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Abstract: Currently, for seemingly every type of cancer, dysregulated levels of non-coding RNAs

(ncRNAs) are reported and non-coding transcripts are expected to be the next class of diagnostic

and therapeutic tools in oncology. Recently, alterations to the ncRNAs transcriptome have emerged

as a novel hallmark of cancer. Historically, ncRNAs were characterized mainly as regulators and

little attention was paid to the mechanisms that regulate them. The role of modifications, which can

control the function of ncRNAs post-transcriptionally, only recently began to emerge. Typically, these

modifications can be divided into reversible (i.e., chemical modifications: m5C, hm5C, m6A, m1A,

and pseudouridine) and non-reversible (i.e., editing: ADAR dependent, APOBEC dependent and

ADAR/APOBEC independent). The first research papers showed that levels of these modifications

are altered in cancer and can be part of the tumorigenic process. Hence, the aim of this review paper

is to describe the most common regulatory modifications (editing and chemical modifications) of

the traditionally considered “non-functional” ncRNAs (i.e., microRNAs, long non-coding RNAs and

circular RNAs) in the context of malignant disease. We consider that only by understanding this

extra regulatory layer it is possible to translate the knowledge about ncRNAs and their modifications

into clinical practice.

Keywords: RNA editing; RNA chemical modifications; cancer; non-coding RNA; microRNA; long

non-coding RNA; circular RNA

1. Introduction

After the sequencing of the human genome, when it was discovered that the protein
coding DNA account for little over 1% and the majority of the DNA is non-coding, one
of the greatest adventures of molecular biology started, namely deciphering the role of
“junk DNA” [1]. An opening answer came quickly thereafter, when it was discovered
that a significant part of the non-coding DNA is pervasively transcribed into non-coding
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RNA (ncRNA) [2]. Nowadays, it is well known that the number of non-coding genes
surpasses that of coding-genes and the roles of ncRNAs in physiology and pathology are
recognized [3–5].

MicroRNAs (miRNAs) are small regulatory RNAs, of approximately 22 nucleotides,
which interact with target mRNAs to induce mRNA degradation and translational repres-
sion. MiRNAs are transcribed from DNA sequences into primary miRNAs (pri-miRNA)
and processed by the ribonuclease type III Drosha into precursor miRNAs (pre-miRNA),
and further processed by Dicer into mature miRNAs [6,7]. For a comprehensive description
of miRNA biogenesis and function, please refer to the review by Hausser and Zavolan [8].
Long non-coding RNAs (lncRNAs), on the other hand, are usually defined as transcripts
with lengths exceeding 200 nucleotides that share some similarities with mRNAs but do not
encode proteins [9,10]. Circular RNAs (circRNAs) are closed RNA loops, in which the 5′

and 3′ termini are covalently linked by back-splicing of exons from a single pre-mRNA [11].
In the last decades, after the first ncRNA molecules were linked to cancer [12], we have

witnessed an explosion of studies that suggest the implication of ncRNAs in the malignant
disease [13–17]. At this point, for every type of cancer, dysregulated levels of ncRNAs were
reported and non-coding transcripts are expected to be the next class of diagnostic and
therapeutic tools in oncology [3,18,19].

NcRNAs were characterized as regulators and little attention was paid to the mech-
anisms that regulate them. To some extent, the regulatory modifications that control the
ncRNAs transcription at the DNA level were partially described and are reviewed else-
where [20], but the modifications at the RNA level, that control the function of ncRNAs
post-transcriptionally, have only recently begun to emerge. Typically, the modifications at
the ncRNA level can be divided into two categories, reversible (i.e., chemical modifications)
and non-reversible (i.e., editing) [21]. These modifications have been studied in the past
decades mostly in mRNA, and with a brief focus on some “functional” ncRNAs such as
transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs). One of the first articles describing
ncRNA modifications in cancer appeared in 2012, when Squires et al. showed for the first
time that the modified 5-methylcytosine (m5C) is widespread in ncRNA transcripts of HeLa
cells, indicating a broader function of this chemical modification in malignancy [22]. Hence,
the aim of this review paper is to describe the most common regulatory modifications
(editing and chemical modifications) of the most studied species of traditionally considered
“non-functional” ncRNAs in the context of malignant disease and to hypothesize how these
could aid the implementation of ncRNAs as diagnostic and therapeutic tools. Moreover, if
the regulatory modifications were described only in tRNAs and rRNAs, we hypothesize
that these alterations could also exist in miRNAs, lncRNAs, and circRNAs.

2. NcRNA Editing in Cancer

RNA editing refers to alterations of the RNA’s nucleotide sequence, specified in the
genomic template, by either insertion, deletion or addition of non-template nucleotides
or base conversion through amination or deamination processes. These co-transcriptional
and post-transcriptional modifications influence the biogenesis and the functions of RNAs,
including ncRNA, which have been associated with the onset of human diseases, including
cancer [23]. The development of next-generation sequencing technologies, together with
bioinformatics tools, led to the genome-wide detection of numerous ncRNAs modifica-
tions [24–27].

The most common editing event is by far adenosine to inosine (A-to-I) transformation,
catalyzed by adenosine deaminase acting on RNA (ADAR) enzymes. The second in line is
cytidine to uridine (C-to-U) editing, which is controlled in humans by a cytidine deaminase
named apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like (APOBEC) [28].
More recently, non-ADAR, non-APOBEC ncRNA editing mechanisms have also been
described [29].
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2.1. ADAR Dependent Editing

ADAR1, expressed in almost all tissues, and ADAR2, highly expressed in brain, are
the two enzymes that act on RNA by deamination of the sixth carbon of adenosine that
leads to inosine formation. Inosine pairs preferentially with cytidine, being thus interpreted
as guanosine by the translational machinery [30]. Furthermore, the ADAR family also
contains ADAR3, a protein that does not have enzymatic proprieties, is expressed only in
brain cells, and negatively correlates with RNA A-to-I editing levels. ADAR3 acts as an
inhibitor of editing by competing with the active ADARs for binding the substrates [31].

ADARs can edit the primary structure of either pri-miRNA or pre-miRNA, at the
level of Drosha/Dicer recognition sites or close to them, which can lead to an impaired
processing and decreased levels of mature miRNAs [32], but editing events that promote
Dicer cleavage were also described [33]. Furthermore, an editing event corresponding to
the mature sequence of the miRNA can either decrease the mature miRNA expression
because of steric binding inhibition of the ribonucleases, or lead to target redirection [28].
By systematically analyzing miRNAs across 20 cancer types, Wang et al. discovered 19
unique A-to-I RNA editing hotspots that have extensive correlations with clinical variables,
such as tumor stage or patient survival [34]. Another systematic analysis of 32 cancer types
and normal controls identified 58 miRNA editing sites, the majority in the seed regions
of miRNAs [35]. Both hyper-editing and hypo-editing events were linked to malignancy.
For instance, in a series of breast, lung, ovarian and renal cancer cell lines, the lack of
miR-379-5p editing leads to cancer cell proliferation and inhibition of apoptosis. Under
normal circumstances A-to-I editing of miR-379-5p reduces the expression of CD97, at both
mRNA and protein level [36]. CD97 is up-regulated in multiple types of cancer and its
overexpression is clinically correlated with worse patient survival [37–39].

In the brain, ADAR2 edits a large number on miRNAs, most of which act as oncogenic
miRNAs (onco-miRNAs), consequently reducing their expression. The impairment of
ADAR2 activity in glioblastoma leads to non-edited miR-222/221 and miR-21 precursors
and increased expression levels of the corresponding mature onco-miRNAs, thus inducing
cell proliferation and migration [40]. Moreover, Tomaselli et al. also underlined that in
glioblastoma cells ADAR2 may control miRNA expression not only by editing miRNA
precursors directly, but also by editing other RNAs involved in the process of their mat-
uration. Thus, although ADAR2 can edit 19 specific sites of 18 miRNAs, its inactivation
correlates to the down-regulation of 60 miRNAs and the up-regulation of other 31 miRNAs
in glioblastoma cells [40].

In another glioblastoma study, unedited miR-376a becomes unable to target the mRNA
of the autocrine motility factor receptor (AMFR) and redirects the target to RAP2A, a mem-
ber of the RAS oncogene family. Consequently, RAP2A is down-regulated, inducing inva-
siveness, and AMFR is up-regulated, promoting cancer invasion and migration [41]. Editing
at the fifth position of the mature miR-200b-3p impairs the ability to inhibit ZEB1/ZEB2
and acquires a new target-leukemia inhibitory factor receptor (LIFR)-conferring a net effect
of increasing motility and invasion in a series of cancer cell lines [34]. Another example
of mRNA retargeting in glioblastoma is the unedited miR-589–3p that redirects its target
from the tumor suppressor PCDH9 to ADAM12, a metalloproteinase that promotes cancer
invasion [42].

Under the influence of transcription factor cAMP-response element binding protein
(CREB), ADAR1 expression decreases with melanoma progression, which decreases A-to-I
RNA editing of miR-378a-3p, miR-324-5p, and miR-455-5p. The unedited miR-455-5p
down-regulates the tumor suppressor gene cytoplasmic polyadenylation element-binding
protein 1 (CPEB1), while edited miR-455-5p targets and down-regulates RHO-C, MDM4,
and integrin α2, all of which have known tumor promoting functions [43]. Thus, the lack
of miRNA editing leads to melanoma growth and metastasis. Similarly, the edited form of
miR-378a-3p binds to the mRNA of parvin alpha (PARVA) and inhibits its expression. PARVA
is an oncogene that plays a role in cell adhesion, motility, and survival. In non-metastatic
melanoma cells, miR-378a-3p is subjected to A-to-I editing, but not in the metastatic cells.
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This leads to an increased expression of PARVA and to cell invasion (Figure 1A), probably
through the degradation of extracellular matrix [44].

Figure 1. Two typical examples of ncRNA editing. (A) In the early phase of melanoma development (melanoma radical

growth phase) an ADAR1 dependent editing mechanism protects against metastasis. The pri-miR-378a transcript suffers an

A-to-I editing which enables the mature miR-378a-3p to bind the PARVA (parvin alpha) mRNA and inhibit its translation,

blocking this pro-metastatic mechanism. In the late phase of melanoma development (melanoma metastatic development)

the expression of ADAR1 is reduced and the A-to-I editing is lacking. The wild-type (WT) miR-378a-3p is not inhibiting the

translation of PARVA, which is accumulating and inducing invasion and metastasis via MMP2 (matrix metallopeptidase 2).

(B) CCAT2 gene is located in the 8q24 region and its transcript contains the single nucleotide polymorphism (SNP) G/T

rs6983267. The G allele of the SNP is associated with increased risks for multiple types of cancer. Recently, it was shown that

a non-ADAR, non-APOBEC editing mechanism can generate both CCAT2-G and CCAT2-T transcripts although the DNA is

homozygote for G or T. Clinically, these heterozygote pool of CCAT2 transcripts is associated with low risk myelodysplastic

syndrome (MDS).

ADAR2-mediated editing of the complementary antisense transcripts of pri-miR-214
induces an unusual U-to-C change of pri-miR-214, attributed to the A-to-I editing on the
complementary transcripts of pri-miR-214. Thus, it disrupts the maturation of miR-214,
which results in an increased expression of a RAS family oncogene RAB15 [45]. A similar
regulation was observed in leukemia stem cells, where ADAR1 promotes self-renewal gene
expression via let-7 pri-miRNA editing and LIN28B up-regulation [46].

In non-small-cell lung cancer (NSCLC) it was discovered that ADAR1 is frequently
amplified and plays a tumorigenic role, being associated with shorter overall survival [47].
Mechanistically, the high levels of ADAR1 increase A-to-I editing of miR-381-3p, a tumor
suppressor miRNA that inhibits NF-kB signaling [48], as well as the editing of the DNA
repair enzyme Endonuclease 8-like 1 (NEIL1) [47]. Further studies are necessary to detect
the downstream targets of the edited miR-381-3p.

Moreover, A-to-I RNA editing events in the 3′ untranslated region (3′ UTR) of mR-
NAs can alter miRNA-mRNA interaction. For example, Rho GTPase activating protein
26 (ARHGAP26) mRNA normally undergoes extensive A-to-I RNA editing in the 3′ UTR
that is catalyzed by ADAR1 [49]. ARHGAP26 is a Rho GTPase-activating protein that
has a tumor suppressor role. If ARHGAP26 mRNA does not undergo A-to-I editing, the
3′ UTR pairs with miR-30b-3p and miR-573, inhibiting its translation. This leads to an
enhanced activity of RhoA and Cdc42 proteins, known for growth-promoting effects malig-
nant transformation [49]. Another example is the editing of the 3′ UTR of mRNA of DNA
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fragmentation factor subunit alpha (DFFA), a protein that triggers DNA fragmentation
during apoptosis. ADAR1 editing of DFFA mRNA in a cell line of non-invasive, hormone-
responsive type of breast cancer renders the mRNA unrecognizable by miR-140-3p, thus
increasing the levels of DFFA and inducing apoptosis, while the lack of editing in a cell line
of highly invasive, triple-negative breast cancer disallows DFFA regulation by miR-140-
3p [50]. Pinto et al. found across 9 different types of cancers over 63,000 editing sites within
the 3′UTRs of mRNAs, rich in Alu elements, which function as recruitment elements for
ADAR. These editing events can either create a novel target for a miRNA or simply destroy
the complementarity between a miRNA and the mRNA [35].

To add yet another layer of complexity, in hepatocellular carcinoma (HCC) cells,
ADARs were found to directly bind to Dicer and, without an editing event, this leads to an
augmentation of the processing of pre-miR-27a to mature miR-27a. MiR-27a binds to 3′

UTR of methyltransferase like 7A (METTL7A), a known tumor suppressor, decreasing its
expression [51]. Furthermore, ADAR1 can regulate miRNA processing in an RNA binding–
dependent, but editing–independent manner. ADAR1 can regulate Dicer expression at the
translational level via the lethal-7 (let-7) gene, thus indirectly affecting miRNA biogenesis.
ADAR1 can also directly interact with miRNA maturation by competitively binding to
DGCR8 and affecting the formation of DGCR8/Drosha cleavage complex [52].

2.2. APOBEC Dependent Editing

Unlike A-to-I editing, C-to-U editing is less common. There are 11 cytidine deaminases
expressed in humans, each family member with a different tissue specificity and subcellular
localization [53]. APOBEC misregulation has been linked to cancer progression, prognosis
and response to therapy [54–57]. APOBEC family can interact with miRNA function
either through editing-dependent or independent mechanisms. Although there are no
studies that demonstrate a direct C-to-U editing event in miRNAs, APOBEC’s editing
of 3′ UTRs of mRNAs may be able to change miRNAs recognition sequence by either
creating or eliminating seed motifs [58]. APOBEC1 editing is site-specific and needs a
cytidine located in AU-rich regions and a specific mooring sequence motif within the edited
RNA sequence. Moreover, APOBEC1 requires an RNA-binding protein cofactor, either A1
complementation factor (ACF) or RBM47 [59]. Liver-specific over-expression of APOBEC1
in transgenic mice or rabbits leads to aberrant editing of hepatic mRNA and is correlated
with HCC development [60]. In an animal model of lung cancer, APOBEC1 levels showed
a 1.5-fold increase, while 16 sites in the 3′UTR of transcript RNA showed increased levels of
C-to-U editing. Although the editing did not occur in tumor-originating cells, it is possible
that C-to-U editing in surrounding cells may contribute to cancer progression [61].

APOBEC3 family members inhibit the activity of a wide range of endogenous retro-
elements, such as long terminal repeats (LTRs) and non-LTRs, as well as exogenous
retro-elements [62,63]. Although the exact mechanism is not known, it was shown that
APOBEC3G overexpression correlates with the up-regulation of miR-205, miR-212, miR-
126, and miR-181c, and down-regulation of miR-29a in colon cancer cells. Furthermore, by
hampering miR-29a activity in repressing matrix metallopeptidase 2 (MMP2), APOBEC3G
promotes colorectal cancer (CRC) liver metastasis [64].

Moreover, APOBEC3 can regulate miRNA activity through the inhibition of dead-end
protein homolog 1 (DND1). DND1 is a protein that regulates the activity of miRNAs by
blocking their interaction with the 3′ UTR of specific mRNAs, and thus restoring protein
expression. APOBEC3G is able to block DND1 function, but the exact mechanism is
not known. It may be either through binding or sequestration of DND1, permitting the
interaction of miRNAs with their target mRNA [65]. Thus, miR-221, miR-372, and miR-
206 can inhibit the translations of P27, LATS2, and CX43, respectively, all of which are
implicated in the pathology of cancer [66–68]. The second hypothesis is that APOBEC3G
binds to the mRNAs and interacts with miRNA-induced silencing complex (miRISC),
activating translation repression [65]. Another possibility is that APOBEC3G edits the 3′

UTR of mRNAs, thus inhibiting DND1 binding [65].
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2.3. Non-ADAR, Non-APOBEC Editing Mechanisms

It was shown that the differences between the RNA sequence and DNA sequence
are much more common than thought and that other mechanisms of editing than those
mediated by ADARs and APOBECs exist. This hypothesis was launched by a group
from University of Michigan led by Vivian Cheung, which discovered that there are over
10,000 sites where the coding RNA does not match the DNA and that these modified
mRNAs are translated into peptides that do not match the DNA sequence. The authors
discovered that there are 12 possible nucleotide substitutions between DNA and RNA,
therefore other mechanisms that can explain these changes need to be elucidated. Addition-
ally, the authors state that these widespread editing mechanisms are shared by different
cells, including tumor cells (neuroblastoma and lung carcinoma) [69]. Subsequent studies
examined these findings with caution, even claiming that more than 88% of the RNA-DNA
differences (RDD) could be simple technical artefacts [70–72]. In a following research article,
the group led by Vivian Cheung showed that RDDs take place immediately after transcrip-
tion (55 nucleotides away from RNA Polymerase II) and suggest that this phenomenon is
independent of the RNA editing enzymes and could be linked to R-loop formation [73].

More recently, our group showed that at the site of single nucleotide polymorphism
(SNP) rs6983267 (G/T) a similar phenomenon occurs. The rs6983267 SNP is transcribed as
part of a 1.7-kb lncRNA termed CCAT2, which was proved to play an oncogenic role in
CRC [74] and induce chromosomal instability via BOP1–Aurora Kinase B pathway [75].
Epidemiologic data demonstrated that the G allele of this SNP increases the risks for mul-
tiple types of cancers including colon, breast, prostate, and bladder cancers [76–79]. We
also discovered that the G allele of CCAT2 preferentially induces the splicing of the glu-
taminase isoform C (GAC) of glutaminase (GLS). The GAC isoform is the more active one
and is partially responsible for increased cell proliferation and metastases of CCAT2-G tu-
mors [80]. Using a CCAT2 transgenic mouse model (CCAT2-G or CCAT2-T) we showed that
the overexpression of this lncRNA induces in vivo myelodysplastic/myeloproliferative
neoplasms (MDS/MPN). Additionally, we observed that CCAT2 is overexpressed in pe-
ripheral blood cells and in the bone marrow of patients with MDS/MPN. Surprisingly, by
using two independent methods (allele-specific restriction enzyme digestion and Sanger
sequencing) we detected that the complementary DNA (cDNA) does not match the ge-
nomic DNA (gDNA) at the SNP locus in MDS/MPN patients, and the phenomenon was
termed DNA-to-RNA allelic imbalance (DRAI). The number of heterozygote patients at
the gDNA level was not matching the number of heterozygote patients at the cDNA level
and the level of heterozygosity was always increasing at the RNA level. It is important
to remark that a heterozygote genotype/pool of transcripts (CCAT2-G/T) is associated
with low risk MDS (Figure 1B). In vivo studies confirmed these findings. Although all
mice were homozygotes at the gDNA level (GG or TT), at the cDNA level, 34% of the
mice were heterozygotes (CCAT2-G/T). Phenotypically, heterozygote mice had more often
splenomegaly, hepatomegaly, and bone marrow hyper-cellularity [29].

In conclusion, it also seems that other mechanisms of editing than ADAR and APOBEC-
dependent exist, and they not only affect the coding RNA. A list of ncRNA editing phe-
nomena is presented in Table 1. These editing mechanisms are altered in pathological
states and may induce the development of and modify the course of neoplastic disease.
Future studies are highly necessary to determine how widespread they are and if they are
systemic, purposeful, and regulated.
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Table 1. An illustrative list of ncRNAs aberrantly edited in cancer.

Cancer ncRNA Enzyme Editing Effects Consequence Ref

Breast, lung, ovarian,
renal cancer cell lines

miR-379-5p ADAR2 ↓ ↑ ADGRE5
cell proliferation and
inhibited apoptosis

[36]

Breast, ovarian, renal
cancer cell lines

mir-200b-3p ADAR1/2 ↑
↑ ZEB1/2
↓ LIFR

cell invasion
and migration

[34]

Glioblastoma miR-589-3p ADAR2 ↓
↓ PCDH2
↑ ADAM12

cell proliferation,
invasion and migration

[42]

Glioblastoma
miR-221/222

miR-21
ADAR2 ↓ ↓ p27Kip1 cell proliferation [40]

Glioblastoma miR-376a cluster ADAR1 ↓
↓ RAP2A
↑ AMFR

cell invasion
and migration

[41]

Hepatocellular
carcinoma

miR-214 ADAR2 ↑ ↑ RAB15
cell proliferation,

invasion, angiogenesis
[45]

Leukemia let-7 ADAR1 ↑ ↑ LIN28B enhanced self-renewal [46]
Melanoma miR-378a-3p ADAR1 ↓ ↑ PARVA metastasis [44]

Melanoma miR-455-5p ADAR1 ↓ ↓ CPEB1
tumor growth
and metastasis

[43]

NSCLC miR-381-3p ADAR1 ↑ N/A
cell proliferation,

invasion
[47]

MDS/
MPN

CCAT2 at the
rs6983267 SNP

N/A ↑

Homozygous
GG/TT ->

heterozygous G/T
low risk MDS [29]

ADAM12 = disintegrin and metalloproteinase domain-containing protein 12; ADGRE5 = adhesion G protein–coupled receptor E5;
AMFR = autocrine motility factor receptor; CPEB1 = cytoplasmic polyadenylation element binding protein 1, ID-1 = inhibitor of differentia-
tion 1; p27Kip1 = cyclin-dependent kinase inhibitor 1B; LIFR = leukemia inhibitory factor receptor; MDS = myelodysplastic syndrome;
MPN = myeloproliferative neoplasms; N/A = not available; NSCLC = non-small-cell lung cancer; PCDH9 = protocadherin 9; RAP2A = mem-
ber of the RAS oncogene family; RAB15 = member RAS oncogene family; SNP = single nucleotide polymorphism; ZEB1/2 = Zinc finger
E-box-binding homeobox 1/2, ↓ = decreased; ↑ = increased.

3. NcRNA Chemical Modifications in Cancer

In the past years we have witnessed an explosion of papers describing chemical modi-
fications of mRNAs [81]. Only more recently were some of these chemical modifications
described also in traditionally considered “non-functional” ncRNAs (miRNAs, lncRNAs,
and circRNAs) and the better characterized “functional” ncRNAs (rRNAs, and tRNAs)
(Figure 2), and a few of them were shown to play a role in cancer pathogenesis. Therefore,
in this section, we will present the role of the most common chemical modifications in
ncRNAs and their link to cancer.

3.1. 5-Methylcytosine

m5C was initially considered to be present only in tRNAs and rRNA [21]. Recent
evidence confirms that m5C also exists in mRNAs, viral RNAs [82] and ncRNAs [83]. Two
categories of m5C writers are responsible for the chemical modifications [84]: NOP2/Sun
RNA methyltransferases (NSUNs) family and DNA methyltransferases (DNMTs). The
NSUN family consists of seven members, among which the overexpression of NSUN2 has
been identified in cancer [85,86] and is associated with metastasis in breast cancer [87].
Also, NSUN1 is marker for tumorigenesis [88]. The overexpression of NSUN1 (p120) is
associated with an unfavorable prognosis in prostate cancer and lung adenocarcinoma [89,90].
Additionally, dysregulated levels of DNMT2 have been identified in cancer cells [91].
DNMT2 has been shown to be up-regulated in prostate carcinoma cell from patients who
underwent treatment [92]. ALYREF mRNA export adapter is the only reader described
to date for m5C [93]. No erasers have been identified for m5C, but ten-eleven family
demethylases (TET) can turn m5C into 5-hydroxymethylcytosine (hm5C) in vitro [94].
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Figure 2. Chemical modifications (m7G = 7-Methylguanosine, m6A = N6-Methyladenosine, m1A = N1-Methyladenosine,

m5C = 5-methylcytosine, hm5C = 5-hydroxymethylcytosine, Pseudouridylation (Ψ), and Uridylation) described in ncRNAs,

including lncRNAs, miRNAs, tRNAs, rRNAs and their specific writers, erasers, and readers.

Konno et al. demonstrated that several types of RNA methyltransferases are up-
regulated in pancreatic cancer and CRC. The authors transfected m5C modified and
N6-Methyladenosine (m6A) modified miR-200c-3p in HCT116 Dicer deficient cells and
observed that only m5C miR-200c-3p can reduce the expression level of its target mR-
NAs. Next, by using a novel method to detect miRNA methylation, matrix-assisted
laser desorption/ionization-time of flight-mass spectrometry (MALDI-TOF-MS), they
discovered that the levels of methylated miR-200c-3p, miR-21-3p (both m5C modified),
let-7a-5p, and miR-17-5p (both m6A modified) are higher in gastrointestinal cancers versus
normal tissue, although the overall expressions of these miRNAs quantified by reverse
transcription-polymerase chain reaction (RT-PCR) were not different between samples.
When analyzing the interaction between m5C modified miR-200c-3p and the AGO protein
it was noticed that the van der Waals interactions are stronger and the hydrogen bonding
is disrupted, inducing a positional change [95].

In a more recent paper, Cheray et al. showed by using five distinct methods that a
group of five miRNAs (miR-16-5p, miR-181a-5p, miR-181b-5p, miR-181d-5p, and miR-210-
3p) suffer m5C modifications in multiple glioblastoma cell lines. Because miR-181a-5p
was the most methylated in different cell lines, the authors decided to further focus on its
function and discovered that the protein complex DNMT3A/AGO4 is responsible for the
cytosine methylation of miRNAs in glioblastoma. Mechanistically, it was observed that
the cytosine methylation of miR-181a-5p abolishes the function of this miRNA to bind the
3′UTR of the apoptotic regulator BIM and consequently the post-transcriptional inhibition
is hindered. MiR-181a-5p is a well-known tumor suppressor miRNA in glioblastoma,
capable to increase apoptosis and inhibit proliferation and invasion, but m5C modifica-
tions inhibits these functions, both in vitro and in vivo. Finally, these findings were also
confirmed in clinical samples: high levels of unmethylated miR-181a-5p were associated
with significantly longer overall survival in glioblastoma compared to methylated or low
levels of the same miRNA [96].

Li et al. showed that in esophageal squamous cell carcinoma (ESCC) a lncRNA,
NSUN2 methylated lncRNA (NMR), suffers m5C modifications. It was shown that NMR
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is up-regulated in ESCC and plays an important role in drug resistance and metastasis.
Upstream, NMR transcription is activated by NF-kB and downstream NMR interacts with
the protein BPTF, up-regulating the expression of two oncogenes: MMP3 and MMP10.
Moreover, it was proven that the NMR suffers m5C modification, and the modification
is promoted by the direct interaction with the writer NSUN2. The methylation of NMR
is up-regulated in ESCC, and most probably enhances the functionality of this oncogenic
lncRNA [97].

3.2. 5-Hydroxymethylcytosine (hm5C)

hm5C occurs especially in polyadenylated RNAs and promotes the translation of
mRNAs [98]. As already mentioned, the enzymes of the TET family (TET1, TET2, TET3)
that promote the oxidation of m5C in DNA, also are responsible for the catalyzation of
m5C to hm5C in RNA in vitro [94]. TET enzymes could play a more significant role in RNA
demethylation since evidence suggests that TET1 has a suppressor role in hematopoietic
cancer and TET2 deletions and mutations promote tumorigenesis in myeloid leukemia and
are also associated with altered DNA levels of hm5C [21,99,100].

Regarding ncRNAs, to-date no direct hm5C modifications were discovered at the
RNA level in cancer. hm5C modifications at the RNA level are common in polyadenylated
RNAs [98], hence it is reasonable to speculate that lncRNAs with poly-A tails could suffer
hm5C modifications. Mechanistically, in mRNAs, hm5C modifications promote transla-
tion [98]. Multiple recent studies have reported that numerous lncRNAs contain small
open reading frames (smORFs) which are translated into micropeptides [101]. Therefore,
future research should be directed to further evaluate hm5C modifications in lncRNAs and
to explore if this chemical modification affects the translation of lncRNAs.

Some indirect links between ncRNAs and hm5C modifications already exist. It was
recently shown that, in HCC, the levels of the circRNA circTRIM33-12 are down-regulated
and low levels associate with a shorter overall survival. Phenotypical, high levels of
circTRIM33-12, decrease the invasiveness and the proliferation of tumor cells. Mechanis-
tically, this circRNA, sponges miR-191 which targets TET1. Very interesting, high levels
of circTRIM33-12, by derepressing TET1, increase the global level of hm5C and m5C, and
plays an anti-tumorigenic role by up-regulating several tumor suppressors: TP53INP1,
ULBP1 and JHDM1D [102]. Hence, future studies need to explore if circTRIM33-12/TET1
axis changes also the hm5C levels of ncRNAs.

At the DNA level, Hu et al. discovered that transcription of deregulated lncRNAs, in
CRC, is controlled by hm5C modifications. The modifications control transcription of lncR-
NAs directly, being distributed along the lncRNA gene, or indirectly, modifying enhancer
and super enhancer regions located in the proximity of the lncRNA gene. Additionally, the
authors showed that certain hm5C DNA markers also have a practical significance, corre-
lating with several clinical characteristics of CRC patients [103]. Therefore, we consider
that it would be interesting to further study if hm5C modifications are present also at the
lncRNA level in cancer.

3.3. N6-Methyladenosine (m6A)

m6A was first described in 1974 [104] and is the most encountered internal modifica-
tion of mRNA [21,105]. The m6A modifications are dynamic and reversible and usually
appear in the 3’ UTR region and near the stop codons [85]. These modifications are needed
for the primary transcripts of miRNAs in order to develop mature miRNAs [106]. The
methylation of adenosine is facilitated by members of the methyltransferase like (METTL)
proteins family, which act as writers [85]. METTL3 is the core of the catalysis process,
while METTL14 acts as a support protein and Wilms’ tumor 1-assoaciating protein (WTAP)
identifies the METTL3-METTL14 complex [85,107,108]. Cui et al. demonstrated that, by
knocking-down METTL3 or METTL14, the growth and self-renewal of glioblastoma stem
cells are promoted [109]. High METTL3 levels are associated with worse prognosis in
HCC patients [110]. Pendleton et al. recently showed that METTL16 can function inde-
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pendently of METTL3 [111] and has a role in the maturation of metastasis associated lung
adenocarcinoma transcript 1 (MALAT1) lncRNA, which executes a tumor suppressor or
promoting role, depending on the type of cancer involved [112]. Additionally, Brown et al.
demonstrated that the METTL16 binds at the 3′ UTR triple helical region of MALAT1 [113].
Moreover, m6A changes in MALAT1 alter its binding capacity of miRNAs involved in
cancer [114]. RNA-binding motif protein 15 (RBM15) and RMB15B are also part of the
METTL3 complex and target the X-inactive specific transcript (XIST) lncRNA [115]. XIST
has a pro tumorigenic role in multiple types of cancer such as gastric, colorectal, and
pancreatic [84]. MiRNAs can influence the formation of m6A by altering the binding of
METTL3 to mRNAs that contain miRNA targeting sites [116].

m6A binding proteins (readers) act as mediators for the majority of the roles of
m6A writer and eraser enzymes and this makes them a target for therapy due to their
involvement in cancer [83]. The YT521-B homology domain family (YTHDF) proteins
are readers that are preponderantly cytoplasmic (YTHDF1, YTHDF2, YTHDF3), nuclear
(YTHDC1), or nuclear cytoplasmic (YTHDC2) [117]. Bai et al. demonstrated that high levels
of YTHDF1 promote tumorigenesis in CRC [118]. YTHDF2 alters the stability of mRNAs
and ncRNAs containing m6A [119] and has a role in the oncogenesis of acute myeloid
leukemia (AML), where its’ overexpression prevents the apoptosis of leukemic stem cells
by down-regulating the tumor necrosis factor receptor 2 (TNFR2) [120]. YTHDC1 mediates
the function of XIST by binding to its’ m6A residues [115]. Tanabe et al. showed that
YTHDC2 is overexpressed in CRC and promotes the metastasis by targeting HIF1A [121].
HNRNPA2B1 facilitates the formation of mature miRNAs, by m6A binding in some subsets
of primary miRNA transcripts and subsequently interacting with DGCR8 protein [122].
Besides this, reducing m6A levels prevents the maturation of miRNAs, such as the tumor
suppressor let-7 [21,122].

The two m6A erasers, fat mass and obesity associated protein (FTO) and α-ketoglutarate-
dependent dioxygenase alkB homolog 5 (ALKBH5), belong to the Fe(II) and α-KG-dependent
dioxygenase AlkB family [123,124]. FTO promotes leukemogenesis in AML by down-
regulating the m6A levels of Ankyrin Repeat and SOCS Box Containing 2 (ASB2) and
Retinoic Acid Receptor Alpha (RARA) [125]. Also, FTO has an oncogenic role and de-
creases the immunotherapeutic response in melanoma, by m6A demethylation of specific
mRNAs such as Programmed cell death protein 1 (PD1), CXC motif Chemokine Receptor 4
(CXCR4) and SRY-Box Transcription Factor 1 (SOX1) [126]. By treating glioblastoma stem
cells with the FTO inhibitor MA2 the tumor progression can be suppressed [109]. ALKBH5
is also involved in the progression of glioma and its overexpression is associated with
a poor prognosis [127]. ALKBH5 demethylates Forkhead Box M1 (FOXM1) transcripts
and consequently increased the levels of FOXM1. The interaction between the ALKBH5
and nascent FOXM1 transcripts is mediated by FOXM1-AS, a lncRNA. Therefore, by de-
pleting ALKHB5 and FOXM1-AS, the oncogenic process of glioblastoma stem cells can
be altered [127]. ALKBH5 overexpression induced by HIF1A reduces the methylation
of NANOG mRNA, leading to increased expression of NANOG and breast cancer stem
cells [128]. By knocking-down ALKBH5 the oncogenesis in breast cancer can be altered
through a lower number of BCSC [128].

In gastrointestinal cancers (pancreatic cancer and CRC tissues), let-7a-5p and miR-17-
5p show enhanced m6A modifications compared to normal tissue samples. By studying
the interaction between the AGO2 protein with let-7a-5p and miR-17-5p, in their methy-
lated and non-methylated forms, Konno et al. observed that m6A modifications lead to
conformational changes in the complexes structure and a difference in the space size of the
RNA recognition site, even though m6As are not in the proximity of the RNA-binding site.
Consequently, target mRNAs translation is not suppressed anymore [95].

3.4. N1-Methyladenosine (m1A)

The m1A modification has been described in tRNAs [129], but recent data show that
it is also present in mRNAs, in the 5′-UTR [130,131]. Zhou et al. demonstrated that in a
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small subtype of cytosolic mRNAs, m1A was most abundant in the 3′-UTR and the coding
sequence [132], therefore m1A modifications might exist at a well-defined stoichiometry in
only a subtype of cytosolic mRNAs [83].

Dai et al. showed that members of the YTH protein family (YTHDF1, YTHDF2,
YTHDF3 and YTHDC1) that are readers for m6A, could also bind to m1A, but without
the nuclear cytoplasmic YTHCD2 protein [133]. The writers for m1A in tRNAs are tRNA
methyltransferase 10 homologue A (TRM10) and the complex formed by tRNA methyltrans-
ferase non-catalytic subunit 6 (TRM6) and tRNA methyltransferase catalytic subunit 61
(TRM61) [129]. For mRNA, the tRNA-like motif GUUCRA is identified by the TRM6/61A
complex, as for lncRNAs there are no specific writers described, but the presence of the
GUUCRA motif can undergo m1A methylation. For example, MALAT1 lncRNA, typically
overexpressed in cancers [134], is m1A methylated in the A8398 position [135–137]. Two
erasers can revert the m1A modification, ALKBH1 and ALKBH3 [130,138]. ALKBH3 can
enhance the proliferation, migration and invasion of cancer cells by demethylating tR-
NAs [139]. Particularly, ALKBH3 can promote the invasion of breast and ovarian cancer
cells by m1A demethylation of colony stimulating factor 1 (CSF-1) mRNA [140]. Also,
overexpression of ALKBH3 is known to promote the proliferation and angiogenesis in
pancreatic cancer [141].

3.5. Pseudouridylation (Ψ)

Pseudouridylation (5-ribosyluracil) (Ψ) was first described in 1951 and is the most
encountered modification in ncRNAs [142,143] and it is present in lncRNAs (i.e., MALAT1,
XIST), tRNAs, rRNAs and small nucleolar RNAs (snoRNAs) [21]. Ψ is formed through
the C-N to C-C isomerization of uridine that forms an additional hydrogen bond [144].
Ψ binds to adenosine in similar way as uridine, but forms a much stronger bond with
the other bases [85]. The writers for Ψ are pseudouridine synthases (PUSs), which can
be RNA dependent or RNA-independent. An additional adjuvant writer is dyskerin
pseudouridine synthase 1 (DKC1) which mainly targets ncRNAs [145]. Up-regulation of
DKC1 is associated with worse prognosis in lung and pancreatic cancer [146,147]. Moreover,
altering DCK1 can lead to inactivation of tumor suppressors, such as p53 which was seen in
breast cancer [148,149]. PUS1 plays a role in the interaction between steroid receptor RNA
activator 1 (SRA1) with the retinoic acid receptor-gamma (RARG) and the estrogen receptor
in melanoma and breast cancer cells, respectively [150]. Depletion of PUS10 prevents
the apoptosis of p53-null prostate cancer cells determined by the TNF-related apoptosis
inducing ligand (TRAIL) [151].

Regarding ncRNAs, Ψ has been described in certain ncRNAs [152,153], which in
other studies were reported to be dysregulated in multiple cancers. However, there is
no clear evidence that the presence of Ψ in these ncRNAs also impacts their functions or
expressions in cancer. For example, the lncRNA zinc finger antisense 1 (ZFAS1) which
has been reported to contain a pseudouridine molecule [84,153], is dysregulated in several
types of cancer–ranging from bladder [154] to lung, colon, liver, and gastric cancer [155].

Interestingly, the telomerase RNA component (TERC) is also a pseudouridylated
lncRNA, known to be implicated in modulating the telomere length and was linked to
cellular aging and chromosomal instability [156]. On the other hand, higher levels of TERC
and consequentially increased telomerase activity were reported in lung cancer cells [146].
Likewise, consistent overexpression of TERC has been reported in prostate cancer, and
MYC mediated down-regulation of TERC has been achieved in several cancer cell lines,
speculating its potential therapeutic use [157].

Small nucleolar RNA host gene 1 and 7 (SNHG1, SNHG7) are two pseudouridylated
lncRNAs [152,158] with oncologic implications. While SNHG7 expression interference
has been shown to affect gastric cancer development and progression both in vitro and
in vivo [159], SHNG1 has been shown to promote CRC proliferation by sponging miR-145,
a known tumor suppressor [160]. Likewise, it has been demonstrated that SNHG1 might
also be implicated in glioma tumorigenesis and progression by sponging miR-194 and
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preventing it from binding to its downstream targets [161]. However, the direct effects of Ψ

on these ncRNA has not yet been demonstrated and needs to be further elucidated.

3.6. Uridylation

Uridylation represents the addition of one or more uridine molecules to the 3′ end
of various transcripts, which include mRNA and ncRNAs, including their precursor
molecules [83]. A reported writer is the terminal uridylyltransferase (TUT1) enzyme which
by uridylation is responsible for the physiological maturation of the U6 small nuclear RNA
(snRNA) of the spliceosome [83,162].

In osteosarcoma, TUT1, which has been found to be down-regulated, has been re-
ported to affect lipogenesis (via miR-24 and miR-29 and their targets PPARgamma and
SREBP-1c) and therefore acts as a tumor suppressor [163]. Most probably TUT1 regulates
the levels of miR-24 and miR-29 by 3′ nucleotide additions of uridine molecules. Likewise,
the TUT1 down-regulation in breast cancer negatively influences the stability of the pro-
apoptotic factor BCL-2-interacting-killer (BIK), also acting as a tumor suppressor [164].
Other writers, the TUT4 and TUT7, are known to be implicated in the maturation process
of let-7 family. A LIN28 mediated blockage in maturation of pre-let-7 ncRNA was linked to
head and neck cancer [165], as well as breast cancer [166], most probably the mechanism
is mediated also via TUT4 and TUT7 which play oncogenic roles [167,168]. DIS3-like
exonuclease 2 (DIS3L2) has been reported as a potential reader, its mutation being linked
to the Perlman syndrome and Wilms tumor. However, it is not clear if polyuridylation is
the direct responsible for the pro-oncogenic effect of this reader [83,169,170].

3.7. 7-Methylguanosine (m7G)

The internal methylation of the guanosine molecule at its seventh position is a known
modification in rRNAs and tRNAs, with recent reports of this modification occurring
internally also in mRNAs, miRNAs and miRNA precursors [171].

This modification is essential in pri-miRNA processing by physically preventing
guanosine quadruplex formation (Hoogsteen base pairing) [83]. Methyltransferase like
1 (METTL1) enzyme has been reported as a potential writer in lung cancer and colon
cancer cells. It is implicated in the normal maturation of let-7e precursors, consequentially,
its down-regulation increasing the expression of its target gene HMGA2, implicated in
the tumor migration potential [171]. Moreover, in other cancers, like glioblastoma and
HCC, the high expression levels of METTL1 have been linked to a poorer prognosis, by
unknown mechanisms. While high METTL1 levels might be implicated in the cancer cell
homeostasis by stabilizing tRNA, its inactivation decreases the pseudourydilation and the
7-guanyl-methylation, which in turn destabilize the tRNAs [83,172,173]. Additionally, it is
well known that an overexpression of mRNA cap guanine-N7 methyltransferase (RNMT),
can promote tumorigenesis in mammary epithelial cells [174], but this kind of modification
is not yet described in ncRNAs.

In Figure 2, we show the chemical structure of ncRNA modifications, their writers,
erasers, and readers that were recently described, and in Table 2, we present an illustrative
list of ncRNA chemical modifications and their impact on oncogenesis.
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Table 2. An illustrative list of ncRNAs aberrantly chemically modified in cancer.

Chem. Mod. Cancer ncRNA Enzyme Mod Effects Consequence Ref

m5C

Pancreatic
cancer and
colorectal

cancer

miR-200c-3p,
miR-21-3p

NSUN2 ↑

interaction
between miRNA

and AGO is
modified

N/A [95]

GBM

miR-16-5p,
miR-181a-5p,
miR-181b-5p,
miR-181d-5p,
miR-210-3p

DNMT3A/
AGO4

↑

Cytosine
methylated

miR-181a-5p
loses its capacity
to suppress BIM

(apoptosis
regulator)

Decreases apoptosis
and increases
invasion and

proliferation rate.

[96]

ESCC NMR NSUN2 ↑

Attenuates the
methylation of

PLOD3,
COL4A5,

LAMB1, HSPG2

Increases migration
and invasion

[97]

m6A

Pancreatic
cancer and
colorectal

cancer

let-7a-5p,
miR-17-5p

METTL3 and
METTL4

↑

interaction
between miRNA

and AGO is
modified

m6A modified
miRNAs have a

reduced ability to
inhibit mRNAs

[95]

Ψ Lung cancer TERC N/A N/A N/A
Telomere shortening,

pro-oncogenic
[146]

Uridylation
Osteosarcoma miR-24, miR-29a TUT1 N/A

↑ PPARgamma
↑ SREBP-1c

Stimulates
lipogenesis, tumor

progression
[163]

Breast cancer let-7a, let-7f LIN28 ↑
↑ HRAS,

↑ HMGA2,
Expansion of cancer

stem cells
[166]

Head and
Neck cancer

let-7 family LIN28B ↑

↑ HMGA2,
↑ CCND2,
↑ IGF1R,
↑ IGF2BP2

Oncogenesis and
cancer progression

[165]

m7G
Lung and

colon cancer
cells

let-7 family
(let-7-5p seed),

hsa-miR-125a-5p,
hsa-miR-92b-3p

METTL1 ↑ ↓ HMGA2 Cell migration [171]

AGO = Argonaute; AGO4 = Argonaute RISC catalytic component 4; BIM = BCL2 like 11; CCND2 = cyclin D2; COL4A5 = collagen type IV
alpha 5 chain; DNMT3A = DNA (cytosine-5)-methyltransferase 3A; ESCC = esophageal squamous cell carcinoma; GBM = Glioblastoma
multiforme; HMGA2 = High mobility group protein HMGI-C; HRAS = GTPase HRas; HSPG2 = heparan sulfate proteoglycan 2; IGF1R = in-
sulin like growth factor 1 receptor; IGF2BP2 = insulin like growth factor 2 mRNA binding protein 2; LIN28B = lin-28 homolog B; LAMB1
= laminin subunit beta 1; m5C = 5-methylcytosine; m6A= N6-Methyladenosine; m7G = 7-Methylguanosine; METTL1 = (guanine-N(7)-)-
methyltransferase 1; METTL3 = N6-adenosine-methyltransferase catalytic subunit; METTL4 = N(6)-adenine-specific methyltransferase;
NSUN2 = Myc-induced SUN domain-containing protein; PLOD3 = procollagen-lysine,2-oxoglutarate 5-dioxygenase 3; PPARgamma = per-
oxisome proliferator-activated receptor gamma; Ψ = pseudouridylation; SREBP-1c = Sterol regulatory element-binding protein 1; TUT1 = ter-
minal uridylyl transferase 1; TUT4 = terminal uridylyltransferase 4; TUT7 = terminal uridylyltransferase 7, ↓ = decreased; ↑ = increased.

4. Future Perspectives

The functions of many ncRNAs remain poorly characterized and a detailed mech-
anistic description is missing. Often the sole argument supporting the functional roles
for ncRNAs in cancer pathogenesis stems from expression studies. The fact that a given
ncRNAs is overexpressed in cancer makes it an oncogene, and on the other hand, a down-
regulated ncRNA in cancer is a priori considered a tumor suppressor gene. This type of
research is often misleading, considering possible by products of the malignant disease to
be oncogenes and ignoring molecules that do not change their expressions in cancer. We
consider that ncRNAs that do not change their expressions between healthy status and
cancer could play important pathogenic roles in the malignant disease, could be potential
therapeutic targets, could be addictive genes, and essential regulators of the cancer cell fate.
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For example, we observed in different physiological/pathological situations very high
correlations between the expressions of miRNAs from different patient samples and we
translated these correlations into miRNA networks [175–178]. Initially, we discovered in
sepsis that the correlations between circulating plasma miRNAs disappear, the miRNA
network is fragmented, and many miRNA nodes are isolated in comparison to the miRNA
network of healthy controls. One possible explanation for these changes could be the
editing and chemical modifications of specific miRNAs in sepsis [175]. In a subsequent
paper, we observed that at the time of diagnosis of chronic lymphocytic leukemia (CLL),
the expressions of miRNAs do not correlate very well (i.e., the miRNA network is not well
connected) and the miRNA expressions in samples from the same patients, after Richter
transformation, show a very high level of correlations, although most of the miRNAs
were not up-/down-regulated compared to CLL at diagnosis (i.e., the miRNA network is
very well connected). Oppositely, the miRNA network of patients with CLL after a long
fallow-up (but which do not develop Richter syndrome) is identical to the miRNA network
at the diagnosis of CLL [177]. A similar phenomenon was observed also by Volinia et al.
who described a reorganization of the miRNA expression network in multiple types of
solid and hematological cancers [179].

Very interesting, the most connected miRNAs in the network (hubs) are often the ones
which are neither up- nor down-regulated between healthy controls versus cancer/sepsis
patients. We consider that this phenomenon can be explained only by changes that individ-
ually and specifically affect each miRNA type, similarly to the ones induced by editing or
chemical modifications. In other words, we insinuate that the appearance/disappearance
of an edge (i.e., correlation), between two miRNAs, in a correlation-based miRNA net-
work could reflect changes in miRNA editing or chemical modifications. Understanding
these concepts and discovering the precise mechanisms of ncRNA editing and chemical
modifications can open a new era of biomarker and therapeutic studies.

In the past 20 years, hundreds of studies tried to establish ncRNAs as the next genera-
tion of circulating cancer biomarkers. This concept is very appealing as ncRNAs circulating
in bodily fluids seem to be ideal non-invasive biomarkers. One of the main problems
that blocked the translation of this data from bench to bedside is the lack of specificity of
ncRNAs in diagnosing a particular type of cancer. The same up-/down-regulated miRNAs,
lncRNAs or circRNAs were proposed as non-invasive biomarkers for multiple types of
cancer. Hence, an alternative approach is necessary, such that the focus will be less on
quantitative changes and more on qualitative changes. The best diagnostic ncRNA will not
be the one deregulated in bodily fluids of cancer patients, but the one both deregulated
and edited/chemically modified. The latter being the element that will offer the missing
specificity to ncRNA as biomarkers. Elegantly, Konno et al., showed that the methylation
level of miR-17-5p in serum from early pancreatic cancer patients is significantly higher
compared to healthy controls. Moreover, the authors prove that methylated miR-17-5p
is more specific than carbohydrate antigen 19-9 (CA19-9) and carcinoembryonic antigen
(CAE) [95]. Additional large studies are highly necessary to further support the diagnostic
power of edited and chemically modified ncRNAs in cancer.

Moreover, the enzymes that are responsible for the editing and modification could
also be of value, as their expressions are changed in cancerous tissue compared to normal
tissue. APOBEC3B level is a prognosis marker that correlates well with poor outcomes in
positive estrogen-receptor breast cancers [180]; ADAR1 over-expression is correlated with
higher TNM stages in gastric cancer patients [181,182]; and the examples could continue.
m6A regulators are also potential biomarkers: up-regulation of METTL3 is correlated with
an adverse prognosis in HCC [183]; FTO is up-regulated in breast cancer and its high levels
are associated with lower survival rates [184]; YTHDF3 is a significant prognostic factor for
poor overall survival in CRC patients [185].

In the last years, we have witnessed the development of ncRNA therapeutics [186–188].
NcRNA therapy in cancer is characterized by targeting up-regulated oncogenic or restoring
down-regulated tumor suppressor ncRNAs. Again, we underline that target selection is
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based mainly on quantitative criteria and less on qualitative criteria. By studying chemically
modified or edited ncRNAs new specific targets can be selected. For example, in metastatic
melanoma miR-378a-3p does not suffer any more A-to-I editing and its target, the oncogene
PARVA, is not suppressed any more, and promotes invasion and metastasis [44]. This type
of mechanistic study unveils a new therapeutic strategy for melanoma, which could inhibit
metastasis. By restoring the expression of edited miRNA, using miRNA mimetics and/or
by activating ADAR1, the enzyme responsible for the editing, melanoma progression might
be inhibited. Furthermore, by inducing chemical modifications in small interfering RNAs
(siRNAs) (such as sugar or phosphate backbone modifications), their in vivo stability could
be improved, and therefore, their therapeutic effects could be increased in cancer [189].

RNA editings and RNA modifications offer a novel layer of complexity to the intricate
mechanisms of cancer development and therapeutic resistance. The heterogeneity of cancer
cells, clonal selection and repopulation are mechanisms of cancer relapse, but determining
the exact profile of each subpopulation, permits personalized treatment. It is like putting
more detail to a canvas and ultimately recognizing the characters in it.

Pharmacological modulation of writers, readers and erasers by inhibitors or acti-
vators, has a huge therapeutic potential. Looking at the m6A modification of ncRNAs,
we can realize that the field of RNA-modifying proteins as drug targets is constantly
expanding [190]. Inhibition of METTL3 by using intratumoral siRNA decreased the tu-
mor growth rate and tumor weights in two xenograft models of CRC [191]. Substrate
competitive inhibitors of METTL3 have also been identified and structurally character-
ized [192], but there are still the problems of their functionality and selectivity in vivo, as
well as delivery to the targeted cells. Furthermore, these small molecules may serve to
the design of inhibitors based on protein-protein interaction. Moreover, the development
of proteolysis-targeting chimeras (PROTACs) that induce targeted protein degradation
by the ubiquitin–proteasome system [193], may be a way of modulating the oncogenic
epitranscriptomic regulators. Inhibitors of m6A erasers, like FTO, are also of great interest.
For example, meclofenamic acid enhances the effect of temozolomide on suppressing
proliferation of glioma cells [194] and suppresses tumor progression of glioblastoma stem
cells [109]. Animal xenograft studies demonstrated a potent therapeutic efficacy of CS1
(bisantrene) and CS2 (brequinar) in treating AML, through inhibition of FTO. CS1 and CS2
sensitize AML cells to T-cell cytotoxicity, thus overcoming immune evasion [195]. Similarly,
FB23-2, another FTO inhibitor, can significantly decrease progression of AML cell lines and
primary cells in xeno-transplanted mice [196].

5. Conclusions

Deregulated ncRNAs expression is a fundamental characteristic of cancer cells and
of the malignant microenvironment. Unfortunately, this intrinsic characteristic is not yet
exploited in the clinical setting. NcRNAs are not only post-transcriptional regulators, but
are themselves regulated at the RNA level, being edited and chemically modified. We
believe that a better understanding of the mechanisms that regulate the function of ncRNAs
could be the breakthrough that will implement these molecules as future diagnostic and
therapeutic tools.
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Abbreviations

A-to-I adenosine to inosine

ACF Apobec-1 complementation factor

ADAR adenosine deaminase acting on RNA

ALKBH5 alpha-ketoglutarate-dependent dioxygenase alkB homolog 5

AMFR autocrine motility factor receptor

AML acute myeloid leukemia

APOBEC apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like

ASB2 ankyrin repeat and SOCS box containing 2

BIK BCL-2-interacting-killer

C-to-U cytidine to uridine

CA19-9 carbohydrate antigen 19-9

CAE carcinoembryonic antigen

cDNA complementary DNA

circRNA circular RNA

CLL chronic lymphocytic leukemia

CSF-1 colony stimulating factor 1

CXCR4 CXC motif chemokine receptor 4

DIS3L2 DIS3-like exonuclease 2

DKC1 dyskerin pseudouridine synthase 1

DND1 dead-end protein homolog 1

DNMT DNA methyltransferases

DRAI DNA-to-RNA allelic imbalance

ESCC esophageal squamous cell carcinoma

FOXM1 forkhead box M1

FTO fat mass and obesity associated protein

GAC glutaminase isoform C

gDNA genomic DNA

GLS glutaminase

hm5C 5-hydroxymethylcytosine

KGA glutaminase kidney isoform

LIFR leukemia inhibitory factor receptor

lncRNA long non-coding RNA

LTR long terminal repeat

m1A N1-Methyladenosine

m5C 5-methylcytosine

m6A N6-Methyladenosine

MALAT1 metastasis associated lung adenocarcinoma transcript 1

MALDI-TOF-MS matrix-assisted laser desorption/ionization-time of flight-mass spectrometry

MDS myelodysplastic syndrome

METTL1 methyltransferase like 1

miRNA microRNA

MMP2 matrix metallopeptidase 2

MPN myeloproliferative neoplasm

ncRNA non-coding RNA

NMR NSUN2 methylated lncRNA

NSCLC non-small-cell lung cancer
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NSUN NOP2/Sun RNA methyltransferase

PARVA alpha-parvin

PD1 programmed cell death protein 1

pre-miRNA precursor miRNA

pri-miRNA primary miRNA

PROTAC proteolysis-targeting chimera

PUS pseudouridine synthase

RARA retinoic acid receptor alpha

RARG retinoic acid receptor gamma

RBM15 RNA-binding motif protein 15

RDD RNA-DNA difference

rRNA ribosomal RNA

RT-PCR reverse transcription-polymerase chain reaction

siRNA small interfering RNA

SNHG1 Small nucleolar RNA host gene 1

SNHG7 Small nucleolar RNA host gene 7

snoRNA small nucleolar RNA

SNP single nucleotide polymorphism

snRNA small nuclear RNA

SOX1 SRY-Box transcription factor 1

SRA1 steroid receptor RNA activator 1

TERC telomerase RNA component

TETt en-eleven family demethylases

TNFR2 tumor necrosis factor receptor 2

TRAIL TNF-related apoptosis inducing ligand

TRM10 tRNA methyltransferase 10 homologue A

TRM6 tRNA methyltransferase non-catalytic subunit 6

TRM61 tRNA methyltransferase catalytic subunit 61

tRNA transfer RNA

TUT1 terminal uridylyltransferase 1

XIST X-inactive specific transcript

ZFAS1 zinc finger antisense 1

Ψ pseudouridylation
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