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Development of tailor-made cancer immuno-nucleic acid therapeutics
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In recent years, the limitations of conventional small-molecule drug discovery have become increasingly apparent, creating
a global demand for new therapeutic modalities. Indeed, many recently approved blockbuster drugs are biopharmaceuticals,
particularly antibody therapeutics, reflecting a rapid shift in the landscape of pharmaceutical research. Among these emerging
modalities, nucleic acid therapeutics have attracted considerable attention because artificial oligonucleotides such as DNA
and RNA can directly regulate disease-associated biomolecules. On the other hand, nucleic acids introduced into living
systems are recognized as “foreign nucleic acids” and are known to induce innate immune and cellular stress responses. The
applicant therefore sought to exploit these nucleic acid recognition mechanisms positively to develop novel nucleic acid
therapeutics that are selectively activated only within cancer cells. The objective of this study was to establish a “nucleic acid
assembly reaction—based drug discovery platform” in which intracellular long nucleic acid superstructures are selectively
constructed using cancer-associated microRNAs (miRNAs) as molecular triggers. Specifically, self-assembly reactions
mediated by hairpin-type nucleic acid pairs were designed to generate long duplex structures with different modalities,
including DNA/DNA, RNA/RNA, and DNA/RNA hybrids. These structures were expected to exert antitumor effects through
activation of distinct intracellular pathways. Furthermore, the study aimed to achieve high cancer-cell selectivity, whereby the
reactions occur only in diseased cells but not in normal cells, thereby enabling the development of tailor-made nucleic acid
therapeutics with both high efficacy and safety.

In this study, we designed hairpin-type nucleic acid pairs responsive to cancer-associated miRNAs, particularly miR-21.
Individually, these hairpin nucleic acids formed stable secondary structures; however, in the presence of a sufficient amount
of miR-21, sequential strand-opening and assembly reactions proceeded autonomously, resulting in the formation of long
duplex structures. Sequence optimization of the hairpin pairs was performed using the nucleic acid structure prediction
software NUPACK to maximize reaction efficiency while minimizing background reactions. In addition, artificial nucleic
acid technologies, including phosphorothioate modification, were introduced to improve serum stability and nuclease
resistance. Whereas our previous studies mainly focused on DNA/DNA-type hairpin pairs, the present study successfully
expanded the modality to include RNA/RNA-type and DNA/RNA-type hairpin pairs. Hairpin pairs were designed
independently for the RNA/RNA and DNA/RNA systems, and parameters such as toehold length and stem length were
optimized. Gel electrophoresis analyses demonstrated efficient formation of long duplex structures in the presence of miR-
21. Importantly, background reactions were strongly suppressed in the absence of miR-21, demonstrating high reaction
selectivity. When the optimized hairpin pairs were introduced into human cancer cells with high miR-21 expression, including
A549, HeLa, and MDA-MB-231 cells, pronounced cytotoxicity was observed. In contrast, minimal effects were detected in
normal cells with low miR-21 expression, such as HEK-293T and MRC-5 cells, indicating high cancer-cell selectivity.
Notably, the RNA/RNA-type and DNA/RNA-type pairs exhibited strong cytotoxicity even in A549 cells, where conventional
DNA/DNA systems had shown limited efficacy, thereby substantially broadening the applicability of this platform.
Mechanistic analyses further revealed modality-dependent differences in the mode of action. For the RNA/RNA-type pairs,
MDAS5-dependent innate immune activation was unexpectedly limited. Instead, RNA-seq analyses revealed activation of the
p53-p21 pathway, suggesting that stress responses induced by intracellular long double-stranded RNA formation and
subsequent cell-cycle arrest are major contributors to the observed antitumor activity. In contrast, cytotoxicity induced by
DNA/RNA-type pairs was significantly attenuated by RNase H knockdown, strongly supporting an RNase H—dependent
mechanism. These findings demonstrate that distinct nucleic acid modalities can induce cancer cell death through different
intracellular pathways. Furthermore, local administration of RNA/RNA-type and DNA/RNA-type hairpin pairs into B16
melanoma-bearing mice resulted in significant suppression of tumor growth. We also investigated systemic delivery
conditions using DDS technologies and identified delivery formulations capable of improving tumor accumulation and in
vivo pharmacokinetics. In addition to miR-21, we constructed hairpin DNA libraries targeting multiple cancer-associated
miRNAs, including miR-24, miR-27a, miR-181a, miR-182, and miR-210. Multiple candidate sequences were designed for
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each miRNA, and a total of 25 hairpin DNA pairs were chemically synthesized. These efforts established a technological basis
for the future realization of “tailor-made nucleic acid therapeutics” optimized according to the miRNA expression profiles of
individual patients. The outcomes of this research were published in leading international journals, including Angewandte
Chemie International Edition, Journal of the American Chemical Society, and Chemical Science. In addition, the results were
presented at numerous domestic and international conferences, including meetings of the Nucleic Acids Therapeutics Society
of Japan and the Oligonucleotide Therapeutics Society, attracting significant attention. Future studies will focus on
combination therapies with immune checkpoint inhibitors and optimization of nucleic acid sequences based on patient-derived
tumor tissues to further enhance therapeutic efficacy and realize personalized medicine. Moreover, we plan to accelerate
translational development toward clinical applications through advanced DDS technologies and GLP studies. Overall, the
findings obtained in this study are expected to make significant contributions to the development of next-generation nucleic

acid immunotherapeutics based on intracellular nucleic acid assembly reactions.



