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Abstract

Post-synthesis modification of biomolecules is an efficient way of regulating and optimizing their functions. The human
epitranscriptome includes a variety of more than 100 modifications known to exist in all RNA subtypes. Modifications of
non-coding RNAs are particularly interesting since they can directly affect their structure, stability, interaction and function.
Indeed, non-coding RNAs such as tRNA and rRNA are the most modified RNA species in eukaryotic cells. In the last 20 years,
new functions of non-coding RNAs have been discovered and their involvement in human disease, including cancer,
became clear. In this review, we will present the evidence connecting modifications of different non-coding RNA subtypes
and their role in cancer.
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Introduction
More than 100 chemical modifications of RNA molecules have
been discovered during the last several decades. These modifi-
cations are found in both prokaryotic and eukaryotic cells and
have been observed on all RNA subtypes [1]. Despite their num-
ber and abundance, RNA modifications received relatively little
attention until recently and consequently they remain generally
poorly characterized. The reasons for this are both technical and
historical. Firstly, techniques for the specific detection of RNA
modifications (especially within the context of RNA sequence)
were lacking and, even when available, were only able to quantify
highly abundant modifications. Secondly, RNA biology received
little attention in the past since, in the light of the central
dogma of molecular biology, this biomolecule was seen as a mere
intermediate of protein translation.

In the last two decades, the advent of next generation
sequencing has allowed the development of new detection
methods for RNA modifications. At the same time, the discovery
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of new RNA species and novel regulatory mechanisms mediated
by RNA sparked renewed interest in RNA biology. In particular,
the roles of newly identified non-coding RNAs (ncRNAs) such
as micro RNAs (miRNAs) and long non-coding RNAs (lncRNAs)
highlighted the scope of RNA biology both in physiology and
disease.

These conditions paved the way for the development of
the new field of epitranscriptomics. Several modifications were
mapped to the transcriptome and new functions of RNA modi-
fications were described. In particular, two primary RNA methy-
lations, N-6-methyladenosine (m6A) [2, 3] and 5-methylcytosine
(m5C) [4], were mapped to the transcriptome through next gen-
eration sequencing after specific enrichment or treatment. m6A-
modified RNAs were enriched through RNA immunoprecipita-
tion (RIP) with a specific antibody [2, 3] before sequencing. m5C-
carrying RNAs were firstly enriched through m5C-specific RIP
and then subjected to bisulphite treatment [4] in order to detect
m5C at base resolution. The enzymes responsible for these mod-
ifications, the METTL3/METTL14 complex for m6A [5] and the
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NSUN family for m5C [6], were discovered and characterized.
Furthermore, the functions of these modifications were the first
to be identified. m6A was shown to promote degradation of
cellular mRNAs [7, 8], while m5C was shown to increase the
stability of transfer (t)RNAs [9, 10] and to regulate the processing
of the VAULT ncRNAs (vtRNA) [11]. Finally, the identification of
the demethylases FTO [12] and ALKBH5 [13] as m6A erasers
and the discovery of the YTH protein family as specific m6A
readers [14] showed that RNA epigenetic modifications, similarly
to chromatin modifications, can be dynamic and are capable
of triggering specific downstream molecular pathways. More
recently, other modifications such as pseudouridine (�) [15], N1-
methyladenosine (m1A) [16, 17] and 7-methylguanosine (m7G)
[18–20] were mapped and characterized by using a combination
of chemical reactivity methods and specific antibodies.

Depending on their position within nucleotides, RNA modifi-
cations can affect the pairing of RNA bases, therefore impacting
the secondary structures and physiological functions of RNAs.
For example, the deamination of adenosines to inosines (A-to-I),
mediated by ADAR1 and ADAR2, converts base pairing from A-
T to I-G [21]. RNA editing is used by eukaryotic cells to prevent
the formation of dsRNA derived from transposable elements, to
change the target pool of miRNAs or to alter the coding sequence
of mRNAs [21]. Other, non-conventional base pairings such as
Hoogsteen pairing can also be affected by RNA modification such
as m7G or � [22].

The general functions of RNA modifications were thoroughly
reviewed by Roundtree and colleagues [1]. Recently, their role
in the context of human disease and in particular in cancer,
has come under the spotlight. An increasing amount of evi-
dence now not only shows that RNA-modifying enzymes can
affect the phenotype of cancer cells [23] but also suggests that
they may represent viable molecular targets for new anticancer
treatments [24].

While mRNA is an intermediate of gene expression, ncR-
NAs are effector molecules and their functions mostly rely on
a correct structural folding and activity. Since modifications
can directly affect RNA stability and structure, they might be
particularly important for proper ncRNAs functioning.

Furthermore, ncRNA covalent marks are in many cases
needed to fine-tune RNA function and are often dispensable for
normal physiology, but their mis-regulation can promote tumour
growth. Consequently, the enzymes responsible for such marks
represent ideal candidates to specifically target cancer cells. In
this review, we will focus on the modifications occurring on the
different types of ncRNAs and discuss their role in cancer.

Ribosomal RNA

Ribosomes are molecular complexes composed of 80 protein
subunits and 4 different ribosomal RNAs (rRNAs), 28S, 18S, 5S and
5.8S [25]. Three out of four are transcribed by RNA polymerase
I (POLI) as a single precursor RNA, while 5S is transcribed by
RNA polymerase III (POL3). In the nucleolus, rRNAs are processed
co-transcriptionally by a large number of protein complexes
[25]. rRNA modifications are mediated by two types of enzy-
matic complexes, (1) RNA-guided modifiers, which require the
action of small nucleolar RNAs (snoRNAs) to identify the target
nucleotides and (2) stand-alone enzymes [26]. They can be either
deposited co-transcriptionally on unprocessed rRNA or post-
transcriptionally on mature rRNAs and are required for the cor-
rect assembly of functional ribosomes [26]. rRNA modifications
are generally highly conserved from yeast to human cells and

are more frequent within functionally important regions of rRNA
molecules [26].

The most abundant modification on rRNAs is the 2’-O-
methylation of ribose residues, mediated by a complex including
C/D box snoRNAs [27] and the methyltransferase fibrillarin
(FBL) [28]. This modification is found on tens of nucleosides
within rRNAs and occurs on all four nucleotides (Figure 1). More
than 20 different snoRNAs exist in human cells and each one
is responsible for a subset of O-methylation events on rRNAs
[29]. Mechanistically, 2’-O-methylation stabilizes rRNA structure
and ensures fidelity of translation in physiological conditions
[26]. Despite this, aberrantly elevated levels of rRNA 2’-O-
methylation are associated with impaired translation fidelity in
cancer cells. For example, FBL overexpression is associated with
global upregulation of rRNA 2’-O-methylation, which in turn
causes stop codon bypass and amino acid misincorporation
[30]. Additionally, this modification seems to be required
for IRES-dependent translational initiation [31]. Indeed, FBL
overexpression in cancer increases IRES-dependent translation
of key oncogenes such as c-MYC and VEGFA [30]. Importantly,
FBL is highly expressed in human breast and prostate cancer
and its expression positively correlates with poor prognosis [30,
32] (Table 1).

Indeed, FBL expression negatively correlates with p53 expres-
sion in breast and prostate cancer. Marcel and colleagues showed
that p53 can directly regulate FBL expression through direct
binding to the FBL promoter. In turn, high levels of FBL can
regulate p53 activation in response to cellular stress and sup-
press its translation [30, 32]. In this scenario, p53 mutations de-
repress FBL transcription and promote tumour progression. On
the other hand, overexpression of FBL could start a feedback loop
to repress the p53 tumour suppressive pathway in breast cancers
expressing wild-type p53.

While global FBL overexpression appears to have an
oncogenic effect, it was also shown that selected snoRNAs
have specific oncogenic functions in AML-ETO1-mediated
leukemic transformation [33]. In this subtype of leukaemia, high
expression of SNORD34, SNORD35 and SNORD43 is necessary for
the establishment of leukemic blasts without affecting general
translation levels [33]. In contrast, several studies showed that
SNORD50, mediating the modification on 28S-C2848 and 28S-
G2863, could be tumour suppressive in human cancers [34],
including colon cancer [35], prostate cancer [36], breast cancer
[37] and B-cell lymphoma [38]. Molecularly, colon cancer cells
expressing low levels of SNORD50 showed increased levels
of IRES-dependent translation of c-MYC [35] (Table 1). Taken
together, these studies show a complex scenario, where specific
subsets of rRNA modifications can have opposite, tumour
type-dependent effects on cancer progression.

The second most abundant modification on rRNA is the
isomerization of uridine residues into pseudouridines (�). This
modification is present in over 100 sites throughout all rRNA
subunits [39]. � deposition is mediated by a complex including
H-ACA box snoRNAs and the uridine isomerase DKC1 (Figure 1).
Target identification is mediated by snoRNAs, similarly to the
deposition of 2’-O-methylation [40]. Mutations inactivating the
catalytic activity of DKC1 are responsible for dyskeratosis con-
genita, a complex syndrome characterized by bone marrow fail-
ure and predisposition to cancer [41]. Initially, since DKC1 can
modify both rRNAs and telomerase RNA, the main mechanism
for the increased onset of cancer in dyskeratosis congenita
patients was unclear. Subsequently, it was shown that the phe-
notype of a mouse model carrying DKC1-inactivating mutations
found in human dyskeratosis congenita was dependent on the
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Figure 1. rRNA and tRNA modifications involved in cancer. Figure depicts RNA modifications (circles) on ribosomal (rRNA, left panel) and transfer RNA (tRNA, right

panel) that have been connected to cancer. The enzymes responsible for their deposition are indicated in the balloons. m1acp3�: 1-methyl-3-a-amino-a-carboxyl-propyl

pseudouridine; m6A: 6-methyladenosine; m5C: 5-methylcytosine; O-me: 2’O-methylation; �: pseudouridine; m7G: 7-methylguanosine; cm5U: 5- carboxymethyluridine;

mcm5U: 5- methoxycarbonylmethyluridine; mcm5s2U: 5-methoxycarbonylmethyl-2-thiouridine.

Table 1. Roles of Ribosomal RNA and Transfer RNA modifications in cancer

Ribosomal RNA

Modification Enzyme/reader Involvement in cancer biology Reference
Nm FBL FBL overexpression suppresses p53 expression in human breast and

prostate cancers
[30,32]

Nm SNORD50 Low levels SNORD50 increase c-Myc oncogene expression in human
colorectal cancer

[35]

� DKC1 Loss of DKC1 affects the translation of VEGF and p53 in human head and
heck squamous cell carcinoma and pituitary cancer

[42,43]

m1acp3� TSR3 rRNA mutations causes loss of modification in human colorectal cancer [46]
m6A ZCCH4 ZCCH4 overexpression in human hepatocellular and liver cancer [47]
m5C NSUN5 Loss of NSUN5 and m 5C in human glioma [51]

Transfer RNA

Modification Enzyme/reader Involvement in cancer biology Reference
cm5U ELP1, ELP3 Overexpression of ELP1/3 mediates metabolic switch and BRAF inhibitors

resistance in melanoma
[61]

cm5U ELP3 Overexpression of ELP3 promotes translation of pro-metastatic genes in
breast cancer

[63]

cm5U ELP3 Overexpression of ELP3 and tRNA cm 5U modification promote
maintenance of colorectal cancer stem cells

[64]

mcm5s2U CTU2 Overexpression of CTU2 mediates metabolic switch and BRAF inhibitors
resistance in melanoma

[61]

mcm5s2U CTU1, CUT2 Overexpression of CTU1/2 promotes translation of pro-metastatic genes in
breast cancer.

[63]

m1acp3�, 1-methyl-3-a-amino-acarboxyl-propyl pseudouridine; m6A, 6-methyladenosine; m5C, 5-methylcytosine; Nm, 2’O-methylation; ψ , pseudouridine; cm5U,
5-carboxymethyluridine; mcm5s2U, 5-methoxycarbonylmethyl-2-thiouridine.

decreased modification of 28S rRNA and the aberrant translation
of oncogenic and tumour-suppressive mRNAs, including VEGF
and p53 [42] (Table 1). DKC1 was also shown to be a tumour
suppressor in pituitary tumorigenesis: in this cancer type, lack
of rRNA pseudouridylation causes a decrease in IRES-dependent
expression of the tumour suppressor p27 [43] (Table 1). Other
studies showed that DKC1 can be overexpressed in lung [44] and
prostate cancer [45]. These studies show that � modifications
on rRNA are disproportionally important for translation of both
tumour-suppressive and pro-oncogenic factors.

Secondary hyper-modification of �1248 within 18S, mediated
by TSR3, generates 1-methyl-3-a-amino-a-carboxyl-propyl pseu-
douridine (m1acp3�) (Figure 1), which is lost in several different

types of human cancers [46]. In particular, 45% of colorectal
carcinomas show decreased levels of this modification. However,
TSR3 is not mutated or downregulated in tumour samples. Inter-
estingly, loss of this modification occurs through mutations of
rRNAs, generating cancer-specific ‘oncoribosomes’ [46] (Table 1).
The molecular mechanism by which mutated ribosomes pro-
mote cancer growth is still unknown.

Additionally, there are less abundant modifications found
in rRNA, such as m6A and m5C. The former is present on one
residue in 28S (A4220) [47] and one in 18S (A1832) [48], while the
latter is found on two residues in 28S rRNA (C3761, C4413) [6].

m6A on 18S is catalysed by METTL5 [48], whilst on 28S RNA, it
is catalysed by ZCCH4 [47] (Figure 1). There is little knowledge
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on the function of these enzymes in the context of cancer,
but ZCCH4 is overexpressed in hepatocellular cancer cells and
human liver cancer [47]. It seems that the translation of a subset
of mRNAs involved in membrane trafficking may be particularly
affected by ZCCH4 downregulation and loss of m6A on 28S [47]
(Table 1).

Modification of 28S rRNA with m5C is mediated by NSUN1 on
C4413, and by NSUN5 on C3761 [6] (Figure 1). NSUN1 is associated
with high proliferation levels and correlates with poor prognosis
in lung [49] and prostate cancer [50]. Despite this, it is not clear
whether it has a specific function in transformed cells or it is just
associated with high cell cycle rates. Recently, it has been shown
that NSUN5 is lost from a significant subgroup of human gliomas
[51] (Table 1). Loss of m5C on C3761 decreases mRNA transla-
tion output globally [51]. The authors suggested that NSUN5
loss contributes to the protection of glioma cells from stress
conditions. Despite being a tumour suppressor, loss of NSUN5
correlates with good prognosis in gliomas [51]; while NSUN5
helps to safeguard against stress conditions in the early stages
of tumorigenesis, it is likely that its loss limits the proliferation
potential of fully transformed glioma cells.

Taken together, these studies show that the epigenetic mod-
ifications of rRNAs, one of the most fundamental RNA subtypes
in eukaryotic cells, are widely exploited by cancer cells. Notably,
the regulation of cap-independent translation of key oncogenes
and tumour suppressors as well as the general repression of
translation in stress conditions are a common theme of the
current experimental evidence.

Transfer RNA

Transfer RNAs are short, highly structured RNA molecules fun-
damental for protein translation. They are transcribed by RNA
polymerase III and undergo a maturation process in the nucleus
[52], before translocating to the cytoplasm. Abnormal expression
of tRNAs was observed in several cancer types [53], where it
increases translation levels of specific oncogenic proteins [54].
Furthermore, both precursor and mature tRNA can be cleaved
to form tRNA derivatives such as tRNA-derived stress-induced
RNAs (tiRNAs), tRNA-derived fragments (tRFs) and tRNA-derived
small RNAs (tsRNAs) [53]. These tRNA derivatives were shown
to affect gene expression by controlling RNA stability [55] and
translation [56]. Furthermore, specific tRNA fragments are over-
expressed in rapidly dividing cancer cells [57] and can be dysreg-
ulated during cancer progression [58].

tRNAs are the most heavily modified RNA type in eukaryotic
cells. They are decorated with a wide array of modifications,
which have a variety of functions [52]. Generally, modifications
within the anticodon are required for decoding: in particular,
modifications of the wobble position ensure accurate decoding
during translation and allow the pairing between mRNA codons
and non-perfectly complementary tRNA anticodons reducing
the variety of tRNAs required for correct translation [52]. On the
other hand, modifications outside the anticodon positions are
usually required to maintain the stability of tRNAs and prevent
the generation of tRNA derivatives [52]. Similar to rRNAs, modi-
fication of tRNAs can have specific functions in cancer, without
affecting the general translational output of normal cells.

Modifications of the U34 wobble position of a subset of
tRNAs (tRNALysUUU, tRNAGluUUC, tRNAGlnUUG, tRNAGlyUCC and
tRNAArgUCU) are necessary for accurate translation (Figure 1).
Modifications of U34 are deposited in a sequential way: firstly,
the elongator complex (ELP1/3) catalyses the conversion of
uridine into 5-carboxymethyluridine (cm5U) [59] (Figure 1).

Next cm5U is converted into 5-methoxycarbonylmethyluridine
(mcm5U) by ALKBH8[59]. Finally, the thiolase enzymes CTU1
and CTU2 convert mcm5U into 5-methoxycarbonylmethyl-
2-thiouridine (mcm5s2U) [59]. This last step only occurs
in tRNALysUUU, tRNAGluUUC and tRNAGlnUUG. Despite being
catalysed in a tightly controlled manner and being necessary
for accurate transcription, depletion of the enzymes responsible
for U34 modifications is not generally lethal in yeast or normal
human cells [60]. Strikingly though, it was recently shown
that cancer cells particularly depend upon them to maintain
translational levels of key oncogenes.

The enzymatic subunits of the elongator complex ELP1
and ELP3 and the thiolase CTU2 are overexpressed in human
melanoma, particularly in melanomas carrying the BRAFV600E
mutation [61] (Table 1). High levels of the U34 modifying
enzymes are required to maintain the expression of proteins
responsible for the metabolic switch toward glycolysis (such
as HIF1α) observed in melanoma cells [61]. BRAF inhibitors are
an approved therapy for BRAFV600E melanoma [62]. Despite
this, response to treatment is often short-lived since cancer
cells develop resistance to BRAF inhibition [61]. Importantly,
downregulation of U34 enzymes in resistant melanoma cells
can rescue the response to small molecule BRAF inhibitors [61].
Clinically, this is particularly important since the development of
inhibitors specifically blocking the activity of the U34 enzymes
could be used to increase sensitivity to BRAF inhibitors and
prevent resistance.

ELP3, CTU1 and CTU2 are also overexpressed in breast cancer
(Table 1), where they maintain high translation levels of the RNA-
binding protein DEK1. This in turn promotes translation of the
transcription factor LEF1, thereby upregulating pro-metastatic
genes [63] (Table 1).

ELP3 is also overexpressed in colorectal cancer and it is
required for tumour initiation in a WNT-driven colorectal cancer
mouse model [64] (Table 1). In this model, ELP3 transcription is
directly increased by WNT, and ELP3-mediated modification of
U34 tRNA increases the translation of SOX9 [64], which in turn
maintains colorectal cancer stem cells. Taken together these
data show that pharmacological inhibition of U34-modifying
enzymes may represent a viable approach for the generation of
new cancer therapies.

m5C is found on a subgroup of tRNAs at several positions
and is mediated by NSUN2 [65], DNMT2 [66] and NSUN6 [67]
(Figure 1). Its function is to protect tRNAs from degradation [9,
68] and to avoid the production of tRNA fragments, functional
tRNA derivatives capable of acting as miRNAs and regulating
gene expression [53]. NSUN2 is upregulated by c-MYC and is
overexpressed in breast cancer and head and neck carcinomas
[69].

Similar to m5C, m7G protects tRNAs from degradation [20].
The writer of this modification is the METTL1/WDR4 complex,
in which METTL1 is the active catalytic subunit [70] (Figure 1).
METTL1 is overexpressed in hepatocellular carcinoma [71] and
glioblastoma [72]. High levels of m7G are likely required to main-
tain a high level of translation in proliferating cancer cells. It
is not clear whether the activity of m5C and/or m7G enzymes
on tRNAs directly contributes to tumorigenesis or whether it is
just required to sustain high levels of cell proliferation. Interest-
ingly, overexpression of tRNA m5C and m7G enzymes increases
sensitivity of human cells to 5-fluorouracil [73].

Crucially, all of the above studies were focused on the over-
expression of NSUN2 and METTL1 without reporting the overall
extent of m5C and m7G in cancer cells. Therefore, it is possible
that their role in cancer may be independent from their catalytic
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activity. Future studies addressing this possibility are required to
better elucidate the role of m5C and m7G tRNA modification in
cancer.

Finally, 3-methylcytidine (m3C) occurs at different positions
in several tRNAs and its deposition is catalysed by two tRNA-
specific enzymes, METTL2B and METTL6 [74]. Although more
investigation is required to reveal the distribution and dynamics
of m3C insertion in mammalian tRNAs, it was recently demon-
strated that m3C is a pre-requisite for C-to-U deamination in
protozoans [75]. METTL6 catalyses m3C at C32 in specific tRNASer

isoacceptors. Depletion of METTL6 in hepatocellular cancer cells
(HCCs) affects translation of mRNAs related to cell proliferation
and growth [76]. Importantly, it was shown that this effect is
dependent on its catalytic activity. Moreover, METTL6 was found
amplified in different cancer cells and its amplification pre-
dicts a worse outcome for patients, whereas its low expression
correlates with increased survival of HCC patients [76].

Thus, tRNAs are highly decorated with a variety of modifica-
tions. Unexpectedly, many epitranscriptomic marks occur only
in subsets of tRNAs and they can become specifically dysregu-
lated in cancer. Depending on codon usage, each specific modi-
fication is required for translation of a subset of mRNAs. Taken
together, these studies show that cancer cells may be ‘addicted’
to specific tRNA modifications, dispensable for non-transformed
cells. Consequently, inhibition of tRNA-modifying enzymes
may represent a new, unexpected therapeutic approach for
cancer.

MicroRNA

MicroRNAs are ∼22 nucleotide RNA molecules that are pro-
duced by a complex biosynthetic pathway [77]. This process
is regulated at many levels by post-transcriptional nucleotide
modifications, which are able to regulate either the RNA–RNA
or RNA–protein interactions required for miRNA maturation and
activity. Mechanistically, miRNA modifications act by tuning the
RNA biophysical properties and/or altering their affinities for the
biosynthesis/effector machinery, which often result in profound
biological consequences.

Non-templated nucleotide addition to the 3’ end of miRNAs
impacts the fate of miRNAs and plays important biological func-
tions [78]. Indeed, uridylation of miRNA tails mediated by the ter-
minal uridyltransferases TUT1, TUT4 and TUT7 has been impli-
cated in a variety of cancers [78, 79]. The extent of uridylation on
miRNA tails causes different outcomes on miRNA stability and
fate (Figure 2). Poly-uridylation of pre-let-7 miRNA, induced by
the LIN28A and LIN28B proteins, impairs let-7 biogenesis by hin-
dering Dicer processing [80] (Figure 2). Mechanistically, LIN28-
mediated repression of let-7 is achieved through the recruitment
of the TUT4 and TUT7 enzymes to pre-let-7, which results in pre-
let-7 poly-uridylation and its subsequent degradation [81, 82].
Importantly, the LIN28/let-7 pathway is involved in cancer pro-
gression by regulating a broad range of processes including cell
proliferation, metastasis, drug resistance and metabolism [79].
For instance, the Wnt-β-catenin pathway enhances LIN28 levels
causing a decrease in mature let-7 miRNA, thus driving prolifer-
ation of breast cancer stem cells [83]. Moreover, LIN28B supports
head and neck cancer cell lines’ growth through the modulation
of the insulin growth factor (IGF) pathway [84]. Downregulation
of the TUT1 enzyme, which poly-uridylates miRNAs, increases
osteosarcoma cell proliferation and invasiveness through the
modulation of miR-24 and 29a expression levels [85].

Notably, a specific class of pre-miRNAs with a short (1-
nucleotide) 3’ overhang, including most let-7 family members,

are subject to TUT2/4/7-dependent mono-uridylation in dif-
ferentiated cells [86]. However, in contrast to poly-uridylation,
mono-uridylation of miRNAs does not trigger their degradation.
Instead, this modification allows the extension of miRNA 3’
ends, which is required for efficient Dicer processing and miRNA
maturation [86].

Overall, poly- and mono-uridylation of miRNA precursors
represents a common mechanism to regulate miRNA levels and
can contribute to human tumorigenic processes.

miRNAs can also undergo m6A methylation, deposited by
METTL3 on miRNA precursors. METTL3/METTL14-dependent
m6A methylation of primary miRNAs improves the recognition
and binding of pri-miRNAs to DGCR8, thereby enhancing miRNA
processing and maturation [87] (Figure 2).

METTL14 has also been shown to be involved in the regu-
lation of miRNAs processing in the context of hepatocellular
carcinoma (HCC), where it prevents cancer progression [88].
Human liver cancers displaying low levels of both METTL14 and
m6A-modification correspond to high metastatic potential and
poor patient survival [88] (Table 2). Mechanistically, METTL14
interacts with DGCR8 and its depletion causes accumulation of
the unprocessed pri-miR-126, a metastasis-suppressing miRNA
[88]. Moreover, overexpression of METTL14 increases the levels
of m6A-modified pri-miR-126 and the amount of pri-miR-126 asso-
ciated with DGCR8 [88]. Thus, these data suggest that METTL14
controls m6A modification of pri-miR-126 either directly or indi-
rectly, to enhance its processing and antagonize the metastatic
potential of HCC cells. Furthermore, the same authors report
that METTL14 levels are reduced in breast cancer and they are
associated with low survival rates, suggesting that METTL14
could potentially regulate m6A modification of miRNAs also
in this type of tumour [88]. However, in these reports, it is
not clear whether the DGCR8/METTL14 interaction is METTL3
dependent and what is the role of the methyltransferase activity
in controlling the proposed pathological mechanisms.

METTL3 and METTL14 are highly expressed in gastrointesti-
nal cancer tissues and, consistent with this finding, a subset
of miRNAs exhibits high m6A levels in similar types of cancer
[89]. In particular, m6A methylation of miR-17-5p is specifically
detected in tumour biopsies from pancreatic cancer patients;
therefore, methylated-miR-17-5p was suggested as a biomarker
for early-stage pancreatic cancer [89] (Table 2).

miRNA modifications also include m7G at internal positions
(Figure 2), as shown by the presence of this modification on
a specific group of regulatory miRNAs, which suppress cancer
cell migration [19]. In A549 lung cancer cell line, high levels
of METTL1 mediate m7G deposition on a subset of miRNAs
(Figure 2). Despite this, genome-wide mapping of m7G in a dif-
ferent cellular model failed to detect the modification on RNAs
other than tRNAs [90], possibly due to different assay sensitivity
and/or inherent biological differences.

Loss of METTL1 catalytic activity in A549 cells leads to
the upregulation of migratory mRNAs containing let-7 target
sequence, such as HMGA2 [19]. Indeed, METTL1 methylates let-7
pri-miRs at specific positions overlapping the 5’ site of DROSHA
cleavage and spanning G-rich sequences [19]. Thus, METTL1-
mediated m7G modification of let-7 pri-miR counteracts the
formation of non-canonical secondary structures in let-7 pri-
miR, thereby favouring its processing and enhancing miRNA-
mediated repression of migratory mRNAs [19]. The position
of m7G on mature let-7 at single nucleotide resolution was
determined through mass spectrometry fingerprinting [19].
Despite this, it cannot be excluded that the methylation pattern
observed could originate from an O’-methylated rRNA fragment
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Figure 2. miRNA, lncRNA and circRNA modifications involved in cancer. Figure depicts RNA modifications (circles) on microRNAs (miRNA, left panel), long non-coding

RNAs (lncRNA, top right panel) and circular RNAs (circRNAs, bottom right panel) that have been linked to cancer. The enzymes responsible for their deposition are

indicated in the balloons. m7G: 7-methylguanosine; I: inosine; m6A: 6-methyladenosine; P-me: 5’-methylphosphate; 2’-O-me: 2’ O-methylation; m5C: 5- methylcytosine;

�: pseudouridine.

Table 2. Roles of MicroRNA and Long non-coding RNA modifications in cancer

MicroRNA

Target Modification Enzyme Involvement in cancer biology References
pre-let-7 poly-U TUT1,TUT4/7 Overexpression of TUT1 and TUT4/7 promotes

degradation of let7 in breast cancer and head and
neck carcinoma

[84,85]

pri-miR-126 m6A METTL14 METTL14 and m6A promote maturation of tumour
suppressor miRNAs in hepatocellular carcinoma

[89]

miR-17-5p m6A METTL3/METTL14 Methylated microRNA as biomarker for pancreatic
cancer

[90]

pre-let-7 A-to-I ADAR1 A-to-I editing of let-7 promotes cancer stem cells
renewal in chronic myelogenous leukaemia

[94]

miR-378a-3p, miR-455-5p A-to-I ADAR1, ADAR2 A-to-I editing of miRNA seed sequences prevents
progression and metastasis of human melanoma

[95,96]

miR-21, miR221/222,
miR-589-3p

A-to-I ADAR2 Loss of ADAR2 and miRNA editing promotes
progression of human glioblastoma

[97,98]

Long non-coding RNA

Target modification Enzyme Involvement in cancer biology References
XIST m6A METTL3/METTL14 Loss of METTL14 stabilizes XIST transcript

supporting proliferation of human colorectal
cancer

[107]

RP11 m6A METTL3 Overexpression of METTL3 and RP11 modification
stabilizes pro-tumourigenic transcription factors
in colorectal cancer

[111]

NMR (LINC01672) m5C NSUN2 Overexpression of NSUN2 and modified NMR
upregulates pro-metastatic factors in human
oesophageal carcinoma

[122]

dsAlu transcripts A-to-I ADAR1 A-to-I editing of Alu sequences induces resistance
to immunotherapy in human metastatic
melanoma

[127]

I, inosine; m6A, 6-methyladenosine; m5C, 5-methylcytosine.

[90]. Improved, more sensitive methods of m7G detection will
be required to highlight the relevance of this modification on
miRNA and its importance in cancer.

5-Methylcytosine was also identified in miRNAs [91], where
it is deposited by the DNMT3A/AGO4 [91] complex (Figure 2) and

exerts important regulatory functions. For example, m5C in miR-
181a-5p alters its ability to repress its mRNA targets [91]. Remark-
ably, the cytosine-methylation status of miR-181a-5p can be used
for the prognosis of glioblastoma patients, as high methylation
levels correlate with low survival rates [91] .
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miRNAs are also subject to ADAR1- and ADAR2-mediated
editing, which involves deamination of adenosine to inosine
[21]. A-to-I-editing of miRNAs can impact either their biogenesis
or their repertoire of mRNA targets, with important biological
consequences such as tumour suppression or cell growth [92]
(Figure 2). Notably, ADAR1-dependent editing of let-7 pri-miRNA
impairs let-7 maturation, thereby promoting leukaemia stem
cell self-renewal [93] (Table 2). ADAR1 act as a tumour sup-
pressor in melanoma where it is downregulated [94]. In normal
melanocytes, ADAR1 edits miR-378-3p sequence to target the
PARNA oncogene [94] (Table 2). Similarly, loss of ADAR2-mediated
editing within miR-455-5p seed sequence alters the recognition of
miR-455-5p mRNA targets, favouring melanoma progression and
metastasis [95] (Table 2).

Maintaining physiological levels of A-to-I miRNA editing
is also critical to counteract glioblastoma proliferation and
migration [96, 97]. Indeed, ADAR2-mediated editing of the onco-
miR-221/222 and -21 precursors represses the respective mature
miRNAs in normal brains and hinders glioblastoma growth
[97] (Table 2). Furthermore, A-to-I editing of miR-589-3p seed
sequence acts as a molecular switch to control glioblastoma
invasiveness [96] (Table 2). Under physiological conditions,
ADAR2 edits the miR-589-3p, which, in turn, targets the tumour
suppressor PCDH mRNA [96]. However, upon ADAR2 loss,
the unedited miR-589-3p targets the ADAM12 mRNA, which
promotes glioblastoma progression [96]. Although it is clear that
A-to-I editing is a common mechanism for redirecting miRNA
targeting in human glioblastoma, the clinical relevance of this
process is still poorly understood.

While miRNA precursors and mature miRNAs are not nor-
mally capped, cap analogous modifications of 5’ miRNA terminal
moieties have been reported [98]. O-Methylation of 5’ monophos-
phate (5’ P-me) of pre-miR-145 is catalysed by BCDIN3D methyl-
transferase and was shown to interfere with Dicer processing
and pre-miR-145 maturation [98] (Figure 2). Importantly, BCDIN3D
depletion in breast cancer cells increases miRNA-145 mature iso-
form and reduces cell invasiveness [98]. More recently, BCDIN3D
was shown to methylate cytoplasmic tRNAHis [99] and to regulate
the formation of tRNA fragments [100]. However, further studies
are needed to understand the relative contribution of BCDIN3D
tRNA methylation activity to breast cancer.

Another type of miRNA terminal methylation is the 2’-O-
methylation on the last ribose of the molecule (3’-terminal 2’O-
me) [101]. In particular, 3’-terminal 2’O-me of miR-21-5p medi-
ated by the HENMT1 methyltransferase protects miRNA from 3’
to 5’ exoribonucleolytic cleavage and strengthens AGO2 bind-
ing [101] (Figure 2). Notably, 3’-terminal 2’O-me of miR-21-5p is
detected in lung cancer tissues but not in healthy ones [101],
underlining the biological relevance of terminal miRNAs methy-
lation in vivo.

Future work will be required to confirm and explore in deeper
molecular detail the mechanisms described in the previous
reports. Most RNA modifications and their effects appear to
be highly context dependent, possibly due to the fact that they
impinge on different RNA targets and downstream pathways.
Therefore, especially for miRNAs, it will be necessary to gain
a better understanding of the molecular factors determining
the specificity of RNA-modifying activity (e.g. RNA structural
features and motifs, protein interactors and enzyme/cofactor
expression).

Overall, miRNA covalent modifications may represent a post-
transcriptional phenomenon to establish and finely modulate a
wide range of cellular programmes in different cell types. Thus,
a thorough characterization of miRNA modifications and their

related catalytic machinery may help to dissect the molecular
basis of cancer. Furthermore, the possibility that miRNAs could
be specifically modified in selected human malignancies could
be leveraged to set up more robust cancer biomarkers.

Long non-coding RNA
Long ncRNAs are heterogeneous RNA transcripts longer than
200 nucleotides that are not translated into protein. They
include long-intergenic RNAs (lincRNAs), antisense transcripts
to mRNAs, enhancer RNAs (eRNAs) and RNAs deriving from
transcription of transposable elements [102]. LncRNAs are
involved in different regulatory mechanisms at both tran-
scriptional and post-transcriptional levels, playing key roles
in both physiological and tumorigenic processes [102, 103].
LncRNAs can be post-transcriptionally polyadenylated, spliced
and capped. Additionally, a number of modifications can be
found on lncRNA, including m6A, m5C, m1A, A-to-I editing and �

[104]. Recently, transcriptome-wide mapping of these RNA mod-
ifications allowed an extensive characterization of the lncRNA-
epitranscriptome. Although further investigations are needed to
decipher more specific regulatory roles of lncRNA transcripts,
several studies demonstrated that RNA modifications affect
metabolism, structure, RNA-protein interaction and cellular
sub-localization of different lncRNAs, especially in cancer cells
[105].

m6A is the most characterized modification on lncRNAs
(Figure 2), first identified on the X-Inactive Specific Transcripts
(XIST), the Metastasis Associated Lung Adenocarcinoma Tran-
script 1 (MALAT1) and the HOX Transcript Antisense RNA
(HOTAIR) [3]. A recent study highlighted how m6A modification of
XIST, mediated by METTL3/METTL14, induces its degradation, as
expected from the known effects of this modification on mRNA.
Loss of METTL14 in human colorectal cancers correlates with
high levels of XIST and poor patient survival [106] (Table 2).

The m6A demethylases ALKBH5 activity on lncRNA seems
to have opposite roles in different cancer types. Demethylation
of KCNK15-AS1 [107] leads to increased stability and inhibition
of tumour progression. In contrast, ALKBH5 activity promotes
invasion and metastasis of gastric cancer cells by increasing
NEAT1 stability [108].

While m6A generally decreases the stability of transcripts,
the opposite effect on a specific subset of RNAs was previously
reported [109]. lncRNA RP11 is upregulated by the overexpression
of METTL3 [110], probably through its nuclear retention when
modified. In turn, RP11 stabilizes ZEB1 protein [110], a known
pro-tumorigenic transcription factor [111] (Table 2). In nasopha-
ryngeal cancer, FAM225A is highly modified and acts as a sponge
for the tumour-suppressive miRNAs miR-590-3p and miR-1275
[112]. It is not clear how this increased m6A modification occurs
since alterations of m6A writers and erasers are not reported in
this study.

Beyond the divergent regulation of lncRNAs stability, m6A
modification could also influence the structural conformation
of lncRNA molecules. METTL16 modifies the triple helix struc-
ture of MALAT1, essential for the interaction with its protein
partners [113, 114]. Given that MALAT1 plays a role in key cel-
lular processes (such as alternative splicing and transcriptional
regulation) and its expression is altered in several cancer types,
further investigations may reveal the role of m6A modification of
MALAT1 in cancer cells. Similarly, many m6A sites were identi-
fied on HOTAIR transcripts [3]. Importantly, one of the m6A sites
was shown to regulate HOTAIR recruitment to chromatin and
promote breast cancer cells proliferation [115].
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Similar to other systems, both the biological role and molec-
ular mechanisms mediated by m6A on lncRNA is highly hetero-
geneous and cancer type dependent. Despite showing insight
into the role of m6A in lncRNAs, one major problem with these
studies is that they generally fail to address whether the effect
of m6A modification of lncRNA is indeed responsible for the
observed cancer phenotypes. Considering that m6A can affect
the stability and translation of thousands of coding and non-
coding transcripts, further studies are required to determine the
specific effect of lncRNA modifications.

To date, different transcriptome-wide studies have mapped
novel m5C sites on many lncRNAs [116–120] (Figure 2), including
several involved in cancer. Despite this, the effect of this mod-
ification on lncRNA is still poorly understood. In oesophageal
carcinoma, m5C is highly abundant on NMR lncRNA (also known
as LINC01672), supporting its overexpression and promoting
tumour progression [121] (Table 2). Overexpression of NSUN2
and m5C modification of NMR promote its stability. In turn, NMR
upregulates the transcription of pro-metastatic factors such as
MMP3 and MMP10.

The function and mechanism of � on lncRNA and cancer
progression remain to be elucidated, although many � sites
have been identified on different lncRNA transcripts, including
MALAT1, SRA1 and XIST, [15, 122, 123] (Figure 2). To date, no
specific role of � in these RNAs was found in cancer cells, but
further investigation might provide valuable evidence.

The telomerase RNA component (TERC) possesses highly con-
served � residues within a region essential for telomerase activ-
ity and TERT binding [44]. High expression of TERC, DKC1 and
high levels of � on telomerase RNA correlate with poor prognosis
and malignant progression of lung [44] and prostate cancer [45].
DKC1 overexpression may be required for telomere homeostasis
in these cancer types.

ADAR1-mediated A-to-I editing is widespread on dsAlu tran-
scripts, which originated from transposable elements. Editing is
used as a strategy to prevent interferon response in healthy cells
[124, 125] (Figure 2). This mechanism is exploited by cancer cells,
where the suppression of dsRNA by ADAR1 contributes to blunt
cellular interferon response in cancer cells [126]. Importantly,
Ishizuka and colleagues showed that inhibition of ADAR1 may
be a viable strategy to sensitize melanoma cells to checkpoint
blockade immunotherapy [126] (Table 2). Finally, A-to-I editing on
the lncRNA prostate cancer antigen 3 (PCA3) enhanced its ability
to bind and suppress the PRUNE2 pre-mRNA, thus promoting
cancer cell proliferation, adhesion and migration [127].

Overall, despite increasing evidence that lncRNAs are deco-
rated with a number of modifications, their role in cancer is just
starting to emerge and their clinical relevance is still uncertain.
An important exception is A-to-I editing mediated by ADAR1 and
its effect on dsRNA.

Circular RNAs

Circular RNAs (circRNAs) comprise a large class of ncRNAs orig-
inating by backsplicing events, in which a downstream splice
donor site is covalently linked to an upstream splice acceptor
site [128]. Most circRNAs are expressed from known protein-
coding genes and contain single or multiple exons, some of
which are not included in the corresponding linear transcripts.
Intronic sequences could be retained in the circular transcripts
originating the so-called circular intronic RNAs (ciRNAs) [128].
Recent studies identified several functions of circRNAs in both
physiological and pathological processes. circRNAs can directly
act as miRNA sponge, proteins scaffold or decoy but can also be
translated in a cap-independent manner [129].

Recently, two independent studies mapped m6A modi-
fication to thousands of human circRNA transcripts [130,
131] (Figure 2), picturing a selective methylome on these
molecules with respect to their linear counterparts. Functionally,
METTL3/14-induced m6A recruits the translational initiation
factor eIF4G2 to the start codon of exons contained in circRNAs
and, in turn, promotes their cap-independent translation
[131]. Moreover, m6A-modified circRNAs showed distinct
expression profiles comparing embryonic and cancer cells,
suggesting a specific tumorigenic pattern [130]. Interestingly,
m6A methylation is observed on a number of circRNAs
originating from unmodified coding transcripts [130]. These
results suggest the existence of a specific mechanism controlling
m6A deposition on circRNAs. Furthermore, m6A is required to
direct the backsplicing reaction, as demonstrated for circZNF609
in rhabdomyosarcoma tumours, providing a link between m6A
deposition and circRNA biogenesis [132]. circZNF609 is also
translated in a cap-independent manner and its expression
correlates with the proliferative status of cells, pointing out
its potential role in sustaining rhabdomyosarcoma cell growth,
where proliferation predominates over differentiation [132].

A different function of m6A-modified circRNAs was discov-
ered in colorectal cancer, where the overexpression of circN-
SUN2 was identified in tumour tissues and serum samples from
colorectal carcinoma patients with liver metastasis and pre-
dicts poor patient survival [133]. In this study, m6A modifica-
tion of circNSUN2 modulates its export from the nucleus to the
cytoplasm, enhancing the stability of HMGA2 mRNA by form-
ing a circNSUN2/IGF2BP2/HMGA2 RNA–protein ternary complex
[133]. Finally, it was demonstrated that the m6A modification
marks and signals ‘self’ circRNAs, whereas foreign and exoge-
nous circRNAs are unmodified, triggering both innate and adap-
tive immune responses [134]. This evidence sets the ground
for the inhibition of circRNA m6A modification as a strategy to
trigger immune response to cancer cells.

The investigation of circRNAs epitranscriptomics is still at
a very early stage: given the nature of circRNAs, most of the
common detection methods are unable to detect their modifi-
cations and therefore dedicated epitranscriptomic studies will
be required.

Final remarks

The landscape of ncRNA in eukaryotic cells encompasses a great
variety of subtypes and functions. ncRNAs are involved in all pro-
cesses in living cells, from the most fundamental mechanisms
of protein translation to the fine-tuning of gene expression and
response to signalling and environmental cues. Therefore, it is
not surprising that ncRNAs are implicated in the process of cell
transformation and cancer progression on multiple levels.

RNA modifications add another layer of complexity to the
non-coding transcriptome. They can directly influence the
three-dimensional structure of RNA [19], affect their binding
to proteins and other RNAs or regulate their turnover [11].
ncRNAs such as rRNAs and tRNAs are the most abundantly
modified RNAs in human cells. Despite the dysregulation of
single modifications within these subtypes does not generally
compromise their functionality in normal physiology, it is likely
that rRNA and tRNA modifications are required for fine-tuning
translation. Cancer cells, constantly growing in stress conditions,
may become ‘addicted’ to specific rRNA and tRNA modifications,
specifically the ones regulating translation of key oncogenes and
tumour suppressors.

Modification of miRNAs can affect multiple aspects of their
function. Firstly, their complex post-transcriptional processing
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is prone to be tightly controlled and several modifications act
at this level. Besides processing, modifications of miRNAs can
influence their stability and impact mRNA targeting. In this
way, alteration of miRNA modifications can have a simultaneous
effect on the expression of a large number of coding transcripts.
The case of A-to-I editing is peculiar since multiple reports show
that editing of miR-455 [95] and miR-589-3p [96] can specifically
steer them away from their usual mRNA targets and redirect
them to tumour suppressive transcripts.

Finally, lncRNAs are also subject to extensive modifications,
but the functions of such modifications are still largely
unknown. Importantly, lncRNAs mechanism of action per se is
not generally well understood. Further studies will be required
to elucidate the functional effects of modifications on lncRNAs.

Altogether the reported studies strongly support the central
role of ncRNA epigenetics in cancer. RNA modifiers, being cat-
alytically active enzymes, are ideal candidates as drug targets.
Thus, the development of epitranscriptomic therapeutics will
provide new strategies to modulate ncRNAs involved in cancer.

Key Points

• Chemical modifications of non-coding RNA are abun-
dant and heterogeneous.

• Modifications of transfer RNA and ribosomal RNA
have specific roles in cancer cells.

• Modifications of microRNA control gene expression
programs in cancer.

• Epigenetic regulation of long non-coding RNA directly
controls their functions.

• Enzymes responsible for non-coding RNA modifica-
tions show great therapeutic potential in cancer.

Funding
This work was supported by IIT funding to Azzurra Codino and
Luca Pandolfini.

Conflict of interest
The authors declare no conflict of interest.

References
1. Roundtree IA, Evans ME, Pan T, et al. Dynamic RNA mod-

ifications in gene expression regulation. Cell 2017;169:
1187–1200.

2. Meyer KD, Saletore Y, Zumbo P, et al. Comprehensive anal-
ysis of mRNA methylation reveals enrichment in 3′ UTRs
and near stop codons. Cell 2012;149:1635–1646.

3. Dominissini D, Moshitch-Moshkovitz S, Schwartz S, et al.
Topology of the human and mouse m6A RNA methylomes
revealed by m6A-seq. Nature 2012;485:201–206.

4. Edelheit S, Schwartz S, Mumbach MR, et al. Transcriptome-
wide mapping of 5-methylcytidine RNA modifications in
bacteria, archaea, and yeast reveals m5C within archaeal
mRNAs. PLoS Genet 2013;9:e1003602.

5. Liu J, Yue Y, Han D, et al. A METTL3-METTL14 complex medi-
ates mammalian nuclear RNA N6-adenosine methylation.
Nat Chem Biol 2014;10:93–95.

6. Bohnsack KE, Höbartner C, Bohnsack MT. Eukaryotic 5-
methylcytosine (M 5 C) RNA methyltransferases: mecha-
nisms, cellular functions, and links to disease. Genes (Basel)
2019;10:102.

7. Perry RP, Kelley DE. Existence of methylated messenger
RNA in mouse L cells. Cell 1974;1:37–42.

8. Desrosiers R, Friderici K, Rottman F. Identification of
methylated nucleosides in messenger RNA from Novikoff
hepatoma cells. Proc Natl Acad Sci U S A 1974;71:3971–3975.

9. Tuorto F, Liebers R, Musch T, et al. RNA cytosine methylation
by Dnmt2 and NSun2 promotes tRNA stability and protein
synthesis. Nat Struct Mol Biol 2012;19:900–905.

10. Schaefer M, Pollex T, Hanna K, et al. RNA cytosine methy-
lation analysis by bisulfite sequencing. Nucleic Acids Res
2009;37:e12.

11. Hussain S, Sajini AA, Blanco S, et al. NSun2-mediated
cytosine-5 methylation of vault noncoding RNA deter-
mines its processing into regulatory small RNAs. Cell Rep
2013;4:255–261.

12. Jia G, Fu Y, Zhao X, et al. N6-Methyladenosine in nuclear
RNA is a major substrate of the obesity-associated FTO. Nat
Chem Biol 2011;7:885–887.

13. Zheng G, Dahl JA, Niu Y, et al. ALKBH5 is a mammalian RNA
demethylase that impacts RNA metabolism and mouse
fertility. Mol Cell 2013;49:18–29.

14. Liao S, Sun H, Xu C. YTH domain: a family of N6-
methyladenosine (m6A) readers. Genomics Proteomics Bioin-
formatics 2018;16:99–107.

15. Li X, Zhu P, Ma S, et al. Chemical pulldown reveals dynamic
pseudouridylation of the mammalian transcriptome. Nat
Chem Biol 2015;11:592–597.

16. Saikia M, Fu Y, Pavon-Eternod M, et al. Genome-wide analy-
sis of N1-methyl-adenosine modification in human tRNAs.
RNA 2010;16:1317–1327.

17. Zhou H, Rauch S, Dai Q, et al. Evolution of a reverse tran-
scriptase to map N 1-methyladenosine in human messen-
ger RNA. Nat Methods 2019;16:1281–1288.

18. Zhang L-S, Liu C, Ma H, et al. Transcriptome-wide map-
ping of internal N7-methylguanosine methylome in mam-
malian mRNA. Mol Cell 2019;74:1304–16.e8.

19. Pandolfini L, Barbieri I, Bannister AJ, et al. METTL1 promotes
let-7 MicroRNA processing via m7G methylation. Mol Cell
2019;74:1278–90.e9.

20. Lin S, Liu Q, Lelyveld VS, et al. Mettl1/Wdr4-mediated m 7 G
tRNA Methylome is required for normal mRNA translation
and embryonic stem cell self-renewal and differentiation.
Mol Cell 2018;71:244–55.e5.

21. Nishikura K. A-to-I editing of coding and non-coding RNAs
by ADARs. Nat Rev Mol Cell Biol 2016;17:83–96.

22. Chawla M, Oliva R, Bujnicki JM, et al. An atlas of RNA
base pairs involving modified nucleobases with optimal
geometries and accurate energies. Nucleic Acids Res 2015;43:
6714–6729.

23. Barbieri I, Kouzarides T. Role of RNA modifications in
cancer. Nat Rev Cancer 2020;20:303–322.

24. Boriack-Sjodin PA, Ribich S, Copeland RA. RNA-modifying
proteins as anticancer drug targets. Nat Rev Drug Discov
2018;17:435–453.

25. Baßler J, Hurt E. Eukaryotic ribosome assembly. Annu Rev
Biochem 2019;88:281–306.

26. Sloan KE, Warda AS, Sharma S, et al. Tuning the ribo-
some: the influence of rRNA modification on eukary-
otic ribosome biogenesis and function. RNA Biol 2017;14:
1138–1152.

D
ow

nloaded from
 https://academ

ic.oup.com
/bfg/article/20/2/94/6131979 by dep. Biologia Anim

ale e dell'U
om

o - U
niv. Torino user on 03 July 2024



Non-coding epitranscriptome in cancer 103

27. Kiss-László Z, Henry Y, Bachellerie JP, et al. Site-specific
ribose methylation of preribosomal RNA: a novel function
for small nucleolar RNAs. Cell 1996;85:1077–1088.

28. Tollervey D, Lehtonen H, Jansen R, et al. Temperature-
sensitive mutations demonstrate roles for yeast fibrillarin
in pre-rRNA processing, pre-rRNA methylation, and ribo-
some assembly. Cell 1993;72:443–457.

29. Kufel J, Grzechnik P. Small nucleolar RNAs tell a different
tale. Trends Genet 2019;35:104–117.

30. Marcel V, Ghayad SE, Belin S, et al. P53 acts as a safeguard
of translational control by regulating Fibrillarin and rRNA
methylation in cancer. Cancer Cell 2013;24:318–330.

31. Basu A, Das P, Chaudhuri S, et al. Requirement of rRNA
methylation for 80S ribosome assembly on a cohort of
cellular internal ribosome entry sites. Mol Cell Biol 2011;31:
4482–4499.

32. Su H, Xu T, Ganapathy S, et al. Elevated snoRNA biogenesis
is essential in breast cancer. Oncogene 2014;33:1348–1358.

33. Zhou F, Liu Y, Rohde C, et al. AML1-ETO requires enhanced
C/D box snoRNA/RNP formation to induce self-renewal and
leukaemia. Nat Cell Biol 2017;19:844–855.

34. Siprashvili Z, Webster DE, Johnston D, et al. The noncoding
RNAs SNORD50A and SNORD50B bind K-Ras and are recur-
rently deleted in human cancer. Nat Genet 2015;48:53–58.

35. Pacilli A, Ceccarelli C, Treré D, et al. SnoRNA U50 levels are
regulated by cell proliferation and rRNA transcription. Int J
Mol Sci 2013;14:14923–14935.

36. Dong XY, Rodriguez C, Guo P, et al. SnoRNA U50 is a can-
didate tumor-suppressor gene at 6q14.3 with a mutation
associated with clinically significant prostate cancer. Hum
Mol Genet 2008;17:1031–1042.

37. Dong XY, Guo P, Boyd J, et al. Implication of snoRNA U50 in
human breast cancer. J Genet Genomics 2009;36:447–454.

38. Tanaka R, Satoh H, Moriyama M, et al. Intronic U50
small-nucleolar-RNA (snoRNA) host gene of no protein-
coding potential is mapped at the chromosome breakpoint
t(3;6)(q27;q15) of human B- cell lymphoma. Genes Cells
2000;5:277–287.

39. Taoka M, Nobe Y, Yamaki Y, et al. Landscape of the complete
RNA chemical modifications in the human 80S ribosome.
Nucleic Acids Res 2018;46:9289–9298.

40. Penzo M, Montanaro L. Turning uridines around: role of
rRNA pseudouridylation in ribosome biogenesis and ribo-
somal function. Biomolecules 2018;8:38.

41. Heiss NS, Knight SW, Vulliamy TJ, et al. X-linked dysker-
atosis congenita is caused by mutations in a highly con-
served gene with putative nucleolar functions. Nat Genet
1998;19:32–38.

42. Ruggero D, Grisendi S, Piazza F, et al. Dyskeratosis Con-
genita and cancer in mice deficient in ribosomal RNA
modification. Science (80) 2003;299:259–262.

43. Bellodi C, Krasnykh O, Haynes N, et al. Loss of function
of the tumor suppressor DKC1 perturbs p27 translation
control and contributes to pituitary tumorigenesis. Cancer
Res 2010;70:6026–6035.

44. Penzo M, Ludovini V, Trerè D, et al. Dyskerin and TERC
expression may condition survival in lung cancer patients.
Oncotarget 2015;6:21755–21760.

45. Sieron P, Hader C, Hatina J, et al. DKC1 overexpression
associated with prostate cancer progression. Br J Cancer
2009;101:1410–1416.

46. Babaian A, Rothe K, Girodat D, et al. Loss of m1acp3�

ribosomal RNA modification is a major feature of cancer.
Cell Rep 2020;31:107611.

47. Ma H, Wang X, Cai J, et al. N6-Methyladenosine methyl-
transferase ZCCHC4 mediates ribosomal RNA methylation.
Nat Chem Biol 2019;15:88–94.

48. Van Tran N, Ernst FGM, Hawley BR, et al. The human
18S rRNA m6A methyltransferase METTL5 is stabilized by
TRMT112. Nucleic Acids Res 2019;47:7719–7733.

49. Bantis A, Giannopoulos A, Gonidi M, et al. Expression
of p120, Ki-67 and PCNA as proliferation biomarkers in
imprint smears of prostate carcinoma and their prognostic
value. Cytopathology 2004;15:25–31.

50. Saijo Y, Sato G, Usui K, et al. Expression of nucleolar protein
p120 predicts poor prognosis in patients with stage I lung
adenocarcinoma. Ann Oncol 2001;12:1121–1125.

51. Janin M, Ortiz-Barahona V, de Moura MC, et al. Epigenetic
loss of RNA-methyltransferase NSUN5 in glioma targets
ribosomes to drive a stress adaptive translational program.
Acta Neuropathol 2019;138:1053–1074.

52. Pan T. Modifications and functional genomics of human
transfer RNA. Cell Res 2018;28:395–404.

53. Huang SQ, Sun B, Xiong ZP, et al. The dysregulation of tRNAs
and tRNA derivatives in cancer. J Exp Clin Cancer Res 2018;37.

54. Khattar E, Kumar P, Liu CY, et al. Telomerase reverse tran-
scriptase promotes cancer cell proliferation by augmenting
tRNA expression. J Clin Invest 2016;126:4045–4060.

55. Takaku H, Minagawa A, Takagi M, et al. A novel 4-base-
recognizing RNA cutter that can remove the single 3’ ter-
minal nucleotides from RNA molecules. Nucleic Acids Res
2004;32:e91.

56. Yamasaki S, Ivanov P, Hu GF, et al. Angiogenin cleaves tRNA
and promotes stress-induced translational repression. J Cell
Biol 2009;185:35–42.

57. Lee YS, Shibata Y, Malhotra A, et al. A novel class of
small RNAs: tRNA-derived RNA fragments (tRFs). Genes Dev
2009;23:2639–2649.

58. Balatti V, Nigita G, Veneziano D, et al. tsRNA signatures in
cancer. Proc Natl Acad Sci U S A 2017;114:8071–8076.

59. Rapino F, Delaunay S, Zhou Z, et al. tRNA modification: is
cancer having a wobble? Trends Cancer 2017;3:249–252.

60. Deng W, Babu IR, Su D, et al. Trm9-catalyzed tRNA modifi-
cations regulate global protein expression by codon-biased
translation. PLoS Genet 2015;11:e1005706.

61. Rapino F, Delaunay S, Rambow F, et al. Codon-specific
translation reprogramming promotes resistance to tar-
geted therapy. Nature 2018;558:605–609.

62. Subbiah V, Baik C, Kirkwood JM. Clinical development of
BRAF plus MEK inhibitor combinations. Trends in Cancer
2020;6:797–810.

63. Delaunay S, Rapino F, Tharun L, et al. Elp3 links tRNA mod-
ification to IRES-dependent translation of LEF1 to sustain
metastasis in breast cancer. J Exp Med 2016;213:2503–2523.

64. Ladang A, Rapino F, Heukamp LC, et al. Elp3 drives Wnt-
dependent tumor initiation and regeneration in the intes-
tine. J Exp Med 2015;212:2057–2075.

65. Brzezicha B, Schmidt M, Makałowska I, et al. Identifica-
tion of human tRNA: m5C methyltransferase catalysing
intron-dependent m5C formation in the first position of
the anticodon of the pre-tRNA(CAA)Leu. Nucleic Acids Res
2006;34:6034–6043.

66. Goll MG, Kirpekar F, Maggert KA, et al. Methylation of
tRNAAsp by the DNA methyltransferase homolog Dnmt2.
Science (80-) 2006;311:395–398.

67. Haag S, Warda AS, Kretschmer J, et al. NSUN6 is a human
RNA methyltransferase that catalyzes formation of m5C72
in specific tRNAs. RNA 2015;21:1532–1543.

D
ow

nloaded from
 https://academ

ic.oup.com
/bfg/article/20/2/94/6131979 by dep. Biologia Anim

ale e dell'U
om

o - U
niv. Torino user on 03 July 2024



104 Miano et al.

68. Schaefer M, Pollex T, Hanna K, et al. RNA methylation
by Dnmt2 protects transfer RNAs against stress-induced
cleavage. Genes Dev 2010;24:1590–1595.

69. Frye M, Watt FM. The RNA methyltransferase Misu (NSun2)
mediates Myc-induced proliferation and is upregulated in
Tumors. Curr Biol 2006;16:971–981.

70. Alexandrov A, Martzen MR, Phizicky EM. Two proteins
that form a complex are required for 7-methylguanosine
modification of yeast tRNA. RNA 2002;8:1253–1266.

71. Tian Q-HH, Zhang M-FF, Zeng J-SS, et al. METTL1 overex-
pression is correlated with poor prognosis and promotes
hepatocellular carcinoma via PTEN. J Mol Med 2019;97:
1535–1545.

72. Ping Y, Deng Y, Wang L, et al. Identifying core gene
modules in glioblastoma based on multilayer factor-
mediated dysfunctional regulatory networks through inte-
grating multi-dimensional genomic data. Nucleic Acids Res
2015;43:1997–2007.

73. Okamoto M, Fujiwara M, Hori M, et al. tRNA modifying
enzymes, NSUN2 and METTL1, determine sensitivity to
5-fluorouracil in HeLa cells. PLoS Genet 2014;10:e1004639.

74. Xu L, Liu X, Sheng N, et al. Three distinct 3-methylcytidine
(m3C) methyltransferases modify tRNA and mRNA in mice
and humans. J Biol Chem 2017;292:14695–14703.

75. Rubio MAT, Gaston KW, McKenney KM, et al. Editing and
methylation at a single site by functionally interdependent
activities. Nature 2017;542:494–497.

76. Ignatova VV, Kaiser S, JSY H, et al. METTL6 is a tRNA m3C
methyltransferase that regulates pluripotency and tumor
cell growth. Sci Adv 2020;6:eaaz4551.

77. Bartel DP. Metazoan MicroRNAs. Cell 2018;173:20–51.
78. Lee M, Kim B, Kim VN. Emerging roles of RNA modification:

M6A and U-tail. Cell 2014;158:980–987.
79. Balzeau J, Menezes MR, Cao S, et al. The LIN28/let-7 pathway

in cancer. Front Genet 2017;8:31.
80. Heo I, Joo C, Cho J, et al. Lin28 mediates the terminal

Uridylation of let-7 precursor MicroRNA. Mol Cell 2008;32:
276–284.

81. Hagan JP, Piskounova E, Gregory RI. Lin28 recruits the
TUTase Zcchc11 to inhibit let-7 maturation in mouse
embryonic stem cells. Nat Struct Mol Biol 2009;16:1021–1025.

82. Thornton JE, Chang H-M, Piskounova E, et al. Lin28-
mediated control of let-7 microRNA expression by alter-
native TUTases Zcchc11 (TUT4) and Zcchc6 (TUT7). RNA
2012;18:1875–1885.

83. Cai WY, Wei TZ, Luo QC, et al. The wnt-β-catenin pathway
represses let-7 microrna expression through transactiva-
tion of Lin28 to augment breast cancer stem cell expansion.
J Cell Sci 2013;126:2877–2889.

84. Alajez NM, Shi W, Wong D, et al. Lin28b promotes head
and neck cancer progression via modulation of the insulin-
like growth factor survival pathway. Oncotarget 2012;3:
1641–1652.

85. Zhu D, Lou Y, He Z, et al. Nucleotidyl transferase TUT1
inhibits lipogenesis in osteosarcoma cells through reg-
ulation of microRNA-24 and microRNA-29a. Tumor Biol
2014;35:11829–11835.

86. Heo I, Ha M, Lim J, et al. Mono-uridylation of pre-MicroRNA
as a key step in the biogenesis of group II let-7 MicroRNAs.
Cell 2012;151:521–532.

87. Alarcón CR, Lee H, Goodarzi H, et al. N6-methyladenosine
marks primary microRNAs for processing. Nature 2015;
519:482–485.

88. Ma J, Yang F, Zhou C, et al. METTL14 suppresses the
metastatic potential of hepatocellular carcinoma by modu-
lating N6-methyladenosine-dependent primary MicroRNA
processing. Hepatology 2017;65:529–543.

89. Konno M, Koseki J, Asai A, et al. Distinct methylation lev-
els of mature microRNAs in gastrointestinal cancers. Nat
Commun 2019;10.

90. Enroth C, Poulsen LD, Iversen S, et al. Detection of inter-
nal N7-methylguanosine (m7G) RNA modifications by
mutational profiling sequencing. Nucleic Acids Res 2019;47:
e126.

91. Cheray M, Etcheverry A, Jacques C, et al. Cytosine methy-
lation of mature microRNAs inhibits their functions and
is associated with poor prognosis in glioblastoma multi-
forme. Mol Cancer 2020;19:36.

92. Kung C-P, Maggi LB, Weber JD. The role of RNA edit-
ing in cancer development and metabolic disorders. Front
Endocrinol (Lausanne) 2018;9:762.

93. Zipeto MA, Court AC, Sadarangani A, et al. ADAR1 activation
drives Leukemia stem cell self-renewal by impairing Let-7
biogenesis. Cell Stem Cell 2016;19:177–191.

94. Velazquez-Torres G, Shoshan E, Ivan C, et al. A-to-
I miR-378a-3p editing can prevent melanoma progres-
sion via regulation of PARVA expression. Nat Commun
2018;9.

95. Shoshan E, Mobley AK, Braeuer RR, et al. Reduced
adenosine-to-inosine miR-455-5p editing promotes
melanoma growth and metastasis. Nat Cell Biol 2015;17:
311–321.

96. Cesarini V, Silvestris DA, Tassinari V, et al. ADAR2/miR-
589-3p axis controls glioblastoma cell migration/invasion.
Nucleic Acids Res 2018;46:2045–2059.

97. Tomaselli S, Galeano F, Alon S, et al. Modulation of
microRNA editing, expression and processing by ADAR2
deaminase in glioblastoma. Genome Biol 2015;16:5.

98. Xhemalce B, Robson SC, Kouzarides T. Human RNA methyl-
transferase BCDIN3D regulates MicroRNA processing. Cell
2012;151:278–288.

99. Martinez A, Yamashita S, Nagaike T, et al. Human
BCDIN3D monomethylates cytoplasmic histidine transfer
RNA. Nucleic Acids Res 2017;45:gkx051.

100. Reinsborough CW, Ipas H, Abell NS, et al. BCDIN3D
regulates tRNAHis 3’ fragment processing. PLoS Genet
2019;15:e1008273.

101. Liang H, Jiao Z, Rong W, et al. 3’-terminal 2’-O-methylation
of lung cancer miR-21-5p enhances its stability and
association with Argonaute 2. Nucleic Acids Res 2020;48:
7027–7040.

102. Yao R-W, Wang Y, Chen L-L. Cellular functions of long
noncoding RNAs. Nat Cell Biol 2019;21:542–551.

103. Carlevaro-Fita J, Lanzós A, Feuerbach L, et al. Cancer
LncRNA census reveals evidence for deep functional con-
servation of long noncoding RNAs in tumorigenesis. Com-
mun Biol 2020;3:1–16.

104. Esteller M, Pandolfi PP. The epitranscriptome of noncoding
RNAs in cancer. Cancer Discov 2017;7:359–368.

105. Yang X, Liu M, Li M, et al. Epigenetic modulations of noncod-
ing RNA: a novel dimension of cancer biology. Mol Cancer
2020;19:1–12.

106. Yang X, Zhang S, He C, et al. METTL14 suppresses pro-
liferation and metastasis of colorectal cancer by down-
regulating oncogenic long non-coding RNA XIST. Mol Cancer
2020;19:46.

D
ow

nloaded from
 https://academ

ic.oup.com
/bfg/article/20/2/94/6131979 by dep. Biologia Anim

ale e dell'U
om

o - U
niv. Torino user on 03 July 2024



Non-coding epitranscriptome in cancer 105

107. He Y, Hu H, Wang Y, et al. ALKBH5 inhibits pancreatic cancer
motility by decreasing long non-coding RNA KCNK15-AS1
methylation. Cell Physiol Biochem 2018;48:838–846.

108. Zhang J, Guo S, yan Piao H, et al. ALKBH5 promotes invasion
and metastasis of gastric cancer by decreasing methylation
of the lncRNA NEAT1. J Physiol Biochem 2019;75:379–389.

109. Boo SH, Kim YK. The emerging role of RNA modifications
in the regulation of mRNA stability. Exp Mol Med 2020;52:
400–408.

110. Wu Y, Yang X, Chen Z, et al. M 6 A-induced lncRNA RP11
triggers the dissemination of colorectal cancer cells via
upregulation of Zeb1. Mol. Cancer 2019;18:87.

111. Lindner P, Paul S, Eckstein M, et al. EMT transcription factor
ZEB1 alters the epigenetic landscape of colorectal cancer
cells. Cell Death Dis 2020;11:1–13.

112. Zheng ZQ, Li ZX, Zhou GQ, et al. Long noncoding RNA
FAM225A promotes nasopharyngeal carcinoma tumorige-
nesis and metastasis by acting as ceRNA to sponge miR-
590-3p/miR-1275 and upregulate ITGB3. Cancer Res 2019;
79:4612–4626.

113. Brown JA, Kinzig CG, Degregorio SJ, et al. Methyltransferase-
like protein 16 binds the 3’-terminal triple helix of MALAT1
long noncoding RNA. Proc Natl Acad Sci U S A 2016;113:
14013–14018.

114. Liu N, Dai Q, Zheng G, et al. N6 -methyladenosine-
dependent RNA structural switches regulate RNA-protein
interactions. Nature 2015;518:560–564.

115. Porman AM, Roberts JT, Chrupcala M. A single N6-
methyladenosine site in lncRNA HOTAIR regulates its func-
tion in breast cancer cells. bioRxiv 2020;1:2020.06.08.140954.

116. Yang X, Yang Y, Sun BF, et al. 5-methylcytosine pro-
motes mRNA export-NSUN2 as the methyltransferase and
ALYREF as an m 5 C reader. Cell Res 2017;27:606–625.

117. Squires JE, Patel HR, Nousch M, et al. Widespread occurrence
of 5-methylcytosine in human coding and non-coding RNA.
Nucleic Acids Res 2012;40:5023–5033.

118. Amort T, Soulière MF, Wille A, et al. Long non-coding
RNAs as targets for cytosine methylation. RNA Biol 2013;10:
1002–1008.

119. Khoddami V, Yerra A, Mosbruger TL, et al. Transcriptome-
wide profiling of multiple RNA modifications simultane-
ously at single-base resolution. Proc Natl Acad Sci U S A
2019;116:6784–6789.

120. Hussain S, Aleksic J, Blanco S, et al. Characterizing
5-methylcytosine in the mammalian epitranscriptome.
Genome Biol 2013;14:215.

121. Li Y, Li J, Luo M, et al. Novel long noncoding RNA
NMR promotes tumor progression via NSUN2 and BPTF
in esophageal squamous cell carcinoma. Cancer Lett
2018;430:57–66.

122. Schwartz S, Bernstein DA, Mumbach MR, et al.
Transcriptome-wide mapping reveals widespread
dynamic-regulated Pseudouridylation of ncRNA and
mRNA. Cell 2014;159:148–162.

123. Carlile TM, Rojas-Duran MF, Zinshteyn B, et al.
Pseudouridine profiling reveals regulated mRNA pseu-
douridylation in yeast and human cells. Nature 2014;515:
143–146.

124. Herbert A. ADAR and immune silencing in cancer. Trends
Cancer 2019;5:272–282.

125. Chung H, Calis JJA, Wu X, et al. Human ADAR1 prevents
endogenous RNA from triggering translational shutdown.
Cell 2018;172:811–24.e14.

126. Ishizuka JJ, Manguso RT, Cheruiyot CK, et al. Loss of ADAR1
in tumours overcomes resistance to immune checkpoint
blockade. Nature 2019;565:43–48.

127. Salameh A, Lee AK, Cardó-Vila M, et al. PRUNE2 is
a human prostate cancer suppressor regulated by the
intronic long noncoding RNA PCA3. Proc Natl Acad Sci U S
A 2015;112:8403–8408.

128. Kristensen LS, Andersen MS, Stagsted LVW, et al. The bio-
genesis, biology and characterization of circular RNAs. Nat
Rev Genet 2019;20:675–691.

129. Liu J, Zhang X, Yan M, et al. Emerging role of circular RNAs
in cancer. Front Oncol 2020;10:663.

130. Zhou C, Molinie B, Daneshvar K, et al. Genome-wide maps of
m6A circRNAs identify widespread and cell-type-specific
methylation patterns that are distinct from mRNAs. Cell Rep
2017;20:2262–2276.

131. Yang Y, Fan X, Mao M, et al. Extensive translation of circu-
lar RNAs driven by N6-methyladenosine. Cell Res 2017;27:
626–641.

132. Di Timoteo G, Dattilo D, Centrón-Broco A, et al. Modula-
tion of circRNA metabolism by m6A modification. Cell Rep
2020;31.

133. Chen RX, Chen X, Xia LP, et al. N 6-methyladenosine mod-
ification of circNSUN2 facilitates cytoplasmic export and
stabilizes HMGA2 to promote colorectal liver metastasis.
Nat Commun 2019;10.

134. Chen YG, Chen R, Ahmad S, et al. N6-Methyladenosine
Modification Controls Circular RNA Immunity. Mol. Cell
2019;76:96–109.e9

D
ow

nloaded from
 https://academ

ic.oup.com
/bfg/article/20/2/94/6131979 by dep. Biologia Anim

ale e dell'U
om

o - U
niv. Torino user on 03 July 2024


	The non-coding epitranscriptome in cancer
	Introduction
	Long non-coding RNA
	Funding
	Conflict of interest


