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ABSTRACT

ABSTRACT

Cisplatin is one of the most potent anticancer agents used in the treatment of various solid
tumors. Unfortunately, the onset of resistance still limits its use in therapy and severely
compromises the treatment effectiveness. Although several studies have been performed,
the molecular mechanisms involved in cisplatin resistance are not completely understood.
Recently, a metabolic rewiring has been shown to play a prominent role in the response
of cancer cells to first-line chemotherapeutic agents, indicating the metabolic pathways

as powerful mediators of resistance to cancer treatments.

Previous studies of our laboratory had already demonstrated a metabolic switch of
cisplatin-resistant cells toward glycolysis and to an altered mitochondrial functionality
and morphology. So, in order to better characterize the metabolic fingerprint of cisplatin-
resistant cells, in this work the lipid metabolic pathway and the glutamine metabolism
have been investigated in models of gynecological cancer cells and Triple-negative breast
cancer cells, sensitive and resistant to cisplatin. Aerobic glycolysis, mitochondrial
reprogramming, and deregulation of lipid metabolism are not independent pathways but
rather they cooperate to sustain cells proliferation and to allow cells survival in a
challenging environment induced also by chemotherapeutic drugs. The characterization
of the metabolic fingerprint of cells and the interconnection between the different
pathways is essential to identify specific targets in cisplatin-resistant cancer cells useful
to design pharmacological strategies to bypass resistance. Results indicate a deregulation
of the lipid homeostasis in resistant cells which induces a significant lipid accumulation;
moreover, preliminary results indicate that resistant cells rely more on glutamine for their
survival. From this study and previous observations of our laboratory, different possible
metabolic targets specific of cisplatin-resistant cells have been identified, and different
pharmacological approaches able to target the identified alterations in lipid metabolism

and mitochondria remodeling have been tested.

This work fits in the research panorama aimed at providing new insights into the
differential metabolic dependencies of cisplatin-resistant tumors. Results may provide
novel therapeutic targets exploitable to overcome cisplatin resistance and to enhance the

efficacy of the current chemotherapy.






RIASSUNTO

RIASSUNTO

I cisplatino ¢ uno dei piu potenti agenti antitumorali utilizzati nel trattamento di vari
tumori solidi. L’insorgenza di fenomeni di resistenza al farmaco € uno dei fattori che ne
limita I’utilizzo in terapia e compromette gravemente 1’efficacia del trattamento.
Nonostante numerosi studi siano stati condotti negli ultimi anni, i meccanismi molecolari
coinvolti nella resistenza al cisplatino non sono ancora stati completamente elucidati.
Recentemente ¢ stato dimostrato che un ruolo chiave nella risposta cellulare ai farmaci
antitumorali ¢ svolto da una riprogrammazione del metabolismo cellulare, indicando le
vie metaboliche come potenti mediatori della resistenza ai trattamenti chemioterapici.
Studi precedentemente condotti nel nostro laboratorio su cellule di carcinoma ovarico
avevano gia dimostrato uno shift metabolico verso la glicolisi e alterazioni a livello di
funzionalita/morfologia mitocondriale nei cloni resistenti al cisplatino (C13).
L’obiettivo di questo lavoro quindi ¢ stato quello di studiare i pathways del metabolismo
lipidico e della glutammina allo scopo di ottenere una caratterizzazione piu completa del
profilo metabolico delle cellule resistenti. Per questo studio sono stati utilizzati diversi
modelli cellulari di tumore ginecologico e diverse linee cellulari di tumore mammario
triplo negativo, sensibili e resistenti al cisplatino. E importante sottolineare come glicolisi
aerobica, riprogrammazione mitocondriale e del metabolismo lipidico non sono vie
indipendenti, ma cooperano per sostenere 1’omeostasi cellulare e consentire la

sopravvivenza delle cellule in ambienti ostili, indotti anche da farmaci chemioterapici.

Caratterizzare il profilo metabolico delle cellule e le interconnessioni tra i diversi
pathways ¢ essenziale per I’identificazione di target molecolari tumore-resistente
specifici sfruttabili per approcci farmacologici innovativi. I risultati ottenuti indicano
come le cellule resistenti al cisplatino presentino una alterazione dell’omeostasi lipidica
che induce un significativo accumulo intracellulare di lipidi; inoltre gli studi preliminari
riguardanti il ruolo della glutammina indicano come la sopravvivenza delle cellule

resistenti sia particolarmente dipendente dal metabolismo di questo aminoacido.

Da questo studio, e da precedenti osservazioni del nostro laboratorio, sono stati
identificati diversi possibili target metabolici specifici delle cellule cisplatino-resistenti,

sia a livello di vie metaboliche lipidiche sia a livello mitocondriale.



RIASSUNTO

Questo lavoro si inserisce nel panorama di ricerca volto ad approfondire le specifiche
dipendenze metaboliche di tumori cisplatino-resistenti. I risultati ottenuti potranno fornire
nuovi target terapeutici sfruttabili al fine di superare la resistenza al cisplatino e migliorare

I’efficacia dell’attuale trattamento chemioterapico.



ABBREVIATIONS

ABBREVIATIONS
ACLY: ATP-citrate synthase
ATP: Adenosine triphosphate
Bnip3: BCL2 Interacting Protein 3
CD36: Cluster of differentiation 36
CDDP: Cis-diamminedichloroplatinum II
CPT1/2: Carnitine palmitoyltransferase I/11
ETO: Etomoxir
FABP: Fatty acid-binding protein
FAD/FADH2: Flavin adenine dinucleotide
FA: Fatty acid
FAO: Fatty acid oxidation
FASN: Fatty acid synthase
FATP: Fatty acid transport protein
FBS: Fetal Bovine Serum
G6PDH: Glucose-6-phosphate dehydrogenase
Gln: Glutamine
GPAT: Glycerol-3-phospate acyltransferase
GSH: Glutathione
LC3:
LDs: Lipid droplets
MHY908:
NAD/NADH: Nicotinamide adenine dinucleotide

MAPILC3B (Microtubule-associated protein 1A/1B-light chain 3)

2-[4-(5-chlorobenzo[d]thiazol-2-yl) phenoxy]2-methylpropanoic acid



P62:

PPARa:

ROS:

RT-PCR:

TOM?20:

VPS34:

Ubiquitin-binding protein p62 (Sequestosome-1, SQSTM1)
Peroxisome proliferation-activated receptor alpha

Reactive oxygen species

Real Time-PCR

Mitochondrial outer membrane translocase complex

Vacuolar protein sorting-34 (Class III PI 3-Kinase enzyme family)



INTRODUCTION

1 INTRODUCTION

1.1 Cancer

Cancer is a multifactorial disorder involving complex modifications in the genome
affected by the interactions between host and environment. According to estimates from
the World Health Organization (WHO) in 2015, cancer is the first or second leading cause
of death before age 70 years in 91 of 172 countries, and it ranks third or fourth in an

additional 22 countries'.

The incidence of cancer is growing worldwide, mostly in countries economically
developed. The reasons are complex but mainly linked to the aging of population and the

adoption of cancer-associated lifestyles, reflectors of socioeconomic development?.

Cancer cells differ from healthy cells by distinct biological features acquired during the
multi-step development of the disease, which allow them to elude the proliferation control
mechanism evading apoptosis and to become invasive. Cancer is a multifactorial disorder
involving complex alterations, due to mutations in oncogenes and tumor suppressor
genes’. Oncogenes derive from protooncogenes that, once undergone the mutation, alter
their protein synthesis, through the production of wrong proteins, alter activity of proteins
or can also have qualitative effects on their transcriptional specificity leading to the
stimulation of autocrine/paracrine loops and activation of multiple signaling pathways.*.
The tumor suppressors, instead, usually control the overexpression of oncogenes, but in
different types of cancer they are destroyed or altered leading to a decrease in their
functionality. The deregulation of tumor suppressor may alter checkpoints and growth
pathways, leading to cancer progression®. These mutations or loss-of-function alterations
lead to an increase in the metabolic demand of cancer cells which require an adaptive
response of metabolism in order to sustain cell proliferation’. On the other side, some
metabolites produced by cancer cells possess oncogenic roles, modifying cellular
dynamics and tumor microenvironment. A variety of non-transformed cells such as
immune cells, fibroblasts, endothelial cells, undergo phenotypic changes by interaction

with cancer cells, sustaining tumor growth?®,

Since the recognition of the tumor, the selection of the treatment and its progress depends

on the type of tumor, localization, and stage of progression. The traditional and most used
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treatment methods comprehend surgery, radiotherapy, and chemotherapy while the most
recent modalities include immunotherapy, hormone-based therapy, stem cell therapies,
etc’. The high proliferation rate of tumor cells makes them susceptible to a wide range of
drugs which targets mainly processes involved in cellular replication; however, as these
processes also drive normal cells, the effect is not unique, and a wide range of side effect
comes with these drugs. Moreover, in some cases tumors may resist to drug treatment

leading to therapeutic failure.

1.2 Drug resistance and chemotherapy

Resistance to chemotherapy and molecularly targeted therapies is the major problem of
current cancer research. In fact, some tumors may be refractory to treatment with certain
drugs due to some genetic characteristic or, in many cases tumors may develop resistance
following exposure to the drug. A huge effort in research has been made to identify factors
that can predict the onset of resistance in order to adapt the therapeutic strategy.
Temporary respite is obtained by the combination of different drugs; the rational to
choosing which drug to combine is that they present different modes and sites of action
in other to give a complementary/synergistic effect as well as the present minimally
overlapping toxicity. Different combinations are currently used in therapy (like platinum
and taxane, docetaxel and gemcitabine in ovarian cancer, etc)!’. This approach can

eventually result in the phenomenon of multi-drug resistance'!.

The mechanism of resistance is complex and multifactorial and is object of several
studies. A variety of factors have been demonstrated to be involved in chemoresistance,
including the reduced intracellular concentrations of drugs, alterations in drug targets,
activation of pro-survival pathways, ineffective induction of cell death and interactions
between cancer cells and the tumor microenvironment!2, Moreover, it is increasingly
evident that tumors contain a high level of molecular heterogeneity'’; indeed, drug
resistance can occur through a therapy-induced selection of the most favorable cell

phenotype able to survive in presence of the drug.

Recent studies show that the metabolic state of cells influences the response to
chemotherapy and that cancer cells reprogram their metabolism in response to

chemotherapeutic drugs. These observations indicate that the metabolic rewiring is an

-8-
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important mechanism of acquired resistance and can be exploited for improving the

efficacy of the treatment'?.

1.3 Cisplatin

Cis-diamminedichloroplatinum II, best known as
Cisplatin (CDDP) is a metallic coordination ONSR,
compound, which is one of the most potent and most Cl / \N H
employed alkylating chemotherapeutic agents
(Figure 1). The compound was first prepared by

Figure 1: Cis-diamminedichloroplatinum II
Michele Peyrone in 1845 but its properties where
casually bring to light in 1965 by Barnett Rosenberg and co-workers!®>. During his
experiments on the effect of an electric field on Escherichia Coli growth, Rosenberg
discovered that a platinum compound released from the electrodes that he was using,
blocks cells division. In 1969 Rosenberg has demonstrated that cisplatin has the ability to
inhibit leukemia L1210 and sarcoma 180 in mice '°. Subsequent tests on the drug showed
the action of cisplatin against a variety of tumor systems; the trans-isomer is not effective
due to the trans-arrangements of the chloro ligands that leads to faster inactivation of the
drug, and to the stereo-conformation which render trans-platin unable to form the 1,2
intrastrand adducts with DNA!”. Results on cisplatin were so promising that preclinical
and toxicological tests were started, leading in 1978 to the approval in clinical use for

testicular and ovarian cancer by the Food and Drug Administration'®.

Nowadays cisplatin plays a major role in the treatment of several cancers, including

testicular, ovarian, bladder, head and neck, cervical, colorectal and lung cancer'®.

The drug is used intravenously and primarily eliminated by kidney while only the 10%
takes the bile duct. The main side effects are nephrotoxicity, ototoxicity, neurotoxicity,

and myelosuppression®’.

1.3.1 Drug activation and accumulation

Cisplatin has a planar structure formed by a central atom of platinum in the oxidation

state of +2 to which are linked two chlorine atoms and two NH3 molecules, thus obtaining
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a framework-planar geometry. The molecule exists in two isomers cis and trans but it is

only the cis-isomer which presents a strong anti-tumor activity 2.

The in-vivo molecular mechanism of cisplatin, which behaves as a classical prodrug, is
conditioned by the environment; in fact, the activation inside the cell is due to the different
chloride concentration between the bloodstream and the cell cytoplasm. The
concentration drops from ~100 mM in the blood plasma to ~4 mM in cell cytoplasm,
facilitating the reaction of mono or di-aquation of the drug, making it a potent electrophile
([Pt(H20)C1 (NH3)2]" and [Pt(H20)2(NH3),2]*" cations) prone to react with nucleophilic
species within the cells (DNA, RNA and proteins) (Figure 2) 22,

Cell Membrane

Ctr1 or Unknown
cl cl Transpg:‘ter cl G = Guanine
\Pt/ :ﬁ, \Pt/
,,,,,,, S
H3N/ \NH3 H;N/ \NH3
i 4
PICI(NHs), ™. PtCIy(NH;), [
I Passive H:!N"l;t
1 H,0 diffusion KHzO
K cr / [
cr
+ Ctr1 or OCT2 ++
OH OH OH H,0
z\Pt/CI 777777 :é !7/”7’ z\Pt/CI z\Pt/ 2
—> N
H;N/ \NH3 H3N/ \NH_-, HaN/ NH;
H,0 CI
[PtH,OCI(NH3),]* | [PtH;OCI(NH3),]* [Pt(H20)2(NH;),]™

Figure 2: Schematic representation of cisplatin uptake and activation 23.

The platinum atom of CDDP forms covalent bonds with the purine bases (with the N7-
position) producing 1,2 or 1,3-intrastrand crosslinks and a lower percentage of interstrand
crosslinks. The crosslinks, cause alterations in the double helix structure of DNA blocking
the replication and or/preventing the transcription process. Moreover, the formation of
crosslinks disrupts the structure of DNA which is recognized by cellular proteins to repair
the DNA damage®*. In particular, preventing or hindering the polymerase binding to
DNA, a failure in DNA duplication occurs, and this block primarily affects tumor cells,
which are in fast replication. In addition to preventing these fundamental processes,
cisplatin seems to damage cancer cells by inducing apoptosis®; also the production of

ROS induced by cisplatin can lead to irreversible damage to the cells®®.
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Although DNA is commonly accepted as major target of cisplatin, only the 1% of the
drug appears to interact with nuclear DNA, while the largest amount interacts with sulfur
donors (such as cysteines, methionines, thiols, etc.), proteins or mitochondrial structures,
as well as with the mitochondrial DNA (mtDNA),?’?%. Indeed, the process of protein-
cisplatin recognition is reputed crucial in determining cisplatin uptake, transport,
biodistribution and toxicity profile. Once CDDP is intravenously administered to the
patient, it diffuses into tissues and is highly bound to plasma proteins as result of its strong
reactivity with sulfurs of thiol groups®’. Also, a significant portion of Pt is bound to
glutamyl-cysteine-glycine (glutathione, GSH) and/or other cysteine-rich biomolecules

like a few small proteins of the metallothionein family *°.

The biochemical mechanism by which cisplatin crosses the cell membrane is still not
completed understood. The passive diffusion across the plasma membrane has initially
been proposed as process responsible for cisplatin transport into the cells*!. Nowadays it
is accepted that uptake of cisplatin into cells occurs via multiple mechanisms which
involve passive diffusion as well as active transport systems. Different transporters have
been associated with CDDP transport across the plasma membrane: in the last years, some
proof of evidence have demonstrated that cisplatin may enter cells by the copper
trafficking system which includes the copper transporters members of the Copper
Transport (Ctr) protein family, like Ctrl and Ctr2 *2. Also, the copper pumps ATP7A and
ATP7B has been shown to be responsible for sequestration and efflux of cisplatin.
Moreover, the copper chaperone Atoxl has been shown to possibly play a role in

delivering cisplatin to ATPases®*.

-11 -
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1.3.2 Drug resistance

Despite the success of cisplatin treatment against several cancers, the effectiveness of the
therapy is limited because of acquired or intrinsic resistance which leads to therapeutic
failure. In particular prostate, colorectal, and lung cancer are intrinsically resistant to
cisplatin while acquired resistance is more often observed in ovarian cancer patients>*
Intense research has been conducted in

the past 30 years and the acquired a Ao Qv e 4 o e

resistance  appears to be a

Pre-target

ATP7B L

multifactorial phenomenon  which

Nucleophylic Mg 2O, NHg
scavenger ™ o™ g

involves a plethora of unrelated S —
INFLUX EFFLUX

mechanisms. Studies highlighted how |8 § I
= SEQUESTRATION .
the acquisition of resistance can be due uS' Oﬂ: AUTOPHAGY Hiidkete
to pre-target alterations (that involve Tt~ R DNa 1Pl
. . . . . INCREASED DNA REPAIR
steps preceding the binding of cisplatin -~
o 299 INCREASED TOLERANCE
to DNA), on-target alteration (directly 5 HEERALESIONS
. . iz DEFECTIVE ACTIVATION AND/OR EXECUTION
relate to DNA—cisplatin adducts), post- g OF CELL SENESCENCE/CELL DEATH
target alterations (related to lethal
signaling pathway(s) elicited by Figure 3 Molecular mechanisms of CDDP resistance 2*

cisplatin-mediated DNA damage) and off-target resistance (which affect other molecular

pathways that do not present obvious link with cisplatin)*® (Figure 3).

* Reduced drug accumulation: The predominant cause of cisplatin resistance is
the reduced effective concentration of intracellular drug®>. As consequence of
reduced uptake or retention, the formation of platinum-DNA adducts is obviously
decreased resulting in reduction of cytotoxicity and, thus, resistance to the drug.
Decreased influx could result from defective transporters or channels, or
functional/structural changes in organelles or membrane potential. Active efflux
could result from increased export, secretion, or exocytosis of the platinum
compounds®”**. As said, the platinum compound is taken up by cells by passive
diffusion or trough facilitate transport. Decrease expression of these transporters
seems to be involved in cisplatin resistance. Cisplatin uptake is performed by the
copper transporters CTR1 and CTR2 as well as from the solute carrier (SLC)
transporter family, specifically the SLC22 family members in which OTC2

-12 -
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seems to be more involved in cisplatin uptake?. Cisplatin resistant cells show
decreased levels of CTR1 mRNA and decreased cisplatin uptake; mouse
embryonic fibroblasts (MEF) null for CTR1 provide 3.2 fold increased resistance
compared to transfected cells; moreover, in the clinic, CTR1 has been shown to
be decreased in ovarian and lung cancer resistant to cisplatin®®. Regarding the
OTC2’s role in cisplatin resistance, there are not a lot of clinical studies primarily
due to the fact it is expressed in the kidney. The other shuttle coppers between
the Golgi and the plasma membrane, ATP7A, and ATP7B which belong to the
transporter family of P-type ATPases, are instead involved in the efflux of the
drug. The copper, in fact, competes with the drug for cellular uptake but is also
able to reduce the outflow of cisplatin, increasing its accumulation. The
overexpression of ATP7B is associated with a worse prognosis in patient with
esophageal cancer 3’ and squamous cancer cells of the head and neck3? indicating
an implication in the resistance. The main protein involved in the effective
elimination of the drug from the cells is an ATP-binding cassette transporter,
located on the cell membrane and able to recognize different anticancer drugs,
including platinum-based compounds3®. Overexpression of this transporter has
been observed in resistant ovarian tumors, sarcomas and breast tumors*’. In
additions, other ABC transporters including Multidrug-resistant proteins (MRPs)
are possibly involved in cisplatin resistance by increasing drug efflux?®.

Once in the cytoplasm, platinum-based agents undergo acquation-reactions with
the formation of electrophilic sites, prone to react with intracellular nucleophilic
species such as glutathione (GSH), methionine, metallothioneins (MTs), and
thiol-containing proteins. Increased concentration of these compounds is known
to lead to resistance through the binding and inactivation of the drug®’. Elevated
levels of GSH, of y-glutamylcysteine synthetase (the enzyme which catalyzed
GSH synthesis), or of the glutathione S-transferase which mediate the
conjugation of GSH with CDDP, have been observed in cisplatin resistance both
in vivo and ex vivo*'. Glutathione S-conjugates are then extruded via MRP1 or
MRP2 thus explaining the associated cell resistance to cisplatin®®. Besides
glutathione, also thioredoxin (Trx) system and metallotionines (MTs) are

involved in cell protection from oxidative stress.

- 13-
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Metallotioneins are low molecular weight-thiol containing proteins, which are

thought to be involved in controlling levels of copper and zinc, as well as

protecting cells from oxidative stress and toxicity associated with heavy metals*?.

The presence of these compounds is associated to resistance in ovarian

carcinomas, cervical and lung, therefore, the association of MT levels with

cisplatin resistance may be tissue-specific and may play a minor role depending
on the cellular environment* *. Thioredoxin system play a major role in
regulation of redox-cell homeostasis and also, it is involved in several cellular
functions, as DNA replication and repair, regulation of transcriptional factors,
etc®. Trx is reduced by thioredoxin reductase (TrxR), which involves the
oxidation of NADPH. In clinical samples, Trx levels correlate with cisplatin

resistance in bladder, prostate, liver, gastric, lung and colon cancer cells *6,*7.

* Increased repair of platinum-DNA adducts: The well-known mechanism of
action of cisplatin is the alteration in the structure of the DNA molecule, then, the
amount and the extent of the DNA-damage determine cell survival or death*®.
Cisplatin-induced DNA adducts block transcription and DNA synthesis, which
in turn triggers an intricate intracellular signal transduction cascade in attempt to
eliminate the lesions. Studies have revealed that tumor cells can have intrinsic
differences in DNA repair mechanism when compared to their healthy
counterparts, although alterations may also be acquired. The role of DNA repair
systems in platinum resistance has been studied for many years, in preclinical and
clinical settings (Figure 4).

l DNA damage repair system J

el BB . YO8 L

S < S = |
Direct | = (
| BER NER | MMR | HR NHEJ
_reversal | | Y - ¥ € ) L.
Proteins MGMT 0GGL XPA MSH2 BRCAI Ku70/80
APE1 XPB MSH6 BRCA2 DNA-PK
LIG3 XPC MLH ATM XRCCH
XREC1 XPF RADS0 LIG4
Fpg XPG RADS1
AlkA ERCC1 FANCD2
PARPI RAD2IB PALB2

PCNA
GADDASA

Figure 4: DNA damage repair systems. DNA damage repair systems include BER (base-excision repair), NER
(nucleotide repair), MMR (mismatch repair), HR (homologous-recombination repair) and NHEJ (non-homologous end
joining repair) pathways*.
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The nucleotide excision repair (NER) system is believed to resolve the majority
of DNA lesions caused by CDDP, although components of mismatch repair
(MMR) machinery have also been implicated in this process®'. NER is an ATP-
dependent multiprotein complex that recognizes 1,2 intrastrand cross-links and
subsequently excises the DNA; the gap that remains is then filled by DNA
polymerase. An increased NER proficiency has been associated with CDDP
resistance in vitro in murine models as well as in cohorts of cancer patients®®. In
particular, the excision repair cross-complementation group 1 (ERCC1) protein
plays a key role in nucleotide excision repair. ERCC1 dimerizes with xeroderma
pigmentosum complementation group F, and this complex is required for the
excision of the damaged DNA. Several studies in cancer cell lines linked the
deficiency of in ERCCI levels and xeroderma pigmentosum complementation
group F to cisplatin resistance®?. Multiple studies with human ovarian cancer cell
lines, including cell lines with intrinsic cisplatin resistance, showed an increased
sensitivity to cisplatin after antisense RNA inhibition of ERCC1%. In addition,
cell lines that develop resistance in vitro after exposure to cisplatin chemotherapy
were found to have increased expression of ERCC1°*. Recently many single
nucleotide polymorphisms have been identified in ERCC1 and ERCC2 genes,
and some have been shown to affect the DNA repair capacity and concomitantly
the tumor’s sensitivity to cisplatin®>.

The MMR system is responsible for correcting single-strand DNA (ssDNA)
errors, such as insertion/deletions or mismatches. MMR consists of recognition,
excision, re-synthesis, and ligation of the newly synthetized strand; it is believed
to detect DNA adducts caused by CDDP, fail in their repair, thus transmitting a
pro-apoptotic signal®®. Many studies have linked MMR deficiency to cisplatin
resistance and genes encoding for MMR components; mutS homolog 2 (MSH?2)
and mutL homolog 1 (MLH1) are frequented altered in cisplatin acquired
resistance’’,’®. Loss of MLH]1 in colon cancer cells resulted in a 2-fold increase
in cisplatinum resistance and genetic complementation of MHL1 in deficient
cells has been showed to restore cisplatin sensitivity>’,>’.

MSH?2 deficiency resulted in increase in cisplatin resistance in endometrial

cancer cell line HEC59 as well as in muscle-invasive bladder cancer’”,?’. Defects
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in MMR system may be inherited (as in hereditary nonpolyposis colorectal
carcinoma) or may occur through epigenetic silencing of genes (mostly through
Mut L homologue 1 (Hmlh1) promoter hypermethylation) as has been shown in

colorectal, gastric and ovarian carcinoma®'

. It is to note that high expression
levels of MMR components may exert a positive influence both on the probability
to acquire CDDP resistance and on the propensity to chemotherapy-naive tumors

to relapse (because MMR limits the accumulation of genetic alterations)?®.

» Genetic alterations and apoptosis inhibition: The induction of the apoptotic

pathway is essential for cisplatin efficacy. CDDP stimulated apoptosis by
triggering both extrinsic death pathway and intrinsic mitochondrial pathway.
Several studies showed that CDDP-resistant cells present a decrease in the
apoptotic machinery caused possibly by alterations in genes, proteins, and
pathways of pro or anti-apoptotic signal®>. Numerous proteins such as Bcl-2
family proteins and p53, and multiple pathways including nuclear factor-kB (NF-
kB) and mitogen-activated protein kinase (MAPK), are involved in extrinsic and
intrinsic apoptosis>>.
In the induction of pro-apoptotic proteins by DNA-damage-induced signaling,
the tumor suppressor p53 play a major role. In fact, up-regulation of proapoptotic
proteins such as PUMA or Bax is mediated by acetylation and phosphorylation
of p53%3. It has been observed that alterations in p53 are associated with cisplatin
resistance and other studies underlined how the frequency of protein mutations is
higher in resistant ovarian cancer cell lines than the sensitive counterpart®. Also,
the phosphatidylinositol-3-kinase/Akt (PIK3/Akt/mTOR) pathway is a key
regulator in cell survival and plays an important role in chemotherapy resistance
by inducing anti-apoptotic proteins®. It has been shown that inhibition of
(PI3K)/Akt pathway sensitizes different cell lines to cisplatin, as human lung
cancer cells and Triple Negative breast cancer cells®® 7.

Other proteins involved in resistance are those of the Bcl-2 family which contains

both pro and anti-apoptotic proteins. The alteration in the balance between these

different proteins has been shown to be linked with resistance phenomena leading

to the activation of the multi-domain (BH1, 2, 3) effector proteins BAK and
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BAX, which assemble into multimeric pores in the mitochondrial membrane and
facilitate mitochondrial outer membrane permeabilization (MOMP) and
cytochrome c release into the cytosol®® ¢°.

The mitogen-activated protein kinase (MAPK) pathway also plays a critical role
in the intracellular signaling network which regulates gene expression in response
to several stimuli. Defects in several pro-apoptotic signal transducer, including
mitogen-activated protein kinase 14 (MAPK 14, best known as p38MAPK) and c-
Jun N-terminal kinase 1 (JNK1) has been observed in cisplatin resistance’®’" and
inhibition of INK, p38 kinase, or ERK attenuates cisplatin-induced apoptosis and
cell death . Finally, several studies both in vitro and in vivo, demonstrated that
constitutive activation of NF-Kb inhibits chemotherapy-induced apoptosis in
several cancer types, including cervical cancers’>7,

Recent interest has been given to the role of mitohormesis in cell adaptations to
different stresses. Evidence shows that various form of mitochondrial stress, can
cause an adaptive response that can benefit the cells. It has been shown that
moderate levels of ROS protect against several disease inducing upregulation of
mitochondrial capacity and endogenous antioxidant defense”’®. This still poorly

unexplored mechanism can be involved in the remodeling of the metabolism that

confers resistance following drug treatment.

Energetic metabolism in healthy cells

In healthy cells a large amount of energy provided by ATP is required to replicate all
cellular contents: glucose participates with two ATP molecule synthesis through
glycolysis and up to 36 ATPs through its complete catabolism by the TCA cycle and
OXPHOS (oxidative phosphorylation). The large requirements for nucleotides, amino
acids, and lipids are sustained by intermediate metabolites of these pathways. In addition
to glucose, also glutamine is catabolized for most mammalian cells growing in culture.
Therefore, glucose and glutamine both supply carbon, nitrogen, free energy, and reducing
equivalents necessary to support cell growth and division. This means that glucose, in
addition to being used for ATP synthesis, should also be diverted to macromolecular
precursors such as acetyl-CoA for fatty acids, glycolytic intermediates for non-essential

amino acids, and ribose for nucleotides to generate biomass (Figure 5).
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Figure 5:Anabolic pathways that promote cancer growth. Glucose- metabolism, generates glycolytic intermediates to
support cell growth; Mitochondrial TCA cycle intermediates are used for several biosynthetic reactions leading to
nucleotides and lipid synthesis. Moreover, mitochondria are also implicated in redox homeostasis 7’

Glycolytic pathway: Glycolysis is the first step in the breakdown of glucose to
generate energy. Glucose enters the cell through glucose transporters (GLUTSs)
and is then phosphorylated to glucose-6-phosphate (G6P) by hexokinase 1
(HK1). Phosphoglucose isomerase catalyzed the conversion of G6P to fructose-
6-phosphate (F6P) which yields fructose-1,6-biphosphate (F1,6-BP) by
phosphofructokinase 1 (PFK1); Aldolase A catalyzed the hydrolysis of 1 F1,6-
BP in dihydroxyacetone phosphate and glyceraldehyde 3-phosphate. The 2
products of aldolase equilibrate redly in a reaction catalyzed by triose phosphate
isomerase. Succeeding reactions of glycolysis utilize glyceraldheyde-3-

phosphate as substrate. Glyceraldehyde 3-phosphate dehydrogenase catalyzed its
oxidation to 1,3-biphosphoglycerate which is converted in 3-phosphoglycerate
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by phosphoglycerate kinase; the following step involves reaction of
phosphoglycerate mutase 1 (PGAMI1) which catalyzes the production of 2-
phosphoglycerate (2PG); enolase 1 (ENOI1) catalyze 2PG conversion in
phosphoenolpyruvate (PEP) that is finally transformed in pyruvate by Pyruvate
kinase (PK) . Ultimately, glycolysis produces two ATP molecules and six NADH
molecules per glucose. In normal tissues, most of the pyruvate is directed into
mitochondria to be converted into acetyl-CoA by the action of pyruvate
dehydrogenase (PDH) or transaminated to form alanine’”.

Pentose phosphate pathway (PPP): This is a metabolic pathway that generates
NADPH and pentose sugars from G6P. PPP is divided into two biochemical
branches: an oxidative and non-oxidative branch. The oxidative converts G6P to
ribulose-5-phosphate (Ru5P), CO> and NADPH by glucose-6-phosphate
dehydrogenase (G6PD) while producing two molecules of NADPH. NADPH is
both a major cellular antioxidant, maintaining glutathione in a reduced state to
prevent oxidative damage, and a required cofactor in the reductive biosynthesis
of fatty acids, nucleotides, and amino acids. NADH is also used in mitochondrial
OXPHOS®*. The non-oxidative branch yields the glycolytic intermediates
fructose 6-phosphate (F6P), glyceraldehyde 3-phosphate (G3P) and
sedoheptulose sugars, resulting in the production of sugar phosphate precursors
for amino acid synthesis and ribose-5-phosphate (R5P), which is essential for
nucleic acid synthesis®!.

» Tricarboxylic acid (TCA) cycle: Pyruvate produced by glycolysis is converted
to acetyl-CoA, which enters the TCA cycle, and citrate, a-ketoglutarate, succinyl-
CoA, fumarate, malate, and oxaloacetate are produced as intermediate products;
acetyl-CoA cannot cross the inner mitochondrial membrane, but
intramitochondrial acetyl-CoA and oxaloacetate combine to form citrate, which
is transported out of the mitochondria and broken back down into its constituents
by ATP citrate lyase (ACLY). Acetyl-CoA is converted to malonyl-CoA by
acetyl-CoA carboxylase, and acetyl-CoA and malonyl-CoA are then both used
by the multi-subunit enzyme fatty acid synthase (FAS) for the synthesis and
elongation of fatty acid chains. Oxaloacetate is used for the synthesis of non-

essential amino acids. Cytosolic and nuclear acetyl-CoA is also a precursor for
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the post-translational modification of proteins (for example, histones) by
acetylation. Like citrate, malate produced in the TCA cycle leaves the
mitochondria, and it is converted to pyruvate plus NADPH. Citrate might also be
converted to isocitrate and then to a-ketoglutarate, generating another molecule
of NADPH by the action of isocitrate dehydrogenase 1 (IDH1).

* Glutaminolysis: After glutamine is taken into the cell, it is first converted into
glutamate by glutaminase (GLS/GLS2). Glutamate is then converted in a-
ketoglutarate via two different pathways: the first via the activity of glutamate
dehydrogenase (GLUD) which generates ammonium and NADH or NADPH.
The second is via the activity of a group of transaminases, including glutamate—
oxaloacetate transaminase (GOT), glutamate—pyruvate transaminase (GPT), and
phosphoserine transaminase (PSAT) which promote the generation of other non-
essential amino acids including alanine, aspartate, and phosphoserine. a-
Ketoglutarate thus generated can serve as an anaplerotic substrate in the TCA
cycle. Glutamine anaplerosis in the TCA cycle provides critical precursors for
NEAASs, nucleotides, and lipids.

» Lipid metabolism: the homeostasis of this pathway is required to maintain
cellular structure, provide energy and is involved in cell signaling.

De novo lipid synthesis is the process that, converting nutrient-derived carbons
into fatty acids, can supply with phospholipids for biological functions®*®, Fatty
acids have different turnovers in the body. They can be broken down through a
series of mitochondrial f-oxidation processes into acetyl-CoA, which then enters
the tricarboxylic acid cycle to aid ATP generation. Alternatively, fatty acids can
be incorporated into TAG, phospholipids or cholesterol esters.

Fatty acids, in fact, can be used to generate many different types of lipids: they
are converted in diacylglycerides (DAGs) and triacylglycerides (TAGs) via the
glycerol phosphate pathway. TAGs are mainly used for energy storage in the
form of lipid droplets. Intermediate of this pathway can also be converted in
building blocks for biological membranes like phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylglycerol (PG) and
phosphatidylserine (PS). Another class of lipids essential for membrane function

are sterols, mainly cholesterol and cholesteryl-esters (CEs). Cholesterol
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modulates the fluidity of the lipid bilayer and it provides the structural backbone
for the synthesis of steroid hormones such as progesterone and estrogen.
Sphingolipids, phosphoinositides, and eicosanoids are as well generated from

FAs, and play important roles in signaling functions and tissues®*

1.4 Metabolic reprogramming in cancer cells

Cancer metabolic reprogramming
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cells need to reprogram their catabolic and anabolic processes; the reprogram allows cells
to adjust the energy metabolism, in order to dispose of the necessary large amount of
energy and biomass. Moreover, the reprogramming of cell metabolism has also been
linked to the survival of cancer cells upon treatment with chemotherapeutic drugs. Several
altered oncogenes and tumor suppressor genes, directly control different metabolic
pathways which gather to alter cellular metabolism and provide the necessary support for
rapid cell division®: ATP to maintain the energetic status, biosynthesis of
macromolecules and maintenance of the redox homeostasis®’. To sustain these needs,
cancer cells undergo alterations in the metabolism of all the four major classes of

macromolecules: carbohydrates, proteins, lipids, and nucleic acids®®

1.4.1 Glycolytic pathway

While normal cells rely primarily on mitochondrial oxidative phosphorylation
(OXPHOS) for energy supply and metabolic activities, cancer cells avidly take up glucose
for aerobic glycolysis® !, This effect is correlated to hypoxia, but it is present also in

normoxia conditions®. This phenomenon is known as “Warburg Effect” because of Dr.
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Otto Warburg’s discover in the 1920s. Warburg observed that cancer cells exhibit
significant alterations in energy metabolism and mitochondrial respiration compared to
normal cells ®2. Having observed a preferential use of glycolysis for ATP generation even
in presence of oxygen, he postulated a shift from OXPHOS to glycolysis as a result of an
impaired mitochondrial function which induces a respiratory injury finally leading to
cancer development. Many decades later, a multitude of studies has provided additional
insights into the abnormality of cancer metabolism. However, in contrast to Warburg's
original hypothesis, damaged mitochondria are not the reason for the shift to aerobic
glycolysis exhibited by most tumor cells. In fact, most tumor mitochondria are not
defective in their ability to carry out oxidative phosphorylation. Instead, also

mitochondrial metabolism is reprogrammed to meet the challenges of macromolecular

synthesis. This possibility was never considered by Warburg and his contemporaries®.
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Figure 7: Alterations in glucose metabolism in cancer cells. Compared with normal cells (left), cancer cells (right),
present an increased flux of glucose metabolism and glycolysis, overexpressing different enzymes, in order to sustain

rapid proliferation 3.
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In normal cells, glucose is catabolized to pyruvate, which can be converted to acetyl-CoA
to fuel the tricarboxylic acid cycle (TCA). TCA cycle generates FADH; and NADH to
fuel with electrons the mitochondrial respiratory chain. Thanks to mitochondrial
respiration, each molecule of glucose can produce 36 molecules of ATP, thus generating
a large amount of energy. In healthy cells, glycolysis is preferred only when oxygen is
limited. This phenomenon in cancer cells is related not only to hypoxic conditions, but
also in presence of oxygen (a process also called “aerobic glycolysis™). Glycolysis
generates only 2 ATPs per molecule of glucose, so cells have to compensate for the lack
of energy. One of the strategies is an upregulation of glucose transporters (GLUT1-2-3-
4) to increase the uptake of the substrate (Figure 7). The Warburg effect has been
demonstrated in several types of tumors and the increase in glucose uptake, confirmed
through 18F-deoxyglucose positron emission tomography (FDG-PET), positively
correlated with poor prognosis and higher metabolic potential in clinical, supporting the
theory that alterations in cellular metabolism may contribute to the malignant

phenotype”*®.

The reasons why cancer cells prefer aerobic glycolysis to oxidative phosphorylation are
several. Firstly this shift allows cancer cells to live in fluctuating oxygen conditions, that
would be lethal for OXPHOS dependent cells®®. Secondly, the end product of glycolysis
is lactate and generation of lactic and bicarbonic acids sets up an acid environment which
may activate metalloproteinase and matrix remodeling enzymes, favoring cancer invasion
and metastasis’’’. Moreover, the lactate extrudes from tumor cells participates in the
rearrangement of the tumor micro-ecosystem which integrate anaerobic components
(cancer cells) and aerobic components (non-transformed stromal cells)®’. Third, to ensure
cell’s antioxidant defenses glucose metabolism could be redirected through the Pentose
Phosphate Pathway, leading to the formation of nicotinamide adenine dinucleotide
phosphate (NADPH). NADPH can also contribute to fatty acid synthesis *°. Finally, and
most importantly, the entire metabolism is reorganized to increase anabolic reactions
providing a biosynthetic advantage for tumor cells to sustain growth and proliferation. In
fact, cancer cells exploit the intermediate of glycolysis for anabolic reactions providing
building blocks and precursors for the synthesis of DNA and fatty acids (glycogen and

ribose S-phosphate are synthesized from glucose 6-phosphate, triacylglycerides and
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phospholipids from dihydroxyacetone, and alanine and malate form pyruvate)®’. Pyruvate
can also enter a truncated the TCA cycle resulting in acetyl-CoA export from
mitochondria. Thus, it becomes available for the synthesis of cholesterol, fatty acids, and

isoprenoids®*

1.4.2 Glutaminolytic pathway

Besides the glucose dependence, another metabolic characteristic of many cancer cells is
a dependence from an exogenous supply of glutamine, despite this being a semi-essential
amino acid that hepatocytes can synthesize de novo. Deprivation of glutamine in these
cells results in growth arrest and cell death owing to their glutamine addiction. Glutamine
is the most abundant amino acid in the blood and muscle and is used as precursor of

biomass and for energy production to sustain rapid proliferation!®

. Glutamine plays a
pleiotropic role providing not only carbon but also nitrogen for nucleic acid synthesis and
it’s also involved in cellular redox homeostasis (Figure 8); so, it is important to consider
both the catabolism and the anabolism of this amino acid in the context of diseases and
cancer. Findings from recent years underlined how glutamine requirements are very
heterogeneous among different cancer cell lines, varying from glutamine auxotrophs to
those that can survive in absence of exogenous glutamine supply'®!. Pieces of evidence
suggest that genetics, tissue origin, and microenvironment dictate the glutamine usage in

cancer'?
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Several cancer cells can obtain glutamine from the environment; the uptake is mediated
by different transporters, which can also be implied in the efflux of glutamine in exchange
for other amino acids. These transporters are upregulated in many cancers and under
various oncogenic drivers!**!% The master transcriptional regulator of metabolism c-
Myc has been shown to increase sodium-dependent neutral amino acid transporter type 2
(ASCT2) expression by directly binding the promoter, leading to increase in glutamine
uptake and catabolic usage in several cancer types including prostate cancer!®
Furthermore, overexpression of c-Myc transcriptionally repress miR-23a and miR-23b
promoting mitochondrial glutamine synthetase (GLS) expression!. Moreover, c-MYC
also directly targets genes involved in deoxyribonucleotides triphosphate metabolism to

enhance glutaminolysis driving nitrogens to nucleotides synthesis!?’.

From of studies available so far, it appears that glutamine dependency of cancer cells may
be a metabolic vulnerability of cancer and that inhibitors of enzymes involved in
glutamine metabolism or therapeutics that inhibit the transcriptional properties of c-MYC
may be exploited for cancer therapy. Asparaginase, is a chemotherapeutic enzyme
indicated for patients with acute lymphoblastic leukemia, which presents dual
asparaginase and glutaminase activities and is approved by the FDA!%, However, while
many other drugs have been synthesized to target different stages of glutamine

metabolism (from the uptake to its conversion), most are still in preclinical stages'?”

1.4.3 Mitochondria involvement in cancer cell metabolism

Mitochondria play a central role in bioenergetics and metabolism since they harbor
enzymes responsible for TCA cycle, oxidative phosphorylation (OXPHOS), f-oxidation
(FAO), biosynthesis of lipids,
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Despite the initial Warburg’s proposal that that mitochondrial dysfunction causes the
necessity of cancer cells to rely on glycolysis for ATP production, nowadays it is known
that tumor cells mitochondria not only retain their functionality but are also able to adjust

the metabolic asset of cells.

In many tumor cells types, OXPHOS activity is downregulated therefore the ATP
production is mainly dependent on glycolysis. Enhanced use of glucose also increases the
metabolic flux through the Pentose Phosphate Pathway (PPP) which provides building
blocks for nucleotides synthesis and NADPH for redox cell homeostasis®’. These changes
limit pyruvate, NAD", and FAD availability thus mitochondria must activate anaplerotic
mechanisms to feed the TCA cycle; this is mainly done by increasing glutamine
utilization'”’. Also, Fatty Acid Oxidation (FAO) might provide some of the metabolic
plasticity needed by tumors by enabling the production of ATP and NADPH when
required, by providing metabolic intermediates for cell growth, eliminating potentially
toxic lipids and inhibiting pro-apoptotic pathways'!!. In addition to their central role in
various biochemical pathways, mitochondria are key regulators of apoptosis, and they

participate in developmental processes and ageing''.

Mitochondria are extremely dynamic organelles which balance is maintained through
fusion and fission processes. In the last years, pieces of evidence underlined how the
mitochondrial dynamic contributes to the metabolic rewiring of cells, influencing
neoplastic transformation, cancer metastasis or resistance to chemotherapeutic drugs'™.
Even if the role of imbalanced mitochondrial dynamic in several types of cancer is

established and well documented in multiple works, the results remain still controversial.
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1.4.4 Lipid metabolism

Commonly disregarded in the past, alteration in lipid- and cholesterol- associated
pathways are now well recognized and largely described in tumors®**!'* Studies now
reveal that abnormalities in lipid metabolism promote cancer development, invasion and
metastasis via multiple signaling pathways (Figure 10) which suggests that targeting lipid
metabolism might be a novel strategy for cancer prevention and treatment'!'>. Highly
proliferative cancer cells show a strong lipid and cholesterol activity which is satisfy by
either overactivation of endogenous synthesis or by increasing the uptake of exogenous
lipids. The excess of lipids in cells are stored in lipid droplets (LDs) and high level of

116,117

LDs is considered a marker of cancer aggressiveness and resistance to
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1.4.4.1 Lipid uptake

Fatty acids and lipids play a variety of functions in mammalian homeostasis but, largely
due to their hydrophobic properties, they can also exert harmful effects and may cause
cellular injuries. Thus, their transport into tissues need to be carefully controlled and in
the last years, the knowledge about the regulation of fatty acid uptake has largely

increased'?’.

The uptake has long been considered to occur by passive diffusion,
however, from a physiological perspective, the fine regulation of the uptake is necessary
to satisfy the metabolic needs avoiding possible detrimental effects of excessive fatty acid

accumulation. Various membrane proteins have been associated with fatty acid uptake
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including fatty acid translocase (FAT)/CD36, plasma membrane fatty acid-binding
proteins (FABPpm), long-chain fatty acyl-coenzyme A synthetase (ACSL), and fatty acid

transport proteins (FATPs)!2!.

The most characterized protein involved in fatty acid uptake is cluster differentiation
36/fatty acid translocase (CD36/FAT). CD36 overexpression has been observed in
various tumors (ovarian cancer, gastric cancer, glioblastoma, and oral squamous cell
carcinoma)!?? and has been proposed to induce tumor progression and chemotherapy

123 Another class of proteins, the FATP family, also

resistance in several human cancers
known as solute carrier family 27 which contains 6 members, has been shown to be
involved in fatty acid transport. The precise mechanism by which FATPs function in
lipids uptake is still unclear. It has been proposed that FATPs can directly transport fatty
acids, can work as enzymes that activate lipids through inherent acyl-CoA synthetase
(ACS) activity, or can act as bifunctional proteins with independent transport and
enzymatic activity. Studies regarding the subcellular localization of FATPs, underline
their membrane and cytosolic localization, supporting their role in both uptake as well as

activation'?!124,

The fatty acid binding proteins (FABPs) are members of intracellular lipid-binding
proteins family involved in the reversible binding of hydrophobic ligands and traffic them
to different intracellular compartments including mitochondria, endoplasmic reticulum,
lipid droplets, peroxisome, etc. FABPs are ubiquitously expressed throughout tissues that
are highly active in FA metabolism and comprise several isoforms.'” FABPs are
expressed in most malignancies such as prostate, breast, liver, bladder and lung cancer

which are associated with the incidence, proliferation, metastasis, invasion of tumors'2¢.

1.4.4.2 Lipogenesis

Lipogenesis or de novo fatty acid synthesis is a metabolic pathway that synthesizes fatty
acids from carbohydrates (Figure 11). The first step of this series of reactions is the
conversion of citrate to acetyl-CoA by ATP-citrate lyase (ACLY). Acetyl-CoA is then
carboxylated to malonyl-CoA by acetyl-CoA carboxylase (ACACA); the conversion of
malonyl-CoA to palmitate is mediate by fatty acid synthase (FASN) which is the rate-
limiting step of the process. Moreover, Glycerol-3-phosphate acyltransferase (GPAT)
initiates the pathway of TAG synthesis by esterifying a long-chain fatty acyl-CoA to a
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glycerol-3-phosphate backbone to form lysophosphatidic acid. Four isoforms have been

identified with different subcellular localization: GPAT1-2 at mitochondrial level while

GPTA3-4 at endoplasmic reticulum level'?’.
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Figure 11: Schematic overview of the pathways involved in lipid biosynthesis®

The up-regulated FA synthesis has been observed in several tumor cells which present a
significant increase in expression and activity of various enzymes involved in lipogenesis

pathway!2%,

Initially, the lipogenic phenotype of cancer cells have been linked to an increased
expression and activity of the fatty acid synthetase (FAS), which is responsible for the
terminal catalytic step in fatty acid synthesis!**!*°, Tumors with an overexpression of
FASN exhibit a more aggressive phenotype and this overexpression is correlated with
poor prognosis in breast cancer patients'>!. Besides FASN other enzymatic mechanisms
are involved. A markedly increased ACLY expression and activity has been reported in
cancer cells, and its inhibition suppresses the proliferation of certain types of cancer
cells'*. Similarly, acetyl-CoA carboxylase (ACC), the rate limiting enzyme for the long

FAS synthesis, has been shown to be overexpressed not only in advanced breast
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carcinomas but also in preneoplastic lesions associated with increased risk for the

development of infiltrating breast cancer'?.

1.4.4.3 Lipid storage - lipid droplets

Lipid droplets are dynamic organelles that play a pivotal role in the management of lipid
uptake, distribution, and consumption. Lipid droplets (LDs) are intracellular deposit of
neutral lipids, mostly triacylglycerol (TAG) and sterol esters, surrounded by a layer of
phospholipids and numerous peripheral and embedded proteins. The LDs are formed de
novo following the synthesis of TAGs and sterol esters between the two leaflets of the
ER membrane'3*. Lipid droplets are synthesized in response to lipid overload, to dampen
the potentially toxic effect of excessive lipids, but their biogenesis is also induced in
various type of stress (nutrient or oxygen deprivation, treatment with pro-oxidants,
chemotherapeutic agents, inducer of ER stress)!!”. This suggests that LDs synthesis is
regulated by imbalance in energy metabolism and redox homeostasis of cells and that
they can contribute to cancer cell survival and growth. Originally considered as inert fat
depots for energy storage, LDs are now considered to play a pivotal role in cellular

homeostasis during challenging conditions.

Firstly, LDs provide not only FAs for energy production but are also involved in the
maintenance of the redox homeostasis. In fact, in conditions of increased FA uptake or
production, they concur to protect cells from reactive oxygen species (ROS) by

supporting NADPH synthesis'*°.

Lipid droplets are the main anti-lipotoxic organelles that control FA, DAG, and CE
lipotoxicity by sequestering these potential toxic lipids into inert lipid forms. This
protective effect is exerted not only to protect cells from exogenous lipid overload but

also from endogenous lipids accumulated within the cells during high autophagic flux!'!’.

Another function performed by LDs is the regulation of fatty acid trafficking within the
cells. Their dynamic interaction with mitochondria allows an efficient channeling of FA

to these organelles maximizing the FA oxidation during nutrient stravation'®.
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Besides, LDs turnover is closely related to autophagy. Autophagy can lead to LDs
formation by providing lipids recycled form organelles, but it can also promote LDs

breakdown  through lipophagy  process.

. Protection Energy &
Moreover, LDs have been shown to provide against redox
lipotoxicity homeostasis
lipids for the autophagosome-membrane
formation or stimulation of signaling processes N - )
Lipid Lipid Fatty acid
137 mediator droplet channeling to
for autophagy'”’. In the end, FAs and other Brodiicton - S
lipids derived from LDs breakdown act as
. . : ER &
signaling molecules by themselves or by Regtulat"lon of membrane
Aopnagy homeostasis

interaction ~with transcriptional factors!3®

(Figure 12).

LDs accumulation has been observed in several —Figure 12: Lipid dg‘;lzltfzsf“yfégtions in conditions
human cancers including ovarian, breast,

prostate, lung, liver, colon, brain, etc. and a high lipid accumulation has been considered
a marker of cancer aggressiveness. Emerging evidence suggested that changes in lipid

droplets metabolism are an important hallmark of cancer metabolic reprogramming.

1.4.4.4 Lipolysis and Lipophagy

Both lipid uptake and de novo lipogenesis can be enhanced in cancer cells, thus
complementary lipid degradation mechanisms are required to furnish intermediates for

energy generation, biosynthesis of membranes, and synthesis of other biomolecules.

Breakdown of the lipid droplets can occur by two distinct pathways: Lipolysis and
Lipophagy.

Lipolysis is the catabolic process of the FA cycle that provides FAs in conditions of
metabolic need and removes them when they are in excess. The hydrolysis of TGs to
FAs and glycerol requires three subsequent steps catalyzed by three different lipases:
adipose triglyceride lipase (ATGL) catalyzes the rate-limiting first step, converting TAG
into diacylglycerol (DAG) and a free FA. The Hormone-sensitive lipase (HSL) converts
DAGs in monoacylglycerol (MAG) and free FA, and finally, the monoglyceride lipase
(MGL) converts MAG into glycerol and a third free FA. The three FAs released can be
re-esterified in new TAG or can be shuttled to mitochondria for generation of energy via

fatty acid oxidation or they can be used for anabolic processes'®’. In response to lipolytic
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stimuli, ATGL is recruited to LDs to facilitate the initial step of TAG catabolism and this
pathway was thought to be the primary mechanism through which TAG in LDs were
degraded'*’. Recent evidence suggests deregulation of ATGL in different cancer types
even if the specific role and effect are still controversial. Most in vitro studies have
proposed pro-neoplastic activity of ATGL!*!; in fact, depletion of ATGL has been shown
to reduce proliferation in non-small-cell lung carcinoma cell lines and colorectal cancers
while upregulation contributes to aggressiveness of breast cancer!* and pancreatic ductal

143

adenocarcinoma'*’. Conversely, numerous in vivo studies in ATGL knockout mice have

proposed a tumor-suppressive role of ATGL!*+!4,

In addition to the action of cytoplasmatic lipases, the fairly recent discovered autophagic
degradation of lipids or lipophagy can be used to mobilize LDs during fasting
periods!6!%7_ Lipophagy is, in fact, the pathway involved in the specific turnover of LDs
which is mediated by the autophagic machinery delivering LDs or parts of lipid droplets
to the lysosome for degradation by lysosomal acid lipases (LALs) deposit in the
autolysosomes!*3. The breakdown of LDs by lipophagy degrades all storage and structural

LDs associated lipid or proteins, thereby releasing FAs, cholesterol, amino acids, etc.
Autophagy 4T
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Figure 13: Crosstalk between Lipid droplets and autophagy 7.

The role of lipophagy in cancer is controversial and under investigation: several reports
indicate lipophagy as a tumor-promoting event'*’ while most of the studies suggest a
suppressive role of lipophagy in tumorigenesis'>’. So, it is possible that the role of
lipophagy will be determined by the metabolic and oncogenic dysregulation of cancer

cells and their stress status (Figure 13).
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1.4.4.5 B-oxidation

Another process by which fatty acids molecules are broken down in the - oxidation, in
mitochondria (Figure 14). This process leads to the generation of Acetyl-CoA which
enters the TCA cycle, and NADH and FADH; used as cofactors in electron transport
chain. The mitochondrial inner membrane is impermeable to long-chain acyl-CoAs, thus
the carnitine palmitoyltransferase (CPT) system is required. This enzymatic complex is
made up of two distinct proteins: carnitine palmitoyltransferase 1 (CPT1) at the outer
mitochondrial membrane and Carnitine palmitoyltransferase I (CPT2) at the inner

mitochondrial membrane.

Several studied have demonstrated that alteration in CPT expression are related to cancer
progression and metastasis. Knockdown of CPT1A leads to down-regulation of mTOR
signaling and increases of apoptosis promoting prostate cancer cells growth!®!. it is also

reported that CPT1 is related to enhance tumorigenesis in breast cancer!>? and leukemic

153

cells'>°. Moreover, CPT1 has also been linked to many other cellular signaling pathways

often altered in cancer (such as FAS, aerobic glycolysis, mTOR and STAT3 signaling

etc.), indicating a possible role in cancer pathogenesis and resistance to treatments'>*,

ACS
LCFA —— Acyl-CoA Cytosol

Oxidation in
extra-hepatic
lissues

Figure 14: Schematic representation of mitochondrial fatty acid B-oxidation and oxidative phosphorylation in
mitochondria!®,
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2 AIM

Cancer metabolism has emerged as an important area of research in recent years.
Recently, metabolic rewiring has been shown to play a prominent role in the response of
cancer cells to first-line chemotherapeutic agents, suggesting that the metabolic pathways

are indisputable mediators of resistance to cancer treatments.

The focus of this work is to gain insights into the compensatory mechanism and/or
relevant processes that turn energetic metabolism specifically in cisplatin-resistant

cancer.

Previous studies of our laboratory had already demonstrated a metabolic switch of
cisplatin-resistant cells toward glycolysis and to an altered mitochondrial functionality
and morphology'*®!>7. So, in order to better characterize the metabolic fingerprint of
cisplatin-resistant cells, in this work, the lipid metabolism has been investigated and the
study on the implication of glutamine was started. Two different models of cisplatin
resistance have been investigated: a model of acquired cisplatin-resistance using ovarian
carcinoma cells (2008-C13) and cervix squamous cancer cells (A431-A431pt), and a
model of intrinsic resistance to cisplatin using several lines of Triple Negative Breast
cancer cells (TNBC: MDA-MB-468, HCC1143, and HCC1937). The investigations
regarding TNBC cells have been performed in Professor Toker’s laboratory (Department
of Pathology at the Beth Israel Deaconess Medical Center, Harvard Medical School,
Boston, USA).

From this study and previous observations of our Lab, different possible metabolic targets
have been identified, allowing the development of the second part of this work. In fact,
the second aim has been the use of pharmacological approaches able to target the

identified alterations in lipid metabolism and mitochondria remodeling.

The results obtained in this work might lead to the identification of novel prognostic and
predictive biomarkers for chemosensitization, and possibly open up new possibilities of

therapeutic strategies for tumors resistant to cisplatin.
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3 MATERIALS AND METHODS

CDDP for in vitro experiments was purchased from Teva, PIK-III (#S7683) and SAR405
(#S7682) were purchased from Selleckchem.

3.1 Cell lines

3.1.1 [Invitro model of acquired cisplatin resistance

Human ovarian carcinoma (2008 wild type and C13 cisplatin-resistant cells) and human
vulvar epidermoid carcinoma (A431 wild type and A431Pt cisplatin-resistant cells) cell
lines were used for this study. The CDDP-resistant variant (C13, A431Pt) were selected

by exposure to increasing CDDP concentrations for a period of 9 months.

All cell lines were grown in Roswell Park Memorial Institute medium (RPMI 1640
LOBE12167F) supplemented with 10% fetal bovine serum (FBS), 4 mM glutamine, 100
U/ml penicillin and 100 pg/ml streptomycin and the cells were grown in humidified
condition at 5% CO- and 37°C. For all the glutamine deprivation experiments dialyzed

FBS was used.

All reagents for cell culture were from Cambrex-Lonza (Basel, Switzerland) and FBS

from Gibco, Invitrogen (Carlsbad, CA, USA).

3.1.2  In vitro model of innate cisplatin resistance

(Experiments were mainly performed in Toker’s Laboratory, BIDMC, Harvard

Medical School, Boston)

Human Triple Negative Breast cancer, basal like cells MDA-MB-468, HCC1143, and
HCC1937 were obtained from the American Type Culture Collection (ATCC) and
authenticated using short tandem repeat (STR) profiling. All cell lines were maintained
in RPMI 1640 (CellGro) supplemented with 10% FBS (Gemini), 2 mM glutamine, in
humidified condition at 5% COz2 and 37° C. Cells were passaged for no more than 6

months and routinely assayed for mycoplasma contamination.

For all the glutamine deprivation experiments dialyzed FBS was used.
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3.2 Maldi-TOF Mass Spectrometry

The lipid fingerprint of human cancer cell lines was delineated by MALDI-TOF

spectrometry. The complete lipid pool was analyzed in total extracts.

1x10° cells were plated in 100 mm cell culture dishes and allowed to attach overnight.
After 48 hours, cells were washed and gently scraped with PBS. 5x10° were collected and
centrifuged at 1400 rpm. The pellet was therefore resuspended in 1 mL of PBS and the
protein content was determined by Lowry procedure (Bio-rad DC Protein Assay, MA,
USA). The lipidomic Maldi-TOF Mass Spectrometry analysis was performed by

Professor Agostini (Fondazione Citta della Speranza, Padova).

3.3 Confocal microscopy
Lipid droplet content

Cells were plated on glass coverslips in 12-well plates and, following overnight
incubation, were exposed to different treatments according to experimental protocols.
After 24 hours, cells were stained with 50 nM Mitotracker Orange (/nvitrogen), fixed
with 4% formaldehyde, washed with PBS and labelled with Bodipy 493/503 (Molecular
Probes Invitrogen, Paisley, UK). After washing, 4',6-Diamidino-2-phenylindole (DAPI)
was used to stain the nucleus, and then the coverslips were mounted on glass slides by
using Mowiol 40-88 (Sigma, St Louis, MO). Images were acquired by confocal
microscope Zeiss LSM 800 e analyzed with ZEN 2.0 imaging software. Lipid droplet

area and number were quantified using ImageJ software.

3.4 Cell viability assays

3.4.1 Trypan blue exclusion assay

Cells were plated on 12-well plates and, following overnight incubation, were exposed to
different treatments according to the experimental protocol. After treatment, cells were
washed, detached with 0.25% trypsin-0.2% EDTA and suspended in trypan blue (Sigma-
Aldrich, St Louis, MO, USA) at 1:1 ratio in medium solution'*®. Cells were counted using

a chamber Burker hemocytometer.
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3.4.2 Sulforhodamine B (SRB) test

Cells were plated on 96-well plates and, following overnight incubation, were exposed to
different treatments according to experimental protocol. After treatments cells were fixed
with trichloroacetic acid (Sigma-Aldrich, St Louis, MO, USA) and stained with SRB
(Sigma-Aldrich, St Louis, MO, USA), which stoichiometrically binds proteins. The bound
SRB was therefore dissolved by adding 10 mM TRIS and the absorbance was measured
at 570 nm using a Victor3X multilabel plate counter (Wallac Instruments, Turku,

Finland).

3.4.3 Crystal Violet test

Cells were plated on 96-well plates and, following overnight incubation, were exposed to
different treatments according to experimental protocol. After treatments cells were fixed
with 4% p-formaldehyde (Sigma-Aldrich, St Louis, MO, USA) and stained with Crystal
violet dye (Sigma-Aldrich, St Louis, MO, USA), which binds to proteins and DNA, for 20
minutes. The bound Crystal Violet was therefore dissolved by adding acetic acid 1%, and
the absorbance was measured at 570nm using a Victor3X multilabel plate counter (Wallac

Instruments, Turku, Finland).

3.4.4 Propidium Iodide Assay

Cell viability was assayed with a propidium iodide-based plate reader assay, as previously
described!”. Cells were seeded in 96-well plates and exposed to different treatments,
according to experimental protocol. Then cells were treated with a final concentration of
30 uM propidium iodide for 20 min at 37°C. The initial fluorescence intensity was
measured in a SpectraMax M5 (Molecular Devices) at 530nm excitation/620nm
emission. Digitonin was then added to each well at a final concentration of 600 uM. After
incubating for 20 min at 37°C, the final fluorescence intensity was measured. The fraction
of dead cells was calculated by dividing the background-corrected initial fluorescence
intensity by the final fluorescence intensity. Viability was calculated by this formula: 1-

fraction of dead cells.
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3.5 Immunoblot assay

Cells were plated in 100 mm cell culture dishes and allowed to attach overnight. After 48
hours, cells were washed and lysed with ice-cold lysis buffer [TRIS 25 mM pH 7.,4; NaCl
150 mM; IGEPAL 1%; sodium deoxycholate 1%; SDS 0,1%; EDTA 1 mM]
supplemented with the protease inhibitor cocktails (Roche Molecular Biochemicals,
Mannheim, Germany). Cell lysates were then centrifuged at 14000 rpm for 15 minutes at
4°C and the supernatant protein content was determined by Lowry procedure (Bio-rad
DC Protein Assay, MA, USA). Equal amounts of protein were loaded on a 10%
polyacrylamide gel and electrophoretically separated in running buffer. After
electrophoresis, the proteins were blotted onto a Hybond-P PVDF membrane (Amersham
Biosciences, Buckinghamshire, UK) and non-specific binding sites were blocked with a
10% skim milk solution. The membrane was therefore exposed to the elected primary
antibody: anti-CD36 (1:1000, Rabbit, 18836-1-AP, Protein Tech.), anti e-FABP (1:200,
Mouse, sc-365236, Santa Cruz Biotech), anti-FATP2 (1:500, Mouse, sc-393906, Santa
Cruz Biotech), anti-LDL receptor (1:100, Mouse, Santa Cruz Biotech.), anti-Caveolinl
(1:1000, Rabbit, Abcam) anti-BNIP3 (1:1000, Rabbit, ab109362, AbCam) and, following
overnight incubation, was washed and exposed to the HRP-conjugated anti-mouse
(1:10000, Dako) or anti-rabbit secondary antibody (1:3500; PerkinElmer, MA, USA). The
signal was visualized with enhanced chemoluminescent kit (Amersham Biosciences)
according to the manufacturer’s instructions and analyzed by Molecular Imager
VersaDoc MP 4000 (Bio-Rad, Hercules, CA, USA). The integrated intensity was
normalized to antibodies: Tom20 (1:2000; Rabbit, sc-11415, Santa Cruz Biotech), beta-
actin (1:5000; Mouse, ab6276, AbCam).

3.6 Quantitative Real-Time PCR

Total mRNA was extracted as per manufacturer’s instructions using a Direct-zol™ RNA
MiniPrep kit (Zymo Research, Irvine, CA, USA) and measured with a NanoDrop 2000
(Thermo Fischer Scientific Inc., Waltham, MA, USA). The relative expression of each
gene was determined by quantitative real-time PCR (Eco™ [llumina, Real-Time PCR
system, San Diego, CA, USA) using One Step SYBR PrimeScript RT-PCR Kit (Takara
Bio, Inc., Otsu, Shiga, Japan) and the primers designed as in Table 1.
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GENE FORWARD SEQUENCE REVERSE SEQUENCE
ACLY 5’-CCAGATGGCAAGATCCTCAT-3’ 5’-GACTTCTCCCATCACCCGTA-3’
CD36 5’-AGATGCAGCCTCATTTCCAC -3° 5’-GCCTTGGATGGAAGAACAAA -3’
GPATI 5’-GCCGCTTCTGTTTCTACCAG -3’ 5’- CCTTCCGTCCATCTGGTGTT-3’
GPAT3 5’-GCCAGAGGCAGAACCTACAG-3’ 5’-GTTTGGGCATTTTTGGAGAA -3’
GPAT4 | 5>-TCTGGGGTTTCACCAGTTTC -3’ 5’- TGCAAAGTGGATCTGTCTGC-3’
FASN 5’-GGTCTTGAGAGATGGCTTGC-3’ 5’-AATTGGCAAAGCCGTAGTTG-3’
FABPS5 5’-AGGAGTGGGAATAGCTTTGCG -3’ 5’-GCTGAACCAATGCACCATCT -3’
BNIP3 5’-GAATTTCTGAAAGTTTTCCTTCCA-3* | 5’- TTGTCAGACGCCTTCCAATA -3’
FABP3 5’- GCATCACTATGGTGGACGCT-3’ 5’- GTGGTAGGCTTGGTCATGCT-3’
TOM20 | 5°-GGGGCAGTTAGAGGGAGAAC-3’ 5’-CCAGCTCATACTGCACTCCA -3’
G6PDH: | 5’-AAGAGACCGTGGATGCTGAA-3’ 5’-CCTGCTCACTGTAAGACTGG-3’
BACTIN | 5’-CCAACCGCGAGAAGATGA-3’ 5’-CCAGAGGCGTACAGGGATAG-3’
18R 5’-CGGCGACGCCCCATTCGAAC-3’ 5’-GAATCGAACCCTGATTCCCCGTC-3’

Table 1: Sequences of genes primers

Melt-curve analysis was used to confirm the specificity of amplification and absence of

primer dimers. All genes were normalized to B-Actin, TOM20 or 18R.

Expression levels of the indicated genes were calculated by the AACt method using

respectively the dedicated StepOne software or Eco™ Software v4.0.7.0.

3.7 Flow cytometry

3.7.1 Fatty Acids uptake

Cells were seeded in 6-well plates and allowed to attach overnight and treated as
experimental protocol. For cell starvation culture media were substituted with HBSS for
the defined time. After washing, a Bodipy FL Ci¢ solution (500nM in HBSS) was added
for 5 and 15 minutes. Cells were then washed with PBS and collected with Trypsin-
EDTA. After centrifugation for the elimination of the supernatant, cell pellets were fixed
for 15 minutes at room temperature with 4% p-formaldehyde solution. p-formaldehyde
was removed by centrifugation and pellets were resuspended in 300 ul PBS. Fluorescence
intensity was analyzed using an Epics XL flow cytometer (Coulter Systems, Fullerton,
CA, USA) equipped with a 488 Argon laser. The emission of Bodipy was measured at 528

nm.
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3.7.2  Cell Cycle Analysis

Cells were plated in 6 wells-plates, allowed to attach overnight and treated according to
the protocol. Cells were washed with PBS and collected with Trypsin-EDTA. After
centrifugation for the elimination of the supernatant, cell pellets were fixed for 20 minutes
at 4°C with 70% EtOH. EtOH was removed by centrifugation and cells were incubated
for 20 minutes at room temperature with 300 ul PBS+RNAsi+Propidium Iodide.
Fluorescence intensity was analyzed using an Epics XL flow cytometer (Coulter Systems,
Fullerton, CA, USA) equipped with a 488 Argon laser. The emission of propidium was

measured at 580 nm.

3.8 Lipases activity

Cells were seeded in 100mm dishes and allowed to attach overnight. Cells were then
treated as experimental protocol. Starvation has been induced by treatment with HBSS

buffer for 4 hours.

Cells were washed with PBS and gently scraped with PBS. 1x10° cells were collected and
centrifuged at 1400 rpm. The cell pellets were sonicated in 0,5 ml of cold PBS (Bandelin
electronic, Berlin, EU) and centrifugated at 10000 rpm for 15 minutes at 4°C.

The enzymatic activity of lipases was evaluated on the supernatant by Cayman’s Lipase
Activity Assay Kit (Cayman Chemical Company, MI, USA) according to the
manufacturer instruction. The fluorescence intensity (Aex: 390 nm, Aem:520 nm) was
measure with VICTOR™X3 2030 (Multilabel Reader, Perkin Elmer) at 37°C. Lipase
activity was evaluated by the following formula: [RFU/ml / Slope form standard curve
(RFU/uM)] * sample dilution. Enzymatic activity has been normalized on the protein

content obtained by Lowry procedure.

3.9 Liquid chromatography-mass spectroscopy (LC-MS)

Cells were plated in 6-well plates and after 48 hours quickly washed with ice-cold PBS
on an ice bath. Cells were lysed with a dry ice/methanol solution (—80°C) of 50%
methanol/30% acetonitrile in water and quickly scraped. The extracts were mixed at 4°C

for 15 minutes and pelleted in a cooled centrifuge (4°C). The supernatant was evaporated
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using a refrigerated SpeedVac. Samples were resuspended using 20-ul HPLC grade water
for MS and submitted for LC-MS analysis. The amount of extraction solution was
calculated according to the number of cells present in the sample dish, extrapolated using
a “counter dish” cultured in the same conditions of the sample dishes and proteins were

quantified using the Bio-Rad DC protein assay.

Intermediates were separated using a liquid chromatography system. Data acquisition was
controlled with Xcalibur 2.0 (ThermoElectron Co, San Jose, CA, USA). The mass
accuracy was maintained below 1 ppm due to the use of a lock mass. The raw
chromatograms were then aligned using the software SIEVE™ (ThermoElectron). The
integration of the measured ion current over a metabolite’s elution time and m/z interval
is directly proportional to its absolute abundance in the solution. We manually removed

from the SIEVE’s output unspecific and misaligned peaks to eliminate the noise.
Isotope labeling

For labeling of cancer cells, cells were seeded ad allowed to attach overnight. Fresh
unlabeled medium, with 100 pM glutamine, was added to the cells 2 hours before
labeling. Labeled medium, with 100 uM of [U-!*Cs]-glutamine was then added to the

cells, and cellular metabolites were extracted as described above at 24 or 4 hours.

3.10 BNIP3 silencing

Cells were plated in 12 well/plate and allowed to attach overnight. Transfection complex
was prepared in FBS free-medium with esiRNA BNIP3 (Mission esiRNA, Sigma) and
DharmaFECT transfection reagent (Dharmacon-Ge Healthcare), according to the
manufacturers’ instructions. The transfection mixture was dispensed at a concentration of

100nM/well for 48 hours.

3.11 Statistical analysis

All data were analyzed with GraphPad software and are expressed as mean + SEM.

Unpaired Students t-tests was used to analyze the results. Significance was considered at

p <0.05.
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Multivariate analysis

A multivariate analysis has been performed to analyze the differences in the lipid
fingerprint (Figure 16) and the metabolomic profile (Figure 48) of sensitive and resistant

cells.

To identify the most significant differences between groups, univariate statistical analysis
was used. Filtering procedures, such as fold-change analysis, #-fest (for paired and
unpaired data) and ANOVA were applied, as provided by MetaboAnalyst web-based
software!6%16! Significantly different data at the probability level of p<0.05 were used
for further procedures of multivariate analysis, to obtain identification of relevant
biomarkers. Tentatively, the entire data set was submitted to multivariate analysis by

means of the procedures provided by MetaboAnalyst and meta-P server!62.

Principal Component Analysis (PCA). PCA is an unsupervised method to detect the
directions which best explain the variance in a data set, transforming a number of possibly
correlated variables into a smaller number of uncorrelated variables defined as principal
components, which are linear combinations of the original variables. The first principal
component explains as much of the variability in the data as possible, and each following
component accounts for the remaining variability. The data are represented in a
dimensional space of n variables, which are reduced into a few principal components;
these are descriptive dimensions indicating the maximum variation 60 within the data.
After the principal components scores have been obtained, they can be graphically plotted
to observe any groupings in the data set. PCA computation was obtained with
MetaboAnalyst based on R prcomp package, using singular value decomposition
algorithm. The covariance matrix and standardized principal component score were
selected. The scores of the first two principal components were graphically plotted to

observe any groupings in the data set.
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4 RESULTS

4.1 Cisplatin resistance

Cisplatin is known as one of the most effective chemotherapeutic agents used for the
treatment of a wide variety of solid tumors; however, despite a consistent rate of initial

responses, the treatment often results in onset of resistance leading to therapeutic failure'”.

In this project two different models of resistance, acquired and intrinsic, have been
examined. Cisplatin sensitive and cisplatin-resistant ovarian cancer cells (2008-C13), and
sensitive and resistant human cervix squamous carcinoma (A431-A431pt), have been
characterized in order to define mechanisms of acquired resistance not yet fully
understood. Moreover, in Toker’s Laboratory (BIDMC, Harvard Medical School,
Boston), the glutamine metabolic reprogramming in triple negative breast cancer cells

that present an intrinsic resistance to cisplatin has been characterized.

The CDDP ICsg values for each cell line is reported in Table 2 which shows that wild type
cells (2008 and A431) are more sensitive to cisplatin as compared to their resistant

counterpart (C13 and A431pt).

2008 C13 A431 A431pt

ICso 1.376 10.44 7.019 20.88
CDDP (uM) | 0.3854-4.910  1.555-70.16 | 2.789-17.76  13.29-32.81

Table 2: CDDP cytotoxic effect, expressed as ICso of cisplatin-sensitive (2008, A431) and cisplatin-resistant
cancer cells (C13, A431pt). Data are obtained from concentration-response curves after cisplatin treatment
and represent 3-4 independent experiments.
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Figure 15 shows that MDA-MB-468 present a higher sensitivity to cisplatin, while
HCC1143 and HCC1937 are resistant to the treatment.

24+48h

150+
—=— MDA-MB-468
HCC1143

1004 —— HCC1937

% of viability
3

*k
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Figure 15: Effect of cisplatin (0.5-1-5-10-50pM) on MDA-MB-468, HCC1143, and HCC1937 cells viability after
24+48 hours of treatment, measured by Propidium lodide Assay. Data are reported as % of vital cells related to control
and are the mean of 3 experiment. *p<0.05; **p<0.01 treatment vs control.

The ability of certain cancers to shift their metabolism toward glycolysis even in the
presence of adequate oxygen supply has been pioneered by Warburg®. Recently, besides
several molecular alterations, a metabolic reprogramming involved in the faster growth,
proliferation, and resistance of cancer cells to chemotherapeutic drugs have been
demonstrated'®. Herein, the metabolic profile of wild-type and cisplatin-resistant cancer
cells has been investigated in different aspects. Specifically, the pathways involved in
lipid metabolism, glutamine metabolism, and mitochondrial contribution to cells

metabolism have been subjected to analysis.

4.1.1 Lipid profile in Sensitive (2008-A431) and Resistant (C13-A431pt) to

cisplatin cancer cell lines

Besides the most known alteration in glycolytic pathway (Warburg effect), alterations in
lipid and cholesterol associated pathways are now well recognized and largely describe
in tumors®*!!'*, Different studies have underlined that abnormalities in lipid metabolism
promote cancer invasion and metastasis and are linked to more aggressive phenotypes

also in response to chemotherapy'!

. Highly proliferative cancer cells show a strong lipid
avidity which is satisfied by increasing the exogenous uptake or by over-activating the
endogenous synthesis. The excess in lipid and cholesterol is stored in lipid droplets (LDs)

and LDs content is now considered a hallmark of cancer aggressiveness'%.
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"H-NMR analysis of 2008 and C13 cells have revealed a significant higher content of
mobile lipids (ML) in C13 resistant cells, in agreement with data reported for many cancer
cells'®. Thus, in order to deeply investigate this possible rewiring of resistant cells to a

lipogenic phenotype, lipidomic analysis and evaluation of lipids content were performed.

4.1.1.1 Lipid fingerprint — MALDI-TOF spectrometry

The lipid profile of human cancer cell lines was delineated by MALDI-TOF
spectrometry. The Multivariate analysis, Principal Component Analysis (PCA) was

performed by Professor Ragazzi (University of Padova).

The PCA analysis reported in Figure 16 shows a clear separation in the lipid profile
between sensitive and resistant cells (A) 2008-C13, B) A431-A431pt.

Data indicate that, in addition to an accumulation of lipids, the resistant cells also have a

different lipid profile compared to the corresponding sensitive clones.
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Figure 16: D scores plot between selected PCs. The PCA analysis is performed using the prcomp package.

4.1.1.2 Lipid droplets content

The intracellular lipid content was investigated by staining with Bodipy 493/503 neutral
lipid dye, and the fluorescence was observed by confocal microscopy. Results in Figure
17 show a neutral lipid accumulation mainly in cytoplasmic droplets in all the cell lines,

but more evident in resistant clones C13 and A431pt.
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A431pt

Figure 17: Bodipy 493/503 neutral lipid staining in 2008-C13 cells (A) and A431-A431pt cells (B). Images were
acquired through confocal microscope LSM 800, software ZN 2.1 blue Edition. All images are representative of at least
4 different experiments.

The lipid droplets content was then analyzed using ImageJ software (1.45s free version),
in order to obtain quantitative parameters. LDs’ number per cell, dimensional distribution,
and average diameters within the cell lines were obtained, and results are reported in

Figure 18 and Figure 19.
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Figure 18: Quantitative parameters obtained by the analysis with Image] software (1.45s free version) of 2008-C13
cell’s images acquired by confocal microscopy after Bodipy staining (at least 8 images/sample). Data are the
mean+SEM of 3 different experiments; A) number of lipid droplets per cells; B) LDs dimensional distribution
expressed as % of the total number; C) average of the diameters of lipid droplets. ***p<0.001 C13 vs 2008.
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Figure 19: Quantitative parameters obtained by the analysis with ImageJ software (1.45s free version) of A431-A431pt
cell’s images acquired by confocal microscopy after Bodipy staining (at least 8 images/sample). Data are the

mean+SEM of 3 different experiments; A) number of lipid droplets per cells; B) LDs dimensional distribution
expressed as % of the total number; C) average of the diameters of lipid droplets. **p<0.01 A431pt vs A431.

Results in Figure 18 show that there are no differences in the number of LDs per cell
between 2008 and C13 cell lines (A), nevertheless the LDs’ dimensional distribution (B)
shows that C13 present lipid droplets of bigger dimension and the average of the diameter
1s significantly higher in resistant C13 clone. In Figure 19, results regarding A431-A431pt
cell lines show that the dimension of LDs are the same between sensitive and resistant
clones (B-C) but the resistant A431pt cells present a higher number of LDs per cell (A).
So, results obtained show an increased accumulation of lipids in the resistant clones (C13

and A431pt) with respect to the sensitive counterparts (2008-A431).

Previous results have identified an accumulation of lipids in resistant clones. Thus, in
order to understand the mechanisms that is mainly implicated in this store, the principal

pathways involved in lipid metabolism have been analyzed.

4.1.1.3 Lipogenesis analysis

Lipogenesis or de novo fatty acid synthesis is a metabolic pathway that synthesizes fatty
acids from carbohydrates. The up-regulated FA synthesis has been observed in several
tumor cells which present a significant increase in expression and activity of various
enzymes involved in lipogenesis pathway'?®. With the aim to understand if the observed
lipid accumulation in resistant clones could be due to an increased de novo lipid synthesis,
the mRNA levels of some key enzymes involved in this process (ACLY, FASN, GPAT1-
3-4) have been analyzed by qRT-PCR.
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Figure 20: C13 (A) and A431pt (B) mRNA levels of ACLY, FASN, GPAT1, GPAT3, GPAT4 measured by qRT-PCR;
Expression levels of the indicate genes were evaluated by the AACt method with B-actin as the reference gene. Data
are the mean+SEM of 3-4 independent experiments and are normalized to the sensitive clones. *p<0.05; **p<0.01;
***p<0.001 resistant vs sensitive clone.

As reported in Figure 20 the levels of all the analyzed genes in resistant clones resulted
to be decreased or equal to the sensitive counterpart. The only exception regards ACLY
level, which is upregulated in A431pt with respect to A431 (this may suggest that A431pt
cells can use Acetyl-CoA for cholesterol-esters synthesis, instead of using it for neutral
fatty acid synthesis and storage in LDs). The absence of overexpression of genes coding
for liponeogenesis-regulatory enzymes leads to excluding that the cause of the observed

lipid accumulation may reside in a greater endogenous lipid synthesis by resistant cells.
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4.1.1.4 Lipid uptake
Cytofluorimetric analysis

In order to examine if sensitive and resistant cells present differences in the uptake of
exogenous free fatty acids, cells were treated with a Bodipy-labeled fluorescent fatty acid
analog, Bodipy FL Ci¢, for 5 and 15 min and, after washing, intracellular fluorescence

was measured by cytofluorimetric analysis (Aec/em:488/525nm).

The uptake has been evaluated in basal conditions and in starvation induced by treatment
with HBSS for 1 hour or with HBSS + 1% FBS for 16hours. Results in Figure 21 A show
that in basal condition and in short-term starvation there are no differences in the uptake
between 2008 and C13 cell lines. The uptake of exogenous FFAs is increased in C13
resistant clones in long starvation (16h). A similar trend was also observed in A431pt cell
line (Figure 21B); in basal condition, there are no differences between A431pt and A431
but in condition of starvation (both short and long period), the resistant clone presents a

significant increase in the uptake, compared to the sensitive counterpart.
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Figure 21: Bodipy FL Cis uptake in 2008-C13 (A) and A431-A431pt (B) cells measured by cytofluorimetry
(Aec/em:488/525nm). Data represent the mean of fluorescence intensity of resistant clones normalized to sensitive
counterpart in basal conditions and in starvation (1hour and 16 hours), following 5 and 15 minutes of exposure to the
probe. Data are the mean+SEM of at least 3 independent experiments. *p<0.05; **p<0.01 resistant vs sensitive clones.
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Confocal Microscopy

The FFAs uptake has been also evaluated by confocal microscopy in basal condition and

in16 hours of starvation (HBSS+1%FBS). Thus, cells were stained with Mitotracker

Orange probe (mitochondrial staining) and with Bodipy FLCjis. Images in Figure 22 show

that in basal condition resistant cells present a higher level of lipid accumulation; in

condition of starvation both 2008 and C13 cell lines present an increase in exogenous

lipid uptake.
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Figure 22: Images of 2008-C13 cells in basal condition and in 16 hours starvation. Cells stained with Mitotracker
Orange and Bodipy FLCi6 and images were acquired by confocal microscope LSM 800, magnification 60X, software
ZN 2.1 blue Edition. Images are representative of 3 independent experiments.
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Figure 23 reports the images related to A431 and A431pt staining. In these cell lines also,

in starvation condition, there is an increase in the uptake, more evident in A431pt.
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Figure 23: Images of A431-A431pt cells in basal condition and in 16hours starvation. Cells stained with Mitotracker
Orange and Bodipy FL Ci6 and images were acquired by confocal microscope LSM 800, magnification 60X, software
ZN 2.1 blue Edition. Images are representative of 3 independent experiments.
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4.1.1.5 Lipid transporters

Having excluded the increased de novo lipid synthesis as a cause of lipid accumulation in
cells, we moved the attention to the exogenous uptake. For a long time, it has been
considered to occur by passive diffusion, but it is now well established that various
membrane proteins act in this process. Thus, the expression of these transporters was

analyzed at mRNA and protein levels in 2008-C13 and A431-A431pt cell lines.

Results in Figure 24 represent the mRNA levels of plasma membrane fatty acid-binding
protein (FABPpm) in 2008-C13 and A431-A431pt. FABP is present in 10 different
isoforms so the tissue-specific isoform has been analyzed. Results show an increased
expression in FABPS in A431pt with respect to A431 (B) while no difference has been
revealed in FABP3 expression in C13 with respect to 2008(A).
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Figure 24: mRNA levels of fatty acid binding proteins. A) FABP3 level in C13 cell line, B) FABPS level in A431pt
cell line measured by RT-PCR. Data are reported as ratio to sensitive clone and are the mean+SEM of at least 3

independent experiments. **p<0,01 A431pt vs A431.

Figure 25 shows the protein levels of some mediators in lipid transport: C13 cell line
presents higher levels of CD36, FATP2 and Caveolin-1 while lower levels of Low-
density Lipoproteins (LDL) receptor and eFABP compared to 2008 sensitive clone. With
the exception of LDL receptor, which is downregulated also in A431pt, in the cervix cell
lines results are the opposite. A431pt cell line presents higher level of eFABP, lower

Caveolin-1, and no differences in CD36 expression with respect to A431 sensitive clone.
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Figure 25: Protein expression of mediators of fatty acid transport. Protein level of CD36, FATP2, eFABP, LDL
receptor, and Caveolin-1 in C13 (A) and A431pt (B) cell lines measured by Western blot assay. Data are expressed as
ratio of resistant vs sensitive clones and are the mean+=SEM of 3-4 independent experiments. *»<0.05; **p<0.01;
*#%*p<0,001 resistant vs sensitive.

Results showed that resistant clones present a higher lipid uptake transport system but

that the proteins involved in the uptake process possibly differ depending from the tissue

origin of cell lines.

4.1.1.6 Lipolysis analysis

Lipolysis is the catabolic process of the FA cycle that provides FAs in conditions of
metabolic needs and removes them when they are in excess. The hydrolysis of TGs to
FAs and glycerol is catalyzed by three different lipases: adipose triglyceride lipase
(ATGL), the hormone-sensitive lipase (HSL), and the monoglyceride lipase (MGL). The
released FAs can be re-esterified in new TAG or can be shuttled to mitochondria for

generation of energy via fatty acid oxidation or used for anabolic processes',

Always with a view to investigate the mechanisms involved in lipid accumulation, a
reduction in the lipolytic process had been taken into consideration. For this reason, the
activity of the lipases deputed to the catabolism of TGs has been evaluated in ovarian and

cervix cancer cells. The analysis has been carried out using a Lipase Enzymatic Assay
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Kit, (Cayman) both in basal conditions and after 4 hours of starvation (obtained
incubating cells with HBSS +1%FBS) to force the lipolytic process. From the slope of
the tangent line to the curves reporting the RFU’s variation during the time, the RFU
tendency, which corresponds to the quantity of substrate metabolized, was calculated.
Graphs in Figure 26 show the Relative fluorescent intensity (RFU) tendency of cells
normalized on protein content per samples. Results show that the resistant clones present
no differences in lipases activity with respect to the sensitive counterpart. This result was
observed both in basal conditions and in starvation, thus excluding an altered lipolytic

activity at the base of the LDs accumulation observed in resistant clones.
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Figure 26: Lipases activity is measured by the quantity of metabolized substrate, expressed as relative fluorescence
intensity tendency. Values are extrapolated from the slope of the curve describing the variation of RFU during the time.
Results report the lipase activity of 2008-C13 (A) cell line and A431-A431pt (B) in basal condition and after 4 hours
of starvation. Results are the mean+SEM of 3 independent experiments.
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4.1.1.7 p-oxidation

Another pathway involved in lipid metabolism is B-oxidation. Through this pathway, cells
metabolize fatty acids within mitochondria to generate energy. Thus, we analyzed by
gRT-PCR the mRNA expression of some key factors in this process: PPARa (Peroxisome
proliferator-activated receptor alpha), CPT1 (Carnitine palmitoyltransferase I) and CPT2
(Carnitine palmitoyltransferase II). Results in Figure 27 show that both C13 (A) and
A431pt (B) resistant clones present a reduced level of PPARa with respect to the sensitive
clones. The expression of CPT1 is unvaried in C13 line while decreased in A431pt
compared to the corresponding 2008 and A431 sensitive cell line. Also, CPT2 expression
is unvaried between sensitive and resistant clones. So, globally, the beta-oxidation

pathway seems to be unaltered or decreased in resistant cells with respect to the sensitive

cell lines.
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Figure 27: mRNA levels of PPARa, CPT1A and CPT2 genes in 2008-C13 (A) and A431-A431pt (B) cell lines,
measured by qRT-PCR. Expression levels of the indicate genes were evaluated by the AACt method with B-actin as the
reference gene. Data are the mean+SEM of 3-4 independent experiments and are normalized to the sensitive clones.
*#*p<0.001 resistant vs sensitive clone.

In order to investigate more in detail this pathway, cells were treated with Etomoxir
(ETO), a widely used small-molecule inhibitor of fatty acid oxidation (FAO) through its
irreversible inhibitory effects on the carnitine palmitoyl-transferase la (CPT1a). Cells
viability and Lipid droplet content were evaluated in conditions of inhibition of [-
oxidation. Results in Figure 28 show viability of 2008-C13 cell lines after treatment with
Etomoxir. Treatment induces a slight reduction of both cell lines viability after 24(A) and
48hours (B) and there are no differences in the susceptibility of sensitive and resistant
cells. The 24 hours treatment followed by 48 hours of recovery doesn’t alter cells viability

(C). A similar effect has been shown on A431-A431pt cell line (Figure 29) where the 24
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and 48 hours treatment induces a slight reduction of viability of both cell lines (A-B),
while the 24+48 hours treatment doesn’t affect cell viability (C). No differences were

observed between the sensitive and resistant clones.
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Figure 28: Effect of Etomoxir (1-5-10-50 uM) on 2008-C13 cells viability measured by SRB assay, after 24-48 and 24
hours + 48hours of recovery. Data are expressed as % of Absorbance of vital cells related to control and are the
mean+SEM of 3 independent experiments.
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Figure 29: Effect of Etomoxir (1-5-10-50 uM) on A431-A431pt cells viability measured by SRB assay, after 24-48 and
24 hours + 48hours of recovery. Data are expressed as % of absorbance of vital cells related to control and are the
mean+SEM of 3 independent experiments.

No significant differences in viability between sensitive and resistant clones have been

observed in none of the analyzed conditions.
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The effect of Etomoxir was also tested in lipid droplets accumulation. Cells were treated

for 24 hours with Etomoxir and the LDs content was analyzed by confocal microscopy.

Figure 30 reports the images obtained from cells-staining with Mitotracker Orange and
Bodipy in basal condition and after 24 hours of treatment with ETO 1 uM in 2008-C13.
ETO treatment induces an increase in 2008 LDs content while no differences were

observed in treated C13 respect the control.
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Figure 30: Representative images of the effect of Etomoxir (1uM) on Lipid droplet accumulation in 2008-C13. Cells
were stained with Mitotracker orange (25 nM; Aec/em:554/576nm), and Bodipy 486 (Aec/em:493/503nm) and nuclei
stained with DAPI. Images were acquired by confocal microscopy Zeiss LSM 800, analyzed with ZEN 2.0 imaging
software and are representative of 3 different experiments.
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The same experiment in A431-A431pt cell lines reveals that after ETO treatment there is
a concentration dependent increase of LDs but no difference was observed between

sensitive and resistant clones (Figure 31).
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Figure 31: Representative images of the effect of Etomoxir (1-10uM) on Lipid droplets accumulation. Cells were
stained with Mitotracker orange (25 nM; Aec/em:554/576nm), and Bodipy 486 (Aec/em:493/503nm) and nuclei stained
with DAPI. Images were acquired by confocal microscopy Zeiss LSM 800 and analyzed with ZEN 2.0 imaging
software and are representative of 3 different experiments.
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The next strategy to better understand if there are differences in the B-oxidation pathway
between sensitive and resistant cells has been to use an activator of this pathway. At this
purpose, 2-[4-(5-chlorobenzothiazothiazol-2-yl) phenoxy]-2-methyl-propionic acid
(MHY908), a synthetic novel PPARa/y dual agonist, has been used. Firstly, MHY908
effect on cell viability was investigated by SBR assay.

Results in Figure 32 and Figure 33 show that treatment with MHY908 doesn’t affect cell
viability of 2008-C13 and of A431-A431pt in any considered concentration and time.
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Figure 32: Effect of MHY908 (1-5-10-50 uM) on 2008-C13 cells viability measured by SRB assay, after 24 (A), 48(B)
and 24+ 48hours of recovery (C). Data are expressed as % of absorbance of vital cells related to control and are the
mean+SEM of 3 independent experiments.
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Figure 33: Effect of MHY908 (1-5-10-50 uM) on A431-A431pt cells viability measured by SRB assay, after 24 (A),
48(B) and 24+ 48hours of recovery (C). Data are expressed as % of absorbance of vital cells related to control and are
the mean+SEM of 3 independent experiments.
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The effect of the induction of B-oxidation on the accumulation of Lipid Droplets was then
evaluated by confocal microscopy (Figure 34 and Figure 35). As it is possible to observe,
in the presence of MHY908 there is a reduction of LDs in all the cell lines, more evident

in resistant C13 and A431pt clones.
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Figure 34: Representative images of the effect of MHY908 24 hours treatment (50 uM) on Lipid droplet accumulation
in 2008-C13. Cells were stained with Mitotracker orange (25 nM; Aec/em:554/576nm), and Bodipy 486
(Aec/em:493/503nm). Images were acquired by confocal microscopy Zeiss LSM 800 and analyzed with ZEN 2.0
imaging software. Images are representative of 3 different experiments.
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Figure 35: Representative images of the effect of MHY908 24 hours treatment (50 pM) on Lipid droplet accumulation
in A431-A431pt. Cells were stained with Mitotracker orange (25 nM; Aec/em:554/576nm), and Bodipy 486
(Aec/em:493/503nm). Images were acquired by confocal microscopy Zeiss LSM 800 and analyzed with ZEN 2.0
imaging software. Images are representative of 3 different experiments.
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4.1.2 Glutamine metabolic profile in CDDP sensitive and resistant ovarian cancer
cells (2008-C13) and in sensitive and resistant Triple Negative Breast Cancer
cells (MDA-MB-468, HCC1143, HCC1937)

Glutamine is the most abundant amino acid in blood and muscles, and is used as precursor

100 Glutamine plays a

of biomass and for energy production to sustain rapid proliferation
pleiotropic role providing not only carbon but also nitrogen for nucleic acid synthesis and
it is also involved in cellular redox homeostasis; so, it is important to consider both the
catabolism and the anabolism of this amino acid in the context of diseases and cancer.
Therefore, reduced glutamine metabolism may limit the proliferation of cancer cells and
thereby serve as a metabolic checkpoint that becomes activated in response to genotoxic

stress such as cisplatin 1%,

4.1.2.1 Cells viability
Ovarian cancer cell lines

The effect of glutamine deprivation on cell proliferation has previously been evaluated in
2008-C13 cell lines. The growth curves (Figure 36) show that C13 resistant cells (B)
present a marked proliferation decrease in glutamine-free media. This slowdown is not

observed in 2008 sensitive cells (A) 7.
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Figure 36: Effect of glutamine deprivation on 2008 (A) and C13(B) cell proliferation, after 24 and 48 hours of treatment,
measured by Trypan Blue Exclusion assay. Results are reported as % of cell number related to control and are the
mean+SEM of 3 independent experiments. **p<0.01; ***p<0.001 glutamine deprivation vs control. (Data from '57)
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In order to investigate if the glutamine depletion could modulate cells response to CDDP,
the effect of the combined treatment on cells viability has been studied. Results in Figure
37 show that in 2008 sensitive cells there is no difference in the trend of the curves
following treatment with CDDP or with the association. Instead, the association induce a
marked effect in arresting cell proliferation with respect to cisplatin in C13 resistant cells

(Figure 38). This suggests a possible effect of glutamine in modulating the cisplatin

response.
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Figure 37: Effect of glutamine deprivation in association with cisplatin (0.5-1-5-10 pM) after 24-48-72 hours of
treatment, measured by Crystal Violet Assay on 2008 cell lines. Data are expressed as Abs % related to time zero and
are the mean+SEM of 2 independent experiments.
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Figure 38: Effect of glutamine deprivation in association with cisplatin (0.5-1-5-10 uM) after 24-48-72 hours of
treatment, measured by Crystal Violet Assay on C13 cell line. Data are expressed as Abs % related to time zero and
are the mean+SEM of 2 independent experiments. *p<0.05 CDDP vs CDDP w-o glutamine.
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The effect of glutamine deprivation on cell cycle was then analyzed by flow cytometry
using Propidium lodide Staining. Figure 39 shows that glutamine deprivation induces no
alterations in sensitive 2008 cell line (A). The treatment, instead, induces a tendency to
increase in S phase in C13 starved for 24 h (B). CDDP primary target is DNA, so an
increase of the % of cell in the synthesis phase of the cycle can offer more target for

CDDP action.
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Figure 39: Effect of glutamine deprivation on 2008 (A) and C13 (B) cell cycle after 24 hours of treatment, measured
by Flow cytometry using Propidium lodide staining. Data are expressed as % of cells in each phase related to the total
number of cells and are the mean+SEM of 3 independent experiments.

Triple negative breast cancer cell lines

The effect of glutamine deprivation on cells proliferation/viability in MDA-MB-468,
HCC1143 and HCC1937 cell lines has been studied.

Figure 40 shows the effect of glutamine deprivation on cell proliferation in MDA-MB-
468 (A), HCC1143 (B), and HCC1937 (C). Glutamine starvation induces growth arrest

in all the cell lines, more significative in CDDP-resistant cells.
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Figure 40: Effect of glutamine deprivation in MDA-MD-468 (A), HCC1143 (B), and HCC1937 (C) cells proliferation,
after 24, 48 and 72 hours of treatment, measured by Trypan Blue Exclusion assay. Results are reported as cell number
related to time zero and are the mean+SEM of 3 independent experiments. *p<0.05; **p<0.01; ***p<0.001 glutamine
deprivation vs control.
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The effect of glutamine deprivation was also investigated on cells viability by Propidium
Iodide assay. Results in Figure 41 show that only the CDDP resistant cell line HCC1143
(B) presents a significant reduction of cells viability in glutamine starvation, especially

in long term treatment.
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Figure 41: Effect of glutamine deprivation in MDA-MD-468 (A), HCC1143 (B), and HCC1937 (C) cells viability,
after 24, 48,72,120,168 hours of treatment, measured by Propidium lodide assay. Results are reported as % of vital
cells related to control and are the mean+SEM of 3 independent experiments. *p<0.05 glutamine deprivation vs control.

The effect of the association treatment (CDDP 0.5-1-5- 10 uM + glutamine deprivation)

on cell proliferation after 24, 48 and 72 hours was evaluated.

Results showed that the in MDA-MB-468, the sensitive clones, there is no difference in
the trend of the curves following treatment with cisplatin alone or in combination with
glutamine deprivation (Figure 42). In resistant lines, HCC114 and HCC1937 (Figure
43and Figure 44) especially at 72 hours of treatment (C), the association displays a
marked effect in arresting cells proliferation with respect to the treatment with cisplatin

alone, indicating a possible effect of glutamine in modulating the cisplatin response.
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Figure 42: Effect of glutamine deprivation in association with cisplatin (0.5-1-5-10uM) after 24(A), 48(B), and 72 (C)
hours of treatment, measured by Trypan Blue Exclusion assay on MDA-MB-468 cell line. Data are expressed as % of
vital cells related to time zero and are the mean+SEM of 2-3 independent experiments. *p<0.05; **p<0.01; ***p<0.001
CDDP vs CDDP w-o glutamine
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Figure 43: Effect of glutamine deprivation in association with cisplatin (0.5-1-5-10uM) after 24(A), 48(B), and 72 (C)
hours of treatment, measured by Trypan Blue Exclusion assay on HCC1143 cell line. Data are expressed as % of vital
cells related to time zero and are the mean+SEM of 2-3 independent experiments. *p<0.05; **p<0.01; CDDP vs CDDP
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Figure 44: Effect of glutamine deprivation in association with cisplatin (0.5-1-5-10uM) after 24(A), 48(B), and 72 (C)
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4.1.2.2 Metabolomic Analysis

In order to understand which is the metabolic fate of glutamine in the different sensitive
and CDDP-resistant cell lines, and if there are differences in the metabolic pathways of
this amino acid between different clones, a metabolomic analysis using [U-!*C] glutamine

has been performed.
Ovarian cancer cells

C13 and 2008 were incubated with [U-'2C] glutamine and the isotopologue distribution
of tricarboxylic acid (TCA) cycle intermediates have been previously analyzed'>’. Results
in Figure 45 show that the incorporation of glutamine-derived carbons into glutamate,
succinate, fumarate, and malate was significantly higher in cisplatin-resistant cells. These
results suggest that glutamine is a carbon source for resistant cells, which metabolize

glutamine more and faster than sensitive clone.
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Figure 45: Incorporation of '3C-labeled carbons into glutamate, succinate, fumarate, and malate after growing cells
with [U-'3C] glutamine for 24hours. Results are obtained from at least three independent experiments ***p < 0.001;
C13 vs 2008. (Data from 7)
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Triple Negative Breast Cancer Cells

MDA-MB-468 and HCC1143 were incubated with [U-'3C] glutamine for 4 hours and the
isotopologue distribution of tricarboxylic acid (TCA) cycle intermediates have been
analyzed. Results in Figure 46 show that the incorporation of glutamine-derived carbons
into glutamate, fumarate, malate, and citrate was higher in cisplatin-resistant HCC1143
cells. Even in this cell model of intrinsic resistance, these results suggest that glutamine
is a carbon source for resistant cells, which metabolize glutamine more and faster than

sensitive clone.
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Figure 46: Incorporation of '*C-labeled carbons into glutamate, fumarate, malate, and citrate after growing cells with
[U-13C] glutamine for 4hours. Data are expressed as % of labelling of total pool and are the mean+SEM of 2 different
cultures. Data are normalized on protein content. **p<0.01; ***p<0.001 HCC1143 vs MDA-MB-468.

Besides being a carbon source for the TCA cycle, glutamine is a key precursor of
glutamate, required, among many functions, for the biosynthesis of glutathione (GSH), a
major redox buffer in the cells. GSH has been proposed as an important molecule to
sustain cisplatin resistance. From the tracing of [U-'2C] glutamine it has been possible to
verify that the contribution of glutamine to GSH (Figure 47) was increased in C13 (A)
and HCC1143 (B) CDDP-resistant cells suggesting that a portion of glutamine is used by
cisplatin-resistant cells to sustain GSH biosynthesis. These results indicate that the

metabolic reprogramming of cisplatin resistant cells may contribute to redox buffering.
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Figure 47: Intracellular levels of 13Cs-GSH after growing cell in presence of [U-13C] glutamine. Data are represented
as % of labeled GSH on total pool of intracellular GSH. (A) 2008-C13 ('*¥7); (B) MDA-MB-468-HCC1143. ***p<0.001
resistant vs sensitive clones. Results are expressed as mean+=SEM of 2-3 experiments.

In order to evaluate how glutamine deprivation can rewire the metabolism of the cells,
metabolomic analysis of sensitive MDA-MB-468 and resistant HCC1143 cells in basal
condition and in glutamine starvation for 48 hours has been performed. As shown in
Figure 48 (A) the principal component analysis indicates a distinct metabolic profile from
sensitive and resistant cells. From the analysis performed, it has been observed that the
resistant line presents, in glutamine deprivation, an increase of the Pentose Phosphate
Pathway (PPP) intermediates which is not present in the sensitive cell line (B).
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Figure 48: Metabolomics profiling in basal condition and in glutamine starvation for 48h measured by LC-ESI-QTOF
MS/MS in MDA-MB-468 and HCC1143 cells. A) 2-D scores plot between selected PCs, the PCA analysis is performed
using the prcomp package; B) Heatmap showing the fold change of indicated metabolites in MDA-MB-468 and
HCC1143 after glutamine deprivation.
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The pentose phosphate pathway (PPP) is thought to be the major source of NADPH
produced at the levels of glucose-6-phosphate dehydrogenase (G6PDH) and 6-
phosphogluconate dehydrogenase. Thus, it is possible that in the absence of glutamine,
which is in part used for GSH production, resistant cells rewire their metabolism to PPP

in order to maintain the redox homeostasis.

As a confirmation of this hypothesis, the mRNA expression of G6PDH, the key enzyme
in the PPP pathway has been investigated in basal condition and in glutamine deprivation
for 24 hours. Results in Figure 49 show that in basal conditions (A) resistant cells present
lower levels of G6PDH respect the sensitive MDA-MB-468. When in glutamine
deprivation (B) it is possible to observe an increase in mRNA levels in resistant HCC1143

and HCC1937 cell lines, that is not present in MDA-MB-468.
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Figure 49: mRNA levels of G6PDH measured by RT-PCR in MDA-MB-468, HCC1143 and HCC1937 cells. (A)
change in Cq expression of G6PDH in basal condition; (B) G6PDH mRNA level of cells in glutamine deprivation for
24hours. Data are the mean+SEM of 2 different experiments. Expression levels of the indicated genes were evaluated
with the AACt method with 18S rRNA as reference gene.
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4.2 Pharmacological targeting of metabolic reprogramming in CDDP-

resistant cells

4.2.1 Targeting lipid metabolism

Results obtained regarding the characterization of the lipid-metabolic profile of resistant
cells, has brought to light that the accumulation of Lipid droplets is not due to a
dysregulation in the new lipid-synthesis pathway or in lipid-degradation pathways but it
seems to be mainly due to an increase in the uptake of free fatty acids from the

extracellular environment.

Thus, different strategies able to modulate lipid metabolism have been tested in order to

better understand the lipid accumulation involvement in cisplatin resistance.

4.2.1.1 Lipid uptake impairment

The analysis of the principal pathways involved in lipid metabolism leads to excluding
any increase in liponeogenesis or a decrease in the pathways involved in degradation of
lipids (lipolysis and B-oxidation process) as causes of the accumulation of lipid droplets
observed in CDDP-resistant clones. Intriguingly, results obtained so far indicate an
increase in the uptake of exogenous lipids in resistant cells with respect to the sensitive

counterpart. Thus, the effect of lipid deprivation for the culture media has been tested.

Firstly, the lipid depletion has been addressed by removing the Fetal Bovine serum from

the culture media.

Figure 50 shows the effect of 24 hours of serum deprivation on cells viability. It is
possible to observe that C13 line is more susceptible to serum starvation compared to
2008, which is not affected by the FBS deprivation (A). Results regarding A431-A431pt
cell lines (B) indicate that both sensitive and resistant clones present a reduction in cells

viability after FBS deprivation, more significant for A431pt.
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Figure 50: Effect of 24 hours of Fetal Bovine Serum deprivation on 2008-C13 (A) and A431-A431pt (B) cells viability,
measured by Trypan Blue Exclusion Assay. Data are expressed of % of cell number related to control and are the
mean+SEM of 4 independent experiments. *p<0.05; **p<0.01; ***p<0.001 treatment vs control.

Beside lipids, serum contains a large number of nutritional and macromolecular factors
essential for cell growth (like amino acids, sugars, hormones, etc.) so its removal from
the cell culture media could affect cells viability by deprivation of a large number of

factors.

Thus, a Lipid-depleted Fetal Bovine serum (Biowest) was used to better address the

purpose of testing the lipid involvement in cells viability and cisplatin resistance.

Figure 51 shows the effect of the treatment with Lipid-depleted FBS for 24 hours on
2008-C13 (A) and A431-A431pt (B) cells viability. Results show that the treatment
affects CDDP-resistant and CDDP-sensitive cells in the same fashion, reducing cells

viability of about 20% in all the cell lines.
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Figure 51: Effect of 24 hours of Lipid-depleted FBS on 2008-C13 (A) and A431-A431pt (B) cells viability, measured
by Trypan Blue Exclusion Assay. Data are expressed as % of cell number related to control and are the mean+SEM of
.4 independent experiments. *p<0.05; **p<0.01 treatment vs control.
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The effect of lipid starvation on LD accumulation has thus been evaluated. Figure 52 and

Figure 53 report representative images of the staining of the lipid droplet content in 2008-

C13 (Figure 52) and A431-A431pt (Figure 53) cell lines. The results after 24 hours of

depletion of lipids show that treatment induces a decrease in the LDs abundance. This

effect is notably seen in all sensitive and resistant clones.
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Figure 52: Representative images of the effect of 24 hours of lipid depletion on Lipid droplets accumulation. 2008 and
C13 were stained with Mitotracker orange (25 nM; Aec/em:554/576nm), and Bodipy 486 (Aec/em:493/503nm). Images
were acquired by confocal microscopy Zeiss LSM 800, analyzed with ZEN 2.0 imaging software and are representative
of 3 different experiments.
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Figure 53: Representative images of the effect of 24 hours of lipid depletion on Lipid droplets accumulation. A431 and
A431pt were stained with Mitotracker orange (25 nM; Aec/em:554/576nm), and Bodipy 486 (Aec/em:493/503nm).
Images were acquired by confocal microscopy Zeiss LSM 800, analyzed with ZEN 2.0 imaging software and are
representative of 3 different experiments.
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Having verified that the serum lipid depletion induces a slight reduction of cell viability
(without differences between sensitive and resistant clones) and a reduction in lipid

droplet accumulation, the effect of its combination with cisplatin has been investigated.

Results in Figure 54 show that in 2008 cell line (B) the lipid deprivation does not alter
cells viability with respect to cisplatin treatment. Interestingly, in the resistant C13 clone
(C), the association between cisplatin and lipid depletion induced a significant decrease

in cell viability with respect to cisplatin alone.
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Figure 54: Effect of 24 hours of CDDP treatment (A) or combined treatment with CDDP and Lipid depleted FBS on
2008 (B) and C13 (C) cells viability measured by Trypan Blue Exclusion Assay. Data are expressed as %of cell number
related to control and are the mean+SEM of 3 independent experiments. *p<0.05; **p<0.01 Resistant vs sensitive cells,
# p<0.05; ##p<0.01 lipid depletion vs control.
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Similar trend has been observed for A431-A431pt cell lines (Figure 55). In fact, the
association has no different effect with respect to the cisplatin in the sensitive A431 line

(B) but it induces a significant decrease in cell viability of CDDP-resistant A431pt (C).
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Figure 55: Effect of 24 hours of CDDP treatment (A) or combined treatment with CDDP and Lipid depleted FBS on
A431 (B) and A431pt (C) cells viability measured by Trypan Blue Exclusion Assay. Data are expressed as % of cell
number related to control and are the mean+SEM of 3 independent experiments. # p<0.05 lipid depletion vs control.

4.2.1.2 Pharmacological modulation of lipid metabolism

Results showed that all the resistant clones (C13 and A431pt) present a downregulation
of PPARa gene-level compared to the sensitive clones (2008 and A431).
Thus, the effect of a well-known drug, an agonist of PPARa, has been tested. Fenofibrate
(FF; propan-2-yl 2-{4-[(4-chlorophenyl) carbonyl]phenoxy}-2-methylpropanoate) is a
well-tolerated, FDA-approved anti-hyperlipidemic and vasoactive drug, which lowers
serum levels of triglycerides and cholesterol, and improves the low-density lipoprotein'%,
PPARa-dependent and PPARa-independent signaling are involved in cancer cell
reactions to FF. The effect of this modulator of the lipid metabolism has been tested in
order to study if the perturbation of the lipid homeostasis can alter the cellular response

to the chemotherapeutic drug.
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Cell viability
The effect of 24 hours treatment with fenofibrate on cell viability has been tested.

Results in Figure 56(A-B) show that cell viability is not significantly altered in none of
the cell lines under study. Only the highest concentration of FF induces a decrease in cells

viability.
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Figure 56: Effect of fenofibrate (0,1-0,5-1-5-10 pM) on cell viability after 24 hours treatment. (A) 2008-C13 cell lines,
(B) A431-A431pt cell lines. Results are expressed as % of cells related to control and are the mean+SEM of at least 3
independent experiments.

Having verified that treatment with FF does not affect cell viability in all the cell lines,
the effect of the combinatory treatment of FF and CDDP has been tested. Two
concentrations of FF have been used for the experiments, 0.1 and 0.5 pM, and results are
reported in Figure 57 (2008-C13 ) and Figure 58 (A431-A431pt). The two sensitive and
the two resistant clones present a similar trend of response to the treatment. In the 2008
and A431 sensitive cell line the association of CDDP with FF 0.1 uM is more effective
in reducing cells viability respect the CDDP alone (Figure 57 and Figure 58 (A)). The
association with FF 0.5 pM seems to have no different effect respect the CDDP alone
(Figure 57 and Figure 58 (C)). Data regarding the CDDP resistant clones show that the
association of CDDP with FF 0.1 uM induces a significant reduction in cell viability
compared to CDDP alone (Figure 57 and Figure 58 (B)). Interestingly, the higher
concentration of FF (0.5 puM) sensitizes C13 and A431pt cells to low CDDP
concentrations while increasing the CDDP concentration this combinatory effect is

reduced (Figure 57 and Figure 58 (D)).
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Figure 57: Effect of 24 hours of co-treatment with CDDP and FF 0.1 uM (A-B) and 0.5 uM (C-D) on 2008 and C13
cell viability measured by SRB assay. Results are expressed as % of vital cells related to control and are the mean+SEM
of at least 3 independent experiments. *p<0.05; **p<0.01; ***p<0.001 FF vs Control.
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Figure 58: Effect of 24 hours of co-treatment with CDDP and FF 0,1 uM (A-B) and 0,5 uM (C-D) on A431 and A43 1pt
cells viability measured by SRB assay. Results are expressed as % of vital cells related to control and are the
mean+SEM of at least 3 independent experiments. *p<0.05; **p<0.01; ***p<0.001 FF vs Control.
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Fatty acid uptake -Cytofluorimetric analysis

In order to analyze the effect of fenofibrate on the uptake of lipids, this process has been
analyzed by flow cytometry using Bodipy FL Cis as fluorescent palmitic acid analogous.
Cells were treated with fenofibrate (0.5 and 10 uM) and incubated with the probe for 15
minutes. Results in Figure 59 shows that FF 10 uM induces a tendency to an increased
uptake in both the ovarian cancer cell lines (2008-C13 (A)) and a significant increase in
the uptake in the A431-A431pt cell lines. The lower FF concentration instead, induces a
significant reduction in the uptake of lipids in 2008 and C13 (A) and a significant increase

in A431pt resistant cell line (B).

Results suggest that the higher concentration of FF induces an increase of uptake while

lower concentration displays different effect in the different cell models.
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Figure 59: Bodipy FL C16 uptake in 2008-C13 (A) and A431-A431pt (B) cell lines, measured by cytofluorimetry
(Aec/em:488/525nm). Cells were treated for 24 hours with fenofibrate 0.5 and 10 mM. Data represent the mean of
fluorescence intensity normalized to control, following 15 minutes of exposure to the probe. Data are the mean+SEM
of 3 independent experiments. *p<0.05 treatment vs control; §p<0.05 resistant clones vs sensitive clones.

Fatty acid uptake - Confocal Microscopy

The effect of fenofibrate on the modulation of the cellular lipid content has been also
evaluated by Confocal Microscopy and the Lipid Droplets content was displayed with
Bodipy 493/503 staining.

In line with the results obtained from the cytofluorimetric analysis of the lipid uptake
(Figure 59), the low concentration of fenofibrate (0.5uM) induces a decrease in the LDs
content both in 2008 and in C13 cell lines. Treatment with fenofibrate at 5 and 50 uM
induces a concentration-dependent increase of LDs in both cell lines (Figure 60 and

Figure 61).
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Figure 60: Representative images of the effect of fenofibrate (0.5-5-10 uM) on Lipid droplet accumulation in 2008
cells. Cells were stained with Mitotracker orange (25 nM; Aec/em:554/576nm), and Bodipy 486 (Aec/em:493/503nm);

Images were acquired by confocal microscopy Zeiss LSM 800 and analyzed with ZEN 2.0 imaging software. Images
are representative of 3 different experiments.
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Figure 61: Representative images of the effect of fenofibrate (0.5-5-10 uM) on Lipid droplet accumulation in C13 cells.
Cells were stained with Mitotracker orange (25 nM Aec/em:554/576nm), and Bodipy 486 (Aec/em:493/503nm); Images
were acquired by confocal microscopy Zeiss LSM 800 and analyzed with ZEN 2.0 imaging software. Images are
representative of 3 different experiments.
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Figure 62 and Figure 63show the images acquired for A431 and A3 1pt respectively. In
this case also, results appear in line with the data obtained by the fatty acid-uptake. In
fact, the lowest concentration of fenofibrate induces a decrease in the LDs amount in
A431 and a moderate increase in the resistant A431pt clone. As for the 2008-C13 lines,
fenofibrate 5 pM and 50 uM induces a concentration-dependent increase in the LDs

content.

BODIPY 493/503

Control

BODIPY 493/503

FF 0,5uM

A431
BODIPY 493/503

BODIPY 493/503

Figure 62: Representative images of the effect of fenofibrate (0.5-5-10 uM) on Lipid droplet accumulation in A431
cells. Cells were stained with Mitotracker orange (25 nM; Aec/em:554/576nm), and Bodipy 486 (Aec/em:493/503nm);
Images were acquired by confocal microscopy Zeiss LSM 800 and analyzed with ZEN 2.0 imaging software. Images
are representative of 3 different experiments.
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Figure 63: Representative images of the effect of fenofibrate (0.5-5-10 uM) on Lipid droplet accumulation in A431pt
cells. Cells were stained with Mitotracker orange (25 nM; Aec/em:554/576nm), and Bodipy 486 (Aec/em:493/503nm);
Images were acquired by confocal microscopy Zeiss LSM 800 and analyzed with ZEN 2.0 imaging software. Images
are representative of 3 different experiments.
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4.2.2 Targeting mitochondria Remodeling

Previous studies in Montopoli’s Lab, had already demonstrated that cisplatin-resistant
ovarian cancer cells (C13), present altered mitochondrial functions with respect to the
sensitive 2008 clone. C13 cells present a reduction in mitochondrial potential and mass,
in oxygen consumption, a reduction in the respiratory chain activity and are more
susceptible to metabolic stress conditions such as galactose and rotenone incubation'>%!%7,
Moreover, recent unpublished data of the lab identify a mitochondrial network
remodeling shifted toward the fission process in C13 resistant cells suggesting a possible
implication of mitochondria remodeling in cisplatin resistance. The mitochondria
fragmentation, which leads to smaller mitochondria, is correlated with mitophagy (the

mitochondria-selective autophagy), facilitating the engulfment by autophagosomes!6:167,

The investigations regarding the autophagy process, and more specifically the mitophagy
process, suggested that the cisplatin resistant cells present faster mitochondria turnover
and that mitophagy might be a mitochondria quality control mechanism. Indeed, the
mitophagy process could avoid the mtDNA damage caused by cisplatin allowing cells to

survive.
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Results in Figure 64 show the expression of BNIP3 (BCL2/adenovirus E1B 19 kDa
protein-interacting protein 3), one of the main mitophagic regulators which act as receptor
for autophagic machinery at the surface of mitochondria. C13 cells present a significantly
higher level of BNIP3 both in gene expression'®’ (A) and in protein level (B) with respect
to the parental cells.

2008 (13

BNIP-3 25kDa

=]
oo [=e]

g
w
]

w
IS
=]
ing

*k

~n
I
[
o
T

—
I

(normalized to 2008)

0.D. (% OF WT) of BNIP3
normalized to TOM20
> S
7 7

BNIP3 mRNA expression

o

2008 2008 C13

Figure 64: BNIP3 levels in 2008-C13 cells. (A) BNIP3 mRNA levels of C13 related to 2008 cells, measured by qRT-
PCR assay'®’. B) BNIP3 C13 protein level measured by Western Blot assay. Data are reported as % of BNIP3 levels,
normalized on TOM20. All the data are the mean+SEM of 3 independent experiments. **p<0.01 C13 vs 2008.

In order to understand if the upregulation of mitophagy is linked to cells survival to

CDDP, BNIP3 has been silenced (Figure 65 A).

BNIP3 knocked-down cells have been treated with cisplatin to verify whether a reduction
of mitophagy levels induced by BNIP3 ablation could restore sensitivity to cisplatin.
Figure 65(C) shows similar cell viability curves after cisplatin treatment in resistant and
sensitive cell lines, treated with BNIP3 esiRNA as compared to the scrambled lines (B).
These results suggest a possible role of mitophagy in giving an advantage in survival after

cisplatin treatment.
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Figure 65: (A) 2008-C13 were transfected with a control NTC esiRNA (scramble esiRNA) or esiRNA targeting BNIP3
(esiBNIP3) and analyzed for BNIP3 protein expression, normalized to TOM20 and beta-actin. B-C) Effect of 24 h
treatment with CDDP (1-5-10-25 uM) on cell viability of 2008-C13 scramble (B) or BNIP3 silenced cells (C). Data
are expressed as % of cell number of treated cells compared to the untreated controls. Data are the mean +SEM of 3
different experiments. *p<0.05, C13 vs 2008.

Specific inhibitors of mitophagy are not currently in commerce. Therefore, with a view
to a pharmacological approach to reduce cisplatin resistance, we corroborated our data
using two highly specific small molecules inhibitors of the autophagic process. PIK-III
and SAR-405'%81%9 are two specific inhibitors of the Vacuolar protein sorting 34 (Vps34)
that plays a role in intracellular vesicular trafficking and autophagosome formation during
autophagy!”’. Previous studies of our lab have already demonstrated that resistant C13
cells present an increased autophagic rate with respect to the 2008'>”. Thus, the effect of
autophagy inhibitors combined with cisplatin has been tested in our cancer cell model.
Results in Figure 66 show that both the inhibitors are more effective in reducing C13 cells

viability with respect to 2008.
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Figure 66: Effect of 24 hours treatment with PIK-ITI(A) and SAR-405 (B) (0.1-1-10-50 uM) on cells viability measured
by SRB assay. Results are expressed as %Abs related to control and are the mean+SEM of at least 3 independent

experiments. *p<0.05; **p<0.01 C13 vs 2008.

Results in Figure 67 show that the association with of the inhibitors with cisplatin has no

effect on 2008 cell viability (A-C) while it induces a significant decrease in resistant cell

viability respect the cisplatin treatment (
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Figure 67: Effect of 24 hours combination of autophagy inhibitors and CDDP (0.75-1.5-3.1-6.25-12.5 M) on 2008-C13
(1uM)); (C-D) SAR-405 (1uM). Data are expressed as Abs %
related to control and are the mean+SEM of at least 3 independent experiments. *p<0.05; **p<0.01; ***p<0.0001

cell viability measured by SRB assay. (A-B) PIK-III
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S DISCUSSION

Cancer metabolic reprogramming is firmly established as one of the cancer hallmarks. In
order to support rapid proliferation, survival in severe microenvironment, invasion, and
metastasis, cancer cells need to reprogram their catabolic and anabolic processes; the
rewiring concerns all the four major classes of macromolecules (carbohydrates, proteins,
lipids, and nucleic acids®®) and allows cells to adjust the energy metabolism, in order to

dispose of the necessary large amount of energy and biomass'’!.

cis-diamminedichloroplatinum (II) (best known as cisplatin), is one of the most potent
and most employed alkylating chemotherapeutic agents in the treatment of several solid
malignancies (including ovarian, testicular, colorectal, bladder, lung, and head and neck,
cancers)'®. Despite a consistent rate of initial responses, cisplatin treatment often results
in therapeutic failure, due to the development of chemoresistance. Resistance is a
multifactorial event, whose mechanism has been investigated for the past 30 years.
Besides the most known mechanisms of resistance (which include decreased drug uptake,
increased export, increased levels of intracellular glutathione and DNA repair
mechanisms, or a decreased apoptosis), findings of last years have highlighted a

prominent role of cancer metabolic reprogramming in cisplatin-resistance phenomena?®,

Previous studies of our laboratory have already demonstrated that cisplatin-resistant
ovarian cancer cells (C13) present a higher dependency on glucose'?? and impaired
mitochondrial parameters with respect to the sensitive cells (2008). Mitochondrial
potential and mass are reduced, as well as oxygen consumption; moreover, C13 cells
viability is reduced in metabolic stress conditions such as rotenone and galactose.
Furthermore, we have also demonstrated that cisplatin-resistant cancer cells rely on the
PPP pathway to overcome drug toxicity by upregulation of G6PDH enzyme'’. The
combined treatment with G6PDH inhibitors such as 6-AN and cisplatin, showed an
addictive effect in C13 cell lines, suggesting GOPDH as a potentially targetable enzyme

to increase drug efficacy.

H-NMR spectroscopy analysis has also shown a higher basal content of mobile lipids
(MLs) in C13 cells as compared to 2008 cells, with higher lipid accumulation mainly

within cytoplasmic droplets of the C13 cells'>®. These findings allow us to propose a
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"metabolic remodeling" of cisplatin-resistant ovarian carcinoma cells to a lipogenic

phenotype.

On the wave of these observations, the purpose of this work has been the evaluation of
the metabolic alterations in lipid metabolism and glutamine pathway in different
cisplatin-resistant cancer cells, with the final aim of identifying specific metabolic
liabilities and specific targets of resistant cells exploitable to overcome the resistance.
Future perspective will be the extension of the current studies to other platinum drugs

currently used in clinical therapy, like oxaliplatin or carboplatin.

Results of this work, in line with the recent literature!'®!!”

, show a strong lipid avidity in
the analyzed cancer cell lines, more significant in the CDDP-resistant clones (C13 and

A431pt).

Numerous studies have shown that many human cancer cells present high de novo
lipogenesis mediated by high activities of FASN enzyme. Moreover, inhibition of FASN
has been shown to sensitize ovarian cancer cells to cisplatin treatment!’*!”*, In our cell
models, results underline that lipid accumulation is due to an increased exogenous fatty
acids uptake rather than to alterations in the synthesis or degradation pathways. Even if
the results of this work did not allow the identification of a resistant cell-specific active
mechanism of lipid transport, the availability of fatty acids in the microenvironment has
been shown to influence cancer cells response to cisplatin treatment. In fact, the
deprivation of lipids from the culture media, besides inducing a reduction in lipid droplet
accumulation, sensitizes resistant cells to cisplatin treatment. Some studies revealed that
the uptake of exogenous lipids promotes the pathogenesis of prostate cancer and that
adipocytes promote tumorigenesis and metastasis by providing free FAs to ovarian cancer

and breast cancer cells'4>!74175

. So, our observations fit in the literature contest,
supporting the idea of an involvement of the lipid accumulation in the capacity of resistant

cells to escape drug toxicity.

Results indicate also a common reduction in Peroxisome proliferator-activated receptor-
alpha (PPAR®) gene expression in resistant cancer cells. PPARa is activated by a variety
of endogenous molecules (including FAs and FA derivatives) that make it an intracellular
lipid sensor. Its activation, especially during fasting, promotes processes such as FAO

and ketogenesis, fatty acids uptake, and triglycerides metabolism and storage!’S.
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Fenofibrate is a fibric acid derivative commonly used in the clinic for dyslipidemia
treatment'”’, which presents lipid-modifying effects mediated by the activation of

PPARa.

Several recent studies provide evidence that fenofibrate also exerts anticancer effect in
different tumor cell lines (prostate, liver, breast, lung, glioma, and pancreas) via a variety

of pathways involved in cell-cycle arrest, apoptosis and migration'’®.

In this scenario, we tested the effect of fenofibrate in our cell models in order to verify if
the fibrate properties can modulate cells response to cisplatin treatment. Results showed
that fenofibrate sensitizes both sensitive and resistant clones to CDDP. Data also show
that low concentration of fenofibrate induces a slight reduction in lipid accumulation
while higher doses induce a concentration-dependent increase in LDs within the cells.
These results open up the possibility that fenofibrate determines an imbalance in the lipid
metabolic pathways, which may lead to excess amounts of free FAs in cells inducing to

179

lipotoxicity' . Moreover, also the “lipid quality” within the LDs is an important factor to

be considered in the lipotoxicity phenomena'!’.

Clinical evidence has already suggested a role of excess adipose tissue as a causal fact for
the development of chemotherapeutic drug resistance!® %2, Obesity can, in fact, modify
the pharmacokinetics of the drug, induce chronic inflammations, and can alter tumor-

associated adipocyte adipokine secretion!3-182,

Especially for tumors which
microenvironment is rich in adipose tissue, like breast and gynecological cancers, this
aspect plays an important role. Different in vitro studies have demonstrated that
adipocytes enhance ovarian cancer cell chemoresistance supporting these

126183 In line with these facts, results obtained in this work show a

observations
connection between lipid profile and cisplatin resistance. A deep understanding of this
aspect could help in the identification of specific metabolic targets exploitable for
combinatory therapy. Moreover, new insights in this aspect could help in the development
of new therapeutic approaches, aimed at targeting energy pathways, through a
combination of lifestyle (especially diet and physical activity) and pharmacological

approaches.

Always with regard to the investigation in the different cells’ metabolic pathways,

previous unpublished data of our laboratory have identified an imbalance in
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mitochondria-dynamic in CDDP-resistant cells toward the fission process. Fission is
closely linked to mitophagy, the selective autophagy of damaged mitochondria'®® and
several studies have previously shown that induction of autophagy causes drug
resistance'®. The selective autophagy of mitochondria promotes cell survival by
removing damaged mitochondria sparing cells from apoptosis. Results obtained in this
work support this idea; in fact, the silencing of BNIP3 sensitizes cisplatin-resistant cancer
cells to the drug. Moreover, since in commerce there are not mitophagy specific
inhibitors, our results were confirmed using two autophagy inhibitors; PIK-III and SAR-

405 are well-known small molecules inhibitors of Vps34!68 169

, mediators of the
autophagic process. Results show that both are able to sensitize resistant cells to cisplatin.
Other recent works highlighted the role of mitophagy/ autophagy in the survival of cancer
cells to chemotherapy suggesting that a combination of inhibitors of these pathways with

the conventional chemotherapy could be a novel therapeutic strategy for different cancer

typ€S167’185’186.

In addition, in this work preliminary studies of glutamine implication in cisplatin
resistance have been performed. In collaboration with Professor Toker (BIDMC -Harvard
Medical School- Boston) the implication of the remodeling of glutamine metabolism in
drug resistance has been evaluated in breast cancer cells (model of innate cisplatin
resistance) and ovarian cancer cells (acquired resistance). Amino acids metabolism may
also offer promising targets to cancer treatment and even if their role in chemotherapy
resistance is still in exploration, some studies highlight that amino acid availability might
be important in the development of drug resistance. In fact, cancer cells may show great

dependency on a specific amino acid!®"~1%,

A better understanding of metabolic alterations in different drug-resistant cancers is
desirable in order to improve cancer therapy. This work takes place in the panorama of
research aimed at better characterize the metabolic alteration in cancers and specifically
on the research aimed at the identification of specific metabolic liabilities in cisplatin-
resistant cancer cells. Metabolism is a complex of intricate and interconnected pathways
that cooperate to sustain cell proliferation allowing cells to survive in a challenging
environment. A systematic characterization of the main metabolic pathways of
transformed cells, (which include glycolysis, oxidative phosphorylation, glutaminolysis,

and mitochondria metabolism), and of the interconnection between them and the
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microenvironment, can provide new hints for cancer therapy. Better knowledge about
metabolic reprogramming will help to identify new prognostic biomarkers and new
metabolic targets useful for innovative pharmacological approaches to overcome drug

toxicity or to enhance the efficacy of the current chemotherapy.
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