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viral infections such as human papillomaviruses and Epstein-Barr viruses. In
addition to these acquired risk factors, heritable genetic factors have shown to
be associated with OC risk. Despite the high incidence, biomarkers for OC
diagnosis are lacking and consequently, patients are often diagnosed in
advanced stages. This delay in diagnosis is reflected by poor overall outcomes
of OC patients, where 5-year overall survival is around 50%. Among the bio-
markers proposed for cancer detection, noncoding RNA (ncRNA) can be con-
sidered as one of the most promising categories of biomarkers due to their role
in virtually all cellular processes. Similar to other cancer types, changes in
expressions of ncRNAs have been reported in OC and a number of ncRNAs
have diagnostic, prognostic, and therapeutic potential. Moreover, some
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1 | INTRODUCTION

It is believed that our earth is about 4.54 billion years old, and evidence suggests that ribonucleic acid (RNA) or some
other chemically similar molecule to RNA is considered the first living molecule during evolution and supports the
RNA world concept (Higgs & Lehman, 2015). In 1968, Crick and Orgel have recognized that RNA contains both a geno-
type and a phenotype and is probably the precursor of the complex DNA-RNA-protein system (Crick, 1968;
Orgel, 1968). In eukaryotes, RNAs are synthesized by various RNA polymerases. RNA is a linear polymer made up of
four different nucleotides (adenosine, guanine, cytosine, and uracil) containing a ribose sugar attached to a nitrogen
base and a phosphate group. During protein synthesis, ribosomes translate the genetic information present in RNA into
protein. The chief function of RNAs is to synthesize proteins through translation. This is carried out by ribosomal RNA
(rRNA), transfer RNA (tRNA), and messenger RNA (mRNA). In addition, a group of RNAs known as noncoding RNAs
(ncRNAs) have been reported to be involved in RNA editing, regulating gene expression, and acting as RNA
interferences.

Over the past century, ncRNAs have been considered as by-products of protein synthesis with a less or no biological
and/or functional significance (P. Zhang, Wu, et al., 2019). However, accumulating evidence suggests that despite their
inability to code for proteins, they are capable of interacting with other coding/ncRNA, DNA, and proteins and thereby
partake in integrated networks of interactions, regulating gene expression at the epigenetic, transcriptional, and post-
translational levels (Luisa Statello et al., 2020; P. Zhang, Wu, et al., 2019). As a result, ncRNAs have been reported to
involve complex biological processes, which include modulation of physiological and developmental processes
(P. Zhang, Wu, et al., 2019).

Recent developments in high throughput genome sequencing and computational analysis have revealed that
approximately 80% of the human genome is capable of transcribing into ncRNAs (Peschansky & Wahlestedt, 2013).
This highly heterogeneous group of transcripts can be sub-divided based on their size and biological functions into vari-
ous categories and these include microRNA (miRNA), small nuclear RNA (snRNA), small nucleolar RNA (snoRNA),
long noncoding RNA (IncRNA), circular RNA (circRNA), PIWI-interacting RNAs (piRNA), small interfering (siRNA),
extracellular RNA (exRNA), and small Cajal body-specific RNA (scaRNA) (Y. Li, Shan, et al., 2020).

Due to the dynamic involvement of ncRNAs in cellular processes, changes in ncRNA expression patterns are often
observed in diseases including non-alcoholic fatty liver diseases, cardiovascular diseases, neurologic diseases, and more
importantly cancers (Y. Li, Shan, et al., 2020). Studies have revealed ncRNA expression changes across these diseases
and in certain instances, ncRNAs have been demonstrated to be directly involved in disease pathogenesis (Y. Li, Shan,
et al., 2020). Cancers are among these diseases where active or passive changes of ncRNA expression levels have been
consistently reported. Studies across different cancer types have identified many ncRNAs that are capable of promoting
or suppressing cellular transformation (Y. F. Chen, Wei, et al., 2019; Sun & Zhang, 2017). Moreover, several ncRNAs
have been experimentally confirmed to modulate tumor characteristics such as aggressiveness, ability to metastasize,
and treatment response (He et al., 2019; N. Jia, Tong, et al., 2019; Sheng et al., 2019). Owing to these findings, ncRNAs
have gained significant attention as diagnostic, prognostic, and therapeutic targets for a range of cancer types.

Similar to other cancer types, oral cancer (OC), the cancer type in the focus of this review, has also been shown to
have dysregulated ncRNA profiles. Indicating that some of these changes are triggered even before tumorigenesis, in
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which disrupted ncRNA expression patterns have also been observed in oral potentially malignant disorders (OPMD);
(Aghbari et al., 2018; Chang et al., 2018; Chen et al., 2018). More importantly, these expression changes can also be
detected in surrounding body fluids and circulation, allowing them to be used as liquid biopsy-based biomarkers for
OC detection (Nagadia et al., 2013; Punyadeera & Slowey, 2019; Romani et al., 2021). Despite these observations, cur-
rently, there are no ncRNA-based diagnostic strategies or therapeutic interventions currently in clinical practice to
manage patients with OC. As such, a systematic evaluation of available literature is necessary to identify strategies to
translate these findings into clinical practice. As such, this review article focuses on five main types of ncRNAs namely,
microRNA, IncRNA, snoRNA, piRNA, and circular RNA, and summarizes and critically evaluates their possible utility
in the context of OC.

2 | ORAL CANCER

Head and neck cancer (HNC) is the seventh most common cancer type in the world (Mody et al., 2021). It encompasses
a group of malignancies originating from the oral cavity, sinonasal cavities, pharynx, larynx, and salivary glands (Min
et al., 2015). Among them, OC is the most prevalent subtype of HNC (Min et al., 2015). Oral squamous cell carcinoma
(OSCC), accounts for about 90% of all oral cavity malignancies (L. He et al., 2020; Rivera, 2015).

In 2020, World Health Organization (WHO), reported that the global incidence of lip and oral cavity cancers was 2% and
deaths was 1.8% of all cancers (Ferlay et al., 2020). The global 5-year survival rate of OC is about 50% (Gupta et al., 2016).
Asian regions dominate in terms of newly diagnosed OC cases, with incidence and mortality rates of 65.8% and 74%, respec-
tively (Ferlay et al., 2020). Although OC is more prevalent in developing countries recent studies suggest that the incidence
of OC is also rising in developed countries (Sarode et al., 2020). In the United Kingdom, there has been on average 2.7%
increase in the age-standardized incidence of OC since 1989 (Gupta et al., 2016). Furthermore, in Australia and
New Zealand, the age-standardized incidence and mortality rates were 6.0 and 0.76 per 100,000 population, respectively
(Ferlay et al., 2020). Similar to most other HNC types, OC is more prevalent in men where age-standardized global incidence
rates for men and women is around 8.5 and 3.6 per 100,000, respectively (Ferlay et al., 2020).

2.1 | Risk factors of OC

Oral oncogenesis is a complex, multistep process resulting in qualitative and quantitative alterations of genetic and epi-
genetic events promoting cellular transformation (Williams, 2000). Epidemiological studies have reported that the
development of OC has a diverse range of risk factors as classified by the International Agency for the Research on Can-
cer of the World Health Organization. Alcohol and tobacco consumption are the main risk factors for OC. Similarly,
poor oral hygiene, chronic irritation related to loose-fitting dentures or sharp teeth, nutritional deficiencies, ultraviolet
light, radiation exposure, viral infections including Human Papillomavirus (HPV), Epstein-Barr virus (EBV), Herpes
Simplex virus (HSV), and fungal infections, including Candida albicans have been reported to increase the risk of OC
(Cancer, 2008). In addition, genetic and epigenetic susceptibility also increase the risk of OC (Cancer, 2008; Kumar
et al., 2016) Among the risk factors, exposure to tobacco continues to be the most significant causative factor of OC and
the leading cause of high mortality rates (Kumar et al., 2016). Tobacco smoking not only promotes OC but also causes
cancers of the lungs, larynx, pharynx, esophagus, and pancreas. The aromatic hydrocarbon benzopyrene and other
tobacco-specific nitrosamines present in tobacco smoke are potential carcinogens (Kumar et al., 2016). It has been esti-
mated that the risk of developing OC is three times higher in smokers when compared with nonsmokers (Rivera, 2015).
Studies show that even involuntary smoking (passive smoking) increases the risk of developing OC (Mariano
et al., 2021; Rivera, 2015). In addition to smoking, tobacco use in the form of oral snuff and betel quid chewing are
known to promote OC risk (Krishna et al., 2015; Kumar et al., 2016). Betel quid is the mixture of betel leaves, sliced
areca nut, tobacco, and slacked lime (Gupta & Warnakulasuriya, 2002). Among the commonly used psychoactive sub-
stances, betel nut chewing is listed as the fourth and is considered a leading risk factor for OC, especially in Asia and
the Pacific regions. The major chemical components of betel nut are polyphenols including tannins and alkaloids
(Arecoline which is the primary active substance of areca nut and is categorized as a “Group 1” carcinogen; Marques
et al., 2021). In contrast, consumption of alcohol is believed to promote the development of OC, however, there is no
evidence to suggest that alcohol consumption alone can lead to the development of OC. However, in conjunction with
tobacco use, it synergistically increases the risk of developing OC (Kumar et al., 2016).
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In terms of genetic predisposition, a genome-wide study has revealed that two loci single nucleotide polymorphisms
(SNPs) rs10462706 in CLPTM1L at 5p15.33 region and rs1049055 in HLA-DQBI are associated with an increased risk of
developing OC (Shete et al., 2020). Concurrently, polymorphisms in CYP1A1 M2 or GSTM1 and GSTT1 null genotype
are associated with a high risk of OC, especially in Indian population (Sreelekha et al., 2001). Huang et al., reported that
mutations in proto-oncogenes, such as VAV2 and IQGAP]I are closely related to the development of familial OC (Huang
et al., 2019). Therefore, consumption of tobacco and exposure to other potential risk factors may increase the possibility
of developing OC in genetically susceptible individuals.

2.2 | Pathogenesis of OC

Carcinogenesis is a complex multistep process driven by the accumulation of genetic and epigenetic alterations. Genetic
alterations (point mutations, deletions, amplifications, and chromosomal rearrangements, and the accumulation of
these genetic changes) promote tumorigenesis and tumor progression (Blagosklonny, 2005; Jain & Daaboul, 2019).
These epi(genetic) alterations are found not only in cancer cells but also in pre-cancer cells offering a strong intimation
in the detection of cancer at their early and pre-cancer cells offering a great opportunity to early detect pre-cancer
before transforming to OC (Takeshima & Ushijima, 2019).

In the context of OC, genetic instability is a common feature, where gain or loss of chromosomal regions 3, 4, 8, 9,
11, 13, and 17 are frequently observed. Among them, chromosome 11 is the most commonly altered region in OC. It
has been reported that loss of some fragile sites in chromosome 11q from FRA11F (11q14.2) to 11qter is observed in
more than 50% of OC. Similarly, loss of heterozygosity in chromosome 17p is also reported in many human cancers
including OC (Papadimitrakopoulou et al., 1997). p53 mutation (17p13.1) which is one of the most reported mutations
in all human cancers, is also reported in more than 50% of HNSCC including OC. Furthermore, other mainly affected
genes include well-known tumor suppressor genes such asCDKN2A (9p21.3) and RBI (13q14.2) (Usman et al., 2021).
More importantly, loss of heterozygosity at 99210 and loss of p16 INK4a have also been reported in advanced stages of
OPMD (Papadimitrakopoulou et al., 1997). A genome-wide study based on the Japanese population has reported that
the top five mutations associated with OSCC were TP53 (42%), TERT (29%), FAT1 (28%), NOTCH1 (19%), and CASP8
(19%) (X. Chen, Zhao, et al., 2021).

Similarly, amplification of chromosomal band 11q13 is observed in ~45% of OC and is associated with poor progno-
sis. Amplification of oncogenes such as epidermal growth factor receptor (EGFR) (7p11.2), K-ras, c-myc, int-2, parathy-
roid adenomatosis 1 (PRAD-1), and B-cell lymphoma (bcl) have frequently been reported in oral carcinogenesis (Ram
et al., 2011). In addition, accumulation of epigenetic alterations such as DNA methylation, histone modifications, and
changes in ncRNA expression may disrupt normal cellular physiological mechanisms, and thereby promote cellular
transformation (Baylin & Jones, 2016; Jain, 2019). It is also reported that aberrant promoter hyper methylation of p16,
hMLHI1, MGMT, and E-cad, ectopic expression of miR-125b, miR-199a-5p are associated with the development of OC
(Y. F. Chen, Wei, et al., 2019; Viswanathan et al., 2003; Wei et al., 2019).

The gain and loss of chromosomal regions encoding for ncRNAs may result in aberrant expression of the relevant
ncRNAs and possibly affect the expression of the genes regulated by those ncRNAs. It has been reported that, in
humans, microRNA-rich chromosomal bands were 4q32 and 19q13 (Kamanu et al., 2013). More importantly, miRNAs
associated with cancer and cardiovascular diseases are frequently located in chromosomes 1, 14, 19, and X (Ghorai &
Ghosh, 2014). Chromosome X has 18 miRNA clusters whereas, chromosome 19 has 46 miRNA clusters (largest cluster),
when dysregulated may cause the development of cancer and cardiovascular diseases. Concurrently, the band 8q24.21
which is a fragile region on chromosome 8, is a well-known hotspot for genetic variants associated with increased risk
of cancer and this locus is rich in genes encoding for IncRNAs. More importantly, this region codes for MYC gene
which is reported to be involved in about 20% of all cancer types (Wilson & Kanhere, 2021). Also, IncRNA-CCAT2
which is found in this region is reported to be involved in regulating the expression of MYC gene. c-MYC is one of the
well-known oncogenes driving tumorigenesis in many cancers including OC. Therefore, gain/loss of chromosomal
material in regions associated with any ncRNAs may lead to their aberrant expression. For instance, loss of chromo-
somal region 11q is associated with OC and the expression of miR-100 and miR-125b is significantly reduced due to the
loss of genes coding for these miRNAs. This observation is further supported by the fact that most genes encoding for
microRNAs are located in the fragile sites of the chromosome that are more prone to breakage and gain/loss and may
lead to aberrant expression of miRNAs (Ghorai & Ghosh, 2014; Kamanu et al., 2013; Wilson & Kanhere, 2021).
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A significant number of OC cases are preceded by OPMD characterized by oral lesions with potential for malignant
transformation (Jawert et al., 2021). In the initial stages, these lesions often display hyperplastic changes and with the
acquisition of further genetic and epigenetic changes, these lesions may progress toward dysplasia and invasive cancer
(Figure 1; Jain, 2019).

3 | ORAL POTENTIALLY MALIGNANT DISORDERS

Potentially malignant disorders of the oral cavity are a heterogeneous group of lesions, which are associated with a vari-
able risk of malignant transformation to OC (Mithani et al., 2007). The most common OPMDs include: Leukoplakia
(LE), lichen planus (LP), oral lichenoid lesions (OLL), oral erythroplakia (OE), oral submucous fibrosis (OSF), and pro-
liferative verrucous leukoplakia (PVL) (Mithani et al., 2007; Parakh et al., 2020). Similarly, oral dysplasia defined as a
mucosal area characterized by cellular and architectural derangement, and this may lead to the development of OPMDs
(Mithani et al., 2007).

3.1 | Leukoplakia

Leukoplakia is defined as “predominantly white lesion of the oral mucosa that cannot be characterized as any other
detectable lesion” (Mithani et al., 2007). The malignant transformation of the lesion depends on its heterogeneity

Genetic Predispositions Tobacco Smoking and Alcohol
d//// I Other Carcinogens

Normal Epithelium

Hyperplasia Dysplasia Invasive Cancer

Initiation Invasion

9p21 Deletion 17p13.1 Deletion
PTEN
EGFR TP53 Mutation S
Inactivation
Trisomy 7 11q13 Amplification

_

FIGURE 1 Pathogenesis of oral cancer (OC). The normal oral epithelia undergoes molecular changes following considerable exposure

Genetic and Epigenetic Alterations

to carcinogens. More importantly, individuals with genetic and epigenetic predisposition are more prone for these epithelial transformations.
Furthermore, genetic and epigenetic alterations, chromosomal abnormalities and other molecular interactions would lead to initiation,
promotion, and progression to invasive OC.
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(Mithani et al., 2007). Leukoplakia is the most frequently encountered pre-malignant lesion in the oral cavity and
approximately 36% of cases with dysplastic features subsequently develop to OC. In contrast, around 15% of leukoplakia
patients without dysplasia develop OC. Among the premalignant lesions, patients with leukoplakia are prone to malig-
nant transformation driven by chromosomal aberrations, TP53 mutations, epigenetic alterations, and mitochondrial
alterations (Chang et al., 2018; Chen et al., 2018; Mithani et al., 2007).

3.2 | Erythroplakia

Erythroplakia usually presents as a discrete, velvety red macule or plaque, with a diameter of more than 1.5 cm, found
on the floor of the mouth, the soft palate or the buccal mucosa in which the lesion “cannot be characterized clinically
or pathologically as any other recognizable condition” (Kramer et al., 1978; Mithani et al., 2007). The development of
oral erythroplakia is often associated with tobacco chewing, alcohol and smoking. It is reported that approximately
85%-90% of OSCC which are diagnosed at late stages were initially developed from erythroplakia. Qin et al., reported
that the tumor suppressor gene TP53, which encodes TP53, is mutated in 46% of erythroplakia (Qin et al., 1999).

3.3 | Orallichen planus

Oral lichen planus (OLP) is a benign lesion demonstrating a characteristic whitish, lacy, reticular pattern that classi-
cally presents on the buccal mucosa of the oral cavity. It can be sub-divided into papular and atrophic or erosive lesions
in which the latter lesions are quite painful and result in multiple complications, including secondary infections (pre-
dominantly Candida species), poor nutrition, and dehydration due to pain. Studies have reported that the overall risk
of malignant transformation to be approximately 0.4%-5.6% (Mithani et al., 2007).

3.4 | Oral submucous fibrosis

Oral submucous fibrosis is a region-specific chronic disease that is exclusively found in South Asia. The regional
specificity is believed to be due to betel quid chewing (mixture of areca nut, betel leaf, tobacco, and slack lime). It is
characterized by irreversible fibrotic changes of the soft tissues of the oral cavity. Oral submucous fibrosis is a collagen-
metabolic disorder. Transforming growth factor-beta (TGF-f) is a multifunctional cytokine that plays a major role in
the assembly and remodeling of extracellular matrix (ECM). The autoregulatory process of TGF-p triggers the increased
production and decreased degradation of collagen, leading to collagen deposition and ultimately resulting in fibrosis
(Rajalalitha & Vali, 2005).

3.5 | Orallichenoid lesions

The term “Oral lichenoid lesions” (OLL) was introduced by Finne in 1982 and was described as eruptions in oral
mucosa resembling OLP clinically and histologically but has less morphologic characteristic and distribution when
compared with OLP (Mravak-Stipeti¢ et al., 2014). These lesions are associated with dental restorative materials, sys-
temic diseases, drug intake, food or flavor allergies (Cobos-Fuentes et al., 2009; Rotaru et al., 2020). It is often associated
with several clinical types depending on the causative agent such as dental restorative materials (most frequently mer-
cury amalgam) resulting in allergic immune stomatitis, temporal contact with certain undigested drugs such as oral
hypoglycemics, nonsteroidal anti-inflammatory drugs (NSAIDs), and acute graft versus host disease and systemic lupus
erythematosus associated ones (Cobos-Fuentes et al., 2009).

3.6 | Proliferative verrucous leukoplakia

Proliferative verrucous leukoplakia (PVL) is a rare form of oral leukoplakia, which was first reported by Hansen et al.,
in 1985. It is referred to as a chronic progressive condition that initially develops from a hyperkeratotic white lesion
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and eventually transforms into an irreversible, multifocal, exophytic lesion (Munde & Karle, 2016). PVL presents with
unique features, including a tendency toward multifocality, being biologically more aggressive than other types of leu-
koplakia, a high probability for recurrence and being more prone to malignant transformation (40%-100% in a follow-
up period of 4.4-11.6 years) (Cobos-Fuentes et al., 2009; Rotaru et al., 2020).

4 | CURRENT DIAGNOSTIC METHODS OF OC AND OPMD

At present, OC and OPMD screening are conducted by the dentist during routine dental oral cavity mucosa examina-
tion. OC screening is defined as the process by which the medical practitioner evaluates an asymptomatic person to
determine if the individual is likely or unlikely to have a potentially malignant or malignant lesion (Charanya
et al., 2016). During screening, the identification of suspected lesions is further investigated by exfoliative cytology in
which the oral epithelial cells are collected with the aid of a cytology brush (Sugerman & Savage, 1996). The potential
of screening methods can be enhanced by the use of optical adjunctive aids. These aids include vital tissue staining
using Toluidine blue or Lugol's iodine or acetic acid (3%-5%). In addition, light-based detection systems, namely chemi-
luminescence, autofluorescence, VELscope system, narrow-band imaging, and biopsies such as brush biopsy can be
used as optical adjunctive aids (Charanya et al., 2016). However, the degree of consent given by the patient affects the
effectiveness of the screening procedures. Screening plays a major role in the early detection of OC and OPMD thus,
providing early treatment and subsequent monitoring of relevant patients.

Detection of OC at an early stage is believed to be the most effective strategy to improve overall survival, reduce
mortality and improve quality of life (Baykul et al., 2010). Early detection of OC aims to identify not only early-stage
OC lesions but also OPMD at the earliest possible stage. According to www.cancer.net, it has been stated that, when
OC is diagnosed at an early stage the overall 5-year survival is improved (85%), however, only 28% of the OC patients
are diagnosed at this stage. Similarly, 50% of OC patients are diagnosed when primary cancer has spread to locoregional
lymph nodes and adjacent tissue. It is also documented that poor overall 5-year survival of 40% is associated with OC
patients who have developed metastasis at the point of diagnosis. Unfortunately, ~18% of the patients are diagnosed at
this stage (American Society of Clinical Oncology (ASCO), 2005-2022). Therefore, more than 65% of OC patients are
diagnosed at a stage with at least locoregional metastasis. In 1995, Anderson et al., proposed a model to conceptualize
the stages of patient delay in diagnosis and treatment of cancer. The Anderson model has reported that the total patient
delay in cancer diagnosis has five stages, namely appraisal, illness, behavioral, scheduling and treatment (Andersen
et al., 1995). A delay in any of these stages would negatively impact the management of cancer patients, thus decreasing
5-year patient survival rates (Walter et al., 2012). A study evaluated the effect of delay in diagnosis with regards to mor-
tality in 183 OC patients and reported that the mean overall time interval between the first symptom to the start of
treatment was 107.1 days (£85.2) with an overall survival rate of 58.4% (Lopez-Cedrun et al., 2020). More importantly,
the mortality of the patients with short overall time interval (24-55.5 days) was lower than for those patients with long
(127.5-420 days) and medium (55.5-127.5 days) overall time intervals (Lopez-Cedrun et al., 2020). Therefore, as one of
the strategies to reduce the delay in patient diagnosis, the detection of molecular biomarkers either in tumor biopsy or
in liquid biopsy would be a promising way forward in the management of OC.

5 | MOLECULAR BIOMARKERS OF OC

Over the past decades the emergence of cancer biomarkers has turned out to be a promising avenue in clinical oncolog-
ical diagnosis. Biomarkers, also known as molecular markers or signature molecules, are defined as biological mole-
cules found in blood, or other body fluids, or tissues that can be a sign of normal or abnormal processes, or of a
condition or disease (http://www.cancer.gov). Biomarkers can be used to assess the status of a patient in various clinical
stages, such as estimating the risk of disease development, screening of primary cancers, differentiating benign from
malignant tumors, prognosis, monitoring response to therapy and detecting recurrence. Biomarkers can be classified
into genomic, transcriptomic, proteomics, metabolites, and carbohydrates (Quezada et al., 2017). Epigenetic mecha-
nisms that regulate gene expression are DNA methylation, histone modifications, nucleosome positioning, and the
action of microRNAs and piRNAs which are a type of ncRNA (Sharma et al., 2009). The role of ncRNAs in OC develop-
ment is the main focus of this review article.
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More importantly, epigenetic dysregulation, existing genetic mutations, amplifications, or polymorphisms may lead
to nucleic acid-based modifications that pave the way to aberrant expression of cancer-related genes offering them to be
used as potential biomarkers (Cervino et al., 2019).

As mentioned earlier, oncogenesis is driven by the accumulation of alterations influencing the structure and func-
tion of the genome. Accumulation allows the cells to escape from tightly regulated mechanisms involving cell prolifera-
tion and cell death/ apoptosis (Hanahan & Weinberg, 2011). Consequently, genes (oncogenes) enhancing cell division
and resisting cell death will be promoted (Baylin & Jones, 2016). Alternatively, or additionally, the inactivation of tumor
suppressor genes also paves the way for tumorigenesis. Genetic changes and epigenetic alterations ([epi]genome) are
two well-established alterations leading to pathogenesis of cancer (Hanahan & Weinberg, 2011). Historically, many
studies have explored the impact of genetic changes in carcinogenesis. In contrast, more recently, researchers are evalu-
ating the effects of epigenetic alterations in oncogenesis. Both genetic and epigenetic changes occur at each stage of car-
cinogenesis, from initiation to progression and ultimately to malignancy, including metastasis (Herceg &
Hainaut, 2007). It is now well-established that, except for few cancer types (cervical cancer, prostate cancer, breast can-
cer) where there are screening programs, cancers can be detected in asymptomatically individuals. As an example, Tang
et al., were able to diagnose a 2 mm occult HPV driven oropharyngeal cancer in an asymptomatic healthy person using
a saliva sample (Tang et al., 2020). Unfortunately, this is not the case for OC, in most occasions the primary tumor has
metastasized to adjacent tissues at the time of diagnosis. Delayed clinical presentation of these neoplastic changes pre-
vent early detection of cancer leading to an increase in morbidity and mortality (Herceg & Hainaut, 2007). The discov-
ery of epigenetic biomarkers will likely assist in early diagnosis and prevention of further complications. The epigenetic
mechanisms that regulate gene expression are DNA methylation, histone modifications, nucleosome positioning, and
the action of microRNAs and piRNAs which are a type of ncRNA (Sharma et al., 2009). The role of ncRNAs in OC
development is the main focus of this review article.

At present, there are very few clinically validated biomarker tests approved by either the Food and Drug Adminis-
tration (FDA) or Conformité Européenne (CE) or Clinical Laboratory Improvement Amendments (CLIA) for the detec-
tion of OC. The available tests include biomarkers of proteins, mRNA-based and DNA-methylation (Momen-Heravi &
Bala, 2018; Table 1). However, development of biomarkers for diagnosis and prognosis of OC is hampered by the het-
erogeneous nature of this cancer. Recently, a US-based company, Viome developed an algorithm to predict OC nonin-
vasively, using a salivary metatranscriptomic signature (Banavar et al., 2021). Their diagnostic classifier yielded
sensitivity up to 83% (92.3% for stage 1 cancer) and specificity up to 97.9% with an area under the curve (AUC) of 0.9.
Their metatranscriptomic signature incorporated both taxonomic and functional microbiome features, and includes
previously known and novel taxa and functional OC related pathways. The company received FDA approval under
emergency use authorization in May 2021 (Banavar et al., 2021).

To date, several studies have detected aberrant expression of ncRNAs such as miRNAs, IncRNAs, snoRNAs, cir-
cRNAs, and piRNAs suggesting that they may be used as biomarkers for the early detection, diagnosis and monitoring
of OC and as potential therapeutic targets. Noncoding RNAs are being considered a potential biomarker of cancer
because of their high stability in tumor and body fluids, tumor and tissue-specific expression profiles, and possible char-
acterization by polymerase chain reaction (PCR). However, using a single ncRNA as a biomarker might not be suffi-
cient due to the heterogeneity of cancer and the ubiquitous expression of most ncRNAs. Therefore, using panel of
ncRNAs could increase the sensitivity and specificity (Rishabh et al., 2021). Moreover, the fact that a single ncRNA can
regulate more than one gene, it is easier to use as a therapeutic target in which a single ncRNA could reverse the
expression of more than one altered gene. For instance, Yu et al., reported that IncRNA-LINC00673 was overexpressed
in Oral tongue squamous cell carcinoma (OTSCC) tissues, and can be used as a potential biomarker for early detection
and prognosis, as it was associated with poor overall survival of patients (Yu et al., 2017). Additionally, a validation
study was performed using oral cytology and tissue samples from OTSCC patients. They reported that a combination of
miR-21 and miR-375 can be used as a biomarker for the early detection of OTSCC in tissue samples, with a sensitivity
and specificity of 83% and in oral cytology samples with a sensitivity of 100% and specificity of 65% (He et al., 2016).
Another study reported that miR-9 was downregulated in OSCC tissues and the cell cycle regulator CDK6 was identi-
fied as a functional target of miR-9. The cells transfected with miR-9 showed low CDK®6 protein levels. Therefore, it was
reported that the antiproliferative activity of miR-9 can be used as a biomarker of early detection of OSCC (Shang
et al., 2018). A study by our team has shown that overexpression of miRNA-9 in OC cell lines resulted in a significant
reduction in cell proliferation and migration, and an increase in apoptosis, which was associated with an increase in
Galectin-3 secretion and export of Galectin-3 protein (Wan et al., 2021). We concluded that both miR-9-5p and
Galectin-3 are critical biomarkers involved in the progression of OC. In addition, Zhang et al., reported that
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TABLE 1 A summary of biomarkers that have received FDA, CE, or CLIA approval for clinical use

Type of

No. biomarker Biomarker Specimen Approval Application References

1 DNA ZNF582-PAX1 Oral exfoliated CE Detection of oral Cheng et al. (2016);
methylation tissue dysplasia (Adjunct Cheng et al. (2018)
test) and OC.
Prediction of OC
recurrence.
MIDY+
Sensitivity: 81.93%
Specificity: 67.86%
MODY—+
Sensitivity: 96.97%
Specificity: 42.31%
2 mRNA Multi-panel mRNA Saliva CLIA Risk stratification test. ~ Martin et al. (2015)
OAZ1, SAT, DUSP Sensitivity +
Specificity = 150.7%

3 Proteins CD44 Saliva CE Risk stratification, Pereira et al. (2016)
CD44 and total
protein
Sensitivity: 80%
Specificity: 48.7%
4 S100A7 Tissue CE Risk stratification Hwang et al. (2017)
measuring S100A7
levels
Over expressed in
high-risk dysplastic
lesions
Sensitivity: 95%
Negative predictive
value: 78%
5 Microbial gene Meta-transcriptomic Saliva FDA Noninvasive prediction Banavar et al. (2021)
expression signature of OC.
signature Sensitivity: 83%
Specificity: 97.9%

Abbreviations: CE, Conformité Européenne; CLIA, Clinical Laboratory Improvement Amendments; DNA, deoxyribonucleic acid; FDA, Food and Drug
Administration; mRNA, messenger ribonucleic acid.

miR-103a-3p was upregulated in OC tissue (Zhang et al., 2020). RCAN1, One of the antitumor genes, was identified as
a downstream target of miR-103a-3p, causing the downregulation of RCAN1 leading to the development of cancer cells.
Furthermore, IncRNA-LINC00675 acted as a sponge for miR-103a-3p leading to its downregulation and overexpression
of RCAN1 (Zhang et al., 2020).

6 | NONCODING RNAs

It has been reported that only 2% of the total DNA encodes for proteins and 70% of the remaining is transcribed into
ncRNAs (Huang et al., 2020). These ncRNAs do not encode for proteins, however, they have the ability to deliver
housekeeping functions in number of biological processes by regulating gene expression through several mechanisms
at the transcriptional, post-transcriptional, and epigenetic level (Dahariya et al., 2019; Momen-Heravi & Bala, 2018).
The value of ncRNAs as key biomarkers for disease pathogenesis is increasingly being recognized (Momen-Heravi &
Bala, 2018). ncRNAs are involved in a number of biological functions, including regulation of chromosome dynamics,
RNA editing, splicing, translational inhibition, and mRNA destruction. There is evidence to support that ncRNAs are
dysregulated in many cellular processes (initiation, progression, migration, invasion, and drug resistance) leading to
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cancer development (Wang et al., 2019). Even though ncRNAs do not encode proteins, alterations in ncRNAs can lead
to oncogenesis (Huang et al., 2020).

To date there is a large number of published reviews on the biogenesis and regulation of ncRNAs in diseases (Gebert
& MacRae, 2019; Iwasaki et al., 2015; Kristensen et al., 2019; Ozata et al., 2018; Saliminejad et al., 2018; Selbach
et al., 2008; Statello et al., 2020; Yao et al., 2019). More importantly, there are large number of publications on OC as
well. However, most reports are documenting one type of ncRNA in OC. This review article focuses on five major types
of ncRNAs in the context of OC.

6.1 | microRNA

It is now apparent that the regulation of gene expression is a fundamental, dynamic, and complex biological process.
Therefore, alterations in key regulatory mechanisms may lead to abnormal phenotypes and diseases, including cancers.
Transcription factors and miRNAs are important regulators of gene expression that can result in either oncogenic or
tumor-suppressive activity alterations (Qin et al.,, 2020). However, under certain circumstances, miRNAs are also
involved in the activation of gene expression. Increasing evidence suggests that miRNAs are aberrantly expressed in
multiple human tumors and involved in critical oncogenesis processes, such as cell proliferation, differentiation, migra-
tion, invasion, survival, metabolism, genomic instability, inflammation, and angiogenesis (Lin & Gregory, 2015).

miRNAs are small single-stranded ncRNAs of approximately 19-22 nucleotides in length (Nagadia et al., 2013;
Salazar et al., 2014; Satapathy et al., 2017). The first miRNA was discovered in 1993 in Caenorhabditis elegans which
was coded by the gene lin-4 and it was post-transcriptionally repress lin-14 mRNA. Subsequently, in 2000, let-7 was dis-
covered as the first microRNA in humans. Studies show that the human genome encodes for more than 2500 miRNAs
and 60% of the total human genes are regulated by these miRNAs (Friedman et al., 2009). Based on the genomic origin,
miRNAs can be categorized into intergenic, intronic, exonic, and others. They regulate protein-coding gene expression
by guiding the Argonaute (AGO) proteins to the target region and binding to the complementary sequences in the 3’
untranslated region (UTR) of target mRNAs. This results in mRNA (messenger RNA) degradation or translational inhi-
bition by the miRNA-induced silencing complex (miRISC) (Lin & Gregory, 2015).

Recent studies suggest that miRNAs are shuttled between various subcellular compartments to control the rate of
transcription and translation activities (Dai et al., 2020). Therefore, miRNAs are crucial to ensure the normal biological
process of cell development. Abnormal expression of miRNAs is encountered in various disease conditions, including
cancer. Generally, in cancer cells, oncomiRs (i.e., miR-21 cluster, targeting a large number of tumor suppressor genes
associated with proliferation, apoptosis, and invasion) are amplified or over-expressed, whereas tumor suppressor
miRNAs (i.e., miR-100) are under-expressed due to deletion or suppression (Condrat et al.,, 2020; Manasa &
Kannan, 2017; Scapoli et al., 2010). Therefore, miRNAs have a significant role in regulating gene expression and alter-
ations in their actions may lead to carcinogenesis (Dioguardi et al., 2020; Quirico & Orso, 2020). One of the main roles
of miRNAs is to regulate mRNA gene expression by mediating the degradation of mRNA and regulation of transcrip-
tion and translation via canonical and noncanonical mechanisms. The canonical mechanism progresses as the miRNAs
within the RNA-induced silencing complex (RISC) guide the complex to the specific mRNA targets resulting in comple-
mentary binding to the mRNA sequences in the 3’ UTR. Repression of the mRNA post-transcriptionally is achieved
through binding to the 3’ UTR of the mRNA with the miRNA seed region (5). Furthermore, it has been purported that
longer seed regions have a greater efficacy on mRNA repression. In contrast, miRNAs have been reported to bind to 5’
UTR, coding sequence which represses gene expression and their interaction within promoter regions result in
enhancement of transcription. This leads to the suppression of mRNA expression by inhibiting translation at the initia-
tion step through the release of eukaryotic initiation factor 4A-I (eIF4A-I) and eIF4A-II. The majority (66%-90%) of the
gene regulation is by cleavage of mRNA through deadenylation and decapping and the remaining by repression
(Gebert & MacRae, 2019; Min et al., 2015). In contrast, about 60% of the interactions between miRNA-induced silencing
complex (miRISC ) and mRNAs are via noncanonical mechanisms in which the strands are not completely complemen-
tary to each other. Therefore, a single miRNA could target more than one mRNA, while one mRNA allows the binding
of more than one miRNA. The cooperative repression is achieved by miRNA binding with closely spaced target sites. In
the miRNA sequence, 2-8 nucleotides from the 5" end form the seed sequence and which is the deciding factor for the
mRNA recognition. In addition, individual miRNAs or miRNA clusters can regulate entire cellular pathways and this
interaction enables the miRNA to regulate several biological processes such as cell proliferation, differentiation,
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migration, apoptosis, and signal transduction (Condrat et al., 2020; Min et al., 2015). These biological interactions of
miRNAs serve as the key regulators in different diseases, including cancers (Kulkarni et al., 2017; Quirico &
Orso, 2020).

It is now evident that miRNAs play a key role in regulating gene expression facilitated by binding of miRNA seed
sequence to mRNA target. The miRNA seed sequence is the crucial player in its function. Moreover, RNA secondary
structures that mediate the interactions with RNA binding proteins (RBPs) could possibly affect the biogenesis of
miRNAs. The regulation of miRNA biogenesis, activity and turnover is carried out by cellular processes that alter the
seed sequence of miRNA or its precursor (Gebert & MacRae, 2019; Lee et al., 1993; Wightman et al., 1993). The activity
of miRNA is determined by the modification of miRNA sequence which is achieved through isomer formation, miRNA
precursor editing by deamination, nontemplated nucleotide addition, and post-translational modification of AGO. Simi-
larly, miRNA turnover is regulated by sequestration and regulation of miRNA target sites and controlling the transport
of miRNAs from cytoplasm (Gebert & MacRae, 2019).

6.1.1 | Biogenesis of microRNAs

Biogenesis of miRNA is a multistep sequential process. It begins in the cell nucleus and ends in the cytoplasm (Yete &
Saranath, 2020). About 50% of currently identified miRNAs are mostly processed from introns and very few of the
miRNAs are derived from exons of protein coding genes. The rest are intergenic, which are transcribed independently
of a host gene and regulated by their own promoters. miRNA clusters are one long transcript possibly with similar seed
regions and can be considered as a family. Figure 2 shows an overview of the biogenesis of miRNA.

6.1.2 | Role of microRNAs in OPMD

Several studies have reported the association between OPMD and microRNA. Aghbari et al., reported low levels of
miR-27b and miR-137 in both tumor tissues and saliva samples 20 patients diagnosed with Oral Lichen Planus (OLP)
and 20 healthy controls (Aghbari et al., 2018). Tissue miR-27b was reported to be the best diagnostic biomarker for OLP
(AUC = 0.98) with a sensitivity and specificity of 100% and 65%, respectively, whereas salivary miR-27b was reported to
be a fair diagnostic marker (AUC = 0.78) with a sensitivity and specificity of 75% and 100%, respectively. The tissue
miR-137 was reported as the best predictor of malignant transformation (AUC = 1.00) with 100% sensitivity and 100%
specificity and salivary miR-137 with 100% sensitivity and 80% specificity (AUC = 0.97) (Aghbari et al., 2018). Cheng
et al., has reported that miR-222-3p was down-regulated in OL compared with OC and healthy individuals. Further-
more, both miR-150-5p and miR-423-5p were upregulated in OSCC compared with normal. Combining three miRNAs
as a panel, they were able to differentiate OC from OL with 83.6% sensitivity and 85% specificity (AUC = 0.916). Fur-
thermore, miR-222-3p and miR-423-5p were reported as prognostic biomarkers of tumor progression (Chang
et al., 2018). Chen et al., has proposed a panel of three miRNAs (miR-129-5p, miR-450b-5p, and miR-296-5p) that can
predict the transformation of OL (N = 30) to OSCC (N = 25). The combination of these three miRNAs was able to dis-
criminate between OL and OL-OSCC with an AUC of 0.872 (Chen et al., 2018).

6.1.3 | Role of microRNAs during oral carcinogenesis

The expressions of miRNAs can be tumor and tissue specific. Past studies have revealed that numerous miRNA expres-
sion profiles have been reported in oral neoplastic tissues and in cell lines in vitro. In the context of carcinogenesis,
miRNAs function by controlling the expression of oncogenes through tumor suppressor miRNAs and by controlling the
expression of tumor suppressor genes by oncogenic miRNAs (Manasa & Kannan, 2017). Dysregulation of miRNAs can
be due to one or a combination of causes, such as alterations in biogenesis driven by epigenetics, alterations in miRNA
genes, altered transcription factors and abnormalities in enzymes (Drosha, Dicer). In addition, chromosomal instability,
genomic instability, genetic mutations, SNPs, deletions or duplications in miRNA genes, loss of miRNA binding sites,
and redirection of the miRISC to multiple competitive miRNA binding sites present in ceRNAs. Dysregulation of
miRNAs by any of the above mechanism/s result in activation of oncogenic genes or proteins and deactivation of tumor
suppressor genes. Gradually, the alterations in miRNA expression cause transformation of a normal cell into a
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FIGURE 2 An overview of biogenesis of microRNA. The initial step of miRNA biogenesis is the production of primary miRNA (pri-
microRNA) from transcription of miRNA genes by RNA polymerase II or RNA polymerase III. The specific hairpin loop of pri-microRNA is
recognized and cleaved by Drosha, Dicer along with DGCRS, forming a microprocessor complex generating 70-100 nucleotide pre-
microRNA. Consequently, the pre-microRNAs are transported to the cytoplasm from the nucleus by Exportin5 and Ran-GTP complex and
converted to microRNA duplexes (19-24 nucleotides) by the RNA III endonuclease Dicer. The double-stranded miRNA is unwound by a
helicase enzyme to form mature miRNA. Consequently, the mature miRNA is combined with the Argonaute family of proteins giving rise to
the RISC. This complex is responsible for the biogenesis of functional miRNAs. The other single strand of the mature miRNA duplex, known
as passenger miRNA, is usually degraded, but on some occasions, these passenger miRNAs escape the degradation process and act as mature
miRNAs themselves

neoplastic cell (Ghosh et al., 2020). Several miRNA profiling studies revealed that mature miRNAs are either
upregulated or downregulated in the tumor tissue (Ghosh et al., 2020). Therefore, miRNA expression levels can be used
to explain the pathogenesis, metastasis, and chemo-resistance of OC (Manasa & Kannan, 2017). There is a plethora of
miRNAs that are involved in the carcinogenesis of OC. Expression changes of miRNA have also been reported to be
associated with clinical outcomes of OC patients. Several reports highlight that upregulation of miR-125b in OC tissue
indicates poor prognosis (Y. F. Chen, Wei, et al., 2019). Similarly, miR-199a-5p, a well-known tumor suppressor across
several cancer types, has shown to predict OC prognosis where downregulation is indicative of poor overall survival
(Wei et al., 2019). In addition, studies that associate miRNAs with the development of OC document in the Table 2.
Concurrently, researchers have examined the use of miRNA-based therapies for the treatment of cancer. Some stud-
ies have provided promising outcomes emphasizing that miRNAs could be used as a potential therapeutic agent in the
context of cancer therapy. Mainly, there are two possible techniques to achieve this goal. First, silencing of miRNAs
that are associated with carcinogenesis using miRNA inhibitors to block the functions of miRNAs. Second, the use of
miRNA mimics as therapeutic agents to replace particular miRNAs that are expressed at low levels in cancers
(Komatsu et al., 2018). Despite the great potential of miRNAs in the treatment of cancer, further in vivo studies focused
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on microRNA delivery methods are warranted to further strengthen the utilization of microRNAs as therapeutic
targets.

Concurrently, to support the potential of microRNAs in OC, Guo et al., have developed a mechanistic Chinese
hamster oral buccal mucosal squamous cell carcinoma model and induced OC by treating the hamsters with
DMBA/acetone. Based on RNA sequencing of treatment and control hamster OC tissue sample, they screened 11 known
(crg-miR-130b-3p, crg-miR-142-5p, crg-miR-21-3p, crg-miR-21-5p, crg-miR-542-3p, crg-miR-486-3p, crg-miR-499-5p,
crg-miR-504, crg-miR-34c¢-5p, crg-miR-34b-5p, and crg-miR-34c-3p) and three novel (Novel-117, Novel-118, and Novel-
135) differentially expressed miRNAs. The results were validated by qRT-PCR. Based on gene ontology analysis miR-21
was selected for biological and pathway studies. PTEN was selected as it is the common target of miR-21. miR-21
regulated apoptotic protein expression through the PI3K/Akt signal pathway. A total of 3 novel miRNAs (Novel-117,
Novel-118, and Novel-135) and 11 known miRNAs (crg-miR-130b-3p, crg-miR-142-5p, crg-miR-21-3p, crg-miR-21-5p,
crg-miR-542-3p, crg-miR-486-3p, crg-miR-499-5p, crg-miR-504, crg-miR-34c-5p, crg-miR-34b-5p, and crg-miR-34c-3p)
were identified. The study concluded that, crg-miR-504 and crg-miR-34c-5p will be further studied for functional
mechanistic studies (Xu et al., 2019).

In summary, miRNAs show great potential in the diagnosis, prognosis and treatment of OC. However, further stud-
ies are warranted in developing human models including organoids, tumoroids, and spheroid models that would accel-
erate the translation of the utility of microRNAs in OC. Furthermore, the identified miRNAs needs to be validated in
large cohorts, especially in regions with high incidence of OC.

6.2 | Long noncoding RNA

The IncRNAs are a unique class of ncRNAs that are greater than 200 nucleotides in length. According to Gencode there
are more than 18,000 IncRNA genes and more than 50,000 IncRNA loci transcripts. They usually have little or no
protein-coding ability. Most IncRNAs are transcribed by RNA polymerase II and are capped at the 5 end mostly by
7-methyl guanosine (m7G) and more than 60% of the IncRNAs are polyadenylated at the 3’ end and spliced similar to
mRNA (Statello et al., 2020). Based on the chromosomal position, IncRNAs can be sub-divided into long intergenic
RNA, antisense RNA, enhancer RNA, long intronic RNA, promoter-associated IncRNA, and bidirectional IncRNA.
Even though they do not encode proteins, they have the potential to regulate the transcription of target genes at epige-
netic, transcriptional, and post-transcriptional levels (Fang & Fullwood, 2016; Gao et al., 2020). The level of regulation
depends on the site where IncRNA is localized. As an example, if IncRNA is located in the nucleus, this results in affect-
ing chromatin and transcription level and cytoplasmic localization results in post-transcriptional regulation. Ultimately,
they play a key role in fine-tuning of the translation process and regulating the critical functions of other ncRNAs
namely, miRNAs, snoRNAs, and so on. This regulation is achieved either directly or by affecting the expression of a
gene upstream or downstream.

In addition, IncRNAs have been shown to act through a wide range of mechanisms, including miRNA sponging,
interfere with cellular signaling pathways, mRNA stability/degradation, translocation, alternative splicing, transcrip-
tion, epigenetic imprinting, and enhancing DNA synthesis. Several functions of IncRNAs are reported to be involved in
carcinogenesis. Aberrant expression of numerous IncRNAs are reported in specific cancer types and involve in complex
cellular mechanisms by interacting with proteins, DNA, and RNA. Many IncRNAs are reported to be functionally asso-
ciated with several cancers including, leukemia, hepatocellular carcinoma, colorectal cancer, and more importantly OC
(Bao et al., 2019; D. Liu, Zhan, et al., 2020; Yu et al., 2017; C. Zhang, Bao, et al., 2019).

6.2.1 | Biogenesis of long noncoding RNA

The different elements of genomic DNA such as enhancers, promoters, and intergenic regions act as transcriptomic
sites for the different classes of IncRNAs. The majority of the IncRNAs are transcribed by RNA polymerase II. Complex
mechanisms are involved in the biogenesis of IncRNAs including generation of mature ends by ribonuclease P cleavage,
capping of their ends by small nucleolar-RNA-protein complex, and circularization (Dahariya et al., 2019; Wu
et al., 2017). Figure 3 shows an overview of the sources of different classes of IncRNAs.

LncRNAs acts as signal, decoy, guide and scaffold, enhancer RNAs and short peptides. A signal IncRNA is responsi-
ble for the regulation of transcription in response to various stimuli by serving as a molecular signal thus indicating the
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FIGURE 3 Overview of sources of different classes of long-noncoding RNAs. The majority of IncRNAs are transcribed by RNA
polymerase II. Different classes of IncRNAs are transcribed from different DNA elements such as promoters, enhancers, exons, and
intergenic regions. The classes of IncRNAs are enhancer, intronic, bidirectional, antisense, promoter associated, exonic, and long intergenic
IncRNAs.

activity of transcription. Decoy IncRNAs regulate transcription by blocking the regulatory factors such as transcription
factors, subunits of large chromatin producing complexes, catalytic proteins, and more importantly miRNAs which
itself regulate gene expressions by employing “decoy” binding sites. Guide IncRNAs direct the RNPs to their specific tar-
get genes ensuring the proper localization of RNPs. Enhancer IncRNAs involve in chromatin interactions. Finally,
IncRNAs are capable of encoding short peptides (Gao et al., 2020; Statello et al., 2020).

6.2.2 | Role of IncRNA in OC

Recent literature reports potential clinical utility of IncRNA in diagnosis, prognosis and treatment of OC. The majority
of IncRNAs are overexpressed in OC, thus functioning as oncogenes, while other IncRNAs are underexpressed and act
as tumor suppressor genes. A large number of studies have reported IncRNAs as potential therapeutic targets for OC,
while some studies have reported IncRNA-UCAL1 as a diagnostic marker (Yang et al., 2016). Fan et al., reported that
IncRNA-LOC284454 was upregulated in serum from OC patients and can be used as a diagnostic marker with an AUC
of 0.698 (Fan et al., 2020). Lie et al., reported overexpression of IncRNA-RBM5-AS1 in OC and was found to regulate
the expression of miR-1285-3p by acting as a competitive endogenous RNA, leading to the regulation of YAPI gene.
This gene is a transcriptional regulator of the Hippo signaling pathway, suggesting that indirect downregulation of
YAPI1 by IncRNA-RBM5-AS1 may lead to carcinogenesis (C. Li, Ye, et al., 2020). This phenomenon could be used to
identify potential biomarkers for diagnosis and treatment.

Expression levels of many IncRNAs are significantly correlated associated with tumor nodes metastasis (TNM) stag-
ing, lymph node metastasis and especially with poor overall patient survival. Upregulated IncRNAs can enhance cell
proliferation, migration, invasion, and reduce apoptosis. Furthermore, IncRNAs also play a role in inducing chemo-
resistance, As an example, IncRNAs such as UCA1l and CILA1 are overexpressed and reported to be positively
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associated with cisplatin resistance (Fang et al., 2017). IncRNAs also enhance the epithelial to mesenchymal transition
(EMT) of normal oral keratinocytes.

EMT is the process of acquiring mesenchymal traits by epithelial cells. Mesenchymal cells are more migratory than
epithelial cells. EMT is a vital process in normal embryogenesis and organogenesis. In contrast, EMT has been impli-
cated in the pathophysiology of some diseases, especially in OC cells, enhancing migration and invasion, leading to
increased risk of recurrence, metastasis, and poor overall survival (Jayanthi et al., 2020). Downregulation of E-cadherin
and upregulation of mesenchymal type N-cadherin cause loss of cell-cell adhesion and increase cell motility. This is a
hallmark of EMT, which is known as “cadherin switching.” The functional loss of E-cadherin can be caused by
germline or somatic mutations, DNA hypermethylation, proteolytic cleavage, and transcriptional suppression. Epige-
netic modification, including DNA hypermethylation in the promoter region of the E-cadherin gene is the most com-
mon cause. IncRNAs such as H19 (Hong et al., 2018), 00958 (F. Chen, Liu, et al., 2019), NEAT1 (Huang et al., 2018),
CILA1 (Lin et al., 2018), HNF1A-AS1 (Liu et al., 2019), HOXA11-AS (Niu et al., 2020), KRT16P3 (Yang et al., 2021),
SNHGI12 (Yin et al., 2020), and MIAT (Zhong et al., 2019) have been shown to promote EMT in OC cells. Knockdown
of overexpressed IncRNAs showed an increase in E-cadherin and a-catenin levels and a decrease in Vimentin and N-
cadherin levels, indicating the reversal of EMT. Furthermore, the activation of EMT-transcription factors (EMT-TFs)
that suppress E-cadherin gene expression is an important event in EMT. There are five types of EMT-TFs namely,
SNAIL1, SNAIL2, ZEB1, ZEB2, and TWIST1. Knockdown of Inc-PRKG1-AS1 resulted in a decrease in SNAIL1 levels,
indicating the ability of IncRNA to activate EMT-TFs (T. Wu, Zhang, et al., 2020).

Furthermore, IncRNAs are reported to be involved in various signaling pathways that are aberrant in OC. Signal
transduction is defined as a series of events that convert an external stimulus into a cellular response. The ability of cells
to receive and respond to an external signal is a fundamental requirement for tissue development, repair, immunity
and homeostasis. A range of pathways are involved in the regulation of carcinogenesis. The hippo pathway is one such
highly conserved pathway that regulates the expression of genes that control key biological processes including cellular
proliferation, survival, differentiation, organ size, and tissue homeostasis (Calses et al., 2019). The LATS1 gene is one of
the upstream regulators of the hippo pathway. IncRNA-LEFT1 inhibits the hippo pathway by directly binding to the
LATS1 gene, which is a negative regulator of YAPI in the hippo pathway. It acts as a tumor suppressor by restricting
proliferation and promoting apoptosis. Therefore, upregulation of IncRNA-LEFT1 decreases the expression of LATSI,
thereby enhancing proliferation and inhibiting apoptosis (C. Zhang, Bao, et al., 2019). Similarly, this pathway regulates
other normal biological processes, such as cell differentiation, organ development, tissue regeneration, and prevention
of tumorigenesis (Jung & Park, 2020). In human cancers, this pathway is highly activated. More importantly, IncRNAs
such as UCA1, TUG1, CILA1, CCAT2, AFAP1-AS1, MIAT1, and CCAT1 are associated with the regulation of this path-
way and are aberrantly expressed in OC. Increased activation of this pathway leads to uncontrolled proliferation and
carcinogenesis. Therefore, this pathway can be considered as a therapeutic target in OC patients. Similarly, other stud-
ies have associated aberrant expression of dozens of other IncRNAs in the development of OC, as summarized in
Table 3.

In summary, evidences show that IncRNAs can regulate oral carcinogenesis, thus could be used for the manage-
ment of OC. However, the there are several aspects that needs to be uncovered to enhance the utility of IncRNAs in
OC. For instance, further studies investigating the role of IncRNAs in OPMDs, oral tumor microenvironment would
enhance the understanding of the mechanism of OC from progression to distant metastasis. Furthermore, as majority
of the studies were focused on the treatment of OC using IncRNAs, effective drug delivery methods needs to be
established for better outcome.

6.3 | Small nucleolar RNA

Small nucleolar RNAs (snoRNAs) are another type of ncRNAs that belongs to the subclass of IncRNAs with 60-300
nucleotides (Bachellerie et al., 2002; Maxwell & Fournier, 1995). snoRNAs are primarily found in the cell nucleoli and
are significantly involved in pre-rRNA processing by endonucleolytic cleavage, post-transcriptional modification and
maturation of ribosomal RNAs, small nuclear RNAs, and other cellular RNAs. snoRNAs can be divided into two clas-
ses, namely, C/D box snoRNAs and H/ACA box snoRNAs in which the former guide O-ribose methylation and the lat-
ter direct pseudo uridylation of nucleotides (Bachellerie et al., 2002; Maxwell & Fournier, 1995). It is estimated that
each human cell consists of 150 different snoRNAs (Terns & Terns, 2002). More importantly, snoRNAs are capable of
regulating gene expressions through mRNA splicing and editing (Stepanov et al., 2015).
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6.3.1 | Biogenesis

The majority of the snoRNAs are encoded in introns of coding or noncoding genes and the remaining are anonymously
transcribed by RNA polymerase II (Liang et al., 2019; Reichow et al., 2007). The steps include co-transcription, splicing,
and debranching. Maturation of nascent intronic snoRNAs requires the recruitment of ribonucleoproteins that provide
stability and nucleolar localization (Reichow et al., 2007). Consequently, snRNPs are transported to Cajal bodies where
they undergo processing and maturation and are finally delivered to the nucleolus (Liang et al., 2019).

6.3.2 | Role of snoRNAs in OC

The snoRNAs have been reported to be involved in many physiological and as well as pathological processes. To date, a
number of studies have demonstrated that snoRNAs are involved during carcinogenesis by regulating cell proliferation,
migration and invasion, cell apoptosis. More importantly, several studies have demonstrated that snoRNAs are also
involved during OC tumorigenesis (Gao et al., 2019; X. Liu, Zhang, et al., 2020; Liu & Tao, 2020; Qiao et al., 2022;
T. Wang, Liang, & Yang, 2021; Yin et al., 2020). Liu and Tao reported that SNHG3 was upregulated in OSCC cell lines
and it promoted cell proliferation and migration by up-regulating NFYC and Wnt/p-catenin pathway by recruiting
ELAVLI1 which stabilizes NFYC mRNA (Liu & Tao, 2020). Similarly, SNHG20, SNHG3, SNHG15, SNHG17, SNHG12,
and SNHG16 were reported to be up regulated in OSCC cell lines and OSCC tumor tissue (Gao et al., 2019; X. Liu,
Zhang, et al., 2020; Lu et al., 2021; Qiao et al., 2022; T. Wang, Liang, & Yang, 2021; Yin et al., 2020). It was reported that
these snoRNAs are capable of regulating cell proliferation, migration and invasion, cell apoptosis. These studies have
concluded that snoRNAs and their related pathways can be used as a therapeutic targets. However, compared with the
other ncRNAs, the understanding of the role of snoRNAs in OC is still in its infancy. Therefore, extensive research is
required to translate the role of snoRNAs into clinical practice. As an example, SNHG3, SNHG17, and SNHG20 were
reported to be involved in the regulation of Wnt/p-catenin pathway, thus selective down regulation of particular
snoRNAs might be useful in the treatment of OC (Gao et al., 2019; Lu et al., 2021; Qiao et al., 2022) (Table 4). Also,
expressions of NFYC, DIXDC1, HOXB8, DAAM1, E2F1, c-Myc, and ELF1 were positively regulated by SNHG3,
SNGH20, SNHG3, SNHG15, SNHG17, SNHG20, SNHG12, SNHG16, and SNHG17, respectively. It is also worth noting
here that SNGH17, SNHG20 were correlating with the TNM stage and lymph node metastasis showing poor overall sur-
vival in OC patients (X. Liu, Zhang, et al., 2020). Therefore, they can be used as an independent prognostic marker for
the prediction of overall survival of OC patients.

EMT is one of the key steps involved during carcinogenesis, especially, invasion and metastasis. SNHG3, SNHG12
are reported to be overexpressed during EMT, thus playing a key role in invasion and metastasis in OC (Chen
et al., 2018). Moreover, some snoRNAs functioning as competitive endogenous RNA by blocking the action of micro-
RNAs leading to the regulation of the relevant gene expressions.

It is evident that aberrant expressions of different snoRNAs have been reported in cancers including OC. Some of
these expression patterns are tumor specific. Furthermore, the expressions are stable in tissue and as well as plasma,
urine of cancer patients. Therefore, the expression patterns can be used for the diagnosis and prognosis of
OC. Furthermore, utilizing the regulatory functions of snoRNAs, they can be used as a therapeutic target. However,
compared with the other ncRNAs the understanding of the role of snoRNAs in OC is in the infancy stage. Therefore,
extensive research is required to translate the role of snoRNAs into clinical practice in the context of OC.

6.4 | PIWI-interacting RNAs

PIWI interacting RNAs (piRNAs) are a novel class of small noncoding RNAs with 24-31 nucleotides in length that usu-
ally bind to the Piwi protein (a subclade of the Argonaute family). piRNAs are unique as they differ from miRNAs as
they contain 2’-O-methyl-modification site at 3’ end (Ohara et al., 2007). PIRNAs use the PIWI-clade Argonautes, unlike
miRNA that uses AGO-clade proteins. Furthermore, piRNAs are synthesized from single stranded precursor transcripts
from piRNA clusters which does not follow a dicer dependent mechanism (S. Chen, Ben, et al., 2021; Iwasaki
et al., 2015; Ozata et al., 2018). Historically, they were identified as key players in the maintenance of germline stem
cells and self-renewal (Aravin et al., 2007). However, growing number of literature suggests that piRNAs are involved
in epigenetic regulation, transposon silencing and genomic rearrangements (Ozata et al., 2018). Although these piRNAs
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Nucleus

Cytoplasm

: © Piwi protein |
- RNA Helicasei
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piRNA precursor
3 5 (Sense)
Secondary piRNAs

I\@
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FIGURE 4 Overview of the biogenesis of piRNA. Primary piRNAs are produced from piRNA clusters in the nucleus and transported to

3/

the cytoplasm. RNA Helicase Armitage resolves the secondary structures of primary piRNA followed by despiralization, conversion to pre-
piRNAs by the endonuclease Zucchini, loading onto piwi proteins and trimming by the 3/-5" exonuclease Nibbler. The newly formed 3’
termini are methylated by small RNA 2’-O-methyltransferase Henl. This process is called primary piRNA biogenesis. Alternatively, piRNAs
can be produced by secondary biogenesis (ping-pong cycle). The Aub protein binds to the antisense piRNA strand and cleaves sense piRNA,
leading to sense piRNAs loaded onto Ago3. The Ago3/piRNA complex then cleaves antisense piRNA precursors. This produces antisense
piRNAs loaded onto Aub. This cleavage and trimming cycle is repeated many times to produce piRNAs.

do not participate in protein synthesis, they have a regulatory function and are identified to be tissue-specific in health
and disease (Martinez et al., 2015). The expression levels of piRNAs and Piwi proteins have been reported in many stud-
ies. Furthermore, the latest literature reports that piRNAs and Piwi proteins are detected at various stages of tumor
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Intron 1 Intron 2 Intron 3

Exon 1 Exon 2 jSs=eg g fixon 3 Exon 4

mRNA

Exon-intron circRNA Exonic circRNA Intronic circRNA

Cytoplasm

FIGURE 5 Overview of biogenesis of circular RNA. The biogenesis of circRNAs occur in nucleus. Different classes of circRNAs
can be produced from pre-mRNA splicing catalyzed by debranching enzymes such as by spliceosome machinery or group I and II
ribozyme. Exon-intron circRNA is produced as a result of pre-mRNA splicing resulting in merging of exons with an intron placed
in between on the other side. Subsequent removal of intron results in the formation of exonic circRNA. Circularization can be
promoted by RNA binding proteins. Intronic circRNAs are produced from lariat portions of introns that are resistant to
spliceosomic enzymes. The GU rich and C rich portions are merged together and subsequent trimming of the tail results in the
formation of intronic circRNAs. C, cytosine-rich region; GU, guanine, uracil rich region; P, circularization driven by intron
pairing; Q, RBP-mediated circularization; R, intron removal; RBP, RNA binding protein; S, circularization driven by lariat
structures; T, tail trimming.

development. As such this provides a great opportunity to utilize levels in cancers. This raises the opportunities of using
them as biomarkers for early detection and as therapeutic targets.

6.4.1 | Biogenesis of piRNAs

The biogenesis of piRNAs in humans is not well understood and most of the present understanding is derived
from Drosophila germline cells (Figure 4). The primary pathway that produces primary piRNAs and the ping-
pong cycle that produces secondary piRNAs are the two major pathways for the biogenesis of piRNAs (Iwasaki
et al., 2015; Ozata et al., 2018). A similar pathway with the involvement of different Piwi proteins has been
observed in mice. Furthermore, preliminary evidence suggests that these mechanisms are conserved between
Drosophila and humans (Xi Wu, Pan, et al.,, 2020). The majority of the piRNA precursors are derived from
genetic regions of either uni-strand or dual-strand piRNA clusters. Transcription from these clusters result in
the formation of relevant piRNA precursors. Some precursors can be produced from 3’ UTR of protein-coding
genes or transposons as well. Dicer ribonuclease processes the precursor piRNA giving rise to primary piRNA.
Consequently, primary piRNAs are cleaved into small RNAs which form complexes with PIWI proteins. The
piRNA/PIWI protein complex migrates into the nucleus and targets its specific gene for regulation. In contrast,
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FIGURE 6 Summary of the role of ncRNAs in oral carcinogenesis. Noncoding RNAs can regulate cell proliferation, migration and
invasion, cell apoptosis, and chemoresistance. The figure shows the different ncRNAs involving at different levels regulating OC. Red
colored: Over-expressed ncRNAs, Green colored: Under-expressed ncRNAs. <>, snoRNAs; <>, IncRNAs; ], circular RNAs;

<>, microRNAs.

the ping pong mechanism amplifies the production of piRNAs which produces a large number of piRNAs
within a short time. It is achieved by the binding of Aub protein to antisense-strand piRNA and subsequent
cleavage of sense piRNA precursors leading to the production of sense piRNAs bound by Ago 3 protein. Ago
3 protein binds to sense-strand and subsequent cleavage of antisense-piRNAs. The cleavage step is repeated for
many cycles and a large number of piRNAs are produced. These piRNAs bind with PIWI proteins and enter the
nucleus. The production of secondary piRNA is through ping pong mechanism and accumulated in the cyto-
plasm. piRNAs form complexes with Ago proteins to produce new primary piRNAs (S. Chen, Ben, et al., 2021;
Iwasaki et al., 2015).

In addition, piRNAs function as transposons that can produce unfavorable effects on the stability of genes, due to
exon insertion and or intron insertion in which the former alters the coding sequence and the latter may alter the splic-
ing patterns. This may lead to potentially deleterious fusion proteins. Furthermore, piRNAs and PIWI proteins modify
the chromatin structure and histone proteins in the nucleus. At post-transcriptional level, piRNAs are capable of
degrading mRNA through deadenylation (X. Wu, Pan, et al., 2020).

6.4.2 | Role of piRNAs in OC

Data from several studies suggest that piRNAs are potential regulators of gene expression in physiological and patholog-
ical processes at both transcriptional and post-transcriptional stages. Importantly, researchers have attempted to evalu-
ate the role of piRNAs in OC. piRNA-1037 was reported to be significantly upregulated in OC cell lines in a dose-



—Wl LEY 31 of 45

70 WIREs
RNA

BALAKITTNEN ET AL.

(senunuo))

(8102) 'Te 30 dex

(8102) 'Te 32 InodIpya]y

(L102) 'Te 10 uepm\

(L107) 'Te 32 U

(S102) TR 19 ZNQ

SOOURIYY

sisougerq

sisougoxd
pue sisouderq

Iayrew onsougerq

IayIew onsouserq

IayTeW
onsousgerp Ajreg

s/uonesrdde 1esrur)

%S 18 L1oyroads
%S98 AIADISUSS

91008 uone[n3aIsAp
3SU YSIH

UOT}eUIOJSUEeI}
jueudIfewW Jo

oudIsqy
—®B00C-YIu pue [¢

~{IW JO S[OAJ [BULION

sisougoxd 1004

dT10 ut
BGZT-YIUW PISEAIIP
UIM TZ-YIW Paseatou]

%r6 = Lyoads
%09 = A1IADISUSS

780 = DNV

6°0 = eAlES

8'0 = DNV ‘poord
€IL'0=D2NV
:DDS.I aanerado-isod
woly DDS.L 2anerado

-21d jo uoneuIWIIOSIQ
S08'0 = DNV
:S[O1IU0D AUI[edy
woij DS 2anerado

-21d Jo UONBUTWILIISIT

synsoy

aN
D0SO T—00z-gru

d10
ur jou DIS0 ‘d'10
onse[dsAp | —1¢-yru

D080

d'10 duse[dsAp
‘d10 T—eseI-gu

JDS0O

d'10 onsedsiq
‘d10 |—Tz-gmuu

| ssp-gru
| zze-gmu
T T61-yrw
T peT-yru
T LzT-gru

| 6y

poassaxdxa
Iapun Io -19AQ

aN

aN

aN

9AVI.L

aN
ureojoxd
/19318) SUAD

NS [2I0

eATES

BAT[ES

eAl[eS
pooiq d[0ym

eAl[eS

orduwres

dg-0£-19]
[011u00 AYIeay Of dg-Tz-yru
DDS0 0€ de-pr-yru S

BOOZ-{ITW

S[01U0d AYI[eaY ST T¢-yru

DDS0 ST BGZI-JIW
d10 0€ Ty v

SSp-yYIw

7T

T6T-JIu

PEI-YIu

Ayeay €11 LTT-d1u

DOSNH

aanedau AJH LY ‘6-gnu €
DDSO 8T  dg-9pT-yrw 4

S[0IIU0D AYI[edH ST
pue sjuened DDSO 5T dS-6ET-YIW I

110402 Apnis VNI oN

sorsdorq pmbry U1 pa1oatep SYNYOU 9 ATV L



BALAKITTNEN ET AL.

32 0f 45 Wl LEY— AN ;ﬁ{\IRES

(0207) ‘1B 10 UBA

(T207) ‘Te 10 uepy

(1202) ‘1B 10 TuBWOY

(1202) ‘T 1° TuBWOY

(1202) ‘T8 19 SuayD

(1207) ‘T8 19 Lrewny|

(0202) Te 19 9H

I9yIewIorq onsouserq

INIBWOIq SATIIIPAIJ

ISyIewolq onsoudoig

IyIewWoIq dnsouserq

DdO 103
IayTeWOIq dnsouderq
dn
-M0[[0] Ay eIad0o)sod
Sunmnp sawooino
A1331NS 10)TUOIN

Ioyrew opsouderq

8690 = DNV
%L8'S6 Kmoy1oads
%S9 AAnISUSS
aN

aN

86'0 = DNV

%186 Lyoyroads
%06 A1A)ISUSS

6L6'0 = DNV

(sy9am 9) aaneIado
-3s0d < aanyeIado
-21d :uotssardxaranQ

%08 = Ayoads
%y¥9 = KIANISULg

8€L°0 DNV

9L98'0 = DNV

"BWIOUTOIED [[90 snourenbs [810 ‘)DSO 190UED [BI0 ‘D ‘PIUTULIDIAP JOU ‘(N ‘POSEaIdap | (paseaIoul | :SUoneIAdIqqy

1

T—aane1ado-1sog
|—aane1ado-a1g

l—dg¢-qge1-yru
l—ds-gzp-yrw
1—dg-qoo1-yIw

Ppassa1dxa19AQ

aN

¢-unsren

aN

aN

aN

aN

I44d

wnIes

eATES

eAI[ES

eAl[eS

eAI[ES

BAI[ES

QWOSOXd ATRAI[RS

AuyyesH 121
D0 L91

AujresH ST
200 L

D0 2ane1ado-sod ST
pue aane1ado-a1g ST

Ay3TesH 85
D0 68

Auy3resH s

190ued a1d [e10 0€

AyjresH ¢
DDSO 61

S[0I3U0d AU3[eay ST

Ys8CO0T 4!

dg-6yruur 11

ds-gzy-yrr 01
de-qe61-yru

ds-gzp-yru
ds-q9o1-yru 6

qo6T-Yru 8

Te-gru L

DDSO0 St de-pz-yru 9
ds-001-qru
ds-e66-gru

(ponunuo)d) 9 HTAV.L



—Wl LEY 33 of 45

70 WIREs
RNA

BALAKITTNEN ET AL.

pajiodar 304 JoN

pa110da1 394 10N

pajiodar 394 JoN

s)nsoy

SIBdA 7

S1eak QT

SIeaA €

ouwreJy owlIg,

CIS pue CIy-VNY I
Kxearres o) Suisn

Jo Kyoy1oads pue

A1Anisuss SuLInseay

uorssa1Soid 1oue)

q6c-qrua
S9INSseIUI
QuI0dINO0 ATeWILIJ

eAI[ES
anssLL,

S[[90 PaIeI[OIXT
anssIL],
BAI[ES
poorg
dddd
A1981ns
JO SABp 9AIINOISUOD
€ 90UO I10J I9)Je pue

K1931ms 910J9g—®AI[RS

£1331ms Jo sypuowt €

I9)Je pue 310J2q poorg
K198ms

JO QW) 9Y) IY—aNnsSI],

ordures

00
SUOISI[

jueudiew-aid (810
Ayjresq

(s100ued-01d [RI0
uanoxd-A3o1oyjed)
1dO PU® DO

sjuanied DO
uonendog

SuorIsa[ jueusew
Arenusjod

Ul UOT}eULIOJSULT)
jueusIewW

a1 10939p 0}

TS PUe ZTH-VNJIW

JO 9sn oY) 9JenyeAd 0],  [BUONBAIISQQ 610z 1dA3q ‘qoareyn €
STdO
pue DO Y syuaned
WOIJ PJOJ[0d
WNISS WOIJ PIALISP
21njeudIs uorssardxo
VNYIW e jo L1un 110C ‘epeue)
[EOTUI[O 9} SSSSB O],  [BUONBAISqO ‘od dutILayIe) 4
20
ur q62-vNJoIIw
Jo 9101 dnsoudoxd 10T ‘UBMIB],
S} 9jen[eAd 0,  [BUONIBAIISQO Buay) Bunr-urys 1
wry  uSisop Apm§ IeaA ({ATIUnod  ‘oN

£I0INQLIIU0D ATeWILIJ

D0 Ul sYN¥ou Suisn sfern [edru) £ 4TIV L



34 of 45 Wl L EY— ‘g‘ ;{!AIRES BALAKITTNEN ET AL.

dependent manner when treating with cisplatin. The chemoresistant cells showed an upregulation of piRNA-1037 and
when inhibiting its expression using cisplatin showed a reduction in the cell viability and enhanced apoptosis. Interest-
ingly, epithelial markers, such as E-cadherin, were upregulated and mesenchymal markers, such as N-cadherin, were
downregulated, suggesting the reversal of EMT. One of the mechanisms whereby piRNA-1037 induces chemo-
resistance is by interacting with the apoptosis-inhibiting protein XIAP and regulating the motility of cancer cells by con-
trolling EMT pathways (G. Li, Wang, et al., 2019).

Another study has investigated the effects of alcohol consumption on the expression of piRNAs in HNC. Expres-
sions of piRNAs were analyzed by RNA sequencing data obtained from TCGA. OC cell lines were treated with 0.1%
(social drinker), 0.3% (moderate drinker), and 1% ethanol (heavy) daily for 4 weeks. The differentially expressed
piRNAs were validated using cell culture and qRT-PCR. It was found that in people who consume alcohol (both
smoking and nonsmoking), piR-58510, -43219, -38034, -34946 were upregulated and piR-70732 was identified to be
downregulated in people who consume alcohol (both smoking and nonsmoking). Upregulation of piR-258904, -35373,
-266308, and -34946 was found in the alcohol-drinking, nonsmoking cohort, demonstrating the only cause of
upregulation is alcohol consumption. Ethanol causes upregulation of piR-35373, -266308, -58510, and -38034, which
was in concordance with the results obtained in the analysis of the RNA-seq data. In addition, the expression level of
PIWIL4 was dysregulated in cells exposed to both ethanol and acetaldehyde treatments. Low expression of piR-58510
and piR-35373 significantly correlated with improved patient survival. Therefore, alcohol consumption causes dys-
regulation of piRNA expression in HNC samples and in vitro data report that these piRNAs may serve as therapeutic
targets or biomarkers for early detection of HNC (Saad et al., 2019).

Overall, piRNAs have shown promising roles in cancers including OC. However, when compared with other
ncRNAs the understanding of the role of piRNAs in OC is in its' infancy. Therefore, in upcoming years we could expect
more studies focusing on the role of piRNAs in OC and OPMD as well.

6.5 | Circular RNAs

Circular RNAs (circRNAs) are another unique type of ncRNAs that form continuous covalent loops. The 3’ and 5 ends
of these RNAs are joined together forming circular molecules (Greene et al., 2017). They are produced by noncanonical
back splicing. The existence of circRNAs in eukaryotes was revealed in 1979 with the aid of an electron microscope
(Hsu & Coca-Prados, 1979). Historically, circRNAs were considered “junk RNA” produced during aberrant splicing
events. However, with recent advancements in RNA sequencing and bioinformatics, the expression patterns of cir-
cRNAs are reported to be tissue-specific and they are well-known for their ability to regulate gene expression, synchro-
nize alternative splicing, sponging miRNAs, RBPs, and scaffolds, It is also evident from literature that circRNA could
be translated into proteins and are capable of producing pseudogenes (Greene et al., 2017). More importantly, it also
has significant function in regulating parental gene expression, circRNAs can be categorized into exonic, exon-intron,
or intronic circRNAs in which exonic circRNA is the most abundant type (Chen & Yang, 2015; Geng et al., 2020).

6.5.1 | Biogenesis of circRNA

Biogenesis of circRNAs is a complex, multistep process. circRNAs are generated from back splicing of exons or introns
to form exonic or intronic circRNAs (Figure 5). Exonic circRNAs are located in the cytoplasm, whereas the remaining
are located in the nucleus. There are three models that are widely accepted for circRNA biogenesis namely, direct back-
splicing, circularization mediated by RNA-binding proteins, and circularization driven by lariat structures (Chen &
Yang, 2015; Kristensen et al., 2019; Vicens & Westhof, 2014). Direct back splicing involves in the merging of a down-
stream splice donor with an upstream splice acceptor. The splice sites are brought together by complementary base
pairing of introns containing repeated elements (Alu elements) that are found in the upstream and downstream introns
or by dimerization of RBPs that binds to special motifs in the flanking introns. RBPs regulate the biogenesis of cir-
cRNAs by regulating the adjacent splicing sites (Ebbesen et al., 2017; Vicens & Westhof, 2014).

Lariat driven circularization is facilitated when skipping of exons occurs during pre-mRNA transcription. Removal
of flanking exon is facilitated by internal splicing leading to the production of ecircRNAs. The generation of ciRNA is
also facilitated by this process, in the presence of a ciRNA-specific consensus motif containing a 7 nucleotide Guanine
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Uracil rich element at the 5’ splice site and a 11 nucleotide Cytosine rich element at the branch point (Chen &
Yang, 2015; Ebbesen et al., 2017; Kristensen et al., 2019; Preiss et al., 2012; Vicens & Westhof, 2014).

6.5.2 | Role of circular RNAs in OC

Studies have shown that circRNAs can be used as diagnostic, prognostic and as therapeutic targets in OC, as the cir-
cRNAs are expressed in a tissue-specific manner (L. Wang, Wei, et al., 2018). Preiss et al., reported that the expression
of a circular RNA isoform derived from the ncRNA ANRIL correlated with INK4/ARF expression, as well as with ath-
erosclerosis risk, suggesting a role of this circRNA in the development of these disease conditions (Preiss et al., 2012).
Recently, researchers have investigated the effects of circRNAs in cancer, including in OC. Expression patterns of cir-
cRNAs have been reported in discriminating OC from healthy controls and some of them possess good clinical associa-
tion in OC patients. Furthermore, the same group has demonstrated that the reported circRNAs regulated cell
proliferation, migration and invasion, cell apoptosis in OC. He et al., have reported that circPVT1 was upregulated in
OSCC tissue samples (n = 50) and overexpression resulted in increased cell proliferation. Furthermore, circPVT1 was
reported to discriminate OSCC from healthy controls with an AUC of 0.787 with a sensitivity and specificity of 68.6%
and 86.0%, respectively (He et al., 2019). The expression level of circPVT1 was associated with tumor size, tumor node
and metastasis. In addition, circPVT1 was shown to regulate the expression of STAT3 gene through functioning as a
competitive endogenous RNA via sponging miR-125b, thereby increasing the expression of STAT3. Similarly,
hsa_circ_0086414 was also found to be downregulated in OSCC tissue samples (n = 55) with an AUC of 0.749 and sen-
sitivity and specificity of 65.5% and 87.3%, respectively. Downregulation of hsa_circ_0086414 resulted in increase in
growth and metastasis. These results suggest the possibility of using circRNAs as biomarkers for the diagnosis, progno-
sis and as a therapeutic target. Similar studies that associate circRNAs with OC development are summarized in Table 5.
However, in depth understanding of the role of circRNAs in OC is warranted to utilize them as biomarkers for the man-
agement of OC.

It is now evident that ncRNAs are involved in the development of OC. Figure 6 shows the summary of all ncRNAs
and their role in hallmarks of OC.

7 | NONCODING RNAs IN BODY FLUIDS

“Liquid biopsy” is a term that is frequently used in the clinical oncology field. It refers to capturing tumor-derived
biomarkers that are present in body fluids such as blood, saliva, cerebrospinal fluid, and urine. Detection of genetic, epi-
genetic, transcriptomic, and proteomic biomarkers in liquid biopsies provide opportunity to discern tumor activity in
real-time (Punyadeera et al., 2011; Punyadeera & Slowey, 2019; Sun et al., 2017). ncRNAs are widely detected in liquid
biopsies, such as blood, saliva, and urine. Studies have shown strong correlation between biomarkers present in tumor
tissue that of liquid biopsies (Lim et al., 2016; Ovchinnikov et al., 2014; Wan et al., 2017). In tumor tissues, the expres-
sion of ncRNAs were shown to correlate with expression levels in plasma and saliva. Moreover, studies have reported
that liquid biopsy-based biomarkers may be used for the early detection of cancer. There is a growing body of literature
demonstrating that detection of miRNAs in liquid biopsies is advantageous in early cancer detection, monitoring tumor
dynamics, predicting malignant transformation, prognosis, and chemoresistance in cancer patients (Komatsu
et al., 2018). Table 6 shows a summary of ncRNAs that have been investigated in liquid biopsies.

8 | THE USE OF NONCODING RNAs IN CANCER CLINICAL TRIALS

Clinicians have registered clinical trials evaluating the use of ncRNAs, especially miRNAs as therapeutic targets for
OC. According to the global clinical trial registry (www.clinicaltrials.gov), three clinical trials have been registered to
evaluate the clinical utility of miRNAs as biomarkers in diagnosis and prognosis of OC (Table 7). However, results of
all these trials have not yet been reported. This is a huge drawback for the development of liquid biopsy biomarkers
using ncRNAs. Furthermore, trials including multi-center, multi-institutional trials from various geographic regions
could assist in establishing a microRNA signature panel to be used for early detection and prognosis of OC (Table 7).


http://www.clinicaltrials.gov
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9 | CONCLUSION AND FUTURE PERSPECTIVES

ncRNAs play a major role in tumorigenesis. Moreover, they can be extracted from body fluids, tissues, and cells. As
such, given both their central importance in cancer development and their ready accessibility, they are ideally placed to
act as biomarkers in diagnostic, prognostic, and therapeutic applications for patients with cancer. Depending on their
size and function, ncRNAs can be divided into several categories including miRNA, IncRNA, snoRNA, piRNA, and cir-
cular RNA. Arguably, the most investigated ncRNAs in both biomedical research and therapeutics are miRNAs and
IncRNAs. Although, other ncRNA such as snoRNAs, and more recently circRNAs have also found to be involved dur-
ing the pathogenesis of OC.

Studies have shown that specific expression changes of ncRNA are associated with poor outcomes for patients with
cancer. However, these findings are yet to be translated into clinical practice for OC patients. This may be due to a pau-
city of biological and technical validation studies, an absence of multicenter clinical trials, insufficient standardization
of workflow to isolate and amplify ncRNA and a lack of normalization targets. As OC is closely associated with both
lifestyle risk factors and genetic predisposition, studies need to consider population-level variations, and therefore,
large-scale studies involving patient cohorts from different geographic regions need to be conducted to validate these
targets. In addition, limitations to human in vitro model systems (tumoroids and organoids) hamper in-depth character-
ization of cancer causing ncRNAs. To address these limitations, researchers are now developing panels of ncRNAs com-
bining different types of ncRNAs to increase clinical utility. This is further enabled by the interrelated actions of some
ncRNAs. Multiple studies across the world have reported miR-21-5p, miR-24-3p, IncRNA-UCA1, and IncRNA-CCAT1
as biomarkers in OC. Additionally, expression changes of miR-146-5p, miR-196b, and IncRNA-LOC284454 were
reported to be detectable in body fluids collected from patients with OC. This shows promise in revolutionizing the
management of OC patients by using liquid biopsies.

Many ncRNAs have proven to be reliable, noninvasive biomarkers for OC. Furthermore, many of them have also
been shown to possess functional qualities at the molecular level. As such, targeting these ncRNAs could expand the
currently limited treatment choices for OC. The small size of ncRNAs make them ideal drug targets, with treatments
such as antisense oligonucleotides and small interfering RNAs, easily packed into nanoparticles for more effective
targeted delivery. Indeed, in 2019, the first ever small ncRNA drug patisiran (Onpattro, Alnylam Pharmaceuticals) was
approved by the Food and Drug Administration (FDA) for the treatment of peripheral nerve disease (polyneuropathy)
with many more drugs set to follow. In conclusion, there is promise that ncRNA based biomarkers will become a reality
for managing patients with OC, thereby reducing the high rates of morbidity and mortality associated with this disease.

AUTHOR CONTRIBUTIONS

Jaikrishna Balakittnen: Conceptualization (equal); data curation (lead); writing — original draft (lead); writing -
review and editing (equal). Chameera Ekanayake Weeramange: Conceptualization (equal); supervision (equal);
writing - review and editing (equal). Daniel Wallace: Conceptualization (equal); supervision (equal); writing — review
and editing (equal). Pascal Duijf: Conceptualization (equal); supervision (equal); writing — review and editing (equal).
Alexandre Cristino: Supervision (equal); writing - review and editing (equal). Liz Kenny: Conceptualization
(supporting); supervision (equal). Sarju Vasani: Supervision (equal); writing - review and editing (equal). Chamindie
Punyadeera: Conceptualization (lead); methodology (equal); project administration (equal); supervision (lead); writ-
ing — review and editing (equal).

ACKNOWLEDGMENT
Open access publishing facilitated by Griffith University, as part of the Wiley - Griffith University agreement via the
Council of Australian University Librarians.

FUNDING INFORMATION

Jaikrishna Balakittnen is supported by a joint QUT/AHEAD Scholarship and QUT/AHEAD HDR Tuition Fee Sponsor-
ship. Chamindie Punyadeera is currently receiving funding from the National Health and Medical Research Council
(APP 2002576 and APP 2012560), Cancer Australia (APP1145657), Garnette Passe and Rodney Williams Foundation,
NIH R21 and the RBWH Foundation.

CONFLICT OF INTEREST
The authors have declared no conflicts of interest for this article.



BALAKITTNEN ET AL. A 37 of 45
= B YIREs_WILEY-L7r=

DATA AVAILABILITY STATEMENT
Data sharing is not applicable to this article as no new data were created or analyzed in this study.

ORCID

Jaikrishna Balakittnen ‘© https://orcid.org/0000-0002-9882-5152

Chameera Ekanayake Weeramange ® https://orcid.org/0000-0001-7384-5512
Daniel F. Wallace ‘® https://orcid.org/0000-0002-6019-9424

Pascal H. G. Duijf ‘® https://orcid.org/0000-0001-8646-9843

Alexandre S. Cristino ‘® https://orcid.org/0000-0002-3468-0919

Liz Kenny ‘© https://orcid.org/0000-0002-7556-0542

Sarju Vasani ‘@ https://orcid.org/0000-0003-1471-9692

Chamindie Punyadeera ‘® https://orcid.org/0000-0001-9039-8259

RELATED WIREs ARTICLES

The role of microRNA in resistance to breast cancer therapy

Cluster miRNAs and cancer: Diagnostic, prognostic and therapeutic opportunities
microRNA-based diagnostic and therapeutic applications in cancer medicine

REFERENCES

American Society of Clinical Oncology (ASCO). (2005-2022). Cancer.net. https://www.cancer.net/cancer-types/oral-and-oropharyngeal-
cancer/statistics

Aghbari, S. M. H., Gaafar, S. M., Shaker, O. G., Ashiry, S. E., & Zayed, S. O. (2018). Evaluating the accuracy of microRNA27b and micro-
RNA137 as biomarkers of activity and potential malignant transformation in oral lichen planus patients. Archives of Dermatological
Research, 310(3), 209-220. https://doi.org/10.1007/s00403-018-1805-0

Andersen, B. L., Cacioppo, J. T., & Roberts, D. C. (1995). Delay in seeking a cancer diagnosis: Delay stages and psychophysiological compari-
son processes. British Journal of Social Psychology, 34(1), 33-52. https://doi.org/10.1111/j.2044-8309.1995.tb01047.x

Jain, A., & Daaboul, H. E. (2019). Molecular pathogenesis of oral squamous cell carcinoma, squamous cell carcinoma - Hallmark and treatment
modalities. IntechOpen. https://doi.org/10.5772/intechopen.85650

Aravin, A. A., Sachidanandam, R., Girard, A., Fejes-Toth, K., & Hannon, G. J. (2007). Developmentally regulated piRNA clusters implicate
MILI in transposon control. Science, 316(5825), 744-747. https://doi.org/10.1126/science.1142612

Arunkumar, G., Deva Magendhra Rao, A. K., Manikandan, M., Arun, K., Vinothkumar, V., Revathidevi, S., Rajkumar, K. S,
Rajaraman, R., & Munirajan, A. K. (2017, Apr). Expression profiling of long non-coding RNA identifies linc-RoR as a prognostic bio-
marker in oral cancer. Tumour Biology, 39(4). https://doi.org/10.1177/1010428317698366

Bachellerie, J. P., Cavaillé, J., & Hiittenhofer, A. (2002). The expanding snoRNA world. Biochimie, 84(8), 775-790. https://doi.org/10.1016/
$0300-9084(02)01402-5

Banavar, G., Ogundijo, O., Toma, R., Rajagopal, S., Lim, Y. K., Tang, K., Camacho, F., Torres, P. J., Gline, S., Parks, M., Kenny, L.,
Perlina, A., Tily, H., Dimitrova, N., Amar, S., Vuyisich, M., & Punyadeera, C. (2021). The salivary metatranscriptome as an accurate diag-
nostic indicator of oral cancer. NPJ Genomic Medicine, 6(1), 105. https://doi.org/10.1038/s41525-021-00257-x

Bao, Q., Liao, X,, Li, R., & Ding, N. (2019, Dec). KCNQ1OT1 promotes migration and inhibits apoptosis by modulating miR-185-5p/Rab14
axis in oral squamous cell carcinoma. Development, Growth & Differentiation, 61(9), 466-474. https://doi.org/10.1111/dgd.12638

Baykul, T., Yilmaz, H. H., Aydin, U., Aydin, M. A., Aksoy, M., & Yildirim, D. (2010). Early diagnosis of oral cancer. The Journal of
International Medical Research, 38(3), 737-749. https://doi.org/10.1177/147323001003800302

Baylin, S. B., & Jones, P. A. (2016). Epigenetic determinants of cancer. Cold Spring Harbor Perspectives in Biology, 8(9). https://doi.org/10.
1101/cshperspect.a019505

Blagosklonny, M. V. (2005). Molecular theory of cancer. Cancer Biology & Therapy, 4(6), 621-627. https://doi.org/10.4161/cbt.4.6.1818

Calses, P. C., Crawford, J. J., Lill, J. R., & Dey, A. (2019). Hippo pathway in cancer: Aberrant regulation and therapeutic opportunities.
Trends in Cancer, 5(5), 297-307. https://doi.org/10.1016/j.trecan.2019.04.001

International Agency for Research on Cancer. (2008). A digital manual for the early diagnosis of oral neoplasia. International Agency for
Research on Cancer. https://screening.iarc.fr/atlasoralcopyright.php

Cervino, G., Fiorillo, L., Herford, A. S., Romeo, U., Bianchi, A., Crimi, S., D'Amico, C., De Stefano, R., Troiano, G., Santoro, R., Laino, L.,
Laino, G., & Ciccil,, M. (2019). Molecular biomarkers related to oral carcinoma: Clinical trial outcome evaluation in a literature review.
Disease Markers, 2019, 1-11. https://doi.org/10.1155/2019/8040361

Chang, Y.-A., Weng, S.-L., Yang, S.-F., Chou, C.-H., Huang, W.-C., Tu, S.-J., Chang, T.-H., Huang, C.-N., Jong, Y.-J., & Huang, H.-D. (2018).
A three-microRNA signature as a potential biomarker for the early detection of oral cancer. International Journal of Molecular Sciences,
19(3). https://doi.org/10.3390/ijms19030758

Charanya, D., Raghupathy, L. P., Farzana, A. F., Murugan, R., Krishnaraj, R., & Kalarani, G. (2016). Adjunctive aids for the detection of oral
premalignancy. Journal of Pharmacy and Bioallied Sciences, 8, S13-S19.


https://orcid.org/0000-0002-9882-5152
https://orcid.org/0000-0002-9882-5152
https://orcid.org/0000-0001-7384-5512
https://orcid.org/0000-0001-7384-5512
https://orcid.org/0000-0002-6019-9424
https://orcid.org/0000-0002-6019-9424
https://orcid.org/0000-0001-8646-9843
https://orcid.org/0000-0001-8646-9843
https://orcid.org/0000-0002-3468-0919
https://orcid.org/0000-0002-3468-0919
https://orcid.org/0000-0002-7556-0542
https://orcid.org/0000-0002-7556-0542
https://orcid.org/0000-0003-1471-9692
https://orcid.org/0000-0003-1471-9692
https://orcid.org/0000-0001-9039-8259
https://orcid.org/0000-0001-9039-8259
https://doi.org/10.1002/wrna.1248
https://doi.org/10.1002/wrna.1563
https://doi.org/10.1002/wrna.1662
https://www.cancer.net/cancer-types/oral-and-oropharyngeal-cancer/statistics
https://www.cancer.net/cancer-types/oral-and-oropharyngeal-cancer/statistics
https://doi.org/10.1007/s00403-018-1805-0
https://doi.org/10.1111/j.2044-8309.1995.tb01047.x
https://doi.org/10.5772/intechopen.85650
https://doi.org/10.1126/science.1142612
https://doi.org/10.1177/1010428317698366
https://doi.org/10.1016/s0300-9084(02)01402-5
https://doi.org/10.1016/s0300-9084(02)01402-5
https://doi.org/10.1038/s41525-021-00257-x
https://doi.org/10.1111/dgd.12638
https://doi.org/10.1177/147323001003800302
https://doi.org/10.1101/cshperspect.a019505
https://doi.org/10.1101/cshperspect.a019505
https://doi.org/10.4161/cbt.4.6.1818
https://doi.org/10.1016/j.trecan.2019.04.001
https://screening.iarc.fr/atlasoralcopyright.php
https://doi.org/10.1155/2019/8040361
https://doi.org/10.3390/ijms19030758

38 of 45 Wl L EY— ‘Q‘ ;{!AIRES BALAKITTNEN ET AL.

Chen, F., Liu, M., Yu, Y., Sun, Y., Li, J., Hu, W., Wang, X., & Tong, D. (2019). LINC00958 regulated miR-627-5p/YBX2 axis to facilitate cell
proliferation and migration in oral squamous cell carcinoma. Cancer Biology & Therapy, 20(9), 1270-1280. https://doi.org/10.1080/
15384047.2019.1617571

Chen, H., Liu, X., Jin, Z., Gou, C., Liang, M., Cui, L., & Zhao, X. (2018). A three miRNAs signature for predicting the transformation of oral
leukoplakia to oral squamous cell carcinoma. American Journal of Cancer Research, 8(8), 1403-1413.

Chen, L.-L., & Yang, L. (2015). Regulation of circRNA biogenesis. RNA Biology, 12(4), 381-388. https://doi.org/10.1080/15476286.2015.
1020271

Chen, S., Ben, S., Xin, J,, Li, S., Zheng, R., Wang, H., Fan, L., Du, M., Zhang, Z., & Wang, M. (2021). The biogenesis and biological function
of PIWI-interacting RNA in cancer. Journal of Hematology & Oncology, 14(1), 93. https://doi.org/10.1186/s13045-021-01104-3

Chen, X., Zhao, W., Chen, S., & Yu, D. (2021). Mutation profiles of oral squamous cell carcinoma cells. Advances in Oral and Maxillofacial
Surgery, 2, 100026. https://doi.org/10.1016/j.adoms.2021.100026

Chen, Y. F,, Wei, Y. Y., Yang, C. C,, Liu, C. J,, Yeh, L. Y., Chou, C. H,, Chang, K. W., & Lin, S. C. (2019). miR-125b suppresses oral oncoge-
nicity by targeting the anti-oxidative gene PRXL2A. Redox Biology, 22, 101140. https://doi.org/10.1016/j.redox.2019.101140

Cheng, A.-J., You, G.-R., Lee, C.-J., Lu, Y.-C., Tang, S.-J., Huang, Y.-F., Huang, Y.-C., Lee, L.-Y., Fan, K.-H., Chen, Y.-C., Huang, S.-F., &
Chang, J. T.-C. (2021). Systemic investigation identifying salivary miR-196b as a promising biomarker for early detection of head-neck
cancer and oral precancer lesions. Diagnostics, 11(8). https://doi.org/10.3390/diagnostics11081411

Cheng, S.-J., Chang, C.-F., Ko, H.-H. Lee, J-J., Chen, H.-M., Wang, H.-J, Lin, H.-S.,, & Chiang, C.-P. (2018). Hyper-
methylatedZNF582andPAX1genes in mouth rinse samples as biomarkers for oral dysplasia and oral cancer detection. Head & Neck,
40(2), 355-368. https://doi.org/10.1002/hed.24958

Cheng, S.-J., Chang, C.-F., Lee, J.-J., Chen, H.-M., Wang, H.-J,, Liou, Y.-L., Yen, C., & Chiang, C.-P. (2016). Hypermethylated ZNF582 and
PAX1 are effective biomarkers for detection of oral dysplasia and oral cancer. Oral Oncology, 62, 34-43. https://doi.org/10.1016/j.
oraloncology.2016.09.007

Cobos-Fuentes, M. J., Martinez-Sahuquillo Marquez, A., Gallardo-Castillo, 1., Armas-Padron, J. R., Moreno-Fernandez, A., & Bullon-
Fernandez, P. (2009). Oral lichenoid lesions related to contact with dental materials: A literature review. Medicina Oral Patologia Oral y
Cirugia Bucal, 14, e514-e520. https://doi.org/10.4317/medoral.14.e514

Condrat, C. E., Thompson, D. C., Barbu, M. G., Bugnar, O. L., Boboc, A., Cretoiu, D., Suciu, N., Cretoiu, S. M., & Voinea, S. C. (2020).
miRNAs as biomarkers in disease: Latest findings regarding their role in diagnosis and prognosis. Cell, 9(2). https://doi.org/10.3390/
cells9020276

Crick, F. H. C. (1968). The origin of the genetic code. Journal of Molecular Biology, 38(3), 367-379. https://doi.org/10.1016/0022-2836(68)
90392-6

Dahariya, S., Paddibhatla, I., Kumar, S., Raghuwanshi, S., Pallepati, A., & Gutti, R. K. (2019). Long non-coding RNA: Classification, biogene-
sis and functions in blood cells. Molecular Immunology, 112, 82-92. https://doi.org/10.1016/j.molimm.2019.04.011

Dai, J., Su, Y., Zhong, S., Cong, L., Liu, B, Yang, J., Tao, Y., He, Z., Chen, C., & Jiang, Y. (2020). Exosomes: Key players in cancer and poten-
tial therapeutic strategy. Signal Transduction and Targeted Therapy, 5(1), 145. https://doi.org/10.1038/541392-020-00261-0

Dioguardi, M., Caloro, G. A., Laino, L., Alovisi, M., Sovereto, D., Crincoli, V., Aiuto, R., Coccia, E., Troiano, G., & Lo Muzio, L. (2020). Circu-
lating miR-21 as a potential biomarker for the diagnosis of oral cancer: A systematic review with meta-analysis. Cancers (Basel), 12(4).
https://doi.org/10.3390/cancers12040936

Duz, M. B, Karatas, O. F., Guzel, E., Turgut, N. F., Yilmaz, M., Creighton, C. J., & Ozen, M. (2015). Identification of miR-139-5p as a saliva
biomarker for tongue squamous cell carcinoma: A pilot study. Cellular Oncology, 39(2), 187-193. https://doi.org/10.1007/s13402-015-
0259-z

Ebbesen, K. K., Hansen, T. B., & Kjems, J. (2017). Insights into circular RNA biology. RNA Biology, 14(8), 1035-1045. https://doi.org/10.
1080/15476286.2016.1271524

Fan, C., Wang, J., Tang, Y., Zhang, S., Xiong, F., Guo, C., Zhou, Y., Li, Z., Li, X,, Li, Y., Li, G., Zeng, Z., & Xiong, W. (2020). Upregulation of
long non-coding RNA LOC284454 may serve as a new serum diagnostic biomarker for head and neck cancers. BMC Cancer, 20(1), 917.
https://doi.org/10.1186/s12885-020-07408-w

Fang, Y., & Fullwood, M. J. (2016). Roles, functions, and mechanisms of long non-coding RNAs in cancer. Genomics, Proteomics &
Bioinformatics, 14(1), 42-54. https://doi.org/10.1016/j.gpb.2015.09.006

Fang, Z., Zhao, J., Xie, W., Sun, Q., Wang, H., & Qiao, B. (2017). LncRNA UCA1 promotes proliferation and cisplatin resistance of oral squa-
mous cell carcinoma by sunppressing miR-184 expression. Cancer Medicine, 6(12), 2897-2908. https://doi.org/10.1002/cam4.1253

Ferlay, J. E. M., Lam, F., Colombet, M., Mery, L., Pifieros, M., Znaor, A., Soetjomataram, I., & Bray, F. (2020). Global Cancer observatory:
Cancer today. International Agency for Research on Cancer. https://gco.iarc.fr/today

Friedman, R. C., Farh, K. K., Burge, C. B., & Bartel, D. P. (2009). Most mammalian mRNAs are conserved targets of microRNAs. Genome
Research, 19(1), 92-105. https://doi.org/10.1101/gr.082701.108

Gao, N, Li, Y., Li, J., Gao, Z., Yang, Z., Li, Y., Liu, H., & Fan, T. (2020). Long non-coding RNAs: The regulatory mechanisms, research strate-
gies, and future directions in cancers. Frontiers in Oncology, 10, 598817. https://doi.org/10.3389/fonc.2020.598817

Gao, P., Fan, R., & Ge, T. (2019). SNHG20 serves as a predictor for prognosis and promotes cell growth in oral squamous cell carcinoma.
Oncology Letters, 17(1), 951-957. https://doi.org/10.3892/01.2018.9709

Gebert, L. F. R., & MacRae, L. J. (2019). Regulation of microRNA function in animals. Nature Reviews. Molecular Cell Biology, 20(1), 21-37.
https://doi.org/10.1038/s41580-018-0045-7


https://doi.org/10.1080/15384047.2019.1617571
https://doi.org/10.1080/15384047.2019.1617571
https://doi.org/10.1080/15476286.2015.1020271
https://doi.org/10.1080/15476286.2015.1020271
https://doi.org/10.1186/s13045-021-01104-3
https://doi.org/10.1016/j.adoms.2021.100026
https://doi.org/10.1016/j.redox.2019.101140
https://doi.org/10.3390/diagnostics11081411
https://doi.org/10.1002/hed.24958
https://doi.org/10.1016/j.oraloncology.2016.09.007
https://doi.org/10.1016/j.oraloncology.2016.09.007
https://doi.org/10.4317/medoral.14.e514
https://doi.org/10.3390/cells9020276
https://doi.org/10.3390/cells9020276
https://doi.org/10.1016/0022-2836(68)90392-6
https://doi.org/10.1016/0022-2836(68)90392-6
https://doi.org/10.1016/j.molimm.2019.04.011
https://doi.org/10.1038/s41392-020-00261-0
https://doi.org/10.3390/cancers12040936
https://doi.org/10.1007/s13402-015-0259-z
https://doi.org/10.1007/s13402-015-0259-z
https://doi.org/10.1080/15476286.2016.1271524
https://doi.org/10.1080/15476286.2016.1271524
https://doi.org/10.1186/s12885-020-07408-w
https://doi.org/10.1016/j.gpb.2015.09.006
https://doi.org/10.1002/cam4.1253
https://gco.iarc.fr/today
https://doi.org/10.1101/gr.082701.108
https://doi.org/10.3389/fonc.2020.598817
https://doi.org/10.3892/ol.2018.9709
https://doi.org/10.1038/s41580-018-0045-7

BALAKITTNEN E . A 39 of 45
s U WIREs _\\/] LEY_|_2°r%

Geng, X., Jia, Y., Zhang, Y., Shi, L., Li, Q., Zang, A., & Wang, H. (2020). Circular RNA: Biogenesis, degradation, functions and potential roles
in mediating resistance to anticarcinogens. Epigenomics, 12(3), 267-283. https://doi.org/10.2217/epi-2019-0295

Ghorai, A., & Ghosh, U. (2014). miRNA gene counts in chromosomes vary widely in a species and biogenesis of miRNA largely depends on
transcription or post-transcriptional processing of coding genes. Frontiers in Genetics, 5. https://doi.org/10.3389/fgene.2014.00100

Ghosh, R. D., Pattatheyil, A., & Roychoudhury, S. (2020). Functional landscape of dysregulated microRNAs in oral squamous cell carcinoma:
Clinical implications. Frontiers in Oncology, 10, 619. https://doi.org/10.3389/fonc.2020.00619

Greene, J., Baird, A.-M., Brady, L., Lim, M., Gray, S. G., McDermott, R., & Finn, S. P. (2017). Circular RNAs: Biogenesis, function and role in
human diseases. Frontiers in Molecular Biosciences, 4. https://doi.org/10.3389/fmolb.2017.00038

Guo, Y., Ma, Y., Hu, X,, Song, R., Zhu, L., & Zhong, M. (2018). Long non-coding RNA CEBPA-ASI correlates with poor prognosis and pro-
motes tumorigenesis via CEBPA/Bcl2 in oral squamous cell carcinoma. Cancer Biology & Therapy, 19(3), 205-213. https://doi.org/10.
1080/15384047.2017.1416276

Gupta, N., Gupta, R., Acharya, A. K., Patthi, B., Goud, V., Reddy, S., Garg, A., & Singla, A. (2016). Changing trends in oral cancer: A global
scenario. Nepal Journal of Epidemiology, 6(4), 613-619. https://doi.org/10.3126/nje.v6i4.17255

Gupta, P. C., & Warnakulasuriya, S. (2002). Global epidemiology of areca nut usage. Addiction Biology, 7(1), 77-83. https://doi.org/10.1080/
13556210020091437

Hanahan, D., & Weinberg, R. A. (2011). Hallmarks of cancer: The next generation. Cell, 144(5), 646-674. https://doi.org/10.1016/j.cell.2011.
02.013

He, L., Ping, F., Fan, Z., Zhang, C., Deng, M., Cheng, B., & Xia, J. (2020). Salivary exosomal miR-24-3p serves as a potential detective bio-
marker for oral squamous cell carcinoma screening. Biomedicine & Pharmacotherapy, 121, 109553. https://doi.org/10.1016/j.biopha.2019.
109553

He, Q., Chen, Z., Cabay, R. J., Zhang, L., Luan, X., Chen, D., Yu, T., Wang, A., & Zhou, X. (2016). microRNA-21 and microRNA-375 from
oral cytology as biomarkers for oral tongue cancer detection. Oral Oncology, 57, 15-20. https://doi.org/10.1016/j.oraloncology.2016.
03.017

He, T., Li, X, Xie, D., & Tian, L. (2019). Overexpressed circPVT1 in oral squamous cell carcinoma promotes proliferation by serving as a
miRNA sponge. Molecular Medicine Reports, 20(4), 3509-3518. https://doi.org/10.3892/mmr.2019.10615

Herceg, Z., & Hainaut, P. (2007). Genetic and epigenetic alterations as biomarkers for cancer detection, diagnosis and prognosis. Molecular
Oncology, 1(1), 26-41. https://doi.org/10.1016/j.molonc.2007.01.004

Higgs, P. G., & Lehman, N. (2015). The RNA world: Molecular cooperation at the origins of life. Nature Reviews. Genetics, 16(1), 7-17.
https://doi.org/10.1038/nrg3841

Hong, Y., He, H., Sui, W., Zhang, J., Zhang, S., & Yang, D. (2018). Long non-coding RNA H1 promotes cell proliferation and invasion by act-
ing as a ceRNA of miR-138 and releasing EZH2 in oral squamous cell carcinoma. International Journal of Oncology, 52(3), 901-912.
https://doi.org/10.3892/ij0.2018.4247

Hsu, M.-T., & Coca-Prados, M. (1979). Electron microscopic evidence for the circular form of RNA in the cytoplasm of eukaryotic cells.
Nature, 280(5720), 339-340. https://doi.org/10.1038/280339a0

Huang, F., Xin, C,, Lei, K., Bai, H,, Li, J., & Chen, Q. (2020). Noncoding RNAs in oral premalignant disorders and oral squamous cell carci-
noma. Cellular Oncology (Dordrecht), 43(5), 763-777. https://doi.org/10.1007/s13402-020-00521-9

Huang, G., He, X., & Wei, X. L. (2018). IncRNA NEAT1 promotes cell proliferation and invasion by regulating miR-365/RGS20 in oral squa-
mous cell carcinoma. Oncology Reports, 39(4), 1948-1956. https://doi.org/10.3892/0r.2018.6283

Huang, W., Cui, X., Chen, J., Feng, Y., Song, E., Li, J., & Liu, Y. (2016). Long non-coding RNA NKILA inhibits migration and invasion of
tongue squamous cell carcinoma cells via suppressing epithelial-mesenchymal transition. Oncotarget, 7(38), 62520-62532. https://doi.
org/10.18632/oncotarget.11528

Huang, Y., Zhao, J., Mao, G., Lee, G. S., Zhang, J., Bi, L., Gu, L., Chang, Z., Valentino, J., & Li, G.-M. (2019). Identification of novel genetic
variants predisposing to familial oral squamous cell carcinomas. Cell Discovery, 5(1), 57. https://doi.org/10.1038/s41421-019-0126-6

Hwang, J. T., Gu, Y. R., Shen, M., Ralhan, R., Walfish, P. G., Pritzker, K. P., & Mock, D. (2017). Individualized five-year risk assessment for
oral premalignant lesion progression to cancer. Oral Surgery, Oral Medicine, Oral Pathology, and Oral Radiology, 123(3), 374-381.
https://doi.org/10.1016/j.0000.2016.11.004

Iwasaki, Y. W., Siomi, M. C., & Siomi, H. (2015). PIWI-interacting RNA: Its biogenesis and functions. Annual Review of Biochemistry, 84(1),
405-433. https://doi.org/10.1146/annurev-biochem-060614-034258

Jain, A. (2019). Molecular pathogenesis of oral squamous cell carcinoma. IntechOpen. https://doi.org/10.5772/intechopen.85650

Jawert, F., Nyman, J., Olsson, E., Adok, C., Helmersson, M., & Ohman, J. (2021). Regular clinical follow-up of oral potentially malignant dis-
orders results in improved survival for patients who develop oral cancer. Oral Oncology, 121, 105469. https://doi.org/10.1016/j.
oraloncology.2021.105469

Jayanthi, P., Varun, B. R., & Selvaraj, J. (2020, Jan-Apr). Epithelial-mesenchymal transition in oral squamous cell carcinoma: An insight into
molecular mechanisms and clinical implications. Journal of Oral and Maxillofacial Pathology, 24(1), 189. https://doi.org/10.4103/jomfp.
JOMFP_334_19

Jia, B., Xie, T., Qiu, X., Sun, X., Chen, J., Huang, Z., Zheng, X., Wang, Z., & Zhao, J. (2019). Long noncoding RNA FALEC inhibits prolifera-
tion and metastasis of tongue squamous cell carcinoma by epigenetically silencing ECM1 through EZH2. Aging (Albany NY), 11(14),
4990-5007. https://doi.org/10.18632/aging.102094


https://doi.org/10.2217/epi-2019-0295
https://doi.org/10.3389/fgene.2014.00100
https://doi.org/10.3389/fonc.2020.00619
https://doi.org/10.3389/fmolb.2017.00038
https://doi.org/10.1080/15384047.2017.1416276
https://doi.org/10.1080/15384047.2017.1416276
https://doi.org/10.3126/nje.v6i4.17255
https://doi.org/10.1080/13556210020091437
https://doi.org/10.1080/13556210020091437
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.biopha.2019.109553
https://doi.org/10.1016/j.biopha.2019.109553
https://doi.org/10.1016/j.oraloncology.2016.03.017
https://doi.org/10.1016/j.oraloncology.2016.03.017
https://doi.org/10.3892/mmr.2019.10615
https://doi.org/10.1016/j.molonc.2007.01.004
https://doi.org/10.1038/nrg3841
https://doi.org/10.3892/ijo.2018.4247
https://doi.org/10.1038/280339a0
https://doi.org/10.1007/s13402-020-00521-9
https://doi.org/10.3892/or.2018.6283
https://doi.org/10.18632/oncotarget.11528
https://doi.org/10.18632/oncotarget.11528
https://doi.org/10.1038/s41421-019-0126-6
https://doi.org/10.1016/j.oooo.2016.11.004
https://doi.org/10.1146/annurev-biochem-060614-034258
https://doi.org/10.5772/intechopen.85650
https://doi.org/10.1016/j.oraloncology.2021.105469
https://doi.org/10.1016/j.oraloncology.2021.105469
https://doi.org/10.4103/jomfp.JOMFP_334_19
https://doi.org/10.4103/jomfp.JOMFP_334_19
https://doi.org/10.18632/aging.102094

40 of 45 Wl L EY— ‘Q‘ ;{!AIRES BALAKITTNEN ET AL.

Jia, N., Tong, H., Zhang, Y., Katayama, H., Wang, Y., Lu, W., Zhang, S., & Wang, J. (2019). CeRNA expression profiling identifies KIT-related
circRNA-miRNA-mRNA networks in gastrointestinal stromal tumour [original research]. Frontiers in Genetics, 10. https://doi.org/10.
3389/fgene.2019.00825

Jung, Y. S., & Park, J. I. (2020). Wnt signaling in cancer: Therapeutic targeting of Wnt signaling beyond beta-catenin and the destruction
complex. Experimental & Molecular Medicine, 52(2), 183-191. https://doi.org/10.1038/s12276-020-0380-6

Kamanu, T. K. K., Radovanovic, A., Archer, J. A. C., & Bajic, V. B. (2013). Exploration of miRNA families for hypotheses generation. Scien-
tific Reports, 3(1). https://doi.org/10.1038/srep02940

Komatsu, S., Kiuchi, J., Imamura, T., Ichikawa, D., & Otsuji, E. (2018). Circulating microRNAs as a liquid biopsy: A next-generation clinical
biomarker for diagnosis of gastric cancer. Journal of Cancer Metastasis and Treatment, 4(7), 36. https://doi.org/10.20517/2394-4722.
2017.58

Kramer, I. R., Lucas, R. B., Pindborg, J. J., & Sobin, L. H. (1978). Definition of leukoplakia and related lesions: An aid to studies on oral pre-
cancer. Oral Surgery, Oral Medicine, and Oral Pathology, 46(4), 518-539.

Krishna, A., Singh, S., Kumar, V., & Pal, U. S. (2015). Molecular concept in human oral cancer. National Journal of Maxillofacial Surgery,
6(1), 9-15. https://doi.org/10.4103/0975-5950.168235

Kristensen, L. S., Andersen, M. S., Stagsted, L. V. W., Ebbesen, K. K., Hansen, T. B., & Kjems, J. (2019). The biogenesis, biology and charac-
terization of circular RNAs. Nature Reviews Genetics, 20(11), 675-691. https://doi.org/10.1038/s41576-019-0158-7

Kulkarni, V., Uttamani, J. R., Naqvi, A. R., & Nares, S. (2017). microRNAs: Emerging players in oral cancers and inflammatory disorders.
Tumour Biology, 39(5). https://doi.org/10.1177/1010428317698379

Kumar, M., Nanavati, R., Modi, T. G., & Dobariya, C. (2016). Oral cancer: Etiology and risk factors—A review. Journal of Cancer Research
and Therapeutics, 12(2), 458-463. https://doi.org/10.4103/0973-1482.186696

Kumari, P., Syed, S. A., Wahid, M., Qureshi, M. A., & Kumar, R. (2021). Expression of miR-31 in saliva-liquid biopsy in patients with oral
squamous cell carcinoma. Journal of Taibah University Medical Sciences, 16(5), 733-739. https://doi.org/10.1016/j.jtumed.2021.03.007

Lee, R. C., Feinbaum, R. L., & Ambros, V. (1993). The C. elegans heterochronic gene lin-4 encodes small RNAs with antisense complementar-
ity to lin-14. Cell, 75(5), 843-854. https://doi.org/10.1016/0092-8674(93)90529-y

Li, C, Ye, J., Zhang, Z., Gong, Z., Lin, Z., & Ding, M. (2020). Long non-coding RNA RBM5-AS1 promotes the aggressive behaviors of oral
squamous cell carcinoma by regulation of miR-1285-3p/YAP1 axis. Biomedicine & Pharmacotherapy, 123, 109723. https://doi.org/10.
1016/j.biopha.2019.109723

Li, G., Wang, X, Li, C., Hu, S., Niu, Z., Sun, Q., & Sun, M. (2019). Piwi-interacting RNA1037 enhances chemoresistance and motility in
human oral squamous cell carcinoma cells. Oncotargets and Therapy, 12, 10615-10627. https://doi.org/10.2147/0tt.S233322

Li, G. H.,, Ma, Z. H., & Wang, X. (2019). Long non-coding RNA CCAT]1 is a prognostic biomarker for the progression of oral squamous cell
carcinoma via miR-181a-mediated Wnt/B-catenin signaling pathway. Cell Cycle, 18(21), 2902-2913. https://doi.org/10.1080/15384101.
2019.1662257

Li, L., & Zhang, Z. T. (2020). Hsa_circ_0086414 might be a diagnostic biomarker of oral squamous cell carcinoma. Medical Science Monitor,
26, €919383. https://doi.org/10.12659/msm.919383

Li, S., Zhang, S., & Chen, J. (2019). c-Myc induced upregulation of long non-coding RNA SNHG16 enhances progression and carcinogenesis
in oral squamous cell carcinoma. Cancer Gene Therapy, 26(11-12), 400-410. https://doi.org/10.1038/s41417-018-0072-8

Li, Y., Shan, G., Teng, Z.-Q., & Wingo, T. S. (2020). Editorial: Non-coding RNAs and human diseases. Frontiers in Genetics, 11. https://doi.
org/10.3389/fgene.2020.00523

Liang, J., Wen, J., Huang, Z., Chen, X.-P., Zhang, B.-X., & Chu, L. (2019). Small nucleolar RNAs: Insight into their function in cancer. Fron-
tiers in Oncology, 9. https://doi.org/10.3389/fonc.2019.00587

Liang, S., Zhang, S., Wang, P., Yang, C., Shang, C., Yang, J., & Wang, J. (2017). LncRNA, TUGI regulates the oral squamous cell carcinoma
progression possibly via interacting with Wnt/f-catenin signaling. Gene, 608, 49-57. https://doi.org/10.1016/j.gene.2017.01.024

Lim, Y., Wan, Y., Vagenas, D., Ovchinnikov, D. A., Perry, C. F. L., Davis, M. J., & Punyadeera, C. (2016). Salivary DNA methylation panel to
diagnose HPV-positive and HPV-negative head and neck cancers. BMC Cancer, 16(1), 749. https://doi.org/10.1186/s12885-016-2785-0

Lin, C, Zou, Y., Li, R., & Liu, D. (2020). Long non-coding RNA PRNCRI1 exerts oncogenic effects in tongue squamous cell carcinoma in vitro
and in vivo by sponging microRNA-944 and thereby increasing HOXB5 expression. International Journal of Molecular Medicine, 46(1),
119-130. https://doi.org/10.3892/ijmm.2020.4581

Lin, S., & Gregory, R. I. (2015). MicroRNA biogenesis pathways in cancer. Nature Reviews Cancer, 15(6), 321-333. https://doi.org/10.1038/
nrc3932

Lin, Z., Sun, L., Xie, S., Zhang, S., Fan, S., Li, Q., Chen, W., Pan, G., Wang, W., Weng, B., Zhang, Z., Liu, B., & Li, J. (2018). Chemotherapy-
induced long non-coding RNA 1 promotes metastasis and chemo-resistance of TSCC via the Wnt/p-catenin signaling pathway. Molecular
Therapy, 26(6), 1494-1508. https://doi.org/10.1016/j.ymthe.2018.04.002

Liu, D., Jian, X., Xu, P., Zhu, R., & Wang, Y. (2020). Linc01234 promotes cell proliferation and metastasis in oral squamous cell carcinoma
via miR-433/PAK4 axis. BMC Cancer, 20(1), 107. https://doi.org/10.1186/s12885-020-6541-0

Liu, L., Zhan, Y., Huang, Y., & Huang, L. (2020). LncRNA FGD5-AS1 can be predicted AS therapeutic target in oral cancer. Journal of Oral
Pathology & Medicine, 49(3), 243-252. https://doi.org/10.1111/jop.12989

Liu, X., Zhang, B, Jia, Y., & Fu, M. (2020). SNHG17 enhances the malignant characteristics of tongue squamous cell carcinoma by acting as
a competing endogenous RNA on microRNA-876 and thereby increasing specificity protein 1 expression. Cell Cycle, 19(6), 711-725.
https://doi.org/10.1080/15384101.2020.1727399


https://doi.org/10.3389/fgene.2019.00825
https://doi.org/10.3389/fgene.2019.00825
https://doi.org/10.1038/s12276-020-0380-6
https://doi.org/10.1038/srep02940
https://doi.org/10.20517/2394-4722.2017.58
https://doi.org/10.20517/2394-4722.2017.58
https://doi.org/10.4103/0975-5950.168235
https://doi.org/10.1038/s41576-019-0158-7
https://doi.org/10.1177/1010428317698379
https://doi.org/10.4103/0973-1482.186696
https://doi.org/10.1016/j.jtumed.2021.03.007
https://doi.org/10.1016/0092-8674(93)90529-y
https://doi.org/10.1016/j.biopha.2019.109723
https://doi.org/10.1016/j.biopha.2019.109723
https://doi.org/10.2147/ott.S233322
https://doi.org/10.1080/15384101.2019.1662257
https://doi.org/10.1080/15384101.2019.1662257
https://doi.org/10.12659/msm.919383
https://doi.org/10.1038/s41417-018-0072-8
https://doi.org/10.3389/fgene.2020.00523
https://doi.org/10.3389/fgene.2020.00523
https://doi.org/10.3389/fonc.2019.00587
https://doi.org/10.1016/j.gene.2017.01.024
https://doi.org/10.1186/s12885-016-2785-0
https://doi.org/10.3892/ijmm.2020.4581
https://doi.org/10.1038/nrc3932
https://doi.org/10.1038/nrc3932
https://doi.org/10.1016/j.ymthe.2018.04.002
https://doi.org/10.1186/s12885-020-6541-0
https://doi.org/10.1111/jop.12989
https://doi.org/10.1080/15384101.2020.1727399

BALAKITTNEN E . A 41 of 45
s U WIREs _\\/] L EY_|°fs

Liu, Z., Li, H., Fan, S., Lin, H., & Lian, W. (2019). STAT3-induced upregulation of long noncoding RNA HNF1A-AS1 promotes the progres-
sion of oral squamous cell carcinoma via activating notch signaling pathway. Cancer Biology & Therapy, 20(4), 444-453. https://doi.org/
10.1080/15384047.2018.1529119

Liu, Z., & Tao, H. (2020). Small nucleolar RNA host gene 3 facilitates cell proliferation and migration in oral squamous cell carcinoma via
targeting nuclear transcription factor Y subunit gamma. Journal of Cellular Biochemistry, 121(3), 2150-2158. https://doi.org/10.1002/jcb.
29421

Lopez-Cedrun, J. L., Varela-Centelles, P., Otero-Rico, A., Vazquez-Mahia, 1., Seoane, J., Castelo-Baz, P., & Seoane-Romero, J. (2020). Overall
time interval (“total diagnostic delay”) and mortality in symptomatic oral cancer: A U-shaped association. Oral Oncology, 104, 104626.
https://doi.org/10.1016/j.oraloncology.2020.104626

Lu, N, Yin, Y., Yao, Y., & Zhang, P. (2021). SNHG3/miR-2682-5p/HOXBS8 promotes cell proliferation and migration in oral squamous cell
carcinoma. Oral Diseases, 27(5), 1161-1170. https://doi.org/10.1111/0di.13656

Ma, Y., Hu, X, Shang, C., Zhong, M., & Guo, Y. (2017). Silencing of long non-coding RNA CCAT2 depressed malignancy of oral squamous
cell carcinoma via Wnt/p-catenin pathway. Tumour Biology, 39(7). https://doi.org/10.1177/1010428317717670

Manasa, V. G., & Kannan, S. (2017). Impact of microRNA dynamics on cancer hallmarks: An oral cancer scenario. Tumour Biology, 39(3).
https://doi.org/10.1177/1010428317695920

Mariano, L. C., Warnakulasuriya, S., Straif, K., & Monteiro, L. (2021). Secondhand smoke exposure and oral cancer risk: A systematic review
and meta-analysis. Tobacco Control. https://doi.org/10.1136/tobaccocontrol-2020-056393

Marques, M. M., Beland, F. A., Lachenmeier, D. W., Phillips, D. H., Chung, F.-L., Dorman, D. C., Elmore, S. E., Hammond, S. K., Krstev, S.,
Linhart, I., Long, A. S., Mandrioli, D., Ogawa, K., Pappas, J. J., Parra Morte, J. M., Talaska, G., Tang, M.-S., Thakur, N., van
Tongeren, M., ... Guyton, K. Z. (2021). Carcinogenicity of acrolein, crotonaldehyde, and arecoline. The Lancet Oncology, 22(1), 19-20.
https://doi.org/10.1016/s1470-2045(20)30727-0

Martin, J. L., Gottehrer, N., Zalesin, H., Hoff, P. T., Shaw, M., Clarkson, J. H., Haan, P., Vartanian, M., McLeod, T., & Swanick, S. M. (2015).
Evaluation of salivary transcriptome markers for the early detection of oral squamous cell cancer in a prospective blinded trial. The Com-
pendium of Continuing Education in Dentistry, 36(5), 365-373.

Martinez, V. D., Vucic, E. A., Thu, K. L., Hubaux, R., Enfield, K. S. S., Pikor, L. A., Becker-Santos, D. D., Brown, C. J., Lam, S., & Lam, W. L.
(2015). Unique somatic and malignant expression patterns implicate PIWI-interacting RNAs in cancer-type specific biology. Scientific
Reports, 5(1). https://doi.org/10.1038/srep10423

Maxwell, E. S., & Fournier, M. J. (1995). The small nucleolar RNAs. Annual Review of Biochemistry, 64, 897-934. https://doi.org/10.1146/
annurev.bi.64.070195.004341

Mehdipour, M., Shahidi, M., Manifar, S., Jafari, S., Mashhadi Abbas, F., Barati, M., Mortazavi, H., Shirkhoda, M., Farzanegan, A., & Elmi
Rankohi, Z. (2018). Diagnostic and prognostic relevance of salivary microRNA-21, -125a, -31 and -200a levels in patients with oral lichen
planus: A short report. Cellular Oncology, 41(3), 329-334. https://doi.org/10.1007/s13402-018-0372-x

Min, A,, Zhu, C., Peng, S., Rajthala, S., Costea, D. E., & Sapkota, D. (2015). microRNAs as important players and biomarkers in oral carcino-
genesis. BioMed Research International, 2015, 186904. https://doi.org/10.1155/2015/186904

Min, S.-K., Jung, S. Y., Kang, H. K., Park, S.-A., Lee, J. H., Kim, M.-J., & Min, B.-M. (2017). Functional diversity of miR-146a-5p and TRAF6
in normal and oral cancer cells. International Journal of Oncology, 51(5), 1541-1552. https://doi.org/10.3892/1j0.2017.4124

Mithani, S. K., Mydlarz, W. K., Grumbine, F. L., Smith, I. M., & Califano, J. A. (2007). Molecular genetics of premalignant oral lesions. Oral
Diseases, 13(2), 126-133. https://doi.org/10.1111/j.1601-0825.2006.01349.x

Mody, M. D., Rocco, J. W., Yom, S. S., Haddad, R. I, & Saba, N. F. (2021). Head and neck cancer. The Lancet, 398(10318), 2289-2299.
https://doi.org/10.1016/50140-6736(21)01550-6

Momen-Heravi, F., & Bala, S. (2018). Emerging role of non-coding RNA in oral cancer. Cellular Signalling, 42, 134-143. https://doi.org/10.
1016/j.cellsig.2017.10.009

Mravak-Stipeti¢, M., Loncar-Brzak, B., Bakale-Hodak, 1., Sabol, L., Seiwerth, S., Majstorovi¢, M., & Grce, M. (2014). Clinicopathologic correla-
tion of oral lichen planus and oral lichenoid lesions: A preliminary study. The Scientific World Journal, 2014, 1-6. https://doi.org/10.
1155/2014/746874

Munde, A., & Karle, R. (2016). Proliferative verrucous leukoplakia: An update. Journal of Cancer Research and Therapeutics, 12(2), 469-473.
https://doi.org/10.4103/0973-1482.151443

Nagadia, R., Pandit, P., Coman, W. B., Cooper-White, J., & Punyadeera, C. (2013). miRNAs in head and neck cancer revisited. Cellular Oncol-
ogy, 36(1), 1-7. https://doi.org/10.1007/s13402-012-0122-4

Niu, X., Yang, B., Liu, F., & Fang, Q. (2020). LncRNA HOXA11-AS promotes OSCC progression by sponging miR-98-5p to upregulate YBX2
expression. Biomedicine & Pharmacotherapy, 121, 109623. https://doi.org/10.1016/j.biopha.2019.109623

Ohara, T., Sakaguchi, Y., Suzuki, T., Ueda, H., Miyauchi, K., & Suzuki, T. (2007). The 3’ termini of mouse Piwi-interacting RNAs are 2'-O-
methylated. Nature Structural & Molecular Biology, 14(4), 349-350. https://doi.org/10.1038/nsmb1220

Orgel, L. E. (1968). Evolution of the genetic apparatus. Journal of Molecular Biology, 38(3), 381-393. https://doi.org/10.1016/0022-2836(68)
90393-8

Ovchinnikov, D. A., Wan, Y., Coman, W. B., Pandit, P., Cooper-White, J. J., Herman, J. G., & Punyadeera, C. (2014). DNA methylation at the
novel CpG sites in the promoter of MED15/PCQAP gene as a biomarker for head and neck cancers. Biomarker Insights, 9. https://doi.
org/10.4137/BMI.S16199


https://doi.org/10.1080/15384047.2018.1529119
https://doi.org/10.1080/15384047.2018.1529119
https://doi.org/10.1002/jcb.29421
https://doi.org/10.1002/jcb.29421
https://doi.org/10.1016/j.oraloncology.2020.104626
https://doi.org/10.1111/odi.13656
https://doi.org/10.1177/1010428317717670
https://doi.org/10.1177/1010428317695920
https://doi.org/10.1136/tobaccocontrol-2020-056393
https://doi.org/10.1016/s1470-2045(20)30727-0
https://doi.org/10.1038/srep10423
https://doi.org/10.1146/annurev.bi.64.070195.004341
https://doi.org/10.1146/annurev.bi.64.070195.004341
https://doi.org/10.1007/s13402-018-0372-x
https://doi.org/10.1155/2015/186904
https://doi.org/10.3892/ijo.2017.4124
https://doi.org/10.1111/j.1601-0825.2006.01349.x
https://doi.org/10.1016/s0140-6736(21)01550-6
https://doi.org/10.1016/j.cellsig.2017.10.009
https://doi.org/10.1016/j.cellsig.2017.10.009
https://doi.org/10.1155/2014/746874
https://doi.org/10.1155/2014/746874
https://doi.org/10.4103/0973-1482.151443
https://doi.org/10.1007/s13402-012-0122-4
https://doi.org/10.1016/j.biopha.2019.109623
https://doi.org/10.1038/nsmb1220
https://doi.org/10.1016/0022-2836(68)90393-8
https://doi.org/10.1016/0022-2836(68)90393-8
https://doi.org/10.4137/BMI.S16199
https://doi.org/10.4137/BMI.S16199

42 of 45 Wl L EY— ‘Q‘ ;{!AIRES BALAKITTNEN ET AL.

Ozata, D. M., Gainetdinov, 1., Zoch, A., O'Carroll, D., & Zamore, P. D. (2018). PIWI-interacting RNAs: Small RNAs with big functions. Nature
Reviews Genetics, 20(2), 89-108. https://doi.org/10.1038/s41576-018-0073-3

Papadimitrakopoulou, V., 1zzo, J., Lippman, S. M, Lee, J. S., Fan, Y. H., Clayman, G., Ro, J. Y., Hittelman, W. N., Lotan, R., Hong, W. K., &
Mao, L. (1997). Frequent inactivation of p16INK4a in oral premalignant lesions. Oncogene, 14(15), 1799-1803. https://doi.org/10.1038/sj.
onc.1201010

Parakh, M. K., Ulaganambi, S., Ashifa, N., Premkumar, R., & Jain, A. L. (2020). Oral potentially malignant disorders: Clinical diagnosis and
current screening aids: A narrative review. European Journal of Cancer Prevention, 29(1), 65-72.

Pereira, L. H., Reis, I. M., Reategui, E. P., Gordon, C., Saint-Victor, S., Duncan, R., Gomez, C., Bayers, S., Fisher, P., Perez, A.,
Goodwin, W. J., Hu, J. J., & Franzmann, E. J. (2016). Risk stratification system for oral cancer screening. Cancer Prevention Research
(Philadelphia, PA), 9(6), 445-455. https://doi.org/10.1158/1940-6207.Capr-15-0200

Peschansky, V. J., & Wahlestedt, C. (2013). Non-coding RNAs as direct and indirect modulators of epigenetic regulation. Epigenetics, 9(1), 3-
12. https://doi.org/10.4161/epi.27473

Preiss, T., Salzman, J., Gawad, C., Wang, P. L., Lacayo, N., & Brown, P. O. (2012). Circular RNAs are the predominant transcript isoform
from hundreds of human genes in diverse cell types. PLoS One, 7(2). https://doi.org/10.1371/journal.pone.0030733

Punyadeera, C., Kostner, K., Beyerlein, P., Cooper-White, J., & Pfaffe, T. (2011). Diagnostic potential of saliva: Current state and future appli-
cations. Clinical Chemistry, 57(5), 675-687. https://doi.org/10.1373/clinchem.2010.153767

Punyadeera, C., & Slowey, P. D. (2019). Saliva as an emerging biofluid for clinical diagnosis and applications of MEMS/NEMS in salivary
diagnostics. Nanobiomaterials in clinical dentistry (2nd ed.), 543-565. https://doi.org/10.1016/b978-0-12-815886-9.00022-x

Qiao, C., Qiao, T., Yang, S., Liu, L., & Zheng, M. (2022). SNHG17/miR-384/ELF1 axis promotes cell growth by transcriptional regulation of
CTNNBI to activate Wnt/beta-catenin pathway in oral squamous cell carcinoma. Cancer Gene Therapy, 29(1), 122-132. https://doi.org/
10.1038/s41417-021-00294-9

Qin, G.-Z., Park, J. Y., Chen, S.-Y., & Lazarus, P. (1999). A high prevalence of p53 mutations in pre-malignant oral erythroplakia. Interna-
tional Journal of Cancer, 80(3), 345-348. https://doi.org/10.1002/(SICI)1097-0215(19990129)80:3<345::AID-1JC2>3.0.CO;2-N

Qin, G., Mallik, S., Mitra, R., Li, A,, Jia, P., Eischen, C. M., & Zhao, Z. (2020). MicroRNA and transcription factor co-regulatory networks and
subtype classification of seminoma and non-seminoma in testicular germ cell tumors. Scientific Reports, 10(1), 852. https://doi.org/10.
1038/s41598-020-57834-w

Quezada, H., Guzman-Ortiz, A. L., Diaz-Sanchez, H., Valle-Rios, R., & Aguirre-Hernandez, J. (2017). Omics-based biomarkers: Current sta-
tus and potential use in the clinic. Boletin Médico Del Hospital Infantil de México (English Edition), 74(3), 219-226. https://doi.org/10.
1016/j.bmhime.2017.11.030

Quirico, L., & Orso, F. (2020). The power of microRNAs as diagnostic and prognostic biomarkers in liquid biopsies. Cancer Drug Resistance,
3(2), 117-139. https://doi.org/10.20517/cdr.2019.103

Rajalalitha, P., & Vali, S. (2005). Molecular pathogenesis of oral submucous fibrosis: a collagen metabolic disorder. Journal of Oral Pathol-
ogy & Medicine, 34(6), 321-328.

Ram, H., Sarkar, J., Kumar, H., Konwar, R., Bhatt, M. L., & Mohammad, S. (2011). Oral cancer: Risk factors and molecular pathogenesis.
Journal of Oral and Maxillofacial Surgery, 10(2), 132-137. https://doi.org/10.1007/s12663-011-0195-z

Reichow, S. L., Hamma, T., Ferre-D'Amare, A. R., & Varani, G. (2007). The structure and function of small nucleolar ribonucleoproteins.
Nucleic Acids Research, 35(5), 1452-1464. https://doi.org/10.1093/nar/gkl1172

Rishabh, K., Khadilkar, S., Kumar, A., Kalra, I., Kumar, A. P., & Kunnumakkara, A. B. (2021). microRNAs as modulators of oral tumorigene-
sis: A focused review. International Journal of Molecular Sciences, 22(5). https://doi.org/10.3390/ijms22052561

Rivera, C. (2015). Essentials of oral cancer. International Journal of Clinical and Experimental Pathology, 8(9), 11884-11894.

Romani, C., Salviato, E., Paderno, A., Zanotti, L., Ravaggi, A., Deganello, A., Berretti, G., Gualtieri, T., Marchini, S., D'Incalci, M.,
Mattavelli, D., Piazza, C., Bossi, P., Romualdi, C., Nicolai, P., & Bignotti, E. (2021). Genome-wide study of salivary miRNAs identifies
miR-423-5p as promising diagnostic and prognostic biomarker in oral squamous cell carcinoma. Theranostics, 11(6), 2987-2999. https://
doi.org/10.7150/thno.45157

Rotaru, D., Chisnoiu, R., Picos, A., Picos, A., & Chisnoiu, A. (2020). Treatment trends in oral lichen planus and oral lichenoid lesions
(review). Experimental and Therapeutic Medicine, 20(6), 1. https://doi.org/10.3892/etm.2020.9328

Saad, M., Ku, J., Kuo, S., Li, P., Zheng, H., Yu, M., Wang-Rodriguez, J., & Ongkeko, W. (2019). Identification and characterization of dys-
regulated P-element induced wimpy testis-interacting RNAs in head and neck squamous cell carcinoma. Oncology Letters, 17, 2615-
2622. https://doi.org/10.3892/01.2019.9913

Salazar, C., Nagadia, R., Pandit, P., Cooper-White, J., Banerjee, N., Dimitrova, N., Coman, W. B., & Punyadeera, C. (2014). A novel saliva-
based microRNA biomarker panel to detect head and neck cancers. Cellular Oncology, 37(5), 331-338. https://doi.org/10.1007/s13402-
014-0188-2

Saliminejad, K., Khorram Khorshid, H. R., Soleymani Fard, S., & Ghaffari, S. H. (2018). An overview of microRNAs: Biology, functions, ther-
apeutics, and analysis methods. Journal of Cellular Physiology, 234(5), 5451-5465. https://doi.org/10.1002/jcp.27486

Saraei, M. (2021). miR-7111-5p and miR6870-5p may be potential biomarkers for oral squamous cell carcinoma. Turkish Journal of Oncology,
252-258. https://doi.org/10.5505/tj0.2021.2702

Sarode, G., Maniyar, N., Sarode, S. C., Jafer, M., Patil, S., & Awan, K. H. (2020). Epidemiologic aspects of oral cancer. Disease-a-Month,
66(12), 100988. https://doi.org/10.1016/j.disamonth.2020.100988


https://doi.org/10.1038/s41576-018-0073-3
https://doi.org/10.1038/sj.onc.1201010
https://doi.org/10.1038/sj.onc.1201010
https://doi.org/10.1158/1940-6207.Capr-15-0200
https://doi.org/10.4161/epi.27473
https://doi.org/10.1371/journal.pone.0030733
https://doi.org/10.1373/clinchem.2010.153767
https://doi.org/10.1016/b978-0-12-815886-9.00022-x
https://doi.org/10.1038/s41417-021-00294-9
https://doi.org/10.1038/s41417-021-00294-9
https://doi.org/10.1002/(SICI)1097-0215(19990129)80:3%3C345::AID-IJC2%3E3.0.CO;2-N
https://doi.org/10.1038/s41598-020-57834-w
https://doi.org/10.1038/s41598-020-57834-w
https://doi.org/10.1016/j.bmhime.2017.11.030
https://doi.org/10.1016/j.bmhime.2017.11.030
https://doi.org/10.20517/cdr.2019.103
https://doi.org/10.1007/s12663-011-0195-z
https://doi.org/10.1093/nar/gkl1172
https://doi.org/10.3390/ijms22052561
https://doi.org/10.7150/thno.45157
https://doi.org/10.7150/thno.45157
https://doi.org/10.3892/etm.2020.9328
https://doi.org/10.3892/ol.2019.9913
https://doi.org/10.1007/s13402-014-0188-2
https://doi.org/10.1007/s13402-014-0188-2
https://doi.org/10.1002/jcp.27486
https://doi.org/10.5505/tjo.2021.2702
https://doi.org/10.1016/j.disamonth.2020.100988

BALAKITTNEN E . A 43 of 45
s U WIREs _\\/] LEY_|2°fs

Satapathy, S., Batra, J., Jeet, V., Thompson, E. W., & Punyadeera, C. (2017). microRNAs in HPV associated cancers: Small players with big
consequences. Expert Review of Molecular Diagnostics, 17(7), 711-722. https://doi.org/10.1080/14737159.2017.1339603

Scapoli, L., Palmieri, A., Fau-Lo Muzio, L., Lo Muzio, L., Fau-Pezzetti, F., Pezzetti, F., Fau-Rubini, C., Rubini, C., Fau-Girardi, A.,
Girardi, A., Fau-Farinella, F., Farinella, F., Fau-Mazzotta, M., Mazzotta, M., Fau-Carinci, F., & Carinci, F. (2010). microRNA expression
profiling of oral carcinoma identifies new markers of tumor progression. International Journal of Immunopathology and Pharmacology,
23(4), 1229-1234.

Selbach, M., Schwanhiusser, B., Thierfelder, N., Fang, Z., Khanin, R., & Rajewsky, N. (2008). Widespread changes in protein synthesis
induced by microRNAs. Nature, 455(7209), 58-63. https://doi.org/10.1038/nature07228

Shang, A., Lu, W. Y., Yang, M., Zhou, C., Zhang, H., Cai, Z. X., Wang, W. W, Wang, W. X., & Wu, G. Q. (2018). miR-9 induces cell arrest
and apoptosis of oral squamous cell carcinoma via CDK 4/6 pathway. Artificial Cells, Nanomedicine, and Biotechnology, 46(8), 1754—
1762. https://doi.org/10.1080/21691401.2017.1391825

Shao, B., Fu, X, Li, X,, Li, Y., & Gan, N. (2020). RP11-284F21.9 promotes oral squamous cell carcinoma development via the miR-
383-5p/MAL2 axis. Journal of Oral Pathology & Medicine, 49(1), 21-29. https://doi.org/10.1111/jop.12946

Sharma, S., Kelly, T. K., & Jones, P. A. (2009). Epigenetics in cancer. Carcinogenesis, 31(1), 27-36. https://doi.org/10.1093/carcin/bgp220

Sheng, Z., Wang, X., Xu, G., Shan, G., & Chen, L. (2019). Analyses of a panel of transcripts identified from a small sample size and construc-
tion of RNA networks in hepatocellular carcinoma. Frontiers in Genetics, 10. https://doi.org/10.3389/fgene.2019.00431

Shete, S., Liu, H., Wang, J., Yu, R., Sturgis, E. M., Li, G., Dahlstrom, K. R., Liu, Z., Amos, C. L., & Wei, Q. (2020). A genome-wide association
study identifies two novel susceptible regions for squamous cell carcinoma of the head and neck. Cancer Research, 80(12), 2451-2460.
https://doi.org/10.1158/0008-5472.Can-19-2360

Sreelekha, T. T., Ramadas, K., Pandey, M., Thomas, G., Nalinakumari, K. R., & Pillai, M. R. (2001). Genetic polymorphism of CYP1Al,
GSTM1 and GSTT1 genes in Indian oral cancer. Oral Oncology, 37(7), 593-598. https://doi.org/10.1016/S1368-8375(01)00028-8

Statello, L., Guo, C.-J., Chen, L.-L., & Huarte, M. (2020). Gene regulation by long non-coding RNAs and its biological functions. Nature
Reviews Molecular Cell Biology, 22(2), 96-118. https://doi.org/10.1038/s41580-020-00315-9

Stepanov, G. A., Filippova, J. A., Komissarov, A. B., Kuligina, E. V., Richter, V. A., & Semenov, D. V. (2015). Regulatory role of small nucleo-
lar RNAs in human diseases. BioMed Research International, 2015, 206849. https://doi.org/10.1155/2015/206849

Su, W., Sun, S., Wang, F., Shen, Y., & Yang, H. (2019). Circular RNA hsa_circ_0055538 regulates the malignant biological behavior of oral
squamous cell carcinoma through the p53/Bcl-2/caspase signaling pathway. Journal of Translational Medicine, 17(1), 76. https://doi.org/
10.1186/s12967-019-1830-6

Su, W., Tang, J., Wang, Y., Sun, S., Shen, Y., & Yang, H. (2019). Long non-coding RNA highly up-regulated in liver cancer promotes
epithelial-to-mesenchymal transition process in oral squamous cell carcinoma. Journal of Cellular and Molecular Medicine, 23(4), 2645-
2655. https://doi.org/10.1111/jcmm.14160

Sugerman, P. B., & Savage, N. W. (1996). Exfoliative cytology in clinical oral pathology. Australian Dental Journal, 41(2), 71-74. https://doi.
0rg/10.1111/j.1834-7819.1996.tb05915.x

Sun, C., Bennett, N., Tran, P., Tang, K., Lim, Y., Frazer, I, Samaranayake, L., & Punyadeera, C. (2017). A pilot study into the association
between oral health status and human papillomavirus—16 infection. Diagnostics, 7(1). https://doi.org/10.3390/diagnostics7010011

Sun, M., & Shen, Z. (2020). Knockdown of long non-coding RNA (IncRNA) colon cancer-associated transcript-1 (CCAT1) SUPPRESSES Oral
squamous cell carcinoma proliferation, invasion, and migration by inhibiting the discoidin domain receptor 2 (DDR2)/ERK/AKT axis.
Medical Science Monitor, 26, €920020. https://doi.org/10.12659/msm.920020

Sun, X., & Zhang, L. (2017). MicroRNA-143 suppresses oral squamous cell carcinoma cell growth, invasion and glucose metabolism through
targeting hexokinase 2. Bioscience Reports, 37(3). https://doi.org/10.1042/bsr20160404

Sur, S., Nakanishi, H., Steele, R., Zhang, D., Varvares, M. A., & Ray, R. B. (2020). Long non-coding RNA ELDR enhances oral cancer growth
by promoting ILF3-cyclin E1 signaling. EMBO Reports, 21(12), e51042. https://doi.org/10.15252/embr.202051042

Takeshima, H., & Ushijima, T. (2019). Accumulation of genetic and epigenetic alterations in normal cells and cancer risk. npj Precision
Oncology, 3(1). https://doi.org/10.1038/s41698-019-0079-0

Tang, K. D., Vasani, S., Taheri, T., Walsh, L. J., Hughes, B. G. M., Kenny, L., & Punyadeera, C. (2020). An occult HPV-driven oropharyngeal
squamous cell carcinoma discovered through a saliva test. Frontiers in Oncology, 10, 408. https://doi.org/10.3389/fonc.2020.00408

Terns, M. P., & Terns, R. M. (2002). Small nucleolar RNAs: Versatile trans-acting molecules of ancient evolutionary origin. Gene Expression,
10(1-2), 17-39.

Usman, S., Jamal, A., Teh, M.-T., & Waseem, A. (2021). Major molecular signaling pathways in oral cancer associated with therapeutic resis-
tance. Frontiers in Oral Health, 1. https://doi.org/10.3389/froh.2020.603160

Vicens, Q., & Westhof, E. (2014). Biogenesis of circular RNAs. Cell, 159(1), 13-14. https://doi.org/10.1016/j.cell.2014.09.005

Viswanathan, M., Tsuchida, N., & Shanmugam, G. (2003). Promoter hypermethylation profile of tumor-associated genes p16, p15, hMLH]1,
MGMT and E-cadherin in oral squamous cell carcinoma. International Journal of Cancer, 105(1), 41-46. https://doi.org/10.1002/ijc.
11028

Walter, F., Webster, A., Scott, S., & Emery, J. (2012). The Andersen model of total patient delay: A systematic review of its application in can-
cer diagnosis. Journal of Health Services Research & Policy, 17(2), 110-118. https://doi.org/10.1258/jhsrp.2011.010113

Wan, Y., Vagenas, D., Salazar, C., Kenny, L., Perry, C., Calvopifa, D., & Punyadeera, C. (2017). Salivary miRNA panel to detect HPV-positive
and HPV-negative head and neck cancer patients. Oncotarget, 8(59), 99990-100001. https://doi.org/10.18632/oncotarget.21725


https://doi.org/10.1080/14737159.2017.1339603
https://doi.org/10.1038/nature07228
https://doi.org/10.1080/21691401.2017.1391825
https://doi.org/10.1111/jop.12946
https://doi.org/10.1093/carcin/bgp220
https://doi.org/10.3389/fgene.2019.00431
https://doi.org/10.1158/0008-5472.Can-19-2360
https://doi.org/10.1016/S1368-8375(01)00028-8
https://doi.org/10.1038/s41580-020-00315-9
https://doi.org/10.1155/2015/206849
https://doi.org/10.1186/s12967-019-1830-6
https://doi.org/10.1186/s12967-019-1830-6
https://doi.org/10.1111/jcmm.14160
https://doi.org/10.1111/j.1834-7819.1996.tb05915.x
https://doi.org/10.1111/j.1834-7819.1996.tb05915.x
https://doi.org/10.3390/diagnostics7010011
https://doi.org/10.12659/msm.920020
https://doi.org/10.1042/bsr20160404
https://doi.org/10.15252/embr.202051042
https://doi.org/10.1038/s41698-019-0079-0
https://doi.org/10.3389/fonc.2020.00408
https://doi.org/10.3389/froh.2020.603160
https://doi.org/10.1016/j.cell.2014.09.005
https://doi.org/10.1002/ijc.11028
https://doi.org/10.1002/ijc.11028
https://doi.org/10.1258/jhsrp.2011.010113
https://doi.org/10.18632/oncotarget.21725

44 of 45 Wl L EY— ‘Q‘ ;{!AIRES BALAKITTNEN ET AL.

Wan, Y., Zhang, X., Tang, K. D., Blick, T., Kenny, L., Thompson, E. W., & Punyadeera, C. (2021). Overexpression of miRNA-9 enhances
galectin-3 levels in oral cavity cancers. Molecular Biology Reports, 48(5), 3979-3989. https://doi.org/10.1007/s11033-021-06398-7

Wang, L., Ge, S., & Zhou, F. (2021). microRNA-487a-3p inhibits the growth and invasiveness of oral squamous cell carcinoma by targeting
PPM1A. Bioengineered, 12(1), 937-947. https://doi.org/10.1080/21655979.2021.1884396

Wang, L., Wei, Y., Yan, Y., Wang, H., Yang, J., Zheng, Z., Zha, J., Bo, P., Tang, Y., Guo, X., Chen, W., Zhu, X., & Ge, L. (2018). CircDOCK1
suppresses cell apoptosis via inhibition of miR-196a-5p by targeting BIRC3 in OSCC. Oncology Reports, 39(3), 951-966. https://doi.org/
10.3892/0r.2017.6174

Wang, T., Liang, D., & Yang, H. (2021). SNHG15 facilitated malignant behaviors of oral squamous cell carcinoma through targeting miR-
188-5p/DAAM1. Journal of Oral Pathology & Medicine, 50(7), 681-691. https://doi.org/10.1111/jop.13169

Wang, W. T., Han, C., Sun, Y. M., Chen, T. Q., & Chen, Y. Q. (2019). Noncoding RNAs in cancer therapy resistance and targeted drug devel-
opment. Journal of Hematology & Oncology, 12(1), 55. https://doi.org/10.1186/s13045-019-0748-z

Wang, Z. Y., Hu, M., Dai, M. H., Xiong, J., Zhang, S., Wu, H. J., Zhang, S. S., & Gong, Z. J. (2018). Upregulation of the long non-coding RNA
AFAP1-AS1 affects the proliferation, invasion and survival of tongue squamous cell carcinoma via the Wnt/p-catenin signaling pathway.
Molecular Cancer, 17(1), 3. https://doi.org/10.1186/s12943-017-0752-2

Wei, D., Wang, W., Shen, B., Zhou, Y., Yang, X., Lu, G., Yang, J., & Shao, Y. (2019). MicroRNA-199a-5p suppresses migration and invasion
in oral squamous cell carcinoma through inhibiting the EMT-related transcription factor SOX4. International Journal of Molecular Medi-
cine, 44(1), 185-195. https://doi.org/10.3892/{jmm.2019.4174

Wei, T., Ye, P., Yu, G. Y., & Zhang, Z. Y. (2020). Circular RNA expression profiling identifies specific circular RNAs in tongue squamous cell
carcinoma. Molecular Medicine Reports, 21(4), 1727-1738. https://doi.org/10.3892/mmr.2020.10980

Wightman, B., Ha, I., & Ruvkun, G. (1993). Posttranscriptional regulation of the heterochronic gene lin-14 by lin-4 mediates temporal pat-
tern formation in C. elegans. Cell, 75(5), 855-862. https://doi.org/10.1016/0092-8674(93)90530-4

Williams, H. K. (2000). Molecular pathogenesis of oral squamous carcinoma. Molecular Pathology, 53(4), 165-172. https://doi.org/10.1136/
mp.53.4.165

Wilson, C., & Kanhere, A. (2021). 8q24.21 locus: A paradigm to link non-coding RNAs, genome polymorphisms and Cancer. International
Journal of Molecular Sciences, 22(3). https://doi.org/10.3390/ijms22031094

Wu, H., Yang, L., & Chen, L. L. (2017). The diversity of long noncoding RNAs and their generation. Trends in Genetics, 33(8), 540-552.
https://doi.org/10.1016/j.tig.2017.05.004

Wu, T., Zhang, S. Y., Dong, W. J., Wang, M., & Sun, Y. B. (2020). The potential influence of long non-coding RNA PRKG1-AS1 on oral squa-
mous cell carcinoma: A comprehensive study based on bioinformatics and in vitro validation. Journal of Oral Pathology & Medicine,
49(5), 409-416. https://doi.org/10.1111/jop.12980

Wu, X,, Pan, Y., Fang, Y., Zhang, J., Xie, M., Yang, F., Yu, T., Ma, P., Li, W., & Shu, Y. (2020). The biogenesis and functions of piRNAs in
human diseases. Molecular Therapy - Nucleic Acids, 21, 108-120. https://doi.org/10.1016/j.0mtn.2020.05.023

Xu, G.-Q., Li, L.-H., Wei, J.-N., Xiao, L.-F., Wang, X.-T., Pang, W.-B,, Yan, X.-Y., Chen, Z.-Y., & Song, G.-H. (2019). Identification and profil-
ing of microRNAs expressed in oral buccal mucosa squamous cell carcinoma of Chinese hamster. Scientific Reports, 9(1), 15616. https://
doi.org/10.1038/s41598-019-52197-3

Yang, Y., Feng, L., Ma, H., Wang, R., & Fang, J. (2021). High expression of novel biomarker KRT16P3 promotes the progression of tongue
squamous cell carcinoma and predicts poor prognosis. Journal of Oral Pathology & Medicine, 50(4), 385-393. https://doi.org/10.1111/jop.
13138

Yang, Y. T., Wang, Y. F., Lai, J. Y., Shen, S. Y., Wang, F., Kong, J., Zhang, W., & Yang, H. Y. (2016). Long non-coding RNA UCAL1 contributes
to the progression of oral squamous cell carcinoma by regulating the WNT/f-catenin signaling pathway. Cancer Science, 107(11), 1581-
1589. https://doi.org/10.1111/cas.13058

Yao, C, Kong, F., Zhang, S., Wang, G., She, P., & Zhang, Q. (2021). Long non-coding RNA BANCR promotes proliferation and migration in
oral squamous cell carcinoma via MAPK signaling pathway. Journal of Oral Pathology & Medicine, 50(3), 308-315. https://doi.org/10.
1111/jop.12968

Yao, R.-W., Wang, Y., & Chen, L.-L. (2019). Cellular functions of long noncoding RNAs. Nature Cell Biology, 21(5), 542-551. https://doi.org/
10.1038/s41556-019-0311-8

Yap, T., Koo, K., Cheng, L., Vella, L. J., Hill, A. F., Reynolds, E., Nastri, A., Cirillo, N., Seers, C., & McCullough, M. (2018). Predicting the
presence of oral squamous cell carcinoma using commonly dysregulated MicroRNA in oral swirls. Cancer Prevention Research, 11(8),
491-502. https://doi.org/10.1158/1940-6207.Capr-17-0409

Yete, S., & Saranath, D. (2020). microRNAs in oral cancer: Biomarkers with clinical potential. Oral Oncology, 110, 105002. https://doi.org/10.
1016/j.oraloncology.2020.105002

Yin, Y., Tan, Y., Yao, Y., Lu, N., & Zhang, F. (2020). SNHG12/miR-326/E2F1 feedback loop facilitates the progression of oral squamous cell
carcinoma. Oral Diseases, 26(8), 1631-1639. https://doi.org/10.1111/0di.13458

Yu, J, Liu, Y., Gong, Z., Zhang, S., Guo, C., Li, X,, Tang, Y., Yang, L., He, Y., Wei, F., Wang, Y., Liao, Q., Zhang, W., Li, X,, Li, Y., Li, G,
Xiong, W., & Zeng, Z. (2017). Overexpression long non-coding RNA LINC00673 is associated with poor prognosis and promotes invasion
and metastasis in tongue squamous cell carcinoma. Oncotarget, 8(10), 16621-16632. https://doi.org/10.18632/oncotarget.14200

Zhang, C., Bao, C., Zhang, X., Lin, X., Pan, D., & Chen, Y. (2019). Knockdown of IncRNA LEF1-AS1 inhibited the progression of oral squa-
mous cell carcinoma (OSCC) via hippo signaling pathway. Cancer Biology & Therapy, 20(9), 1213-1222. https://doi.org/10.1080/
15384047.2019.1599671


https://doi.org/10.1007/s11033-021-06398-7
https://doi.org/10.1080/21655979.2021.1884396
https://doi.org/10.3892/or.2017.6174
https://doi.org/10.3892/or.2017.6174
https://doi.org/10.1111/jop.13169
https://doi.org/10.1186/s13045-019-0748-z
https://doi.org/10.1186/s12943-017-0752-2
https://doi.org/10.3892/ijmm.2019.4174
https://doi.org/10.3892/mmr.2020.10980
https://doi.org/10.1016/0092-8674(93)90530-4
https://doi.org/10.1136/mp.53.4.165
https://doi.org/10.1136/mp.53.4.165
https://doi.org/10.3390/ijms22031094
https://doi.org/10.1016/j.tig.2017.05.004
https://doi.org/10.1111/jop.12980
https://doi.org/10.1016/j.omtn.2020.05.023
https://doi.org/10.1038/s41598-019-52197-3
https://doi.org/10.1038/s41598-019-52197-3
https://doi.org/10.1111/jop.13138
https://doi.org/10.1111/jop.13138
https://doi.org/10.1111/cas.13058
https://doi.org/10.1111/jop.12968
https://doi.org/10.1111/jop.12968
https://doi.org/10.1038/s41556-019-0311-8
https://doi.org/10.1038/s41556-019-0311-8
https://doi.org/10.1158/1940-6207.Capr-17-0409
https://doi.org/10.1016/j.oraloncology.2020.105002
https://doi.org/10.1016/j.oraloncology.2020.105002
https://doi.org/10.1111/odi.13458
https://doi.org/10.18632/oncotarget.14200
https://doi.org/10.1080/15384047.2019.1599671
https://doi.org/10.1080/15384047.2019.1599671

BALAKITTNEN ET AL. A 45 of 45
= B YIREs_WILEY-L =

Zhang, C. Z. (2017a). Long intergenic non-coding RNA 668 regulates VEGFA signaling through inhibition of miR-297 in oral squamous cell
carcinoma. Biochemical and Biophysical Research Communications, 489(4), 404-412. https://doi.org/10.1016/j.bbrc.2017.05.155

Zhang, C. Z. (2017b). Long non-coding RNA FTH1P3 facilitates oral squamous cell carcinoma progression by acting as a molecular sponge
of miR-224-5p to modulate fizzled 5 expression. Gene, 607, 47-55. https://doi.org/10.1016/j.gene.2017.01.009

Zhang, G., Chen, Z., Zhang, Y., Li, T., Bao, Y., & Zhang, S. (2020). Inhibition of miR-103a-3p suppresses the proliferation in oral squamous
cell carcinoma cells via targeting RCAN1. Neoplasma, 67(3), 461-472. https://doi.org/10.4149/neo_2020_190430N382

Zhang, P., Wu, W., Chen, Q., & Chen, M. (2019). Non-coding RNAs and their integrated networks. Journal of Integrative Bioinformatics,
16(3). https://doi.org/10.1515/jib-2019-0027

Zhang, T. H,, Liang, L. Z., Liu, X. L., Wu, J. N,, Su, K., Chen, J. Y., Zheng, Q. Y., Huang, H. Z., & Liao, G. Q. (2017). Long non-coding RNA
MALATI interacts with miR-124 and modulates tongue cancer growth by targeting JAG1. Oncology Reports, 37(4), 2087-2094. https://
doi.org/10.3892/0r.2017.5445

Zheng, Z. N., Huang, G. Z., Wu, Q. Q., Ye, H. Y., Zeng, W. S., & Lv, X. Z. (2020). NF-kB-mediated IncRNA AC007271.3 promotes carcinogen-
esis of oral squamous cell carcinoma by regulating miR-125b-2-3p/Slug. Cell Death & Disease, 11(12), 1055. https://doi.org/10.1038/
$41419-020-03257-4

Zhong, W., Xu, Z., Wen, S., Xie, T., Wang, F., Wang, Q., & Chen, J. (2019). Long non-coding RNA myocardial infarction associated transcript
promotes epithelial-mesenchymal transition and is an independent risk factor for poor prognosis of tongue squamous cell carcinoma.
Journal of Oral Pathology & Medicine, 48(8), 720-727. https://doi.org/10.1111/jop.12892

Zhou, G., Huang, Z., Meng, Y., Jin, T., Liang, Y., & Zhang, B. (2020). Upregulation of long non-coding RNA FOXD2-AS1 promotes progres-
sion and predicts poor prognosis in tongue squamous cell carcinoma. Journal of Oral Pathology & Medicine, 49(10), 1011-1018. https://
doi.org/10.1111/jop.13074

How to cite this article: Balakittnen, J., Weeramange, C. E., Wallace, D. F., Duijf, P. H. G., Cristino, A. S.,
Kenny, L., Vasani, S., & Punyadeera, C. (2023). Noncoding RNAs in oral cancer. WIREs RNA, 14(3), e1754.
https://doi.org/10.1002/wrna.1754



https://doi.org/10.1016/j.bbrc.2017.05.155
https://doi.org/10.1016/j.gene.2017.01.009
https://doi.org/10.4149/neo_2020_190430N382
https://doi.org/10.1515/jib-2019-0027
https://doi.org/10.3892/or.2017.5445
https://doi.org/10.3892/or.2017.5445
https://doi.org/10.1038/s41419-020-03257-4
https://doi.org/10.1038/s41419-020-03257-4
https://doi.org/10.1111/jop.12892
https://doi.org/10.1111/jop.13074
https://doi.org/10.1111/jop.13074
https://doi.org/10.1002/wrna.1754

	Noncoding RNAs in oral cancer
	1  INTRODUCTION
	2  ORAL CANCER
	2.1  Risk factors of OC
	2.2  Pathogenesis of OC

	3  ORAL POTENTIALLY MALIGNANT DISORDERS
	3.1  Leukoplakia
	3.2  Erythroplakia
	3.3  Oral lichen planus
	3.4  Oral submucous fibrosis
	3.5  Oral lichenoid lesions
	3.6  Proliferative verrucous leukoplakia

	4  CURRENT DIAGNOSTIC METHODS OF OC AND OPMD
	5  MOLECULAR BIOMARKERS OF OC
	6  NONCODING RNAs
	6.1  microRNA
	6.1.1  Biogenesis of microRNAs
	6.1.2  Role of microRNAs in OPMD
	6.1.3  Role of microRNAs during oral carcinogenesis

	6.2  Long noncoding RNA
	6.2.1  Biogenesis of long noncoding RNA
	6.2.2  Role of lncRNA in OC

	6.3  Small nucleolar RNA
	6.3.1  Biogenesis
	6.3.2  Role of snoRNAs in OC

	6.4  PIWI-interacting RNAs
	6.4.1  Biogenesis of piRNAs
	6.4.2  Role of piRNAs in OC

	6.5  Circular RNAs
	6.5.1  Biogenesis of circRNA
	6.5.2  Role of circular RNAs in OC


	7  NONCODING RNAs IN BODY FLUIDS
	8  THE USE OF NONCODING RNAs IN CANCER CLINICAL TRIALS
	9  CONCLUSION AND FUTURE PERSPECTIVES
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENT
	FUNDING INFORMATION
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	RELATED WIREs ARTICLES
	REFERENCES


