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Review article:

POTENTIAL OF MELATONIN TO REVERSE EPIGENETIC
ABERRATIONS IN ORAL CANCER: NEW FINDINGS
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ABSTRACT

It is now an accepted principle that epigenetic alterations cause cellular dyshomeostasis and functional changes,
both of which are essential for the initiation and completion of the tumor cycle. Oral carcinogenesis is no exception
in this regard, as most of the tumors in the different subsites of the oral cavity arise from the cross-reaction between
(epi)genetic inheritance and the huge challenge of environmental stressors. Currently, the biochemical machinery
is put at the service of the tumor program, halting the cell cycle, triggering uncontrolled proliferation, driving
angiogenesis and resistance to apoptosis, until the archetypes of the tumor phenotype are reached. Melatonin has
the ability to dynamically affect the epigenetic code. It has become accepted that melatonin can reverse (epi)genetic
aberrations present in oral and other cancers, suggesting the possibility of enhancing the oncostatic capacity of stand-
ard multimodal treatments by incorporating this indolamine as an adjuvant. First steps in this direction confirm the
potential of melatonin as a countermeasure to mitigate the detrimental side effects of conventional first-line radi-
ochemotherapy. This single effect could produce synergies of extraordinary clinical importance, allowing doses to
be increased and treatments not to be interrupted, ultimately improving patients’ quality of life and prognosis. Moti-
vated by the urgency of improving the medical management of oral cancer, many authors advocate moving from in
vitro and preclinical research, where the bulk of melatonin cancer research is concentrated, to systematic random-
ized clinical trials on large cohorts. Recognizing the challenge to improve the clinical management of cancer, our
motivation is to encourage comprehensive and robust research to reveal the clinical potential of melatonin in oral
cancer control. To improve the outcome and quality of life of patients with oral cancer, here we provide the latest
evidence of the oncolytic activity that melatonin can achieve by manipulating epigenetic patterns in oronasopha-
ryngeal tissue.
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INTRODUCTION

Heterogeneous primary malignancies
arising from the epithelial lining of the lips,
mouth, hypopharynx, oropharynx, and larynx
are collectively termed oral (cavity) cancers
because they share major risk factors and the
first two histotypes account for ~85 % of the
global incidence. In addition, ~90 % of the tu-
mor entities arising from this anatomical re-
gion are G2 squamous cell carcinomas, usu-
ally originating from the labial border, from
where they spread aggressively (Johnson et
al., 2020; Miranda-Filho and Bray, 2020)
eventually accounting for ~75 % of head and
neck squamous cell carcinomas (Chen et al.,
2020). Approximately twice as common in
men than women, usually over the age of 60,
although cases in young people are rising
sharply (Bray et al., 2018), oral cancer ac-
counts for ~4.5 % of all tumors, with recent
estimates predicting more than 870,000 diag-
noses and more than 400,000 deaths world-
wide by 2020 (Sung et al., 2021).

Despite the evidence that a small propor-
tion of oral (cavity) tumors show familial
and/or ethnic clustering, the prevailing para-
digm is that most patient-specific predisposi-
tion arises from cross-interactions between
(epi)genetic substrates and damage caused by
environmental factors (Lingen et al., 2011).
Specifically, serial (epi)genetic insults to the
oronasopharyngeal epithelium by external ag-
gressors exceed homeostatic adaptive thresh-
olds and the cell is driven to a point of no re-
turn where atypia and dyshomeostasis take
control. Thus, alcohol abuse and regularly
smoked or smokeless tobacco have a major
impact on almost 90 % of the prevalence, as
they both directly and repeatedly expose the
oronasopharyngeal mucosa to carcinogens
and persistent inflammation (Irimie et al.,
2018; Pelucchi et al., 2006). In Southeast
Asian and Western Pacific countries, the eti-
ological spectrum extends to pipe smoking,
betel quid chewing containing areca nut, with
or without tobacco, and nitrosamine-rich
foods (Shield et al., 2017). In addition, the
new forms of smoking that are marketed as
safe and are becoming popular worldwide,

such as water pipes or electronic cigarettes,
pose a new global health concern that is cur-
rently being researched due to the probable
carcinogenicity of chemicals that encounter
the epithelium (Chaturvedi et al.,, 2022;
Ebersole et al., 2020; Patil et al., 2019). Irre-
spective of the above-mentioned comorbidity
factors, persistent human papillomavirus
(HPV) infection, mainly HPV16 and HPV18
serotypes, has increased the carcinogenicity
of the oropharynx, tonsils, and base of the
tongue in males over the last two decades
(Johnson et al., 2020), mainly in high-income
countries (Bosetti et al., 2020; Lechner et al.,
2022). In this regard, epidemiological trends
indicate that HPV is currently the cause of
more than 80 % of oropharyngeal tumors,
compared to its impact of ~2-3 % on overall
incidence (Bouvard et al., 2022; Chaturvedi et
al., 2022). Considering that aging, heavy al-
cohol intake, smoking, tobacco or betel nut
chewing, and HPV infection are the main
causes of oral carcinogenesis, tumors of this
origin can be largely avoided by eliminating
tobacco and alcohol abuse, along with
prophylactic HPV vaccination (Chaturvedi et
al., 2018; Cohen et al., 2018).

OPPORTUNITIES FOR EPIGENETICS
IN THE TREATMENT OF ORAL
CANCER

The definition of oral (cavity) cancer as a
progressive and multifactorial  disease
(Lingen et al., 2011) entails differentiated eti-
ogenic pathways and histopathological sub-
types (Bavle et al., 2016), with specific char-
acteristics and treatment needs. However, in
the absence of stage- and tumor-specific bi-
omarker-guided assessment, as in other can-
cers, both prognostic and therapeutic deci-
sions are based on AJCC-TNM indexing.
Morphological staging can occasionally lead
to subjectivity and predictive discrepancies,
particularly with regard to the prognosis of
primary metastases, as evidenced by the dif-
ferent outcomes of small, low-risk non-meta-
static, T1/T2 tumors (Wang et al., 2019b) or
diffuse low-grade dysplasia (Crawford et al.,
2022). The reason for these discrepancies lies
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in the underlying complexity of the cytologi-
cal/histological properties considered in the
AJCC-TNM subclassification, such as micro-
biota imbalance (Pignatelli et al., 2022), tu-
mor microenvironment (Liu et al., 2022) or
perineural invasion (Hurnik et al., 2022).
Similarly, there is currently no standardized
procedure to address the carcinogenic poten-
tial of silent (epi)genetic alterations that occur
in tissues adjacent to the primary tumor
(Strzelezyk et al., 2018), which are thought to
represent the reservoir of cancerization (oral
field cancer) from which recurrence arises af-
ter removal and first-line treatment (Peralta-
Mamani et al., 2022). Therefore, to improve
survival expectations, current cytohistopatho-
logical staging needs to evolve towards more
precise stratification based on (epi)genetic
signatures of the tumor and the microenviron-
ment on which patient progression and treat-
ment response depend. As a result, the ambi-
tious Precision Medicine scenario of individ-
ualizing therapeutic decisions would be real-
istic (Li et al., 2020a; Makitie et al., 2022;
Sasahira et al., 2022) and would enable us to
avoid surgical disfigurement and functional
disability (Chung et al., 2004; Lingen et al.,
2011; Zhang et al., 2021b). In this regard, in-
tensive research is attempting to develop a
molecular-based staging system that provides
reliable and non-invasive biomarkers to
achieve early  diagnostic  protocols
(Nijakowski et al., 2022; Parfenova et al.,
2021; Santosh et al., 2016).

Epigenetics refers to changes in DNA and
chromatin architecture that, in close associa-
tion and without altering the base sequence,
can dictate how RNA activity and gene ex-
pression are modulated. The ensemble of
chemical tags that play this regulatory role
gives rise to the epigenome, a full member of
the genetic information. The epigenetic pro-
file comprises cell- and tissue-specific native
traits that remain stable during cell division
and are therefore mitotically and meiotically
heritable. At the same time, epigenetic pat-
terns are sensitive to the effects of endoge-
nous and external stressors (oral habits, car-
cinogens, etc.) and, unlike genetic variants,

are reversible and highly dynamic (Cavalli
and Heard, 2019). Notably, epigenetic plastic-
ity is part of the homeostasic framework that
underpins the resilience of cells and tissues.
Furthermore, epigenetics has expanded the
classical paradigm of gene-based disease and
therapeutic practice, as epimutations, like ge-
netic mutations, are potentially pathogenic
and can be targeted to restore baseline config-
uration. The transient nature of the epigenetic
landscape has also abolished the traditional
segregation between genetic and environmen-
tal causes of the disease, as disordered epige-
netic patterns crystallize the influence of non-
genetic factors (Singh et al., 2016). In addi-
tion, the reversibility of epigenetic alterations
enables different approaches to the treatment
of diseases, including cancer. Consequently,
the epigenomic revolution has broadened the
conceptualization of cancer pathways and ep-
igenetic alterations have become part of the
canonical hallmarks of cancer (Flavahan et
al., 2017). In this regard, oral carcinogenesis
should be reinterpreted as the summation of
(epi)mutations and progressive cellular dam-
age from environmental stressors (Bais,
2019).

Genetic alterations leading to tumoriza-
tion of the oronasopharyngeal structures are
well known, with excellent investigations and
comprehensive reviews published in recent
years (Ali et al., 2017; Usman et al., 2020),
which we will therefore not review here. This
1s not the case for epigenomic studies, which,
although rapidly expanding, are still in the
gap-filling phase to obtain as complete an ep-
igenetic picture as possible of the different
stages and locations of oral tumors. In cancer
in general and in oral cancer in particular, the
most studied epigenetic changes include gene
silencing by DNA hypermethylation, induc-
tion of genome instability by DNA hypometh-
ylation, post-translational modifications of
chromatin histones (mainly, acetylation/
deacetylation and methylation/demethyla-
tion) and transcriptional regulation by small
non-coding RNAs (especially micro-RNAs or
miRs) (Figure 1).
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lation of epigenetic
processes in oral
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From a translational perspective, epige-
netic research hopes to identify biomarkers
for premalignant risk assessment, screening
and early detection, differential diagnosis and
stratification, recurrence/prognosis prediction
and/or novel targeted therapies. Epimutations
reshape the genome architecture and thus the
degree of chromatin compaction, which facil-
itates or hinders DNA access and transcrip-
tional regulation (Gazdzicka et al., 2020).
Based on the reversibility of epimutations,
dynamic epigenotype restoration is conceptu-
ally plausible, although the inherent toxicity
of some interventions makes achieving epige-
netic normalization clinically unfeasible.
Nevertheless, as with advances in other can-
cers, there is great promise in epigenetic phar-
macology for the treatment of oral tumors.
Pharmacology can contribute to the therapeu-
tic armamentarium against oral cancer with
epigenetically active compounds, especially
the ‘first generation’ inhibitors of histone
deacetylases (HDACi) and DNA methyl-
transferases (DNMT1), either as primary mon-
otherapy or, more likely, as multi-drug regi-
mens mixed with conventional treatments
(Kumar et al., 2017; Q1 et al., 2016). Com-
bined treatments enhance oncolytic efficacy
by acting synergistically on the same thera-
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DNA Methylation

cancer. Many epige-
netic processes are
involved, including
microRNA  produc-
tion, histone modifi-
cation, and DNA
methylation.
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peutic target (signaling pathway, gene regula-
tor, etc.) or simultaneously on different non-
redundant critical targets. As evidence of their
therapeutic efficacy, the US and European
regulatory authorities have recently approved
some combination regimens (Bondarev et al.,
2021; Majchrzak-Celinska et al., 2021) to
overcome drug resistance and improve the
clinical management of oral cancer, which is
currently based almost exclusively on con-
ventional radiochemotherapy.

POTENTIAL CONTRIBUTIONS OF

MELATONIN TO THE CARCINO-

GENIC CYCLE AND TREATMENT
OF ORAL CANCER

Early oral cancer does not present with
pain or significant somatic symptoms. The re-
sulting delay in diagnosis allows for invasive
spread to nearby lymph nodes and distant me-
tastases, significantly worsening the progno-
sis of the disease (Guneri and Epstein, 2014).
Indeed, morbimortality has remained persis-
tently high for decades across all age groups
and tumor subsites, with ~60 % of cases diag-
nosed at advanced T3 and T4 stages. Specifi-
cally, 2-year recurrence and metastasis rates
after resection reach 80 % (Chung et al,
2004), and median 5-year survival rates for
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advanced cases are as low as ~10-50 % de-
pending on stage and resectability, among the
lowest of all common cancers (Wang et al.,
2019c). However, early detection (stages T1
or T2) increases the 5-year survival rate to
~80 % (Ho et al., 2019). The accessibility of
the oral cavity, which facilitates examination
and anamnesis, should improve detection, and
avoid deep locoregional invasion or distant
colonization. Disappointingly, clinicians do
not have discriminative risk-predictive mark-
ers to differentiate benign oral lesions from
those with serious malignant potential
(Crawford et al., 2022). In addition, standard-
ized screening for massive or high-risk popu-
lations and secondary prevention strategies to
reduce locally aggressive and/or metastasized
lesions have not been implemented. Instead,
the standard management of oral cancer is en-
tirely based on post-diagnosis modalities that
include surgery, concurrent post-operative
chemoradiation, and targeted therapies (Day
et al., 2003). However, curative efficacy is far
from optimal, as a large proportion of resected
primary tumors usually recur within a few
months of treatment initiation. It is hoped that
minimally invasive or some non-invasive al-
ternatives will soon be available to reduce the
delay in diagnosis, relapse during follow-up,
off-target toxicity, and innate or acquired re-
sistance to radiochemotherapy (Dharmawar-
dana et al., 2020; Salaric et al., 2021).

Given the need to strengthen the therapeu-
tic arsenal against oral cancer, the natural
methoxyindole melatonin has recently been
repeatedly postulated as an adjuvant capable
of increasing the efficacy of multimodal ap-
proaches and mitigating unwanted side ef-
fects, thus improving the well-being of pa-
tients (Capote-Moreno et al., 2019; Sung et
al., 2020). In this regard, the gold standard for
the treatment of oral squamous tumors is con-
current radiochemotherapy, with cisplatin-
based combination regimens as the first-line
option. However, this and other drugs are
dose limited due to their acute and long-term
nephrotoxicity (Hanigan and Devarajan,
2003). In this regard, melatonin reduced the

expression of renal biomarkers and signifi-
cantly improved the cisplatin-induced histo-
pathological renal damage in several strains
of rats (Abdel-Rahman Mohamed et al., 2022;
Ali et al., 2020). Melatonin has also been
shown to be competent in protecting organs
damaged by other chemotherapeutic drugs, as
in the case of doxorubicin-associated cardio-
toxicity (Maleki Dana et al., 2022), which
melatonin counteracted by preventing mito-
chondrial oxidative damage and cardiomyo-
cyte ferroptosis (Sun et al., 2022). On the
other hand, the toxicity exerted in vitro by the
pro-carcinogenic xenoestrogen bisphenol-A
on human gingival fibroblasts, colon cancer
and bone marrow stem cells was abolished by
melatonin by reducing oxidative stress and
genotoxicity (Ebrahimi et al., 2021).

In terms of radiation-induced damage,
melatonin can protect against hematological
and intestinal lesions in mice exposed to sys-
temic radiotherapy, significantly increasing
their survival after daily doses of 100 mg/kg
(Tripathi et al., 2022). Inflammatory damage
caused by ionizing radiation leads to severe
mucositis in 90 % of patients undergoing irra-
diation (Brown and Gupta, 2020). Without
more satisfactory management than sympto-
matic treatment, mucositis forces the suspen-
sion of therapies and prolongs their duration,
increasing costs, and compromising patient
outcomes (Elting et al., 2007). In this context,
irradiation of the rat tongue has been reported
to decrease internal melatonin, whereas topi-
cal application of a 3 % gel restored melato-
nin levels and protected the mucosa from ul-
ceration by preventing mitochondrial disrup-
tion and NF-kB/NLRP3 inflammasome acti-
vation (Ortiz et al., 2015). High content mel-
atonin gels have also been shown to effec-
tively counteract secondary oral (Abdel
Moneim et al, 2017) and intestinal
(Fernandez-Gil et al., 2017) mucositis in rat
models subjected to tongue irradiation with or
without conventional radiochemotherapy in
oral cancer patients. Similarly, administration
of melatonin (10 mg/kg/day), particularly
prior to radiation, restored normal anti-in-
flammatory and antioxidant markers in rat
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liver (Yalcin et al., 2023). Specifically, mela-
tonin reduced mucositis and pain, avoiding
treatment discontinuation and the need for
morphine-dependent analgesia, thus paving
the way for future phase III trials (Elsabagh et
al., 2020; Lozano et al., 2021; Onseng et al.,
2017). However, when evaluating the effi-
cacy of antioxidants in the treatment of mu-
cositis, a recent meta-review of 13 random-
ized controlled trials found inconsistent re-
sults for melatonin in similar interventions
(Raza et al., 2022). Similarly, the systematic
review and meta-analysis by Fan et al. (19
randomized controlled trials in various can-
cers) questioned the inclusion of melatonin in
combination regimens as it does not appear to
significantly improve relevant aspects of pa-
tient outcome such as quality of life, sleep
regularization, fatigue, and pain (Fan et al.,
2022). In contrast to the claimed ineffective-
ness of melatonin in reducing oral cancer mu-
cositis and improving patient well-being, it
should be noted that randomized, double-
blind, placebo-controlled clinical trials have
reported statistically significant benefits in
delaying the onset of grade 3 oral stomatitis
(Onseng et al., 2017), pain reduction
(Elsabagh et al., 2020), and ulcer severity and
duration (Lozano et al., 2021). In addition,
other recent systematic reviews and clinical
trials have shown that melatonin co-admin-
istration improves inflammation (Moslehi et
al., 2022), ototoxicity (Basirat et al., 2023),
depression and ulceration (also reported in the
Fan et al. study (2022)), as well as improved
sleep/quality of life and reduced fatigue in pa-
tients with oral and other cancers (Jafari-
Koulaee and Bagheri-Nesami, 2021; Sedighi
Pashaki et al., 2023; Seo et al., 2023; Zetner
et al., 2023). Therefore, most of the available
evidence supports the suitability of melatonin
formulations as an adjuvant to reduce mucosi-
tis and other side effects associated with radi-
ochemotherapy regimens (Gonzalez et al.,
2019), as well as to improve therapeutic effi-
cacy and overcome drug resistance
(Fernandez-Gil et al., 2019; Ma et al., 2020;
Mafi et al., 2023). Furthermore, clinical trials

suggest that melatonin gels are highly pene-
trable and safe for the treatment of oral mu-
cositis (Moslehi et al., 2022). Thus, the issue
to be resolved is not the usefulness of the in-
dolamine, but rather the paucity of studies
performed and their heterogeneity in many
relevant parameters (size and type of cohort,
treatment regimens, interventions, etc.),
which probably contributes to the uncertainty
and confusion regarding the advisability of in-
cluding melatonin in the clinical management
of patients with oral cancer.

Another important issue to be addressed is
the recently reported pro-metastatic effect of
long-term high-dose melatonin (5 mM in vitro
for more than 10 generations) on oral squa-
mous cell carcinoma cells, which progressed
to malignancy and metastasis through pro-
cancer upregulation of FGF19-dependent sig-
naling through activation of the PER-
elFaATF4 stress-related pathway (Lang et
al., 2021). Conversely, 2 mM melatonin was
shown to suppress the migration (24 h) and
invasion (36 h) capabilities of the human
tongue squamous cell carcinoma line SCC-15
via mRNA/protein downregulation of the pro-
cancer FGF19/FGFR4 pathway (Wang et al.,
2021b). In a recent systematic review by our
research team, human equivalent doses of
melatonin, extrapolated from those tested in
animal studies, yielded significantly higher
values (up to 24 times higher) than concentra-
tions administered in randomized trials in
breast cancer patients (Ramos et al., 2023).
Notably, regular doses of 20 mg/day appeared
to have a beneficial effect on chemotherapy
toxicity and 1l-year survival, and progres-
sively higher equivalent doses showed more
encouraging responses (Ramos et al., 2023).
Therefore, in future clinical research, melato-
nin scheduling should be carefully tailored to
dose-time ranges in which the indolamine
helps control cancer comorbidity without
causing toxicity. Nevertheless, the possibility
of a hormesis-type biphasic response cannot
be excluded, as they are common in many
melatonin-coordinated adaptations to stress
(Schirrmacher, 2021). In this regard, to avoid
side effects or cross-reactions with other
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drugs (Foley and Steel, 2019), the active
ranges and safety margins of melatonin
should be established according to i) the most
favorable phases of the circadian cycle
(chronoadministration) (Ozturk et al., 2017)
and 7i) the pharmacokinetic profile of each pa-
tient (Money et al., 2022). Indeed, the chron-
obiotic facet of melatonin may open up new
therapeutic approaches for oral cancer pa-
tients. For example, the circadian secretion of
melatonin has been found to be associated
with the improvement of radiotherapy-related
side effects (Rakici et al., 2019). Similarly,
cisplatin-induced DNA damage can be mod-
erated by scheduling melatonin administra-
tion to coincide with the minimum circadian
expression of the PER?2 clock gene (Redondo
et al., 2021). Considering this statu quo, fur-
ther in vitro and animal studies, as well as
long-term, high-coverage, multicenter clini-
cal trials, are needed to demonstrate the “lab-
to-bedside” potential of high-dose melatonin
and the feasibility of its short-term clinical ap-
plication (Kim et al., 2022; Menczel Schrire
et al., 2022).

The translational interest of melatonin as
an adjunct to first-line radiochemotherapy in
cancer therapy stems from in vitro and in vivo
data suggesting direct and indirect nitrooxida-
tive protection, immunosurveillance, pro-
apoptotic, antiproliferative, antiangiogenic
and antimetastatic effects, cell cycle control
and remodeling of the tumor microenviron-
ment (Budi and Farhood, 2023; Li et al.,
2017; Mu and Najafi, 2021; Wang et al,,
2022; Yeh et al., 2017). Accordingly, melato-
nin is considered to be a cytoprotector capable
of activating signaling survival pathways
such as Akt/mTOR and ERK/Akt (Tamtaji et
al., 2019) and raising barriers against prolifer-
ation, malignant progression, neovasculariza-
tion, and oral cancer metastasis (Cutando et
al., 2014; Talib et al., 2021). In this sense,
some studies have reported decreased urinary
(Luo et al., 2022), salivary (Salaric et al.,
2021) and serum melatonin levels (Stanciu et
al., 2020b; Tsai et al., 2021) in oral cancer pa-
tients. Similarly, reduced antioxidant de-
fences (Nuszkiewicz et al., 2021), eventually

associated with upregulated matrix metallo-
proteinases (mainly, MMP-9) and/or histo-
pathological features (Luo et al., 2022;
Stanciu et al., 2020a, b), have also been re-
ported. The antitumor protection conferred by
melatonin can be observed in particular after
the interruption of nocturnal secretion by
ALAN (artificial light at night), which in-
duces changes in the methylation profile as-
sociated with chronodisruption in both diur-
nal and nocturnal animal models (Haim et al.,
2019). Disruption of melatonin release in pin-
ealectomized rats resulted in larger and
thicker tongue tumors compared to sham-op-
erated controls; also, with greater infiltration
of tumor-associated macrophages and eosino-
phils at the invasive margin and increased ex-
pression of ERK1/2 and p53 (Kayahara et al.,
2020). Consistent with these observations,
tongue squamous cell carcinoma SCC-15
cells treated with melatonin reduced their mi-
gration/invasion rates and aborted the activa-
tion of carcinogenic tumor-infiltrating macro-
phages by inhibiting the proinflammatory
MIF/NLRP3/IL-B axis (Wang et al., 2023b).
This oncostatic capacity was then reliably
confirmed in melatonin-treated mice by de-
creased weight, volume, and MIF/NLRP3/IL-
B levels in xenografted oral tumors from sub-
cutaneous injection of SCC-15 cells (Wang et
al., 2023b). Furthermore, SCC-25 and CAL27
oral tumor lines treated with millimolar mela-
tonin arrested epithelial-mesenchymal transi-
tion by inhibiting the immune checkpoint PD-
L1 protein and the ERK1/2/FOSL1 pathway,
and synergistically enhanced anti-PD-1 im-
munotherapy in a syngeneic mouse model
(Luo et al., 2022).

Of relevance to cancer therapy is the drug
sensitization achieved by pharmacological
doses of melatonin, which ameliorated doxo-
rubicin-induced apoptosis of skin, lung and
laryngeal cancer cells compared to equivalent
doses of the chemotherapeutic agent in the ab-
sence of melatonin (Fic et al., 2007; Hamed et
al., 2023). Co-treatment with melatonin also
increased the in vitro/in vivo cytotoxicity of
5-fluorouracil by inhibiting ERK and Akt sig-
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naling in esophageal squamous cell carci-
noma cells and a mouse model (Lu et al.,
2016). Similarly, millimolar concentrations
of the indolamine in combination with the
antiangiogenic verteporfin (Wang et al.,
2023c) downregulated the expression of epi-
thelial-mesenchymal transition and metasta-
sis markers in ROS-low human squamous cell
carcinoma cells and in 3D-sphere cultures;
impaired mitochondrial function reduced the
characteristics of cancer stem cell and pro-
moted apoptosis (Shin et al., 2022).
Mitochondria actively synthesize melato-
nin and are also essential for the biochemical
integration and therapeutic success of exoge-
nously administered doses (Guerra and
Devesa, 2021). In the context of oral cancer,
the metabolic phenotype of mitochondria
shifts towards hyperactive oxidative phos-
phorylation and ROS hyperproduction, result-
ing in increased mitophagy and apoptosis and
reduced tumor cell proliferation (Guerra-
Librero et al., 2021). Thus, in CAL27 and
SCC-9 oral squamous cell carcinoma cells
and in CAL27xenografted mice, 0.5-1 mM
melatonin induced ROS overproduction and
apoptosis by uncoupling oxidative phosphor-
ylation via reverse electron transport (Florido
et al., 2022). Similarly, high-dose melatonin
(2 mM) combined with the ferroptosis inducer
erastin achieved synergistic antitumor effi-
cacy in human tongue squamous cell carci-
noma SCC-15 cells and BALB/c nude mice
xenograft by overproduction of ROS, induc-
ing apoptosis and Fe-dependent cell death
(Wang et al., 2023a). Similarly, 1 mM mela-
tonin potentiated apoptosis on rapamycin-in-
duced oral squamous cell carcinoma CAL27
and SCC-9 cells by enhancing mitochondrial
ROS generation and inhibiting Akt/mTOR
signaling (Shen et al., 2018). However, mela-
tonin reduced ROS generation in ROS-rich
oral cancer cells through inactivation of ROS-
dependent Akt and ERK signaling pathways,
impairing their proliferative capacity and re-
sistance to apoptosis (Liu et al., 2018). Nota-
bly, melatonin can antagonize DNA damage
and genotoxicity (Chuerduangphui et al.,
2018) induced by the major mutagen of the

areca nut, arecoline, thus demonstrating the
potential to prevent oral cancer in betel quid
chewers (Shih et al., 2021). In this regard, the
stimulation of MMP-9 secretion by areca nut
extracts in gingival keratinocytes and SAS
cancer epithelial cells was attenuated by mel-
atonin at 100 and 250 pug/mL (Chang et al.,
2019). In tumor-supporting neutrophils asso-
ciated with oral squamous cell carcinoma
cells, melatonin-dependent inactivation of the
p38 MAPK and PI3K/Akt pathways aborted
the release of MMP-9 and inflammatory fac-
tors, thereby reducing migration and re-
sistance to apoptosis (Lu et al., 2017).

THE POTENTIAL OF MELATONIN IN
THE EPIGENETIC TREATMENT OF
PATIENTS WITH ORAL CANCER

The pleiotropy of melatonin includes the
ability to modulate gene expression and epi-
genetic machinery, thereby increasing the
number of potential druggable targets and
treatment options in human disease, including
oral cancer and other neoplasms (Chuffa et
al., 2020; Gurunathan et al., 2021; Monayo
and Liu, 2022). The genetic system that coor-
dinates melatonin activity undergoes pro-
found changes during oral carcinogenesis. For
example, integration of microarray data and
RNA sequencing of 12 melatonergic genes in
11 tumor types has revealed that all those with
differential expression in oral cancer are con-
sistently downregulated (Zou et al., 2021).
Furthermore, multivariate analysis has shown
that functional loss of the MTI (MTNRIA)
gene 1s an independent risk factor for poor
prognosis and is significantly associated with
tumor size and reduced overall survival in
oral cancer patients (Nakamura et al., 2008).
On the other hand, a 3-SNP haplotype of the
MT1 promoter establishes a synergistic inter-
play with certain environmental factors in the
promotion of oral cancer (Lin et al., 2015).
Further experimental evidence from oral
squamous cell carcinoma SCC-9 cells showed
that I mM melatonin inhibited the pro-angio-
genic genes HIF-la and VEGF and the pro-
metastatic gene ROCK-1 (Goncalves et al.,
2014).
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Dysregulation of circadian genes also re-
veals the interplay between melatonin signal-
ing and oral carcinogenesis (Rahman et al.,
2019; Rodriguez-Santana et al., 2023). In-
deed, knockdown of the clock-related PER]
gene stimulated proliferation, invasion, and
resistance to apoptosis of squamous cell car-
cinoma SCC-15 cells and increased the cellu-
lar index and volume of xenografts induced
after injection inti BALB/c nu/nu nude mice
(Li et al., 2016). Similarly, PER2 expression
was downregulated in oral squamous cell car-
cinoma SCC15 and CAL27 cells, while over-
expression promoted apoptosis and autoph-
agy and inhibited proliferation (Liu et al.,
2020). Moreover, upregulation of the clock
gene Timeless in human nasopharyngeal car-
cinoma cells is an independent prognostic fac-
tor associated with cisplatin resistance and re-
duced overall survival (Liu et al., 2017b).

The genetic dimension of melatonin ex-
pands the limited options available to treat
oronasopharyngeal tumors and may mitigate
their tendency to become resistant to radi-
ochemotherapy (Russo et al., 2018). In this
context, melatonin is increasingly emerging
as an active epigenetic actor (Capote-Moreno
et al., 2019; Guerra and Devesa, 2021). De-
spite this, the epigenetic mediation exerted by
melatonin in oral cancer is largely unex-
plored, with the sparse ongoing research
mainly focused on in vitro and preclinical
studies (Table 1). In this complex scenario,
we have updated the most recent evidence-
based epigenetic achievements of the indola-
mine in oral cancer in the following sections.
We hope that our contribution will emphasize
the need for comprehensive clinical programs
that convincingly demonstrate the leap for-
ward that can be achieved by incorporating
melatonin in multimodal settings for the treat-
ment of oral cancer.

CLINICAL POTENTIAL OF
METHYLOME SCREENING IN ORAL
CANCER

DNA methylation is the best studied and
most well-known epigenetic mark for the con-
trol of gene expression, which in mammals is

essentially restricted to CpG dinucleotide cy-
tosines, including CpG promoter islands at 5°-
ends, intergenic repeat sequences and other
repetitive non-coding regions scattered
throughout the genome (Gazdzicka et al.,
2020; Moore et al., 2013). Methylation is cat-
alyzed by the DNA methyltransferase family,
consisting of the conserved cytosine methyl-
ases DNMT3L, DNMT1, DNMT3A, and
DNMT?3B, resulting in tissue-specific mainte-
nance methylation (by DNMT1) and de novo
methylation patterns (by DNMT3A/B).
DNA-methylated sites are then recognized by
methyl-binding proteins that recruit the re-
modeling machinery responsible for chroma-
tin condensation and transcriptional silencing
downstream of the methylation hubs
(Buitrago et al., 2021). Methylation is essen-
tial for embryogenesis and for genome stabil-
ity, but it is also a determinant of cancer when
aberrant DNMT expression and/or activity
distorts the methylation pattern of genes criti-
cal for homeostasis (Jin and Robertson,
2013). In this context, methylation damage in
cancer can take the form of tumor suppressors
being silenced by extensive promoter methyl-
ation or, sensu contrario, the activation of
proto-oncogenes by global hypomethylation
(Kulis and Esteller, 2010). Both site-specific
hypermethylation and genome-wide hypo-
methylation have been reported to affect pro-
moter regions (Irimie et al., 2018), in both
cases leading to genetic instability and muta-
genicity, thus contributing to malignant pro-
gression (Nishiyama and Nakanishi, 2021).
Although promoter methylation is low in the
canonical genome, the study of cancer-asso-
ciated genome-wide hypomethylation 1is
poorly defined compared to the suppression
of critical genes by focal hypermethylation. In
most cancers, hypomethylation primarily af-
fects extragenic regions such as repetitive
DNA (e.g., LINE-1 repeats), intragenic re-
gions, transposons or intronic CpG motifs,
leading to imprinting aberrations, chromo-
some structure abnormalities and/or activa-
tion of latent viruses and prometastatic genes
(Castilho et al., 2017). Either way, it is neces-
sary to reconcile the apparent paradox of ex-
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Table 1: Melatonin’s role on epigenetic modulation of oral cancer

Epige-
netic
modula-
tion

Melatonin
treatment

Findings

DNA - CpG hypermethylation of Naka-
methyla- Twenty-five OSCC cell MTNR1A gene was reactivated  mura et
tion lines and primary tumors after 5-aza-2’-deoxycytidine al., 2008
treatment
hDPCs 100 uM for  Promotion of odontogenic differ-  Li et al.,
7 days entiation by regulating the levels 2020b
of DNMT1, MeCP2, and DNA
methylation
Histone Patient-derived tumor 20 mg/kg MLT downregulated LSD1, de-  Yang et
modifi- xenografts models over- daily, i.p., creasing cell proliferation al., 2017
cation expressing LSD1. Mouse-  for 24 and
based s.c. OC SCC25- 42 days.
xenograft model. 0-20 mM for
OSCC cell lines 24 h
2-4 mM for
24 and 48 h
HSC-3 and OECM-1 OC 1 mM for MLT inhibited migration of tu- Yeh et
cell lines 24 h mor cells through down-regula-  al., 2016
tion of MMP-9 expression and
decreasing histone acetylation
Pro- HONE-1, NPC-39 and 0.5-1 mM MLT reduced MMP-9 promoter Ho et al.,
moter NPC-BM nasopharyngeal activity by inhibiting SP-1-DNA 2016
action carcinoma cell lines binding ability
SCC-9, SCC-25 and 10 ug/mL MLT inhibited miR-155 and in- Hun-
CAL27 OSCC cell lines for72 h creased miR-21 saker et
al., 2019
Non- SAS and SCC-9 cells 2 mM for MLT upregulated miR-34b and  Hsieh et
coding 24 h miR-892a expression, which re-  al., 2020
micro- duced drug resistance and pro-
RNAs moted apoptosis
Human OSCC cell lines, 1 mM MLT downregulated pro-meta-  Su et al.,
OECM-1, HSC-3, and static nuclear IncRNA (MROS- 2021
HSC-4 cells 1), inhibiting oral cancer migra-
tion by replenishing the expres-
sion of PRUNE-2
SCC-9 cells 0.01-1 mM  MLT upregulated miR-25-5p ex- Wang et
for 48 h pression, inhibiting cell viability, al., 2020
proliferation, and inducing apop-
tosis

hDPCs: human dental pulp cells; DNMT1: DNA methyltransferase 1; MLT: melatonin; MeCP2: methyl-CpG binding protein 2; OC:
oral cancer; OSCC: Oral squamous cell carcinoma; s.c.: subcutaneously; i.p.: intraperitoneally; MMP-9: metalloproteinase 9;
LSD1: histone lysine-specific demethylase; SP-1: specificity protein-1; PRUNE-2: Prune homolog 2 with BCH domain

tensive promoter methylation, global ge-
nomic hypomethylation, and DNA methyl-
transferase hyperactivity coexisting in tumor
cells, perhaps independently contributing to
carcinogenesis by different mechanisms. An-
other intriguing issue to be elucidated is the

link between epigenetic drift towards hyper-
methylation of promoter CpG islands in the
elderly and increased susceptibility to cancer
(Yuetal., 2020). Given the prevalence of oral
cancer in the elderly, it will be interesting to
see the results of the ongoing interventional
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clinical trial NCT04631341 (10,000 partici-
pants, China) on the effect of melatonin on
cardiovascular disease and cancer incidence
in 60-74 year olds. It would also be desirable
to know the results of the interventional phase
3 trial on quality of life improvement in >70
patients (123 participants enrolled) after re-
ceiving adjuvant melatonin in combination
with treatment for advanced metastatic cancer
(NCTO02454855, France) and the multicenter,
double-blind, placebo-controlled phase III
trial to assess the efficacy and safety of mela-
tonin in postoperative delirium in cancer pa-
tients over 65 (JRCTs031210673, Japan).
Accumulating evidence suggests that
methylation defects are early events in cancer,
strongly influenced by environmental varia-
bles and with a great capacity to determine the
malignant transition (Morandi et al., 2017). In
this context, ad hoc modulation of methyla-
tion status could make epigenetics a corner-
stone of cancer therapy. Chronic IL-6-medi-
ated inflammation is a known cancer risk in
the oral mucosa, disrupting normomethyla-
tion by activating the DNMT3B enzyme
(Chen et al., 2014), altering LINE1 hypo-
methylating and hypermethylating tumor sup-
pressor genes (Gasche et al., 2011). Thus, as
in other neoplasms, the translational interest
of the oral cancer methylome is the detection
of cancer driver genes to have clinically use-
ful diagnostic/prognostic biomarkers and/or
therapeutic targets (Davoodvandi et al., 2022;
Demokan and Dalay, 2011; Towle et al.,
2013; Zhou et al., 2018). However, these two
strategic objectives are difficult to achieve be-
cause oral cancer comprises histologically
and pathologically diverse entities. Therefore,
variability due to anatomical subsites, ethnic-
ity, sex, HPV status, or environmental etiol-
ogy makes tumor-specific methylation
changes and/or patient individuality conceiv-
able, as recent integrative studies have shown.
Accordingly, a large number of methylation
profiles will need to be characterized to un-
derstand the specificities of each tumor sub-
category and stage. The popularization of
mass sequencing capabilities has allowed ge-
nomic analyses to evolve from individual

marker analyses to complete (epi)genome
mapping. For this reason, methylation signa-
tures are the preferred mechanism-based
strategy for assessing the genetic background
of tumors or the census of (epi)genetic
changes resulting from environmental stress-
ors. In addition, the recent introduction of
methods to perform inexpensive assays from
non-invasive liquid samples such as blood or
saliva portends the reliability of genomic
methylation screening tests for individual risk
prediction, diagnosis and/or prognosis assess-
ment, or the implementation of targeted ther-
apies (Dharmawardana et al., 2020; Rapado-
Gonzalez et al., 2021, 2023; Salaric et al.,
2021). To this end, an epigenomic and tran-
scriptomic genome-wide screen of gingivo-
buccal oral squamous cell carcinoma samples
and paired healthy samples reported 209
methylation-related changes in gene expres-
sion, including important transcription fac-
tors, RNA-binding proteins, immune check-
points, and metabolic and signaling mediators
(Das et al., 2019). Similarly, a recent analysis
of 850,000 genome-wide methylation sites in
early-stage tongue squamous cell carcinoma
(TSCC), an aggressive subtype of oral cancer
prone to cervical node metastasis, found
methylation variations in more than 25,800
CpGs; ~79 % hypomethylated vs. ~21 % hy-
permethylated (Rapado-Gonzalez et al.,
2022). Notably, the hypermethylation
hotspots were restricted to promoter CG-rich
sequences, whereas hypomethylated CG-se-
quences were primarily located in the open
sea region. In turn, hypermethylated CpG se-
quences corresponded to ~800 differentially
methylated TSCC genes compared to adja-
cent non-tumor tissue. Comparative analysis
with The Cancer Genome Atlas (TCGA) da-
tabase allowed differential methylation to be
narrowed down to 11 epigenetically repressed
genes that showed diagnostic accuracy and
therefore promise for clinical utility. As a
proof of concept, 6 of them demonstrated high
sensitivity and specificity in non-invasive
prediction of TSCC in salivary cell pellets
(Rapado-Gonzalez et al., 2022).

1290



EXCLI Journal 2023;22:1280-1310 —ISSN 1611-2156

Received: September 21, 2023, accepted: November 22, 2023, published: December 12, 2023

The pleiotropy of melatonin includes
(epi)genetic modulation and can therefore in-
fluence the methylation pattern of genes rele-
vant for carcinogenesis (Linowiecka et al.,
2023). The link between the indolamine and
the methylation status is particularly clear in
the alteration of melatonin activity by ALAN.
ALAN induces dose- and wavelength-de-
pendent global hypomethylation in cancer
and healthy tissues, which has been increas-
ingly associated with melatonin suppression.
For example, in rats transferred from a 16-h
dark confinement to an ALAN photoperiod
with two 30-min light periods, urinary 6-sul-
fatoxymelatonin decreased, while DNA hy-
pomethylation increased in a tissue-specific
manner (Yonis et al., 2019). Accordingly,
melatonin administration could counteract the
metabolic and hormonal disturbances caused
by ALAN, and reduce an epigenetic trait as-
sociated with cancer incidence. Indeed, mela-
tonin depletion and DNA methylation have
been proposed as early breast cancer bi-
omarkers (Zubidat et al., 2018). Based on
available evidence from several model sys-
tems, ALAN-dependent promoter methyla-
tion of the most abundant melatonin gene,
MTI, appears to be the cause of reduced mel-
atonin activity (He et al., 2023). Conse-
quently, MT1 has tumor suppressor proper-
ties. In oral squamous cell carcinoma lines,
MTI has been reported to be frequently si-
lenced by promoter CpG island methylation,
highlighting the MT1 receptor as one of the
inactivation targets for oral carcinogenesis
(Nakamura et al., 2008). Similarly, in primary
oral squamous cell carcinoma tissue samples,
MTI1 expression was inversely correlated
with clinicopathological features of poor out-
come such as tumor size or overall survival.
Notably, the reactivation of melatonergic sig-
naling by forced MT1 expression through
treatment with the DNMT1 inhibitor 5-aza-
2’-deoxycytidine suppressed the growth of
oral squamous cell carcinoma lines (Naka-
mura et al., 2008).

The inactivation of tumor suppressors by
promoter hypermethylation may ultimately
result from the upregulation of some DNA

methyltransferases. In oral cancer, recent
studies have reported specific increases in the
three active DNMTs, DNMT1 and
DNMTA/B, which are thought to be respon-
sible for the functional silencing of numerous
tumor suppressors linked to key processes of
the tumor cycle such as growth, cell division,
signalling, apoptosis, or adhesion (Flausino et
al., 2021). Thus, it is feasible to combine ra-
diochemotherapy with specific DNMT inhib-
itors to restore the natural expression of over-
expressed DNMT and achieve greater drug
efficacy to avoid treatment resistance
(Flausino et al., 2021; Linowiecka et al.,
2023). In this regard, although some inhibi-
tors are used as cytostatics and have been ten-
tatively postulated for oral cancer patients
(Zhou et al., 2018), in vitro studies call for
caution as they appear to reduce the efficacy
of chemotherapy (Flausino et al., 2021). Nev-
ertheless, pre-treatment of esophageal cancer
cells with the non-nucleoside analogue inhib-
itor of human DNMT1, N-phthaloyl-L-tryp-
tophan (RG108), elicited an in vitro and in
vivo transcriptomic response in 121 genes (45
upregulated vs. 76 downregulated), leading to
increased X-ray sensitivity, apoptosis, and
cell cycle arrest in the G2/M phase (Ou et al.,
2018). DNA demethylation appears to be in-
volved in human dental pulp cell differentia-
tion (Li et al., 2018, 2020b) and thus RG108
also promotes bone mineralization and dental
regeneration (Sun et al., 2019). Interestingly,
melatonin has osteogenic, chondrogenic and
osteoconductive activities (Permuy et al.,
2017; Wang et al., 2019a), which are achieved
through DNMT1, MeCP2, and methylome
modulation (Li et al., 2020b; Liu et al.,
2017a). Therefore, RG108 may synergisti-
cally potentiate the odontogenic capacity of
melatonin.

The effect on methylation of other envi-
ronmental stressors, such as pollutants, is also
reflected in the drop in peak serum melatonin,
as occurs in humans and mice exposed to
third-hand smoke (THS) (Jiang et al., 2021).
However, the evidence does not clarify
whether the decrease is due to the effect of
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THS or to the protection provided by endoge-
nous melatonin against the overproduction of
THS-induced free radicals. The study by
Jiang and colleagues found up to 820 genome
sites with differential methylation (429 hyper-
methylated vs. 391 hypomethylated) in a hu-
man cohort of 1862 participants, including 28
THS-exposed individuals and 28 controls.
Notably, the weighted gene correlation net-
work analysis (WGCNA) performed to detect
the correlation between differential methyla-
tion and the serum melatonin pool indicated
that aberrant methylation of the CYP1A42 xe-
nobiotic metabolizer promoter is the putative
driver of melatonin catabolism. Therefore, the
mechanistic correlation between THS toxins
and xenobiotic damage would depend on the
overconsumption of endogenous melatonin
scavenging activity due to the oxidative stress
from THS (Jiang et al., 2021). It can then be
deduced that those external harmful agents
are the most likely to seal epigenetic profiles
with characteristic cell/tissue tropisms. From
this point of view, the different tumors should
be investigated for the epigenetic impact of
their external risk factors. However, despite
its important environmental etiology, the
methylation footprint of oral cancer remains
largely unexplored and is one of the strategic
objectives for the coming years to improve
patient prognosis and outcome. This goal is of
particular interest to melatonin researchers, as
undermining the indolamine's protection is
the gateway to damage that can ultimately
lead to cancer. New evidence in this vein was
recently provided by a comprehensive multi-
omic study designed to explore the role of
melatonin regulators (biosynthetic enzymes,
high-affinity receptors, metabolic modulators
and clock genes) in 33 solid cancers (Zhang
etal., 2021a). Based on genomic profiling and
differential expression analyses of 198 and
520 esophageal carcinoma and head-and-
neck squamous cell carcinoma (HNSC) sam-
ples from The Cancer Genome Atlas and Can-
cer Cell Line Encyclopedia, upregulation of
GPR50, which inhibits the MT1 receptor
through heterodimerization, was found to be
significantly associated with poor survival.

Furthermore, downregulation of melatonin
regulators, the P450-associated enzymes
CYPIA2 and CYP2C19 (in HSNC), and
clock genes (PER2 and PER3 in HNSC and
CLOCK in esophageal carcinoma) were also
statistically associated with decreased sur-
vival. In conclusion, the relevance of oral can-
cer incidence to epigenetic alterations pro-
moted by environmental aggressors and the
epigenetic countermeasures employed by
melatonin deserve more attention.

CHROMATIN REARRANGEMENT BY
HISTONE MODIFICATION IN ORAL
CANCER

Histones can undergo various reversible
enzyme-dependent post-translational modifi-
cations at their N-terminus, mainly acetyla-
tion, methylation, phosphorylation and ubig-
uitylation (Khan et al., 2015). For example,
acetylation is dynamically modulated by his-
tone acetyltransferases (HATs) and histone
deacetylases (HDACs). HATs, HDACs and
HMTs (histone methyltransferases) are
jointly responsible for the most common his-
tone modifications observed in cancer cells.
The array of acetylation and methylation tags,
the so-called histone code, is critical in mod-
ulating chromatin packaging and transcrip-
tion rates, either by inducing chromatin un-
coiling (transcriptional activation) or conden-
sation (gene silencing) (Le et al., 2014). Acet-
ylation removes cations from modified lysine
residues and weakens histone binding to ani-
onic DNA, making chromatin more accessi-
ble for transcription (euchromatin) and DNA
less prone to methylation. Conversely,
deacetylation reverts chromatin to the con-
densed and transcriptionally inactive configu-
ration (heterochromatin). In addition, histone
methylation can activate or repress DNA tran-
scription, depending on the residues involved
and their degree of methylation (Ren et al.,
2022). The disturbance of the histone code
leads to genome instability and deregulation
of the genetic program that maintains cell/tis-
sue homeostasis. In this regard, there is ample
evidence that abnormalities in the pattern of
histone modifications cause dyshomeostasis
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and are often involved in oral carcinogenesis,
determining tumor progression and response
to treatment (Chen et al., 2013; Le et al., 2014;
Yang et al., 2020). On the other hand, there is
cross-regulation between the machinery re-
sponsible for introducing histone marks and
the DNA methylation/demethylation mecha-
nisms, as remodeling of the chromatin back-
bone is a prerequisite for promoter opening to
gain DNA accessibility (Hardeland, 2019; Li
et al., 2021).

A recent in silico study of 523 oral cancer
patients from The Cancer Genome Atlas da-
tabase found that HDAC1 and HDAC2 en-
zymes were overexpressed in tumor speci-
mens, whereas HATs showed no differences
between normal and tumor tissue (Sajnani et
al., 2021). Indeed, previous results indicated
an upregulation of HDAC2 in premalignant
and oral cancer tissues and an association
with tumor differentiation and TNM stages
(Krishna et al., 2020). However, immuno-
histochemical analysis of oral cancer samples
provided a different perspective, as H3 hyper-
acetylation was significantly associated with
cervical lymphatic metastasis and local recur-
rence (Sant'Ana et al., 2020), as well as H3
trimethylation, alone or in conjunction with
hyperacetylation, correlated with reduced pa-
tient survival (Shahhosseini et al., 2023).
Other lysine positions on histone H3 and his-
tone H4 are also amenable to acetylation,
driving effects on cell proliferation and mi-
gration, thus providing new treatment oppor-
tunities to improve patient outcomes (Li et al.,
2023; Luetal., 2023). Similarly, upregulation
of the histone lysine methyltransferase
SMYD3 has also been reported to correlate
significantly with poor prognosis of oral tu-
mors and elevated H3 trimethylation (Yang et
al., 2023).

By acting on reversible histone acetyla-
tion/deacetylation, melatonin modulates tran-
scriptional competence of chromatin. The link
to this epigenetic control is that the indola-
mine can indirectly modulate the transcrip-
tional activity of the RZR/ROR receptor and
thus ROR target genes (Ma et al., 2021;

Slominski et al., 2016), including those re-
lated to chromatin compaction/decompaction
(Jetten, 2009). Melatonin has demonstrated
antimetastatic activity in HSC-3 and OECM-
1 oral squamous cell carcinoma cells through
transcriptional suppression of the MMP-9
gene and inhibition of its enzymatic activity
(Yehetal., 2016). Critically, melatonin in the
0.5-1 mM range reduced the MAPK-ERK1/2
signaling pathway by downregulating the
transcriptional coactivators CREBBP and
EP300, which are required for histone acety-
lation at the MMP-9 promoter and subsequent
gene expression. Similar doses of melatonin
also suppressed the expression and activity of
the MMP-9 protein, thereby inhibiting the mi-
gration and invasion of the human nasopha-
ryngeal carcinoma cell lines HONE- 1 and
NPC-39 (Ho et al., 2016). On this occasion,
however, melatonin suppressed the MMP-9
promoter-binding activity of the transcription
factor SP-1 by inhibiting the JNK/MAPK
pathway.

Nuclear histone lysine-specific demethyl-
ases (LSDs) remove methyl groups at specific
lysine-histone positions, which can lead to
gene repression or stimulation . In oral cancer,
LSDs have recently been suggested as prom-
ising therapeutic targets. Indeed, histone ly-
sine-specific demethylase 1 (LSDI) was
found to be inadequately upregulated in oral
squamous cell carcinoma tissue, where it cor-
related with tumor stage, and in an orthotopic
oral cancer mouse model, where LSD1 over-
expression was found to be metastagenic,
whereas LSD1-knockdown abrogated tumor
spread (Alsager et al., 2017). Therefore,
LSD1 activation appears to be essential for tu-
mor growth and metastatic spread of oral tu-
mors and therefore a potential new diagnostic
biomarker and therapeutic target. In this con-
text, aberrant overexpression of LSD1 corre-
lated with poor prognosis in a cohort of 78
oral cancer patients (Yang et al., 2017). Nota-
bly, pharmacological melatonin has been
shown to significantly downregulate LSD1 in
LSD1-overexpressing oral cancer patient-de-
rived tumor xenografts and oral cancer cell
lines, in addition to arresting the cell cycle at
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the GO/G1 phase and decreasing cell prolifer-
ation in a dose- and time-dependent manner.
At the same time, H3 acetylation increased at
the H3K4 and H3K9 sites (Yang et al., 2017).

Therefore, the epigenetic regulation of the
non-coding transcriptome by melatonin sig-
naling in normophysiological and pathologi-
cal contexts opens new approaches for the
treatment of oral cancer. A pro-metastatic nu-
clear IncRNA, melatonin-regulated oral can-
cer stimulator (MROS-1), binds to the de
novo methylation enzyme DNMT3A (DNA
methyltransferase 3A) to promote oral cancer
cell migration by suppressing the expression
of the tumor suppressor prune homolog 2
(PRUNE-2) and the activation of the JAK-
STAT pathway (Su et al., 2021). In human
oral squamous cell carcinoma cells (OECM-
1, HSC-3 and HSC-4), melatonin (1 mM) in-
hibited TPA (12-O-tetradecanoylphorbol-13-
acetate)-induced migration by downregulat-
ing the metastatic potential of the procarcino-
gen MROS-1, which antagonizes PRUNE-2
(Suetal., 2021).

THE ROLE OF mMicRORNAS IN THE
ETIOPATHOGENESIS AND
TREATMENT OF ORAL CANCER

MicroRNAs (miRs) are conserved small
(21-23 nt) non-coding RNAs involved in the
regulation of gene translation of up to 60 % of
human protein-coding genes. By hybridizing
to the 3'-UTR tail of targeted mRNAs, miRs
determine their subsequent post-transcrip-
tional course towards translational inhibition
or degradation (O'Brien et al., 2018). The
most recent estimate is that there are approxi-
mately 2,600 mature miRs present in the hu-
man genome (miRBase, v.29). In addition to
their significant number, each miR can simul-
taneously target many different mRNAs, and
each mRNA can be targeted by a variety of
miRs, either simultaneously or separately un-
der specific regulatory conditions or cell
types. Epigenetic biases of the miR-mRNA
interactome have profound consequences, in-
cluding malignant transformation and traits of
the tumor phenotype, such as uncontrolled

growth, resistance to apoptosis, immune eva-
sion, angiogenesis, or invasion (Peng and
Croce, 2016). Thus, the growing evidence
that the aberrant expression of miR genes, due
to alterations in the methylation of their CpG
islands, becomes cardinal for the implantation
and propagation of human tumors, makes it
necessary to update the models of cancer eti-
opathogenesis. Accordingly, modulation of
oncomiRs or oncosuppressor miRs is an open
avenue for novel miR-based therapies. In line
with this perspective, miRNA signatures vary
significantly during malignant transformation
and are thought to be specific for different tu-
mors and stages (Wang et al., 2021a). There-
fore, miR mapping provides myriad candi-
dates for diagnostic, progression and follow-
up markers, as well as potential druggable
therapeutic targets (Lubov et al., 2017; Tucci,
2022).

The importance of these new players in
oral cancer is relevant because miRs are pre-
sent intracellularly and extracellularly, most
of them also in body fluids such as saliva, oral
swirls, or blood, facilitating their high-quality
profiling (Lan et al., 2015; Patel et al., 2011)
to detect tumor heterogeneity (Muthu and
Narayanan, 2021). In this context, a system-
atic review from the interim 2008-2020 inves-
tigated the feasibility of salivary miRs as bi-
omarkers for the early detection of oral cancer
and found 13 downregulated and 12 upregu-
lated species with diagnostic or prognostic
potential (Al Rawi et al., 2021). Only four of
them appeared in more than one of the re-
ports, demonstrating the heterogeneity of the
findings. In a more recent systematic review
published with data up to July 2022, three sal-
ivary miRs showed discriminatory potential
for recurrence and malignant progression of
oral diseases: miR-21, miR-31 and miR-184
(Liu et al., 2023). Furthermore, the design of
miR panels as discriminatory algorithms for
high- or low-risk tumors gives these small
gene regulators enormous potential in clinical
epidemiology and evidence-based oral cancer
treatment. Thus, five dysregulated miRs, in-
cluding miR-21, present in oral swirls of pa-
tients with squamous cell carcinoma were
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able to screen high-risk cancer patients and
specifically discriminate oral cancer from
other potentially malignant phenotypes (Yap
et al., 2019). The enormous potential of these
panels can be appreciated in some recent stud-
ies of miRs associated with oral cancer risk
factors (Aghiorghiesei et al., 2022) or specific
populations, such as Ecuadorian mestizos
with oral cancer (Salazar-Ruales et al., 2018).
In the last of these papers, four population-se-
lective miR species showed overexpressed
levels in a cohort of more than one hundred
patients and controls, as well as a distinct as-
sociation with primary tumor location, TNM
stages or HPV infection.

The popularization of next-generation se-
quencing is increasing the reliability of
miRnome pictures from different sub-sites or
stages of malignancy. In this regard, some
large-scale meta-analyses reporting miR col-
lections with well-defined alterations in pa-
tients with different subtypes of oral cancer
are raising the hope of identifying prognostic
biomarkers to improve treatment plans and
patient outcomes (Rishabh et al., 2021). In-
deed, a systematic review and a subsequent
meta-analysis up to 2017 recorded 27 in-
creases and 26 decreases in miRs associated
with a poor prognosis, highlighting the over-
expression of miR-23 in cases of reduced sur-
vival (Lubov et al., 2017). Similarly, Wang
and colleagues recently investigated 35 miRs
that have been reported to be differentially ex-
pressed in oral cancer over the past 5 years
(Wang et al., 2021a). Subsequently, the pos-
sibility of targeting specific miRNAs with in-
hibitors (anti-miR oligonucleotides or miR
sponges) or enhancers (miR mimics or ago-
miRs) is providing new insights to specifi-
cally counteract their cancer-induced changes
and override the tumor phenotype (Min et al.,
2015; You et al., 2020). In particular, trans-
fection of human oral squamous cell carci-
noma SCC-4, SCC-9 and SCC-25 cells with
miR-29a, which is downregulated in oral
squamous cell carcinoma tissue, directly tar-
geted the MMP?2 gene and reduced its tumor-
associated overexpression, thereby attenuat-
ing the apoptotic and invasive potential of

oral tumor lines (Lu et al., 2014). In addition,
miRs may provide synergistic efficacy in
combination with conventional first-line
chemotherapy for oral cancer: cisplatin, 5-
fluorouracil, and paclitaxel (Meng et al.,
2021). Nevertheless, miR expression also
changes in response to chemotherapy, reflect-
ing their involvement in drug sensitization
and the possibility of manipulating the miR
functional network to predict and control
treatment efficacy. It should be noted that
miRs cross gap junctions and are usually pre-
sent in extracellular vesicles, thus providing a
vehicle to enhance metastatic potential in the
tumor microenvironment, as well as chemo-
sensitization and chemoresistance in neigh-
boring cells (Yamaguchi et al., 2022). In a
proof-of-concept study, Huni and colleagues
recently documented the regulatory pathways
by which miR-375 expression and miR-21
downregulation operate in the triple-resistant
(cisplatin, 5-fluorouracil, and taxol) oral
squamous cell carcinoma lines SCC-9 and
SCC-25 (Huni et al., 2023).

In conclusion, miR compilations from re-
search platforms, such as oral tumor lines, bi-
ological fluids or tissue samples offer promis-
ing solutions for the development of diagnos-
tic/prognostic biomarkers and/or targeted
therapies. However, the amplitude and heter-
ogeneity of published miR-alteration datasets
suggest difficulties prior to clinical transla-
tion. In a recent review, Rishabh et al. (2021)
reported 117 miRs involved in oral tumor in-
itiation and development, and a further 67
species with diagnostic potential, including
20 with probable pathogenic involvement
(Rishabh et al., 2021). In addition to high het-
erogeneity, miRnomes showed inconsisten-
cies due to inhomogeneity in cohort size,
stratification (by ethnicity, age, and sex), and
technical issues related to different sample
processing methods, study design, or unrelia-
bility of housekeeping miR genes for normal-
ization (Mazumder et al., 2019). Therefore,
further in vitro and animal studies are needed
to achieve a reliable description of the
miRnome during the tumor cycle of different
oral cancer subtypes. In addition, well-
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planned, standardized, and randomized longi-
tudinal large-scale clinical trials should be
conducted to test the diagnostic/predictive ro-
bustness of the best miR candidates (Wang et
al., 2021a). This arduous work, now facili-
tated by whole-genome sequencing facilities,
could provide the silver bullets that will usher
in a new era in the fight against oral cancer.
Recent efforts to unravel the melatonin-
controlled miR network in oral cancer cells
have hypothesized that some indolamine-reg-
ulated species may be critical in attenuating
carcinogenicity and tumor severity. In this re-
gard, a 2010-2020 meta-analysis of oral and
other cancers has shown that melatonin or-
chestrates the upregulation of 29 miRs and the
downregulation of 17 miRs, targeting 604 and
749 validated genes respectively, 90 of which
are subject to dual up/down regulation
(Chuffa et al., 2020). Oral cancer showed the
second largest miR set (after breast cancer),
consisting of 118 genes controlled by overex-
pressed miRs and a further 208 genes under
the regulatory influence of downregulated
species. Two members of this plethora play a
prominent role in arresting the malignant pro-
gression of oral tumors: miR-34b-5p, which
targets the ABCB1 gene encoding an ATP-de-
pendent drug efflux pump, and the CYPIA]
repressor miR-892a, a member of the cyto-
chrome P450 superfamily (Hsieh et al., 2020).
In this sense, cells resistant to the cytostatic
drug vincristine (VCR), derived from the oral
tumor lines SAS and SCC-9, which character-
istically express low levels of miR-34b-5p
and miR-892a, significantly increased their
expression due to the genetic and biochemical
counterbalances induced by melatonin. In
particular, 0.5-2 mM melatonin, with or with-
out the alkaloid VCR, reduced the viability
and colony-forming ability of VCR-resistant
cells in vitro and in vivo (in a murine ortho-
topic engraftment model) by stimulating their
apoptotic response through the MAPK and
AKT pathways (Mihanfar et al., 2022). Fur-
thermore, melatonin increased VCR sensitiv-
ity by downregulating ABCBI and ABCB4
genes in vitro and in vivo. In conclusion, mel-
atonin-induced upregulation of miR-34b-5p

and miR-892a promoted the death of VCR-re-
sistant cells while increasing their sensitivity
to VCR. Thus, the indolamine raises the status
of a chemotherapeutic agent of great interest
to overcome chemotherapy resistance of re-
current oral tumors (Hsieh et al., 2020).

The modulation exerted by melatonin on
the miR transcriptome has shed light on some
of the mechanisms by which its known anti-
inflammatory effect operates. The mouse mi-
croglial cell line N9 exposed to proinflamma-
tory lipopolysaccharide and adenosine tri-
phosphate (LPS plus ATP) showed 136 dif-
ferentially expressed miRs; cotreatment with
melatonin (0.5 mM) affected 10 miR species.
Notably, miR-155-3p, which was upregulated
in association with (LPS plus ATP)-induced
NLR family pyrin domain containing 3
(NLRP3) inflammasome, was significantly
reduced by melatonin. The same response
was obtained in vivo with melatonin doses of
30 mg/kg (4 times at 6 h intervals starting 2 h
before LPS injection), which protected the
brain of mice against inflammasome activa-
tion (Tarakcioglu et al., 2022). The exosomes
of oral cancer lines SCC-9, SCC-25, and
CAL27 contain prometastatic miR-155,
which is reduced by a 10 pg/mL dose of mel-
atonin administered for 72 h to restore the se-
rum and salivary levels achieved after inges-
tion of commercially available formulations
(Hunsaker et al., 2019). However, the same
dose of melatonin increased the exosomal/on-
cosomal presence of miR-21, which is associ-
ated with poor prognosis of oral tumors, per-
haps an epiphenomenon involving other tran-
scriptional mediators that have binding sites
in the miR-21 promoter (Hunsaker et al.,
2019).

Cultured SCC-9 cells exposed to millimo-
lar melatonin for 48 h showed higher rates of
apoptosis, which significantly reduced their
viability and ability to proliferate, migrate and
metastasize (Wang et al., 2020). The attenua-
tion of the tumour potential occurred in paral-
lel with melatonin-dependent overexpression
of miR-25-5p, which is frequently downregu-
lated in tumour tissue. In addition, inhibition
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of miR-25-5p suppressed the oncostatic ca-
pacity of melatonin in SCC-9 cells (Wang et
al., 2020). Therefore, downstream melatonin
signaling appears to control miR-25-5p in oral
cancer. In addition, RT-qPCR showed that
miRNA-25-5p could target the NEDD9 gene
(Wang et al., 2020), which stimulates MMP-
9 release and invadopodia formation, two crit-
ical steps in conditioning the extracellular ma-
trix for cell migration and invasion (Grauzam
et al., 2018). It should be noted that in a ran-
domized trial of 50 patients, a 20 mg dose of
melatonin combined with neoadjuvant chem-
otherapy reduced the percentage of residual
tumor, although it was not statistically signif-
icant, as well as the expression of hypoxamir
miR-210 and stem cell marker CD44 (Kartini
et al., 2020), two factors that proactively con-
tribute to the hypoxia of the microenviron-
ment that favors chemoresistance.

There is a growing view that specialized
interaction networks act on specific tumor
types or at specific stages of the tumor cy-
cle. In this regard, current technology can be
instrumental in ensuring that the molecular
detailing of the different gnoseological enti-
ties leads to treatments tailored to the idiosyn-
crasies of patients.

CONCLUSIONS AND NEW
PERSPECTIVES

The high prevalence of cancer is a global
health problem, exacerbated by those epide-
miological projections of a progressive in-
crease in new cases until 2040, when a global
burden of 28.4 million is expected (Sung et
al., 2021). Furthermore, the toxicity associ-
ated with first-line radiochemotherapy and re-
sistance to therapy usually lead to aggressive
relapse of advanced carcinomas and poor pa-
tient outcomes (Adhikari et al., 2022), espe-
cially inyoung people with oral cancer
(Mohideen et al., 2021). The urgency of mak-
ing cancer chronic to reduce the mortality
burden has focused the efforts of health care
services, although some cancers, such as oral
tumors, continue to have devastating mortal-
ity rates. To alleviate this problem, new treat-
ment alternatives have attracted funding and

cutting-edge technology on a “big science”
scale over the last half century. In this sce-
nario, melatonin has emerged as a promising
oncostatic agent (Reiter et al., 2017), mainly
indicated for integrative approaches in which
standardized first-line treatments are accom-
panied by interventions capable of partially
alleviating their detrimental side effects. In
addition, combined formulations may en-
hance therapeutic efficacy, avoid treatment
interruptions or allow effective doses to be in-
creased. Accordingly, recent meta-analyses
of randomized controlled trials agree that ad-
juvant melatonin makes a positive contribu-
tion to 1-year survival in cancer patients (Lim
et al., 2022). The low cost and few side effects
of melatonin supplementation are additional
reasons to continue basic and clinical research
in large cohorts to test its therapeutic scope.
The omnipresence of melatonin in the liv-
ing world has provided clues to understand
that its position goes beyond the stabilization
of the circadian/seasonal cyclicity of the su-
prachiasmatic "master biological clock". Ra-
ther, the systemic functions performed by
melatonin correspond to those of a cellular
protector, determinant of tissue homeostasis
through neutralization of redox imbalance,
immunostimulation or anti-inflammatory, an-
tiviral, and anticancer defense, among other
relevant facets (Wang et al., 2022). Conse-
quently, melatonin is attracting increasing in-
terest in cancer research, as evidenced by the
volume of published papers, which has quad-
rupled since the beginning of this century ac-
cording to PubMed. Part of this literature may
be inflationary and respond to the malpractice
of invoking stereotyped mantras without
providing additional experimental data, as re-
cently emphasized (Boutin et al., 2023). How-
ever, the contents of the previous sections are
not topics that have been cloned a thousand
times but rather the results of in vitro and an-
imal studies that, together with the reported
beneficial effect of melatonin in the treatment
of post-operative or radiochemotherapy side
effects, convincingly support the antitumor
potential of this extraordinary molecule.
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The evidence for melatonin-mediated on-
costasis is mainly functional (observational),
whereas high-throughput detection tech-
niques are increasingly revealing signaling
networks, candidate genes, and epigenes tar-
geted by the indolamine. It is worth noting
that the mechanistic description of how this
interactional network mediates the carcino-
genic process remains to be elucidated. In par-
ticular, there is a need to validate the increas-
ingly known melatonin-triggered genome-
epigenome interactome, so that decision-
making for new evidence-based treatments
can take advantage of the (epi)genetic effects
of the indolamine. Indeed, DNMTi leads to
severe side effects that could hypothetically
be alleviated by melatonin in combination
treatments (Davoodvandi et al., 2022;
Linowiecka et al., 2023). Similarly, epidrugs
such as melatonin-HDACi (Helmi et al,
2023) or melatonin-STAT3 hybrids (Zhang et
al., 2023) show potent anticancer effects. A
major milestone in this agenda will be the
characterization of the (epi)genetic profiles
and melatonin-mediated responses associated
with tumor subtypes and/or stages, which
would foreseeably allow subclinical diagno-
sis, arrest of progression, and individualized
treatments. In addition, (epi)genome-wide as-
sociation screenings and candidate gene stud-
ies suggest that MT1 may mediate (epi)ge-
nome-environment relationships (Gottschalk
et al., 2020). This interplay hints at the
prophylactic utility of melatonin as a counter-
measure to control epigenetic damage from
external/occupational factors that ultimately
influence oral carcinogenesis (Lin et al.,
2015). Therefore, there is an urgent need for
translational research in oral cancer, where
the reparative capacity of melatonin remains
largely unknown and, if confirmed, could
help to overcome the current difficulties in its
clinical management.

The research focus of our team is to ex-
plore the therapeutic potential of melatonin.
We have made mechanistic contributions to
the redox potential of the indolamine (Parada
et al., 2014; Romero et al., 2010), as well as in

vitro investigations and studies in animal mod-
els (Farre-Alins et al., 2020; Patifio et al.,
2016) indicating its translational potential.
Against this background, we encourage phy-
sicians and clinical researchers to conduct co-
hort studies which, in the medium- to long-
term, will shed light on the ability of melatonin
to improve the clinical management of entities
in need of substantial progress in this area,
such as oral cancer.
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