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Access to High-Purity 7m G-cap RNA in Substantial Quantities by a Convenient All-Chemical Solid-Phase Method

A practical and valuable all-chemical method has been developed to synthesize 5'-7m Gppp RNA on solid-support without damaging the 7m G-cap or the RNA during RNA deprotection and release from the support under mild basic conditions. Substantial quantities of high-purity 5'-7m Gppp RNA are thus affordable as useful research tools.

Given the importance of mRNA with 5'-cap, easy access to RNA substrates with different 7m G caps, of high quality and in large quantities is essential to elucidate the roles of RNA and the regulation of underlying processes. In addition to existing synthetic routes to 5'-cap RNA based on enzymatic, chemical or chemo-enzymatic methods, we present here an all-chemical method for synthetic RNA capping. The novelty of this study lies in the fact that the capping reaction is performed on solid-support after automated RNA assembly using commercial 2'-O-propionyloxymethyl ribonucleoside phosphoramidites, which enable final RNA deprotection under mild conditions while preserving both 7m G-cap and RNA integrity. The capping reaction is efficiently carried out between a 5'-phosphoroimidazolide RNA anchored on the support and 7m GDP in DMF in the presence of zinc chloride. Substantial amounts of 7m G-cap RNA (from 1 to 28 nucleotides in length and of any sequence with or without internal methylations) containing various cap structures ( 7m GpppA, 7m GpppA m , 7m Gppp m6 A, 7m Gppp m6 A m , 7m GpppG, 7m GpppG m ) were obtained with high purity after IEX-HPLC purification. This capping method using solid-phase chemistry is convenient to perform and provides access to valuable RNA substrates as useful research tools to unravel specific issues regarding cap-related processes.

Introduction

The cap is a co-transcriptional modification at the 5'-end of eukaryotic and viral messenger RNA (mRNA). [1] The chemical structure of the cap consists of an N7methylguanosine ( 7m G) connected to the first transcribed nucleotide (N1) at the 5'-end of the RNA by a 5'-5' triphosphate bridge (Figure^^1<figr1>). [2] This so-called cap-0 ( 7m GpppN1) can undergo further methylations. The most common one occurs at the 2'-hydroxyl position of the ribose of the first and sometimes of the second nucleotide, resulting in cap-1 ( 7m GpppN1 m ) and cap-2 ( 7m GpppN1 m N2 m ), respectively. These RNA structural modifications are crucial for efficient mRNA translation, protection against premature degradation by 5'exonucleases and recognition by the innate immune system. Additional methylation at the N 6 position of adenosine has been detected in some cap structures if the first encoded nucleotide adjacent to the 7m Gppp cap is 2'-O-methyladenosine (A m ), resulting in N 6 ,2'-Odimethyladenosine ( m6 A m ) (Figure^^1<xfigr1>). This double-methylated nucleotide m6 A m present in the cap of ~30^% of all cellular mRNAs has been shown to be a dynamic and reversible epitranscriptomic modification that confers stability to mRNA in mammalian cells. [3] Since these findings in 2017, the functions of N 6 -methylation have been widely investigated. [4] Besides cellular events, RNA viruses have evolved strategies to synthesize a cap that mimics the cellular cap; thus, viral RNA can escape detection by the sensors of the host innate immune system. Consequently, many viral capping enzymes are unique in nature and have no counterparts in infected cells. These proteins are therefore attractive targets for antiviral drug design, as an antiviral drug can be expected to have good selectivity. [5] To accelerate drug design, a thorough understanding of these viral capping enzymes at the molecular and atomic level is required, and several RNA virus enzymes have already been characterized for this purpose. [6] The RNA capping machinery has been shown to be remarkably diverse structurally and functionally, reinforcing the interest of these enzymes for drug-design. However, the characterization and use of the viral RNA capping system as an antiviral target has lagged far 4 behind, impeding accurate characterization of crystallographic binary complexes and structure-based drug design.

Indeed, the availability of 5'-capped RNA substrates of any length, sequence, and structure in large amounts and high purity remains the main bottleneck for unraveling the roles of RNA and the regulation of underlying processes. Nevertheless, different routes for the synthesis of 5'-capped mRNAs based on enzymatic, chemical or chemo-enzymatic methods have been developed with varying difficulties and limitations. [7] A few years ago, several chemical breakthroughs in our group helped to overcome this bottleneck. First, in 2008, we developed an original method for solid-phase synthesis of RNA oligonucleotides using only base-labile groups for the protection of nucleobases, phosphates, and 2'-hydroxyl functions. [8] The innovation is based on the use of the pivaloyloxymethyl (PivOM) group and other acyloxymethyl groups at 2'OH, [9] which enable concomitant deprotection and cleavage of the oligonucleotide from the solid support by mild aqueous ammonia treatment (3^^h at room temperature), without degrading the RNA. This method represented a major step forward because, in addition to facilitating RNA preparation, the deprotection conditions were totally compatible and applicable to solid-support synthesis of RNA with a 5'-triphosphate (TP) moiety [10] or a N7-unmethylated cap structure (Gppp). [11] Over the past decade, we have been faced with a high demand for synthetic 5'-cap RNAs from worldwide collaborators aimed at elucidating the mechanism, function, and structure of the capping system associated with methyltransferases in eukaryotes and viruses. These useful research tools have proven essential to unravel specific issues regarding cap-related processes. [3,12] Unlike enzymatic preparation of capped mRNA by in^^vitro transcription of a DNA template, chemical synthesis offers the possibility to reliably introduce modified nucleotides at specific positions of the RNA sequence, in particular 2'O-methyl ribonucleotides or N 6 -methyl adenosine. Apart from our method combining chemical synthesis and enzymatic N7methylation, [11] a few examples of capped RNA prepared by solid-phase synthesis have been reported in the literature. [13] Recently, Abe et^^al. reported a complete chemical process for cap RNA synthesis. [14] In this process, 5'-phosphorylated RNA are elongated by solid-phase synthesis, deprotected, and removed from the solid support before being coupled in solution with activated N7-guanosine diphosphate (Im-m 7 GDP) in DMSO. Several chemically modified 107-nt RNAs with cap-0, cap-1, cap-2, and cap-4 were prepared in small amounts (100 picomoles) using phosphoramidite chemistry and after capping, their translation activity was evaluated in HeLa cells. However, the insolubility of the different compounds in organic solvents, the salt dependence of the coupling efficiencies and the fact that the uncapped RNAs were inseparable from the capped RNAs are obstacles to the systematic use of this method.

To overcome this drawback, the same authors have developed PureCap technology, which involves introducing hydrophobic photocaged tag-modified cap analogs into the mRNA 5'end during the in^^vitro transcription. [15] This hydrophobicity enables the separation of capped mRNA from uncapped mRNA by RP-HPLC purification. Subsequent photoirradiation removes the hydrophobic tag. Thus, a cap-2 mRNA of 4247-nt was successfully prepared following this versatile approach.

With the aim to improve the efficiency and rapidity of 7m G-cap RNA preparation, we propose an all-chemical method for the large-scale preparation of short 7m G-cap RNA (up to 28 nucleotides long) and various derivatives where RNA elongation, its first phosphorylation, and coupling of N7-methyl guanosine diphosphate ( 7m GDP) are performed on solid support. This method could address the limitations reported above with the Abe method. [14] 

Results and Discussion

The all-chemical synthesis of 5'-7m G-cap RNA using a solid-phase process faces technical limitations due to the instability of N7-methylguanosine under acidic (glycosidic 6 bond cleavage) or basic (G imidazole ring opening) conditions. This fragility remains the main obstacle, especially during the final deprotection of the 7m G-cap RNA under standard 28^% aqueous ammonia treatment. Therefore, to preserve the integrity of the 7m G-cap structure, we sought a milder basic medium to remove the RNA protecting groups and release the 7m G-cap RNA from the solid support. Anhydrous amine reagents used neat or dissolved in an organic solvent have been described as an alternative method for cleavage and deprotection of synthetic oligonucleotides. [16] Indeed, in a previous study, we found that a butylamine/THF solution (1^:^1, v/v) could remove the phenoxyacetyl group from adenosine (A) and cleave the succinyl linker between short RNA 2--5^^A tetramers and the support at room temperature for 1^^h while retaining 2'-O-PivOM groups. [17] Thus, milder basic conditions for RNA deprotection imply the use of 2'-O protecting groups that are easier to remove than PivOM under basic conditions. The stability of various acyloxymethyl groups (acetyloxymethyl, propionyloxymethyl, butyryloxymethyl, and isobutyryloxymethyl) in oligouridylates was then evaluated over a set of deprotection conditions based on different anhydrous alkylamines in organic solvents (THF, toluene). [18] From this evaluation, the propionyloxymethyl (PrOM) group was preferred for its complete removal upon treatment with anhydrous butylamine solution in THF (2^:^1, v/v) for 5^^h at 30^°C. Based on these preliminary data, we determined that an all-chemical synthesis of 7m G-cap RNA on solid support would be possible.

Therefore, we followed the strategy developed previously to introduce the G-cap at the 5'-end of the RNA. [11] After RNA assembly on an automated synthesizer using 2'-O-PrOM ribonucleoside phosphoramidites, [18] the 5'-hydroxyl group of the 5'-terminal nucleoside of the RNA sequences, still anchored to the solid support, was converted into an H-phosphonate derivative with diphenylphosphite (Scheme^^1<schr1>). [10] Then, oxidation and activation under strict anhydrous conditions with bromotrichloromethane (BrCl 3 C) in the presence of imidazole and N, O-bis-trimethylsilylacetamide yielded the 5'-phosphoroimidazolide RNA.

Imidazolide phosphate was reacted with the tri-n-butylammonium salt of 7m GDP in DMF in the presence of ZnCl 2 for 18^^h. Finally, the cyanoethyl groups were eliminated from the phosphates by a short DBU treatment (3^^min), followed by removal of the N-acyl and 2'-O-PrOM groups, and cleavage of the succinyl linker to the solid-support with a solution of anhydrous butylamine in THF (2^:^1, v/v) for 5^^h at 30^°C. In this deprotection protocol, the 7m G-cap RNA that were cleaved from the support were retained in the glass beads. After washing the beads with THF, a buffered aqueous solution was used to collect the 7m G-cap RNA in the solution. Both organic and aqueous solutions were analyzed by IEX-HPLC and, depending on the RNA sequence length, crude 7m G-cap RNA material could be partially found in the organic butylamine/THF solution, which was observed especially for short sequences (up to 6-mer). Following this method, several 7m G-cap RNA (from 3 to 13 nucleotides-long) were isolated with high purity after HPLC purification and without degradation of the 7m G-cap. Nevertheless, the method showed several weaknesses such as incomplete removal of PrOM groups from RNA sequences longer than 10 nucleotides. MALDI-TOF MS analysis showed additional peaks with higher mass corresponding to 2 or 3 remaining PrOM groups randomly distributed in the sequence resulting in a mixture of RNA species. Thus, the butylamine/THF ratio (from 2^:^1 to 4^:^1 v/v) and the deprotection time (from 2^^h to 4^^h) were adjusted according to the length of the RNA sequence (related to the number of PrOM groups (3 to 13) to be removed). Moreover, the crude RNA material (short oligomers <10 nucleotides) was not efficiently retained in the beads after cleavage from the support, resulting in loss of material in the organic solution.

With the objective of strengthening 7m G-cap RNA synthesis, we aimed to improve the conditions for RNA deprotection by using a 7^^N ammonia solution in methanol, instead of a butylamine/THF solution. Similarly, this treatment allowed the complete removal of the Nacyl and 2'-O-PrOM protecting groups and cleavage of RNA from CPG beads in 3^^h at 40^°C without degrading the 7m G-cap. Large amounts of 7m G-cap RNA crude material (from 1 to 28 nucleotides in length and of various sequences with or without internal methylations) containing diverse caps ( 7m GpppA, 7m GpppA m , 7m Gppp m6 A, 7m Gppp m6 A m , 7m GpppG, 7m GpppG m ), were collected in methanolic ammonia solution that was simply evaporated under reduced pressure prior to IEX-HPLC analysis and purification (Table^^1<tabr1>, Supporting information Figures^^S3-S6 for some examples). All 7m G-cap RNA 1--35 and various cap structures 36--41 were characterized by mass spectrometry MALDI-TOF (Supporting information Figures^^S7-S47) and were quantified by UV-spectrometry at 260^^nm. It is noteworthy that to prepare RNA with 7m Gppp m6 A 16--17 and 7m Gppp m6 A m 29--35, we needed to prepare the corresponding N-acyl 2'-O-PrOM and 2'-OMe m6 A phosphoramidites using a convenient procedure of selective one-step N6-methylation of the 2'-O-PrOM and 2'-OMe phosphoramidite building blocks. [19] In addition, our capping method provided easy access to tens to hundreds of nanomoles of several natural cap structures and analogues 36--41 that could be useful for the 5-functionalization of long RNA.

Finally, a more cost-effective synthesis of 7m GpppRNA was achieved by using the trin-butylammonium salt of N7-methyl-guanosine diphosphate made in-house instead of purchasing the expensive commercially available 7m GDP sodium salt. First, large amounts of GDP sodium salt were converted to GDP tri-n-butylammonium salt on which methylation was performed with methyl iodide (6^^eq.) in DMF for 2^^h at room temperature in 63^% yield (Scheme^^2<schr2>). [20] 

Conclusions

Although the recent COVID-19 pandemic has sparked<?><?>correct wording?<?><?> renewed interest in mRNA, which can be used for therapeutic applications or as a vaccine, many studies involving mRNA had already been underway for years and required chemically synthesized RNA in large quantities and of high purity. To this end, to prepare synthetic RNA with various 5'-cap structures dedicated to elucidating the roles of RNA and the regulation of underlying processes, we have been working for over a decade on automated RNA synthesis and capping reaction using solid-phase chemistry. In this study, we have presented an optimized all-chemical method for synthesizing 5'-7m Gppp RNA using solid-support chemistry without damaging the 7m G-cap or the RNA during RNA deprotection and release from the support. To do so, 2'-O-PrOM ribonucleoside building blocks protected by fast-labile groups were used for RNA assembly, and mild basic conditions were found to release free 7m Gppp RNA efficiently and safely. This improved synthetic methodology allows simple and convenient access to a wide range of tens to hundreds of nanomoles of 5'-cap RNA substrates, of high purity (>95^%), of any sequence with natural or modified nucleotides, of any length (up to 28 nucleotides). The availability of such substrates will facilitate further research in the fields of viral methyltransferase mechanisms, crystallography, and even the design of selective antiviral drugs.

Experimental Section

General methods

Triethylamine was distilled from calcium hydride, other anhydrous reagents were purchased from Aldrich without further purification. Oligonucleotide synthesis reagents, LCAA-CPG solid support, 2'-O-PrOM and 2'-O-Me ribonucleoside phosphoramidites were purchased from ChemGenes. Guanosine diphosphate sodium salt was purchased from Carbosynth.

Analytical and semi-preparative high-performance anion-exchange and reverse-phase chromatographies were performed on a Thermoscientific Ultimate 3000 system equipped with an LPG3400RS pump or HPG3200BX pump, a DAD 3000 detector and a WPS-3000TBRS autosampler, column oven TCC-3000SD. IEX-HPLC was performed on DNAPac PA200 columns (4x250^^mm, 9x250^^mm, or 22x250^^mm, Thermo Scientific). The following HPLC solvent systems were used: 5^% CH 3 CN in 25^^mM Tris-HCl buffer pH^^8 (eluent A) and 5^% CH 3 CN containing 400^^mM of 10 NaClO 4 in 25^^mM Tris-HCl buffer pH^^8 (eluent B). Flow rates were 1^^mL/min, 4^^mL/min, or 9^^mL/min for analytical, semi-preparative and preparative purposes, respectively.

Reverse-phase C 18 HPLC analysis was conducted on a Nucleodur column (C 18 3^^μm, 4.6×75^^mm, Macherey Nagel) column. The following HPLC solvent systems were used: 1^% CH 3 CN in 50^^mM TEAAc (eluent C) and 80^% CH 3 CN in 50^^mM TEAAc (eluent D). The flow rate was 1^^mL/min. UV detection was performed at 260^^nm. Chromeleon software was used. MALDI-TOF mass spectra were recorded on an AXIMA Assurance (Shimadzu), using a saturated solution of 2,4,6-trihydroxyacetophenone in a solution of acetonitrile/ammonium citrate (0.1^^M) (1^:^1; v/v). The samples were mixed with the matrix in a 1^:^1 ratio (v/v) crystalized on 384-well stainless steel plate and analyzed.

UV quantification of RNAs was performed on a VWR UV-1600 PC UV/visible spectrophotometer by measuring absorbance at 260^^nm and using quartz cuvettes.

RMN analyses were performed on a Bruker 400^^MHz and spectra were edited with MestReNova.

Preparation of 7m GDP bis(tributylammonium) salt

To a solution of guanosine diphosphate bis(tributylammonium) salt (550^^mg, 0.62^^mmol, 1.0 eq) prepared from commercial guanosine diphosphate sodium salt [11] in anhydrous DMF (5^^mL) was added methyl iodide (251^^µL, 4.06^^mmol, 6.0 eq). The reaction mixture was stirred at room temperature for 2^^h. The solution turned yellow and a gum or a precipitate appeared. The reaction was monitored by reverse-phase C 18 HPLC with a 10^^min isocratic elution (eluent C) then a 10^^min linear gradient of 10^% eluent D in eluent C. The reaction was quenched by adding water (20^^mL) in case of gum, or the precipitate was filtered off ( 7m GDP bis(tributylammonium) is not soluble in anhydrous DMF). The aqueous layer was washed 2 times with diethyl ether, and concentrated under vaccum. The pale yellow crude material was purified by flash column chromatography on a reverse-phase silica gel column C 18 (120^^g, 40^^µm) with an isocratic elution of 1^% CH 3 CN in 30^^mM TEAAc buffer during 8^^CV then a 0--5^% linear gradient of 5^% CH 3 CN in 30^^mM TEAAc buffer for 5^^CV. The fractions containing the pure compound were pooled and concentrated under vacuum.

The residue was taken up in water, passed through a Dowex-50^^W X8(H) resin column [11] and the resulting solution was lyophilized from water to obtain a white powder (324^^mg, 0.39^^mmol, 63^%). The product was characterized by 31 P NMR and 1 H NMR.

Automated synthesis of RNA oligonucleotides

RNA synthesis was performed on an ABI 394 synthesizer (Applied Biosystems) from long chain alkylamine controlled-pore glass (LCAA-CPG) solid support with a pore size of 1000^^Å (Chemgenes). The 5'terminal adenosine can be unmodified A, or methylated in 2-OH (Am), or in N6 position (m6^^A) or in both positions (m6Am). The 5'-O-DMTr-2'-O-Me-3'-O-(O-cyanoethyl-N,Ndiisopropylphosphoramidite)-A Pac (Chemgenes) was used to introduce A m at the 5'-end of RNA or internal positions. For synthesis of m6 A-containing RNAs or m6 A m -containing RNAs, the preparation of m6 A and m6 A m phosphoramidite building blocks was performed by a selective one-step methylation [19] of the commercially available 2'-O-PrOM-A Pac -CE phosphoramidite or 2'-O-Me-A Pac -CE phosphoramidite, respectively. Synthesis and data on 2'-O-PrOM-m6 A Pac -CE phosphoramidite are presented in the supporting information.

Synthesis of solid-supported 5'-O-phosphoroimidazolide RNA

After assembly, the CPG beads were dried under a stream of argon. A solution (2^^mL) of 1^^M diphenyl phosphite (0.4^^mL) in dry pyridine (1.6^^mL) with activated 4^^A molecular sieves was passed manually (with a plastic syringe) through the Twist column and left to stand for 30^^min at 40^°C. The CPG was then washed with acetonitrile and a 0.1^^M solution of triethylammonium bicarbonate (TEAB, pH^^7.5) was applied to the column and left to react for 45^^min at 40^°C. After several washings and drying under argon, an oxidation solution containing imidazole (150^^mg) in acetonitrile (0.8^^mL), bromotrichloromethane (0.8^^mL), triethylamine (0.1^^mL) and N,O-bistrimethylsilylacetamide (0.4^^mL) with activated 3^^A molecular sieves, were added under argon and left to react for 2^^h at 40^°C. The solution was removed and the support was washed with 3×4^^mL of anhydrous CH 3 CN and dried under argon.

Capping reaction with 7m GDP bis(tributylammonium) salt

In a dry 4-mL screw-capped glass vial, 7m GDP bis(tributylammonium) salt (45^^mg, 54^^µmol), zinc chloride (60^^mg, 0.44^^mmol), and activated 4^^Å molecular sieves were mixed in anhydrous DMF (0.5^^mL). This solution was passed manually through the Twist column and was left for 17^^hours at 40^°C. The CPG was washed with dry DMF (1×4^^mL), then a 0.1^^M solution of EDTA disodium salt (3×4^^mL), water (3×4^^mL), anhydrous acetonitrile (3×4^^mL), and then dried under argon.

Deprotection and release of 7m GpppRNAs from solid support

The solid-supported RNAs were deprotected and cleaved from the support as follows. First, a 1^^M solution of diazobicyclo-(5,4,0)-undec-7-ene (DBU) in anhydrous CH 3 CN was applied through the column for 3^^min. Then beads were transferred in a screw-capped glass vial and a 7^^N methanolic ammonia solution (3^^mL) was added. After 3^^hours at 40^°C, the mixture was filtered and the filtrate was recovered into a round-bottom flask 1 (25^^mL), the beads were washed twice with anhydrous CH 3 CN. In a second round-bottom flask 2 (25^^mL), the beads were washed with a 0.1^^M solution of TEAAc (pH^^7) then with water twice. Isopropylamine (50^^µL) was added in each round-bottom flask, [8] and the solutions were evaporated and co-evaporated with water under reduced pressure with a water bath at 30^°C maximum. The residues were dissolved in water, transferred in a 2^^mL-Eppendorf™ tube and lyophilized.

Analysis and purification of 7m Gppp-RNAs 1--41

The crude 7m Gppp-RNAs 1--41 were analyzed by MALDI-TOF spectrometry and anionexchange HPLC using a 0--15^% or 5--30^% linear gradient of buffer B in buffer A. The crude mixture was then purified by semi-preparative or preparative automatic IEX-HPLC using a 0--15^% or 5--30^% linear gradient of buffer B in buffer A at 25^°C or 75^°C. The pure fractions of 7m Gppp-RNAs were pooled in a 100^^mL round-bottom flask and concentrated to reduced pressure at 30^°C. 

Figure^^1

Chemical structure of various caps at the 5'end of RNA and potential methylation sites in the cap structure.

Scheme^^1 On-column synthesis of 7m G-cap RNA anchored to solid-support then deprotection and release of 7m G-cap RNA.

Scheme^^2 Preparation of large quantities of 7m GDP tri-n-butylammonium salt from commercially available and affordable GDP sodium salt after a counterion exchange.

Table^^1

List and data for synthesized 

  derivatized through the succinyl linker with 5'-O-dimethoxytrityl-2'-O-acetyl-(uridine or N4acetylcytidine or N2-isopropylphenoxyacetyl guanosine or N6-phenoxyacetyl adenosine) (Link Technologies) or with biotin 3'-LCAA-CPG 1000^^Å (Chemgenes). RNA sequences were assembled on a 1^^µmole scale in Twist oligonucleotide synthesis columns (Glen Research) using various building blocks: 5'-O-DMTr-2'-O-propionyloxymethyl-3'-O-(O-cyanoethyl-N,Ndiisopropylphosphoramidite)-[uridine, N4-acetylcytidine, N2-isopropylphenoxyacetyl guanosine or N6-phenoxyacetyl adenosine], 5'-O-DMTr-2'-O-methyl-3'-O-(O-cyanoethyl-N,N-diisopropylphosphoramidite)-[N6-phenoxyacetyl adenosine or N2-isopropylphenoxyacetyl guanosine]

  The residue was dissolved in 10^^mL of 100^^mM TEAAc buffer (pH^^7) and loaded on a Sep-Pack® classic cartridge (Waters). Desalting was performed with 10^^mL of 100^^mM TEAAc buffer then oligonucleotides were eluted with 10^^mL of 80^% CH 3 CN in water in a 25^^mL round-bottom flask and lyophilized. The residue was dissolved in 1.5^^mL of water and transferred to a 2^^mL-Eppendorf™ tube, lyophilized and stored at <M->20^°C. 16 <lit14><jnl>N. Abe, A. Imaeda, M. Inagaki, Z. Li, D. Kawaguchi, K. Onda, Y. Nakashima, S. Uchida, F. Hashiya, Y. Kimura, H. Abe, ACS Chem. Biol. 2022, 17, 1308--1314</jnl>. <lit15><jnl>M. Inagaki, N. Abe, Z. Li, Y. Nakashima, S. Acharyya, K. Ogawa, D. Kawaguchi, H. Hiraoka, A. Banno, Z. Meng, M. Tada, T. Ishida, P. Lyu, K. Kokubo, H. Murase, F. Hashiya, Y. Kimura, S. Uchida, H. Abe, Nat. Commun. 2023, 14, 2657</jnl>. <lit16><other>T. Kempe, 1998</other>. <lit17><jnl>Y. Thillier, S.^^K. Stevens, C. Moy, J. Taylor, J.-J. Vasseur, L. Beigelman, F. Debart, Bioorg. Med. Chem. 2013, 21, 5461--5469</jnl>. <lit18><jnl>A. Biscans, M. Bos, A.^^R. Martin, N. Ader, G. Sczakiel, J.-J. Vasseur, C. Dupouy, F. Debart, ChemBioChem 2014, 15, 2674--2679</jnl>. <lit19><jnl>S. Kruse, S. Zhong, Z. Bodi, J. Button, M.^^J.^^C. Alcocer, C.^^J. Hayes, R. Fray, Sci. Rep. 2011, 1, 126</jnl>. <lit20><jnl>K. Piecyk, M. Lukaszewicz, E. Darzynkiewicz, M. Jankowska-Anyszka, RNA 2014, 20, 1539--1547</jnl>.
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