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Abstract: Although a plethora of DNA modifications have been extensively
investigated in the last decade, recent breakthroughs in molecular biology, including
high throughput sequencing techniques, have enabled the identification of post-
transcriptional marks that decorate RNAs; hence, epitranscriptomics has arisen. This
recent scientific field aims to decode the regulatory layer of the transcriptome and set
the ground for the detection of modifications in ribose nucleotides. Until now, more
than 170 RNA modifications have been reported in diverse types of RNA that
contribute to various biological processes, such as RNA biogenesis, stability, and
transcriptional and translational accuracy. However, dysfunctions in the RNA-
modifying enzymes that regulate their dynamic level can lead to human diseases and
cancer. The present review aims to highlight the epitranscriptomic landscape in
human RNAs and match the catalytic proteins with the deposition or deletion of a
specific mark. In the current review, the most abundant RNA modifications, such as
N6-methyladenosine (mfA), N5-methylcytosine (m°C), pseudouridine (W) and
inosine (I), are thoroughly described, their functional and regulatory roles are
discussed and their contributions to cellular homeostasis are stated. Ultimately, the
involvement of the RNA modifications and their writers, erasers, and readers in
human diseases and cancer is also discussed.
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Supplementary Table S1. Identified RNA modifications in different types of RNA from different
organisms, based on the Modomics database.

Abbreviations Full Name Confirmed RNA type
ac’A Né6-acetyladenosine tRNA
. . mRNA, rRNA, snRNA, snoRNA,
Am 2'-O-methyladenosine RNA
Ar(p) 2'-O-ribosyladenosine (phosphate) tRNA
ctA cyclic N6-threonylcarbamoyladenosine tRNA
foA Neé6-formyladenosine mRNA
goA Né6-glycinylcarbamoyladenosine tRNA
hm°A Né6-hydroxymethyladenosine mRNA
hntA Né6-hydroxynorvalylcarbamoyladenosine tRNA
hteA hydroxy-Né6-threonylcarbamoyladenosine tRNA
I Inosine mRNA, miRNA, tRNA
i°A Né-isopentenyladenosine tRNA
Im 2'-O-methylinosine mRNA, tRNA
i0°A N6-(cis-hydroxyisopentenyl) adenosine tRNA
m!A 1-methyladenosine mRNA, IncRNA, rRNA, tRNA
m!Am 1,2'-O-dimethyladenosine rRNA, tRNA
m'l 1-methylinosine tRNA
milm 1,2'-O-dimethylinosine tRNA
m28A 2,8-dimethyladenosine rRNA
m2A 2-methyladenosine rRNA, tRNA
mb,6A N6, N6-dimethyladenosine rRNA
mé,5Am N6,N6,2'-O-trimethyladenosine rRNA
, mRNA, miRNA, IncRNA, rRNA,
meA N6-methyladenosine snRNA, tRNA
méAm N6,2'-O-dimethyladenosine snRNA
mOteA N6-methyl-N6-threonylcarbamoyladenosine tRNA
méA 8-methyladenosine rRNA
ms2ctoA 2-methylthio cyclic N6-threonylcarbamoyladenosine tRNA
ms?hn®A 2-methylthio-N6-hydroxynorvalylcarbamoyladenosine tRNA
ms2ifA 2-methylthio-N6-isopentenyladenosine tRNA
ms2ioSA 2-methylthio-N6-(cis-hydroxyisopentenyl) adenosine tRNA
ms?meA 2-methylthio-N6-methyladenosine tRNA
ms2teA 2-methylthio-N6-threonylcarbamoyladenosine tRNA
msms2i®A 2- methylthiomethylenethio-N6-isopentenyl-adenosine tRNA
PA adenosine-5'-monophosphate
pA2'3'cp adenosine-5'-phosphate-2',3'-cyclic phosphate
pactA Né6-acetyladenosine-5'-monophospate
PAmM 2'-O-methyladenosine 5'-(dihydrogen phosphate)
PApP adenosine-3',5'-diphosphate

pAr(p)

2'-O-[(5'-phospho)ribosyl]adenosine-5'-monophosphate
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pcttA cyclic N6-threonylcarbamoyladenosine-5'-monophosphate
pfeA Né6-formyladenosine-5'-monophospate
pgeA Né6-glycinylcarbamoyladenosine-5'-monophosphate
phmeA N6-hydroxymethyladenosine-5'-monophosphate
phntA N6-hydroxynorvalylcarbamoyladenosine-5'-monophosphate
phttA hydroxy-N6-threonylcarbamoyladenosine-5'-monophosphate
pl inosine-5'-monophosphate
pitA Né-isopentenyl-adenosine-5'-monophosphate
plm 2'-O-methylinosine-5'-monophosphate
piotA N6-(cis-hydroxyisopentenyl)adenosine-5'-monophospate
pmlA 6-hydro-1-methyladenosine-5'-monophosphate
pm!'Am 1,2'-O-dimethyladenosine-5'-monophosphate
pmI 1-methylinosine-5'-monophosphate
pmim 1,2'-O-dimethylinosine-5'-monophosphate
pm28A 2,8-dimethyladenosine-5'-monophosphate
pm2A 2-methyladenosine-5'-monophosphate
pmS,cA 6N-dimethyladenosine-5'-monophosphate
pméSAm N6,N6,2'-O-trimethyladenosine-5'-monophospate
pmeA N6-methyladenosine-5'-monophosphate
pméAm N6,2'-O-dimethyladenosine-5'-monophospate
pmoteA N6-methyl-N6-threonylcarbamoyladenosine-5'-monophosphate
pmsA 8-methyladenosine-5'-monophosphate
Y 2-methylthio cyclic N6-threonylcarbamoyladenosine-5'-
monophosphate
pmshroA 2-methylthio-N6-hydroxynorvalylcarbamoyladenosine-5'-
monophosphate
pmsZicA 2-methylthio-N6-isopentenyl-adenosine-5'-monophosphate
pmsiosA 2-methylthio-N6-(cis-hydroxyisopentenyl) adenosine-5'-
monophosphate
pms2meA 2-methylthio-N6-methyladenosine-5'-monophosphate
T 2-methylthio-N6-threonylcarbamoyladenosine-5'-
monophosphate
——— 2- methylthiomethylenethio-N6-isopentenyl-adenosine-5'-
monophosphate
PPPA adenosine-5'-triphosphate
pteA Né6-threonylcarbamoyladenosine-5'-monophosphate
t°A N6-threonylcarbamoyladenosine tRNA
XA unknown modified adenosine rRNA, tRNA
acC N4-acetylcytidine mRNA, rRNA, tRNA
ac*Cm N4-acetyl-2'-O-methylcytidine
C+ agmatidine tRNA
Cm 2'-O-methylcytidine mRNA, rRNA, snRNA, tRNA
5C 5-formylcytidine tRNA
f5Cm 5-formyl-2'-O-methylcytidine tRNA

hm>C 5-hydroxymethylcytidine mRNA, rRNA, tRNA
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hm>Cm
hosC
k2C
m3C
m4,4C
m44Cm
m*C

m4Cm
m5C

m5Cm

paciC

paciCm

pC+
pC2'3'cp

pfsC
pfiCm
phmsC
phm°Cm
pho>C
pkaC
pm3C

pm*4C

pm*:Cm
pm*C
pm*Cm
pm>C
pm*Cm
ps?C
s?C
xC

galQ
gluQ

Gr(p)
imG
imG-14
imG2

2'-O-methyl-5-hydroxymethylcytidine
5-hydroxycytidine
2-lysidine
3-methylcytidine
N4, N4-dimethylcytidine
N4, N4,2'-O-trimethylcytidine

N4-methylcytidine

N4,2'-O-dimethylcytidine

5-methylcytidine

5,2'-O-dimethylcytidine
N(4)-acetylcytidine-5'-monophosphate

[(2~{R},3~{R},4~{R},5~{R})-5-(4-acetamido-2-oxidanylidene-
pyrimidin-1-yl)-4-methoxy-3-oxidanyl-oxolan-2-ylJmethyl

dihydrogen phosphate
cytidine-5'-monophosphate
agmatidine-5'-monophosphate

cytidine-5'-phosphate-2',3'-cyclic phosphate

O2'-methylcytidine-5'-monophosphate

5-formylcytidine 5'-(dihydrogen phosphate)
5-formyl-2'-O-methylcytidine-5'-monophosphate
5-(hydroxymethyl)cytidine 5'-(dihydrogen phosphate)
2'-O-methyl-5-hydroxymethylcytidine-5'-monophosphate

5-hydroxycytidine-5'-monophosphate
2-lysidine-5'-monophosphate
3-Methylcytidine- 5'-monophosphate

[(2~{R},3~{S},4~{R},5~{R})-5-[4-(dimethylamino)-2-oxidanylidene-
pyrimidin-1-yl]-3,4-bis(oxidanyl)oxolan-2-yl]methyl dihydrogen

phosphate

N4,N4,2'-O-trimethylcytidine-5'-monophospate

4-methyl, cytidine-5'-monophosphate

4N,02'-methylcytidine-5'-monophosphate

5-methylcytidine-5'-monophosphate

5,2'-O-dimethylcytidine-5-monophosphate

2-thiocytidine-5'-monophosphate
2-thiocytidine
unknown modified cytidine
archaeosine
galactosyl-queuosine
glutamyl-queuosine
2'-O-methylguanosine
2'-O-ribosylguanosine (phosphate)
wyosine
4-demethylwyosine
isowyosine

snRNA, tRNA
rRNA
tRNA
tRNA

rRNA
rRNA
mRNA, miRNA, IncRNA, rRNA,
snRNA, snoRNA, tRNA
mRNA, rRNA, tRNA

tRNA
rRNA, tRNA
tRNA
tRNA
tRNA
mRNA, rRNA, snRNA, tRNA

tRNA




E International Journal of m\D\Py

Molecular Sciences
m!'G 1-methylguanosine mRNA, rRNA, tRNA
m!Gm 1,2'-O-dimethylguanosine
m227°G N2,N2,7-trimethylguanosine
m2,2G N2,N2-dimethylguanosine mRNA, rRNA, tRNA
m2,2Gm N2,N2,2'-O-trimethylguanosine
m?’G N2,7-dimethylguanosine
m2’Gm N2,7,2'-O-trimethylguanosine
m?G N2-methylguanosine rRNA, snRNA, tRNA
m?Gm N2,2'-O-dimethylguanosine
m’G 7-methylguanosine mRNA, miRNA, rRNA, tRNA
manQ mannosyl-queuosine tRNA
mimG methylwyosine
02yW peroxywybutosine tRNA
OHyW hydroxywybutosine
OHyWx undermodified hydroxywybutosine
OHyWy methylated undermodified hydroxywybutosine
0Q epoxyqueuosine
pG guanosine-5'-monophosphate
pG+ archaeosine-5'-monophosphate
pG2'3'cp guanoside-5'-phosphate-2',3'-cyclic phosphate
pgalQ galactosyl-queuosine-5'-monophosphate
pgluQ glutamyl-queuosine-5'-monophosphate
pGm O2'-methylguanosine-5'-monophosphate
pGp guanosine-3',5'-diphosphate
pGr(p) 2'-O-ribosylguanosine (phosphate)-5'-monophosphate
pimG wyosine-5'-monophospate

pimG-14 4-demethylwyosine-5'-monophosphate
isowyosine-5'-monophosphate

pimG2
pm'G 1N-methylguanosine-5'-monophosphate
pm!Gm 1,2'-O-dimethylguanosine-5'-monophosphate
pm227°G N2,N2,7-trimethylguanosine-5'-monophosphate
pm22G N2-dimethylguanosine-5'-monophosphate
pm?2Gm N2,N2,2'-O-trimethylguanosine-5'-monophospate
pm?’G N2,7-dimethylguanosine-5'-monophosphate
pmz’Gm N2,7,2'-O-trimethylguanosine-5'-monophosphate
pm?G 2N-methylguanosine-5'-monophosphate
pm2Gm N2,2'-O-dimethylguanosine-5'-monophospate
pm’G 7N-methyl-8-hydroguanosine-5'-monophosphate
pmanQ mannosyl-queuosine-5'-monophosphate
pmimG methylwyosine-5'-monophosphate
pOHyW hydroxywybutosine-5'-monophosphate
pOHyWx undermodified hydroxywybutosine-5'-monophospate

thylated und dified hyd tosine-5'-
pOHyWy methylated un erriln(?n ; IE };1 roxywybutosine-5
phosphate
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poQ epoxyqueuosine-5'-monophosphate
ppG guanosine-5'-diphosphate
pppG guanosine-5'-triphosphate
ppreQ0 7-cyano-7-deazaguanosine-5'-monophosphate
ppreQ1 7-aminomethyl-7-deazaguanosine-5'-monophosphate
pQ queuosine-5'-monophospate
preQO 7-cyano-7-deazaguanosine
preQO0base 7-cyano-7-carbaguanine
preQ1 7-aminomethyl-7-deazaguanosine
preQlbase 7-aminomethyl-7-carbaguanine
pyW wybutosine-5'-monophosphate
pyW-58 7-aminocarboxypropylwyosine methyl ester-5'-monophosphate
pyW-72 7-aminocarboxypropylwyosine-5'-monophosphate
pyW-86 7-aminocarboxypropyl-demethylwyosine-5'-monophosphate
Q queuosine
Qbase queuine
xG unknown modified guanosine
yWw wybutosine
yW-58 7-aminocarboxypropylwyosine methyl ester
yW-72 7-aminocarboxypropylwyosine
yW-86 7-aminocarboxypropyl-demethylwyosine
acp®D 3-(3-amino-3-carboxypropyl)-5,6-dihydrouridine
acp’U 3-(3-amino-3-carboxypropyl)uridine
acp’W 3-(3-amino-3-carboxypropyl)pseudouridine
chm®U 5-carboxyhydroxymethyluridine
cm’®s?U 5-carboxymethyl-2-thiouridine
cm®U 5-carboxymethyluridine
cmnm®ges?U 5-carboxymethylaminomethyl-2-geranylthiouridine
cmnm®s?U 5-carboxymethylaminomethyl-2-thiouridine
cmnm?®se?U 5-carboxymethylaminomethyl-2-selenouridine
cmnm®U 5-carboxymethylaminomethyluridine
cmnm®Um 5-carboxymethylaminomethyl-2'-O-methyluridine
cmo®U uridine 5-oxyacetic acid
cnmSU 5-cyanomethyluridine
D dihydrouridine
ges?U 2-geranylthiouridine
hosU 5-hydroxyuridine
inm5s2U 5-(isopentenylaminomethyl)-2-thiouridine
inm°U 5-(isopentenylaminomethyl)uridine
inm°Um 5-(isopentenylaminomethyl)-2'-O-methyluridine
mlacp3W 1-methyl-3-(3-amino-3-carboxypropyl)pseudouridine
m!'W¥ 1-methylpseudouridine
m3U 3-methyluridine
m3Um 3,2'-O-dimethyluridine

tRNA

tRNA

rRNA, tRNA
rRNA, tRNA

tRNA
rRNA, tRNA

tRNA
tRNA

tRNA
tRNA
tRNA

rRNA, tRNA

rRNA
rRNA, tRNA
rRNA, tRNA
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m3¥ 3-methylpseudouridine rRNA
m°D 5-methyldihydrouridine
m®s?U 5-methyl-2-thiouridine tRNA
m°U 5-methyluridine rRNA, tRNA
m°Um 5,2'-O-dimethyluridine tRNA
mchmSU 5-(carboxyhydroxymethyl)uridine methyl ester tRNA
mchm3Um 5-(carboxyhydroxymethyl)-2'-O-methyluridine methyl ester
mem’s?U 5-methoxycarbonylmethyl-2-thiouridine tRNA
memSU 5-methoxycarbonylmethyluridine tRNA
memSUm 5-methoxycarbonylmethyl-2'-O-methyluridine tRNA
mcmo’U uridine 5-oxyacetic acid methyl ester tRNA
mcmo’Um 2'-O-methyluridine 5-oxyacetic acid methyl ester
mnm®ges?U 5-methylaminomethyl-2-geranylthiouridine tRNA
mnm?®s2U 5-methylaminomethyl-2-thiouridine tRNA
mnm?>se?U 5-methylaminomethyl-2-selenouridine tRNA
mnm3U 5-methylaminomethyluridine tRNA
mo5U 5-methoxyuridine tRNA
nchm®U 5-carbamoylhydroxymethyluridine
ncm?®s2U 5-carbamoylmethyl-2-thiouridine
ncm®U 5-carbamoylmethyluridine tRNA
nemSUm 5-carbamoylmethyl-2'-O-methyluridine
nm®ges?U 5-aminomethyl-2-geranylthiouridine
nm?>s2U 5-aminomethyl-2-thiouridine
nm?3se?U 5-aminomethyl-2-selenouridine
nm°U 5-aminomethyluridine
pacpD 3-(3-amino-3-carboxypropyl)-5,6-dihydrouridine-5'-
monophosphate
pacp3U 3-(3-amino-3-carboxypropyl)uridine-5'-monophosphate
pchm®U 5-carboxyhydroxymethyluridine-5'-monophosphate
pem®s2U 5-carboxymethyl-2-thiouridine-5'-monophosphate
pecm®U 5-carboxymethyluridine-5'-monophosphate
pemnmsges?U 5-carboxymethylaminomethyl-2-geranylthiouridine-5'-
monophosphate
pcmnm?®s2U 5-carboxymethylaminomethyl-2-thiouridine-5'-monophosphate
pemnmsse2U 5-carboxymethylaminomethyl-2-selenouridine-5'-
monophosphate
pecmnm’U 5-carboxymethylaminomethyluridine-5'-monophosphate
pemnmsUm 5-carboxymethylaminomethyl-2'-O-methyluridine-5'-
monophosphate
pcmo’U 5-(carboxymethoxy) uridine-5'-monophosphate
penmsU 5-cyanomethyluridine-5'-monophosphate
pD 5,6-dihydrouridine-5'-monophosphate
pges?U 2-geranylthiouridine-5'-monophosphate
phoU 5-hydroxyuridine-5'-monophosphate

pinm5s2U 5-(isopentenylaminomethyl)-2-thiouridine-5'-monophosphate
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pinm°U 5-(isopentenylaminomethyl)uridine-5'-monophosphate
pinmsUm 5-(isopentenylaminomethyl)-2'-O-methyluridine-5'-
monophosphate
pmiacp W 1-methyl-3-(3-amino-3-carboxypropyl)pseudouridine-5'-
monophosphate
pm'W¥ 1-methylpseudouridine-5'-monophosphate
pmiU 3-methyluridine-5'-monophosphate
pm3Um 3,2'-O-dimethyluridine-5'-monophosphate
pm*W¥ 3-methylpseudouridine-5'-monophosphate
pm°D 5-methyldihydrouridine-5'-monophosphate
m°D 5-methyldihydrouridine
ps*U 4-thiouridine-5'-monophosphate
stU 4-thiouridine tRNA
pD 5,6-dihydrouridine-5'-monophosphate
p¥Y pseudouridine-5'-monophosphate
w pseudouridine mRNA, miRNA, rRNA, snRNA,
snoRNA, tRNA
U unknown modified uridine rRNA, snRNA, tRNA
rRNA, tRNA

U uridine




