2020 HBTFXERE LSEER
20204%12H3H, 12H14H

*—l ;E;FHYO)D}LJ}EAF”?

KRG D 7. EROERENMHEEHALFT!

HELS AR (EFFEIR M2



y N

IR (C

Y REER X Z R ONENHDIDN ?
ARFEDFIZIITEIZHIRDOH ?

AT DIAFAREIFE(CREERM TLERIND.

AEB D

PSRN

B PRMESCIHB RSN

E

X (2 FDANRS.

s EARB(CIEEARANCUNGEENLRN,

PREV(CEREDB LKL,

IR DEFC T (CSHE TSR,



S DIERE - AB I ZIESR THD
EDESRIBEIARLLDN ?

s> o>
@%fz & ? @%0} ED

dﬁm

ﬂtji RENDHX NS E D OEBICELEDZRLE T
v #wXHNMSEDORDIZVEHRZES

\~I—

E
E_




VINIAZ

Fifram SO EER 58K




Filrtias. (Sv—7I) DOIFEFE

[EE S FRiG KFHRE
AR D FETT FRDFAT RKFEDNFET
* FRNAFHRREL

ZHXIBT-AEZW
(151)

tHhRtL : bRt : thRft :

Nature Publishing Group 7XUn{tZE%= (ACS)  AVIRTA—RFRFLIE
T - S T -

Nature, JACS, ACS Chemical Nucleic Acids Research
Nature Genetics Biology

BRI XBILTEZIRTEL




FlTam S DIEXA

—fi%m v BEIEOB SR OWERRBEEZDRT
Full paper, Article, v EBSRZEG>ATA

Original paper v EREENEV

R ER v AR CIRAIM 2 BCHER T BT D

o v BELDOEZOHARINFE
Communication, v 054 L — R R R

-etter v BEEDBS
fisht v EODBFORRERRT CTEDIED

. v SBSEOMERZIX CEF
Review v SRS



s SOMHARENDE T
s S 2 15¢hs 9 B (submit)

(%ﬁ%lﬁ(editor)(:oté?l\yﬁ)

St —FIUCHREDUVGRSIH ? BEIES
i " (reject)
LIU—(BFI)ICLDER «— gt
suinnaomm (PEST review) Tevise)
i 1 - BIE —
|gEETe]  reject
(accept)

Fhitram S (CEFEFE VO TOTANA !

HAR



0B Tl |

BlD&H DI T, « |

SRS NDET

Received: 31 August 2020

Accepted: 8 September 2020

Published online: 14 October 2020

https://doi.org/10.1038/s41586-020-2801-z

Received: May 10, 2019
Revised: May 8, 2020
Accepted: September 3, 2020
Published: October 14, 2020

https://doi.org/10.1016/j.cell.2020.09.017

s SOMEIRESN TH B REN B X TICHDBEEFE (&

s S (CLDTARECERD,

EBDIR—LR=D7HdE. IDEFTOMHFTEREN
T’%%ﬁéntb\éztﬁﬁéo 8



tHE  1>2INI8J7)5— (IF)

METORZERE (LB SNzl 5
F(CH/EEN CEH%BIZ%;&

F (TR E SN iR X ER
=(CA,BH5] _ETUZ_ i SN

C
A+ B

)|

'I:III|I

II\)I—L

OW:D

. N-
. N
. N

Ay |

IF =

H<FETEZLZ !

DEHE CTOHRFOLLREHEIDEERMVDTER |



HE : 1>\ J)A— (IF)

MELDORERE (LOBLS| HeNEM) ZRISEZR

Nature: 42.8 Science: 41.8 Cell: 41.8

Nature Cell Biology: 20.0  Science Advances: 13.1 Cancer Cell: 26.6
Nature Genetics: 27.6 Science Immunology: 13.4 Cell Metabolism: 21.6

Nature Plants: 13.2 Science Signaling: 6.5 Cell Stem Cell: 20.9

Nature astronomy: 6.5

HRAAOCKRENMKFTD

10



HE : A=T>791tRX

%%b\aﬁzfﬂﬁﬂ*—lﬁ'ijﬁj;tt BirrmBUl a7z
A29—-2y N ECHBNEE TEBRIRRECT DL

S 2 BE A I D ENIK, PRAHIZFIL TLVEL
;FLED:ECD AXEHHOIEN TE D,

e LTV BURS N
TLTUYN : BFEEATBRDHR X
RS TAEICABI TE LS. TLTU> M /AR

arXiv bioRxiv




VINIAZ

=m S DERU S



s S PRI

@ FEEVPHESHENTULTESD

@ REI>DDDTHND

HIEEDBIRITFICASD
A4 N TONEEY NS eI gEEN 3D

B F—HN—A%[FES,

HFRICARS (CH T BHRP
R D EFOEN 2R SDZ TWE
ML= D X SD(CEEF]

XEf(d. JOY5%TH

AUVGRENX ZIBITUTLB A BB,

RFEDITVAVI-RESZE(CTDELL,



F—AIR—RAZ{E>THLELD

Scopus |2 SciFinder UEFEXR

INERMEEENZ W\ HARGED {EZF 2D EUERI R BRIk

FiMEETHOTEEYNT B, S5 (—8B. EE., £{ZF. i
73&:6578)

Web of Science M| [prinsas - a1 sih
ScopusotDHYﬁ%En (AR b'CEiFIJ, 5]

—TEDKEISGZELUFEDEETEL XZEEWebY A M Fv> NGNS E
EDIKEE(CE = FUY—2EES R B

_C (’ \5 ° https://www.library.osaka-u.ac.jp/off campus/

Google Scholar |£#&]| PubMed |£MEF*

GooglefMB I BERIDT—4 EYIEZIATTISEUIZERID
/\\\_Zo 5:_@/\_10




SN 100%1EUWVE(ERSR
ARARSEETE NS

v DAEOERE  FAFIMEALIELLST
v A2HZHR—23> MURIERX TIRESSN LS
v EERfFEONE  NERDIEEHIBAIICEEHD

POV A=Y S UNACA T DY Correction (§T1E)
AT EHRZFIVILLD!

S (CEEGERD, 121E. tNEANHDIZEE. |« .

Retraction (#4[@)




ASXOANBN100%1EUVEEPESRN

(WD) I\TIHhZv—F)
(Predatory Journal)

Bt COHACEZIEVRNS, BEEHSHIGETER
xB3LOHEEL T, EYIREFZITHIL
A=T>7HteREE

S/RIEDIE VG
HARIBEICRITVS

ESVOTREDIINIELL ?

Web of Science 12 Scopus REDT —IN—X|(C
BEENTLSH
M4 MIANeE89 3 (https://doaj.org/)

16



i S 2 F(CAND
® BFSv—FI THRORVGD (FRALZZHIHD)

v A9>0-R
% Open AccessThNIFEZFILTORKTH
>0 RE]

@ BFIV—FILTHEHDIRWVEL

v BRAKAOIROHMEEEZF
v RN SEDZ B (ILL Y —EX)

(® FBECEZBIVEDED)

&% | MEEEWebY A M =E[ 4[4 -
REFREDDDINTFAMDAFIE]



VINIAZ

i S DEANHY 1A Ak



i S DE R TG A

. Title (914 NL)

. Authors (E&ER)

. Abstract (B1£)

. Introduction (> b0) Figure (E)
. Results (#&5R) * Table (R)

. Discussion (B

. Conclusion (f&:)

. Methods (757%)

. Reference (5|F>ER)

O 00 N O U1 A W N =

b53h. IDTRVZEEHD



This is an open access article publishe d under an ACS AuthorChoice License, which permits
copying and redistribution ofthe article or any adaptations for non-commerdal purposes.

central
science

httpe/fpubs.acs.org/joumal’acscii Research Article
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ABSTRACT: COVID-19 is a global pandenuc, thus requiring multiple strategies to develnp modalities against it. Herein, we
designed multiple bioactive small molecules that target a functional structure within the SARS-CoV-2's RNA genome, the causative
agent of COVID-19. An analysis to characterize the structure of the RNA genome provided a revised model of the SARS-CoV-2
frameshifting element, in particular its attenuator hairpin. By studying an RNA-focused small molecule collection, we identified a
drug-like small molecule (CS) that avidly binds to the revised attenuator hairpin structure with a K of 11 nM. The compound
stabilizes the hairpin's folded state and impairs frameshifting in cells. The ligand was further elaborated into a ribonuclease targeting
chimera (RIBOTAC) to recruit a cellular ribonuclease to destroy the viral genome (C5-RIBOTAC) and into a covalent molecule
(C5-Chem-CLIP) that validated direct target engagement and demonstrated its specificity for the viral RNA, as compared to highly
expressed host mRNAs. The RIBOTAC lead optimization strategy improved the bivactivity of the compound at least 10-fold.
Collectively, these studies demonstrate that the SARS-CoV-2 RNA genome should be considered druggable.

In late 2019, a respiratory illness was discovered in China report targeting conserved, fanctional structures within SARS-
that soon would cover the face of the globe. Severe acute CoV-2's genome with small molecules to inhibit one of the
respiratory syndrome (SARS)-CoV-2, the virus that causes virus' essential processes, frameshifting,
COVID-19, has wreaked havoc on our healthcare systems, our Several groups have Lm:errngated the structure of the SARS-
economies, and our daily lives."” Shortly after its discovery, its CoV-2 RNA genome computationally and experimentally,
genome was sequenced, and that sequence was deposited into identifying a convergence of structures in both coding and
public databases. Analysis revealed that the virus is a member noncoding resinns.ll'_” The structural elements within these
of the EDfDn‘ﬂ\'Mdﬂe family and shares many features with regions could be novel targets for small molecule interven-
other strains.” tion.'” Indeed, targeting functional structural elements within
One option to combat the virus is the development of disease-associated RN As affords bioactive small mnlecules,”“

vaccnes, with several candidates generated toward the SARS-
CoV-2 spike prnteLn.‘ Vac,anes.wi]l .nnt eliminate SA-‘-\RSVF:nVV Cov'™” and SARS-Cov-2.'*
2, however, as not all susceptible in the population will be Of particular interest, sites of structural CONVErgence were

vacdnated. Moreover, this virus (and related coronaviruses) identified within the SARS-CoV-2 frameshifting element
can persist within wildlife hosts, thus posing a threat of T '

zoonotic transfer.’ Therapeutics to treat an existing infection
are therefore an urgent medical need. Remdesivir, a drug used R“'“_""“d= July 24, 2020

to treat Ebola, has had success in COVID-19 patients and Pablished; Sepember 30, 2020
garnered fast-track FDA approval.”’ However, altematives are

needed, with particular interest in those that interrupt the

virus' essential processes. Indeed, since the SARS-CoV-2

outbreak, many groups have pursued this m‘ategy."'“’ Here, we

including those within RNAs of viral origin such as SARS-

Mttped doiong/ 10,10 21/ acscentsci0 00084
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Figure 1. SARS-CoV-2's frameshifting element controls ORF translaion. (A) Schematic of the SARS-CoV-2 and SARS-CoV RNA genome,
encoding two open reading frames (ORFs ), ORF la and ORF 1b. ORF 1bis out of frame with the ATG start codon of ORF la, and thus a
frameshifting clement (FSE) between the two ORFs is responsible for its translation. This element is comprised of an attenuator hairpin (AH), a
slippery sequence, and a psendoknot element that triggers a —1-frameshift, allowing translation of ORF Ib that encodes ppla and pplab. The
SARS-CoV-2 AH contains a §'CLIU/3'GUA internal loop, not found in the SARS-CoV AH, that can be targeted by a small molecule. Small
molecule binding stabilizes the attenuator hairpin and inhibits frameshifting. (B) A microarray screen of an BNA-focused library (n = 3,271)

identified five small molecules that bind dose dependently to a model of the SARS-CoV-2

attenuator hairpin in the presence of an equimola

amount of a SARS-CoV-2 mutant in which the loop was mutated to an AU pair.

(FSE), which controls translation of the ppla and pplab
polyproteins that are critical for viral replication and patho-
genesis (Flgure 1A)."%*" The FSE comprises an attenuator
hairpin (&H} slippery site (SS), and a three stemmed
pseudoknnt that collectively can pause the ribosome to
initiate frameshifting, thereby altering the protein coding
content of the mRNA* Interestingly, enhancing the
thermnd}rmnuc stability of the FSE impairs frameshifting
eﬂ'lmencj.r "' An alternative way to inhibit frameshifting
therefore would be the stabilization of the FSE afforded by the
binding of structure-specific hgamis which has been shown to
be effective with other viral FSEs.” Herem, we have destgned
small molecules that inhibit SARS-CoV-2 frameshifting by two
different modes of action: simple binding and degrading the
viral genome by recruiting an endogenous nuclease that
functions in the viral immune response.

W RESULTS AND DISCUSSION

Small Molecule Microarray Screening to Identify
Selective Binders to the SARS-CoV-2 Frameshift
Attenuator Hairpin. A previous structural analysis of the
SARS-CoV-2 FSE showed that the AH harborsa 1 % 1 nudeo-
tide UU internal loop in its stem,': in contrast to the two

bulges formed in the stem of the SARS-CoV AH and in a
previous model of the SARS-CoV-2 AH' (Figures 1A and
SIA). This intemal loop motif was conserved in two models
generated from computational analysis that combines free
ene minimization and evolutionary conservation (Scan-
Fold™ and RNAz'') and is consistent with structural mapping
data (DMS-MaPseq) of the SARS-CoV-2 genome in infected
cells.” The conservation of this motif across these
independent studies indicates the UU loop is indeed a bona

fide structure, the binding of which could inhibit FSE function.

Thus, to identify novel small molecule binders, we studied
the binding capacity of a 3,271-member RMA-focused
compound collection, constructed by using the physiochemical
properties of all known ligands that bind RNA and procured
from commercial sources, The RNA-binding ligand data set is
howsed in the Inforna database, a catalog of experimentally
determined RNA fold-small molecule interactions identified by
our laboratory as well as those reported by others in the
literature.**” Chemotypes represented within the RNA-
focused library include benzimidazoles, bis-benzimidazoles,
guanidino-thiazoles, diaminopyrimidines, and 2,4-diaminoqui-
nazolines. To study the binding of small molecules to the
SARS-CoV-2 AH (Figure 1A}, we constructed microarrays via

TR Al d o oy 10 102 1/ e seen e D
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We previously reported a simple binding compound and its
RIBOTAC that selectively inactivate the miR-17/92 cluster
that encodes six mature microRNAs. Interestingly, conversion
of this ligand into a RIBOTAC altered the small molecule’s
cellular localization, rendenng it primarily to the cytoplasm
where RNase L is also located.”” As the replication of (+)RNA
viruses, like SARS-CoV-2, occurs in the cytoplasm, they, as
well as mRNAs in general, are well suited as targets for
RIBOTACs."*

W CONCLUSIONS

The scientiic community is pursuing multiple strategies to
address the ongoing SARS-CoV-2 pandemic, from vaccine
development to drug repurposing and discovery. On the basis
of the most recent structural studies, revealing robust
structures in the virus' genome, we tested the druggability of
the SARS-CoV-2's frameshifting element. Using AbsorbArray
and luciferase reporter-based cellular assays, we identified a hit
compound, €5, that selectively binds to and stabilizes the
attenuator hairpin of the FSE, reducing its frameshifting
efficiency in cells, Interestingly, C1 and C3 modulated
frameshifting to a slightly greater extent than C5, enhancing
translation of the in-frame ORF (Figure 2B), and are currently
the subject of further evaluation. We further elaborated C5
into a covalent binder (C5-Chem-CLIP) and an RNA
degrader (CS-RIBOTAC) to validate target engagement and
to enhance potency via targeted degradation of the viral RNA,
respectively,

Our results demonstrated that small molecules can
selectively bind to the FSE of SARS-CoV-2 and impede its
function in cells, Although the compounds will need to be
further studied and developed for affecting live virus, these
studies support the hypothesis that the SARS-CoV-2 genome
could be a reservoir of potential drug targets that can be
affected quickly by using RNA structure-targeting ligands,
While much more effort is needed for drug development, our
study suggests that small molecules can indeed engage a
functional site within the SARS-CoV-2 genome and disrupt its
cellular function, As studies have emerged on investigating the
structure of the entire SARS-CoV-2 genome, there are likely to
be other sites that can be targeted to affect the virus. These
sites can be interrogated efficiently by using structure-specific
ligands designed from sequence by Inforna™ and R.'L'BOT”LC&,
which importantly do not require binding to a functional site. -

W ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi /10.1021 facscentsci 0c 00984,

(i) Supporting Table 1; (ii) Supporting Figures 1-7;
(iii) Experimental Methods; and (iv) compound
characterization (PDF)
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