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Direct intracellular delivery of synthetic oligonucleotide therapeutics
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Oligonucleotide therapeutics that induce suppression of target gene expression through degradation of mRNA, such
as antisense methods and RNA interference, are being developed, but the efficiency of intracellular delivery of
oligonucleotides, the medicinal molecules, is an issue. Therefore, various methods have been developed to introduce
nucleic acid molecules into cells. For example, the Lipid Nanoparticle (LNP) method using cationic liposomes as
delivery substrates and the conjugation method using receptor ligands on the cell membrane are widely used as useful
delivery methods, but they are not efficient in terms of delivery from endosomes to the cytosol after intracellular uptake.
However, there are various challenges such as low efficiency, cytotoxicity, heterogeneity of composition, and the need
for excessive amounts of delivery substrates after cellular uptake.

In this study, we developed membrane-permeable oligonucleotides with disulfide structures as a new delivery method
for oligonucleotides, aiming to establish a highly efficient and non-toxic delivery method of oligonucleotides into the
cytoplasm. The main research topics are molecular mechanism analysis of the disulfide method, improvement of delivery
efficiency based on structural induction of membrane-permeable units, evaluation of the pharmacokinetics of membrane-
permeable oligonucleotides in the body, and development of nucleic acid drugs for therapeutic application.

In the mechanism analysis experiment, biotin-modified oligonucleotide probes were synthesized, and the target
proteins involved in membrane permeation of oligonucleotides were recovered by disulfide bond formation reaction with
the probe molecules. Protease treatment of the recovered proteins, followed by LC/MS/MS analysis, identified several
related proteins. Protein X, in particular, had a cysteine residue on its surface that can cause disulfide exchange, leading
to the identification of a related protein that matches the assumed intracellular uptake mechanism. In the future, we plan
to identify proteins involved in the uptake of various structural derivatives and select pharmaceutical applications
according to their specificity.

In structure-derivatization, we plan to improve the efficiency of interaction with membrane proteins by enhancing the
chemical reactivity of disulfide structures, instead of the conventional linear disulfide structures and have conducted
structure-activity relationship studies. We synthesized new structures of 5- and 6-membered ring disulfides and
diselenides with enhanced reactivity due to ring distortion, and evaluated their activities. For the synthesis of the disulfide
units, we initially investigated the synthesis of the corresponding phosphoramidite forms. However, the synthesis of
derivatives with a small number of repeats of the membrane-permeable unit was possible, but the degradation reaction
accompanying nonspecific oxidation of the membrane-permeable unit competed with the automatic synthesis of the
oligonucleotide with five or more repeats of the membrane-permeable units, making the synthesis difficult. This method
facilitates the study of structure-activity relationships. This method facilitates the study of structure-activity relationships.

For the new membrane-permeable units based on cyclic disulfide structures, we confirmed the enhancement of



membrane permeability and knockdown effect depending on the number of repeats, and succeeded in identifying new
promising membrane-permeable units.

For pharmacokinetic evaluation, we evaluated the kinetics of membrane-permeable oligonucleotides with cyclic
disulfide and liposoluble units in the mouse body during tail vein injection. As a result, the synergistic effects of the
disulfide unit and the liposoluble unit were confirmed concerning distribution in liver and blood system cells. Thus,
characteristic distribution characteristics were found for various derivatives of membrane-permeable oligonucleotides
based on cyclic disulfides, providing useful information for future derivative development.

For the investigation of therapeutic application, Cy5-labeled oligonucleotides with five repeats of membrane-
permeable units were intranasally lung administered to mice, and their distribution in the body was evaluated. It was
found to reach tracheal epithelial cells and alveoli, where uptake was confirmed, mainly in type I alveolar epithelial cells.
In addition, the intracellular distribution analysis confirmed that the drug was distributed into the nucleus after a long
incubation period after administration. Based on these results, we evaluated the exon-skipping effect in myotubular cell
lines derived from mdx model mice and found that the exon-skipping efficiency was greatly enhanced in oligonucleotide
samples with membrane-permeable units, suggesting the possibility of application as a therapeutic agent for muscular
dystrophy. The results suggest the possibility of developing this technology for the application of therapeutic drugs for

muscular dystrophy.



