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ABSTRACT

The field of epitranscriptomics is rapidly developing. Several modifications (e.g. methylations) have been
identified for different RNA types. Current evidence shows that chemical RNA modifications can
influence the whole molecule’s secondary structure, translatability, functionality, stability, and degrada-
tion, and some are dynamically and reversibly modulated. miRNAs, in particular, are not only post-
transcriptional modulators of gene expression but are themselves submitted to regulatory mechanisms.
Understanding how these modifications are regulated and the resulting pathological consequences
when dysregulation occurs is essential for the development of new therapeutic targets. In humans and
other mammals, dietary components have been shown to affect miRNA expression and may also induce
chemical modifications in miRNAs. The identification of chemical modifications in miRNAs (endogenous
and exogenous) that can impact host gene expression opens up an alternative way to select new
specific therapeutic targets.

Hence, the aim of this review is to briefly address how RNA epitranscriptomic modifications can affect
miRNA biogenesis and to summarize the existing evidence showing the connection between the (de)
regulation of these processes and disease settings. In addition, we hypothesize on the potential effect
certain chemical modifications could have on the potential cross-kingdom journey of dietary plant
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Introduction

Emerging evidence implicates a wide range of post-transcrip-
tional RNA modifications (epitranscriptome) that play crucial
roles in fundamental biological processes, including the reg-
ulation of gene expression. Collectively, these modifications
are known as epitranscriptomics.

Most RNAs families possess several co- or post-transcrip-
tional chemical modifications at a variety of locations [1,2].
Comparable to DNA and histone modifications, it is expected
that many of these RNA modifications may be associated with
regulatory functions. Current evidence shows that chemical
RNA modifications can influence the whole molecule’s sec-
ondary structure, translatability, functionality, stability and
degradation, and some are dynamically and reversibly modu-
lated [2-8]. These modifications have been studied in the past
decades mostly in messenger RNA (mRNA), though, more
recently, many began to be described also in traditionally
considered ‘functional’ (i.e. transfer RNAs (tRNAs) and ribo-
somal RNAs (rRNAs)) and ‘non-functional’ non-coding
RNAs (ncRNAs) (i.e. microRNAs (miRNAs), long non-cod-
ing RNAs (IncRNAs) and circular RNAs (circRNAs)) [9-16].

Understanding the biological consequences of such modifica-
tions is essential for the development of new therapeutic
targets [17,18]. Although there are still many knowledge
gaps, research in the field of epitranscriptomics is rapidly
progressing and has been accelerated by the continuous
advances in high throughput sequencing systems [19].
MiRNAs are a class of single-stranded small (19-25
nucleotides) ncRNAs involved in the regulation of gene
expression at a post-transcriptional level via mRNA silencing
and translational repression, among other mechanisms [20].
In humans and other mammals, dietary components have
been shown to affect miRNA expression [21,22] and the like-
lihood that they may also induce chemical modifications in
miRNAs, as was reported for mRNAs [23], deserves further
research. Indeed, the regulatory effect of miRNAs can also be
transmitted between different species and kingdoms as a
means of communication between two organisms [24]. The
identification of chemical modifications in miRNAs (endo-
genous and exogenous) — that can impact host gene expres-
sion — opens up an alternative way to select new specific
therapeutic targets in different pathological settings.
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Hence, the aim of this review is to briefly address how
RNA epitranscriptomic modifications can affect miRNA bio-
genesis and to summarize the existing evidence showing the
connection between the (de)regulation of these processes and
disease settings. In addition, we hypothesize on the potential
effect certain chemical modifications could have on the poten-
tial cross-kingdom journey of dietary plant miRNAs.

Epitranscriptomic modifications

The chemical structure of RNA can be modified in cells to
serve as an epigenetic mechanism for gene expression control.
Around 170 different chemical modifications of RNAs have
been reported so far, a great number of them consist of a
methyl (CH;) group being added to the nitrogenous base (e.g.
Nﬁ-methyladenosine (m°A)), to the ribose sugar (e.g. 2'-O-
methyladenosine) or to both (e.g. N°2'-O-dimethyladenosine
(m®Am)) [1]. Many of these covalent RNA additions are
highly prevalent and can be dynamically added and removed
through writer and eraser complexes, respectively. In addi-
tion, these modifications are interpreted by modification-spe-
cific binding proteins known as readers, providing a new layer
of epitranscriptome-mediated post-transcriptional regulation
[25]. The recent accumulation of knowledge has led to the
development of RNA modification databases. For instance,
MODOMICS database offers comprehensive evidence regard-
ing the chemical structures of modified ribonucleosides, their
biosynthetic pathways, the location of modified residues in
RNA sequences, and RNA modifying enzymes [1].

Adenosine modifications: N6-methyladenosine (m°A)

Adenosine methylation occurring at the sixth position of the
nitrogenous base (N°-methyladenosine; m®A) is one of the
most pervasive modifications found in eukaryotic RNA,
including mRNA and ncRNA [6,26,27]. m°A, which has
been detected in animals, plants, single-cell organisms
(archaea, bacteria and yeast) and viruses, has been linked to
the regulation of multiple cellular processes, including RNA
stability, translation, alternative splicing, secondary structure
and nuclear export [17,28-36].

m°A writers, erasers and readers

The reversible addition and removal of methyl in N® adeno-
sine methylation is catalysed by methyltransferases (writers)
and demethylases (erasers) proteins, respectively. In addition,
methylated RNA binding proteins (readers) help regulate the
downstream processes [26]. The positions, patterns and
motifs of m®A suggest that writers, readers and erasers
might be conserved across kingdoms, though it has been
suggested that individual members of m°A writer complex
achieved functional divergence in plants [37].

The association between methyltransferase-like (METTL) 3
and METTL14 with other regulator components, such as
Wilm’s tumour-associated protein (WTAP), METTL16, zinc
finger CCCH-type containing 13 (ZC3H13), and RNA bind-
ing motif protein (RBM) 15/15B, among others, results in a
functional complex. This complex uses an S-adenosyl methio-
nine (SAM) binding domain on METTL3 to methylate
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specific mRNAs at a RRACH (R = A/G; H = A/C/U) m°A
consensus sequence, mainly in the 3’ untranslated regions (3’
UTRs) and near stop codons [26,38]. METTL3, the catalytic
subunit, and METTL14, an allosteric activator, form a core
heterodimer, whose localization in nuclear speckles is regu-
lated by WTAP, which is also important for the methyl
transferase activity of these enzymes [39,40]. WTAP-depen-
dent binding between RBM15/15B and the methyltransferase
complex is necessary for optimal methylation activity [41].
ZC3H13 plays a critical role in anchoring WTAP and other
components in the nucleus to facilitate m®A methylation [38].
METTLI16, known for its role as an RNA m®A methyltrans-
ferase, methylates mRNAs, including MAT2A, which encodes
the SAM synthetase expressed in almost every cell [34].
Although METTL16 is usually found in the nucleus, it has
been suggested that it is also a cytoplasmic methyltransferase
with different RNA binding features according to its cellular
location [42].

m°A was identified as a novel regulator of miRNA proces-
sing where METTL3 methylates primary inter- and intragenic
miRNAs, and this modification was proposed to allow the
microprocessor complex to recognize its specific substrates
and initiate miRNA biogenesis [43]. Moreover, METTL16
has been demonstrated to bind and methylate the U6 small
nuclear RNA and the IncRNAs MALAT1 and XIST [14,34].
The fate of mRNAs containing m°®A is predominantly deter-
mined by different categories of mC°A-binding proteins,
termed ‘readers’, which recognize the modified site and
prompt downstream regulatory effects (e.g. tumorigenesis,
viral replication, adipogenesis, haemopoiesis, immune regula-
tion, etc.), by altering RNA metabolic processes [25,31-33,44-
46]. Such proteins include the YT521-B homology (YTH)
domain family, heterogeneous nuclear ribonucleoproteins
(hnRNPs), and IGF 2 mRNA-binding proteins (IGFBPs).
The YTH domain represents a family that recognizes the
m®A mark directly [40], interacting with m°®A present in
RNA through a conserved aromatic (tryptophan) cage
[47,48]. By recruiting different complexes to target m°A
sites, the YTH domain-containing proteins, as well as other
potential m®A-binding proteins, contribute to gene regulation
post-transcriptionally in many aspects, such as splicing, trans-
lation, localization, and lifetime [28,29,31,33,49]. The YTH
domain family consists of YIH domain family protein 1-3
(YTHDF1-3, DF family) and YTH domain containing protein
1-2 (YTHDC1-2, DC family) [49]. YTHDF1 protein can
increment mRNA translation efficiency by way of interacting
with the translation initiation factor eIF3 in a m’G-cap-inde-
pendent way [50]. The cytoplasmic m°A reader YTHDF2 is
necessary for mRNA degradation and contributes to reducing
the stability of targeted transcripts using the CCR4-NOT
deadenylase complex [28,51]. YTHDF3 works in cooperation
with these proteins to improve RNA binding specificity and
affinity [29,32]. YTHDCI1 and the YTHDF families are pri-
marily localized to the nucleus and cytoplasm, respectively,
while YTHDC?2 is found in both the nucleus and cytoplasm
[31,52,53]. These proteins participate in the processes of gene
splicing, exportation, degradation, and translation of mCA-
containing mRNAs [54-56]. Fragile-X mental retardation
protein (FMRP) has been reported to be an indirect reader
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via binding with YTHDF proteins to regulate m®A-modified
mRNA [57].

The structural alteration of mRNAs induced by m°A
methylation (m°A-switch) enhances the binding of other
reader proteins such as heterogeneous nuclear ribonucleopro-
teins (hnRNPs), including hnRNPA2B1, hnRNPC and
hnRNPG, and insulin-like growth factor 2 mRNA binding
proteins (IGF2BPs), including IGF2BP1, IGF2BP2, and
IGF2BP3, to m°A sites [35,36,40]. In the mC®A-switch mechan-
ism, m°A modulates protein binding by inducing an RNA
structural change that alters the accessibility of a protein
binding site. In this sense, HNRNPC and HNRNPG binding
to m®A-modified RNA depends on an m°A-induced base-
pairing disruption that exposes U-rich and purine-rich bind-
ing sites, respectively [35,36,58]. The former is involved in
pre-mRNA processing, while HNRNPG plays a role in pre-
mRNA alternative splicing. On the other hand, members -of
the IGFBP family recognize m°®A-containing transcripts via
common RNA binding domains, such as the KH domain.
Although the exact molecular mechanisms have not been
fully revealed, IGF2BPs have been reported to recognize
m°A-modified mRNAs and enhance their stability and trans-
lation. IGFBP proteins exert their functions by recruiting
RNA stabilizers, such as HuR, to protect m®A-containing
mRNA from degradation [27,30].

m°A modifications can be reversibly ‘erased’ in a dynami-
cal process by RNA demethylases, such as fat mass and
obesity-associated protein (FTO) and alkylation repair homo-
log protein 5 (ALKBH5) in mammals. The former is able to
oxidize m°A resulting in intermediates, which are then hydro-
lysed to adenine, whereas ALKBH5 can eliminate m°®A
directly [3,27]. In plants, several ALKBH5 orthologs were
detected, and it has been suggested that these proteins could
have redundant functions in m°A demethylation, whereas no
FTO orthologs were found [59].

Other RNA modifications

Apart from m®A, various other RNA modifications have been
identified so far. One of the most well-known chemical mod-
ifications of RNA affects capping at the 5-end (5' cap),
including N7-methylguanosine (m’G) [60,61]. Other modifi-
cations, involving adenosine (e.g. N1-methyladenosine (m'A),
N6,2'-O-dimethyladenosine (m°Am)), cytosine (e.g. 5-methyl-
cytosine (m°C)), and uridine (e.g. uridylation, pseudouridyla-
tion), have been identified, as well as N-glycan alterations,
among others. However, their biological roles are still not
fully disclosed due to the complexity of RNA structure and
functions [27].

Adenosine modifications (other than m°A)

Other modifications of adenosine found in the human epi-
transcriptome include a methylation at the N' position of
adenosine, generating N1-methyladenosine (m'A), which is
widespread in tRNA, rRNA and also in mRNA [7,62,63].
Transcriptome-wide mapping of m'A exposed highly con-
served features in mouse and human cells. In particular,
these modifications were seen to reside close to both canoni-
cal and alternative transcription start sites (TSS), to be present

in highly structured regions around the start codon, and to
correlate positively with protein production [62]. AIkB homo-
log 1, histone H2A dioxygenase (ALKBH1) was recently pre-
sented as an RNA demethylase that catalyzes the
demethylation of m'A in tRNA [64] and alkB homolog 3,
alpha-ketoglutarate dependent dioxygenase (ALKBH3) has
been suggested to be a potential demethylase of m'A in
mRNA [65].

In contrast to m®A, which is an internal modification, in
higher eukaryotes, N6,2’-O-dimethyladenosine (m®Am) can
be found in the first nucleotide after the 7-methylguanosine
cap, near the TSS in certain mRNAs [9,65,66]. Recently,
m°Am was discovered to suppress cap-dependent translation,
and PCIF1 was identified as mRNA m®Am methyltransferase
[67,68].

Cytidine modifications

As mentioned above, apart from adenosine, the epitranscrip-
tome exhibits several, increasingly characterized, modifica-
tions in other bases, such as cytidine. Most modifications
are present at levels 10- to 100-fold less than mC®A [69].
Methylcytidine (m°C) modifications, identified in mRNAs
and ncRNAs [70], are present in modest levels (measured by
LC-MS/MS) in mRNAs and have been mapped primarily to
5" UTRs, whereas CDS regions showed the lowest density
[71,72]. In humans, m°C in RNAs are catalysed by members
1-7 of the NOL1/NOP2/SUN domain (NSUN) family of
proteins, together with the homologue of DNA methyltrans-
ferase (DNMT), DNMT2 [10,73]. NSUN6-methylation was
recently associated with a role in regulating translation termi-
nation [74].

Uridine modifications

3’ RNA uridylation, i.e. the addition of non-templated uridine
(s) to the RNA end, by Terminal Uridylyl Transferases
(TUTases), is now considered to be functionally important
for RNA processing [75]. Another important uridine-specific
alteration is pseudouridylation, which consists in the creation
of the 5-ribosyl isomer of uridine, pseudouridine (¥) [76]. ¥
modifications relative to U in the 3'-UTR were distinctly
lower compared to the 5'-UTR and CDS region in mammals,
including humans [77-79]. Pseudouridylation is catalysed by
pseudouridine synthases (PUS), which have been linked to
human diseases and important biological processes [7].

RNA capping modifications

N7-methylguanosine (m’G) is a very-well described cap mod-
ification crucial for mRNA stability, translation and func-
tional diversity [61,80,81]. Despite its relative abundance, it
is challenging to study since it does not interfere with reverse
transcription (as it is neutral to Watson-Crick base pairing)
and cannot be detected by standard sequencing-based tech-
nologies [15].

N-glycan modifications

Glycans, which have been widely described in proteins and
lipids, regulate a myriad of essential functions and are present
across different kingdoms of life [82]. Very few RNAs have
been previously described to have sugar modifications in the



side chain, including tRNA [83]. A recent study showed that
small noncoding RNAs contain sialylated glycans
(‘glycoRNASs’) and that the majority of cellular glycoRNAs
are located on the cell surface [84]. These glycoRNAs seem
to act as ligands of the sialic acid binding-immunoglobulin
lectin-type (Siglec) receptors, which have been functionally
associated with diseases, such as autoimmunity and cancer
[84]. Although more research is needed on this topic, the
existence of glycoRNAs expands the role of RNA modification
in health and disease.

Epitranscriptomic modifications in plants

RNA modifications such as m°A, m°C and ¥ have been
detected in transcriptome-wide studies in plants. m°A sites
are widespread in plants and exhibit the dominant m°A con-
sensus motif RRACH (R = A/G; H = A/C/U), as well as other
lineage-specific m®A motifs, such as URUAY [46,85,86].
Throughout the transcriptome, m°®A are more abundant
near the stop codon and 3’ UTR in different developmental
stages in Arabidopsis and other plants. Furthermore, several
studies have shown m’C throughout the Arabidopsis tran-
scriptome [87,88]. Other mRNA modifications, such as m'A,
hm’C, Nm, I and ac4C have vital functions in mammals, but
need to be further depicted in plants [59].

Gene-expression levels of writers, erasers and readers vary
across different plant tissues and developmental stages
[87,89,90], suggesting the dynamic regulation of mRNA mod-
ifications in plants. Furthermore, the level of mRNA modifi-
cations in different plant species has revealed the dynamics of
mRNA modifications during plant growth and development
[91]. Even though a number of mC®A writers, erasers and
readers have been identified in Arabidopsis, the exact mole-
cular mechanism describing the dynamic m°A generation and
deletion in plants in response to environmental changes is still
lacking.

The m°A methyltransferase complex seems to be conserved
between mammals and plants [92]. The core component with
m°A catalytic activity is METTL3, which belongs to the MT-
A70 family. In plants, the MT-A70 family proteins can be
grouped in MTA, MTB, and MTC, which are present in most
plant species [93]. In Arabidopsis, the m°A writer complex
contains the METTL3 ortholog, MTA [89], and the METTL14
ortholog, MTB [94], among other components. Many func-
tional sites are conserved between plants and humans, sug-
gesting that plant MTA-MTB and human METTL3-
METTL14 may have a similar mechanism of methylation.
As mentioned earlier, the methylation of A to m°A can be
reversed by mCA demethylases (erasers). In plants, even
though no FTO orthologs are found, genomes encode multi-
ple copies of ALKBHS5 orthologs, including six orthologs
(ALKBH9A/B/C and ALKBHI10A/B/C) in Arabidopsis, sug-
gesting these may have redundant functions in m®A demethy-
lation [95]. Moreover, m°A mediates its biological function by
recruiting reader proteins. Plant YTH proteins can be divided
into two groups: group 1 includes YTHDF and the majority of
YTH domain proteins, and group 2 contains YTHDCI,
YTHDC2 and the remaining plant YI'H proteins, which
form two subgroups [45]. The residues involved in the cage
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and RNA binding are highly conserved between yeast and
Arabidopsis YTH proteins, suggesting that the other YTH
proteins in Arabidopsis could also be m°A readers.

In mammals, m°A is involved in almost all aspects of RNA
metabolism, including transcript stability, translation initia-
tion, mRNA export, polyadenylation, nuclear retention, and
pre-mRNA splicing [2,3,5,6,54]. In plants, several studies have
demonstrated that m®A and m’°C affect RNA stability
[46,85,87,90,95]. In contrast, a number of transcripts exhib-
ited increased abundance after loss of m®A in plants
(85,86,90,95], raising the question of how m°A regulates
gene expression in different plant species and under specific
circumstances.

In humans, m°C RNA modifications are catalysed by
NSUN?2 [44,70], whereas in plants, its homolog tRNA-specific
methyltransferase 4B (TRM4B), belonging to the RNA (C5-
cytosine) methyltransferase (RCMT) family, functions as an
m’C mRNA methyltransferase in Arabidopsis [87,88]. In
plants, m°C seems to have an ancient origin and widespread
distribution, since members of the RCMT family are present
in a great number of plant species, ranging from green algae
to flowering plants.

miRNAs biogenesis, target recognition and biological
functions

As mentioned above, miRNAs are a class of single-stranded
non-coding RNAs, highly conserved evolutionarily, which
have been associated with key regulatory roles in a substantial
number of cellular processes in eukaryotic cells [96].

The biogenesis of miRNA is classified into canonical and
non-canonical pathways. Briefly, the canonical pathway is
characterized by a preliminary cleavage of primary miRNA
(pri-miRNA) to precursor miRNA (pre-miRNA) by the
microprocessor complex consisting of Drosha and DGCRS8
enzymes. Following its transfer to the cytoplasm by exportin
5, pre-miRNA is additionally cleaved by Dicer to generate
double-strand RNAs, which are subsequently associated with
Argonaute (AGO) proteins forming the RNA-induced silen-
cing complex (RISC) [97]. Non-canonical pathways circum-
vent the steps of the canonical pathway and can be
differentiated into Drosha/DGCR8-independent and Dicer-
independent pathways [98].

It is acknowledged that miRNAs can directly mediate post-
transcriptional gene silencing in the cytoplasm through a seed
sequence, a run of six nucleotides spanning nucleotide 2-7 on
the 5" end of miRNAs, and the complementary sequences in
the 3'-untranslated region (UTR) of target mRNA [99].
Nevertheless, the interaction between miRNAs and other
regions, such as 5" UTR, coding sequence, and gene promo-
ters, have also been reported [100]. In addition, it seems that
miRNAs can be shuttled between different subcellular com-
partments to control the rate of translation and transcription
[101]. Recent studies have shed light on the dynamic nature of
miRNA actions and further revealed the complexity of
miRNA-mediated gene regulation [102]. miRNA actions are
vital for animal development and viability, and the deregula-
tion of their activity has often been associated with the devel-
opment and progression of human diseases [103].
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[108]

[109]

Ref

Reduced lipogenesis and tumor progression

Proliferation of cancer stem cells

Outcomes

protein expression through Lin28 activation and let-7

repression
Down-regulation of the let-7 family by Lin28b results in

PPARgamma and SREBP-1c expression
Wnt-b-catenin pathway enhances HRAS and HMGA2

Upregulation of miR-24 and miR-29a by TUT1 reduced

Effects

Enzyme

TUT1
LIN28

ncRNA
miR-24, miR-29a
let-7a, let-7f

Disease/condition

Osteosarcoma
Breast cancer

RNA modification

Table 1. (Continued).
Uridylation

Enhanced tumor progression

LIN28B

let-7 family

Head and Neck cancer

Reduced cell migration

tumor-suppressive miRNAs, including the let-7 family

reducing the levels of HMGA2
; CCND2, cyclin D2; DNMT3A, DNA (cytosine-5)-methyltransferase 3A; Erf1, eukaryotic translation termination factor; GBM, Glioblastoma multiforme; HMGA2, High mobility group

enhanced HMGA2, CCND2, IGF1R, and IGF2BP2 levels
METTL1-dependent m7G promotes the processing of

METTL1

miR-92b-3p

let-7-5p, miR-125a-5p,
insulin like growth factor 1 receptor; IGF2BP2, insulin like growth factor 2 mRNA binding protein 2; LIN28B, lin-28 homolog B; m>C, 5-methylcytosine; meA, N6-Methyladenosine;

m’G, 7-Methylguanosine; METTL1, (guanine-N(7)-)-methyltransferase 1; METTL3, N6-adenosine-methyltransferase catalytic subunit; METTL14, N(6)-adenine-specific methyltransferase; NSUN2, Myc-induced SUN domain-

Lung and colon cancer
containing protein; PHLPP2, PH domain leucine-rich repeat protein phosphatase 2; PPARgamma, peroxisome proliferator-activated receptor gamma; SREBP-1¢, Sterol regulatory element-binding protein 1; TUT, terminal

protein HMGI-C; HRAS, GTPase HRas; IGF1R,
uridylyl transferase 1; VASH1, vasohibin-1.

AGO4, Argonaute RISC catalytic component 4;

m’G
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Crosstalk between RNA modifications and miRNA in
disease settings

Evidence of the crosstalk between RNA modifications and
miRNA biogenesis in pathophysiological contexts is rapidly
growing. Examples of these associations are summarized in
Table 1.

Adenosine modifications, miRNAs and disease

Significant overlap between m°A and miRNA-binding sites
has been reported in 3' UTRs of mRNAs, and this co-localiza-
tion generally shows an inverse allocation pattern, where m°A
peaks abound near the stop codon, usually preceding miRNA-
binding sites, which prosper near the 3’ end of 3’ UTRs [104].
The inverse distribution pattern seems to indicate that the
interaction between m°A and downstream-bound miRNA
requires a particular partition. Furthermore, raised expression
of miRNAs was frequently associated with larger amounts of
m°A-modified target transcripts, suggesting that miRNAs
may regulate m®A modifications on their target transcripts
[104]. In addition, it has been reported that m°A marks the
initiation of pri-miRNAs processing [5]. HNRNPA2B1 was
categorized as m°A-reader protein in the nucleus that inter-
acts with the Microprocessor protein DGCRS, enhances bind-
ing of DGCR8 to pri-miRNA transcripts, and positively
regulates pri-miRNA processing in a similar manner as
METTL3 [5,43]. Moreover, HNRNPA2B1 modulates the
alternative splicing of mRNA transcripts [43]. Recent studies
have provided evidence on the link between m°A modifica-
tion, miRNAs processing and tumour progression scenarios.
As previously described, METTL3, in an m°A-dependent
manner, interacts with DGCRS to support the maturation of
pri-miR221/222, which then targets PTEN, leading to accel-
erated cell proliferation in bladder cancer [105]. In colorectal
cancer, METTL3 can methylate pri-miR-1246, promoting the
maturation of pri-miR-1246, which targets the anti-oncogene
SPRED?2 [106]. Moreover, METTL3 was shown to prompt the
splicing of pre-miR-143-3p into its mature form, which is
involved in the brain metastasis of lung cancer cells via
down regulation of VASHI [107]. In a recent investigation,
cigarette smoke-induced overexpression of METTL3 resulted
in increased m°A modification, with the involvement of NEF-
kB associated protein (NKAP). In turn, this generated exces-
sive maturation of pri-miR-25, which impairs PH domain
leucine-rich repeat protein phosphatase 2 (PHLPP2), contri-
buting to the activation of AKT-p70S6K signalling, a pathway
linked to the development and progression of pancreatic
cancer [108]. In another study, METTL14 has been shown
to interact with DGCRS8 enhancing the maturation of pri-
miR-126, which then counteracts the suppressing impact of
this m®A writer on the metastasis in hepatocellular carcinoma
(HCC) [109]. Evidence, concerning other pathological scenar-
ios associated with irregular m°A-dependent miRNA proces-
sing, is beginning to accumulate. For example, it has been
reported that METTL3 interacts with DGCRS8 and stimulates
the maturation of miR-873-5p, which could regulate Keapl-
Nrf2 pathway against oxidative stress and apoptosis in colis-
tin-evoked nephrotoxicity [110]. In addition, METTL3-cata-
lyzed m°A resulted in a negative regulation of pre-miR-320
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and miR-320, which targets RUNX2, a key transcription fac-
tor for osteoblast differentiation and bone formation [111]. In
gastrointestinal cancer, Konno and colleagues reported a rise
in the levels of METTL3 and METTL14 together with a higher
number of RNA methyl marks, including mP®A, in miR-200 c,
miR-17-5p, let-7a-5p, among other miRNAs [112]. Lastly,
METTL3-dependent m°A was shown to regulate miR-7212-
5p maturation via DGCRS8, a microRNA that targets FGFR3
to inhibit osteoblast differentiation in mouse osteoblast pre-
cursor cells [113].

Accumulating evidence supports the concept that m°A
influences miRNAs processing, yet it does not appear to
play a unidirectional regulation as the role of miRNAs in
regulating m6A formation of mRNAs has been revealed
[13]. Whereas the involvement of AGO proteins in regulat-
ing m®A formation was discarded, this was not the case for
Dicer, whose induction raised the abundance of m®A with-
out altering the protein levels of METTL3, FTO and
ALKBHS5. In addition, Dicer seems to influence the nuclear
speckle localization of METTL3 [13]. Overexpression and
knockdown of specific miRNAs increased and decreased,
respectively, m°A abundance in mouse neural crest stem
cells (NSCs) and in HeLa cells. Finally, miRNAs were
shown to regulate the m°®A methyltransferase activity of
METTL3 by modulating its binding to mRNAs [13]. The
above is supported by a study performed in HCC cells,
where miR-145 was reported to regulate m®A level through
the inhibition of YTHDEF2 expression [114]. In another
study, focused on hepatoblastoma progression, miR-186
was proposed to control METTL3 expression via Wnt/p-
catenin signalling [115]. Moreover, the existence of a feed-
back loop was proposed, wherein HBXIP suppresses let-7 g
inducing METTL3, which in turn increases HBXIP expres-
sion, leading to the acceleration of proliferation in breast
cancer [116]. Regarding the RISC complex structural
changes influenced by methylated miRNAs, in vitro and
in silico analyses suggest that m®A modifications in miR-
17-5p and let-7a-5p, located away from the RNA-binding
site (at positions 13 and 19, respectively) affect target-RNA
recognition efficiency [112]. These results demonstrate that
m°A modifications may reduce the ability of miRNAs to
suppress target mRNA translation. Nevertheless, m°A-mod-
ified miR-200 c-3p did not repress target gene expression,
contrary to non-methylated and m>C-modified miR-200 c-
3p in HCT116, a low-level endogenous miRNA expressing
cell line [112].

To the best of our knowledge, solid evidence on the impact
of m'A on the processing of a specific miRNA has not yet
been reported in a pathological context. Nevertheless, m'A
modification sites have been identified in IncRNA, such as
MALATI1 (m'A8398), which was found to be upregulated in
various forms of cancer [117], and in a group of nuclear-
encoded IncRNAs [118].

Cytidine modifications, miRNAs and disease

In 2019, Konno et al. showed that miRNAs could be cytosine-
methylated and reported that adenosine and cytosine methy-
lated miRNA-17-5p could be used as a biomarker of early-
stage pancreatic cancer [112]. In gastric cancer cell lines,

small RNA methyl marks, including 5mC, 3-methylcytosine,
m'A and m°A, were found in 1-8% of total adenines and
cytosines. Interestingly, the fraction of methylated miRNAs
increased upon stimulation with epidermal growth factor,
suggesting a regulatory mechanism for RNA modification
[112]. Cheray et al. (2020) confirmed the existence of cyto-
sine methylation in mature miRNAs and show it is associated
with poor prognosis in glioblastoma multiforme [119]. In
addition, this study provided evidence that miRNAs can be
cytosine-methylated by DNMT3A/AGO4-including com-
plexes and demonstrated that 5mC in miRNAs suppresses
their gene expression repressive capacity [119]. Very recently,
Carissimi and colleagues confirmed the presence of m°C in
human miRNAs and reported the existence of (hydroxy)-
methyl-5 cytosine (hm°C) modifications [16]. In human cell
lines and PBMCs, these authors found that several miRNAs
(i.e. miR-125a-5p, miR-191-5p, miR-25-3p and many others)
harbour hm’C and that this is not restricted to CG sequence
context. These findings suggest that, in addition to
DNMT3A, other RNA methyltransferases might be involved,
although the functional consequences of these modifications
are unknown [16]. Another RNA cytosine modification,
ac*C, is regulated by N-acetyltransferase 10 (NAT10). Ac4C
is enriched within the 5' regions of the coding sequence and
is associated with substrate mRNA stability [8].

Uridine modifications, miRNAs and disease

It is known that uridylation plays a role in the regulation of
canonical microRNA biogenesis in the tumour suppressor let-
7 microRNA family. In addition, uridulation involves two
different non-canonical microRNA biogenesis pathways con-
trasting on their dependence on enzymes Drosha and Dicer.
Furthermore, uridylation of mature miRNAs can generate
isomiRs, sequence variant microRNAs, with modified action
[75]. TUT1 has been suggested to positively influence,
through 3’ nucleotide additions, the levels of miR-24 and
miR-29a, which, in turn, negatively modulate lipogenesis reg-
ulators PPAR-gamma and SREBP-1 c. As lipogenesis is con-
sidered to be a cancer hallmark, TUT1 might act as a tumour
suppressor [120]. miRNAs play important roles in disease
progression, mainly through the regulation of their target
genes; however, miRNAs can themselves be post-transcrip-
tionally regulated by other genes, which contributes to the
overall complexity of the regulation process. A clear example
occurs with the regulation of the Let-7 miRNA family biogen-
esis through pre-miRNA uridylation, where TUTases 4 and 7
interacts with Lin28, which, in turn, is regulated via Let-7
miRNA, generating a negative feedback loop [12,121]. In head
and neck cancer [122], and also in breast cancer [123], a
suppression mediated by LIN28 was observed in the proces-
sing of pre-let-7. Notably, in the former study, this was
accompanied by the up-regulation of genes in the IGF path-
way in Lin28b-expressing cells [122], namely IGF2BP2, while
in the latter study the influence of Lin28 on let-7 maturation
was associated to the Wnt-b-catenin pathway [123]. DIS3-like
exonuclease 2 (DIS3L2) was proposed to be the reader for
uridylated pre-let-7 in vivo, forming a LIN28-TUT4/7-DIS3L2
pathway [124]. However, it was recently reported that DIS3L2
loss had no effect on mature let-7 levels [125].



Most studies of PUSs and ¥ have focused on abundant
ncRNAs, and evidence regarding whether PUSs are able to
influence metabolic pathways of other types of RNA is scarce.
Recently, Song et al. (2020) reported that the depletion of
PUS10 caused a noticeable decrease in the expression of
many mature miRNAs together with the build-up of unpro-
cessed pri-miRNAs in several human cells [126]. This study
also showed that PUS10 directly binds to pri-miRNAs and
interacts with the microprocessor to promote miRNA biogen-
esis; however, authors concluded that the catalytic activity of
PUS10 does not play a relevant role in this process [126].

RNA capping modifications, miRNAs and disease

Recently, two complementary high-throughput sequencing
strategies were used to demonstrate that a subset of
miRNAs harbours internal m’G modification, including
the let-7 family. In particular, it was shown that m’G
methylation by METTLI1, a methyltransferase that regulates
cell migration and promotes the processing of let-7e-5p
miRNA precursor [15]. Apart from m’G, other somewhat
less characterized RNA caps exist in eukaryotes (e.g. yeasts,
plants and humans) [4,127-129]. The recognition of the 5’
mono-phosphate of pre-miRNAs by Dicer is important for
the subsequent processing of miRNAs. In this sense, a
study by Xhemalce et al. (2012) showed that the BCDIN3
domain containing RNA methyltransferase (BCDIN3D)
was shown to O-methylate the 5’ mono-phosphate end of
pre-miR-145 and pre-miR-23b, inhibiting their processing
by Dicer [127].
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3" end modifications affect the regulation of miRNA
stability and target recognition

As mentioned above, miRNA are important regulators of
many vital cellular processes; hence, turnover and degradation
of these regulators needs to be tightly and dynamically con-
trolled. This can be achieved through the manipulation of
miRNA stability, which involves 3’ end modifications (i.e. 3’
methylation and 3'-to-5" truncation), AGO association, and
miRNA-target RNA interaction. Extended information on
these mechanisms can be found elsewhere [130]. Regarding
3" end modifications, the HEN1-catalysed 2'-O-methylation
modification at the 3’ end (3'-terminal 2'Ome) of various
small RNAs (including miRNAs) in plants and piRNAs in
animals is crucial for their stability (Figure. 1). Loss of func-
tion mutations involving henl cause miRNA deterioration
and 3' end heterogeneity due to combined actions of 3'-to-5'
truncation and 3’ tailing, mainly by uridylation [11,131,132].
The addition of non-uridine nucleotides to miRNAs was also
shown to occur at very low frequencies through other non-
identified terminal nucleotidyl transferases. However, their
biological relevance (if any) remains to be ascertained [132].
In Arabidopsis, HEN1 Suppressor 1 (HESO1) is an impor-
tant TUT that catalyzes the addition of uracils to the 3’ end of
unmethylated miRNAs [131]. UTP:RNA uridylyltransferase 1
(URT1) is another TUT reported to be a functional paralog of
HESO1 [132,133]. URT1 and HESO1 act cooperatively on
AGO1-bound miRNAs and the tailed miRNAs stay bound
by AGOl. Moreover, miRNA tailing affects the activity of
miRNAs, in addition to causing miRNA degradation [133].
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Figure 1. Epitranscriptomic modifications in miRNAs. Schematic representation of miRNA biogenesis in mammals and plants. HEN-1 is a methyltransferase that adds
a methyl group to the ribose of the last nucleotide (represented as R) of small RNAs (sRNAs). This methylation protects the 3'-end of sRNAs from uridylation activity
and subsequent degradation. Not all miRNA biogenesis mechanisms are depicted. Frequently reported miRNA modifications, along with representative examples, are

shown on the right bottom corner.
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In addition, small RNA Degrading Nucleases (SDNs), which
are 3’ to 5' end exoribonucleases, contribute to miRNA degra-
dation by 3’ truncation of AGOl-bound and methylated
miRNAs to result in AGOIl-bound, 3’ truncated-and-
unmethylated miRNAs. These are then uridylated by HESO1
and/or URT1, and further degradation is catalysed by other
enzymes [134,135]. Small RNA degradation associated with
uridylation seems to be a conserved mechanism in a variety of
species, as is the case of the green algae Chlamydomonas
reinhardtii, where MUT68, a terminal nucleotidyl transferase
homologous to HESO1, is involved in the untemplated uridy-
lation of the 3’ end of miRNAs and siRNAs [136].

Recently, HEMT1, an HEN1 homolog, was identified as
the methyltransferase responsible for 3'-terminal 2'Ome of
mammalian miRNAs [137]. Moreover, HENMT1 was signifi-
cantly increased in lung cancer tissues compared to non-
cancerous lung tissues, and differential 3'-terminal 2’Ome
was shown for miR-21-5p in non-small cell lung cancer
(NSCLC) and miR-26-5p in non-cancerous lung tissues.
Furthermore, in vitro cleavage assays indicated that 3'-term-
inal 2'Ome protected miRNA 3'—5’ degradation by PNPT1.
In addition, methylated miR-21-5p exhibited a higher affinity
to AGO2 than the unmethylated form. miRNA target recog-
nition should not be affected by 3' uridylation since altera-
tions at the 3’ end of miRNAs do not alter its seed sequence.
However, it was recently shown that TUT4/7-mediated uri-
dylation of miR-27a can modulate its pairing, enabling it to
repress a distinct set of targets, despite the absence of a seed
pairing match [138].

Despite recent advances, further research is needed to
understand how the (de)regulation of 3’-terminal methyla-
tions in mammalian miRNAs is associated with disease
settings.

Epitranscriptomic modifications potential
contribution to cross-kingdom regulation

In recent decades, research has found that miRNA signals can
be transmitted between different species and kingdoms as a
means of communication between two, often unrelated, inter-
acting organisms, such as a host and a pathogen, pest, para-
site, or symbiont [24,139]. The identification of food-derived
miRNAs from animal [140] and plant kingdoms [141]
brought attention to the possibility that dietary miRNAs
could influence host gene expression [142,143]. Nevertheless,
even though several studies have been reported since the first
paper by Zhang et al. (2012), kingdom crossing of food-
derived miRNAs is far from being a consensual matter
[144,145].

Before any biologically meaningful effects may eventually
occur, dietary miRNAs must surpass many obstacles before
(food processing-related) and after (bioavailability, reaching
and entering target cells, etc.) entering host organisms [143].
First, miRNAs stability must be maintained throughout the
harsh food processing chain (e.g. ripening, storage, cooking
and/or other technological practices). Preliminary studies
suggest that the stability of miRNAs depends on their spe-
cific sequence (i.e. GC content) [146] and secondary struc-
ture [147]. Specific dietary miRNAs have been reported to

remain highly stable during different handling, storage and/
or cooking conditions [141,148] or to resist degradation even
under harsh conditions, such as acidic pH and substantial
heat exposure (e.g. boiling) [149,150]. For example,
MIR2911, a plant 26S ribosomal RNA-derived small RNA,
exhibited high stability against RNases and strong stability in
circulation[150]. However, many miRNAs do not survive
food processing intact and certain conditions, such as high
temperature and pressure, starch dextrinization or protein
denaturation, reduce their contents [151,152]. For example,
in animal-derived products, such as milk and its derivatives,
processing (raw milk pasteurization and homogenization)
leads to significant miRNA loss [153]. In plant-based foods,
such as olive oil or beer, miRNAs are barely detected, most
likely as a consequence of extensive degradation due to
cellular compartment rupture and long-term contact
between miRNAs and RNases [154]. Regarding the harsh
biological factors miRNAs face after entering the host organ-
ism, sequence [146] and secondary structure [147] also influ-
ence their stability. The unfavourable environment of the
gastrointestinal tract, including RNases and lytic enzymes
of the oral cavity, extreme stomach acidity, flow of gastro-
enteric fluid and peristaltic activity, nucleases and degrada-
tive enzymes, mucus composition and gut microbiota, are
conditions that dietary miRNAs must surpass before they
can be taken up, biodistributed to target tissues and, even-
tually, exert biological effects [142,143]. In this sense, some
studies failed to detect the transfer of plant or exosomal
miRNAs 155,156 .

Although it is yet to be demonstrated in vivo, dietary
miRNAs may cross the intestinal epithelium using the
available routes of absorption (i.e. paracellular or transcel-
lular). Some stable plant miRNAs can be absorbed via
clathrin- and caveolin-mediated endocytosis [147]. In
vitro, miRNA uptake was observed to be sequence-depen-
dent and facilitated by NACh and TLRY cell membrane
receptors [147]. The absorption of single-stranded dietary
miR168a seems to be facilitated compared to other types of
miRNA structure [141], while the uptake of single-stranded
mature miRNA was significantly lower than that of double-
stranded miRNA mimics at pH 7.4 in cultured cells [157].
However, the absorption of dietary miRNAs by gastric pit
cells in the stomach has been reported to be pH-dependent,
as a near 30-fold rise was seen in single-stranded miR2911
absorption in pH conditions of 3.5 compared to 7.4 [157].
Although it is not clear whether the epitranscriptomic
modifications of miRNAs influence their dietary absorp-
tion, the stability increasing effects (described above) may
increase survival chances. Increased absorption of dietary
small RNAs due to alterations in intestinal permeability
have been reported [146]. miRNA packaging in extracellu-
lar vesicles (EVs), followed by their release in the circula-
tory system, enhances nuclease resistance and facilitates
their uptake compared to the unpackaged form [141].
Why and how dietary miRNAs are packaged into mamma-
lian EVs remains to be determined. Once taken up by the
target cells/tissues, the biological functions potentially
exerted by dietary miRNAs will depend on factors, such
as subcellular localization [158], number of target



transcripts [159], and/or concentration reached within the
cell [160].

There have been very few studies where the mechanisms of
molecular interaction between human AGO proteins and
plant miRNAs within the RISC complex, where miRNA func-
tions have been explored. It has been shown that 3'-terminal
2'0Ome (but not at the 5' termini) of miRNAs largely protects
them from nuclease degradation, suggesting that miRNAs are
likely to be destabilized at their 3’ ends upon target binding
[161]. It is also well known that 3’-end methylation is a
common step in miRNA and siRNA metabolism and expect-
edly protects the 3’ ends of small RNAs from the uridylation
activity and trimming in plants [11]. Moreover, HENMT1-
mediated 3’-terminal 2’Ome of miRNAs in humans seems to
increase their higher affinity with the AGO2 complex and
provide some protection against degradation [137]. In this
sense, it cannot be discarded that certain chemical modifica-
tions of dietary plant miRNAs provide them with enhanced
protection against degradation by host organisms, and that
these miRs could, eventually, reach target cells in sufficient
numbers for biological effects to occur.

The hypothesis of cross-kingdom regulation of gene
expression by dietary miRNAs represents a novel approach
for future dietary therapy and deserves further research
[142,145]. However, the theory of cross-kingdom regulation
leading to relevant biological effects has been refuted by many
researchers, and there are still many loopholes to fulfill and
risks to consider before the use of dietary or plant miRNAs as
effective therapeutic tools can be a reality.

Future Perspectives

Aberrant expression of ncRNAs, particularly miRNAs, is
found in pathological contexts. In recent times, target selec-
tion in the development of miRNA-based therapeutics is
mainly based on quantitative criteria (expression studies)
and less on qualitative criteria (e.g. presence/absence of spe-
cific chemical modifications) [18,162,163]. RNA modifica-
tions offer a novel layer of complexity to the intricate
mechanisms of disease development and therapy.
Synchronously to their functioning as post-transcriptional
mediators, miRNA biogenesis and target recognition can be
regulated through chemical modifications. New specific ther-
apeutic targets can be selected by studying chemically mod-
ified miRNAs. For example, uridylation of miR-26a prevents
the miRNA from repressing its mRNA target, without affect-
ing its abundance [164]. The growing knowledge in the epi-
transcriptomics field needs to continue in order to achieve the
ultimate goal of providing the bases for the implementation of
dependable, minimally invasive, diagnostic and therapeutic
tools in the clinical setting.

On the other hand, it is important to determine if miRNA
modifications can have an impact on cross-kingdom regula-
tion (e.g. by enhancing miRNA stability) and contribute to
potentiate the development of therapeutic miRNAs within
edible plants. In this context, potent practical applications
based on RNA oligonucleotides heavily rely on the inclusion
of chemical modifications to exert enhanced biological effects
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[165]. Moreover, the development of genetically modified
crops containing miRNAs is guaranteed [146,166,167,168].
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