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mRNA JXZEIZDOWT, R-NA &EXTF ROH L DRFEZITV., TNbZiE S ¥, R-NA (I, mRNA [Z%2E
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P&\ B35 2 LT L QU iz [Biomaterials 197:255-267 (2019)], AHFFE T, Z D AT A LT F RELFRLE
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mRNA 25 & 5\ [} TR O ST,

(RN 2]
3R> mRNA BT AT AR & AT LT AN AREICHIRVMHATZ, 2 < D in vivo 7/ LR
BRa1T o BT, A ZN—Ty MR HRIZEE TH o7, £ 2 TRAIRRNZ 7 7 2EWTIC X 0 | d0ts oo
2



7 B (tdTomato) & FEH 4 DAL T WE ~ v X &2 FWiz, FERIC, 2O~ T ZADORTIEIZKT LT, 7/ LiERR A 58
Y577 A NDNA &, EkEEZHWTERELZEZ A, tdTomato DFHNBIR X4, FEMHTIE L L CHERE
THIENMERI NI, 2B, ZORSIEZ, BWERICBIT AR T T ar br— L LTHZITH DA,
(REEPEA IR 2D ERRIS A ITREECH 5,

WIZ, FEEMlZ HWTC, Cas9 mRNA, 4 R RNAREBHOE#EILEZITo72, 2 2 CIE EROBEFHE~
U A X0 BT REFE AR L CLPAsp(DET/CHE) 2 W A Z 1T 572, 5 & Cas9 mRNA: 771 K RNA
23, EEIT 11, E/VHEE T 1:45 L\ ) H A K RNA BREISGHECEN Y ) AREEENSE Sz, O
in vivo BMANFEER T, Z OfFERL 2 vz,

EIRNG 7 MfatE Tl £ 7 PAsp(DET/CHE) % FHW T M2 1519 & L7z, Z Z Tld, PAsp(DET/CHE)/Cas9 mRNA
BAIR L PAsp(DET/CHE)/ /7 4 N RNA BAKZIES L. BROBETUE~ Y AOME~EG LT, MEO kK
RIS 7 ) DAREETENEDNS B ALTZ[ACS Cent. Sci. 5(11) 1866-1875 (2019)], — 5 T, MMIZE Ik 5 2B MEH 128!
LR o T,

Z T, LU 3 2O Z KR Lz, (i) F R/RNA #HA&1K% PEG{L L., =Z&EEOM L2 B Lz, ()7 /
LHREDH R ORI B E 2 D & BN G LR IND LB 2 MIFENEG 21T o7, (i) Lo & 9
(2T F F/Cas9 mRNA AR & ~7F F/sgRNA B A2 BICHE LR TR G 2 556 [NP(Cas9)+NP(T A K
RNA); NP (% nanoparticle DWE) & . 27 F F/Cas9 mRNA/sgRNA D 3 DD EHZ 2 GLeEAEREZRHR L TG+ 5
e [NP(Cas9/ T A N RNA)DH#Z 1T o7z, T 2T, sEMZR2YMEfENT LV PEG (b7 F R & Cas9 mRNA,
sgRNA DIREW Z IR D Z & T, PEG (LT K/Cas9 mRNA/HTA K RNA OETE G = mlAERIERK S
HZ L EHER LT WO CRIMEE ~DOE G- 21T 72 & 2 A NP(Cas9/ 1 K RNA)T NP(Cas9)+NP(# 1 K RNA)
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D, BEMENRE L o TN OBEBIN BN TH D, BIE, ZoHFEZREE LTHllan T v A LAY
7 F DR EIT - TV D,

In vivo genome editing is an excellent tool in gene therapy. For its wide-spread clinical application, safe and efficient
methods are needed to introduce genome editing enzymes in vivo. Although viral vector-based approaches induce efficient
genome editing, prolonged expression of genome editing enzymes would cause off-target cleavage of the genome.
Moreover, the function of viral vectors is diminished by neutralizing antibodies to the viruses. Protein-based approaches,
including the delivery of Cas9 mRNA/single guide RNA (sgRNA) complexes, are extremely challenging in vivo, and have
issues in a large-scale production and economic costs. Thus, we focus on an RNA-based approach, especially co-delivery of
Cas9 mRNA and sgRNA, which is a safer and more economical option. Meanwhile, reports of in vivo genome editing using
RNA-based approaches are still limited largely due to the issue in delivery. Herein, we developed safe and efficient mRNA
delivery system for in vivo genome editing by combining two technologies: (i) RNA Nano-Architecture (R-NA), which
improves mRNA functionalities by hybridizing complementary RNA to mRNA, (i7) peptide engineering, which protects
mRNA from degradation and facilitates intracellular delivery processes of mRNA.

Regarding R-NA, we previously reported hybridization of cholesterol-introduced RNA oligonucleotides (OligoRNAs)
stabilizing poly(ethylene glycol) (PEG)-peptides-based mRNA carriers and improving in vivo mRNA delivery efficiency in
the lung [Biomaterials 197:255-267 (2019)]. In this study, we further improve mRNA delivery efficiency by crosslinking
between peptides [J. Control. Release 330:317-328 (2021)]. We also succeeded in introducing PEG to mRNA with preserved
mRNA translational activities [Molecules 24:1303 (2019)]. Furthermore, we successfully improved mRNA nuclease stability
by bundling mRNA strands using OligoRNA linkers, with preserved translational activity [Angew. Chem. Int. Ed. 58:11360-
63 (2019)]. Although these R-NA systems have a potential concern of immunogenicity caused by double stranded RNA
structures, we successfully avoid this concern by controlling hybridization lengths.

Regarding peptides, we previously developed functional peptides facilitating endosomal escape of mRNA to the cytosol
after cellular uptake. In this study, we installed hydrophobic moieties to the peptides to stabilize mRNA/peptide complexes
and avoid mRNA enzymatic degradation. This system induced genome editing in the brain [ACS Cent. Sci. 5:1866-1875
(2019)]. We also improve mRNA translational activity by facilitating the degradation of peptides inside cells, which enhanced
the release of mRNA from peptide inside cytosol [Sci. Technol. Adv. Mater. 20:105-115 (2019)].

Then, we combined these two technologies, R-NA and advanced peptides. For example, we improved in vivo mRNA
introduction efficiency to the brain by complexing bundled mRNA, one form of R-NA mentioned above, and PEG-
polypeptides [Biomaterials 261 120332 (2020)]. To the best of our knowledge, this is the first study to improve mRNA
polyplex stability by modulating mRNA steric structure. In addition, we succeeded in improving the functionalities of R-NA,
using newly developed peptides introduced with hydrophobic moieties mentioned above. Collectively, we developed various
formulations of R-NA/peptide complexes for improving in vivo mRNA delivery efficiency.
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Lastly, we provided design concept of mRNA/peptide nanoparticles (NPs) to deliver Cas9 mRNA and sgRNA efficiently
in vivo after intraparenchymal delivery to mouse brain [J. Control. Release 332:260-268 (2021)]. We prepared NPs in two
methods; separate formulation of peptide/Cas9 mRNA and peptide/sgRNA complexes, followed by their mixing (NPcaso +
NPserna) and formulation of peptide/Cas9 mRNA/sgRNA ternary complexes (NPcasoisgrna). Interestingly, NPsgrna was highly
unstable, while sgRNA was stably encapsulated in NPcasoisgrna. As a result, NPcasosgrna induced more efficient genome
editing in mouse brain compared to NPsgrna. Notably, PEGylated NPcasoiserna showed enhanced efficiency in genome editing
compared to non-PEGylated NPcasossgrna. Mechanistic analyses showed wider distribution of NPs in the brain after NP
PEGylation. Ultimately, PEGylated NPcasosgrna induced successful genome editing in neurons, astrocytes, and microglia.
Safety analyses revealed no detectable toxicity after the genome editing.

In conclusion, we succeeded in efficient genome editing in vivo using RNA-based approaches after developing efficient
mRNA delivery systems. This achievement provides an excellent tool to genome editing-based gene therapy with safety
sufficient for clinical applications. Furthermore, the basic technologies of mRNA delivery developed in this study will
contributed to other application fields of mRNA therapeutics, including mRNA vaccines, protein replacement therapies, and

cancer immunotherapy.



