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Post-transcriptional gene 2
regulation: From mechanisms to

RNA chemistry and therapeutics

Summary

A better understanding of the RNA biology and chemistry is
necessary to then develop new RNA therapeutic strategies. This
review is the synthesis of a series of conferences that took place
during the 6th international course on post-transcriptional gene
regulation at Institut Curie. This year, the course made a special
focus on RNA chemistry.

Keywords RNA; Post-transcriptional regulation; RNA
therapeutics
Abbreviations  ASOantisense Oligonucleotide;

dsRNAdouble-stranded RNA; EJCexon-junction complex;
EMTepithelial-to-mesenchymal transition; FDAFood and Drug
Administration; G4G4-quadruplex; m®AN6-methylAdenosine;
mRNAmessenger RNA; miRNAmicroRNA; NMDnonsense-
mediated decay; PTBpolypyrimidine tract-binding protein;
PTCpremature termination codon; RNAPIIRNA polymerase II;
RBPRNA-Binding protein; RNAIRNA interference;
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Introduction

Among the different layers regulating gene expression, the
post-transcriptional gene requlation is an essential biological
process that has gained interest in recent years because of its
implication in many diseases. The aim of this review is to
summarize the scientific presentations that took place during
the 6th course on post-transcriptional gene reqgulation at Institut
Curie. This course was focused on various aspects of RNA biology
(chemistry and therapeutics). Here, we discuss some of the
highlights of this five-day course, sponsored by the Institut Curie,
the Graduate School Life Science and Health of the Université
Paris-Saclay, the Ecole normale supérieure, and that took place
at the Institut Curie in Orsay and Paris, in April 24-28, 2023.

RNA splicing

One of the major gene regulatory processes used by the cell to
acquire new phenotypic traits and gain protein diversity is pre-
messenger RNA (pre-mRNA) alternative splicing, which gener-
ates different mature mRNAs from the same transcribed gene. It
is performed by the splicing machinery, called the spliceosome,
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and targets the genomic regions that must be excised or kept in
the final mRNA via two alternative mechanisms, so-called exon
or intron definition [1]. However, the choice between one and
the other mechanism is not fully understood yet. The team of Gil
Ast (Department of Human Molecular Genetics Medical School,
Tel Aviv, IL) has been studying the impact of gene architecture
and its 3D genomic organization in alternative splicing regula-
tion and the choice of exon or intron definition. Compilations of
genomic and transcriptomic datasets showed the appearance of
two distinct exon-intron architectures during evolution of warm-
blooded organisms from a common ancestor with a differential
GC content between the exons and short introns [2]. One
architecture, termed leveled architecture, is defined by short
introns with overall higher GC content in the exons and flanking
introns. Whereas the second one, named differential architec-
ture, is preserving the differential exon-intron GC content, but
with longer introns. His team has now identified a 3D spatial
organization of the genome based on this GC content gradient
that would impact the choice of exon or intron definition and
thus the final splicing outcome [3]. They found that genes with
high GC content and leveled architecture are located in the inner
part of the nucleus where they are usually defined at the intron
level, leading to more frequent intron retention, while low GC
content genes with differential architecture are more in the
nuclear periphery and associated with exon definition and thus
exon skipping. Moreover, this spatial organization creates two
distinct environments with specific sub-networks of splicing
factors favoring one splicing definition or the other, depending
on the given architecture of the gene and thus determining the
final splicing outcome.

Delving deeper into the role of chromatin organization in splic-
ing, the team of Reini Luco (Institut Curie, Orsay, FR) found that
chromatin modifications, such as H3K36me3 and H3K27me3,
can also deeply impact cell-specific alternative splicing by favor-
ing the recruitment of the splicing factors, such as PTB (poly-
pyrimidine tract-binding protein), to the pre-mRNA via direct
interaction with specific chromatin-adaptor complexes [4,5]. To
explore further the biological relevance of these splicing-asso-
ciated histone marks, the team moved into a dynamic cell
reprogramming system dependent on well-known changes in
splicing essential for early development and tumor metastasis,
called the epithelial-to-mesenchymal transition (EMT). They
found that at several genes essential for EMT, such as FGFR2
and CTNND1, well-defined changes in specific histone marks
right at the requlated exon are essential for the dynamic splicing
changes responsible for EMT's phenotype [6]. Looking at how
these exon-specific histone marks are requlated, the Luco team
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has uncovered a role for 3D chromatin organization in which
alternatively spliced exons physically interact with long distant
regulatory regions important for EMT's splicing regulation.
Finally, upon splicing, a group of proteins are recruited at the
exon-exon-junctions for stabilization of the mRNA and its trans-
port to the cytoplasm for translation, called the Exon-Junction
Complex (EJC) [7]. This protein complex is first assembled at the
exon-junction by the spliccosome during splicing, and then is
transported into the cytoplasm. Hervé Le Hir's team (Institut of
biologie of the école normale supérieure, Paris, FR) has identi-
fied the 4 proteins composing its core structure, and their 3D
organization [8,9]. One of these core proteins is elF4Alll, a
helicase that binds to the RNA, more specifically to its sugar
backbone, independently of its sequence. This complex can only
be assembled on RNA. First, the EJC can regulate pre-mRNA
splicing by changing RNA polymerase Il elongation rate [10]. It
can also modulate mRNA nonsense-mediated decay (NMD) that
degrades transcripts containing a premature termination codon
(PTC) or requlates gene expression levels. If a PTC is a few base
pairs upstream of a splice site, the EJC can help recruit the
proteins needed to trigger the NMD [11]. On the other hand,
the EJC can mask mRNA post-transcriptional modifications that
destabilize the mRNA [12]. Finally, they recently showed that EJC
is present around centrosomes which allow an active transport
of the messenger ribonucleoprotein (MRNP) to accumulate
transcripts at a specific location where they are translated
[13]. Interestingly, most functions of the EJC appear to be
indirectly or directly linked to translational control. Future stud-
ies will undoubtedly reveal new mechanisms by which the EJC,
in association with other proteins, activates or represses
translation.

RNA translation

Throughout the course of evolution, species undergo adaptive
transformations in response to their environment yielding,
among various outcomes, the de novo emergence of translated
open reading frames (ORFs) [14]. This discovery was facilitated
by the use of ribosome profiling (Ribo-seq), enabling the moni-
toring of actively translated regions of mRNAs in vivo. This
technique has revealed thousands of translated short ORFs
(sORFs) that result in the production of microproteins, found
in both coding and non-coding regions of the genome [15]. The
research group led by Norbert Hibner (Max Delbriick Center for
Molecular Medicine, Berlin, DE) has significantly advanced our
understanding of micropeptides in humans. They identified
many microproteins (< 100 amino acids) including 221 novel
translated sORFs that are shorter than 16 amino acids in five
human tissues (brain, heart, liver, kidney and testis) [16]. Most
of these human microproteins recently emerged during evolu-
tion and show only limited sequence conservation, restricted to
primates. The team investigated these microproteins in terms of
their sequence (e.g. presence of a transmembrane domain),
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cellular localization (e.g. nucleus, mitochondria) and interac-
tions with other partners. They conducted a high-throughput
protein interaction screen on peptide matrix (PRISMA) and
discovered that small peptides interact with proteins involved
in several cellular mechanisms such as mRNA splicing, transla-
tional regulation and endocytosis. For instance, they characte-
rized a 5 amino acid-long peptide translated from an upstream
ORF within the myotubularin related protein 3 (MTMR3) gene,
which is associated with all four clathrins, the phosphatidylino-
sitol binding clathrin assembly protein (PICALM) and the clathrin
interactor 1 (CLINT1). Hence, their research not only offers
insights for exploring evolutionary novel human microproteins
but also provides tools to understand their cellular functions
[16].

Furthermore, over the past few years, the translation of these
non-canonical ORFs has been associated with tumorigenic
mechanisms [17-19]. More broadly, perturbations in global
translation can represent a major event that contributes to
the development of cancer. Indeed, cancer cells often remodel
post-transcriptional regulatory networks as they progress
toward metastasis [20,21]. However, the identification of key
post-transcriptional regulators that drive pathologic gene
expression remains a challenge. Aiming to identify these reg-
ulators, Albertas Navickas (Institut Curie, Orsay, FR) and collab-
orators have identified oncogenic RNA-binding proteins (RBPs)
through the detection of coordinated changes in their target
regulons [22]. For example, they revealed that the RNA-binding
motif single-strand interacting protein 1 (RBMS1) acts as a
suppressor of colon cancer metastasis and as a post-transcrip-
tional regulator of RNA stability by directly binding to its target
mMRNAs [22]. Moreover, in cell lines and patient-derived xeno-
graft models of breast cancer metastasis, the Small Nuclear
Ribonucleoprotein Polypeptide A' (SNRPA1) was revealed to
mediate aberrant alternative splicing in highly metastatic breast
cancer through direct interactions with the SNRPA1-associated
structural splicing enhancers (S3Es) [21]. In the scope of trans-
lational regulation, ribosome profiling and alternative polyade-
nylation data of poorly and highly metastatic breast cancer cells
and patient-derived xenografts revealed the Heterogeneous
Nuclear RiboNucleoProtein C (HNRNPC) as a translational con-
troller [20]. In highly metastatic cells, HNRNPC is downregulated
which causes its target mRNAs to undergo 3'UTR lengthening via
alternative polyadenylation site selection and, subsequently,
translation repression. Altogether, these results uncover previ-
ously unknown gene regulatory programs mediated by key
RBPs involved in cancer metastasis. Thus, these RBPs, together
with their target mRNAs, provide more knowledge to identify
points of vulnerability to design new targets and to better
determine the prognosis.

In line with the objective of enhancing therapeutic approaches,
the laboratory of Reuven Agami (The Netherlands Cancer Insti-
tute NKI, Amsterdam, NL) has used the Ribo-seq technology to
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study events regulated at the mRNA translation level, and
consequently discovered a novel point of vulnerability in can-
cers. The mRNA translation is disrupted by oncogenes to facili-
tate cancer development, and his team found that this
disruption affects the quality of proteins, and that cancer cells
exhibit deficiencies in amino acids [23]. Indeed, in order to
survive, tumors adapt to their abnormal growth by hijacking
the pathways of amino acid production. An example of such
metabolic alteration is the tryptophan shortage. Reuven Agami
and his collaborators demonstrated that in melanoma, inter-
feron-y (INF-y) released from T cells triggers the upregulation of
the indoleamine 2,3-dioxygenase 1 (IDO1) enzyme, that catab-
olizes the tryptophan into kynurenine [24]. They found that the
deprivation of this amino acid results in the synthesis of aberrant
proteins by ribosomal frameshifting and substituants (trypto-
phan-to-phenylalanine), an event they referred to as "sloppi-
ness in MRNA translation" [25,26]. Additionally, the tryptophan
deficiency in melanoma cells is associated with the hyperacti-
vation of the MAPK pathway. The sloppiness can therefore be
eliminated through the pharmacological inhibition of the onco-
genic MAPK signaling [26]. However, in cells resistant to these
drugs, the sloppiness is restored, which can activate the
response of T lymphocytes. Indeed, the sloppiness results in
the presentation of aberrant peptides on the cell surface, tar-
geted by T cells, and thereby expanding the antigen landscape.
These abnormal neoepitopes thus represent a vulnerability that
can be explored to improve anti-cancer strategies [26].

RNA degradation

Targeting RNA processing mechanisms and associated RBPs thus
opens new therapeutic pathways for better treating human
diseases. In addition to cancer, pathogenic viruses represent
a threat to public health and therefore pose significant socio-
economic challenges. In RNA viruses, the RNA has a central role
serving both as the viral genome and mRNA for protein synthe-
sis [27,28]. However, viral genome-encoded proteins are not
sufficient to enable viral infection. To address this limitation, it is
therefore unsurprising that these obligatory intracellular para-
sites heavily rely on host cell proteins for their life cycle [27,28].
Using novel multi-omics strategies, Alfredo Castello's team (MRC
University of Glasgow Centre for Virus Research, Glasgow, UK)
showed that RNA viruses hijack cellular RBPs to regulate their
life cycle [27,28]. Through the development and use of the
comparative RNA Interactome Capture (cRIC) approach, they
identified RBPs that displayed differential interaction with
RNA and altered localization upon sindbis virus (SINV) infection
[29,30]. Those RBPs with enhanced activity were found to
accumulate in the viral factories together with the viral RNA
(VRNA), thereby regulating the viral fitness and infection capac-
ity. For example, the 5'-3' exoribonuclease 1 (XRN1) was
detected near viral replication factories and its knockdown

infection with severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) in human lung cancer epithelial cells led to
remodeling of the cellular RNA-bound proteome [31]. Interest-
ingly, the development and employment of a new technology,
named VRNA Interactome Capture (VRIC), revealed shared host-
virus interactions between SARS-CoV-2 and SINV, despite the
absence of sequence homology between the two VRNAs
[30,31]. Collectively, these findings uncover the existence of
key RBPs involved in virus infection regulation, and therefore a
new universe of host-virus interactions emerges, harboring the
potential for the development of antiviral treatments. Indeed,
experiments with available inhibitors revealed that cellular RBPs
are promising targets for broad-spectrum antiviral therapies
[30].

In mammalian cells, early resistance against viral replication
relies on the rapid activation of innate immune responses that
trigger interferon (IFN) production. However, the inducible pro-
tection conferred by these cytokines is much more pronounced
in differentiated cells than in embryonic or adult stem cells [32].
In organisms in which the IFN system is absent (e.g. inverte-
brates and plants), the protection against virus infection is
conferred by means of RNA interference (RNAI). This process
is initiated by the protein Dicer, which recognizes and cleaves
viral double-strand RNA (dsRNA) [33]. Using in vitro models and
brain organoids, the laboratory of Enzo Poirier (Institut Curie,
Paris, FR) demonstrated in an innovative way a new pathway in
which mammalian stem cells protect themselves from RNA
viruses, such as Zika virus (ZIKV) and SARS-CoV-2 [34]. These
cells were shown to preferentially express an alternatively
spliced isoform of Dicer, termed antiviral Dicer (aviD), which
enhances antiviral RNAi by processing long double-strand viral
RNAs into small interfering RNAs (siRNAs). These siRNAs quide a
sequence-specific degradation of corresponding VRNAs through
the RNA-induced silencing (RISC) complex. Notably, in cases
where a viral suppressor of RNAi (VSR) is used in the context
of aviD, the viral dsRNA is shielded from Dicer cleavage resulting
in increased viral production [34]. Thus, this indicates that the
degradation of viral dsRNA in mammalian stem cells relies on
the RISC complex, shedding light on the molecular regulation of
antiviral RNAi in mammalian innate immunity.

Beyond its importance in combating vRNA, the RISC complex is
crucial in gene regulation by controlling the fate of the RNA at
the post-transcriptional level. However, the timing and molecu-
lar mechanism involved in this control are not yet fully under-
stood. These are the questions that Stefan Ameres' group (Max
Perutz Labs, Vienna, AT) is trying to answer, and their research
has contributed to a deeper understanding of the RNA silencing
biology. By combining the technique of thiol (SH)-linked alkyl-
ation for the metabolic sequencing of RNA (SLAMseq) with
bioinformatics approaches [35], they found that the identity
of the Argonaute (Ago) protein, which is a core protein of the

induced cell resistance to SINV infection [29]. Accordingly, ~ RISC complex in double-stranded microRNA (miRNA)
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maturation, determines the stability and function of small RNAs
[36]. For instance, in Drosophila, the Ago2-bound miRNA
duplexes are approximately two times more stable than those
bound to Ago1l. Additionally, the Agoil-dependent pathway
generates single-stranded miRNAs, whereas the Ago2-medi-
ated pathway produces siRNAs. The balance between these two
pathways thereby reflects specific developmental require-
ments. Indeed, Ago1 facilitates the selective and rapid renewal
of miRNAs in response to environmental changes and cellular
differentiation, while Ago2 plays a pivotal role in antiviral
defense. Furthermore, their investigations have revealed that
the Ago-mediated processing is a fast process, occurring in less
than 5 minutes, which can be disrupted by the uridylation of
pre-miRNAs. Indeed, Stefan Ameres and his collaborators have
shown that 3' uridylation of RNA is a modification that helps to
control the RNA quality and thus contributes to the requlation of
the fate of RNA [37,38]. This RNA modification therefore rep-
resents a novel layer of gene requlation.

RNA moadifications

RNA can be post-transcriptionally modified by more than a
hundred distinct chemical modifications [39]. These post-tran-
scriptional modifications play important roles in various biologi-
cal processes [40]. Pierre Close's laboratory (GIGA Institute,
Liege, BE) found that the RNA modification landscape has
important functional consequences in cell physiology through
its work on transfer RNA (tRNA) modification. Indeed, they have
shown the importance of tRNA modifications and their control of
protein synthesis in the growth, invasion, and therapeutic resis-
tance of cancers. During tumorigenesis, oncogenic signalling can
change the expression of tRNAs, and this is correlated with
changes in mRNA translation of genes with specific codon
usage. Specifically, enzymes requlating wobble uridine tRNA
(U34-tRNA) modification are upregulated in melanoma. U34-
tRNA modifications are required for specific codon decoding
during translation to promote the expression of selected genes
like HIF1A, which drives glycolysis and therapeutic resistance in
melanoma [41,42]. Curiously, it has been discovered that gene
codon content is necessary but not sufficient to predict protein
fate. Indeed, most genes can escape regulation by U34-tRNA
modifications whereas for several genes, these modifications
are essential to maintain translation speed and protein output. It
appears that the presence of specific hydrophilic motifs causes
protein aggregation and degradation upon codon-dependent
translation elongation defects [43]. Therefore, it is the combi-
nation of codon content and the presence of hydrophilic motifs
that defines the proteome. Together, these results provide a
better understanding of the impact of translation requlation by
tRNA modification on proteome homeostasis. This highlights the
importance of codon-specific mRNA translation and tRNA mod-
ifications as possible therapeutic targets in cancer.
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Because of their cellular abundance, RNA post-transcriptional
modifications were first identified in rRNA and tRNA. However, it
is now clear that all species of RNA undergo dynamic modifica-
tion, including mRNAs [44]. Considering all cellular RNA, pseu-
douridylation (the conversion of uridine into pseudouridine) is
one of the most abundant post-transcriptional modifications, but
its biological role remains poorly understood [45]. Marianne
Farnebo's Group (Karolinska Institute, Stockholm, SE) has
highlighted that pseudouridine is deposited onto mRNAs during
their transcription through the action of the pseudouridine
synthase dyskerin. Indeed, in cells depleted in dyskerin, the
amount of pseudouridine in mRNAs is significantly reduced,
suggesting that dyskerin is responsible for the majority of mRNA
pseudouridylation. Moreover, by performing ChIP-seq and co-
immunoprecipitation experiments, they have shown that dys-
kerin is associated with RNAPII and enriched in genes tran-
scribed by RNAPII throughout the genome [46]. The
consequences of this co-transcriptional mRNA pseudouridyla-
tion by dyskerin are a repression of translation allowing con-
trolled protein synthesis. However, when the function of
dyskerin is impaired, it has different outcomes on translation
depending on the duration of impairment; short-term depletion
enhances translation due to reduced mRNA pseudouridylation
whereas long-term depletion attenuates translation due to
defective rRNA pseudouridylation and processing. In fact, pseu-
douridine can also affect the structure and function of various
non-coding RNAs and not only mRNAs. Thus, pseudouridylation
of mMRNAs by dyskerin appears to be part of a general mecha-
nism enabling communication between transcription and trans-
lation, with important implications for both normal
development and disease. Going beyond RNA modification,
Farnebo's group has evidence that RNA itself could be a "modi-
fication" for the chromatin requlating its compactions. This
effect on chromatin occurs only with single-stranded RNA
and in a sequence-independent manner. Mechanistically, RNA
binds histones and neutralizes their positively charged tails,
which restricts histone self-association and interaction with
DNA, thereby promoting an open chromatin state. Conversely,
removal of the negatively charged RNA exposes the positive
charges on histone tails, which stimulates electrostatic interac-
tions with DNA, resulting in tighter packing of the chromatin
[43]. This discovery provides a novel and conceptionally simple
mechanism by which RNA is involved in the opening and closure
of chromatin and establishes RNA as a key functional compo-
nent of eukaryotic chromatin.

Another widespread RNA modification is N®-methyladenosine
(m°A), a methyl modification of adenosine. Novel high-through-
put m®A mapping methods (e.g. MeRIP-seq, miCLIP) developed
in Samie Jaffrey's team (Cornell University, New York, USA) have
contributed to a significant progress in uncovering the landscape
of m®A modifications in mammalian mRNAs [44,45]. It is now
known that m°A modifications in mRNAs influence different
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gene expression processes in both physiological and pathologi-
cal conditions, such as RNA splicing, nuclear transport, mRNA
stability and translation [46,47]. m®A is installed co-transcrip-
tionally in the nucleus by the m°A writer complex and is
removed by erasers. Importantly, m°A functions in MRNAs
are mediated by m°A binding proteins, also called as "readers".
The most well-established readers are the nuclear YTHDC1,
responsible for nuclear RNA processing, and the cytosolic
YTHDF1, 2, and 3. How distinct cytosolic readers, sharing high
amino acid similarity, may mediate different fates of m®A-mod-
ified mRNAs, such as decay or translational control, is a subject
of debate. The aim of Jaffrey's lab is to elucidate this aspect.
Starting from the observation that the amino acid sequence of
the three YTHDF proteins contains low complexity domains, they
found that the three readers, by preferentially interacting with
MRNAs containing multiple m®A sites, may associate and
undergo phase separation into P-bodies and stress granules
[48], where they predominantly function, in a redundant man-
ner, in mediating degradation of m®A-modified mRNA [49].
However, the mechanism by which m®A modifications dictate
the fate of distinct m°A-modified mRNAs may be context-spe-
cific and influenced by the localization of m®A within mRNA
body. Further analysis to clarify this aspect is needed. In addition
to chemical modifications installed on transcript body, the 5' end
of mRNA is modified by a so-called m’G cap structure that
participates in different biological processes, including pre-
mRNA processing and translation [50]. The mRNA cap structure
can be additionally methylated. Depending on the presence of
2'-0-methylation on the first, or both the first and second
transcribed nucleotide, mMRNA caps exist in either the Cap1 or
Cap2 form, respectively [51]. Although Cap1 methylation is
present in all mRNAs, Cap2 methylation seems to be restricted
to a subset of mRNAs [52]. Jaffrey's team latest work explored
the molecular basis of Cap2 selectivity and functions. By devel-
oping novel methods (CLAM-Cap-Seq) to profile Cap2 transcrip-
tome-wide as well as on specific mRNAs of interest, they found
that Cap2 modification can be present in all mRNAs, but it
increases throughout mRNAs lifetime, being thus more enriched
as mRNAs age [53]. In addition, by performing experiments in
cells with reduced level of Cap2, they found that this epitran-
scriptomic modification mainly functions in suppressing the
activation of the innate immune response by inhibiting RIG-I
binding to Cap1, thus providing a mechanism to distinguish self
RNA from viral RNA.

Additionally, metabolite-derived cap structures have been dis-
covered in both prokaryotes and eukaryotes. These caps origi-
nate  from  nucleotide-derived  molecules, including
nicotinamide adenine dinucleotide (NAD), flavin adenine dinu-
cleotide (FAD) and dinucleoside polyphosphates [54]. The latter
are small signalling molecules, also called as "alarmones",
whose cellular concentrations increase during stress, hence
the name. The molecular target of such "alarmones" was not
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known. By developing a liquid chromatography-mass spectrom-
etry technique for the detection of dinucleoside polyphos-
phates, the group of Hana Cahovd (Institute of Organic
Chemistry and Biochemistry of the Czech Academy of Sciences,
Prague, (Z) has discovered that alarmones are a non-canonical
form of 5' RNA caps in bacteria [55]. They found that dinucleo-
side polyphosphate capped RNA can be cleaved by two types of
enzymes, RppH and ApaH, and thus degraded. However, in
stationary phase of growth, and thus under starvation, the
dinucleoside polyphosphate RNA caps increase and undergo
methylation, protecting RNA from cleavage and further degra-
dation during stress. Thus, the presence of dinucleoside poly-
phosphate caps, which is strictly dependent on the
environmental conditions, may represent a way to preserve
specific species of mRNAs during stress.

RNA therapeutics

More than 150 different RNA chemical modifications have been
identified so far, characterized by a wide variety of chemical
diversities. However, the function of most of these modifications
is still unknown. Therefore, the development of reliable chemo-
enzymatic methods allowing to produce chemically modified
RNA may help to elucidate the function of these native modified
RNAs and their putative use as RNA tools (such as SiRNA, miRNA,
antisense nucleotides (ASOs) or aptamers). Introduction of mod-
ified nucleotides is a common approach used to increase RNA
stability. For example, RNA molecules used to silence genes are
quickly degraded by nucleases after cellular uptake and thus
modifications make them more resistant to the attack of these
enzymes. Aptamers, which are single-stranded oligonucleoti-
des, can act as antagonists or agonists for specific proteins by
binding their targets with potentially high affinity. These struc-
tured nucleic acid ligands require modifications not only to
increase their resistance to nucleases, but also to increase
the number of putative targets. Thus, to obtain more stable
oligonucleotides, non-native modifications are introduced
either at the level of the base, the ribose or the sugar/phos-
phate backbone. Two major methods already exist to modify
nucleic acid: (i) the automated solid-phase synthesis and (ii) the
enzymatic synthesis [56]. Due to inherent limitations of both
approaches, chemoenzymatic methods are under development
in Marcel Hollenstein's group (Institut Pasteur, Paris, FR). Cur-
rently, his group is working on the polymerization of modified
dNTPs and ligation of oligonucleotides with modified fragments.
They equipped the nucleobase of a nucleoside triphosphate with
avancomycin moiety and showed the ability of DNA polymerase
to incorporate the modified analogue during DNA synthesis
[57]. This modified nucleotide was compatible with SELEX meth-
odology (systematic evolution of ligands by exponential enrich-
ment), and therefore, it was employed to select new aptamers
to tackle antimicrobial resistance and restore drug effectiveness.
Our global recent experience has shown that nucleic acid
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therapeutics are an invaluable alternative to classical vaccine
strategies, as it has been highlighted by the development of the
mMRNA vaccines against SARS-CoV-2.

Indeed, oligonucleotide-based therapies have the potential to
treat a wide range of diseases by preventing, replacing, adding,
or editing RNA and DNA. Besides aptamers, these novel inter-
vention strategies also comprise the use of antisense oligonu-
cleotides, RNAi and the CRISPR/Cas9 technology. In this context,
Jorgen Kjems' group (Interdisciplinary nanoscience center, Aar-
hus, DK) works on RNA chemical modifications and the design of
efficient delivery systems for RNA therapeutics. For example, his
group reported a 2'-fluoro protected RNA aptamer which has the
ability to bind with high affinity to the receptor-binding domain
of SARS-CoV-2 spike protein and inhibits its interaction with the
host receptor ACE2 [58]. Impressively, a trimer of this RNA
aptamer was able to enhance the binding affinity in the low
picomolar range. In addition, Kjems' team recent work focused
on the use of aptamers as diagnostic and predictive biomarkers
for bladder cancer patients. They developed an RNA aptamer-

based strategy called APTASHAPE, which is based on serum-
stable RNA oligonucleotides interacting with the proteome of
plasma from bladder cancer or healthy control patients [59].
Thus, they were able to identify 33 aptamers that differentiate in
abundance between plasma samples from patients with various
stages of bladder cancer and controls. Differences in aptamer
abundance reflected differences in global proteome of the
plasma samples, highlighting how this aptamer-based strategy
can be employed for the discovery of new disease biomarkers.
Moreover, therapeutic targeting of highly expressed non-coding
RNAs represents a novel approach for the treatment of diverse
diseases such as cancer. The group of Maria Duca (Institute of
Chemistry of Nice, FR) works on development of new RNA
ligands able to target molecules such as miRNA. Ribosomal
RNAs are well-established antibiotic targets; for example, ami-
noglycosides and tetracyclines have been already used for
several decades. The importance and feasibility of RNA targeting
by small molecules has been confirmed in 2021, when Risdi-
plam was approved by the FDA (Food and Drug Administration)
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Copy of Curie Course. lllustration of the various aspects of the RNA biology and therapeutic aspects discussed in the course. During and
after transcription, the molecule of RNA can undergo several regulatory processes important for gene expression that can be targeted
with therapeutical purposes. There is (pre-)mRNA alternative splicing, which is the excision of intronic and/or exonic sequences and
which is driven by the Exon-Junction Complex; RNA polyadenylation to mark the end of the transcript; RNA modification with the
addition of post-transcriptional modifications along the RNA (marked by orange stars on the figure); mRNA export through nuclear
pore complex to reach the cytoplasm to perform RNA translation in which the messenger RNA (mRNA) is translated into a peptide
thanks to the ribosome complex; and RNA degradation either by nuclease or RISC complex (a ribonucleoprotein complex which forms
RNA interference molecules (RNAi) to then target complementary mRNA). The study of these regulatory layers, combined with the
chemistry of RNA, allow the design of new RNA therapeutic strategies, such as the use of sequence-specific antisense oligonucleotides
(AS0), microRNAs (miRNA) or aptamers. RISC: RNA-induced silencing complex; vRNA: viral RNA. (created by BioRender.com)
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for the treatment of the spinal muscular atrophy [60]. The drug
modulates splicing and enables the SMN2 gene to produce a
full-length SMN protein, which prevents the truncated protein-
induced motor neuron deterioration and death. The Duca's lab
developed a different approach for the discovery of new RNA
ligands, in which they designed and synthesized multimodal
RNA binders to increase affinity and selectivity toward the
target. For example, her lab designed and synthesized new
powerful RNA binders by conjugating the C-terminal lateral
chain of bleomycin A5 to different chemical scaffolds known
to be able to interact with RNA residues and inhibit the biogen-
esis of oncogenic pre-miRNAs [61]. In addition, her lab estab-
lished several chemical library screenings to identify new
potential bioactive compounds: they use approaches such as
phenotypic screening, target-based screenings, Inforna strategy
and RIBOTACS (Ribonuclease-targeted chimeras).

Likewise, emerging evidence has highlighted the involvement
of non-canonical nucleic acid secondary structures called G-
quadruplexes (G4s) in key cellular processes including transla-
tion regulation, 3'-end processing, alternative splicing, and
mRNA localization. Importantly, specific G4 ligands not only
stabilize G4s and may promote their formation but can modify
RNA functions by increasing the lifetime of these structures and
modulating their recognition by protein partners. This is why G4
ligands represent highly promising candidates for drug discovery
able to act selectively at specific G-rich RNA loci. Daniela Verga
(Institut Curie, Orsay, FR) works on the design, synthesis, bio-
physical and biochemical evaluation of G4 ligands. Her group
exploited new methods to follow G4 ligand distribution in both
metaphase chromosome spreads and in cells to associate ligand
localization to specific cellular responses. For example, they
functionalized a highly selective G4 ligand (PhenD(3) with a
bromine and followed its distribution on metaphase chromo-
some spreads by using nanoscale secondary ion mass spectrom-
etry (nanoSIMS) [62]. A more recent research has used other G4
ligands, belonging to the same family of PhenD(3, to develop a
new immunofluorescence method allowing the detection of the
compounds and, therefore, G4 structures in cells with increased
resolution. The more promising compounds were functionalized
in situ with 5BrdU (5-bromo deoxyuridine), a hapten which can
be recognized by a commercially available antibody, by click
reaction (CUAAC, copper catalyzed alkyne-azide cycloaddition
reaction) [63].

Conclusion

In conclusion, this course has underscored the importance of
post-transcriptional regulation of gene expression in both phys-
iology and disease, such as cancer and viral infection. In partic-
ular, the course provided mechanistic insights into the many
steps leading to the production of a mature RNA and the control
of its translation, and highlighted how RNA chemistry plays a
fundamental role in such processes and can be exploited for
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therapeutics (figure 7). Indeed, all the steps involved in RNA
metabolism, including pre-mRNA splicing, mRNA editing, trans-
lation, and degradation, together with RNA intrinsic features
and trans-acting factors participating in such processes, are key
contributors of cancer progression, viral infections, as well as
immunological responses. This indicates how the post-transcrip-
tional regulation of gene expression, as well as the RNA mole-
cule itself, represents promising target in many pathologies.
Moreover, the RNA molecule and chemistry may be useful tools
for therapeutic applications, highlighting how advances in RNA
biology and chemistry can be fully integrated to pave the way to
new therapeutic strategies.

Disclosure of interest: the authors declare that they have no competing
interest.
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