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Abstract
While the existence of post-transcriptional modifications of RNA nucleotides has been known for decades, in most RNA spe-
cies the exact positions of these modifications and their physiological function have been elusive until recently. Technological 
advances, such as high-throughput next-generation sequencing (NGS) methods and nanopore-based mapping technologies, 
have made it possible to map the position of these modifications with single nucleotide accuracy, and genetic screens have 
uncovered the “writer”, “reader” and “eraser” proteins that help to install, interpret and remove such modifications, respec-
tively. These discoveries led to intensive research programmes with the aim of uncovering the roles of these modifications 
during diverse biological processes. In this review, we assess novel discoveries related to the role of post-transcriptional 
modifications during animal development, highlighting how these discoveries can affect multiple aspects of development 
from fertilization to differentiation in many species.
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Introduction

Orderly embryonic development constantly gives rise to 
novel cell lineages, which will ultimately lead to the appear-
ance of numerous differentiated cell types organized in tis-
sues and organs by the end of the developmental process. 
The narrowing of the developmental potential and finally the 
switch from proliferation to (final) differentiation in every 
lineage is accompanied by profound changes in the gene 
expression programme.  Multiple levels of regulation have 
evolved to fine-tune the expression, stability and activity 
of gene products (proteins and non-coding RNAs), and the 
coordinated research programmes established to discern 
these distinct regulatory levels have led to the emergence 
(and proliferation) of the “omics” fields (Hasin et al. 2017).

Epitranscriptomics, the study of the biochemical modifi-
cations occurring in RNA molecules, is a relative newcomer 
to the family of “omics” sciences, partly due to the techno-
logical difficulties of the reliable detection of these modifica-
tions. Yet, the expansion of the biochemical toolbox coupled 
with the latest developments in next-generation sequencing 

(NGS) technologies and RNA mass-spectrometry has made 
it possible to study the dynamics of post-transcriptional 
modifications in previously unprecedented detail.

The functions of the epitranscriptomic modifications 
of the RNA are analogous with the well characterized epi-
genetic changes described in the DNA, and the number of 
known chemically modified nucleosides is ever increasing 
(about 160 at the time of writing this review, for details see: 
(McCown et al. 2020; Boccaletto et al. 2021). For most of 
these modifications, however, we have only a cursory under-
standing of their occurrence in living systems, whether they 
are actively incorporated and/or removed. Not surprisingly, 
therefore, the physiological relevance has been clearly dem-
onstrated for only a handful of them.

Most epitranscriptomic modifications change the second-
ary structure of the transcripts and/or their stability; there-
fore, they will affect their interactions with other RNAs and 
proteins, resulting in downstream effects in the gene expres-
sion programme (Gilbert et al. 2016; Bartee et al. 2022).

The discovery of novel factors catalysing post-
transcriptional modifications and the development of 
high-throughput detection methods that ought to detect 
dynamic changes in these modifications have led to an 
explosion of studies addressing the biological relevance 
of these modified nucleotides. In this mini-review, we will 
focus mainly on four abundant natural RNA modifications 
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(N6-methyladenosine–m6A, 5-methylcytidine–m5C, ino-
sine–I, pseudouridine–Ψ) that can be detected relatively 
robustly and accurately in the transcriptome and also 
discuss four sparser (N1-methyladenosine–m1A, N4-ace-
tylcytidine–ac4C, 1-methylguanosine–m1G, N7-methyl-
guanosine–m7G) modifications that seem to be important 
during animal development. As an organizing principle, 
we will focus on three characteristic developmental pro-
cesses (maternal-zygotic transition–MZT, hematopoiesis 
and neural development) where the availability of mul-
tiple, high-quality datasets will allow us to compare the 
roles of these modifications in particular model organ-
isms (Fig. 1).

Enzymes involved in editing 
the epitranscriptome

In general, for programmable (and likely biologically rel-
evant) post-transcriptional modifications, we expect to 
identify “writer” enzymes that can deposit them under 
certain conditions, “reader” proteins that can decode their 
presence directly (through the detection of the modified 
nucleotides) or changes in the RNA structure that signal 
their presence, and potentially “eraser” enzymes that can 
remove them from the transcripts (Kan et al. 2021; Zac-
cara et al. 2019; Wiener and Schwartz 2021). Of note, 
while the reversibility of epigenetic modifications is 

Fig. 1  A summary of the main post-transcriptional modifications 
discussed in this review. The four “standard” nucleotides are present 
in the middle of the figure, with the RNA modifications discussed 
in this review represented in an outer ring. Modifying (“writer” and 
“eraser”) enzymes and “reader” proteins, where known, are listed in 
the arrows (the direction of the arrow showing the direction of the 

modification). Not every developmental process is influenced by 
every modification and it is not always clear which particular RNA-
type is responsible in particular developmental processes. The outer 
ring thus is just a graphical represnetation of the developmental pro-
cessed that have been connected with a particlar epitranscriptomic 
modification
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widely accepted, it is still hotly contested if epitranscrip-
tomic modifications are themselves reversible, or indeed 
whether it is necessary to actively reverse them given the 
(relatively) short half-life of the RNA transcripts (Zaccara 
et al. 2019).

Bona fide erasers have been identified for N6-methyl-
adenosine (m6A), while for other modifications, even those 
abundant in transfer RNAs (tRNAs) and ribosomal RNAs 
(rRNAs), similar enzymes have not been found (Wiener and 
Schwartz 2021). Indeed, some even hint that the case of 
m6A might be the exception and not the norm for epitran-
scriptomic modifications (Penning et al. 2022).

N6-methyladenosine is also the most widely studied post-
transcriptional modification to date, somewhat related to the 
fact that besides a couple of “erasers” (such as the demethy-
lases FTO and ALKBH5) a larger set of related “writers” 
and “readers” have been identified. The methyltransferases 
METTL3-METTL14 form the core of the m6A methyltrans-
ferase complex that also includes Wilms’ tumour 1-asso-
ciating protein (WTAP), VIRMA, the E3 ubiquitin ligase 
HAKAI, the RNA-binding motif protein 15 (RBM15), the 
zinc-finger protein ZC3H13, Bcl-2-associated transcription 
factor 1 (BCLAF1) and thyroid hormone receptor-associ-
ated protein 3 (THRAP3) (for a comprehensive review see: 
(Zhang et al. 2021b). The m6A modifications in the tran-
scriptome are recognized by YTH domain family proteins 
and IGF2BP1-3 and can regulate functions as diverse as 
RNA splicing, export, stability and translation (the role of 
HNRNP proteins as m6A readers is also supported by some 
evidence but currently is more controversial) (Yang et al. 
2018).

While no erasers have been found up to date, some “writ-
ers” and some “readers” have been identified for 5-methyl-
cytidine (m5C) as well. RNA methyltransferases of m5C 
belong to the Nop2/SUN (NSUN) domain family but the 
DNA methyltransferase (DNMT) homologue DNMT2 can 
also use mediate cytosine methylation of tRNAs, just as the 
tRNA-specific methyltransferase (TRDMT) family members 
(Yang et al. 2017; Heissenberger et al. 2019; Song et al. 
2022). Readers of m5C include the mRNA export adaptor 
ALYREF and the human Y box binding protein 1 (YBX1), 
respectively (Yang et al. 2017, 2019; Zou et al. 2020).

In contrast, for the first discovered and most abundant 
RNA modification, pseudouridylation, identified seven 
decades ago (Cohn and Volkin 1951), no reader or eraser 
enzymes have been found to date. One plausible reason 
for the absence of “erasers” is that the C–C bond formed 
between the base and sugar in pseudouridine (Ψ), the 
C-glycoside isomer of uridine (U), is stronger than the C-N 
bond in uridine and therefore its formation may be irrevers-
ible. The current consensus is that the readout of Ψ may 
occur through a structural change in RNA based on its 

different biochemical properties compared to uridine (Spen-
kuch et al., 2014).

In humans, we know about 13 Ψ “writer” enzymes, called 
pseudouridine-synthases (PUSs). Although there are very 
few sequence similarities between them, all these enzymes 
share the same structural features in their catalytic domains 
and thus have the same catalytic activity (Purchal et al. 
2022). PUSs can be classified into two classes based on 
their mode of action: RNA-independent or RNA-depend-
ent. The first group includes enzymes that can catalyse the 
isomerization in a site-specific manner through direct RNA 
sequence/structure recognition. A broad set of PUSs can 
modify tRNAs, thereby affecting its stability, functional-
ity, and metabolism (Levi and Arava 2021). For example, 
PUS1 was originally known to modify tRNAs and deleteri-
ous mutations in the coding gene are associated with mito-
chondrial myopathy, lactic acidosis and sideroblastic anae-
mia 1 (MLASA1, OMIM: 600,462), but recent data suggest 
that PUS1 directly recognises a specific sequence motif and 
perform modification in human mRNA too (Schwartz et al. 
2014; Li et al. 2015b).

Pseudouridine is especially abundant in rRNA, being 
one of the most common epitranscriptomic modification in 
this RNA species besides acetylation and methylation. In 
rRNA, Ψ sites are established by RNA-dependent PUSs, 
which requires small nucleolar RNAs (snoRNAs) to direct 
it to the appropriate target RNAs. In humans, the dominant 
RNA-dependent PUS is dyskerin, encoded by DKC1. It can 
associate with hundreds of box H/ACA snoRNAs to generate 
a variety of functionally distinct ribonucleoproteins (RNPs) 
that catalyse the pseudouridylation of specific RNA residues. 
The primary target molecule of these RNPs is rRNA, with 
multiple evolutionarily highly conserved Ψ sites (Schwartz 
et al. 2014). rRNA is important for translational fidelity, 
fine-tunes ribosome affinity for highly structured RNAs 
(Eyler et al. 2019) and is also required for the assembly 
of the preinitiation translation complex on cap-independ-
ent translation pathway (Yoon et al. 2006). Alterations in 
the pseudouridylation patterns of rRNA have been widely 
reported in cancer and other ribosome-deficient conditions 
(reviewed in (Kampen et al. 2020)).

It is worth noting that changes can be stacked on top of 
each other, especially in the case of uridine, the most vari-
ably modified nucleoside (McCown et al. 2020). This can 
lead to the formation of hypermodified bases, such as the 
pseudouridine-based 1-methyl-pseudouridine (m1Ψ) and 
1-methyl-3-α-amino-α-carboxyl-propyl pseudouridine 
(m1acp3Ψ), the latter being by far one of the most complex 
of all the epitranscriptomic modifications (Piekna-Przybyl-
ska et al. 2008). Ribosomal m1acp3Ψ is highly conserved, 
located in the decoding centre of the ribosome (18S:1248.U) 
where it is created by the concerted action of the EMG1 
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methyltransferase and the TSR3 aminocarboxyl propyl trans-
ferase (McCown et al. 2020).

While the exact biological function of m1acp3Ψ is poorly 
understood, changes in its levels affect translation and are an 
emerging hallmark of cancer (Babaian et al. 2020; Tan et al. 
2021). Of note, while no human diseases have been associ-
ated with TSR3 mutations, the Bowen-Conradi syndrome 
(BWCNS, OMIM: 211180) is associated with homozygous 
EMG1 mutations (Armistead et al. 2009). This early lethal 
syndrome has been associated with numerous developmen-
tal skeletal abnormalities and Emg1 loss-of-function causes 
pre-implantation lethal phenotypes in mice (Wu et al. 2010); 
however, it is not clear if these are due to the defects in the 
EMG1 methyltransferase activity (Meyer et al. 2011).

“RNA editing”, the conversion of adenine (A) to I 
(A-to-I) was the first post-transcriptional modification that 
received wider attention. This modification is catalysed by 
adenosine deaminases acting on RNA (ADARs), specialized 
RNA editing enzymes that act on double-stranded regions of 
nuclear-encoded RNAs (dsRNAs) (Bass 2002; Savva et al. 
2012). Deamination of A-to-I acts essentially as a mark for 
“self” RNA and is important in preventing the abnormal 
activation of the innate antiviral responses usually triggered 
by dsRNAs (Quin et al. 2021; O’Connell et al. 2015). A-to-I 
editing event are quite promiscuous in the human genome, 
thanks mainly to the abundance of Alu elements that can 
form readily dsRNA structures if they are close to each other 
in inverted orientation, which serve as templates for ADAR1 
and show varying levels of editing (Bazak et al. 2014; Atha-
nasiadis et al. 2004; Nishikura 2016). While most of these 
editing events are not conserved, the absence of ADAR genes 
can lead to characteristic neural phenotypes, suggesting that 
this epitranscriptomic modification is essential for normal 
development (Savva et al. 2012). Elegant genetic work (see 
below) has demonstrated that A-to-I editing is really essen-
tial for the developmental recoding of a handful of proteins 
related to neurotransmission and suggests that other edit-
ing events might lack physiological relevance (Chalk et al., 
2019).

In addition to the possibility that the modifications may be 
superimposed, there may be other links between the different 
modifications. For example, 1-methylguanosine (m1G) is 
very precisely expressed in human tRNAs at position G9 and 
is formed by the TRMT10A writer enzyme (Krishnamohan 
and Jackman 2017). Deficiencies in TRMT10A are associated 
with microcephaly, short-stature and diabetes (Igoillo-Esteve 
et al. 2013). Recently, TRMT10A has been also reported to 
affect mRNA m6A levels by enhancing the demethylation 
activity and selectivity of FTO (Ontiveros et al. 2020).

N-acetyltransferase 10 (NAT10) and its orthologues 
are responsible for installing N4-acetylcytidine (ac4C) 
to rRNA, tRNA and mRNA (Ito et al. 2014; Arango et al. 
2018; Sharma et al. 2015), while assisted by adaptor proteins 

orthologous to the yeast TAN1 (Johansson and Byström 
2004; Sharma et al. 2015). The presence of ac4C promotes 
translational efficiency and fidelity in general, both by 
increasing the stability of tRNAs and mRNAs, and aiding 
the correct usage of tRNAs when present in the wobble posi-
tion of the anticodon loop (for details see: (Jin et al. 2020).

The 5′ 7-methylguanosine (m7G) containing cap struc-
ture is a critical component of eukaryotic mRNAs and is 
essential for the stability and the correct translation of the 
transcripts (Furuichi 2015). Accordingly, during the past 
decades, the enzymatic pathways necessary for “capping” 
have been described in great details (Ghosh and Lima 
2010). Lately, however, m7G was also detected in 18S 
rRNA (G1639) where it is installed by the Williams–Beuren 
syndrome critical region 22 (WBSCR22) methylase (Haag 
et al. 2015), and in tRNA at position G46 where the TRM8P/
TRM82P heterodimer is involved in the modification (Purta 
et al. 2005). Due to its low levels in mRNA (~ 0.04% of all 
guanines), the detection of this modification with current 
methods at single nucleotide resolution is difficult; therefore, 
the location of m7Gs in mRNAs (other than the cap) is still 
debated (Wiener and Schwartz 2020).

N1-methyladenosine (m1A) is significantly less abun-
dant than m6A and it is mainly present in the A58 posi-
tion of tRNAs (Jin et al. 2022; Wiener and Schwartz 2020). 
This conserved methylation is dependent on the activity of 
TRMT6 and TRMT61 (Ozanick et al. 2005).  A conserved 
m1A methylation pattern was also observed in 28S rRNA 
(A1309) that is catalysed by the nucleomethylin (NML) 
enzyme, which is essential for ribosomal assembly and func-
tion (Waku et al. 2016). The presence (and function) of m1A 
in mRNA is still debated (Wiener and Schwartz 2020), but 
the TRMT6/TRMT61A complex is thought to be responsi-
ble for the methylation of this RNA species as well, while 
the demethylation of both tRNA and mRNA is dependent on 
ALKBH3 (Jin et al. 2022; Ougland et al. 2004). YTHDF1-3 
and YTHDC1 can act as “readers” of m1A (Dai et al. 2018).

Localization and dynamics 
of epitranscriptomic modifications

The physiological effect of post-transcriptional mRNA 
modifications is also dependent on their location within the 
transcripts. While the difference in detection methods makes 
direct comparisons more difficult, for more abundant modi-
fications, such as m6A, m5C, Ψ and A-to-I editing, we have 
enough data to make some general observations (Fig. 2). 
For example, while m6A is widely distributed in mRNAs, 
it is most abundant in the proximity of the stop codon and 
in long introns (Fig. 2A). It can be also detected close to 
the 5’ cap (Meyer et al. 2015; Zhou et al. 2015). On the 
other hand, m5C sites are most abundant in coding sequence 
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(CDS), and depleted in the UTRs of most model species 
(Fig. 2B), with the exception of mammals where 5’UTRs 
are especially enriched in this modification (Hartstock et al. 
2022; Liu et al. 2022).

Distribution of Ψ sites within the mRNAs is also not 
even and shows a heavy skew towards the CDS and 3’UTR 
(Fig. 2C) where more than 90% of the detected sites occur 
(Tavakoli et al. 2022; Carlile et al. 2014; Li et al. 2015a). 
The current amount of data about Ψ, however, is not suf-
ficient to assess its dynamics during development.

For other modifications with a low stoichiometry, cur-
rent mapping methods are less reliable. For example,  while 
initially m1A was thought to be enriched in the 5’UTRs in 
the proximity of the start codons, later experiments dem-
onstrated that off-target detection of m7G was responsible 
for this signal (Grozhik et al. 2019). The detection of m7G 
itself is controversial: current methods give contradictory 
results about its presence (or absence) and exact localization 
in mRNAs and small RNAs (Li et al. 2022; Enroth et al. 

2019; Zhang et al. 2019). Low levels of ac4C make its detec-
tion with current immunoprecipitation-based protocols also 
difficult —a high ratio of aspecific signals can result in an 
excess false-positive results (Arango et al. 2018).

It is much more straightforward to detect adenosine to 
inosine (A-to-I) RNA editing catalysed by the adenosine-
deaminase (ADAR) enzymes, as the reverse-transcriptase 
(RT) step ubiquitous in most NGS methods will detect these 
as miss-matches (Nishikura 2010). Most of the A-to-I edits 
occur in introns and often target repetitive sequences, such 
as Alu elements in humans and regions enriched in short and 
long interspersed nuclear elements (SINEs and LINEs) in 
rodents. This is most likely due to the occurrence of double-
stranded secondary RNA structures that can attract editing 
enzymes with dsRNA-binding domains, such as ADAR1 and 
ADAR2 (Tajaddod et al. 2016).

Multiple studies have looked at the dynamic of post-
transcriptional RNA modifications during development 
(Fig. 2A’, B’, D’). A-to-I editing appears abundant especially 

Fig. 2  Schematic distribution of 
four abundant epitranscriptomic 
marks across mRNAs and the 
dynamics of their abundance 
during development. (A) m6A 
is enriched in the cap region and 
around the stop codon, present 
in the CDS and missing from 
the UTRs. (A’) The develop-
mental dynamics of m6A is 
different in the organisms where 
data are available, but in general 
tissue-specific differences can 
be detected in adults. (B,B’) 
m5C marks are mostly detect-
able in the CDS, during early 
development. (C) Ψ sites are 
present both in the CDS and the 
3’UTR. (There is not enough 
data to assess the developmental 
dynamics of these modifica-
tions. (D) I is most abundant in 
the 3’UTR and somewhat more 
enriched in the CDS than in the 
5’UTR. (D’) It is present at high 
levels in the oocytes, but during 
development is removed and 
only detectable later in adult tis-
sues at varying levels. (Dashed 
lines in A’ and B depict some-
what divergent signals detected 
in mammals. Funnel shapes in 
panels A’ and D’ mark a wide 
range of modification levels 
observed in adult tissues. For 
details and sources see text.)
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during early stages of vertebrate development: in humans the 
peak is before 8 cell stage (Shtrichman et al. 2012; Qiu et al. 
2016), while in zebrafish before the maternal-zygotic transi-
tion (MZT) (Buchumenski et al. 2021). In contrast, in Dros-
ophila A-to-I editing events can be detected from late pupal 
stages and become more abundant in adults (Graveley et al. 
2011). This later wave of A-to-I editing might coincide with 
the changes in the neural transcriptome that seem to occur 
in most metazoan species, from cephalopods to mammals 
(Liscovitch-Brauer et al. 2017; Hwang et al. 2016; Behm 
et al. 2017; Cuddleston et al. 2021).

In contrast to A-to-I editing, m5C levels appear to be 
highest in the zygotes of all taxa and become progres-
sively eliminated after (or around) MZT (Liu et al. 2022).  
While m6A is the most widely studied of the epitranscrip-
tomic modifications, interestingly, the available data about 
its developmental dynamics is harder to interpret.  While 
in zebrafish, m6A levels peak around MZT (Aanes et al. 
2019; Zhao et al. 2017a), in Drosophila and mice we can 
observe the opposite dynamics and m6A levels dip around 
MZT before bouncing back (Fig. 2A’)(Lence et al. 2016; 
Wu et al. 2021; Sui et al. 2020). That said, interestingly, the 
number of genes affected by m6A modification is actually 
increased in murine embryos at MZT (Wu et al. 2021). It 
will be interesting to understand if these differences reflect 
some genuine, species-specific alterations in the physiologi-
cal role(s) of m6A, especially as the pattern of distribution 
of this epitranscriptomic modification across the transcripts 
appears to be highly conserved evolutionarily.

The epitranscriptome 
of the maternal‑zygotic transition (MZT)

Different animals employ different developmental strategies 
after fertilization and these strategies are reflected in the 
amount and composition of the maternal pool of RNAs and 
proteins that will guide the earliest phases of embryogenesis. 
Yet, regardless of the actual strategy, the time will come for 
the embryo to become its own master and start expressing 
the genes on the chromosomes it inherited from its parents 
(Vastenhouw et al. 2019).

The activation of the zygotic genome is a hallmark event 
of early development, and besides the obvious changes of the 
epigenetic landscape, it is usually accompanied by a tightly 
regulated restructuring of the transcriptome as well. Mater-
nal transcripts are progressively eliminated as transcripts 
emerging from the zygotic genome become more abundant. 
This process is essential, as a failure to eliminate maternal 
transcripts will almost always lead to embryonic lethality 
(Giraldez et al. 2006; Liu et al. 2020).

The roles played by post-transcriptional modifications 
in regulating MZT have become the subject of multiple 

research programmes and the emerging data suggest that 
they play a fundamental role in the process.

In zebrafish, one of the major models in MZT research, 
previous studies have clearly established the zygotically 
expressed mir-430 as one of the key regulators of maternal 
transcript clearance (Liu et al. 2020; Giraldez et al. 2006). 
Later studies, however, have also unveiled the other, redun-
dant processes also contribute to the gradual elimination of 
maternal mRNAs (Kontur et al. 2020).

One of the first epitranscriptomic modifications that was 
found to have a role during zebrafish MZT was m6A (Zhao 
et al. 2017b). Maternal transcripts are rich in m6A sites 
and, importantly, the removal of the Ythdf2 m6A “reader” 
resulted in the failed clearance of maternal mRNAs (Zhao 
et al. 2017b; Kontur et al. 2020). This modification appears 
to be also essential for oogenesis as the removal of multiple 
Ythdf “readers” or the Mettl3 writer resulted in oocyte matu-
ration defects and a male bias during development (Xia et al. 
2018; Kontur et al. 2020). The latter phenotype is likely due 
to an early failure in the formation of the bipotential gonad 
and the gonocytes essential for later female development 
(Liew and Orbán 2014; Aharon and Marlow 2022).

In contrast, the m5C modification, while also abundant in 
the early transcriptome, appears to have the opposite effect: 
the elimination of the Ybx1 “reader” results in the destabili-
zation of maternal transcripts, suggesting that m5C-modified 
maternal transcripts are protected from an early degradation 
during MZT (Yang et al. 2019; Liu et al. 2022).

Recent studies also suggest that the early embryonic role 
of m6A and m5C might also be conserved during develop-
ment. For example, m6A is also essential for the regulation 
of transcript stability both in the mouse oocyte and dur-
ing MZT and the maternal depletion of YTHDF2 results in 
female infertility (Wu et al. 2022; Ivanova et al. 2017). The 
dynamics of m5C around MZT also appears to be conserved 
in and Drosophila embryos lacking NSUN2 fail to initiate 
the MZT in a timely manner (Liu et al. 2022). These obser-
vations suggest and essential and role for m5C during early 
development.

For other modifications, such as Ψ or ac4C, we just do not 
have enough data to assess their role during MZT. Of note, 
however, zebrafish maternal-zygotic snord13 mutants, defec-
tive in 18S rRNA ac4C acetylation do not show any mor-
phological defects (Bortolin-Cavaillé et al. 2022), whereas 
knockout of dyskerin function results in larval lethality in 
the same species (Balogh et al. 2020; Zhang et al. 2012) 
and very early embryonic lethality in mice (He et al. 2002).

One possible role of Ψ during MZT may be the regula-
tion of ribosomal function through the modulation of rRNA 
biogenesis and folding. For example, in zebrafish, multiple 
lines of evidence suggest that besides the miR-430, m6A and 
m5C, the process of the ribosome-driven codon-mediated 
mRNA decay can influence the degradation of maternal 
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transcripts (Bazzini et al. 2016; Mishima and Tomari 2016; 
Mishima et  al. 2022; Medina-Muñoz et  al. 2021). As 
zebrafish development also sees a transition from the use 
of maternal rRNAs to the use of somatic ones (Locati et al. 
2017), one hitherto unexplored possibility is the differen-
tial tuning of these ribosomal types to the different mRNA 
pools. As the maternal and somatic ribosomes might be dif-
ferentially pseudouridylated and this might affect their speci-
ficity, rRNA pseudouridylation might be a more indirect way 
how post-transcriptional modifications can effect MZT.

Post‑transcriptional modifications 
in the hematopoietic system

Hematopoiesis occurs in multiple waves during animal 
development and is a hallmark feature of adult forms as well. 
Key to this process is multipotent hematopoietic stem cells 
(HSCs) that form a heterogenic population of progenitors 
with the potential to differentiate into typical hematopoietic 
lineages, such as the erythroid and lymphoid lineages of 
vertebrates.

HSC differentiation is a tightly regulated process and a 
string of well characterized signalling events and accompa-
nying epigenetic changes ensure that combinations of mature 
hematopoietic cells, in proportions required by the physi-
ological status of the (developing) animal are established 
(Hu and Shilatifard 2016). Recent studies also highlight the 
importance of epitranscriptomic marks in these dynamic fate 
decisions.

The role of RNA methylation during the development 
of adult HSCs has been first recognized in zebrafish. In 
the absence of Mettl3, the “writer” of m6A modifications, 
Notch signalling levels in HSCs became abnormally elevated 
leading to defects in the endothelial-to-hematopoietic tran-
sition. This effect is due to an impaired decay in notch1a 
transcripts, normally mediated by the Ythdf2 m6A reader 
protein (Zhang et al. 2017). Off note, however, animals 
lacking functional Ythdf2 appeared phenotypically normal 
(Zhao et al., 2017).

Other studies also highlighted the elevated levels of 
Mettl3 (and Mettl14) in HSCs compared to differentiated 
cell types and have shown that the impairment of Mettl3 
leads to a failure of stem cell self-renewal and differentiation 
both in mice (Yao et al. 2018; Lee et al. 2019) and humans 
(Vu et al. 2017; Bueno-Costa et al. 2022). Recent studies 
have also been able to map the dynamic changes in m6A 
patterns during human HSC differentiation at a single-base 
resolution (Hu et al. 2022), and it will be interesting to see if 
similar dynamic patterns of transcriptome methylation will 
be detected in other tissues as well.

While pseudouridylation is also essential in hematopoie-
sis, current datasets mostly highlight the importance of Ψ 

in non-coding RNAs. Pseudouridylation dependent on pseu-
douridine synthase 1 (PUS1) occurs in many tRNAs and at 
multiple positions. Several studies have reported mitochon-
drial myopathy, lactic acidosis and sideroblastic anaemia 1 
(MLASA1 OMIM: 600462) as a result of PUS1 pathogenic 
mutations (Oncul et al. 2021), but interestingly Pus1 loss in 
mice do not results in hematological phenotype (Mangum 
et al. 2016).

The impairment of dyskerin-dependent pseudouridyla-
tion leads to X-linked recessive dyskeratosis congenita (DC, 
OMIM: 305000) that mostly affects highly regenerative tis-
sues. The failure of primitive erythropoiesis caused by the 
lack of dyskerin was showed in zebrafish, mice and human 
cell lines. While originally this failure was attributed to the 
role of dyskerin in telomere biogenesis, more recent stud-
ies suggest that the impairment of pseudouridylation is at 
least equally important to the process (Balogh et al. 2020; 
Ruggero et al. 2003; Donaires et al. 2019). Additionally, the 
dynamic changes in snoRNA expression during hematopoie-
sis was already highlighted by the earlier studies (Warner 
et al. 2018) and it might be instrumental to the correct dif-
ferentiation of HSCs, therefore.

More recently, the importance of rRNA pseudouridyla-
tion has also been highlighted by the phenotype of Ddx41-
deficient mice. This enzyme is essential for the processing 
of snoRNAs; therefore, the impaired function will result 
in altered rRNA pseudouridylation. Homozygous Ddx41 
mutations result in HSC differentiation, whereas monoal-
lelic mutations sill result in age-dependent defects in the 
hematopoietic process (Chlon et al. 2021). In summary, both 
the dysfunction of dyskerin and the aberrant processing of 
snoRNAs lead to a failure in HSC differentiation.

A relatively new discovery also connects hematopoiesis 
with the recently recognized gene expression regulatory role 
of tRNA-derived fragments (tRFs). For a specific subtype 
of tRFs (mini tRFs containing a 5′ terminal oligoguanine 
– mTOGs), an important, Ψ-dependent role has been pro-
posed in the inhibition of aberrant protein synthesis pro-
grammes (Lee et al. 2022; Guzzi et al. 2022).

Finally, the role of A-to-I editing in hematopoiesis has 
been also getting more attention recently. Multiple studies 
showed that mutations of ADAR1 can lead to embryonic 
lethality I mice and mutants show foetal liver defects cou-
pled with impairment of erythroid differentiation (Hartner 
et al. 2004; Liddicoat et al. 2013). In humans, hyperactivity 
of ADAR1 leads to the missplicing of the GSK3B gene and 
results in the accumulation of β-catenin, the ectopic activa-
tion of the canonical Wnt signalling pathway and conse-
quently a defect in HSC self-renewal (Jiang et al., 2013).
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RNA editing and other post‑transcriptional 
modifications in neural development

While the role of post-transcriptional RNA modifications 
has been demonstrated in many cell differentiation pro-
cesses, they seem especially important in the development 
of the nervous system. This is because the complexity of 
the nervous system requires a remarkable diversity of cell 
types with unique gene expression patterns (Zeng 2022) 
and during cognitive development these expression pat-
terns change in an activity-dependent manner. Additional 
mechanisms are also required for the dynamic establishment 
and breakdown of synaptic connections (Campbell & Wood, 
2019). Accordingly, the temporal and spatial regulation of 
gene expression in neurons is highly complex and involves 
several layers. Due to its rapidity and complexity, post-tran-
scriptional regulatory processes play a prominent role com-
pared to other tissues, such as brain-specific miRNAs and 
lncRNAs (Petri et al. 2014; Ang et al. 2020). Nevertheless, 
it is becoming increasingly evident that RNA modifications 
are also required to mediate this extraordinary diversity and 
complexity.

Based on our current knowledge, A-to-I editing by ADAR 
enzymes is most prominent and essential epitranscriptomic 
modification in the nervous system (Tariq and Jantsch 2012). 
The rate of A-to-I editing increases spectacularly with neu-
ronal complexity, which suggests that this modification is 
an evolutionary driver for the formation of more complex 
neuronal structures (Duan et al. 2022; Li and Church 2013). 
Consistent with this hypothesis, the developmental impact 
of A-to-I editing seems less pronounced in lower complex-
ity groups.

The absence of ADAR enzymes in C. elegans results in 
impaired chemotaxis (Tonkin et al. 2002) and Adar knockout 
in Drosophila causes locomotor defects and age-dependent 
neurodegeneration (Sapiro et al. 2019; Deng et al. 2020). 
In contrast, (Chalk et al., 2019)2 deficiency in mice causes 
epilepsy and postnatal lethality.

In mammals, ADAR2 is expressed in all tissues and 
largely shares target positions with ADAR1. The severe phe-
notype of Adar2 mutant mice would suggest that ADAR2 
has an essential role in brain development that cannot be 
compensated by ADAR1.  Notably, however, this severe phe-
notype can be rescued by converting a single ADAR2 target 
site in the glutamate receptor ionotropic AMPA 2 (Gria2) 
from adenine to guanine (Chalk et al. 2019; Higuchi et al. 
2000).

A previous study of human ADAR activity shows that 
most of the A-to-I editing occurs on Alu sequences and less 
than 1% of the total editing activity accounts for coding 
sequences (Bazak et al. 2014). Most of the human specific 
Alu elements are located in genes with neuronal functions 

and the rare recoding events can have a substantial impact 
on the neurodevelopmental programme (Ramaswami et al. 
2013).

Increased rates of mRNA editing have also been observed 
in the cephalopods, which have a notoriously well-developed 
nervous system. In this group, A-to-I editing sites are evolu-
tionarily conserved; those in the coding regions are clearly 
associated with distinct neuronal functions, but many of the 
sites are not neural tissue specific and located in non-coding 
regions, too (Albertin et al. 2022; Liscovitch-Brauer et al. 
2017). Interestingly, RNA editing appears to be a major 
driver for generating transcriptome diversity in cephalopods, 
and similarly to vertebrates, it has profound effects on the 
physiology of voltage-gated ion channels (Liscovitch-Brauer 
et al. 2017).

In mammals, the third and final member of the ADAR 
family is the peculiar ADAR3, which has no catalytic activ-
ity and is expressed specifically in brain tissue only. The 
function of this protein is still largely mysterious, but over-
expression of ADAR3 in glioblastoma can inhibit the edit-
ing of Gria2 transcripts by ADAR2 (Oakes et al. 2017) and 
the lack of its RNA-binding domain increases anxiety and 
reduces cognitive abilities in mice (Mladenova et al. 2018).

Regarding A-to-I editing, it is also worth highlighting 
that a very severe human neurodevelopmental abnormality 
with poor growth and dysmorphic facies (OMIM: 615,286) 
is caused by the loss of function of the Adenosine Deami-
nase tRNA-Specific 3 (ADAT3) writer enzyme, specific for 
tRNAs (Sharkia et al. 2019).

The epitranscriptomic modification of tRNAs seems 
generally important for neurodevelopmental processes. In 
vertebrates, the m1G modification of the tRNA G9 posi-
tion located very precisely at the transition between the 
acceptor and D-strand. The addition of this modification is 
nucleo-cytoplasmically performed by the methyltransferase 
TRMT10A, while in the case of mitochondrial tRNAs 
(mtRNAs) this is driven by TRM10C (Holzmann et al., 
2008). Both writer enzymes are known to have pathogenic 
mutations: defects in TRMT10A mainly lead to neurode-
generative pathologies and glucose degradation problems 
(OMIM: 616,033) (Narayanan et al. 2015; Vilardo et al. 
2020; Igoillo-Esteve et al. 2013).

The function of the highly conserved Dnmt2 is mainly to 
modify the C38 positions of tRNAs to m5C. Depletion of 
Dnmt2 in zebrafish leads to abnormal neurogenesis, similar 
to that in human patients in which it leads to central nervous 
system lesions (Franke et al. 2009; Rai et al. 2007). Relat-
edly, the absence of NSUN3-mediated mt-tRNA C34 meth-
ylation impedes the differentiation of mouse embryonic stem 
cells towards the neuroectoderm lineage (Trixl et al. 2018).

Targets of the NSUN methyltransferase family, how-
ever, are not only tRNAs and expression of its members is 
increased in the developing brain, consistent with the fact 
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that mRNA m5C modification levels in mice are highest 
in brain tissue (Chi and Delgado-Olguín 2013; Yang et al. 
2017). Interestingly, when comparing mouse ESC and brain 
tissue the m5C signal for given transcripts is specifically pre-
sent only in one or the other tissue. This differential methyla-
tion allows for the differentiation of transcripts between cell 
types (Amort et al. 2017).

NSUN2 deficient patients also develop an ID phenotype, 
characterized by retardation, microcephaly, impaired cogni-
tion and poor motor function (OMIM: 611,091) (Khan et al. 
2012; Abbasi-Moheb et al. 2012). These phenotypes could 
be related to the observations that the depletion of NSUN2 
inhibits neuroepithelial stem cell migration, whereas its 
overexpression contributes to tumourigenesis by stabilizing 
mRNAs in migration pathways (Chen et al. 2019b; Flores 
et al. 2017).

A link between NSUN5 rRNA methyltransferase and neu-
ronal function has been also established, with Nsun5 loss 
in mice resulting in reduced cortical thickness and abnor-
mal neuronal layer formation (Chen et al. 2019a). Deletion 
of NSUN5 has been linked to Williams-Beuren syndrome 
(OMIM: 194050), which is characterized by cognitive defi-
cits and neuronal abnormalities (Heissenberger et al. 2019).

As for other NSUN family members, a recent preprint 
suggests that NSUN6 and NSUN7 m5C writers and the 
ALYREF reader expression in certain brain regions are sig-
nificantly altered in different stages of Alzheimer's disease 
with NSUN6 expression being also reduced following brain 
injury, independent from Alzheimer's disease develops or 
not (Perezgrovas-Saltijeral et al. 2022).

Insufficient pseudouridylation resulting from the loss of 
PUS3 and PUS7 also produces neuronal phenotypes through 
damage to tRNA function. PUS3 catalyses the formation of 
tRNA Ψ at positions U38 and U39 of the anticodon stem. 
Accumulation of its mRNA genes has been demonstrated in 
neuronal tissues of mouse embryos (Diez-Roux et al. 2011). 
Mutations in PUS3 have been associated with neurodevel-
opmental disorders, including microcephaly and intellectual 
disability (OMIM: 617051) and shorter lifespan (Borghesi 
et al. 2022; Shaheen et al. 2016). The lack of functional 
PUS7 is also associated with intellectual disability and 
aggressive behavior (OMIM: 618342) and in these cases 
not only the tRNA Ψ13 site is absent, but pseudouridyla-
tion of some mRNAs is also affected (Martinez et al. 2022; 
Brouwer et al. 2018; Shaheen et al. 2019; Darvish et al. 
2019). Notably, the complete loss of pus7 function in flies 
also leads to behavioural problems, such as aggression and 
disorientation (Brouwer et al. 2018). In humans, aggres-
sive behaviour and motor impairments are only observed in 
patients with missense mutations in PUS7, while nonsense 
and frameshift mutations cause more severe forms of ID 
(Darvish et al. 2019).

Even though dyskerin does not modify tRNAs, high 
expression of its orthologous gene is observed in certain 
cells of mouse embryonic neural tissues and in adult mouse 
cerebellar and olfactory bulb neurons. (Heiss et al. 2000). It 
is also notable that in one of the most severe forms of DC, 
Hoyeraal-Hreidarsson syndrome shows a greater severity of 
neurological symptoms such as mental retardation, cerebel-
lar hypoplasia and microcephaly, in addition to haematologi-
cal problems (Zhang et al. 2021a). These findings demon-
strate an important role for dyskerin in neural development 
and suggest that insufficient pseudouridylation contributes to 
the development of neurological problems in general.

Perhaps m6A has the richest literature in neuroscience 
compared to other modifications (He & He, 2021; J. Li et al., 
2019; Livneh et al., 2020; Shu et al., 2021). Interestingly, the 
levels of m6A are low during early mouse brain develop-
ment, but increases dramatically in adulthood (Meyer et al., 
2012). In addition, a recent study showed that the pattern 
of m6A in rodents is specific to brain regions and neuronal 
subtypes (Chang et al., 2017).

Depletion of both METTL3 and METTL14 disrupts 
m6A-mediated degradation of mRNAs of several transcrip-
tion factors associated with cell cycle, stem cell and neu-
ronal differentiation functions. The defective writer complex 
prolongs the cell cycle of neural progenitors and delays the 
cortical neurogenesis, leading to incorrect neuronal layering 
in the mouse brain (Yoon et al., 2017). A study implicates 
oncogenic roles for these genes in glioblastoma, the most 
common brain tumour (Cui et al., 2017).

FTO knockout mice exhibits a less severe phenotype 
including learning difficulties and impaired memory. Con-
sistent with this finding, the loss of FTO reduces the number 
of adult neural stem cells (L. Li et al., 2017).

The YTHDF reader proteins have also been associated 
neuronal functions. Ythdf1 conditional knockout mice have 
strongly reduced axon regeneration, suggesting a crucial role 
for m6A modification in the response to injury (Weng et al., 
2018).

Dysregulation of m6A has been associated with human 
brain-disorders risk genes (Yoon et al., 2017).  For example, 
the fragile X mental retardation protein, encoded by the most 
prominent monogenic risk gene for autism, binds RNAs 
m6A-dependent manner. The amount of FTO increases in 
Parkinson's disease models compared to wild-type rats (Qiu 
et al., 2020) and genetic variants of FTO have been associ-
ated with Alzheimer's disease (Keller et al., 2011). Taken 
together, these results suggest that the correct balance of 
m6A is essential for the proper development of the mam-
malian brain and normal neural function.
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Conclusion and outlook

Post-transcriptional RNA modifications appear to have 
essential roles in fine-tuning several biological processes. 
As we have summarized in our review, different epitranscrip-
tomic modification can affect the stability of RNAs, the effi-
ciency of the translation process and even the composition of 
certain proteins. All RNA types can be targeted to differing 
degree, although current evidence is equivocal for the role 
of some modifications especially in mRNAs and lncRNAs. 
Nevertheless, epitranscriptomic marks appear to be indis-
pensable in regulating the stability of maternal transcripts, 
the complicated hematopoietic differentiation process and 
multiple aspects of neural development.

As we will learn more about the RNA modifications 
themselves, their combinatorial and/or cumulative effects 
and the many functions of the proteins related to them, we 
will be able to get a better understanding about their poten-
tial role in pathologies as well. We will also understand if 
these modifications and the processes that regulate them can 
be used as targets of therapies.

The emerging picture suggests that different cell types 
might have characteristic epitranscriptome signatures and 
the actual “meaning” of certain post-transcriptional modi-
fications might not only depend on their position within the 
transcripts, but also on their relative abundance, the abun-
dance of the RNA molecules affected.
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