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Abstract

RNA modifications created the epitranscriptome that shaped our understanding of the
regulation of biological processes. Modifications were mapped in mRNAs and little is known

about their role in modulating their functionality.

Here, selected modifications which are naturally occurring in RNA were inserted in a targeted
manner in an enhanced green fluorescence protein (EGFP) mRNA, called point-modified, to
assess their influence on protein expression. In analogy to a piece of a puzzle, the mMRNA design
included sequence breakdown into three fragments, where the middle fragment harbours the
modification at the desired site. Subsequently, the full point-modified mRNA was reconstituted
by a 3-way-one-pot ligation, and then purified by real-time gel elution. Such a ligation
technique, previously applied for shorter size length, provided the possibility for application on
much longer mMRNA. Essential sites for translation initiation (the Kozak motif and the start
codon), which were not yet investigated, as well as internal codons from the coding sequence
were modified. The obtained point-modified mMRNA was validated by LC-MS/MS and
RiboMeth-seq. The presence of 2’-O-ribose-methylated or pseudouridine in point-modified
MRNA, revealed a codon-position-dependent effect, stimulating or hampering the overall
protein production. Findings obtained here in the context of IRES-driven translation expanded

prior work on the influence of modifications on the canonical-translation system.

In a comparative study, the random incorporation of modifications in mRNA was also explored
under different conditions, by adding or omitting structural elements (namely IRES, cap and
poly(A)). Considering the remarkable structure and differences between circular and linear
RNA, enzymatic-based strategy was used for RNA circularization. The obtained product was
via RP-HPLC. Protein expression levels of circular RNA relative to the linear RNA form
depended on (i) the purification method and (ii) the used translation system. In the last project,
randomly modified mRNA was used to outline the limited antibody specificity upon enrichment
with immunoprecipitation methods, otherwise required for a significant analysis at the

transcriptome-wide level.
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Zusammenfassung

RNA-Modifikationen schufen das Epitranskriptom, das unser Verstandnis der Regulation biologischer
Prozesse pragte. Modifikationen wurden in mRNAs Kartiert und es ist wenig Uber ihre Rolle bei der

Modulation ihrer Funktionalitat bekannt.

Hier wurden ausgewahlte Modifikationen, die nattrlicherweise in der RNA vorkommen, gezielt in eine
Enhanced Green Fluorescence Protein (EGFP) mRNA eingebaut, als punktmodifiziert bezeichnet, um
ihren Einfluss auf die Proteinexpression zu untersuchen. In Analogie zu einem Puzzle wurde die MRNA
in drei Fragmente (bzw. Puzzleteile) unterteilt, wobei das mittlere Fragment die Modifikation an der
gewunschten Stelle beherbergt. Anschlieend wurde die vollstandige, punktmodifizierte mRNA durch
eine sogenannte ,,3-Way-One-Pot“ Ligation rekonstituiert und anschlieend durch ,,Real-Time*“-Gel-
Elution aufgereinigt. Diese Ligationsmethode, die zuvor fiir kiirzere Sequenzlangen angewandt wurde,
bot die Mdglichkeit der Anwendung fir wesentlich langere mRNA. Essentielle Stellen fir die
Translationsinitiation (das Kozak-Motiv und das Startcodon), die bisher noch nicht untersucht wurden,
sowie interne Codons aus der kodierenden Sequenz wurden modifiziert. Die erhaltene punktmodifizierte
MRNA wurde mittels LC-MS/MS und RiboMeth-seq validiert. Das Vorhandensein von 2'-O-Ribose-
methylierter oder mit Pseudouridin punktmodifizierter mRNA zeigte einen von der Codon-Position
abhangigen Effekt, der die gesamte Proteinproduktion stimuliert oder beeintrachtigt. Die hier im
Kontext der IRES-gesteuerten Translation gewonnenen Erkenntnisse erweiterten frihere Arbeiten zum

Einfluss von Modifikationen auf das kanonische Translationssystem.

In einer vergleichenden Studie wurde auch der zuféllige Einbau von Modifikationen in mRNA unter
verschiedenen Bedingungen durch Hinzufligen oder Weglassen von Strukturelementen (ndmlich IRES,
cap und poly(A)) untersucht. In Anbetracht der bemerkenswerten Struktur und der Unterschiede
zwischen zirkuldrer und linearer RNA wurde eine auf Enzymen basierende Strategie zur RNA-
Zirkularisierung verwendet. Das erhaltene Produkt wurde (ber RP-HPLC aufgereinigt. Das
Proteinexpressionsniveau der zirkuldren RNA im Vergleich zur linearen RNA-Form war abh&ngig von
(i) der Aufreinigungsmethode und (ii) dem verwendeten Translationssystem. Im letzten Projekt wurde
zufallig modifizierte mRNA verwendet, um die limitierte Antikorperspezifitat bei der Anreicherung mit
Immunprazipitationsmethoden aufzuzeigen, die fiir signifikante Analysen auf transkriptomweiter Ebene

erforderlich ist.
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Introduction

1 Introduction

1.1 Messenger RNA

The classic view of the central dogma of biology described the flow of genetic information
contained in the deoxyribonucleic acid (DNA), to ribonucleic acid (RNA), then to proteins .
DNA and RNA are mainly composed from different nucleobases which can be divided into
purines (adenine, A, and guanine, G) and pyrimidines (Figure 1.1) 2. While DNA contains a
thymine (T) as a pyrimidine, RNA has an uracil (U). Both molecules differ also in the presence
of ahydroxyl group on the RNA ribose which absent in DNA. The discovery of an intermediate
molecule mRNA, between DNA and protein led to a huge revolution in biology in the
fifties/sixties. Advanced researches unravelled the remarkable complexity of the RNA field and
the existence of multiple RNA derivatives, such as the well-known ribosomal RNA (rRNA),
transfer RNA (tRNA), recently circular RNA and a big class of non-coding RNA like the small
interfering RNA (siRNA). The list is long.
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Figure 1. 1: Structure of Nucleic Acids.

(A) Schematic representation of a nucleoside and nucleotides (nucleoside monophosphate,
diphosphate, and triphosphate). For DNA R;=H and for RNA R;=OH. (B) Nomenclature of purine
and pyrimidine. (C) The Watson-Crick pairs between bases: Adenosine A (blue) and uridine U (R.=
H) for RNA, and thymidine T (R2=CHjs) for DNA (orange). On the right side, guanosine G (purple)
and cytidine (green).



Introduction
1.1.1 mRNA biogenesis

The eukaryotic mRNA’s life cycle begins in the nucleus. There, RNA polymerase
transcribes the nucleotide sequence of the gene DNA into mRNA. In eukaryotic, there are three
different polymerases (pol) namely pol I, pol II, and pol I1l. Only polymerase Il showed the
ability to support the maturation of the nascent mRNA 3. Additional mediators are required for
the transcription, such as the general transcription factors (GTF), interacting from one side with
the polymerase 11, and from the other side with a DNA sequence-site defined as core promoter.
This latest consists of a core transcription element that contains a TATAA sequence (known as
“TATA-box”), the initiator sequence (Inr) and possible other “cis-acting” sequences as
regulatory elements. Briefly, transcription initiates when a transcription factor TFIID binds to
the TATA box *, while another factor TFIIA stabilizes the complex. Other factors such as
TFIIB (required for an accurate site selection) and TFIIF are recruited progressively to
constitute the final binding platform for the RNA polymerase, and then of TFIIE and TFIIH.
One of the two TFIIH subunits denatures the double helix of the DNA sequence around the
initiation site and transcription takes place a few nucleotides after the TATA box sequence &°
(Figure 1. 2). Regulation mechanism is facilitated through cis-acting elements to up- or down-
regulate transcription. They are located upstream or downstream of the promoter core: called
the “Enhancers” and “Silencers”, which are recognized by activator and repressor proteins,
respectively. They can operate independently from their long-distance location, through a loop
formation to distant approximate the activator/repressor proteins to transcription complex,
which is bound to the promoter °. The synthesized precursor mRNA undergoes rapidly
extensive processing resulting into a competent mRNA able to fulfil main function in protein

expression.



Introduction

C

TATAAA

Pol Il

Figure 1. 2: The step-wise assembly of pre-initiation complex assembly in eukaryotes.

The straight black line refers to the promoter DNA. The factor TFIID binds to the TATA sequence upstream
of the transcription start site. Then, TFIIB, TFIIF and RNA polymerase Il (pol Il) are recruited. The
complex formation is terminated TFIIE and TFIIH binding. This figure was adapted from °.

1.1.2 The pre-mRNA processing and functional activity

The mRNA synthesis and maturation are often described as two separated pathways,
happening in a sequential manner. Efforts over the last decades have revolutionized this
understanding and revealed that both events were in fact spatio-temporal intimately
coordinated. This phenomenon was described by ‘Miller spread’ electron micrographs,
demonstrating the Pol Il was still bound to the DNA template, in the same time, the introns
were being excised from nascent transcripts *. A marking feature of a large subunit composing
the Pol 11 is the presence of a unique carboxy-terminal domain (CTD) 2. Depending on the
phosphorylation state of the amino acids in the CTD, it could mediate an electrostatic

interaction regulating the implication of the pol Il in the transcription machinery, the

3
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deployment of splicing factors, and the binding of the 5’ capping cleavage and polyadenylation
machinery ¥-1°. Maturation of the pre-mRNA on the 5° end consisted of the addition of a cap,
by attaching a 7N-methylguanosine via a 5'-5' linkage, referred as m’G cap or m’GpppNpN-,
called cap0 (Figure 1.3). Once in the cytoplasm, the cap structure is crucial for the canonical
cap-dependent translation in eukaryotic mRNA 6. Using SAM (S-adenosyl methionine) as a
methyl donor 7, additional methylation by the 2°O-methyltransferase to the second position of
the initiating nucleotide and/or also on the next one, generates the cap 1 (™Gppp™*NpN-) or

cap 2 ("'Gppp™*Np™N-), respectively.

Usually, pre-mRNA molecule contains coding sequences (exons) that are interrupted by
numerous non-coding sequences (introns), and are shortened by splicing the introns and joining
the exons together. Globally, the splicing is achieved via two transesterification steps. At a first
place, the cleavage at the 5 end of the intron (donor site), accompanied by binding of the 5’ end
to the 2’ hydroxyl group of an “Adenosine” residue, known as the branch point, located between
20-40 nucleotides in upstream of the 3’end of the intron. This results in lariat structure
formation. In a second step, cleavage took place at the 3’end of the intron and the two exons
were ligated together. The formed lariat was released and rapidly degraded 8. Moreover, the
same single gene can also result in a variety of proteins, by alternative inclusion or exclusion

of particular exons, described as the “alternative splicing” °.

Given the vital involvement of the cap in the mRNA process, its removal is highly regulated
and organized in a targeted manner 221, Decay machinery including decapping enzymes Nudix
hydrolase Dcpl, Dcp2, DcpS, and Nudtl6 were identified to undergo the mRNA degradation

from the 5’ to 3’ direction 2122,
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Inverted guanosine methylated

on the N-7 position (m'G) o Oj 0 Base 2

cap0: R1 and R2=H d
cap1: R1=CH, and R2=H
cap2: R1 and R2= CH,

Figure 1. 3: The eukaryotic mRNA 5’cap structure.

Figure adapted from #°.

Maturation at the 3’ end of the pre-mRNA transcripts is processed by the addition of a poly(A)
tail. This reaction of polyadenylation consists of a two-steps process, of cleavage and
polyadenylation reaction. Briefly, the cleavage and polyadenylation specificity factor (CPSF),
recognizes the polyadenylation signal “AAUAAA” (or a homolog) and catalyzes pre-mRNA
cleavage 2. Then, the cleavage stimulation factor (CSTF) and the cleavage factors (CFI and
CFII) are recruited. These subunits specifically recognize the U/GU-rich sequence of the
downstream element (DSE) ?#?%. Together with other factors, they bind directly to the mRNA
to form a core complex and activate the 3° end processing. Finally, the poly(A) polymerase
(PAP) joined the complex and added the poly-adenosine tail in a co-transcriptional manner.
Indeed, an interaction between the CTD of the pol Il with the polyadenylation factors CPSF
and CSTF could be identified supporting further the notion that pre-mRNA processing is co-

transcriptional 4.

Furthermore, an interaction between polyadenylation factors CFl and CPSF, and the U1 snRNP
and U2 snRNP (components from the splicing machinery) was described. Consequently, the



Introduction

splicing of the last intron could be facilitated by the recognition of the poly(A) tail, and
maintained a balance between polyadenylation and splicing. A role of poly(A) tail to terminate
transcription was as well reported 26, Similar to the cap structure, poly(A) tails contributes also
to the preparation of the mRNA nuclear export to the cytoplasm 27, where it contributes in the
translation step 22°, and can be also detrimental for their fate in the cells as the mRNA turnover

can be dependent on the time required to “deadenylate” them.

1.1.2.1 Cap-dependent eukaryotic mRNA translation

In eukaryotes, the recruitment of ribosomes by the mRNA is achieved by several steps.
The elF4F, an initiation factor complex, includes DEAD-box RNA helicase elF4A, the elF4G
as a scaffold protein, and the cap binding factor elF4E. The latter allows the binding to the cap
by interacting with the methyl moiety of the guanosine residue. The assembly of the 40S
ribosomal subunit to initiation factors (such elF3) and the elF2-GTP-tRNAM® ternary
complex form together the 43S pre-initiation complex (43S PIC). The association of the 43S
PIC to the mRNA is facilitated by the interaction between the elFAG and elF3. Together, they
form the 48S initiation complex which then “scans” in the 5’ to the 3’ direction to encounter
the AUG start codon, located within the Kozak sequence. Pioneering studies by Marilyn Kozak
reported the sequence RCCAUGG (R =purine, A or G) to be the optimal context for AUG
recognition in eukaryotes . In the other hand, the scaffold translation factor elF4G, a
component from the elF4F, interacts with the poly(A) binding protein (PABP), which is
associated to the 3’ poly(A) tail and lead to the circularization of the mRNA, known as “closed
loop” 3L This form stimulates the mRNA translation and supports as well the ribosome
recycling step 3, (Figure 1. 4 A). Lastly, while some translation factors are released and 60S

subunit is recruited to form the elongation-competent 80S ribosomes (reviewed in ).
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Figure 1. 4: Models of translation initiation.

(A) The translation pathway includes a series of sub-steps and several binding factors. During translation
initiation, the assembly of the Met-tRNAMet with the initiation factor 2 (elF2)-GTP-Met-tRNAM to
form aternary complex. The mRNA is selected by the complex elF4F binding to the cap structure (orange
circle), including an ATP-dependent helicase elF4A to unwind proximal secondary structures. The elF4F
complex includes as well the elF4G, a scaffold protein that harbours binding domains for PABP, elF4E,
elF4A, and elF3. Other factors bind to the small ribosomal subunit 40S, such as elF1 (1), elF1A (1A),
elF5 to form together the pre-initiation complex 43S PIC. The latter is recruited to the 5’end, where it
starts scanning of the 5’UTR in 5’ to 3’ direction. Once recognizing the initiation codon, 48S initiation
complex is formed by the attachment of the 60S subunit, accompanied with the displacement of some
initiation factor elF1 and elF3, while elF5 mediated the hydrolysis of elF2-bound GTP and Pi release.
The resulting complex (not shown here), is called 80S initiation complex which is competent to start
elongation. Figure adapted from references 3416, (B) Schematic diagram of cap-independent translation.
In this example, translation initiation is mediated by the encephalomyocarditis virus (EMCV) IRES.

1.1.2.2 Cap-independent translation pathway

An alternative mechanism to cap-dependent translation can be initiated by recruiting
ribosomes internally through the internal ribosome entry site (IRES). Early discoveries
identified this sequence in the viral genome, and subsequent studies showed IRES presence in
many mRNAs, i.e. DAP5 %26 This mechanism allows to directly recruit the translational

machinery to an internal initiation codon, involving trans-acting factors (not always) ’.
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In the case at hand, the encephalomyocarditis virus (EMCV) IRES from the picornavirus family
was used. It includes structural domains H, I, J-K, and L upstream of the initiation codon AUG
(Figure 1. 5). This initiation codon is also known as the AUG-11 which is the authentic initiation
codon, while translation may rarely occur as well, on a near AUG ( AUG-12) situated a few
codons further downstream 8, The sequence is divided into 5 domains, containing a conserved
motif GNRA (N stands for any nucleotide, and R for purine) in domain 3 which enhances the
IRES structural body and function 3*#! . The EMCV contains as well a pyrimidine-rich motif
in domain 2 and domain 5 that provides binding of site for the polypyrimidine tract binding
protein (PBP), and elF4B, PTB and other RNA-binding proteins 4>-°,

In general, IRES structure is not static and enables the interaction with components from
the translation machinery, recruiting a non-canonical elF4G protein (elF4G2) that directly
recognizes an IRES to initiate translation complex assembly (Figure 1. 4 B). For translation
initiation, the current translation model suggests that EMCV IRES requires the core of the 43S
complex, elF4A which strongly enhances the binding of the central domain of elF4G to J-K
domains of EMCV-IRES in adenosine triphosphate (ATP) dependent manner %4647 Indeed, it
requires almost the same factors as the cap-dependent initiation mechanism except for elF4E
4850 Among other different IRESs, the Hepatitis C virus IRES which was reported to bind
directly to elF3 and the 40S ribosomal subunit and the cricket paralysis virus (CrPV) IRES

which was described to be elF-independent, thus, it could bypass the need for the entire factors
51
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2 3 4 5
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Figure 1. 5: Schematic diagram of the EMCV IRES secondary structure main features.

The conserved motifs (GNRA) in domain 3, C-rich site, and the pyrimidine tract Yn are indicated. The
elF4G translation factor’s binding site is depicted by a purple circle in domains J-K in the domain 4 and the
polypyrimidine binding protein (PTB) is recruited by the pyrimidine-rich Yn motif (green circles). Figure
adapted from #°.

1.2 Natural modifications in RNA

Besides the four regular nucleosides (adenosine, guanosine, cytidine, and uridine)
composing the RNA sequence, other chemical structures were identified: small modifications
installed on the ribose or the base of the nucleosides, such as methylations, deaminations,
thiolations, glycosylations, isomerizations (some examples are illustrated in Figure 1. 6).
Together, these marks are part of the epitranscriptomics RNA field 2. Progress and
development of sequencing and detection technologies contributed widely in the mapping of
modifications transcriptome wide 3, with a growing repertoire accounting for over 170 distinct
modifications >*. They were not found only widespread across the three phylogenetic domains
(Archaea, Bacteria, and Eukarya), but also mapped abundantly in both coding RNA (i.e. nRNA
and coding circRNA ZNF609 %) and non-coding RNA %, reviewed in *'.

The discovery of mediating enzymes, responsible for the edition of certain modifications, had
a positive impact for the understanding of the RNA modification’s regulation.

Modifications in ribosomal and transfer RNA (rRNA and tRNA), two necessary
components of translation machinery, are not only beneficial but also necessary for their proper
function, and can directly influence mRNA decoding during protein synthesis 8. Eukaryotic

9
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rRNA are extensively modified with for example (V) and by the addition of a methyl group at
the 2°-O position of the ribose sugar residues (2°-O-Me). The latter could be also mapped due
to its higher resistance to alkaline-mediated hydrolysis (%, and review 1), In this case, RNA
sequences as the C/D and H/ACA boxes of small nuclear RNA (snoRNASs) are guiding the
installation of those modifications 2. In general, modifications are not randomly distributed but
tend to cluster in functionally important regions of the ribosome, near by the peptidyl
transferase center in the large ribosomal subunit, and around the decoding site in the small
ribosomal subunit, suggesting a role in translation fidelity and a correct positioning of tRNA
and mRNA 63-65,

The tRNA is the second most abundant specie of RNA in cells (following rRNA), carrying
amino acids during protein synthesis. An average of 13 modifications per molecule was
estimated in tRNA 8. Their prevalence may be affected by metabolic states, the general stress
in cells, and tRNA aminoacylation %8°, The most elaborate tRNA modifications were located
in the anticodon loop, in particular positions 34 and 37, as they are highly conserved in
eukaryotes and can directly contribute for the decoding regulation. Position 34, also called the
wobble position, base pairs with the third base in the mMRNA codon and has a role in deciphering
the degenerate genetic code °, ™. Modifications at this position were described to fine-tune
wobble pairing by extending or limiting the number of the pairing codons and the lack of certain
modification could be lethal ">73, As an example, when position 34 is a uridine, it can be
modified into 5-taurinomethyl-2-thiouridine, having consequences on the stabilization of the
codon-anticodon interaction. This modification mutation can trigger serious neurological
disorder such as mitochondrial encephalomyopathy, lactic acidosis and stroke-like episodes
(MELAS), and (myoclonic epilepsy with ragged-red fibers (MERRF) "“75, Another example is
the tRNAP" derived from patients with nonsyndromic X-linked intellectual disability disease.
It was found to contain a 2’-O-methylation hypomodification at the guanosine position 34
(Gm34) ”". More related examples are reviewed in 8. Position 37, adjacent to the 3’-side of the
anticodon, supports the interaction between the anticodon to the codon by improving intrastand
stacking within the anticodon loop and may impact on translation, affecting consequently the
cellular growth "2, 1t was reported for instance that the deficiency of 1-methylguanosine in
Salmonella typhimurium tRNA can affect the frameshifting 8. Modifications distributed in the
main tRNA body are known to influence the structure and the proper geometry of the tRNA.
The finest example by Helm and colleagues reported the requirement for the methylation at

adenosine 9 (A9) to enable the canonical cloverleaf folding 8. Beyond their central role in

10
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epitranscriptomic, modifications on tRNA may be hijacked by viral infection, to make a benefit
for their proper replication 8384,

1.2.1 Modifications in eukaryotic mMRNA

Similarly to rRNA and tRNA, eukaryotic mMRNA harbour several types of modifications,
the most abundant ones being: N®-methyladenosine (m®A) 8% 5-methylcytosine (m°C) &, ¥
8.89 Nl-methyladenosine (m'A) ® and 2°-O-Me, (Figure 1. 6) °X. In general, modifications have

the potential to be implicated in various steps of the mRNA life cycle, from maturation and
processing to translation 2,
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Figure 1. 6: Examples of RNA modifications.

Schematic representations of nucleoside and nucleotide (top left), and nomenclature of purine
and pyrimidine (top right). Examples of RNA modifications (down).

Starting on the 5’end of the transcript, one of the earliest identified modification is the
m’G, as a hallmark of the cap structure at the 5’end . The adjacent cap nucleotide (+1 position)
could contain a 2°-O-methylation defining the mRNA as a “self” and avoiding the induction of

the immune response mediated by the cellular sensors retinoic acid-inducible

gene | protein (RIG-I), the melanoma differentiation-associated protein 5 (MDAD5) and
the type | interferon effectors ®+-°°. An additional methyl group was reported on the +1 position

on the adenosine position N6 , the so-called N6, 2’-O-dimethyladenosine (m®Am) derivating
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from an (Am) 9019 |n general, the double modification provided further resistance against

enzymatic decapping reactions 192,

Internal modifications in the mMRNA body could be also detected, such as N1-
methyladenosine (m*A). It was mapped in the 5 untranslated sequences *, and tends to occur
in structured regions with higher GC content 193194 Since this modification is able to block

Watson-Crick base pairing 1%

, it could also alter the predicted secondary/ternary structure of
mRNA. In their work on mapping m*A in eukaryotic cells, Dominissini and colleagues
reported that this modification was found enriched around canonical and alternative translation
initiation sites, and can be dynamically regulated in response to physiological stimuli by
promoting protein levels . However, the main role of mA in mRNA requires further
investigations. Indeed, in vitro translation study of m*A-modified mMRNA suggested that such
modification can modulate translation in a position-dependent manner within a codon, without
compromising translation fidelity 1°. The identification of 5-methylcytosine (5mC)
modification in DNA was previously performed by bisulfite treatment and sequencing based
methods 1%. This method was adapted for mapping of m°C in mRNA because of the harsh
conditions of bisulfite-treatment. Many groups resorted to combining bisulfite-sequencing with
other methods, i.e. mass-spectrometry and immunoprecipitation, and reported that m®C sites
are likely to be distributed along the mRNA transcript in a cell/tissue type specific manner. Two
groups reported that this modification was preferentially localized in the 5° UTR, around the
start codons %719 \while another study reported an enrichment in the CDS . Furthermore,
recent data revealed also an overlap of the m°C sites with RNA binding-protein sites, such as
binding sites of the Argonaute protein or the export adaptor protein ALYREF 108110

Consequently, it suggested a multifaceted involvement in various processes.

. 5 2 N .
Nm m‘A v A T A m7G P m \ I/ﬁ Nm m7G :\‘l,«‘
5 thC 6 W
oA M CE ) .: m°A
cap 5UTR : coding region : 3'UTR

Figure 1. 7: Overview of the distribution of chemical modifications in eukaryotic mRNA.

Examples of most detected modifications: inosine (1), Nm (2°-O-Me), m°C, m®A, m’G, ac*C (N4 —
acetylcytidine), hm°C (5-hydroxymethylcytidine). Figure adapted from %°,
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1.2.1.1 mBA in mRNA

The m®A modification is one of the most abundant internal mMRNA modification in

eukaryotes and was originally described in the seventies 811112 (Figure 1. 6). In mammalian
mRNA, an average of 1 to 3 sites per a given mRNA transcript can be methylated 11113,
Transcriptome-wide mapping identified that methylations occur in a preferred sequence motif
“DRACH “ (D=G/A/U, R=G/A, H=A/U/C) 415 There are more occurrences of the
methylation consensus motif in transcripts than there are actually detected m°A. Hence only
some and not all conscenus motifs are methylated ¢, The methylation is generated by a
“writer” complex consisting of methyltransferase like 3 (METTL3) supported by the allosteric
activator methyltransferase like 14 (METTL14) 8117118 and is co-transcriptionally installed
119,120 Other associated proteins are expected to contribute to maintaining the complex activity
and the specificity of the methylation, by augmenting the translocation into nuclear speckles,
such as the interactor VIRMA (also known as KIAA1429) and Wilms tumor 1 associated
protein (WTAP) 121123 respectively. In the speckles, the methylation can be removed by
demethylases, the fat mass and obesity-associated protein (FTO), and alkylation repair homolog
protein 5 (ALKBHS5) 12412 Together, writers and erasers enable the reversibility of epigenetic
events to maintain the balance to the overall biological system process. Deregulation of m®A by
ALKBHS5 knockout in mice had consequences on sperm development and mice fertility 124,
Compiling work from several studies in the transcriptome-wide mapping of modifications
revealed, that m°A is enriched in the 3° UTR near stop codons and the main coding region,
while the 5’UTR is relatively low methylated 41, Accordingly, m®A can affect the dynamic
regulation of protein expression and mRNA stability, through its ability to influence local
secondary structures and the recruitment of binding proteins. Reader family of YTH domain
family (YTHDF1, YTHDF2, YTHDF3, and YTHDC1), was characterized to bind selectively
mSA modified mRNA 14127128129 | the nucleus, YTHDC1 was reported to have a role in
alternative splicing by favouring interaction with the splicing factor SRSF3 while blocking
SRSF10, facilitating exon inclusion 221 During the mMRNA’s journey between the nucleus to
the cytoplasm, m®A modification was found to promote mRNA nuclear export mediated by
YTHDC1 binding to targeted m8A-transcripts 3.
Understanding of how m®A modifications exert their role remains a central question. It was
reported that m®A located in the 5° UTR can directly recruit initiation translation factors (elF3),
or be mediated by another factor (ABCF1) to enable cap-independent translation 323 (Figure
1.8A).
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Wang and colleagues reported that the binding sites of the reader YTHDF1 were found to
overlap with the m®A peaks, mostly in the 3° UTR around the stop codon. They suggested a
translation model, where YTHDF1 actively promotes protein synthesis of m®A-modified
transcripts, by interacting with several factors from the translation machinery, in particular with
elF3. Their association forms a “closed-loop”, similar to the canonical cap-dependent
translation loop, promotes translation initiation *, (Figure 1. 8 B). Such a mechanism could
guide translation in response to stress stimuli of selective transcripts when the canonical cap-
dependent translation is compromised %13/, Notably, m®A methylation in 5> UTR increased
upon heat shock stress, a process supported by YTHDF2 which probably translocates to the
nucleus in order to preserves 5'UTR methylation transcripts by limiting the m°A ‘eraser’ FTO

from demethylation 2°,

Previous thermodynamic studies reported the ability of m°A to influence mRNA folding and
altering local structures to regulate binding protein regulation, i.e. the binding to heterogeneous
nuclear ribonucleoprotein C (HNRNPC), a protein involved in alternative splicing 313, In a
recent study in a study employing in vitro translation assays, m®A localized in the mRNA coding
region induced rather a translation elongation attenuation, and the effect was strongly position-
dependent, with a major effect obtained when methylation was in the first codon position
(mSAAA) %0, Focussing on the function mechanism, Choi and colleagues suggested a model
where m8A, presumably, affected the decoding process of ribosomes and tRNA accommodation
141 In addition to their implication in mRNA expression, another role in regulating mRNA
decay was assigned to m°®A readers. This could be shown, for instance, by the ability of reader
YTHDEF2 to directly recruit the deadenylase complex to regulate mRNA decay, ensuring a
dynamic control of the lifetime of target transcripts 27142, Besides, the enriching of m®A in the
3’UTR upstream of the stop codons in mammalian mRNA could be associated to a potential
role in regulating miRNA interference 7. While much of the work focused on uncovering the
implication of m®A in biological mMRNA pathways, concerns about the effective mapping of

m°A were raised, in particular with antibody-based strategies. In this regard, antibody
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specificity could be doubted in particular to cross-reactivity reactions with closely related

chemical species 101143144,

Given the overall methylation participation in essential biological processes of mRNA
transcripts, it would not be surprising to elaborate connections with diseases including cancer.
Consistent with this, the writer protein METTL3 was found to be involved in the promotion of
the translation of important oncogenes such as EGFR and TAZ and can support cancer cell
growth'®. Concerning the eraser protein FTO, it was detected in high levels in human AML
samples and enables the acceleration of leukemogenesis 46, Very recently, the differential
regulation of the level of m®A methylation of certain genes was linked to Alzheimer’s Disease

147 “and other potential involvements in other diseases are reviewed in 14,

A ‘ 105 3
.
e W, Y
)&/ (AAAAN)

Figure 1. 8: Translation initiation driven by mfA.

(A) Translation can be initiated by m®A residues in the 5UTR in a cap-independent manner. The
modification is directly recognized by the eukaryotic initiation factor 3 (elF3), which recruits the
translation machinery to initiate translation. (B) When localized near the 3° UTR of mRNA transcripts,
m®A can promote translation. YTHDF1 can bind to m®A and interact with the elF3 through an mMRNA
looping mechanism. Figure adapted from 32 134,

15



Introduction

1.2.1.2 Pseudouridine in mMRNA

Pseudoruridine () is the first modified nucleoside discovered in the fifties and initially
described as the “fifth RNA nucleotide”'4**%1, It differs from uridine by the formation of C-C
bond instead of the canonical C—N glycosidic bond 2% (Figure 1. 6). The detection of ¥ in
MRNA was recent, with the establishment of PseudoU-seq for mapping ¥ at a single-base
resolution 88#°_ Compiling work from several groups revealed a widespread prevalence of ¥ in
eukaryotic mRNA estimated to 0.2%-0.6% of uridines converted to pseudouridines, which is
comparable to the content of m®A in mRNA transcripts 1>+, Notably, pseudouridines are
distributed along the 5’ UTR, coding sequences and 3’ UTR 81515715 Generally, the
pseudouridylation can be catalyzed by RNA pseudouridine synthase (Pus) alone, or via an
RNA-dependent mechanism. The latter is mediated by an RNA component called box H/ACA
on a small nuclear RNA (snoRNA), associated with a set of evolutionary conserved core
proteins. The snoRNA guides pseudouridine modifications at specific sites, through base-
pairing with substrate RNA, and involves enzymatic proteins as dyskerin or Cbf5, in human
and yeast respectively, to catalyze the U-to-y isomerization reaction 16%!61, While the general
mechanism for several RNA species was described, the basis in mRNA target recognition for
pseudouridylation is still not well clear. Emerging prediction of pseudouridine synthase genes
without an attributed function, may expand target substrate to mRNA molecules. In line with
this, Schwartz and colleagues suggested the presence of a consensus sequence that guides site-
specific PUSs (pseudouridine synthase PUS7) to catalyse pseudouridylation in mRNA.
Importantly, PUS7 proteins could induce the pseudouridylation level under heat shock
conditions, while their deletion decreased it 8. Such regulation control suggests a role in
enhancing transcript stability and a distinct role in response to stress stimuli (reviewed in 162),
In the same context, another group revealed MRNA pseudourdyliation by PUS1 directed by

structure-depend recognition of a shared sequence motif between these substrates 1.

Given the distribution along the mRNA transcript, it is likely plausible that ¥ interferes with
distinct steps of mRNA’s life cycle. A potential role in the formation of the spliceosome
complex was suggested by Chen and colleagues since this process requires a polypyrimidine
(C and U) tract near the 3’ splice site. The conversion of U to W in this site led to a splicing
defect by affecting the binding of a splicing auxiliary factor (U2AF) to the polypyrimidine tract

in Xenopus oocytes 164,
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Owing to its chemical property, the isomerization does not affect classical base pairing at the
Watson—Crick edge with adenosine but rather enhance it, and enables a more stable pairing
with any of the principal bases %%, A contribution to increasing phosphodiester back rigidity
and base stacking was also described %1% and may contribute to influencing RNA secondary
structure. Because ¥ was considered to expand the genetic code by partially rewiring it 16816,
it can reasonably anticipate a biological role. Artificial pseudouridylation studies performed by
two groups, Karijolich and colleagues and Fernandez and colleagues, have shown that ¥ in stop
codons directs the nonsense suppression by converting them to sense codons resulting in altered
protein synthesis *6%17°, While such a feature could be conserved between the reported species,
research is still required to resolve this question. In a followed study using a fully reconstituted
bacterial translation system and human cells, Eyler and colleagues have demonstrated that
single W exerted an overall low-level peptide expression. They suggested that ¥ increased the
rate of near-cognate tRNA by reducing the ability of the E. coli ribosome to discriminate
between cognate and near-/noncognate aa-tRNAs. This depended strongly on the codon- and
nucleotide position within a codon. Mechanically, ¥ perturbed the acceptor stem of tRNAP"
and prevented a proper positioning in the A site of the peptidyl transferase center on the large
ribosomal subunit "X, Hoernes and colleagues supported as well the low yield of full-length
protein caused by W in the coding region, without recoding miscoding events 4. In contrast,
Kariko and colleagues revealed that base pairing between ¥ and A could be interpreted by
tRNA during mRNA decoding and resulted in the translation of functional proteins and
increased protein yields in living cells 2. Interestingly, they also reported a translation
alteration by pseudouridine-modified mMRNA using other translation systems, namely wheat
Germ extract and a bacterial translation system. So far, the mechanisms of function are not well
understood. However, it is clear that ¥ modulates translation and affects the decoding fidelity,

while more efforts will be needed to clarify the discrepancy between the different studies.

1.2.1.3 2’-O-methylation in mMRNA

Continuous efforts in modifications detection revealed that the ribose can be methylated
at the second position to form 2’-O-methylated (Nm or 2°-O-Me) nucleosides (Figure 1. 6). This
modification was recently detected within the coding sequence of mMRNA transcripts °173, with
an enrichment in codons for certain amino acids 1. Because of its chemical structure, 2°-O-Me
is one of the RNA modifications that do not directly alter the Watson-Crick base pairing. For
non-coding RNA such as rRNA, tRNA and miRNA, the addition of 2°-O-Me can be mediated
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by two mechanisms: One is mediated by standalone methyltransferases that recognize their
targets based on particular structures and sequences, and a second one, through a
ribonucleoprotein complex containing C/D-box small nucleolar RNA (snoRNA) which guide
to the targets **17>, A recent study proposed that the second mechanism was followed for the

2°0-Me installation in mMRNA 178, However, this needs to be further confirmed.

While the biological role in mRNA is still ambiguous, it is now known that the second base
adjacent to the 5’ cap in mRNA, can be 2’-O-methylated, conferring resistance to nucleases,
and is implicated in self/non-self-recognition by the immune system %177, Indeed, ribose
methylations in RNA were described to act as immunosuppressive, therefore avoiding Toll-like
receptor (TLR) activation 178, Certain sequences including a Gm residue are known to have an
antagonistic effect on the activation of Toll like receptor 7 "®8! hence, are important
suppressors of RNA-induced pattern recognition receptor (PRRs) activation ®2. The
implication of 2’-O-Me in translation was reported using a synthetic modified-mRNA, and
revealed the potential of this modification to repress protein expression in a sequence context-

dependent manner 149183185 \yithout potential in inducing miscoding events.

1.2.2 Modification detection via chromatography

The thin-layer chromatography (TLC) is one of the earliest methods that was used for numerous
base modifications investigations. One way was for the localization of modification within an
RNA sequence was based on the in vivo radioactive labelling of RNA, by supplementing, for
instance, bacterial culture by radioactive labeled phosphate (32P). The transcripts
(polyadenylated RNA) were isolated, digested to mononucleotides, and analyzed by TLC.
Likewise, the separation between the 32P-labeled modified and the unmodified nucleotides
could be separated for quantification and comparison to synthetic modified nucleotides or
nucleosides for assignment 18, The physiological features such as the net charge, polarity, and
hydrophobicity that differ between modified and their unmodified equivalent nucleotides
permit the identification of both species by chromatographic mobility, which resulted in a
reference map 26188, Due to nucleic acids ultraviolet absorption capacity, the TLC permits also
the identification of modifications from unlabeled samples. However, this requires bigger
quantities (a few micrograms) as compared to the detection with radioactivity. In early works,
Davis and Allen reported the discovery of an additional nucleotide in RNA isolated from yeast.

They described their finding as the fifth nucleoside, which was later called pseudouridine **°.
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In another study on rRNA from Xenopus laevis and man, authors reported the detection of 2'-
O-Me by TLC 8,

Another revolution came with RNA post-labelling using T4-polynucleotide kinase
(PNK), which allowed the 5’-end [*?P] labeling. This was a big step in the field, as the labeling
allowed the identification of the end nucleotide in any RNA fragment 8719 Another
alternative could be via direct incorporation of a*P-NTPs into RNA during in vitro

transcription ***(used in this work).

1.3 Synthetic mRNA design and applications

The use of synthetic mMRNA contributed to the fundamental understanding of the cellular
mMRNA, which brought their application to broader research for therapy. Initial manipulations
on mRNA backs to the early eighties. Synthetic mMRNA was created by in vitro transcription
(IVT) using phages RNA polymerase SP6 and the biological activity was validated by mRNA
injection into the cytoplasm of frog oocytes and by in vitro translation using wheat Germs
extract. However, the fragility of the mRNA molecule was one of the reasons that obstructed
rapid research progress and more efforts were invested for this purpose. Since IVT mRNA
molecules would be lacking the genomic integration which was a major concern in particular
for DNA-based therapy, and due its transient presence in the cell permitting temporal
functioning and one-step protein expression in the cytoplasm, there was a focus to improve the
synthetic MRNA molecule as a novel therapeutic tool. Cumulated knowledge allowed to define
basic features of MRNA required for the molecule stability and functionality in cells, essentially

the 5’ cap, 5'- and 3'-UTRs of interest, and the poly(A) tail.

1.3.1 Basic structural elements

The presence of a 5’cap structure would enhance translation, by bind the eukaryotic
translation initiation factor elF4E 192, It can be inserted by adding cap analogues during in vitro
transcription or by using dedicated capping enzymes in a second approach (posttranscriptional).
In the first possibility, while the addition of a cap analogue was known for increasing translation
efficiency, a fair amount of the mRNA remains uncapped due to the competition from the
starting nucleotide GTP when using a promoter sequence of T7 RNA polymerase 1%3-1%,
Besides, cap analogue incorporation can lead to two possible orientations: either a correct or a
reverse form 1°3%97 while up to 50% IVT mRNA carried the correct form recognized by the

translation apparatus One way to overcome the undesired orientation was by blocking the
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elongation at the m’G using a 3'-O-methy! instead the 3'-OH of the m’G moiety %% (reviewed
in 1% Figure 1. 9). Improving the stability of RNA-based drugs against RNases could be
engineered by chemical modifications in the cap structure (Figure 1. 9). The substituting for
instance of the O atoms of the triphosphate bridge, achieving O-to-X substitutions (where X
could be a single atom or a group of atoms), was studied to increase the resistance to decaping

enzymes and enhance the interaction with elF4E 195199200

Sites for modification to prevent

reverse incorporation (ARCA) Sites amenable to

chemical modifications

OH O-R o

i - O
O |O |O | /N NH
N N B oo < \
DO R PR
] N o)
\CH3 5°-5"triphosphate bridge

Required for in vitro transcription

initiation

Figure 1. 9: Structures of cap analog.

The requirements for a cap analog to be incorporated into mMRNA and to produce anti-reverse cap analogs
(ARCAS). The R=H corresponds to the conventional cap analog, and R= CHj; corresponds to the anti-
reverse cap analog (ARCA, 3"-O-Me-m’G(5")pppG). Figure adapted from %,

An alternative capping could be performed by enzymatic reaction, after IVT, which was
described to be more efficient using for instance the vaccinia capping enzyme %, In both cases,
the remaining free 5’ triphosphate generated by in vitro transcription could be avoided for
certain applications, i.e. cellular transfection or mRNA vaccination 2!, as the free
5’tripohosphate may trigger pathogen-associated molecular patterns (PAMPS) via the activation
of RNA sensors RIG-I. In this regard, eliminating the free 5’-triphosphate could be possible
through an extensive treatment with phosphatase followed by a purification step, which is time
and material consuming. The second alternative capping can take place post-transcriptionally,

and usually performed by ready-to-use capping enzyme Kits.
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At the 3’-end, eukaryotic mMRNA usually carry an adenine tract poly(A) tail structure that plays
a double role to increase resistance against nucleases and ensure the interaction with PABP.
Investigations of many studies on artificial mMRNA, suggested the application of an average
poly(A) length between 64-250 residues 172202205,

The poly(A) tail can be added either by the insertion of a poly(dT) sequence in the coding DNA
template, or after IVT by enzymatic reaction using available polyadenylation Kits from yeast
and E.Coli polymerase.

In eukaryotic translation, ribosomes start scanning through along the 5’end seeking for
the start codon (AUG). Therefore, the utilization of a strong and optimized Kozak sequence
context is essential for an accurate translation initiation 3. The codon composition of the coding
sequence may be also optimized, for instance, by replacing rare codons by equivalent frequently
used and adapted to the cellular background 2%, and to avoid internal translation initiated on
non-AUG start codon such as the CUG start codon 297210,

1.3.2 Modified nucleosides insertion into synthetic mRNA

Exogenous IVT mRNA can inherently stimulate natural viral RNA alerting defence
system, by activating pattern recognition receptors (PRR). They activate interferon inducers, in
particular, TLRs in the endosomes, such as TLR3 which was found to detect dsSRNA while
TLR7 recognizes the ssRNA #1214 Other RNA sensors like retinoic acid-inducible gene 1
protein (RIG-1) and melanoma differentiation-associated protein 5 (MDAJS), were identified as
two major cytosolic sensors to contribute in the detection of uncapped mRNA (5’ three
phosphate) and cap0 2°%%15216 Thijs leads to protein expression alteration and suppression
through several mechanisms, such as ribosomal stalling and RNA degradation. One effect could
be mediated by the protein kinase RNA-activated (PKR), which subsequently, phosphorylate
the a-subunit of translation initiation factor 2 (eIF20) and repress translation initiation 27-220,
The incorporation of modified nucleotides (such as ¥, m®A, m°C, 2-thiouridine (s?U),
pseudouridine, or 2°-O-Me in mRNA transcript was reported to significantly reduced the
immunogenicity 18, Modified in vitro transcribed mRNA has been pivotal in the RNA-based
research and paved the way for investigations about modification effect on translation decoding
mechanism and potential and potential use as vaccines. The application of pseudouridine-
modified mRNA was initially reported by Kariko and colleagues using fully W-modified

mRNA 22! and also by partial substituted ¥ —modified mRNA by other groups 2227224, The
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insertion of modified nucleoside triphosphates could be processed via multiple strategies and
depending on the desired focus. Kariko and colleagues addressed the synthesis of modified
MRNA Dby direct random incorporation of modified nucleotide triphosphates during in vitro
transcription. In a more targeted insertion, Meyer and colleagues harnessed the use of a T7
RNA polymerase to insert an m°A at the 5’ end of the sequence using N6-methyladenosine 5°-
monophosphate (MCAMP) 132225,

In a part of the study about the effect of inosine on the translational machinery, Licht and
colleagues used a DNA template designed in a way that enables the in vitro transcription of an
RNA containing a single inosine codon in the sequence. The sophisticated design consists of
the addition of ITP instead of GTP during IVT. The encoded short peptide allowed a functional
study of the effect of inosine to induce context-dependent recoding and translational stalling
226.

Modified RNA can be generated by chemical synthesis to create site-specifically modified
RNA, however, this method is limited to short RNA (<40 nt) 2%, For longer RNA molecules,
RNA ligation was the most described technique to join together synthetic or in vitro transcribed
RNA oligoribonucleotides with the aid of DNA splint to bring closer the RNA ends 223229,
Originally this method was used to show the importance of 2’-hydroxyl at the 3’splice site for
the splicing process. Thereby, a nuclear pre-messenger RNA substrate was created wherein the
2'-hydroxyl group at either splice site was substituted with a single hydrogen or 2’-O-methyl

group 2%,

1.3.3 Applications of modified mMRNA

Advances in the delivery formulation to protect mRNA cargo in parallel to the
improvement of the transcript’s structural body by introducing modified nucleosides extended
the IVT mRNA scope toward clinical trials. Conceptually, the antigen of choice from the
pathogen target is identified, the sequence is cloned into the DNA template, finally, mMRNA is
transcribed in vitro, and the vaccine is delivered into the subject. As a result, for the continued
efforts, synthetic mRNA is being explored for different fields of application. The IVT mRNA
itself can be also harnessed as an added intrinsic adjuvant 2°23 Indeed, unmodified IVT
MRNA was reported to stimulate human TLR7, and TLR8, while the insertion of certain
modification (for instance pseudouridine, m°C and s?U) diminished the RNA ability to induce
them 178, This finding was pivotal for further applications of mMRNA. It was reported that a more

significant improvement in terms of increasing protein expression could be obtained by
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combining together two modifications, the m°C and ¥ in mRNA. An example of application
was described in cellular reprogramming in fibroblast to induce pluripotent stem cells 2%,
Another application was done by the administration of m°C/s?U-modified mRNA encoding
surfactant protein B (SP-B) to treat lethal con-genital lung disease in mice lacking the latter
protein 2%*. The twice weekly administration of modified-mRNA protected the mice from
respiratory failure and prolonged the average life span of the animal with a necessity for a
continuous treatment.

Extended studies showed that the introduction of NZ1-methyl pseudouridine
outperformed pseudouridine in cell-based and mice experiments 21%233234 Deploying modified-
MRNA vaccination started to take a part in epidemic and pandemic diseases caused by viral
infections. A few years ago, the Zika virus has emerged as a pandemic manifested by
neuropathology in new-borns and adults. A study reported the development of modified mMRNA
encoding the pre-membrane and envelope (prM-E) of glycoproteins of a 2013 Zika virus, to
support immunity against the Zika virus in mice model 2. The administration maintained
immunization from 3 months to 5 months in mice and macaques 232, Pardi and colleagues
described the administration of m*¥-containing mRNAs encoding the light and heavy chains
of chains VRCOL1 (an anti-HIV), protected mice against intravenous HIV challenge 2%.

Upon the pandemic of SARS-CoV-2 virus, causing the coronavirus disease 2019 (COVID-19),
in the world wide starting late 2019, an mRNA-based vaccine candidate (BNT162b2) was
suggested by BioNTech and Pfizer. It encoded the trimerized receptor-binding domain spike
glycoprotein of SARS-CoV-2 and the vaccination consists of 2 doses administrated 3 weeks

apart 2%,

1.4 Circular RNA
1.4.1 Biogenesis of circular RNA

Circular RNA, or simply circRNA having a size range varying between 100 bp to 4 kb,
in eukaryotes (reviewed in 2*°). Their 5> and 3’ ends are engaged in a covalently closed
structure, which confers them protection against exonucleases 24®2%2, The half-life of the
endogenous circRNA was found to be at least 4 fold higher than that of linear mRNA. In
eukaryotes, their abundance was estimated as 0.1-10% of their linear counterparts 243,

The first hints about circRNA emerged on the early nineties in human 24424 and mouse Sry
genes 246, Nevertheless, the lack of adapted analysis methods hampered further investigations.

For years, circRNA were more perceived as rare events or artifacts of RNA splicing 244:245-247,
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since introns lariats can evade debranching and degradation steps during the splicing process
248-230 Thus, they were presumed unlikely to play a significant biological role. Furthermore,
circRNAs were found to encode for viral genome 2122 and can be generated as an intermediate
reaction during rRNA and tRNA processing 24"253,

The RNA circularization was reported to arise from back-splicing 242, an alternative for
linear RNA splicing. Broadly speaking, canonical eukaryotic pre-mRNA splicing is catalyzed
by the spliceosomal machinery to remove introns and link exons, wherein an upstream 5’ splice
donor site is joined to a downstream 3’ acceptor site. Meanwhile, in back-splicing, a
downstream 5’ splice donor site is linked to an upstream 3’ splice acceptor 24>:246:260.261 '1eading
to an RNA circle ligation by a 3°-5’ phosphodiester bond at the splice junction site (BSJ).
Recent research revealed that the back-splicing process benefited from the canonical factors of
the spliceosomal machinery 2°6262 and that both processes were coupled and coordinated 22,
Consequently, circRNA could originate from exons (exonic circRNA), introns (intronic
circRNA) and exon-intron circRNAs 24, with a predominance detection of exonic circRNA
265,266 (Figure 1. 10). Different models were suggested to generate circRNA, i.e., intronic
circularization intermediate lariats or exon skipping (reviewed in 2¢7) originate during canonical
splicing of linear RNA, and exon circularization occuring by permuted intron-exon (PIE)
sequence, based on the autocatalytic ribozyme activity of the intron | group to form exonic
circRNA 268, The abundance of circRNA showed the existence of positive and also negative
correlation relative to their respective linear transcripts 243258.261.269.270 Thjg relationship may

dependent on the cell-type and the cellular metabolic conditions 2432%9,

On a more fundamental level, the mechanism regulation by which the spliceosome machinery
to proceed to back-splicing over linear splicing, or vice-versa, is largely unclear. Recent
advancements revealed the presence of trans-factors and cis-elements that could promote back-
splicing, such as the intron sequences flanking the exon(s)-forming circRNA (Figure 1. 10) "
272 Besides their unusual length 2% 26, these sequences can base pairing across introns or within
the directly flanking involve complementary sequences (i.e. ALU repeats), that can be in
inverted orientations upstream and downstream, facilitation a back-splice junction and the exon

circularization 24261283 (Figure 1. 10).
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Figure 1. 10: Overview of circular RNA biogenesis.

The generation of circular RNA can be mediated by a non-canonical splicing pathway (back-splicing,
arrow in pink). The mechanism can be guided by intron pairing flanking the circularized exons or by
RNA-binding proteins (RBP) that interact with the specific motifs in the flanking introns to bring closer
exons and create a back-splice junction (BSJ). The resulting circular RNA can be purely exonic or can
retain an intron. During pre-mRNA canonical linear splicing (arrow in green), removed intron can be
circularized in a lariat form generating circular RNA, and exon-skipping events (arrow) may generate
exon-containing lariats. Figure adapted from reference 417418,

Another pathway was shown to be mediated by an RNA-binding protein. In their study,
Ashwal-Fluss and colleagues reported that the circularization of an exon can compete with
linear pre-mRNA splicing 2°*. They identified the muscleblind protein (MBL) that can bind to
MBL binding sites localized on the circMbl flanking introns, which allowed to bring closer the
splice signals and promoted circRNA formation. Very recently, the biogenesis and the
accumulation of a circRNA subset was reported to be modulated by the presence of an m°fA

modification 273,

1.4.2 Detection and characterization of circular RNA

In the early nineties, initial studies reported that circRNA could be visualized by electron

microscopy 274, Several biochemical approaches for a comprehensive evaluation of circular
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RNA species were developed (reviewed here 27°). Initial studies have been focusing on the
separation of circular RNA viroids using polyacrylamide gel electrophoresis (PAGE), based on
the distinct electrophoretic mobility of the circular form from the linear one /%277, Different
protocols involving one and two dimensions electrophoresis were reported, i.e. a native first
dimension (1D) followed by a denaturing 2D or running under denaturing conditions for both
system while optimizing running parameters, i.e. the ratio of the N,N’-Methylene-bis-
acrylamide (gel cross-link) or the concentration of the gels 2’7, 2’8, In their study using circular
RNAs synthesized in vitro, Feldstein and colleagues revealed the separation of the circular RNA
based on their poor migration through highly cross-linked gels relative to less cross-linked gels
218 An alternative assay relied on a weak hydrolysis, using enzymatic RNase H degradation or
chemical hydrolysis 2°°279280 Indeed, such degradation was more evident for circRNA, as the
introduction of a single nick could the circle and generate a single linear molecules with the

expected size 281,

Traditional RNAseq pipelines made circRNA out of the profiling process 282 due to the
absence of a linear conformation and a polyadenylated tail at the 3’end. Improving the selection
criteria by depleting both polyadenylated RNAs and rRNAs, and the enrichment for the circular
RNA with RNase R allowed the identification of intronic circRNA as well as exonic circRNA,
with a discrimination of lariats and trans-spliced species (based on the BSJ sequence) 258261,
Indeed, the approach focused on back-spliced (BSJ) sequence reads to screen and predict
circRNA. Direct detection of circRNA by quantitative PCR could be allowed by primers in
divergent orientation to amplify the BSJ site, followed by gel analysis and could be verified by
Sanger sequencing.

Systematic prediction using a computational method to validate the read-mapped regions that
contained splicing junctions delineated that (i) they are expressed across species of all kingdoms
of life, i.e. in mouse, Caenorhabditis elegans, Drosophila, humans 2°4258259.283.284 and in archaea
253 and (ii) despite their a low level abundance in different species 2582°9.261265.285 they may

constituted up to 15% of the actively transcribed genes 25,
1.4.3 Biological implications of circular RNA

Recent studies have found that circRNAs exhibited a cell type- or tissue-specific
expression 243259269 and could be expressed in a developmental stage-specific manner 2523 |n

addition, since some circRNAs could be much higher expressed as compared to their respective
linear mMRNAs 258287 3 potential role was associated to pathological initiation and progression
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in many diseases, as in cancers 243288291 for instance in hepatocellular carcinoma 2%, human
atherosclerosis 2°>%7  neurological diseases 2°2%, Alzheimer 2%, and cardiac hypertrophy
(reviewed 2%°). CircRNAs were also found to be remarkably stable in the body fluids which
suggested them as a prognostic biomarker for standard clinical blood samples 2°27, Recent
studies have indicated that certain circRNAs contain multiple binding sites of miRNA and
acting as “sponges” to store, modulate their level and translocate them to subcellular locations
265298 299 The CDR1as exonic circRNA RNA was one of the first circRNAS to be characterized
and was shown to contain more than 70 binding sites for a micro RNA (miR7) 2%°. This
interaction did not trigger the circRNA cleavage but was suggested to rather a sponge to
stabilize and transport miRNAs to neurons 3%, Besides to sponging miRNAs, some circRNAs
can interact with proteins. They can regulate their activity, by promoting for instance the
enzymatic activity as described with the CircACC1 which was identified to stabilize and
promote the enzymatic activity of the AMP-activated protein kinase (AMPK) having a role in
metabolic homeostasis 3. In their study about myotonic dystrophy, Ashwal-Fluss and
colleagues reported that muscleblind protein (MBL) promoted circMbl generation. This latter
contained several MBL binding sites suggesting possible regulation of the excess of MBL
proteins by “sponging” them and thus reducing their availability 2°*. Another role was assigned
to circRNAs to modulate the transcription and promoting transcription of their parental genes.
Li and colleagues reported a network interaction on one side between circRNA with U1 snRNP
through RNA-RNA interactions, while the formed complex may further interact with the Pol

I transcription complex at the promoters?®4,

Furthermore, naturally occurring circRNAs could also be identified to derive from actively
coding genes and accumulated in the cytoplasm 261265 Emerging evidence reporting the
presence of an AUG translation initiation codon in some endogenous circRNA and their
association with polysomes supported their protein expression capacity 2°23%, The circSHPRH
was reported to encode a short peptide 146 amino acids, which in turn, is involved in tumor
repressor activity in human glioblastoma disease *°*. Several studies published as well predicted
circRNA with coding potential related especially to cancer (reviewed in 2672%) such as in

hepatocellular carcinoma % and breast cancer 3°.

1.4.4 Synthetic circular RNA
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To generate of synthetic circRNA, several groups relied on natural biogenesis pathways in vitro
and in vivo. One strategy was described based on self-splicing-induced introns circularization.
An initial report by Puttaraju & Been described the generation of circular RNA by permuting
the order the exon and the group | intron from both the Anabena tRNA intron and the
Tetrahymena intron generated a circular RNA exon in vitro 2%8, The design of the permuted
intron-exon (PIE) consists of an end-to-end fused exon which are placed in half intron
sequences, which self-splice to release circRNA. Thus, several reports applied this strategy by
replacing the exon by another sequence, to produce circRNA in vivo, mostly in E.coli and less
examples in yeast 373%° While PIE was previously reported for short RNA circularization, it
was recently shown that it could be successfully applied to generate circRNA up to 5kb in
length in vitro 281, This required the introduction of some structural optimizations, such as the
addition of homology arms at the 5’ and 3’ ends of the precursor RNA to enhance further the
spatial proximity of 5" and 3’ splice sites 313!, Based on induced intron-pairing, by forming a
double-stranded RNA structure to bring in proximity the splice sites, studies reported the
generation of coding and non-coding circular RNA 312313 Circularization could be also
performed in vitro using an enzymatic reaction. In this case, the RNA precursor could be
transcribed in vitro then subjected to circularization by complementary annealing to an RNA
or DNA “splint”, bringing together both the 3’phosphtae and 5’0OH ends. Circular products
could be then obtained by incubating with a ligase, T4 RNA ligase | or DNA/RNA ligase 11 314,

Other strategies could be also adapted for circularization (review in 3%°).

1.45 Translation of circular RNA

An early study by M. Kozak revealed that ribosomes were unable to bind to small
circular RNA in eukaryotics 3!, supporting the classification of circRNA as non-coding RNA.
Moreover, if circRNA could be translated, it would not rely on the canonical translation
pathway as discussed in 1.1.2. Nevertheless, the discovery of another translation initiation
mechanism through IRES sequence, which was encountered mostly in virus and also in some
endogenous MRNA 3737 opened new perspectives to the existence of alternative translation
models. Further identification of circRNA associated with polysomes has sparked renewed
interest in the study of the coding capacity of circRNA 38 A scheme recapitulating the
suggested models/pathways of translation from circRNA is illustrated by (Figure 1. 11).

1.45.1 IRES-driven translation
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In one of the best characterized examples, Legnini and colleagues reported that circ-ZNF609
was associated with heavy polysomes and expressed protein. The translation was shown to be
led by a specific features of the UTR sequence. Indeed, when this sequence was inserted in a
bicistronic linear RNA construct, translation was allowed mimicking an IRES-driven
translation. However, the synthesis of a circ-ZNF609 by in vitro ligation could not express
proteins, suggesting a translation mechanism that requires the formation of circRNA in a
splicing-dependent manner in vivo 31°. Moreover, circ-ZNF609-encoded a protein that lacked
two zinc-finger domains, usually contained by the zinc-finger protein 609, proposing a possible

antagonistic (as dominant-negative) or cooperative contribution activity.

Another example have been proposed by Pamudurti and colleagues, who reported a cap-
independent translation from circRNA generated from the muscleblind locus, expressed in fly
head extracts. In this case, the translation was also promoted by the presence of particular UTR
elements (CUTRs). Interestingly, using a bicistronic reporter constructs and an engineered
circRNA containing the cUTRs, they showed a resistance to inhibition of cap-dependent
translation by the circRNA, while this was not observed when cUTR was inserted in an RNA

linear version 2%,

During the last two decades, the interest to understand the translation mechanism mediated by
cellular circRNA was facilitated by engineered circRNAs. Chen and Sarnow reported one of
the first studies on the ability of a synthetic circRNA to drive translation in vitro *2°. They used
a splint ligation strategy to circularize an RNA containing an IRES upstream of a green
fluorescent protein (GFP) open reading frame. Later on, independent studies provided further
evidence on the translation capacity of engineered circRNA in vitro and in vivo, in the absence

of translation elements (i.e. IRES) 303312,

1.4.5.2 mbBA-driven translation

Genome-wide methylation mapping pattern revealed a subset of endogenous circular
RNA enriched with m®A methylation sites 318, Moreover, it has been found that the m®A reader
(YTHDF1/YTHDF2) and writers (METTL3/ METTL14), employed by linear mRNA, were
shared with those of m8A-circRNA 32!, Studying the ability of m®A-dependent translation

activity from circular RNA form, Yang and colleagues reported the presence of a single m°A
motif upstream of the coding region in a synthetic circRNA that was sufficient to promote

translation in vivo which could be modulated by demethylase FTO and the m®A writers 38, The
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best described example of naturally occurring circRNA was the circ-ZNF609 which was found
also methylated and served as a study model by Di Timeotio and colleagues >>273, In a
continuous work to their previous publication >, they reported that translation was m°A cap-
independent and was not sensitive to the elF3, in contrast to earlier publication with m°A in
linear RNA 132133 In addition, the translation could be modulated by the physical interaction
between YTHDF3 and elF4G2, consistent with the findings obtained in the earlier mentioned
report on synthetic m®A-circRNA. They also revealed that the knock down of METTL3
decreased the ZNF609 circRNA accumulation and that YTHDC1 was also required to promote
circRNA production, which suggested the role of m®A modification as a key regulator in

circular RNA expression and production promotion.
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Exonic circRNA are
exported to the cytoplasm
Cytoplasm YTHDF3

IRES

g min_oFiB<®
A 43s )
~ start . /\( \ \ 4 PIC
translation WX

IRES-mediated translation m°A-mediated translation
\‘ /
w
Proteins

Figure 1. 11: Translation of circular RNA.

Potential models of translation of circular RNA in eukaryotic cell. The exon-intron circRNAs cumulate in
the nucleus while Exonic circRNAs are exported to the nucleus. Models of translation initiation in
circRNA proposed a translation pathway to be mediated by Internal Ribosome Entry Site (IRES) - and
N6-methyladenosines (m®A)-mediated cap-independent translation initiation. The latter mechanism is
likely promoted by YTHDF3 and elF4G2. Figure adapted and modified from reference 2%°.
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2 Motivation and objectives

Eukaryotic mRNAs have been reported to harbor numerous modifications, with a potential
involvement in important mMRNA biological pathways. In nature, the installation of certain
modifications was reported to be regulated and site-specific. The presented study here aimed to
generate MRNA carrying naturally occurring modifications to study their implication on protein
expression. As study model, investigating the impact of modifications in the context of IRES-
driven translation was of interest, since there is a lack of data to this regard. One employed
strategy here relied on the capacity of T7 RNA polymerase to introduce modified nucleoside
triphosphate during in vitro transcription. Although being straightforward, it lacks the control
on the precise incorporation site and is limited to modifications whose triphosphates can be
catalyzed by T7 polymerase. Therefore, it was of interest to engineer point-modified mMRNAs
harbouring modifications to target critical positions in the mRNA sequence, such as the Kozak
sequence motif, the start AUG codon, and as well as in other codons from the coding sequence.
This was achieved by joining together three fragments to reconstitute one large point-modified
MRNA, using a one-step enzymatic ligation that was initially validated to join multiple short
RNA fragments. Besides the point-modified mMRNA synthesis, optimizing a purification
method was also considered to ensure the ligated mRNA quality (i.e. reducing gel impurities),
which would be required for certain downstream applications, i.e. injection of RNA ona HPLC

column.

Synthetic randomly modified mMRNA was also harnessed in another topic, to to address the
efficacy of the immunoprecipitation sequencing (MeRIP) experiment, since it was challenged

by antibodies selectivity leading to off-target bindings.

Assessing the influence of the RNA form on translation was also investigated by generating
circular modified and unmodified RNA, using enzymatic ligation. For the validation and
purification of synthetic circRNA, available methods and techniques are traditional and
laborious. Most of the published data are based on gel electrophoresis or also enzymatic
digestion. Establishing an alternative method was addressed here, for a direct separation and
elution of circRNA via RP-HPLC. In a future experiment, circularization of point-modified
MRNA was intended to provide a closer insight to the effect of modification according to its
position within the RNA sequence, and would elucidate the mechanism behind it.
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Figure 2.1: Global overview of the present work and possible perspectives.
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3 Results and discussion

3.1 Engineering of nucleoside-modified mMRNA

Modifications such as N®-methyladenosine (mfA) 812 2°-O-methylation (Nm, 2°-O-Me)
and pseudouridine (W) were mapped , among others, in the coding sequence of mMRNA (Please
refer to Figure 1. 6 in the introduction). This suggests a putative implication and tuning of the
protein expression. However, their physiological role has not been completely defined.

To elucidate their roles in protein synthesis, various strategies were developed to introduce
modifications into artificial MRNA. Indeed, the insertion of various modifications, in particular
¥ and m®A, was shown accessible by the utilization of T7 RNA polymerase 1’8, while certain
modifications, such as ribose methylations, are not good T7-substrate and can terminate run-
off transcription 1"8322, This approach allows a certain control regarding the choice of the
nucleoside triphosphate to be substituted, and full or partial substitution by the equivalent
modified one.

Despite this benefit, the incorporation remains random without a control over the exact position
within the mRNA sequence. Alternatively, splint ligation can be employed as an approach to
insert the desired modified nucleoside triphosphate in RNA, in a target-specific way 323324
called here “point-modified mRNA”.

Harnessing both approaches, the following work aimed to generate, in a first part, a series of
IRES (internal ribosome entry site) and non-IRES EGFP mRNA, bearing randomly
incorporated ¥ and m°A. In a second part, the preparation of single-point modified IRES-EGFP
MRNA is described.

3.1.1 Generation of randomly-modified mMRNA

In this work, a set of cap-dependent as well as cap-independent mMRNA were synthetized.

For cap-independent translation, the EMCV IRES was implemented upstream of the open
reading frame (ORF) of an EGFP. It is one of the common widely used IRES element for its
ability to mediate accurate and stable translation in different cell lines 3326, Because there are
various mutated versions of EMCV IRES available in literature *2°, it should be mentioned here

that the IRES sequence was conserved with exception of mutating the start codon 11 (among
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other two start codons 10, 11 and 12 327 ) to allow translation using the next start codon (start

codon 12), which was located in a strong Kozak sequence upstream of the EGFP ORF.

Another especial consideration applied to the template design, was the insertion of a T7 RNA
polymerase promoter. This enzyme was shown able to synthetize modified RNA including
functional groups, i.e alkyne or azido groups for click reactions 323 and base modifications,
i.em°C, m®A, m°U, and s?U "8, Interestingly, such capacity can be accompanied with a reduced
T7-catalytic efficiency with for instance m®A modification 1’8, The size of the modified
substituent groups is of matter and bulky groups, i.e. dibenzofuryl derivatives of ATP and GTP
or 2°-O-Me could not be catalyzed by the T7 RNA polymerase 322331, This would presumably
lead to an unequal incorporation efficiency of modified versus unmodified nucleotides.

Here, either adenosines or uridines were replaced with mPA and ¥ respectively, by
incorporating the modified nucleotides during in vitro transcription. The ratio of one particular
modified NTP relative to the corresponding unmodified NTP were adapted to estimate an
incorporation percentage of: 2.5%, 30%, 60% and 100% relative to unmodified respective
NTP). After transcription, the full-length transcripts were analysed by capillary electrophoresis
(Figure 3.1A) showing that modified mRNAs migrated similarly to their unmodified

counterparts, based on their size.

The assumed incorporation ratios were confirmed by the application of modified as well as
unmodified MRNAs for analysis on the nucleoside level. After mRNA digestion, the resulting
nucleosides were applied for quantitative HPLC and MS analysis. The estimated ¥ nucleoside
(¥:U) content was nearly proportional to the expected ratios added to the in vitro transcription

(IVT) experiment.

When introducing m®A during IVT, the incorporation was weak. In fact, with high
incorporation percentages, the measured ratios by HPLC and MS were comparable to the ratio
of the m®A:A present in the reaction pool. However, at low mPA percentages, quantification
could be mostly achieved by MS only. Moreover, comparing data from m®A incorporation in
naked EGFP mRNA (>800 nt) and the IRES-EGFP mRNA (>1300 nt), suggests that the
incorporation was independently from the RNA sequence context or its length (compare méA
Figure 3.1B, Figure 2B). Such a weak incorporation was also observed in previous work by
Kariko and colleagues 78,

The quantification of the modification by MS compared to the expected values are recapitulated
in Figure 3.1C.
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Figure 3. 1: Synthesis and analysis of modified IRES-EGFP mRNA.

(A) In vitro transcribed IRES-EGFP mRNA containing increasing ratios (2.5%, 30%, 60% and 100% of
(y:U) or (mSA:A) were separated on capillary electrophoresis (Agilent, TapeStation). Unmodified mRNA
serves a reference (N.M). (B) Transcripts were digested and subjected to LC-MS quantification of the
modified nucleosides. No corresponding modification was detected in the unmodified transcripts (not
shown). For absolute quantification stable isotope-labelled nucleosides (**C) from S. cerevisiae were used
as an internal standard and mixed in an equal amount with the analyzed sample. Error bars are shown,
indicating + SD of technical triplicates. (C) Determination of the number of modified nucleoside content
per mMRNA molecule. The theoretical percentages correspond to the calculated number of m®A or ¥ based
on their expected amount incorporated in the transcription reaction relative to the number of their
unmodified NTP (320 A and 251 U) per mRNA molecule with a length of 1369 nt. The detected values
correspond to the measured amounts determined by LC-MS, relative to the unmodified NTP derivatives.

Another set of EGFP mRNA was prepared without using an IRES. In this case,
additional structural elements were added to generate either capped-mRNA, capped/poly(A)-
MRNA, poly(A)-mRNA or naked mRNA (without neither a cap and nor a poly(A)). In addition,
modified m°A and ¥ were as well incorporated during IVT at different ratio (2.5% 30%, 60%
and 100% relative to the unmodified nucleotide). Interestingly, the quantification by LC-MS
shows again that W was behaving as a uridine substrate and was almost efficiently incorporated

by T7 RNA polymerase, while this was not the case for the m®A incorporation (Figure 3. 2A).

35



Results and discussion

Of the two possibilities to introduce a cap structure we opted for the enzymatic
posttranscriptional in vitro capping using vaccinia capping enzyme, and more details are
developed in the introduction part (section 1.2.3). This allowed a one-step reaction combining
the latter enzyme (to achieve a capQ structure) with a cap 2’-O-methyltransferase resulted in a

final capl structure 3%

, under experiment conditions provided by the manufacturer’s
recommendation and previous data from the Helm lab. Capped mRNAs were applied to LC-
MS investigation for the detection of m’G and 2’-O-methylguanosine. As displayed by Figure
6.1, both modifications were detected. However, the quantification analysis showed sub-
stoichiometric amounts of the concerning modifications, hinting at only partial formation of
capl. Since the reaction conditions were already optimized by a former colleague (Dr. Isabell
Hellmuth) 33, it could be possible that results obtained by LC-MS reflected rather the difficulty
of the nuclease P1 enzyme to hydrolyze the 5'-5' triphosphate bond and would result in

incomplete digestion 32,

Similarly, the 3’ end of the purified mRNAs was also processed by the addition of a poly(A)
tail employing an E. coli Poly(A) Polymerase 3**. Applying the lowest enzyme concentration
suggested by the manufacturer with varied incubation times did not result in an extension on
the 3’end (data not shown). Therefore, the enzyme concentration was optimized and the
resulting reaction was analysed by microscale thermophoresis (MST). Such technique can be
used to study nucleic acid hybridization by assessing their movement in a temperature gradient
335336 The presence of the newly synthetized poly(A) tail could be then evaluated by MST, by
increasing concentrations of the polyadenylated RNA, while the mount of a fluorescently
labeled poly(dT) oligo (complimentary to the poly(A)) tail was constant (Figure 3. 2 B).
Hybridization of the probe to polyadenylated RNA resulted in drastically changed
thermophoretic behaviour, which was used to obtain dose-response curves for the RNA titration
series (Figure 3. 2 B and C). Compared to the negative control (without a poly(A)), the addition
of 15 units (U) or 20 U enzyme allowed similar binding to the probe (Figure 3. 2 C). According
to the manufacturer, applying 15 U enzyme for the tailing reaction would generate an
approximately 170 poly(A) tail length, and this concentration was used for further experiments.
The addition of the poly(A) tail to the other mMRNA constructs (modified or not with m®A and
¥) generated similar MST profiles (Figure 3. 2 C). Overall, the poly(A) tail distribution was

very homogenous for m®A-modified RNA and slightly more diverse for ¥-modified constructs.

After tailing reaction, the produced RNA was also evaluated by application in capillary
electrophoresis (TapeStation), which clearly showed a migration shift after the addition of the
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poly(A), ensuring the homogeneity of the polyadenylated mRNA species (Figure 3. 2 D). It is
to note also that when samples from the polyadenylation reaction were loaded without prior
purification, the running on TapeStation was not based on the RNA size as as compared to
traditional agarose electrophoresis (please compare the migration on both gels in Figure 6. 2).

Hence, the purification of the sample should be considered.
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Figure 3. 2: Engineering and synthesis of modified, capped and polyadenylated mRNA.

(A) Base modification analysis by LC-MS. Modified mRNA transcripts were applied to LC-MS for the
guantification of the incorporated modified nucleotides relative to the total quantified amount of
respective unmodified and modified nucleoside. No corresponding modification was detected in the
non-modified transcripts (not shown). For absolute quantification, stable isotope-labelled nucleosides
(13C) from S. cerevisiae were used as an internal standard and mixed in an equal amount with the
analysed sample. Error bars indicate = SD of technical triplicates. (B) Binding curve generated from the
fluorescence intensity of the fluorescent oligo(dT) bound to the newly synthetized poly(A) tail.
Polyadenylation was realized using increasing amounts of E. coli poly(A) polymerase (5, 15 and 20
units). In black is the negative control without a poly(A). Optimal enzyme concentration was used to
generate poly(A) tail in capped m°A and ¥-modified mMRNA (C). As controls, tailing on capped
unmodified MRNA as well as on naked mMRNA (negative control) were used. (D) Modified EGFP
mRNA (without an EMCV IRES) was synthetized by implementing modified nucleotides in the in vitro
transcription mixture to the corresponding ratios 2.5%, 30%, 60% and 100% relative to their non-
modified NTP equivalent. To these RNAs, an additional step to add a cap and ploy(A) structure allowed
to create: naked (without cap, no poly(A)), capped mRNA, capped/poly(A) mRNA and poly(A) mRNA.
Aliquots of naked and cap/poly(A) mRNA either: non-modified (N.M) or 100% modified mRNA were
separated on capillary electrophoresis (Agilent, TapeStation).
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3.1.2 Design and engineering of large point-modified mMRNA

3.1.2.1 3-way-one pot ligation concept

To have an overview about the impact of one single modification on mRNA translation, a large
synthetic mMRNA (>1300 nucleotides), was synthetized to harbour a single modification in site-
specific way (called also point-modified RNA) using RNA ligation method 132:169.205226,330
Therefore, the IRES-EGFP mRNA (IRES EMCV upstream of the EGFP sequence in mRNA)
was used as a study model, for two reasons: (i) it allows to circumvent the need for a capping
step required for the translation, and (ii) the effect of point-modifications was not yet explored
in the case of translation drove by IRES-activity.

Similar to the construction of a piece of the puzzle, RNA ligation allows here to reconstitute a
whole RNA molecule by reassembling together different pieces (fragments) together (Figure 3.
3). The concept idea here is straightforward and consisted first in splitting the full-length mMRNA
sequence into 3 main fragments considering the following: the fragment containing the
modification (called fragment 2) is the one in the middle of the overall mMRNA sequence and
was synthesized chemically by solid-phase. Therefore, its length was limited to 20-40
nucleotides 3. The other two puzzle pieces flanking fragment 2 (located upstream (fragment
1) or downstream (fragment 3) of fragment 2) were produced by a T7 in vitro transcription
(IVT).

Figure 3. 3: The puzzle concept.

The pieces in green (EGFP) and in blue (EMCV IRES) plays the role of a scaffold. The middle piece
may hold the modification (in yellow, dark grey, red) or not (orange) on/around the start codon.
Finally, the key piece (in grey), is the splint DNA that joins the three pieces (fragments) together,
resulting in the creation of several RNA combinations.
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Given the T7 promoter sequence (STAATACGACTCACTATAG 3'), the design of these two
fragments should consider the presence of at least two G nucleotides at the RNA 5’ end for an
efficient transcription 3%, Finally, the full-length RNA can be reconstituted again by joining an
equimolar amount of the 3 fragments in one single-step (the so-called 3-way-one-pot ligation)
and allow ligation in the presence of a T4 RNA ligase Il. The order and the correct orientation

were assured by the presence of a splint DNA.

3.1.2.2 Generation of point-modified RNA via 3-way-one-pot ligation

In theory, the 3-way-one-pot ligation provides an open choice to virtually place the
modification at any given site in an mRNA that is over 1300 nt long. The generation of such
modified mRNA requires the incorporation of chemically synthetized modified RNA (fragment
2) by ligation between several other fragments. Given that the fragment 2 was designed to
harbouring each time one single distinct modification implemented at different spot of the
sequence (Figure 4 A), several combinations of modified-RNA constructs can be generated.
The question of feasibility implies not only the ability to ligate those together, but also, to
separate the final product from the unreacted fragments in the reaction mixture.

Therefore, two selection criteria were established: one regarding the efficiency of the ligation,
and another one for a proper recovery method that can be evaluated in theory or tested in
practice (Please refer to section 3.1.2.3).

Based on this, one construct allowing the separation of the ligated product based on the size of
that is clearly larger than the other fragments was selected (Figure 3. 4 A). This construct allows

40



Results and discussion

to study point-modifications around the start codon, since fragment 2 is located in the beginning
of the 5’end of the EGFP ORF.

Initially, extensive optimizations of the 3-way-one-pot ligation were performed regarding, the
length of the splint DNA (39, 59, 82 and 89 nts), the hybridization conditions and the final
enzyme concentration the evaluation of ligation efficiency was the best with longer splints as
82 and 89 nts DNA oligos. In addition, hybridization was performed by incubating at 75°C,
followed by a cooling down, to allow the splint to hybridize together the three fragments.
Ligation efficacy was comparable with the different cooling conditions: smooth cooling (during
30 and 60 minutes), by direct incubation on ice, or by cooling at room temperature for 15
minutes (data not shown). Finally, the incubation with the T4 RNA ligase Il was performed at
16°C over night. Likewise, the RNA integrity was more preserved during a long incubation,

despite a reduce ligation efficacy.

Here, as seen in Figure 3. 4 B and C, the ligation was efficient and reconstituted the full-length
IRES-EGFP mRNA. This result validated the possibility to create long single modified mMRNA
via a splint ligation approach. Initially, ligation in one-pot reaction was reported to create
smaller RNA i.e. tRNA and synthetic RNA 32433° Moreover, in the seldom published examples
of large point-modified mRNA, no more than two fragments were ligated together 8. Here,
the advantage of the 3-way-one pot reaction was bypassing the stepwise ligation, through which
a ligation product was first generated using two out of three fragments, to be purified, through
which a ligation product is first generated from two out of three fragments, purified and used
again for the final ligation step with the remaining fragment. Assuming the heavy losses after
each purification step (by gel elution for instance) and the time consumption, one can imagine

the high amount of starting material to be provided for the stepwise reaction.

Further characterization of the obtained ligation product was conducted using hybridization of
a fluorescent DNA-probe which is complementary to fragment 2. As expected, a fluorescent
signal was detected for the ligation product, which migrated on the same level to a positive
control (full-length IVT mRNA) (Figure 3. 4 C, lane 1 and 5). The fluorescence was absent in
the controls, consisting of single IVT fragments (Figure 3. 4 C, lanes 3 and 4). Nevertheless,
fluorescence could be detected from the hybridization with reaction mixtures of either one of
the IVT-fragments with the middle fragment 2 (Figure 3. 4 C, lanes 8 and 9) demonstrated as
expected correct ligation orientation in splinted two-way ligations. The full-length ligated
product was also applied for sequencing which confirmed the mostly the expected sequence.
To note, insignificant contamination with additional nucleotides could be detected at the 3’
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extremity of the transcripts. This longer extension was previously described to be added by T7

RNA polymerase 34,
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Figure 3. 4: 3-way-one-pot synthesis of large mRNA harbouring single-point modification.

(A) Concept overview of the design of splint ligated mRNA to introduce targeted modifications within
the middle fragment harbouring the start codon (AUG) (Frag. 2). In blue is the IRES part and green defines
the EGFP sequence. The full-length mRNA was reconstituted out of three fragments ligated together in a
3-way-one pot splint ligation with the help of T4 RNA ligase 2. After DNase | digestion, the ligation
product was validated by capillary electrophoresis (TapeStation) (B), and by a 2% agarose gel. The
hybridization with a fluorescein-labelled DNA which is complementary to the middle fragment was also
performed (C, upper gel). After the fluorescence scan, the gel was stained with GelRed (C, lower gel).
Full-length mRNA produced by in vitro transcription (IVT), single fragments (Fragment 1, 2 and 3) as
well as ligations (lane 6-10, C) that were performed in the absence of either the splint, enzyme or one of

the main fragments were used as controls (C).

Next, different modifications could be inserted into the mRNA by the 3-way-one-pot

splint ligation. Using this approach render it possible to insert certain modifications (in

particular 2’-ribose methylation), which cannot be catalysed by T7 polymerase via their

triphosphates 322, Overall, ligation was as efficient as using a non-modified fragment 2 and

successfully generated a long IRES-EGFP mRNA containing: ¥ and 2’-O-Me at different

positions around the start codon. Correct incorporation of the modified nucleotides was verified
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by LC-MS as well as the ribose-methylation specific detection by RiboMethSeq method (vide
infra).

As example, the construct bearing single Um residue in the middle of the second codon
GUG (pos. 641) was used also for LC-MS analysis (Figure 3. 5 A). Quantification of the amount
of Um on nucleoside level showed no significant amount of the modification in the unmodified
ligation product but almost exactly one Um per mRNA for the construct 2’-O-methylated.
Besides, RiboMethSeq analysis allowed to detect one 2’ O-ribose methylation at the expected
position 641 (Figure 3. 5 B). Indeed, the presence of 2'-O-methylation at the ribose moiety
increases the protection of the phosphodiester bond in RNA from random nucleolytic cleavage
at alkaline conditions in a RiboMethSeq protocol ***. This can be evaluated as normalized
number after mapping of the sequencing reads (at 5’ -end and 3’-end) to the reference sequence,
resulting in a coverage profile. The presence of a 2’-O-Me is characterized by the presence of
a drop in the coverage profile, resulting from cleavage protection. Other selected 2°-O-Me

samples were also applied for RiboMethSeq analysis (Figure 6. 3).
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Figure 3. 5: Modification detection in ligated RNA.

(A) Absolute LC-MS/MS quantification of the number of 2’-O-methylated Uridines per IRES-EGFP
ligated mMRNA molecule. After ligation using fragment 2 harboring 2’-O-ribose methylation uridine (Um),
the ligated product was purified and digested for LC-MS analysis. For absolute quantification *C, stable
isotope-labelled nucleosides from S. cerevisiae were used as an internal standard and mixed in an equal
amount with the analyzed sample. An equivalent of one Um could be detected with the modified RNA,
while it was absent in ligation reference. Errors bars indicating + SD of technical duplicates. (B)
RiboMethSeq protection profiles for unmodified and 2'-O-methylated constructs. Normalized
RiboMethSeq cleavage profiles around the position 641 are shown for the unmodified and modified
construct. Position of modification is shown by a red bar. The MethScores (representing modification
level) for position 641 are given for each construct.
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It is to note that other constructs were generated and were supposed to contain m®A at defined
positions. However, the characterization by LC-MS analysis clearly showed a contamination
that occurred during the solid-phase synthesis of the modified RNA oligo with other modified
nucleotides desoxy-m°A (Figure 6. 4). Therefore, this set of point-modified RNA constructs

was excluded.

In another application of the 3-way-one-pot ligation, other constructs were created to enable
the introduction of modifications this time within the EGFP open reading frame region, which
was called “internal-lig block” or in 5 ‘end of the IRES sequence (5’ IRES block) (Figure 6. 5
right and left, respectively). In these examples, final ligated product could be also obtained with
the “internal-lig block” with a clear separation from non-ligated fragment (1, 2 and 3).
Meanwhile, despite the presence of a band corresponding to the expected final size with the “5’
IRES block” ligation, further validation steps were required. Indeed different factors, and in
particular the length of the fragments should be carefully taken into account. As depicted by
the example of the “5S’IRES block” in Figure 6. 5 A left, fragment 1 was too short (~80 nts),
while fragment 3 was very close in length to the final product (5’IRES block). As shown by the
agarose gel, the separation between the ligated product and the free fragment 3 would be
difficult if not possible. The validation of the incorporation of both, fragment 1 (~80 nts) and
fragment 2 (20 nts), was assayed by hybridization to two complementary fluorescently labelled
DNA oligos: one to bind fragment 1 and another one to bind fragment 2) (Figure 6. 5 B left).
In both cases, the fluorescence scan showed a band (in the ligation product line) migrating at
the same level as the expected size of the full-length mRNA (IVVT full-length), which validated
the final ligation product.

At this stage, the focus was oriented toward finding an adequate purification method, as
presumably, traditional agarose gel elution would result in co-elution of free fragment 3. An
alternative was the injection of the ligation product into an HPLC (Figure 6. 6 A). Results
demonstrated a large peak of the ligated RNA was eluted roughly at the same time as the IVT
full-length mRNA. Fractions were then collected and analyzed on agarose gel, showing a
difficulty to distinguish the ligation 5’IRES block from the unreacted fragment 3 (Figure 6. 6
B).

3.1.2.3 Development of a purification method for ligated mMRNA
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Crucial step during the manufacturing process of synthetic mRNA is the recovery step.
It is necessary to prevent side reactions that would be triggered by residual contaminants (salts,
proteins, etc. ...) and also to remove the starting material and side reaction products. Multiple
standard purification procedures based on chemicals or columns and gel electrophoresis are
available. Very recently, the purity of RNA preparation was highlighted as an important factor
for applications on living cells, to avoid RNA-sensing by cellular immune responses 342,
However, a compromise between a scalable purification method and the purity factor is

underestimated in literature.

To this point, options were quite limited in terms of choice of purification approaches,
in particular applied for RNA ligation products. So far, gel electrophoresis of various types and
concentrations was commonly used 140:303343-345 and other techniques like magnetic bead-based
poly(A) purification remained scarce 8. Aside of featuring multiple problems in classic gel
electrophoresis, especially for upscaling the production of large RNA, the impact of the
purification step on the RNA quality was underestimated.

Moreover, a challenge could be encountered during the recovery of RNA ligation product. In
some cases (Figure 6. 5 A) the reliable size separation via gel becomes more important for the
isolation of ligated products with similar size range length to their initial substrate fragments.

Of interest, developing an optimal purification method must consider, yield and purity of the
sample, besides a comfortable handling of the method itself. To address this topic, comparative
purification methods using a variety of HPLC (based on a Reversed phase RP18 column) and

gel elution were assayed (Please refer to the overview in Figure 6.7).

The purification of the ligation product on HPLC was followed by the analysis of the collected
fractions on an agarose gel. As illustrated by Figure 3. 6, gel electrophoresis shows that the
separation between the final length ligated product from the other unreacted fragment was not

efficient.
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Figure 3. 6: Purification of linear ligated mRNA on RP-HPLC.

Ligation reaction mixture was loaded on HPLC column (dark green). The full-length mRNA, obtained
by in vitro transcription, was also loaded in another run as a control (light green). The fractions were
collected (fraction 1-8), EtOH precipitated and separated on a 2 % gel agarose. One of the fragments
(fragment 1 in orange arrow) and the IVT full-length MRNA (green arrow) were also loaded as controls
for the gel electrophoresis. The gel was stained with GelRed.

Considering the overall length of the RNA, the extraction from denaturing polyacrylamide gel
by excision of the corresponding band followed by a passive elution was precluded. Since the
total length of the mMRNA (1369 nts) differs significantly from the length of the initial fragments
(628 and 722 nts) and the analysis by agarose gel showed sufficient separation (Figure 3. 4
B,C), ligated RNA was tested for agarose gel elution. Therefore, purification was tested by
adapting the protocol from Moore et al. with some adjustments 3. Initial recovery showed a
repeated occurrence of solid material in re-dissolved RNA preparations after workup. This
material, which occurred in amounts sufficiently abundant to disrupt subsequent HPLC

analysis/purification, turned out to be residual agarose particles from the gel purification.

It is important to outline that (i) the ratio of RNA to the gel slice volume is decisive, (ii) that
minimum contamination by agarose is unavoidable by this technique, and (iii) that for small
amounts of isolated mRNAs, such as those issuing from ligation reactions, said ratio would

likely be prohibitively unfavorable for practical application. In an attempt to reduce the number
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of agarose particles, filtration of the excised RNA containing agarose slices via glass wool was
assayed. While the yields for both purification methods were comparable, a significant
reduction in agarose content could not be achieved, according to visual inspection of the pellets.
The quality control of the pellets was also assessed after RNA purification by means of: low
melting/gelling agarose, followed by phenol/chloroform extraction and gel electro-elution. In
line with this, a protocol for the purification, based on electro-elution was developed and
named, ‘real-time gel elution’ (Figure 3. 7). Briefly, the presence of a fluorescent staining dye
(here SYBR®Gold), exited by blue light, allowed to monitor the visualization of the RNA
fragment migration within the agarose gel and therefore the stepwise recovery out of a precast
trough without the need for gel excision (Figure 6. 8). Afterward, the eluate was spin-filtered

using a pore size of 0.2 um.

modif,

IRES EGFP

Figure 3. 7 : Purification of RNA ligation by 3-way-one-pot ligation.

After synthesis of the 5’EGFP-lig. Block (scheme), the ligation reaction was loaded on low melting
agarose (lane 2) for conventional gel-elution or by real-time gel elution (lane 5). As references,
aliquots from the ligation reaction (lane 1) and full-length mRNA transcribed by in vitro transcription
(lane 4) were also loaded. Blue and green arrow corresponds to the fragment 1 and fragment 3,
respectively. Ladder used: GeneRuler 100bp Plus DNA Ladder. The gel was stained with Sybr®Gold.

After precipitation, the remaining agarose particle contamination was characterized by

scattering intensities (Figure 3. 8) indicated that the phenol/chloroform extraction produced the
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most and largest particles, whereas the real-time gel elution generated the fewest and smallest

(smaller than 1 um?).

particle size  |Real-time gel elution|Glaswool filtration| Phe/CHCls-extraction
Small 7 2 6
Medium 3 6 8
Large 1 3 4

Large particle Medium particle Small particle
Typical Image from Typical Image from Typical Image from
Phe/CHCl;-extraction  Glaswool filtration Real-time gel elution

Figure 3. 8: Gel particle characterization after RNA real-time gel elution.

Analysing agarose purified ligations samples by Nanosight LM10 showed different size distribution
of agarose particles for Real-time gel elution, glass wool filtration and phenol-chloroform extraction.
A manually inspection of 8 random chosen positions with particles inside the analysing window were
made. The amount of counted agarose particles is given in the table after the different RNA
purifications. Typical sizes for large, medium and small particles are shown in the pictures.

Consequently, the purified mRNA was subjected to translation in order to estimate the effect
of the remaining agarose particles on preserving the biological RNA functionality (further

discussion in the next part).
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3.2 Establishment of mRNA functionality analysis via an in-gel
fluorescence scan

Several studies showed the possibility to study protein expression via a variety of cell-free
translation systems, trying to mimic the physiological cellular environment 40347350 For a
first approach, in vitro systems is simpler and less complicated than in cell-based assay. Indeed,
they are exempt of several factors including cellular transfection, uptake and delivery can define
the efficiency of protein expression. Therefore, translation here was investigated in commercial
cell-free system.

All mRNAs in this work encoded for the enhanced green fluorescent protein (EGFP), a codon-
optimized version of the original GFP protein *13%, Its bioluminescence feature 3¢ and its
distinguished stability permit a straightforward read-out of the fluorescence emitted by
functional protein. Hence, this provides an overview of potential alteration of the translation
machinery by modifications.

Initially, translation was performed in cell-free HeLa cell extract which failed to translate the
IRES-EGFP mRNA. An alternative was to use nuclease-treated rabbit reticulocyte lysate (RRL)
3577361_

Conceptually, the translation of all mMRNA in this work was carried out in RRL system,
then protein synthesis was monitored by in-gel fluorescence detection %2, Remarkably, the
folded fluorescent protein was stable under the rather harsh conditions of a conventional SDS-
PAGE, when samples were prepared in non-reductive conditions and without pre-heating. Such
an outstanding advantage to assess the integrity of the EGFP protein by a direct and quick
detection to verify the fluorescence activity, may bypass the use of further analysis procedures.

Following the electrophoresis, the gel was directly scanned and excited by the corresponding
wavelength (488 nm) revealing fluorescent band which corresponds to EGFP (example in
Figure 3. 9, lane 2). Interestingly, the in-gel fluorescence scan could also allow the detection of
the protein ladder on the same gel by changing the settings of the excitation and emission
wavelengths (Only excitation by a red laser, 633 nm). Most of the ladder bands were visualized,
in particular around the EGFP bands. Posterior Coomassie staining accurately confirmed the
ladder, indicating the possibility to rely on fluorescence excitation without additional staining.
The molecular weight of the EGFP is ~27 kDa, even though the observed band exhibited a

migration not fitting to the calculated weight. This migration behavior is well described under
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these conditions *62-2¢* which clearly preserved the conformational structure of the EGFP. In
this case, this reflects that the expressed protein is intact and correctly folded.

Considering these different parameters, nuclease-treated RRL was programmed with increasing
transcripts concentration (9, 18, 36, 45, 182 and 273 nM) and the produced proteins were
separated on SDS-PAGE. Translation was also tested on nuclease-untreated RRL using *°S-
methionine validated the same amount. High amounts of mMRNA were saturating for protein
synthesis, while 20 nM of mMRNA, which was in the linear part of the curve above the limit of

detection, was used for optimal translation (Figure 6. 9).

In a next step, the impact of remaining gel impurities on mMRNA, translation was assessed in
commercial nuclease-treated RRL (as previously discussed in section 3.1.2.3). Therefore, a
comparative experiment was conducted by the translation of in vitro transcribed mRNA,
purified by either a commercially available silica-based column or real-time gel elution. The
produced proteins were separated on SDS-PAGE followed by in-gel detection. As illustrated in
Figure 3. 9 (lanes 2 and 3), fluorescent bands could be detected, and as expected, no band was
observed for the negative control, where the mRNA was omitted (Figure 3. 9, lanel).

The comparable fluorescence intensity of protein expressed by mRNA, either purified by real-
time gel elution or by silica-column, validated that residual gel particles did not interfere with
translation. Hence, the compatibility of the developed purification method with the translation

system here allowed its use for the follow up experiments in this work.
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Figure 3. 9: Monitoring protein expression by in-gel fluorescence detection.

In vitro translation of IRES-EGFP mRNA purified either by silica-column or by real-time elution. They
were incubated in nuclease-treated RRL then aliquots from the reaction mixture were loaded on a 10%
SDS-PAGE. As negative control, mMRNA was omitted in the reaction. The EGFP fluorescence was
measured in-gel by fluorescence scanning, using a blue laser (wavelength settings: 488 nm excitation/
522 nm emission filter). On the left side, the gel was stained with Coomassie blue (C.B), then scanned
using red laser 633 nm to reveal the weight size ladder bands.

3.3 Translation-tuning by modified nucleosides

In the light of advanced detection methods in mapping and identification of modifications in
RNA 3636 3 wave of interest was generated to understand particularly their contribution to
protein expression. In fact, mMRNA translation may hinge on the insertion of a single methyl
group within the RNA sequence. One of the most studied modification (m®A) was shown to
promote translation when localized in the 5° UTR of the mRNA sequence, while it may slow
down the translation elongation rate when localized in the coding region 120132141 Fyrthermore,
certain modifications can procure new features for the synthetic mRNA, i.e. preventing the

activation of TLRs and RIG-] 221224.367-369,
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So far, the inclusion of an IRES sequence within the context of point modified mMRNA has not
been yet investigated.

Therefore, to have a more detailed picture of the impact of mMRNA modifications on protein
expression, base and ribose-modified nucleoside triphosphate derivatives (mPA, ¥, and 2’-O-
Me) were introduced, either at a single-defined position in a large reconstituted mMRNA IRES-
EGFP sequence (as described in section 3.1 and 3.2), or by random incorporation (mfA, ¥) in
IRES and non-IRES EGFP mRNA.

3.3.1 Influence of single point-modified nucleosides on MRNA translation

3.3.1.1 Impact of single point-modifications located in the coding sequence

Point modifications on the ribose (2°-O-Me) were introduced, separately, upstream of the start
codon through the two successive codons in the IRES-EGFP mRNA. Figure 3. 10 displays the
efficacy of the protein produced by in vitro translation in the nuclease-treated RRL system.
Taking a global view by studying the effect on codon scale showed that, protein expression did
not exhibit a regular pattern when 2’-O-Me was introduced at the first and at the wobble
position (third position of the codon). Indeed, protein synthesis was marginally affected,
enhanced or inhibited depending on the codon context and position.

The introduction of a ribose methylation at the second nucleotide showed either a pronounced
inhibitory effect, reducing the translation by about 60% (as compared to the unmodified RNA),
or a complete repression. This effect was present on the codon 1 (GUG) and codon 2 (AGC),
which would suggest it would apply to other codons. This faithfully recapitulated findings from
three studies, on a short model mMRNA 8, on alonger mRNA in a bacterial in vitro translation
system %, and upon transfection into eukaryotic cells 8.

It is noteworthy that the observed translational characteristic at position 2 was studied in the
context of cap-dependent mRNA. Thus, this work here provides an additional confirmation of
this effect extrapolated on cap-independent translation by using an IRES EMCV.

One study associated the decoding impairment to an excessive rejection of cognate tRNA
during proofreading. This lead to stalling translation with the greatest impact on position 2 as
described previously by J. Choi and colleagues 3. They also reported that codons providing
G-C base-pairing reduced the stalling duration, with “CCmnC” codon having the lowest stalling
duration compared to others in the study (stalling duration increase:
AARA>UULU>CUMC>CCrC). Thereby, this stalling was also mirrored by the low translation
efficacy.
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Interestingly, this could not be observed here, since for instance with the “GUmnG” (codon 1),
translation was still negatively affected despite the presence of the G-C base pairing. Therefore,
the observed effect of the ribose (2°-O-Me) on translation efficiency here, was rather
modification-position-dependent regardless of the presence of G-C base pairing in this codon,

which is also confirmed by the codon 2 (AGC) (Figure 3. 10).

Translation efficiency of point-modified
IRES-EGFP mRNA
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Figure 3. 10: Translation of ligated point-modified IRES-EGFP mRNA.

Point-modified ligated IRES-EGFP mRNA and unmodified one were subjected to in vitro translation in
RRL system. Aliquots from the translation mixture were separated on a 10% SDS-PAGE followed by
EGFP fluorescence in-gel detection. The fluorescence intensity was measured, relative to the non-
modified MRNA. Each bar corresponds to individual single-point 2’-O-Me modification, introduced at
the indicated nucleotide (letters) from the MRNA sequence (dark green). Dark grey color corresponds to
modified nucleotides involved into the Kozak sequence (AmCCAUGGH). Light green bars correspond
to single-point introduction of pseudouridine in (position 2/start codon) and (position 2/codon 1) only.
Error bars indicating £ SD of biological triplicates.

To understand how boosting or inhibiting can affect the synthesis of a full-length and
functional EGFP protein, the kinetic of protein production (of individually 2’-O-Me-modified
and non-modified ligated constructs) was recorded (Figure 3.11). Focusing on early time points
of the translation reaction, initial fluorescence signal appeared already starting from 5 minutes
incubation. The intensity of the signal correlated with protein production: the higher the protein

level, the higher is the signal intensity (the curve of: position 3 in the start codon, position 2 in
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the codon 1, and position 1 in codon 2). In addition, with low protein level production (example
position 2 in codon 2), it is clear that the appearance of a first signal required additional 5
minutes to be detected (relative to non-modified RNA, in grey). Hence, translation was delayed

and was time dependent.

Kinetics of EGFP production
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Figure 3. 11: Kinetics of the EGFP protein production from point-modified mRNA.

In the upper left curves, time points from translation reaction of 2’-O-Me inserted in the Kozak
sequence (light and dark blue) are shown here until 30 min and protein production was measured
relative to non-modified construct at 90 min (complete incubation time). The line in grey corresponds
to the unmodified mRNA. Black lines correspond to 2°-O-Me inserted in the first position (square),
second (circle) or the third (triangle) from one codon. Each time point is the mean of three independent
measurements (+ SD).
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Translation rescue:

In an attempt to rescue the negative translation impact, ligated mMRNA harbouring modifications
in the second position, encoding for amino acid valine and serine, were incubated with a
purified fraction from total tRNA enriched with eukaryotic cognate tRNA 8, Data illustrated
in Figure 3.12 showed that translation was still inhibited. The same result was obtained with
tRNA Serine (data not shown). It could be possible that the concentration of the cognate tRNA
in the mixture was not enough to rescue the translation and this could be further studied.
Another hypothesis could be that ribose methylation provoked ribosomal alteration by steric

clash, as reported previously 8, however, further investigations are required.
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Figure 3. 12: Translation inhibition effect’s rescue.

Ligated mRNA harbouring 2’-O-Me modification at the second position of the second codon was
applied for in vitro translation and supplemented (+) or not (-) with an excess cognate tRNA Valine (0.6
Mg, 1.2 pg and 2 pg of tRNA total fraction enriched with tRNA Valine ) with respect to the highest
inhibiting total tRNA per reaction 200pg/ mL %8, An aliquot of translation with in vitro (IVT)
transcribed full-length IRES-EGFP mRNA, negative control (no added mRNA) and with the ligated
modified mRNA without treatment were run additionally on the same 10% SDS-PAGE. After gel
electrophoresis, the produced EGFP protein was detected by in-gel fluorescence.

3.3.1.2 Modification impact: Focus on the start codon and the flanking sequence

Deciphering the role of ribose and base modifications on the protein output was mostly studied
by introducing modifications in UTRs, within the coding sequence and near/at the stop codon
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for translation elongation studies 106117169185 However; It is unknown the effect of

modifications on the start codon.

In this work, one of the targeted sites within the mRNA sequence was the start codon and the
surrounding Kozak site. This latter is a motif (RCCAUGG) that is found in eukaryotes around
the AUG start codon and recognized for protein translation initiation *°31, The A nucleotide
of the "AUG" is «called +1 and the nucleotide upstream is called -1.
Positions +4 and —3 have the dominant effect on translation initiation and provide a 'strong’
consensus motif. In this context, purine nucleotides are favoured at the positions +4 (i.e., G)
and —3 (either an A or G). Here, positions -3 and +4 in the Kozak sequence were modified by
the introduction of ribose methylated nucleotides 2’-O-Me. The analysis of the in vitro
translation product (in the nuclease-treated RRL) showed that translation efficiency was only
slightly affected at both positions: AmCCAUGGm. This suggests that 2°-O-Me was tolerated

by the scanning mechanism for the translation initiation (Figure 3. 10, dark grey colour).

In addition, 2’-O-Me modifications were also introduced, separately, to the nucleotides of the
AUG start codon triplet (Figure 3. 10). The translation efficiency relative to the non-modified
ligated mRNA, showed that 2’-O-Me at position 1 and 3 of the start codon reduced translation
initiation in a higher magnitude when inserted in position 1. Meanwhile, a striking effect was
observed for the first time on the second position of the start codon (AUmG) with an almost 2-

fold increased stimulation of the protein synthesis.

Taking all together, the inhibitory feature attributed to the second position as described
previously in literature, and validated also by this work in codon 1 and codon 2, is indeed
independent from: the codon context, translation system (in vitro or in cells), and the mRNA
coding sequences (i.e. EGFP reporter mRNA was used here, while others used ErmCL reporter

mRNA 149185 Byt more important, this effect clearly excluded the start codon.

Similar to 2°-O-Me modification, pseudouridine (¥) was also inserted at the second
position of the start codon. In contrast to 2’-O-Me, ¥ modification led to translation inhibition
(Figure 3. 10, bright green). Based on these findings, the influence of ¥ inserted in the second
position was also investigated in another codon (codon 1).

As illustrated by Figure 3. 10 (light green), translation efficiency was reduced to (~24%) when
present in codon 1. Indeed, one single ¥ was enough to impede or reduce the overall protein

production, which was also reported in prokaryotic in vitro translation systems 4.
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Furthermore, previous study reported that kinetic observations associated this effect as
a consequence of a reduced peptide bond formation and guanosine-5'-triphosphate hydrolysis
by EF-Tu (a translation elongation factor), hence a reduced elongation rate "X, In the same
study, they also reported the resolution of the crystal structure of the Thermus thermophilus 70S
ribosome with tRNAP™ bound to WYUU in the A site, which demonstrated that the tRNA was

prevented from a proper positioning in the 70S ribosomal peptidyl transferase center (PTC).

3.3.2 Influence of random-modification incorporation on mRNA translation

3.3.2.1 Random incorporation of ¥

The influence of single ¥ inserted at targeted positions was described in the previous
part. However, since several papers reported the advantage of mRNA, harbouring multiple ¥,
on translation, it was sought here to realize a comparative study by preparing randomly
incorporated ¥ in IRES-EGFP mRNA (Figure 3. 12).

As described in section 3.1.1, the addition of 2.5% W to the in vitro transcription reaction
resulted into the substitution of 5% of the uridines in the mRNA with ¥, which is the equivalent
to ~12 occupied positions in a ~1300 nt full-length mRNA. Results illustrated by Figure 3. 12
A, show that translation was already reduced with the lowest content of . This negative effect
was also obtained with ¥ point-modified mMRNA (inserted at position 2 of the start codon and
the first codon). Since the random incorporation of ¥ by T7 RNA polymerase can be
statistically distributed on 251 possible positions, the probability that one or even both of those
single positions to be occupied by ¥ is low. This suggests that other yet unrevealed positions
along the sequence influenced the translation negatively. Moreover, the translation inhibition
was stronger with increasing ¥ modification in mRNA. Interestingly, the complete substitution
with ¥ (100%) did not completely suppress the translation, while single V' inserted at the start
codon could inhibit it (Please refer to Figure 3. 10 for comparison). This suggests possible
presence of other critical positions along the RNA sequence with disruptive or stabilizing
potential.
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These obtained data are also supported by prior studies using in vitro prokaryotic E.coli %! or
in vitro eukaryotic translation systems (HeLa cells and wheat germ extract) *22%! as well as
HEK293T cells 8.

In addition, the weak protein expression was also reflected by the kinetic experiment.
As shown by (Figure 3. 13 B (purple)), the protein fluorescence was already visible after 5
minutes for the unmodified mRNA. However, modification incorporation resulted in an
additional 5 to 10 minutes delay with high ¥ content. This suggests the requirement for a longer
time for translation initiation or protein synthesis (elongation). Actually, different factors may
define the production of a functional protein, i.e. translation initiation, elongation and
termination steps, and also the correct protein folding. In this context, it is possible that the
presence of multiple pseudouridines within the mRNA could result in truncated peptides or
possibly miscoding events by amino acid substitutions "%, which lead to a loss of the
fluorescence activity. For the latter hypothesis, it was previously reported that rewiring the
genetic code was also observed when incorporating the pseudouridine in the stop codon,
resulting in a nonsense repression %, However, no miscoding events were signalled in protein

analysis of mRNA containing ¥ located in the coding region 4.

On the other hand, contrast findings were also published in literature revealing a positive effect
of ¥ on translation. In fact, it was reported that ¥ in mRNA stimulated rather the protein yields
in rabbit reticulocyte extracts and upon human cell transfection cell lines and mice 221:224232.372.
by modulating the activation of the immune system, thus leading to a higher protein production.
The addition of a methyl group to pseudouridine (m!¥) was also described for its stimulatory
effect of protein expression to a greater degree than with ¥ 373, Interestingly, in the present
work, the complete incorporation of m*¥ in IRES-EGFP mRNA inhibited protein synthesis in
the RRL lysate (data are not shown).

To recapitulate the findings in this work, inserting ¥ resulted in a negative impact on protein
translation efficiency. One hypothesis could be that the observed effect is the consequence of

¥ incorporation in the IRES sequence which defected the secondary/functional structure.

3.3.2.2 Random incorporation of méA

In a comparative experiment and similar to pseudouridine incorporation, multiple méA

randomly inserted into the sequence were tolerated and had in general a modest stimulation of
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protein production while full substitution completely impeded translation as illustrated by
(Figure 3.13 A). Moreover, translation kinetics of protein synthesis was comparable to that of
the unmodified mRNA. Previous studies confirmed this finding, to some extent. In fact, a
previous study demonstrated that the translation efficiency of mMRNA harbouring up to 5% m°A
was comparable to that of the non-modified mRNA 221, However, complete substitution with
mOA had rather inhibitory effect in the rabbit reticulocyte lysate and also in vivo (on primary
cells and Hek cells) 12022 In a more targeted experiment, the consecutive m®A occupation
within the same codon was demonstrated to be sufficient to terminate protein synthesis in an
E.Coli free-cell system %0, In contrast to these findings, random substitution of 50% of
adenosines with m®A was reported to enhance the translation of naked mRNA (without a cap
and a poly(A) tail) using HeLa cell extract. Thereby, it was demonstrated that m®A promoted

cap-independent translation in cell lysates %2,

60



Results and discussion

A Effect of m°A and ¥ on EMCV-IRES EGFP
mRNA translation

Translation efficiency

2.5% 30% 60% 100%
% modification added to the IVT reaction

Kinetics of EGFP production in nuclease-treated RRL system

m°A-modified IRES-EGFP mRNA Y-modified IRES-EGFP mRNA

B
(=)
§

1.0,

0.5

. ) /}/—:__"_’/'/.

10 20 30 40 50 60 70 8 90 0 10 20 30 40 50 60 70 8 90
Time [min] Time [min]

Rel. fluorescence
=
o

Rel. fluorescence

o
o

o

[ o= None 2.5% 30% 60% | | —=None 2.5% 30%  -60% == 100% |

Figure 3. 13: Translation efficiency of randomly modified IRES-EGFP mRNA.

(A) Modifications, either m®A or ¥ were added to the in vitro transcription in the corresponding ratios
(2.5%, 30%, 60%, and 100%) relative to the corresponding non-modified NTP, to create randomly
modified IRES-EGFP mRNA. The effect of modifications was analysed after modified-mRNA
translation in the in vitro translation system (nuclease-treated RRL). Aliquots were analyzed on 10%
SDS-PAGE and scanned for EGFP fluorescence by in-gel detection. Translation efficiency was
determined relative to the fluorescence intensity value obtained with non-modified mRNA (set to 1), and
normalized to background. Error bars of triplicates increase relative to non-modified mRNA translation.
Error bars indicating + SD of triplicates. The kinetics of the EGFP protein production was also studied
(B). Protein fluorescence was detected by in gel-fluorescence at different time points (0, 5, 10, 15, 30,
60 and 90 min), and the evolution was determined relative to 90 min incubation (set to one) of the non-
modified mRNA. Error bars indicating £ SD of biological triplicates.
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At this stage of understanding, it appeared that different parameters (i.e. the used
translation system) can determine as well the efficiency of the translation. However, the
common point between those studies cited above, is that investigations on single modified
MmRNA were established using mMRNA constructs without an IRES sequence
106,117,132,140.169,185374  Thys, the results obtained in this work provided an evidence of the
modification effect in the context of an IRES containing mRNA. Indeed, random modification
incorporation in MRNA could have consequences on the correct folding of the IRES sequence,
presumably, leading to a loss of its function. Previous studies revealed the importance of the
integrity of stem-loops (stem-loop I, J and K) contained in the EMCV IRES, to ensure the
mRNA translational efficiency #6737 During the initial steps of translation, the initiation
factor elFAG interacts extensively with J-K domains and recruits elF4A to the IRES. Together,
this complex induces limited local conformational changes in the IRES, preparing a binding
site for the ribosome.

Moreover, compared to unmodified adenosine, the introduction of a methyl group (m®A) was
described to induce destabilizing effects and less stable base paring with uridines 377378,
Considering these features, it is probable that the presence of m8A could be structural disruptive

of the IRES required structure for translation.

Therefore, to analyse the impact of modifications independently from this factor, a set
of EGFP mRNA harbouring either: a cap, cap/poly(A) tail, poly(A) tail or neither a cap nor a
tail, was prepared using random incorporation of either m®A or P. Subsequently, the modified
MRNA was applied for in vitro translation. As depicted in (Figure 3. 14 A), the translation of a
naked mRNA was enabled by the nuclease-treated RRL consistent with literature 379380,
Similar to IRES-EGFP mRNA translation, increasing ¥ content in the different mRNA
constructs reduced as well translation efficiency, except for the capped mMRNA. Interestingly,
the negative effect was not as strong as observed with the IRES-EGFP mRNA. In addition,
complete substitution with ¥ retained at least ~40% of the translation capacity with the different
MRNA constructs (in the presence of cap and poly(A) or naked mRNA) and almost 80% with
capped mRNA (Figure 3.14 A). In contrast, translation was impeded when replacing all uridines
with ¥ in IRES-EMCV (Figure 3.13 A). Moreover, the combination of the cap structure
together with the insertion of W retained most of the protein fluorescence signal with the

different amounts of pseudouridines in mMRNA (Figure 3.14 A, green).
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As those experiments were performed side by side, results here suggested that the presence of
an IRES element had an additional negative influence on W¥-mRNA.

A Kinetics study revealed that the low translation efficacy caused by increasing content of ¥
was also reflected by a delay of the detection of the first EGFP fluorescence detection. The
delay was proportional to increasing modification content as compared to the non-modified
MRNA (Compare the darkest colour (100% Y¥) to the grey line (unmodified mMRNA) in each
curve from the Figure 3. 14 B).
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Figure 3. 14: Translation of pseudouridine modified EGFP mRNA.

(A) The ¥ modification was added to the in vitro transcription in the corresponding ratios (2.5%, 30%,
60%, and 100%) as described in 3.1.1. To the modified-mRNA, cap or poly(A) tail were added to
generate: naked, capped, capped/poly(A) tail and poly(A) EGFP mRNA. For each mRNA construct, the
translation efficiency was calculated relative to the corresponding non-modified form (set to one). Error
bars indicating £ SD of triplicates. (B) Time course experiment of EGFP production from modified and
non-modified RNA was measured at 0, 5, 10, 15, 30, 60 and 90 minutes. The EGFP fluorescence was
detected by in-gel scanning. The translation of the corresponding non-modified mRNA, incubated for 90

minutes, was set to one. Error bars indicate £ SD of biological triplicates.
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In a next set of experiments, m®A was incorporated in the mRNA sequence, similar to ‘P.
Translation efficiency of naked and capped RNA (Figure 3. 15 A, purple and turgoise colours)
correlated with the results obtained earlier with the IRES-EGFP mRNA (Figure 3. 13 A)
Moreover, protein expression was sensitive to the additional structures: cap and poly(A)
elements (Figure 3. 15 A, brown and green colors), which exhibited a superior protein
production of at least 1.5 fold higher for the different m®A incorporation ratios. Same to results
obtained with IRES-EGFP mRNA, the translation was dramatically altered by 100%
replacement with m®A, which impeded protein expression.

Time course recorded at different time points showed, in contrast to pseudouridine
incorporation, the detection of the first appearance of the EGFP fluorescence signal (between
0-10 minutes) here was not delayed and was recorded at the same time for the different m®A-
constructs (Figure 3. 15 B), independently from additional structures. The protein production
evolved in a proportional manner to the translation efficiency recorded for each modified-

MRNA construct.
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A Effect of m°A on translation efficiency
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Figure 3. 15: Translation of m®A modified EGFP mRNA.

(A) The m®A modification was added to the in vitro transcription in the corresponding ratios (2.5%, 30%,
60%, and 100%). To the modified-mRNA, cap or poly(A) tail was added to generate: naked, capped,
capped/poly(A) tail and poly(A) EGFP mRNA. All mRNAs were applied for in vitro translation in a cell-
free nuclease-treated RRL system. For each mRNA construct, the translation efficiency was calculated
relative to the corresponding non-modified form (set to one). Error bars indicating = SD of independent
triplicates. (B) Translation aliquots at different time points (0, 5, 10, 15, 30, 60 and 90 min) were measured
by in-gel for EGFP fluorescence to determine the kinetics of the EGFP protein synthesis relative to
translation product of 90 minutes incubation of non-modified mMRNA form (set to one). Error bars

indicating + SD of biological triplicates.
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Extensive studies endeavored to explain the mechanism of function related to m°A. It was
previously shown the presence of a direct interaction between m°®A containing mRNA to an
initiation factor elF3A, mediating translation in a cap-independent manner 132, Considering this
finding, randomly incorporated m®A in the capped-EGFP mRNA, harbouring an equivalent of
3 modifications (corresponding to 2.5% mPA added to IVT reaction) was used as a study model
and applied for translation under cap-independent conditions. Thereby, an excess of a cap
analog was added to the translation reaction which sequesters the elF4E, an initiation factor
necessary for cap-dependent translation. As illustrated by Figure 3. 16, the translation efficiency
was reduced with the unmodified capped mRNA, as expected. Similarly, protein expression
using m®A-containing mRNA was also negatively affected. Hence, it is clear that the presence
of the modification alone could not bypass the canonical cap-dependent pathway and still

required the availability of the free cap-dependent initiation factor for an efficient translation.

Collectively, on the light of the presented obtained results here and the conflicting findings
from the literature, it turns out to be univocally to draw a clear conclusion. Diverse factors stand
behind translation efficiency makes it difficult to generalize the effect of one modification on
mMRNA translation, such as (i) the used reporter gene sequence (ii) the structural elements
constituting the mRNA architecture, i.e., cap-dependent and independent translation and (iii)
the used translation system. For example, translating the same modified mMRNA can show
opposite effect in eukaryal and procaryal in vitro translation systems and showed also a possible
dependency on cell types 3. From a structural point of view, the modification would be
involved into the creation of local structures that are recognized by certain interacting or
translation proteins and ribosome. These sites would then favorite translation or reduce it .,
This would also suggest then the presence of some particular accessory proteins and pathways
which are available in some translation systems or cells and not in others, and thus, would

explain the contradictory results obtained in vivo and in vitro.
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Figure 3. 16: m8A modified-RNA requires translation initiation factor elF4E.

EGFP capped mRNA containing either méA or non-modified adenosines was applied for translation in
treated-RRL system. Free cap analog m’G(5”)ppp(5°)G was added to sequester cap-binding translation
factor elF4E. An aliquot from translation reactions was analysed on 10% SDS-PAGE followed by in-
gel fluorescence scan. Translation of the capped MRNA was reduced by the addition of the cap analog.
The CrPV IGR-EGFP mRNA, which is elFAE-independent, was used as control. The presence of a cap
analog was unable to inhibit its translation. Down, EGFP fluorescence was quantified relative to capped
non-modified mMRNA. Values here are shown as the average of two independent experiments.

3.4  Circular RNA
3.4.1 Design and engineering of circular mRNA

Over the past years, several efforts to improve artificial mRNA stability and efficiency
suggested the use of cap structure, modified nucleosides, or codon optimization. The artificial
circularization of mMRNA molecules is an additional strategy in the search of sustainability and
it permits (on another hand) the understanding of the transferability potential of circular RNA

(circRNA) 55,257,275,303
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3.4.2 Design and synthesis of circular RNA

Various strategies were developed for the circularization exogenous RNA based on enzymatic
reactions (using DNA and RNA ligase), chemical ligations and by self-splicing introns
(reviewed in 3%%). The generation of circular RNA including an internal ribosome entry site
(IRES) EMCV has been described using either introns permuted intron-exon splicing (PIE)

(self-splicing introns) 28! or splint ligation using a (DNA ligase 1) 314,

Here, linear mMRNA molecule containing a wild type EMCV inserted upstream of an EGFP

sequence 376 was circularized by an enzymatic approach using a T4 RNA ligase 11

For an efficient nicking %2, a splint DNA has been designed to be complementary to 30
nucleotides of each mRNA extremity, joining the 5’ to 3’end extremities (Figure 3.17 A).
Another aspect for the circularization reaction has been the synthesis of RNA in the presence
of an excess of guanosine monophosphate (GMP) as a nucleotide initiator leading to a single
phosphate This permitted to create a single phosphate at the 5’end, which is desired to prime
the ligation 31438338 As depicted in Figure 3.17 B left, the different products of the
circularization reaction were separated on a denaturing PAGE for analysis and revealed two
bands: the first located at the same level as its linear precursor, while the second band migrated
significantly slower. The incubation time was optimized and showed that incubation for 30
minutes at 37°C was sufficient to produce an additional band after gel analysis (presumably the

ligated product), while long incubation reduced the RNA quality and the yield (Figure 6. 10).

Circularization reaction was separated on denaturing PAGE for analysis (Figure 3.17 B left)
and revealed two bands: one band at the same level as for the linear precursor RNA and another
one that migrated significantly slower than this latter.

This additional and retarded band is a typical characteristic of circRNA, and was observed in
several studies 3837, Assuming that the upper band corresponds to the circular form, a yield of
at least 45% of circularization efficiency could be achieved (estimated by ImageJ®). As

expected, the absence of the enzyme did not produce an additional band.
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Figure 3. 17: In vitro synthesis of circular RNAs and purification.

(A) Schematic workflow of circular mRNA synthesis using a ligase. RNA was in vitro transcribed
(IRES and EGFP sequences are in blue and green, respectively) and annealed to a complementary DNA
oligonucleotide (splint DNA). The latter plays the role of a bridge to bring together the 5* end to the 3’
end in proximity. Subsequently, the reaction was incubated in the presence of T4 RNA ligase Il. (B) An
aliquot from the circularization reaction, after DNase | treatement, was separated on 4% denaturing
polyacrylamide gel electrophoresis (PAGE). As a control, the enzyme was omitted from the reaction
(gel on the left). The upper band corresponding to the circularized form was either gel eluted or purified
on HPLC (PAGE on the right). The bands were revealed using GelRed staining.

3.4.3 Circularization of modified mRNA precursor

Linear mRNA precursors were in vitro transcribed in the presence of different ratios (2.5%,
30%, 60%, and 100%) of modified nucleoside triphosphates (¥ or m°A) to their equivalent
unmodified. CircRNAs were prepared under the same ligation conditions. The analysis of the
ligation product on PAGE showed a comparable profile to the circularization of non-modified
mMRNA (data are not shown). It appears that complete substitution of the canonical nucleotides
by m8A or ¥ did not impede circularization. This finding supports other study that reported the
failure of circularization of modified RNA using a commonly used method for circularizing
large RNA molecules, based on on a spontaneous group | intron self-splicing system, while

circularization based-enzyme rendered it possible 328,
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3.4.4 Circularity validation

The validation of the synthesis of a circular RNA was addressed by multiple strategies
and tools in the literature (reviewed in 2’°). Some of them were experimented within this work,

based on their accessibility in the lab.

3.4.4.1 Validation of RNA circularity by traditional validation strategies
3.4.4.1.1 Electrophoretic mobility

As mentioned earlier, the distinguishable migration of circular RNA and the linear counterpart
on gel electrophoresis could be utilized as a method to identify circular structures. In this
direction, urea-polyacrylamide gels containing different crosslinking were prepared by varying
the ratio of acrylamide to N,N'-methylene-bis-acrylamide. As expected, the migration of the
circRNA was always slower than that of the linear form in the three gels (Figure 3.18 A and
Figure 6. 11). This could be also summarized by the decreasing ratio of circRNA migration of
relative to its linear precursor (green circles), with increasing gel cross-linking (Figure 3.18 A).
Meanwhile, a reference RNA kept an almost stable migration ratio relative to the precursor
linear RNA. Thus, the slowly migration of circRNA, relative to linear precursor, was more

delayed by increasing gel crosslinking which was consistent with previous reports 2783,

Another electrophoretic mobility assay was reported on a native agarose gel In such
case, linear and circular RNA migrated at the same level, in contrast to their migration on a
denaturing PAGE 3, This was recapitulated in the obtained results here (Figure 3.18 B).
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Figure 3. 18: Circularity verification by different biochemical assays.

(A) An aliquot from circular RNA reaction (circRNA) was separated in urea-denatured PAGE, with
increasing degree of the crosslinking, the ratio of the bisacrylamide to acrylamide from PAGE 1 to PAGE
3. For each gel, the ratios of the migration distances, of circular RNA (circRNA) and a reference RNA
(ref.) with a known size, were determined relative to linear RNA precursor (green corresponds to the ratio
of circRNA/liner precursor and grey to the ratio of a ref. RNA to linear precursor. (B) Investigation of
the circular RNA migration behaviour on a 1% native agarose gel. RNA fragments from a known size
were used as references to assess the migration (Ref.). (C) Digestion of linear and circular RNA with
RNase R (+R) on a 4% denaturing PAGE (the gel was stained with GelRed). (D) Gel-purified putative
circular and linear RNA were subjected for partial hydrolysis (+N). Consequently, the linear form results
in a smearing band while the circular form would be nicked, producing a linear RNA form and migrating
similarly Untreated samples were assigned as (-N). The nicking reaction was analyzed using a denaturing
PAGE and stained by SybrGold®.
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3.4.4.1.2 Enzymatic-based treatment

An enzymatic approach was adapted by treating the ligated product with RNase R. This
enzyme belongs to the RNase Il superfamily and acts in vivo as a quality control for abnormal
and damaged mRNA 3%-3% |t is able to processively hydrolyze RNA from the 3' - 5' direction.
Thus, it can be used to discriminate between lariat (loop structure) RNA and branch RNA.

Here, RNase R assay was initially performed on linear mRNA following the
manufacturer’s recommendations. Unexpectedly, the subsequent analysis on PAGE showed
that the mRNA was left intact. Therefore, extensive optimization was assayed by varying the
final concentration of the enzyme. This resulted in the degradation of a small portion of the
linear mRNA, with increasing RNase R concentration (Figure 6. 12). One hypothesis was that
the secondary structure of the mRNA may hinder the cleavage activity, although RNase R was
described to process highly structured RNA °43%_ Therefore, mMRNA was heat-denatured prior
to digestion. Interestingly, the pre-heating step dramatically facilitated mMRNA degradation
(Figure 6. 12), which occurred already with the lowest enzyme concentration. Nevertheless, the
presence of undigested mRNA was still present as a “shadow” band.

Based on these initial experiments, an aliquot from the circularization product was also
treated under the same conditions with RNase R. As displayed by Figure 3.18 C, the intensity
of the band corresponding to the linear mRNA was barely detectable. However, the intensity of
the two bands from the ligation product decreased, as compared to their input sample (-R,
without RNsase R). This suggests that the RNase R digestion was not selective and did not
exempt the circular RNA form. Importantly, previous researchers remarked that RNase R
enzyme batches could differ from one to the other and could be contaminated with
endonucleolytic enzyme activity 2°8, which could be a plausible explanation for the observed
random digestion and raise questions about the quality of the enzyme preparation.

Therefore, the results obtained here suggested that RNase R was not a reliable method

to characterize circRNA in this case.

3.4.4.1.3 Chemical-based treatment

Another assay to validate circularity was described based on alkaline partial hydrolysis 25°%%,
Presumably, such treatment would result in single nicking which opens the circle and produce
predominantly the linear form. Therefore, the putative band of circular RNA was gel-eluted and

treated for partial alkaline hydrolysis. Different reaction conditions were tested by varying the
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pH (8, 9, and 9.5) and the hydrolysis time incubation (30 sec., 2.5 min., and 5 min.). Analysis
of samples on PAGE showed that long incubation (above 30 sec.) in high pH and at 90°C lead
mostly to RNA degradation (data are not shown). Under optimal conditions (please refer to the
materials and methods section), alkaline hydrolysis resulted in a smearing band of the linear
RNA (Figure 3.18 D). Meanwhile, the intensity of the putative circular band was decreased in

the benefit of the lower band whose intensity was slightly increased.

Despite different attempts to optimize the partial hydrolysis reaction, it is clear that the obtained
results could be more valuable, with a more significant effect (a higher intensity of the lower
band). Therefore, another strategy was used to investigate the circularity, which is described in
the following part.

3.4.4.2 Circularization validation on RP-HPLC

The injection of circularization reaction injected in a reverse phase HPLC (RP-HPLC) resulted
in the elution of two distinct major peaks: one was eluted at around 17 minutes and another one
at 40-42 minutes (Figure 3.19 A, green). The eluted fractions were subsequently gel analyzed,
and showed that they corresponded to the circular and linear forms, respectively (Figure 3.19
A and B). Moreover, gel analysis of the fractions recovered between 17 and 40 minutes revealed

a mixture of circular and linear forms.

Thus, the different steps of the circularization reaction could be fractionated on HPLC and
eluted in the following order: First the circular RNA, then the input reaction, and finally the
linear precursor. Given the principle of function, the elution is based on hydrophobic
interaction. Therefore, polar molecules would be eluted earlier in a proportional manner to the
RNA size. Since both circular and linear mRNA have the same length, it seems that the
circularization added new features allowing the circular RNA to be first eluted, probably by
decreasing the interaction area with the stationary phase. Hence, aside from one study reporting
the separation of circRNA on size exclusion chromatography 28, findings here show for the

first time the potential use of an alternative strategy.
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Figure 3. 19: Identification of RNA circularity via HPLC.

Circularization reaction was purified by phenol/chloroform then injected to RP-HPLC. An overlay of
HPLC chromatogram of linear RNA (black) and circRNA (green) is shown in (A). The circle and the
lane correspond to circular and linear RNA, respectively. Fractions were collected at the defined times
(indicated by colors) and analyzed by separation on a 4% denaturing PAGE (B). Bands were visualized
by SybrGold® staining.

Altogether, data here showed the generation of large circular RNA out of a ~1.3 kb precursor
RNA using splint ligation (Figure 3.17 and 3.18), while first studies resorted to permuted intron-
exon (PIE) strategy to produce circRNA in this range of size 31> _Interestingly, neither the
structured IRES sequence, nor the presence of modification constituted a challenge for an

efficient ligation.
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3.4.5 Protein synthesis from circular RNA

Most of the circRNA found in nature were described to fulfill non-coding roles. They were
postulated to contribute as gene expression regulators, i.e. as miRNA sponges 2°%?%° or “mRNA
trap” to sequester the translation initiation site 3. Considering the fact that circRNA could
originate from exons, besides their localization in the cytoplasm, an interest has been drown to
study their capacity to produce proteins 2°8:259261.2633%7 ~ Consequently, few recent studies
reported the translational capacity of a set of natural circRNAs >2853%3% Qne alternative for
better understanding and studying how circularized mRNA could direct the synthesis of a
defined protein, could be performed via synthetic circRNA.

In this work, the circularized RNA, encoding for EGFP protein, was obtained by splint
ligation (Figure 3. 17). Afterward, the corresponding band was gel-purified and was subjected
to a comparative translation using nuclease-treated and untreated rabbit reticulocyte lysate
(RRL). The translation product was separated on an SDS-PAGE and the ribosomal biosynthesis
of a functional EGFP was monitored via an in-gel protein fluorescence scan (please refer to
section 3.2 for more details). As depicted in (Figure 3. 20 A, upper gel), a band was detected
with the linear and the circRNA translation, but not with the control. In addition, circRNA
produced proteins that had homogeneous size distribution and migrated as “a monomeric band”
to the predicted size of proteins translated by the equivalent linear RNA (~30 kDa). This result
suggested that circRNA was able to initiate EGFP protein translation that was correctly folded
with an active chromophore, consisting with previous report using engineered IRES-EGFP
CircRNA 281314,

Next, circRNA was also programmed in untreated RRL system. This cell lysate was not
nuclease treated and would recapitulate “near physiological cell conditions” “%°. After
translation, the quantification of the expressed EGFP protein, revealed a less efficient
translation than that obtained in the nuclease-treated one (Figure 3. 20 A). Indeed, translation
efficiency was almost two times lower than that from the respective linear mRNA (Figure 3. 20
A and Figure 3. 21). While the translation yield from circRNA was not always reported in
literature, such poor capacity of circRNA translation was in agreement with results from

previous studies obtained in eukaryotic and prokaryotic translation systems °5-312-314:401
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Figure 3. 20 : Translation of circular RNA in rabbit reticulocyte lysate (RRL).

(A) The translation efficiency of circRNA (Circ) compared to its linear (Lin) precursor was tested in
treated and untreated RRL. After incubation at 30°C for 90 minutes, aliquots were analysed by
separation on a 10% SDS-PAGE. Subsequently, produced EGFP protein was detected by in-gel
fluorescence scanning using blue laser settings (488/520 nm as excitation and emission wavelengths,
respectively). As controls, reactions containing linear RNA (Lin) or without RNA (-) were used. (B)
Circular (Circ) and linear (Lin) RNA were also translated in untreated RRL in the presence of *S-
methionine and analyzed by separation on a 10% SDS-PAGE. As a control, RNA was omitted from the
translation reaction (-). On right side, protein expression from circular RNA was quantified after
phosphor imaging or by in-Gel fluorescence, relative to the respective translation from linear mRNA.
Data are presented here as an average (x) of two independent experiments.

It was previously reported that during the translation of circRNA, additional high molecular
weight products may also arise from a continuous translation, whereby, ribosomes traverse the
circular RNA template for multiple rounds like in the rolling circle amplification (RCA)
mechanism 303312402 403 gych an event could result in an elongation of the protein at its C-
terminus extremity, producing large, long-repeating polypeptides and, presumably, the loss of

fluorescence of the EGFP protein

Therefore, to verify if such an event took place here, the circRNA was subjected to translation
in the presence of radioactive methionine (*S) in the untreated-RRL system. The produced
protein was separated on an SDS-PAGE and analyzed by the exposure to a phosphorimager.
As depicted in (Figure 3. 20 B), there are no larger proteins above the expected size, as
compared to the negative control (first lane).

Altogether, with the previous results we hypothesized that translation occurred in a single round
until encountered the stop codon, restricting the final size of the synthetized protein. Thus, the

RCA event was excluded.
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Importantly, the low translation efficiency from the produced proteins evaluated by *°S-
methionine incorporation, correlated also with the weak fluorescence intensity, confirming a
total low EGFP protein production in untreated RRL (Figure 3. 20 B). One hypothesis is that
the endogenous MRNA present in the untreated-RRL (while digested in treated-RRL) may have
a role in the different translation capacity between both RRL systems. In fact, untreated-RRL
contains endogenous mRNAs (mainly globin mRNA) which are actively translated and would
be competing for translation with exogenous RNA templates 34°

If this was the case, the stronger reduction of translation capacity of circRNA (~2 times lower)
revealed that circRNA could be concerned to the competition with the endogenous RNA.
Therefore, further investigations are required to explore this hypothesis. One possibility could
be through (i) a micrococcal nuclease treatment to inhibit translation of endogenous mRNA.

The mechanism of translation from circular RNA is not well elucidated. Based on the
conventional eukaryotic cap-dependent translation, a free 5° end is required for translation
initiation. However, both ends in the circular RNA are engaged to form the closed circle. Such
an unusual structure would, presumably, mimic the semi-circle formed during canonical nMRNA
translation through the interaction between proteins that bind the cap and the poly(A ) regions

495 or it would hamper this complex formation.

Obviously, in this work, the small subunit ribosome 40S was still able to initiate translation on
the circular RNA without the requirement for free 5’ end scanning. Fundamentally, circRNA
translation would be enabled through another mechanism, to allow internal initiation. A
previous study by Chen and Sarnow reported the synthesis of a circular RNA containing IRES
EMCYV by splint ligation. They demonstrated that circRNA, without an EMCV element failed
to translate proteins 314, Interestingly, two decades later, Abe and colleagues described the
possibility to translate proteins from a synthesized circRNA in the absence of any particular
element for internal ribosome entry, a poly-A tail, or a cap structure %, This finding raised
again the question about the followed mechanism of translation of circRNA. Indeed, very
recently, a handful of natural circRNAs have been found to contain specific sequences that
mediated internal translation in a splice-dependent/cap-independent manner 5>2853%  Besides
valuable insight about the natural circRNA formation and expression, they also reported a low

protein expression level.

In our case, the circular RNA contains already an IRES element. Such mechanism is well-
described as an alternative mechanism for capped-mRNA translation 314% where translation
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initiation was shown to bypass the requirement for the cap and elFAE (cap-binding protein)
4830 The question that could be raised was if the translation initiation on circRNA depended on
the IRES element or on the circular RNA form itself. Therefore, it would be of interest to

investigate its translation without IRES.

Given that the same RNA sequence containing natural translation regulatory sequences (found
in circRNA) can drive a different translation pathway depending on the RNA form (circular or
linear) 285, this would explain also the difference of translation efficiency between linear and

circRNA obtained here and further investigations in this concern are required.

3.4.6 Translation of HPLC-purified circRNA

In another experiment, circRNA was purified using RP-HPLC and programmed in RRL lysate
for translation. Surprisingly, fluorescence quantification revealed a low translation capacity of
almost 20% relative to linear precursor in nuclease-treated RRL, while it was repressed in
nuclease-untreated RRL (Figure 3. 21). This finding did not support a previous study,
describing that protein expression of HPLC purified circRNA (based on size exclusion) was
superior to that of gel-eluted circRNA, translated eukaryotic cells 28, It could be probable that
these observed differences in translation efficiency were asociated to the difference of RNA

purification methods and expression systems.

For further understanding, the HPLC-purified circRNA was added at an increasing
concentration to the treated-RRL. While saturating concentration was quickly reached (Figure
6. 13), the lowest concentration for the detection limit was twofold higher with circRNA (1
pmol) than that of the linear RNA (0.5 pmol) (Figure 6. 9 and 6. 13). Deeper investigations are
required to better understand this observation since many factors such as translation factors or
the salts concentration could interfere with the translation efficacy.

One hypothesis could be that circRNA here was mimicking the “sponge” role, as it was
described to bind to several miRNA molecules simultaneously 2%°. By analogy, it could be
speculated that circRNA behaved like a sponge for the translation apparatus factors which made
them less available in the extract for translation. To have a better understanding of the ability

of circRNA to engage and bind ribosomes, a sucrose gradient experiment could be performed.

79



Results and discussion

{ =

e

w

§< L [

oz

o ..

= g I T —

£ 5

0% ;. L

s

(]

X oo -
G H G H
Treated Untreated

RRL RRL

Figure 3. 21: Translation of circular RNA purified via HPLC or by gel-elution.

The translation efficiency of circRNA was tested in treated and untreated RRL. CircRNA purified
either by gel-elution (PAGE) (G) or HPLC (H) was programmed for translation and the produced EGFP
protein was quantified relative to that translated unmodified linear RNA. (All data are the average of
two independent experiments *).

3.4.7 Translation of modified-circRNA

The influence of m8A inserted internally in the circRNA sequence was investigated. Therefore,
linear MRNA was synthetized by randomly replacing adenosines with m®A, with increasing
ratios of meA:A (2.5%, 30%, 60%, and 100%), during in vitro transcription and was circularized
as described previously. Gel-purified modified-circRNA was subjected to translation in an
untreated RRL system. As illustrated in (Figure 3. 22), translation efficiency was comparable
to the unmodified circRNA with low modified circRNA (with m®A lower than 60% in IVT),,
while increasing m®A content was translation inhibitory. Furthermore, the full substitution of
adenosines with m®A repressed protein synthesis, similar to results obtained earlier with
modified-linear RNA (containing or not an IRES structure in section 3.3.1 and 3.3.2). It appered
that circRNA was unlikely to benefit from the m®A incorporation as observed in the previous
experiment with the linear RNA (Please refer to Figure 3. 13 and 3. 15). However, it remains

important to assay the translation of modified circRNA using nuclease-treated RRL.
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In contrast, recent study revealed that a single m°A (situated upstream of the ORF) in
circRNA was found to strongly induce protein translation, in a cap-independent manner 38,
This stimulatory effect was not observed in this work, and supports another study reporting
translation reduction from a 10% mC®A-circRNA relative to non-modified circRNA, in living

cells 388,

Further investigations are required to have a better insight into the mechanism of translation,
such as the binding factors involved, the interacting proteins, and the necessity for the EMCV
IRES element for translation of circRNA in the presence of m®A modification.

One probable hypothesis about the negative effect could be linked to the geometrical constraints

which may affect RNA-protein interactions.

The effect of the full substitution of uridines with pseuoduridines in circRNA was also assessed
and showed translation repression (data not shown). Interestingly, in addition to effect of
pseudouridine on mRNA translation depending on the present elements (i.e IRES or cap), the

shape of the RNA may also have an impact on translation.

Effect m°A on circRNA translation

Rel. protein
expression

2.5 30 60 100

m°A % added to IVT circRNA

_4

Figure 3. 22: Translation of méA-modified circRNA.

Modified circular mMRNA with randomly incorporated m°A during in vitro transcription (IVT) was subjected
to translation in untreated RRL in the presence of S**-Methionine. Quantification of EGFP protein was
determined relative to that of the unmodified mMRNA. (All data presented as the average of two independent
experiments ).
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3.5 Application of randomly-modified mMRNA: Determination of
enrichment factors for modified RNA in MeRIP experiments

In this chapter, the emphasis lays on the development an approach to determine enrichment
factors in MeRIP experiments.

RNA modifications were mapped in different RNA categories, such as tRNA and rRNA but
also in messenger RNA (MRNA?*4% or also miRNA 92, The mPA is one of the most common
internal modification in the mRNA and was reported for its important role in mRNA’s life
cycle, i.e. which plays a role in almost every stage of mMRNA’s life cycle, i.e. the mRNA
translation *8! and degradation °8. Therefore, it was of interest to map the m°A modifications
and uncover their biological relevance. The emphasis to study and detect m°A, generated
several methods and the most commonly used is the MeRIP, based on a combination of
immunoprecipitation with m®A-binding antibodies and next-generation sequencing (NGS)
101117499 The enrichment of the modified mRNA relies on the binding of a specific antibody to
the methylated RNA. This provided a boost for m®A detection in particular in two seminal
114,117_

Although the accessibility and the availability of commercial modification-specific antibodies,
there is a lack of data reporting the efficiency of the enrichment. Additionally, suspicion for
off-targets was reported for various binding of antibodies “*°. In addition to m°A detection,
antibodies could detect also m®A harbouring an additional base modification (m%Am) at lower
abundance 10,

This raises a pertinent question regarding the selectivity of IgG molecule to recognize chemical
modification within the nucleic acid over unmodified one, based only on a single unique methyl
group. From a dimensional point, one could evaluate the additional mass of one methyl group
(14 Dalton) in an RNA fragment from 25 to 100 KDa (75-300 nucleotides) interacting with an
IgG molecule of 150 KDa (Figure 3. 23). Considering the spatial distance between Fab copies,
it is more probable to bind several modification sites, which could be a bias in the case of

an RNA containing two or more modifications located in proximity.
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Figure 3. 23: Size comparison (A) between potential binding surface of an 1gG molecule
and m®A residue.

For the color code, heavy chains are colored in blue and light chains of an IgG molecule are colored in
red (PDB ref. 5dK3). Figure adapted from 244,

These questions were addressed by the development of an assay to assess the effectiveness
of the modification-antibody binding via enrichment factors after MeRIP. This was simplified
by using a commercial antibody against m®A contained in the mRNA sequence. The influence

of the m8A-content on MeRIP was also considered.

3.5.1 Method design and analysis

The RNA used in this work was prepared by in vitro transcription (IVT) using a defined
sequence to minimize the sequence influence. Modified and unmodified MRNA were prepared
in two separated transcription reactions (in the presence of not of mSATP) using T7 RNA
polymerase as described in section 3.1.1. A very important step is the radioactive labeling to
distinguish modified from unmodified mRNA for relative quantification. In such, a®?P-UTP
was introduced to label modified RNA, while unmodified was labeled with a®?P-ATP, during
IVT (Figure 6. 14 (Appendix). The determination of the enrichment factor was assayed on two
sets of modified mRNA were prepared by the addition of either 2.5% or 50% mSA to A
(adenosine) in the in vitro transcription reaction. This permits to adjust the average distance
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between the mPA sites, which can be short or long with a Gaussian distribution. When 50% of
adenosines are replaced with m°A, one out of two adenosine may be an m®A. Both preparations
were mixed in equal amounts in pg and served as input to immobilized antibodies. Since the
most commonly used antibodies in MeRIP of m°A research are commercial, the monoclonal
mouse antibody from the synaptic system was used for the immunoprecipitation.

The recovered RNA was then treated with the nuclease NP1 to generate 5’-monophosphate
mixtures allowing to conserve the radioactive labels were on the 5’-end (i.e. a-*?P-AMP and a-
32p-UMP). Subsequent analysis on a 1D TLC facilitated the recording of the positions of the
radiolabelled nucleotides upon exposure of the TLC plates to phosphorimager screens (Figure
3. 24 A). A typical TLC revealed two large dark spots corresponding to the two 32P-5'-
monophosphate nucleotides which were mapped to a reference map (Figure 3. 24 B). This
separation permitted to quantify the ratio between both radioactive signals which was used to
determine the enrichment factor of the modified relative to the unmodified RNA.

The equal intensity spots of modified and unmodified mMRNA validated the input mixture
homogeneity (input, Figure 3. 24 A) and the enrichement factor could be determined as

resumed by the equation.
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Figure 3. 24: TLC analysis and enrichment factor determination.

(A) After the immunoprecipitation, the recovered antibody-bound RNA was subjected to NP1
digestion and radioactive 5"-monophosphate nucleosides were separated on 1D TLC. The intensity of
the spots permitted the quantification of the enrichment factor of an antibody binding m8A modified
mRNA (as resumed by the equation). A 2D chromatographic mobility of radioactive 5 -
monophosphate nucleosides. (B) After the digestion of mMRNA containing 50% m°A by RNase T2 in
order to label all the modified and unmodified bases in their 3’ side allowing to identify m®A spot
Figure adapted from 44,

3.5.2 Determination of the enrichment factor of modified RNA

After immunoprecipitation, the bound mRNA fraction was extracted and analyzed as explained
in the previous section, revealing that the m®A antibody selectively bound to modified mRNA
as compared to the input (Figure 3. 25). The binding was stronger with mRNA containing 50%
m8A with an enrichment factor of 2 fold higher than the input.
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Figure 3. 25: Quantification of enrichment factor after MeRIP.

Immunoprecipitation was performed using a hot mixture of modified (low and highly modified-m®A
MRNA) and unmodified mRNA. Modified mMRNA was prepared by the addition of either 2.5% or 50%
mSATP to the in vitro transcription. Subsequently, bound mRNA was purified by TRI reagent extraction
from antibody-beads fraction and prepared for 1D TLC analysis. The intensity of the revealed spots was
normalized to the input and allowed the determination of the enrichment factor of antibody binding méA
modified MRNA. Error bars are expressed as means + SD of triplicates). Figure adapted from 44,

Further optimizations of the method were explored by using different binding competitors.
When the binding was competed by an excess of free m8A, the enrichment factor of low
modified samples (2.5% mPA) was increased as compared to the direct extraction of bound
mMRNA from the beads-antibody, from 1.3 fold to almost 2 fold (Figure 3. 26, A green). A higher
enrichment reaching 4 fold was obtained with 50% m®A modified mMRNA as compared to the

input (Figure 3. 26, B green).

The elution with free non-modified adenosine A was also assayed. As depicted in (Figure 3.
26, C and D green), most of the modified RNA was enriched in the antibody-beads complex
fraction with an enrichment factor of 4 relative to the input, in the contrast to RNA elution with
mPA. Moreover, the enriching was independent of the level of modification incorporation in
MRNA.

Collectively, these data confirmed the selectivity of the antibody to detect m®A within an RNA
mixture pool and provided an evaluation of MeRIP protocols. Since the m8A profiling has been

shown to be 0.1%-0.5% of total adenosine residues in cellular RNA 8104410 and a typical
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mRNA may contain 100-300 adenosines (including the polyA tail), the enrichment of m®A
containing RNA fragments in the order of 4 times, as suggested by the findings here, would
explain the functioning of m®A-MeRIP protocols applied for targeting particular modification
in arelatively “rich” modified RNA (starting material). Nevertheless, findings showed also that
antibodies with much higher affinity and specificity would be required to target modifications
that are low abundance in the epitranscriptome.

This chapter were published in 144,
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Figure 3. 26: Determination of enrichment factor for optimized IP.

Immunoprecipiatation (IP) was performed using low and highly méA-modified mRNA (2.5% and 50%
mSATP added to the IVT). Afterwards, the bound mRNA fraction was eluted by the addition of an excess
of free m8A (A, B) or free Adenosine (C, D). The eluted fraction recovered from the supernatant was applied
for ethanol precipitation (green), meanwhile, the RNA bound to antibody-beads fraction was extracted by
a solvent (yellow). The radioactive intensity of modified IP RNA to unmodified RNA in each fraction
permited the quantification of the enrichment factor, as compared to the input (RNA mixture pool prior to
IP). Error bars are expressed as means + SD of triplicates. Figure adapted from 44,
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4 Conclusion and perspectives

4.1  Translation-tuning by modified mMRNA

The influence of modifications on mRNA translation was investigated by the development of a
systematic approach. The design and synthesis using an optimized single-step ligation (called
here 3-way-one pot), initially described to ligate smaller RNA fragments. This allowed to
synthesise a large single point-modified IRES-EGFP mRNA molecule (>1.3 kb), by offering
the advantage to insert modifications at eventually any desired site. The sequence around the
start codon was targeted to introduce modifications, namely the 2’-O-Me and pseudouridine.
The synthesis of point-modified and unmodified RNA (called here “5’EGFP-lig. block™)
showed a comparable ligation efficiency. A critical step was the recovery of the ligation
product. This was carefully addressed and optimized, as big gel particles were observed after
an elution from conventional agarose gel. Such residuals could disturb the sample purity and
further applications, i.e. RNA loading on an HPLC column. An analytical study was conducted
by LC-MS and RiboMethSeq which successfully validated the presence of modifications in the
final point-modified mRNA products. The analysis revealed also possible detection of other
unexpected modifications with certain samples (supposed to contain m®A). Theese
contaminations would presumably be originated from the phosphoramidite building block
synthesis (those constructs were discarded from this study). Therefore, it is highly
recommended for other scientists to make accurate verification of the purchased
oligonucleotides. Altogether, the presented parameters in this work can be considered as
prerequisites for the successful preparation to reconstitute a large point-modified mMRNA out of
three fragments, which was reproducible and up scalable. As a proof of concept, another
construct was generated using the same mRNA reporter, in order to introduce modification in

the middle of the coding sequence (Internal-lig. Block).

Since investigations from several other studies on the impact of mMRNA modifications
concerned internal sites in the coding sequence (CDS), near the stop codon or the UTR, the
present study, here, strived to get a better understanding on modifications inserted at essential
sites for translation initiation (start codon), besides to an internal insertion in the coding
sequence. The overall effect of single modifications on protein production revealed that

modifications finely tune translation in a position- and codon-dependent manner.
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It was anticipated that replacing the 2’-OH in the second position of a codon with a bulky
methyl group may potentially reduce or abolish translation 14917618 |n this work, the insertion
of a 2°-O-Me at the first or the third position from internal codons in CDS, did not generate a
pattern. The translation was either slightly affected or stimulated. Meanwhile, the insertion of
the 2°0O-Me in the first position from start codon was translation inhibitory. Strikingly, when
2’-O-Me was in the second position from the start codon, translation was dramatically
stimulated to almost 2 fold (as compared to the unmodified RNA). To the author’s knowledge,
this may be the first report of such a relevant effect and suggested a new potential of this
position in modulating translation efficiency. Moreover, the obtained effect could not be
recapitulated by the insertion of another modification (pseudouridine). The insertion of a single
Y at the second position from the first codon, reduced protein level production (to at least 75%).
This inhibitory effect was consistent with another study (only 50% of translation reduction),
where ¥ was positioned at the second position of a different codon in the CDS %°, Thereby,
pseudouridine may act in position-dependent manner. Altogether, results here suggest a
difference of the influence of 2°-O-Me and also pseudouridine when positioned in the coding

sequence or in the start codon, in a position-dependent manner.

This negative impact of pseudouridine was also additive, with full substitution of U by ¥ in
IRES-EGFP mRNA, which reduced translation to a minimum (~10%). Previous data reported
on full substitution of U:¥ opened a debate in literature. Protein level from fully W-modified
transcripts was negatively affected when translated in an in vitro prokaryotic translation system
and the wheat Germ extract 140221 Meanwhile, a stimulatory effect could be obtained using
eukaryotic translation systems as the RRL or upon transfection in living cells 2%,

Another point that was revealed by this work, was that fully ¥-modified mMRNA could fine-tune
protein expression depending on the RNA structural features. While the addition of a cap
structure in ¥-modified mRNA promoted translation, the presence of an IRES sequence was
inhibitory. Such a finding could be anticipated, as modifications may disrupt the secondary

structure required for a functional IRES.

Based on these results, the role of another modification (m®A) to modulate translation was also
studied. As compared to ¥-modified mRNA, the full substitution of adenosines with méA
hindered translation of all mMRNA constructs, independently from the present features/elements.
Thus, modifications and the RNA structures/elements, i.e. IRES, could both modulate protein
expression in the present system. The obtained data from these comparative findings would add
another also another layer to the existing discoherency of findings from previously reported
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studies. Indeed, several groups showed that mMRNA modification’s effect on protein expression
may vary depending on (i) the used translational system, and (ii) the sequence context
106,169.171.221374  Thys, it becomes difficult to generalize conclusions and more future

investigations are required.

Altogether, findings here expanded point-modification studies, earlier studied in canonical
translation context, to IRES-dependent translation mRNA. Future experiments may be devoted
to further investigate, in particular, the modifications inserted in the start codon using a reporter
without an IRES.

Since it was previously reported that modified-mRNA translation could also vary between in
vitro translation systems from eukaryotic 22!, it could be an alternative to use living cells which
may offset this ambiguity. Modification insertion may have consequences on mRNA
translation at different levels, as interruption of translation, ribosomal stalling and rewiring of
the genetic code %17°. Such events might be considered to induce amino acid miss-
incorporation and thus the loss of protein fluorescence activity. Therefore, it can be of interest
to combine functional study by in-gel fluorescence, side to side with protein production
assessed by S**-Methionine incorporation or western-blot to have a global view on the
production of full-length and functional proteins. For a refined and more detailed research,
purification of the produced protein, by immunoprecipitation for instance, and a subsequent
mass spectrometry can provide a closer look on the identity of the protein sequence. More work
is required to understand the mechanism behind it, addressing the influence of modifications
on ribosomal association to form polysomes and possible existence of ribosomal stalling could

be performed by toeprinting experiments.

Whereas 2’-O-Me at second position in codon in the CDS had a conservative inhibitory effect,
an irregular pattern was obtained with 2’-O-Me at position 1 and 2. One might question the
existence of an exclusivity position or a position-codon dependent modification effect. One
strategy might be also by introducing modification (i.e. 2’-O-Me) at the same position/codon
but at different sites within the coding sequence, or by modifying the same codons in a different
RNA reporter sequences.

The established work here provided a versatile workflow and a valuable tool that can be
exploited to explore the influence of modifications in other sites. As a proof-of-principle, it can
be envisaged in future to study influence of modifications on translation elongation, using the

successfully reconstituted internal ligation block mRNA.
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Preliminary results obtained on single-modified IRES-EGFP mRNA, harbouring two close start
codons (separated by 3 codons), resulted in the differential expression of two fluorescent
translation products that could be separated on SDS-PAGE (as illustrated by the overview
scheme). It is possible to hypothesize that a single modification can direct translation on either
start codons. In a first attempt, a single pseudouridine was inserted at the second position from
the downstream AUG start codon and led to a barely detectable translation product, which was
translated from the upstream start codon. More detailed investigation and control experiments
are required, and future experiments may include the insertion of other modifications as the
mOA, as well in critical positions in the Kozak motif.

Lastly, given the distribution of various modifications along the mRNA sequence, it can be
interesting for future research to make a combination of two point modifications, different or
same modifications, and further study their capacity to collectively modulate protein

expression, as well as their immunogenicity aspect upon cellular transfection.

Altogether, this work could expand the knowledge about modification involvement on protein
expression that can be utilized as regulators of ribosomal translation. Considering the illustrated
suggestions, this can be a feat evolve utility of the developed point-modified concept mRNA to

another level.

4.2 Circular RNA

Findings here showed the possibility to generate a large and functional circular EGFP RNA
RNA (circRNA) with >1.3Kb. Notably, incorporating random modifications (m®A), from few
nucleoside triphosphates to a full substitution of adenosines, did not perturb circularization
efficiency. The validation of RNA circularity was initially addressed by harnessing the use of
a RP-HPLC. Indeed, it allowed a clear separation between circular and linear mRNA forms.
Circularization efficiency is underreported in literature. Otherwise, it depended on the followed
circularization strategy and the RNA length 310388 While the ligation was highly efficient
(exceeding 50%), the recovery by yield either HPLC or gel-elution of the produced circRNA

could be estimated to 10-20% of the initial material.

Since the discovery of circRNA, only few studies started to elucidate their coding capacity.
Here, applying the engineered IRES-EGFP circRNA for translation in untreated RRL system,
revealed that the EMCV IRES could drive translation. This suggested a potential alternative to

recruit circRNA for translation instead of linear mRNA. Investigations on the effect of the
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purification method revealed that gel-eluted circRNA elicited greater levels of protein
production than circRNA purified by HPLC. One possibility could consider the stability of
circRNA purified by either methods. Moreover, a time point study may be performed in future

to explore if HPLC purified circRNA does not delay the translation initiation.

Moreover, translation efficiency from circRNA was strongly dependent on the used translation
system (nuclease-treated commercial and nuclease-untreated RRL) and requires further
investigations. Therefore, it can be of interest to prepare more controls and explore the effect

in the context in other eukaryotic cell-free systems and by cellular transfection.

While partial incorporation of m®A stimulated the translation of linear mMRNA, circRNA did not
benefit from this effect. One may hypothesize the ability of modified-circRNA to assemble
ribosomes for translation initiation. More work is required to have a better understanding on
the modification effect, in particular by the circularization of the point-modified mMRNA which
would open new perspectives for the understanding of modification regulation in circular

MRNA and as well in the linear counterpart.
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5 Materials and methods
51 Materials

5.1.1 Instruments

Balances

Mettler Toledo Excellence Plus Mettler Toledo (GieRRen, Germany)
Sartorius Cubis Analytical Balance Sartorius (Goettingen, Germany)
Mettler Toledo PM460 Mettler Toledo (GieRen, Germany)

Mixing & incubators

Thermoshaker Plus Eppendorf (Hamburg, Germany)

VWR Digital Heatblock VWR International (Radnor, USA)

GFL Schuttelinkubator 3032 Gesellschaft  fir Labortechnik  (Burgwedel,
Germany)

BIOER ThermoCell BIOER (Hangzhou, China)

IKA RH basic 2 IKA-Werke GmbH & CO. KG (Staufen,
Germany)

Heareus BB15 Thermo Fisher Scientific (Waltham, USA)

Ecotron InForst HT (Swiss)

Vortex Mixer (7-2020) neoLab (Heidelberg, Germany)

Centrifuges

Eppendorf Centrifuge 5810 Eppendorf (Hamburg, Germany)

Sprout mini-centrifuge Biozym (Hessisch Oldendorf, Germany)
1-15PK Sigma Sigma (Osterode am Harz, Germany)
Avanti J25 Beckmann Coulter (Krefeld, Germany)
Eppendorf Centrifuge 5424 R Eppendorf (Hamburg, Germany)

HPLC & columns

Agilent 1100 HPLC system Agilent (Boblingen, Germany)

Agilent 1260 Infinity LC Agilent (Santa Clara, USA)

YMC-Triart C8 HPLC column (3 pum YMC Europe GmbH (Dinslaken, Germany)
particle size, 120 A pore size, 150 mm

length, 3mm inner diameter)

Mass spectrometry

Agilent 6460 triple quadrupole Bdblingen (Germany)
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ESI; Micromass LCT Waters (Eschborn, Germany)
Peak  scientific  GENIUS  XE Peak Scientific Instruments GmbH (Diren,
NITROGEN Germany)

Miscellaneous

Aagarose gel chamber PegLab ( Erlangen, Germany)
Dark Reader Blue Light Clare Chemical Research (USA)
Transilluminator

LSG-400-20 NA vertical chamber C.B.S. Scientific (San Diego, USA)
Consort EV232 power supply Consort (Turnhout, Belgium)

Model 250/2.5 power supply BioRad (Minchen, Germany)

Typhoon TRIO+ GE Healthcare (Chicago, Illinois, USA)
Shaker (DOS-10L) neolLab (Heidelberg, Germany)

Mini-PROTEAN®  Tetra Vertical Bio-Rad (Feldkirchen, Germany)
electrophoresis Cell

Malvern NanoSight LM10 Malvern Panalytical (Germany).
pH measurements

FiveEasy™ FE20 pH meter Mettler Toledo (Giel3en, Germany)
Pipetting

Micropipettes  (Pipetting Discovery Abimed (Langen, Germany)
comfort 2, 10, 20, 100, 200 and 1000

ul)

Pipette boy (Integra) VWR (Darmstadt, Germany)

Ultrapure water purification system MilliQ Millipore (Schwalbach, Germany)
Spectrophotometer PegLab (Erlangen, Germany)

NanoDrop ND 2000

phosphorimager GE Healthcare

Ultrapure water purification system Millipore (Schwalbach, Germany)
MilliQ

thin-layer plates fluorescent (20 x 20 Merck (Darmstadt, Germany)
cm, 0.1-mm layer) from Merck

5.2 Chemicals & Consumables

\ Gel electrophoresis and analysis

Bromphenol blue Merck (Darmstadt, Germany)

Formamide Carl Roth (Karlsruhe, Germany)
Ammonium persulfate Carl Roth (Karlsruhe, Germany)
TEMED Carl Roth (Karlsruhe, Germany
Rotiphorese sequencing gel diluent) Carl Roth (Karlsruhe, Germany
Rotiphorese (10x) TBE buffer Carl Roth (Karlsruhe, Germany)

Rotiphorese Gel 40% acrylamide mix Carl Roth (Karlsruhe, Germany)
(19:1)
Rotiphorese sequencing gel concentrate Carl Roth (Karlsruhe, Germany)
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Rotiphorese® Gel B

Rotiphorese® Gel B (30 % acrylamide
solution)

Rotiphorese 10x SDS-PAGE

Agarose

Staining solutions

SYBR®Gold nucleic acid gel stain
10000x

GelRed 3x

Appendix

Carl Roth (Karlsruhe, Germany)
Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)
Biozym (Germany)
Thermo Fisher Scientific (Frankfurt, Germany)

Biotium (Hayward, USA)

Protein analytics

Tris-HCI

30% Acrylamide/Bis Solution, 29:1
Rotiphorese sequencing gel buffer
concentrate

TWEEN 20

SDS

Tris-HCI

tRNA fraction

Rabbit Reticulocyte Lysate Nuclease-
untreated

Rabbit Reticulocyte Lysate System,
Nuclease Treated

Carl Roth (Karlsruhe, Germany)
Bio-Rad (Feldkirchen, Germany)
Carl Roth (Karlsruhe, Germany)

Sigma Aldrich (Steinheim, Germany)
Roth (Karlsruhe, Germany)
Carl Roth (Karlsruhe, Germany)

Gift from Dr. Franck Martin, Strasbourg

Promega (Walldorf, Germany)

Bacterial culture and transformation

LB broth (Lennox)

LB broth with agar (Lennox)
Petri dishes

Antibiotics:

Kanamycin

Ampicillin

Subcloning Efficiency™ DH5a
competent Cells

Sigma-Aldrich (Steinheim, Germany)
Sigma Aldrich (Steinheim, Germany)
Sarstedt (NUmbrecht, Germany)

Fluka (Buchs, Germany)
Roth (Karlsruhe, Germany)

Invitrogen™ (Germany)

RNA/DNA isolation & EtOH precipitation and chemicals

Ammonium acetate
Glycogen

Ethanol >99.5%
Roti-aqua-phenol (RNA)
Roti-phenol (DNA)

Merck (Darmstadt, Germany)

Thermo Fisher Scientific (Frankfurt, Germany)
Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)
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Isobutyric acid
TRI Reagent®
Chloroform HPLC grade
Isobutyric acid
Ammonia solution (25%)

Appendix

Sigma-Aldrich (Steinheim, Germany)
Sigma-Aldrich (Steinheim, Germany)
Sigma-Aldrich (Steinheim, Germany)
Sigma-Aldrich (Steinheim, Germany)
Merck (Darmstadt, Germany)

‘ RNA in vitro synthesis

Dithiotreitol (DTT)

ATP (>90 %, lyophilized)

GTP (1g, >90 %, lyophilized)
UTP UTP (100 mg, >90 %, lyophilized)
CTP (19, >98 %, lyophilized )
Guanosine 5’-monophosphate
Bovine Serum Albumin (BSA)
Né-Methyl-ATP (100 mM)
Pseudo-UTP (100 mM)
o®?P-ATP (800 Ci/ mmol)
o®?P-UTP (800 Ci/ mmol)
N*-Methylpseudo-UTP (100 mM)
Triton X-100

Thermo Fisher Scientific (Waltham, USA)
Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)
Sigma-Aldrich (Steinheim, Germany)
Thermo Fisher Scientific (Waltham, USA)
Jena Bioscience (Jena, Germany)

Jena Bioscience (Jena, Germany)

Hartmann analytic (Braunschweig, Germany)
Hartmann analytic (Braunschweig, Germany)
Jena Bioscience (Jena, Germany)

Sigma Aldrich (Steinheim, Germany)

HPLC

Triethylammonium  acetate HPLC
grade

Acetonitrile HPLC grade

Acetic acid LCMS grade

Sigma Aldrich (Steinheim, Germany)

Honeywell (Morris Plains, USA)
Sigma Aldrich (Steinheim, Germany

5.3 Disposables

Nanosep MF Centrifugal Devices
(0.45 uM)

Eppendorf tubes (1.5, 2.0 mL)
Falcon® tubes (15, 50 mL)

0.2 um solid phase filters

Disposable serological pipettes

Petri dishes

Rotilabo-syringe filters (0.22 um)
Pipette tips (10, 20, 100, 200, 1000 pL)

Pall (New York, USA)

Roth (Karlsruhe, Germany)

CellStar (Frickenhausen, Germany)
(Nanosep centrifugal device, Pall, USA)
Sarstedt (NUmbrecht, Germany)
Sarstedt (NUmbrecht, Germany)

Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)
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5.4 Enzymes, reagents and Kits

T4 RNA ligase 11 (10 U/uL)
DNase I (50 U/uL)

T7 RNA Polymerase

T7 RNA Polymerase (20 U/pL)
T4 Polynucleotide kinase enzyme
(10 U/uL)

RNasin® Ribonuclease Inhibitor
RNase R (20 U/uL)

Cfr42l (Sacll) (10 U/uL)

BamH | (10 U/uL)

Bcul (Spel) (10 U/puL)

Vaccinia Capping System

Smal (20 U/uL)

Nuclease P1 from Penicillium citrinum
(lyophilized)

Recombinant RNase T2

QIAGEN Plasmid Maxi Kit
MegaClear™ Kit

Cap 2"-O-Methyltransferase (50 U/uL)

m’G(5)ppp(5)G RNA Cap Structure
Analog (40 mM)

Protein G Sepharose™ 4 Fast Flow

m® A mouse monoclonal antibody
Vaccinia Capping System (10 U/uL)

New England Biolabs (Germany)

Thermo Fisher Scientific (Frankfurt, Germany)
self-prepared in our lab (AK Helm)

Thermo Fisher Scientific (Frankfurt, Germany)
Thermo Fisher Scientific (Waltham, USA)

Promega (Walldorf, Germany)

Epicenter (Madison, W1, USA)

Thermo Fisher Scientific (Frankfurt, Germany)
Thermo Fisher Scientific (Frankfurt, Germany)
Thermo Fisher Scientific (Frankfurt, Germany)
New England Biolabs (Frankfurt am Main,
Germany)

New England Biolabs (Frankfurt am Main,
Germany)

Sigma Aldrich (Steinheim, Germany)

MoBiTec (Gottingen, Germany)

Qiagen (Hilden, Germany)

Thermo Fisher Scientific (Frankfurt, Germany)
New England Biolabs (Frankfurt am Main,
Germany)

New England Biolabs (Frankfurt am Main,
Germany)

GE Healthcare (Dornstadt, Germany)

Synaptic Systems (Gottingen, Germany)

New England Biolabs (Frankfurt am Main,
Germany)

5.5 Buffers and solutions

All buffers and media were prepared either by using MilliQ-water or, if required for bacterial
culture, with RNase/DNase- and endotoxin-free water (Zymo Research).

Buffer/solution

5x Strallbourg buffer (transcription
buffer)

Composition

40 mM Tris-HCI (pH 8.1), 1 mM spermidine, 5 mM
DTT, 0.01 % Triton X-100
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PAGE loading buffer, denaturing

PAGE loading buffer, denaturing, blue

10 x PBS

RNA-IP buffer

Wash buffer |

Wash buffer 11

TEAA buffer (1 M stock)

HPLC solvent A

Bacterial culture LB-medium

Bacterial culture LB-agar

Denaturing PAGE mixtures for the
separation of nucleic acids

Appendix

1x TBE (from 10x) and 90 % v/v formamide in
water

1x TBE (from 10x), 90 % v/v formamide, 0.1 %
xylene cyanol, and 0.1 % bromphenol blue
in water

1.37 M NaCl, 27 mM KCI, 17 mM KH2PO4 and 100
mM NaxHPO4 (pH 6.8)

150 mM LiCl, 0.5% NP-40, 10 mM Tris-HCI at pH
7.5

RNA-IP buffer plus 150 mM LiCl

RNA-IP buffer plus 300 mM LiCl

1 mol trimethylamine, 1 mol acetic acid in 1 L Milli-
Q water, pH 7.0

1:10 dilution of stock buffer 1 M TEAA in Milli-Q
water (pH 7.0)

20 g LB-Broth mix were dissolved in 1 L distilled
water, then autoclaved

17,5 g LB-agar was added to 500 mL distilled water
and autoclaved

For 100 mL 4% denat. PAGE: 16 mL of gel
concentrate (25% solution (19:1)), 74 mL gel
diluent and 10 mL sequencing gel buffer. For
polymerization 400 uL 10% APS ammonium
persulfate and 50 pL Tetramethylethylendiamin
(TEMED). The gel was casted using 1 mm spacers
and one 1 mm comb. After polymerization, lower
spacer and the comb were removed, pockets were
rigorously rinsed with 1x TBE, before sample
loading.

For the validation of circular RNA, the method was
adapted from 2® with slight modifications and run
was achieved in a one dimension run. A100 mL of
4% PAGE included acrylamide:N,N'-methylene
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10% SDS-PAGE for proteins

Solvent |

Solvent Il
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bis-acrylamide ratios: 19:1, 39:1 and 59:1, in 1x
TBE and 8 M urea.

10% resolving gel: 3.3 mL Acrylamide/bis (30%,
Bio-Rad), 100 pL 10% SDS, 3.75 mL, 1.5 M Tris
HCI (Adjust to pH 8.8 with 6 N HCI), 2.85 mL
distilled water, 10 uL TEMED and 60 pL of 10%
APS.

4.5% Stacking gel: 750 pL Acrylamide/bis (30%),
650 pL 0.5 Tris HCI (Adjust to pH 6.8 with 6 N HCI),
3.56 mL distilled water, 50 pL of 10% SDS, 50 pL
TEMED and 50 pL of 10% APS.

Solvent | was prepared in the following proportions:
preparation: isobutyric acid_concentrated
ammonia_- water (66_1 33 [v_v_v]). For example:
in a final 500 mL volume, 330 mL of isobutyric acid
(Sigma-Aldrich) was mixed with 5 mL of ammonia
solution (25%, Merck) and 165 mL of ultrapure water

(MilliQ).

isopropanol:conc.HCl:water (68:18:14) [v:v:v].

5.6 Softwares

CoreIDRAW X7 Corel Corporation (Ottawa, Canada)
CoreIDRAW V5 2020 Corel Corporation (Ottawa, Canada)

IrfanView created by Irfan Skiljan

Microsoft Office (Excel, Powerpoint, Access), Microsoft

ImagJ V5 (Madison, USA)

Typhoon scanner software GE Healthcare (Buckinghamshire, UK)

Ape V5

ChemBioDraw Ultra 12.0 CambridgeSoft/PerkinElmer (USA)
Mendeley Desktop 1.17.6 Mendeley Ltd. (London, UK)
GraphPad Prism 7.0 - statistical analysis GraphPad Software (San Diego, USA)

5.7 Oligonucleotides (all nucleotides were supplied from IBA (Géttingen)

Table 1 : Unmodified RNA oligonucleotides (middle fragment, fragment 2).

Name Details Sequence (5’ to 3°)
MH905 5’EGFP-lig. block CCACAACCAUGGUGAGCAA
MH903 5’IRES-lig. block UAACGUUACUGGCCGAAGCCGCUU
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MH906

internal-lig block

UGGUGAACCGCAUCGAGCUGAA

Table 2 : Modified RNA oligonucleotides (middle fragment, fragment 2).

Name

Details

Sequence (from 5’ to 3°)

MH 960

MH 963

MH 1052
MH 1053
MH 1054
MH 1055
MH 1056
MH 1057
MH 1058
MH 1059
MH 1060
MH 1099

5’EGFP-lig. block
5’EGFP-lig. block
5’EGFP-lig. block
5’EGFP-lig. block
5’EGFP-lig. block
5’EGFP-lig. block
5’EGFP-lig. block
5’EGFP-lig. block
5’EGFP-lig. block
5’EGFP-lig. block
5’EGFP-lig. block
5’EGFP-lig. block

CCACAACCAUGG(X)GAGCAA, X= ¥
CCACAACCA(X)GGUGAGCAA, X= ¥

CCACAACC(X)UGGUGAGCAA, X= An
CCACAACCA(X)GGUGAGCAA, X=Un
CCACAACCAU(X)GUGAGCAA, X=Gn
CCACAACCAUG(X)UGAGCAA, X=Gn
CCACAACCAUGG(X)GAGCAA, X= Up
CCACAACCAUGGU(X)AGCAA, X=Gn
CCACAACCAUGGUG(X)GCAA, X=An

CCACAACCAUGGUGA(X)CAA, X=Gn
CCACAACCAUGGUGAG(X)AA, X= Cn
CCACA(X)CCAUGGUGAGCAA, X=An

Table 3: Modified RNA oligonucleotides discarded from the study (please refer to 3.1.2).

Name

Details

Sequence (from 5’ to 3°)

MH 963
MH 961
MH 1061
MH 1062

MH 1082
MH 1083

5’EGFP-lig. block
5’EGFP-lig. block
5’EGFP-lig. block
5’EGFP-lig. block

5’EGFP-lig. block
5’EGFP-lig. block

CCACAACCA(X)GGUGAGCAA, X= ¥
CCACAACCAUGGUG(X)GCAA, X= m°A
CCACA(X)CCAUGGUGAGCAA, X= m°A
CCACAACCAUGGUGAGC(X)A, X= m°A

CCAC(X)ACCAUGGUGAGCAA, X= m°A
CC(X)CAACCAUGGUGAGCAA, X= m°A
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Name Details Sequence (from 5’ to 3°)

MH 910 Splint DNA for TGGGCACCACCCCGGTGAACAGCTCCTC
5’ IRES-lig. block GCCCTTGCTCACCATGG

MH 911 Splint DNA for TTGCCGTCCTCCTTGAAGTCGATGCCCTT
Internal-lig block CAGCTCGATGCGGT

MH 1168 Splint DNA for TGGGCACCACCCCGGTGAACAGCTCCTC
5’EGFP-lig. block GCCCTTGCTCACCATGGTTGTGGGATCC

AAGCTTATCATCGTGTTTTTCAAAGG

MH 838 Splint DNA for TCGAGGGGGGGCCCGGTACCCAATTCGC

circularization CCGCGGTGGCGGCCGCTTTACTTGTACA
GCTC

Name Details Sequence (from 5’ to 3°)

MH 964 Conjugated to cy5 dye, AGGGGGGGCCCGGTACCCAATTCG
used for 5 IRES-lig.
block

MH 955 Conjugated to CTTATTCCAAGCGGCTTCGGCCAGTAAC
fluorescein, used for 5> GTTAGGGGGGG
IRES-lig. block

MH 957 Conjugated to GCTCCTCGCCCTTGCTCACCATGGTTGTG
fluorescein, used for GCCATATTATC
5’EGFP-lig. block

Table 5: pDNA vectors.

Name Resistance Supplier Details
gene

IRESeGFP5°-1-S1  Ampicillin GeneScript (Piscataway, USA) Encoding fragment 1

_pUC57 used for 5’EGFP-lig.
Block RNA synthesis

IRES5’eGFP-3 Ampicillin GeneScript (Piscataway, USA) Encoding fragment 3,

_pUC57 used for 5’EGFP
block RNA synthesis

IRES-EMCV-S1 Ampicillin GeneScript (Piscataway, USA) Encoding fragment 3,

_pUC57 used for full-length

EMCV-EGFP mRNA
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IRES5°eGFP-1
_puUC57

IRES5°eGFP-3
_pucs7

IRESeGFPint2-1
_puUC57

IRESeGFPint2-
3 puUCh7
IRESeGFPint2-3

eGFP-1-UTR-
Stop_PUC57

pPBSII IRES-eGFP  Ampicillin

plasmid

Ampicillin GeneScript (Piscataway, USA)  Encoding fragment 1,
used for 5’ IRES-lig.

Block RNA synthesis

Encoding fragment 3,
used for 5’ IRES-lig.
Block RNA synthesis

Ampicillin GeneScript (Piscataway, USA)

Ampicillin GeneScript (Piscataway, USA) Encoding fragment 1,
used for Internal-lig.
Block RNA synthesis
Ampicillin GeneScript (Piscataway, USA)  Encoding fragment 3,
used for Internal-lig.
Block RNA synthesis
Ampicillin GeneScript (Piscataway, USA) Encoding fragment 3,
for Internal-lig. block
Encoding full length

EGFP mRNA

Encoding for full-
length  wild IRES
EMCV-EGFP mRNA

Ampicillin GeneScript (Piscataway, USA)

Gift from Prof. Dr.
Dimmeler

Stefanie

Table 6: RNA sequences

Name

Sequence

IRES-EGFP
mRNA full
length

EGFP mRNA
full-length

GGGCGAATTGGGTACCGGGCCCCCCCTCGAGGTCATCGAATTCCGCCCCTCTCCCTCCCCCCCCCCTAACGTTACTG
GCCGAAGCCGCTTGGAATAAGGCCGGTGTGCGTTTGTCTATATGTTATTTTCCACCATATTGCCGTCTTTTGGCAAT
GTGAGGGCCCGGAAACCTGGCCCTGTCTTCTTGACGAGCATTCCTAGGGGTCTTTCCCCTCTCGCCAAAGGAATGC
AAGGTCTGTTGAATGTCGTGAAGGAAGCAGTTCCTCTGGAAGCTTCTTGAAGACAAACAACGTCTGTAGCGACCCT
TTGCAGGCAGCGGAACCCCCCACCTGGCGACAGGTGCCTCTGCGGCCAAAAGCCACGTGTATAAGATACACCTGC
AAAGGCGGCACAACCCCAGTGCCACGTTGTGAGTTGGATAGTTGTGGAAAGAGTCAAATGGCTCTCCTCAAGCGT
ATTCAACAAGGGGCTGAAGGATGCCCAGAAGGTACCCCATTGTATGGGATCTGATCTGGGGCCTCGGTGCACATGC
TTTACATGTGTTTAGTCGAGGTTAAAAAAACGTCTAGGCCCCCCGAACCACGGGGACGTGGTTTTCCTTTGAAAAA
CACGATGATAAGCTTGGATCCCACAACCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCT
GGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGG
CAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACC
TACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAG
GCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGG
GCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGC
TGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCA
AGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACG
GCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCG
ATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAAAGCGG
CCGCCACC

GGGCGAAUUGGGUACCGGGCCCCCCCUCGAAGACAAGCUUCCUGCAGGUCGACUCUAGAGGAUC
CCGGGUACCGAGCUCGAAUUCGGCUUCCACCAUGGUGAGCAAGGGCGAGGAGCUGUUCACCGGG
GUGGUGCCCAUCCUGGUCGAGCUGGACGGCGACGUAAACGGCCACAAGUUCAGCGUGUCCGGCG
AGGGCGAGGGCGAUGCCACCUACGGCAAGCUGACCCUGAAGUUCAUCUGCACCACCGGCAAGCU

GCCCGUGCCCUGGCCCACCCUCGUGACCACCCUGACCUACGGCGUGCAGUGCUUCAGCCGCUACC
CCGACCACAUGAAGCAGCACGACUUCUUCAAGUCCGCCAUGCCCGAAGGCUACGUCCAGGAGCG

CACCAUCUUCUUCAAGGACGACGGCAACUACAAGACCCGCGCCGAGGUGAAGUUCGAGGGCGAC

105




Appendix

Wild type
EMCV IRES-
EGFP mRNA
full length

Fragment 1 used
for S’EGFP-lig.
Block RNA
synthesis

Fragment 3 used
for S’EGFP-lig.
Block RNA
synthesis

Fragment 1 used
for 5” IRES-lig
block RNA
synthesis

ACCCUGGUGAACCGCAUCGAGCUGAAGGGCAUCGACUUCAAGGAGGACGGCAACAUCCUGGGGC
ACAAGCUGGAGUACAACUACAACAGCCACAACGUCUAUAUCAUGGCCGACAAGCAGAAGAACGG
CAUCAAGGUGAACUUCAAGAUCCGCCACAACAUCGAGGACGGCAGCGUGCAGCUCGCCGACCAC
UACCAGCAGAACACCCCCAUCGGCGACGGCCCCGUGCUGCUGCCCGACAACCACUACCUGAGCAC
CCAGUCCGCCCUGAGCAAAGACCCCAACGAGAAGCGCGAUCACAUGGUCCUGCUGGAGUUCGUG
ACCGCCGCCGGGAUCACUCUCGGCAUGGACGAGCUGUACAAGUAAAGCGGCCGCCACC

GGGCGAAUUGGGUACCGGGCCCCCCCUCGAGGUCAUCGAAUUCCGCCCcUcuccecucceecececce
CUAACGUUACUGGCCGAAGCCGCUUGGAAUAAGGCCGGUGUGCGUUUGUCUAUAUGUUAUUUUC
CACCAUAUUGCCGUCUUUUGGCAAUGUGAGGGCCCGGAAACCUGGCCCUGUCUUCUUGACGAGC
AUUCCUAGGGGUCUUUCCCCUCUCGCCAAAGGAAUGCAAGGUCUGUUGAAUGUCGUGAAGGAAG
CAGUUCCUCUGGAAGCUUCUUGAAGACAAACAACGUCUGUAGCGACCCUUUGCAGGCAGCGGAA
CCCCCCACCUGGCGACAGGUGCCUCUGCGGCCAAAAGCCACGUGUAUAAGAUACACCUGCAAAG
GCGGCACAACCCCAGUGCCACGUUGUGAGUUGGAUAGUUGUGGAAAGAGUCAAAUGGCUCUCCU
CAAGCGUAUUCAACAAGGGGCUGAAGGAUGCCCAGAAGGUACCCCAUUGUAUGGGAUCUGAUCU
GGGGCCUCGGUGCACAUGCUUUACAUGUGUUUAGUCGAGGUUAAAAAAACGUCUAGGCCCCCCG
AACCACGGGGACGUGGUUUUCCUUUGAAAAACACGAUGAUAAUAUGGCCACAACCAUGGUGAGC
AAGGGCGAGGAGCUGUUCACCGGGGUGGUGCCCAUCCUGGUCGAGCUGGACGGCGACGUAAACG
GCCACAAGUUCAGCGUGUCCGGCGAGGGCGAGGGCGAUGCCACCUACGGCAAGCUGACCCUGAA
GUUCAUCUGCACCACCGGCAAGCUGCCCGUGCCCUGGCCCACCCUCGUGACCACCCUGACCUACG
GCGUGCAGUGCUUCAGCCGCUACCCCGACCACAUGAAGCAGCACGACUUCUUCAAGUCCGCCAU
GCCCGAAGGCUACGUCCAGGAGCGCACCAUCUUCUUCAAGGACGACGGCAACUACAAGACCCGC
GCCGAGGUGAAGUUCGAGGGCGACACCCUGGUGAACCGCAUCGAGCUGAAGGGCAUCGACUUCA
AGGAGGACGGCAACAUCCUGGGGCACAAGCUGGAGUACAACUACAACAGCCACAACGUCUAUAU
CAUGGCCGACAAGCAGAAGAACGGCAUCAAGGUGAACUUCAAGAUCCGCCACAACAUCGAGGAC
GGCAGCGUGCAGCUCGCCGACCACUACCAGCAGAACACCCCCAUCGGCGACGGCCceaGuUGCuGey
GCCCGACAACCACUACCUGAGCACCCAGUCCGCCCUGAGCAAAGACCCCAACGAGAAGCGCGAUC
ACAUGGUCCUGCUGGAGUUCGUGACCGCCGCCGGGAUCACUCUCGGCAUGGACGAGCUGUACAA
GUAAAGCGGCCGCCACC

GGGCGAAUUGGGUACCGGGCCCCCCCUCGAGGUCAUCGAAUUCCGCLCCCucUcccucceccecece
CUAACGUUACUGGCCGAAGCCGCUUGGAAUAAGGCCGGUGUGCGUUUGUCUAUAUGUUAUUUUC
CACCAUAUUGCCGUCUUUUGGCAAUGUGAGGGCCCGGAAACCUGGCCCUGUCUUCUUGACGAGC
AUUCCUAGGGGUCUUUCCCCUCUCGCCAAAGGAAUGCAAGGUCUGUUGAAUGUCGUGAAGGAAG
CAGUUCCUCUGGAAGCUUCUUGAAGACAAACAACGUCUGUAGCGACCCUUUGCAGGCAGCGGAA
CCCCCCACCUGGCGACAGGUGCCUCUGCGGCCAAAAGCCACGUGUAUAAGAUACACCUGCAAAG
GCGGCACAACCCCAGUGCCACGUUGUGAGUUGGAUAGUUGUGGAAAGAGUCAAAUGGCUCUCCU
CAAGCGUAUUCAACAAGGGGCUGAAGGAUGCCCAGAAGGUACCCCAUUGUAUGGGAUCUGAUCU
GGGGCCUCGGUGCACAUGCUUUACAUGUGUUUAGUCGAGGUUAAAAAAACGUCUAGGCCCCCCG
AACCACGGGGACGUGGUUUUCCUUUGAAAAACACGAUGAUAAGCUUGGAUC

GGGCGAGGAGCUGUUCACCGGGGUGGUGCCCAUCCUGGUCGAGCUGGACGGCGACGUAAACGGC
CACAAGUUCAGCGUGUCCGGCGAGGGCGAGGGCGAUGCCACCUACGGCAAGCUGACCCUGAAGU
UCAUCUGCACCACCGGCAAGCUGCCCGUGCCCUGGCCCACCCUCGUGACCACCCUGACCUACGGC
GUGCAGUGCUUCAGCCGCUACCCCGACCACAUGAAGCAGCACGACUUCUUCAAGUCCGCCAUGCC
CGAAGGCUACGUCCAGGAGCGCACCAUCUUCUUCAAGGACGACGGCAACUACAAGACCCGCGCC
GAGGUGAAGUUCGAGGGCGACACCCUGGUGAACCGCAUCGAGCUGAAGGGCAUCGACUUCAAGG
AGGACGGCAACAUCCUGGGGCACAAGCUGGAGUACAACUACAACAGCCACAACGUCUAUAUCAU
GGCCGACAAGCAGAAGAACGGCAUCAAGGUGAACUUCAAGAUCCGCCACAACAUCGAGGACGGC
AGCGUGCAGCUCGCCGACCACUACCAGCAGAACACCCCCAUCGGCGACGGCLCCCCGUGLUGLUGCC
CGACAACCACUACCUGAGCACCCAGUCCGCCCUGAGCAAAGACCCCAACGAGAAGCGCGAUCACA
UGGUCCUGCUGGAGUUCGUGACCGCCGCCGGGAUCACUCUCGGCAUGGACGAGCUGUACAAGUA
AAGCGGCCGCCACC

GGGCGAAUUGGGUACCGGGCCCCCCCUCGAGGUCAUCGAAUUCCGCCCccucucccucceccecece
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Fragment 3
used for 5’
IRES-lig block
RNA synthesis

Fragment 1 used
for Internal-lig.
Block RNA
synthesis

Fragment 3 used
for Internal-lig.
Block RNA
synthesis

GGAAUAAGGCCGGUGUGCGUUUGUCUAUAUGUUAUUUUCCACCAUAUUGCCGUCUUUUGGCAAU
GUGAGGGCCCGGAAACCUGGCCCUGUCUUCUUGACGAGCAUUCCUAGGGGUCUUUCCCCUCUCG
CCAAAGGAAUGCAAGGUCUGUUGAAUGUCGUGAAGGAAGCAGUUCCUCUGGAAGCUUCUUGAA
GACAAACAACGUCUGUAGCGACCCUUUGCAGGCAGCGGAACCCCCCACCUGGCGACAGGUGCCU
CUGCGGCCAAAAGCCACGUGUAUAAGAUACACCUGCAAAGGCGGCACAACCCCAGUGCCACGUU
GUGAGUUGGAUAGUUGUGGAAAGAGUCAAAUGGCUCUCCUCAAGCGUAUUCAACAAGGGGCUG
AAGGAUGCCCAGAAGGUACCCCAUUGUAUGGGAUCUGAUCUGGGGCCUCGGUGCACAUGCUUUA
CAUGUGUUUAGUCGAGGUUAAAAAAACGUCUAGGCCCCCCGAACCACGGGGACGUGGUUUUCCU
UUGAAAAACACGAUGAUAAUAUGGCCACAACCAUGGUGAGCAAGGGCGAGGAGCUGUUCACCGG
GGUGGUGCCCAUCCUGGUCGAGCUGGACGGCGACGUAAACGGCCACAAGUUCAGCGUGUCCGGC
GAGGGCGAGGGCGAUGCCACCUACGGCAAGCUGACCCUGAAGUUCAUCUGCACCACCGGCAAGC
UGCCCGUGCCCUGGCCCACCCUCGUGACCACCCUGACCUACGGCGUGCAGUGCUUCAGCCGCUAC
CCCGACCACAUGAAGCAGCACGACUUCUUCAAGUCCGCCAUGCCCGAAGGCUACGUCCAGGAGC
GCACCAUCUUCUUCAAGGACGACGGCAACUACAAGACCCGCGCCGAGGUGAAGUUCGAGGGCGA
CACCCUGGUGAACCGCAUCGAGCUGAAGGGCAUCGACUUCAAGGAGGACGGCAACAUCCUGGGG
CACAAGCUGGAGUACAACUACAACAGCCACAACGUCUAUAUCAUGGCCGACAAGCAGAAGAACG
GCAUCAAGGUGAACUUCAAGAUCCGCCACAACAUCGAGGACGGCAGCGUGCAGCUCGCCGACCA
CUACCAGCAGAACACCCCCAUCGGCGACGGCCCCGUGCUGCUGCCCGACAACCACUACCUGAGCA
CCCAGUCCGCCCUGAGCAAAGACCCCAACGAGAAGCGCGAUCACAUGGUCCUGCUGGAGUUCGU
GACCGCCGCCGGGAUCACUCUCGGCAUGGACGAGCUGUACAAGUAAAGCGGCCGCCACC

GGGCGAAUUGGGUACCGGGCCCCCCCUCGAGGUCAUCGAAUUCCGCCCcUcucccucececececce
CUAACGUUACUGGCCGAAGCCGCUUGGAAUAAGGCCGGUGUGCGUUUGUCUAUAUGUUAUUUUC
CACCAUAUUGCCGUCUUUUGGCAAUGUGAGGGCCCGGAAACCUGGCCCUGUCUUCUUGACGAGC
AUUCCUAGGGGUCUUUCCCCUCUCGCCAAAGGAAUGCAAGGUCUGUUGAAUGUCGUGAAGGAAG
CAGUUCCUCUGGAAGCUUCUUGAAGACAAACAACGUCUGUAGCGACCCUUUGCAGGCAGCGGAA
CCCCCCACCUGGCGACAGGUGCCUCUGCGGCCAAAAGCCACGUGUAUAAGAUACACCUGCAAAG
GCGGCACAACCCCAGUGCCACGUUGUGAGUUGGAUAGUUGUGGAAAGAGUCAAAUGGCUCUCCU
CAAGCGUAUUCAACAAGGGGCUGAAGGAUGCCCAGAAGGUACCCCAUUGUAUGGGAUCUGAUCU
GGGGCCUCGGUGCACAUGCUUUACAUGUGUUUAGUCGAGGUUAAAAAAACGUCUAGGCCCCCCG
AACCACGGGGACGUGGUUUUCCUUUGAAAAACACGAUGAUAAGCUUGGAUCCCACAACCAUGGU
GAGCAAGGGCGAGGAGCUGUUCACCGGGGUGGUGCCCAUCCUGGUCGAGCUGGACGGCGACGUA
AACGGCCACAAGUUCAGCGUGUCCGGCGAGGGCGAGGGCGAUGCCACCUACGGCAAGCUGACCC
UGAAGUUCAUCUGCACCACCGGCAAGCUGCCCGUGCCCUGGCCCACCCUCGUGACCACCCUGACC
UACGGCGUGCAGUGCUUCAGCCGCUACCCCGACCACAUGAAGCAGCACGACUUCUUCAAGUCCG
CCAUGCCCGAAGGCUACGUCCAGGAGCGCACCAUCUUCUUCAAGGACGACGGCAACUACAAGAC
CCGCGCCGAGGUGAAGUUCGAGGGCGACACCC

GGGCAUCGACUUCAAGGAGGACGGCAACAUCCUGGGGCACAAGCUGGAGUACAACUACAACAGC
CACAACGUCUAUAUCAUGGCCGACAAGCAGAAGAACGGCAUCAAGGUGAACUUCAAGAUCCGCC
ACAACAUCGAGGACGGCAGCGUGCAGCUCGCCGACCACUACCAGCAGAACACCCCCAUCGGCGAC
GGCCCCGUGCUGCUGCCCGACAACCACUACCUGAGCACCCAGUCCGCCCUGAGCAAAGACCCCAA
CGAGAAGCGCGAUCACAUGGUCCUGCUGGAGUUCGUGACCGCCGCCGGGAUCACUCUCGGCAUG
GACGAGCUGUACAAGUAAAGCGGCCGCCACC

5.8 Molecular biology methods and techniques

5.8.1 From DNA to RNA

Plasmid preparation and amplification

Plasmids DNA (pDNA) used in this work were either amplified in the lab or commercially

prepared. In case of bacterial transformation, competent DH5a E.coli strain (Invitrogen) were

107




Appendix

transformed by pDNA (pPBSII IRES-EGFP or pGEMA4Z64A-eGFP) following the
manufacturer’s instructions. Following heat shock, transformed bacteria were cultured in
antibiotic-free liquid medium for 1 hour then plated on agar plates using Pasteur pipette. As
growth control, plate with an additional antibiotic (Kanamycin, 50pug/mL) and another without
any. A single colony was selected from the agar plate considering the selective resistance to
Ampicillin at 100 pg/mL, and was used to prepare pre-culture in 10 mL Luria broth (LB)
incubated 8 hours at 37°C/ 350 rpm followed by an overnight culture in 150 mL LB (using 150
ML volume from pre-culture). At OD600 ~ 1.5, plasmid was extracted following the QIAGEN
Plasmid Maxi Kit (QIAGEN).

DNA linearization

Circular plasmid vector with integrated EGFP sequence of the corresponding mRNA
(GenScript, USA) was linearized by restriction enzymes: Sacll (pPBSIl IRES-eGFP,
IRES5’eGFP-3_PUC57, IRES-EMCV-S1 _pUC57 and IRESeGFPint2-3_PUC57, and eGFP-
1-UTR-Stop_PUC57), Sma | IRES5‘eGFP-1_PUC57, BamHIl (IRESeGFP5’-1-S1_PUC57
and IRESeGFPint2-1_PUC57), and Bcul (Spel) (pGEM4Z64A-eGFP). The linearization was
performed as described by the manufacturer protocol using the minimal enzyme units and an

overnight incubation at 37°C. The linearized plasmid was purified using phenol/chloroform extraction
and precipitated by ethanol-precipitation.

RNA synthesis by in vitro transcription and purification

The in vitro transcription was performed using a T7 RNA polymerase previously in-house
expressed from an Addgene plasmid pQE 80L Kan or commercially available from Thermo
Fisher Scientific. The DNA template was therefore incubated with a NTP mix at a final
concentration of 5mM each in 40 mM Tris-HCI (pH 8.1), 1 mM Spermidine, 10 mM DTT and
0.01 % Triton X-100 as well as final concentration of 30 mM MgCI2 and 2.5 pg/mL Bovine
serum albumin (Thermo Fisher Scientific). In order to prepare the ligation step (if needed), the
final concentration of GTP was reduced to 2 mM and GMP was added in an excess of 16 mM
final concentration . This step will facilitate the ligation of two RNA extremities: the 5’end
mono-phosphate with the 3’-end hydroxyl group. Finally, the DNA Template was digested by
adding 2 U DNase | per 1 ug DNA at 37 °C for 30 minutes. To purify the transcription products,

the MegaClear™ Kit was used according to the manufacturer’s protocol.

In vitro transcription of modified MRNA

108



Appendix

Random modified mRNA synthesis was carried out in the same conditions as the IVT described
above in the exception of: the amount of the modified NTPs were added to substitute their
unmodified equivalent in the following ratios: 2.5%, 30%, 60% and 100% of the unmodified
respective NTP. Subsequent purification was realized using the MegaClear™ Kit according to

the according to the manufacturers protocol.
Capping

The addition of the cap was carried in one-step reaction uusing a combination of Vaccinia
Capping System and mRNA Cap 2’0O-methyltransferase (NEB) and incubated over 2 hours
according to the manufacturer recommendations. Subsequently, samples were purified using

the MEGAclear™ Kit (Invitrogen) silica spin column system and eluted in MilliQ water.
Polyadenylation

Polyadenylation reaction was carried out using purified transcripts (capped or non-capped)
using an optimized final concentration of 75U/uL. The reaction was incubated at 37°C for 45

minutes.

5.8.2 Purification & concentration methods for oligonucleotides

Phenol-chloroform extraction

The recovery of the linearized DNA plasmid was carried out by two times extraction with
chloroform and phenol (TE-buffered, Carl Roth) at a ratio of 2:1:1. The mixture was vortexed
and centrifuged for 2 minutes at 14 000 rpm for phase separation. The upper phase was
transferred into a new tube for another two times with volume/volume chloroform. One last
extraction with diethyl ether was followed to remove residual phenol traces. The lower phase
was saved and controlled for the presence of phenol by measuring the absorbance at 270 nm

using Nanodrop®. In the case of phenol detection, the last extraction step can be repeated.

Ethanol precipitation

The precipitation of an oligonucleotide solution was carried out using 0.1x volumes of 5 M
Ammonium acetate pH 5.2, 1 pL glycogen (5 mg/mL, Thermo Fisher Scientific, Germany) and
2-2.5 volumes of pure cold ethanol (kept at -80°C or -20°C). The mixture was vortexed and
incubated over night at -20°C. In a next step, RNA sample was centrifuged (15.000 x g at -4°C)

for 30-458 minutes, then, the supernatant was removed and the pellet wash by resuspension in
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75% ethanol (pre-cooled at -20°C). The solution was again centrifuged for 15 minutes, followed

by a second washing step. Finally, the pellet was re-suspended in MilliQ water.

5.8.3 Design and synthesis of ligated mMRNA and analysis
Point-modified mRNA preparation

Using three fragments, namely fragments 1, 2, and 3, a long point-modified mMRNA was
constructed by 3-way-one-pot ligation. Therefore, fragments 1 and 3 were in vitro transcribed
(IVT), while the middle oligonucleotide fragment was chemically synthetized and
commercially ordered from IBA (Germany). Prior to ligation, 1 pmol of commercial
oligonucleotide (unmodified oligo MH905) was phosphorylated at its 5* end using 0.9 U of T4
Polynucleotide kinase enzyme in a final volume adjusted to a final enzyme concentration of 1
U/uL. Additionally, to the buffer A, 5 mM DTT and 5 mM ATP were added and the reaction
mixture was incubated 1h at 37°C. In the next step, equimolar amounts from IVT fragment 1
and fragment 2 were added to the phosphorylation reaction mixture, while the amount of the
splint DNA (MH1168) was 2% less than the RNA fragments amount. For the preparation of
“5” IRES-lig. block” and “internal-lig block”, splint DNA MH910 and MH911 were
respectively used. The Ligation reaction was then incubated in 1x T4 RNA Ligase 2 for 4
minutes at 75 °C, and allowed to cool down to room temperature over 15 minutes. In the
following step, the ligation was achieved by the addition of 1 U of T4 RNA Ligase 2 per 0.8
png of RNA. The total volume was adjusted to an enzyme concentration of 0.57 U/uL and
incubated overnight at 16 °C. Finally, DNA splint was degraded using 2 U of DNase | per 1 ug
DNA and incubated at 37 °C for 30 minutes.

Hybridization to fluorescent DNA oligo

The successful incorporation (by ligation) of this middle fragment was verified by hybridization
of a fluorescent cDNA-probe analysed on a native 2 % agarose gel, then separated on a 1%

native. The gel was first scanned for fluorescence (Table 4), then stained with 1x GelRed.

Circularization of mRNA

For circularization, the in vitro transcribed mRNA was circularized using T4 RNA ligase 2.
Therefore, mMRNA was annealed to an equimolar 60-nt length DNA oligomer (splint DNA
MH838) by incubating in 1x reaction buffer for 4 min at 75 °C, followed by cooling at room
temperature for 15 min. Then 50 U T4 RNA ligase 2 was added to the mixture and the reaction
was incubated at 37 °C for 30 min. The splint DNA was digested using 2 U of DNase | (Thermo
Fisher Scientific, Germany) per 1 pg DNA and incubated at 37 °C/30 minutes.
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Rnase R

For the RNA circularity validation, RNA samples from the circularization reaction was
denatured by incubation at 85°C for 60 seconds and cooled on ice for 2 minutes. Then, 1U

RNase R enzyme was applied per 0.3 pug RNA and the reaction was incubated 3 h/37°C.
RNA nicking assay

RNA was partially hydrolysed by incubating 100 ng gel purified circular RNA product in 50
mM NaHCOs, pH 9 in a final volume of 20 pL. The reaction was incubated for 45 seconds at
90°C in water bath. Longer incubation led to RNA degradation. Control reaction was carried
out by incubating on ice. Digestion was stopped by immediately re-suspending in denaturing

RNA loading buffer and storing on ice, then analysed on 4% denaturing PAGE electrophoresis.

Agarose particle tracking

The respective purified ligation samples were brought to a total volume of 1 mL and injected
into the sample chamber from a Malvern NanoSight LM10 (Malvern Panalytical, Germany). A
532 nm laser was scattered by the particles in suspension. This was visualized by a microscope
with 20x magnification on which a sSCMOS camera was mounted. Because of the unequal size
and shape, the number of agarose particles was not evaluated automatically by the Nanoparticle
tracking analysis software, but rather manually. Therefore, eight random positions of the
camera were chosen and inspected visually. The categories of the particle size were big,
medium, and small. All particles between estimated 1 pm? and about 3.5 um? were classified

as medium.

5.8.4 PAGE electrophoresis and circular RNA purification
Polyacrylamide gel electrophoresis (PAGE) and gel elution

In order to assess the quality RNA 4% denaturing polyacrylamide gel solution was used and
the gel was casted in glass frames of different sizes. RNA sample (at least 100 ng) was dissolved
in 2x denaturation loading buffer. In addition, a DNA ladder and a blue marker (bromophenol
blue and xylene cyanol) were also prepared with the loading buffer to assess the size and
migration time. The electrophoresis was running in 1x TBE buffer at 12W for 3 hours in small
glass frame (20 x 13 cm) and 7 hours and 10 minutes in bigger glass frame (20 x 20 cm), while
cooling with a fan. After migration, the gels were carefully transferred into a staining solution
containing one of the following intercalating agents: SYBR® Gold or GelRed™., After 15-20

minutes of shaking incubation, the gels were scanned using a Typhoon TRIO+ (GE Healthcare)
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which permitted the visualisation of the different nucleic acids’ bands. For gel extraction,
GelRed solution was used for staining and band visualization. The scanned gel picture was
printed on A4 paper and placed under the gel to guide the excision the corresponding band.
After cutting, the gel piece was crushed into smaller pieces, and transferred into a 1.5 mL
Eppendorf® tube to incubate in 250 pL of 0.5 M NH4OAc (pH 5.0) for elution. After overnight
incubation at 20°C/750 rpm, the mixture was purified via a Nanosep spin filter with 0.45 um
membrane. The separation between the elution buffer from the gel residues by centrifugation

over 15 minutes at 12 000 rpm. Finally, RNA was precipitated by Ethanol precipitation.

Agarose gel electrophoresis

For the separation of DNA or RNA samples, 1% agarose gel was prepared and pre-stained with
SYBR®Gold nucleic acid gel stain. The staining solution was mixed in 1x TBE (roughly 1/10
of the prepared gel solution) and added to the final mixture after heating step. In the case of
fluorescent RNA sample, the gel was post-stained. A quantity of 75 ng-1 pug of RNA or DNA
samples were mixed with the loading dye and gel electrophoresis was run in 1X TBE buffer at
70 Volts for 30 minutes then voltage was increase to 130 Volts.

For nucleic acid visualization, the gel was scanned with Typhoon 9400 (GE Healthcare).

After loading the samples, electrophoresis was carried out in 1x TBE buffer at 120 Volts for 90
minutes. If not pre-stained, gels were stained afterwards with either SYBR® Gold or GelRed™.
Nucleic acid bands were visualized on a Typhoon TRIO+ (GE Healthcare) according to the

settings illustrated in Table 1.

Scanning settings for Typhoon imager
In the case of detecting fluorescently RNA samples, gels were first scanned with the
corresponding wavelength, then stained with Sybr®Gold or GelRed and allowed to scanning

and analysis by the software ImagelJ.
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Table 7 : Settings for gel scans based on spectroscopic properties of staining dyes/labels.

Laser excitation Emission filter
[nm] [nm]
Staining solution  SYBR®Gold 488 520 BP 40
GelRed 532 610 BP 30
Fluorescent dye Fluorescein 488 520 BP 40
‘S’S&‘gﬁ;ef Y 633 670 BP 30

BP: band pass filter; SP: short pass filter
RNA Analysis by TapeStation

RNA samples (75-150 ng) were analysed by TapeStation (4200, Agilent) according to the

operating procedure of the manufacturer.
Point-modified-ligated RNA recovery by real-time gel elution

Purification of the ligated mMRNA was conducted by real-time elution, adapted from the concept
from E-Gel CloneWell (Thermo Fisher Scientific) “'?, using Dark Reader Blue Light
Transilluminator and a conventional agarose gel chamber. The gel was prepared to contain two
large wells, one in the top and another one in the middle of the gel, by combining 10 wells
together with a Sellotape (out of 12-well comb). In order to follow migration, 1% agarose gel
was pre-stained with 1x SYBR®Gold. When the gel was formed, the ligation sample was mixed
2:1 with denaturing loading dye was applied to the upper well. The electrophoresis was run at
80 V over 30 minutes, then, the voltage was increased to 150 V. Once the sample reaches the
second well, interest bands were collected using a 1000 uL pipet. The collection chamber was
rinsed between the fractions with 1x TBE buffer. The eluted RNA was then precipitated by
Ethanol-precipitation and dissolved in ultrapure water. A last step was carried by filtering the
purified RNA through a 0.2 um solid phase filters, to reduce further residual contamination

with agarose particles.

5.8.5 Liquid chromatography (LC)

RNA analysis and purification via HPLC

For circular RNA analytics and elution, a YMC-Triart C18 (150 x 3 mm and 3 pum particle size)
column from YMC Europe GmbH, Germany, combined with an Agilent 1100 HPLC series
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coupled with a DAD (diode array detector) was used. In a prior step, RNA circularization
reaction was first purified by phenol/chloroform, and an amount of 30-40 pg purified RNA was
injected. The chromatography was realized by using 0.1 M triethylammonium acetate (pH 7.0,
solvent A) and HPLC grade acetonitrile (solvent B) under denaturing conditions at 65 °C, with

a flow rate of 0.4 mL/min as following:

Table 8 : HPLC gradient applied for for circular RNA

Time (min) | Solvent A | Solvent B
(%) (%)
2 90 10
8 87.5 12,5
38 86,7 13,3
45 86,7 13,3
55 86,6 13,4
85 86,6 13,4
95 86,2 13,8
105 86,2 13,8
110 50 50
113 100 100
116 100 100
123 90 10

Table 9 : HPLC gradient applied for ligated linear RNA purification

Time (min) | Solvent A | Solvent B
(%) (%)

5 90 10

6 87.5 12,5

36 86.7 13,5

41 86.7 13,5

51 86.6 13,8

57 86.6 13,8

65 86.2 100

5.8.6 Liquid chromatography-Tandem Mass spectrometry (LC-MS/MS)
Sample preparation

All samples for LC-MS (QQQ) analysis were digested to their nucleoside level as follows: 10
ug of isolated RNAs were mixed with 0.3 U nuclease P1, 0.1 U snake venom phosphodiesterase,
200 ng Pentostatin (adenosine deaminase inhibitor) and 500 ng Tetrahydrouridine (cytidine
deaminase inhibitor) in 1/10 volume of 10x% nuclease NP1 buffer (0.25 M NH40Ac pH 5.0, 0.2
mM ZnClI2). The mixture was incubated for 3—4 hours at 37 °C. After the first incubation 1/10
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volume 10x fast alkaline phosphatase buffer (0.5 M NHsOAc, pH 9.0) and 1 U fast alkaline
phosphatase were added and the mixture incubated again for 5 hours at 37 °C. In the case of

digestion of smaller RNA amounts the enzyme concentrations were adjusted.
LC-MS (QQQ) measurements and settings

For LC-MS measurements, an amount of 50 ng from the digested sample were analysed
together with 50 ng internal standard via Agilent 1260 series coupled to a diode array detector
(DAD) and Agilent 6460 Triple Quadrupole mass spectrometer equipped with an electrospray
ion source. The solvents consisted of 5 mM ammonium acetate buffer (pH 5.3; solvent A) and
LC-MS grade acetonitrile (solvent B; Honeywell). The elution started with 100% solvent A,
followed by a linear gradient to 8% solvent B at 10 min and 40% solvent B after 20 min. The
flow rate was 0.35 mL/min on a Synergi Fusion column (4 uM particle size, 80 A pore size,
250 x 2.0 mm from Phenomenex). ESI parameters were as follows: gas temperature 350°C, gas
flow 8 L/min, nebulizer pressure 50 psi, sheath gas temperature 350°C, sheath gas flow 12
L/min, capillary voltage 3000 V. The MS was operated in the positive ion mode using Agilent
MassHunter software in the dynamic MRM (multiple reaction monitoring) mode. For
quantification, a combination of external and internal calibration was applied as described

previously 423,

5.8.7 Invitro translation and protein analytics

In vitro translation in Nuclease-treated Rabbit Reticulocyte Lysates

Rabbit Reticulocyte Lysates, nuclease treated (Promega) was programmed with 1 pmol mRNA
and incubated for 90 minutes at 30 °C following the manufacturer instructions. Translation was
stopped and aliquots of 2 pL were analysed for EGFP protein expression. Aliquots were mixed
in non-reducing loading SDS-PAGE buffer (without B-mercaptoethanol) and loaded without
pre-heating treatment on 10% SDS-polyacrylamide gel electrophoresis. Protein activity was
directly assessed by in-gel fluorescence. The gel was placed in Typhoon scanner TRIO+ (GE
Healthcare, United Kingdom) and fluorescence was detected by blue laser settings (488 / 532
nm excitation wave length and 526 nm short pass emission filter). Quantification of EGFP
signal intensity was analysed by ImageJ normalized to the background. The cap dependency
experiment was performed by a preincubation with 0.7 mM m7G(5)ppp(5)G RNA Cap
structure (concentration adapted from 32414 for 5 minutes at room temperature to sequester cap-
binding proteins. Subsequently, the translation experiment and analysis were realized as

described.
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For the translation rescue experiment, 1 pmol mRNA was by incubated with increasing amounts
(0.6 pg, 1.2 pg, and 2 pg) of purified fractions from total tRNA enriched with eukaryotic
cognate tRNA valine (fraction C5, provided by Gérard Keith). Translation reaction and analysis

were performed as described.
In vitro translation in untreated Rabbit Reticulocyte Lysates

To follow the protein synthesis, 1 pmol mRNA was programmed in untreated Rabbit
Reticulocyte Lysate. Translation mixture contained 75 mM KCI, 0.5 mM MgCl2, RNasin and
a mixture of amino acids (Methionine is omitted), 1mM each, and %S-methionine in a final
volume of 20 pL. The reaction was incubated at 30°C for 1 hour. Protein production was
analysed by separating 5 pL aliquot (mixed with loading dye) on 15% SDS PAGE and
visualized by phosphorimaging.

5.8.8 Immunoprecipitation and samples preparation (for section 3.5)

This part was published in Slama and colleagues 44,
In vitro transcription of modified and radioactive labelled mMRNA

Cold RNA was in vitro transcribed (as described in section 5.8.1) using linearized plasmid
pPGEM4Z64A-eGFP as template. The modified mRNA was prepared either by adding 2.5% or
50% of meATP relative to ATP to the reaction mixture.

Radioactive labeled RNA (hot) was prepared similar to cold mRNA, in the exception of the
addition of 10 uCi a®2P-ATP (800 Ci/ mmol) or 10 puCi a*2P-UTP (800 Ci/mmol) to unmodified
RNA and modified transcription reaction, respectively. The cold transcribed mRNAs was
quantified by measuring the absorbance at 260 nm using NandoDrop, while the radioactivity
intensity of hot transcripts was measured using a scintillation counter Wallac 1409
(PerkinElmer).

RNA sample preparation for IP

Two RNA mixtures (mixture A and mixture B) were prepared to contain hot and cold RNA as
following: After hot IVT, the total CPM was measured, a volume (V) could be determined to
pipette 8000 CPM. The amount of RNA in this volume was determined using the concentration
of the corresponding cold IVT (for example hot unmodified IVT and cold unmodified IVT),
relying on the fact that both IVT reactions (cold/hot) were prepared in the same conditions. To
this, cold mMRNA was added to achieve a total amount of 8 pg. Such that, mixture A was

prepared to contain the modified RNA and a mixture B containing unmodified one. Both
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mixtures A and B were then mixed to achieve the same amounts in pg of modified and

unmodified RNA and were applied for immunoprecipitation.

Nuclease digestion for 1D TLC

RNA samples were digested in the presence of 1/ 10 V of nuclease P1 buffer (10:9 vol 250 mM
NH4OAc at pH 5.0; 1V 2 mM ZnClI2) and 0.3 U of NP1 in a final volume of 5 pL. The reaction
was incubated for 2 h and a half at 37 °C.

Nuclease digestion for 2D TLC
For the 2D TLC, the modified RNA sample (2 ug) was incubated for digestion in the presence
of 2.5 U RNase T2 and 10 mM sodium acetate buffer (adjusted with acetic acid to a pH at 4.5)

in a final volume of 5 L.

Immunoprecipitation

Protein G Sepharose beads (60 pL) were washed twice in 500 pL by centrifuging at 1000xg/4
°C for 1 min and discarding the supernatant. Afterward, 2. 5 pg of the purified antibody was
added to the beads and incubated in 1 mL 1xPBS overnight in a rotating wheel. The beads were
then washed three times using an RNA-IP buffer (150 mM LiCl, 0.5% NP-40, 10 mM Tris-HCI
at pH 7.5). The RNA mixture was applied to the antibody-beads in 500 uL RNA-IP buffer for
2 h/750 rpm at 4 °C. Afterward, beads were washed once with RNA-IP buffer, once with wash
buffer I (RNA-IP buffer plus 150 mM LiCl) and wash buffer Il (RNA-IP buffer plus 300 mM
LiCl), and a final one with RNA-IP buffer. The supernatant was discarded, then RNA was
isolated by extraction using TRI Reagent® followed by EtOH precipitation.

For elution by competition, 0.5 mg/mL m8A (Sigma-Aldrich) or adenosine (Sigma-Aldrich)
was added to 500 pL IP buffer and applied to the IP, and incubated for 2 h/ 750 rpm at 4 °C.
RNA was recovered by EtOh precipitation of the supernatant fraction, while the RNA bound to
the antibodies-beads fraction was extracted TRI Reagent® as described above.

First dimension TLC

The radioactive sample was digested with NP1 then spotted by altering spotting (0.5 pL) and

drying steps on a cellulose-coated thin-layer plate fluorescent. After drying, the TLC plate was

placed in a glass chamber for thin layer chromatography containing solvent | and covered.

When the solvent gets to the top, the separation was stopped by drying the TLC plate under the
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fume hood for around 15 minutes. The TLC was then exposed to a phosphorimager screen (GE

Healthcare) for 1 hour and scanned by Typhoon TRIO+ (GE Healthcare) scanner.

Second dimension TLC

The radioactive labeled RNA was digested using RNase T2 and applied to a 1D-TLC with
solvent | as described above. After the first running, the plate was dried and placed in a
perpendicular position to the 1D, in another glass chamber containing solvent Il. Once the
solvent reached the top, the plate was dried, and the radioactive spots were revealed as described

above.
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Figure 6. 1: Cap mRNA analysis.

The non-modified EGFP mRNA (N.M) was in vitro transcribed. Pseudouridine-modified mMRNA were
synthetized by the addition of pseudouridine at different ratio (30 and 100%) relative to uridines to the
transcription reaction. After capping, mRNA samples were analyzed by LC-MS/MS for m’G (in green)
and the 2’-O-Me detection (grey) detection. The Samples were incubated for digestion to the nucleoside
level and analyzed via LC-MS/MS. For absolute quantification *C, stable isotope-labelled nucleosides
from S. Cerevisiae were used as an internal standard and mixed in an equal amount with the analyzed
sample. Quantification of the percentage of capped mRNA was evaluated relative to cytosine
quantification. The application of uncapped mRNA as negative control showed no detectable cap
modifications. Errors bars indicating £ SD of tehnical triplicates
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Figure 6. 2: Analysis of polyadenylated EGFP mRNA.

Poly(A) tailing using 5 units E. Coli Poly(A) and purified naked EGFP mRNA. The reaction was
incubated at 37°C for 45, 90, and 180 minutes. Aliquots were analyzed by capillary electrophoresis
(Agilent, TapeStation) (A) and the leftover mixture (unloaded by the machine) was loaded on a 1.5%
agarose gel (B), showing a different migration behavior between both electrophoresis.
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Figure 6. 3: Analysis of 2°-O-Me point-modified mMRNA.

After ligation using either unmodified (MH905) or modified RNA oligo (MH1052, MH1053, MH1054
and MH1075), samples were applied for MHRiboMethSeq analysis. The protection profiles showing

the normalized RiboMethSeq cleavage profiles around the corresponding positions are shown for the

unmodified (unmodified ligated product) and modified construct. Position of modification is shown by

ared bar.
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Figure 6. 4: Detection of unexcpeted modifications in m8A-point modified mRNA.

Absolute LC-MS/MS detection of m°A in IRES-EGFP ligated mRNA molecule. After ligation using
fragment 2 harboring 2°-O-Me (MH1099, MH1058 and MH1054), pseudouridine (MH963) and m°A
(MH1082) were applied for modification detection and quantification by LC-MS analysis relative to
uridine. For absolute quantification *3C, stable isotope-labelled nucleosides from S. cerevisiae were used
as an internal standard and mixed in an equal amount with the analyzed sample. An equivalent of one
Am, Um, Gm and pseudourine could be detected for one modified mMRNA (A). Given the failure to detect
m®A modified mMRNA (MH1082, in blue square), other ligation products containing m°A at different
sites (MH961, MH1061, MH1083, MH1062) were also applied to LC-MS (B). As a control, ligation
using MH905 (non-modified oligo) was used and no modification was detected (B). All the RNA oligo
showed the presence of dm®A, except MH961 (pink square) (C).
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Figure 6. 5: Generation of 5° IRES-lig block and internal-lig block.

The 3-way-splint ligation concept was applied to introduce single modifications internally within the
EGFP CDS region (internal-lig block) and around the 5 ‘end of the wild type IRES EMCV (5’IRES-lig
block) (A). The gel-purified 5’IRES-lig block product was analyzed on agarose gel while the internal-lig
block was analyzed by gel capillary electrophoresis (TapeStation). The 5’TRES-lig block was then
applied to hybridization with fluorescent DNA complementary either to fragment 1 (lower gel) or
fragment 2 (upper gel). In the left part, the samples were simultaneously hybridized to both fluorescent

oligos.
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Figure 6. 6: HPLC purification of 5'IRES-lig block.

Synthetized 5’IRES-lig mRNA was phenol/chloroform purified and injected into HPLC. (B) During

elution, fractions were collected and analyzed on a 1.5% agarose gel. For the visualization, GelRed was
used as a staining solution.
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Figure 6. 7: Purification of ligated RNA.

(A) The ligated product was eluted from agarose gel followed by the excision of the corresponding band.
Subsequently, the RNA was purified by phenol/chloroform extraction (using low melting gel agarose) or
recovered by glass wool filtration (normal agarose gel). (B) Direct purification of the ligated RNA was
performed by the application on the Silica spin column. (C) Another method was based on gel elution. The
ligation mixture was loaded on a 1% agarose gel. The gel was prepared to contain a large pocket in the
middle. This allows the recovery of the ligated product while migrating through the gel. Therefore, the
electrophoresis apparatus was equipped with a transilluminator to allow the visualization and the follow up
of the RNA migration in real-time. The recovered RNA was finally filtred through a solid phase filter with
a pore size of 0.2 pm.

amber screen  «—

Agarose gel chamber

Transilluminator

Figure 6. 8: Set-up tool for real-time gel elution.

The agarose gel lays on the top of a transilluminator, which emits visible blue light. This allows the
visualization of migrating RNA and its elution. The orange screen allows the protection from the brightness
of the blue light during RNA elution (pipetting).
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Figure 6. 9: Optimization of RNA concentration for translation in RRL system.

Nuclease treated RRL was programmed with increasing amounts of RNA (0.5, 1, 1.8, 2.2, 9, 13.5
and 18 pmol) in a final volume of 50 pL. After translation, aliquots were separated on 10% SDS-
PAGE, and EGFP fluorescence was in-gel detected by blue laser settings (488 nm/ 520 nm
excitation/emission wavelengths) to 1.8 pmol (amount recommended by the manufacturer) .
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Figure 6. 10: Circularization reaction optimization.

For circularization, IRES EMCV mRNA was transcribed in vitro, hybridized to a splint DNA to join both
ends together. After that, T4 RNA ligase 1l was added and the ligation reaction was incubated at 37°C for
30, 60, 120, 180, 240, 300,360, and 420 minutes. Aliquots from the ligation reaction were separated on

a 4% denaturing PAGE followed by staining with GelRed.
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Figure 6. 11: Analysis of circular RNA migration on increasing cross-linking PAGE.

An aliquot from circular RNA reaction (Circ.) was separated in urea-denatured PAGE with different
degrees of crosslinking, the ratio of the bisacrylamide to acrylamide (59:1, 39:1 and 19:1) to increase
the crosslink from PAGE 1 to PAGE 3. Positions of circular and linear (Lin.) forms are indicated. A
reference mMRNA from a known size (1789 nts) was used (Ref.). The migration was carried out 7 hours
and 10 minutes under cooling. The distance migration of the circular form was indicated by an arrow.
The migration distance was recorded in Figure 3. 17. The gels were visualized by GelRed staining.
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Figure 6. 12: RNA treatment with RNase R.

The in vitro transcribed mRNA (2.5 pg) was digested with increasing amount of RNase R (0.05, 0.1, 0.2,
0.4 and 0.6 U/pL). RNA was either directly digested (- preheating denaturing) or heat-denatured prior to
digestion (+preheat denat.). After incubation for 3 hours at 37°C, aliquots from reactions were separated
on a 6% denaturing PAGE. The gel was revealed by staining with GelRed.
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Figure 6. 13: Translation of HPLC-purified circRNA.

After circularization, RNA was purified by injection into RP-HPLC and the corresponding collected
fraction was ethanol precipitated. Increasing amounts of purified circRNA were programmed for
translation in nuclease treated RRL. Synthesized protein was separated on 10 SDS PAGE and analyzed

for EGFP fluorescence by in-gel detection.
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Figure 6. 14: Schematic overview of the m8A immunoprecipitation protocol for enrichment
factor determination.

Modified and unmodified RNA were synthetized and labelled with 2P in vitro and subjected to
immunoprecipitation using mfA antibody. The bound RNA (IP) was extracted directly from antibody-beads

complex, or eluted by competitive assay using free m°A or using free A residues. Eluted RNA in the
supernatant fraction was ethanol precipitated while RNA in the antibody-beads fraction was solvent
extracted. Immunoprecipitated RNA and input control were digested by nuclease P1. The obtained
nucleosides were analyzed on TLC and enrichment factor was determined as described.
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