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The structure, stability, and function of various coding and noncoding RNAs

are influenced by chemical modifications. Pseudouridine (Ψ) is one of the

most abundant post-transcriptional RNA base modifications and has been

detected at individual positions in tRNAs, rRNAs, mRNAs, and snRNAs,

which are referred to as Ψ-sites. By allowing formation of additional bonds

with neighboring atoms, Ψ strengthens RNA–RNA and RNA–protein interac-

tions. Although many aspects of the underlying modification reactions remain

unclear, the advent of new transcriptome-wide methods to quantitatively

detect Ψ-sites has recently changed our perception of the functional roles and

importance of Ψ. For instance, it is now clear that the occurrence of Ψs

appears to be directly linked to the lifetime and the translation efficiency of a

given mRNA molecule. Furthermore, the administration of Ψ-containing

RNAs reduces innate immune responses, which appears strikingly advanta-

geous for the development of generations of mRNA-based vaccines. In this

review, we aim to comprehensively summarize recent discoveries that high-

light the impact of Ψ on various types of RNAs and outline possible novel

biomedical applications of Ψ.
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Although RNA molecules consist of only four stan-

dard nucleotides, namely adenine (A), cytosine (C),

guanine (G), and uracil (U), the incorporation of

chemical RNA base modifications greatly expands

their structural diversity [1]. To date, over 170 differ-

ent RNA modifications have been identified and pseu-

douridine (Ψ), an isoform of U, is the most abundant

decoration on RNAs [2] in all three domains of life—it

is sometimes even referred to as the fifth RNA nucle-

oside [3,4]. Ψ was the first discovered modification in

RNA [5], and it is the product of the post-

transcriptional isomerization of incorporated uridines.

In detail, the uracil base is repositioned, and therefore,

the canonical carbon–nitrogen glycosidic bond (C1–
N1) connecting it to the ribose is replaced by a car-

bon–carbon bond (C1–C5) [6,7] (Fig. 1). The free N1-

H position of Ψ expands base stacking possibilities at

the ‘Hoogsteen’ edge to facilitate folding, proper sec-

ondary structure formation, rigidity, and stability in

single-stranded and duplex regions [8–10]. Though

recent structural simulations suggest that the base

stacking effect could also be context dependent and
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governed by neighboring sequences [11], many Ψ-sites
in structured RNAs are conserved across species to

stabilize essential RNA duplexes by forming Ψ-A, Ψ-
G, Ψ-U, and Ψ-C pairs and enhance RNA–protein
interactions.

The formation of Ψ is catalyzed by a group of

enzymes called pseudouridine synthases (PUS). This

functional family of enzymes can be further subcatego-

rized into two separate classes, which promote the pseu-

douridylation reaction in completely different fashions.

(a) RNA guide-dependent enzymes rely on a guide

RNAs that are complimentary to the specific target site,

whereas (b) stand-alone enzymes do not require a guide

RNA and act like canonical enzymes [12] (Fig. 2).

Guide RNAs are also known as H/ACA snoRNAs and

together with H/ACA core proteins, namely NAP57/

dyskerin (DKC1 in the mammalian system), NOP10,

NHP2, and GAR1, form a small nucleolar ribonucleo-

protein complex to target rRNAs for pseudouridylation

[13,14]. Stand-alone PUS enzymes comprise six ancient

subfamilies, including TruA, TruB, TruD, RsuA, RluA,

and PUS10. These proteins modify the target sites by

directly recognizing specific sequences and/or secondary

structural motifs of substrates. TruA is distinct from

other subfamilies as it modifies multiple tRNAs without

distinct sequence specificity in the region of the modifi-

cation sites. The remaining five enzyme subfamilies

show higher specificity and selectivity toward their sub-

strates and target sequences. For instance, TruB specifi-

cally catalyzes reactions on Ψ55 in the T-stem loop of

tRNAs [15–17]. Despite the rather divergent amino acid

sequences of Pus enzymes, their catalytic domains fold

into a very similar and characteristic core structure [18–
20] (Fig. 1). In addition, they utilize a highly conserved
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Fig. 1. Timeline of selected key events in the history of Ψ research. The inset shows details of conversion reaction from uridine to Ψ.

Representative crystal structures of PUS enzymes [EcTruA (PDB: 2NQP); HsPus1 (PDB: 4ITS); HsPus7 (PDB: 5KKP); HsPus10 (PDB: 1V9K)]

are shown in cartoon representation.
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catalytic aspartate residue, which despite the low pri-

mary sequence similarities suggests a common ancestor

and an evolutionarily conserved catalytic mechanism

[21]. Surprisingly, PUS10 and the pseudouridylation

complex DKC1/NHP2/NOP10/GAR1 have been asso-

ciated with additional cellular functions. For instance,

they participate in miRNA processing and form a com-

plex with the telomerase RNA component to regulate

telomerase activity, respectively [22,23].

In many model organisms, the loss of Ψs by muta-

tions in the pseudouridine synthases or genetic engi-

neering leads to overall growth retardation [24,25].

The direct causative pathogenic association between

decreased Ψ levels and human disorders, particularly

neuronal dysfunctions and resulting behavior defects,

has been confirmed [26] (Fig. 2). The list of Ψ-linked
diseases includes mitochondrial myopathy and siderob-

lastic anemia caused by mutations in the PUS1 gene

that impairs pseudouridylation of specific tRNAs and

PUS1-dependent mRNA expression [27–29]. Autoso-

mal recessive mental retardation (MRT55) is related to

PUS3 mutations while intellectual disorders are

associated with missense mutations in PUS7 [26,30].

Together with other factors, the PUS10 gene was iden-

tified as a risk locus in Crohn’s disease, an inflamma-

tory disease [31]. Recently, clinical-relevant mutations

in DKC1 and NOP10 have been proven to reduce

pseudouridylation in rRNAs and cause nephrotic syn-

dromes in fish [24]. In addition, aberrant pseudouridy-

lation profiles have been linked to cancer formation

[32].

De novo protein synthesis is a highly complex mech-

anism that requires the precise coordination of multi-

ple processes and numerous macromolecular entities,

including mRNAs, tRNAs, and ribosomes. Only the

properly timed and well-orchestrated action of all

involved players allows to decode and translate the

genetic code into functional enzymes and to maintain

all cellular functions and activities. Basically, all RNAs

that have either direct or indirect roles in modulating

protein synthesis are known to carry Ψs in multiple

places (Fig. 3). Here, we will focus on the most recent

findings about pseudouridylated tRNAs, rRNA, non-

coding RNAs, and mRNAs in the cytoplasm as well
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as in mitochondria. We will discuss the functional con-

sequences at the cellular level and highlight the incor-

poration of Ψ in the synthetic mRNAs for medical

therapies. For more detailed information on Pus

enzymes and their mechanisms of action, we refer the

interested reader to the other several excellent reviews

[12,33].

Ψs in tRNAs and their functions

In general, tRNA molecules are heavily modified and

Ψs account for around 2–5% of all identified tRNA

modifications [4]. On average, each tRNA molecule

harbors 2–3 Ψ-sites, which not only represents the

most abundant type of tRNA modification [34], but

also serves several biological roles. For instance, Ψs
are known to affect tRNA structure, tRNA stability,

tRNA modification circuitry, and protein translation

rates. As all tRNAs need to be accommodated in the

tight A-, P-, and E-sites of the ribosome, the rigid

tRNA molecules are a highly conserved and struc-

turally almost identical. The characteristic L-shaped

tertiary structure is mainly created by the ‘elbow’

region, which is anchored via the interaction between

D-loop and TΨC-loop. In detail, Ψ55, located at TΨC
loop, pairs with G18 in the D-loop that mediates the

stabilization of the elbow conformation [35]. In addi-

tion, Ψ55 is introduced prior to other modifications in

the elbow region, which also affects the modification

cascades acting on the neighboring nucleotides [36],
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like m5U54. Uridines in numerous positions of the

anticodon stem and loop (ASL) region of eukaryotic

tRNAs, namely U26, U27, U28, U30, U31, U32, U38,

and U39, can undergo isomerization and are found as

Ψ. Most of them are known to confer structural rigid-

ity, which is highlighted by the base pairing between

Ψ39 and A31 and the noncanonical base pairing

between Ψ38 and position 32 at the transition point

between stem and loop region [37,38]. A functional

crosstalk between Ψ38/39 and other modifications in the

ASL of tRNAs was recently reported [25]. In detail,

Ψ38/39 appears in tandem with other modifications at

U34, including mcm5U or s2U, which contributes to

Glu/Gln-rich protein translation. Moreover, the

absence of Ψ38/39 has an unexpected influence on the

mutation frequency and wide spectrum of proteome

changes in Pseudomonas spp [39]. Apart from these

universally highly conserved Ψ-sites, Ψs directly in the

anticodon (positions 34, 35, and 36) are found only in

certain tRNAs [40], such as Ψ35 in tRNATyr, or Ψ34/36

in tRNAIle. Ψ35 has been demonstrated to regulate the

base pairing between tRNA and mRNA that are rich

in tyrosine codons in the bacterial system [41], while

the role of Ψ34/36 still remains elusive. It can be specu-

lated that evolutionary processes have counterselected

against the presence of Ψs in the codon–anticodon
region to reduce decoding mistakes due to the possibil-

ities of alternative base pairing and/or avoid overly

stable nucleotide pairs [42].

Ψs in rRNAs and their functions

The ribosome is a large ribozyme that consists of a

small subunit (SSU) and a large subunit (LSU) that

are both built from four rRNAs and around 80 ribo-

somal proteins. rRNAs are highly complex macro-

molecules with an extremely complex tertiary fold.

Conserved Ψ sites in rRNAs are found across different

species [43], and Ψ-clusters are located at the interface

of the two subunits, which place them also close to the

peptidyl transferase center in the LSU and the decod-

ing site in the SSU. In particular, 1-methyl-3-a-amino-

a-carboxyl-propyl pseudouridine (m1acp3Ψ) is a hyper-

modified site that seems to directly interact with P-site

tRNA (m1acp3Ψ1191 in yeast SSU and the equivalent

to m1acp3Ψ1248 in the human 18S rRNA). Its absence

strongly delays rRNA maturation [44] and blocks

other modifications at the decoding center, which can

lead to elevated misincorporation rates of amino acids

during translation elongation. Recently, the decrease

in m1acp3Ψ1248 modification was shown to drive cancer

formation in 46% of colorectal carcinoma patients

[32].

It is currently estimated that budding yeast rRNAs

carry around 45 Ψs and human rRNAs harbor

approximately 100 Ψ-sites. Those Ψs are found to sta-

bilize various local motifs, such as single-stranded

tracts or local helical systems, which are involved in

mediating long-range interactions inside the complex

rRNA structure. The presence of Ψ generally stabilizes

the structure of the functionally important areas and

thus tunes ribosome functions for efficient and accu-

rate protein translation. Moreover, a single particle

cryo-electron microscopy study has recently managed

to visualize the human ribosome structures in three-

dimensions with an overall resolution of approximately

2.5 �A [45]. The local resolution in the central regions

was even higher and allowed to directly map 25 Ψ-
sites (e.g., the conserved Ψ1677 and Ψ1683 in helix H37)

in the structure by recognizing their distinct pattern of

hydrogen bonds. Moreover, m3Ψ3762 at the tip of helix

H69, an intersubunit bridge in the 60S ribosomal sub-

unit [46,47], is visualized and shown to mediate the

interaction via a coordinated water molecule. Due to

the isomeric nature of the structure of U and Ψ, other
predicted Ψ-sites still remain to be confirmed struc-

turally even at this high spatial resolution. Although

the overall structure and functional regulation of ribo-

somes is conserved, the global pseudouridylation pro-

file of rRNA varies among different cell types,

different stages of cell differentiation [20,48], and after

exposure to different external stimuli, such as starva-

tion or stress. For instance, the level of Ψ3371 within

the E-site of the 28s rRNA is dynamically regulated

during differentiation, which is believed to impact on

translation fidelity [20]. Therefore, Ψ modifications

constitute an additional source to dynamically shape

ribosome heterogeneity and create specialized transla-

tional units that allow to locally tune protein transla-

tion.

Ψs in snoRNAs and their functions

snoRNAs are a group of noncoding RNAs with a

length between 60 and 300 nucleotides and strong sec-

ondary structures. snoRNA can be divided into two

classes, namely (a) C/D box snoRNAs and (b) H/

ACA box snoRNAs [49]. Both types of snoRNAs are

mainly responsible for guiding post-transcriptional

RNA modifications. Whereas C/D box snoRNAs

allow the specific recognition of sites that should

receive a 20-O-ribose methylation, H/ACA box snoR-

NAs mark RNA sequences for pseudouridylation.

snoRNA themselves is known carry Ψs for a long time

as well, but the precise sites were mapped only recently

[50]. Interestingly, Ψs are found mostly in the regions
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involved in direct base pairing with target sites. For

instance, they occur in the C/D box snoRNA at the 50

terminus of the guiding sequence and in H/ACA box

snoRNAs at the targeting hairpin or the 50 arm of the

guiding sequence. Little is known about the targeting

mechanisms that guide the modifications in snoRNAs,

their dynamic regulation, and their functional conse-

quences.

Ψs in snRNAs and their functions

The splicing of pre-mRNAs is a key step during

mRNA maturation and requires five major snRNPs,

namely U1, U2, U4, U5, and U6. These snRNPs con-

sist of small nuclear RNAs (snRNAs) and auxiliary

proteins and are ultimately necessary to remove

introns and rejoin exons in the correct order. In addi-

tion, another set of less known spliceosomal snRNA

species, namely U11, U12, U4atac, and U6atac, partic-

ipates in the splicing reaction of an atypical class of

U12 introns. All spliceosomal snRNAs, including

major and minor species, are predominantly modified

with Ψs, and the modification sites are mainly located

in the functionally important regions. The strategic

location and enrichment of Ψ is conserved between

species. Over the years, Ψs in snRNAs have been

extensively studied in the yeast model system, where

some of the Ψ modifications have been shown to be

essential for spliceosome assembly and efficient pre-

mRNA splicing [33]. Most of the Ψs in snRNAs are

mediating RNA–RNA interaction to enhance folding

and maintain structure. Interestingly, it was recently

shown that Ψ35, Ψ42, and Ψ44 in the U2 snRNA are

key for the interaction with Prp5, an RNA-dependent

ATPase [51]. The U2–Prp5 interaction modulates the

ATPase activity of Prp5 is crucial for the subsequent

spliceosome assembly.

Most snRNAs are constitutive modified whereas U2

snRNA in yeast, as a first example, has shown to con-

tain conditionally inducible pseudouridylation sites,

including positions 56 and 93, which occur upon nutri-

ent deprivation or heat-shock stimulations [51]. The

U56 and U93 locate in the conformationally dynamic

stem II of U2 snRNA, and the pseudouridylation on

the two sites affects the stem dynamics, including the

interaction with metal ion cofactors. For example, the

presence of Ψ93 of U2 snRNA introduces conforma-

tional flexibility which may be the cause to downregu-

lated pre-mRNA splicing efficiency [51,52]. In

addition, it has been shown that the snR81 RNP-

mediated Ψ93 formation is controlled by the TOR sig-

naling pathway which regulates cell entry into station-

ary phase [51].

Impact of Ψ on mitochondrial protein
expression

Mitochondrial protein translation takes place within

mitochondria and requires a dedicated set of tRNAs,

rRNAs, and mRNAs. Mitochondrial tRNAs (mt-

tRNAs) such as cytosolic tRNAs are also extensively

pseudouridylated at conserved sites. A recent study

has mapped Ψ sites in human mt-tRNAs and identified

new Ψ sites at positions 66 and 67 in the mt-tRNAPro

[53]. Surprisingly, Ψ35 was also identified in the human

mt-tRNAHis
GUG. Although biochemical properties of

Ψ in mt-tRNAs are less characterized compared with

cytosolic ones, it can be speculated that they serve sim-

ilar roles in maintaining mt-tRNA structure stability

and thus contribute to the mitochondrial protein trans-

lation regulation [54]. The detection of Ψ in mitochon-

drial transcripts has been performed using human

143B cells, and it revealed the targets of several

mitochondria-specific pseudouridine synthases, includ-

ing TRUB2, RPUSD3, and RPUSD4. The respective

targets include 16S rRNA (Ψ3069) [55], mt-tRNALeu

(Ψ3259), COXI mRNA (Ψ6294), and COXIII mRNA

(Ψ9904–9906). Depending on the targeting site, they

are found to be essential for 16s rRNA stability and

the assembly of functional mitochondrial ribosomes.

Furthermore, mt-Ψs affect mitochondrial protein syn-

thesis, oxidative phosphorylation, and overall cell

survival.

Ψs in mRNAs and their functions

mRNAs typically carry a coding sequence (CDS) that

contains the transcribed genetic information for pro-

tein synthesis, common regulatory sequences (e.g., 50-
UTR, 30-UTR, or polyA-tail), and short mRNA-

specific signaling motifs (e.g., SECIS) [56]. The level of

protein synthesis from a given mRNA molecule

depends on the translation initiation rates, translation

elongation speed, mRNA half-life time, re-initiation

efficiency, and to a lesser extent on termination rates.

Post-transcriptional modifications of mRNA, also

known as ‘epitranscriptomic’ marks, have been studied

intensively over the last couple of years [57]. The inter-

est in mRNA marks has been sparked by their

involvement in human diseases and their potential use

as diagnostic markers [58]. While the focus of the field

was directed toward base methylations, several recent

transcriptome-wide studies have mapped at least 260

Ψs in 238 mRNAs in Saccharomyces cerevisiae and 96

Ψs in 89 human mRNAs [8,50]. Another study in

HEK293 cells presented over two thousand (2084) Ψ
sites in human mRNAs (1889) and a mass
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spectrometry approach reported that 0.3% of all Us

are converted into Ψ in human cell lines [59]. In addi-

tion, the extensive pseudouridylation of mRNAs also

occurs in human pathogens, such as the Toxo-

plasma gondii parasite [60]. Ψs seem to be distributed

unevenly within the CDS as well as the 50- and 30-
UTRs [8,50,59,61]. Among codons, GUA codons (en-

coding for valine) seem to be the most frequently mod-

ified. However, a comparison of all these datasets has

pointed out that a small fraction of candidates were

consistently identified and considered across these

studies [62]. Interestingly, the profile of Ψ sites in

mRNAs is highly dynamic and this suggests that Ψ at

a given site occurs in response to changing cellular

growth conditions [50]. Although the functional role of

each specific Ψs in mRNAs is not clear, it was pro-

posed that Ψ could alter protein synthesis through var-

ious ways, for instance by increasing mRNA stability,

by altering secondary structures, or by affecting

the interaction of mRNAs with the translating ribo-

somes [8].

As it is difficult to uncouple the influence of Ψ in

mRNA from other Ψ-containing entities in protein

synthesis, most studies address this question using arti-

ficial mRNAs with Ψs [63–66]. This approach allows

introducing Ψs in mRNAs either globally or site

specifically and thus separates these confounding rela-

tionships. The presence of Ψ in codons was shown to

reduce rate constants for amino acid incorporation

and overall protein synthesis. Interestingly, the higher

protein expression rate from Ψ-containing mRNAs is

more pronounced in in vivo models than in cell culture

systems [65]. Moreover, when the uridine is replaced

with a Ψ in a stop codon, it results in nonsense sup-

pression at the translational level [63] and this Ψ-
mediated read-through is independent of the sequence

context [67]. However, this translational termination

suppression is not likely to happen under normal con-

ditions [66]. In addition, although Ψ-containing codons

exhibit higher rate of amino acid substitution [63], and

it seems to be a rare event in unstressed cells [66]. Of

note, other studies have approached these questions

differently using site-specific or completely pseu-

douridylated GFP reporter constructs. Strikingly, they

have not observed amino acid substitutions or decreas-

ing protein production rates [64,65,68]. Therefore, the

question remains whether the impact of Ψ in mRNA is

limited to specific sequences, affects local structures

context dependently, or controls general aspects of

ribosomal protein synthesis [65,68].

Other potential factors contributing to the efficiency

of protein synthesis include the mRNA sequence itself

and the presence of secondary structure motifs.

Interestingly, global changes in mRNA secondary

structure are related to the introduction of Ψ and N1-

methyl-Ψ. Like for other types of RNAs, the introduc-

tion of Ψ seems to impact the formation of secondary

structure elements, which are obviously less common

in mRNAs than in short structured noncoding RNA,

but the impact of short structural elements for the reg-

ulation of the whole mRNA molecule cannot be

underestimated. The reduction in secondary structures

in the 50-UTR reduces translation initiation efficiency,

but in the remaining parts of the mRNA (e.g., CDS,

30-UTR) induces high protein expression. Ψs also

occur in these regions; however, their roles in the sec-

ondary structural control are still unclear. It is specu-

lated that Ψs regulates the secondary structure in

UTRs (i.e., more constrained structure) and thus

affects RNA binding protein affinities at these areas

[69]. In addition, the occurrence of Ψs in these regions

is also dynamically regulated upon external stimula-

tion, such as starvation or heat shock [50,61].

Nonetheless, the introduction of a single Ψ at a speci-

fic site in a specific mRNA might have manifold roles

for the regulation of a respective mRNA molecule.

Ψ in therapeutic applications

The quick response to the COVID-19 pandemic

through mRNA vaccines has brought mRNA thera-

peutics to front pages worldwide and to the attention

of the lay population. Nonetheless, mRNA-based tech-

nologies have been considered a valuable tool and

promising technology for the treatment of a broad

range of human illnesses for more than a decade [70].

Numerous clinical trials of different classes of RNA-

based therapeutics, and particularly mRNA-based

therapies, are underway [71,72]. RNA therapeutics

include antisense oligonucleotides, siRNAs, miRNAs,

RNA aptamers, and mRNA therapeutics [73] and can

be subclassified into (a) mRNA-based cell therapies

and (b) mRNA vaccines.

Despite the recent success stories, the translation of

these new type of drugs and vaccines into clinical

applications presented the scientific community with

novel and unique technological challenges. In addition

to many other ‘minor’ issues, the establishment of

RNA-based therapies required to solve two major

issues inherently related to the use an active RNA

compound—(a) the widespread degradation of exoge-

nous RNA by ubiquitous RNases and (b) the

immunogenic nature of exogenous RNA leading to cell

toxicity and impaired therapeutic protein translation.

One of the earliest propositions to increase the efficacy

and suitability of RNA molecules for therapeutic
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usage was the incorporation of widely abundant natu-

rally occurring RNA base modifications [74,75]. As

mentioned above, most of the known 172 RNA modi-

fications are quite rare and affect only certain posi-

tions in specific types of RNAs. Ψ is by far the most

abundant modification and present in almost all types

of RNA molecules. Hence, the idea was born to tweak

therapeutic RNA molecules by incorporating Ψs and

its derivatives, thus fully replacing uridines.

Since the formulation of the basic concept, it has

been shown that incorporation of Ψ and its derivatives

indeed enhance the stability of the parent mRNA and

lead to strongly increased (approx. 10-fold) protein

translation of the encoded protein as compared to

unmodified mRNAs delivered by the same application

route [65,76,77]. Furthermore, it has been shown that

incorporation of the synthetic derivative N1-

methypseudouridine can further improve translation

and still evade our innate immune response [78,79].

The increased stability and half-life time of the modi-

fied transcripts are likely to be the factors contributing

to the increased translation of modified mRNAs com-

pared with their corresponding unmodified version.

The additional stability of Ψ-containing mRNAs is

attributed to the positive influence of the modification

on the phospho-di-ester backbone and the stronger

binding parameters of A-Ψ base pairing over a conven-

tional A-U pair. Ψ-containing mRNA transcripts have

also been shown to be more stable by subverting the

NMD decay pathway [63]. Despite the lack of suffi-

cient experimental evidence, it appears very likely that

the presence of Ψ also influences splicing, translation,

the formation of secondary structure elements and

thus the overall lifetime of an mRNA molecule.

The presence of Ψ also has a profound effect on the

immunogenicity of the mRNA molecule. Strikingly, it

has been shown that the exchange of U by Ψ makes

the transcripts much less immunogenic in comparison

with unmodified transcripts, which typically induce

dendritic cells (DC) to secrete IFN-a and TNF-a. The
modified transcripts also did not activate the innate

immune response, as basically no pro-inflammatory

cytokines were found in the serum postinoculation

[76,77]. However, it was reported that unmodified

mRNA transcripts can also serve as nonimmunogenic

therapeutic molecules [63,66]. A more extensive study

evaluated the effects of Ψ incorporation by profiling

more than 30 cytokines simultaneously. The results

show that both immunogenicity and efficacy are com-

parable between the unmodified and modified thera-

peutic transcripts after application in liver tissue [80].

Therefore, the exact mechanism of the effect and influ-

ence on the therapeutic outcome of the mRNA with

Ψs are not yet fully understood and might need to be

adjusted to the specific application and targeted cell/

tissue type.

Though, the small advantageous effects of Ψ collec-

tively can have a huge impact on the clinical perfor-

mance of the RNA therapy and thus can be crucial

for its successful outcome. For instance, we recently

learned that a mRNA vaccine candidate for SARS-

CoV-2 that did not use modified RNA bases showed

strongly reduced efficiency, 47% in a Phase 2b/3 study,

and did not meet the prescribed statistical success cri-

teria in avoiding the associated disease. It is worth

mentioning, however, that overall effectiveness of a

particular candidate vaccine depends on multiple fac-

tors such as the dose of the vaccine, the lipid encapsu-

lation, and the mRNA sequence used as well. Thus,

more detailed studies are needed to find out the exclu-

sive contribution of the modifications to successful

mRNA vaccine candidates. Last but not least, it

should be re-emphasized that, although the spotlight

on mRNA vaccines [81–83] has been brought about by

the response to COVID-19, mRNA vaccine candidates

have been in the pipeline for many type of cancers,

viral infections, and physiological conditions such as

ischemic heart disease, myasthenia gravis, and methyl-

malonic aciduria [71,84,85].

Conclusions and perspectives

Although Ψ was discovered as the first RNA modifica-

tion more than 70 years ago (Box 1), its functional sig-

nificance has been recognized only recently. In the past

few years, we have learned that Ψs can not only be

found in various noncoding RNAs but are also vastly

present in mRNAs. The development of a global

detection method using CMC-coupled mapping by

sequencing has provided both deep insight into the

global distribution of this unique modification and has

also revealed a completely new dynamic layer of regu-

lation of gene expression and protein translation

(Box 2). Moreover, a crosstalk among ribosome,

tRNA, and mRNA via their modification sites during

translation process has emerged. In the coming years,

we will need to verify the functional impact of the Ψ
sites detected in different RNAs, investigate their con-

tribution to specific regulatory pathways and under-

stand their dynamic regulation. For instance, it is not

clear whether Ψs are present in introns of pre-mRNAs

as the previous detection methods mainly focused on

the mature mRNAs. The interest in Ψ was recently

boosted by its broad use and application in the pro-

duction of mRNA vaccines. The incorporation of Ψ
and various derivatives have been shown to reduce
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immunogenicity and to increase translation efficiency

and efficacy. After all, Ψ is not ‘pseudo’ but could turn

out to be even more useful than regular uridine. Due

to the specific features of Ψ, there is light at the end of

the tunnel that the word ‘undruggable’ could become

obsolete in the near future.
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