The new era of RNA modification
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Since the inception of the journal RNA in 1995, we have wit-
nessed significant advances in a number of areas of RNA re-
search. Among them is the area of RNA modification. In the
mid-1990’s, a “sno” storm hit the RNA field, leading to the
identification of a large number of small nucleolar RNAs,
known as box H/ACA and box C/D snoRNAs. The discovery
of these RNAs generated a great deal of new interest in
snoRNA research, which, in turn, led to a breakthrough in
the area of RNA modification: It turned out that box C/D
and box H/ACA RNAs exist in the cell as RNA-protein
complexes, or snoRNPs (each snoRNA is complexed with
four common proteins; Nopl/fibrillarin, Nop56, Nop58,
and Snul3 for box C/D RNPs, and Cbf5/NAP57/Dyskerin,
Nhp2, Garl, and Nopl0 for box H/ACA RNPs), and that
the RNA component (box C/D RNA or box H/ACA RNA)
of each RNP complex functions as a guide that directs, in a
site-specific manner, rRNA 2'-O-methylation or pseudouri-
dylation, respectively.

The discovery of RNA-guided RNA modification mecha-
nisms sparked a new wave of research interest in RNA mod-
ification, yielding fruitful results. For instance, it has been
shown that the RNA-guided (or snoRNP-catalyzed) mecha-
nisms, which modify rRNA in the nucleolus, can be applied
to spliceosomal snRNA modification as well. Soon after, it
was found that the guide RNAs that direct snRNA modifica-
tions were co-localized with their substrate snRNAs in the
subnuclear domains known as Cajal bodies. In addition, a
number of new stand-alone protein enzymes, responsible
for pseudouridylation and 2’-O-methylation (and other types
of modifications) of stable RNAs (tRNA in particular), have
also been identified. Furthermore, crystal structures of the
stand-alone protein enzymes as well as substrate-bound
box C/D and box H/ACA RNPs are now available, providing
a detailed molecular understanding of site-specific 2'-O-
methylation and pseudouridylation.

Significant progress has also been made towards under-
standing the function of modified nucleotides. Because
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rRNAs and spliceosomal snRNAs are enriched with both
2'-O-methylated residues and pseudouridines, these two
modifications have been extensively studied. Experimental
data accumulated over the past two decades have indicated
that modified nucleotides are concentrated in strategically
important regions of rRNAs and spliceosomeal snRNAs (at
the primary, secondary, and tertiary structural levels), and
that they are indeed functionally important for rRNA biogen-
esis, protein translation, and pre-mRNA splicing. And even
though in eukaryotes, tRNA 2’-O-methylation and pseu-
douridylation (and tRNA modification in general) are not
catalyzed by RNA-guided mechanisms (instead, these modi-
fications are catalyzed by stand-alone protein enzymes), the
mechanisms and functions of tRNA modification have at-
tracted enormous attention as well, generating a number of
interesting findings. For instance, it has been reported that
modified nucleotides in the anticodon loop of tRNA contrib-
ute significantly to translation fidelity. Additionally, it has
been shown that newly synthesized tRNAiM*' lacking methyl-
ation at one position (position 58) is subject to degradation
in the nucleus. Many other modified nucleotides also play
an important role in maintaining tRNA structure and stabil-
ity. Indeed, removal of some specific modifications results in
rapid tRNA decay.

Another significant advance in the study of RNA modifica-
tion was the realization that modified nucleotides can be
inducibly introduced into an RNA. Prior to this, it was widely
assumed that RNA modifications (pseudouridylation and 2’-
O-methylation in particular) occur constitutively. This as-
sumption was recently challenged by the observation that
under certain stress conditions, pseudouridylation can be in-
duced in spliceosomal snRNAs at novel positions. The se-
quences of inducible sites are imperfect and more flexible
than those of constitutively pseudouridylated sites, suggest-
ing that there may be a large number of such loosely defined
sites and that induced pseudouridylation is a widespread
phenomenon.

Recently, research into RNA modification has extended its
scope to include mRNA modification as well. Remarkably,
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targeted pseudouridylation at the first position of stop co-
dons results in nonsense suppression both in vitro and in
vivo. It appears that pseudouridylated stop codons reject
the release factor and promote unusual codon-anti-codon in-
teractions in the decoding center. This finding suggests that
mRNA modification (pseudouridylation in particular) possi-
bly represents yet another mechanism of generating protein
diversity. It has also been reported that incorporation of
pseudouridine into mRNA results in increased translation ef-
ficiency and reduced RNA-elicited innate immune responses.
Most recently, a transcriptome-wide pseudouridine-seq ap-
proach has been developed, allowing the identification of a
large number of naturally occurring mRNA pseudouridines
in both yeast and mammalian cells. These pseudouridines ap-
pear to be scattered throughout the mRNA, including the
coding region and the 5" and 3’ UTRs, and many of them
are stress-inducible.

RNA modifications are not limited to pseudouridylation
and 2'-O-methylation; both tRNA and mRNA contain other
types of modifications, which have also been extensively stud-
ied over the past 20 years. In particular, N®-methyladenosine
(m®A) in mRNA has attracted an enormous amount of atten-
tion. Recent work has demonstrated that the m°A modifica-
tion is reversible (a set of de-methylation enzymes have been
identified), suggesting a regulatory role for this modified nu-
cleotide. Indeed, it has recently been reported that m°A plays
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a role in mRNA stability and the maintenance of embryonic
stem cell identity.

While there have been significant advances in the area of
RNA modification research in the past two decades, many
questions remain. Among the most interesting are those re-
garding mRNA modification. For instance, what regulatory
roles do mRNA modifications play? Given that pseudouri-
dines are present in both coding and untranslated regions, it
is possible that they affect coding specificity, translation effi-
ciency, mRNA stability, or even all three. Experimental verifi-
cation of any of these potential functions would constitute a
great leap forward in the study of RNA modification. Another
important question is: how are mRNA modifications induced
by stress and what functional roles do these induced modifi-
cations play? It appears that the modifying enzymes are avail-
able to the inducible substrates (imperfect sequences) under
both normal and stress conditions, but only under stress con-
ditions are the inducible substrates modified. Detailed analy-
ses, directed towards understanding the mechanisms and
functions of induced modifications, are highly important.

As seen in the past 20 years, the pace of RNA modification
research has quickened, and momentum is clearly building in
the field. With the help of modern technologies, a new, more
thorough picture of RNA modification (especially mRNA
modification) is expected to emerge. The era of RNA modi-
fication research has arrived.



