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SOMMARIO

La S-adenosil-L-metionina (AdoMet o SAM) e un readide solforato
ubiquitariamente presente negli organismi viverttie cesplica una varieta di funzioni
biologiche ben documentate. Come e noto, infdttgomposto di solfonio rappresenta il
principale donatore di gruppi metilici ed e ancheriecursore della S-adenosilmetionina
decarbossilata, il donatore di gruppi propilammimella biosintesi delle poliammine. La
peculiare reattivita dell'’AdoMet € in gran partgdta alla presenza del polo di solfonio, che
rende i tre atomi di carbonio legati allo zolfo gitettrofili suscettibili di attacco nucleofilo,
per cui la molecola & estremamente reattiva edrawlay di agire da donatore del gruppo
metilico, del gruppo amminopropilico e del gruppteaosilico. Nell'ultimo decennio molti
studi siain vitro chein vivo hanno evidenziato un coinvolgimento dell AdoMetdiversi
processi cellulari tra cui la proliferazione, ilffdrenziamento, la regolazione del ciclo
cellulare e l'apoptosi in diversi sistemi tumordluttavia, i meccanismi molecolari alla base
dell'effetto esercitato dalla molecola non sond stacora del tutto chiariti.

Il mio lavoro di ricerca durante il corso di Datto e stato finalizzato allo studio sia
del ruolo antitumorale esercitato dal’AdoMet inlake di carcinoma della laringe, sia della
regolazione dell'espressione dei microRNA in segait trattamento con il composto di
solfonio. Al fine di valutare l'effetto antiprolifativo e i possibili meccanismi relativi
all'attivita antitumorale di questo importante carsip fisiologico, € stata impiegata come
sistema sperimentale la linea cellulare JHU-SCC-@lXumore alla laringe, una linea
cellulare molto ben caratterizzata e largamentezdita per ricerche biomediclve vitro ein
vivo che rientra nella piu ampia categoria dei tumesta-collo.

I tumori della laringe rappresentano circa il 2-5%6tutte le neoplasie maligne
del’'uomo e sono, assieme al cavo orale, le pigueati della regione testa-collo. Nonostante
la facile accessibilita del distretto testa-coll@,diagnosi di tali neoplasie € molto spesso
tardiva e la relativa prognosi non e miglioratalnelgimi decenni. Frequentemente, vengono
combinate per il trattamento di tale classe di te@ chirurgia, radioterapia e chemioterapia.

Il cisplatino (cDDP) e il principale farmaco usater il trattamento di questa classe di
tumori sebbene la sua applicazione clinica siatditaidall’elevata tossicita e dallo sviluppo di
meccanismi di resistenza. Dati gli effetti collaleirreversibili legati alla somministrazione
di questo chemioterapico, l'interesse della ricesca spostato all’individuazione di nuove

molecole da associare in combinazione con il cDDP.



Inizialmente sono stati condotti esperimenti daNi& cellulare in seguito a trattamento
per differenti tempi con dosi crescenti di AdoMda @ M a 1mM). | risultati ottenuti hanno
dimostrato che '’AdoMet esercita un effetto inibitosulla proliferazione cellulare in maniera
dose e tempo dipendente, inducendo alla conceotrazii 300 UM una riduzione del 50%
della vitalita cellulare dopo 72 ore.

Per valutare I'effetto biologico esercitato datl@Met sono stati effettuati esperimenti
di analisi dei principali meccanismi di morte cédhe tra i quali il processo apoptotico, il
meccanismo autofagico, e il meccanismo di strebeetleolo endoplasmatico (ER-stress).

In particolare, I'analisi citofluorimetrica ha ednziato che ’AdoMet alla dose di 300
UM é in grado di indurre il 4% e il 19% di apoptosipettivamente dopo 48 e72 ore dal
trattamento. L’attivazione del processo apoptoéicsiato anche confermato dallaumento del
rapporto pro-apoptotico Bax/Bcl2 e dalla riduziore livelli della pro-caspasi iniziatrice 9,
delle pro-caspasi effettrici 6 e 7 e della poli (RREibosio) polimerasi (PARP), i cui livelli di
espressione sono stati valutati mediante Westettirg.

L’'analisi del processo autofagico e stata valutagdiante marcatura cellulare con
lysotracker red, un composto che lega ed eviddaarascicole cellulari a pH acido, come le
vescicole autofagolisosomiche. L'aumento dell’irsiiéd di fluorescenza media nei campioni
trattati alla concentrazione di 200 e 300 uM AdoMepo 24 e 48 ore € risultata maggiore
rispetto ai controlli, fornendo cosi una prima cadiione che AdoMet € in grado di innescare
I'attivazione del processo autofagico. Tale ridolta accompagnato dall’aumento dei livelli
del principale marcatore autofagico “microtubulseasated protein light chain 3B” (LC3lI).

Inoltre nella linea cellulare JHU-SCC-011 é stadhutata la capacita del’AdoMet di
indurre ER-stress. A tale scopo le cellule trattate 200 e 30@M AdoMet per 48 e 72 ore e
marcate con ER-Tracker, un colorante vitale chacsumula nel reticolo endoplasmatico,
sono state analizzate mediante microscopia a #gereza. L’AdoMet aumenta notevolmente
la fluorescenza delle cellule JHU-SCC-011 rispettie cellule non trattate e causa un
cambiamento morfologico del reticolo endoplasmaticiato ascrivibile all'attivazione
del’ER-stress. L'attivazione dei marcatori coirntvolel meccanismo di ER-stress sono stati
valutati tramite qRT-PCR e Western blotting. | dattenuti mostravano un incremento
trascrizionale dell'isoforma di splicing del geK8P1 (sXBP1) ed un aumento trascrizionale
e traduzionale della proteina CHOP, principale raiede del processo apoptotico attivato
dal’ER-stress. Nella linea cellulare JHU-SCC-Olifipltre, & stato dimostrato che il
trattamento con AdoMet induceva lincremento depp@to pERK/ERK, pJNK/INK e



pP38/P38, proteine appartenenti alla famiglia delleteine chinasi attivate dai mitogeni
(MAPK). Uno studio approfondito della letteratura levidenziato una correlazione tra
I'attivazione dell'apoptosi mediata dallER-stresg’aumento dell’'espressione delle MAPK,
identificando 'ER-stress come il possibile mecsamd mediante il quale 'AdoMet innesca
I'apoptosi.

L’attivita anti-proliferativa e pro-apoptotica d&ldoMet, unitamente al fatto che esso
rappresenta un composto naturale la cui sommiristta non induce effetti collaterali, ci ha
portati ad approfondire un possibile uso del cortpodi solfonio in sinergia con
chemioterapici gia impiegati per la terapia dei tuimesta-collo. E stato valutato, quindi, il
possibile effetto sinergico del’AdoMet con il cDDPa combinazione delle due molecole &
risultata fortemente sinergica, quando i due farrsano stati usati a concentrazioni di 200
1M AdoMet e 0,18 uM cDDP. L’analisi al FACS ha nrash un incremento dell’apoptosi in
seguito alla somministrazione dei due farmaci coné&ta dall’analisi mediante Western
blotting che ha evidenziato un decremento evideetke pro-caspasi 9 e 6 e della proteina
PARP, ed un aumento del rapporto Bax/Bcl2, pERK/ERKe pIJNK/INK.

Complessivamente questi dati indicano che ['effgito-apoptotico del’AdoMet
potrebbe essere mediato dall’attivazione dell’EfeRsst e che il suo utilizzo in combinazione
con cDDP potrebbe indurre un miglioramento nelltaggio farmacologico al trattamento del
carcinoma della laringe, associando all’efficaei@peutica una minore tossicita del farmaco.

Recentemente una nuova classe di molecole di RNA cuamlificanti, noti come
microRNA (miRNA), é stata associata a diverse nialaimane incluso il tumore della
laringe.

Nella seconda parte della tesi & stato studigpooililo di espressione dei miRNA in
cellule JHU-SCC-011 in seguito al trattamento c60 @M AdoMet per 72 ore, al fine di
individuare il coinvolgimento diretto dei miRNA g$iinibizione della proliferazione cellulare
esercitata dal composto di solfonio.

L'analisi effettuata mediante la tecnica dei maray ha evidenziato un gruppo di
MiRNA sensibilmente regolati dal’AdoMet, quali: RH187, miR-487b, miR-615-5p, miR-
618 e miR-888-5p. Tra questi, il miR-888-5p & tiatd significativamente down-regolato e
tale dato e stato confermato mediante Real-Time BGahtitativa (QRT-PCR). Per questo
motivo si & scelto di proseguire gli studi con iiIR¥888-5p e trasfettare le cellule di
carcinoma della laringe JHU-SCC-011 rispettivametan miR-888-5p “mimic” ed

“inhibitor”, da soli, o con aggiunta di 3QtM AdoMet, per 72 ore. | miRNA “mimic” sono



piccole molecole di RNA a doppio filamento chimiaame modificate che mimano i miRNA
endogeni e ne consentono l'analisi funzionale nméelid'up-regolazione dell’attivita
biologica. Viceversa, i miRNA *“inhibitor” sono inrgdo di legare specificamente e inibire
molecole endogene di microRNA e consentirne I'andlinzionale mediante la riduzione
dell'attivita biologica. | dati ottenuti mostrandie il miR-888-5p inhibitor da solo € in grado
di indurre [lattivazione del processo apoptoticdfetto ulteriormente potenziato dal
trattamento combinato con I'’AdoMet. Questi risultsdno stati confermati dall’analisi dei
principali marcatori apoptotici, quali le pro-casp8, 7 e 8 e della proteina PARP, i cui livelli
di espressione risultano essere down-regolati daliabinazione AdoMet e miRNA inhibitor.
Complessivamente questi dati contribuiscono atbanmrensione del meccanismo
d’azione esercitato dallAdoMet nelle cellule dircaoma alla laringe JHU-SCC-011,
evidenziando il possibile coinvolgimento del miR888p nell'inibizione dell’attivazione del

processo apoptotico.



SUMMARY

S-Adenosyl-L-methionine (AdoMet, also known as SAMSAMe), is an ubiquitous
sulfur nucleoside exerting a variety of well-docuntesl biological functions. It represents the
main methyl donor required in numerous methylateactions, and also the precursor of the
decarboxylated S-adenosylmethionine, the propylamigroup donor in polyamine
biosynthesis.

The peculiar AdoMet reactivity is inherent to #iglfonium pole that makes the three
carbon atoms (bound to the sulfur atom) highly spsble to nucleophilic substitution; this
renders the molecule able to donate the methyl pggrolwe aminopropyl group and the
adenosyl group.

In the last decade a lot of vivo andin vitro studies highlighted the antiproliferative,
anti-metastatic and pro-apoptotic effects of Adolhtetancer cells. However, the molecular
mechanisms underlying the effects exerted by thiecate have not yet been fully clarified.

My work, during the PhD, was aimed to the studyhaf antitumor activity exerted by
AdoMet in laryngeal squamous cancer cells as wellaathe regulation of microRNAs
expression following treatment with the sulfoniumonmpound. To evaluate the
antiproliferative effect exerted by AdoMet and thwlecular mechanism underlying the
antitumor activity of this important physiologicabmpound we used JHU-SCC-011, a cell
line that is very well characterized and widely diser biomedical researalm vitro andin
vivo.

Carcinoma of larynx represents 2-5% of all tumamsd is, together with oral cancer,
one of the most frequent tumors in the head anll reggon. Despite the easy accessibility of
the head-neck district, the diagnosis of these lasaps is very often late and the relative
prognosis has not improved in recent decades. rEa¢ment of these tumors include one or
combination of the following: surgery, radiatiomeenotherapeutic.

Cisplatin or cisplatinum (cDDP) is the major druged to treat this class of tumor.
However, the clinical application of cDDP is lindteby the high toxicity and resistance
mechanisms in cancer cells. To overcome this pnopke new line of research is aimed to
identify new molecules and natural compounds tadesl in combination with cDDP.

Firstly, to assay the cell viability we evaluatbé anti-proliferative effects of AdoMet
on JHU-SCC-011 cells after the treatment with iasheg concentrations of AdoMet (ranging

from 3 to 1mM) for different time. AdoMet causeslase- and time-dependent reduction of
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cell viability with an IC50 (50% inhibitory concemation) value of 30QuM, after 72 hours
treatment.

To further explore the biological effects of Adotylere analyzed the principal death
mechanism as apoptotic, autophagic and endoplastiotlum stress (ER-stress) processes
by different assay.

In particular, FACS analysis highlighted the dbilbf sulfonium compound to induce
apoptotic death in laryngeal squamous cancer c#&)-SCC-011 reached about 4% and
19% of apoptosis after 48 and 72 hours treatmetit 800 UM AdoMet. The activation of
apoptotic process was confirmed by a significastaase of Bax/Bcl-2 pro-apoptotic ratio,
paralleled by poly (ADP ribose) polymerase (PARRY &aspase-9, 6 and 7 cleavages, as
revealed by Western Blotting analysis.

The autophagy occurrence was evaluated by lys@raed staining, a fluorescent
probe for labeling and tracking of acidic orgamgllancluding autophagosome and
autolysosome structures. The results obtained ked@am increase in the average fluorescence
intensity in cells treated with 200 and 300 AdoMet after 24 and 48 hours, compared to
controls, providing a first indication that AdoMets able to trigger autophagy process. This
result was accompanied by the increase of thededethe principal autophagic marker such
as the “microtubule-associated protein light ctgfi (LC3B-I1).

Moreover, we have evaluated the ability of sulimmicompound to induce ER-stress
in JHU-SCC-011cell line. Cells were treated wittD2ehd 300uM AdoMet for 24 and 48
hours and analyzed by fluorescence microscopy u&tRgTracker, a vital dye that
accumulates into ER. AdoMet greatly increased #goence of cells compared to untreated
cells, and caused morphological changes of the tB&, appeared enlarged, due to the
activation of the ER process.

To validate the effectiveness of AdoMet as an EBss inducer, we evaluated the
activation of ER-stress markers, and their dowastreignaling molecules by gRT-PCR and
Western blotting. The quantitative analysis showleel increase of transcriptional sXBP1
levels and an increase in the transcriptional aadstational levels of CHOP, the main
mediator of the apoptotic process activated by E&ss. Furthermore, AdoMet caused an
increase of both pJNK/INK, pERK/ERK1/2 and pP38/IP&#, proteins belonging to the
family of protein kinases activated by mitogens (R¥). A deep study of literature has

shown a correlation between the activation of apsiptby ER-stress and the increase in the
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expression of MAPK, identifying the activation oREstress as a possible mechanism by
which AdoMet triggers apoptosis.

The potential of AdoMet as antiproliferative anw+apoptotic agent and the fact it is
an approved nutritional supplement lead us to iiyate its possible synergistic effects with
other chemioterapics, used for the treatment sfikimd of tumors.

To this purpose, we have used AdoMet in combinatiath cDDP. The drugs
combination was found to be strongly synergistidjew the two drugs were used at
concentrations of 200M AdoMet and 0.18&:M cDDP. The administration of the two drugs
showed by FACS analysis an increase of apoptosidgiwestern blotting a strong decrease
of pro-caspase 9, pro-caspase 6, and PARP pratgihan increase of the Bax /Bcl2, pERK /
ERK1/2 and pJNK / JNK ratio.

Overall, these data suggest that the activatiorERfstress represents a possible
mechanism underlying the pro-apoptotic effect obKet, and that the sulfonium compound
can be used in combination with cDDP, or its anslag the treatment of laryngeal cancer,
combining therapeutic efficacy with lower toxiciy the drug currently in use.

Recently, a new class of small non-coding RNA muales, known as microRNAs
(miRNASs), has been associated with several humsgades including laryngeal cancer.

In the second part of my thesis, it has been evadlthe regulation of miRNAs
expression profiling following AdoMet-treatment JHU-SCC-011 laryngeal cancer cell line,
in order to detect the direct involvement of miRN&s the inhibition of cell proliferation
exerted by the sulfonium compound.

Microarray analysis after 72 hours of JHU-SCC-@rhtment with 30QuM AdoMet
revealed different significantly modulated miRNAkel miR-187, miR-487b, miR-615-5p,
miR-618 e miR-888-5p, compared to controls, allttkém involved in the regulation of
proliferation and/or survival. In particular, miRN888-5p was found to be significantly
down-regulated and this result was then confirmgdgbantitative real-time PCR (gRT-
PCR).Afterwards, we transfected laryngeal cellhwiiR-888-5p mimic and inhibitor in free
medium or medium supplemented with 300 AdoMet, for 72 hours.

The miRNA mimics are small molecules of chemicaipdified double stranded
RNAs that mimic endogenous miRNAs and allow funediloanalysis by up-regulation of the
molecule. On the other hand, miRNA inhibitors aldeato specifically bind and inhibit
endogenous microRNAs molecules and allow functicaaédlysis by reducing biological

activity.
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The data obtained provide evidences that miR-§88téne induces apoptosis and this
effect is enhanced by the addition of AdoMet. Oa tther hand, miR-888-5p mimic displays
opposite effects. These results were confirmed lestdfn blot analysis of main apoptotic
markers pro-caspase 9, pro-caspase 7, pro-caspagERBARP proteins, whose protein levels
were down-regulated by the AdoMet and miRNA infabitombination.

Overall, this study contributes to better underdtthe mechanism by which AdoMet
exerts its antiproliferative and pro-apoptotic effen laryngeal squamous cancer cells,
highlighting the involvement of miR-888-5p in thehibition of apoptotic process exerted by
AdoMet.
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INTRODUCTION

S-Adenosylmethionine
S-Adenosyl-L-methionine (AdoMet, also abbreviatedhwSAM or SAMe) is the

principal biological methyl donor synthesized ihmmammalian cells that plays a primary role
in cellular metabolism since it is involved in adei variety of important biochemical
processes (1-4). The peculiar AdoMet biochemical@éas chemical properties are inherent
to its sulfonium pole that makes the three carbimma (bound to the sulfur atom) highly
susceptible to nucleophilic substitution; this rersdthe molecule extremely reactive and able
to donate the methyl group, aminopropyl group asehasyl group (1-2)(Fig.1).AdoMet and
its decarboxylated product, S-adenosyl-(5")-3-miétigpropylamine, represent the only

sulfonium compounds detectable in mammalian tissues

_+_
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Fig. 1 - S-Adenosylmethionine and sulfonium ion (imed) chemical structure.

The central role of AdoMet in cellular metabolissnwell known since its discovery
by Giulio Cantoni, in 1952 (5).He elegantly demoatgtd that AdoMet biosynthesis is
performed starting from ATP and methionine by AddéMsynthetase or methionine

adenosyltransferase (MAT) (EC 2.5.1.6), accordmthé reaction shown in Figure 2.
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The reaction occurs in two-step mechanism, in hicstly, the adenosyl group is
transferred from ATP to the sulfur atom of methrmaileading to the synthesis of AdoMet
and tripolyphosphate. In the second reaction, lygwsphate is hydrolyzed to
orthophosphate and pyrophosphate allowing the sele&the three products (6-8). All living
cells, with the only exception of some parasites iafectious agents, which acquire AdoMet
from their hosts, express MAT (9).

; c00 M,
|
=M, = 0 0 0 CH -J
T \ ) 3. IV
OH, < W A S ) CH2 <
b ; Lo
CH: 0 0 0 N 0 0 0

- CH
3 Methionine adenosyltransferase
(MAT) n

Methionine ATP S-Adenosylmethionine

Fig. 2 - S-Adenosylmethionine biosynthesis.

MAT has been purified and characterized extengivel Bacteria, Eukaryaand
Archaea (10-14). Three distinct MAT gene$JAT1A MAT2A and MAT2B encode the
protein products, MA®1, MATa2, and MATB respectivelyMAT1Ais mainly expressed in
liver (mostly hepatocytes), the major site of swsik and utilization of AdoMet, and
pancreatic acinar cells. It encodes for a 396 aracid protein that forms wither a homodimer
(MATIII) or a homotetramer (MATI).MAT2Ais expressed by all extrahepatic tissues with
predominance in the fetal liver, encoding for aabaic subunit ¢2) organized into
isoenzyme MATII that exists in polymeric forms @ifént from tissue to tissue. A third gene,
MAT2B which encodes for f-regulatory subunit existing in two distinct spfigi variants:
V1 and V2 that differ in the amino acid sequencetld NH2-terminal portion. The
expression of th&1AT2B gene was observed only in mammals, specificallglirthe extra-
hepatic tissues and at low levels in the adulr|{(t&-16).

Both splicing isoforms of the regulatory subyhitissociated with MATII, regulate its
catalytic activity lowering the Km value for methioe and the Ki for AdoMet, thus making
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the isoenzyme MATII the most efficient but also thest susceptible to AdoMet-inhibition
feedback (15-16).

The three isoforms of AdoMet synthetase, everhdytcatalyze the same reaction,
differ in kinetic and physico-chemical charactecist regulatory properties and susceptibility
to inhibitors. The Km for the substrate methioniméowest for MATII (4-10uM), followed
by MATI (23 uM -1 mM) and is highest for MATIII (21pM - 1 mM). The product of MAT
activity, AdoMet, is a feedback inhibitor of certaiMAT isoenzymes at specific
concentrations; MATII has high sensitivity to AdoMmhibition, with a 50% inhibitory
concentration (IC50) of 60 uM, the normal physiatad) level of the sulfonium compound,
whereas it minimally inhibited MATI (IC50=400 pMQn the contrary, MATIII is stimulated
at high AdoMet levels (as 500uM) (17).

Given the difference in kinetics and regulatorggarties, the type of MAT isoenzyme
expressed can influence cellular AdoMet levels. <&xient with this, the intracellular
concentration of AdoMet is higher in the cells eeq@edMAT1A gene rather than those
expressingMAT2AThe presence of several CpG islands on the pronbtihe MAT1A and
MAT2Agenes has highlighted the existence of an epigematichanism which regulates the
expression of such genes. In fact, it has been dstrated that the switch in the expression of
the MAT genes is associated with the hypermettgmatf the MAT1A promoter gene and
simultaneously with hypomethylation dfIAT2A promoter gene (16-19). Due to kinetic
differences and regulatory properties discussedregba switch fromMAT1A to MAT2A
expression results in lower steady state AdoMeellepredisposing the liver to develop
steatohepatitis, cirrhosis, and ultimately hepdtolee carcinoma (HCC)(16-19). It has been
shown that the enzymatic activity reduction or epigtic regulation ofMAT1A gene
contributes to pathogenesis and tumor progressiopatients affected by liver cirrhosis,
causing hyper-methioninemia and delay of plasmaralece of methionine.

Recently, the presence of MAT in the nucleus heenldemonstrated (20) and it has
been hypothesized that this MAT activity might bedlved in providing a source of nuclear
AdoMet necessary for DNA or histone methylation.

Although most studies reporting MAT gene involvermé liver cancer, there are
increasing reports thaflAT2A and MAT2B are also dysregulated in other cancers, namely:
colon, gastric, breast, pancreatic, and prostateerg21).

It is known that the sulfonium compound plays ananiy role in cellular metabolism,

since it represents the link to three key metaboiathways: transmethylation,
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transsulfuration, and polyamine synthesis. In aolditAdoMet is involved as donor of the

lateral chain in the biosynthesis of diphthamidénylene and in several post-translational
modification reactions during tRNA biosynthesisrthermore, AdoMet is able to donate the
NH2-group of the lateral chain during the biotim#hesis as well as the whole adenosyl
portion. The sulfonium compound can also functian alosteric modulator in several

enzymatic reactions (1-2) and it is able to mediabeel radical chemical reactions in

anaerobic organisms, in which biochemical trans&dioms are regulated by AdoMet radical
enzymes (22). In addition, AdoMet in the liver i3 inportant regulator of the glutathione
levels, the well-known endogenous antioxidant imedl in the prevention of liver diseases
(23).

The first known and well studied metabolic reattisince the elucidation of the
AdoMet’s structure is the transmethylation pathwéere the sulfonium compound donates
its methyl group to a large variety of acceptor e@cales in reactions catalyzed by
methyltransferase. In mammals AdoMet is the mairthgledonor, while N5-methyltetra-
hydrofolate, methyl cobalamin and betaine are iogpdd as methyl donors only in few
reactions, as they are less efficient in trangigrthe methyl group. The several chemical
acceptors of the methyl group from AdoMet are gsnpgly high because the
transmethylation reactions are involved in the yadisesis of a wide range of metabolites
with consequent formation of N-CH3 bonds (for exéamgmline); S-CH3 bonds (methionine);
O-CHS3 bonds (phenols etc); and C-CH3 bonds (agakamstibiotics) (1-4, 24).

Moreover, experimental evidences in the last ybax® suggested the involvement of
AdoMet-dependent transmethylation reactions in iplelt biological processes, such as
differentiation, secretion, bacterial chemotaxiad ggene expression (24-26). In addition,
AdoMet-dependent transmethylation reactions exeitgy role in several cellular processes,
such as DNA/RNA modification and regulation, protepost-translation modification,
phospholipids methylation in the membranes and xifatation processes through small
molecule methylation (23-25).

About DNA regulation AdoMet mediated, the transny&dtion reaction is correlated
to resistance to viral infections (27) as well@astgeneral regulation of gene expression (28).
From a quantitative point of view, methylation e tmajor function of AdoMet since about
95% of the formed sulfonium compound is consumesluich reactions. Approximately 80%

of the formed AdoMet is used in the liver for mdd#ipn of guanidine acetic acid in the
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synthesis of creatine. The variety of compounds dmhds created by enzymatic
transmethylations indicates how these reaction®pamultiple physiological roles.

S-adenosylhomocysteine (AdoHcy or SAH), is gemerads by-product of all
transmethylation reactions, and is hydrolized tonflhomocysteine (Hcy) and adenosine by a
reversible enzyme known as AdoHcy hydrolase, wilesanodynamics favours biosynthesis
rather than hydrolysis (29n vivo this reaction proceeds as hydrolysis becausertiaupts,
Hcy and adenosine, are promptly removed. AdoHcya igotent competitive inhibitor of
methyltransferases and therefore constitutes aroriaapt regulatory factor (30). The Ki
values of AdoHcy for methyltransferases are sintdaones measured vivo, suggesting that
the concentrations may be one of the factors #wilate methylationis vivo.

There are two fates for homocysteine: to be rentaty to regenerate methionine, or
enter in the transsulfuration pathway to be comekerto cysteine. Methionine can be
regenerated from Hcy via methionine synthase, ayrea that requires vitamin B12 as a
cofactor and uses 5-methyltetrahydrofolate (5-MTHiS) methyl donor, or using betaine-
homocysteine methyltransferase, an enzyme thathetame (trimethylglycine), a metabolite
of choline. Tetrahydrofolate is generated as a toghpct of methionine synthase and is
converted to 5-10-MTHF to complete the folate cydlet, 29).

The transsulfuration pathway links AdoMet to cystebiosynthesis. Here Hcy is
converted to cysteine (the limiting reagent in glhione (GSH) synthesis) through a two-step
enzymatic process catalyzed by cystathiorfirgynthase and cystathionase, both requiring
vitamin B6 (31).

In the liver, AdoMet inhibits methyl tetrahydro&té reductase (therefore reduces 5-
MTHF, the substrate for methionine synthase) anvaes cystathionin@-synthase. Thus,
depending on AdoMet level, when it is depleted Heychanneled to re-methylation to
regenerate AdoMet, whereas when the level is higly, is channeled to the transsulfuration
pathway. In Figure 3, the metabolic relationshipsoag transmethylation, transsulfuration
pathways and the folate cycle are summarized .
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Fig. 3- Metabolic relationships among transmethylabn, transsulfuration pathways and

the folate cycle.

In addition to its well-recognized role as a métthgnor in transmethylation reactions,
AdoMet is a key player in the synthesis of polyaesiiiFig.4). Polyamines are low molecular
weight organic polycations that are ubiquitouslidiang cells. Due to their positive charges,
polyamines can bind to macromolecules such as RDWA, and proteins, exerting an
essential role in immune response, cell growthliferation and apoptosis (1-3, 32).

To enter this pathway, AdoMet needs first to beadieoxylated to S-adenosyl-(5')-3-
methylthiopropylamine (dcAdoMet) by AdoMet decartase, which is the rate-limiting
step for polyamine synthesis. The predominant poigas in mammalian cells are
spermidine and spermine. As consequence of sudyrtitetic reaction, two moles of 5'-
deoxy-5'-methylthioadenosine (MTA) are released ipete of spermine and one mole of
MTA per mole of spermidine. Therefore, lfukaryapolyamine biosynthesis represents the

major pathway of MTA formation.
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A deep study of the literature concerning the pilggical and pathophysiological
roles of AdoMet, have highlighted the therapeutiteptial of AdoMet in the treatment of
osteoarthritis, depression, and neurodegeneratsgask (33-39) (Fig. 5), suggesting that it
acts as anti-inflammatory, anti-depressant and gasal agent. Clinical trials have
demonstrated that AdoMet has the same efficacgduaing joint pain and inflammation as
no steroidal anti-inflammatory drugs (34). ThereeMdence that AdoMet epigenetically
modulates the expression of genes coding for inflatory mediators, for example, tumor
necrosis factor-alpha, interleukin 10, chemokineGnotif) ligand 2 (CCL2) and C-C
chemokine receptor type 2 (CCR2) (35). AdoMet asiidlammatory action might be
important in the treatment of depression, as infle@tion might play a role in its initiation
and progression. Furthermore, it has been showrftaaulfonium compound increases brain
serotonin levels, acting as an anti-depressant, tuigwith fewer side effects (36). Alteration
in trans-methylation mechanisms have been desctdbedcur in neurodegenerative diseases,
such as Parkinson, Alzheimer as well as in moreptexnpsychiatric syndromes, such as
schizophrenia and dementia (40-45). Taken togethenmnurine (42) and early human studies
(43)demonstrate that AdoMet can positively affedlirharks of Alzheimer disease

(presenilinl expressiong and y secretase activity, amyloi@¢ generation, phosphotau

20



accumulation and acetylcholine synthesis), as a®lits clinical manifestations (depressi
cognition, and aggressio A few studies also suggest a role for the sulfonaompouid in

cartilage repair, although the underlying mechasiane not clei (34).

Liver Disease

Y 4

Fig. 5- Therapeutic potential of S-adenosylmethionine.

AdoMet is used for int-hepatic cholestasis treatment as well as to cum@nahliver
diseases due tolc@hol abus (37). Clinical studies have shown that after Adol
administration to patients with in-hepatic cholestasis, the liver functions were $icgtly
improved. Serum total bilirubin, alkaline phosplsataalanine aminotransferase, aspa
aminotransferase and gam-glutamyl transpeptidase levels were significantgducec
within the third week of treatment and came backntomal levels after four week
demonstrating the cytoprotective action of themulim compound in acute and chronver
damage (4% A clinical study in 123 subjects, men and womeith liver insufficiency due tc
alcohol abuse, demonstrated that treatment with siiéonium compound for 2 yea
increased life expectancy and dele the need of liver transplant (). Furthermore, it has
been shown that patients with cirrhosis had deedeMAT1A expression, with conseque
accumulation of methionine and significantly redliAdoMet levels 16,18).

The physiological roles of the sulfonium compoundiver and its theapeutic use in
liver disease are reviewec-depth in the literaturel, 16, 37, 38, 4€¢47).
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To confirm such positive clinical outcomes and dale new therapies, more studies
are needed with a larger population and with lorigEatments. Because of its involvement in
many physiological and pathological roles, AdoMa be considered as a structural model to
design potential new pharmacological inhibitorstilioday, several pharmacological studies
are involved in the development of alternatives atable AdoMet formulations due to its
potential versatility in the treatment of numeraliseases.

In recent years, several new metabolic functicagehbeen assigned to this important
and widely occurring sulfonium compound that is nconsidered a key regulator in diverse

cellular processes including proliferation and apsjs (48-52).

S-Adenosylmethionine and cancer

In addition to multiple functions performed by Adet in cellular metabolism,
recently manyin vitro and in vivo studies have shown the involvement of the sulfonium
compound in various cellular processes, includingliferation, differentiation, cell cycle
regulation and apoptosis (3, 17-18, 48-52).

Most of the scientific papers in the literaturpog data on liver, hepatocarcinogenesis
and HCC. AdoMet, the main methyl group donor indk#s, since its discovery, has emerged
as a key molecule that plays a central role in mooeehepatic processes. In fact, it was well-
known that the impairment in AdoMet biosynthesisyntantribute to the pathogenesis of
liver disease and predisposition to malignant degsion. Furthermore, growing evidence
has elucidated several molecular mechanisms byhwAidoMet exerts its inhibition on
hepatocytes proliferation (49-51).

One of the molecular mechanisms by which AdoMeticed uncontrolled liver cells
proliferation seems to be the inhibition of mitogesignal induced by the hepatocyte growth
factor (HGF) (51-53). HGF phosphorylates and subsetly activates the liver kinase Bl
(LKB1)/AMP-activated protein kinase (AMPK), whoseti@ation promotes the translocation
from the nucleus to the cytosol of HUR (human amtidr); in the nucleus this protein
stabilizes several cell-cycle genes such as cyslinand D1, allowing the hepatocytes to
proliferate (51). AdoMet, through the methylatiohpootein phosphatase 2A (PP2A) and its
association to AMPK, is able to prevent this pracky inhibiting the phosphorylation of
AMPK (52-53). Consequently, HUR is not transportedhe cytoplasm and the stabilization
of target genes does not occur, so the half-lifhefmRNAs encoding the cyclin A2, D1 and
D2 (52-53) and p53 and ubiquitin carboxyl-termihgdirolase 7 (USP7) (51) are increased.
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Tomasiet al, have proposed a different mechanism by which Aebdftoplasmic
levels affect the hepatic cell growth. Extracelfudggnal regulated kinase (ERK) activation is
one of the several growth signals associated wghiyr malignant HCC phenotypes and it is
tightly regulated in normal liver cells. One waydhgh which ERK activity is kept under
control is by the action of the dual-specificity MK phosphatase (DUSP1). DUSP1
deregulation and the ERK1/2 overexpression induegp@a HCC progression in humans (54).
AdoMet stabilizes DUSP1 that can dephosphorylatéh serine/threonine and tyrosine
residues of ERK1/2, controlling the MAPK signaliagtivity (54). It has been shown that in
the liver of MAT1A-KO mice, mRNA and protein leveBUSP1 are significantly reduced,
whereas AdoMet treatment increases the stabilith®@DUSP1 mRNA and its protein levels.
AdoMet normalized DUSP1 mRNA level likely by enhangs p53 binding to its consensus
element in the DUSP1 promoter or through its degfiad by proteasome. These results are
in agreement with the observation that the AdoMeipeoliferative effect is mediated by the
inhibition of ERK1/2 (54).

Several abnormal pathways are responsible for He@elopment. During the
hepatocarcinogenesis, global DNA hypomethylatiaduaes genomic instability (Gl), which
is the result of chromosomal rearrangements, dafpbdics, genomic mutations, deletion,
replication errors and global DNA hypomethylatidsb). Therefore, multiple DNA repair
mechanisms exist and ensure that these alteradi@nsonstantly and efficiently repaired in
normal cells, defending against Gl; one of the mw#ical is the apurinic/apyrimidinic
endonuclease 1 (APEX1), which is a multifunctiopadtein possessing both DNA repair and
redox regulatory activities.

Different experimental data could explain the chpregentive action of AdoMet and
why its chronic deficiency predisposes to to hepaltalar carcinoma (55). It is well known
that in MAT1A-KO mice, which show chronic hepaticld@Met deficiency, AdoMet depletion
destabilizes APEX1 protein and increased Gl, pdgddrilitating malignant degeneration
(55)In vitro experiments performed on human and murine hep&®ayemonstrated that
AdoMet stabilizes APEX1 protein, probably prevegtits proteosomal degradation.

The development of HCCis also associated with apslcrease in polyamine
synthesis, due to a progressive upregulation of @¥C gene (encoding the ornithine
decarboxylase), that can lead to fast proliferatbmpreneoplastic and neoplastic liver cells
(56-57). It has been shown that the sulfonium camgomay interfere with polyamine

synthesis, and consequently cell proliferationirthybiting ODC activity(56-57).
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AdoMet also regulates hepatocytes death responaeg & al, demonstrated that
AdoMet induces apoptosis in HepG2 and HuH-7 hemditdar cell lines by activating the
mitochondrial death pathway (58). The pro-apopteftfect of AdoMet is accompanied by the
release of cytochrome c involving in the regulatminthe pro-apoptotic Bcl-xS isoform.
Bcl-x is alternatively spliced to produce two distintRNAs encoding for the proteins Bcl-
xL and Bcl-xS, that have antagonist function, amoptotic and pro-apoptotic, respectively.
The sulfonium compound selectively induces -B8I synthesis by activating SR protein—
mediated alternative splicing. This occurs throtige activation of protein phosphatase 1
(PP1), which leads to dephosphorylation of SR pmetenecessary in the Bcl-x splicing
reaction. This effect has not been verified in @riyncultures of hepatocytes (58).

HCC development is often associated with epigenghianges that affect tHdAT
genes expression at both transcriptional and passtriptional levels (59-61). Recent studies
demonstrated that in the adult liver, under pathickl conditions, a switctMAT1A-MAT2A
could occur (reductionMAT1A gene expression and concomitakAT2A gene over-
expression) with consequent reduction of the phggioal AdoMet levels.

In HCC cells MAT1A/MAT2Aswitch is associated with global DNA hypomethylati
reduction in DNA repair, genomic instability, anigrsaling upregulation including c-MYC
overexpression, upregulation of RAS/ERK, IKK/NF-KBI3K/AKT and finally rise in
polyamine synthesis. Furthermore, decreas® Al 1A expression and AdoMet levels are
associated with increase in HCC cell proliferaticel] survival, and microvascularization. All
of these changes are reversed by AdoMet treatmento or forcedMAT1Aoverexpression
or MAT2Ainhibition in cultured HCC cells. Therefore, tMAT1A/MAT2Agenes expression
ratiois pathogenetically important, infact it coddt as a HCC prognostic biomarker, while
the regulation of the genes encoding the isoenzyM@&d can represent a potential
therapeutic target (59-60).

Moreover, accumulating evidence indicates thataascof mMRNA-binding proteins
(RBPs) plays a pivotal role in post-transcriptiodaregulation of gene expression inHCC.
Among RBPs, AU-rich element RNA-binding protein AUF1) reduces the stability of
MAT1AMRNA, while HuR selectively binds to AU rich elemsg, promoting the stabilization
of MAT2AmMRNA (19, 61).

Li and collaborators have investigated the medmarby which AdoMet exerts its
antiproliferative effect in colon and liver canc&he sulfonium compound is able to block the
Wnt/Bcatenin signaling pathway through two different hrdsms. In colon cancer cells
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(SW480) and liver cells (HCT116), with constituliyeactive B-catenin signaling, the
treatment with AdoMt inhibits B-catenin activityexcluding it from the nuclear conrtment
(62). In colon cancer (RKO) and liver (H-7) cells, expressing wi-type Wntp-catenin, the
sulfonium compound leads tB-catenin degradation in the proteasome by a meahe
glycogen synthase kine-3p (GSK-33) mediated (62).

The peiotropic effects of AdoMet treatment during hepatocarcirnesis are
summarized in Figure: AdoMet stabilizes APEX reducing C; AdoMet inhibits the
LKB1/AMPK axis increasing HUR cytoplasmic concetitba that stabilizesp53 USP7&nd
cyclins mRNAs; AdoMet inhibits RAS/ERK pathway by activating PP2Ad DUSP1 an

interferes with the cell cycle inhibiting polyama biosynthesis.
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Fig. 6 - Pleiotropic effects of AdoMet treatment during hep&ocarcinogenesis
Apart from AdoMet action on liver cancerlls, recent tidies have highlighted t

ability of AdoMetto counteract the progression of many other huraarots, although witl

different mecharsims (6-71).
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In colon cancer, AdoMet was able to induce apoptgiiocess and reduce the
mechanism of inflammation (63). ket al, report that AdoMet treatment of RKO and HT-29
colon carcinoma cells reduces the expression afraéanti-apoptotic genes, such as the gene
encoding FLICE-like inhibitory protein (cFLIP) (63EFLIP is a protein homologous to
caspase 8 but lacks of catalytic domain. TherefoFd,IP can dimerize with caspase 8,
forming an inhibitory complex that inhibits apopgsMoreover, the AdoMet treatment leads
to the activation of caspase 8, leading a proteoktit of the Bid protein, which in turn
activates Bid protein through a proteolytic cutadmg to cytochrome c release from the
mitochondria and to apoptosome formation, a comptesolved in the activation of the
apoptotic process (63).

It has been shown that AdoMet and its metabolifBAMeduce the inflammation-
induced colon tumor multiplicity, size and tumordbby inhibiting fundamental pathways
involved in colon carcinogenesis (64). In Balb/cceniwith drug-induced colon cancer,
AdoMet and MTA treatment reduced tumor load of @b#@%. These treatments induced
apoptosis and inhibited many signaling pathwaysoirtgmt in colon carcinogenesis, including
B-catenin, IL-6 signaling, pro-inflammatory cytokind.-1p and several pro-growth and
proliferation pathways (64).

The phenotype of a tumor cell is the result ofedes of genetic and epigenetic
events (activation of oncogenes, inactivation afdu suppressor genes, translocations,
hypermethylation, hypomethylation, etc.). Changethe methylation pattern in the region of
gene promoters are one of the ways of regulatimg ggpression at the transcriptional level.

Zhao et al. demonstrated that AdoMet treatment inhibits, ind@se- and time-
dependent manner, the growth of SGC- 7901 and MBNydstric cells through a down-
regulation in the expression of urokinase-typermlasgen activator (UPA) ardMY Cgenes,
by partly or completely methylation of these gernasvivo AdoMet treatment reduces the
volume of gastric xenografts tumors in male Batoitnu mice (65).

It has also been shown, that in MGC-803 humanrigasancer cells and in HT-29
colon carcinoma cells;-MYC and H-RASoncogenes are in hypomethylated state so their
expression levels are particularly high. AdoMetaisle to effectively induce the DNA
methylation in the promoter of such oncogenes, bitihg protein expression and
consequently reducing tumorigenesis. It is intémgsto underline thatin normal cells,
oncogenicc-MYC and H-RAS are supposed to be hypermethylated, therefore AtoMe
treatment should not have any effect on their matton pattern (66).
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Moreover, other findings suggest that AdoMet ied@fve in the primary stage of
osteosarcoma (67). In human LM-7 and MG-63 osteosaa cells, AdoMet treatment leads
to a dose-dependent decrease of cell proliferatiod invasiveness of tumor cells. The
mechanism is mediated by the lower expression of2Sand by an up-regulation of
translational-controlled tumor protein, both proteilinked to the proliferative ability of
normal bone tissue (67).

In addition, our research group has recently sldotat AdoMet strongly inhibits
proliferation of U20S osteosarcoma cells by slowdagvn cell cycle progression, causing a
reduction in protein expression levels of cyclimid E, an increase of p53 and p21 cell-cycle
inhibitor, as well as by triggering apoptosis (68he AdoMet-induced antiproliferative
effects were dynamically accompanied by profoundnges in protein and phosphorylation
levels of ERK1/2 and STAT3 (68).

Furthermore, our research group has deeply imgadsti AdoMet antiproliferative
effect on different hormone-dependent and -independbreast cancer cell lines and has
proposed the possible cell death mechanism redgen&ir the synergistic effect of the
combination of the sulfonium compound with doxowiii(Doxo), one of the most one of
milestones in the treatment of breast cancer (§99tfe mechanisms of cell death induced by
the synergistic combination AdoMet/Doxo has beeal@ated in hormone-dependent CG5
cells, with special interest upon programmed ceditd. AdoMet/Doxo combination induced a
significant activation of the extrinsic apoptotiagedto increase of Fas death receptor and its
ligand expression (FasL). These results highliglet importance of the synergistic effect of
AdoMet with Doxo in the regulation of hormone-de@ent breast cancer cell proliferation
and emphasize the anti-tumor activity of these owdés (69).

In Figure 7 is summarized the different mechanfsmoMet mediated, by which the

sulfonium compound exert its antiproliferative, faooptotic and antimetastatic effects.
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Fig. 7 - AdoMet’'s ability to counteract the progression of many human tumors by

different mechanisms.

In MCF-7 cells, AdoMet fulfills a strong inhibitory effean cell proliferation b
inducing bothautophagy and apopto. AdoMet consistently enhanced the levels the
autophagy markers bec-1 and LC3BH, and caused a significant increase of-apoptotic
Bax/Bcl-2 ratio paralleled byPoly (ADP ribose) polymeraséARP) and caspase 9, ant
cleavage. Notably, AdoMet, already at low dosegserhthe percentage cells in G/M
phase of cell cycle by dow-regulating the expression of cell cyekgulatory proteins cycli
B and cyclin E with a remarkable increase of p537,mand p21We also dmonstrated that
the combination of AdoMet and the autophagy inbibithioroquine (CLC)potentiates
apoptosis occurrendgig. €) (70).These effects were paralleled by a strong inhibitd the
activity of AKT and of the downstream effector mTGIRd by an increased cleavage

caspas& and PARP. These data suggest, for trst time, that autophagy can act as
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escape mechanism from the apoptotic activity of Md and that AdoMet could be used
combination with CLC or its analogs in the treattn&fbreast cance70).

AdoMet \
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- /\ | / —|»\ &g ':

Fig. 8 - Antitumor effecis of AdoMet on MCF7 cells Source:The Anticancer Effects o-
Adenosylmethionine on Breast Cancer CeJSM Chemistry, 23:-6633., 2017. Reference
n.71.

Emerging evidences document the involvement of AdbM the regulation of gen
responsible of célnvasionand metastasis (72-y&nd many research groups studied in d
the epigenetic regulation induced by AdoMet on miletiron status of genes involved in 1
invasion and metastases proce:

Chik and colleagues demonstrated that AdoMet synesgvith theDNA methylation
inhibitor 5-aza-2deoxycytidine to suppress uPA expression, therdétgking MDA-MB-231
cell invasiveness (72).

It has been shown that the treatment of in highyasive MDA-MB-231 breast cancer
cells as well as PG-prostate cancer cewith AdoMetsignificantly inhibits uPA and MMP
expression resulting in a strong inhibition of tunoell invasionin vitro and tumor growth

and metastasis vivo (73-74).
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More recently, it was been reported that AdoMethke to enhance the anti-metastatic
effect of gemcitabine in pancreatic cancer throtighinhibition JAK2/STAT3 pathway (75)
and in association with selenium compounds in hug®gmical cancer HelLa cells, inhibits
cell proliferation, migration and adhesion, by affieg ERK and AKT signaling pathways
(76).

It is interesting to note that AdoMet is availabke a dietary supplement in the United
States since 1999 and pharmaceutical preparationthi® compound are available as
intravenous, intramuscular, and oral forms. Reviefwslinical studies to date indicate that, at
pharmacological doses, AdoMet has a low inciderficgide effects with an excellent record
of tolerability. Moreover, no toxic or antiprolifative effects have been reported in normal,
non tumorigenic cells. Thus, it is conceivable ttret concentrations of AdoMet that would
inhibit cancer cell proliferation, used in our aslmas in other studies, could be useful for

therapeutic purpose.
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Laryngeal Squamous Cell Carcinoma

Laryngeal Squamous Cell Carcinoma (LSCC) represappsoximately one-third of
all Head and Neck Squamous Cell Carcinoma (HNSG) due to its highly aggressive
features, is considered a major cause of cancatereldeaths, with more than 150,000 new
cases diagnosed annually.

The diagnosis of LSCC is made according to theldvVdealth Organization (WHO)
classification from a surgical biopsy sample (77%-80

The larynx extends from the tip of the epiglottisthe inferior border of the cricoid
cartilage. The vast majorities of malignant neoplaf the larynx arise from the surface
epithelium and are therefore classified as keratigi or non keratinizing squamous cell
carcinomas. Laryngeal cancers are divided intoagylpttic, glottic, and subglottic subsites,
with pathophysiology and treatment differing acaogdo the subsite.

Several risk factors have been implicated in thiagmenesis of laryngeal cancer.The
most significant of these are tobacco and alcobokamption (77). A dose-dependent effect
of cigarette smoking has been observed, and tkdaisancer remains elevated even several
years after smoking cessation. Exposure to sewthal environmental factors is thought to
potentially increase the risk of LSCC, such as st&lse polycyclic aromatic hydrocarbons,
and textile dust. Dietary factors have also beetedyowith red meat increasing the risk of
laryngeal cancer, while a diet varied in fruit aretjetables potentially has a protective effect.
Other risk factors, including human papilloma virigPV) and laryngopharyngeal reflux,
remain under investigation and their link to largafcancer is controversial (78-79).

Given the unique physiological function of the laxy there are several common
presenting symptoms such as hoarseness, dyspldgspmea, and swallowing dysfunction.

Patients who suffer with laryngeal cancer are comgnin older age group, with a
long-term survival rate of less than 50%. Malesapproximately three times more likely to
develop LSCC than females.

Laryngeal carcinoma infiltrates locally in the noga and beneath the mucosa and can
metastasize via the lymphatic system and the btomals. If it spreads, the cancer has a
worse prognosis and can be fatal. Prognosis hasouag little in the past 30 years (78).
About half of affected individuals survive more thfve years after diagnosis.

Treatment is predominantly based on the stagbeoflisease. Factors such as patient
fitness, baseline swallow, airway functional statasd others are considered before
determining the treatment plan (81-82).
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Over the past three decades, laryngeal cancetmies has changed drastically,
moving from the classic laryngectomy approach ® ¢bmbination with chemotherapy and
radiotherapy. The surgery and radiation is usuadlyd in combination, because the radiation
can be destroyed small areas of cancer that cdmeoemoved surgically. In general, the
early-stage patients retain vocal and swallowingfwns after treatment. However, advanced
patients often suffer from permanent tracheostomy kss of natural voice. Sometimes
before radiotherapy is given chemotherapy to shtimk tumor and help to make the
radiotherapy more effective. Chemotherapy drugsmonly used to treat HNSCC are agents
such as cisplatin, carboplatin, docetaxel and Eofltacil (81). Targeted molecular therapies
were developed since the discovery of role of epidé growth factor receptor (EGFR)
signaling in HNSCC development, progression andgmposis. These targeted therapies
include monoclonal antibodies (such as cetuximanjtpmumab etc.) and tyrosine kinase
inhibitors(such as erlotinib, gefitinib, etc.). Onéthe main risks of targeted therapy is that
the cancer cells can become immune to the treasment

Cisplatin-based chemotherapy is the mainstay plyeia@ LSCC. However, intrinsic or
acquired drug resistance during the course ofrdarhent is the major limitation of its usage
(82). The proposed mechanisms of resistance indbderges in cellular uptake and efflux of
cisplatin, increased biotransformation and detoatfon in the liver, and increase in DNA
repair and anti-apoptotic mechanisms (82). Degpieprogress made in treatment regimes,
the 5-year mortality rate has not changed, remgiamound 50%. This is due to high toxicity
induced by the drugs used for the treatment of LS&@ to occurrence of drug resistance
mechanisms, which limit their use.

In this regard, there is a strong interest to idigrand develop new LSCC therapies
that take advantage of the combination of natumnmounds and chemotherapeutic
molecules currently used for LSCC (83-86).

Baharuddinet al studied the effect of curcumin in non-small cklhg cancer
(NSCLC) cell lines (A549 and H2170), and they fouhdt curcumin sensitized those cell
population to cisplatin treatment by downregulatingyclin D1 and activating
p21/Apaf/caspase-9 pathway. Therefore, the tredtmvéh a combination of curcumin and
cisplatin induced cell cycle arrest resulting ie thitiation of the intrinsic apoptotic pathway
(83).

Moreover, the combination of curcumin and cisplaianced growth suppression in

HNSCC, through two different molecular pathwaysjoining NFkB, a regulator of genes
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that control cell proliferation and cell survivalurcumin affects N&B transactivation by
inhibiting IKK kinase activity both in the cytoplas and nucleus, possibly through an
interaction with IKKB. It was hypothesized that nuclear 1K combination with histone H3
is involved in chromatin remodeling of the NFkBrtsaription binding sites. Inhibition of
IKK B by curcumin therefore results in reduction in NFk&upied sites in chromatin leading
to a decrease in NFKkB mediated transcription. @tspl in contrast, downregulates &8~
through a p53 mediated pathway (84).

Liu et al. evaluated the therapeutic effect of the combimat®rberine (BBR), a
compound extracted from a variety of medicinal kedgnd cDDP. The result showed that the
combination of these two compound inhibited ceblieration and induced apoptosis and
necroptosis even more strongly, when compared &ittter BBR or cDDP treated alone as
evidenced by the increased apoptotic and necraotichers, higher expression and activation
of Caspase 3, Caspase 8, and other necrotic mg8&rs

Other findings have also shown that quercetin attsynergy with ribavirin and
cisplatin and can overcome cisplatin resistancea ipatient with ovarian cancer and with
hepatoma (86).

The importance of synergistic combination of chdmodapeutic agents with natural
compounds is represented by the improvement oapleertic efficacy by reducing side effects

and the drug resistance mechanisms.
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MicroRNAs

MicroRNAs (miRNASs) are a class of small, endogenaon-coding transcripts of 16
to 29 nucleotide RNAs that function as the univiespecificity factors in post-transcriptional
gene silencing. They are expressed from longestrgrts encoded in animals, plants, viruses
and single-celled eukaryotes (87-90).

MiRNAs regulate target mRNAs for degradation or nglation repression,
consequently their dysregulation can lead to huniaeases. Recent studies have reported
differentially regulated miRNAs in diverse cancgpds, such as breast cancet-92, lung
cancer §3), prostate cancer (94), colon canc®)(and head and neck cancer (96).

In addition, mIRNAs are secreted into extracelldlaids. Extracellular miRNAs have
been widely reported as potential biomarkers foaiaety of diseases and they also serve as
signaling molecules to mediate cell-cell communaa. Thus, identifying miRNAs, targets
and their functional regulatory networks are caltién understanding normal biological
processes of mMiRNAs and their roles in the devekgrof disease (90).

The first small RNA, lin-4, was discovered by RasdlLee and Rhonda Feinbaum in
1993, through a genetic screening in nematodestesgllates larval development through
translational repression of LIN-14protein. They riduthat lin-4 transcripts inC.elegans
contain sequences complementary to a repeatedrsmgaement in 3’ untranslated region of
lin-14 mRNA. Lin-4 regulatedin-14 through RNA-RNA interactions with the 3' UTR. When
lin-4 was expressed the disappearance of the LIN-14ipratas assisted (97).

In 2000, a second miRNA, let-7, was discovered, aimde then thousands more
MiRNAs have been identified (98).

In most recent version, miRBase reports ~ 2600 mumaRNAs (version 22:
www.mirbase.org 2018) and current estimates sugipastover 30% of human genes are
regulated by miRNAs (99), leading to different efeeon multiple cellular processes.

MiRNA genes can be classified into four groups adcw to their genomic location:
intronic mMIRNA encoded in non-coding transcriptiboaits; exonic miRNA encoded in non-
coding transcriptional units; intronic miRNA encadm protein-coding transcript units, and
exonic mIRNAs encoded in protein-coding transcriptearly half of the known human
mMiRNAs are found in clusters, which are transcrilzedpolycistronic primary transcripts
(100).

Biochemically, the biogenesis of miRNA starts witke transcription of a miRNA

gene by RNA polymerase Il (101). The mRNA trandcap this stage is called primary
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transcript RNA (pri-miRNA) which forms a stem losfructure of 70—100 nucleotide by the
action of double-strand (ds)-RNA-specific ribonade (Drosha) and its binding factor
DiGeorge syndrome critical region gene 8 (DGCR®&R}1 This structure is called precursor
mMiRNA or pre-miRNA which is transported to cytoptady Exportin-5-RanGTP dependent
mechanism where they are further processed to becoature miRNAs by dsRNA specific

ribonuclease (DICER) (103-104). Dicer is a highbnserved and specific enzyme which
firstly recognizes the double-stranded portionhaf pre-miRNA, with a particular affinity the

5’ phosphate and 3’ overhang at the base of tha kiep and which cut both strands of the
duplex, generating an approximately 22~nucleotidé@NA duplex. Following cleavage by

Dicer, the miRNA duplex interacts with the Argonmauprotein (AGO) and then is

incorporated as single-strand RNA into a ribonugtetein complex, known as the RNA-

induced silencing complex (RISC) (105).

The AGO family proteins are composed by three mitsitte domains: the PAZ, MID
and PIWI domains. The PAZ and the MID domains dimdhe 3’ and the 5’ ends of small
RNA, respectively, and in particular PAZ also iates with the PIWI domain, which has a
structure similar to the ribonuclease H (RHase K} & able to cut the RNA strand (106).
Primarily one strand of the miRNA duplex (passergeaind) is degraded, whereas the other
strand (guide strand) is preferentially assembigd the complex. Mature miRNA results
from this process which is bound to a complex. TWiele complex is called miRNA-
associated RNA-induced silencing complex (miRIS@J downregulate gene expression by
two posttranscriptional mechanisms: mRNA cleavag&anslational repression. The degree
of mMIRNA-mRNA complementarity is the major deteranm of the regulatory
posttranscriptional mechanism.

MiRNAs that bind to mRNA targets with imperfect cplamentarity at the sites
located within the BUTR of the mRNA gene block target gene expressibtranslational
level. MiRNAs that bind to their mRNA targets witperfect (or nearly perfect)
complementarity at the sites generally found in ¢bding sequence or open reading frame
(ORF) of the mRNA target induce target mRNA cleaét06). Figure 9, summarizes all the
steps of miRNAs biogenesis (107).
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MiRNA binding sites have also been detected inrothBNA regions including the'5
UTR and coding sequence, as well as within promeigions (108). The binding of miRNAs
to 5 UTR and coding regions have silencing effects emegexpression (109) while miRNA
interaction with promoter region has been reportedinduce transcription (110-111).
However, more studies are required to fully underdtthe functional significance of such
mode of interaction.

Recent studies have shed light on the dynamic eaitimiRNA actions and further
revealed the complexity of miRNA-mediated gene laion. Many factors contribute to the
activity of miRNAs, including subcellular locationmiRNA/mMRNA abundance, cell
type/state, and the availability of different miRISomponents. miRNAs in the nucleus play

a role in regulating transcription and alternaspdicing (90).
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Although a lot of research has been conducted enrdke of miRNAs in disease
development and therapy, still the basic mechanidnaction of miRNAs is not fully

understood.

MIRNAs and tumorigenesis

It has been shown that generally in human neoasere is a global reduction of
total miRNA levels (112). In fact, about 50% of thenes encoding them are found in
chromosomal regions frequently subject to mutatioriumors (called fragile sites) (113).
Genes that code for miRNAs can be subject to tineestypes of mutations that occur in
protein-coding genes (point mutations, deletionspldications), which can inhibit or
promote expression. They can also be epigeneticadiylated by promoter methylation .Next
to mutations, genetic or epigenetic, the expressianiRNAs can also be indirectly regulated
by mechanisms of transcriptional control, in faet transcription of miRNAs is regulated by
proteins, whose expression or function is freqyeaitered in tumors ( as p53, c-MYC). If the
expression of a given transcription factor is inetlcluring tumor transformation process, or
abnormally inhibited, this results in aberrant \aatiion or inhibition of the transcription of all
the genes that this factor controls, among whiah tnRNA genes. In these cases, the
expression of the miRNA can be inserted in a positeedback mechanism, contributing to
keep active the signal path responsible for itsiatidn, or in a negative feedback mechanism,
able to oppose the action. Another indirect medmarto control the expression of miRNAs
regards the onset of mutations in the genes cddinghe proteins involved in the miIRNA
biogenesis (including DICER, DGCRS8); for examplbe tloss of function of an allele
encoding DICER1 was shown to contribute to a glaleairease in cellular miRNA levels and
favoured transformation and neoplastic progresgi@3-115).

Considering that each miRNA can regulate even amelted or more target genes, it
is clear that the aberrant expression of a singRNA can cause consistent changes in the
cell gene expression and therefore in its signdiypays. Because the aberrant expression of
mMIiRNAs is often involved in neoplastic processbgse molecules are interesting targets for
the development of new anti-tumor therapies.

The interest in the study of therapeutic stratetfiasgo to act on miRNAs is linked to
the fact that by intervening therapeutically oniagke molecule it is possible to obtain
multiple effects on the gene expression of the eslleach miRNA regulates very many target

genes.
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There are two approaches in this area: inductiamobsuppressor miRNA expression
and inhibition of oncogenic miIRNA (oncomiRs) exmies. MIRNAs with tumor suppressor
function, which are generally under-expressed imadrxs, can be used as therapeutic
molecules to cause cancer cells to die. On the@agnto inhibit the expression of oncomiRs
it is possible to use molecules able to bind stably MmiIRNA, subtracting it from its
biological function: Since each cell line expresddterent endogenous miRNA levels it is
important to choose carefully whether in an experitrit is necessary to simulate or attenuate
their effect on target gene expression using miRWAmMIc” or “inhibitor”, respectively.
Mimic miRNAs, since they reduce the expressionanfiét genes, are more used in cells that
express a low level of endogenous miRNA and theeef@ve a high expression of target
genes. Instead, cells with high levels of endogenoiRNAs and low expression of target
genes are the most widely used to study the eftectshibitors, which bind to endogenous
MIRNA to prevent it from repressing gene expression

The antimiRNA or miRNAs inhibitor are single-strau] antisense oligonucleotides
designed to inhibit miRNA function. The perfect quementarity of the sequence allows the
antisense oligonucleotide to bind to the miRNA anterfere with its function. Mimic
mMiRNAs are short double-stranded oligonucleotidesvhich one strand is identical to the
mature miRNA sequence (guiding strand) and theratrand is complementary or partially
complementary and complexed with the mature miRNAugnce (passenger filament). The
double-stranded structure for recognition and legddf the guiding strand in the RISC is
required, after which it can function as endogenmmiRNAS to increase the level of miRNA
of interest and to block targeted gene expressiore refficiently (Fig. 10).
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Fig.10 - Schematic representation of miRNA inhibitbn and mimic assays.
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In the light of these considerations, the use dRNA mimic or inhibitor must be
considered a unique opportunity to develop novetlapeutic strategies.

MiRNAs and AdoMet

As already mentioned, AdoMet is the principal métthgnor in all living cells and a
key hepatic regulator. The liver is the principayjan for conversion of dietary methionine
into AdoMet and where up to 85% of all transmethgla reactions. A lot of miRNA has
been correlated to methionine metabolism and limgury. Recent studies reported the
capability of miRNAs to regulate the expression MAT1A gene in HCC, resulting in
decreased AdoMet levels and deregulation of signahsduction pathways linked to
methionine metabolism and MAT activity (116)

The miR-664, miR-485-3p and miR-495 knockdowns iepB2 and Hep3B
hepatocarcinoma cells indud¢AT1A expression and reduce cell growth. In mice models,
subcutaneous and intraparenchymal injection of Bepg2lls, stably expressing these
mMiRNAs, promotes tumorigenesis and metastasis fitomaTreatment of these murine
models with siRNA directed against miR-664, miR-Bband miR-495 showed a reduction
in tumor growth and metastasis formation (116).

It has been also demonstrated that miR-22 and rAlRRezitically contribute to the
inhibition of MAT1AandMTHFR gene expression during 2-acetylaminofluorene-indueg
hepatocarcinogenesis. The downregulatioMaT1Aand MTHFR genes is accompanied by
reduction of AdoMet and AdoMet/AdoHcy ratio and tne alteration of DNA and histone
methylation state, thus causing the promotionwarlcarcinogenesis (117).

To date, a direct correlation between the antifexdiive effect of AdoMet and the
variation of miRNAs expression has never been shown

My group of research have demonstrated for the fiinse that AdoMet was able to
modify miRNAs expression profile in MCF-7 breastncar cell lines. AdoMet treatment
significantly modulated three miRNAs, up-regulatmgR-34a and miR-34c in both cell lines
and down-regulating miR-486-5p expression. Trardi@amsfection experiments showed that
the combination of either miR-34a or miR-34c mimiith AdoMet strongly potentiated the
pro-apoptotic effect of the sulfonium compound, &gtivation of a caspases-dependent
mechanism and activates p53 acetilation by inm@itSirtuinl and Histone Deacetylasel

expression.
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Moreover, miR-486-5p inhibitor enhances the prampbagic effect of AdoMet by
increasing PTEN expression and by inhibiting AK@rsiling (92).

Discovering miRNAs, identifying their targets andther inferring miRNA functions
have been a critical strategy for understandingnabhiological processes of miRNAs and
their roles in the development of disease, likeceanin fact, miRNAs are emerging as
potential diagnostic, prognostic and therapeutaistdor cancer treatment and it is believed
that modulating miRNA expression may representtarg@l therapeutic strategy for treating

cancer.
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RESULTS AND DISCUSSION

In last decade, several reports have highlightedirtvolvement of AdoMet as a key
regulator in different cellular processes such aglifpration, cell differentiation, and
apoptosis botin vitro andin vivo (48, 50-75).

Clinical outcome of LSCC remains discouraging despintensive surgery,
radiotherapy and chemotherapy. The significant midsbassociated with current treatment
modalities has led to continuing investigation afrmeffective and less toxic therapies.

AdoMet, in addition, is an approved nutritional plgment thus lending itself to be
used for therapeutic purposes without the commaitraimdications of chemotherapy drugs.

Despite emerging data from literature on the priliferative and anti-metastatic
effects exerted by AdoMet in a variety of cancdlscare accumulating, today, only few data
are available on the molecular mechanisms underlyfie anticancer effect of AdoMet in
LSCC.

Moreover, recent studies have reported that theraof AdoMet can also be mediated
by a new class of small non-coding RNAs, which @agignificant role in the pathogenesis of
larynx cancer (118), where they can become impbthenapeutic targets.

The goals of the present research is to get ihsigb the molecular mechanisms
underlying the antitumor activity of AdoMet in LSQ&atment, the possible use of AdoMet
in combination with common drugs used in laryngbatapy and the study of the regulation

of microRNAs by the sulfonium compound in laryngeahcer.

AdoMet induces JHU-SCC-011 laryngeal cancer cell gmth inhibition

We firstly evaluated the antiproliferative activitf AdoMet on laryngeal cancer JHU-
SCC-011 cells, using concentrations of AdoMet raggirom 3M to 1mM, for different
times of treatment.

Cell viability was evaluated by@!,5dimethylthiazol2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay and by direct cell number cogntas explained in “Materials and
Methods” section. As reported in Figure 1la, thewgh inhibitory effects induced by
AdoMet were dose and time-dependent with an IC30evaf 500uM and 300uM after 48
and 72 hours, respectively (Fig. 11a).

Thereatfter, to better analyze the antiproliferagffect of AdoMet concentrations, we

carried out time-course experiments with 200 and ;8@ AdoMet for 24, 48, and 72 hours
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and evaluated cell proliferation by direct cell numbeounting. As shown Figure
11bAdoMetcaused a statistically significant reductioh JHU-SCC-O11cell viability (p <
0.05), achieving at 30uM about 8%, 25%, and 50% growth inhibition after 28, and 7:

hours, respectively.
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Fig. 11- Effects of AdoMet on JHL-SCC-011 cell growth. adoseresponse. JHU-SCC-011
cells viability was assessed by MTassay after exposure to differeroncentrations of
AdoMet (from 3 puMto 1 mV) for 24, 48 and 72 hourb: time-course JHU-SCC-011 cells
were treated or not (control) with AdoMet 200 ari®) 31M for 24, 48 and 72ours and cell
number was measured. Datipresented the average of three independent expasmEhe
means and SD are shown.* P< 0.05 versus controdated cell:

Our results demonstrated that AdoMet inhibits thaiferation of LSSC cells and a
consistent with our reported data abouteffects of the sulfoniunsompound on other type
of human cancer cell&1-76) and on HNSCC (119).

AdoMet triggers apoptotic cell death

In order to analyze the mechanism by which AdoMetres its antiproliferative actic
in JHU-SCCO11 cells we evaluad apoptosis occurrence.

Apoptosis or Programmed Cell Death is a regulatgtivgay that plays a key role
process of cellular sedestructionduring development, tissue homeostasis, and imr
system function. It ixharacterized by specific morpholcal and biochemical propertie

Morphologically, apoptos involves a series of structural changes in dyints ceich
as condensation of the cytoplasm and nucleus, datipa of cytoskeletal filaments a

cellular fragmentation into membrane apdic bodies (12D Biochemically, apoptosis
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characterized by three main types of biochemicahges: 1) activation of caspases, 2) DNA
and protein breakdown, 3) membrane changes andniiom by phagocytic cells.

The apoptotic cells express on their surface maykie phosphatidylserine that flag
up the cell for phagocytic recognition by adjaceells or for clearance through phagocytes.
This leads to the release of pro-inflammatory d¢atlaomponents (120-121), leading later to
the fragmentation of DNA by endonucleases. Ultilyatéhe pathway converge in the
execution phase by activating proteases calledpases’. These proteases are the final
executioners of cell death by proteolytic cleavagfedifferent vital cellular substrates
including nuclear lamins, DNA repair enzymes sustPARP (polyADP-ribose-polymerase)
and cytoskeletal proteins. They also activate DNAaghich further degrade nuclear DNA
(121-122).

Defects in the programmed suicide machinery df dgracterize all tumors and are
relevant for malignant transformation, tumor forimat progression and therapeutic outcome
(120). These findings highlight the importance ativating this mechanism for cancer
treatment.

JHU-SCC-011 cells were treated with 300 uM AdoMsetd apoptotic process was
evaluated after48, and 72 hours by FACS analyses aouble labeling with Annexin V-
fluorescein isothiocyanate (FITC) and Pl. JHU-SCIQ-@eaching only 4% of apoptosis at 48
hours (data not shown) while about 19% of cell paton underwent to apoptosis after 72
hours of treatment with AdoMet (Fig. 12a).

In conclusion, AdoMet showed a significant proqajotic effect on JHU-SCC-011
cells.

To explore the mechanism of apoptosis-mediated dedith, we next assessed the
effects of sulfonium compound on caspase activatascade (Fig. 12b). In details, JHU-
SCC-011 cells were treated with 200 and 300 AdoMet for different times and caspase
fragmentation was analyzed by Western blotting.

As reported in Figure 12bAdoMet treatment stronglgiuced the expression of full
length caspase 9, initiator of apoptosis, and G&spaand caspase 7, downstream caspases,
with a concomitant decrease of full length PARRxXknown target for apoptosis-associated
caspase cleavage (122-123).

The balance of the expression of anti- and pro-tgicpmembers of the Bcl-2 gene
family is one of the major mechanisms that regullageapoptotic process in mammalian cells

(124). The Bcl-2 family consists of numerous highwologous isoforms that either inhibit
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(Bcl-2,

Bcl-x., Mcl-1 and Bc-W) or promote (Bax, Bad, Bak, E-xs and Bok) apoptosis.
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Fig. 12 - Apoptosisassessment i JHU-SCC-01Xkell lines treated with AdoMet. JHU-
SCCO11 cells were cultured in medium supplementedobr(control) with AdoMet 300 pi
for 48 and 72 hourshen apoptosis was evaluai a:Representative dot plots of h Annexin
V-FITC and PI-stainedThe percentage of cells is reported in the quadravible cells
lower left (Q4); norwiable necrotic cells, upper I (Q1), early apoptotic cellslower right
(Q3); late apoptotic cells, upper ri¢ (Q2)b:Western blding assay20 g of protein extracts
were immunoblotted with antibodies against thedatid proteins. For the equal loading
protein in the lanes, the expression of the h-keeping protein B-actin was used as a
standard. @phs show the densitometric intensity of Bax-2 bands ratio. The intensities
signals were expressed as arbitrary unit. * P § @d¥sus control untreated cells. The im
is representative of three immunotting analysis obtained from at least three inagmat
experiments.

Most Bcl-2 family members are expressed simultaneouslye cell, and the balance

of pro-and antapoptotic forms is important to cell survival ornomitment to cell deat

(124).
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Therefore, we have also evaluated the levels of twwochondria-associated
modulators of apoptosis, the pro-apoptotic Bax #mal anti-apoptotic Bcl-2 proteins, to
determine whether AdoMet-induced apoptosis wascistsa to the modulation of members
of this protein family.

The treatment with AdoMet induced the increasedre&sgon of pro-apoptotic Bax
while the levels of anti-apoptotic Bcl-2 was stripndecreased. It has to be noted that Bcl-2
serves as the mitochondrial gate-keeper and isidrgty overexpressed in tumors where it
plays a critical role in chemo- and radio-resisg{h24-125).

All the data above indicated that AdoMet could @éntly induce apoptosis in JHU-
SCC-011 laryngeal cancer cells by activating casplependent mechanism paralleled by
increased Bax/Bcl-2 ratio (Fig.12).

Autophagy assessment in JHU-SCC-011 cell lines trea with AdoMet

In order to assess cell death mechanisms différemt apoptosis induced by AdoMet
on JHU-SCC-011 cells, we evaluated autophagy oenae.

Autophagy is an evolutionally conserved stress aese, characterized by the
sequestration of cytoplasmic material within autggpgdsomes and subsequent degradation by
lysosomes. The autophagy begins with the assemblgratein complexes on isolated
membrane to initiate the formation of autophagosdiowed by its nucleation, elongation
and maturation. Fusion of autophagosomes with oees then leads to degradation of the
cargo (126).

All cells show a low basal level of autophagy, whits necessary to perform
homeostatic functions; however, this autophagy assively upregulated during starvation or
trophic factor withdrawal, architectural changesv@lopmental processes) or the turnover of
damaged cytoplasmic organelles (during oxidativeesst or infections). In fact, the
degradation of intracellular organelles and prateprovides a source of amino acids,
nucleotides and fatty acids and energy to mairgalhviability through the bulk degradation
of cytoplasmic material.

One controversially discussed question is whethgophagy is a death execution
mechanism or whether autophagic activity is a safvstrategy aimed to prevent cell death
(127).

To evaluate the autophagic occurrence we perforiledescence microscopy and a
guantitative analysis by FACS using the vital dygsdTracker Red (LTR), a fluorescent
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probe for labeling and tracking of acidic orgamgllancluding autophagosome &
autolysosome structures, in living cel128). Figure 18 and b sho both qualitative and
quantitative analyes demonstrating a consistent increase in autapfhag after 200 and 30

uM AdoMet, compared to untreated cells, especiallgréft hours
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Fig. 13 - Effects of AdoMet on autophagy procesJHU-SCCO11 cells were cultured in
medium supplemented not (control) with AdoMet 200 and 3QM for 24 and 48 houra:
cells were incubated with TR and analyzed by fluorescence microsc. b: cells were
incubated with TR and analyzed by flow cytometrc: Western bicting assay for the
expression of autoplgg-related markers LC3B; graph shows the densitoméitensity of
LC3B-II/l bands ratio. Fc the equal loading of protein in the lan@-actin was used. The
experiments were repeated at least three timesla@ys gave similar resu.

To confirm the induction of the autophagic procbgsAdoMet we detected the levels
LC3B, a main meker ued to monitor autophagyin presence of AdoMet alone or
combination with chloroquine (CLC), the main lysosd protease inhibit. LC3B is a
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protein normally placed in the cytosol (LC3B-I) hugon induction of autophagy it becomes
lipidated, cleaved to form LC3B-Il, and embeddedutophagosomal membranes (LC3B-II)
(129-130). Thus, the amount of LC3B-Il is correthteith the extent of autophagosome
formation but not indicate the total autophagixflrhis flux is more accurately represented
by differences in the amount of LC3B-II between plen in the presence and absence of
lysosomal protease inhibitors. Figure 13c shows #iter 24 and 48 hours of treatment,
LC3B-II/I protein ratio was significantly increasadbove all at 24 hours, and that the further
accumulation of LC3B-Il in presence of AdoMet antdCCis due to the enhancement of
autophagic flux rather than the inhibition of autagosome degradation.

According to the obtained results, we suggest AutMet is able to induce autophagy in
JHU-SCC-011 cells by increasing autophagic vacuaeled enhancing the levels of the
autophagic marker LC3B-II.

AdoMet induces endoplasmic reticulum stress and upnfded protein
response in JHU-SCC-011 cell line

In order to confirm the underlying mechanisms afoMet-induced apoptotic cell
death in LSCC, we evaluated its effect on endoplaseticulum(ER)-stress and the related
unfolded protein response (UPR) on laryngeal cacektine JHU-SCC-011.

ER-stress plays an important role in drug-induapdptosis thus resulting a potential
target with significant clinical importance in chetherapy (131-133). The ER is the
subcellular entrance for a number of secretory stnactural proteins as well as the site of
biosynthesis for steroids, cholesterol, and otigdd. It provides a unique environment for
correct protein folding, assembly, and disulfidendbdormation, leading to production of
functional, mature proteins.

Several physiological and pathological stimuli, ceng them cytotoxic compounds
administration, deregulate normal ER activity réagl in a stress condition termed “ER-
stress” characterized by misfolded proteins accatiar inside the ER lumen.

It is known that homeostasis in the ER is maintin& a coordinated adaptive
program, so-called the UPR.

In response to ER-stress, the UPR initially engagksptive outputs that decrease the
load of unfolded proteins in an effort to restol® Bomeostasis. However, when ER stress
cannot be reversed, the UPR in mammals assemlites isignaling platform that translate

pro-inflammatory and pro-death signals to hastéindeaith.
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Multiple studies have clarified the link betweeR-Btress and cancer, and particularly
the involvement of the UPR. The UPR seems to adhgsmicroenvironment of cancer and,
as such, is one of resistance mechanisms agamsgrctoerapy (131-133).

The cells were treated with 200 and 30@ AdoMet for 48 and 72 hours. The shape
of treated cells was then analyzed by fluorescestaming using ER-Tracker, a vital dye
which accumulates into ER and tunicamycin, a knomducer of ER-stress, was used as
positive control. AdoMet increased fluorescencecells compared to untreated cells (Fig.
14a), and caused morphological changes of the BRiding a first indication that AdoMet
was able to trigger ER-stress in JHU-SCC-011 cells.

To confirm the effectiveness of AdoMet as an Efesst inducer, we evaluated the
activation of ER-stress markers, and their dowastraignaling molecules. The quantitative
analysis obtained by gRT-PCR experiments reportdéigure 14b showed that, the treatment
with 200 and 300 uM AdoMet induces an evident iasee of CCAAT-enhancer-binding
protein homologous protein (CHOP), unspliced x-boxding protein 1 (uXBP1) and spliced
x-box binding protein 1 (sXBP1) levels, especiafyer 72 hours of treatment. Furthermore,
we have confirmed the increased expression of CH@Riced by AdoMet both at
transcriptional and translational levels, as shawnWestern blotting analysis reported in
Figure 14c.

The identification of numerous points of crossthetween the UPR and mitogen-
activated protein kinase (MAPK) signaling pathwags contribute to a better understanding
of the consequences of ER-stress. Indeed, the M&gkaling network is known to regulate
cell cycle progression and cell survival or deatBponses following a variety of stresses
(134). Therefore, we analyzed the activation afud-N-terminal kinase (JNK), extracellular
signal-regulated kinase 1/2 (ERK1/2), and mitogetivated protein kinases 11 (p38) by
Western blotting (Figure 14c) whose phosphorylat@o so activation was increased by
AdoMet treatment.

DUSP-1 is a dual-specificity phosphatase that sgkdg dephosphorylates MAPKs
and is the main phosphatase that inactivates JISK) (s a result of DUSP-1 increase, JNK
activation would be inhibited, which consequenthptpcts tumor cells from JN¥duced
apoptosis (135). Based on these considerationgxamined DUSP-1 protein level in JHU-
SCC-011 cells in response to AdoMet. Western Ioigtianalysis evidenced that AdoMet
remarkably decreased the level of DUSP-1 in comagah-dependent manner (Fig.14c).
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Altogether these data indicateat the activation of ERtress represents a poss|

mechanism underlying the [-apoptotic effect of AdoMet.
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Fig. 14 -Effects of AdoMet on the UPR under EF-stress.JHU-SCC-011 cells were treated
or not tredéed (control)with 200 and 300 uM AdoMet for 48 and hours.a: cells were
incubated with ERracker and analyzed by fluorescence microscopwiclmycin was use
as positive control. The experiments were repeatetbast three times and always g
similar results.b: totaFRNA was extracted and cDNA was synthesized for -PCR, in
order to investigate transcription of several kegt@ns involved in E-stress. The graphs
showed the transcriptional levels of uXBP1, sXBRtl £HOP compared to untreateells.
Data represent the average of three independestimgnts. The means and SD are shou
P< 0.05 verssi control untreated cellc: Western blottingassay for the expression of OP
and DUSP1 and activation of ERK 1/ JNK and p38For the equal ading of protein in the
lanes B-actin was used.
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AdoMet promotes ROS generation in JHU-SCC-011 cancesell line

Radical oxygen species (ROS) are normal by-prodofctsarious cellular processes,
such as signal transduction, mitochondrial metabgliDNA repair, and protein folding (136-
138). Therefore, the oxidative stress responsespdagignificant role in keeping the balance
between prosurvival and pro-apoptotic signalinghpatys (136-138). Varieties of pro-
apoptotic signaling pathways can be stimulatedniruacontrolled high level of ROS status,
such as mitochondrial dysfunction, ER-stress andADddmage. Recently, it has been
reported that ROS generation is partly linked to-dffRss activation (137). ER-stress
increases oxidative load and can cause oxidatresstlepending on the severity of ER-stress
(137). On the other hand, excess accumulation o ROdifferent cellular compartments,
especially the mitochondria, can induce the UPR'Y1Bhese findings indicate that there is a
mutual relationship between ER stress and ROS adetion.

To better understand the mechanism of AdoMet actiere we have evaluated for the
first time, the levels of ROS in cells treated wa®0 and 30@M of AdoMet after 48 and 72
hours of treatment. We performed a quantitativdysisa by FACS using dichloro-dihydro-
fluorescein diacetate (DCFH-DA) as a substrate. BXCIA passes the cell membrane where
it is trapped after being deacetylated by intradatl esterases. DCFH can be oxidized to the
fluorescent 27'-dichlorofluorescein (DCF) by ROS.

The levels of ROS increase after AdoMet treatmaimbyve of all at 72 hours as shown

in Figure 15.
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Fig. 15 - AdoMet increases ROS accumulation in laryneal cancer celllJHU-SCC-011
cells were treatedr not treated (controwith 200 and 300 uM AdoMet for 48 and hours.
Cells were incubated witDCFH-DA and analyzed blyACS analysi. The experiments were
repeated at least three times and always gavilar results.Data represent the averag
three independent experiments. The means and SBhanen.* P< 0.05 vers control
untreated cells.

Combination of AdoMet and cDDP sensitizes JH-SCC-011 cells to the
antiproliferative effects of cDDP

cDDP hasn widespread use to treat several forms of caimostly HNSC, however,
resistance to this drug remain: major obstacle in chemotherapy -81). It is well
established that cDDP produces significant detrialeside-effects and often the occurrer
of drug resistance in cancer ce81) results in the failure of chemiothera)

Previously, my research group | showed that AdoMet is able to potentiate
cytotoxic effects of cDDP in oral cancer cell li(119). In factwe have founca synergistic
increase in apoptotiaccurrencewith 200uM AdoMet/0.18uM cDDP combinatior

Therefore, we have evaluatthe apoptotic occurrence of the si combination after
72 hours by FACS analysis and Western blo, also in this HNSCC cell lir. As shown in
Figure 16a, we have found an increase of apoptotic ptipualin cells treated with 200M
AdoMet/0.18uM cDDP combinatior

In order to confirm the synergistic apoptotic effénduced by AdoMet/cDDI
combination we have analyzed the expression leivieby eniymes involved in the apoptoi
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cascade, such as praspas®, pro-caspase 9, PARP-1, Bard Bc-2 proteins and the more
MAPK involved in cDDP response i.e. JNInd ERK1/2. As shown in Figure b, AdoMet
induced only a slight change in the levels of aotic proteins, while no significant chanc
were observed with cDDP. On the contrary, the AdoéDP combination strongl
decreased the level$ uncleaved isoforms of caspase 9, cas6 and of their target PAF-1
with a concomitant increase of Bax/-2, pJNK/JNKand pERK/ERK1/2 ratio (Fig. b).
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Fig. 16 Effects of AdoMet and cDDP ol apoptotic occurrencein JHU-SCC-011 JHU-
SCC-011 cells weré&reated alone or in combination with AdoMet 200 jakd cDDP 0.1¢
UM for 72 hoursa: Representative dot plc of both Annexin VFITC and PI-stainedb:
Western blottingassay. For the equal loading of protein in the darlee expression of tl
house-keeping proteifi-actin was used as a standard. Histog show the densitometric
intensity of pERK/ERK1/Z, pJNK/INKbands ratio. The intensities of signals were e)qad
as arbitrary unit. * P < 0.05 versus control untedacells. The image is representative of tt
immunoblotting analysis obtained from at least thinelgendent experimen
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In conclusion, our results indicate that combination of AdoMet and cDDP, throu
the activation of similar signaling pathway, enhex apoptotic cell deat

MIRNA extractio n, analysis and validation by gRTPCR

MiRNA dysregulation is common in various types ahcer and they are known to
involved in the regulation of different cellular qmesses including differentiatic
proliferation and apoptos (107-114). To obtainnew information on the molecwr
mechanisms underlying Adol anticancer activity we have carried out miRNAs essior
profiling of JHU-SCCO11 cells treated with 300M of AdoMet for 72 hours using a 3-
well TagMan Array CARL

Fifteen miRNAs were diffrentially expressed in AdoMeteated cells if compared

control samples. The fold change is graphicallyesente in Figure 17
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Fig. 17 - MIRNA expression pattern in JHL-SCC-011cells treated with AdoMel

Among them, we have focused the next inigations on miRNAs that were previou:
reported to be most involved in the regulationted main pathways of proliferation and ¢
death, such as mik87, miF-491-3p, miR-618 and mir-888-5p.

Of thesemiRNAs regllated by AdoMet, only on&vas validatedhrough the gRT-PCR

analysis after 72 hoursf 300 uM AdoMet treatment, compared to untrei, as shown in
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Table 1. MiRNA-8885p appeared remarkably do-regulated, in TagMan Array CARD ai
in gRT-PCR, respemetely of -2.65 and -7.63 times.
MiR-888, a newy emergint miRNA, was reported to be impated in the tumorigenesis

of endometrial cancer, prostate cancer, and boaasker 139-142).

Table 1: Comparison of fold changes seen in microeays and by gRT-PCR

MiRNAs Fold-Changes (Log2)
Microarray qRT-PCR
hsa-miR-888 -2,65 -7,63
mmu-miR-187 3.80 -
hsa-miR-491-3p 5,62 -
hsa-miR-618 -4.8 -

MiR-888-5p inhibitor enhances theantitumor effects of AdoMet in JHU-

SCC-011 cell line.

To investigate the biological significance of r-888-5p dowr-regulation in AdoMet-
treated LSCC cells, we performed transfection axpamts with miF-888-5p inhibitor in
JHU-SCCO11 cells, and then, the moation of apoptosisautophagy aniROS production
were analyzed by FACS analys

It has emerged that miRNAs have key roles in thellagign of distinct biologica
processes in mammals, including development, difféation, apoptosis, survivi
senescece, and metabolis (107-114).

The interest in the study of therapeutic stratefpesson miRNAs is linked to the fac
that by intervening therapeutically on a single @éale it is possible to obtain multiple effe
on the gene expression of the « MiRNAs with tumor suppressor function, which
generally undeexpressed in tumors, can be used as therapeutiecuies to cause canc
cells to die. On the contrary, to inhibit the exgmien of oncomiRs it is possible to t
molecules able to bindably the mRNA, subtracting it from its biological function4-90)

MIRNA inhibitor are singl-stranded, antisense oligonucleotides designed hdiir
miRNA function. The perfect complementarity of tlsequence allows the antisel
oligonucleotide to bid to the miRNA and interfere with its function. MiemmiRNAs are

short doublestranded oligonucleotides in which one strand eniatal to the mature miRN
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sequence (guiding strand) and the other strandngplementary or partially complementary
and complexed with the mature miRNA sequence (pagesdilament)in order to increase the
level of mIRNA of interest and to block targetedhgexpression more efficiently (88-89).

The results revealed that the transfection with b® miR-888-5p inhibitor induced
about 17% apoptosis in JHU-SCC-011, while in agesgnwith our previous results about
19% of cell population underwent to apoptosis afteatment for 72 hours with 300M
AdoMet, as shown in Figure 18a. Moreover, the comation of AdoMet and miR-888-5p
inhibitor strongly increased apoptotic cell deat®@% in JHU-SCC-011 (Fig.18a).

The pro-apoptotic effect was mediated by caspapertent process demonstrated by
Western blotting analysis of pro-caspase and PARBetease (Fig. 18b).

In addition, combination treatment with AdoMet amiR-888-5p inhibitor induced an
increase in the autophagy process and ROS productio

As already mentioned, AdoMet strongly inducesdhbgvation of the autophagic flux as
well as an increase in ROS production.

To investigate the possible implication of miR-888in the induction of these pathways
by AdoMet, cells were transfected for 72 hours witiir-888-5p inhibitor, in presence or not
of AdoMet.

The autophagic process was performed by fluorescencroscopy, FACS analysis and
LC3BIl/I ratio by Western blotting, while an inciea of ROS production was take over by
flow cytometry (Fig19).

The both processes were increased by the comtimnimgatment more than with AdoMet
or miR-888-5p inhibitor alone, demonstrating thaRr888-5p is involved in the activation of

these pathways.
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Fig. 18 - Effects of AdoMet and mik-4865p mimic or inhibitor combination on
autophagy processCells wer treated or not treated (contreljth 300 uM AdoMet and/o
miR-888-5p inlbitor for 72 hour. a: Apoptosis was evaluated by FACS analy
Representative dot plots of both Annexi-FITC and Pl-stained: Western blcing assay of
JHU-SCCO11 cell extract fc the expression of pro-caspase 7, pagpase 8, p-caspase 9,
PARP-1, JX, pJNK, P38, pPZ. For the equal loading of protein in the lanes,dkpressiotr
of the houseékeeping proteiru-tubulin was used as a standafte intensities of signals we
expressed as arbitrary unit. * P < 0.05 versus robrintreated cells. le image is
representative of three immunoblotting analysisawiatd from at least three indipend
experiments.
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Fig.19 Effects of AdoMet and miR-888-5pinhibitor combination on autophagy proces

and ROS production.Cells were not tiated (control) otreated with 30QuM AdoMet and/ot
miR-8885p inhibitor for 72 houl. a: cells were incubated with LTR and analyzed

fluorescence microsco. b: cells were incubated with LTRnd analyzed by flow cytometr
c: Western blot assay for the expression of phagyrelated markers LC3EFor the equal
loading of protein in the lan, a-tubulin was usedd: cells were incubated witDCFH-DA

and analyzed by¥ACS analysi. The experiments were repeated at least three tand
always gave similar resu.

In conclsion, these data evidence that combination of AetoMith miF-888-5p
inhibitor potentiates the sigling pathway activated byAdoMel treatment, providing a
preliminary indication that AdoMet antitumor effsatould be mediated by its regulation
this miRNA.

MKK4 is a potential target of miR-888-5p
To identify ptential mMRNA targets of mi-8885p, we performed a miRN-mRNA
integration analysis by using the TargetS@nd miR-DB microRNA target predictiol

software. The analysislentified 826 potential miR-88%p targets, based on their seque
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complementarity, includg mixed lineage kinase domain like pseudokii (MLKL), FAS,
receptorinteracting protein kinase (RIP3) and mitogemctivated protin (MAP) kinase
kinase 4 (MKK4 or MAP2KA4.

Among them,we focused our attention cMKK4, that is a component of stre
activated MAP kinase sigring. The alignment of miIRNA-888p/MKK4 is shown in Figure
20.

19(chr 17)
|
$* (RNA) GUCUGAACAUAGAAACUCGGGCUUGAGUGAGAAGAGC
LI

3’ hsa-miR-888-5p ACUGACUGUCGAAAAACUCAU

Fig. 20 - Alignmentof miR-888-5p with MKK4 3'UTR

The MAPKSs pathways are evolutionarily consed among eukaryotes and featur
triple kinase casade comprised of the MAF which is phosphorylated and activated b
MAP kinase kinase (MKK), which itself is phosphatdd and activated by a MAP Kkine
kinase kinase (MKKK).

Recently,a number of stues have supported a role for MKK4 in regulatingpstin the
development of cance and in the suppression of metastgdi4:-144). MMK4 has been
identified a tumor suppressor and its new role is supportethéyact that theMKK4gene
mutated at a freqncy of 5% in different cancer typ

In vivo experiments show thatice with a targeted deletion of 1 MKK4gene die
during embryogenesis providing clear evidence MigK4 has distinct functions in cells th
cannot be complemented by other Mt.

MKK4 is unique among the mammalian MKK family in itslapito phosphorylate an
activate two MAP kinase groupJNK and p38 thatact as tumor suppressors thro
activation of apoptosigl45..

The JNK pathways a well characterized playef apoptosis(146), while the role of
p38 in cancehas received less attention, althotthere is an increasing body of evidel
suggesting that it participates in tumor suppres{l47). JNK is able to regulate differen

the pro-apoptoti@and ant-apoptotic Bcl2 family members (1483, JNK phosphorylates
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and inactivates the anti-apoptotic Bcl2, Bcl-XL avdl-1, while it is able to phosphorylate
and activate the pro-apoptotic Bax (154-156).

Activated p38 regulates the activity of a wide garof protein kinases transcription
factors (like CHOP and p53) and some other proteutsch then further regulate the activity
of their targets. The mechanisms by which p38 domies to an enhanced pro-apoptotic
response include the phosphorylation and transtocaif proteins from the Bcl-2 family,
which leads to the release of cytochrome ¢ fromntitechondria (154-156) the transforming
growth factor-induced activation of caspase 8 (157-158) as wsllthe regulation of
membrane blebbing and nuclear condensation (159).

Moreover, apoptosis induced by chemotherapy andtggic drugs is mediated by the
activation of MAPKs signaling. Sustained activat@minJNK/p38 MAPK pathways by cDDP
has resulted one of the major causes for the iseteahemosensitivity to cDDP in inducing
apoptosis in ovarian carcinoma cells (160, 161¢vidus studies also showed that inhibition
of either JNK or p38 kinase attenuated cDDP induapdptosis in cervical cancer cells,
supporting the role of these MAPK in cDDP respofi&2-163).

Based on these findings in literature, MAPK resbkais attracting more and more
attention in cancer therapy, and its targeting dnulation of MKK4 could represent a good
strategy for cancer treatment.

Therefore, additional experiments currently siiligoing, must be performed to verify
that MKK4 is one of the predicted targets of miRe&ip.
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CONCLUSION

LSCC, with higly invasive and metastatic malignaehavior has the second highest
incidence in all HNSCC, and despite recent imprameimin oncological and surgical
treatment, the prognosis remains extremely poot)(16

New advances in anticancer drug discovery usirigracompounds have been made
in the last years in order to improve therapeutgatment options. Surgery, radiation,
chemotherapy, targeted treatments and immunothersgarate or in combination are
commonly used to treat laryngeal cancer. Howewesd treatment types may cause different
side effects, and chemotherapy-based regimens iafgpbave reached a therapeutic plateau.
Hence, effective, better-tolerated treatments aeded to address and hopefully overcome
this problem.

CDDP is the most effective and widely used chematpeutic agents employed for
treatment of solid tumors. It is a platinum-basedchpound that forms intra- and inter-strand
adducts with DNA, and thus it is a potent induckcell cycle arrest and apoptosis in most
cancer cell types (165). Unfortunately, many pasiewmith these malignancies eventually
relapse and become refractory (drug resistanth&notherapy (166-167). Cancer cells can
develop cDDP resistance through changes in rediiegpuptake, increased drug inactivation
and DNA adduct repair.

Some natural compounds may sensitize to convaltmytotoxic therapy, reinforce the
drug effective concentration, intensify the combiredfect of both administered therapeutics
or exert cytotoxic effects specifically on tumorlise Moreover, combined therapy by
targeting multiple signaling pathways, uses varimeshanisms to reduce the development of
resistance to antitumor drugs (83-86).

In this context my PhD research is included, aintedetter understand the antitumoral
activity of AdoMet in LSCC and to evaluate its pbs use in synergism with cDDP.

AdoMet represents an important and naturally aoegrsulfonium compound found in
all mammalian cells, in which it exerts a variefyweell-documented biological functions (1-
5, 22).

Recently, the potential of AdoMet as antiprolitera agents has been evidenced in the
literature, and growing scientific interest is feed on identifying the biological mechanisms
and the signal transduction pathways related tackignopreventive activities of this natural

sulfur-nucleoside (40-41, 50-61). AdoMet, in aduatiti is an approved nutritional supplement
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thus lending itself to be used for therapeutic psgs without the common contraindications
of chemotherapy drugs.

In the present studwe have investigateddoMet anticancer activities in JHU-SCC-
011 cancer cells providing experimental evidenaethe underlying mechanisms.

AdoMet induced ER-stress and activated the UPEhodigh activation of the ER stress
response leads to adaptations that may aid irsggelival, it is well known that, under severe
and prolonged ER-stress conditions where the talldo restore ER homeostasis, the UPR
activates pathways that lead to apoptotic cellldeBerefore, ER plays a significant role in
cancer cell apoptosis signaling pathway and itgetamg can be a promising anticancer
strategy.

We have shown that AdoMet induced ER-stress thralg increase of the spliced form
of XBP1 and CHOP levels. CHOP is one of the key ponents of the ER-stress-mediated
apoptotic pathway; implicated in the regulationpobcesses that lead to cell proliferation,
differentiation, expression, and energy metabobdmell type-specific genes.

A widely accepted mechanism of CHOP-induced apmiptis a different regulation of
pro and anti-apoptotic protein, leading to the sappion of the pro-survival protein Bcl-2 and
up-regulation of Bax (168).According to this, inroexperimental model, AdoMet-induced
apoptosis is paralleled by ER-stress, and incre&@d4¢@P expression and Bax/Bcl-2 ratio
suggesting that apoptosis could be induced by imitodria-dependent activation mediated by
ER-stress.

Another important target downstream of ER-stresthyway includes several members
of MAPKs family. The role of MAPKs has been conteesial as their activation could result
both in cell proliferation and cell death. It hasebh known that ERK and JNK induction,
could be due to DNA damage, environmental and genostresses that subsequently lead to
apoptosis (100). In this light, we have hypothesiteat AdoMet triggered ER-stress induced
apoptosis, through the increase of CHOP, and plooglation of JNK, ERK and p38.

Sustained activation of JNK and p38 can contritatboth necrotic and apoptotic cell
death by regulating the expression of cytotoxianids (for example, FasL and TNF) (169)
and synthesis of ROS (170). In addition, stressatetld MAPKs can regulate the intrinsic
apoptosis pathway, mediated by mitochondria, buletong members of the Bcl2 family.

Moreover, there is a mutual relationship betweBnsEess and ROS accumulation. ER-
stress increases oxidative load and can causetwedstress depending on the severity of

ER-stress (171). On the other hand, excess acctiorulaf ROS in different cellular
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compartments, especially the mitochondria, cangedine UPR (171). The treatment with
AdoMet is able to increase ROS production in LSQE farther investigation, currently still
ongoing, are needed to understand if AdoMet-induB&alS production is upstream or
downstream of ER-stress response and also if thieatizgation of ROS totally protects LSCC
from the cytotoxic effects of AdoMet.

Furthermore, targeting ROS and oxidative stressatso be seen as a good strategy to
eliminate cancer cells. Indeed, this treatment ephaevas already exemplified by various
ROS-enhancing drugs (172-174).

According to this and to the findings that cDDR, AdoMet, treatment results in
activation of MAPK pathways, we decided to inveatgythe synergistic effect of these two
compounds. It was reported that in squamous cetlirmama of skin, cDDP leads to a
persistent activation of JNK that is related tol adath by apoptotic pathway (175).

Moreover, in HeLa and A549 cells ERK activationimvolved in cDDP-mediated
apoptosis. In fact, downregulation of ERK signallagds to an inhibition of cDDP induced
apoptosis (176).

We have demonstrated that AdoMet sensitized caaker cells to the anti-cancer
effects of cDDP. It is of great interest that in UWHSCC-011 cells cDDP alone at the
concentration of 0.18M was not able to induce a significant increaseapbptotic cells,
differently from the combination of the same cortcation of the two compounds. These data
are consistent with our reported data about theceffof the sulfonium compound and cDDP
combined treatment on HNSCC (119).

The regulation of miRNAs by natural compounds espnts a promising approach in
the field of chemotherapy research. A single miRd& influence the expression of several
targets genes, and miRNAs are implicated in thelledign of various diseases, including
cancer. Several studies have demonstrated that ABRIdn act as potential oncogenes or as
tumor suppressor genes during the progression réecaas well as crucial regulators in
carcinogenesis and tumor progression (107).

The analysis of miIRNA expression profile carrieat shrough miRNA microfluidic
array CARD, performed after 72 hours of treatmeithv800 uM AdoMet, revealed the
presence of different de-regulated miRNAs in célésated with the sulfonium compound,
compared to the control. Most of them have targetslved in processes related to cancer

such as proliferation, cell survival and death paiys.
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Of these miRNAs regulated by AdoMet, only one, mB#8-5p, was validated through
the gRT-PCR analysis after 72 hours of 300 AdoMet treatment, compared to untreated
cells.

MiR-888 has been recently identified as a potemomiR in process of endometrial
cancer, prostate cancer, and breast cancer (139-142

Lewis et al. found that overexpression of miR-888 significantigcreases the
proliferation and migration of prostate cancer<€1139), and Huangt al showed that miR-
888 is a repressor of the adherens junction patlmvbayeast cancer (140).

Nevertheless, little is known about the roles aR#888 in the clinical pathological
correlations and biological functions in larynx tomgenesis.

Therefore, we test how miR-888-5p regulated AdoMédted pathways. The analysis of
the main AdoMet mediated processes revealed that888-5p inhibitor potentiate the pro-
apoptotic, pro-autophagic and pro-oxidative effaftiAdoMet, leading us to think that the
action of AdoMet can be mediated by its regulabormiRNA-888-5p level.

Through the use of the bioinformatic TargetScafiwsoe, we identified potential
MiRNA-mRNA-protein interactions. The most relevand interesting for our studies is
MKK4, an important component of stress activatedR#& signaling.

A deep study in literature has revealed that MKi& as major phosphorylation targets
JNK and p38 (145,148-159), both involved in the @psis induced by chemotherapy and
genotoxic drugs, as discussed widely above. Howeware experiments currently still
ongoing, must be performed to verify this predidimdets.

In Figure 21 it is summarized the antitumor atiea of AdoMet in LSCC.

Overall, these data suggest that AdoMet may peoaidherapeutic approach for larynx
cancer treatment targeting activation of MAPKSs #mat this mechanism, can be mediated by
AdoMet inhibition of miR-888-5p expression.

In conclusion, the sulfonium compound could beduss a viable and attractive
anticancer agent, resulted in increased therapefiitt@cy of chemoterapy treatment currently

used for laryngeal cancer.
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Fig. 21 - Schematic cagram summarizing the antitumor activities of AdoMet in JHU-

SCC-011cells and the proposed underlying mechanisi
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MATERIALS AND METHODS

Materials

cDDP, Pl , MTT, RIPA Buffer, 27'-DCFH-DA and CLC were purchased from
SigmaAldrich (St. Louis, MO). Bovine serum albumin (BSAgtal bovine serum (FBS),
Roswell Park Memorial Institute (RPMI), phosphatdfered saline (PBS), and
trypsinEDTA were obtained from Gibco (Grand Island, NY)sshe culture dishes were
purchased from Corning (Corning, NY). AdoMetwasvpded from New England Biolabs,
prepared in a solution of 5mM,B0, and 10% ethanol, filtered, and stored at 4°C wsd.
Lipofectamine 2000, mirVANA PARIS Kit, TagMan-MiRNAReverse Transcription Kit,
Megaplex RT Primers, TagMan Universal PCR Mastex,Mi84-well TagMan MiRNA
Array CARD, Opti-minimal essential medium (Opti-MBM LysoTracker Red DNI9
(LTR), ER Tracker Blue DPX, SYBR™ Green PCR Magsx and Custom DNA Oligos:
CHOP, sXBP1, uXBP1, and GAPDH were obtained fromerfo Fisher Scientific
(MA).miRNA-888-5p mimics and inhibitors were obtath from Life Technologies
(Waltham, MA). Annexin VFITC Apoptosis Detection kit was purchased fromosBience
(San Diego, CA). Monoclonal antibodies (mAb) topmse 9, PARP, Bax, B@, B-actin, a-
tubulin and polyclonal antibodies (polyAb) to casp®, caspase 7, CHOP, DUSP-1, ERK1/2,
phospheERK 1/2, LC3B, phospho-P38 and P38 were purchasemh fCell Signaling
Technology (Danvers, MA).Monoclonal antibodies (MAb phospheJNK and JNK1 were
purchased from Santa Cruz Biotechnology (Dallas,AJJSHorseradish peroxidase
(HRP)conjugated goat anti-mouse (GxM03-DHRPX) and HRFconjugated goat anti-
rabbit (GtxRBO03-DHRPX) secondary antibodies were obtained from ImoReagents. Inc.
(Raleigh, NC). All buffers and solutions were pnegzh with ultrahigh quality water. All

reagents were of the purest commercial grade.

Cell cultures and treatments

The laryngeal squamous cancer cell 3I85OG0l11was obtained from the American
Type Culture Collection (ATCC, Manassas, VA).HBTCG011 were cultured at 37°C in a
5% CO2 humidified atmosphere and grown in RPMI $epented with 10% heanactivated
FBS, 100 U/ml penicillin, 100ug/ml streptomycin, and 1% -glutamine. Typically,

subconfluent cells were seeded at 1.8 ¥1Emculture dishes. After 24 hours, the cells were

65



treated with 10% FBS fresh medium containing défgrconcentrations of AdoMet and/or
cDDP for 24, 48, and 72 hours. Subsequently, fiatatg cells were recovered from culture

medium by centrifugation, whereas adherent celi®wellected by trypsinization.

Cell viability assays

JHU-SCC-011 cells were plated in serum-containireglian in 96-well plates at the
density of 10x18ells/well. After 24 hours incubation, cells wereated with increasing
concentration of AdoMet (from 3uM to 1mM) for 248 4nd 72 hours. Cell viability was
assessed by adding MTT solution in PBS to a fimalcentration of 0.5 mg/mL. Cells were
then incubated at 37°C for 4 hour and the MTT-faamcrystals were solubilized in 1 N
isopropanol/hydrochloric acid 10% solution at 3766 a shaking table for 20 min. The
absorbance values of the solution in each well wtected at 570 nm using a Bio-Rad
IMark microplate reader (Bio-Rad Laboratories, Mildtaly). All MTT experiments were
performed in quadruplicate. Cell viability was exgged as a percentage of absorbance values

in treated samples respect to that of control (100%

Flow cytometry analysis of apoptosis

Annexin V-FITC was used in conjunction with a Vitlye PI to distinguish apoptotic
(Annexin V-FITC-positive, Pl positive) from necroti(Annexin V-FITC negative, PI
positive) cells (177). JHU-SCC-011 were platedixarsultiwell plates at the proper density.
After 72 hours, cells, transfected and/or treatecre detached by incubation with
EDTA-trypsin, washed twice with PBS, and collected bytigigation. Then, the cells were
resuspended in 200 of Binding Buffer 1X and incubated withuBAnnexin V-FITC and 1Ql
Pl (20 pg/ml) for 30 min at room temperature, as recommenule the manufacturers. The
detection of viable cells, early apoptosis, latefdpsis, and necrotic cells was performed by
BD Accuri™ C6 flow cytometer (Becton Dickinson, Saose, CA). For each sample, 20,000
events were recorded. Analysis was carried outriplidate determination on at least three

separate experiments.

LysoTracker-Red staining
JHU-SCGO011cells were seeded in siell plates at the proper density and after 24
hours incubation, the cells were were treated ®@8 and 300 uM AdoMet for 24 and 48
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hours. After treatment, LTR was added to each V@il 20 min at 37°C at a final
concentration of 0.1M in medium. The cells were then washed with PB& aloserved by
fluorescence microscopy. The fluorescence intertditthe cells was then analyzed by flow
cytometry. Then, the cells were detached by indabatith EDTA-trypsin, washed twice
with PBS, and collected by centrifugation. The fleacent emissions were collected as FL1
(linear scale) using BD Accuri™ C6. At least 20,38&nts were recorded in log mode. For
the quantitative evaluation of LTR, FlowJo softwanas used to calculate median
fluorescence intensities (MFI) by the formula (MFated/MFicontrol), where MFtreated

is the fluorescence intensity of cells treated wvifth various compounds and Mg&dntrol is
the fluorescence intensity of untreated cells. psial was carried out by triplicate

determination on at least three separate experament

ER-Tracker Blue-White DPX staining

JHU-SCGO011 cells were seeded in -l plates at the density of 6.0 x 10
cells/well, and after 24 hours of incubation, trelsc were treated with 200 and 3Q®/1
AdoMet for 48 and 72 hours. To stain ER, the ce#se washed in PBS and fixed with 4%
paraformaldehyde solution, permeabilized with 0.IPRITON-X/PBS solution, and
incubated with 200 nM ERracker Blue-White DPX in PBS solution for 20 min33°C. For
positive controls, the cells were exposed for 16redo ug/ml tunicamycin. Images were
collected under a fluorescence microscope (EVOS Gdll Imaging System, Thermo
Scientific, Rockford).

RNA isolation, reverse transcription and gRT-PCR

Total RNA was collected from cultured cells of ¥8CC-011, treated or not with 300
uM AdoMet, according to manufacturer instructionyg, using RNeasy Mini Kit (Qiagen).
RNA was treated with DNase (Promega, Milan, Italy)exclude DNA contamination and
1ug total RNA reverse-transcribed using VILO Supery8dInvitrogen, Monza, Italy). Gene
expression assays were performed on a StepOneTogeleo (Applied Biosystems, Monza,
Italy) and the amplifications carried out using S¥Bsreen PCR Master Mix (Applied
Biosystems, Monza, Italy). The reaction conditiomere as follows: 95°C for 15 min,
followed by 40 cycles of three steps consistingdehaturation at 94°C for 15 s, primer
annealing at 60°C for 30 s, and primer extension2aC for 30 s. A melting curve analysis

was performed from 70°C to 95°C in 0.3°C intervaisach sample was performed in
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triplicate. GAPDH was used to normalize for difieces in RNA input. gqRT-PCR primer
sequences are given in Table 2.
Table 2. Primers sequences for gRT-PCR.

Gene name 5’-sequence-3’

CHOP Forward AGAACCAGGAAACGGAAACAGA
Reverse TCTCCTTCATGCGCTGCTTT

UXBP1 Forward CAGCACTCAGACTACGTGCA
Reverse ATCCATGGGGAGATGTTCTGG

SXBP1 Forward CTGAGTCCGCAAGCAGGTGCAG
Reverse ATCCATGGGGAGATGTTCTGG

GAPDH Forward GGAGTCAACGGATTTGGTCG
Reverse CTTCCCGTTCTCAGCCTTGA

Determination of ROS by DCFH-DA assay

JHU-SCC-011 cells were seeded in-will plates at the proper density and after 24
hours, the cells were treated with AdoMet 200 add @M for 48and 72 hours, using 100
menadione as a positive control for 1 hour at 3After treatment, cells were stained with 10
uM DCFH-DA for 30 min at 37 °C in the dark. Follovgrincubation, cells were washed
twice with PBS, trypsinized, resuspended in PBS] ammediately analyzed with a BD
Accuri™ C6 flow cytometer (Becton Dickinson, SarsdpCA). For each sample, 20,000
events were recorded. Analysis was carried outriplidate determination on at least three

separate experiments.

Cell transfections

The laryngeal cancer cell lines JFBCCGO011 were seeded in 6-well plates at the
density of 50 x 19 cells/well to achieve 80% of confluence. After Bdurs, cells were
transfected with 200 nM miR-888-5p inhibitor, dédt in Opti-MEM free medium,
supplemented or not (Control) with 30M AdoMet, by using Lipofectamine 2000 according
to manufacturer’s protocol. Lipofectamine was alsed alone as a negative control. After 72
hours from transfection, cells were harvested &et subjected to the extraction of the total

RNA, preparation of cells lysates and flow cytometnalysis.
MiIiRNA extraction, detectionand validation by gRT-PCR
Total RNA was isolated from cultured cells treatgdnot with AdoMet 30QuM, by

using the mirVANA PARIS Kit, according to manufactu instructions. Subsequently, using
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the TagMan MIRNA Reverse Transcription Kit and theegaplex RT Primers, single-

stranded cDNAwas synthesized from total RNA samplé& cDNA targets were amplified

by DNA polymerase from the TagMan Universal PCR tda#lix using sequence-specific
primers and probes on the 384-well TagMan miRNAaXICARD. The array was loaded and
run on Applied Biosystems Viia7 instrument (Lifechenologies, USA) by using the default
thermal cycling conditions.

To validate the results of the Array CARDs, thepression of miRNAs was
independently determined by quantitative real-tl@R (QRT-PCR), using TagMan miRNA
Assays that use looped-primer to accurately detattire miRNAs. qRT-PCR was performed
on a ViiA7T™ Real-time PCR system (Applied BiosystgenbDarmstadt, Germany). To
normalize total RNA samples, the small-nuclear-UGswselected as an appropriate
constitutively expressed endogenous control. Relagxpression of the transcripts was
measured by using ViiA7™Real-Time PCR software (fgzp Biosystems, Darmstadt,
Germany).

gRT-PCRdata analysis

Relative quantification of RT-PCR data can be daled by using the comparative Ct
method, a convenient way for determining relativenges in gene expression, with Ct
representing the threshold cycle. For fold chatige standard deviation (SD) is calculated to
determine if the expression between groups is faigmit. The endogenous control, small-
nuclear-U6 (sn-U6), was used to normalize the esgio@ levels of target genes by correcting
differences in the amount of cDNA loaded into P@Rations.

In details, we normalized the Ct values of a miRMAeach sample to that of the
respective endogenous control:

Ct = CtmirNA_Ctsn-s,
The Ctfor each miRNA is calculated using this fafan

Ct: Ctreated cells_thontroI cells

Fold changes were calculated aa/£ct

Preparation of cell lysates
JHU-SCGO011 grown at 37°C for 24, 48 and 72 hours aftehdagatments, were

collected by centrifugation, washed twice with-cz#d PBS, and the pellet was lysed using
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100 ul of RIPA Buffer. After incubation on ice for 30 mithe samples were centrifuged at
18,000g in an Eppendorf micaentrifuge for 30min a 4°C, and the supernatant was
recovered. The protein concentration was determingdhe Bradford method (178) and

compared with BSA standard curve.

Western blotting analysis

Equal amounts of cell proteins were separated bydiusm dodecyl
sulfatepolyacrylamide gel electrophoresis (SP8BGE) and electrotransferred to
nitrocellulose membranes by Trans blot turbo (BRAD). The membranes were washed in
10mM TrisHCI, pH 8.0, 150mM NacCl, 0.05% Tween 20 (TBST), dtdcked with TBST
supplemented with 5% nonfat dry milk. Then, membgawere incubated first with different
primary antibodies in TBST and 5% nonfat dry milkashed, and then incubated with
HRP-conjugated secondary antibodies. All primary ardibs were used at a dilution of
1:1,000; all secondary antibodies were used atlatiah of 1:5,000. Blots were then
developed using enhanced chemiluminescence detaetagents ECL (Cyanagen, Bologna,
IT) and exposed to Xay film. All films were scanned by using Imagecoitware (National

Institutes of Health).

Statistical analysis

Experiments were performed at least three timdis replicate samples, except where
otherwise indicated. Data are expressed as me#&mndlagd deviation (SD). The means were
compared using analysis of variance (ANOVA) plusfgoroni’s t-test (179). A P-value of

<0.05 was considered to indicate a statisticatipigicant result.
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