amalysed for statistical significance by means of a Student's tbest.

mabaly
. - o
Al S-comugp o bl musbaly (Molodar R, Do)
srvabiealy

A Resulis

ki
i
ki

4 1. Antiprolifratw acivily, combination indey and cd bilar acomulshion

PrilVAc-FOA was testesd on the BS) neuroblastoma rat o=l line
along with free chplatin and free POA & referene compounds.
Hoteworthy, PHIVIACFOA exhibited an [0s vahie one onders of
magnitude lower (higher potency ) than the prototypal metal-drug cis-
platin (Table 2and Fig. 1AL Fig. 1A shows that the preformed PV Ac-
POA was by far more active than both drugs when administered alone.
EEREEEEREREy In arder to further verify if POA enhanos the antitunor fect of
FEEARARAAAE, dsplatin, a combination index was compauted. PHTY Ac-POA conjugate
ﬁﬁﬁﬁﬁﬁﬁggﬁﬁﬁ was viewed a5 a combination of cisplatin and FOA at fixed 1:1 dose
matio, scmnding o its sivichiometry (see Materials and Methads). At
every level of residual visbility, Cl analysis showed a strong synergistic
effsct (CT around Q01) {Fig. 1B}

Akey parameter of the mechamizms of action of a drg i its celular
scaumulation [36]. Accordingly, when BS) cells were challenged with
PRIV AcPOA, CT 4k (Table 2], the Ptacumulation ratio (AR resulted
amound 12 times higher than that of fres cisplating in hme with it
higher potency (Table 20

A further investigation on the antiprolifrative propemsity of Pt
(I WA FOMA was cammied out. The level of the prol iferation marker FCHA
{Praliferating Cell Nuclear Antigen], comelated in the Eteraturs with
the degree of glioma malignemcy [26] or the eficdency of antitumaor
trestment [17], wes evaluxed by western blotting. Fig. 2 shows the
PCNA expression in cells after CT with 40 pM cisplatin or 4pM Pt
(¥ A POA

Data indicated a reduction {mmpared to cniral) in PCNA expres-
sion in cells after all treatments, in particular after sxpocition to Pt
(I Ac-POA, this indicating a synergistic inhibition of PFCNA by the
mmbo mmpound (Fig. 7).

Az S -conugind miEsabbi mabaly Molcdss R, asogm)
Abezs St -conugnind miSrabbi msbaly Moicdar P, nwsogm)
Al S -corugpr i s eablsis msbady (Molacdas Probes, bnvisgm)
b S-conugn iad mscabbi mebaly Moliodar P, lnvsogm)
Abezs St -conupgnind mSrabbi msbaly Moicdar P, nwsogm)
e N P .

Al Ai-coqugind mEmows amibndy (Mcleobe Fubus, byl
Al S -coqugnd mismows smindy {Mebeoube Fubus, byl

b S
Al A8

e

the 70 kv B mbunit of the prewsss de by drogmes compha*
Monockoml mouss mg-FCA | Abom, Canbridis, USA)

Fobpelonal rablin S0 (Coll Simaling Tecmolyy, Dmwrs, UGA)
i by

A2 Cdl cyde distrilution

Fubpdanal sablat mcupeee (Call Sanaling Techmsbagy, Dem s, 154)
Mool mbbit ancupoe- 10l Sgpalng S cnakyy, Duwrs, U64]
Mool mbbit ans FARFL (Coll Sgmbng Tachnoogy, D, U4
Monccom mbbit ami-cupme §( Gl Simalng S cmokay, Dmvs, U641
Skl rablat eIl i (xR imhnoogy]

BHummn muicamnum mom sy praess of Gagl Apmoe’

I Ii [l The first graph of Fig. 3A represents the distribution of DNA in BS0O
¥ H g E k. Decnexing PH{IV) AcFOA concentrations (nameshy 10, 4and 1pM]
E gi Table 2
s Ant proliferative actvity (Iom) obiined afier £8 b CT and accomulation ratlo
(AR obtained after 4 b CT. All dafa are mere & ZEM of at least does in-
HHHH —
; 3- Compaund B

2 e AR

i1 1 i o = am -
- = Chgie A8 + 08 13+ Q%
FrEhadegisEl | e 257 aes s
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Flg. 2. western bloging of PCNA ol lowing 48 h CT with 40 M ssplatin or
4 M Pr{IVIAe POA. The dersity of She bands was noemalived over actin and
over the untreased eomtral (CTR). Dam are means = SEM. Snaticdeal analysic
mumber of clecrations per confral and featrd smplesr 3 p < OUO0S;
""p < QO1; ™p < 0.001

were used for 48h CT. Untreated cells (CTR) were distributed amang
the c=ll phases (G, 5, Gz), the intemity of S phase indicated that the
celk were prolifrating. Comvemsely, the treatment with 10pM CT
desply madified the hsogram distibution. We observed a massive
number of cells in sub-G, phese (desd celks), while peaks Gy, 5 and Ga
were almost abment. Afier 4 pM CT the subefy peak was still evident,
while the pressnce of G and 5 peaks and the absence of G, peak in-
dicated armested proliferation. After 1 pM CT, the cells were stll dis-
tributed in the different phases of =11 cycle, along with asmall sub-Gy
peak

Life Sciences 210 (ANRAF R 176

Pig. L {A) B50 edls were meated for 485 with os-
platin fgrem POA (blue dots), or the 1:1
the combo makenle PIVIACPOA (black squanes).
Daia ae means + sindird deviaiion of 2 e
presemiative experiment. Residual vishility was as-
sessed by mears of the reszurin redoedon assay and
dan were fited with a fowrparamerer foneton
{gmen, bine, and black lines, rspeativel ¥} Residnal
vighility data were compared ©o obtalm the
Combination index () value (O < 1: symerglam;
Claronnd 1 additive effest; 0 > 1 antagonism) (8)
1 ot (ke i thie 171 e v by el P
(Ve POA_ (For inierpretation of the references to
andony in Sds Agoee lagend, the reader is refered to
e weh vershon of fis ardele )

=

S —

001 o1 A

0 0

213 Ulresruckral analyss

In control, (Fig. 3Ra) the sample cell was chamacterized by the
presence of a nucleus in peripheral pasition, a decondensed chromatin
and a lrge nucleolus. Reticulum endoplasmic and Gaolgi Appamats
were present in perinuclear zone and thers were small-to-medivem size
mitochaondria in cytoplssm and ic Iy In Fig. kb c=ll
afier 10pM CT exhibited typical necrosis marphalogy. hdesd, an evis
dent subcellular disorganization and dissggregation of organelles and
oytaskeletal components were observed. Moreover, the fagmentation
af e nuclews and highly condensed chromatin (karyomhexs) were
akso detectable.

Trestments with 1pM (Fig. 3Rc) and, even mare, with 4phd
(Fig. 30.d) s=em to induce suophagy. A reduction of nudes vwolume
(pylnusis) and an incremse of lysosomes and sutophagic vacuale
mumber were chserved Some vacuoles ontined membranous orto-
ﬁmcmﬂmﬂmdﬁ dqgﬂdltmphngﬁudlmbemm

In chondria were observed, a

d\m“'ﬁicnflc;'ﬂﬂmuismnm'iw [4&]).

e cell in apoptosis and anodher in necrophosis were evidenced in
Fig. Jhe and B, several types of cell dexth were detectable in the
sample treated at 4 pM.

2d Flow getomedric analyds afier shaining with Annexdn ¥ and PI

To awsess the induction of apoptesis after 4 and 10pM CT wit Pt
(¥ iAc-POA, a test with Annexin ¥W/Pl staining wes performed. Fig. 30
shaws that in the contmol almast all cells ane Eving, while after treat-
ments the number of viable «lk tended © deoese destially. In
particular, at 4 pM an increase of late apaptotic ok (Q3, yellow bars)
mmpared to control (626 = 08 v 21 x 0.Y) was chserved At
10 pM CT necrotic cells (Q2, red bars) incresssd companed to 4pM CT
(4579 = 032+ 1088 = Qudd)

Far this ressan, the oncentration of 4pM of P{IV)AcPOA wes
chosen hereafter for the standard 48h CT.

A5 Actvation of gpoptotic patiwoys

The inivinsic pathway is adivabed by several stimuli making
pﬂmﬂeﬂumndwndnl]mm:uuhdﬁnwdwﬂlm
1 asmary in cytofluomometric analysis d rated a p ion of the
mndmldrn]mmbu-upnwnl]ﬂﬂm Inu-mdu_'lk,d!ﬁnn
escence changed from orange (JC-1 aggregates, 3], observed in the
mntral, to gresn fluorescent (monomeric JC-1, Qd], indicating 2 =ig-
nificant depalarization of MMP [11 (Fig. 44 and Bl
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PFlg. 3. (A} Histograms of DNA conient in Flow cytomatry afier PI staining in B50 contral edl (CTR) and treated for 285 with PEIVIA:-POA & differnt con-
eomtratons (10, 4 and 1 pM ) (B} Eleciron micresoopy. a) B50 cell in eom ol eondition. BY B50 cell after seatment wit PEIVjAc-POA & 10 oM for 48 b ¢) BS0 el
after resment with PEIViAe POA at 1pM for £8 5 d) &), §) B50 calls afier eatment with PEIViAz-POA a4 M for 48h Plares J-f show exmp s of cell deash
for d pamep hagy, e)apoptoss, and f) neeropeak. Bars 1.5 e (O Dual pamm ster eptogmame of FITC-labelled Anrexin W (FL1) versos Pl stalning (F13) of the eontm]

(CTR, upperlaft plot) and of ek treated with POIVAe POA & 10 fopper right plot) and £pod {l ower keftplot) e ancentrarions, resp

e The b

ithe avemge of three independent experiments, shows the valoes pereentage of Annexin /P posttive el in quad et A [ﬂﬂeed‘k},qﬂlmuwej,‘@tﬂ:
apoptotc) and Q4 (early apoptofc). Stattstial anal pis romber of observations per conral and treated samples 5 *p < 005 " < 001; "*p < 0LOD1.

Furthermaore, to evaluate the activation of apoptotic pathway, ims
munacytochemical detection for adive @spase +9,:3 and for PARP.1
was performed.

In the intrinsic apopmotic pathway, the scecutive cispased was
activated by caspame.® in commol condition, celk were not ime

ithve to caspese:d, 2 testified by the presence of only pro-
liferative viable celks (mitesis is visible in the lower-left box of Fig. SB)L
In this mndition, actin cybmkeletal wes well organizd in filaments
within all cytopl=sm. Afier trestment, the czlls underwent apopinsis
the immunopasitivity of both mspased and caspase-3 (red fluares.
cenee) was increased. In this condidon, «l] mophology wes altened:
ithe celbs had a round shape and #heir mcleus appearsd  fragmented
{visiblle in the lower lefit panel of Fig. 5BL The actin cytoskeleton col-
lapsed, with inhomogeneous distribution localized around the mucleus.

The percentage of caspase.d positive cells was 3 = 0.5% in the
control and 52 = 24 in the samples afier CT.

Paly [ADF-ribaxe] pohmerase 1, PARP1, is an enzyme imoalved in
mepair procesees of DNA. I protealytic clesvage fragments, i=
“cleaved PARP-17 are ane of tie hallmark of apoptosis, sine PARP-1 &
a preferential subsctrate for aispase-d. The longer fragment i releaged
from the nucleus to the cytasol, due & its lower DNAbinding affinity
[14]. Acmrdingly, PARP-1 (red fuonsscence) was found caolocalzed in
nudeiin control and in early apopiotic cells (Fig. 5C), while it moved to
the cytoplasm in late apoptotic cells, where nuclei resulted clearly
fragmented. The cytoskeletal tubulin showed alierations and formed
aggregaes, 5o the cell lost their tapered shape.

Cxmpeed i imoled in the sdrimic apoprotic pathwey; and its

activation & induced by the death receptors Fas, tumour necrosis Bcbar
receptan] amd death receptord. In Fig. 50, a highincnease in caspased
aytoplemic immunapositivity (red flunnescence]) was observed in cells
treated only.
To mnfirm the activation of the evtringic apoptotic pathway, an
cytachemical ion of RIPF]l (recptor-interacting protsin
kinase 1), whidch & a caspase-§ substrate, wes performed. In contral
@lk (Fig. 5E], RIPl wes expresed in the oytoplsm with a homo-
genemus distribution, but the trestment caused a redistribution of RIPL
from the grtoplesm to a perinudear zone, mdicating that active RIP1L
tramskomied from the cytoplesm, whidh was totally destroyed in tandive
apaptasis.

A4 Evahuation of musphogy

LC3 is an ubiquitin-like protsin that is clesved at its C-temminal to
form LC3IB-1{14kDa). LCIB-1 is then conjugsisd to phosphatidyl=tha.
nolamine in the autophagosome membrane o form LCIE-T (16kDa)
[24]. In contral cells, LCIB was detected both in the nudes and in the
aytoplem and did not colomlize with lysosames in the oytoplasm. On
the contrary after CT, LCIE moved memdy into the cytoplesm of
apoptotic «lk (Fig. 5FL In particular, in eardy apoptosis LC3B caloca-
lized with lysosomes in the cyoplasm (represented in the box ), wheness
in late apophesis there was no mlocaliztion and hsosomes decressed.
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|per comitral and meated samples 2; %p < 005 *Up < 001 **"p < QUOOL (For interprention of the eferences i oo bour in this fgne legend, the resder & wderred

o the web vesion of this articke )

3.7. Effects of FRdVIA--POA on insracelbular organdles

We evaluated alo the effects of PH{IV]Ac-POA on grtoplesmic ar-
ganelles, such 2= Golgi Apparats and mimchondria In contraol cellk
{Fig. 6A), mmunofluaresee=nce for Golgi apparatus {(red fluarescence)
appeared hamaogensous with a perinuclear o lization while the adin
cytoskeleton maintained its arganization. After CT, cells underwent to
death showing evident alterations. In this condition, the mucl=us was
fragmented and the actin oymskeleton collapsed around it Galgi Ap-
paratus lost its tubular onnections and resulted distributed in the cy.
toplasm.

In comimol, mitochondria (red fuorescence) with a spotted-like
shape, localized in cytoplasm and near the nucleus, were ohserved
{Fig. B} Compared i contral, treated cells showed mitochondria with
muorphological alerations, in particular the immunofluorescence far
mitochondria appearsd homogeneous and these organells dwsiersd

and formed dense mamses arund the nuclas.

4 Discussion and conclusions

Cisplatin has besn used for almast half a century in the che-
mastherapeutic treatment of different types of cancer [25]. Many sids
effects, including nephr ic o city, icity, =tc., limit
its clinical application [49].

In mecent years, mamy harve been made toobtain malecules
that can overcome these problems [51]. Particulardy, new platinum 0.
hesed compounds, which have as the cellular trgets the amino acid
mesidues of prodsin, have been synthesized [16,38] and were used
mmpared to dsplatin trestment, showing a lower cyintaxidty in vive
studies on development of mt cerehellum and hippocampus [9]. In
additon, in vito studies, these new platinum{ID-based compounds
hawve been shawn to induced, simdlary to cisplating apoptotic ozl desth
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in BS0 neurchletoma rat cells ot concentration 4 times lower than
cisplatin [25].

Nowadays, platinum{TV¥) prodrugs are actively mvestigated [Z3]. In
particular, 2 new prodrug, namely POTVIACPOA, he besn necendy
synthesized [21]. This complex is 2 new multi-acion prodrug candi-
date, designed s a cisplatin/FOA *ombo™ maleaude. This cnsiderable
advantage i due to its ability to deliver at the same time huge amounts
of cisplatin and POA in ek, This enhancement of cellular uptake &
mainly due to the lipophilicty of the Po{IV)AcPOA ssembly with re.
spect to the hydrophilic csplatin and he amphiphilic POA (in amionic
form at physiologic pH) precumars, snhancement referred as "o
nagistic clluler araumedaion™ [21].

The adion of POA a5 an HDAC inhibitar nepresents a promising
straiegy specifically for neuoblastoma chemaotherapy [41,52]. In par-
ticular, HDACH inhibition enhances the effects of DNA-damaging drugs,
a5 cisplatin, inducing overall chemssemsitation and decreasing che-
monssistance  [52]. Furthermore, POA has showed a strong

antipraliferative activity asociated with morpholgical dhangss in
neuroblastoma cells (neuritogenesis and di ferentiation) [5]. The limdt
aof HDAGH & the nesd of high dosages, giving rise o cmnsiderable side
effiects [41]. Po{IV)AcPOA muld bypas the problem becamme PHITV)-
besed complexes are stable in the bloodstream [18] and enter tmoar
@l i higher extent tham free FOA [27]. In aggregaie, PoTWiAcPOA
wukl offer the advantages of csplatin (DNA-damaging activity) and of
FOA (HDAC inhibition) without the limiting toxicities of boéh agens
when administersd individually on neuwnobls toma,

Wiahility assays showed that this prodrug has a higher antic
proliferative activity than cisplatin on BS0 cell line, since is half.
maximal inhibimry conentration (1G] after 48h CT was (.37 com-
pered to 3 8pM for csplatin. The higher activity of PH{TVIAcPOA hes
been further confirmed by the deoeased PCNA expression and by the
different o=l] cycle distribution.

PHIVACPOA exchibited a strong symergistic effedt in respect to the
free drugs, taking advantape of an exceptional ncresse of cellular
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uptake, aften referred as “symergistic cellular acumulation” (e.g. [21])

Results obtained by Santin et al proved that dsplatin induced 2206
of caspased pasitive apoptatic aelks in BS0 cell line [45], while Pt
(IV)Ac-POA, used at a concentration ten time less than cisplatin, causes
a higher apaptatic effect (52%).

Electron microscopy analysis demonstrated that after 10uM CT,
celk exhibited necrotic marphalogy, while after 4 uM CT, cells showed
apoptaticmorphology. In addition, cells with autophagic characteristics
were abo detectable, as the activation of autophagy which may mnear
in type Il cell death. An immunocytochemical staining of different
markers confirmed the activation of different pathways. The treated
samples were immunopasitive to deaved PARP-1 and caspases-9, -3, -8
and RIP1 demomstrating the activation of both the intrinsic and ex-
trinsic apoptatic pathways. Since RIP1 & ako invalved in a preliminary
stp of the necroptatic pathway, we coukd not exclude its activation as
some celk showed the typical necopiotic morphology [ The

174

whcalimton of the staining for LCIB and lysasomes suggested the
activation of the sutophagic pathway [471

JC-1 staining showed a drop of the mionchondrial membrane po-
tential, a further indimtion that Pt(IV)JAcPOA is able to induce apop-
wosis. ndeed, this dye & a valuable indicator of the health and func.
tional state of the cells [33]. Like cisplatin [3], the new prodrug ako
targets cytoplasmic organelles: afeer fluarescent immunolabelling mi-
wochondria appeared small and rounded and often organized in clusters
in dying cells. In control celk, Golgi apparatus had fattened peric
muclear tanks, while after treatment it was observed as round bodies in
cytoplasm. The actinic and tubulinic cytoskeleton disassembled and
rearganized, assuming a more hamogeneous appearance.

Considering that Pt{IV)Ac-POA prodrug acts an B50 newroblastoma
mat cells at coneentration ten times lower respect o cisplatin and in-
duced different patterns of cell death, it coukl represent a potential
altemnative to cisplatin.
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ABSTRACT
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a#m
Priucachids
Apepiteds
A

Dyl e
Mewoblig oo rat el

Cisplatin {cisP1), among the bestknown components of multi-drug front line therapies uwsad for the irestments of
solid tumors, such as the childhood neumoblestoma, acts through DMA linking . Neverheless, the cisPt effec:
tivemess is compromised by the onset of severe side effects, incliding newroinxicity that resuls in neunode-
generation, el death, and drugresistznce. In the fidd of experimentz] oncology, aimed at overcaming orio
toxicity and chemoresistance, great efforts are devoted to the synhesis of new platimum: based drugs, such as [Pt
(0,0 acac iy acaci{DMS)] (PtAcacDMS), which shows a specific resctivity with sulfur residues of exzymes in-
volved in apoptosis. Auibphagy, an evolutionary cnserved degradation pathway for recyding of ortoplasmic
cnmponents, represents ane of the mechanisms adopted by cancer cells which contribute & dmg-resistanes In
the present sindy, standard acute (48 h-exposure and long term offects (7 day- recovery afier treatment or 7 day-
recovery fallowed by resseding and 96 hgrowth], of cisPt and PtAmcDMS (40 and 10pM, respectively) wene
investigated in vitro employing rat B5) neunblsioma as 2 cancer model Using fluorescence and elecron
micresropy, a5 well a5 biochemical tachniques, our data highlight a key role of the annphagic process in B0
cells. Specifically, longterm effiects caused by cisPt lead i inhibition of the apoptotic process and paralleled by
the activation of autophagy, thus evidencing that antophagy has a protective rale afier cisPt exposre, allowing
cells in survive, Wheneas, long: tarm effects produced by PidocDMS lead ioward both apoptosis and auinphagy
activation. In conclusion, autophagy may represents an aternative ol] death pathway, droumventing dmg-
resistznce strategies employed by aner cells to survive chemoierapy.

1. Introduction

eytoplasmic level in BS0 celk (Eotione et al_, 2008; Santin etal, 2011,
2012)

Cisplatin {e#-dichlomdiammineplatinum, c#P1) is me of the most
used and effective cyloloode agents in the treatments of a wide range of
malignancies (Bresden o al, 20000 CEPLinteraets with purine bases of
DNA forming adducts or erosdinks, either between adjacent bases on
the same sirand or on opposing strands {Dasari and Tehounwou, 2014).
DNA lesioms block tmnseription and translation, thus leading 1o in-
hibition of cell cycle and apoploss inducton. CiPl als acts at a

Although effective, the clinieal use of cigPLis limited by severe side
efferts, including nephrotoicity, ololosdcity, neurotmicity, and drug-
resistance (McWhinney et al | 200% Bernoochi et al, 2011; Galheesi
et al, 2012 Asiolfi et al, 2013). Resistance mechanisms include the
imability of cisPt to crais the plisma membrane, the inracellular de
toodfication thmugh ghiathione and/or metallothionsing, an efficient
DNA repmir activity (Rabik and Dolan, 2007), the activation of an anti-

Abbreviatione: BS0, neurohlastoma rat cell lines; ckPt, cisplating PrAcachMS, [PHOOF acac )y acac{DMS)); CNS, cemtral nervons system; TEM, Tramsmission

Elecmon Microscopy; ©s, carbon dicod de; pM, miro-malar; hrs, hours

* Comresponding authar at Department of Bislogy and Botemalogy “1- Spallanyani®, University of Pavia, via Perrata 9, 27100 Pavia, Inly.
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apoplotic pathway (Pastlo e al, 2006) and swtophagy (Platini et al,
2010 Bao et al, 2015; Lin et al,, 2017). Recendly, it hat been demon-
strated that autophagy acls as a beneficial strss response, triggered by
eigPl-induced death mechanisms (Del Bello etal, 2013 In the mpidly
evolving fields of experimental oncology and persmalized medicine,
essential challenges inclide overcoming cytobosicity and chemomsis
tance. With this aim, me of the adopied sirategies is the synthesis of
new  platinum  compounds, such a8 [P0, 0 acac){y-acac){DMSE)]
(PLAcacDMS) (De Paseali et al, 2006; Wang et al, 2018) This novel
drig preferentially interacts with nongenomic targels, a5 demonstrated
in previous studies, revealing a mechaniom of action which differs from
cigP1, although this is yet to be fully clarified (Muscells e al, 2007,
2008 Specifically, it is well known that ciPttends o react with DNA,
considered ils main phamacological target, giving rite 1o DNA-protein
intrstrands and interstmands, and DNA-DNA crois-links. These DNA
marrngenenl phéenomena can lead 1o cell death due 1o reulling
physidogical process inhibition, i.e DNA tmanscripion or replication
induced by the distortion of the double helix (Jordan and Cammo
Forseca, 2000; De Castro etal, 20018)

Differently, the altemative action mechanism of PLAcaDMS, essen-
tially cytmolic, might be responsible for the ability of this potential
anticancer agent o overcome the drg rsistance induction, one of the
principal causes of ciPr-lused tumour treatment Bilure. Indesd,
PrAcaDMS hat shown a higher in vitm and in vivo pharmaod ogieal
uplake, activity and tolerability than eigPt (De Castro e al , 2018). In
particular, PLAcacDMS racts with amino acidic residues belmging 1o
enzymes o other proleins implicated in the apopiotic pathway
(Muscella et al., 2007, 2008). Notably, PLAcacDMS has a greater cylo
toade effect on cancer than ¢isP1, though accompanied by a lower (NS
newrcloxicity (Bernoechi et al, 2015), inducing milder changes on
fundamental events of ral cerebellar neumarchitecture development,
eg lower apoplodic phenomena, les altered granule cell migration and
Purkinje cell dendrite growth a8 well a8 preserved inhibitory synapses
formation (Bemecchi el al, 2011; Piecolini et al., 2015). Furthermore,
literature data reported that PLAcacDMS induces cell death in several
cancer cell lines such s MOF-7 bresst cancer and SH-EYSY human
newrcblastoma cells (Muscells et al, 2011, 2014) Another mcent in
vitro investigation of neumoblastoma cells has revealed a greater eylo
tonde effect with PLAcasDMS treatment compared 1o cisPl, moreover
cisPt has shown an eviden inhibition of apoptosis in long-lerm ex-
posure conditions {Grimalkdi e al., 20161 In the present study, cyto
toade effects after standand acwe testing (48 h-exposure) and long-term
exporure (7 day-recovery phate afler treatment or 7 day-post-exposure
meovery period followed by msesding and 96 h-growth) of the two
different platinum compounds were investigated in vitm in 1 BS0
neuroblastona. Cancer cells were expoted ala doge of 40UM and 10 pM
of cisPt and PlAcacDMS respectively, focusing on different cell death
pathways, ie. apoploss and sutophagy. Awtophagy is an evolutionary
conserved intracellular proces for the twmover and degradation of
long-lived proteing and organeles, fundamentally active at low levels in
the ealls this survival mechanism is enhanced by acute stress condi-
tiond such as starvation, hypoxia and pathogen infection (Klionsky,
2007; Fimia et al,, 2017). It plavs a neuroprolective role in the devel
oping (NS (Botene et al., 20015), nonetheless still participating in cell
death caused by intense st or longAem stimuli the so-called typeIT
programmed cell death (Levine and Kmemer, 2008). Autophagy is also
implicated in maintenance of tumorigeness { Demarchietal., 2006) and
it may represent a mechanism allowing tumour cells bo survive antie-
ancer therapies (Longo e al., 2008 Wang e al, 2013

Thus, with the aim to make an in depth investigation ino the mset
and progresson of apoptotic and anophagic pathways caused by cisPt-
and PrAcacDMStreatment the procstses of immumeytochemical, bioe
physical, western blotting and ulirastructural analysis wene pedfomed.
The investigation focused on changes in morphology and local tea tion of
eytoplasmic organelles, i milochondria and lysosomes which am e
sential elements involved in both cell death mihways The following
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proteing known as autophagic markes were studied (i) Becin-1 and
ATGS (Liang et al , 2001; Codogno and Meijer, 2006; Zhao et al, 2018)
imvolved in mntophagosomal membrane Brmation (i) pa2/SQSTML, a
seaffald protein which tmmports ubiquitimted protein to the autop-
hagolysosomes (Homatsu and Tehimum, 2010) and (i) L3 (micm-
tubule-amociated protein-MAP-Light Chain 3) mequired for the binding
of substrates o the sutophagosome [Kabeya et al, 2000; Thao et al,
2018) Our ultimate goal wat to elucidate whether autophagy may
present a drug resistance survival mechanism or merely a cell death
strategy thereby further improving the knowledge of the novel pla
timmm compound PlacacDMS.

2. Material and methods
2.1, Cell culmire

Rat B30 neuroblastoma ek (ATCC, Rockville, MD, USA) were
cultired in 75em” flasks in Dulbeces’s minimal essential medium
(DMEM) supplemented with 10% fetal bovine serum, 1% glutamine,
10010 /il penicillin and streptomycin {Celbio, Milan, Tialy) and
maintained at 37 °C in a humidified atmosphers (95% air/5% 002,
Twenty-four hour before experiments, cells were seeded on glas cow
erslips for fusrescence microscopy, or grown in 75 em® plastic flasks
for flow eytometric, westem blotting and ultmstructural (by transmis-
sion electmn micraoopy, TEM) analysis.

22 Pharmamingical reasments

221 Exposre condition
Cell expagire 1o the different platinum compounds wat performed
according 1o the following prolocels

i) standard scute test (48 hrexpature) 1o ciPL (Teva Phama, Milan,
Tialy) or PLACAcDMS (De Pascali o al., 2006) &l a dose of 40 pM and
10pM, respectively, a1 37 °C. CEPLadm inisrated concentralion was
selected idering pr in it i igations (Bottone etal,
200B) az well &8 in vivo experimental designs, employing a single
subcutaneous inection (Spgy bw.) in 10-days old mis, corne
sponding 1o the thempeutic dose suggested by Bodenner et al.
(1986) and Dietrich e al (2006), already used in clinical pracitiees.
PlAcacDMS cmeentration was chosen baged o previous in vitm
findings on B50 celk (Grimaldi et al, 2016)

i) standard acute test { 48h-exposure) 1o ciPL (40 M) or PrAcacDMS
(10opM), followed by a 7day-recovery phase in drg-free normal
DMEM, namely recoversd condition;

iii) standard acute test (48 h-exposire) 1o cEPL (40 M) or PLAcacDMS
(10 M), followed by a 7 day-recmery phase in drug-free mediom,
further followed by re-seeding and growth in drug-free complets
DMEM for 96 b, namely retesded cmdition.

22.2 Seleced drugs concentration
The ciPlL and PLAcacDMS concentrations (40pM and 10pM, e
spectively), were selected bated on previous experimental findings

i) in vive studies, administering CisPt (MW 300.05) via the sub-
cutaneous injection at a dote of 5 microg/g bow. (=3 4mM) in mis
(Scherini et 4., 1992 and Bottone et al., 2008), comesponding to
the thempeutic dose suggested by Bodenner ef al, 1986 and
Dietrich et al., 2006, Based on this dose, asuming that about
60 ml comespomds 1o the whole blood volume in rat and con-
sidering our cell population density, we caleulated a CisPt dose of
about 40pM 1o be used 1o treat a cel] culture fak

{id) in vitmo dose- and time-response experiments demmnstmting that
both compounds, tested sl concentration mnging from 1 1o
20 M, weere able to induce apoploris and eytoplasmic organelles
damage in a number of cell ineages, showing different sensitivity
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§ oy the drug, with maxima] effects al concentrations oom parable to
H the present chosen dose (Shi et al , 1995; Muscella et al, 2007;
a Bantin et al |, 3012 Santin et al | 2013 De Casiro et al | H01E);
;] g 8 8 & B {iii) in vitms investigations describing the use of 40pM ciPt on a

variety of tumaour cell lines, bated on s ability 10 cause apoplogis
(Sakall Cetin et al, 2017; Qian et al, 2018), cell cycle and mi-
tochondrial respiratory complex allemtions (Kachadourian et al,
2007, Chiang et al., 2014).

{iv) our in vitm dosereponse imestigations, demonstrating that
10pM PrAcacDMS was the most apoptogenic dose, with effect
comparalle to thal olterved after 40 uM cEPlexposure, while
higher PLAcacDM3 concentrations (Le 40 and 20 pM) iriggered
necrotic calls death (Grimaldi et al, 208).

2.5, Imemunofluoresence racions

After trestments, the samples grown on coverslips were fixed with
A% formalin and post-fixed with 70% ethanol for 30 minat — 20 °C, and
stored at — 30 C Samplet were relydrated for 15min in PBS and then
immumolabeled with selected monoclonal and polyelonal primary an-
tibodies (Table 1) diluted in PES. This 1 h-incubation were performed at
Mo emperature in a dark moist chamber. Cells were then washed
three times with PBS, and inculmted for 1h with the proper secondary
antibodies (Table 1) diluted in PES. Cells were therefore counterstained
for DNA with 0.1pg/mL of Hoechst 33258 (Sigma-Akdrich, Milane,
ltaly) for & min, washed with PES, and finally mounted in a doop of
Mowiol { Callioehem-Inales, Baly) for conkeeal and fluorescent micm-
seopy. For each experimental condition, three independent experiments
woere carried oul.

Al Fluce 455 goar anei s | Mobe sl Probe,

Iesdnmgen, USA)
Abiea Fheoe S04 geat aetibess (M diecslas Probes,

[P

Az Fase 458 jgoat astirabdar (Molasslar Probe,

J——Y

Al Flune 458 goar anei rabbds (Molasslar Probes,

s, USA)

Alizea Faoe 455 jgoat st stoue | Mol s Probe,

S ol ey g Bhealy
lewnagem, USA)

Ddatica i PBS

1:500
PR L]
PR L]

2.4. TEM ultrastrugiral investigation

The celk were harvested by mild trypsinization (0.25% trypsin in
PES containing 0.05% EDTA), immediately fixed with 2% glitar
aldehyde (Polysciences, Inc, Wamington, PA, USA) in the culiure
medium (1 b at 4°C) and poit-fixed in 1% 080y (Sigma Chemical Co.,
5L Lods, MO, USA) in PES for 1h at room lemperature. Calls wers then
centrifuged (10 min, B00g), wathed and cell pelleis were embedded in
2% agar, thomughly rinsed with Sirensen buffer (pH72) and dehy-
drated in ethanol. Then, the pellets were embedded in Epon resin and
polymerized at 60°C for 24 b Ultrathin sections {600A) were cut with
RECHERT ultramicrtome, mounted on nickel grids and stained with
uwranyl acetite and lead citate Sectiond were observed and pictured
under 3 Zeig EM 900 transmision eleciron microsoope.

Mo lomal s | Therme Soieasfic, Walsham, 15A]
Prokpe o mbben | Coll Sigaali ag, Dnsvess, USA}
Mo bomal mbbit g LOIE (Coll 8 galing, Dasves, USA)

Pristiey astiody
M losal s {Abcas, Casbeutge, USAL

Pasia, haly]

2.5 Confocal fluorescence micrsapy

For confeal laser scanning micmscopy, Leica TCS-5P system
miimted on a Leica DMIRBE-imverted micragcope was used. For fluor
eteence excilalion, an Ar/UV laser al 364nm wat used for Hoechst
AII5E, an Ar/Vis laser al 488 nm was used for FITC and a He/Ne lser
al 543 nm was used for Alesa 5384, Spaced (0.5um) oplical sections
wene reconded using a 63 % ol immenio oljective. The “colocalizs-
™ analysis was done considering 30 celk for smmple, and three
points of colocalization in at least 15 cells Images were collected in the
1024 x 1024 pixel format, stored on a magnetic mais memaory and
procetsed by Leica confocal softwarne.

Dpiaested Hastag asli e dedess (hisdly gives by TRCCS Sae M

e

26, Fuoresence microscopy

-

ABXS1 Olympus micmscope equipped witha 100 W mercury lamp
wat used with: 330-385nm excitation filter (excf), 400 nm dichroic
mirrar (dm), and 420nm bamier filker (W) for Hoechst 33258;
AS0-A80 nom exced, 500 nmdm and 515nm bf for the fluorecence of
Alexn ARE; 540 nm exef, SB0nmdm, and 6230 mm bf for Alexa 504
Tmages were reeorded with an Olympus MagnaFire cam and processed

* Hothone et al. (20120

Aﬂﬂ
HEPTO
proazes
Beclis.l
L3R
pE2AGETMI

Primary and secondary antibodies used for immunofluorescence.

Table 1
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Table2

Primary and sscondary antibodies used for Western Blotting experiments.
heaigen Prissasy s beaty Difutiom in FES  Secomlary asiibody Dilwion i PES
hetin Ml amiactin (Shpea Abdrkch, Tay) 12000 oxad as- s heowseradinh pe o e (Dako, haly) 13000
Baclin-1 Podyclosal rabbin (Cell Sigaaling, Dasses, USA) 1000 G 1 asli- S bl beowsera ik pewond dise (Do, Taly) 12000
IC3R Moaeiomal rabbit ass- 138 (Cell Sigsalisg, Mnsvess, USA) 13000 G0a1 asm- Sl Devseradish pesvid e [Dale, aly) 122000
PESOETMI  Mossclesal swomse (Abcas Casshel g, USA) 13000 (oAl At smase heseratih penaitse (Dao, Raly]  1:2000
ATE Moaciomal rabbit ass-ATOS (Absass, Cassbeldue, USA) 13000 oA asm- Sl Devseradish pesviddse [Dale, aly) 122000

with the Olympus Cell F software.
2.7, Western blogting analysis

After treatments, the cell were washed twice with PES and lysed in
RIPA buffer (Tris HO 1 M pH7.6, EDTA 0.5 M pHE, Nall 5M, NP4D
Komidet 1000, HzDys with the addition of pmteases and phosphatases
inhibitons) at 4 °C for 20 min. Bradford reagent {Sigma Aldrich, Milan,
Tialy) wis used for the count of protein amount. Samples wers elec-
trophoresed ina 7.5% or 12% SD5PAGE minigel and transfemed onto a
nitmeelhilose membrane (BioRad, CA) by a semidry blotting for 1.45h
under a constant current of 36 mA. The membranes were satumted
overmight with PES containing 0.2% Tween-20 and 5% skim milk, and
incubated for Th with selected antibodies listed in Table 2. After wa-
shes, membranes were incubated for 30 min with the proper secondary
antibodies conjugated with hoseradish peoxidase (1:2000, Dako,
Tialy ) Visuslization of immunoreactive bands was performed by ECL
System and Hypedilm Photografic Flm (Amersham Life Sciences, UK)
uging the manufacturer’s nstructions. mage J software wa used 1o
altain the density bar chant of the protein bands which are normalized
with the loading control At least three independent experiments were
camied oul.

28, Swistical malyss

In the present study, data are presented & mean = 5D over the
mean experimental valuet of each of thres independent experiments.
Stalistical analysis was carred oul using one-way ANOVA and Pot hoe
Dhumnett's test (software package GraphPad Prism Inc). p valwes ranging
from = QU001 1o = 005 wer omsidersd 1o indicate satistical =g
nificance.

3. Results

51 Abemson of cptoplasmic orgamells: mitochondhal and Dysosomal
[

The activation of apopiosis and sutophagy after treatments with the
two diverse patinum compounds wat evalated by pedforming a
double immumoresction (Fig. 1), revealing both lysotomes (red fluwor
eseenee) and mitochomdria (green fluomscence) homogeneously dis-
tributed in the coplam (Fig la). Immunofluerscence labelling,
digtinetive for these organelles, neither demonsimied co-localization in
the conira cells {Fig. 1a) norin cisPl-treated celk after a standand acute
test (Fig. 1h). Notably, after a 48 hexposure to both cisPt or PLAcacDMS
the cellular momphology changed with cellk asuming elongating fes-
tarres and undergoing apoptoss (Fig. 1b, b In PLAcacTMS- treated oells
(standard acute test) small and round mithocondria as well a8 lyso
st organized into homogeneous clustens wern observable (Fig 1.
After a 7dayrecovery period in a drug-free medium ams of im-
mumaflureseenes  codocalization typically characterized by several
orange spols were detected indicating possible minchondrial de
gradation in lysosome vesicles (Fig. 1e, ). After a reseeding period,
eisPl treated-cellk returned 1o nomal mophology, appearing similar o
eomirols and without signs of immunofluorescence eo-localization, ie.
absence of omnge spots (Fig. 1d”) thus suggesting the mocesful attempt

of the cell to survive. On the comtrary after reseeding apoplotic events
and orange spots wers @ill observed in the cytoplasm of cells previously
expined o PLACDMS (Fig. 1d'), possibly indicating a substantial mi-
tochmdrial ceamnce inside lysosomal vesicles Additionally, the ly-
spsomes were maore sbundant in PrAcacDMS-treated cells after the
standard acute test (48 h-exposune).

532 Apoptosis and aunphagy interplay: typial slmstnehral asores

TEM analyss was performed 1o elucidate any posble apoptotic and
sutophagic chamcteristic after drugdreatments (Fig 2). B30 contral
cell pomtess a typical morphology, showing a Hdney-shaped nueleus,
characterized by de-condensed chromatin and nucleous (Fig. 2a) and
the Galg apparatus located in the perinuclear area Small mitochondria
and granular endoplasmic mticulum were observed, whema primary
and secondary lysoomes appeared sporadic, indicating physiological
baal autophagic activity. After cisPt or PtAcacDMS standand aeute test
- 48 h-expaure (Fig. 2b, I¥), the cell underwent apoptosis, displaying
clasmical featurs, eg. cytoplaimic segmentation, condensed chrmatin,
double membrane apoptotic bodiet (Fg. 20 armowhesd) and eyvio-
plismic vacudes (Fig. 2 armwhead). Nonetheles, aptophagic cslls
were also present after a 4Bh-exposure 1o both compounds, demon-
sirating inteme autophagic activity, as indicated by the scoumrence of
severdl degraded sutophagic bodies containing eytoplasmic material
(Fig. 2e, €. After a Tdayrecovery in a ciPi-free medium, eells pre-
sented a decentralized nucleus and the eytoplasm appeared crowded
with double membrane vacuolet cmiaining membrnous residues
called “myelin bodies™ (Fg. 2d amowhead). Similady the 7 dayre
oovered cells previously treated with PLAcacD MS were chamcterized by
an autophagic morphaogy, showing small mitochondria and several
seondary lyiosomes, these liller representing auloplagosomes at dif-
ferent stages of matumtion (Fig. 2d° amowhead). Funhemore, a1 the
oell periphery, the plaima membrane formed some Hebs also evident in
meseeded celk previously treated with ciPt (Fig. 2e), encloting cyto-
plasmic components a8 a consequence of cyioskelstal damage. Notably
in resesded cells, formerly exposed lo cisPl, the cyloplasm exhilyited
normalshaped mitochondria {armwhesd) and only some eterophagn-
symes, indicating that no massive eytoplasmic degradation is cceurring.
Conversly after PlAcacDMSirestment, recovered and reseeded colls
atill displayed apoptotic chamcterities such as hetemehromatinie areas
that eould be mepresentative of karyarrhexds (Fig 2e7) The displayed
apoplotic featurs Ogether with the prsence of autophagic bodies
within the cytoplasm (Fig 2d°, &, indert) seemed 1o indicate that the
ooy proc ez could mutually cooperate in directing cells to die

5.5, Awophagy activation after éxposre bo platinum compowunds: confocal
micmoscopy investigation

Autophagic activity was evaluated by weitern blotting analysis and
doulle immunafluorescence staining, exhibiting several markes e
presentative of autophagy ocowrence and lysosome increase. In onder
1o explore posible immunofluorescence co-localization and/or awtop-
hagolysosomes formation the confocal micmsoompy was used.

3.5.1 Belin ] immuoflorescence and lysosomes modification
In B50 coniral celk, Beclin-1 was detected both in the nucleus and
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Fig. 1. Fh E py (1 itochondris ch 1 d eﬂlmnspacmmdlysmeqmnnﬁzam
Double h 1 d of 1 (red i and minchandria (green f in contral eelks (2), cisPrstandard acute wst - 48h

exposed cells (b), recovered and reseeded celk after cisPt (c and d, respectively), PtAccDMS -standard acute w5t - 48 hexposed cells (b”), recovered and resended
cells after PtAcDMS (¢ and &, respectively). On the right, near the micrographs, are the emission spectra referring © the green and red fluorescence respectively,
showing the p absence of colocalization of the two fi: e. Nucled were d with Hoechst 33258 (blue fluarescence). Scale bar: 20 pm. The
histogram (E) shows the parcentage of lysosomes (%) in the cells; data are presented asmean + SD over the mean experimental values of each of three independent
experimenss. pvalues: (') < Q05 (") < 0.01;(***) < 0.001. (For intrpretation of the refermeces © clour in this figure legend, the reader is referred © the web
version of this article)

Pi;. 2 TI'Mlndyn: Ap and phagy

electron mi py evalmtion of 2 pop and phagic features after asPt - (b-e) and PtAcachMS - (b'-¢) reatment. Ultrastructural morphalogy
d contral cells (2), dsPt- standard acute test - 48 hexposed cells (b, in which d indicats apoptotic bodies, in ¢ vhead indicate phagic badies),
recovered cells (d in which arrowhead shows autophagic bodies), and reseeded cdls (e, in which head indi itochondri
Uhnsnxmn! ma;i\ology of PA@cDMS. standard acut st - 48 hexpaosed celks (b'oc’, in which vhead cyoplk il d cells (d*, in which

hagic bodies), reseeded celks (). Insert (2, ¢k awtophagic bodies. Bars 1 5um.

the cytoplk without any colocalzation ataly level (Fig. 3a). mutated morphology (Fig. 3¢, <), appearing with 3 round-flowered
After astandard acute test (48 h-exposure) to ¢isPt, apoptotic cells were shape probably due to the incresse of cytoplasmic volume. Beclin-1
observed (Fig. 3b). Early apoptosis was characterized by the im- immunopositivity evident in the cytoplasm colocalized with lysaomes
munoreactivity for both Bedm 1 and lysosomes, mloalmng inside the staining. Notably, a sulwtantial incresmse of lysatomes occurred. Re-

cytoplasm thus participating to the h for- seeded cdh prevmuslv exposed to cisPt (Fig. 3d) showed lysosomes
mation. Whereas in late spoptosis, the ly were markedly de- ivity still co-localizing with that of autophagic protein
cressed until their plete di ance. After a d xule test Beclin-l. Certuin reseeded cells, formerdy treated with PrAcacDMS
{48 vexposure) to PtAcacDMS, Buclm 1 was um!onnlv dsuibuled in showed apoptatic Ieamms while in some others few fluorescent spots
clusters inside the cytopl where sporadk nce e ive of co-localization were o d, with an evident de-
spots of colocalzation with lysasomal vesicles were observed cease of Beclin-1 staining (Fig. 3d.

(Fig. 3b). Several cells in eardy and lste spoptotic stages were also Western blotting analysis further showed a significant incresse of

detected. After a 7 day-recovery in a drugfree medium, celk showed a Beclin-1 Jevel after 48 h-exposure to ¢isPt and after treatment with both
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ardl

Iyzosomes immunocytochemistry), fluorescence: emission spactra and Western Blodting data.

Double immunacytochemical detention of Badin.1 (green fluorescence] and hysosomes (red fluorescancs) in control calls (2], dsPt and PrAcad)MS. sendard acute
test - 48 h-exposed cells (b and b, respectivelyl, recovered and reseeded cdls (o' and d-d”, respectively ). Nudei were muniersizined with Hoechst 33258 (hiu
fluorescence). Bar 20 pm. Om theright, near the micrographs, are the amission spartra referring to the grem and red fluorescence respectively, showing the presence

or shemee of mlocalimtion of the two fluorescence.

Density bands of Beckn-1 (60kDe) and a-actin (47 kD2) obtained by western blotting amalysis are shown in E and F, for cisPt and PtAccDMS. featments,
respectively_ In G, histogram shows quantitative anahsis of Badin-1 in eontrol olls, standard sonte west . 48 hexposed oolls, recovered and reseeded oelk afer dsPt
or PtAcacIMS. Data are presenied as mean = 5[ over the mean experimental values of each of three independent experiments. p valuves (*) < 0.05; (") < 0.0,
(Por interpretation of the references © colour in this figure legend, the reader i referred to the web version of this article )

cigPl- and PLAcacDMS in recovensd cell, otherwise no significant dif-
ference was olgerved afler the resseding period following cisPt ex
podire nor after tmeatment with PlAcacDMS (Fig. 3E, FL

332 LT and lysosomal proteine: expression and bcaliation changes
L3 is an ubiquitin-like protein cleaved at its Clerminal by a pro-
teage (o form LC3E-L When sutophagy is activated, LEIET & om-
Jugated to the phosphatydilethanolamine by the ubiquitin-like system
fommed by ATGT and ATGI and converled into LC3BATD isofomm, al
lowing the asociation with smnophagosomal membrane (Kabeya etal |

In control celk, LCIE localised both in nucleus as well & in cyto-
platm, and a complete ek of eodocalization with lysosomes wat de
tected (Fig 4a). The cells underwent apoplosis after standard acute tes
(48 h-exposure) 10 both cisPl and PLACacDMS: in early apoplosis some
fhuorese enl spols mpretentative of oo-localization were evident, while
in late apopiosis LC3B did not eo-localize with lysosomes. L3 was
entirely placed in the cytoplasm, mainly in PlAcacDMS-reated celk,
and the number of ysosomes was damatically decressed [ Ak, b
After a Tday recovery period cell formedy treated with both cisPt or
PrAcac DMS showed an altersd shape, displaying a soma mutation from
slim to round and ako increaging in valume. Furthermore a massive
antophagic proces oocurmed a8 indieated by the presence of severl
Thuorese ent spots representative of colocalization (Fig. de, ). Reseoded
cells, previously expated 1o cisPt 2ill showed spats of colocalization
but exhibited a lower fuorescence intensity. In some cells LE3E ne
tumed inte the nuceus (] 4dl The mme immundalaining pallem
with a decreated immimofluorescence degres wat olerved in
seeding condition after PLAcacDMS treatment (Fig. 4d7.

Accordingly wettern blolling analysis confirmed the activation of
autophagy both in recoversd and rseeded celk previously exposed 1o

PLAcscDMS asshown by the presence of the two LB isoforms (Fy. 4F
and Gl Similardy both in cisPi-ireated cells or in meseeded ones a basal
level of autophagy was evident while after the 7 day-recovery perod a
maore significant increase of LE3ED sokrm was detected, suggesting
the full activation of the proces (Fig 4E and GL

333 p&3/SQSTMI eqpression kevels and lysosomes monitoring

In contml celk, the scaffold protein pf2 was located both in the
nueleus and in the eytoplasm (Fig. 5a), sineeil containg melear impor
and export sigmals and shuttles between nueleus and cytoplam
(Fohansen and Lamark, 2011). In early and late apopiotic cells, pb2 was
entirely localized inthe cytoplasm and not detectalile at nuelear level,
at occurred after standand acute st (48 h-exposure) 1o ciPL or PIA-
cacDME (Fig 5h b0 No sgn of co-localization with lysosomes was
abserved. In recoversd calk previously treated with cEPL pb2 appeared
in the cytoplasm ned 10 the lymaoms withoul any co-localization,
accarding o the proper scaffold funetion of this protein. Tt partici pates
1o the Brmation of dense aggregates of non-degraded proleins aceu-
mulated in the eyvioplasm (] el In resssded celk afier cisPrex
posure ph2 localized back in the nucleus, thus indicating the end of the
mtophagic process | ). In recovered cells, Brmerly treated with
PracacDMS, p62 returnad at least inpant sl nuclear level, suggesting a
decremte of sutophagy (Fig. 5¢7, while after the mseeding period the
protein was localized mostly in the eytoplasm where an intense im-
munolabelling was olwerved (Fig. 5d7L High levels of pb2 were de-
tected by western blotting analysis (Fig. S5E) both in controk as well as
after standard acute test (48 hexpoum) 10 &P or PlAcacDMS. The
ameunt of protein slightly ineressed in meovered cells formerly treated
with cisPL In recoversd and rsesded cells, after previous PlAcacDMS
exparumg, & sirong increase of ph2 levels was evident, suggesting that
the autophagic proces was activated and apparent for longer durations
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Fig. 4 Confocal miooscopy (LC3B - lysosames immunocynchemistry), flunresenoe: amission spectra and Western Blotting data.

Double immimacyinchemiol detection of LCIB (green fluorescence) and hsosomes (red fluorescance) in contro] cells (2], cisPt and PrAcaddMS standard amie test

48 h-expesed cells (b and bY, respectively), recovered and resseded cells (oo and d-&, respectivey). Nucked wers comnterstzined with Hoechst 19254 (bl fluor

escrence). Bar 20 pm. Om the right, near the micrographs, ane the emission spartra referring to the green and red flnorescence respectively, showing the presence ar

alsence of miscalimtion of the two flnorescence.

Density hands of LC3 B I {cleaved form 14 kD), LC3BJT (Tipi dated form 16 kDa)and (@ actin (47 kDa)) obtinesd by westam hlotting analysis areshown in Eand F, for
cisPt and PtAmciMS. treatments, respactively. In G, histo gram shows quantitative analysis of LCIBAT (lipidated form) in contral cells, seandard acute st . 485
exposed cells, recovered and reseeded cells after cisPt or PracaddMS. Deta are presented 25 mean = 2D over the mean experimental valus of each of three
independent experiments. pvales (**) < @015 (") = 0.00L (For merprestion of the refarences © caolour in this figure legend , the reader is referned o the web

version of this article)
after drug removal (Fig. 5FL

F.3.4. ATGS protein increase: key role in munphagy activasion

Further westem blotting analysis wers conduc bad on ATGS, another
protein which acts during the first steps of the sutophagic procss and
invalved in the antophagosomal membrane formation. Compared 1o
controls and 48 h-exposed cells (standard acute test), high levels of
ATGS were detected both in recoversd and resesded cells previously
treated with cidPt (Fig. 6), suggesting the activation of sutophagy and
congrient with our formedy reported data conceming Beclin-1. In
addition, an incresse o.l'r\'[\'r.’&pwoein levels was observed in reseaded
wells previously expaed 1o PricacDMS in accordance with the cleavage
of L3, mainly deseribed during the resesding period (see above). n-
deed, bated on our rendts, ATGS appeared 1o be a key part of the ac-
tvation complex involved in LE3E lipddation.

A, Diseussion

In recent years, great effort was devoted 1o understand the fune-
tional relationship betwesn apoplosis and autophagy. In response 1o
geveral stimuli, autophagy may constilute a stress adaplation aimed al
avoiding csll death, thus suppresing apoposis. Otherwise, in other
scenariod autophagy can be congiderad an alternative pathway o cel
lular demige, known as type 1T oell death (Bache 2005, Crug and
Thx 1). At molecular level, apoplosis and awtophagy may
share common pathways which can lead 1o several ealhilar mespones
(Maiwri et al, L Recently, sutophagy was observed 1o be a
sponge mechanism, triggered by cells in treatment for malignant

cancers and newronal disonders (Kond
Thorburn, 1; Harris and Rulbingz 8
present study, the activation of avtophagy wat demonstrated in BS0
neuroblastoma eells after treatments with tweo diferent chemother-
apeutic agents, e CiPLand PLAcacDME The former is a conventional
anticancer drg, already used in clinical practice for treatment of both
adult and childhood malignancies (Dasari and Tehoenwow, 2014). The
latter is an innovative platinum-based compound, recently synthesized
by De Pascali and oolleagues (De Pascali e al., 2006], with the aim o
overcome the sevens advemse side effects of chemotherapy and ime
proving its effiescy. Our preliminary in vitm and in vive studies com-
paring PLACCDMS and cisP1 demonstrated the enhanc ed efficacy of this
nove ] com pound, showing cytotoxic effects four times higher than those
observed after ¢isPt treatment, nonetheless paralleled by an incressed
cerebral uptake of the new compound accompanied by a slighter (NS
neuroloxicity. In accordance to a body of litemature (Miscella e al
07 and 2008; Jordan and Carmo-Fonseca, 20040; De Castro &t al,
, these data also cormborated the notion that the twe compounds
act through different cellular targets {Grimakdi e al, 20161

The pretént investigation demonstrabed thal a standand acute pest
(48 h-exposure) using both cBPLor PLACacDMS a3 selected dose of 40
and 10 M mspectively, induced apoplosis in B30 calls, & evidenced by
TEM analyses. Apoplotic events were still observed in reseeded cells
previously trested with PLAcacDMS wheress resesded cells retum (o
physislogies morphalogy after ciPl exposure, indicating the recovery
o physiological condition. The long-term cytotoxic effects of these
platinum drugs invalved the acivation of awophagy, denoted by the
doulle membrane vesicles known a8 swophagoomes. Observed at
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Fig. 5 Confocal micoscopy (p62/SQSTM - hysosomes immunocytochemistry), and Western Blatting results.

Double immunocychemical detection of p62/SQST™ (green fluorescence) and lysosomes (red fluorescence) in contral cells (
acute w5t - 48 h exposed cdls (band b, respectively), recovered and reseeded cel Nuclei were counterstained with Hoechst 3
fluorescence). Bar 18pm

Density hands of p62/SQSTM (75 kDe) and aactin (47 kDe) obtained by western blotting analysis are shown in E, for cisPt and PtAcacDMS. In F, histogram shows
quantitative analysis of pb2/SQSTM in control cells, standard acute tst - 48 h-exposed cells, recovered and reseeded cdks after cisPt or PtAcacDMS. Data are
presented asmean = SDover the menn experimental values of each of éhree independent experiments. p values: (* < 0.001. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article )

several stages of maturation in the cytoplasm of recovered celk after 10 PtAcacDMS, codocalization aress were observed bath in recovered

cisPt-expasure as well as in both recovered and reseeded cells pre and resesded cells suggesting that autophagy lasted for a Jonger period.
viously treasted with PlAcacDMS. These reported data are in line with Furthermore, deeper findings on activation and the role of autophagy
previous investigations, showing that cisPt at concentrations ranging came from sutophagic protein analysis (Beclinl, LC3B and pb62,
from 25 10 S0uM is able to induce sutophagy in a number of cell SQSTMI1 and ATGS), demonstrating changes in their expression and
showing different sensitivity to this antineoplastic agent localization. Beclin-1 is involved in the nucleation step of the autop.

i 2014; Lin et (hen et al, 2017; Chen o al, hagosome formation (Kang e al, 2011) and forms the catalytic core

complex with Vps34, class [Tl mammalian phosphatidylinositol 3 kinase

Since autophagy represents the major regulated mechanism for the (PIK3C3), allowing the phospharylation of phasphatidyl-inositol whi

degradstion of longlived proteins and the only known pathway for produces PI3P which is critically involved in the aumtophagaomes
organelle degradation (Lee e al, 2012 Okamoto, 2014), the coldocs membrane bio-genesis and material rafficking (Thorsen et al., 2010).
lzzation outcome revealed by our immunofluorescence analysis which As shown by our immmucytochemical results, during cellular home.
inmwolved mitochondria and lysosomes may indicate the occurrence of ostasis, Beclinl was localized in the pplasm, mainly in the peri

sar zone and inside the nucleus. This finding & in line with the
of Beclinl in regulating sutophagy, given that, un
nly detected in re homeostatic conditions this process & inhibited b

events in whi

catalyti
during the autophagic proc

ndria are engulfed inside lysosomes
after cisPt trestment, fluorescent

spots (representatives of co-localization) were ¢ the interaction b

coverad cells but not in reseeded ones, while conversely after exposure tween Beclin-1 and the

nti-apoptotic factor Bel-2 (Zhang et al
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It obtained by WEB analysis for cisPt- or FiA@cDMSE- tresiments. In A, density bands of ATGS (55 kiJa) and o-adtin (47 kD). In B, hisibgrams showing quantitative
analysis of ATGS in contro] cells, cisPr- and PrAacDMS standard acue test. 88 h.eyposed cells, remnversd and reseeded cells. Dats are presented asmean = S0 over
the mean experimental values of each of three ndependent experiment. p values (***) < LO0L

Thao el al., 2018). Onee sulophagy is induced, Bel-2 is phosphorylated
disrigpting the interaction with Beclin-1 which can perdfomn itz function
(Gordy and He, 2012 Fan and Zong, 2013). Notably, after both cisPt-
and PlAcacDMS exposure Beclin-1 increased in the cdoplasm of e
covered celk, as abo confimed by westem blotling analysis, showing
co-localization with lysosomes. Diversely, in retesded cells, previously
treated with PLAcacDMS, the immumopogitivity for Beclin-1 decreagsed.
Theredore, we may hypothesized that the autophagic roces delectable
in recoversd ocells after PLAcacDMS expodure could lesve place, at least
in part, w0 apopiotic events, therefors the nucleation of new autophagic
vesicles might be not necessary at this stage. These data are ako cm-
fimmed by mevieus resulis, in which cleavage and consequent in-
activation of PARP-1 (Rodrigues-Vargas ef al_, 2016) wen observed in
reseeded cells after trestment with PLAcacDMS (Grimaldi el al., 2016).
Marepver, concerning ¢isPL, our msulis are in acoordancs (o previous
experimental findings demonstrating that cigPt (25 pM, 24 h-exposure)
induced protective sutophagy in human BC celk, thmough the up-reg-
ulation of beclin-1 (Lin &t al , 2017). Furthermore, in line with our data,
Chen and colleagues recently demonstrated that eisPt triggered autop-
hagic mspmses by upregulating beclin] and AlgS expression levels
{Chen et al | 2018

Concerning ATGS, it & required for the growth of the phagophore
during the elongation step (Graf et al., 2009) which depends on the
binding of ATGS to ATG12 and thus forming a key-complex {35 kDa)
in the lipidation of LE3E-T inte LC3E-TI. LC3-M asociated with both
imternal and external membrane of the elongating vesicle (Kuma etal,
200Z)and it is respongible br the specific recognition of substrates. Our
findings evidenced an increage of ATGS protein levek in meeovered cells
after both cisPt and PlAcacDMS, shown by western blolling investiga-
tims, indicated a masmive amophagy activation. Nonetheles, afier
PlAcacDMS exposure, higher ATGS levels wer detemmined in reseeded
cells compared 1o those measured in recovered mes. Furthermore, cm-
focal micrascopy data demonstrated that LC3E was ingide the cylo
plasm after both c8Pl- and PlAcacDMS-exposure and the co-localiza-
tim with lysosomes confirmed the induction of awophagy. The lipi-
dated form of LEIE (LB was detectable in recoversd cslls afler
bath treatments. LE3BAT was also observed in resesded calls, formerly
expired 1o PLAcacDMS indicating a persisting sutophagic process
{elongation step). On the oher hand, reseeded ook, previowly treated
with c#Pt did nol express the activated form of LO3E, suggesting that
autophagy might have disappesred, this mechanism being a posible
survival strategy for the eall (Guo el al, 2015; Wang el al, 2017L Our
present findings are in accordance to previous studies demonstating a
significant increased LT accumulation after 24 h-exposure 1o 25 gM

¢igP1 in human bladder cancer eells (Lin et al, 2017), a8 determined by
Western Hot, immunofluorescence and TEM. Similardy, a significantly
enhanced (LLIB)/NL comversion, resulling in LC3ID increase and
phagosome formation was meporied in several human ovarian cancer
cell lines (e RMG-1, OVED, and OV433) a8 well & in human hng
cancer oells (ie. AS49) after cisPl exposure {20-50 uM cisPt for 24 k)
(Wang and Wu, 2014; Chen et al, 2018

Fnally, regarding the analyzed scaffold protein pbZ/S0ETMI, it
binds directly to LE3BAT thus conveying ubiquitinated proteins and
conferring cargo selectivity 1o autophagosomal vesicles { Johansen and
Lamark, 2011). During the 7-day recovery period after both platinum
compound treatments pEZ/S0STMI localized chsely 1o lysmomes
showing high fuomscence intensity. In msesded colls, previously ex-
posed 10 cBPL it localied in the nucleus indicating an intemuption or,
al least, a decresse of the amtophagy. Instead, affer PLocacDMS treal-
ment, ph2/B0STM] was atill in the cytoplasm of reseaded cells The
significant decresse of p62/B05TML levek both in moovered and e
seeded cells entirely confimmed the autophagy progresion even long-
lasting after drug-exposure, gven that pE2/S0ETMI is itsell degraded
i autopha gosomes together with substrates (Komatsu and & himuem,
201001 These data were akoin accordance (o previous in vitm experi-
ments in human Hadder cancer cells, reporting p62 clearance and au-
tophagal ysosome formation after cisPt expaiure al adose of 25 pM (Lin
el al 31T

Taken together, our findings, in agreement with a bady of literature
[Baoetal, 2005 Zhanetal | 20016& Linetal |, 2017; Thao ot al | A1E),
highlight the rale of sophagy in B30 neuroblastoma cell line after
exporure 10 both cisPLand PLicseDMS at the choten dodes of 40 and
10uM mspectively. After exposure 1o the platinum-based drugs, the
eardy onset of apopiosis was followed by sutophagy activation, sub-
sequent to a recovery phase and growth in drug-free medivm Inker-
estingly, after the T-day recovery period we observed that cells un-
derwent different fates depending on the above mported drugs
treatment. AfterciEPlexpature and recovery during the reteeded sags,
cells digplayed a conventional morphalogy similar 1o that obderved in
control, sugpeiting the protective mle plaved by sutoplagy which may
meprsent 3 survival mechanism oocuming in cancer cellk. On the con-
trary, reseeded cells, previously exposed 1o PlAcacDMS and then re
coversd, showed apoptolic features together with activation of autop-
hagy machinery, suggetting that cells did not restore their hom oeatatic
funetion and underwent cell death

In summary, we suggest that PLAcacDMS, still effective at a doge 4
times lower than that employed for cisPt (10 w 40 pM, respectively),
iy represent an altemative molecule in the treament of cancer due Lo
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its higher efficacy amd itz ability 1o potentially overcome cEPlne
sigtance related 1o atophagy induction.
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Abstract: Frailty is a geriatric syndrome associated with both locomotor and cognitive decline,
implicated in both poor quality of life and negative health outcomes. One central question
surrounding frailty is whether phenotypic frailty is associated with the cognitive impairment during
aging. Using spontaneous behavioral tests and by studying the dynamic change during aging, we
demonstrated that the two form of vulnerability, locomotor and recognition memory decline,
develop in parallel and therefore, integration of the motoric and cognitive evaluations are
imperative. We developed an integrated frailty index based on both phenotypic and recognition
memory performances. Hericium erinaceus (H. erinaceus) s a medicnal mushroom that improves
recognition memory in mice. By using HPLC-UV-ESI/MS analyses we obtained standardized
amounts of erinacine A and hericenones C and D in H. erinaceus extracts, that were tested in our
animal model of physiological aging. Two-month oral supplementation with H. erinaceus reversed
the age-decline of recognition memory. Proliferating cell nuclear antigen (PCNA) and doublecortin
(DCX) immunohistochemistry in the hippocampus and cerebellum in treated mice supported a
positive effect of an H. erinaceus on neurogenesis in frail mice.

Keywords: aging: phenotypic frailty; cognitive decline; Hericium erinaceus; erinacines; hericenones;
medicinal mushrooms supplementation; neurogenesis

Nutrients 2019, 11, 715; do=10.3350/nul 1040715 www.mdpi.com fjournal/nutricnts
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L Introduction

Recent reports on the European population suggest that by 2060, 30% of Europeans will be over
the age of 65, Frailty is a geriatric syndrome associated with poor quality of life and negative health
outcomes, such as acute illness, falls, hospitalization, disability, dependency, and mortality, adjusted
for comorbidities [1,2.3], in the absence of recognized disabilities or organ-specific diseases. Health
declines in frailty are accelerated and accompanied by the failure of homeostatic mechanisms [4.5].

Fried defined phenotypic frailty as an aging-associated phenotvpe expressing at least three of
the following symptoms: weakness, weight loss, slow walking speed, fatigue, and a low level of
physical activity [1]. Most older people gradually become frail and oscillations between non-frail,
pre-frail, and frail are not uncommaon [6]. Cognitive impairment is a decline of cognitive functions
such as remembering, reasoning, and planning, ranging from mild forms of forgetfulness to severe
dementia. Cognition-impaired frailty in human studies was associated with global cognition and
perceptual speed, but not with episodic memory [7]. Quality of life in the elderly is particularly
affected by impairments in the functioning of the memory system [8]. In order to evaluate the
inclusion of cognitive performances in frailty clinical diagnosis [9], it is necessary to first determine
whether phenotypic frailty is assodated with cognitive impairment [10].

Several epidemiological studies have reported that higher levels of phenotypic frailty increases
the risk of cognitive impairment and dementia [11,12,13], and that higher levels of cognitive
impairment or dementia increase the risk of phenotypic frailty [14,15,16). This suggests that frailty
may be an early indicator for subsequent cognitive decline. Understanding the mechanisms by which
phenotypic frailty is linked to cognitive impairment has implications for the management of those
susceptible for both phenotypic frailty and cognitive impairment.

Hericium erinaceus (H. erinacens) is found in Europe, Asia, Morth America, Oceania, and generally
throughout the north temperate latitudes. In Itaby, it is considered quite rare; it occurs along the
Apennines mountain chain, near Sicily and Sardinia, while in the Morth only few sporadic sightings
have been reported.

H. erinacens is an edible mushroom widely used as herbal medicine, in all areas mentioned above
and in a few East Asian countries. Since 1990, studies on H. erinocens secondary metabolites reported
several (about 70) structurally related terpenoids, such as erinacines, hericenones, hericerins,
hericenes, hericenols, and erinacerins [17,18,19].

All of the above-mentioned molecules, except erinacines, share a geranyl side chain bonded to a
resorcinol framework; that is, they are aromatic compounds containing the 6-alkyl-2.4-
dihydroxybenzoic acid unit alse known as f-resorcylate [20). Erinacines are classified as cyathane-
tvpe diterpencids, including 20 members of 24 different diterpenoids in H. erinaceus [18]. The
standardization of dietary supplements from medicinal mushrooms is still inits early stages, because
proper standards and protocoks are lost and cannot guarantee product quality [21,22].

Existing data have suggested that there is a neuroprotective effect of dietary supplementation
with H. erimacens in mice subjected to middle cerebral artery occlusion [23]. Furthermore, H. erinaceus
provided a partial recovery of intellectual function of patients with a mild cognitive impairment or
against other forms of neurodegenerative diseases, including dementia and Alzheimer’s [24,25,26]. It
has been shown that erinacines A-1 and hericenones C-H are responsible for the neuroprotective
effects of stimulating Nerve Growth Factor (NGF) [27,28] and of brain derived neurotrophic factor
(BDNF) synthesis in vitro [29,30]. A possible role of polysaccharides in neuroprotection has been
suggested as well [25,27,31]. Additionally, the effects of H. erfnacens on recognition memory and on
hippocampal mossy fiber-CA3 neurotransmission in wild-tvpe middle-aged mice was recently
published [32,33]. Among the neurogenic zones, hippocampus is the most interesting area in the
adult brain, because it is involved in higher cognitive function, such as memory processes and certain
affective behaviors. In particular adult and persistent hippocampal neurcgenesis generates new
excitatory neurons in the dentate gyrus and contributes in a significant way to plasticity across the
life span [34].

In the current report, we have created a frailty index for locomotor and recognition memory
performance and we examined the relationship between them in aging, wild-type mice. Furthermore,
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we observed the effect of an H. erinaceus suppl t (Hel) containing a known amount of Erinacine
A, Hericenone C, and Hericenone D on frailty. Moreover, we assessed the Hel effect on hippocampal
and cerebellum neurogenesis in frailty animals, by investigating specific protein markers
representative of cell proliferation activity and newbom neurons occurrence.

2. Materials and Methods

2.1. Animals

Fifteen wild-type male mice (strain C57BL-6J), starting at 11 months old, were maintained in
single cages in the Animal Care Fadility at University of Pavia on a 12-h light/dark cycle. Water and
food were provided ad libitum. All experiments were carried out in accordance with the guidelines
laid out by the institution’s animal welfare committee, the Ethics Committee of Pavia University
(Ministry of Health, License number 774/2016-PR).

In vivo experiments were performed at six different experimental times (Figure 1), between 11
and 23.5 months old.

HUMAN: Years
0 05 ns 20 5 60 B0

MOUSE: Months

Figure 1. Comparative age between men and mice during their life span and the chosen experimental
times (modified by Dutta and Sengupta, 2016).

Seven out of fifteen mice, starting from 21.5 months old, received for two months a drink made
by a mixture of Hel mycelium and sporophore as ethanol extracts solubilized in water, in such a way
that every mouse received 1 mg of supplement per day. This amount was chosen to mimic the oral
supplementation in humans (about lg/day). Daily consumption of water and supplements was

itored for each

At each experimental time, mice were weighed: no statistically significant change was recorded
either during aging or between the Hel and control groups.

2.2, Apparatus and Procedures

We performed a spontaneous behavioral test to study locomotor activity and recognition
memory in mice. For all experiments, researchers were blinded to the group assignment (control and
Hel). Mice activity was quantified by SMART video tracking system with a selected sampling time
of 40 ms/point (2 Biological Instruments, Besozzo, Varese, Italy) and Sony CCD color video camera
(PAL). All mice, at different times from T0 until T5, performed two spontaneous tests, Emergence
and Novel Object Recognition (NOR) tasks. Emergence and NOR tasks are used to assess recognition

y for the envi t and the object, respectively.

2.2.1. Emergence Test

We carried out emergence tests in accordance with procedures described by Brandalise et al.,
2017 [32]. In the emergence test, we d total distance and resting time covered in the familiar
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compartment as locomotor parameters, while we measured the number of exits, latency of first exit,
and the time of exploration outside as cognitive indicators (Table 1).

Table 1. selected parameters to measure locomotor and cognitive performances in each task, DI =
discrimination index between novel/repositioned and familiar object. NOR = novel object recognition.

Test Locomotor Parameters Cognitive Parameters
Exit Mumber (n)
Latency of First Exit (s)
Time of Exploration (5)

Resting Time In (s)
Emergence Total Distance In {em)

[me Arenal
Resting Time (s) .
NOR Total Digtanee (cm) N;f“b”ﬂ‘“"?’“:xﬁm
Max Speed (cm/s) me ok Approa
Mean Speed (em)s)

222 Mowvel Object Recognition Task

We carried out novel object recognition tasks in accordance with procedures described by
Brandalise et al, 2017 [32], consisting of three primary phases: open arena, familiarization, and test.
To assess locomotor activity, mice were observed for 15 min while freely exploring the open-field
arena in the absence of objects. Locomotor parameters of mean speed, maximum speed, resting time,
and the total distance covered in the arena (Table 1) were all considered. During test phase, we
measured the mumber of approaches and the time of approaches to the familiar and the novel objects
a5 cognitive parameters (Table 1). To evaluate the discrimination between novel and familiar objects,
we calculated the Mean Novelty Discrimination Index (DI) by using the following formula (1) [35],

DI = (n=f)/(n+1) )

where n is the average time or number of approaches to the novel object and f is the average

time or number of approaches to the familiar one (Table 1). This index ranges from -1 to 1, where -1

means complete preference for the familiar object, 0 means no preference, and 1 means complete
preference for the novel object.

2.3. The Frailty Index

A variant of Parks’s methodology [36,37] was used to calculate the Frailty Index (FI). In Parks’s
procedure for creating the Fl, a graded scale was calculated as follows: values that were 1 standard
deviation (S0} above or below the mean reference value were given a frailty value of 0.25; values that
differed by 2 5D were scored as (1.5; values that differed by 3 50 were given a value of (.75, and values
that were more than 4 5D above or below the mean received a frailty value of 1. Parameters that
differed from T0 reference values by less than 1 50 received a score of (L

Park’s procedure, as described above, was changed in order to obtain more accurate values
during aging. The mean value and the standard deviation (50Y) for each of the parameters were
calculated at TO. The values obtained in each mouse at different times, from TO to T5, were compared
to the mean vahue at T0, by using the following formula (2):

FI = {(Value-Mean Value at TO))/(SD at TO)*0.25 (2)

This procedure was applied for both Locomotor Fl and Cognitive FL. Finally, to obtain LAC
(Locomotor And Cognitive) FI we averaged the Locomotor and Cognitive Fls.

2.4. H. erinacens

The Hel {strain 1 of H. erinacens) was isolated from a basidioma collected in 2013 in Siena
province (Region Tuscany, Italy) from a live spedimen of Quercus ilex [38]. The basidioma was
aseptically cutin small portions (about 1 mm?) that were placed into Petri dishes with 2% malt extract
agar as a culture medium (MEA, Biokar Diagnostics). Chloranphenicol at 50 ppm was added in this
first step. Incubation was performed at 24 °C in complete darkness. The strain was maintained in the
Italian Culture Collection of Favia University (MicUNIFV).
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2.4.1. Extraction Procedures

Lyophilized mycelium and sporophores of Hel were extracted in 70% ethanol, per the procedure
described by Gerbec et al. [39]. In details, one gram of dry substrate was blended with 10 mL of 70%
ethanol and left in the thermostat overnight at 50°C. Before withdrawing, the material was stirred for
one hour and was centrifuged at 4000 rpm for three minutes. The supernatant was stored at -20°C.

2.4.2. HPLC-UV-ESI/MS Method

HFLC-UV-ESI/MS analyses were carried out on a Thermo Scentific LCQ FLEET system,
equipped with a PAD-UV detector working at 254 nm (Thermo Scientific®, San Jose, CA, USA). The
chromatographic separation was performed using an Ascentis Express F5 HPLC column (150 = 3.0
mm, .7 pm particle size Sigma Aldrich, Milan, Italy) maintained at 40 °C, with a flow rate of 0.3
mL/min and an injection volume of 20 pl. The following gradient method was utilized with water
containing (.1% formic acid (solvent A) and acetonitrile (solvent B): 0-9 min (30-50% B), %27 min
{50-60% B), 27-54 min (60-100% B), 5469 min (100-30% B), and 69-75 min (30% B); all solvents are
from Sigma Aldrich, Milan, Italy. The HPLC system was interfaced to the ion trap mass spectrometer
with an Electro Spray lonization (ESI) ion source. The compounds were analyzed under positive
(ESI+) ion conditions. The ion spray and capillary voltage were set at 5kV and 10V, respectively, in
positive ion mode. The capillary temperature was 400 °C. The acquisition was performed both in Full
Scan mode (mass range 200-2000 Da) and M5/MS Dependent Scan mode. The data station utilized
the Xcalibur MS Software Version 2.1 (Thermo Scientific®, San Jose, CA, USA).

Erinacine A and hericenones C and D were used as standards [40,41]. Stock solutions (1 mg/ml)
of erinacine A and hericenones C and [ were prepared in 70% ethanol. Standard solutions with the
final concentration range of 1-25 pg/mL for erinacine A and 20-100 pg/mL for hericenones C and D
were prepared. Linear least-square regression analysis for the calibration curves showed correlation
coefficients of (L9968, 0.9945, and 0.9951, respectively, for erinacine A, hericenones C, and hericenones
D with respect to the peak area, demonstrating a good linear relationship in the different ranges
tested. Each concentration was analyzed in triplicate.

2.5. Tissue Sampling: Hippocampal and Cerebellar Specimens Preparation

Mice were anesthetized by isoflurane inhalation (Aldrich, Milwaukee, WI, USA) before
decapitation.

The brain and cerebellum were immediately excised as previously described [42], washed in
0.%% NaCl, and fixed by immersion for 48 h at room temperature in Carnoy’s solution (6 absolute
ethanol/3 chloroform/1 acetic acid). The tissues were then kept in absolute ethanol for one hour,
followed by acetone for 50 min, and finally embedded in Paraplast X-TRA (Sigma Aldrich, Milan,
Italy). Eight micron-thick sections, collected on silane-coated slides, of brain and cerebellar vermis
were cut in the sagittal plane.

L&, Immunohistochemistry: Fluorescence Microscopy Assessment and Quantification of Cell Proliferation
and Neurogenesis

To avoid possible staining differences due to small changes in the procedure, the
immunoreactions were carried out simultaneously on slides from controls and treated animals.
Paraffin-embedded sections were deparaffinized in xylene, rehydrated through a series of graded
alcohol treatments and rinsed in phosphate-buffered saline (PBS, Sigma).

PCHA (PCID), a 37 kDa molecular weight protein also known as cyclin, was employed as marker
of cell proliferation. In particular, in cells fixed with organic solvents, the PCMA was demonstrated
to be strongly associated in the nuclear regions where DMA synthesis is ocourring [43]. DCX is
considered a marker for neuronal precursors and migrating neuroblasts during neurogenesis
recovery [44]. The presence and distribution of PCNA and DHCX was assessed using commercial
antibodies on murine specimens, focusing on the hippocampus and cerebellum, Brain and cerebellar
sections of control and Hel mice were incubated overnight at room temperature with the primary
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antibody: (i) mouse monoconal antibody against PCMA (1:600, Abcam, Cambridge, Ma, USA), and
(i} goat polyclonal antibody against [HCX (1:100, Santa Cruz Biotechnology, Santa Cruz, CA, USA).
After washing in phosphate buffer saline [PBS), sections were incubated for one hour with the
secondary antibody: (i) Alexa Fluor 488conjugated anti-mouse (1:100, Molecular Probes, Space,
Milano, Italy) and (ii) Alexa Fluor 5%4-conjugated anti-goat (1:100, Molecular Frobes, Space, Milano,
Italy).in a dark, moist chamber. Then the muclei were counterstained for 10 min with 0.1 pg/mlL
Hoechst 33258 (Sigma Aldrich, Milan, Italy). After PBS washing, coverslips were mounted in a drop
of Mowiol (Calbiochem, San Diego, CA, USA).

Sections were observed by fluorescence microscopy with an Olympus BX51 equipped with a
100- W mercury lamp used under the following conditions: 330-385 nm excitation filter (excf), 400
nm dichroic 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 MagnaFire cam and processed with the Olympus
Cell F software.

Immunoflucrescence quantification was performed by calculating the percentage of PCMA or
DCX immunocytochemically positive nuclei or cytoplasm of nervous cells (from the hippocampus
and cerebellum) of a total number (about 300) for each animal and experimental condition, in a
minimum of 10 randomly selected high-power microscopic fields.

2.7. Shatistics

Data are reported as mean + standard error of the mean (SEM). We performed Bartlett and
Shapiro Wilk Tests to establish and confirm the normality of parameters. To verify statistically
significant differences, we used a one-way Anova for repeated measures of the aging of mice and a
two-way Anova for the effect of H. erinsceus supplementation. The statistical analysis for
immunofluorescence was carried out using an Unpaired Student’s t-test. The differences are
considered statistically significant for p < 0.05 (*), p < 0.01 **), p < 0.001 (***), and p < 0.0001 (****).
Statistical analyses were performed with GraphPad Prism 7.0 software (GraphPad Software Inc., La
Jolla, CA, USA}.

3. Resulis

3.1. Locomotor and Kecogeition Memory during Physiological Aging

We first investigated locomotor performance and recognition memory during physiological
aging in healthy mice (n = 15) using different spontaneous behavioral tests. Novelty recognition
memory for a new environment and for novel objects was tested by way of emergence and NOR
tasks, respectively.

We carried out behavioral spontaneous tests in mice at 11(T0), 14 (T1), 17 (T2), 20 (T3), 21.5 (T4),
and 23.5 (T5) months old. For the reader to understand the practical application of these tests, a
comparison of the different developmental stages between humans and mice during their life span,
according to Dutta and Sengupta is cutlined in Figure 1 [45]. To monitor the physiclogical aging in
mice, we choose six experimental times: T0 and T1 corresponding to adulthood phase, T2 to
reproductive senescence, and T3, T4, and T5 to senescence phase.

Figure 2ZA shows the locomotor parameters measured in the open arena during aging. Total
distance and resting time decreased from TO to T1, stabilizing at T3. Mean speed in the open arena
changed at T2 and then worsened with the aging. Maximum speed worsened later, in senescence
phases T4 and T5.

Figures 2B and 2C show the cognitive parameters measured in emergence and in NOR,
respectively. In the emergence test latency to the first exit, the exit number and the exploring time
warsened from TO to T1 and then remained relatively stable, whereas the latency to the first exit
worsening again in the senescence phase. In the NOR test, the time of approach and the number of
approaches decreased in T2 and even more in senescence phase.
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Figure 2. Locomotor and cognitive parameters during aging. (A) Locomotor parameters: total

distance, resting time, mean speed, and max speed measured in open arena during aging. (B)

cognitive parameters: latency to first exit, exit number, and exploring time measured in emergence,

and (C) cognitive parameters: discrimination index (DI) of the time of approaches and of the number
of approaches measured in NOR test. Statistical results were performed by Anova for repeated
measures: * v T0, # v T1, $ vs T2, and £ vs T3. For all symbols reported p <0.05(, 7, $, £), p <0.01 (**,

2, 8%, £E), p < 0.001 (***, 575, $39, £££).

3.1.1. Locomotor Frailty Index
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We calculated the Locomotor Frailty Index (FI) for each of the parameters reported in Table 1,
then averaged the values for each experimental time. Figure 3, Panel A shows the Locomotor Fls from
TO to T5 and the linear least-square regression analysis, with K2 = (L8912, Results from a one-way
ANOVA are reported in Figure 3. These results suggest that during physiological aging, locomotor
performances decline linearky from the adulthood to the senescence stage.

The slope obtained by the linear least-square regression analysis (slope value = 0.1044) indicated
that for every three months passed, locomotor activity decreased by about 35.43%, yielding a
significantly different Locomotor FI value from the previous one each time.

A
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Figure 3. Locomotor, cognitive, and LAC (locomotor and cognitive) decline during physiological
aging in mice. Locomaotor (panel {A)), cognitive (panel (B)), and LAC (pamel (C)) Frailty Index during
physiological aging in mice. Linear regressions of experimental poims and statistical results wers
reported. p < (L05 (), p <001 (%), po< 000D ("),

3.1.2 Cognitive Frailty Index

MNowelty recognition memory was evaluated, resulting in a calculation of the Cognitive Frailty
Index (FI) during aging (Figure 3B). Cognitive FI was calculated using a linear least-square regression
analysis, with k2= 0.8077. Results from a one-way ANOV A are reported in Figure 3.
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The slope obtained by the linear least-square regression analysis (slope value = 0.0825) indicated
that for every 3 months passed, recognition memory declined by about 26.04%, vielding a
significantly different Cognitive FI value the previous one each time.

3.1.3. Cognitive Frailty Index

In order to evaluate a global trend of both phenotypic and cognitive decline in physiological
aging, we calrulated the Locomotor and Cognitive F1 (LAC frailty index) by averaging all frailty
indices obtained prior to evaluating the locomotor and cognitive performances during aging (Figure
3C). The LAC FI significantly increased from T0 to T5. Similarly, as previously described for
Locomotor Fl and Cognitive Fl, the LAC Fl values follow a linear trend (B = (0L8847) (Figure 3C). The
slope obtained by the linear least-square regression analysis (slope value = (L0434) indicated that for
every 3 months passed, the frailty of the mouse increased by about 30.7%.

3.2 Identification and Quantification of Erinacine A, Hericenone C, and Hericenone D

In arder to identify and quantify the bioactive metabolites of interest, we analvzed the mycelium
and sporophore extracts of Hel using HPLC-UV-ESI/MS. Erinacine A and hericenones C and [ were
identified by comparing both retention times and ESI/MS spectra with the authentic standards.

Characteristic ions of Erinacine A in the ESI/MS spectrum (Figure 4) are sodium and potassium
adducts of a single molecule as well as a dimer (Table 2). Hericenone C and D spectra (Figure 5)
present just [M+H]+ and [M+Na]+ ions (Table 2).
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F: TR + o 50 Pl v 2300 00 2000 041)

1904 (840
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Figure 4. ESI/MS spectrum of Erinacine A. Panel (top, right) reports calibration curves and linear
regression curve for Erinacine A.
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Figure 5. ESI/MS spectra of Hericenone C and D. Panels (top, right) report calibration curves for

Hericenone Cand D.
Table 2. shows the Erinacine A, Heri Cand D molecular f I} lecular weight, chemical
structure, characteristic structure, and content in 1 g of dried Hel mycelium and sporopl
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Erinacine A was detected using HPLC/ESI-MS. By comparing the retention time and molecular
ion or mass spectra, we confirmed the peak identification. We quantified it by comparing the peak
areas with those of the standard (Figure 6). The calibration curve was constructed by injecting
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standard mixture solutions at five concentrations (1, 5, 10, 15, and 25 pug/mL). The linear least-square
regression analysis for the calibration curve showed a correlation coefficient of r = 0.9968. The level
of Erinacine A present in mycelium of Hel calculated by the calibration curve was 150 ug/g (Table
2).
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Figure 6. MS (Mass Spectrum) traces of Hel mycelium and Erinacine A (Rt 10,57) standard. Peak area
of Erinacine A is pointed out.

The hericenones C and D chromatographic conditions produced a good resolution of adjacent
peaks. UV detection provided sufficdent sensitivity for each analyte, allowing proper quantification
of both compounds by comparing the peak areas in the UV trace with those of the standards (Figure
7). Calibration curves were constructed by injecting the standard mixture solutions at four
concentrations (20, 50, 75, 100 ug/mL.). Linear least-square regression analysis for the calibration
curves showed correlation coefficients of r = 0.9945 and r = 0.9951, respectively, for hericenones C and
D. The levels of hericenones C and D present in Hel basidioma, calculated by calibration curves, were
500 pg/g and less than 20 ug/g, respectively (Table 2).

S
E—

. ] “ - - b ) -“ -
Figure 7. UV (Ultra Violet) traces of Hel sporophore (top) and Hers C (Rt 4257) and D (Rt
44.34) dards (b ). Peak areas sponding to Heri C and D are pointed out.
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3.3. Hel Supplementation Improved Recognition Memory Performances during Aging

We investigated cognitive and locomotor perfnrman(\‘-_'s after oral H. erinaceus supplementation
on frail mice. Seven mice with a T4 LAC Fl score measured of more than 1.30 received a mixture of
components made by Hel mycelium and basidioma for two months until T5.

Figure & shows the frailty index before (T4) and after Hel supplementation (T5). Hel
supplementation improved recognition memaory in mice during aging, characterized by a Cognitive
F1 decrease from 1.71 = 0.21 to 072 = 0.2Z Locomotor performances before and after He
supplementation were not significant different. Considering together locomotor and memory
performances by means of the LAC index, Hel regressed aged-related frailty, but this change in LAC
index was completely driven by the improve in memory function.

Hel supplementation

z _ - -
. | I
15
i
-
£ 1
z
2
“ a5 |
1}
LOCOMOTOR COGNITIVE LAC
Pre W Post

Figure B H. erimucews improved recognition memory during mice aging. Value measured pre-
supplementation (pre} and post-supplementation (post) on locometor, recognition memory, and LAC
(Locomotor And Cognitive) FL p < 0108 (%)

3.4. Hel Supplementation Improved Hippocampal and Cerebellum Proliferation and Neurogenesis

To examine the molecular mechanism involved in the Hel effect on aging mice, we performed
immunocytochemical studies on different cerebral tissues, i.e. the hippocampus and cerebellum,
testing both the proliferating the cell nuclear antigen (PCNA) and doublecortin (DCX) as specific
markers of active proliferation and neurogenesis, respectively. We performed immunocytochemistry
on Hel frail mice and on untreated (control) animals at T5.

Preliminary data seem to demonstrate that cell proliferating activity achieved the highest
expression in both brain areas in Hel mice compared to control animals. SPec]['icaJ.l}', the PCMA
nuclear immunolabelling appeared more marked in the hippocampal dentate gyrus (DG) granule
cells and in the CA3 pyramidal neurons, while the immunopositive cells (possibly granular or glial
cells) predominantly localized in the width of the outer molecular layer in the cerebellar cortex
(Figure 94). Notably, clusters of PCM A-positive cells, possibly newbormn granule cells, were observed
suggesting the ocrurrence of a recovered proliferation wave (Figure 9A). Accordingly, quantitative
analysis demonstrated that the PCNA labelling frequency detected in Hel treated mice (22.59% =
6.09) reached significantly higher values compared to those measured in controls (10.80% £ 3.09, p <
0.05) in the hippocampus. Similarly, the PCNA labelling frequency detected in Hel mice (25.60%
6.66) reached significantly higher values compared to those measured in controls (8.19% + 443, p <
(.05), in the cerebellum (Figure 38).

In Hel mice, hippocampus showed a more marked DCX labelling compared to control animals.
In particular, DCX immunolabelling appeared more intense in the dentate gyrus (DG) granule cells
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in the hippocampus (Figure 10A, panel a and b). In the cerebellar cortex the immunopositivity was
less expressed, nonetheless mainly localized in cells present in the molecular layer (Figure 10A, panel
¢ and d). Quantitative analysis showed that the DCX labelling frequency in Hel mice achieved
significantly higher values compared to those measured in control animals in hippocampus (8.45%
3.02 vs 0.22% = 0.45, respectively, with p < 0.05). In the cerebellum the DCX labelling frequency
displayed a trend of increase in Hel mice but did not reached the threshold for the statistically

significant difference compared to controls (4.68 = 3.06 vs 0.26% + 0.79,
(Figure 10B). It should be noted that the DCX labelling frequency in control animals is only about
0.2% in both hippocampus and cerebellum. As the PCNA labelling identifies DNA repair as well as
duplication, and DCX positivity links to the presence of newborn neurons, the increased expression

reipe\'li\'el_\', with p = 0.073)

of this cytochemical marker may be the manifestation of different biological responses involving the
recovery of cell proliferation and neurogenesis, potentially highlighting the occurrence of an upswing
phase owed to the neurcobiological effects exerted by the oral supplementation with Hel.

(A)

Merge Hoechst PCNA

Hippecampus

Cerebolum

Hippocampus

Cerebellum

(B) PCNA Labelling
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<
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Figure 9. Panel (A) shows cell proliferating activity immunocytochemically detected by PCNA

(Proliferating Cell Nuclear Antigen) labelling, observed at T5 after 2 months oral supplementation

with Hel in both hippocampus and cerebellum, (a'-d’ and & respectively), compared to control
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4. Discussion

The aim of this study was to develop an index to monitor locomotor and cognitive frailty in
aging mice in vivo and to study the effect of H. erinaceus extracts containing a known amount of
erinacines A and hericenones C and D. The mechanism of action of Hel was evaluated by
immunocytochemistry.

We developed a frailty index score (LAC FI) based both on locomotor and cognitive decline
during aging. To achieve a translational approach, we chose to monitor locomotor indicators that
compare well to phenotypic frailty indicators in humans, such as gait speed and the level of physical
activity [1]. We therefore measured the mean and maximum speed, resting time, and the total
distance covered in an open arena test.

In concordance with Fried's phenotype model [1] and with Parks observations on activity level
[36), the current paper demonstrates that the locomotor performances of mice progressively
worsened during aging. The locomotor FI increased significantly during aging, with a linear
progression from 11 to 23.5 months. We have developed a simplified, non-invasive method to
maonitor the development of frailty during mice aging, using a FI measured according to Whitehead
[37).

Researchers use often the Stenberg Item Recognition Paradigm (SIRF) to measure cognitive
impairment during aging in humans [46,47], during which a small group of items, called the positive
set, is presented for the subject to memorize. After a delay, a single item is presented that may
(familiar) or may not have (novel) been shown before and the subject is asked to answer “ves” or
"no” to indicate their recognition of the item. The NOR and the emergence test in mice assess the
same ability to recognize a familiar and a novel object [48] or a new environment. We measured exit
numbers, the latency of the first exit and the time of exploration in the emergence test and the number
and time of approaches in the MOR test [32] as cognitive parameters. We preferred to use different
parameters, as suggested by Ennaceur et al, because it has been recognized that this methodology
supports the validity and interpretation of the data of a behavioral experiment [49].

Locomotor and Cognitive Frailty Index scores were interpolated by a straight line. The slope of
the linear regression indicates that locomaotor performances decreases at a steeper rate than cognitive
performances during the mouse's life span. Therefore, the data, therefore, indicate that locomotor
frailty is associated with lower performance in recognition memory. These data suggest that when
mice meet frailty criteria, they should be seen as mice at risk of cognitive decline.

Standardization, efficacy, and the mechanism of action of medicinal mushroom products is a
pressing problem [21]. Thanks to the comparison with standard measures, we have identified and
quantified erinacines A in the mycelium, and hericenones C and D in the sporophore of Hel using
the HPLC-UV-ESI/MS technique. It is worth noting that the content of 0,15 mg/g of erinacine A
present in mycelium in this Hericium strain is comparable to that reported by Kreycrkowskd et al.
under the use of the most favorable combination of nutrients [50]. By monitoring the temperature
and ventilation during the processing, Chen et al. subsequently obtained the highest content of
erinacine A, suggesting a carbon-to-nitrogen ratio of 6 and a pH wvalue of 4 may be important
parameters in promoting the biosynthesis of erinacine A [51].

Basidioma of H. erinaceus contains a considerable quantity of bioactive molecules such as
hericenones. The quantity of hericenones C and D in our sample of H. erinaceus was 0.5 mg/g and 0.02
mg/g respectively, similar to that reported by Lee et al. in some wild-type and local varieties of H.
erinacens strains [52].

To be able to best generalize our results to humans, we decided to use an amount of the
mycelium and basidioma extracts to mimic the supplementation used in humans. [t should be noted
that in vitro and in vivo effects of erinacine A and hericenones on NGF synthesis [53], on reducing
amyloid burden [51], on reducing amyloid plaques, and on recovering from impairments in Morris
water maze tasks [54] were obtained by using a daily millimolar concentration starting from 1-until
30 mg/Kg body weight [55]. In our experimental condition, we used 100-fold lower concentration.

Using the same experimental condition, we previously described the effect of H. erimacens on
improving recognition memory and the increase in spontanecus and evoked excitatory synaptic
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current in mossy fiber-CA3 synapses [32,33]. Similarly, Fossi et al. showed that two months of H.
erinaceus treatment increased locomotor performances in mice [33]. The current paper confirms that
Hel supplementation may increase recognition memory performance in mice during aging and may
also revert the cognitive decline in frail mice.

Hippocampal neurngenesis is pivotally involved in higher cognitive function and, new
excitatory dentate gyrus (DG) granule cells, generated by adult hippocampal neurogenesis,
contributes significantly to neural plasticity throughout the entire life duration. Our data showed in
hippocampus the recovery of cell proliferation in DG granule cells and CA3 pyramidal neurons and
the presence of progenitor cells in DG granule cells. These data are in accordance with a recent in
viva study by Ryu et al. [56], supporting the notion that H. erinacens extract administration promotes
hippocampal neurogenesis in the adult mouse brain.

There is, currently, a dearth of literature available on the cerebellum area. An in vitro
investigation showed the ability of H. erinaceus to promote the normal development of cerebellar
cells, demonstrating a regulatory effect on the myelin genesis process [57]. Recently, Trovato and
colleagues [58] demonstrated in vivo the neuroprotective action of H. ernacens through the up-
regulation of lipoxin A4 and modulation of siress responsive vitagene proteins. Our data supports
the occurrence of a cell proliferation upswing in the cerebellum, as evidenced by the presence of
several PCNA-immunopositive cells, possibly granular cells. Traditionally, the adult cerebellum is
commonly considered as a “non-neurogenic” area. Monetheless, our present results concerning
cerebellar cortex demonstrated the presence of DCX-immunopositive cells localized in the molecular
layer of Hel-treated mice, suggesting the occurrence of newbom immature nervous cells.

In accordance with our preliminary results, recent investigations hypothesized the existence of
stem cell populations within the cortex of the adult cerebellum that express stem cell markers and
that can give rise to neuronal progeny when expanded in vitro and subsequently transplanted back
into the murine cerebellum [59]. Therefore, further in-depth experiments, testing additional
molecular markers, need to be carried out to confirm these data, initially identifying the PCNA-
immunopositive proliferating cell type and then corroborating the occurrence of a “non-canonical”
cerebellar neurogenic process in adult mice.

5. Conclusions

In conclusion, we suggest that during aging, the two form of vulnerability in locomotor and
cognitive performances develop in parallel and therefore, we need to integrate motoric and cognitive
evaluations. As suggested by Lauretani et al, an investigation of the “brain-nmuscle loop” in a
simultanecus assessment of all aspects that may progressively lead to loss of independence is
imperative [60]. Furthermore, H. erinaceus is a seemingly good candidate to regress recognition
memory decline during aging, possibly through an increase in neurogenesis in the hippocampus and
cerebellum. These findings rise the possibility that H. erinsceus extracts could be a new therapeutic
strategy for preventing or treating neurcdegenerative diseases such as dementia and Alzheimer's, as
suggested by other authors [24,25,26]. Future studies should investigate the mechanisms involved in
this at a cellular level.
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Abstract

Giliomeas are the most frequent primary tumours of the nervous system, chamcterised by high degree of malignancy, widespread
invasion and high-rate proliferation. Cisplatin and analogue are currently employed in clinical riak as active chemo therap cutic
agents for the gystemic treatment of this fype of malignaney. Despite erapy benefits, clinical use of these agents is hamperoed by
severe sideeffects including newnn wieity. Therefone, the aim o fthe present sudy wasto analyse the effect of'a new compound of
platmumd V) conjugate, named PoTV 1Ac-POA, which can generate a synengistic anfincoplastic action when released along with
cisplatin, after a specific reduction reaction within tmaour cells. To assess the effects of the novel compound on rat C6 glioma
cellz, cell eycle and cell death activation analyses were carmied out using flow cytometry. Morphological ehanges and activation
of different cell death pathways were evaluated by both ransmision elecron microscopy and immunaofluorescenoe micnnscopy.
Protein expression was investigatod by westem blotting analysis. The novel compound PHTV)Ac-POA, bearing as axial ligand
{2-propynyljoctanoic acid (FOA), which iz a hisione deacetylase inhibitor (HDACH), acts as a prodng in tumour cells, nducing
«cell death through different pathways at a concentration lower than those ested for other platinum analogues. The cument results
showed that Pl ViAc-POA could representa promising improvement o f Pi-bazed chemotherapy against glomas, either mducing
a chemosensitisation and redecing chemo resistance.

Keywords (C6 - Glioma cells - Cigplatin - HDACI - Cell death - Immumaeyine hemistry

Introduction

Gliomas are the most froquent primeary tumours of the ner-
wous system (MS) chamcterised by high degree of malig-
mancy, widespread invasion and high-rate proliferation
(Sciumé et al. 20100, Gliomas develop mainly in corme-
spondence of brain areas with a higher functional activity
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(Kiekow etal. 2016) and might evolve into highly aggres-
sive gliohlastoma mukiforme (GBM) (Maher et al. 2001).
Due to these peculiar chamaceristics, gliomas are among
the most aggressive malignancies and refractory to thera-
pics {Wen et al. 20100

Cizplatin {cis-dichlorodiammine platinum (1)) is one of
the most active agents used in cancer treatment. This
metal-based compound represents the standard therapy
for different types of childhood and adult cancers, includ-
ing gliomas. Despite cisplatin efficacy to induce cancer
cell death, its benefit is hindered by harsh side effects such
as damages at the peripheral nervous system (PNS)
{Cavaletti et al. 2010) and some momphe-functional alter-
ations of the central nervous system in adult and during
development (Troy et al. 2000; Bemocchi et al. 2011).
Moaorcowver, the onset of acquired drug resistance after long
periods of treatment redeces the cisplatin antitumour action
{Lisowsky et al. 2007; Florca and Bisselberg 2011;
Galluzzi et al. 2012).
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Therefore, the purpose of biomedical research has been @
synithesise new antitumour agents, poesessing the same che-
matherapeutic effect of the reference cizplatin, but causing
lezs systemic toxicity. In this context, the class of
platmumd TV derivatives, Po(IV), is gaining atention. Py V)
ocompleoes act 5 prodrugs: the o odal ligands, which have
released alomg with the P metabolite upon reduction in the
hypoedic tumour ¢ell micromvinnment, can be synergistic or
adjuvant agents, giving rise to Pt{IV) drug multi-
action] Gabano et al. 2014; Gibson 2016; Johnstone et al.
2016; Kenny etal. 20171 {Fig. 1).

Among these novel compounds, a new platinum-based
prodreg {0C-6-44 )-acetatodiammi nedi chloridof 2+ 2-
propymyljoc tan oatojp latinum IV, named P TV ibe-POA
has been synthesised. This prodrug has an octahedral struc-
ture based on cisplatin and contains as axial ligands the
free acid POA, a MCFA-HDACT (Modium-Chain Fatty
Acids—Histone DeAcetylase Inhibitor), along with an inert
acetate (Ac) (Fig. 2). The possibility to co-administer cis-
platin with Histone DeACetylase inhibitors (HDACH),
which indirectly decrease the histone—DMNA interactions,
seems to play 8 good effect on DMNA-adduct formation
{Hrehackova et al. 2010) and chemo-sensitization versus
DMNA-damaging agents {Bolden et al. 2006; Li and Seto
201 6). In addition, the combination between the cisplatn
and MCFA produces a PHIV) complex more lipophilic
than cisplatin alone, showing an antitumour activity both
in vitro and in vivo on several human cancer oell lines
(Gabano et al. 2017), possessing less side effects than cis-
platin. Previous data obtained on newroblastoma cells ex-
posed to PHIV)Ac-POA showed encouraging results
{Rangone ot al. 201 8).

Therefore, in the present study, we explored the effects
induced by the novel prodrug PHTVIAc-POA on mat C6
glioma cells, focuzing on the activation of diverse cell
death pathways and also evaleating morphological and
functional alterations. In particular, a pancl of specific
markers representative of different cellular pathways was
investigated, employing a battery of complementary tech-
niques, ie. flow cytometry, western blotting analysis,
transmission electron microscopy and immunofluores-
Cence Staiming.

Fig 1 Reduction mechanism. [
induced activaion of 2 ganeric
cigplatinbesed PUTV) campaund. d=:<
R=alkyl or ayl substiment a]
HsN%LIﬂCI
HaN?™ i i
R

€1 Springes

Materials and Methods
Cel Culture and Treatments

Glial 06 cells (ATTC CCL 107, Rockyille, MD), USA, pas-
sage 50) were cultured om glass cover slips in Dulbecco’s
maodified Eagle’s medium contmining 10% fietal bov e serum,
1'% di glutamine and 100 U/md di penicillin—streptomycin
{Celbio), at 37 °C ina 5% OO humidified chamber. Cells
wene exposed to PHIVIAC-POA (1, 4and 10 pM) for 48 h
of confineous treatment (CT) at 37 *C then flow cytometry,
immumee yine hemistry, ultrastrectural meabyss and molecular
detemminations were

The chosen P IV)Ac-POA concentrations wene selocied
hased on previous in vitm resulis obtained on rat BS0 nouro-
blasgoma cell line (Rangone etal 2018).

As widely accepted, rat C6 glioma used as an experimental
model sysiem for GBM repreaents an efficient means in e
evaluation of anticancer thempies (Grobben etal 2002).

Flow Cytometry

C6 cells were treated in 75-em” plastic flasks with cisplatin or
PrlV)Ac-POA for 48 hofcontimeed exposure at 37 °C. Afier
treatments, cells were detached by mild try psinisation (025 %
in phosphate-buffered saline, PBS, with 0.05% EDTA) toob-
tain sngle-cell suspensions to be processed with a Partec PAS
I flow cytometer (Miinster, Germany), oquipped with argon
laser excitation (power 200 mW) at 488 nm. Data wen
analysed with the builtin software { lowmax, Partec).

Cel-Cyde Analysis and Identification of Dead Cells

Cells were quickly washed in PBS, permecsbilised in 7% eth-
anol for 10 min, treated with RNase A 100 U ml™ and then
stained at mom temperature with propidiem iodide (PD)
50 pg mi™" (Sigma- Akdrich, Milan, Italy) 1 h before flow cyto-
metric analysis. PI red fluorescence was detected with 610-nm
long-pass emission filter. At least 20 000 cells per sample wene
meared i obtain the distribution among te different phases
of the cell cycle and the percentage of dead celks.
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Analysis of Cell Death with Annexin V Assay

Single-cell suspensions, obtained as described above, were
incubated with Annexin V-FITC {Annexin V-FITC
Apoptesie Detection Kit, Abcam, Italy) for 10 min in the
dark. PI was used as a counterstain to discriminate
necrotic/dead cells from apoptotic cells. Fluorescence was
mevealed by means of flow cytometry at 48E nm excitation
and with 530/30 (FITC) and 585/42 nm (PI) hand-pass
emission filters.

Transmission Electron Microscopy (TEM)

Control and P IV jAc-POA-treated C6 were harvested by
mild trypsinisation (0.25% trypsin in PBS containing
0.05% EDTA) and collected by centrifugation at 800 mpm
for 5 min in fresh tubes. The samples were immediately
fixed with 2.5% glutaraldehyde in culture medium (2 h at
mom temperature), cenmrifivged at 2000 mpm fior 10 min and
washed zeveral times with PBS. Then, zamples were post-
fixed in 1% O=0y for 2 h at mom temperature and washed
in water. The cell pellets werne pre-embedded in 2% agar,
dehydrated with increasing concentrations of acetone
{(30%, 50%, T0%, 90% and 100%, respectively). Finally,
the pellets were embedded in Epon resin and polym erised
at 60 *C for 48 h. Ultrathin sections were obtained with
ultramicrotome Rechier, then placed on nickel grids and
staimed with uranyl acette and lead citrate. Lastly, sections
were observed under a Zeiss EM 900 trans mizzion electron
microscope operating at 80 kW, The plates, after being de-
veloped, have heen computerised through Epson
Perfection 4990 Photo scanner at a resolution of 800 dpi
and then processed using the Epson Scan software.

Immunocytochemical Reactions: Fluorescen ce
Microscopy Evaluation

Cellz were grown on coverslips and treated with the com-
pound under inv estigation PrIV)Ac-POA at the concenira-
tion of 4 pM. After 48 h, the cells were fixed with 1%

fiormalin for 20 min and post-ficed with 70% ethanol at
—20 *C for at least 24 h. Samples wemne rehydmated for
10 min in PBS and then immunolabelled with primary
antibodies for 1 h at room temperature in a dark maoist
chamber. After some washes in PBS, covemslips wemne in-
cubated with secondary antibodies for 45 min. After that,
sections were counterstained for DNA with 0.1 pg mi™
Hoechst 33258 { Sigma- Aldrich, Milan, Italy ), washed with
PBS and mounted in a drop of Mowiol {Calbiochem,
Imalco, Italy) for fluomescence microscopy analysis. An
Olympus BX51 microscope equipped with a 100-W mer-
cury lamp was used under the following conditions: 330—
385 nm excitation filter {excf), 400 nm dichroic mirmor
{dm) and 420 nm bamier filter (bf) for Hoechst 33238,
4504 8D nm excf, 500 nm dm and 515 nm bf for the fluo-
rezcence of Alexa 48&; 540 nm excf, 580 nm dm and
620 nm b for Alexa 594, Images were recorded with an
Olympus MagniFire camera system and processod with the
Olympuz Cell F software.

Primary and secondary antibodics wsed for immumoeyto-
chemical mactions using fluorescence microscopy ane
summarised im Table 1.

Western Blotting

After treatment with PH{IV)Ac-POA, cells were washed
twice with PBS and lysed in RIPA buffer {Tris-HCl
I M pH 7.6, EDTA 0.5 M pH & NaCl 5§ M, NP40
MNonidet 100%, with the addition of protease and phospha-
tase inhibitors) at 4 *C for 30 min. Proteins were quanii-
fied using the Bradford reagent (Sigma Aldrich, Italy).
Samples were electrophoresed in a 10% SDS-PAGE
minigel and transfermed onto a nitrocelhlose membrane
{BioRad, Hercules, CA) by a semidry blotting for 1.30 h
under a constant cument of &0 mA. The membranes wene
saturated for 30 min with PBS containing 0.2% Tween-20
and 5% skim milk, and incubated overnight with mono-
clonal mouse anti-SQSTM1/p62 antibody (1:1000, ~
61 kDa; Abcam, Cambridge, USA). After several washes
with PBS—Tween, the membranes wene incubated for
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Tabde 1. Primary and v
antihodies emplayad for Primary antibody Diktiom  Sacondery antibody Diikytion
mmumaflucrescanae micrasagy
Crpmed Palyckmal rahhit anti-caspamesd {Cell 120 in Aoy 5%4-comjugatal 1200in
Signaling Technology, Danvess, PES anti-rabbit antibody FES
USA) Maleuler Prbes,
Trnvitwogeny
Crpamed Momockme] rabbit mt-cagpese-3 {Cell 1:200m Al 584.conjugste] 1200in
Signaling Technolo gy, Danver, PES anti-rabbit antibady PES
USA Malulr Prbes
Trnvitwo geny
PARP-1 Mamackmal rabbit anti PARP1 (Cell L0 in Al 588-comjugatal 1:Z00in
Signaling Technalo gy, Danvess, PRS anti-rabiit antibody PES
TISA) (Moleouler Pmbes;
Tanvitms gem)y
Caepmal Monockmal abbit mt-casese-8@Cell 1100 Alexa 5%4-comjugtal 1:200in
Signaling Tachnology, Danves, PRS anti-rabibit amibady FRS
TISA) Molecular Pobes;
Tervitzgem)
RIP1 Palyckmal rabhit anti-RIP] {Sant 1200 i Alews 594.comjugstel 1:2200in
Cruz Bitechnalo gy PES anti-rabbit amibady PRS
Molculer Prbes;
Tanvitzs gen)y
Cholgi Humen aulnimmame semum L3 im Al 5%8-comjugeied 1200 in
Temgnising protens of Golg PES anti-human antibody s
appaats” (Malouler Pmbes;
Tanvitzs gen)y
Mimchondria  Flumen autnimmame semum 1200 in Al 59%4-comjugstal 1200in
remgnising the M-kDe B2 subumit PES anti-humen antibody S
af the pynnaie déhydrogense (Moleoular Pmbes;
Tanvitzgen)
LCIB Palyckmal rabbit anti-LO3 B (Cell 1400  Alkexs 488-conjugtal 1:200in
Signaling Technolo gy, Danver, PES anti-rabbit antibady s
TSA) (Maleuler Pmbes;
Trnvitwo geny
Ly smomes Humen aulnimmaune semom 140 i Alexa 584-comjugied 1200 1in
e gnising lysosamal protand PES anti-hummen antibody ms
Malouler Prbes;
Tanvitms gem)y
SETMI/pE2  Monockmal mouse ant-SOSTMUpEZ 1100 in  Alexa 594-conjugstal 1:Z00in
{Abcam, Cambridge, TISA) PES anti-humen antibady S
Molecular Pobes;
Tanvitms gem)y
oo Tubulin Monackmz] maouwse aniti-o-dubu lin 1100 i Alews 488 -comjugeted 1200 in
T tragemh PES anti-maonse antbody s
Moleauler Prbes;
Trnvitzs gem)y
Adin Adena 48 S-phalloidin (Malecular 1240 in
Prahes; Tmvi tragen) PES
“"Rangone ef al 2018
30 min with the proper secondary antibody conjugated  Statistical Analysis

with horseradish peroxidase (1:2000; Dako, Italy).
Immunoreactive bands weme detected with the reagent
Luminata™ Crescendo or Luminata™ Forte (Merck
Millipore, Billerica, MA), according to the appropriate
instructions, and revealed on Amersham Hyperfilm™
ECL {GE Healthcare, Little Chalfont, UE ) slabs. The den-
sity of the protein hands was normalized with the respec-
tive actin and subzequently with the loading contro] using
Image J software.

€] Springes

Each experiment was performed as three independent repli-
cates and the obtained scones were expresed as the mean =
SD (stndand deviation) or SEM (standard error of mean).
Data differences were anabysed for sttstical significance by
means of Student’s £ test or with one-way ANOWVA and post
hoe Dunnett’s st {softwane package GraphPad Prism Inc. ). P
vahues ranging from = 0001 to < 005 were considened statis-
tically significant.

332



List of original manuscripts

Neuratos Res

Results
Cell-Cycle Distribution and Cell Death

{Graphs in Fig. 3 represent the DNA distribution in Of control
and 48 h-CT celk exposed to PlViAc-POA at different con-
centrations ( 10, 4 and 1 pM). In control condition, celk were
dismibuted among the different cell phases { Gy, 5, Ga) clearty
showing ite proliferating activity as indicated by the inensity
of § phase. The graph of Pt{TV)Ae-POA treated sample
{10 pM CT) showed a deeply modified DNA content disri-
bution, and a massive number of d ebris were indeod detecied,
whilepeaks Gy, 8 and Gz were almost absent. Afterd pM CT
to the same compound, graph showed an enlarged sub-(G g
peak, ndicating a high mortality of cell population, and a
distmbution of DMA content comparable to those detected
cizplatin-treated cells, nonetheless already obtained at a con-
centration ten times lower than that of reference drug.
Comversely, afier P [V)iAc-POA 1 pM CT, cells displayed
their distribution in the different cycle phases, but a =mall
sub-(3; peak was still identifiable.

These reported data are in accordance with previous
experimental findings {Rangone et al. 201 8), showing that
the new prodneg is able @ induce cell death already at the
concentration of 4 pM, with a significant decrease in the
mumber of living cells. Based on these results, the concen-
tration of 4 pM Po{IV)Ac-POA was selected, under the

standard condition (48 b-CT), and then employed for all
the following determinations.

A st with Annexin VP siining was performed i assess
the induction of apopinsizafior 4 LM PV 1Ac-POA 48 h-CT. In
Fig. 4, graphs show that in the contral condition, almost all oells
were living, while afier reament, the number of viahble cells
tended to decrease drastically. Specifically, the quadrants 1,
02, 473 and Q4 identify recmotic cells, cells in lake apopinsis, live
cellz and early apoptotic cells, respectively. Histogram displays
that, compared i control condition, 4 pM PuTV)Ac-POA eopo-
e cawsed an inerease in e concentration of late apoptotic cell
number (6281 = 132 vs. 7.06= 0.35) with a strong reduction of
Ive cells (1226 £0.58 vs. B6.59£4.36).

Ultrastructural Analysis

Ohur previous in vitno data showed that, afier exposure @ 4 phd
PHIV)IAc-POA, cells underwent different types of pro-
grammed cell death. Therefore, in order i understand the
activation of several mechanisms, morphological changes
were mnalysed by electronic micrscopy. In control condition
{Fig. 5a), cellk wene characterised by the presence of the nu-
cleus in ceniral posiion showing decondensed chromatin,
Golgi apparates was organised i perinee lear 2one;, moreover,
in cytoplasm, medium-sized mitochondria were seen.
Additionally, (1) short cytoplasmic extensions at the cellular
periphery level and (2) sporadic lysosomes with possible basal

Fig 3 Cytofluonimetic andysis. L 100
Ciraghs showing TIN A contemt £ cir PV Ac-POA 10pM
after PI stxining in rat {6 glioma ~ &0 J B0
linaxge. Contral samples va. X
trestad cells aftar 43 1LT &0 2 e
PATVIAC-POA (10,4 2nd 1 1) 3 ¥ &0
T 40+ 40
3
E 207 20
=1
= 0-
0 50 100 =200 o s 100 200
DMNA-PI DNA-PI
109 pywviacroadum "9 PriviAc-POA 1M
2 a0 ] 80
X
2 g0 &0
[1]
L%}
5 40 o 40
2 04
E X 0
=2
S g 0
0 S0 100 200 0 50 100 200
DMA-PI NMA-PI
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Fig. 4 Flow cytometric dets afier
Amexin Vand PI strinmg. Dud
persneter cylograms of FITC-
Tebelled Amexin V(FLI) vemus
Pl steining (FL.3) im contwm] (ctr,
kefiplot) and 4 M PETV)Ac-
POA trmated cells (right plot).

showing the pereentage values of
Amnexin V/PI positive cells: Q1,
Q2, Q3 and Q4 quadrants show
necmitic, lte poplotic, vishleand
exly apopiotic cells, respectively.
Statistical analy sis: number of
obsarvatins per contol sd
tretad samples: *4p <0.01;
020001

cell number (%)

autophagic activity were also observed. After PHIV)AC-POA

exposure (Fig. 5b), cells exhibited an hology,

POP ¥

Fig. 5 Ulrastructun] malysis by
TEM. (a) G5 cell in contral
condition. (b-d) C6 cells afier
ApMPAIVAOPOA 48 h(CT:
apaptatic cdl (b} auophagic el
) with some

@) 2re shown. Bars = 1.1 pm

218

10
FLIFITC

B3 Q1 necrotic

E23 Q2: late apoplbotic
B3 Q3: live cels

D Q4: early apoptotic

: cr  PH{IV)Ac-POA

h oh s o 1 . 3
P Y

nuclear envelope and partial cytosol

i

of
radation. As shownin
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Fig. 5S¢, some autophagic features were detectable after
prodrug exposure, i.e. cyoplasnic autophagic vacuoles, prob-
ably autophagolysosomes, characterised by a double mem-
brane and containing cell debnis (black arowhead and insert).

Furthermore, some necroptosis hallmarks were detected
(Fig. 5d): several cells showed some charactenistics similar
to both apoptotic ones, such as karyomrhexis, as well as ©
necrotic ones, Le. cytop lsmic vacuolations and plasma mem-
brane rupture.

Effects of Pt(IV)AcPOA on Intracellular Organelles

Former investigations showed that cytoplasmic organelles,
such as Golgi apparatus and mitochondrnia, are target of plat-
inum compounds. In particular, studies in rat BS0 neuroblas-
toma cells demonstrated that after 48-h exposure o cisplatin
and platinumy( [1)-based compound, mitochondria formed a
cluster and went towands fragmentation (Santin et al. 2012,
2013: Grimaldi et al. 2016). Thus, we evaluated the effects of
4 pM PHIV)Ac-POA on Golgi apparatus and mitochondnia.
In control cells (Fig. 6a), Golgi apparatus immunofluores-
cence (red fluorescence) showed a nommal appearance,
consising in a network with homogeneous distribution in
the perinuclear zone and, partially, throughout the cell body.

Fig. 6 Intmcelluly orgenclles a
mvestigation by fluomscence
micnscopy, dta 4 M PIV)AC
POA48hCT. (a) Double
mmumocytochemi gl detecton
of Golgi apperats (md
fluorescence) and actm (green
fuomscence) in control and
reatad cd ks (b) Double
mmumocytochemial] detection
of mitochondsia (md
fluorescence) sd a-tubulin
{green flaorescence) m contral
and trated aells. DNA
comtenstanng with Hoechst
33258 (e fluorescmnae).

Bas = X pm

clr

PUIV)AC-POA 4uM

o

car

PH{IV)AG-POA 4M

actin

a-tubulin

Moreover, actin-positive cytskeleton (green fluorescence)
maintained usual shape and internal organisation. After
PH{IV)Ac-POA 48 h-CT, celk showed aleerations evidently
related to cell death: actin-positive cytoskeleton collapsed
around the nuclei, which appeared fragmented, and Golgi ap-
paratus lost its physiological ubular connections, exhibiting a
vanable number of distinct elements with globu lar aspect dis-
tributed in the cytoplasm.

Regarding mitochondnia ( red fluorescence), in control cells
immunolabelling displayed a spotied-like appearance, with
cyoplasm and perinuclear localisation (Fig. 6b). Differently,
after P{IV)Ac-POA CT, cells showed manifest morphologi-
cal alterations. In particular, immunofluorescence lost its
spotted-like feature, appeanng more homogeneous and mito-
chondna clustered around apoptotic nuclei, forming dense
masses. Tubulin cywskeleton collapsed, and celk lost their
fusiform shape.

Activation of Apoptotic Pathways

To explore the main mechanisms involved in cell death,
occurning in C6 cells after 4 uM PHIV)Ac-POA exposure,
and to corroborate data obtained by electron microscopy,
immunocytochemical detection of peculiar markers

Golg Apparatus merge

Milochondria merg

9; Springer
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representative of these pathways was performed using
fluorescence microscopy.

After P{IV)Ac-POA CT, immunofluorescence data con-
fimned the presence of caspase-9 and caspase-3 (active form)
positive cells (red fluorescence), whike, contrarily, a lack of
marked cells was observed in control condition, characterised
by proliferating cells { presence of mitosis) (Fig. 7). Caspase-9
is the initial caspase involved in the intrinsic apoptotic path-
way, being responsible to activate the executive capase-3.
The expression of both markers, near fragmented nuclei,
gested the induction of mitochondrial-mediated pathway in
apoptotic cells. Furthermore, these caspase-immuno positive
cell were also characterised by cyskeletal fragmentation
and the presence of dense perinuclear masses.

To compare the effectiveness of the prodmig treatment, a
quantification of the caspase-3 immunopositive cells was
carried out. The measured percentages were 1.13 = 0.66
and 31.47=2.64 in control and Pt{IV)Ac-POA-treated
cells, respectively, thus revealing a significant increased

Fig. 7 Intninsic ppoptotic
mafway mvestigied by
fluarescence micmscapy n
cantrols and twated (48 hCT ©
4 M PEIVA 0 POA) cells.
Double immunocylochamical
=acton for capao9 and

ctr

capase3 (ral fluomscence), «
tibulin and actin (gmen Auores
cance); DNA counterstsining
with Hoechst Do fluo-
msance). Inseres:
megnification micrographs show
ing in deteil caspeses.
Immunopas tive paptotic cells;

caspase-9 + a-tubulin

activation of the intrinsic apoptotic pathway afier exposure
to the new PH{IV) compound.

Poly [ADP-ribose] polymerase | (PARP1), involved in DNA
damage repair processes, acts as survival factor in case of limited
damages to DN A, while, when extensive DN A damage arises, it
promotes cell death (Virag and Szabo 2002). In fact, when a
severe DNA damage oocurs, caspase-3 cleaves PARPI in two
fragments, i.e. p8Y and pM (Soldani et al. 2001: Aredia and
Scovasa 2014). In the present investigation, the former peptide
fragment pR9, being considered a specific apoptatic marker, was
evahuated by immunocytochemistry.

In control cells, PARP1 (red fluorescence) localised within
the nucleus and the cytoskeletal tubulin appeared well struc-
tured, providing the integrity of fusiform cell morphology.
After 4 uyM PA{IV)IAc-POA 48 h-CT, PARP] was expres:
at nuclear level in cells during the carly stages of apoptosis,
whereas in late apoptosis, in which nuclei were evidently
fragmented, PARPI, or rather p89, moved to the cyoplasm,
Maoreover, after treatment, cells lost their tapered shape due to

caspase-3 + actin

fragmented muclei and @ llapsed %_
cykskeletom are aso visible <
Histogram represents the peroant <
25¢ values of capmo 3 o]
mmunopaositive alls. Statisticel 0,-
analysis number of obsarvations 2
per contm] and reated samples: -
444 <0.001. Micrograph hen = =
20 pm =
Q
. 1004 "
m ctr
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o
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cytoskeletal tubulin alierations and aggregate formation, cas-
ing meore round ish and imegular morphology (Fig. &)

Caspase-8, involed in the exdrinsic apoptotic pathway, is
synthesisod as an inactive single polypeptide chain zymaogen
pro-caspase. This caspase is activated by proteclytic cleav age
by death receptors Fas, tumour necrosis factor receptor
recepior- | and death receptor recepior-3.

An increase in caspase-§ cytoplasmic immunopositivity
{red fluorescence) was observed in PHIV)Ac-POA treated
cells (Fig. 9a), while, contrarily, no immunopositive cells wene
detectable in control samples. Motably, after PoIViAe-POA
CT, celk dispayed frmgmented nuckei and an imegular mor-
phology due to cytoskeleton collapse.

Caspase-# is albo involved in initial stage of altermative cell
death mechanismsuch as necropinsis, which indeced interalia
by oocidative stress (Hitomi et al. 200 8). Mecropinsis & a type
of cell death inducad by the autophosphory tion of RIP-1, a
caspase- £ substrate, and RIP-3, thus forming a necrosis com-
plex (Feng etal 2007).

To confirm the acthvation of the extrinsic apopiotic path-
way and a possible preliminary activation of necroapopiotic
pathway, in the present investigation the immumoc ytochemi-
cal detection of RIP1 {receptor-interacting protein kinase 1)
was performed. In control cells, RIP1 was uniformly
expressed i the cyioplsm. In contrast, after PuTV Ae-POA
CT, some cellk were marked close o the nuclei only, sugged-
ing that, after activation, a redistribution of RIP1 occumed,
with the peptide moving from the cytoplasm to a perinuclear
zone, with the muclei appearing destroyed in tardiv e apoptosis
{Fig. 9h).

Analysis of the Activation of Autophagic Process

Caspase-£ activation, particularly associated with the
oligomerization of p62, iz alzo involved in autophagy-

Fig. & Dininle a-tubulin
mmumocyiochemia] dedecton
af PARP1 fred fuorescence) and
tubulin (gremn fuaressaence) in
camtroks and celk exposed ta

4 M PETV AePOA 28 T
DNA omm e ituinin g with
Hioechst 33258 (hiue
Huorescence). fsers: high
megmification micragraphs
showing PARP] tanskation
from muclei io oyioplsm in ey
and laie apopiotic odls. Bers =
30 pm

el

PHIVIAC-POA 4

induced apoptosis (Islam et al. 2001 8). Thus, to analyse
awophagy activation, an immunocytochemical study was
conducted to investigate the expression/changes of two
proteins pivotally involved in this process: LC3B and
SOSTMLpA2.

The whiquitin-like protein LC3 is cleaved atits C termims
and forms LC3B-I, which is then conjugated with phosphati-
dylethanolamine in the atophag osome membrane to form
LC3B-1I (Kabeya ot al. 2000), suggesting the activation of
awnphagy, which can contribuie o type [T cell death.

Afier immunolabellng, LC3B was expressed both in the
nuclens and the eytoplasm and no colocalisation with e Ty-
soeomes was observed in control cells (Fig. 100,

In 4 pM P IV)Ac-POA freated cells, LC3B was mainly
distributed in the cytoplasm of cells presenting fragmented
nucleus, a typical sign of cell death. In some cells, LC3B
colocalised with lysosomes, and an increase in the number
of lysosomes was detected.

To deeply investigate this data, the number of lyso-
somes per oell was measured. The quantification, repeated
three times on independent experiments, was perfommed
on control and treated cell {n= 10 quadrants per condi-
tion), evaluating the number of lysosomes using the
Awtocounter procedure on Image] software. The data ob-
tained were reported in the histograms in Fig. 10, and a
significant increase in lysosome amount {5686 =0.97%)
was observed after PHIV)Ac-POA 48 h-CT compared to
control condition.

The p6i2 proiein, also called soquesiosome-1 {SOSTMI), is
a ubiguitin-hinding scaffold protein which eolocalises with
ubiquitinated protin aggregates. The protein can polymense
through an M-terminal PB] domain, interacting with
uhiguitinated proteins through the C-terminal TVBA domain
{ Komatsw and [chimura 2010). Micrographs in Fig. 11 show
the double immunolabelling for SQSTMI/p62 and LC3B. In

PARP1 merge
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Fig. 9 Extrinsic = a actin
padway invest g 3
fuorescence micmscopy M
control 2nd 4 M PETIV A0 POA
48 htmated odls. @) Double
mmumocytochemial detection

of caspase-8 fred fluorescana) £

and actin (green fluorescence).
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mmumopas tive poptotic cell

displeying Fremented mucleus
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control cells, SQSTM/p62 was localised in the cytoplasm
while no colocalisation with LC3B was detected. Similarly,
after P{IV) Ac-POA 48 h-CT, SQSTM1p62 expressed in
the cytoplasm, notably exhibiting colocalisation with LC3B.
Western blot analysis for SQSTM1/p62, performed
analysing C6 cells exposed to 4 uM Pt{IV)Ac-POA 48 h-
CT compared to controls, further confirmed imr E
chemical findings. Western blotting density band an
evidenced a declined expression of SQSTM 1/p62 after
4 uM PHIV)Ac-POA 48 h-(CT, compared to control sample
(Fig. 11). Each experiment was repeated three times and
the Image] software was used to obtain the protein band
density, which were nomalised with the respective loaded
control. The quantification subsequently confirmed the
significant decrease of SQSTM 1/p62 protein after 4 M
P{IV)Ac-POA 48 h-CT compared to control celks.

caspase-8 merge

RIP1 merge

Discussion

Cisplatin has been one of the most active agents used in the
chemotherapeutic protoco ks for several cancers; however, alot

of severe side effects, such as nephrotxicity, neurotoxicity
and ototoxicity, limit its clinical application (Harmers et al
1991: Florea and Bilsselberg 2011).

Therefore, in recent years, a main goal of medical re-

searchers was to obtain novel molec able to overcome
adverse cffects, nonetheless displaying high anticancer
efficacy.

New platinum(IT)}-based compounds, which interact with
intracellular targets as the amino acid residues of protein, have
been recently synthesised (De Pascali et al. 2005: Muscella
et al. 2011; Johnstone et al. 2016). Compared to cisplatin,
these drugs showed lower cytotoxicity i in vivo studies
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Fig. 10 Immamafwrescence LC3B
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(Fenoglio etal 2015; Piccolini et al 2015) and a beter effi-
cacy in vitmn, aleady at lower concendrations ( Grimaldi et al.
2018). Another clas of phtimm-based compounds are the
platimum(IV) prodregs which gained attention and are still
under investigation (Amsenijevic et al 2017; Gischl et al.
20171 A new multi-action prodrug, namely P TViAc-POA,
has been lately synthesised (Gabano et al. 2007) and designed
as a ciEplatinPOA combination molecule increasing the ahil
ity to deliver at the zame time huge amounts of cizplatin and
POA in cells. The ‘synergistic cellular accumulation” of
Pl WA c-POA is mainly due to the lipophilicity of the mole-
cule azsembly with respect to the hydrophilic cisplatn and the
amphiphilic POA (in anionic form at physiologic pH) precur-
sors that increase cellular uptake. Moreover, POM, acting as
HDACE inhibitor, enhances the effects of DMNA-damaging
drugs, inducing chemosensitization and decreasing
chemomesstance to cisplatin (Witt et al. 2009 Gabano et al.
2017; Rangone et al. 2018).

In the present study, we demonstrated the efficacy of
Pl Vs c-POA 48 h-CT to induce cell death in rat O6 glioma
lineage. We further obtained some informmation abowt the
mechanism by which cells died after prodrug exposure.
Actually, as determined by flow cytometric analysis after FI
smining, P4 IViAc-POA was able to induce programmed cell

lyaosomes merge

I crr
8 PV Ac-POS 4p

death through different mechanisms, already at 4 pM, a con-
contration ten times lower than that uswally employed for cis-
platin {Santin etal 2013; Sakalh Cetin et al. 2017

T Cirimaldi
etal. 201 Qian et al 2018). The presence of numenoes ap-
aoptotic celk afier treatment was confirmed by Anmexin-V as-
zay, while, at ulrastrectural level, alematve cell death moch-
anisms, ie necoptosis md arophagy, were identified by
electron microscopy. These data are in line with previous
in witro experimental fnding=s (Rangone et al 2018), showing
the new prodrug antineoplastic action in a different cell Tme-
age, ie rat B3 neuroblasioma cell.

Immnumoe ytochemical swining comoborated these data, in-
vestigating specific markers and confirming the activation of
different pathways. This echnique allowed & specifically
evaluate PHIV Ac-POA 48 h-CT effects on mtrace lular or-
ganelles, mevealing that the new prodreg & able o act on
cytoplsmic targets, as previously demonstrated for another
platmumIT) compound, i.e. PHOO-acac {y-acac{DMS) in
different cell lincage (Grimaldi et al. 2016). Specifically, al-
ready at 4 pM PulV sc-POA 48 h-CT, Golgi appamaius lost
itz flatened tubular organization in perinuclear zome, produc-
ing round hodies distributed in cytoplasm.

The prodmeg treatment also produced changes of the
physziological morphology of mitochondria, which

& Spinger
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Fig. 11 Amalysis of the SQSTM1/p62
sukophagy activation in C6
omtrols and 4 M PEIV)Ac
POA 48 h treated cells. (a)
Double immauno lebelling for pi2.
SOSTMI (green flaomscence)
and LC3R (=d flaorescence)
DNA coumntentining with
Hoechst 33258 (blue fluores
cance). Bars =20 pm. (b)
Westan blotting dats of p62/
SQSTMI . Histogran
mpmsenting density hands guan
tification of pi2/SQSTM1 in
control semple and following

4 M PAIVAOPOA 48 hCT.
The means, obtained from three
mdependent experiments, have
been nanmalised to control o)
and expressed as the mean 4
standax] ewor of meaen (SEM).
Sttigtical analy sic: number of
obsarvations per control and
restad samples: 4p < 0.05

ctr

P{IV)Ac-POA 4uM

SQSTM1/p62

actin

showed a small and rounded organisation and often clus-
tered within dying cells.

It is well known that mitochondnia have a central role in
numerous signalling pathways including programmed cell
death (Osman et al. 2011: Estaquier et al. 2012). Therefore,
we hypothesised that the observed dense mass formation
around the nucleus was possbly due © mitochondna frag-
mentation, also suggesting the induction of deep changes in
cell physiology caused by PHIV)Ac-POA exposure.
Moreover, in treated cells, the occurrence of actin and tubulin
cytoskeletal reorganisation was detected as a homogencous
and less-defined immunofluorescence.

After 4 uM PH{IV) Ac-POA 48 h-CT, treated cells displayed
immunopositivity for both cleaved caspases-9 and -3, show-
ing an increase in the percentage of caspase-3-positive cells
compared to control conditions. The translocation of the
cleaved fragment pR9 of PARP1 from the nuckus to the cell
cytoplasm further confimns the activation of the intrinsic apo-
ptotic pathway.

4_1 Springer

Density (%)

LC3B merge

PHIVAC-POA

-_— 0

15

clr

cir

-
3 PH{IV)Ac-POA 40

Furthermore, the caspase-8 and RIP1 immunoreactivity of
PH{IV)Ac-POA treated cells demonstrated the activation of
extrinsic apoptotic pathway, without excluding that RIPI
transko cation to cell nucleus might represent a preliminary step
of the necropiotic pathway, as observed in treated samples by
clectron microscopy.

Taken together, the present finding, obtained using a wide
panel of different techniques suggest that the novel prodrug
PH{IV)Ac-POA may induce autophagy, which represents an
altemative pathway of programmed cell death, compared to
apoptosis observed in previous investigations. The autophagy
activation could be a strategy to induce cancer cell death with-
out compromisin g the integrity o fhealthy tissue. Nonetheless,
it has to be taken into consideration that in tumours, autophagy
is often correlated with being acquired afier a long period of
treatment (Wang and Wu 2014: Belounis et al. 2016). Notably,
a significant increase in lysosome number was detected afier
treatment with P IV)JAC-POA 48 h-CT, suggesting an in-
crease in the basal level of autophagy. These data were also

340



List of original manuscripts

Mot Res

confimed by immunofleorescence results showing both
LC3B lysosomes as well as SQOSTM 1/p62-LC3B
onloecalisations, which are ascribable to the formation of
mutophagoly sosome and autophagosome. The decrease in
SOSTM1/p62 expression after PyIViAc-FOA 48 h-CT may
cormoborate the activation of auwtophagic pathway, in which
P2 may have a mole. A body of literature demonsirated that
mutophagy and p62 are two interdependent elements of the
protein control ystem, acting in 8 netwo rked manner to main-
tain proteosisis, aso revealing a frequent ph2 upregulation
cancer oells and duning tumour progression events | Moscat
et al 2016; Tdam et al. 201E). [t has been recenty proposed
that homeostatic maintenance of p62 kevels in umour by
mutophagy-dependent or -independent mechanisms may con-
tribuie i the fmal owicome of the tumourigenic process, albo
having important implications for the design of prospoctive
therapeutic smategies for cancer targeting sutophagy or pi2-
regubated zignalling pathways (Linetal 2016). The pi2 levels
measured after PolViAe-POA 48 h-CT exposure, quantita-
tively closer to those measured in physiological condition,
could have a mole in preventing tumour progression. This re-
sult differs from previous experimental findings on cisplatin
showing a chemoresistance phenomenon promoted by a
srong decrease in ph2 expression level, associated to a high
activation o fawophagic pathway, able o promote cell survive
{Lin 2t al. 201 7; Chen etal 2018).

Hence, a further long-term study using the novel prodng
POIVIAC-POA will be nocessary to deeply understand if the
ohserved awiop hagic process would evoly e towards cell death,
name by zecon dary apoptosis, rater than providing cells witha
‘protection” mechanism, thus giving resistance to the new
compound.

Conclusions

Taken together, the present findings support the use of this
new prodrug as a potential alternative to the employment
of cizplatin and i& analogues, considering that Po{ TV jdc-
POA is already effective on rat 6 glioma cells at a con-
centration ten times lower than that vsed for the o vitro
standard treaiment with cisplatn {4 pM vs. 40 pM, respec-
tively ). This prodmg dose was nonetheless able to induce
different cell death pathways. Po[V)Ac-POA contains pe-
culiar chemical groups, which, onee they enter the cell,
allow the chromatin access to chemotherapy agenis, thus
offering a good approach to increase the effectiveness of
cizplatin iv damage the DNA. Hence, the molecular struc-
tural stahility outside cancer cells and new subcellular tar-
gets, which characierize novel PEIV) compounds, could be
the two key elements which enable to prevent drug resis-
tamce and to improve the chemotherapeutic efficacy.
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Abstract

The extrzcellular matrix is essentizl for brain development, lamination, and syn-
aptogenesis. In particular, the basement membrane below the pizl meninx (pBM) is
required for correct cortical development The last step in the catabolism of the most
abundant protein in pBM, collagen Type |V, requires prolidase, an exopeptidase
cleaving the imidodipeptides contzining pro or hyp & the C-terminzl end. Mutations
impairing prolidase activity lead in humans to the rare disease prolidase defidency
characterized by severe skin ulcers and mentzl impairnent. Thus, the darkdike (dal}
mause, in which the prolidase is knocked-out, was used to imvestigate whether the
deficiency of prolidase affects the neuronal maturation during development of a
brain cortex area. Focusing on the cerebellar cortex, thinner collagen fibers and disor-
ganized pBM were found. Aberrant cortical granule cell proliferstion and migration
occumred, associated to defects in brain lamination, 2nd in particulzr in maturstion of
Purkinje neurons and formation of synaptic contacts. This study deeply elucidates 2
link between prolidase activity and neuronal maturation shedding new light on the
maolecular basis of functional aspects in the prolidase deficiency.

KEYWORDS

I 4 P i
i

cortical

lasia prolidase deficdency

development, and in adulthood plays an important rode inmaintaining
symaptic stability and in restricting aberrant remoedeling (Bamos,

The of ganization and adjustments of extraceliular matrsx ([ECM) coim-
ponents are essential in the brain, espeially during pre- and postnatal
devaopment (Kwok, Yang & Fawcett, 2014; Malemud, 2005
Soleman, Filippov, Dityatev, & Fawcett, 2013) It is becoming maone
avident that the roles of the ECM are multiple and variable. in fact,
the central npervous system (CNS) ECM actively infleences cell
migration, axonal geidance, myslination and synaptogeneds during

Wil ta Ineefiaa rd Erca O Priieri are corfist althers.

RRID- AR 10000343 AR I0ATAT AR JIEE00 AR FRRLET] AR LJT143 AR AMEII0,
AR 303354 AR YOO0GT AB F243341, AB ATTIET AB 2665454 AB 2STET,
ME_FEEASSE, NE FERS0G0 AR ZEI41NT, AR ATSER4 AR 4TSET, A TEITIST.

Framco, & Miller, 23011 Bumside & Bradbury, 2014;
Dityatev & Rusakov, 2011 Ditatev, Schachier, & Sonderagper,
2010; Frischimecht, Chang Rasband, & Seidenbecher, 2014; LL, Liv,
Yan, & Yang, 2014; Mettouchi, 2012 Rhodes & Simons, 2007;
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genesis and cortical lamination (Hedht Siegenthaler, Patterson, &
Pleasure, 2010; Li et al, 2008; Oohashi, Edamatsu, Bakkuw, & Canll,

JComp Mewral. 2019:1- 20,

wikzyon inslbmry.om/jourmall me

& 2019 Willey Pariadicaks. Inc. I i
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2015). Abnommal brain development has been observed after the
targeted deletions of b iy onst tuants, asch as dele-
tion of the nidogen-binding ste of laminin-y1 [Halfter, Dong, ¥ip,
Willem, & Mayer, 2002 Smyth et al. 1999). laminin-ol chain
(ichikawa-Tomikawa et al, 2012), and dystroglycan (Moore et al.
2002). Moreover, many human pathologies can be grouped a5 *disor-
ders of cortical development” in which B defects wer e described at
thve pial surface such as microcephaly, microlissencephaly, pachygyria,
and Zellweger syndrome (Frands et al, 2008

The prolidsse enryme (peptidsse D, EC. 34.13%) & a cytosolic
metalls enryme felevant for the metabolism of many bologc ally
important molecules which contain a large amount of ProHyp in their
o imary stiucture. 5 collagens (Besio, Baratto, et al 2013 Suiarynshkd,
Miltyk, Palka, & Phang, 2008), and has a key role in the recycling of
Pro/Hyp residues. Indesd, it s the only enzyime able to claave dipep-
tides with proline or hydroxyproline residues at their C-terminal end
lluspi, Tennd, Ross, Cetta, & Foring 2008). This, prolidase activity
may be the rate miting factor for the degradation and synthesis of
prolinerich proteins (Vanhoof, Goossens, De Messter, Hendrils, &
Scharpe, 1995, Wes, Manavati, Vogel & Maggio, 1993 Furthermore,
it was demonstrated that Type | and IV collagens are respons ble for
tive acthvaticon of prolidase activity [Palka & Phang, 1997).

The alteration in prolidese enryme, detected 25 either decreased
or increased activity, charactenizes many diseases, including those of
NS in humars (Kama, Surarynskd, & Palka, 2000) The lack of
iprolidase activity is responsible for prolidase defidency (PD: OMIM
170100, an extremely rare human sutosomal recessve disorder find-
dence of 1-2: 1,000,000) caused by mutations in the prolidase gene,
FEPD chromosome location 1%pl 2-p13 2] PD patients present a var-
labde onset (from early childvosod wntil adulthood), and a broad spec-
trumn of phenotypes incheding severe din ledons, vascular anomalies
and variable degrees of mental impairment and developmental delay
(Basio, Giola, et al, 2013; Butbul Avid et al, 2012; De Rijcke et al,
198%; Falik-Zaceal et al. 2010; Femeira & Wang, 2015; Hechitan
2024 Lupid et al, 2008; Royce & Stelomann, 2002; Wang et al, 2008).
Moreover, thiough brain magnetic resonance imaging (MRIL multiple
Iilateral micro thromboses (Arata et al, 1991) and subcortical white
imatter lesions, a0 jed by b i il ey | But bl
Auviel et al, 2012) were described. These findings were compatible
wilth vasoulitis (Falik-Zaceal et sl 2010). PD dlagnosis s based on the:
identification of PEPD pathogenic varlants or on the detection of the
strongly reduced prolidase activity (Besio etal, 2011)

In 2011 a mutant mouse was identified 2 a vahuable modd of
olidase defidency. These mice present a spontaneous 4 bp deletion
in exom 14 of the PEFD gens exhibit 2 darkened coat color in home-
ygos ty, from which their name *dal” for dark-like. and are character-
ized by iminodipeptiduria. Dal mice develop congenital candiomyocyte
Inppertroply due to the disnsption of collagen-mediated integrin sig-
maling and a bone phenotype (Besio et al, 2015 Cota et al, 2008
Jung et al, 2011). A preliminary characterization of the €N of het-
oy gous dali+ and b dalfdal mice. s brain morpho-
logical defects in cerebral cortex and cerebellum accompanied by
PBM disorgs nization (nsolla & Piceolind, 2014)

Ousr study aimed to deeply characterize the brain anomalies in the
dal mouse modd of PD to understand the role of prolidase in brain
corte b and ' tion and to the
celiular/mobkecular basis of the human mental retardation asocdated to
this pathology. The attention has been focused on the investigation of
developing cerhelium during the first wedks of life since it has a well-
characterized and relathely simple morphology and recapitulates the
i il events of is (Adtman, 1962 Ceml, Piccolini, &
Bernpocchi, 2010; Mo, 2004 Ramos, Van Dire, Gilbert Leheste, &
Tomes, 2015) Foousing on post mitotic matwring Purkinje nesrons
(ey cells in the oerebellar crouit representing the soke output of the
cerebellar cortex [lto, 2004]), we studied varous rewrogenic events
that contribute to the maturation of Pukingecdls, specifically the pro-
liferation of granule calls and their migration along the Bergman glial
fibsers, and the fomation of synaptic contacts of cereblar cirouits.

2 | MATERIALS AND METHODS

21 | Animals

The prolidase deficency dark-lke mice (dal's; Mus musaibisl on a mibed
CBA % C3H badground, were kindy provided by Dt Gunn TM (Great
Falls, MT) and €5H wiki-type fw) mice were purchased from Charkes River.
The animak L standard animal care pro-
ol folowing fhe Italin Laws (Protocol M /2000 in fhe animal facilty at
the Dept. of Mokouar Medicine of the University of Pavia (lal).

22 | Genotyping

To detect the presence of the mutant allde lacking 4 bp in exon
14, penomic DA was extracted from tail dip blopsies and exon 14 of
the Pepd gene (ENSMUSTODO000TS068.13) was PCR ampified using
the following primers 5-AGCGCATCGATGAMCTG-F (L140-1177),
sense and 5-TCCAAGAGGTGGTCAATGAA-F (1.249-1 268) reverse.
The presence of the 104 bp mutant and the 108 bp wt amplicors was
identified by elec i aphoress using 3% low melting agar cse pel

2.3 | Prolidase activity assay

Heterorygous and homazrygos dal mice (n - 5, dad'+ anda - 3 dal/-
) amd wit littermates jn = ) were sacrificed by cerdcal diskocation at
21 days il (P21) and cerebs and cerebahim were kolated
after cahvarial removal. The samples were collected in S0mM Tris-
HCL pH 7.8 minced and sonicated on ice for 10 5. The hysate was dar-
ified by centrifugation for 15 min at 4°C and protein content was
evaluated using the RC-DEC Protein guantitation sssay (BioRad, Hercu-
les, CA USA) using albumin as standard. The samples were stored at
—B0°C. Prodi acthvity was ined in cerebmm and cerebellum
& in Bedo  al (2011) Briefly 40 pg of total protein lysate were
incubated in presence of 1 mM Mgl and 0.75 mbd reduc ed ghtathi-
one for 20min st 50°C to acthate the prolidase enryme, 100 mM
Gly-Pro substrate was then added and the reaction was stapped after
201 ik by addibon of 0145 M trichioreaceti acid Folbvwing centrifugation
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for 15min at 18500g at 4°C the prolidese actvity was evaheated on
S0 pl of the asmatant by means of Chinarl's Reagsnt (Chinard, 1952)

and expresed as parcentage of contrd samples (100%).

2.4 | Histological analysis

Heterorypos and homarygos dal imkce and wi Btemate were sacficed at
P, P21, P30 and PED in = 5 per genotype and agel. The brains were
quickly colleded and Hhe two hermispheres separated Cne hal of the brain
wars fiwed in Camney's solstion (s absolste ethand/three chlorofonmane:
ambc acid for 4 fr at room Emperatsre [RT), then placed in abschse etha-
nol for 1 br and in acetone for S0min and embedded in Paraplast X-ra
(Sipma Mdich, Milan, laly). S secBons (8 pm hidd were cut sefally in sagit-
tul plane and were collected on slan-coated dides. For each sample 12715
difes were prepared. To proceed with the histobgicd analsk the difes wene
depaffinizd in xylene (Cado Erba Comareda Maly) ehydided in a
decreasing ethand sedes and rirsed in phosphate-buffered salne (PBS Sigma
Mdvich, Milan, Iisly) following standard promdures. The other halves of cene-
Dedla were kept at — X0 C for westenm bistting analysis

All the experiments were run simultaneously for b WEOUS,

B wicey |

immersed in eosin (Sigma Aldrch, Milan, |taly) for & s. Sections were
washed in distilled water, detdiated in atsohste ethanol, deared in
wylene (Carko Erba, Comaredo, Italyl, and mounvted in Eukitt (Kirdler,
Freiburg, Genmany).

24 | Picrosirius red staining

Brain sections were dipped for 1 hrin a picro sifus red soluion, made by
052 of sifus red powder (Direct Red B0 Sigma Adrich, Mian, Italy) dis-
sobved in 500 mL of saburated agueous solstion of picric acid (Plaic acid
sahution, 1.5% in Hy0. Sgma Aldrich, Mibin, italy). Then, the samples were:
wadhed in 5% acidified water, dehydrated in absohrie ethand, cleared in
weylere, and finaly mosnted in Bkt (Kinde, Frabung, Gemanmyl

27 | Immunohistochemistry

The dides were incubated, at RT, for 7 min in a Hocking buffer for the
P of the [ (3% HaOz in 0% methanol
in PES), then for 30 min in fetal ca¥f sensm in order to Bock nongpecific

[ stes The incubs with the primary antibody (Tabde 1)

homarygous and wt mice. Only sagittal sections of lobules were taken
into consideration for histological and monphological analysis.

Al the images refer to the apex of the lobules Via, Vib, VI, and Vil
in the vermis since these lobules share the same developmental timing
and patterr; when other lobules were considered it is slways specified
in the figure captions

25 | Hematoxylin and eosin staining

The sections were immersed for 10 min in Carazzis hematoseylin
(Sigma Mdrich, Milan, Italy) at BT, washed in runining tap water and

wias canted out at RT for 1 b in PES ovemnight in a dark motst chamber
for the following antibodies: mouse monodonal anti-PY 11 kDa | 15,000,
Swant, Marly, Switedand, RRID: AB_10000343) rabbit polydonal
antiphospho-Tau ipSerS19/202) 46-66 kDa (1:100; Sigma Aldrich, Milan,
Italy): rabbt polyclonal anti-GABAxé 51 kDa (1:250; Millipore Billerica,
MA USA, RRID: AB_209747).

Thereafter, the sections were sequentially incubated with bio-
tinylated secondary antirabbit or antimouse antibodies (1: 300; Vector
Laboratories, Budingame, CA, USA, RRID: AB_2334820) for 30 min
and horseradish perosddase conjugated avidin-biotin comple: {Vector
Laboratonies, Burlingame. CA. USA RRID: AB_2336821) for 30 min at

TABLE 1 Primary and secondary antibodies used in immsnohi shoc bemi stry

|Primary anti bodies for immundhistochemistry

Research Resource
Antibody Immunogen Manufacturing details ldentifiers (RRID< Dilutian
Antiparvalbumin Purified celis from canp muscies Mouse, monodonal, Swant Mardy, AB_10000343 15,000
Switrerand, #235
Anbighesshe-Tau  Synthetic peplide desived fram Rabbit, polyclonal, Sigma Aldrich, Ma 1:100
(p5e519/207) urnan Tau arcund the Milan, |taly, #SABISO459E
phosphanyationsite of
Ser51%/202
Anti-GAB A Affinity-purified GABAA receptor Mouse, monadanal, Milipare, AB 309747 1250
molated from bovine brain Clone Billarica, MA, USA, #05-474
&62-3G1
dary a il hoties for ¥
Reseanch Resouroe
Antibody Immunagen Manufacturing details Identifiers (RRID=) Dilutian
Biofinylated goat Ga rmma immunagiobin Goat, Vedor Laboratosies, Burfing ame, CA, USA, #PK-6101 AB_2338820 1200
antio bbit IgG
Biofinylsted horse  Gammaimmunoglobin  Horse_ Vector Laboratories, Burlingame C8, USA #PK-6102 AR 2336821 1:200
antimouse igh

Abbravistion: Na, not svailable
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TABLE 2 Primaryand secondary antibodies used in immunefleorescence
Prinnary antihods T
Reseanch Resouiroe
Antibody Immuncgen Manufacturing details Mentifiers (RRID=) Dihtion
Aunvla rminin Eolated from the basement membrane of Rabbit. palyclbnal Sigma Alddich, Milan, AB 477153 1-100
Englebreth Halm-Swarm (EHS) mouse laly, #LFIF3
santoma
(e inst aming acids 3 239-3.440 Mouse monoclonal Santa Cner AB_&IBI0 1-1 000
of reafin of human arigin Bistechnolegy, Sants Crue, OA USA, Bae-
25344
Ang-FCNA Protein A-rat PONA | proliferating nuclear Mouse, pobpclonal, Millipore, Bilkedica, MA, AB_3033%4 1-600
antigan) husion obtained Fom pC2T USA Pab29
Anbcalbindin Purified from chicken gut Mouse, monadknal, Swant. Marly, AB_10000047 1:5,000
Switzeriand, #3000
Ang-MARZ Geneabed agains aming acids 1-300 Rabbit. palycional, Santa Crur AB_ 2253341 1-250
mapping at the N-Erminus of MAPZ of Bestechnodogy. Santa Cnue, TAUSA
ausman arigin V8197
Aunvi-MF-H Carhooy terminal tail segment of Mouse, monotional, Mbesm, Cambridge. AB_ATT2ST 1:100
wnrymatically deghosoniated gig MA, USA, #N0142
Neurofilament H-subunit
ANE-VGLUTZ  Recombinant protein from rat VGLUTZ. Guines pig. polyclonal, Millipore, Billerica, AB_2865454 1:1,500
MA, US#A, BABZ251-1
dary anihrlios for
[Remsnrch Resour oo
Antibody Immunogen Manufacturing details Identifier s |RRID=) Dihtion
Anfirabbit lgG (H +LL Gamma immunoglobing heavy and  Goat, Thenmo Fisher Scentific, Milan, AB 2578217 1-200
Mdexa Fluor 488 light chaing Haly PAL1034
Anfrabibit IgG(H + LL Gamma immunoglobin hervy and  Guat, Therme Fisher Scientific, Mitan, AB 2556545 1:200
Adexa Fluor 554 light chains laly #RITUT
Andmouse lgG (H +LL Gamma immunoglobing hexvy and  Rablit, Therme Fisher Scientific, Milan, AB 2538090 1-200
Aexa Fluor 594 light chains laly 027027
AnBguines gig G (H+ LL Gamia inrunogebin heay Goal, Therme Fishe s Scientific, Mitan, AB 2534117 1:200
Mexa Fluor 488 and light chains. ok #A-11073

RT. Then, 0.05% 3.3 -diamincbenzidine tetrahydrochloride (DB
Sigma Aldrich, Milan, Maly) with 0.01% HyOu in Tris-HO buffer
(005 M, pH 7.6) was used as a chromogen After each reaction step,
sections were washed thoroughly in PES (two changes of 5 min each).
Sections were dehydiated in ethanal, deared in sylene, and mounted
in Eukitt {Kindler, Freiburg Germany] For control staining sections
were incubated with PBS instead of the primary antibo dy. No imimu-
nor eactivity was present in this cond ton.

The dides were observed withan Olympus BXS1microscope, and
the images were scquired with an Optronkcs MagnaFire Camera
through the Cell F program (Olympus Segrate, Italy). Brightness and
contrast parameters were optimized with the same software keeping
the settings constant and selecting a fised threshold.

28 | Immunofluorescence

After the deparaffinization procedure, some antigens were detected
thraugh immunol oresence reactions. To svold the nonspecific anti-
e bind ng sites the brain sections were treated for 30 min at RT with
3 PES-blocking solution {100 mg B5A, 10 pl Tween 20, 3.3 mL glycine

0.3 M in PBS 1x). Then, the dices were incubated 1 hr in a dark moist
chamber with the primary antibodies (Table 2) in PBS L rablit poly-
clonal  antilaminin  (1:100; Sigma  Aldich, Milan, Italy, RRID:
AB_47T163), mouse monodonal antireelin 388 kDa (1:1.000; Santa
Cruz Biotechnology, Sanvta Cnuz, CA USA, RRID: AB_SZB210), mouse
poyclonal antiproliferation cel msclear antigen (PCHA) 28 ka | 1600,
Oncogens Scence. Camiwidge MA. USA. Inc. RRID: AB_3033%4)
mouse polyclonal anticalbindin (CB) 28k Da (L5000 Swant, Marly,
Switzerland, RRID: AB_10000347); rabibit palyckonal ants MAP2 (1:250;
Santa Cruz Biotechnology, Santa Cruz, CA USA, RRID: AB_2269341);
rabibit polycional antiphospho-Tau (pBers19/202) d6-68 Ka |1:100;
Sigma Alkich Mibn iah); mouse manocdonal ant-MF-H 200 kDa
[1:200; Abcam, Cambridge MA, USA, RRID: AB_ 47725 7); puines pig
polyclonal anti-VGLUTZ 56 kDa {1:1.500; Millipore, Billerica, MA, USA,
RRIC: AB_2665454).

Sections were washed in PBS and incubated with the appropriste
secondary antibodies in PBS for 1 hv: Alea-Fleor 594 antieabbit
{1: 300, Thermo Fisher Scientific, Milan, italy, RRID: AB_2556545);
Adexa-Fluor 594 antimouse (1:200, Thermo Fisher Scentific. Milan,
Itaty, RRID: AB 2536090 Alexa-Fluor 458 antirabbit (1:200, Therme
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Fisher Scientific Milan, Italy, RRID: AB_2576217): Alea-Fluor
4EE antiguinea pig (1:200, Thermo Figher Scientific, Milan, italy, RRID:
AB_2534117). For the detection af a second antigen on the same sec-
tion, the shides were twice washed in PBS for 5 min and then, re
inoubated with the primary antibody following the same protocel as
described above After washing in PBS, the mucked were counter-
stained with 0.1 pgfmL Hoechst 33 258 for & min, and coverslips wene
lastly mounted in a drop of Mowlol (Calbdocherm, San Diego,
CA LSAL

The dides were analyzed by fluorescence microscopy with an Olym-
s BX51 equipped with 2 100 W meroury lam p used under the follow-
ing conditions: 330-385 nm excitation filter jexcf], 400nm dichrolc
mirror {dml. and 420 nm bamier filer (bf) for Hoechst 33258
A50-480 nin excf, 500 mm dm, and 515 nm B for Alsxa 488 and
540 nm excf, 480 nm dm, and 820 nm bf for Alexa 594 Images were
recorded with an Optronics MagnaFire camera through Call F software.
Images were optimized for color, brightness and contrast by using the
same software keeping the setfings constant and selecting a fixed
threshdd For control staining sections wese incubated with PES
irstead of the primary antibodies Mo immunonea ctivity was present in
these sections fdata not shown].

2.9 | Western blotting

Cerebelbum lysates were obtained from we. dob'+ and dal/dal mice at P20
and P80, by homogenization in hysis bufler (5 mb HEPES pH 7.4,
330 miM sworose, 2 mb EDTA pH 8.0, phosphatase and probes se inbili-
tors [Sigma Aldrich, Milan, italy]), the protsin concentration was deter-
mined by Bradford Assay [Sigma Akich, Milar, Italy). Proteins (40 ug)
were separated by sodium dodecyl sulfate polyacrdamide ge dectro-
phoresis (SDS-PAGE) under reducing conditions usng 12% pd-
yacrilamimide (Sigma Aldrich, Milan, |taly) gel. The proteins were dectro-
transferred to a nitrocelhsdose membrane (Hybond-P, GE Healthcare, Lit-
e Chalfont, UKL at 100V and 38 md for 2 br. The membiane was than
washed with PBS-00Z% Tween (PBS-T; Tween 20, Sigma Mdrich, Milan,
italy) and then blocked in 5% milk for 1 hr at RT. The membrane was

then incubated with the primary antibody ant-CB 28 kDa {1:1000;
TABLE 3 Primaryand secondary antibodies used inwestemn blatting

Primary antibodies for Wester n biotting

WiLEYl 3

Sigma Aldrich, Milan, |taly, RRID: AB_4748%4) in PES-T 0.02% (Tabk 3)
ofnat4C

For nommalization, the mouse monoclonal anti actin 42 kDa
11:2 000, Sigma Aldrich, Milan, |taly, RRID: AB_474£97), in PEE-T was
used Gaat polyclonal antibody antimouse (1:2.000; Agilent. Santa Clara,
CA, USA, RRID: AB_ 217137 was used as secondary antibody.
LuminataTM Crescendo western HRP substrate: and Luminata TM nor-
mal western HRP substrate (Millipore. Billerica, MA. USA) wese used a5
sultetrates. Amersham Hyperfilm ECL (GE Healthcare, Little Chalfont,
UK) was used.

Each exxperiment was canied out in triplicate and the band quanti-
fication was performed with the software image J.

210 | Laminin-reelin overlapping

The laminin and redin are two proteins espressed in the pBM. To
L thvedr i i the “polyling function was
used (CellF software, Olymipus). This function allowed to follow the
|positive pBM with hgh predision. In three sections of each slide for
each animal, the length of the positive pBM was measured o the api-
«cal surface of the central lobules already mentioned. In particular, the
measurements concemed the tracts in which the twe markers were
over lapping and the one in which it was deter table only the reelin and
ot the laminin, The total length of the pBM was the sum of both
mezsurements. The serapge vahe + 50 of the length of "owverdapping®
and “no laminin® tracts were calculsted for each genotype (wt, doli+,
and dal/dal). The length of “overlapping” and “no laminin® was
expressed as parcentage of the total pBM-length mea sured.

211 | Thickness of pBM collagen

The color of collagen fibers stained with picro Srius red and viewed
under polarized light depends wpon fiber thickness; as fiber thickness
increases, the color changes from @een to red (Vopel Sebert
Hofmann & Frantz, 2015). To determine the proporton of different
stained collagen fibers, we used an sutomated function provided by
the CellF software, in which "green average” and “red asverapge®

Research Resource
Antibady Immunagen Manufscturing de tails ldentifiers (RRIDs]  Dilution
Anticaltingin  Bovine Kidney caltindin-D Mouse, monacknal, Sgma AB_ATEETA 1:1.000
Aldich, Milan, Italy, #CFEAE
Aanlissiin Tghtly modified B i H-termi 3 Manse, monachonal Sgma AB 475637 1:2.000
Ae-Pap-feriaple-pla-NalevVal-le-fap-fan-Gly-Ser-Gh-lys, Aldrich, Milan, ltaly, #AZ228
conjugated toKLH
y antibodies i
Ressarch Resource
Antibody Immunogen Manifactiring details Identifiers (RRIDs) Dilutian
Antimouse 1gG immunagiobulin isolated Goat. potyclonal Agilent, Santa Clara, CA, USA, BPOIAT MB_2617137 1:2.000
o Mo Senum
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measured the sverape valse of Al intensity [density of pixes) of green
and red, respectively, within the selection. Then, the green and red
Fverapges were expressed as a percentage of the total nember of colla-
gen pivels detected in the image.

212 | Thickness of external granular cell layer

The thickness of the total external granulsr cell layer (EGL) and of the
two subgroups of cells within this layer, the oliferative marked in
red fleorescence by PCNA antibody) and pre-migrating granule cells
(marked in bl fleorescence after Hoechst counterstaining) were eval-
wted To this punpose the function “arbitrary line® provided by the
Cell F software allowed to measure the layers thickness wsing a line
spanning all the EGL, whose length was recorded, and it was pensen-
dicular to the plal surface. The thickness measurements were carried
out wsing 25 lines per image and data were expressed in Arbitrany Uinit
due to the absence of microscope calibration. The average valees
= 50 of the thickness of “total EGL" and *proliferative EGL" layers
were calculated for each genotype iwt, dal/+, and dal/dal). The thick-
mess of the pre-migrating EGL loyer was caloulated by difference
between the total and the proliferative EGL thickness.

213 | Cell count

For several markers it was usefu to count the number of “mormal”
positive cellsfstructures and the altered positie anes. The softwane
wad was CallF with the function of “mult-point counting”. The
results were then analyzed acconding to the purpose of the it

“magc wand” and the area and OD were caboulsted within the perim -
eter of eac h pos tive dendrite.

The area ocoupled by Purkinge positive dendrites within the ML
wis expresced 5 percentageaf total ML

215 | Statistical analysis

Thiree brain sections per slide, per animal (n = 5) were used for guanti-
tathve analysis and statistical ob thons. Al the: -
cemed the vermis cerebellar lobules Via, Vil VI, and VIIL The results
of wi, dolf+, and dalidal were compared as follows: wi versus dal/+,
wit versus dalidal and dal’+ versus dalidal The reaults were analyred
through one-way anahsis of varance, followed by post hoc analysis
using SigmaPlot and the results were expressed as mean: 5D a
2 value <05 was considered s gnificant All the immunchistochemistry
and immunofiorescence guantification were performed with a
Ibiinding approach and fisds were randomly chosen: the camera and
magnification settings were maintsined constant selecting a fixed
threshokd.

3 | RESULTS

3.1 | Prolidase activity is reduced in dal mice

Bra I

acthity was in cerebelham and cerebral cortex. As
expected, in both tikases the enryme activity was strongly reduced in
dalfdal mice (3.7 + 1.4% in ceraballem and 4.3 + 3.7% in censbinaem)

= Parvalbusmin: the number of shanp and flat pinceaun: at the Purkinge
axon hillock was counted. From this counting those Purkinge meu-
rons in which it was not possible to define the shape of the
pincemn were excheded Then, the count of each brain section was
wsed to make an average per shide and at the end per genotype
These mean valses were shown ina graph

» phospho-tad® = 5% 3¢ pet Purkinge soma, and some other

meurons within the molecular layer (MLL internal granlar cell Loyer

{IGL) and white matter were labsed and counted. The number of

these cdls was reported to compare the results among the

genotypes.

VGLUT2Z and tae WGLUTZ+ and VGLUTZ-Purkdnge cell somata

were counted. Then, among the VGLUTZ+, Purkinje tau+ cells

were counted (Purkinge soma VGLUT+ and tau+).

=

214 | Phospho-tau®* ™22 pyodtive Purkinje

neurons

AOPED, chions with phospho-tau™=""25  snribody
labeled some Purkinge dendrites in the molecular layer (MLL To obtain
3 guantitathve data, the function *desed polygor” of Cell F software
was used to trace the perimeter of the ML then the area and the opti-
cal density (OD) within the perimeter traced were measwred. The
perimeter of each positive dendrite was traced using the function

comp o controls fexp as 100%). A prolk activity of 3%
+ B.E8% and 3.7 £ 21% in cerebelhum and cerebrum, respectively, was
detected in heterorygous animals.

3.2 | Morphological abnormalities in cerebellar
cortex in dal mice

Morphological analyses of cerebeallar conex were camed out at P10
and PS0, comparing wt and dal animats. At P10, the majority of the
it ts and b is processes, such as the proliferation,
migration and differentiation of newrons a5 well 2 the formation of
fundamental synaptic contacts, are active. instead, PE0 represents the:
stage of mature cerebellum in which the above mentioned processes
ended.

Al the images focused on the apex of the lobules Via. Vib, VIL and
Vil i the vermis since these lobules share the same developmental
timiigg and pattern |Mtman, 1962; Cerri et al, 2000, In few cases, the
lobules IV and WV were ako examined. The type of alterations we
found did not differ ususlly comparing dal/dal and dal/+ animals:
therefore, with the term “dof” bo th phenotypes are incheded.

Hemartntylin and eosn staining highlightsd defects. in the cersbel-
lar cortes in the layering as wall 25 in the morphalogy of the lobules in
dal animals at di fferent postnatal days.

In parioular, at P10 (Figure 1) the morphology of the apical portion
of the labules 1V- was altered in dol animals, creating undulations on
the surface (Figue 1b.d). in mutant mice, in some lobules, wsually Via-
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FIGURE1 Mormphological alteration in
the cerebellum in dol mice at P10. The
apical portion of the lobules V-V were
compared in wt{a, ¢ e g) and dal/dal
animals (b, d. . h) by hematoxylin and
€osin staining. The lobules of dal/dal mice
were ¢harac terized by: undulations of the
pial surface (black arrows; b, d).a
reduction in the EGL thickness (black
arrowhead; f) and overgrew blood vessels
within the lobules (defineated with a
white line: h). EGL, external granular layer;
IGL intemal granular layer; ML, molecul
Layer. Magnification: scale bar of 200 pm
fa b.g N: 50 um(c. d); 100 um (e, f)
Color figure can be viewed at
wileyonlinelibrary com]

Wb a reduction in the External Granutar cell Layer (EGL) thickness was
evident {Fgure 1f). Moreover, as evidenced by eosin staining. overgew
bbod vessels (BV) of different sizes penetrating the tisue and within
the lobules were detected in all dal mice (Figure 1H.

At PS0 pial surface Bes as wndulaty were
(Figure 2b) similar to those found at P10 (Figure 1b.d). and Molecular
Layer (ML) portions partially detached from the tissse below
(Figure 2cd). In these cases, between the two ML portions, blood cells
were detectable. Moreover, overgrew blood vessels penetrated cere-
bellar cortex detaching ML portions forming a sort of "ML island”
(Figure 2f.g). In some cases, the BV penetrated the cortex and inter-
rupted the EGL (Figure 2h). Furthermore, several granule cells had
el Intensdy stained by hematoxylin (Figure 20)) In some lobules
{V-V. Vill-IX) spread throughout their length, from the apex
{Figure 2i) to the bottom {Figure 2j) of the fissure In addition, at P&0
ectopic granule and Purkinje cells were also visually detached from
the lobue and immersed within the ML (Figure 2K) or in the "ML
island” (Figure 2g; black box).

3.3 | Pial basal membrane irregularity of the
cerebellar cortex of dal mice

At P10 in wt animals, the EGL befow the pBM had a homageneous thick-
ness along the cerebellar cortex (Rgure 3a) and the pBM was a continu-
ous layer {Figure 3b.c). On the contrary, dal mice showed a reduction in
EGL thickness (Figure 3e-H and an altered pBM organkzation as revealed
by the lack of laminin staining (Figure 3f). In both wt and mutant mice
redin was detected in the pBM (FRgure 3g). but anly in dal mice, in come-
spondence of the alterations, it was found in the EGL and in part in the
ML as well 3 in the soma of Purkinie neurors (Rgure 3g).

The absence of laminin and the overtap of the two markers in cor-

dence of apical lobules were d. In particul
Laminin and reelin overapped for 99 + 0.003% in wt, 87 £ 4.5% indal/
+and 77 + 10% in dal/dal, the i ge por-

tion of pBM positive only for reelin. The differences were not signifi-
cant comparing dal/+ versus dal/dal mice, but statistically significant
comparing wt versus dal/+ and dal/dal (p < 01)(Figure 3i).
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FIGURE2 M ical lities in cerebellum of dal mice at P&0. The morphology of the lobules IV-VI and VIII-1X were compared in
wt (a) and dal/dal animals (b- K) by hematoxylin and eosin staining. The same anomaly was not always present in all the spedimens in the same

cerebellar sections. thus such variability forced us sometimes to choose the most represent ative anomalies of dal/dal or dal/+ in comparisons

with wt animals in not comparable regions of the cerebelium. The lobules of dal/dal mice were characterized by: pial surface anomalies (black

amows; b, ¢, d); partial ML detachment in which blood cells were visible {red asterisks; ¢, d); isolated *MLidand” {black asterisks; f, g) surrounded
by huge blood vessels (delineated with black dotted line; g h); interrupted EGL {red arrows; h); ectopic granule cells {black box; g) and Purkinje

reurons (Hack arowhead; [l granule cells with intensely stained nucla (black arrowheads; |, k). Magnification: scale bar of 400 um (a, €); 150 pm
{b-d.g. h); B0 um i ). 75 pm {f) and 40 pm (k) [Color figure can be viewed at wileyonlinelibrary.com]

The ECM profile included the analysis of collagens. The colle  wt 55 + 0.4; dal/+ 7.9 + 0.9; dalidal 804 + 12. optical density
gens component of the pBM was evaluated using plcro sirus red immature fibers, wt 926 2.7; dalfe 116 = 27, dal/dal 1036
Staining, which highlighted the diff b wtand dol mice  + 3.4) (Figure 30

ding the thick of coll within the pBM
(Figure 3jK. In particular, the color of collagen fibers stained with
picro sirus red depends upon fiber thickness; as fiber thickness i:hl‘mﬁ:::d'wd'mmam
increases, the color changes from green/yellow to orange/red. A
sgnificant increase (p < .001) in the thinner fibers in dal/+ and dal/- During the cerebell al devek anule cells,
dal mice compared with wt was found (optical density mature fibers, located in the EGL, proliferate adjacent to the pBM and then migrate
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FIGURE 4  Proliferation and migration of granule neurors are impaired in dal mice. {a-d) Immunofluorescence reactions at P10 for PCNA
{red), marker for cellular proliferation, were performed in wt {3, b) and dal/dal (. d) animals. The nudel (blue) were stalned using Hoechst. (e) The
histogram represents the thickness of whole EGL (black bars) and prolif erating EGL (light gray bars). Values are expressed as mean = 5D,

AU {Arbitrary Unit) (black bars: *p < 05 wt vs. dal/dal, #p < 05 wtvs.dal/+; light gray bars: *p < 05 wt vs.da/ddl; #p < 05 wt vs_dal/+). {f-0)
Immunohistochemical reac tion for GABAaS were performed in wt (f, h) and dal/dal (g 1) at P10 and P40 to highlight mature granule cells in the
ML and IGL. (g) Black arrowheads highlight dlusters of migrating immature granule cells. Magnification: scale bar of 100 um (a-d), scale bar of

200 pm (f-1) [Color figure can be viewed at wileyonii ndibrary com]

through the ML toward the internal granular layer (IGL). In particu-
lar, in the EGL it & possible to distinguish a prolif erative layer and
a pre-migratory layer (Figure 4ac). In mutant mice a reduction in
the thickness of the PCNA-positive proliferative layer compared
to wt was evident (p < .05 wt vs. dal/dal; &p < 05 wt vs. dal/+;
light gray bars: *p < 05 wt vs. dal/dal; #p < 05 wt s. dal/+)
(Figure 4a-e).

GABAaS was used to mark mature granule cells of the IGL
(Figure 4f-0). The scattering of immunopositive granule cells is dif-
ferent within the IGL comparing the different lobules and
according to the histological maturation. The lobules that develop
last (Via, Vib, and ViI) showed a weaker staining for GABAad; this
was visble in the wt, da/+, and dal/da! mice However, at P10 in
dal/dal mice dusters of migrating GABAad positive granule cdls
were evident in the ML (Figure 4fg) (wt 10848+ 1223 and da
107.26 = 54.14). At PSO (Figure 4hJ) in dal/dal mice, the presence
of mature and strongly immunopositive granule cells within the
IGL was not homogeneous as in the wt there were weakly

immunopositive cells also in the ML (wt 13047 + 51.70 and dal
134.44 £1228).

3.5 | Purkinje neuron morphology and synaptic
contacts are impaired in dal mice

The morphology of Purkinie neurons was investigated by Calbindin
(CB) staining. In Wt mice. at both ages P10 (Figue 5ac) and P8O
(Figue Se £ the Pukinje neuons wee intensely marked witha perfect
dendritic arbaration. At P10, Pukinge alterations in dal/dal mice with
cerebelbir apical anamalies and layering defects as loss of Purkine cells
or differently orlented Purkinje dendrites were evident (Figure Sb.d).

At P80, the dendrites of Purkinje newrons of dalidal mice
appeared less branched and ectopic Purkinje neurons within the IGL,
lacking dendrite branches, were also detected (Figure 5ghj).

The Purking marphobgy and the intensity of the bibeling were similar at
P10 and P50 mice. By westem bbbt analysis (Figure 5kJ) no relevant differ-
ence in CB amount among wt and dal mice was detected at PI0. However,
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FIGURES Abnormal morphology of dal mice Purkinje neuron. (a-h) Immunofluorescence reactions for calbindin ired), a calcium binding
protein expressed by Purkinje cell were performed in wt {a, f) and dal/dal (b, h) at P10 {a-d) and P80 fe-h). The nudei (blue) were stained using
Hoechst (i-]) immunohistoc hemical reaction at P&0 for calbindin highlight s less dendrite branches in dal/dal §j) compared to wt {). (k-)) Westem
biot analysis for calbindin at P10 and P&0. (m-o) Immunohistochemical reaction at P&0 for parvalbumin highlights the shape of pinceaux (black
arows) as cone-shaped (m), flattened (n), or not defined (o). (p) The histogram represents the percentage of cone-shaped (black bars) and
flattened pinceaux (ight gray bars) in wt. heterozygous and homozygous (black bars: *p < 001 wt vs. dal/ddl; #p < 001 wt vs_dal/+; light gray
bars: *p < 05 wt vs. dal/dal). Magnificatio re scale bars of 100 pm {a-h); 20 um §i-m) [Color figure can be viewed at wileyonlinelibrary com]

at PAO a stattical sgnficant decease in CB amount wa evident in dal mice Generally, the pinceaux should be cone-shaped. To verify the aspect of
@mpared © wt (do¥+ 83 = Q0T%; dal/ddl 58 = 0.07%; p < 001 A signifi- the pinceaux. the number of visible well-defined cone-shaped pinceaux
cant difference between dal/+ and dal/dal was also present (p < 009 and of the altered ones with a flattened shape were counted. A sgnifi-

The parvalbumin (PV) immunolabaling was used to evaksate the cant difference was detected between the number of cone-shaped
morphology of the Purkinje pinceaux at the axon hillock (Figure Sm-o). pinceaux among the three genotypes (wt 76 = 15%; dal/e 37+ 19%;
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FIGURE 6 Synaptic contact between VGLUT2 dimbing fibers and Purkinje neurons is altered in dal mice. (a-1) Double immunofiuon
reactions for VGLUT2 (green), marker for climbing fibers and Calbindin (red), marker for Purkinje neurons, were performed in wt (a-¢
dal/dal (-1, j-1) animals at P10 (a-f) and PSO (g-1). The nudlel (blue) are stained using Hoechst. Magnification: scale bar of 100 pm {a, d), 50 um (b,
e g-n), 75 um (c-f) [Color figure can be viewed at wileyonlinelibrary.com]

da¥dal 45 = 15%; p < 001) A significant increase in the number of flat- VGLUT2Z marks dimbing fibers in the ML and mossy fibers in
tened pinceaux in dal/dal animals compared to wt was instead detected the IGL in adult mice. At P10 VGLUTZ2 staining labels both paraliel

/¢ 63 + 19%; dal/dal 55 + 15%; p < 05 wt vs. daVddl). fiber terminals and dimbing fiber terminaks (Watanabe & Kano,

The alterations of Purkinje pinceaux morphology at the axon hill- 2011). Purkinje neurons make contacts with climbing fiber termi-
ockand changes in immunolabaling patterns was also detected by glu- nals in ML (Figure 6). Double immunofiuorescence reaction, using
tamic acid decarboxylase 67 {GADSY) (data not shown). CB and VGLUT 2 allowed to study if morphologically compromised
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Purkinje neurons were still able to make synaptic contacts and if
the comect sy s was still ming At P10 the labeling
in wt was homogeneous (Figure 6a-¢) and there were no particular
changes in the dal/dal mice, even in comespondence of apical
anomalies (Figure &d-f). The positivity for VGLUT2 was mainly
concentrated on the proximal portion of Purkinje dendrite branches
and In correspondence of Purkinje cell soma, espedially in fissures
in wt, while in dal/dal mice most lobules showed the positivity over
the entire dendritic tree of Purkinje neurons. As the postnatal
devek is poceeding, the y of VGLUT2 shodd
change At PS0 these synapse avangements showed a different
pattern compared to P10. In fact in P&0 mice. VGLUT2 immunore-
active terminals were mainly identifiable on the main branches of
Purkinje cell dendrite. in both wt and dal/dal mice (Figure &g-1.
Rarely, in mature brain the positivity was found around the soma.
No differences were found comsidering the labeling of VGLUT1

parallel fibers in the three genotypes at both ages (data not
shownl

3.6 | Abnormal persistence of phosphorylated tau
protein in P60 mutant mice

The Tau protein is rédevant to stabilize microtubules, its phosphoryla-
tion is necessary for their g during Thas,
phosphonylated Tau protein i physidogically present at P10 and
decreases following brain maturation. In adults its permanence may be
associated to dege on or & al deby. The ithi

for phospho-Tau ™ =" %) was similardy detected at P10 in the ML
and IGL in both wt and dal/dal mice (Figure 7ab), but it was different
following the cerebel tion. In wt the labeling at P21 (Fgure 7¢)
was very similar to the P10; while a reduced signal was detected at P30
and at PS0 as expected (Rgure 7e and g respectively). On the contrary,

FIGURE7 Abnomal persstence of
phosphorylated tau protein in mutant
mice. Immunohistochemical staining for
pmmud"‘n’”” marker for

jon at later develk al
ages, were performed inwt (3, c. e, g)
and in dal/dal b, d.f.h)at P10{a, b). 21 (¢,
d). 30 fe. 1). 60 (g. h). Magnification: scale
bar of 200 um (a, b); 100 um{c-h). {) The
B the hathe
evaluation of the area occupied by
positive Purkinje dendrites along lobules
from Vlato Vill normalized for the area of
total ML and expressed as percentage in
PS0 mice. Statistically significant
difference comparing dal mice vs. wt
(*p < 05 wtvs dal/dal; #p < 05 wt
vs. da¥/'+) was detected. (f) The histogram

=
=

prestats the iusitkatie évakisbion of
the optical density {OD) of MLin P&0
mice. $ ll significart diff '

comparing the ML OD of both dal mice
vs.wt (*p < 05 wtvs.da/dal; 8p < 05 wt
vs. dal/'+) was detected wt

% tau positive dendrites in ML
»

=

-

2
8
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FIGURE 8 Purkinje neurons abnormalities in dal mice. Double immunofiuorescence reactions for MAP2 (red), cytoskeletal marker, and
phospho-tau® T (o san) neurodegenerative marker, were performed inwt {a b) and in dal/dal (d, €) at PS0. The nude were stained using
Hoechst (blue). Magnification: scale bar of 100 um (3, d)and 20 um (b, e). {c. f) Immuno histoc hemical reactions for MAP2 highlights thick dendrite
tranches in dal/dal {f) compared to wt () at P80 [Color figure can be viewed at wileyondingibrary. com]

in dal/dal mice a high positivity for pTau was evident at all analyzed
ages (P21, P30, and PS0) (Figure 7d.fh).

The pTau-positive Purkinje dendrites area along lobules from Via
to VilL at P80 was evaluated. In wt only the 0.4 = 0.1% of ML area
was occupied by positive Purkinje dendrites, 2 = 0.6% in dal/+ and
21+ 09%indd/dal {dal vs wi, p < 05) (Figure 71). ML optical density
{OD) was akso evaluated and its increase in both dal/s (p < 05) and in
dal/dal fp < 105) compared to the wt animals was detected (wt 102
+ 7.3%; dal/+134 = 6% dal/dol 130 £ 7.2%) (Figure 7j).

3.7 | Altered Purkinje microtubules organization and
synaptic contacts in dal mice

The presence of phospho-tau®™ 2% (Ejw e §) at P50 in dal mice
indicated an increase in the instability of microtubules, therefore the
concomitant presence of MAP2 (a microtubule stabilizer protein) was
evalusted (Figure 8abde) Double immunofluorescence reactions
showed that in the wt only MAP2 staining was detectable, the positiv-
ity for MAP2 was always homogeneous (Rgure 8a-¢) and mainly local-
=d in the thinner Purkinje dendrite branches In dal/dal mice different
labading could be detected: (a) some Purkinje neurons were immuno-
positive to phospho-tau™ 29507 i 3 decrease in the labeling for
MAP2 (Figure 8d), (b the Purldnje dendrites were labded by phospho-
tau®=20F50 ang the positivity for MAP2 did not change (Figure Be).
There was no lobule specificity for these obsenations and it was not

comelated to the number of neurons immunopositive for phospho-
Loy T, pmyway. in dal/dal mice the MAP2 immunostaining rev-
ealed thicker Purkinje dendrite branches (Figure 8f). Itis not possible to
exclude that these branches acquired an enlarged caliber or they repre-
sented the main dendrite branches of Purkdnje cells.

To better investigate at P&0 in dol/dal mice the localization of
phospho- tau®==1%22) yirin Purkdnje newron, a double immunofiuo-
rescence reaction was camied out using calbindin and phospho-
ta =S5 heure 9a-d). The positivity of phospho-tay=S=1%/2®
in dal/dal mice was found in Purkinje neurons and in particular in
thicker dendrite branches (Figure 9bc) and in some cell body
(Figure 9d), in lobules apex as well as in fissures, without lobules spec-
ificity. Moreover, it was highlighted that Purkinje neurons in wt were
perfectly shaped and labeled by CB (Figure 9al while in dal/dal,
Purkinje neurons positive for the phospho-tag®s==17/203
labeled by CB (Figure 9d).

In the mature brain heavy-neurofilament INF-H) labets axons of basket
cells, which form synaptic contacts with Purkinje dendrite branches i the
ML and the basket pincesux around the Purkinge axon hilock. At PS80, in
wt mice, the basket-fke structure around the Purkinge sama was strongly
labeded as wel as the axans, which run perpendicular to the Pudkinge den-
drite tree (Rgure 9e). In dal/dal mice was evident a stong decrease b the
pasitivity for this marker highlighting thinner basket-lke structres and
less or weaker stained axons in the ML (Figure 921 In particular, double
immunoflorescence reactons for NF-H and phospho-ta =250

were less
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FIGURE9 Purkinje neurons abnormalities in dal mice. Double immunofluorescence reactions for calbindin (red and phospho-tay®*=42/2o%
{green) were performed in wt (a, b)and in daldal (d, e) at P&0. The nudiei were stained 2 Hoechst {blue). (d) White arrows mark dendrite
branches and cell body of Purkinje neurons immunopos tive for phospho-tau ( /509). Magnification: scale bar of 100 am{a b, d and
150 um (c). immunohistochemical reaction for NF-H marker for mossy fiber and double immunofluorescence reactions for NF
pho spho-tau= =220 (o reon) were performed in wt f) and in dal/dal (h) at P&0. The muls were stained wsing Hoechst (blue
scale bar of 100 pm. (i -K) Immunof lsoreso eactions for VGLUT2 PReISON ad) at PEO. T

2en) with phospho-tau

represent: in gray color Purkinje soma VGLUT 27 in light gray, Purkinje soma VGLUT2'; in black, Purkinje neuron VGLUT2" and phospho-
" (*p < 05wt vs.daldal; #p < 05 wt vs. dal/+) [Color figure can be viewed at wileyonlinei br ary_com]

{Rgure 9th) revealed a decrease in the NF-H positivity dose to Purkdnje In da/ddl mice the immunopositivity was instead detected akso
rewons epressing the phospho-BU= =179 (Fimyre 9h) Moreover around Purkinje cell soma {43% in dal/e and 42.5% in daVdal).
abnormal or less developed pinceaux were olsenved although 27% soma distribution was present in wt as well {wt s,

Doubile immns

fluorescence reaction was cared out for VGLUT 2 da/+ p <001, wt vs. da/da p <.001) None of the 27% of
and phospho-ta P ( Figure 9i-KL VGLUT® Purkinje soma In wt was also labeled by tau. In dal/e mice
At PS0 VGLUT2 should be present mainly on Purkinje dendrite among the 43% of VGLUT® Purkinje soma, 4.3% was also tau'

branches

05). Instead in dal/dal mice among the 42.5% of VGLUT"
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Purkine soma 26% were ako tau® [p < 05) (Figure %0 Mo
differences were found considering the double immunofluorescence
reaction for YGLUT1 and phospho-tm™=29 5% in tha three peno-
types at both ages (data not shownl

4 | DISCUSSION

In the present reseanch, we shudied the postratal cerebllar cortex: devel-
apment and newonal maturation in dorklike mice. heteroaygous and
homorygoes for a kes-of-lunction mutstion in the gene encoding
jrolidase.

In our studies we detected similar anomalies in both heterozygous
and homorygoes animats. Likely the 50% of the enzyme s not suffi-
clent to ithe: proper brain k

Since prolidase exerts an indirect impact on the ECM remodeling,
lbeing involed in the collagen and procollagen metabolism (Kama
et al, 2000), some ECM components were analyzed. In particular,
the attention has been fooused on those of pBM, a8 it & a
gpedialized structure of ECM and a fundam ental regulator of oortical
development (Halfter et al, 20020 Plal BM was present in both wit
and dal mice cerebellar cortes:. However, in wt was uniform and con-
tinuous, wh indal was disconti and imegular. The pBM col-
lagens in dal mice were represented by a majority of thicker structure
thean i the pBM of wt animals. The Type IV collagen is the most abun-
dant in the CNS and acts as a scaffold to integrate laminin and other
ECM com ponents into sheet-ike BM, wiic b in turn are thought to be
essential for pBM assembly (Bumside & Bradbury, 2004: Pdschl et al |
2004). Since the collagen tumover ks partially regulsted by the
prolidase enzyme (Suarynsk et al, 2008) the collagen structural
alterations and then the wrong positioning of the other pBM compe-
ments in dal mice might be related to the absence of reduced activity
of this enryme. Laminin and reslin did not overlap aach other all over
the pBM. Maoresver, the reelin was also found extracelhslarty in come-
gpondence of apical anomalies augpesting defects in newrotransmis-
don patterns (Senkov. Andjus, Radenovic. Sariano, & Dityatev, 2014
It was previously demonst rated that changes in the guantity, strucbure
and distribution of collagens in tsaves might affect cell signaling.
metabolizm, and function |Guszarm & Sobolewsk, 2004 Kama et al.,
2000). Moreower, it is well documented that the impaimment of pial
ECM components leats to syndiomes assoc iated to cotical dysplasia
(Barkowich, Guemin, Kurniecky, Jackson, & Dobyns, 2012 Francks
ot al, 2006, Halfter et al, 2003, molecular layer heterotopda (Ramos
et al, 2013 Ramos et al, 2014), and morphological anomalies of the:
cerebelhom (Cerr et al, 2010; |chikawa-Tomikawa et al, 2012 Qluw,
Cang & Goff, 2010; Segenthaler & Pleasure, 2011). In this light, it is
jpossible to speculate that the apical anomalies (as the surface abnor-
malities, Layering defects and heteratopiss) could be linked to the
PEM impaimment. These could aleo eplain why the anomalies were
ot diffused along the cerebellar cortes, but were scattered anly in
regions  without lobule specificity, as the pBM defects hersin
recorded. The pBM organization and integrity s essentisl for the pro-
liferation and then migration of newronal precersors during prenatal
and postnatal cereballar development (Barros et al, 2011, Folsom &
Fatemi, 2013; Lakastosova & Ostatnikona, 2012 Porcionatto, 2008)

The proliferating granule cells are located in the more apical surface
of cerebellar lobules |close to the basal lamina) during the first postna-
tal stages (Altman 1972) & lyer thinning in dal mice was 30compa-
mied by a decrease in the PCMA protein amount in the deveoping
Ibirain of dal mice comparad towt Once the granle cells proliferate in
the EGL, they should migrate, toward the IGL. foliowing the scaffold
provided by the radial giial cells that are able to anchor their end-feet
to the laminin protein sheet of pBM {ichikawa-Tomikawa et al. 2012
In dol mice there were gaps in the laminin sheet that cawsed the
retraction of radial glia fibers: they appeared intermapted without
reaching the pial asrface, or devoid of radial orientation or absent in
comespandence of the apical surface anomalies (insolia & Piooolind,
2014). These phvysical changes in the radial giia may intes fere with the
ability of granule newrons to find a suitable fiber near the EGLML
interface to migrate propery. Furthermare, it was demanstrated that
even after a granule newron has found a suitable glial fiber, the travel-
ing along these fibers may be ks effident (Komuro & Yaoubowva,
2003; Qu & Smith, 2005; Xu et al. 2013). Itis also possible that some
Eranule pewrons migate nommally slong adeguate fibers and that anly
a subpopulation of neurons ane dramatically detained in thedr migra-
tion a5 it was pointed out by GABAzS immunopositivity through
which the migration/maturation of granule cells was followed.
GABAxS s amarker of mature granule neurons and should be present
only after the migration, when granules are in the IGL (Ceri et al,
2010; Lawre, Seeburg & Wisden, 1992, Thompson & Stephenson,
1994). In dal mice, 3 wrong pattern of migration/maturation was
highlighted at P10. in fact, dusters of migrating granule cells wese
found scattered in the ML and labeled by GABAzé. Then at PO, the
granule cells were still labeled in the IGL, but this podthity was not
Iy i ity. ting defects in the inhibitory syrap-
tic system in the cerebellar glomendi (Talkayama & Inowe, 2004).

Thee limit in evaheating cell prolif eration and migration wsing thick-
nes of PCMA positive layer and GABAaS immunostaining should be
taken into acoownt in data interpretation.

It has been well-established that an altered migration and matura-
tian of granule cells affect the cerebellum lamination, the distribution
of Purkinge newrons in 2 monolayer and the growth of Purkinge cell
dendrites, dnce the granule cdls secrete trophic factors for Purkinge
cell differentiation (Altman, 1¥82; Altman & Bayer, 1997, Cerri et al.
2010; Goldowitz & Hamre, 1998, Hatten, 1999, Xu e al, 2013)
Indeed, in dol mice Purkinje call morphology was altered, with den-
dirite: trees poor of branches. Moreover, there were Parkinge newrons
in ectopic positions within the intemal granule cdi layer, or distributed
in a multilsyer, confirming inappropriate cortical lamination: this find-
ing was highlighted with calbindin immunohistochemistry, but was
dlearty detected with hemat cxylin and eosin as well

Purkine neurons are key cdlls inthe cerebellar cortex circult since
represent the sole output of the cerebellar cortex | ito, 2006) There-
fore, to get information conceming not anly the morphology. but also
thve functionality of these newrons, the calcum homeostasis markers
of Purkdnje cells were cond dered together with other exditatory and
inhibitary mesrotr ansmission markers. The expresdon of CB and PV
by Purkinje newrons, a fast and slow Ca® binding protsin, respec-
tively, was investigated. Both reveled anomalies in the Purkdnje
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mewrons. The CB a5 marker of Purkinge newrons highlighted aiter-
ations of dendrite tree branches and theli onganization within the
ML Moreover, there was a decrease in the amount of CB detected
thicugh wastenm blotting in dal mice compared towt at PS0, although
Ihas been reported that shological impai of Purkinje
cannot be necesanly attibsted to a reduction in CB content
{Schwaller, Meyer, & Schiffmann, 2002). The PV marker led to the
datection of alerations of the baket pincemo: st the Purkinge soon
hillacke In fact, it was observed an increase of aberrant flat pinceau:
instead of phvysological cone-shaped one in dal mice.

Then, it must be taken into great consideration that the vl
oy, polarization, migration, and cell-connectivity of cdis are dictated
by cytoskeleton filamentous network of proteins whose regulation i
essential during the different developmental stages of the brain
iMatus, 1788 Menon & Gupton, 20181 In dal mice the cy

innenation of climbing fiber for each Purldnge neuron an the prosdmal
poticn of dendrite arborization (Strata, Tempia, Zagrebaisky, & Rossi,
1997 Watanabe & Kane, 2011). In dal mice. there were still Purkinje
soma positive to VGLUTZ and the posithity in the ML was signifi-
canthy higher in dol mice compared to wt. These results sugge<ted that
the critical pruning procsss of dimbing fibers was not conchsded, or it
wis delayed. Interestingly, a percentage of Purkinge newrons labeled
by phospho-tau™s T T2 praconted the retention of dimbing fibers
i the somas. D fferent hypothesis could be fommulated (not necessar-
ity musteally exchsive): Purkinge dendrites maturation, altered in dal
mice, strongly influences the development of synaptic contacts (Qiso
et al, 2013} the presence of phaspho-tau™ =525 coid he either
a first dgn of nesodepeneration that is desoribed as assodiated to
synaphic alterations or asign of i all dedayim the matur ation

O ts MAPZ, a microtubule stabilizer protein, tu protein, that
in the phosphorylsted form at SerS19/202 residues destabilizes the
microtubules, and the MF-H were shedied. First stages of cerebellar
cortex development are charactenized by high levels of MAPZ and
pho gpho-tau™ = 725 g to microtubule reamangements (Avila,
Lwcas Perez, & Hernander, 3004; Riederer & Matus, 1965). At PS0 in
wt mice, the positivity was maintained in the cerebellar cortex for
MAPZ while there was 3 strong decrease for phogpho- by T2/
The presence in mature newrons of this latter marker is no maore con-
ddeed physiclogical |In this context. in dal mice different cdl
popuations were found immunopositive to phospho-tay ™= =5
the ML IGL and in the white matter. it i important to highlight that
Purkinje newrons labeled by phospho-tau™ ™50 ywere aloo spread
in the cerebellar lobules; the positivity was in the soma and/or in the
dendrites and was asodsted to altered microtubules organization as
evidenced by MAPZ staining The positive dendrites were always of
big caliber. These findings agpest that either the phospho-tau
(pSer 202/50%) positivity was localized in the main Purkinge it

of microtubules cytockeleton and Purkinge cell synapses conbacts
(Goedert et al, 1993, Wang & Liv, 2008); imbalance in C5™ homeo-
stasts (Hof et al. 199%; Schwaller ot al. 2002 Vecellio, Schwaller,
Meyer, Honziker, & Celio, 2000} presence of estracelhslar reelin
within the cerebellar layers in adult mice leading to the potentiation
of gt i tmion topether with the increase in
spine density (Senkov et al, 2014). As previously described, the
changes in dol mice could be linked to the impaired maturation of
Purkinje neurons | Takayama, Makagawa, Watanabe, Mishina, & Inouw,
19%4; Yuzaki, 2004).

The morphological slterations of dal mice were not only related to
these molecular and celldar pathways, but also to the phydcal dam-
ages of cortical portions caused by injuring blood vessds. In dal mics,
there was an over growth of bleod vessels both in term of nember and
size. The cages could be several: dol mice embryonically develop the
cardiomyocyte hypertrophy Uung et al, 2011), that physiclogically
results in 3 net induction of angogenssis (Laughin, Bowles, &
Duncker, 2012} prolidase indirectly i invohed in the angopenesis

of the dendrites pod tive for this marker were enlarged.

To understand whether the presence of tau is indicative of further
functional damages of Purkinge cells, the sttention has been focused
on the evaluations of synaptic contacts of phospho-tayl==*=/50%
o thee-Purkinge neurons. Therefore, the NF-H, 25 3 marker of inhibi-
tory bagket cell axons (White & Sillitse, 2013} WGLUTL and WGLUT2
a5 markers of paralia and climbing fibers, respectively, were evalested
(Boulland et al, 2004).

In Wt mice, MF-H was not present at P10 yet, while at P&0
highlighted the axons of basket cells, which form synaptic contacts with
Purkinje dendrite branches in the ML, and the basket pincesun: at the
Purkinje: axon hillsck. In dal mice. a shrong decrease in NF-H labding
was evident since there were a loss of positive axons in the ML and flat-
tered basket at Purkinge axon hillock, in particulr in those Purkinje new-
rons pesitive for the phospho-ta == =5 ajther in cell soma or in
dendirites., confinming arom alies in the inhibitory pattern system.

In dal mice there were no significant changes in VGLUT {paraliel

gl h (Rbodes & Simans, 2007). These big blood vessels
were observed not only in comespondence of cerebelium, but also
dlose to the hippocampal farmation (Insolia & Piccoling, 20 14)

Additionally, the pBM defect. as well a5 the layering alterations
and apical anomalies (a5 oortcal wdula tions) were also present inthe
neocortex in both PLO and P&0 mice (insolia & Pieoolin, 2014).

In conchsion, to explain the ontageny of the multiple anomalies in
dal mice cerebalium, we propee a cascade of molecular/monphaogical
events that begins with the alsence of a full funchonal prolidase
enryme The deficdency in prolidase results in the altemtion in collagen
metabolism, and in the increase in the thimer colagen struchures as
well as diso ganized pBM. Such damage leads to the localized aberrant
oortical granue cell proliferation and migration with consequent defects
in brain lamination, cortical dysplasia and matwration of Purkinje neu-
ron; cakium homeostasis imbalance; phospherylation of tau proteins
which s comsidered a patholopical marker associated to alterations. in
the inhibstory and excita tory synaptic neurotransmisdon sy stems.

Of note, profidase deficiency in humans i an sutosomal recesshe

i and the characteristic untreatable skin lesions are evident

fibers) positivity. Instead, there were some il e o ing the
climbing fibers (WGLUTZ immunopesitive), especially in the mature
cargbelham. The mature stage s PS0) s characterized by a mono-

only in presence of homozygous mutations. Similady. the: bone pheno-
type a5 well 2 the card omyocyte ypertropy, previously described
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in the dal model, were only detectable in homorygous state Even if
behavioral tests will be necessary {in term of moetor coordination orin
cage daily life), we balieve that the molecular and histochemical alter-
ations described in dal mice could affect the behavior and could cause
the mentsl retardation in both heterorypous and homorygous dal
mice. On the other end, no newrological defects were reported in
human prelidase mutant camers, thus a compensatory mechanism
in humans could account for such difference. We hypothed ze that in
mouse brain even a decreased amount of prolidase leads to brain
alterations. while in humans the phenatype manifests only with the
oomplete lack of the enzryme.

Further studies directed toward the ultrastrechure analysis of
basement membrane integrity, and toward the elec trophysiological
characterization will be indispensa bl itionally, the ¢ eeb
tical anomalies and heter otopias should be evaluated in maone details
To better, understand the tming of ECM and brain anomalies appear-
ance and to darify if anomalies found are either a neurodegenerative
event of 3 newodevaopmental deay, it will be important to further
imvestigate both earlier steps of development and older mice
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Abstract
Neurcblastoma is a tumour that affects adults and children, characterized by a stem cells component. To date, cisplatin is
the main antitumor agent used in the clinical reatment of this tumour; however, it induces side effects such as
neurctoxicity in healthy cells and induces chemo resistance to therapy in cancer cells. New platinum-based compounds,
platinum (II] have recently been synthesized, and due to their chemical characteristics, they are able to identify new
cellular targets. These complexes act as prodrugs and performing their cytotexic effect as platinum (II) after a reduction
reaction within the hypoxic tumour cells. Among these prodrugs, Pt(IV)Ac-POA appears to be very promising, thanks to
the presence of lizand [2-propinyl]octanocic acid [(POA), which acts as an inhibitor of histone deacetylase (HDACI) and
leads to the increase of histone acetylation, decreasing the interactions between histone and DNA so as to produce
chemo-sensitization to DNA-damaging agents. The greater cytotoxic effect of Pt{IV]Ac-POA on tumour cells, would
therefore be mainly due to the mechanism of inhibition of histone deacetylase, which would increase the accessibility of
DMNA to platination mechanisms that induce cell death. In this study the results show that Pt{IV]Ac-POA. used at a
concentration ten times lower than cisplatin, can induce apoptosis in BES0 cells in culture both through the intrinsic
pathway and through the independent caspase pathway. The data, obtained by immunchistochemical technigues in
fluorescence microscopy, show thar treatment with Pt{IV]Ac-POA has a greater proapoptotic effect on stem cells

compared to the cisplatin standard reatment.

Keywords: B50 Cells; Apoptosis; Cisplatin; Pt{IV)Ac-POA
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Introduction

Cisplatin is one of the most active chemotherapeutic
drug used in the treatment of different type of solid
cancer, including some nervous system tumours, such as
Neuroblastoma [1]. Neurcblastoma is a frequently extra-
cranial tumour in infancy, representing 8-10% of all
cancer in childhood. To date, cisplatin is largely employed
in Neuroblastoma treatment, but despite its benefit, its
used is hampered by severe systemic side effects and the
onset of drug resistance [2-4]. For this reason, in the last
yvears the goal of biomedical research has been the
synthesis of new antitumor agents, with the same
antitumor effect of the reference drug, but associated to
less systemic toxdcity.

To overcome limits of classical oncotherapy, new
platinum (IV] pro drugs have been synthesised. The
Pt(IV) complexes act as pro drugs and reducing
themselves to cytotoxic analogues of Pt{II) inside hypozxic
tumour cells [5-7]. Among these, the new Pt[IV)Ac-POA
pro drug represents a promising tool, bearing as axial
lizand (2-propynyl) ectancic acid (POA), an histone
deacetylase inhibitor [HDACI), Pt(IV)Ac-POA is able to
produce a synergistic action in the hypoxic tumour cell
microenvironment. Indeed, HDAC inhibiton increases
histone acetylation, decreasing histone-DNA interactions
and allowing for chemo-sensitization wersus DNA-
damaging agents [8-10]. The new prodrug has showed
also a higher 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 premeting cancer cells death.

In this study we evaluated the effect of the new
Pt(IV]Ac-POA on the B50 Neurchlastoma rat cells,
focusing on the activation of different cell death pathways
and the morphological and functicnal changes inducted
by treatment.

The B50 neuronal cell line offer several advantazes to
the study of neurons in culture, in fact they are simple to
grow, to differentiate and to transfect. Concerning to our
research, B50 cells have been extensively used in the
study of death and toxicology.

Materials and Methods

B50 Neuroblastoma rat cells were cultured in 75 em?
flask. in Dulbecco's Modified Eagle Medium (DMEM)
supplemented with L-glutamine (2 mM), penicillin 100 [U
ml-1, streptomycin (100 mg 1-1) and 10% fetal bovine
serum (FBS), and at 37°C in a 5% CO; humidified
chamber.

Cells were seed on glass coverslips placed in a & multi-
well and then treated with cisplatin at 40 pM or P{IV)Ac-
POA at 4 pM for 48h ar continuous exposure. These
concentrations for cisplatin and Pe(IV)Ac-POA were based
on previous works and obtained by ICso analysis,
respectively [11,12].

After treatment with cisplatin (40 puM) and Pt(IV]Ac-
POA (4 wM) for 48h at continuous exposure an
immunchistochemistry detection for Bax, Bcl-2 and AIF
was performed, associated with a labelling for the
mitechondria and a counterstained with Hoechst 33258
for the nuclei [Table 1). Images were obtained by an
Olympus BXS51 microscope equipped with a 100-W
mercury lamp and used under the following conditions:
330-385 nm excitation filter [excf), 400 nm dichroic
mirror (dm) and 420 nm barrier filter (bf) for Hoechst
33258; 450-480 nm excf, 500 nm dm and 515 nm bf for
the fluorescence of Alexa 488; 540 nm excf, 580 nm dm
and 5§20 nm bf for Alexa 594. Images were then recorded
with an Olympus MagniFire camera system and processed
with the Olympus Cell F sofrware.

| Antigen Primary antibody Dilution in PES Secondary antibody Dilution in PBS
5 Polyclonal rabbit (Santa Cruz 1200 Anti-rabbit IgG1 Alexa Fluor 594 12200
ax Eiotechnology) ) [Molecular Probes, Invitrogen) B
Polyclonal rabbit (Santa Cruz ) Anti- rabbit [gG1 Alexa Fluor 594 ;
Bel-2 Eiotechnology) Li200 (Molecular Probes, Invitrogen) L:200
Polyclonal rabhbit [Cell Signaling . Anti- rabhit [gG1 Alexa Fluor 594 .
AIF Technolozy] 1:200 (Molecular Probes, Invitrogen) 1:200
. . ) . . Anti-human IgG1 Alexa Fluor 488 .
Mitochondria| Human autoimmune serum 1:200 (Molecular Probes, Invitrozen] 1:200

Table 1: Primary and secondary antibodies used for immunocytochemical reactions at fluorescence microscope

Rangone, et al. [12].
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Differences between control and treated samples were
analysed, evaluating three independent experiments for
each condition and protein analysed. The percentage of
mean fluorescence intensity was calculated with Image]
software and the obtained scores were expressed as the
mean * SEM (standard error of mean). Data differences
were analysed for statistical significance by one-way
ANOVA and post hoc Bonferroni's test (software packaze
GraphPad Prism Inc.). p values ranging from < 0.001 to <
0.05 were considered statistically significant

Results
To analyse the activaton of cell death pathways.

following wreatment with cisplatin at 40 pM or PtIV]Ac-

-

FOA 4 pM, immunocytochemical reactions were
conducted to put in evidence the proteins involved in
these processes: Bax, Bel-2 and ATF,

After immunolabelling, in the B50 control cells, Bax
(red fluorescence] was located in the cytoplasm and not
lecalized with the mitochendria represented by green
fluorescence (Figure 1). On the contrary, after both
meatments, the Bax-immunolabelling was distributed
nearby the mitochondria, where a clear colocalization of
the Bax fluorescence with the organelles was chserved.
Semi quantitative analysis of the immunofluorescence
intensity of Bax. showed an increased intensity in cells
weated with Pt{IV)Ac-FOA compared to the control and
treated-cells, in particular in cells with apoptotic nucleus.

Figure 1: Bax protein analysis. B50 cells in control condition and after treatinent with cisplatin 40 pM or Pt{IV]Ac-
POA 4 uM. Green fluorescence for mitochondria, red for Bax and Hoechst 33258 counterstaining for the nuclei in blue.
Inserts show detail of immunolobelling in contrel and in apoptotic cells. Bars: 40 pm. Histograms showed the
percentage of mean fluorescence intensity per cells normalised to control (Ctr). Statistical analysis: number of
observations per control and treated samples, and cisplatin vs Pe{IV)Ac-POA: *p < 0.05, ***p < 0.001.

Images reported in Figure 2 show a double fluorescence was detectable. After treatment with

immunclabeling for Bcl-2, marked in red. and the
mitochondria, green fluorescence. In B50 control cells,
immunclabelling for Bel-2 protein was distributed in the
cytoplasm and any colocalization with the mitochondria

cisplatin at 40 uM and Pt{IV)Ac-POA at 4 uM, respectively,
Ecl-2 translocated to the mitochondria in early apoptosis,
while its expression decreases, resulting almost absent in
late apoptosis, as can be seen in the inserts. To note, in

Bottome MG, et al, P{IV)Ac-P0OA:- New Platimum Compound Induced Caspase mdependent
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cells exposed to treatinent with cisplatin, an increasing in control-like phenotype after treatment show an increase
Bel-2 fluorescence was observed and corroborated by in fluorescence for the protein under examination.
semi quantitative analysis. In fact, B50 cells that show a

. w2
; I_ :
E
gs. l
T I
”
i,

£

Figure 2: Bel-2 protein analysis. B50 cells in control condition and after treatment with cisplatin 40 pM or Pt{IV])Ac-
POA 4 pM. Green fluorescence for mitochondria, red for Ecl-2 and Hoechst 33258 counterstaining for the nuclei in
blue. Inserts show detail of immunolobelling in control and in apoptotic cells. Bars: 40 pm. Histograms showed the
percentage of mean fluorescence intensity per cells normalised to control [Cir). Statistical analysis: number of
observations per conmrol and treated samples, and cisplatin vs Pe(IV) Ac-POA: ***p < 0.001.

Immunolabel for AIF, red fluorescence, revelled that in pM, the fluorescence related to AIF was no longer
B30 control cells, ATF fluorescence localizes with the associated with labelling for mitochondria, but was found
mitochondria (green fluorescence) (Figure 3). After at the nuclear level which, following treatment, appears
treatment with cisplatin at 40 pM or Pr{IV)Ac-POA ar 4 fragmented and with apoptotic features.

Wlochardin AF T

Figure 3: AIF protein analysiz. B50 cells in control condition and after treatment with cisplatin 40 pM or Pr{IV]Ac-
POA 4 pM. Green fluorescence for mitochondria, red for AIF and Hoechst 33258 counterstaining for the nuclei in blue,
Inserts show detail of immunoclobelling in control and in apoptotic cells. Magnifications: 40x, inserts: 100x.
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At last, in each condition analysed, a severe alteration
in mitochondria structure were chserved after both
treatments compared to control. Indeed, in conmol cells
mitochondria were characterized by a fusiform aspect
and a homogenecus localization in the eytoplasm.
Following treatment with cisplatin or Pt{IV)Ac-POA, the
mitochondria lose their structure, appeared smaller and
more rounded, clustering in dense masses around eells
nuclei. &4 strong reduction in the number and in the cell
size were evident after exposure Pi{IV)Ac-POA compared
to control and cisplatin-treated cells. In particular, after
cisplatin exposure some cells showed a treatment-
resistant phenotype, the mitochondria maintain
morphology comparable to that found in control cells and
proteins of interest remained in the physiological
compartment. This data was not observed after reatment
with Pe(IV)Ac-POA or at least was detected in a minor
way compared to cisplatinn suggesting a greater
proapoptotic effect of the new compound.

Conclusion

Results presented in this work show that the prodrug
can activate both the apoptotic pattern in BES0 cell lines:
the intrinsic apoptotic pathway and the independent
caspase pattern. After mweamment with Pt(IV])Ac-POA a
morphological change in mitochondria, which undergo
fission, were observed associated to i) an increase in the
Bax protein level, ii) the translocation of AIF from the
mitochondria to the nucleus and iii] a decrease in Bel-2.
Quantified wvalues, which are statistically significantly,
corroborates the greater effect of the new compound,
actve already at 4 uM, than cisplatin (40 pM). After
PH{IV]Ac-POA 4 pM treatment, as had already been
demonstrated by Rangone, et al. [12], the number of calls
dying due to apoptosis or autophagy is also greater,
compared to the standard treatment with eisplatin,
where, the cells that do not show an apoptotic
morpheology and cells are characterized by an increasing
in Bel-2 protein expression, suggesting a cisplatin-chemo
resistance.
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