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Development of targeted protein degradation system using RNA aptamers
WFERIRE £ : 644 A 156 A~Ff 843 H 31 H

MHERRsEREE K4k Eih
Keisuke Fukunaga

WHIEPHE RS PrEisRE - W08 - Bk
ERERZAENE IR W7 - EEFHIBGESEREERNE 7 =27 b7 v 7 HEEER  HEHd%
Associate Professor, Institute for Tenure Track Promotion, Organization for Promotion of Research and

Industry-Academic Regional Collaboration, University of Miyazaki

IT HrZEBHF OME

B R BRI X A T4 F (PROTAC) 1%, 2B XF o U H—F (B3) AV Vv REENZ 7 BiES
UH» K& A —TCTHfE Lio~T 2t EMORKHTH Y | B3 LIENZ VX7 EE N THIGEHESE5 Z LI
L0, EmYE o RIEORY) X F U ALB LN T T T Y — MM L DS 5 HA Cd 5, PROTAC 14,
PER DAR Y -3 TIIARRERL B NN EE T H - 7= IERER R & V37 B 2 AISRAE )~ LR U152 50T B e A3
EXVT 4L LTHEEIN TS, —F T, BfREGR T >y R0, &2 WITHERIZFHMED R W4
URZBEIZRLTIE, B U RIZESKERMO T 7o —F TIIxHe RS TH D E W ENH H, =
NoDT U RT Yy HTNE—=0y MRS D078 0 Fax et A ORENL 1T, BIBENIIEI 61T D BB R RIS
D—D>TH D,

AHFFERRFE TIL RNA 7 7~ — DR DRV Fidilkeds K OBAIRRGH R EICE B L, X 78 B
X=X F U H—8 (E3) ZFFFIAE7R RNA 7 7' % ~—% @A L7z RNA 7 7% ~—fik PROTAC (E4FFME:
RNA 7 72~ —) Zikat L, 1R 2 37 B kg (TPD) AT o7, MlaN O FE e & R 7 B fiREERE T o
HavxFr-rar 7TV —AREEHL, S TEX VT4 LTO RN 774w —IZ X VERZ T8
TR~ B L G R R LT A Z LA HE LTV D,

HAREIZIZ, HFEE N SELEX ICK VEG L2 E3 U W —E XA T2 RNA 77 F < —L | DNARIRICESE 9
LB OREN 2 X7 (A~D) ([HREETDBEMO RNA 7 7 4 ~—Zf@ha Uiz ERFRIERNA 7 7 4 ~ — % {E
L. {EMREM 21T o 72, F72, SR X B AFRIE L Uiz TPD GV R 255 L, 4y Tkt i L OB
Db, I HIC E3 U —EBRAET 7 ¥ ~— O BB LOFHEUG &8 U CofFashsomn L2 X7, K
WFFEBAYE 208 U C, RNA 7 7" 2 ~— & FW T2 ok B B i O BT REME . d6 L ORRGHEEHT BT 2 A Jn LS
BFon, SEHEEBEICBT 5 ERAEIFILLTOEY Th b,

it

a



1) RNA ki PROTAC D& BeimAL.

TPD & 2 & EAIZ I3~ 5 7260, B2 AN 2 VN TRl R 2 A5 U2 DS PE 2 MRE L7z, BARRICiE, 7
27 VL R—%— (EGFP-RBP-FLAG/mKate2) ZH4# L7-A— /A U7 F A3 K DNA ZHEEE L7=, EGFP-RBP-
FLAG s 7. BEL U mkate2 B FILP2A U U I —IZ XV EFEL, H—7 v — X — T CHRBHAITL5FIE L
Too RRIZED . HIBEEOIX S D& Z4HIE L7 by Rk Bin 2 @ BRICFHE T 5 2 & N ahe L 2 o 7=,
HEK293T Ml 43477 A REZEAL, 7u—HA MA N — U&7 ny bEIOEA L ——5H
B EIEUC K 0 BT 21T\, EGFP-RBP-FLAG 35 1 O\ mKate2 D BAREZR SR HHEZE S 7=, mKate2 |THIE B X
OMZIZ A B —J7, EGFP-RBP-FLAG (TPD L' AR —4 —) I[TEICHREICRIEL TWD Z L 2R LTz,

X 51T, ARFHERORERFEL LT, # /37 PROTAC (bioPROTAC) %Zg%it L. TPD LiK—& — D/ fifih
WMARAT, GFPIZHEAT 5 —AREHUAD C Kilc T 7 VRS EZ@E LTc o Fa W& 2 A, BT
IZBW TR IRTER 72 TPD LAR— % — ORI BRBIEE STz, /2, 28X T2 - 7 a7 7 Y — AR ER 0L
WL RN TN SN2 D, 2 X T - T T Y — ARBIKGTR e 0 ChH D T & R L
77

PRI, B RNA 7 7 % = —Pepper ZE 7 /L% & LT RNA OBRAL, B X OSHIIARNZEB OME 21T - 72, 728,
Pepper [ZA X ¥ 74—/ K RNA WIZEA U7z, BRIRIL RNA, F72IXESR RNA 2 U6 7'mE—H — TG L |
HBC620 Yeta D, M L — —BAMEIBIE 217 o 7o BRfRAK RNA IRELELIR RNA & Bl L TmWaoh s 7 v &
R, VAR 7 LT —EBEOm EAVRE Sz, 512, MaNFEEIC S ZRNRD Hiv, o rEESHiamn
EENCHE A 525 2 LINHG )L 22 o7, HEK293T, HeLa % AV CTikBR 21T - 7= 08 WAtk CEEER U Th
o7z, 5, Pol II2THD MW 7 aE—HF—THIERNA 77 ¥~ — 2 BB S 72854 MIRE NI TR O
EELTRIELTEY ., RNA T A2~ —F BT OW e E—& — |30 L TWARWE SR T 7,

I, ZHFAEMERNA T S~ —OT T —MERTDH Y o —ROBE ET o7, U6 T RE—F—TF
TTPD MM D RBP & 2B FF U H—E X OBGITHIA TE 2 _HAFRMERNA 7 7 F ~— 2 RS, 7u—
PA b A RY—IZED TPDIGHOFMEIT -T2, 772 ~—D FRaP—0EW, Vo —E, 774 ~—0H
JA. RNA BRALOFEEIZ LV AHAG DERICHE 21TV HRFRME RNA 7 7 % ~ — D0 X F A AR HHm A5
bz,

2) AIBRIBR Y Ry B O RS

B ORISR 2 7 (A~D) ZRRE LT, BERMORNAT 77X ~—L B3 Y H—E XFEARNA T 74~
— @G L7 ZERFRMERNA 7 X v — R L, ZAUD OFSINIEA ¥ ¥ 7 4 —/L R RNA WIZHAAGA A, BRIk
{L.RNA & U CHEFIPNFE Bl & 72, HEK293T MBS T8 A L —ERERIAIC & o/ 7 BB R 2 310 L 72/ 2R
WIS CIXE B 2 R SIIMER S o Tz, L LRSS, ZHEARERICER ORERTNE (77
) OREEEE L, 77 AI RINABEABEOEBE(LEITo7oL 24, BKMICETOEN S Ry EREBLE
DD BB STz, TEFD PROTAC Bt & RIS, " HHHEM RNA 774 ~— &2 W= 0FE T AT AICEB
WTh, TPDIEMORIBUTITT 77~ —REOHRFPEELRERTH D Z PRI NI,

3) BHLRNA 7 7 & ~— DBIRC & B S MEssEIEtm_E OB

E3 U A —¥ X ICxtd fEABAMR L2 B LT 72 ~—DERIKT A 77 Y — &5 L, & SELEX
ZEHE LT, £ ORR, FEEBY OURME S HERS Sdv, Bl F OBRITAE) Uz, S L7z RNA BAA Ot & SEER
BT, XK 5 5 BRSO & HERR LT,

S 510, HIFED E3 U H—PHIICKIT B RNA 7 74 ~ — DB btk de, ZOREE, —#o E3 12 L CIdH
e AR BB 35 1 OMBE KBBS00 H B 28200 By LT — 5 O SR AT T 40 70 P AL B FL AR 2 SR
Nz, 18 DI EHES% VT TPD IEHE ORI 1T > 7 i, BFI 2 & ICIEHEEARD b,

9.



Proteolysis targeting chimeras (PROTACS) are a class of heterobifunctional molecules composed of a ligand for an E3
ubiquitin ligase and a ligand for a target protein, connected by a linker. By artificially inducing proximity between the E3
ligase and the target protein, PROTACs promote polyubiquitination of the target protein and its subsequent degradation by
the proteasome. PROTACs have attracted attention as an innovative drug discovery modality, because they enable the
conversion of non-enzymatic proteins, which are difficult to inhibit using conventional small-molecule drugs, into tractable
drug targets. On the other hand, for proteins that lack well-defined binding pockets or exhibit high structural flexibility,
conventional approaches based on small-molecule ligands remain challenging. Establishing an effective molecular design
platform for such undruggable targets therefore represents an important unresolved issue in drug discovery research.

In this study, as a novel approach to address this challenge, we focused on the high molecular recognition ability and
sequence design flexibility of RNA aptamers. We designed RNA aptamer-based PROTAC: (i.e., bispecific RNA aptamers)
by fusing aptamers capable of recognizing a target protein and an E3 ubiquitin ligase and evaluated their ability to induce
targeted protein degradation (TPD). The objective of this study is to establish a technological platform that utilizes RNA
aptamers as a new molecular modality to induce degradation of target proteins through the ubiquitin-proteasome system.
Specifically, we constructed bispecific RNA aptamers by combining an RNA aptamer that binds to E3 ligase X, obtained by
SELEX, with RNA aptamers that bind cancer-related target proteins (A—D, tentative names), and evaluated their TPD activity.
In addition, we established a TPD activity evaluation system using fluorescent proteins as a reporter and sought to improve
degradation efficiency through optimization of sequence design and expression conditions, as well as through refinement and
identification of novel E3 ligase-binding aptamers. Through this study, we accumulated fundamental knowledge regarding
the feasibility and design principles of RNA aptamer-based protein degradation technologies. The main results of each section

are as follows.

1) Structural optimization of RNA-based PROTACs

To quantitatively evaluate TPD activity, we constructed a degradation evaluation system using cultured cells and validated
its performance. Specifically, we developed an all-in-one plasmid for mammalian cells encoding a dual-reporter system
consisting of EGFP-RBP-FLAG (RBP: RNA-binding protein) and mKate2. EGFP-RBP-FLAG and mKate2 were fused via a
2A sequence and designed to be co-expressed under a same promoter. This system enabled quantitative evaluation of
degradation activity while correcting for cell-to-cell variability. The plasmid was introduced into HEK293T cells, and the
system was analyzed by flow cytometry, Western blotting, and confocal laser scanning microscopy. While mKate2 was
distributed in both the cytoplasm and nucleus, the EGFP-RBP-FLAG (TPD reporter) was predominantly localized in the
cytoplasm.

To validate the functionality of this evaluation system, we next designed a protein-based PROTAC (bioPROTAC) and
attempted to induce degradation of the TPD reporter. We used a GFP-binding single-chain antibody fused to a degron sequence.
Under co-expression conditions, a time-dependent decrease in the TPD reporter was observed. Moreover, degradation was
partially suppressed by treatment with ubiquitin—proteasome pathway inhibitors.

Next, using the fluorescent RNA aptamer Pepper as a model system, we evaluated RNA circularization and intracellular
behavior. Linear and circular RNAs were transcribed under the U6 promoter and analyzed by confocal microscopy. Tandem
repeats of Pepper (4x Pepper) were incorporated into a scaffold RNA. The circular RNA aptamer exhibited higher fluorescence
intensity than the linear form, suggesting improved cellular stability. Interestingly, differences in subcellular localization were
also observed, indicating that RN A structure influences intracellular behavior. Similar results were obtained in both HEK293T
and HeLa cells. On the other hand, expression of the fluorescent RN A aptamer under the CMV promoter resulted in punctate

cytoplasmic localization, suggesting that the Pol II system is not suitable for aptamer expression.
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In addition, we tested the linker length between the two aptamer domains in bispecific RNA aptamers. Under the control
of the U6 promoter, bispecific RNA aptamers capable of binding both the RBP domain in the TPD reporter and E3 ligase X
were expressed, and TPD activity was evaluated by flow cytometry. Combinatorial analyses varying topology, linker length,

aptamer type, and RNA circularization provided useful insights into the molecular design of bispecific RNA aptamers

2) Degradation of intracellular targets

We designed and constructed bispecific RNA aptamers targeting multiple disease-related proteins (A-D) by fusing
corresponding RNA aptamers with an E3 ligase X-binding aptamer. These sequences were incorporated into a scaffold RNA
and expressed as circular RNA aptamers. Following transfection into HEK293T cells and Western blotting analysis of protein
expression levels, no significant degradation was initially observed. Finally, optimization of plasmid DNA amount led to
detectable reductions in all target proteins. Similar to conventional PROTAC systems, these results suggest that PROTAC

dosage is an important factor influencing the TPD activity.

3) Identification of novel RNA aptamers

To improve the binding affinity of a previously identified RNA aptamer against E3 ligase X, we constructed a doped RNA
library and performed reselection of the aptamer. As a result, enrichment of specific sequences was observed, leading to
successful identification of candidate sequences. Interaction analyses confirmed specific binding to the target. Additionally,
we attempted to obtain RNA aptamers against other E3 ligases. While clear sequence enrichment and emergence of candidate
sequences were observed for some targets, insufficient enrichment was noted for others under certain conditions. Functional

evaluation of these candidates revealed differences in TPD activity.



