
 

 

 

 

 

 

UNIVERSITÀ DEGLI STUDI DI PAVIA 

Dipartimento di Biologia e Biotecnologie “L. Spallanzani” 

 

Alternative strategies to overcome Cisplatin 

side effects and resistance 

 

 

 

 

 

 

 

 

Astesana Valentina 

PhD Program in Genetics, Molecular and Cellular Biology 

XXXI cycle – 2015-2018 

 
 



  

 

 

 

 

 

 

UNIVERSITÀ DEGLI STUDI DI PAVIA 

Dipartimento di Biologia e Biotecnologie “L. Spallanzani” 

 

 

Alternative strategies to overcome Cisplatin 

side effects and resistance 

 

 

PhD Student: Valentina Astesana 

 

Supervised by Prof. Marco Biggiogera 

  Dott.ssa Maria Grazia Bottone 

 
 

 

 

PhD Program in Genetics, Molecular and Cellular Biology 

XXXI cycle – 2015-2018 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                  CONTENTS 
 

CONTENTS 
ABSTRACT .................................................................................................. 1 

ACKNOWLEDGEMENTS ......................................................................... 3 

ABBREVATIONS ........................................................................................ 5 

1. REVIEW OF THE LITERATURE ...................................................... 11 

1.1 Cisplatin ............................................................................................ 11 

1.2 Cisplatin-induced side effects .......................................................... 14 

1.2.1 Cisplatin ototoxicity .................................................................... 14 

1.2.2 Cisplatin nephrotoxicity .............................................................. 15 

1.2.3 Cisplatin neurotoxicty ................................................................. 16 

1.3 Cisplatin-induced resistance ............................................................ 17 

1.4 Cancer cell metabolism and immune infiltration in Cisplatin 

resistant cancers ..................................................................................... 21 

1.5 [Pt(O,O'-acac)(γ-acac)(DMS)]: an alternative platinum (II)  

compound ................................................................................................ 28 

1.6 Cell death processing induced by platinum compounds in      

tumor cells ............................................................................................... 32 

1.6.1 Apoptosis ..................................................................................... 34 

1.6.2 Autophagy.................................................................................... 40 

1.6.3 Necrosis ....................................................................................... 41 

1.7 The role of calcium in cell death and in tumors ............................. 43 

1.8 The role of oxidative stress in cancer .............................................. 51 

1.9 Role of histone methylation in cancer ............................................. 54 

2. AIMS OF THE RESEARCH ................................................................ 55 

3. MATERIAL AND METHODS ............................................................. 57 

3.1 FIRST PART .................................................................................... 57 

Cell culture and treatment for T98G cell line .................................... 57 

Identification of apoptotic cells ........................................................... 57 

Measurement of mitochondrial membrane potential with JC-1 ........ 58 

Transmission electron microscopy ...................................................... 59 



                                  CONTENTS 
 

Semithin sections ................................................................................. 59 

Immunofluorescence reactions ........................................................... 60 

Protein extraction and quantification ................................................. 61 

Western Blotting analysis of PARP-1 and p62/SQSTM1 .................. 62 

Immunocytochemical detection of histone methylation ..................... 62 

Measurement of [Ca2+] ........................................................................ 63 

Immunocytochemical staining for calcium markers.......................... 65 

Immunocytochemical staining for oxidative stress markers .............. 67 

Fluorescence microscopy .................................................................... 68 

Statistical analysis of fluorescence intensity ...................................... 69 

3.1 SECOND PART ............................................................................... 69 

Cell lines, clones and culture conditions for non-small cell lung 

cancer LLC cell line ............................................................................ 69 

Flow cytometry..................................................................................... 70 

Immunoblotting  .................................................................................. 70 

In vitro detection of PD-L1 ................................................................. 71 

Isolation and phenotyping of tumor-infiltrating lymphocytes and 

myeloid cells by flow cytometry ........................................................... 71 

Flow cytometry gating strategy ........................................................... 72 

4. RESULTS ................................................................................................ 76 

4.1 FIRST PART .................................................................................... 76 

Analysis of apoptotic cells after treatment .......................................... 76 

Cytofluorimetric analysis of the mitochondrial membrane potential 

changes ................................................................................................ 77 

Ultrastructural morphology of T98G cells in control condition and 

after treatment with platinum compounds .......................................... 78 

Immunocytochemical detection for mitochondria, Golgi apparatus 

and lysosomes ...................................................................................... 81 

Activation of intrinsic apoptosis pathway ........................................... 85 

Activation of extrinsic apoptosis pathway........................................... 88 

Immunodetection of PARP-1 .............................................................. 89 



                                  CONTENTS 
 

Immunoblotting of p62/SQSTM1 ....................................................... 91 

Immunocytochemical detection of histone methylation ..................... 92 

Calcium signaling in T98G cell line after treatment with platinum 

compounds  .......................................................................................... 97 

Regulation of calcium-binding proteins implicated in the modulation 

of [Ca2+]i ............................................................................................. 103 

 Calmodulin .................................................................................... 103 

 Calretinin ....................................................................................... 105 

 Calbindin ....................................................................................... 107 

 Parvalbumin .................................................................................. 107 

PMCA-1 ............................................................................................. 110 

Apoptotic markers in T98G cells grown in calcium-free medium ... 112 

The role of oxidative stress in T98G ................................................. 114 

 Nitrotyrosine .................................................................................. 115 

 ROS ................................................................................................ 117 

 NOS2 ............................................................................................. 119 

 SOD-1 ............................................................................................ 120 

4.2 SECOND PART ............................................................................. 122 

Flow cytometry to detect Cisplatin resistance ................................... 122 

Immunodetection of PARylation ...................................................... 123 

Mice .................................................................................................... 124 

Analysis of different population of tumor infiltrate lymphocytes .... 127 

Expression of PD-L1 in sensitive and resistant LLC cell lines ........ 131 

Analysis of different population of tumor infiltrate myeloid cells ... 134 

5. DISCUSSION ....................................................................................... 134 

6. CONCLUSIONS AND PERSPECTIVES .......................................... 145 

REFERENCES ......................................................................................... 147 

LIST OF ORIGINAL MANUSCRIPTS ................................................ 173 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                               ABSTRACT 

 

1 
 

ABSTRACT 

Cisplatin is one of the most effective chemotherapeutic agents used in 

the treatment of many type of tumours including non-small cell lung 

cancer, ovarian, testicular, glioblastoma, neuroblastoma and others. 

Cisplatin is able to form bonds with the N7 atom on guanine and 

adenine bases and when this damage is not repaired, DNA replication 

and transcription were stopped, inducing death of the cells. Despite the 

clinical benefit provided by Cisplatin many patients undergo 

phenomena of resistance and toxicity (especially ototoxicity, 

nephrotoxicity and neurotoxicity). Cisplatin resistance is generally 

multifactorial and arises through different mechanisms; one of this is 

correlated to high activity of PARP-1, an enzyme that modify proteins 

by poly-adenosine ribosylation (named PARylation). There are many 

targets of PARylation, one of these are histones. Moreover, high PAR 

levels correlate with weak infiltration by CD8+ cytotoxic T 

lymphocytes (CTL) in human NSCLC. To overcome Cisplatin 

resistance and toxicity, alternative strategies were proposed: 1) the use 

of alternative platinum compounds, such as [Pt(O,O'-acac)(γ-

acac)(DMS)], a platinum (II) complex containing acetylacetonate 

(acac) and a dimethylsulpide (DMS) in the coordination sphere of the 

metal and synthetized by the team of Prof. Fanizzi (University of 

Salento, Lecce), considering its activity and mechanism of action 

respect to Cisplatin and 2) the study of new mechanisms of resistance 

linked to a different immune response between Cisplatin sensitive and 

resistant tumour cells. For the first strategy we used human 

glioblastoma T98G cell line. Our results suggest that PtAcacDMS is 
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able to induce apoptosis and necrosis with a concentration five-fold 

lower respect to Cisplatin (10µM respect to 40µM). Furthermore, 

ultrastructural analysis of TEM revealed an intense process of 

autophagy takes place in the cells, confirmed by the analysis of 

autophagic markers. Different cell death can be regulated by calcium 

and by oxidative stress. We find that PtAcacDMS induce an acute 

increase in [Ca2+]i respect to CDDP that was likely to be due to 

extracellular Ca2+ entry and enhanced both cytosolic and endoplasmic 

reticulum Ca2+ concentration after 48h of treatment. Increase of 

oxidative stress, especially the expression of ROS, can also represent a 

mechanism of cell death of PtAcacDMS and can modulate the 

modification of chromatin and thus gene expression. Further 

experiments are needed to confirm these data, in particular the analysis 

of specific mechanisms involved in the modulation of intracellular 

calcium and the analysis of apoptosis and autophagy when cells 

growing in absence of Ca2+. For the second stage we used mouse LLC 

(Lewis lung cancer) non-small cell lung cancer cell line. After 

generating cell lines resistant to Cisplatin, followed by their 

characterization with respect to PARylation, cells were injected in 

immunocompetent C57BL/6 mouse to evaluate the immune infiltrate. 

In vivo results show differences in immune infiltrate, especially in 

TAMs and Treg, more expressed in resistant cells, but to confirm if 

PARP-1 is implicated in this modulation it will be necessary to 

manipulate the expression of PARP-1 in the clones CDDP-resistant, 

silencing its expression by siRNA, to evaluate whether these injected 

cells exhibit the same immune infiltrate as the WT cells. 
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tetrakis (acetoxymethyl ester) 

BAX: BCL-2 associated X  

BCL-2: B-cell lymphoma 2 

BCL2A1: BCL2 related protein A1  

BCL2L2/BCL2-W: BCL2 like 2  

BID: BH3 interacting domain death agonist 

BSA: bovine serum albumin  

c-FLIP: CASP8 and FADD like apoptosis regulate  

CaCl2: calcium chloride 

CAMKs: Ca2+/calmodulin (CaM)-dependent protein kinases 

CAT: catalase 

CD16/CD32: Fc fragment of IgG receptor IIIa/IIIb 

CD45/PTPRC protein tyrosine phosphatase, receptor type C 

CDDP: Cisplatin 

CMA: chaperone-mediated autophagy  

CNS: central nervous system  

COX-2: cyclooxygenase-2 

CPA: cyclopiazonic acid 

CTL: cytotoxic T-lymphocytes  

CTR1: copper influx transporter 1 

cyt c: cytochrome c  

DAMPs: damage-associated molecular pattern molecules  
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DAPK1: death-associated protein kinase 1 

DCs: dendritic cells  

DFFA/ICAD: DNA fragmentation factor subunit alpha  

DFFB/CAD: DNA fragmentation factor subunit beta 

DIABLO: diablo IAP-binding mitochondrial protein 

DISC: death inducing signaling complex  

DiOC6(3): 3,3'-dihexyloxacarbocyanine iodide 

DMS: dimethylsulphide 

DNA: deoxyribonucleic acid 

DRs: death receptors  

DRG: root ganglion neurons  

ECL: Enhanced chemiluminescence 

EDTA: ethylenediaminetetraacetic acid 

EGTA: ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid 

EMT: epithelial-mesenchymal transition  

ER: endoplasmic reticulum 

ERCC1: excision repair cross-complementation group 1 

ERK1/2: Extracellular signal-regulated kinase ½ 

FADD: Fas associated death domain  

FAS/CD95/APO1: Fas cell surface death receptor  

FASLG/CD95L/APO-1L: FAS ligand 

FDA: Food and Drug Administration 

FIS1: mitochondrial fission 1 

FOXP3: forkhead box P3 

GPx: glutathione peroxidase 

GSH: glutathione S-transferase 

H2O2: hydrogen peroxide  

HAT: histone acetyltransferase  

HCl: hydrochloric acid  

HDAC: histones deacetylase  

HDM: histones demethylase  

HEPES: 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid 

HIF1: hypoxia-inducible factor 1 

HMT: histones methyltransferase  

HSP90: heat shock protein 90 

IAP: inhibitor of apoptosis 

ICOS: inducible T cell costimulator 
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IL-2: interleukin-2 

IL-6: interleukin-6 

INF-γ: interferon-gamma  

InsP3Rs: inositol triphosphate receptors  

IP3: inositol trisphosphate  

JC-1 (5,5V,6,6V-tetrachloro-1,1V,3,3V-   

tetraethylbenzimidazolcarbocyanine iodide 

JNK: c-Jun N-terminal kinase 

KCl: potassium chlorate 

Ly6: lymphocyte antigen 6 complex, locus C 

Ly6G: lymphocyte antigen 6 complex, locus G 

MAMs: mitochondrial-associated endoplasmic reticulum membranes 

MAPK: mitogen-activated protein kinase 

MAPK8/JNK: mitogen-activated protein kinase 8 

MAPK14/p38: mitogen-activated protein kinase 14  

MCU: mitochondria Ca2+ uniporter  

MDSC: myeloid derived suppressor cells 

MFN2: mitofusin 2 

MgCl2: magnesium chloride 

MHCII: histocompatibility-2, MHC 

mHCX: mitochondrial H+/Ca2+ exchanger  

mNCX: Na+/Ca2+ exchanger  

MMPs: matrix metalloproteinases 

MMP-3: matrix metalloproteinase 3  

MMR: mismatch repair 

MOMP: mitochondrial outer membrane permeabilization 

MPTPs: mitochondrial permeability transitional pores  

MRP2: multidrug resistance-associated protein 2  

NAC: N-acetyl cysteine 

NaCl: sodium chloride 

NaF: sodium fluoride 

NaOH: sodium hydroxide 

NCCD: Nomenclature Committee on Cell Death  

NER: nucleotide excision repair 

NF-kB: nuclear factor-kappa B  

NK: natural killer 

NMDARs: N-methyl-D aspartate receptors 
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NO: nitric oxide 

NOSs: nitric oxide synthases 

NOX: NADPH (nicotinamide adenine dinucleotide phosphate) oxidase 

NSCLC: non-small cell lung cancer  

O2
- : superoxide anion 

O3: ozone  

OCT2: organic cation transporter-2 

OD: optical density 

OH-: hydroxyl radical  

OMM: outer mitochondrial membrane  

OPA1: mitochondrial dynamic like GTPase 

ORAI1: Ca2+ release-activated calcium channel protein 1 

OsO4: osmium tetroxide  

p62/SQSTM1: sequestosome 1  

P2XRs: purinergic ionotropic receptor 

PAR: poly-adenosine ribosyl 

PARP-1: poly-adenosine ribosyl (PAR) polymerase-1 

PARylation: poly-adenosine ribosylation  

PBS: phosphate buffer saline 

PD1: programmed cell death 1 

PD-L1: programmed cell death 1 ligand 1 

PI: iodide propidium   

PI3K: phosphoinositide 3-kinase 

PIP2: phosphatidylinositol 4, 5- bisphosphate  

PIP3: phosphatidylinositol 3, 4, 5-triphosphate 

PKC-α: Protein Kinase C- alpha 

PMCA-1: Plasma Membrane Calcium ATPase 1 

PMSF phenylmethylsulfonyl fluoride  

PSS: physiological salt solution  

PtAcacDMS: [Pt(O,O′-acac)(γ-acac)(DMS)] 

PTEN: Phosphatase and tensin homolog 

PTP: permeability potential pore  

PTPC: permeability transition pore complex 

PUMA: p53-upregulated modulator of apoptosis 

RCS: reactive chloride species 

RNS: reactive nitrogen species 

ROI: regions of interest 
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ROS: reactive oxygen species 

RSS: reactive sulfur species 

RyRs: ryanodine receptors  

SDS: sodium thiosulfate 

SERCA: sarco/endoplasmic reticulum Ca2+-ATPase  

SMAC: second mitochondrial activator of caspases 

SOCE: store-operated Ca2+ entry 

SOD: superoxide dismutase 

STIM1: stromal interaction molecular 1 

TAMs: tumor associated macrophages 

TILs: tumor infiltrating lymphocytes  

TH1: type 1 helper 

TLRs: toll-like receptors  

TNF-α: tumor necrosis factor  

TNFR1: TNF receptor superfamily member 1A  

TNFRSF10A/TRAILR1/DR4: TNF receptor superfamily member 10a 

TNFRSF10B/TRAILR2/DR5: TNF receptor superfamily member 10b 

TRADD: TNFRSF1A associated via death domain  

TRAIL: TNF superfamily member  

Treg: regulatory T lymphocytes 

Tris HCl: (hydroxymethyl)aminomethane hydrochloride 

TRP: transient receptor potential  

VDAC: voltage-dependent anion channel 

VEGF: vascular-endothelial growth factor 

VEGFR: vascular-endothelial growth factor receptor 

VGCCs: voltage-gated calcium channels  

XIAP: X-linked inhibitor of apoptosis 
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1. REVIEW OF THE LITERATURE 

1.1 Cisplatin 

Platinum compounds are largely used in clinical as tumor therapy. In 

particular, the cis-dichlorodiammine platinum (II) (also known as 

Cisplatin or CDDP) is the most effective based-platinum 

chemotherapeutic agent, synthesized for the first time by the Italian 

chemist Michele Peyrone in 1845, whose structure was clarified by 

Alfred Werner in 1893 (Dasari S and Tchounwou PB, 2014). However, 

the compound was not used as anticancer treatment until the 1960s 

when Rosemberg B et al. (1965) discovered its ability to induce the 

inhibition of cell division in  Escherichia coli, lead the way of a possible 

use of Cisplatin as cancer chemotherapy. In 1978 the FDA (Food and 

Drug Administration) approved the clinical use of this compound (Apps 

S et al., 2015) and nowadays it has become a standard therapy for a 

wide range of malignancies including testicular, ovarian, bladder, head 

and neck, esophageal, small and non-small cell lung, breast, cervical, 

stomach and prostate cancers, Hodgkin’s and non-Hodgkin’s 

lymphomas, neuroblastoma, sarcomas, multiple myeloma, melanoma, 

and mesothelioma. (Florea AM and Büsselberg D, 2011, Ho GY et al., 

2016). 

Cisplatin and their analogous (Carboplatin, Oxaliplatin Nedaplatin, 

Lobaplatin, Heptaplatin) contain four ligands; the amine ligands and the 

chloride ligands or carboxylate compounds forming leaving groups 

allowing the platinum ion to form bonds with DNA bases (Goodsell 

DS, 2006 and Reed E 1998). To bind their target, platinum compounds 

act as prodrugs. Within cells, in which the concentration of Cl- is lower 
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than that in the extracellular environment (~2-10 mM vs. ~100 mM 

outside cells) (Galluzzi L et al., 2014), Cisplatin undergoes spontaneous 

aquation of their labile ligands so that they can form bonds with any 

nucleophile sites including the sulfhydryl groups of some proteins but 

in particular with the N7 atom on purines bases of mitochondrial and 

nuclear DNA (Dasari S and Tchounwou PB; 2014; Galluzzi L et al., 

2014). When this damage is not repaired through the activation of 

mechanisms of DNA repair (such as NER (nucleotide excision repair) 

and MMR (mismatch repair)), DNA replication and transcription are 

stopped, inducing death of the cells (Roberts NB et al., 2016) (Fig. 1). 

 

 

Fig. 1 Formation of CDDP-DNA-adducts (Wang L and Lippard SJ, 2005). 

 

Cisplatin cytotoxicity is directly dependent to its accumulation inside 

the cells. Copper influx transporter 1 (CTR1) is the major transporter of 

Cisplatin within cells (Holzer AK et al., 2006) while two copper efflux 
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transporters, ATP7A and ATP7B regulate platinum drug accumulation 

(Katano K et al., 2003; Samimi G et al., 2004) (Fig. 2). 

 

 

 

 

Fig. 2 Representation of Cisplatin-efflux and influx outside and inside of a 

cell, mediated by its different transporters and its intracellular aquation 

(Oberoi HS et al., 2013). 

 

Cisplatin is also able to interact with some proteins such as: GSH 

(glutathione S-transferase), which forms complexes GSH-CDDP 

subsequently removed from the cell, causing a reduction of the drug 

cytotoxic effect; metallothioneins involved in the detoxification of 

heavy metals that contribute to the mechanisms of Cisplatin resistance 

(Galluzzi L et al., 2014) or mitochondrial proteins like the VDAC 

(voltage-dependent anion channel); this results in the depletion of 

reducing equivalents and/or directly sustains the generation of reactive 

oxygen species (ROS). ROS can also directly induce DNA damage 

(Koberle B et al., 2010; Timerbaev AR et al., 2006). Moreover, 

http://www.nature.com/onc/journal/v31/n15/full/onc2011384a.html#bib167
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Cisplatin is able to interact with the protein tubulin, causing the 

depolymerization of microtubules and the alteration of cytoskeleton of 

tumor cells (Tulub AA and Stefanov VE, 2001). Also, binding the C-

terminal domain of HSP90, Cisplatin inhibits the assembly and folding-

protein activity of this chaperone (Ishida R et al., 2008). 

 

1.2 Cisplatin-induced side effects 

Despite the clinical benefit provided by Cisplatin since its clinical 

administration, many patients undergo phenomena of side effects, 

which restrict the dosage administrated. In addition to common side 

effects of almost all chemotherapeutic drugs (including nausea, 

vomiting, diarrhea and myelosuppression) due to indiscriminate 

dividing cells targets, Cisplatin induces also an elevated ototoxicity, 

nephrotoxicity and neurotoxicity (Ruggiero A et al., 2013). 

 

1.2.1 Cisplatin ototoxicity 

Cisplatin induces ototoxicity with high frequency and in particular in 

children ranging from 22% to 77% (Coradini PP et al., 2007; Knight 

KR et al., 2005; Kushner BH et al., 2006). In a recent study it was 

demonstrated that pediatric patients, after treatment with platinum 

compounds, shown sensorineural hearing loss which progress after 

long-term treatment especially in children with a central nervous system 

tumor (Waissbluth S et al., 2018) such as neuroblastoma.  

Cisplatin induces ototoxicity trough different mechanisms; one of the 

most important concerns the increase of ROS generation: CDDP cause 

a depletion of GSH and a reduction of antioxidant enzymes in the rats’ 
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cochleae (Rybak LP et al., 2000) promoting the apoptotic and necrotic 

cells death (Sheth S et al., 2017). The capacity of Cisplatin to generate 

ROS can be explained with its ability to interacts with sulfhydryl groups 

of antioxidant enzymes causing their inactivation. Furthermore, 

Cisplatin is able to induce the activation of NOX (NADPH oxidase) 

gene family that catalyze the formation of superoxide anion (O2-) 

(Banfi B et al., 2004); knockdown of this enzyme protects against 

hearing loss (Mukherjea D et al., 2010). Some antioxidant agents can 

be used to alleviate these side effects such as N-acetyl cysteine (NAC) 

and thiol compounds as the sodium thiosulfate (SDS), however they can 

reduce the amount of CDDP necessary for antitumor effect (Choe WT 

et al., 2004; Dickey DT et al., 2008; Wimmer C et al., 2004). 

 

1.2.2 Cisplatin nephrotoxicity 

Cisplatin nephrotoxicity affects 20-30% of patients, in particular the 

pediatric ones, in time and dose-dependent manner (Barton CD et al., 

2018; Manohanar S and Leung N, 2018). Cisplatin is able to induce 

nephrotoxicity trough different mechanisms. The most common 

manifestation is represented by hypomagnesaemia, probably due to 

injury in the distal tubular that affects the reabsorption of the 

magnesium (Lajer H et al., 2005). Furthermore, in the proximal tubule, 

the overexpression of organic cation transporter-2 (OCT2) mediates the 

accumulation of drug in kidney cells (Filipski KK et al., 2008). Indeed, 

knockout mice for the OCT2 gene are protected for Cisplatin mediated-

kidney injury (Filipski KK et al., 2009).  
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Another mechanism puts in place by kidney in response to Cisplatin is 

the increase of production of inflammatory elements such as 

interleukin-6 (IL-6), tumor necrosis factor (TNF-α), interferon-gamma 

(INF-γ) and T cells (Ramesh G and Reeves WB, 2002). In particular, 

Kang KP and colleagues (2009) demonstrated the implication of the 

nuclear factor-kappa B (NF-kB) pathway in the increase of TNF-α 

production after administration of Cisplatin. The inflammatory effect 

of Cisplatin is mediated also through the stimulation of production of 

damage-associated molecular pattern molecules (DAMPs) or 

“alarmins”. DAMPs link the toll-like receptors (TLRs) on the surface 

of T-cells determining an increase in inflammation patterns (Gluba A 

et al., 2010). In order to reduce Cisplatin nephrotoxicity some strategies 

have been investigated: for example thiol agents, Acivicin and 

Ketoprofen act by reducing the activation of Cisplatin-glutathione 

conjugated; inhibitors of transporters reduce the entry of the drug in the 

cells; anti-inflammatory drugs, such as inhibitors of JNK (c-Jun N-

terminal kinase) reduce the ROS generation or salicylates reduce the 

production of TNF-α (Manohanar S and Leung N, 2018). 

 

1.2.3 Cisplatin neurotoxicity 

After treatment with Cisplatin, about 50% of patients shown peripheral 

neuropathies that limit the possibility of a continuous therapy; 

furthermore, neurotoxic symptoms affect patients for long time (from 5 

to 20 years) after the end of treatment (Sprauten M et al., 2012).  

The worse damages take place in dorsal root ganglion neurons (DRG) 

in which the accumulation of Cisplatin is facilitated by the absence of 
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blood-brain barrier and the presence of fenestrated capillaries and 

facilitate the formation of DNA-adducts (Carozzi VA et al., 2015; 

McWhinney SR et al., 2009). As consequence, DNA transcription is 

stopped leading to neuron atrophy and interruption of axonal 

connection (Yan F et al., 2015). In vivo and in vitro studies have also 

demonstrated loss of DRG due to Cisplatin-induced apoptosis (Alaedini 

A et al., 2007; Gill JS and Windebank AJ., 1998; McDonald ES et al., 

2005). 

The overexpression of two types of transporters in neurones, CTR1 and 

OCT2, contribute to the uptake of Cisplatin into the cells and this 

aggravates the neurotoxicity (Cavaletti G et al., 2014).  

Furthermore, mitochondrial DNA damage plays an important role in 

Cisplatin-related neurotoxicity: indeed, Cisplatin depletes the ATP and 

cellular calcium accumulation causing a reduction of mitochondrial 

movement in axons (Podratz JL et al., 2017). Moreover it alters the 

mitochondrial fission and fusion processes in peripheral nerves, 

probably due to down regulation of protein mitofusin 2 (MFN2) 

(Bobylev I et al., 2018).   

 

1.3 Cisplatin-induced resistance 

The efficacy of Cisplatin is limited by another negative characteristic, 

the resistance to treatment. Intrinsic or acquired resistance represents 

therefore the principal obstacle for the use of this compound (Galluzzi 

L et al., 2014). The primary or intrinsic resistance occurs when drugs 

are immediately ineffective for patients, while the acquired, or 

secondary resistance, is usually defined as progression of the disease 
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after an initial period of benefit from the clinical point of view and is 

refractory to further administration of the therapy. Resistance occurs in 

the majority of tumours, with the exception of testicular germ cells 

cancer in which >80% of patients shown a complete recovery (Winter 

C and Albers P, 2011). 

Cisplatin resistance is generally multifactorial and arises through 

different mechanisms. Galluzzi L et al. (2014) proposed a classification 

into four categories of mechanisms of Cisplatin resistance summarized 

in Fig. 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Representation of molecular mechanisms subdivided into different 

groups according to different type of cellular alterations (Galluzzi L et al., 

2014). 
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The first category named pre-target resistance is independent of the 

damage caused by the drug and can occur due the alterations of the 

expression, subcellular localization and functionality of Cisplatin 

transporters; in particular, CTR1, which mediates the influx of drug and 

APT7A and ATP7B, which mediate the efflux outside the cell. A lot of 

evidences demonstrated that these transporters represent prognostic 

value in some tumours such ovarian, non-small-cell lung cancer and 

endometrial carcinoma (Aida T et al., 2005; Chen HH et al., 2012; 

Kalayda GV et al., 2008; Nakayama K et al., 2004). Other transporters 

contributing to the extrusion of Cisplatin can be implicated in 

resistance, for example the multidrug resistance-associated protein 2 

(MRP2) (Korita PV et al., 2010; Yamasaki M et al., 2011) and the 

ATPase ATP11B (ATPase phospholipid transporting 11B) (Moreno-

Smith M et al., 2013). 

The second category called on target resistance includes the alterations 

in DNA-damage repair mechanisms that occur after Cisplatin action, in 

particular those concerning the NER system: an increase in expression 

level of the DNA-repair proteins has been associated with Cisplatin 

resistance in different type of tumours (Bellmunet J et al., 2007; Kim 

MK et al., 2008; Handra-Luca A et al., 2007; Olaussen KA et al., 2006). 

The principal protein implicated is ERCC1 (excision repair cross-

complementation group 1), more expressed in resistant cells with 

respect to sensitive ones in many type of tumours and thus it can be 

regarded as a possible biomarker for Cisplatin resistance (Amable L, 

2016).  
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The third category represents the post target resistance and arises in 

alterations of the machinery of cell death, in particular CDDP-induced 

apoptosis. In general, after administration of Cisplatin, cells suffer 

stress conditions and, to restore the cellular homeostasis, put in place 

processes such as the activation of some pro-apoptotic and anti-

apoptotic signals, like BCL-2 associated X (BAX) and BCL-2 

antagonist killer (BAK or BAK1), the accumulation of ROS and the 

opening of permeability transition pore complex (PTPC), the activation 

of ion channels subjected to redox regulation which alter the 

mitochondrial membrane permeability (Haouzi D et al., 2002; Kim JS 

et al., 2008; Tajeddine N et al., 2008); but also the expression of 

caspases and the members of BCL-2 family, which include BCL-2 (B-

cell lymphoma 2) itself, BCL-XL (B-cell lymphoma-extra large) and 

others (Michaud WA et al., 2009; Sakamoto M et al., 2001; Williams J 

et al., 2005). 

Finally, the off target resistance includes alterations in mechanisms not 

directly activated by Cisplatin such as the machinery of 

macroautophagy or the expression levels of the heat shock proteins 

which can induce a positive or negative response to Cisplatin action 

(Ren A et al., 2008; Yamamoto K et al., 2001; Yu H et al., 2011).  

In conclusion, the multifaceted aspects of CDDP resistance make 

difficult the development of chemosensitization drugs. More recently 

clinical settings are taking place to study this problem directly on 

patients with different approaches such as genomic, metabolomic, 

methylomic, transcriptomic, proteomic to correlate Cisplatin resistance 

and gene expression, SNPs and the development of pharmacological 
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lines to overcome this problem. These approaches are important for 

advance medicine and the coming of personalized treatments. 

 

1.4 Cancer cell metabolism and immune infiltration in 

Cisplatin resistant cancers 

Within solid tumor, transformed cells are not alone and now understand 

the biology of these cells is no more sufficient for explain tumor 

formation (Kerkar SP and Restifo NP, 2012). Now a lot of evidences 

have shown the presence of nonneoplastic host elements such as 

components of immune system that contribute to carcinogenesis, tumor 

progression and metastasis formation (Mantovani A and Sica A, 2010; 

Schreiber RD et al., 2011; van Kempen LC et al., 2003). These cells are 

components of the stromal network that promote neovascularization 

and provide cytokines and inflammatory support to drive the 

proliferation of transformed cells (Murdoch C et al., 2008; Shojaei F et 

al., 2008). This interaction among the various cell types in the tumor 

microenvironment are now a new hallmark of cancer and therefore the 

study of these components could be the key to restore the cellular 

sensitivity to Cisplatin for a large type of tumors (Fig. 4). 
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Fig. 4 The new hallmarks of cancer (Hanahan D and Weinberg RA, 2011). 

 

The composition of immune infiltrate includes CD3+ T-lymphocytes, 

which generally are associated with good prognosis. Within this 

population, different subtypes can be recognised. The type 1 helper 

cells (TH1 cells) expressing CD4+ marker which produce IFNγ and IL-

2 (interleukin-2). The cytotoxic CD8+ T cells, (cytotoxic T-

lymphocytes or CTL) are able to bring a potent anti-tumour immune 

response by inducing cancer cells apoptosis trough the pathway of 

perforins and granzymes: the presence of this lymphocytes defines the 

most-favourable prognosis (Fridman WH et al., 2017). However, the 

CD3+ population includes a subset of cells called regulatory T cells 

(Treg) described as CD4+/CD25+/FOXP3+ which possess the ability to 

suppress immune response also creating an immunosuppressive 
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environment that blunts antitumor effect response puts in place by 

CD4+, CD8+ and natural killer (NK) cells (Kerkar SP and Restifo NP, 

2012). The presence of this population in the cancer immune infiltrating 

is associated with poor prognosis in most types of tumors.   

Also myeloid cells, present in the immune infiltrate, are able to inhibit 

immune response using a variety of mechanisms, such as the creation 

of inflammatory environment. Furthermore, they mediate the 

phenomena of angiogenesis and metastasis formation (Ostrand-

Rosemberg S and Sinha P, 2009; Sica A and Bronte V, 2007). Important 

myeloid cells subsets include myeloid derived suppressor cells 

(MDSC), macrophages and dendritic cells (DCs). Myeloid derived 

suppressor cells are described as a population CD11b+ able to suppress 

CD8+ T cells, but in fact they represent a heterogeneous population 

including cells of monocytic origin with high expression of the marker 

Ly6G and low levels of the marker Ly6C. They will differentiate into 

macrophages. Macrophages (MΦ) have the ability to present antigen to 

T lymphocytes but in the context of tumor microenvironment they play 

a role in the shutdown of T cells, promoting tumor growth (Qian BZ 

and Pollard JW, 2010). In particular TAMs (tumor associated 

macrophages), are M2-like MΦ able to inactivate the immunity 

response triggered by M1 macrophages, inhibiting like this the 

activation of natural killer cells, TH1 and CTL (Gabrilovich DI et al., 

2012). 

DCs are professional antigen-presenting cells but in cancer their 

functionality decreases probably due to an abnormal myelopoiesis 

resulting in a reduced production of mature DCs and their accumulation 
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in tumor site (Gabrilovich DI, 2004). Also clinical studies have 

demonstrated a decreased presence of DCs in many types of tumors 

(Gabrilovich DI et al., 2012). Furthermore, in contact with malignant 

cells DCs develop functional impairments and are able to suppress T 

cells (Lin A et al., 2010). In Fig. 5 is illustrated the composition of 

immune infiltrate in a generic solid tumor.  

 

 

Fig. 5 The different immune cells infiltrating solid tumours 

microenvironmental. In the right panel the mechanisms with which myeloid 

cells evade the immunity response (Kerkar SP and Restifo NP 2012). 
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It can be assumed there is a link between cancer cell metabolism and 

immune infiltration in Cisplatin resistant cancers. Indeed, Kroemer and 

colleagues have demonstrated that high activity of poly-adenosine 

ribosyl (PAR) polymerase-1 (PARP-1) correlates with weak infiltration 

by CD8+ cytotoxic T lymphocytes in patients with non-small cell lung 

cancer (NSCLC) (data not published).  

PARP-1 is an enzyme which includes three subunits: a DNA-binding 

N-terminal domain with two zinc fingers motifs to detect the DNA 

damage, a C-terminal catalytic domain and an intermediate domain 

which contains an autoinhibitory PARP activity site (Ray Chaudhuri A 

and Nussenzweig A, 2017). 

PARP-1 has a lot of functions; it regulates the life of cells preserving 

them by death or conversely induces apoptosis with a caspases-

independent mechanism, preserves genome integrity and modulates 

transcription and DNA-damage repair (Schiewer MJ and Knudsen KE, 

2014; Wang L et al., 2017). Furthermore, PARP-1 consumes nicotine 

adenine dinucleotide and ATP to covalently modify proteins by poly-

adenosine ribosylation (named PARylation). There are many targets of 

PARylation, one of these are histones. Histones PARylation is very 

important because as consequence histones progressively acquire 

negative charges, causing their repulsion from interacting proteins and 

DNA. As a result, nuclear PARylation facilitates the relaxion of 

supercoiled DNA structures, including the accessibility of DNA to 

repair enzymes (Tallis M et al., 2014). The Fig. 6 resumes the functions 

of PARP-1. 
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Fig. 6 The role of PARP-1 in DNA damage repair. The blue bars represent 

histone H1, the purple hexagons represent the histones core (Beneke S, 2012). 

 

Michels J et al. (2013) have demonstrated that clones of NSCLC A549 

cells made Cisplatin-resistant shown elevated levels of PAR-containing 

proteins suggesting the existence of some genetic and epigenetic 

regulations that overexpress PARP-1 or increase its activity. Indeed, the 

specific mechanism which underpins this phenomenon is still unknown 

and other pathways can play an important role in this specific type of 

Cisplatin-resistance. Moreover, subsequent immunohistopathological 

analyses revealed that high PARP-1 activity constitutes negative 

prognostic features in patients with non-small cell lung cancer. This 

increase is not correlated with high expression of the enzyme (Michels 

et al., 2015) (Fig. 7). 
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Fig. 7 Prognostic value of PAR in patients with NSCLC. In line with literature 

data the activity of enzyme is not necessary correlate with its expression 

(Michels et al., 2015). 

 

In summary it could be possible that intracellular PARP-1 activity 

influences the immune infiltrate by altering the concentrations of 

extracellular metabolites. 
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1.5 [Pt(O,O′-acac)(γ-acac)(DMS)]: an alternative 

platinum (II) compound 

To overcome Cisplatin drug resistance and toxicity, about forty years 

ago researchers all around the world started the development of 

analogous of Cisplatin. FDA approved clinically the use of two new 

platinum derivatives, Carboplatin and Oxaliplatin (Mandala M et al., 

2004; Tattersall MN, 2002). Although Carboplatin shown a reduced 

neurotoxicity and nephrotoxicity, unfortunately both compounds have 

not provided advantages in clinical trials because they induce resistance 

mechanisms in the same tumours insensitive to Cisplatin (Galluzzi L et 

al., 2014).   

Due to this negative aspect, in more recent years, new platinum drugs 

have been developed and designed to be either more cytotoxic to cancer 

cells compared with Cisplatin (Apps MG et al., 2015). One of these is 

the [Pt(O,O′-acac)(γ-acac)(DMS)], a new platinum (II) complex 

containing acetylacetonate (acac) and a dimethylsulphide (DMS) in the 

coordination sphere of the metal, synthesized by the team of Prof. 

Fanizzi (University of Salento, Lecce, Italy). Fig. 8 shows the different 

structure between CDDP and [Pt(O,O′-acac)(γ-acac)(DMS)]. 
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Fig. 8 Chemical structure of CDDP (left) and [Pt(O,O′-acac)(γ-acac)(DMS)] 

(right) (Muscella A et al., 2007, modified). 

 

This compound has been shown to induce apoptosis in Hela cells with 

a higher and more rapid cytotoxic activity in vitro respect to Cisplatin 

(Muscella A et al., 2007). In MCF-7 cells it was demonstrated that 

cytotoxicity of [Pt(O,O′-acac)(γ-acac)(DMS)] correlated with cellular 

accumulation but not with DNA damage (Muscella A et al., 2008). 

Indeed, the presence of DMS in the chemical structure of the molecule 

indicates its prevalence to link proteins containing thiol or thioester 

groups (Muscella A et al., 2007). Furthermore [Pt(O,O′-acac)(γ-

acac)(DMS)] is able to induce cell death not only via apoptosis but also 

via anoikis at sublethal concentration and prevents events leading to cell 

migration and metastasis (Muscella  A et al., 2010). 

In MCF-7 cells, [Pt(O,O'-acac)(γ-acac)(DMS)] increases the 

intracellular calcium concentration ([Ca2+]i) inhibiting PMCA-1 

(Plasma Membrane Calcium ATPase 1)  and closing Ca2+ channels 

opened by purinergic receptors; furthermore provokes the activation of 

PKC-α (Protein Kinase C- alpha) and the production of ROS that were 

responsible for the Ca2+ permeability (Muscella A et al., 2011) (Fig. 9). 
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Fig. 9 [Pt(O,O'-acac)(γ-acac)(DMS)] induces apoptosis by altering the 

homeostasis of intracellular calcium. This change is due primarily, to the 

decrease of PMCA activity, due to NADPH oxidase and mitochondrial ROS 

production, but also to the PKC-a-mediated closure of some channels. 

 

Other studies demonstrated a more cytotoxic effect of [Pt(O,O'-acac)(γ-

acac)(DMS)] in human epithelial breast cancer in primary culture than 

in normal healthy cells, and a faster depolarization of mitochondrial 

membrane potential in cancer cells respect to Cisplatin treatment 

(Vetrugno et al., 2014). 

In vivo, the antitumor activity of [Pt(O,O'-acac)(γ-acac)(DMS)] was 

evaluated in two studies conducted by Prof. Fanizzi’s team. In the first 
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it was used a mouse xenograft model of breast cancer (Muscella A et 

al., 2014): compared to Cisplatin, the new compound showed an 

increase of activity, a decrease of hepatotoxicity and nephrotoxicity and 

a major concentration of platinum in the blood vessels. In the second 

and more recent study, using a xenograft model of human renal cell 

carcinoma (Caki-1), the same authors demonstrated an inhibition of cell 

survival and angiogenesis of the [Pt(O,O'-acac)(γ-acac)(DMS)] 

fivefold greater than that of Cisplatin (Muscella A et al., 2016).  

In mesothelioma tumour, in vitro and in vivo studies have shown an 

effective antitumor role of [Pt(O,O'-acac)(γ-acac)(DMS)] respect to 

Cisplatin inducing apoptosis in cell culture (ZL55) and reducing the 

tumour xenografts in mice, highlighting an important pro-apoptotic role 

of PKC-α. PKC-α is able to trigger a pathway which, activating the 

protein ERK1/2 (Extracellular signal-regulated kinase 1/2) can induce 

a cytotoxic effect. However [Pt(O,O'-acac)(γ-acac)(DMS)] appears to 

be able to inhibit the phosphorylation of ERK1/2, determining the 

occurrence of resistance (Muscella A et al., 2016; Muscella A et al., 

2017).  

Our laboratory investigated the different activity of the new compound 

in rat neuroblastoma B50 cell line: after exposure both to Cisplatin and 

[Pt(O,O'-acac)(γ-acac)(DMS)] for 48h, cells showed characteristic 

morphological alterations, more evident after treatment with the second 

compound, including fragmentation of organelles (such as lysosomes, 

such that they release their proteases in the cytoplasm), damage of 

Golgi apparatus, actin bundles of microtubules at the periphery and in 

the central region, fission and condensation of mitochondria, reduction 
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of the potential of the mitochondrial membrane, resulting in the 

activation of the intrinsic pathway of apoptosis (Grimaldi M et al., 

2016). Other studies have shown that [Pt(O,O'-acac)(γ-acac)(DMS)] 

ensures the high platinum levels (4 times higher than those achieved 

with Cisplatin, with a greater ability to cross the blood brain barrier) in 

rat cerebellum in the perinatal period one week after administration of 

the drug, without altering the development of the central nervous 

system (CNS), preserving the normal dendritogenesis of Purkinje cells 

and in the absence of a particular impairment of migration of granule 

cells (Bernocchi G et al., 2011; Cerri S et al., 2011; Piccolini V et al., 

2015). Furthermore, the effect of [Pt(O,O'-acac)(γ-acac)(DMS)] in 

calcium homeostasis also reflected in a reduction of neuronal damage 

respect to Cisplatin: in rat cerebellum development both compounds 

shown to be able to alter the Calbindin activity, determining an increase 

of [Ca2+]i, [Pt(O,O'-acac)(γ-acac)(DMS)] acts also on PMCA-1, bring 

back [Ca2+]i at the normal level (Piccolini V et al., 2013). Also in the 

renal fibrogenesis of the rat, [Pt(O,O'-acac)(γ-acac)(DMS)] induced a 

minimal number of histopathological damages when compared with 

Cisplatin, and produced progressive cortical fibrotic lesions (Fenoglio 

C et al., 2015). 

 

1.6 Cell death processing induced by platinum 

compounds in tumour cells 

In multicellular organisms, cell death is an active and critical process 

that maintains tissue homeostasis and eliminates potentially harmful 

cells. The Nomenclature Committee on Cell Death (NCCD) proposed 
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using the adjective "programmed" to identify cases of cell death 

occurring in a completely physiological context such as post-embryonic 

development or preservation of tissue homeostasis. Conversely, the 

term "regulated" should be used to refer to cases of cell death that can 

be inhibited by specific pharmacological or genetic interventions, and 

they depend on defined molecular mechanisms (even if they are 

sometimes partially known). Thus, every case of programmed cell death 

is by definition regulated, but not vice-versa. Finally, the term 

"accidental cell death" indicates those cases of cell death that cannot be 

controlled (Galluzzi L et al., 2018). There are a lot of mechanisms of 

cell death resumed in Fig. 10. The three principals are: 1) type I or 

apoptosis, characterized by fragmentation of nuclear membrane, 

chromatin condensation, shrinkage of cytoplasm and formation of 

apoptotic bodies; 2) type II or autophagy showing the formation of 

cytoplasmic vacuolization followed by degradation of cellular 

component into lysosomes and 3) type III or necrosis trigging an 

inflammatory process (Galluzzi et al., 2007; Galluzzi L et al., 2017; 

Galluzzi L et al., 2018). 
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Fig. 10 The principal cell death mechanisms known until today. Some 

mechanism starts wirh different molecular alterations  an  ADCD: autophagy-

dependent cell death, ICD: immunogenic cell death, LDCD: lysosome-

dependent cell death, MPT: mitochondrial permeability transition. (Galluzzi 

L et al., 2018). 

 

1.6.1 Apoptosis 

Two molecular pathways leading to apoptosis, can be recognized 

according to the origin of the stimulus: the intrinsic pathway and the 

extrinsic one. However, these pathways are not clearly separated, but 

they can influence each other through the participation of intracellular 

organelles such as mitochondria (Galluzzi L et al., 2018). 
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Intrinsic apoptosis is triggered by different stimuli such as DNA 

damage, endoplasmic reticulum stress, excessive production of ROS, 

hypoxic conditions, production of pro-apoptotic cytokines, lack of 

some growth factors (Czabotar PE et al., 2014; Pihàn P et al., 2017; 

Roos WP et al., 2016; Vitale I et al., 2017). These stimuli increase the 

mitochondrial outer membrane permeabilization (MOMP), and the loss 

of the electrical potential of the inner membrane (Galluzzi L et al., 

2016; Tait SE and Green DR, 2010). These mechanisms hinder 

oxidative phosphorylation, generate uncoupling of the respiratory chain 

and excessive production of ROS. Furthermore, the opening of 

mitochondrial permeability transitional pores (MPTPs) located in the 

contact sites between the outer and inner membranes of the 

mitochondria, activates the protein OPA1 (mitochondrial dynamic like 

GTPase). This protein causes the consequent release in the cytosol of  

different proteins, normally located in the intermembrane space of these 

organelles (Frezza C et al., 2006; Tait SE and Green DR, 2010), 

including the cytochrome c (cyt c), a component of the electron 

transport chain and diablo IAP-binding mitochondrial protein 

(DIABLO) or SMAC (second mitochondrial activator of caspases) 

(Chai J et al., 2000; Du C e al. 2000; Verhagen AM et al., 2000). 

In the cytosol, cytochrome c binds the apoptotic peptidase activating 

factor 1 (Apaf-1) and pro-caspase 9 (Caspase 9) and deoxyATP forming 

an apoptosome, a multiproteic complex inducing the activation of 

Caspase 9 (Li P et al., 1997) responsible in turn for the activation of 

executioner pro-caspases 3, 6 and 7 that trigger the cell demolition in 

both pathway of apoptosis. Caspases (cystinyl aspartate proteases) are 
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a class of proteases that recognize aspartate residues on intracellular 

proteins such as other caspases, which are cleaved along the proteolytic 

cascade; this recognition is made possible by the presence of a cysteine 

residue, together with one of glycine, in the conserved sequence 

QACXG (Gln-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. In summary intra- or extra-cellular 

apoptotic signals activate initiatory procaspases by proteolytic cutting; 

these in turn cut other procaspases, leading to a proteolytic cascade that 

is amplified thanks to the activation of the effector caspases and finally 

the latter of them activates a series of proteins responsible for the 

characteristic morphological changes of apoptotic cells (Julien O and 

Wells JA, 2017; Shalini S et al., 2015). XIAP (X-linked inhibitor of 

apoptosis) is a member of the IAP family (inhibitor of apoptosis) that 

blocks the apoptosis cascade by binding and inactivating caspases 

(Eckelman BP et al., 2006). One the most important caspases is Caspase 

3. This caspase is responsible of fragmentation of DNA in 

oligonucleosomal fragments of 50-300 kb catalyzing the inactivation of 

DFFA (DNA fragmentation factor subunit alpha (also known as 

ICAD)) that triggers the catalytic activity of DFFB (DNA 

fragmentation factor subunit beta, also known as CAD) (Enari M et al., 

1998). Indeed CAD, in proliferating cells, is linked to its ICAD 

inhibitor; in apoptotic cells, however, Caspase 3 cuts the inhibitor factor 

allowing the release of DNAses (Sakahira H et al., 2015). Caspase 3 is 

also capable to inactivating the enzyme PARP-1, (responsible of 

detection of DNA damage), by a proteolytic cleavage between the 



1. REVIEW OF THE LITERATURE 

 

37 
 

residues of Asp214 and Gly215 of the restorative enzyme, generating 

two fragments, in order to separate the catalytic domain of 89 kDa from 

the DNA binding domain of 24 kDa (Los M et al., 2002). Another target 

of Caspase 3 is gelsolin, a protein that acts polymerizing the nucleus of 

actin and capable of binding phosphatidylinositol 4, 5- bisphosphate 

(PIP2), acting as a bridge between cytoskeletal organization and signal 

transduction; the fragmented gelsolin in turn cuts the actin (Kothakota 

S et al., 1997), thus explaining the structural alteration typical of 

apoptosis. 

The intrinsic pathway is finely regulated by the pro- and anti-apoptotic 

components of the BCL-2 family of proteins, which control the 

permeability of the outer mitochondrial membrane (OMM): they can 

respectively favor or hinder the apoptotic process, as well as interact 

with each other thanks to the presence in these proteins of hydrophobic 

portions surrounded by others of amphipathic nature, inhibiting each 

other (Youle RJ and Strasser A, 2008). Based on the number and type 

of homology domains, the BCL-2 family contains four domains (BH1, 

BH2, BH3 and BH4) (Czabotar PE et al., 2014; Moldoveanu T et al., 

2014; Shamas-Din A et al., 2013). In response to apoptotic stimuli BAX 

and BAK form pores in the outer mitochondrial membrane, 

permeabilize endoplasmic reticulum membranes and, activating the 

type 1 inositol triphosphate receptors (InsP3Rs), induce the leakage of 

Ca2+ from ER to cytosol (Oakes et al., 2005). The two pro-apoptotic 

proteins containing a single BH3 domain, require the presence of some 

BH3-only proteins such as BIM (BCL2-interacting mediator of cell 

death), PUMA (p53-upregulated modulator of apoptosis) and BID 
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(BH3 interacting domain death agonist) to promote their activation by 

homo-oligomerization and, as consequent, the release of cytochrome c-

mediated activation of caspases in the cytosol (Ren D et al., 2010).  

The major anti-apoptotic members of BCL2 family are BCL2 itself, 

BCL2 like 1 (or BCL-XL), BCL2 like 2 (BCL2L2 or BCL2-W) and 

BCL2 related protein A1 (or BCL2A1) (Galluzzi L et al., 2018). They 

contain all the four domains and act by binding the pro-apoptotic 

proteins inhibiting their activity (Barclay LA et al., 2015; Hardwick JM 

and Soane L, 2013; O’Neill KL et al., 2016). In Fig. 11 is illustrated the 

complex intrinsic pathway of apoptosis. 

 

Fig. 11 The intrinsic apoptosis pathway, Intracellular stimuli can upregulate 

the pro-apoptotic Bcl-2 family of proteins (a) or induce ER stress conditions 

(b) that increase intracellular calcium concentration (b1) or different upstream 

signalling proteins (b2), causing apoptosis (You Y et al., 2017). 



1. REVIEW OF THE LITERATURE 

 

39 
 

The extrinsic pathway of apoptosis is put in place by perturbations of 

extracellular environment and it is triggered in particular by the so-

called death receptors (DRs). Death receptors include: TNF receptor 

superfamily member 1A (TNFR1), 10a (TNFRSF10A or TRAILR1 or 

DR4), 10b (TNFRSF10B or TRAILR2 or DR5) and Fas cell surface 

death receptor (FAS or CD95 or APO1) (Aggarwal BB et al., 2012; von 

Karstedt S et al., 2017; Wajant H, 2002). After the binding with their 

ligands, respectively TNF superfamily member (or TRAIL) and FAS 

ligand (FASLG or CD95L or APO-1L), specific cytoplasmic adaptive 

proteins are recruited, which expose in turn a death domain (Fas 

associated death domain (FADD) and TNFRSF1A associated via death 

domain (TRADD)) that makes contact with the death receptor and 

allow the assembly with a multiprotein complexes: the most known is 

called bid capable to trigger the activation of Caspase 8 and Caspase 10 

(Brenner D et al., 2015; Chan FK et al., 2000; Chinnaiyan AM et al., 

1995; Fu Q et al., 2016; Kischkel FC et al., 2000; Scott FL et al., 2009). 

Caspase 8 can be inhibited by c-FLIP a pro-caspase protein, similar to 

the initiating procaspases, but lacking the proteolytic domain, thus 

capable of inactivate FADD and Caspase 8, competing with it for 

binding sites in the DISC complex (Hughes MA et al., 2016; Kavuri 

SM et al., 2011). Finally the execution of apoptotic process can be 

trigger by Caspase 3 and/or Caspase 7 which are activated by Caspase 

8 (Barnhart BC et al., 2003), or in a second way (characteristic of tumor 

cells) Caspase 8 can activate the cytoplasmic BID protein, generating 

the t-BID form after proteolytic cut, which, on the mitochondria, binds 

and stabilizes BAX: this pro-apoptotic factor forms pores on the outer 
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mitochondrial membrane and allows cytoplasmic release of factors 

responsible for the intrinsic pathway (such as cytochrome c), in a 

"cross-talk" between the intrinsic and extrinsic pathways (Esposti MD, 

2002, Huang K et al., 2016). In Fig. 12 is illustrated the process of 

extrinsic apoptosis. 

 

Fig. 12 The extrinsic pathway of apoptosis. In this picture are illustrated the 

two major death receptors and the formation of multiprotein complexes able 

to activate caspases (You Y et al., 2017). 

  

1.6.2 Autophagy 

Autophagy is one of the main mechanisms of cell survival, with the aim 

of degrading damaged cytoplasmic components, which will be recycled 

by the cell (Boya P et al., 2013). While proteins can undergo a similar 

process through the ubiquitin-proteasome system, autophagy is the only 
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mechanism that also allows the destruction of entire defective 

organelles and the reuse of their simpler components to generate new 

and efficient ones (Elmore S, 2007). Furthermore, this process allows 

the elimination of damaged mitochondria and prevents the release of 

pro-apoptotic factors. Therefore, autophagy is a constitutively active 

process in eukaryotic organisms already in physiological conditions, 

essential for maintaining cellular homeostasis even in case of adaptation 

to adverse situations and it have been preserved during evolution 

(Mariño G et al., 2011). However, various factors can lead to an 

excessive degradation of the cytoplasmic components such as nutrient 

deficiency (especially the depletion of amino acids, also known as 

"nitrogen starvation" or "nitric restriction"), oxidative stress, excessive 

proteins misfolding, hypoxia, radiations, endogenous hormones or 

exogenous molecules (such as drugs) or pathogens. (Deretic V, 2009). 

Autophagy can be implicated not only in physiological conditions but 

also in diseases like tumors. In particular this process can act both as 

tumor growth suppression, and as survival mechanism for cancer cells 

(Chen N and Debnath J, 2010; Levy JMM et al., 2017; White E, 2015).  

The autophagic process, which requires the consumption of energy and 

therefore is ATP-dependent, can be effort in three different ways 

according to the mechanism of action: the micro- and macro-autophagy 

are not selective, while the chaperone-mediated autophagy (CMA) is 

restricted to proteins that exhibit a specific pentapeptide. The final 

degradation product is exactly the same.  
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1.6.3 Necrosis 

Necrosis is an ATP-independent phenomenon, which is 

morphologically characterized by swelling of the cell, with the loss of 

cell homeostasis, as well as by the increase in the size of the various 

organelles, in particular of the mitochondria (which also condense and 

break, as well as the lysosomes), formation of cytoplasmic vacuoles and 

vesicles, distension of the endoplasmic reticulum, disaggregation and 

detachment of ribosomes, rupture of the membranes of the organelles 

and decondensation of the nuclei (Davidovich P et al., 2014; Kroemer 

G and Martin SJ, 2005). The loss of the integrity of the plasmatic 

membrane determines the inflammatory process associated with 

necrosis, due to the leakage of the intracellular material towards 

external environment: this efflux calls off leucocytes and others 

immunity cells capable of triggering an immune response and 

consequently an inflammatory process; this is the main difference 

compared to apoptosis (Kurosaka K et al., 2003; Savill J and Fadok V, 

2000). Furthermore, while apoptosis affects single cells, necrosis can 

spread to contiguous cells, for this it is an uncontrolled and passive 

process. 

In the last decade, several studies (Cho YS et al., 2009; Feng S et al., 

2007; He S et al., 2009; Sun L et al., 2012; Vandenabeele P et al., 2010; 

Zhang DW et al., 2009) have demonstrated the existence of different 

pathways of regulated necrosis, showing the same features of non-

regulated necrosis described above. All of these processes are 

characterized by different molecular mechanisms and define different 

types of regulated necrosis such as necroptosis, ferroptosis, oxytosis, 
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parthanatos, ETosis, NETosis, pyronecrosis and pyroptosis (Vanden 

Berghe T et al., 2014). 

In particular, parthanatos cell mechanism involves the protein AIF 

(apoptosis-inducing factor), an oxidoreductase presents in the 

intermembrane space of mitochondria. AIF can be released from the 

intermembrane space without involving caspases. In particular, in case 

of alteration of the function of mitochondria, an excessive production 

of ROS activates PARP-1 and mediates the permeabilization of the 

membrane of the lysosomes, allowing the escape from these organelles 

of degradative enzymes such as cystin-protease cathepsins (in particular 

B) and calpains; all these proteins act on AIF, which undergoes a 

proteolytic cut essential for its release from the mitochondria to the 

cytosol and the nucleus, where acts provoking DNA damage and 

chromatin condensation  (Polster BM et al., 2005; Susin SA et al., 1999; 

Yu SW et al., 2002).  

1.7 The role of calcium in cell death and in tumours 
 

The second messenger Ca2+ is essential for normal biological functions 

such as proliferation, cell differentiation, fertilization, activation of 

transcription factors, ATP synthesis, neurotransmission, muscle 

contraction and apoptosis (Satheesh NJ and Büsselberg D, 2015). 

[Ca2+]i is regulated and maintained at 100 nM while the extracellular 

concentration is around 1-2 mM (Clapham DE, 2007; Machaca K, 

2011; Parkash J and Asotra K, 2010). When the homeostasis of Ca2+ 

changes it can incur some diseases such as hypertension, cardiovascular 

diseases, diabetes, Alzheimer and cancers (Rizzuto R and Pozzan T, 
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2003). In particular, Ca2+ can play an important role in progression and 

proliferation of cancer, migration, invasion and metastasis (Chen YF et 

al., 2013). 

[Ca2+]i homeostasis depends of both calcium entry from the 

extracellular environment and its release from the endoplasmic 

reticulum and mitochondria (Marchi S and Pinton P, 2016). The 

development of dyes detecting the presence of Ca2+ (such as Fura-2 or 

Fluo-4) allows to quantify the amount of this ion in the cellular 

organelles and how its signal is altered in some diseases (Stewart TA et 

al., 2015). The homeostasis of Ca2+ is ensured by an electro-chemical 

gradient across the plasma membrane. Calcium enters in the cytoplasm 

through different channels, for examples the voltage-gated calcium 

channels (VGCCs), which are activated after the depolarization of the 

membrane, or the non-voltage-gated channel such as the P2XRs 

(purinergic ionotropic receptor families) and the transient receptor 

potential (TRP) channels which mediate the influx of calcium in 

response to different stimuli (Burnstock G and Di Virgilio F, 2013; 

Marchi S and Pinton P, 2016; Montell C, 2005). TRPs play an important 

role also when the influx of calcium from the endoplasmic reticulum 

induces the opening of channels present in the plasma membrane taking 

an increase of this ion in the cytoplasm to restore the calcium 

concentration in the cellular stores. This mechanism is called SOCE 

(store-operated Ca2+ entry) and it is regulated by TRP, ORAI1 (Ca2+ 

release-activated calcium channel protein 1) and STIM1 (stromal 

interaction molecular 1) channels (Stathopulos PB et al., 2013). 
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Furthermore, the restoring of intracellular homeostasis of calcium is 

ensure by the PMCA-1 channel (Padányi R et al., 2016). 

In the endoplasmic reticulum the release of calcium is subjected to the 

activation of receptors of the cell surface which activate the 

phospholipase C to produce inositol trisphosphate (IP3). This second 

messenger binds its receptors (IP3Rs) allow the release of calcium in 

the cytosol (Foskett JK et al., 2007). Others ER channels involved in 

calcium release are called ryanodine receptors (RyRs). Conversely, the 

sarco/endoplasmic reticulum Ca2+-ATPase (SERCA), transports 

calcium into the ER trough an active process that requires ATP 

consumption (Marchi S and Pinton P, 2016). SERCA and its isoforms 

play an important role in the differentiation of cancer cells, in particular 

SERCA3, and its altered expression is correlated of various type of 

cancers (Brouland JP et al., 2005; Xu XY et al., 2012).  

Also mitochondria are organelles associated to the regulation of 

calcium homeostasis. Important channels that mediated efflux and 

influx of Ca2+ are placed along the outer and inner mitochondria 

membranes. Calcium can entry into this organelle through 

mitochondria Ca2+ uniporter (MCU); their action is counteracted by 

mitochondrial H+/Ca2+ exchanger (mHCX) and Na+/Ca2+ exchanger 

(mNCX) both situated in the inner membrane, while the permeability 

of outer membrane is ensured by overexpression of the VDACs. 

(Rizzuto R et al., 2012). Ca2+ can escape from the mitochondria also by 

the opening of the permeability potential pore (PTP). The presence or 

the absence of mitochondria uptake can regulate the release of calcium 

from ER. Indeed, in the absence of mitochondria uptake, the high 
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concentration of Ca2+ in the cytosol favors the opening of IP3Rs and 

calcium is released from the ER. When the concentration in the cytosol 

increases further the same IP3Rs are inhibited. Conversely, in the 

presence of mitochondria uptake, the [Ca2+]i decreases and the 

activation of IP3Rs is sustained (Bezprozvanny I et al., 1991). 

Mitochondrial calcium concentration can regulate cell death and 

survival. An increase of calcium and ROS favors the opening of the 

PTP, trigger the change of mitochondrial membrane inner potential and 

release of pyridine nucleotides and cytochrome c (Di Lisa F and 

Bernardi P, 2009; O’Rourke B, 2000;). In neuronal exotoxicity, 

glutamate is able to induce the opening of N-methyl-D aspartate 

receptors (NMDARs) and consequently an increase in the cytosol 

calcium concentration (Nicholls DG, 2009; Pivovarova NB and 

Andrews SB, 2010). During this increase mitochondria retain calcium, 

so the necrotic process starts independently by mitochondria and 

dependent by the decrease of activity of cytoplasmic Ca2+ clearing 

mechanism. The accumulation of calcium in mitochondria promotes the 

collapse of the electrochemical gradient, inducing cell death (Bano D et 

al., 2005). In apoptosis, the fragmentation of organelles starts with the 

PTP opening (Rasola A and Bernardi P, 2011, 2014). Ca2+ induces also 

mitochondrial modifications: for example, the calcineurin-dependent 

translocation of mitochondrial fission 1 (FIS1) triggers mitochondrial 

fission and the release of cytochrome c (Cereghetti GM et al., 2008; 

Cribbs JT and Strack S, 2007: Frank S et al., 2001; Martinou JC and 

Youle RJ, 2006). Furthermore, some anti-apoptotic proteins, such as 

BCL-2, are able to reduce cytosolic and mitochondrial Ca2+ response 
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inducing the ER calcium lack (Foyouzi-Youssefi R et al., 2000; Palmer 

AE et al., 2004; Pinton P et al., 2000; Pinton P et al., 2001). Pro-

apoptotic factors (such as BAX and BAK) operate in the opposite way 

(Scorrano L et al., 2003). Alterations of this fine-tuning determine the 

onset of some disorders (such as tumors) (Rizzuto R et al., 2012). 

Also the Ca2+-binding proteins play an important role in the 

sequestration and in the surveillance of intracellular calcium 

concentration. Several hundred Ca2+-binding proteins have been 

identified and most share a common motif (Lewit-Bentley A and Rety 

S, 2000). This pattern includes about 30 amino acids and consists of a 

helix-turn-helix motif, where the two helices are arranged like the 

thumb and index finger of a hand: it is commonly called also hand-EF 

motif. In almost all Ca2+-binding proteins, two hand-EF motifs are in 

close proximity to form a bundle of four twisted helices (Vetter SW and 

Leclerc E, 2003). Some Ca2+-binding proteins share this hand-EF 

pattern are: Calmodulin, Parvalbumin, Calretinin and Calbindin. 

Briefly, Calmodulin is one of the major calcium binding protein that 

interacts with several hundred different target proteins implicated in cell 

proliferation, programmed cell death and autophagy (Berchtold MW 

and Villalobo A, 2014). Parvalbumin contains a Ca2+/Mg2+ mixed site 

(Schwaller B, 2010) and its structure and function are very similar to 

Calmodulin. Calretinin (also called calbindin 2) represents one of the 

member of hexa-EF-hand protein family. Their first 5 EF-hand domains 

are able to bind calcium ions, while the sixth one is inactive. In 

mesothelioma and in colon cancer cells it leads to apoptosis through 

activation of Caspase 9-dependent pathway (Blum W and Schwaller B, 



1. REVIEW OF THE LITERATURE 

 

48 
 

2013; Gander JC et al., 1996). High-level of Calretinin expression is 

detected in ductal carcinoma and is associated with poor overall 

survival (Taliano RJ et al., 2013). Finally, Calbindin is a calcium-

binding protein involved in the modulation of Ca2+ homeostasis that 

control a wide range of cell activities including apoptosis. Calbindin 

interacts with several proteins localized in cytoplasm, intracellular 

membranes and in the nucleus (Schwaller B, 2010). In Fig. 13 are 

summarized the principal patterns involved in the control of calcium 

homeostasis.  

 

Fig. 13 The regulation of Ca2+ homeostasis through the different mechanisms. 

Picture shows the major receptors and channels implicated in the efflux and 

influx of Ca2+ from extracellular space to cytosol and intracellular stores and 

vice-versa (Syntichaki P and Tavernarakis N, 2003). 
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An interesting aspect emerging in the more recent years is the role of 

mitochondrial-associated endoplasmic reticulum membranes (MAMs) 

in cancer. MAMs are sites between endoplasmic reticulum and 

mitochondria of about 10-25 nm in which the membranes of these two 

organelles make contact without the fusion and maintaining the 

biochemical distinction of ER and mitochondria (Csordas G et al., 

2006; Morciano G et al., 2018). These sites have different roles: for 

example, they are implicated in the synthesis of lipid transporting the 

enzymes involved in this metabolic pathway (Vance JE, 2015), and in 

Ca2+ transport signaling (Szabadkai G et al., 2006). In particular when 

Ca2+ is released by the endoplasmic reticulum it is take-up by 

mitochondria through the VDACs presents in the outer mitochondria 

membrane near the ER-mitochondria contact sites (De Pinto VD and 

Palmieri F, 1992). The protein mitofusin 2, implicated in the 

mechanisms of fission and fusion of mitochondria, is associated with 

the formation of this contact sites, indeed is overexpressed in MAMs 

(de Brito OM and Scorrano L, 2008).  The accumulation of calcium in 

mitochondria triggers mechanisms of cell death including apoptosis and 

autophagy (Bonora M et al., 2017; Morciano G et al., 2015). Many 

studies demonstrated the role of MAMs in cancer, in particular in the 

cell death processes and describing the role playing by the oncogene 

and oncosuppressors in the modulation of calcium signaling pathway 

(Booth DM et al., 2016; Gutierrez T and Simmen, T 2014; Gutierrez T 

and Simmen T, 2017; Ivanova H et al., 2017; Sassano ML et al., 2017). 

In Fig. 14 are illustrated the MAMs.  
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Fig. 14 Mitochondria-associated ER membranes represented in this 

illustration in green in the right panel (Morciano G et al., 2018).  

The use of chemotherapeutics, such as Cisplatin, causes changes in 

[Ca2+]i in both cancer and non-tumor cells (Büsselberg D and Florea 

AM, 2017). The cytotoxicity of CDDP was studied on MCF-7 cells of 

breast carcinoma: increasing concentration of CDDP a larger number 

of cells undergo apoptosis, while the number of necrotic cells remains 

almost the same. Since the role of Ca2+ in MCF-7 was not well 

understood, the effects of CDDP were investigated in both the parental 

line, MCF-7S, and in the CDDP-resistant MCF-7R line. After 

administration of drug, it was demonstrated a decrease in the Ca2+ 

concentration in the resistant cells compared to the parental one. The 

conclusion was therefore that cell death is more related to an increase 

in [Ca2+]i (Al-Taweel N et al., 2014). 
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1.8 The role of oxidative stress in cancer 
 

The effect of oxidative stress in cells can be triggered on proteins and 

in DNA. In DNA it causes mutations, in particular the 8-hydroxy-2’-

deoxyguanosine, and induces onset of cancers (Friedberg EC and Meira 

LB, 2006; Gupta RK et al., 2014). Oxidative stress can also alter the 

function of DNA mechanisms repair. In proteins, oxidative stress can 

be both reversible and irreversible; in particular this latter induces 

protein carbonylation and tyrosine nitration (Rao RS and Møller IM, 

2011) and are used as biomarkers to evaluate the oxidative stress in 

some diseases (Prokai L et al., 2007; Stadtman ER, 2001). Reactive 

species implicated in the regulation of oxidative stress can be classified 

in four groups: ROS, RNS (reactive nitrogen species), RSS (reactive 

sulfur species) and RCS (reactive chloride species). In particular, ROS 

include superoxide anion (O2
-), hydrogen peroxide (H2O2) hydroxil 

radical (OH-) sigle oxygen (1O2) and ozone (O3) (Sosa V et al., 2013). 

Damages that can be caused by ROS depend by the equilibrium 

between reactive species and antioxidant species. When this 

equilibrium is lost, some molecules as DNA, RNA, lipids and proteins 

alter their function (Veskoukis AS et al., 2012).  

ROS mechanism is conserved in mammalians and promote different 

step of tumors: cellular proliferation, evasion of apoptosis, tissue 

invasion and metastasis and angiogenesis. The principal molecules 

implicated in induction and proliferation of tumors are the MAPK 

pathway and the PI3K pathway. In particular, among the member of 

MAPK, the protein ASK1 (apoptosis signal-regulated kinase 1, a 

MAPKKK) that regulated JNK (or MAPK8) and p38 (or MAPK14) can 
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be activated in response to stress conditions, including the increase of 

ROS (Tobiume K et al., 2001). PI3K catalyzes the phosphorylation of 

PIP3 (phosphatidylinositol 3, 4, 5-triphosphate) from PIP2 

(phosphatidylinositol 4, 5- bisphosphate). The protein PTEN 

(phosphatase and tensin homolog) can inhibit this reaction when PTEN 

is oxidized by ROS (Seo JH et al., 2005). Also ROS can regulate the 

epithelial-mesenchymal transition (EMT), an important and reversible 

event in which cancer cells changed their epithelial phenotype and 

develop a more aggressive mesenchymal phenotype (Mani SA et al., 

2008). ROS can interact with a lot of proteins implicated in this 

mechanism such as NF-kB, HIF1 (hypoxia-inducible factor 1) and 

cyclooxygenase-2 (COX-2) and the matrix metalloproteinase 3 (MMP-

3) (Sosa et al., 2013). Finally, in the angiogenesis, the formation of new 

vessel important for the development of metastasis (Ushio-Fukai M and 

Nakamura Y, 2008), NADPH oxidases (for example Nox1-5) are the 

most important enzymes implicated in the formation of ROS: for 

example Nox1 is overexpressed in colon cancer and prostate cancer, 

inducing the production of H2O2, which increases the levels of VEGF 

(vascular-endothelial growth factor), VEGFR (vascular-endothelial 

growth factor receptor) and MMPs (matrix metalloproteinases) (Lim 

SD et al., 2005, Tojo T et al 2005).  

In cells, the presence of antioxidant molecules assures the equilibrium 

between reactive species and antioxidant species. SOD (superoxide 

dismutase) is the principal enzyme involved in the neutralization of 

ROS: it catalyzes the dismutation of O2
- into H2O2 which, in turn, is 
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transformed in water by other enzymes, CAT (catalase) and GPx 

(glutathione peroxidase) (Halliwell B, 2007, Pacher P et al., 2007).  

Nitric oxide (NO), synthetized by the family of nitric oxide synthases 

(NOSs), is implicated in various type of cancers as cervical, breast, 

central nervous system tumors and others. In particular, NO play an 

important role in genotoxic mechanisms, antiapoptotic effects, 

promotion of angiogenesis and metastasis and limit the effect of anti-

cancer immune system (Choudhari SK et al. 2013). Nitrotyrosine is a 

biomarker of presence of NO in cells and it was correlated with lymph-

nodes and metastasis formation in breast cancer (Nakamura Y et al., 

2006). Furthermore, NO and Nitrotyrosine are increased in patients 

with lung cancer (Masri FA et al., 2005). In Fig. 15 is summarized the 

signaling pathway of oxidative stress in cancer (Kudryavtseva AV et 

al., 2016). 

 

Fig. 15 Signaling pathway of oxidative stress in cancer. 
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1.9 Role of histone methylation in cancer 

 
Histone modifications play an important role in regulation of gene 

transcription and therefore in carcinogenesis (Cedar H and Bergman Y, 

2009). Hitones modifications includes methylation, acetylation, 

phosphorylation, ubiquitination, sumoylation, proline isomerization 

and ADP ribosylation. These modifications are reversible and regulated 

by a series of enzymes such as histone acetyltransferase (HAT) and 

deacetylase (HDAC), methyltransferase (HMT) and demethylase 

(HDM) (Cohen I et al., 2011; Kouzarides T, 2007). In particular, 

methylation modifications are associated to heterochromatin which is 

densely compacted and transcriptionally inert (Kanwal R and Gupta S, 

2012). Some of the most frequent histone methylations occurs on 

specific lysine are H3K9, H3K27 and H4K20 (Izzo A and Schneider R, 

2010; Li B et al., 2007; Portela A and Esteller M, 2010). However, the 

degree of methylation can impact on gene transcription: in fact, tri-

methylation (me3) of H3K27 and H3K9 is linked with gene silencing 

(Pan MR et al., 2018). 

Some studies have associated the relation with histone methylation and 

cancer: for example, Yokoama Y et al. (2013) demonstrated that H3K9 

trimethylation plays an important role in human colorectal cancer 

progression, possibly by promoting cell motility and invasion; Fraga 

MF et al. (2005) indicated that trimethylation of H4K20 is a common 

hallmark of human cancers; another study demonstrated that alterations 

in H3K9 and H3K27 methylation are associated with aberrant gene 

silencing in different types of tumors (Nguyen CT et al., 2002). 
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2. AIMS OF THE RESEARCH 

The aim of the work addresses two main topics: 

1. to determine whether the new platinum compound [Pt(O,O'-

acac)(γ-acac)(DMS)] is more efficient than CDDP in treating 

glioblastoma. For this aim I performed cytofluorimetric analysis, 

molecular and immunocytochemical techniques on human 

glioblastoma T98G cell line to determine whether [Pt(O,O'-

acac)(γ-acac)(DMS)] is able to induce cell death identifying 

differences in morphological features, protein localization and 

alteration in epigenetic modifications respect to Cisplatin. In 

particular, I focused my attention on the role of calcium and 

oxidative stress after administration of Cisplatin and [Pt(O,O'-

acac)(γ-acac)(DMS)] on cells and their capability to induce 

differences in cellular homeostasis;  

2. to explore the relationship between cell-intrinsic alterations in 

cancer metabolism and anti-cancer immune response. For this aim 

I have generated a series of mouse cell lines (Lewis lung cancer, 

LLC) that are resistant to Cisplatin, followed by their 

characterization with respect to PARylation. For this, cells were 

cultured in the continuous presence of increasing doses of 

Cisplatin, cloned by limiting dilution in the absence of Cisplatin 

and then cultured without any drug, followed by periodic 

monitoring of level of protein PARylation by immunoblot, and 

Cisplatin resistance by flow cytometry. Then I have generated 

tumors from parental and cisplatin resistant LLC cells in C57Bl/6 
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mice and I have analyzed the immune infiltrate using 

cytofluorimetry. These experiments were performed in the 

laboratory of Prof. Guido Kroemer (Centre de recherche des 

Cordeliers, Paris, France).
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 3. MATERIALS AND METHODS 

First part 

Cell culture and treatment for T98G cell line 

Human glioblastoma T98G cells were cultured in 25 or 75 cm2 flasks 

in Eagle's minimal essential medium supplemented with 10% fetal 

bovine serum, 1% glutamine, 100 U penicillin and streptomycin 1% 

sodium pyruvate and 1% of MEM non-essential amino acids solution 

in a 5% CO2 humidified atmosphere.  

Then, cells were submitted to continued exposure to Cisplatin 40 μM 

or Pt(O,O'-acac)(γ-acac)(DMS)] (hereafter PtAcacDMS) 10 μM for 

48h. For the Cisplatin this concentration was chosen considering 

previous in vivo experimental design of the laboratory (i.e. a single 

injection of 5 μg/g b. w.). This dose corresponds to the most commonly 

used in chemotherapy (Bodenner DL et al., 1986; Dietrich J et al., 

2006). For the PtAcacDMS the concentration used was chosen 

considering previous in vitro experiments of the laboratory (Grimaldi 

M, 2015, PhD thesis). For detection of apoptosis markers in calcium 

free-medium, BAPTA ((1,2-Bis(2-aminophenoxy)ethane-N,N,N′,N′-

tetraacetic acid tetrakis(acetoxymethyl ester)) was used at 

concentration of 30 µM and treatment was carried out for 24h and 48h. 

 

Identification of apoptotic cells 

For the identification of apoptotic cells via Annexin V/FITC versus PI, 

cells were detached by mild trypsinization, incubated with FITC-
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conjugated Annexin V (3μl/106 cells) (Annexin V-FITC Apoptosis 

Detection Kit, Abcam, Italy) and were counterstained with 2 μg/ml of 

PI. After 10 min of incubation, dual-parameter flow cytometric analysis 

was performed with the flow cytometer Partec PAS III, equipped with 

argon laser excitation (power 200 mW) at 488 nm, 510–540 nm 

interference filter for the detection of FITC green fluorescence and a 

610-nm long-pass filter for PI red fluorescence detection. Data were 

analyzed using FlowMax software Three independent experiments 

were carried out, and the average of the scores was used. Values are 

expressed as the mean ± SD, and differences were compared using 

Student’s t test.  

 

Measurement of mitochondrial membrane potential with JC-1 

Changes in mitochondrial membrane potential were monitored using 

JC-1 (5,5V,6,6V-tetrachloro-1,1V,3,3V- tetraethyl- 

benzimidazolcarbocyanine iodide, Molecular Probes, Invitrogen, Italy). 

JC-1 emits either green or red fluorescence, depending on the 

mitochondrial membrane potential; the green signal indicates 

depolarized mitochondria, and the red signal indicates polarized 

mitochondria (Reers M et al. 1995). Thus, the shift from red to green 

fluorescence is considered a reliable indication of a drop in 

mitochondrial membrane potential. Cells were harvested by mild 

trypsination and incubated in culture medium with 2 μM JC-1 for 20 

min at 37 °C in the dark. After two washes with PBS at 37 °C, cells in 

suspension were analysed by flow cytometry using a Partec PAS III 

equipped with argon ion laser with 20 mW output power at 488 nm 



3. MATERIALS AND METHODS 

 

59 
 

excitation and with 530/30 and 585/42 nm band-pass emission filters. 

Data were analysed using FlowMax software. Values are expressed as 

the mean ± SD, and differences were compared using Student’s t test. 

Transmission electron microscopy 

The cells were collected in fresh 15 mL tubes by a gentle centrifugation 

and fixed with 2.5% glutaraldehyde (Gt) in PBS for 2 h at RT – Gt is 

preferred for good morphology preservation. After a centrifugation at 

2000 rpm for 10 min at RT and several washes with PBS, the cells were 

post-fixed in 1% aqueous osmium tetroxide (OsO4) for 2 h at RT for 

lipid fixation in order to preserve the membranous structures – several 

washes in H2O followed. Therefore, the cell pellets were pre-embedded 

in 2% Agar in H2O, dehydrated in graded acetone and embedded in 

Epon resin. Finally, after 48 hours at 60°C to allow the resin 

polymerization, ultrathin sections of 70-80 nm were obtained with a 

Reichert OM3 ultramicrotome and collected on formvar-carbon-coated 

or naked nickel or gold grids (200 Mesh).  

Grids were counterstained with uranyl acetate for 10 min and after 

numerous washes, lead citrate for 3 min. Sections were then observed 

and photographed with a TEM Zeiss EM 600, and the negatives 

scanned with Epson Perfection 4990 PHOTO at a 600 dpi resolution 

with EPSON scan software. 

 

 Semithin sections 

Samples were set up as previously described. Semi-thin sections of 0,5-

1 µm were obtained with a Reichert OM3 ultramicrotome, collected on 
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slides and stained with toluidine blue. Then, sections were observed on 

an Olympus BX51microscope, and the images were recorded with an 

Optronics MagnaFire Camera equipped with the Cell^F program 

(Olympus Software Inc). 

 

Immunofluorescence reactions  

After treatment, cells grown on coverslips were fixed with 4% 

formaldehyde for 20 min at room temperature and with 70% ethanol for 

24 h at –20°C. Samples were incubated in a humidified chamber with 

the antibodies listed in Table 1 prepared in PBS for 1h at room 

temperature. After three washes coverslips were incubated for 45 

minutes with a solution of the secondary antibodies diluted 1:200 

prepared in PBS. Nuclei were counterstained with 0.1 μg/mL of 

Hoechst 33258 for 6 min, then washed twice again and coverslips were 

mounted in a drop of Mowiol (Calbiochem) for fluorescence 

microscopy analysis.  

Antigen Primary Ab Dilution Secondary Ab 

Mitochondria 

(Sigma) 

Human autoimmune serum 

recognizing the 70 kDa E2 subunit 

of the pyruvate dehydrogenase 

complex 

1:50 

Goat anti- human 

Alexa-Fluor 594 

(Invitrogen) 

Golgi apparatus 

Human autoimmune serum 

recognizing proteins of Golgi 

apparatus 

1:250 

Goat anti- human 

Alexa-Fluor 594 

(Invitrogen) 

Lysosomes 

(Sigma) 

Human autoimmune serum 

recognizing lysosomal proteins 
1:500 

Goat anti- human 

Alexa-Fluor 594 

(Invitrogen) 

Microtubules 

(Sigma) 
α-tubulin 1:1000 

Goat anti- mouse 

Alexa-Fluor 488 

(Invitrogen) 

Actin 

(Sigma) 
Alexa-594 conjugated phalloidin 1:500  
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Table 1: Primary and secondary antibodies for double immunofluorescence. 

 

Protein extraction and quantification  

Upon treatments, the cells have been detached from the flasks with 

trypsin, put in test tubes and centrifuged (15 minutes at 1300 rpm). The 

pellet has been lysed in RIPA buffer (Tris HCl 1M pH 7.6, EDTA 0.5 

M pH 8, NaCl 5 M, NP40 Nonidet), 100 μl over one million of cells, 

with the addition of: PMSF (protease inhibitors), 1 Mm, 10 μl 

phosphatase inhibitor (Sigma-Aldrich) for every ml of RIPA, and 20 μl 

of protease (Sigma-Aldrich) every ml of RIPA. The buffer has acted for 

30 minutes at +4 ⁰C, then the test tubes have been centrifuged at 1300 

rpm, for 15 minutes, at +4 ⁰C. The supernatant has been collected. The 

protein quantification has been realized by the Bradford method 

(Sigma-Aldrich).  

 

Antigen Primary Ab Dilution Secondary Ab 

Caspase 9 

(Cell signaling) 
Polyclonal anti Caspase 9 antibody 1:200 

Goat anti- mouse 

Alexa-Fluor 488 

(Invitrogen) 

Caspase 3 

(Cell signaling) 
Polyclonal anti Caspase 3 antibody 1:200 

Goat anti- mouse 

Alexa-Fluor 488 

(Invitrogen) 

Caspase 8 

(Cell signaling) 
Polyclonal anti Caspase 8 antibody 1:50 

Goat anti- mouse 

Alexa-Fluor 488 

(Invitrogen) 

PARP-1 

(Cell signaling) 
Monoclonal anti PARP-1 antibody 1:200 

Goat anti- mouse 

Alexa-Fluor 488 

(Invitrogen) 
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Western Blotting analysis of PARP-1 and p62/SQSTM1 

Samples were electrophoresed in a 10% SDS-PAGE minigel and 

transferred onto a nitrocellulose membrane (BioRad, Hercules, CA) by 

a wet transfer for 3 h under a constant current of 400 mA. The 

membranes were saturated with PBS containing 0.2% Tween-20 and 

5% skim milk and incubated with polyclonal rabbit anti-PARP-1 (Cell 

Signaling, Danvers, USA) diluted 1:1000 or polyclonal mouse anti-

p62/SQSTM1 (Cell Signaling, Danvers, USA) overnight and 

monoclonal mouse anti-actin (Sigma-Aldrich, Italy) diluted 1:2000 for 

30 minutes. After several washes, the membranes were incubated for 1 

h with the proper secondary antibodies conjugated with horseradish 

peroxidase (Dako, Italy). Visualization of immunoreactive bands was 

performed by an ECL System and Hyperfilm Photografic Film 

(Amersham Life Sciences, Little Chalfont, UK) using the 

manufacturer’s instructions. 

 

Immunocytochemical detection of histone methylation 

After treatment cells grown on coverslips were fixed with 4% 

formaldehyde for 20 min at room temperature and with 70% ethanol for 

24 h at –20 °C. Samples were incubated in a humidified chamber with 

polyclonal antibody anti H3K9me3 (GTX121677, GeneTex) diluited 

1:50; or polyclonal antibody anti H3K27me3 (GTX121184, GeneTex)  

diluted 1:50 or polyclonal antibody anti H4K20me3 (GTX128960, 

GeneTex) diluited 1:200 in PBS + TritonX 0.5% for 2h. After five 

washes coverslips were incubated for 45 minutes with a solution of the 

secondary antibodies goat anti-rabbit Alexa-Fluor 488 (Molecular 
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Probes, Invitrogen) prepared in PBS and diluted 1:200. After five 

washes in PBS, nuclei were counterstained with 0.1 μg/mL of Hoechst 

33258 for 6 minutes, then washed twice again and cells were mounted 

in a drop of Mowiol (Calbiochem) for fluorescence microscopy 

analysis. 

 

Measurement of [Ca2+] 

To evaluate the concentration of intracellular calcium we follow the 

procedure described by Lodola et al., 2012. T98G, grown on coverslips, 

were loaded with 4 mM fura-2 acetoxymethyl ester (fura2/AM; 1 mM 

stock in dimethyl sulfoxide) in PSS for 30 min at 37°C. After washing 

in PSS, the coverslip was fixed to the bottom of a Petri dish and the 

cells observed by an upright epifluorescence Axiolab microscope (Carl 

Zeiss, Oberkochen, Germany), usually equipped with a Zeiss 640 

Achroplan objective (water-immersion, 2.0 mm working distance, 0.9 

numerical aperture). T98G were excited alternately at 340 and 380 nm, 

and the emitted light was detected at 510 nm. A first neutral density 

filter (1 or 0.3 optical density) reduced the overall intensity of the 

excitation light and a second neutral density filter (optical density = 0.3) 

was coupled to the 380 nm filter to approach the intensity of the 340 

nm light. A round diaphragm was used to increase the contrast. The 

excitation filters were mounted on a filter wheel (Lambda 10, Sutter 

Instrument, Novato, CA, USA). Custom software, working in the 

LINUX environment, was used to drive the camera (Extended-ISIS 

Camera, Photonic Science, Millham, UK) and the filter wheel, and to 

measure and plot online the fluorescence from 10–15 rectangular 
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‘‘regions of interest’’ (ROI) enclosing 10–15 single cells. Each ROI 

was identified by a number. Since cell borders were not clearly 

identifiable, a ROI may not include the whole T98G or may include part 

of an adjacent T98G. Adjacent ROIs never superimposed. [Ca2+]i was 

monitored by measuring, for each ROI, the ratio of the mean 

fluorescence emitted at 510 nm when exciting alternatively at 340 and 

380 nm (shortly termed ‘‘ratio’’). An increase in [Ca2+]i causes an 

increase in the ratio. Ratio measurements were performed and plotted 

on-line every 3 seconds.  

The resting [Ca2+]i was calculated by using the Grynkiewicz equation, 

as described in Hartmann J and Verkhratsky A(1998): 

 

 

 

Where: 

- Kd is Fura-2 effective dissociation constant (estimated at 135 at 22°C), 

- Fmin380  is the fluorescence intensity following excitation at 380 nM 

in Ca2+-free fura-2 (MIN solution) 

- Fmax380 is the fluorescence intensity following excitation at 380 nM 

in Ca2+-bound fura-2 (MAX solution) 

- Rmin is the 340/380 ratio in MIN solution 

- Rmax is the 340/380 ratio in MAX solution 

 

Rmax was obtained by challenging the cells with the Ca2+-ionophore 

ionomycin (10 µM) in the presence of extracellular 10 mM CaCl2 

(MAX solution), whereas Rmin was obtained by switching the 
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perfusate to a solution devoid of Ca2+ and supplemented with EGTA 

(0.5 mM) (MIN solution). 

ER Ca2+ concentration and SOCE entry were evaluated by applying the 

Ca2+-addback protocol in the presence of 30 µM CPA (Cyclopiazonic 

acid), as described in the Results. The amplitude of the peak Ca2+ 

response to CPA was measured as the difference between the ratio at 

the peak and the mean ratio of 1 min baseline before the peak. The 

magnitude of SOCE evoked by CPA upon Ca2+ restoration to the bath 

was measured as the difference between the ration at the peak of 

extracellular Ca2+ entry and the mean ration of 1 min baseline before 

Ca2+ readdition. Pooled data are given as meanSE and statistical 

significance (P < 0.05) was evaluated by the Student’s t-test for 

unpaired observation. 

Physiological salt solution (PSS) had the following composition (in 

mM): 150 NaCl, 6 KCl, 1.5 CaCl2, 1 MgCl2, 10 Glucose, 10 Hepes. In 

Ca2+-free solution (0 Ca2+), Ca2+ was substituted with 2 mM NaCl, and 

0.5 mM EGTA was added. Solutions were titrated to pH 7.4 with 

NaOH. The osmolality of PSS as measured with an osmometer (Wescor 

5500, Logan, UT) was 338 mmol/kg.  

 

Immunocytochemical staining for calcium markers  

After treatment cells grown on coverslips were fixed with 4% 

formaldehyde for 20 min at room temperature and with 70% ethanol for 

24 h at –20 °C. Then cells were washed with PBS and incubated with 

blocking and permeabilization buffer (1% BSA, 0,3 M glycine in 0,1% 

PBS- tween). Samples were incubated in a humidified chamber with the 
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antibodies listed in Table 2 prepared in PBS for 1h at room temperature. 

After three washes coverslips were incubated for 45 minutes with a 

solution of the secondary antibodies prepared in PBS and diluted 1:200. 

Nuclei were counterstained with 0.1 μg/mL of Hoechst 33258 for 6 min, 

then washed twice again and coverslips were mounted in a drop of 

Mowiol (Calbiochem) for fluorescence microscopy analysis.  

 

 

 

Table 2 Primary and secondary antibody for detection of calcium markers. 

 

 

Antigen Primary Ab Dilution Secondary Ab 

Calmodulin 

(Abcam) 
Monoclonal anti Calmodulin antibody 1:200 

Goat anti- rabbit 

Alexa-Fluor 594 

(Invitrogen) 

Calretinin 

(Swant) 
Polyclonal anti Calretinin antibody 1:200 

Goat anti- rabbit 

Alexa-Fluor 594 

(Invitrogen) 

Parvalbumin 

(abcam) 
Polyclonal anti Parvalbumin antibody 1:100 

Goat anti- rabbit 

Alexa-Fluor 594 

(Invitrogen) 

Calbindin 

(Swant) 
Monoclonal anti Calbindin antibody 1:2000 

Goat anti- mouse 

Alexa-Fluor 594 

(Invitrogen) 

PMCA-1 

(abcam) 
Polyclonal anti PMCA-1 antibody 1:300 

Goat anti- rabbit 

Alexa-Fluor 594 

(Invitrogen) 

Actin 

(Sigma) 
Alexa-594 conjugated phalloidin 1:500 

 

Microtubules 

(Sigma) 
α-tubulin 1:1000 

Goat anti- mouse 

Alexa-Fluor 488 

(Invitrogen) 
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Immunochemical staining for oxidative stress markers 

For nitrotyrosine detection, after treatment cells grown on coverslips 

were fixed with ethanol:acetic acid (95:5) for 1 min. Then cells were 

washed with PBS and incubated with 200 μl of 5 mM peroxynitrite 

(Millipore) to the positive control or with 200 μl of mM degraded 

peroxynitrite to the negative control for 5 min. After wash with PBS 

the cells were incubated with 400 μl of 1% BSA in PBS for 30 min at 

room temperature. Then cells were washed and incubated with 

polyclonal rabbit anti-nitrotyrosine diluted 1:200 (Millipore) in 1% 

BSA in PBS overnight at 4°C. Cells were washed and incubated with 

Alexa 594-conjugated anti-rabbit antibody (Molecular Probes, 

Invitrogen, Milan, Italy) diluted 1:200 in PBS for 1.5 h at room 

temperature. After three washes in PBS, nuclei were counterstained 

with 0.1 μg/mL Hoechst 33258 for 6 minutes, then washed twice again 

and cells were mounted in a drop of Mowiol (Calbiochem) for 

fluorescence microscopy analysis. 

For the other oxidative stress markers, after treatment cells grown on 

coverslips were fixed with 4% formaldehyde for 20 min at room 

temperature and with 70% ethanol for 24h at –20 °C. Cells were 

washed with PBS and incubated with blocking and permeabilization 

buffer (1% BSA, 0,3 M glycine in 0,1% PBS- tween). Then, cells were 

incubated with the following antibodies: 

• polyclonal rabbit anti-SOD-1 diluted 1:200 in PBS (Santa Cruz 

Biotechnology, Dallas, Texas, USA) for 1 h. After three washes 

coverslips were incubated for 45 min with secondary antibody 
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Alexa-Fluor 594 goat anti-rabbit (Molecular Probes, Invitrogen) 

prepared in PBS and diluted 1:200; 

• polyclonal rabbit anti-NOS2 diluted 1:200 in PBS (Santa Cruz 

Biotechnology, Dallas, Texas, USA) for 1 h. After three washes 

coverslips were incubated for 45 min with secondary antibody 

Alexa-Fluor 594 goat anti-rabbit (Molecular Probes, Invitrogen) 

prepared in PBS and diluted 1:200; 

• polyclonal rabbit anti-ROS diluted 1:200 in PBS (Santa Cruz 

Biotechnology, Dallas, Texas, USA) for 1 h. After three washes 

coverslips were incubated for 45 min with secondary antibody 

Alexa-Fluor 594 goat anti-rabbit (Molecular Probes, Invitrogen) 

prepared in PBS and diluted 1:200. 

After three washes in PBS, nuclei were counterstained with 0.1 

μg/mL Hoechst 33258 for 6 minutes, then washed twice again and 

cells were mounted in a drop of Mowiol (Calbiochem) for 

fluorescence microscopy analysis. 

 

Fluorescence microscopy  

An Olympus BX51 microscope equipped with a 100W 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 MagnaFire camera 

system and processed with the Olympus Cell F software. 
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Statistical analysis of fluorescence intensity 

In order to detect the fluorescence intensity for quantitative analysis of 

protein expression the optical density (OD), i.e. pixel density, was 

measured using an automatic function of ImageJ Program. The 

statistical analysis was carried out calculating the OD average for the 

CTRL and each treatment. Three independent experiments were carried 

out, and the values are expressed as the mean ± SD, and differences 

were compared using Student’s t test.  

 

Second part 

Cell lines, clones and culture conditions for non-small cell lung 

cancer LLC cell line 

For both wild-type (WT) cells and their CDDP-resistant counterparts 

(R) glutamax-containing Dulbecco's Modified Eagle's Medium 

medium has been used, supplemented with 10% fetal bovine serum, 100 

U/mL penicillin G sodium salt, and 100 mg/mL streptomycin sulfate. 

Cell lines were routinely maintained at 37°C under 5% CO2 and seeded 

in 12-well plates 24 hours before experimental determinations.  

CDDP-resistant NSCLC cell clones were isolated from LLC cells (9 

clones) that have been cultured in the continuous presence of CDDP (8 

μmol/L) for 5 months. Cloning was performed by limiting dilution. 

Clones were maintained in CDDP-free conditions for 1 month before 

analysis of CDDP resistance and expression of PARylation.  
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Flow cytometry  

For the quantification of plasma membrane integrity and mitochondrial 

transmembrane potential (Δψm), WT and resistant clones LLC cells 

were collected, washed, and co-stained with 1 μg/mL propidium iodide 

(PI, which only incorporates into dead cells) and 40 nmol/L 3,3′-

dihexyloxacarbocyanine iodide DiOC6(3), a mitochondrial 

transmembrane potential (Δψm)-sensitive dye for 40 min at 37°C. Flow 

cytometry analysis were conducted on a MacsQuant flow cytometer 

(Miltenyi Biotech). Data were analyzed by means of FlowJo v.X PC 

software (Treestar, OR, USA). Graphics and statistical analysis were 

performed with Microsoft Excel.  

 

Immunoblotting  

For the detection of protein levels, cells were harvested, washed with 

PBS and lysed for 10 min on ice in a buffer prepared in 50 mM Tris 

(pH 7.4) and containing 250 mM NaCl, 0.1% NP-40, 0.1 mM 

phenylmethylsulfonyl fluoride (PMSF), aprotinine at 10 mg/mL, 

leupeptine at 10 mg/mL, and 100 mM NaF. After sonication, cell 

lysates were then centrifuged for 10 min at 13 000 rpm and the 

concentration of soluble proteins in supernatant was measured by a 

BCA assay method. Equal amount of proteins (50 μg) were resolved by 

precasted 4% to 12% SDS page gels, electrotransferred to 

polyvinylidene fluoride (PVDF) membranes and probed with primary 

antibodies specific for PAR. An antibody that recognizes actin was used 

to monitor equal lane loading. Finally, membranes were incubated with 
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appropriate horseradish peroxidase-conjugated secondary antibodies, 

followed by ECL chemiluminescence detection.  

 

In vitro detection of PD-L1  

For the in vitro detection of the surface marker PD-L1, Cisplatin 

sensitive and resistant LLC cell lines were harvested, washed with PBS 

and seeded (one million for condition) into a 96-well plate. First cells 

were stained with LIVE/DEAD® Fixable Yellow Dead Cell dye 

(Invitrogen, Carlsbad, CA, USA) for 15 min at 4°C to discriminate 

viable cells from damaged cells. Then, tumor cells were incubated with 

antibodies against PD-L1 for 25°C at 4°C in the dark. Subsequently 

cells were washed with PBS+ BSA 0,5% and then fixed, permeabilized, 

washed two times and finally transferred into tubes for flow cytometry 

analysis. Data were analyzed by means of FlowJo v.X PC software 

(Treestar, OR, USA). Graphics and statistical analysis were performed 

with Microsoft Excel.  

 

Isolation and phenotyping of tumor-infiltrating lymphocytes and 

myeloid cells by flow cytometry.  

For the quantification of immune infiltrate, mice tumor were collected 

and dissociated using Miltenyi Biotec mouse tumor dissociation kit 

(Miltenyi Biotec; Bergisch Gladbach, Germany) according to the 

manufacturer’s protocol. The dissociated bulk tumor cell suspension 

was resuspended in RPMI-1640, sequentially passed through 70 μm 

and 30 μm nylon cell strainers (Miltenyi Biotec, Bergisch Gladbach, 

Germany) and washed twice in PBS. 200 μL of suspension were 
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transferred into a 96-well plate; centrifuged at 1200 rpm for 5 min and 

then stained with the following protocol. First cells were stained with 

LIVE/DEAD® Fixable Yellow Dead Cell dye (Invitrogen, Carlsbad, 

CA, USA) for 15 min at 4°C to discriminate viable cells from damaged 

cells. Then, tumor infiltrating cells were incubated with antibodies 

against CD16/CD32 (Fc blocker) before staining with fluorescent-

labeled antibodies targeting T-cell surface markers for 25 min at 4°C in 

the dark: for the tumor infiltrating lymphocytes (TILs): anti-CD3, anti-

CD8, anti-CD4, anti- CD25, anti-ICOS, anti PD1; for the tumor 

infiltrating myeloid cells: anti-CD45, anti-Ly6C, anti Ly6G; anti 

CD11b, anti CD11c, anti MHCII and anti-CD80. All the antibodies 

were diluted in PBS+ BSA 0,5%. Subsequently cells were washed with 

PBS+ BSA 0,5% and then fixed, permeabilized and washed two times. 

Then 6 followed the intracellular staining of TILs with the ab anti-

Foxp3 for 25 min at 4°C in the dark, followed by two washes. Data 

were acquired using a BD LSRII flow cytometer (BD Biosciences,) and 

analyzed by means of FlowJo v.X PC software (Treestar, OR, USA). 

Graphics and statistical analysis were performed with Microsoft Excel 

and Prism software. 

 

Flow cytometry gating strategy.  

Fig. 1 represents the gates apply to analyze the tumor infiltrating 

lymphocytes with FlowJo. In the first image, along the X-axis FSC-A 

(Forward Scatter) indicate a relative size for the cell. Along the Y-axis, 

the SSC (Side Scatter) parameter is a measurement of the granularity of 

the cell. Lymphocytes are characterized by low size and granularity 
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which allows to distinguish them from tumor cells. Alive CD3+ cells 

represent the T cells; this population can be divided into four categories: 

the major is CD4+/CD8- (identifying CD4+ T helper cells including T 

regulatory lymphocytes), then CD4-/CD8+ (identifying CD8+ T cells 

including cytotoxic T lymphocytes) and CD4-/CD8-. Within each cell 

subset, we can evaluate PD1/ICOS expression to estimate the activated 

status of T lymphocytes. Among the CD4+/CD8- T cells, we cab 

distinguished CD25+/Foxp3+ expressing cells, that typically represent 

the T regulatory lymphocytes (T-Reg), a generally immunosuppressive 

subpopulation of T-cells which modulate the immune system in many 

disorders like cancer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Flow cytometry gating strategy to analyze the tumor infiltrating 

lymphocytes with FlowJo. 
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Fig. 2 represents the sequential gates apply to analyze the immune 

infiltrate of myeloid cells with FlowJo. In contrast to lymphocytes, 

myeloid cells are not characterized by different size and granularity. 

Among live cells, CD45+ represent the amount of leukocytes; this 

population can be divided into different categories expressing markers 

to distinguished lymphocytes B (and also the T ones), monocyte, 

granulocytes and dendritic cells: Ly6C is a marker for monocytes, as 

well as CD11b, Ly6G is able to select the granulocytes (in particular 

the eosinophil ones); CD11b and CD11c positive cells are classified as 

dendritic cells, while CD80 and MCHII are markers for activated B 

cells, monocytes and dendritic cells. 
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Fig. 2 Flow cytometry gating strategy to analyze the tumor infiltrating 

myeloid cells with FlowJo.
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4. RESULTS 

4.1 First part 

Analysis of apoptotic cells after treatment 

To evaluate the amount of dead cells after treatment with CDDP and 

PtAcacDMS a biparametric analysis was performed with Annexin V 

and PI. In Fig. 1A representative cytograms are illustrated. In Fig. 1B 

an increase of death cells in treated vs. control cells is shown, in 

particular a significative difference in the mean of number of apoptotic 

cells in control (6.49%) and in treated cell with CDDP (14.29%) and 

PtAcacDMS (25.96%). 

 

Fig. 1 A Representative cytograms of control and treated cells. B Histograms 

with the percentage distribution of different categories and in the right panel 

the percentage of apoptotic cells, data are represented as mean ± SEM (n = 3).  

* =P < 0.05; ** =P < 0.01 , ***= P < 0.001 (Student’ t test). 
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Cytofluorimetric analysis of the mitochondrial membrane potential 

changes 

Mitochondria play an important role on many aspect of cell life. 

Kroemer and collaborators were the first ones assuming the importance 

of permeabilization of mitochondria membrane during apoptosis 

(Kroemer G et al., 1995), that determine alterations in mitochondrial 

membrane potential (Green DR and Kroemer G, 2004). In T98G cell 

line the analysis of mitochondrial membrane potential (Ψm) changes 

was performed using 5,5V,6,6V-tetrachloro-1,1V,3,3V-tetraethyl 

benzimidazolcarbocyanine iodide (JC-1). Fig. 2 shows a greater 

depolarization of Ψm in cells treated with both compounds (78.2% for 

CDDP and 89.1% for PtAcacDMS) respect to control (7.6 %). 
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Fig. 2 Flow cytometric analysis of JC-1. Above, red and green fluorescence 

of mitochondria stained with JC-1 in control cells, treated with CDDP and 

PtAcacDMS. Below, the percentage of cells with reduced mitochondrial 

membrane potential. Statistical analysis was performed using Student's t: * = 

p <0.05, ** = p <0.01, *** = p <0.001. 

  

Ultrastructural morphology of T98G cells in control condition and 

after treatment with platinum compounds 

To confirm the morphology alterations induced by CDDP and 

PtAcacDMS, ultrathin sections were investigated with TEM. Control 

cells show a normal morphology with a large nucleus and a defined 

nucleolus, with typical mitochondrial and plasmatic membrane shape 

(Fig. 3a). After treatment with CDDP, cells show the typical 

morphology of different type of cell death, in Fig. 3b it is possible to 

notice the necrotic process, in which the plasmatic membrane is 

degraded, and the nuclear membrane is just distinguishable. Inside the 

nucleus the chromatin is condensed. The presence of a lot of vesicles 

with double membrane indicate the autophagic process; indeed, the 
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presence of material in some of these vesicles is well visible. In Fig. 3c 

is visible a cell in early apoptosis with the plasmatic membrane intact 

and the formation of “blebs” typical of this kind of cell death. In the cell 

in the upper right it is possible to notice elongated mitochondrial, 

characteristic of apoptosis. After treatment of PtAcacDMS in Fig. 3d 

two cells indicated two different way of cell death: in the lower left a 

necrotic cell with an extended condensed chromatin and loss of defined 

plasmatic membrane; in the upper right a cell in evident stage of early 

apoptosis. Finally, in Fig. 3e an autophagic cell with many vesicles and 

a nucleus still identifiable with condensed chromatin.     

 

Fig. 3 Ultrastructural morphology of control cells (a), CDDP 40 μM treated 

cells (b and c), PtAcacDMS 10 μM treated cells (d and e). Bars: 4 µm. 
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Fig. 4 shows semithin sections stained with toluidine blue and observed 

with an optical microscope. The shape of control cells and treated cells 

with the two platinum compounds confirm the ultrastructural 

morphology of cells observed with TEM; in particular after 

administration of CDDP and PtAcacDMS it can possible detected cells 

in stage of apoptosis, necrosis and autophagy.  

 

 

Fig. 4 Semithin sections stained with toluidine blue. control cells (a and b), 

CDDP 40 μM treated cells (c, d and e), PtAcacDMS 10 μM treated cells (f, g 

and h). Bars: 40 µm. 
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Immunocytochemical detection for mitochondria, Golgi apparatus 

and lysosomes 

Previous studies have demonstrated the effect of CDDP and 

PtAcacDMS on mitochondria, Golgi apparatus, actin cytoskeleton and 

tubulin on rat neuroblastoma B50 cell line (Grimaldi M et al., 2016). 

Thus, we wanted to evaluate the possible morphologic alterations of 

both compounds on human glioblastoma T98G cell line. First, we 

evaluated the morphology of mitochondria because they play an 

important role in many aspect of cell life. Compared with control cells, 

we see that after PtAcacDMS exposure, mitochondria show a 

homogenous distribution in the cytoplasm forming clusters. This event 

is maybe related to altered structure of tubulin, which is reorganized in 

bundles and loses its role as “anchoring” to cell organelles, probably 

because of the depolymerization of microtubules (Fig. 5). 
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Fig. 5 Immunocytochemical detection of mitochondria (red fluorescence) and 

α-tubulin (green fluorescence). DNA was counterstained with Hoechst 33258 

(blue fluorescence). Bar: 40µm. 

 

 

In comparison with control cells, after 48h of treatment, cells show 

alterations in Golgi apparatus morphology; in particular, after 

administration of PtAcacDMS, Golgi apparatus appears fragmented 

and dispersed in the cytoplasm with the loss of the particular semilunar 

shape, the cytoskeleton is collapsed and forming bundles determining 

alterations of the cell shape that lose their characteristic elongation. This 

alteration is less appreciable after stimulation of cells with CDDP in 
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which we can observe a partial reorganization in larger bundles (Fig. 

6). 

 

 

Fig. 6 Immunocytochemical detection of Golgi apparatus (red fluorescence) 

and actinic cytoskeleton (green fluorescence). DNA was counterstained with 

Hoechst 33258 (blue fluorescence). Bar: 40µm. 
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Lysosomes are small membrane-enclosed organelles that contain a 

variety of enzymes (hydrolases) able to degrade different biological 

molecules, proteins, lipids nucleic acids, carbohydrates, but also other 

organelles. They represent the digestive system of the cell and play 

important role of different biological functions such as autophagy. In 

control cells lysosomes appear abundant and bigger with respect to drug 

treatment (Fig. 7A); in particular after administration of PtAcacDMS 

we can observe a halving of the amount of these organelles (Fig. 7B). 
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Fig. 7 A Immunocytochemical detection of lysosomes (red fluorescence) and 

actinic cytoskeleton (green fluorescence). DNA was counterstained with 

Hoechst 33258 (blue fluorescence). Bar: 40µm. B Histogram with the number 

of lysosomes per cells. 

 

 

Activation of intrinsic apoptotic pathway 

To evaluate if CDDP and PtAcacDMS are able to activate the intrinsic 

apoptotic pathway we evaluated the activation of Caspase 9 and 

Caspase 3. Caspase 9 is a major initiator of the apoptotic cascade and 

activates Caspase 3 through proteolytic cleavage. Compared to the 

control cells, after treatment for 48h with CDDP and PtAcacDMS, 

T98G cells show immunopositivity for both caspases; in particular, in 

cells where apoptosis is activated and morphologically visible, there is 

an increase of fluorescence (Fig. 8A and 9A). Histograms in Fig. 8B 

and 9B represent the percentage of fluorescence for control and treated 

cells for Caspase 9 and Caspase 3 respectively.  
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Fig. 8 A Immunocytochemical detection of Caspase 9 (red fluorescence) and 

actinic cytoskeleton (green fluorescence). DNA was counterstained with 

Hoechst 33258 (blue fluorescence). Bar: 40µm. B Hisogtam with the 

percentage of fluorescence in control and treated cells with CDDP and 

PtAcacDMS. 
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Fig. 9 A Immunocytochemical detection of Caspase 3 (red fluorescence) and 

actinic cytoskeleton (green fluorescence). DNA was counterstained with 

Hoechst 33258 (blue fluorescence). Bar: 40µm. B Histogram with the 

percentage of fluorescence in control and treated cells with CDDP and 

PtAcacDMS. 
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Activation of extrinsic apoptosis pathway 

The trigger of extrinsic apoptosis pathway is puts in place by the death 

receptors and culminates with the activation of Caspase 8 by other 

caspases (such as Caspase 3 or Caspase 7), through proteolytic 

cleavage. After exposure to platinum compounds, T98G cells show 

high increase of activated Caspase 8, indicating that both CDDP and 

PtAcacDMS are able to trigger the two different pathways of apoptosis 

(Fig. 10A and 10B), in particular PtAcacDMS seems to have a higher 

activation of extrinsic and intrinsic apoptosis pathway. 
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Fig. 10 A Immunocytochemical detection of Caspase 8 (red fluorescence) and 

actinic cytoskeleton (green fluorescence). DNA was counterstained with 

Hoechst 33258 (blue fluorescence). Bar: 40µm. B Histogram with the 

percentage of fluorescence in control and treated cells with CDDP and 

PtAcacDMS. 

 

 

Immunodetection of PARP-1 

Poly (ADP-ribose) polymerase-1 (PARP-1) is an enzyme involved in 

repair mechanisms of DNA damage, but also can directly induce 

apoptosis. In the cytosol PARP-1 is cleaved by Caspase 3 into two 

fragments: the 89 kDa fragment containing the catalytic site and the 24 

kDa fragment containing the DNA binding site. In the nucleus, the 24 

kDa fragment, missing the catalytic activity, is not able to trigger the 

DNA repair and cell undergoes death. The biggest fragment remains in 

the cytoplasm. In control cells, PARP-1 co-localizes with the nucleus. 

After 48h of treatment with CDDP and PtAcacDMS, PARP-1 is in the 

nucleus of early apoptotic cells while it is in the cytoplasm in late 

apoptosis: in this case it can possible to see the 89 kDa fragment, in the 

cytosol of cells showing a fragmented nucleus. Its presence is also 
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confirmed by analysis in Western Blotting in which only after treatment 

with CDDP and PtAcacDMS is present a second band (Fig. 11). 

 

 

 

   

 

 

 

Fig. 11 Immunocytochemical detection of PARP-1 (red fluorescence) and 

actinic cytoskeleton (green fluorescence). DNA was counterstained with 

Hoechst 33258 (blue fluorescence). Bar: 40µm. Below the Western Blotting 

reveals the presence of 89 kDa fragment. 
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Immunoblotting of p62/SQSTM1 

p62/SQSTM1 is a marker of macroautophagy. As seen in Fig. 3 the 

ultrastructural morphology has shown the presence of vacuoles in cells 

treated both with CDDP and PtAcacDMS, suggesting the possibility 

that cells put in place macroautophagy processes. Macroautophagy can 

be subdivided into different steps culminating in the formation of a 

double-membrane vesicle named autophagosome. Finally, 

autophagosome merges with the lysosomes, in which their acid 

hydrolases degrade the content of autophagosome, forming the so-

called autophagolysosome. The cargo in the autophagosome is brought 

in by ubiquitination process and links by p62/SQSTM1 which 

contributes to transport of the cargo but it is also degraded with the 

cargo in the autophagolysosome (Glick D et al., 2010; Ohsumi Y, 

2014).  

Western Blot analysis shows a significative decrease of p62 in treated 

cells respect to control and in particular after administration of 

PtAcacDMS the decrease is higher respect to CDDP treatment (Fig. 

12). These results agree with the ultrastructural morphology.  
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Fig. 12 Western Blot analysis of p62. 

 

Immunocytochemical detection of histone methylation 

In this study three different histone modifications were analyzed in 

immunofluorescence to verify if CDDP and PtAcacDMS are able to 

alter the epigenetic of T98G. H4K20me3 is a marker of constitutive 

heterochromatin and its loss is associated to carcinogenesis 

(Bagnuykova TV et al., 2008), but it is also important for the 

development of tumors (Kwon MJ et al., 2010). H3K9me3 is an 

important epigenetic marker of heterochromatin and its modifications 

could become a predictable marker for different cancer injury 

(Füllgrabe J et al., 2011). Generally associated with constitutive 

heterochromatin, more recently it was demonstrated that H3K9me3 can 

collaborate with other histone modifications and trigger transcriptional 

repression (Zhang T et al., 2015). H3K27me3 is another marker of 

heterochromatin promoting the repression of transcription. It represents 

a prognostic factor in many type of tumors. In glioma it was 
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demonstrated that a decrease of H3K9me3 is associated with poor 

prognosis, while an increase in H3K27me3 is associated with a better 

prognosis (in terms of overall survival) (Maleszewska M and Kaminska 

B, 2015). Immunocytochemical reactions reveal an interesting presence 

of foci in cells stained with antibody anti H3K9me3 and H4K20me3, 

however the number of foci in tri-methylation of lysine 9 on histone 3 

decrease in treated cells respect to control (Fig. 13A and 13B), while it 

can be observed an increase of number of foci in tri-methylation of 

lysine 20 on histone 4 (Fig. 14A and 14B). Furthermore for both the 

modifications, in particular for the H4K20me3, in cells treated with 

CDDP, but not with PtAcacDMS, an increase in fluorescence intensity 

is presents in nucleoli. Finally it can also be observed an increase of 

fluorescence for H3K27me3 and treated with both compounds respect 

to control, especially after administration of PtAcacDMS (Fig. 15A and 

15B). 
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Fig. 13 A Immunocytochemical detection of H3K9me3 (green fluorescence) 

DNA was counterstained with Hoechst 33258 (blue fluorescence). Bar: 40µm. 

B Histogram with the number of fluorescence foci in control and treated cells 

with CDDP and PtAcacDMS. 
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Fig. 14 A Immunocytochemical detection of H4K20me3 (green fluorescence) 

DNA was counterstained with Hoechst 33258 (blue fluorescence). Bar: 40µm. 

B Histogram with the number of fluorescence foci in control and treated cells 

with CDDP and PtAcacDMS. 
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Fig. 15 A Immunocytochemical detection of H3K27me3 (green fluorescence) 

DNA was counterstained with Hoechst 33258 (blue fluorescence). Bar: 40µm. 

B Histogram with the number of fluorescence intensity in control and treated 

cells with CDDP and PtAcacDMS. 
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Calcium signaling in T98G cell line after treatment with platinum 

compounds 

The second messenger Ca2+ plays important roles in biological system 

in physiology and pathological conditions, such as tumors. It is 

implicated in progression, proliferation, migration invasion and 

metastasis of the tumor cells, but also in death cells after exogenous 

perturbation, such as administration of antitumor drugs (Chen HH et al., 

2013; Kerkhofs M et al., 2018; Morciano G et al., 2018). Intracellular 

Ca2+ homeostasis depends of both calcium entry from the extracellular 

environment and its release from endogenous stores, such as the 

endoplasmic reticulum (Marchi S and Pinton P, 2016). To evaluate if 

CDDP and PtAcacDMS were able to induce cytotoxic calcium signals 

in T98G cells, we loaded the cells with the Ca2+-sensitive fluorochrome, 

Fura-2, and then exposed them to CDDP or PtAcacDMS. As shown in 

Fig. 16A and 16B, both compounds elicited a delayed, slow increase in 

[Ca2+]i which reached a plateau at around 3000 sec after drug addition 

to the bath. Statistical analysis revealed that there was no difference in 

the percentage of cells responding to CDDP and PtAcacDMS (Fig. 

16C), although PtAcacDMS elicited a significantly larger Ca2+ signal 

compared to CDDP (Fig. 16D).   
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Fig. 16 In A and B representative tracings of the Ca2+ responses to 

PtAcacDMS and CDDP, respectively, showing that the acute addition of 

PtAcacDMS caused a larger increase in [Ca2+]i as compared to CDDP. In C 

meanSE of the percentage of T98G cells responding to PtAcacDMS and 

CDDP. In D meanSE of the amplitude of the Ca2+ signal induced by 

PtAcacDMS and CDDP in T98G cells. 

 

In order to assess the source of the Ca2+ response to platinum 

compounds, we challenged T98G cells with PtAcacDMS and CDDP in 

the absence of extracellular Ca2+ (0Ca2+). As shown in Fig. 17A and 

17B, neither of these drugs to increase the [Ca2+]i under 0Ca2+ 

conditions, when only endogenous Ca2+ release may occur. Conversely, 

restoration of extracellular Ca2+ immediately resumed the Ca2+ 

response to both PtAcacDMS and CDDP. As expected, PtAcacDMS-
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induced Ca2+ entry was significantly higher as compared to CDDP (Fig. 

17C). Taken together, these findings demonstrate that PtAcacDMS and 

CDDP increase the [Ca2+]i in T89G cells by inducing extracellular Ca2+ 

entry. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 17 In A and B tracings of the Ca2+ responses to PtAcacDMS and CDDP, 

respectively, in the absence (0 Ca2+) and in the presence of extracellular Ca2+. 

In C meanSE of the amplitude of Ca2+ release and Ca2+ entry induced by 

PtAcacDMS and CDDP in T98G cells. 

 

Extracellular Ca2+ entry may dramatically interfere with intracellular 

Ca2+ homeostasis by increasing resting [Ca2+]i and loading the ER with 

Ca2+ in a SERCA-dependent manner, thereby inducing apoptosis 
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(Pinton P et al., 2001; Xu Y et al., 2015). Therefore, we first evaluated 

basal Ca2+ levels in T98G cells treated with PtAcacDMS and CDDP for 

48 hours. As expected, resting [Ca2+]i was significantly higher in T98G 

cells preincubated with PtAcacDMS compared to cells exposed to 

CDDP (Fig. 18).   

 

 

 

 

 

 

 

 

 

 

 

Fig. 18 PtAcacDMS causes a larger increase in resting [Ca2+]i as compared to 

CDDP in T98G cells after 48h of treatment. 

 

To further evaluate whether platinum compounds affect ER Ca2+ 

homeostasis after 48 hours of treatment, we exploited the so-called 

Ca2+-addback protocol (Lodola F et al., 2012; Lodola F et al., 2017; 

Zuccolo E et al., 2016). Briefly, the cells were first bathed in the 

absence of extracellular Ca2+ (0 Ca2+) and then exposed to CPA (30 

µM) to selectively block the SERCA activity. CPA prevents Ca2+ 

sequestration into ER lumen and leads to a progressive Ca2+ efflux 

through yet unidentified leakage channels, thereby depleting the ER 
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Ca2+ pool. The ensuing increase in [Ca2+]i is indicative of the amount 

of intraluminally stored Ca2+ (Lodola et al., 2012; Lodola F et al., 2017, 

Zuccolo et al., 2016). After recovery of the initial elevation in [Ca2+]i to 

the baseline, extracellular Ca2+ was restituted to the perfusate to monitor 

SOCE amplitude. As shown in Fig. 19, CPA-induced ER Ca2+ release 

and CPA-induced SOCE were significantly higher in T98G cells pre-

incubated with PtAcacDMS and CDDP compared to control, i.e. not 

treated cells. However, there was no difference in the Ca2+ response to 

CPA between PtAcacDMS and CDDP-treated cells. Taken together, 

these findings demonstrate that both resting [Ca2+]i and ER Ca2+ levels 

were significantly increased by platinum compounds, which is 

consistent with their cytotoxic effect. Moreover, the larger increase in 

resting [Ca2+]i induced by PtAcacDMS could explain why this platinum 

derivative is more powerful than CDDP.  
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Fig. 19 A Representative tracing showing the Ca2+ response to CPA after 48h 

treatment with CDDP and PtAcacDMS in absence (0 Ca2+) and in presence of 

extracellular calcium. B meanSE of CPA-induced ER Ca2+ release under the 

designated treatments. C meanSE of CPA-induced SOCE under the 

designated treatments. 
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Regulation of calcium-binding proteins implicated in the modulation 

of [Ca2+]i 

Calmodulin 

Calmodulin is a highly conserved, soluble intracellular protein and it is 

considered to be one of the major signal transducers of Ca2+ signals in 

mammalian cells (Vetter SW and Leclerc E, 2003). Calmodulin is 

normally located in several cellular compartments including the 

cytosol, the membrane, the nucleus and several organelles. Recent 

studies in mammalian cells show that Calmodulin displays a dynamic 

localization during cell division, moving from the cytosol to the 

nucleus, attaching itself to the centrioles and the mitotic spindle during 

mitosis. Many proteins involved in Ca2+ signal transduction alter their 

activity in response to changes in free Ca2+ levels in the cell as they are 

able to bind calcium ions. Ca2+ binds to the EF motif of Calmodulin and 

causes a conformational change allowing the Ca2+/Calmodulin complex 

to bind specific "Calmodulin-binding" domains on target proteins some 

of which are implicated in the proliferation and migration of tumour 

cells (Berchtold MW and Villalobo A, 2014). 

In T98G control cells Calmodulin is localized all around the nucleus 

and the morphology of cytoskeleton is well definite. After 48h of 

treatment with CDDP and PtAcacDMS we can observe changes in cell 

morphology, with presence of apoptotic nuclei and an increase of 

Calmodulin immunopositivity as highlighted in the box on the bottom 

left of the figure (Fig. 20) Moreover cytoskeleton loses its structure and 

collapses. 
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Fig. 20 A Immunocytochemical detection of Calmodulin (red fluorescence) 

and α-tubulin (green fluorescence). DNA was counterstained with Hoechst 

33258 (blue fluorescence). Bar: 40µm. B Histogram with the percentage of 

fluorescence intensity in control and treated cells with CDDP and 

PtAcacDMS. 
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Calretinin 

Calretinin (also called Calbindin 2) represents one of the members of 

hexa-EF-hand protein family. Their first 5 EF-hand domains are able to 

bind calcium ions, while the sixth one is inactive. In mesothelioma and 

in colon cancer cells Calretinin leads to apoptosis through activation of 

the Caspase 9-dependent pathway (Gander JC et al., 1996; Blum W and 

Schwaller B, 2013). High-level of Calretinin expression is detected in 

ductal carcinoma and is associated with poor overall survival (Taliano 

RJ et al., 2013). However, in other types of tumours, downregulation of 

the protein causes a G1 arrest, this can trigger cell death (Shwaller B, 

2013).  

In T98G control cells Calretinin is distributed in all the cytoplasm. After 

48h of CDDP, Calretinin remains localized in the perinuclear zone, but 

the actin cytoskeleton loses the morphology and collapses. After 

exposure to PtAcacDMS, Calretinin decreases its immunopositivity and 

appears less dispersed in the cytoplasm also in cells in evident phase of 

apoptosis (Fig. 21). 
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Fig. 21 A Immunocytochemical detection of Calretinin (red fluorescence) and 

actin cytoskeleton (green fluorescence). DNA was counterstained with 

Hoechst 33258 (blue fluorescence). Bar: 40µm. B Graphic with the percentage 

of fluorescence intensity in control and treated cells with CDDP and 

PtAcacDMS. 
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Calbindin 

Calbindin is a calcium-binding protein involved in the modulation of 

Ca2+ homeostasis that control a wide range of cell activities including 

apoptosis. Calbindin interacts with several proteins localized in 

cytoplasm, intracellular membranes and in the nucleus (Schwaller B, 

2010). In control condition, T98G cells present the standard shape, with 

actin organized in a regular morphology. Calbindin is localized in the 

cytoplasm. Cells treated with both compounds showed evident 

alterations: nuclei were fragmented, and the actin cytoskeleton 

collapsed. Calbindin increased immunopositivity in treated cells and 

after administration of PtAcacDMS seems to be localized also in the 

nuclei (Fig. 22). 

 

Parvalbumin 

Parvalbumin contains a Ca2+/Mg2+ mixed site (Schwaller B, 2010) and 

its structure and function are very similar to those of Calmodulin. In 

control cells Parvalbumin shows immunopositivity both in cytosol and 

in the nucleus. After treatment with both compounds, cells change their 

morphology, take on a rounded shape and protein decreases its 

fluorescence intensity only with PtAcacDMS. Furthermore, the protein 

localizes only in the cytoplasm of cells in evident stage of apoptosis 

(Fig. 23). 
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Fig. 22 A Immunocytochemical detection of Calbindin (red fluorescence) and 

α-tubulin (green fluorescence). DNA was counterstained with Hoechst 33258 

(blue fluorescence). Bar: 40µm. B Histogram with the percentage of 

fluorescence intensity in control and treated cells with CDDP and 

PtAcacDMS. 
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Fig. 23 A Immunocytochemical detection of Parvalbumin (red fluorescence) 

and α-tubulin (green fluorescence). DNA was counterstained with Hoechst 

33258 (blue fluorescence). Bar: 40µm. B Histogram with the percentage of 

fluorescence intensity in control and treated cells with CDDP and 

PtAcacDMS. 
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PMCA-1 

PMCA-1 and its isoforms are important membrane proteins involved in 

maintaining the Ca2+ gradient between the cytosol and the extracellular 

space (Di Leva F et al., 2008). PMCA-1 is a house-keeping gene 

expressed in almost of cells and its alteration is correlated to cancer 

lesions and to the differentiation stage of cancer cells (Padányi R et al., 

2016). Indeed, in some type of cell lines transfected with SV-40 virus, 

it was demonstrated a down-regulation in protein expression and 

transcription of PMCA-1 and PMCA-4 (Reisner PD et al., 1997). 

Furthermore, PMCA-1 is downregulated in oral squamous cell 

carcinoma (Saito K et al., 2006).  

In control T98G cells, PMCA-1 is localized in all the surface of the 

cells. Tubulin appears regular and cells show their characteristic shape. 

In cells treated with both platinum compounds, PMCA-1 seems to be 

lower expressed, especially in cells in evident stage of apoptosis with 

fragmented nuclei. Also in this case, as for the calcium buffering 

proteins, cytoskeleton collapses and cells loss their characteristic 

morphology. The statistical analysis of the percentage of fluorescent 

intensity confirms the significance of this down-regulation (Fig. 24). 
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Fig. 24 A Immunocytochemical detection of PMCA-1 (red fluorescence) and 

α-tubulin (green fluorescence). DNA was counterstained with Hoechst 33258 

(blue fluorescence). Bar: 40µm. B Histogram with the percentage of 

fluorescence intensity in control and treated cells with CDDP and 

PtAcacDMS. 
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Apoptotic markers in T98G cells grown in calcium-free medium 

To assess if the increase of [Ca2+]i affects apoptosis, cells were grown 

in calcium-free medium; for this purpose BAPTA, a selective chelator 

of Ca2+, was added to medium. Treatment with platinum compounds 

was performed after 24h and 48h; however, the combined action of 

BAPTA and platinum compounds after 48h of administration affects 

the analysis in immunofluorescence because a great amount of cells die 

and detach from the coverslip (data not shown). Thus, analysis of 

Caspase 3, involved in both pathway of apoptosis, was performed after 

24h of treatment. In Fig. 25A and B immunofluorescence detection is 

shown.  
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Fig. 25 A Immunocytochemical detection of Caspase 3 (red fluorescence) and 

actinic cytoskeleton (green fluorescence) in cells grown in calcium-free 

medium. DNA was counterstained with Hoechst 33258 (blue fluorescence). 

Bar: 40µm. B Histogram with the percentage of fluorescence in control and 

treated cells with CDDP and PtAcacDMS. 

 

Then, to evaluate the effect of calcium in activation of Caspase 3 we 

analyzed the immunopositivity of the protein in T98G grown in 

presence and in absence of calcium. Interestingly, we can observe a 

significative decrease in immunopositivity in cells grown in calcium-

free medium, especially after treatment with PtAcacDMS (Fig. 26). 

This very preliminary result can indicate an important role of [Ca2+]i in 

the regulation of apoptosis.  
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Fig. 26 Histograms with the percentage of fluorescence in control and treated 

cells with CDDP and PtAcacDMS grown in presence or absence of calcium.  

 

The role of oxidative stress in T98G 

The role of oxidative stress is strictly correlated with the increase of 

calcium because when the [Ca2+]i increases, some proteases, such as 

caspases, are activated, leading to inhibition of PMCA-1 and induction 

of apoptosis (Pàszty K et al., 2007; Schwab BL et al., 2002). 

Furthermore, some evidences have shown that the production of ROS 

increases the cytotoxicity after administration of both CDDP and 

PtAcacDMS (Muscella A et al., 2011). Based on these premises, we 

decide to investigate if PtAcacDMS can induce changes to some 

markers of oxidative stress respect to CDDP. 
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Nitrotyrosine 

Nitrotyrosine is an indicator of cell damage and inflammation and 

produce NO that can regulate some physiological functions, but it is 

also associated with pathological conditions such as 

rheumatoid arthritis and coeliac disease. Recently NO has been 

associated with epigenetic regulation altering the histones and DNA 

modifications and inhibiting the epigenetic enzymes (Socco S et al., 

2017).  

As aspect in the negative control degraded peroxynitrite prevent the 

formation of nitrotyrosine, while in the positive control peroxynitrite 

oxidizes sulfhydryls and modifies tyrosines to form 3-nitrotyrosine. In 

comparison with both control, after treatment with both compounds 

there is an increase of nitrotyrosine expression but not significative 

difference between CDDP and PtAcacDMS (Fig. 27).  
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Fig. 27 A Immunocytochemical detection of nitrotyrosine (red fluorescence). 

DNA was counterstained with Hoechst 33258 (blue fluorescence). Bar: 40µm. 

B Histogram with the percentage of fluorescence intensity in control and 

treated cells with CDDP and PtAcacDMS. 
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ROS 

In the cells, the equilibrium of reactive oxygen species must be 

guaranteed because ROS are very important for some function as 

signaling and protein regulation. The principal source of ROS 

production are mitochondria; therefore, if the function of mitochondria 

is altered, also the equilibrium of ROS is compromised. Also, in cancer 

ROS can alter the cancer phenotype, generate genetic instability with 

possible mutation at DNA level and alter the signaling network (Okon 

IS and Zou MH, 2016). ROS are also correlated with drug resistance. 

ROS are high reactivity increasing level of oxidative stress and 

therefore damage of the cells. ROS include superoxide anion (O2
-), 

hydrogen peroxide (H2O2), hydroxil radical (OH-), single oxygen (1O2) 

and ozone (O3) (Sosa V et al., 2013) and these different isoforms can be 

interconverted from one form to another. Furthermore, also superoxide 

anion can form the reactive nitrogen species (RNS) and peroxynitrite 

(ONOO−) following reaction with nitric oxide. (Okon IS and Zou MH, 

2016).  

As seen in Fig. 28 in T98G control cells ROS are less expressed respect 

to control cells, in particular after administration of PtAcacDMS there 

is a significative increase in ROS expression respect to CDDP. 

PtAcacDMS seems to increase the oxidative stress as well as the level 

of calcium after 48h of treatment. 
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Fig. 28 A Immunocytochemical detection of ROS (red fluorescence). DNA 

was counterstained with Hoechst 33258 (blue fluorescence). Bar: 40µm. B 

Histogram with the percentage of fluorescence intensity in control and treated 

cells with CDDP and PtAcacDMS. 
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NOS2 

NOS2 (also known as iNOS, inducible NOS), is one of the members of 

NOS family and the only one capable to produce NO in elevate 

quantity, determining a high cytotoxic effect on cells and tissues. 

Transcription of NOS2 is highly regulated: leukocytes, cytokines and 

other elements of the immune system participate to the regulation of 

expression of this protein (Thomas DD et al., 2016). In tumor cells 

NOS2 has a double effect: trough the production of NO, overexpression 

of NOS2 stimulates growth and proliferation of tumor and formation of 

metastasis, but in the microenvironment context is able to enhanced the 

immune system to defeat cancer (Vannini F et al., 2015). Fig. 29 shows 

that NOS is localized both in nucleus and in cytoplasm and there is an 

increase in immunopositivity of NOS in treated cells respect to control, 

especially after PtAcacDMS administration, in which NOS is more 

expressed respect to Cisplatin. 
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Fig. 29 A Immunocytochemical detection of NOS2 (red fluorescence). DNA 

was counterstained with Hoechst 33258 (blue fluorescence). Bar: 40µm. B 

Histogram with the percentage of fluorescence intensity in control and treated 

cells with CDDP and PtAcacDMS. 

 

SOD-1 

Compared to aforementioned markers of oxidative stress, SOD-1 acts 

as antioxidant, indeed it catalyzes the dismutation of O2
- into H2O2 

which, in turn, is transformed in water by other enzymes, CAT 

(catalase) and GPx (glutathione peroxidase) (Halliwell, 2007; Pacher et 

al., 2007). Several evidences show that levels of SOD are generally low 

in tumor cells, therefore radiotherapy and chemotherapy aren’t affected 

by the action of this protein (Yamaguchi S et al., 1994). In the cells 

SOD-1 is localized in cytosol. In T98G, SOD-1 shows a great 

immunopositivity in control cells, while in cells treated with the two 

platinum compounds the expression decrease greatly, without any 

differences between CDDP and PtAcacDMS as see in Fig. 30. 
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Fig. 30 A Immunocytochemical detection of SOD-1 (red fluorescence). DNA 

was counterstained with Hoechst 33258 (blue fluorescence). Bar: 40µm. B 

Histogram with the percentage of fluorescence intensity in control and treated 

cells with CDDP and PtAcacDMS. 
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4.2 Second part 

 

Flow cytometry to detect Cisplatin resistance 

Compared with parental, WT LLC cells, all resistant clones exhibited a 

reduced frequency of dying (DiOC6(3)lowPI−) and dead (PI+) cells upon 

exposure to CDDP concentrations ranging from 5 to 50 μmol/L. All 

experiments were conducted in triplicates and independently repeated 

at least 3 times, yielding comparable results. Data were analyzed with 

Microsoft Excel and statistical significance was assessed by means of 

one-tailed Student t tests. P-values were considered significant when 

lower than 0.05 (Fig. 1). 
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Fig. 1 WT mouse NSCLC LLC cells and 6 CDDP-resistant derivatives (R) 

were maintained in control conditions or treated with increasing 

concentrations of CDDP (5, 10, 20, 30, and 50 μmol/L) for 48 hours. White 

and black columns illustrate the percentage of dying [DiOC6(3)lowPI−] and 

dead (PI+) cells, respectively (means ± SEM, n = 3). *, P < 0.05; **, P < 0.01; 

***, P < 0.001 (Student t test), compared with equally treated WT cells. 

 

Immunodetection of PARylation 

For immunoblot analysis I have chosen 3 clones more CDDP-resistant: 

R2, R5 and R7. Each clone reveals an increase of PAR-containing 

proteins respect to WT: this result correlates with cytofluorimetric 

analysis (Fig. 2). Statistical significance was assessed by means of one-

tailed Student’s tests. 
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Fig. 2 Representative immunoblot reveals PAR upregulation in CDDP 

resistant clones R2, R5 and R7 as compared to WT cells. Actin levels were 

monitored to ensure equal loading of lanes. P < 0.05; **, P < 0.01; ***, P < 

0.001 (Student t test), compared with equally treated WT cells. 

 

Mice 

Immunocompetent C57BL/6 female mice were maintained in 

pathogen-free conditions. In a first experiment, mice were 

subcutaneously grafted with 500000 parental LLC cell line (WT) or 

CDDP-resistant clones LLC cells (suspended in 200 μL PBS). Tumor 

growth was routinely monitored with a common caliper and tumor 

surface (A) was calculated according to the formula A= maximal 

diameter x minimal diameter. When tumors reached 10 mm2 mice were 

sacrificed. As shown in Fig. 3, we found a significant heterogeneity of 

tumor growth as a function of the clones. 
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Fig. 3. Growth tumor in the first experiment, with injection of 500000 

cells/mouse. 

 

In order to obtain a more homogeneous growth allowing the 

simultaneous analysis of the immune infiltrate in all the tumors, we 

injected different amounts of cells based on the slopes of the tumor 

growth curves of the first experiment (Table 1). Finally, mice were 

sacrificed when tumors reached 1 cm2. Fig. 4 shows the growth curve 

of tumors at different days.  
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Table 1 Amount of cells injected for WT murine LLC cells and their CDDP-

resistant derivatives. The number of cells was calculated from slope ratio of 

growth curve of precedent experiments.  

  

 

 

 

 

 

 

 

 

 

Fig. 4 WT murine LLC cells and their CDDP-resistant derivatives were 

subcutaneously grafted in Immunocompetent C57BL/6 female mice (5 per 

group) and the tumor growth was routinely monitored with a standard caliper 

and is reported as means ± SEM. 

Cell type n° of cells injected 

LLC WT 1080147 

LLC R2 2643004 

LLC R5 860081 

LLC R7 2366378 
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Analysis of different population of tumor infiltrate lymphocytes  

After mice were sacrificed, the tumor infiltrates were isolated as 

described in Material and methods and the different population 

separated by cytofluorimetry. Data are analyzed by the program Flow 

Jo and the following images (Fig. 5 – Fig. 9) represent the results and 

statistical analysis to established if there are differences in tumor 

infiltrate lymphocytes populations between Cisplatin sensitive and 

resistant LLC cell line. 

 

 

 

 

 

Fig. 5 Amount of CD3+ lymphocytes normalized to tumor weight. 

 

 

 

 

 

 

 

Fig. 6 Amount of CD4+/CD8- lymphocytes into the CD3+ population 

normalized to tumor weight and the expression of transmembrane markers.  

LLC
 W

T

LLC
 R

2

LLC
 R

5

LLC
 R

7

0

500

1000

1500

2000

C
o

u
n

t 
/ m

g
 t
u

m
o

r

CD4+/CD8-

ns
**

*

LLC
 W

T

LLC
 R

2

LLC
 R

5

LLC
 R

7

0

1000

2000

3000

4000

5000

C
o

u
n

t 
/ m

g
 t
u

m
o

r

CD3



                                                              4. RESULTS 

 

128 
 

 

 

 

Fig. 7 Amount of CD25+/FoxP3+ lymphocytes into the CD4+/CD8- 

population normalized to tumor weight and the expression of transmembrane 

marker ICOS and PD1. This population represents the lymphocytes T-reg. 

 

 

 

 

 

 

 

 

Fig. 8 Amount of CD25-/FoxP3- lymphocytes into the CD4+/CD8- 

population normalized to tumor weight. 
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Fig. 9 Amount of CD4-/CD8+ and CD4-/CD8- lymphocytes into the CD3+ 

population normalized to tumor weight.  

 

Expression of PD-L1 in sensitive and resistant LLC cell lines 

Cytofluorimetric analysis revealed no differences between WT and 

CDDP-resistant LLC cell lines for PD-L1 transmembrane expression. 

All experiments were conducted in triplicates and independently 

repeated at least 3 times, yielding comparable results. Data were 

analyzed with Microsoft Excel considering the mean of fluorescence 

(Fig. 10). 
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Fig. 10 PD-L1 expression inn WT and CDDP resistant cell lines. Above a 

representative dot plot of gating strategy and below the quantitative data are 

shown. 
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Analysis of different population of tumor infiltrate myeloid cells  

After mice were sacrificed the tumor infiltrate were isolated as 

described in the chapter material and methods and the different 

population separated by cytofluorimetry. Data are analyzed by the 

program Flow Jo and the following images (Fig. 11 – Fig. 14) represent 

the results and statistical analysis to established if there are differences 

in tumor infiltrate myeloid cells populations between Cisplatin sensitive 

and resistant LLC cell line. 

 

 

 

 

 

 

 

 

Fig. 11 Amount of CD45+ leukocytes normalized to tumor weight. 
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Fig. 12 Amount of Ly6C/Ly6G leukocytes into the CD45+ population 

normalized to tumor weight. An interesting difference it shows for the 

Ly6Chigh/Ly6G- population.  

 

 

 

 

 

 

 

 

Fig. 13 Amount of CD11b/CD11c leukocytes into the CD45+, 

Ly6Chigh/Ly6G- population normalized to tumor weight.  
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Fig. 14 Amount of MHCII/CD80 leukocytes into the CD45+, 

Ly6Chigh/Ly6G-, CD11b+/CD11c-  population normalized to tumor weight. 

An interesting difference it shows for the CD11b+/CD11c- population.  
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5. DISCUSSION 

The aim of this research was to study alternative strategies to overcome 

the phenomena of toxicity and resistance trigger by tumour cells after 

administration of Cisplatin, that affects its use in clinical settings. In 

particular, in this work, two strategies were investigated: 1) the use of 

an alternative platinum compound, named Pt(O,O'-acac)(γ-

acac)(DMS)], considering its activity and mechanism of action versus 

Cisplatin and 2) the study of new mechanisms of resistance linked to a 

different immune response between Cisplatin sensitive and resistant 

tumour cells. 

For the first strategy we used human glioblastoma T98G tumour cells. 

In agreement with data previously obtained from our laboratory, 

(Grimaldi M, 2015, PhD thesis), after administration of two platinum 

compounds, we can observe an increase in apoptotic and necrotic cells, 

in particular after administration of PtAcacDMS. The new compound 

acts at a concentration four-fold lower respect to CDDP; this indicate 

an increased toxicity in human tumour cells and a possible lower 

systemic toxicity. Apoptotic events were analysed through different 

parameters. First of all, the analysis of mitochondrial membrane 

potential with JC-1, an important indicator of mitochondria function 

and cell health. The analysis reveals a higher presence of green 

fluorescent monomer after administration of PtAcacDMS, indicating a 

greater depolarization of mitochondrial membrane, probably due to the 

opening of MPTP and release of ions and molecules that affect the 

respiratory chain and other factor implicated in the molecular 

mechanisms of apoptosis. The increase of MOMP indeed is a crucial 
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event of the apoptosis intrinsic pathway. The release of pro-apoptotic 

factors and the inhibition of anti-apoptotic factors culminating in the 

activation of Caspase 9 that, in turn, activates Caspase 3, the principal 

effector of apoptosis. In T98G there is an evident increase of these 

caspases after treatment with both compounds, in particular after 

administration of PtAcacDMS, Caspase 3 is more expressed with than 

after CDDP treatment, reflecting the higher increase in mitochondrial 

membrane depolarisation. To confirm the activation of the intrinsic 

pathway we analysed the expression of PARP-1, one of the principal 

target of Caspase 3. In control cells, PARP-1 is normally localized in 

the nucleus. After activation of Caspase 3, PARP-1 is translocated in 

the cytoplasm where is cleaved in two fragments: the 89 kDa fragment, 

which contain the catalytic domain, remains in the cytosol, the 24 kDa 

fragment, in the nucleus, is not able to trigger the DNA repair. 

Inactivation of PARP-1 is important for activation of apoptosis: indeed, 

its inactivation prevents an excessive loss of energy, necessary for DNA 

repair mechanisms. This energy is important to trigger the apoptotic 

process: indeed, the over-expression of PARP-1 favours the depletion 

of ATP, and tumour cells dead via necrosis rather than apoptosis. 

PARP-1 represents therefore a molecular switch between different type 

of cell death (Fischer U et al., 2003). Cisplatin and other 

chemotherapeutic agents can trigger also the extrinsic pathway of 

apoptosis which is promoted by the activation of Caspase 8 and then 

Caspase 3 or Caspase 7. Indeed, evidences show that Cisplatin can 

activate the CD95 receptor/ligand system, upregulate both receptor and 

ligand CD95L, through transcriptional factors (such as Nf-kB) able to 
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link to the promoter of genes and trigger the transcription. Also p53 has 

a similar role promoting the overexpression of CD95 by linking on the 

first intron of the gene after chemotherapeutical treatment. 

Furthermore, the antibody antagonist of CD95L inhibit the apoptosis 

pathway. In some type of tumours, Cisplatin was able to induce 

overexpression of FADD and procaspase 8 (Fulda S and Debatin KM, 

2006). T98G cells treated with PtAcacDMS and CDDP show up-

regulation of Caspase 8. Taken together these results confirm the 

activation of both apoptosis pathway after treatment of platinum 

compounds, in particular after administration of PtAcacDMS. 

Apoptosis seems to be the principal type of cell death for human T98G 

tumour cells. Ultrathin section at TEM and semithin section at optical 

microscopy confirmed the presence of apoptotic cells and necrotic cells, 

but have highlighted that also autophagy is triggered by both platinum 

compounds as shown by the presence of big vacuoles disseminate in the 

cytosol. The presence of autophagic process was confirmed by the 

down-regulation of the protein p62/SQSMT1, also implicated in 

neurodegenerative disease (Hara T et al., 2006), after treatment with 

platinum compounds. This decrease of p62 is very important: indeed 

the high expression level of this protein indicates a basal autophagic 

process leading resistance to apoptosis induced, for example, by 

chemical stimuli such as drugs. This mechanism is the bases of 

Cisplatin resistance in ovarian epithelial carcinoma (Yu H et al., 2011). 

This preliminary result does not appear to indicate any difference in 

induction of autophagy between CDDP and PtAcacDMS, but further 
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experiments are necessary to investigate the involvement of other 

markers of autophagy (such as ATG proteins).  

Lysosomes are important organelles in the process of autophagy. Their 

membrane fuse with that of autophagosomes forming 

autophagolysosome, in which cargo and p62 are degraded. 

Interestingly, after treatment with CDDP and PtAcacDMS the number 

of lysosomes decreases. This peculiarity can be explained considering 

the stress condition and the increase of oxidative stress in treated cells, 

in particular the low concentration of H2O2 that favours the lysosome 

membrane permeabilization and the disruption of lysosomes. The loss 

of structure and function of these organelles can also occur after the 

impairment of mitochondrial function and consequently increase of 

ROS (see below): these conditions favour the activation of Caspase 9 

and Caspase 8 and thus intrinsic and extrinsic apoptosis (Dielschneider 

RF et al., 2017; Eno CO et al., 2013). In conclusion, apoptosis seems to 

be the form of cell death to prevail after the induction of autophagy 

when the number of lysosomes decrease. Apoptosis was also 

investigated by immunostaining of organelles. After administration of 

both platinum compounds, Golgi apparatus and mitochondria loss their 

localization and structure: especially after treatment with PtAcacDMS 

mitochondria are homogeneous distributed in all the cytoplasm and the 

Golgi apparatus results to be fragmented and disperse in the cytoplasm 

with the loss of the particular semilunar shape. This is due to disruption 

of the cytoskeleton of actin and microtubules, that induce 

morphological changes to the form of the cells, nevertheless maintain 

the integrity of plasmatic membrane, typical characteristic of apoptosis 
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process respect to necrosis, according to our previous work (Grimaldi 

M, 2015, PhD thesis; Grimaldi M et al., 2016). 

Modulation of intracellular calcium signalling is an important way of 

regulation for different cellular process, since calcium acting as a 

second messenger, in tumour and non tumour cells. Also apoptosis, 

autophagy and necrosis can be induced by high and uncontrolled levels 

of intracellular calcium as largely demonstrate by literature data 

(Zhivotovsky B and Orrenius S, 2011). In the intracellular environment 

calcium is sequestered or exchanged between different compartment by 

pumps and during this flux calcium can bind regulatory protein for 

regulatory functions or buffering proteins. Furthermore, more 

evidences show that both CDDP and PtAcacDMS are able to induce an 

increase of intracellular calcium in some type of cancers (Florea AM et 

al., 2005; Florea AM et al., 2009). In T98G cells, in presence of 

extracellular calcium, we can observe an increase in [Ca2+]i, more 

evident after acute effect of PtAcacDMS respect to CDDP: both 

compounds are able to trigger an influx from the extracellular space. 

This mechanism continues also after 48h of treatment but only in cells 

exposed to PtAcacDMS: indeed after stimulation of ionomycin, that 

affects the influx of calcium from the stores, CDDP seems to not 

influence the [Ca2+]i, in agreement with literature data (Al-Taweel N et 

al., 2014). Therefore, the two compounds seem to show a different 

mode of action and to better understand their modulation of intracellular 

calcium we evaluated the platinum compounds-induced [Ca2+]i 

regulation on ER, one of the principal calcium store, with mitochondria, 

in the cells. The analysis demonstrates an increase of [Ca2+]i for both 
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platinum compounds respect to control cells, in presence of CPA which 

inhibit the influx of calcium ions in ER. In summary, after 48h of 

treatment, while CDDP influence the [Ca2+]i acting preferentially on 

intracellular stores, PtAcacDMS seems to modulate intracellular 

calcium both from influx through plasmatic membrane and efflux 

through ER. Further experiments are necessary to evaluate if platinum 

compounds influence the release of calcium by mitochondria. In these 

mechanisms an important role may be played by PMCA-1: its lower 

concentration after treatment of both platinum compounds might inhibit 

the efflux of calcium in the extracellular space, ensuring high levels of 

this ion in the cells, in agreement with data literature (Muscella A et al., 

2011). Others pumps and channels such as IP3R, and RyR could be 

modulated by CDDP and PtAcacDMS. Buffer calcium-binding protein 

confirm a modulation in [Ca2+]i between control and treated T98G. 

Calretinin and Parvalbumin (highly expressed in CNS), show a 

decrease in fluorescence intensity in cells exposed to platinum 

compounds, in particular after treatment with PtAcacDMS, this could 

cause a higher free-calcium in the cytoplasm; while Calmodulin show 

an increase in fluorescence intensity. When Calmodulin links calcium 

activates the CAMKs (Ca2+/calmodulin (CaM)-dependent protein 

kinases). These kinases have an important role in many aspects of 

tumors including cell proliferation, invasion, metastasis and also 

apoptosis (Wang YY et al., 2015), because their ability to regulate many 

proteins. One of this serine/threonine kinases is DAPK1 (death-

associated protein kinase 1) activated by binding of Ca2+-activated 

Calmodulin which can regulate the formation of autophagosome, or 
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activate the apoptotic pathway by the trigger of the Fas receptor 

signaling (Singh P et al., 2016). Immunofluorescence shown increase 

of fluorescence intensity also for the protein Calbindin: this could be 

explained with the presence of some mechanisms of resistance put in 

place by the cells to try to restore the calcium homeostasis. Indeed, 

literature data indicate that Calbindin is able to protect cells against 

apoptosis and oxidative stress (Christakos S and Liu Y, 2004; Guo Q et 

al., 1998; Sun S et al., 2011). Further experiments will be necessary to 

better understand this interesting result and to investigate differences in 

modulation of Calbindin by CDDP and PtAcacDMS, in particular the 

effects of the compounds on the long-term treatment will be evaluated. 

Furthermore, preliminary results on cells grown without extracellular 

calcium seems to reinforce the hypothesis of the role of calcium in 

affecting apoptosis in T98G cell line. Additional experiments are 

needed to confirm these findings, as analyzing the others apoptotic 

markers and performing cell proliferation assay to quantify the decrease 

in apoptotic death mechanisms in T98G after treatment with CDDP and 

PtAcacDMS. In conclusion, the ability of Ca2+ to induce cell death after 

treatment with platinum compounds opens the way to new therapeutic 

targets.  

Many evidences have shown that oxidative stress is an important 

modulator in carcinogenesis and tumor survival. Since 1956 is known 

that the lack of mitochondrial membrane potential induces a variety of 

oxidative species especially ROS, able to induce the release of cyt-c and 

trigger the extrinsic and intrinsic apoptosis pathway. Furthermore, ROS 

can contribute to regulate intracellular calcium levels because PMCA-
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1, in presence of elevated oxidant species, is inactivated, internalized 

from the plasma membrane and degraded (Zaidi A, 2010). Another 

oxidative pathway implicated in tumor cell death is that of 

NO/peroxynitrite with superoxide anion implicated in the lipid 

peroxidation and apoptosis. The complex can interact with SOD and 

inhibit apoptosis (Kudryavtseva AV et al., 2016). Furthermore, 

nitrotyrosine, derived from the reaction between peroxynitrite and 

tyrosine residues of proteins, is used as a biomarker for quantifying 

oxidative stress level in the cells (Garcia-Garcia A et al., 2012). 

Literature data confirm that both CDDP and PtAcacDMS can induce 

oxidative stress and subsequently death of tumor cells (Chirino YI and 

Pedraza-Chaverri J, 2009; Muscella A et al., 2011; Vetrugno C et al., 

2014). As expected in our experiments we found high expression of 

ROS and nitrotyrosine in treated cells respect to control cells; however 

only in the case of ROS its fluorescence intensity is higher after 

administration of PtAcacDMS respect to Cisplatin. The production of 

NO was evaluated analyzing the immunopositivity of iNOS, the major 

enzyme implicated in its production. iNOS appears more expressed in 

both platinum compounds treated cells, but with prevalence after 

PtAcacDMS administration. Finally, we also analyzed the expression 

of SOD: immunocytochemistry confirms a great intensity of 

fluorescence in T98G control cells, while in the treated cells the level 

of this enzyme decreases. 

Oxidative stress can influence chromatin structure through different 

way, such as post-translation modifications of histones; this influences 

gene expression, regulation of cell survival or cell death and 
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mutagenesis (Kreuz S and Fischle W, 2016). For this, we evaluated 

some of principal histone modifications in immunocytochemistry and 

we found a different regulation in control and treated cells. Our 

preliminary results show that H3K9me3 is more expressed in T98G 

control cells, while H3K27me3 is more expressed in treated cells, 

especially after administration of PtAcacDMS: this is in accord with 

literature data in which more evidences have shown that these two 

different histones modifications are mutually exclusive (Zhang T et al., 

2015). H4K20me3 is more expressed in treated cells but with 

prevalence after CDDP administration. These results can suggest a 

possible role of oxidative stress on histone lysine methylation, but some 

questions remain still open, and further experiments are necessary to 

better understand what are the specific mechanisms involved in 

oxidative stress-induced chromatin changes, the cellular effects of these 

changes, how this can influence the physiological setting of the cells 

(Kreuz S and Fischle W, 2016) and if platinum compounds or other 

chemotherapeutic treatments are involved in this mechanism.  

For the second strategy we used mouse LLC (Lewis lung cancer) non-

small cell lung cancer cell line. We have generated a series of mouse 

cell lines resistant to Cisplatin, followed by their characterization with 

respect to PARylation: between 9 resistant clones generated we have 

chosen 3 of these showing more Cisplatin resistance and a higher level 

of PARylation. Then, immunocompetent C57BL/6 female mice were 

subcutaneously engrafted with parental LLC cell line (WT) or CDDP-

resistant clones LLC cells to analyze the tumor infiltrate by 

cytofluorimetry. The immune system, in particular the tumor 
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infiltrating lymphocytes (TILs), macrophages; dendritic cells and 

granulocytes play an important role in the control in a wide range of 

tumors (Eggermont A et al., 2014).  

The analysis of FlowJo data seems to show a lower infiltration of 

lymphocytes (CD3+) in Cisplatin-resistant tumors as compared to 

sensitive WT ones.  This decrease is also observed when we divided the 

lymphocytes population into different groups expressing either the CD4 

marker which identifies the subpopulations of lymphocytes T helper 

and T regulatory cells (T-reg) or the CD8 marker that identifies the 

subpopulation of cytotoxic T lymphocytes. The subpopulation that does 

not express the two markers is made up of other types of immune cells 

such as natural killer cells and other types of lymphocytes like γδ T-

cells. Several studies demonstrated that CD8+ cytotoxic T-cells (CTL) 

are essential for tumor destruction, while Forkhead box P3 (FoxP3+) 

CD4+ regulatory T-cells, inhibit CTL function, support proliferation of 

B-lymphocytes, and may promote an anti-inflammatory immune 

response that could enhance tumor growth (Zitvogel L et al., 2015).  

In our preliminary in vivo experiments, we observed a lower infiltration 

in particular of CD4+ population in Cisplatin-resistant tumors as 

compared to parental WT tumors, so we can speculate that cancer cells 

expressing PARhigh have a lower capacity to provoke an anti-cancer 

immune response. Furthermore, murine studies have demonstrated that 

CD4+/CD25+ T cells (Treg) are able to abolish T-cell mediated 

immunity, while the depletion of CD25+ can enhance tumor immunity 

and rejection. Murine and human natural CD4+/CD25+ cells express 

high levels of FoxP3. In our data, activated (ICOS+/PD1+) T-reg cells 
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are more expressed in the Cisplatin-resistant tumors as compared to 

WT, suggesting a reduced immune response against Cisplatin-resistant 

cancer cells. Moreover, there are no differences for what concerns the 

expression of PD-L1 on the surface of tumor cells, therefore it can be 

hypothesize that this mechanism is not implicated in a different tumor 

aggressiveness that can lead alterations in the response of immune 

system between sensitive and resistant tumors.  

Macrophages and granulocytes contribute to tumor pathogenesis, 

promote angiogenesis, cell invasion and tumor progression. They 

accumulate in the tumor macroenvironment and become 

immunosuppressive. (Gambrilovich DI et al., 2013). My preliminary 

results revealed no differences in CD45+ cells between WT and CDDP-

resistant tumors, but when we analyzed the amount of leukocytes in the 

three major subpopulation (like monocytes-derived macrophages, 

dendritic cells and granulocytes) we observed an interesting difference 

in CD11b+ and CD11c- cells: this subpopulation may correspond to 

monocyte-like cells with cross-presentation ability, as demonstrated by 

the co-expression of MHCII and CD80 markers. Monocytes are 

precursor of macrophages; the literature data demonstrated that in both 

human and mice these cells facilitate the tumor growth and their 

presence is associated with poor clinical outcome (Mantovani A and 

Sica A, 2010; Qian BZ and Pollard JW, 2010). 
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6. CONCLUSIONS AND PERSPECTIVES 

This research focused on two aspects of Cisplatin that unfortunately can 

limit its use in clinical settings. To overcome the side effect on patients 

caused by the administration of CDDP we evaluated the cytotoxic 

potential of a different platinum compound, the PtAcacDMS, on human 

glioblastoma T98G cell line and we analyzed a series of molecular 

pathway to better understand the specific mechanism of action. Our 

results show that PtAcacDMS seems to be able to induce apoptosis, 

necrosis and autophagy, but especially for autophagy pathway, more 

experiments are necessary to confirm the data obtained. The role of 

intracellular calcium in tumor is an emerging field of study because the 

variation of [Ca2+]i can modulate the tumor progression and the 

response to chemotherapeutical drug. Our results show an important 

[Ca2+]i–regulation mediated by CDDP and especially PtAcacDMS. To 

confirm these results it will be necessary evaluate the expression of 

molecular mechanisms involved in the flux of calcium from 

intracellular stores or extracellular space to cytoplasm and confirm if, 

in cells growing in absence of calcium, there is a decrease of apoptotic 

processes.  

Furthermore, the presence of DMS in the chemical structure of the 

molecule indicates its possible linking of proteins containing thiol or 

thioester groups. Data in the literature have shown that the ability of the 

relatively heavy platinum atoms to disperse electrons make them useful 

for electron microscopy, producing densely stained areas where 

platinum atoms are accumulated in tumor cells and tissue; in particular 

in the glial cells Cisplatin is accumulated in mitochondria and 
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ribosomes. It could be interesting identify which organelles contain 

elevated levels of accumulated platinum using a “platinum staining” for 

electron microscopy in different types of tumors to obtain a more 

detailed understanding the mechanisms by which PtAcacDMS and 

Cisplatin-induced death of cells through interaction of different 

cytosolic and nuclear targets. This could lead to the discovery of new 

molecular target therapy for the treatment of Cisplatin resistant tumors. 

Furthermore, the low concentration to which PtAcacDMS acts (four-

fold lower than that of CDDP), might be a candidate to decrease side 

effect of CDDP and other chemotherapeutic agents. 

Secondly, we have analyzed a particular type of Cisplatin resistance: 

indeed, by prolonged exposure to Cisplatin, we have obtained 

Cisplatin-resistant LLC clones that accumulate elevated levels of PAR-

containing proteins, probably by upregulation of PARP-1 activity.  

Analysis of tumor infiltrating lymphocytes in preliminary in vivo 

experiments suggests differences in the immune infiltrate content and 

phenotype between Cisplatin-sensitive and resistant LLC cells. It seems 

that immune-suppressive mechanisms are generated by Cisplatin-

resistant LLC cells as compared to control parental cancer cell, but 

further experiments are necessary to confirm these results. Furthermore, 

to confirm that PARP-1 influences the immune infiltrate it will be 

necessary to manipulate the expression of PARP-1 in the clones CDDP-

resistant to evaluate whether these injected cells exhibit the same 

immune infiltrate as the WT cells. 
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