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Abstract: Squamous cell carcinoma of the head and neck (HNSCC), which includes cancers of the
oral cavity and larynx, is one of the most common and highly aggressive malignancies worldwide,
despite significant efforts committed in recent decades in its detection, prevention, and treatment.
The intrinsic or acquired drug resistance during treatment is the main limitation to chemotherapy,
increasing mortality and cancer recurrence. Therefore, there is a growing scientific interest in
identifying and developing adjuvant chemotherapies able to improve currently available treat-
ments. S-Adenosylmethionine (AdoMet), a safe and nontoxic natural cofactor with pleiotropic ef-
fects on multiple cellular processes and the main biological methyl donor in transmethylation re-
actions, has been considerably studied as a therapeutic compound. Its application, alone or in
combination with other drugs, is emerging as a potentially effective strategy for cancer treatment
and for chemoprevention. This review summarizes the structural, pharmacological, and clinical
aspects of AdoMet and provides an overview of the recent results highlighting its anticancer ac-
tivity in the treatment of oral and laryngeal cancer, with particular emphasis on its molecular
mechanisms and the promising chemoprotective and synergistic effects exerted in combination
with cisplatin and specific microRNAs.
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1. Introduction

Oral and laryngeal cancers are a large group of malignancies belonging to head and
neck cancers developing from the mucosal epithelium in the oral cavity and larynx [1,2].
Head and neck cancers (HNC) represent one of most frequent cancers worldwide, with
squamous cell carcinoma (HNSCC)being the most frequent histologic subtype account-
ing for about 900,000 cases and over 400,000 deaths annually with poor 5-year overall
survival rates [1-3]. Patients suffering from these cancers usually belong to the older age
group, and males are about three times more likely to develop it than females [1-3]. The
main risk factors associated with oral and laryngeal cancers are tobacco smoking and
alcohol consumption. Human papilloma and Epstein-Barr virus infections also play a
role in the development of certain HNCs, particularly those in the oropharynx [4,5].
Although the prognosis has slightly improved over the past 30 years, the long-term sur-
vival rate is less than 50%, and if cancer spreads, the prognosis could be fatal [4,5]. Cur-
rently, oral and laryngeal cancer treatment is predominantly based on the stage of the
disease and requires combined approaches including surgery, radiotherapy, and cyto-
toxic chemotherapy [6]. Commonly used chemotherapy drugs are cisplatin (cDDP),
carboplatin, docetaxel, and 5-flurouracil. In general, early-stage patients maintain speech
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and swallowing functions after treatment. While advanced-stages patients often suffer
from permanent tracheostomy and natural voice loss. Chemotherapy is usually given
before radiotherapy to shrink the tumor and make radiotherapy more effective. Follow-
ing the discovery of the role of epidermal growth factor receptor (EGFR) signaling in
development, progression, and prognosis of oral and laryngeal cancer, targeted molecu-
lar therapies have been developed including the EGFR monoclonal antibody cetuximab,
approved by the FDA as a radiation sensitizer, and anti-EGFR tyrosine kinase inhibitors
(erlotinib, gefitinib, etc.) [7].

Cisplatin-based chemotherapy is the mainstay therapy for cancers of the oral cavity
and larynx. However, intrinsic or acquired drug resistance during treatment is the main
limitation of its use [8]. Resistance mechanisms include changes in cellular uptake and
efflux of cDDP, increased biotransformation and detoxification in the liver, and increased
DNA repair and antiapoptotic mechanisms [8]. To overcome this problem, growing sci-
entific interest has focused on the identification and development of powerful and bet-
ter-tolerated treatments, including the use of natural compounds as adjuvants in com-
bination therapy with conventional chemotherapy drugs. In this regard, combined
therapy with S-adenosylmethionine (abbreviated as AdoMet, SAM or SAMe), a ubiqui-
tous cofactor with pleiotropic effects on multiple cellular processes and the main biolog-
ical methyl donor in transmethylation reactions, is emerging as a suitable strategy to
improve the efficacy of standard chemotherapy and reduce both toxicity and side-effects
[9,10].

AdoMet has been extensively studied since its chemical structure was first described
in 1952 [11]. A thorough review of the literature concerning the physiological and path-
ophysiological roles of AdoMet, among them clinical studies, highlights the therapeutic
potential of this natural compound in the treatment of several diseases, including cancer
[10,12].

Here, we summarize the structural, pharmacological, and clinical aspects of AdoMet
and provide recent findings on the multitargeting antitumor activity of AdoMet in oral
and laryngeal cancer cells, with particular emphasis on its molecular mechanisms and the
promising chemoprotective and synergistic effects exerted in combination with cDDP
and specific microRNAs.

2. Structural, Metabolic and Regulatory Aspects

AdoMet, together with its decarboxylated product
S-adenosyl-(5')-3-methylthio-propilammine, is the only sulfonium compound found in
mammalian tissues. The study of the biochemistry of AdoMet can be traced back to the
experiments of Toennies [13], who first synthesized this compound allowing further
successful characterization.

The positively charged sulfonium center makes AdoMet a chemically versatile
molecule and the second most widely used enzyme substrate after ATP [13]. The chiral
sulfur center of AdoMet exists in two enantiomeric forms, making AdoMet a diastere-
omer (Figure 1). The (S,5) configuration represents the only biosynthesized form and also
the biologically active form for almost all AdoMet-dependent methyltransferases [14].
Under physiological conditions or normal storage conditions, the absolute configuration
(5,5) racemizes to the enzymatically inactive (R,5)-AdoMet with a racemization rate of 8 x
10-¢S1at 37 °C pH 7.5 [15].
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Figure 1. Conformations of S-adenosyl-L-methionine.

AdoMet biosynthesis occurs mainly in the liver, where most of the methylation re-
actions take place [16-18], and is carried out by methionine adenosyltransferase
(MAT)(EC 2.5.1.6), also known as AdoMet synthetase. This enzyme catalyzes the transfer
of the adenosyl moiety of ATP to the sulfur atom of methionine in a two-step reaction
requiring Mg? and K* ions following a Sx2 mechanism [16-18]. Notably in this reaction,
ATP plays an unusual role, undergoing complete dephosphorylation to provide energy
for the removal of the reaction product from the enzyme active site. The biosynthesis of
AdoMet is a process essential for life, as demonstrated by findings indicating that the
gene encoding MAT protein represents one of the 482 genes necessary for the survival of
all organisms and that its expression occurs in all cells except for some parasites and in-
fectious agents which acquire AdoMet from their hosts [16-20].

AdoMet is a ubiquitous sulfurnucleoside widely known as the principal biological
methyl donor for the majority of methyltransferases. Recently, AdoMet has been
well-explored as a therapeutic compound for its antiproliferation and proapoptotic ef-
fects in many types of human tumors [10,21-25].

Several multiple isoforms of MAT with different kinetic, regulatory, and physical
properties have been characterized in mammalian tissues [17,18]. Recently, the presence
of MAT in the nucleus has been demonstrated [26] and it has been hypothesized that this
MAT activity might be involved in providing a source of nuclear AdoMet necessary for
DNA or histone methylation. In mammals, three isoforms of AdoMet synthetase have
been isolated and characterized, encoded by two different genes: MATIA and MAT2A.
MATIA is mostly expressed in the adult liver and encodes the a1 subunit, present in two
isoforms: MAT III (dimer of al subunit) and MAT I (tetramer of al subunit). MAT2A
instead encodes for the a2 catalytic subunit found in the MAT II isoenzyme, which is
widely distributed and active in all cells with a marked predominance in the fetal liver,
where it will be progressively replaced during development by the MAT1A gene product
[17,18]. The MAT2B gene encodes a regulatory (3 subunit existing in two distinct splicing
variants: V1 and V2 that differ in NH2-terminal amino acid sequence of the protein. Both
splicing variants of the 3 regulatory subunit can be associated with MAT II [17,18] and
regulate its catalytic activity. The expression of the MAT2B gene was observed only in
mammals, especially in all examined extrahepatic tissues, and at low levels in the adult
liver.

Over the past five decades, several studies have unequivocally established the sig-
nificant role of AdoMet in the cellular metabolism of all living organisms, highlighting
the importance of maintaining its physiological level in cells [27-29]. Notably, cells ex-
pressing the MATIA gene show greater intracellular concentration of AdoMet than cells
expressing MAT2A. Recent studies have shown that in the adult liver, the reduction in
MATIA expression and the concomitant overexpression of MAT2A, known as
“MATIA/MAT2A switch”, cause a chronic depletion of hepatic AdoMet levels, predis-
posing the liver to developing steatohepatitis, cirrhosis, and hepatocellular carcinoma
[29].
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The synthesis of AdoMet is part of the so-called one-carbon cycle that involves three
interrelated biochemical pathways: the methionine cycle, the folate cycle; and the
trans-sulfuration pathway. After transferring its methyl group to a large variety of ac-
ceptor substrates, AdoMet is converted to S-adenosylhomocysteine (AdoHcy or SAH), a
strong competitive inhibitor of AdoMet-dependent methyltransferases, by the enzyme
AdoHcy hydrolase (EC 3.3.1.1.), leading to the formation of adenosine and homocysteine
(Hcy) through a hydrolytic reaction [30,31]. Hcy, in turn, will either be converted to
cystathionine and then to glutathione (GSH) by trans-sulfuration, or will be remethylated
to methionine by vitamin B12-dependent homocysteine methyltransferase through the
transfer of a methyl group from the methyltetrahydrofolate, completing the methionine
cycle (Figure 2) [30-32]. Modulation of the metabolic flux through the competing
remethylation and trans-sulfuration pathways occurs at several levels. In the presence of
low levels of AdoMet, Hcy metabolism is shifted towards remethylation to preserve
methionine and AdoMet synthesis. On the other hand, high AdoMet levels and methio-
nine excess trigger the trans-sulfuration pathway. In this light, AdoMet is able to control
methionine metabolism in response to impairments of physiological conditions.

AdoMet exerts a primary role in cellular metabolism through a variety of
well-documented biological functions. The reactivity of AdoMet is based on the
high-energy sulfonium ion that makes the molecule an efficient methyl-, aminopropyl-,
and adenosyl-group donor [9,12,30-32], as well as a key player in three important met-
abolic pathways, such as transmethylation, trans-sulfuration, and polyamine biosynthe-
sis.

The first known and well-studied metabolic reaction from the elucidation of the
AdoMet structure is the transmethylation pathway, in which the sulfonium compound
donates its methyl group to a large variety of acceptor molecules in reactions catalyzed
by methyltransferases [31]. Epigenetic modification is the most important effect obtained
by the methylation reaction, and represents one of the most studied processes in cancer.
Experimental evidence has been reported, showing that AdoMet, through an epigenetic
mechanism, is able to regulatethe expression of genes playing a crucial role in cell mi-
gration, invasion, and metastasis [33-36]. In recent decades, many in vitro and in vivo
studies have shown the involvement of AdoMet in various cellular processes, including
proliferation, differentiation, cell cycle regulation, and apoptosis, demonstrating that the
sulfonium compound exerts pleiotropic effects on signal transduction in different cell
types and that it is able to halt the progression of many human tumors [21-25,33-36].

In addition to its well-known functions as a methyl donor and precursor of GSH and
polyamine biosynthesis, the sulfonium compound serves as a source of 5’-deoxyadenosyl
radicals in anaerobic organisms [37]. Radical AdoMet enzymes are found in all domains
of life. These enzymes share a CX3CX2C motif forming a characteristic [4Fe-4S] cluster
that binds AdoMet and catalyzes its reductive cleavage to generate [4Fe-4S]-methionine
and a 5'-deoxyadenosyl 5'-radicals. These radical intermediates are highly reactive and
participate in a wide variety of reactions involved in DNA repair, RNA and protein
modification, and the biosynthesis of vitamins, coenzymes; and natural products. In the
last decade, more than 40 distinct biochemical transformations regulated by AdoMet
radical enzymes have been discovered, although their involvement in biochemical pro-
cesses has not yet been fully understood [37]. Moreover, AdoMet is involved in diph-
thamide, ethylene, and biotin biosynthesisand in post-translational modifications during
t-RNA biosynthesis, and acts as an allosteric modulator of numerous enzymatic systems.

As a result of its many metabolic and regulatory roles, a variety of pharmacological
effects are attributed to AdoMet, including anti-inflammatory, analgesic, and antide-
pressive effects, as well as a therapeutic potential in the treatment of liver diseases.
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Figure 2. Metabolic relationships among transmethylation, trans-sulfuration, folate cycle, and
polyamine synthesis. AdoHcy: S-adenosylhomocysteine; dcAdoMet:
S-adenosyl-(5")-3-methylthiopropylamine; Cys: cysteine; GSH: reduced glutathione; GSSG: oxi-

dized gluthatione: Hcy: homocysteine; MTA: 5deoxy-5-methylthioadenosine; 5-MTHE:
5-methyltetrahydrofolate; THF: tetrahydrofolate; 5,10-MTHF: 5,10-methylenetetrahydrofolate.

3. Pharmacological and Clinical Aspects

Owing to its crucial role in multiple biochemical pathways, AdoMet has been in-
tensively studied as a potential therapeutic agent for the treatment of various clinical
disorders. AdoMet is commercially available worldwide, both as nutraceutical supple-
ment and as a pharmaceutical product, depending on the different dosage and different
local laws. AdoMet is used as an antidepressant in some European countries (e.g., Italy)
under the marketing name Samyr, while in the United States and Canada it is only uti-
lized as a dietary supplement under the marketing name SAM-e or SAMe. In Russia,
China, and South America, it is widely used in chronic liver diseases and cholestasis.
AdoMet is an FDA-approved dietary supplement and pharmaceutical preparations of
this compound are available as intravenous, intramuscular; and oral forms. Notably,
exogenous AdoMet is generally well-tolerated and able to cross the intestinal wall, in-
creasing its plasma concentrations. Maximum plasma concentrations of 0.5-1 mg/L are
achieved 3-5 h after doses of AdoMet ranging from 400 to 1000 mg/day [38]. These high
doses are required to overcome the poor oral bioavailability and rapid metabolism of
AdoMet that, despite its high solubility, is characterized by low cellular permeability and
high chemical instability [39]. However, salts of AdoMet with strong anions can provide
stability to the molecule, and at present, only sulfuric acid, 1,4-butanedisulfonic acid, and
p-toluenesulfonic acid (tosylated)(PTS) salts are available on the market. Recently, a new
formulation of AdoMet phytate showed better stability and pharmacokinetic properties
in comparison with the standard PTS salt [40]. AdoMet in the form of its stable
p-toluensulphonate or butanedisulfonate salt has been used for more than 30 years in the
treatment of depression, liver disorders, musculoskeletal and joint disorders such as, os-
teoarthritis, fibromyalgia, neurodegenerative disorders, and more remarkably, major
depressive disorders (MDD) (Figure 3) [41].
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Figure 3. AdoMet’s ability to counteract the pathological hallmarks of many human diseases by
different mechanisms.

AdoMet is a major endproduct of the one-carbon metabolism, a complex metabolic
route involving folate and methionine cycles that generates and coordinates several final
outputs including the substrate for methylation reactions and the maintenance of redox
balance. Changes in one-carbon metabolism caused by nutritional or genetic alteration of
the enzymes involved and the decrease in AdoMet/AdoHcy ratio due to accumulation of
AdoHcy, the strong competitive inhibitor of AdoMet-dependent methyltransferases,
may explain the aberrant methylation that is implicated as a pathogenic mechanism in
psychiatric and neurological diseases, including MDD and Alzheimer’s disease [42].

Although the mechanism of antidepressant activity of AdoMet is not
well-elucidated, the available evidence suggests that AdoMet functions as a me-
thyl-donating cofactor in the biosynthesis of monoamine neurotransmitters, such as
norepinephrine, dopamine, and serotonin, which play important roles in maintaining a
normal mood. In addition, AdoMet treatment increases the concentrations of
5-hydroxyindole acetic acid, a marker for serotoninergic activity. On the contrary, low
levels of AdoMet may negatively modulate some critical components of monoaminergic
neurotransmitters. Interestingly, low levels of AdoMet have been detected in serum and
cerebrospinal fluid of patients with depressive disorders [43] while AdoMet supple-
mentation was found to enhance its levels in cerebrospinal fluid, demonstrating that the
sulfonium compound is able to cross the blood-brain barrier [44].

It has been proposed that the antidepressant role of AdoMet could also be related to
the stimulatory effect exerted on membrane phospholipid methylation, a process in-
volved in the promotion of the fluidity of neuronal membrane and in the enhancement of
its dynamic functions, including induction of monoamine receptors and monoamine
transporters and receptor coupling, thus maintaining adequate neurotransmission and
preventing depression [45]. On this basis, supplementation with the methyl donor
AdoMet has been proposed as a potential therapeutic approach in patients with MDD
[46].
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DNA methylation and other epigenetic factors are important in the pathogenesis of
Alzheimer’s disease, the most common neurodegenerative disorder of age-derived dis-
eases characterized by deposits of 3-amyloid protein and intracellular fibrillar deposits of
hyperphosphorylated tau protein leading to neuronal death and brain atrophy. It has
been recently reported that alteration of one-carbon metabolism regulates the expression
of two key enzymes in the amyloid pathway, such as, 3-secretase and presenilin, and that
low methylation index is associated with increased A{3 product. Moreover, supplemen-
tation with AdoMet stabilizes the heterotrimeric form of phosphatase PP2A, resulting in
an increased enzymatic activity, a reduced level of pathological tau protein, and im-
proved cognition. Dysregulation of one-carbon metabolism leads not only to alteration of
the methylation cycle with increased Hcy levels and AdoHcy accumulation, but it is also
strictly connected with alteration of GSH metabolism consequent to impairment of
trans-sulfuration. AdoMet prevents oxidative stress associated with one-carbon metabo-
lism alteration decreasing lipid peroxidation levels through modulating GSH metabolism
and superoxide dismutase activity, suggesting that DNA hypomethylation and alteration
of the redox homeostasis are related and could represent the mechanisms through which
dysregulation of one-carbon metabolism is involved in brain diseases [45,47]. Several
preclinical and clinical data have highlighted the association between schizophrenia
symptoms, such as aggressiveness, and increased levels of dopaminergic activity in the
mesolimbic areas of the brain. Furthermore, several hypoactive variants of cate-
chol-O-methyltransferase (COMT), the enzyme responsible for dopamine degradation,
have been reported to be linked to aggressive behaviors in schizophrenia patients. The
few clinical studies in literature indicate that AdoMet is able to decrease aggressive be-
havior in schizophrenia through increased COMT activity [48,49].

The therapeutic potential of AdoMet in treating osteoarthritis was revealed in the
first clinical trials utilizing AdoMet for depression, which evidenced that patients re-
ceiving AdoMet saw benefits intheir osteoarthritic symptoms. Since then, trials involving
more than 22,000 participants have confirmed the therapeutic efficacy of AdoMet against
osteoarthritis, a severe debilitating degenerative joint disease resulting from the break-
down of joint cartilage and underlying bone [50]. Available evidence indicates that
AdoMet exerts anti-inflammatory effects by reducing the expression of the proinflam-
matory cytokine tumor necrosis factor-alpha and by increasing the expression of the an-
ti-inflammatory cytokine interleukin-10. It has been suggested that AdoMet’s an-
ti-inflammatory activity is mediated in part by the modulation of methylation and/or
binding of histones to the promoter region of proinflammatory or anti-inflammatory
cytokine genes [51]. The exact mechanism of AdoMet in slicing symptoms of osteoar-
thritis is unknown, but evidence suggests that it may play a role in reducing inflamma-
tion and increasing proteoglycan synthesis. Interestingly, AdoMet participates in the
synthesis of polyamines that might stabilize and protect these polyanionic macromole-
cules from damage caused by proteolytic and glycolytic enzymes. AdoMet protects
synovial cells by inhibiting GSH depletion and supporting GSH peroxidase levels. Fi-
nally, AdoMet reduces osteoarthritic pain by acting as an analgesic agent [52,53]. Clinical
studies have highlighted that AdoMet shows greater action, more tolerated by the body
and sustained for a longer period, than nonsteroidal anti-inflammatory drugs.

In fibromyalgia, a nonarticular rtheumatic disorder characterized by generalized
musculoskeletal pain, stiffness, fatigue, and sleep disturbances, AdoMet treatment has
shown beneficial effects on muscle pain and mood parameters, significantly reducing
primary symptom outcomes of pain [46,54].

The liver is the major site of AdoMet synthesis and degradation, and it is vital for
maintaining AdoMet homeostasis. AdoMet is used for intrahepatic cholestasis treatment,
as well as for curing chronic liver diseases due to alcohol abuse. Clinical studies have
shown that after AdoMet administration to patients with intrahepatic cholestasis, the
liver functions were significantly ameliorated. Serum level of total bilirubin, alkaline
phosphatase, alanine aminotransferase, aspartate aminotransferase, and gam-
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ma-glutamyl transpeptidase were significantly reduced within the third week of treat-
ment, and came back to normal levels after four weeks, demonstrating the cytoprotective
action of AdoMet in acute and chronic liver injury [55]. Furthermore, it has been shown
that patients with cirrhosis had decreased MAT1A expression with consequent accumu-
lation of methionine and significantly reduced AdoMet levels [28,29,38,56]. The physio-
logical roles of the sulfonium compound in liver and its therapeutic use in liver disease
are reviewed in-depth in the literature [16-18,28,29,38,55,56].

To confirm these positive clinical outcomes and validate new therapies, more stud-
ies with a larger population and longer treatments are needed. Due to its involvement in
many physiological and pathological processes, AdoMet can be considered a structural
model to build potential new inhibitors for pharmacological intervention.

4. Anticancer Effects of the Methyl Donor S-adenosylmethionine in Oral and
Laryngeal Cancer: Mechanisms, Molecular Targets, and Potential
Therapeutic Applications

Over the past decade, many in vitro and in vivo studies have highlighted the anti-
proliferative, proapoptotic, and antimetastatic effects of AdoMet in different types of
human cancers [21-25]. Our research group thoroughly investigated the anticancer ef-
fects of AdoMet in oral and laryngeal squamous cell carcinoma (OLSCC) and has pro-
vided to the literature the first and so far only experimental evidence on the underlying
mechanisms involving the modulation of a broad spectrum of signal transduction
pathways [57-60]. AdoMet exerts antiproliferative activities in HNSCC through
well-documented effects on a variety of biological processes, including cell growth sup-
pression, induction of cell death by apoptosis and autophagy, activation of ER-stress, and
inhibition of cell migration and invasion [57]. AdoMet slows down cancer cell prolifera-
tion by causing G2/M- and S-phase arrest in Cal-33 and JHU-SCC-011 cells, respectively.
At a molecular level AdoMet downregulates the expression of cyclin D1, E1, A2, B1, and
p21 cell-cycle inhibitor, leaving p53 unmodified, indicating that the cell-cycle arrest in-
duced by AdoMet is a p53/p21-independent process. Interestingly, in Cal-33 cells, the
effect of AdoMet is mediated by upregulation of phosho-cdc25C, a phosphatase that
regulates cell-cycle progression in S phase and mitosis by removing inhibitory phosphate
groups from cyclin-dependent kinases [58], providing evidence that in OLSCC the
AdoMet-dependent phosphorylation of cdc25C acts as a metabolic checkpoint for the
G2/M phase transition. This regulatory mechanism is p53-independent and is therefore
particularly relevant for the DNA damage response in cancer cells characterized by high
levels of mutant p53, such as in Cal-33.

AdoMet induces apoptosis viathe mitochondrial pathway through activating
caspase cascade paralleled by increased Bax/Bcl-2 ratio, and triggers autophagic cell
death with a consistent increase in the level of the autophagic marker LC3B-II. In OLSCC,
AdoMet, for the first time, was found to induce ERstress and activate the unfolded pro-
tein response (UPR) signaling, resulting in the upregulation of CHOP and XBP1, crucial
markers of ER-stress-mediated apoptotic pathway, and in phosphorylation and activa-
tion of mitogen-activated protein kinases. Among these, JNK has been found to play a
crucial role in ER-stress-induced autophagy through Bcl-2 phosphorylation, which pre-
vents this protein interacting and inhibiting beclin-1, the crucial autophagy regulator
[61]. The ability of AdoMet to trigger pro-death activity of UPR while simultaneously
inhibiting its pro-survival function represents one of the anticancer mechanisms utilized
by AdoMet that is very promising in terms of potential therapeutic outcome.

The antimetastatic properties of AdoMet have been well-documented in different
types of human cancers, and the underlying mechanisms ranging from epigenetic regu-
lation of genes responsible for cell migration and invasion [33-36] to the modulation of
specific microRNAs (miRNAs) [59,62,63], have been elucidated. In OLSCC, AdoMet in-
hibits the migration and invasion of Cal-33 and JHU-SCC-011 cells by downregulating
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the expression of MMP2 and MMP9, two metalloproteinases involved in the degradation
of the basement membrane and extracellular matrix.

EMT, a highly regulated transdifferentiation process enablingcancer cells to acquire
migratory and invasive properties as well as resistance to apoptosis and drug treatments,
has been shown to play a key role in HNSCC cancer progression and metastasis. There-
fore, targeting EMT might offer promising opportunities to restrain metastatic spreading
and related mortality in these cancer cells [64]. AdoMet was found to modulate EMT in
OLSCC by decreasing the mesenchymal markers N-cadherin and vimentin and concom-
itantly increasing the epithelial marker E-cadherin, indicative of the ability of AdoMet to
reverse the EMT process. Moreover, AdoMet downregulates AKT, (3-catenin, SMAD-2/3;
and their phosphorylated forms, indicating that TGF-3/SMAD/[3-catenin signaling rep-
resents the target selected by AdoMet to modulate EMT and cell motility and invasive-
ness.

The increasing incidence of resistance to chemotherapeutic agents has become a
major issue in the treatment of oral cancer. The ability of AdoMet to act as a chemosensi-
tizer has been amply documented in several types of human cancers [10,21,65]. Our re-
search group demonstrated that in head and neck squamous cancer cells, the combina-
tion of AdoMet and cisplatin produced a synergism as evidenced by the value of the
combination index (CI) and enhanced apoptosis by strongly activating caspase cascade
and PARP cleavage with a concomitant increase in Bax/Bcl-2 ratio [57,60]. The combined
treatment also potentiated the activation of JNK and ERK1/2 and downregulated the ex-
pression level of Bcl-2, thus modulating two important signaling pathways involved in
cDDP resistance. AdoMet has proven to be very effective in enhancing cDDP anticancer
effects, reducing the drug concentration needed to induce apoptosis and to inhibit mi-
gration to the extremely low value of 0.18 uM [57-60]. Notably, this subtoxic cDDP con-
centration is one of the lowest reported so far in combination treatments with natural
chemosensitizer compounds, highlighting AdoMet as an effective adjuvant to be used in
combination therapy to overcome drug resistance in OLSCC. EMT has attracted a lot of
attention in recent years with regard to its relationship with the mechanism of chemo-
therapy drug resistance in oral cancer [66]. In line with this evidence, the inhibition of
EMT by AdoMet could represent an effective mechanism to overcome resistance to
cDDP, further stressing the potential therapeutic utility of the sulfonium compound.

More and more evidence has shown that epigenetic modulation of the level of
noncoding RNA involved in oncogenic functions represents one of the mechanisms un-
derlying the anticancer activity of AdoMet. Noncoding RNAs, especially miRNAs, have
a significant role in carcinogenesis of head and neck cancers, acting both as oncogenes to
promote cancer development and invasion and as tumor suppressors by participating in
the modulation of cell proliferation, differentiation, migration, and invasion [63]. Nota-
bly, the role of miRNAs as biomarkers in HNSCC has recently been evidenced [67]. In
laringeal squamous cancer cells (LSCC), AdoMet strongly reduced the level of
miR-888-5p, an oncogenic miRNA involved in the development and maintenance of the
tumor cell phenotype. Cellular treatment with AdoMet in combination with miR-888-5p
inhibitor synergistically potentiated apoptosis, inhibited tumor cell migration induced by
the sulfonium compound and also induced the upregulation, both at transcriptional and
at traductional level, of c-Myc-binding protein (MYCBP) and E-cadherin (CDH1), indi-
cating that the proapoptotic and antimetastatic activity of AdoMet in LSCC is mediated
by the downregulation of the oncogenic miR-888-5p and that MYCBP and CDHI1 play a
role in the mechanism underlying the anticancer activity of AdoMet in LSCC.

Figure 4 schematically summarizes the anticancer activity of AdoMet in OLSCC.



Appl. Sci. 2022, 12, 1746 10 of 13

AdoMet __

Cell Cycle ( = | ER-Stress
¥ Cyclin DI PINK/INK
¥ Cyclin E1 PERK/ERK
¥ Cyclin A2 pP38/P38
¥ Cyclin Bl sXBPI
v p21 CHOP
4 p-cdc25c/ede25¢

Autophagy Apoptosis miR- 888—5p EMT and
\ /ﬁ Cell Migration and Invasion )
[ LeB Il ] \ pro-caspase 9 V E-cadherin

¥ MYCBP A E-cadherin ¥ uPa
¥ N-cadherin \ MMP2
V vimentin v MMP9

v pro-caspase 8
7 pro-caspasc 7
W/ pro-caspase 6

A cMye ¥ B-catenin  \ pPSMAD2/SMAD2
U PARP-1 ¥ AKT ¥ pPSMAD3/SMAD3
A Bax/Bel2

Figure 4. Schematic representation summarizing the multitargeted anticancer effects of AdoMet in
OSLCC.

In conclusion, the identification and development of new compounds with anti-
tumor activity, and at the same time, with little or no toxicity,is necessary to improve the
therapies of patients with cancers of the oral cavity and larynx. Overall, the data reported
in this review underline that AdoMet can be considered a promising agent for adjuvant
therapy of OLSCC by virtue of its ability to inhibit cell proliferation, migration, and in-
vasion and to activate tightly regulated cell-death mechanisms. The potential of AdoMet
to sensitize OLSCC to ¢cDDP by reversing chemoresistance together with the ability to
downregulate oncogenic miRNAs, such as miR-888-5p, open new opportunities in the
field of oral and laryngeal cancer therapy based on combined treatments aimed at in-
ducingsynergistic anticancer effects.
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