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ABSTRACT

Pseudouridylation is a post-transcriptional isomerization reaction that converts a uridine to a pseudouridine (W) within an RNA chain. W has chemical properties that
are distinct from that of uridine and any other known nucleotides. Experimental data accumulated thus far have indicated that W is present in many different types of
RNAs, including coding and noncoding RNAs. W is particularly concentrated in rRNA and spliceosomal snRNAs, and plays an important role in protein translation
and pre-mRNA splicing, respectively. W has also been found in mRNA, but its function there remains essentially unknown. In this review, we discuss the mechanisms
and functions of RNA pseudouridylation, focusing on rRNA, snRNA and mRNA. We also discuss the methods, which have been developed to detect Ws in RNAs. This
article is part of a Special Issue entitled: mRNA modifications in gene expression control edited by Dr. Soller Matthias and Dr. Fray Rupert.

1. Introduction

Pseudouridine (W) is a modified ribonucleotide that was first dis-
covered in 1957. Due to its high abundance, W, initially called “?”, was
thought to be a 5th core nucleotide when it was initially identified [1],
but was renamed “pseudouridine” two years later when detailed char-
acterization indicated that it was an isomer (5-ribosyluracil) of uridine
(1-ribosyluracil) [2]. Over the past 6 decades, W has drawn much ex-
perimental attention, which has yielded some fruitful results.

W is converted from uridine through a post-transcriptional iso-
merization reaction, called pseudouridylation (Fig. 1A). This reaction
begins with the breaking of the N1-C1’ glycosidic bond, allowing the
base to be rotated 180° around the C6-N3 axis. A new bond is then
established between C5 and C1’, completing the formation of W. In
addition to the unusual carbon-carbon bond between base and sugar
formed in this reaction, pseudouridylation also results in an additional
hydrogen bond donor (the N1 position). Thus, W's chemical properties
are distinct from those of uridine, or, indeed, those of any other known
nucleotides [3]. Extensive studies have shown that these distinct
properties have a significant impact on RNA strands [4]. For instance,
W can help rigidify the RNA backbone (locked in a C-3’ endo sugar ring
configuration) through a water-mediated hydrogen bond network [3]
(Fig. 1B and C), or increase base stacking and thermal stability in an
RNA-RNA duplex [5]. It has also been reported that W can alter the
local structure of an RNA [6-9].

W is the most abundant and widespread of all modified nucleotides

found in RNA. It is present in all species and in many different types of
RNAs, including, to date, tRNA, rRNA, snRNA, box H/ACA RNA, box C/
D RNA, telomerase RNA, 7SK RNA, RNase MRP RNA, and Steroid
Receptor RNA Activator (SRA), as well as a large number of coding
RNAs (mRNAs) [10-15]. But how are Ws introduced into RNAs, and
how are they detected? What do we know about the function of RNA
pseudouridylation? Here, we will discuss the methods developed for W
detection and the mechanisms by which pseudouridylation is in-
troduced into RNAs. We will also highlight some of recent experimental
results concerning pseudouridylation, focusing primarily on mRNA
pseudouridylation.

2. Methods for detection and quantification of RNA
pseudouridylation

A necessary prerequisite for successful pseudouridylation research is
a means of detecting W in RNA. However, due to the fact that they are
isomers, W and uridine share exactly the same molecular weight. Also,
like uridine, W pairs with and is read by adenosine during RNA-tem-
plated reverse-transcription. Thus, it is difficult to distinguish between
W and uridine in RNA. Indeed, in the early days of pseudouridylation
research, identification of W was a lengthy, laborious process, often
requiring a number of difficult steps [16,17]. Nonetheless, through
great effort, two different methods have been developed to identify and
quantify RNA pseudouridylation, and their use is now widespread in
the field [18-20].
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Fig. 1. Pseudouridine properties. (A) U-to-¥ isomerization. Uridine (U) and
pseudouridine (W) are indicated. N1 (red) of the base and the N3-C6 axis are
also indicated. a: hydrogen bond acceptor; d: hydrogen bond donor. (B) Water-
mediated hydrogen-bond network. Depicted is the W-specific, water-mediated
hydrogen-bond network. The water molecule is indicated. The positions of the
base and the sugar are also indicated. (C) Sugar ring C3’-endo configuration.
Shown is the C3’-endo configuration of the sugar ring, established upon the
formation of a W-specific, water-mediated hydrogen bond network. Carbon
numbers are indicated.

2.1. Carbodiimide CMC-modification and primer-extension (Primer-
extension-based method)

In 1993, Ofengand and colleagues developed a convenient and
highly effective pseudouridylation method that can identify W at a one-
nucleotide resolution (Fig. 2A) [18]. This method is based on the fact
that the organic compound carbodiimide CMC (N-Cyclohexyl-N'-(2-
morpholinoethyl)carbodiimide metho-p-toluenesulfonate) can specifi-
cally modify (via covalent linkage) W, U, and G residues in an RNA.
Upon incubation in a bicarbonate buffer (pH 10.4), U-CMC and G-CMC
are reversed to unmodified U and G, whereas W-CMC remains cova-
lently linked. Subsequent primer-extension (reverse-transcription) re-
sults in stops (or pauses) one nucleotide before the bulky CMC-linked
Ws, thus allowing mapping of Ws in an RNA. This method is convenient,
and in theory can detect multiple Ws (if there are more than one within
an RNA) simultaneously in one reaction. Since it was developed about
25 years ago, this method has been widely used for detecting Ws within
an RNA. Recently, by coupling this method with next-generation se-
quencing, several labs have developed high-throughput pseudouridine-
seq techniques [12-15,21], which have identified a large number of Ws
(see below).

Although extremely useful and effective, CMC-modification fol-
lowed by primer-extension has some limitations; for instance, this
method exhibits relatively low sensitivity and is only semi-quantitative.
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The limitations are due at least in part to the incomplete nature of both
CMC modification and the reversal of U-CMC and G-CMC to unmodified
U and G. The former will reduce W signal and the latter will increase
false positives in detecting W.

2.2. Site-specific cleavage/labeling and TLC (TLC-based method)

To develop a reliable quantitative pseudouridylation assay, Zhao
and Yu took advantage of the ability to site-specifically direct RNase H
cleavage using 2’-O-methyl RNA-DNA chimeric oligonucleotides
[22,23]. This technique allows for site-specific cleavage at any potential
pseudouridylation site. After cleavage, the test site is exposed at the end
(either 5 or 3’, depending on what position the directing chimeric
oligonucleotide is targeting) of a cleaved RNA fragment, allowing site-
specific radiolabeling of the test site nucleotide [19,20,24,25]. The end-
radiolabeled RNA fragment is digested by nuclease P1 or T2 (depending
on which phosphate, 5’ or 3’ of the target pseudouridylation site, is
labeled) to completion. The resulting mononucleotides are then sepa-
rated by TLC (thin-layer chromatography), revealing the radiolabeled
test site nucleotide (either uridine or W) (Fig. 2B). This is a quantitative
method and has proven to be highly effective [14,19,25]. The dis-
advantage of this method is that it involves a number of complex steps,
and that it is a low throughput approach that tests only one site at a
time (Fig. 2B).

Each method, when used alone, has limitations. However, if com-
bined, the two methods are extremely powerful. For instance, one can
use high-throughput CMC-modification followed by primer-extension
(and deep sequencing) to detect pseudouridylation sites in RNAs. One
can then use low-throughput site-specific cleavage and labeling to
verify and quantify pseudouridylation at these sites. Using this ap-
proach, Li et al. have definitively shown that some of their newly
identified sites in rRNA and mRNA are pseudouridylated [14].

3. Pseudouridylation is catalyzed by two different mechanisms

Pseudouridylation can be catalyzed by two different mechanisms,
namely, an RNA-independent mechanism and an RNA-dependent me-
chanism. While the RNA-independent mechanism is conserved across
species from bacteria to humans, the RNA-dependent mechanism is
unique to eukaryotes and archaea [26].

3.1. RNA-independent mechanism

RNA-independent pseudouridylation involves stand-alone protein
enzymes called pseudouridine synthases (Pus enzymes). There are 9
different types of Pus enzymes (Pus1-Pus9) in S. cerevisiae, and 10 (Pus
1-Pus10) in higher eukaryotes [27]. All eukaryotic Pus enzymes can be
classified into 5 families (TruA, TruB, RluA, TruD, and Pus10) based on
their similarities to their bacterial counterparts [28]. The crystal
structures of many Pus enzymes have been solved [29-39]. Although
they have different sequences and are categorized into different fa-
milies, all Pus enzymes share a common catalytic core domain with an
invariant aspartate residue participating in the catalytic reaction. In
order to site-specially convert a uridine into a W, each Pus enzyme is
capable of both independently recognizing its substrates and catalyzing
the chemical reaction. While some Pus enzymes have only a few specific
substrates, others have many. In eukaryotes, tRNA pseudouridylation is
catalyzed solely by the Pus enzymes.

Different Pus enzymes are localized to three sub-cellular domains:
the nucleus, the cytosol and the mitochondria [27]. While some Pus
enzymes reside in only one of these three sub-cellular domains, others
are found in two or all of them. For example, in S. cerevisiae, Pusl is
localized almost exclusively to the nucleus, Pus 8 to the cytosol, and
Pus2 and Pus5 to the mitochondria. On the other hand, Pus3 and Pus7
are found in both the nucleus and the cytosol, Pus4 in both the nucleus
and the mitochondria, and Pus6 in both the cytosol and the
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Fig. 2. Pseudouridylation assays. (A) Assay based on CMC-

5’ modification followed by primer-extension. The carbodiimide
GYAGUAUCYGWUC CMC is able to covalently attach to G, U and W. Upon alkaline
treatment, G-CMC and U-CMC adducts are reversed, but CMC
cMmc remains covalently bound to W (W-CMC). Subsequent primer-
extension results in stops one nucleotide before the W-CMC
QO QO O VLUV adducts. CMC-nucleotide adducts are indicated. Primer (red
?)?) gg g ggg g lines)-extension (dotted red lines) stops are indicated as well.
5’ [ N A AR AN A A A | 3’ * represents the radio label. (B) Assay based on site-specific
GWAGUAUCYGWUC cleavage/labeling, nuclease digestion and TLC. An RNA is
site-specifically cleaved by RNase H directed by a com-
iBicarbonate Buffer (pH10.4) plementary 2’-O-methyl RNA-DNA chimera (here, cleavage is
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GWAGUAUCYGWUC separated on TLC. The chimeric oligonucleotide (4,2’-deoxy
Pri R nucleotides flanked by 2’-O-methylated nucleotides) is de-
rimer-extension picted (green). The cleavage site is indicated by a small arrow.
The bridging deoxyoligonucleotide (blue) and known 5 la-
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mitochondria. Interestingly, Pus9 is the only one that resides in all these
three sub-cellular domains.

3.2. RNA dependent mechanism

RNA-dependent pseudouridylation is catalyzed by a family of box
H/ACA RNPs [40-42]. Each RNP consists of one unique box H/ACA
RNA and four common proteins: Cbf5 (called NAP57 in rodents and
Dyskerin in human), Nhp2, Nop1l0 and Garl. Cbf5 is the catalytic
subunit (pseudouridylase) of box H/ACA RNPs, and a member of the
TruB pseudouridine synthase family. Despite sequence differences, eu-
karyotic box H/ACA RNAs all fold into unique variants of a common
“hairpin-hinge-hairpin-tail” structure in which each of the two hairpins
contains a pseudouridylation pocket that base-pairs with the substrate
sequence and positions the target uridine at the base of the upper stem

(Fig. 3). Here, the RNA component of each box H/ACA RNP recognizes
the substrate and specifies the target uridine, whereupon Cbf5, the
catalytic subunit, catalyzes the pseudouridylation reaction, converting
the specified uridine into W. Unlike tRNA pseudouridylation, pseu-
douridylation of rRNAs and spliceosomal snRNAs is catalyzed almost
exclusively by the RNA-dependent mechanism in eukaryotes. In yeast
and mammals, almost all of the box H/ACA RNPs responsible for
pseudouridylation of snRNAs and rRNAs have been identified [43-48].

Using NMR, the details of guide-substrate base-pairing interactions
in box H/ACA RNPs have been clarified [49,50]. According to NMR
solution structures, the interactions between the guide sequence and
substrate are not regular Watson-Crick A-form helices. Instead, when
pairing, the substrate interacts on one face of the guide sequence
without threading through the guide pocket to form an A-form helix
[49,50]. Soon after the NMR studies were completed, the crystal
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Box H/ACA RNP

Fig. 3. Box H/ACA guided RNA pseudouridylation. The components of a box
H/ACA RNP, including one box H/ACA RNA (black line with box H and box
ACA) and four core proteins (Nhp2, Nop10, Garl and Cbf5), are shown. The red
line represents the substrate RNA. N represents any nucleotide; W (indicated by
an arrow) is the modified nucleotide.

structures of several versions of archaeal and yeast box H/ACA RNPs
(with and without substrate) became available, depicting, at the mo-
lecular level, how box H/ACA RNA-guided pseudouridylation occurs
[51-59].

Box H/ACA RNPs are localized to the nuclear sub-compartments,
including the nucleolus and the Cajal bodies. Specifically, while the
snRNA-specific box H/ACA RNPs are targeted to the Cajal bodies, the
rRNA-specific box H/ACA RNPs are concentrated in the nucleoli
[60-65]. Thus, it is believed that pseudouridylation of snRNAs and
rRNAs occurs in the Cajal bodies and the nucleoli, respectively [65].

4. Noncoding RNA pseudouridylation

W was initially identified in stable and highly abundant noncoding
RNAs, such as rRNAs, spliceosomal snRNAs and tRNAs. In eukaryotes,
rRNAs and snRNAs are the most extensively pseudouridylated of all
cellular RNAs. For instance, there are about 50 Ws in S. cerevisiae
rRNAs, and double that number in mammalian rRNAs [46,47,66].
Likewise, there are 6 Ws in S. cerevisiae snRNAs, and more than 20 in
mammalian snRNAs [26,41,67]. In this subsection, we will provide a
brief overview of noncoding RNA pseudouridylation, focusing on
rRNAs and snRNAs.

4.1. rRNA pseudouridylation

It has long been known that rRNAs contain a large number of Ws
[66]; however, the function of these Ws remained unknown until 1996,
when a large number of box H/ACA RNAs were identified and the
mechanism of box H/ACA RNA-guided rRNA pseudouridylation was
uncovered [44,68,69]. It was soon realized that Ws are often clustered
in functionally important regions of rRNAs, such as the peptidyl
transferase center (PTC), the decoding center, the A-site finger (ASF)
region, and helix 69, which interacts with tRNAs at the A and P sites
during translation [70]. At the 3-dimensional level, Ws are also present
at sites where ribosomal subunits interact [70]. These observations
suggest strongly that Ws are functionally important. Indeed, subsequent
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experiments carried out in S. cerevisiae demonstrated that ribosomal Ws
are important for ribosome biogenesis and protein translation, and that
they act in a synergistic manner [71-75]. Further genetic and bio-
chemical analyses have indicated that Ws also play an important role in
translational re-coding [76,77].

4.2. Spliceosomal snRNA pseudouridylation

Spliceosomal snRNAs are also enriched with Ws. Vertebrate U2
snRNA is the most extensively modified example. Indeed, there are 13
constitutively modified Ws in vertebrate U2—over 20% of U2 uridines
are converted to Ws [67]. Importantly, these Ws are also clustered in
functionally important regions [67]. Biochemical and genetic experi-
ments conducted in Xenopus oocytes, Hela nuclear extracts, and S.
cerevisiae cells have demonstrated the importance of Ws in U2 snRNP
biogenesis, spliceosome assembly and splicing [78-84]. Most recently,
Wu et al. further dissected, using yeast genetics and biochemistry, the
role of U2 Ws in spliceosome assembly and splicing [9]. Their results
revealed genetic cross-talk between the Ws located in the U2 branch site
recognition region and Prp5, an ATPase required for pre-splicing
complex formation. Further biochemical analysis demonstrated that the
Ws in the branch site recognition region contribute to the physical in-
teraction of U2 with Prp5, impacting Prp5's U2-dependent ATPase ac-
tivity and hence affecting spliceosome assembly.

Interestingly, it was reported that pseudouridylation of yeast U2
snRNA can also be induced at novel sites under stress conditions (nu-
trient deprivation, heat-shock) and that these inducible Ws appear to
influence pre-mRNA splicing as well [25]. Nutrient deprivation-induced
pseudouridylation has been shown to be regulated by the TOR (Target
of Rapamycin) signaling pathway [85]. Both RNA-dependent and RNA-
independent mechanisms are involved in inducible pseudouridylation
[25].

4.3. Other noncoding RNA pseudouridylation

Pseudouridylation occurs not only in the most abundant noncoding
RNAs, including rRNA, snRNA and tRNA, but also in other noncoding
RNAs as well. The recent development and application of high-
throughput pseudouridine-seq technologies has led to the identification
of new Ws in many more noncoding RNAs, and the list is expanding
rapidly. In addition to rRNA, snRNA, and tRNA, a number of relatively
low-abundance noncoding RNAs, including box H/ACA RNA, box C/D
RNA, telomerase RNA, 7SK RNA, RNase MRP RNA, and Steroid
Receptor RNA Activator (SRA) (a noncoding RNA), also contain W
[10-14]. It has been shown that tRNA pseudouridylation contributes to
tRNA stability, decoding fidelity and recoding efficiency during trans-
lation [86-88]. It has also been reported that SRA pseudouridylation
and 7SK pseudouridylation appear to play a role in transcriptional
regulation [10,89-91]. However, the function of Ws in most other
noncoding RNAs remains unknown.

5. mRNA pseudouridylation

In the early phase of pseudouridylation research, noncoding RNA
was the only focus of investigation. However, as ever-increasing
amounts of RNA-guided pseudouridylation sites were identified in
snRNAs and rRNAs, a suspicion began to arise that pseudouridylation
might also occur in coding RNAs. This culminated in a shift in experi-
mental attention towards mRNA pseudouridylation beginning around
2011. Now, after 7 years of research, these efforts have begun to bear
fruit.

5.1. Targeted pseudouridylation promotes stop codon read-through

Because mRNA carries the genetic information that directs the
synthesis of protein, one interesting question was whether mRNA
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pseudouridylation would change coding specificity. As all three stop
codons (UAA, UGA, and UAG) contain a uridine at the first position,
Karijolich and Yu first tested the coding specificity of pseudouridylated
stop codons [92]. To do this, they synthesized a short mRNA molecule
containing, from 5’ to 3/, a 6XHIS tag, a stop codon (UAA), and a FLAG
tag. By changing the uridine of the stop codon to C or W, they created
two additional mRNA molecules. These mRNAs were then translated
into protein using cell lysate, and peptide formation was analyzed by
dot blot using anti-HIS and anti-FLAG antibodies. Interestingly, while
the HIS level was essentially the same regardless of which mRNA was
used, FLAG levels varied depending on the experimental codon. Spe-
cifically, when mRNA with a normal stop codon UAA was used, no
FLAG was detected (as expected); however, when the other two mRNAs
were used, FLAG was detected, demonstrating that U-to-W change in
the stop codon, just like stop codon mutation (U-to-C change), promotes
nonsense suppression. Taking advantage of box H/ACA RNA-guided
RNA pseudouridylation, Karijolich and Yu then directly tested stop
codon pseudouridylation in S. cerevisiae. They created an artificial box
H/ACA RNA targeting a premature stop codon (either UAA, UAG or
UGA) within a reporter gene. Upon co-transformation of yeast cells with
both the reporter and box H/ACA RNA genes, they detected site-specific
pseudouridylation, albeit at a low efficiency (7-10%), at the target stop
codon. Importantly, the low level of U-to-W conversion was sufficient
for them to detect stop codon read-through. These results suggested
that pseudouridylation of stop codons does indeed promote stop codon
read-through both in vitro and in vivo (yeast cells) [92] (Fig. 4). Re-
cently, Adachi et al. have demonstrated that targeted pseudouridylation
of a premature termination codon (stop codon) also results in the
suppression of nonsense mediated mRNA decay (NMD) (Fig. 4, and
unpublished data).

To identify the amino acids incorporated at the pseudouridylated
stop codons, Karijolich and Yu purified the read-through proteins and
sequenced them using LC-MS/MS [92]. The results indicate that WAA
and WAG both primarily code for Ser and Thr, while WGA codes for Tyr
and Phe. Inspection of codons and anticodons (of tRNAs) led to the
realization that it is virtually impossible to avoid purine-purine inter-
actions during decoding. To directly visualize these interactions, Fer-
néndez et al. crystalized the ribosome bound with pseudouridylated
stop codon WAG and its “cognate” anticodon of tRNAS®(IGA), and
showed that unusual base pairing occurs between two purines during
decoding, suggesting that the catalytic center of the ribosome is rather
flexible [93].

Box H/ACA RNA-guided pseudouridylation does not appear to be
limited to only mRNA in yeast. Using the same technique, Chen et al.
showed that even a pre-mRNA can be site-specifically targeted for
pseudouridylation in Xenopus oocytes [94]. These exciting results
prompted a search for potential naturally occurring pseudouridines in

(Genetic diseases) T
DNA 5’ ATG ACT CAC CGA GCG CGA AGC TGA 3’
3’ TAC TGA GTG GAT CGC GCT TCG ACT 5’

7/NMD
(Targeted) ¥ <« U:’

mRNA 5’ AUG ACU\CAC CGA GCG CGA AGC UGA 3’
Stop l
. A
Protein M T H R A R S Stop
Go

Fig. 4. Nonsense suppression induced by targeted pseudouridylation. Gene
expression (from DNA to RNA to protein) is schematized. Black letters represent
wild-type sequences; red letters and red arrows indicate mutations (present in
disease genes) and the consequences of mutations, respectively; the blue arrow
indicates U-to-W conversion; the green letter and green lines/arrow depict the
isomerized nucleotide (W) and the consequences, respectively.
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mRNAs. Using the guide sequences of known yeast box H/ACA RNAs,
Karijolich and Yu conducted a BLAST search against the yeast genome,
and identified a number of potential hits in coding genes. Thus, they
predicted the existence of naturally occurring Ws in mRNA [92].

5.2. Identification of naturally occurring ¥'s in mRNA by high throughput
pseudouridine-seq technologies

Although W was predicted or believed to be widespread and present
in mRNA, experimental evidence for this was still lacking. To address
this problem, four groups independently developed four similar but
distinct high throughput pseudouridine-seq methods (Pseudo-seq, W-
seq, PSI-seq and CeU-seq), all of which employed similar strategies that
coupled CMC-modification and primer-extension (Fig. 2A) with deep
sequencing [12-15]. These methods permitted a transcriptome-wide
survey of pseudouridylation. Specifically, pseudo-seq and W-seq were
used to survey pseudouridylation in both yeast and mammalian cells;
PSI-seq was used to identify Ws only in yeast RNAs; and CeU-seq was
used to map Ws only in mammalian cells.

Together, the 4 studies identified a total of 1496 Ws (including
stress-inducible Ws) in 867 yeast mRNAs, and a total of 3083 Ws (in-
cluding stress-inducible Ws) in 2174 human mRNAs (5 and 3’ UTRs and
the coding region). However, Zaringhalam and Papavasiliou have,
using comparison analysis, noted that only a small fraction of these Ws
and mRNAs were identified consistently by two or more of these
methods [95]. Indeed, only 48 putative Ws across 46 human mRNAs
were independently identified by two or more of these methods
(Table 1). Likewise, only 38 Ws in 38 yeast mRNAs were consistently
identified by at least two of these methods (Table 2). Although a large
number of putative Ws have been identified in mRNAs, only one of
them has been independently verified by the TLC-based method
(Fig. 2B) [14].

Why do the various methods of pseudouridine-seq generate some-
what inconsistent results? It should be noted that across the mammalian
mRNAs analyzed by Pseudo-seq, W-seq, and CeU-seq, some discrepancy
is not totally surprising given the variations in cell types and culture
conditions used in each lab. Despite this, the low overlaps suggest that
the four novel high-throughput pseudouridine-seq methods are far from
perfect. It has long been known that CMC-modification followed by
primer-extension (Fig. 2A) has intrinsic problems. For example, as
discussed earlier, each of these processes involves multiple steps, and
small differences can accumulate at each one, potentially leading to
large total variances. In addition, W-specific CMC-modification may not
be 100% efficient, leading to a low level of primer-extension stops and
therefore impacting final detection of Ws. Furthermore, CMC also
modifies U and G (in addition to W), and the reversal of U-CMC and G-
CMC to unmodified U and G may not be complete in the bicarbonate
buffer (Fig. 2A), resulting in false positives. However, it should be noted
that the CMC-modification-primer-extension-based assay has been
tested extensively in detecting W sites in rRNA and snRNA, where
pseudouridylation at a given site is more than 90%. The results indicate
that the false positives are minimal. Hence the CMC-modification-
primer-extension-based method itself may not be the main reason for
the low overlap rate. On the other hand, studies have suggested that
bioinformatic pipelines have significant effects on sites calling (espe-
cially for the sites with a low level of pseudouridylation). It is therefore
possible that some potential limitations of the method, together with
potential differences in parameter settings during bioinformatic data
analysis, might have resulted in the low number of mutually identified
Ws. It is thus urgently important to use the same computational stan-
dard for the mapping of pseudouridylation sites.

Despite the discrepancy in their results, the four surveys have suc-
cessfully indicated that W is present not only in noncoding RNAs, but
also in a number of mRNAs. In the latter case, W appears to be dis-
tributed throughout the entire sequence, including the 5’ UTR, 3’ UTR
and the coding region, although W seems to be underrepresented in the
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Table 1
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Identical W sites detected in human mRNAs by at least two of the three methods (Pseudo-seq, W-seq, or CeU-seq).

Methods Coordinate Gene Position Amino acid Codon Dependency (shown in W-seq)
W-seq, CeU-seq (W-seq, position 550 was also detected) chr1:33480153 AK2 551 F156 uwC Pus4
W-seq, CeU-seq chr11:94607530 AMOTL1 6611 3'UTR 3’'UTR Pus4
W-seq, CeU-seq chr19:19765470 ATP13A1 1723 V565 GYA Pus7
W-seq, CeU-seq” chr20:17581686 DSTN 562" F102 uuw unknown
W-seq, CeU-seq chr10:120832492 EIF3A 597 V150 GUW unknown
W-seq, CeU-seq (W-seq, position 654 was also detected) chr14:69846986 ERH 655 3'UTR 3'UTR Pus4
W-seq, CeU-seq chr8:119122857 EXT1 1202 F143 uwC Pus4
W-seq, CeU-seq chr2:131807076 FAM168B 3779 3’'UTR 3'UTR unknown
W-seq, CeU-seq chr6:153296738 FBXO5 231 S41 WCU Pus4
W-seq, CeU-seq chr12:2913076 FKBP4 2230 3'UTR 3’'UTR Pus4
W-seq, CeU-seq chr15:41059798 GCHFR 600 3'UTR 3'UTR Pus7
W-seq, CeU-seq chr15:72636387 HEXA 1828 3'UTR 3’'UTR Pus?7
W-seq, CeU-seq chr1:6282924 ICMT 3144 3'UTR 3'UTR unknown
W-seq, CeU-seq chr10:1090038 IDI1 332 V71 GUW Pus4
W-seq, CeU-seq chr7:1516290 INTS1 5168 F1689 uwC Pus4
W-seq, CeU-seq chr16:47345317 ITFG1 963 V301 GU¥Y Pus4
W-seq, CeU-seq chr2:20237324 LAPTMA4A 792 S95 WCA Pus4
W-seq, CeU-seq chr19:34685385 LSM14A 320 V41 GUW Pus4
W-seq, CeU-seq chr22:35820401 MCM5 2452 3'UTR 3’'UTR Pus7
W-seq, CeU-seq chr17:37564158 MED1 4528 S1439 wCC Pus4
W-seq, CeU-seq chr10:64960744 MSN 2921 3'UTR 3’'UTR unknown
W-seq, CeU-seq chr9:127074876 NEK6 542 Y94 WAC unknown
W-seq, CeU-seq chr16:69376048 NIP7 1354 3'UTR 3’'UTR Pus4
W-seq, CeU-seq (W-seq, position 454 were also detected) chr4:48850446 OCIAD1 455 S80 wCC Pus4
W-seq, CeU-seq chr10:128726344 OCRL 4968 3’'UTR 3'UTR Pus4
W-seq, CeU-seq chr1:40030820 PABPC4 2101 F401 uwc Pus4
W-seq, CeU-seq chr4:129191455 PGRMC2 2727 3’'UTR 3'UTR unknown
W-seq, CeU-seq chr1:6683668 PHF13 3245 3'UTR 3'UTR Pus4
W-seq, CeU-seq chr5:108714952 PJA2 456 S79 wCC Pus4
W-seq, CeU-seq (W-seq, position 1277 was also detected) chr7:102952258 PMPCB 1278 S415 WCA Pus4
W-seq, CeU-seq chr1:166823415 POGK 3558 3'UTR 3'UTR Pus4
W-seq, CeU-seq chr12:53837226 PRR13 235 S24 WCC Pus4
W-seq, CeU-seq chr10:73576420 PSAP 2457 3'UTR 3'UTR unknown
W-seq, CeU-seq chr1:36068933 PSMB2 953 V63 GUW Pus4
W-seq, CeU-seq chr7:75518106 RHBDD2 1618 3’'UTR 3'UTR Pus?7
W-seq, CeU-seq chrl17:4848196 RNF167 1387 S313 YCU Pus4
W-seq, CeU-seq chr3:23959343 RPL15 116, 373, and 386 5’UTR 5'UTR DKC1
W-seq, CeU-seq chr1:53493672 SCP2 1435 V18 GUW Pus4
W-seq, CeU-seq chr17:2278920 SGSM2 2412 F700 uwc Pus4
W-seq, CeU-seq chr16:28883911 SH2B1 2054 F594 uwC Pus4
W-seq, CeU-seq (W-seq, position 2318 were also detected) chr1:43392397 SLC2A1 2319 3’'UTR 3'UTR DKC1
W-seq, CeU-seq chr5:68419196 SLC30A5 2249 V647 GUWY Pus4
W-seq, CeU-seq chr10:77385465 TAF9B 2469 3'UTR 3’'UTR Pus4
W-seq, CeU-seq chr8:141297807 TRAPPC9 2190 F627 uwC Pus4
W-seq, CeU-seq chr7:100470818 TRIP6 1494 S441 ucw unknown
W-seq, CeU-seq chr12:124497242 ZNF664 1528 S184 YCG Pus4

% While W-seq detected a W at position 562, CeU-seq identified the nucleotide at position 561 as W.

5’ UTRs of mammalian mRNAs and in the 3’ UTRs of S. cerevisiae
mRNAs [12,14,95]. By comparing W maps generated before and after
knocking out or knocking down Pus enzymes or box H/ACA RNAs, the
researchers were also able to show that some pseudouridylation en-
zymes (both Pus enzymes and box H/ACA RNPs) are responsible for
mRNA pseudouridylation at specific sites. Interestingly, upon exposing
cells to stress (nutrient deprivation, heat shock, oxidation, etc.), pseu-
douridylation is induced in mRNA [12-15], a phenomenon first ob-
served in yeast U2 snRNA [25]. It appears that, like in inducible U2
snRNA pseudouridylation [25], inducible mRNA pseudouridylation can
be catalyzed by both stand-alone Pus enzymes and box H/ACA RNPs.

Most recently, Nakamoto et al. have used a similar PSI-seq to con-
duct a transcriptome-wide survey of W formation in the parasite
Toxoplasma gondii, and generated a great deal of information about
TgPUS1-dependent and TgPUS1-independent pseudouridylation [21].
Of note, the authors previously identified TgPUS1 as a Pus enzyme that
is necessary for differentiation of the parasite from active to chronic
infection [96]. In particular, they identified TgPUS1-dependent and
TgPUS1-independent W¥s in several different types of RNAs, including
mRNA. Like in yeast and mammals, Ws were found in all regions of
Toxoplasma mRNA. However, their data suggest that Ws are

underrepresented in the 3’-UTRs, just as they are in S. cerevisiae mRNAs.

5.3. Possible functions of mRNA pseudouridylation

Even though there are relatively few commonly identified Ws across
the 4 pseudouridine-seq methods, the evidence for natural mRNA
pseudouridylation (either constitutive or inducible) is overwhelming
and undeniable. Yet, to date, little is known about the biological
function of mRNA pseudouridylation. Why is W distributed in the 5’
UTR, the coding region and the 3 UTR? What potential role(s) do these
Ws play during mRNA processing and gene expression?

Given the known mRNA processing pathway, it is tempting to
speculate on the potential roles of W (Fig. 5). For instance, it is possible
that through altering mRNA structure and recruiting regulatory protein
factors, W could contribute to pre-mRNA splicing, 3’ end formation/
polyadenylation, and even 5’ capping. However, the latter seems less
likely given that capping occurs early and co-transcriptionally, perhaps
even before W is introduced into pre-mRNA/mRNA. On the other hand,
Ws could constitute a localization signal, regulating RNA sub-cellular
localization. This is particularly relevant when taking into account that
mRNA pseudouridylation is dynamic and inducible in response to
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Table 2
Identical W sites detected in yeast mRNAs by at least two of the three methods (Pseudo-seq, W-seq, or PSI-seq®).
Methods (HS = heat shock induced) Coordinate Gene Position Amino acid Codon
Pseudo-seq, W-seq (HS) chrXI11:200345 ADE16 971 V324 GYA
Pseudo-seq, W-seq chrlv:331025 BDF2 2 M1 AYG
Pseudo-seq, PSI-seq (Log and HS) chrXv:60739 CDC33 286 F96 yuc
Pseudo-seq, W-seq (HS) chrXVv:296080 CMK2 41 V14 GWA
Pseudo-seq, W-seq chrl:32596 GDH3 1030 S344 YCT
Pseudo-seq, W-seq (HS) chrlV:766454 GIR2 749 V250 GWA
Pseudo-seq, W-seq chrlll:51028 GLK1 191 M64 AYG
Pseudo-seq, W-seq (HS) chrXIi:661272 GSY2 557 V186 GUVA
Pseudo-seq, W-seq chrIX:52395 GUT2 1314 T438 ACW
Pseudo-seq, PSI-seq (HS) chrXII1:632426 HSC82 72 Y24 UAW
Pseudo-seq, W-seq (HS) chrlll: 156194 HSP30 914 V305 GYU
Pseudo-seq, W-seq chrXVI:568435 ICL2 562 5188 WCU
Pseudo-seq, W-seq (Mid-log and HS) chrX:383242 KAR2 1916 F639 uwC
Pseudo-seq, W-seq chrX:314164 MPM1 709 S$237 WCC
Pseudo-seq, W-seq (HS) chrlll:49581 PDI1 641 V214 GVA
Pseudo-seq, W-seq, PSI-seq chrXVvI:731681 RPL11A 68 V23 GYU
Pseudo-seq, PSI-seq (HS) chrXv:93771 RPL18A 185 V62 GYU
W-seq (HS), PSI-seq (HS) chrXIV:331941 RPL42A 106 F36 wuu
Pseudo-seq, W-seq (HS) chrVIIL:382275 RPL42B 36 C12 uGw
Pseudo-seq, PSI-seq (Log and HS) chrll:300266 RPL4A 101 134 AYU
Pseudo-seq, W-seq chrVII:499441 RPN10 363 S121 ucy
Pseudo-seq, W-seq (HS) chrVII:921633 RPSOA 604 Y202 WAC
Pseudo-seq, PSI-seq (HS) chrX11:673244 RPS28B 114 R38 CGY
Pseudo-seq, W-seq (HS) chrIv:930301 RTN1 57 C19 uGw
Pseudo-seq, W-seq (HS) chrVII:292922 SNF4 890 V297 GYA
Pseudo-seq, W-seq (Mid-log and HS) chrV:468452 SPI1 83 V28 GWA
Pseudo-seq, W-seq (HS) chrXI11:836860 TAL1 498 C166 uGw
Pseudo-seq, PSI-seq (Log and HS) chrXVI:700832 TEF1 239 F80 uwC
Pseudo-seq, W-seq chrll:477909 TEF2 239 F80 uwC
Pseudo-seq, W-seq (HS) chrlv:1112118 TIM11 176 V59 GWA
Pseudo-seq, PSI-seq (HS) chrlll:111180 YCL002C 420 C140 UGy
W-seq, PSI-seq chrXII:637854 YEF3 1074 F358 uuw
Pseudo-seq, W-seq chrV:173300 YER010C 39 C13 UGy
Pseudo-seq, W-seq chrVII:623051 YGRO67C 1736 F579 uwC
Pseudo-seq, W-seq (HS) chrVII:960865 YHB1 962 V321 GWA
Pseudo-seq, W-seq (HS) chrVIII:380666 YHR140W 95 V32 GWA
Pseudo-seq, PSI-seq chrXI11:449299 YMRO9OW 55 L19 wuG
Pseudo-seq, W-seq chrXVI:126070 YPL225W 65 V22 GYU

@ The position numbers generated by PSI-seq are often not consistent with those presented by Pseudo-seq and W-seq. When the differences are within = 2 bases,

the PSI-seq numbers are also listed (considered “identical”).

Fig. 5. Ws in gene expression. Pseudouridylated

coding RNAs (pre-mRNA and mRNA) and non-
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various stress conditions [12-15].

W could also play a role in mRNA stability. Indeed, there are several
lines of experimental evidence that support this notion. For instance,
using W-seq, Schwartz et al. measured the levels of 142 mRNAs in wild-
type and pus7-deletion S. cerevisiae strains. These mRNAs, which nor-
mally harbor Pus7-dependent W, were present in higher levels in the
wild-type strain (where they were W normally) than they were in the
pus7-deletion strain (in which no W was present), suggesting that
mRNA pseudouridylation contributes to mRNA stabilization [13]. This
is consistent with a previous report by Kariko et al. indicating that when
transfecting synthetic mRNA into mammalian cells, pseudouridylated
versions displayed increased stability compared to mRNA containing no
W [97]. However, the recent work of Nakamoto et al. (discussed above)
found that mRNAs containing TgPUS1-dependent W are modestly
(10%) more stable in TgPUS1-mutant parasite (where they lack W) than
they are in wild-type parasite (where W is present) [21]. This result
suggests that pseudouridylation helps to destabilize mRNA. Taken to-
gether, it appears that W can act in two opposite directions, enhancing
mRNA stability in some instances and reducing mRNA stability in
others, depending on the organisms, genes, and conditions used.

Ws in the coding region might also affect coding specificity during
translation. This is supported by the previous study by Karijolich and
Yu demonstrating that targeted pseudouridylation can convert stop
codons into sense codons coding for specific amino acids (discussed
above) [92]. However, whether pseudouridylation of U-containing
sense codons can alter coding specificity remains an open question. The
recent study by Nakamoto et al. has shown that W is disproportionally
present at the first position of modified sense codons [21]. Given the
importance of the first position of a codon in decoding, it is tempting to
speculate that Ws might be able to either change the coding specificity
of sense codons or affect translation efficiency. Likewise, Ws in the un-
translated regions, especially in the 3’UTR, could also play a role in
translation regulation.

6. Concluding remarks

Pseudouridylation is a post-transcriptional RNA modification that
has been known for decades. Over the years, most research into pseu-
douridylation has been confined to the major noncoding RNAs, in-
cluding rRNAs and snRNAs. A large amount of data concerning pseu-
douridylation of these RNAs has been accumulated. We now know that
Ws within rRNAs play an important role in ribosome biogenesis and
protein translation. Likewise, Ws within the spliceosomal snRNAs con-
tribute to pre-mRNA splicing. Two independent pseudouridylation
mechanisms, one RNA-independent and the other RNA-dependent,
have also been identified. In the meantime, several pseudouridylation
assays have been developed, making it easier to conduct RNA pseu-
douridylation research. Although progress has been remarkable, there
are still a number of questions that remain to be answered. Most no-
tably, understanding the molecular details of the function of Ws, in
other words, how they contribute to the function of the RNAs in which
they reside, remains a challenge. However, given the recent growing
interest in RNA modification, it is expected that issues regarding the
function of noncoding RNA pseudouridylation will be clarified.

The recent development of pseudouridine-seq techniques has led to
the identification of a number of new Ws in various types of RNA, in-
cluding mRNA. However, as discussed earlier, the new methods appear
to be far from perfect. This offers a great opportunity to develop new,
better methods, or to further perfect existing technologies. The identi-
fication of new Ws in mRNA has opened the door to further experiments
directed towards understanding the function of mRNA pseudouridyla-
tion. Why are Ws present in different regions of mRNA, and what role
might mRNA pseudouridylation play? Although this is a new territory
in pseudouridylation research, given the immense success of in-
vestigations into pseudouridylation of noncoding RNA, we are con-
fident that a picture of the function of mRNA pseudouridylation will

BBA - Gene Regulatory Mechanisms xxx (xxxx) XxX—-XXX

soon emerge.
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