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RNA: FROM PRIMARY TO TERTIARY STRUCTURE
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RNA: DISCOVERIES IN RNA BIOLOGY AND THERAPY DEVELOPMENT

Cell Reports Medicine, 2024, 5, 5, 101555

1869: Discovery of nucleic acids

1909: Nucleic acids contain ribose
1929: Nucleic acids contain deoxyribose
1940: Role of RNA in protein synthesis
1953: 3'-5' linkage in RNA and DNA



RNA: DISCOVERIES IN RNA BIOLOGY AND THERAPY DEVELOPMENT

- 1869: Discovery of nucleic acids

- 1909: Nucleic acids contain ribose

- 1929: Nucleic acids contain deoxyribose
- 1940: Role of RNA in protein synthesis

- 1953: 3'-5' linkage in RNA and DNA

1956
Single-stranded RNAs can hybridize
to form double-stranded molecule

1977
1961 Discovery of RNA splicing
Discovery of messenger RNA
1982
1962 Discovery of catalytic 1?98 )
Discoveries on RNA biology — Discovery of RNA replicase RNA (ribozyme) Discovery of RNA interference
1993
1?70 5 Discovery of
Discovery of reverse transcriptase microRNA
- 20007 —— -
2020
1990 2002 Approvement of mRNA vaccine
= In vivo injection of mMRNA The first use of RNAi to for emergency use(fully approved
:gh'i't' RSV usi i i to produce protein in mice destruct HCV in mice in 2021)
Developments in RNA therapy ——— nhibition o using antisense oligo
1998 2018
1993 O The first antisense RNA The first siRNA drug approved
The first study to show the modulation () drug approved
of splicing by antisense RNA 2013
O The first clinical trial of mMRNA
1995 vaccine for infetious disease
1993 @) () The first mRNA vaccine
Injection of influenza mRNA to induce desighed for cancer 2010
immune response in mice treatment in mice (O The first clinical trial based on RNAi
2004

O The first RNA aptamer drug approved

Cell Reports Medicine, 2024, 5, 5, 101555



RNA: NOBEL PRIZES RELATED TO RNA RESEARCH

Craig C. Mello
Prize share: 1/2

*2020 Nobel Prize in

*1965 Nobel Prize in Physiology +2006 Nobel Prize in Physiology or . . +2024 Nobel Prize in Physiology or
Medici RNA (F. Jacob, A Chemistry: method for genome editing Med RNA rol
or Medicine: m . Jacob, A. icine: i i ‘ icine: mi i
Medicine: RNA interference (RNAI) for gene using the CRISPR/Cas9 system (E. edicine: micro role in gene
Lwoff and J. Monod) silencing (A. Fire and C. Mello) regulation (V. Ambros and G. Ruvkin)

Charpentier and J. Doudna)

*1989 Nobel Prize in +2009 Nobel Prize in Chemistry: ribosome *2023 Nobel Prize in Physiology or Medicine:
Chemistry: catalytic properties of structure and function (V. Ramakrishnan, T. A. nucleoside base modifications leading to
RNA as ribozymes (S. Altman and T. Steitz, and A. E. Yonath) mMRNA vaccine against COVID-19 (K. Kariké and
Cech) D. Weissman)

https://www.nobelprize.org/ | Mol. Ther. Nucleic Acids, 2022, 29, 272-284


https://www.nobelprize.org/

RNA: CODING RNAs

Coding RNAs:
= £
- Blueprint for protein synthesis: mRNA \il._‘ %
- Information transfer from DNA to proteins A Transcription

A/
mRNA \;—' \‘

PROTEIN

Translation
Replication |~ > E—
\‘_~, Reverse transcription 4"
-
RNA

Cell Reports Medicine, 2024, 5, 5, 101555



RNA: NON-CODING RNAs

- Do not encode for proteins but produce noncoding transcripts
- Regulate gene expression and protein function

Non-coding RNAs:

| Non-coding RNA J

Length < 200 bp Length > 200 bp
‘ Small non-coding ] { Long non-coding J
l |
\ 4 l ¥ l l
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Nat. Struct. Mol. Biol., 2015, 22, 11-19 | Nat. Rev. Drug Discov., 2017, 16, 19-34 | Nat. Mach. Intell., 2019, 7, 246-256 | Cell Reports Medicine, 2024, 5, 5, 101555



RNA INTO THE SPOTLIGHT: WHY SO IMPORTANT IN DRUG DISCOVERY

20,000
human 2500 are thought to be disease-related Inspiration to move past a ‘protein-only’ mindset!
proteins g) RNA: unexpected diverse functions in healthy and diseased cells

<30% of these targeted by currently approved drugs

e.g., COVID
50 years ago, almost no RNA had an established function.....
CIEHARNA (016%)
7 . . Sno .12%
\@P /l_f)\{ 70-90% of the genome is transcribed to RNA pre MANA (01350
mRNA (4%)
Coding RNAs: 3% of those transcripts :::I;j;:
@)
Most of the genome yields
ncRNAs’ still to be Abundances by mass

understood!!

bioRxiv, 2023.04.04.535623 | Nat Commun., 2025,76, 7, 9592 | Nucleic Acids Res., 2020, 48, D1, D832-D889

I

Xist (0.01%)
INCRNA (0.10%)
7SL (0.10%)
mIRNA (0.01%)



DRUGGING RNA: RNA THERAPEUTICS

Oligonucleotide-based therapies

RNA-TARGETED THERAPIES

RNA-targeting small molecules

Approved 8 42

Pre-registration 1

Phase |ll 9 6
Phase I 43 16 20
Phase | 17 15 20
0 20 40 60 80 100

Number of therapies

ASO RNAI mRNA

— Since 2018, >30% of FDA-approved drugs have been biologics
- 1In 2021, there were around 700 RNA therapies currently in development (preclinical to approval)

— 20in Phase lll clinical trials (50% increase from 2020)

The Emerging Landscape of RNA-targeted Small Molecules, Alacrita®, 2021 | Cell Reports Medicine, 2024, 5, 5, 101555 | Nat. Rev. Drug Discov., 2018, 17, 8, 547-558



DRUGGING RNA: RNA THERAPEUTICS

Oligonucleotide-based therapies

PITFALLS OF RNA THERAPEUTICS

1) Susceptible to degradation and systematic
Antisense oligonucleotides (ASOs) clearance

2) Inability to cross the cell membrane and BBB
due to their strong negative charge

saRNAs promoting RNA activation (RNAa) 3) Activation of the innate immune system

RNAi-based therapy

mMiRNA mimics
Aptamers
CRISPR/Cas9-based genome therapy

RNA-based vaccines g Despite challenges, 15 oligonucleotide-based

drugs have been approved by the FDA in the last
g two decades with more being approved each year

10
The Emerging Landscape of RNA-targeted Small Molecules, Alacrita®, 2021 | Cell Reports Medicine, 2024, 5, 5, 101555 | Nat. Rev. Drug Discov., 2018, 17, 8, 547-558 | Nature, 2021, 593, 7858, 180-180



DRUGGING RNA: RNA THERAPEUTICS

Antisense oligonucleotides (ASOs)

- Among the first modalities to be used
- Bind to complementary sequences in target RNA / «J y
S
- ASOs inhibit or alter gene expression . J -
.,Nj//:o e ZO’;/" S
i \‘/f (cj“\ Of‘,}: N
‘e e
R LT
Fomivirsen | Vitravene, intravitreal injection! Daaet b
O:JL{NO - 00;0 (O
- First FDA-approved ASO (1998), cytomegalovirus retinitis = '\""‘\°‘f‘?;:\§,o\, e
(CMV) in immunocompromised patients (e.g. AIDS) w4 B
LA
- 9 ASOs approved for five separate indications ot o T T
- B
- Challenges for delivery, stability and hepatotoxicity N
TR

Proc. Natl. Acad. Sci. U.S.A., 1978, 75, 1, 285-288 | J. Int. Assoc. Physicians AIDS Care, 1998, 4, 10, 14-6 | WIREs RNA, 2013, 4, 247-266 |
The Emerging Landscape of RNA-targeted Small Molecules, Alacrita®, 2021 | RSC Chem. Biol., 2025, 6, 510-527

1_Activation of RNases

Nas
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111
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RNA degradation

Formivirsen
Inotersen
Mipomersen
Volanosorsen

Nusinersen

First FDA-approved Drug for
Spinal Muscular Atrophy, 2016
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v
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405 ) Translation
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Eteplirsen for the
treatment of
Duchenne muscular
dystrophy, 2016
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DRUGGING RNA: RNA-TARGETING SMALL MOLECULES (RTSMs)

RNA-targeting small molecules: an emerging landscape

ADVANTAGES

Druglikeness (better PK features)
Bind and modulate secondary-tertiary RNAs
Complementary to ASOs i

5 O
- Chemical tunability - medchem approach —ﬁhd-%— £ ”;y £
- More convenient administration 7 T Irad i
- Lower cost -A- — -]
Splicing Modulation Inhibit miRNA Processing
Q X
CHALLENGES T H «FE
. Disrupt RNA- -
- Potential off-target effects Protein Complexes Targeted RNA

Degradation

- Dynamic nature of RNA

Translational

a-l-@ ~5

The Emerging Landscape of RNA-targeted Small Molecules, Alacrita®, 2021 | RSC Chem. Biol., 2025, 6, 510-527

g Problematic clinical delivery of

oligo-based therapies led to

g renewed interest in small molecules

RNA-targeted small molecules
remains less advanced than ASOs

RNA Targets for RTSMs:

gRwb=

rRNA (e.g. 16S rRNA)

viral RNA (e.g. HCV IRES or HIV TAR-RNA)
MRNA (e.g. riboswitches)

NcRNA (e.g. miRNA, IncRNA)
Pre-mRNA (e.g. introns, spliceosome)

12



DRUGGING RNA: RNA-TARGETING SMALL MOLECULES (RTSMs)

OH o

0 OH Ho§ H |

\\ oo o HZN/\/WN\AN,((NI\OH _N O/\\ o

e g . Dy g
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M‘l /©*/ \IH\ (Tuberactinomycins) \\IN;jo o LINEZOLID MIPOMERSEN :sn;)g_l\ll]F:\jl\lestalirfie:,
STREPTOMYCIN fﬁ? 1953 ¢ N% (Oxazolidinones) Another FDA- o e O N
(Aminoglycosides) - PRISTINAMYCIN IA/IIA Ho—, flrstfl{llysynthetlc RNA- approved ASO NN
CHLORAMPHENICOL ; o targeting SM drug A
(Amphenicols) (Streptogramins) A /’;
1946 1949 1965 ol I 2000 2013 2020

1948 1952 1963 1998 2007 2016-2023
TETRACYCLINE . o CLINDAMYCIN FOMIVIRSEN Lo Several FDA-approved
(Tetracyclines) M lid (Lincosamides) First FDA- (Pleuromutilins) ASOs: nusinersen,
(Macrolides) approved ASO inotersen, eterplisen,

drug New class of semi-

golodirsen, viltolarsen,

7 NH, HiCg gl synthetic rRNA targeting foreen
O“‘ HO. 0 antibiotics
5 OH CHj
HO H H N
PN

RSC Chem. Biol., 2025, 6, 510-527
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DRUGGING RNA: RNA-TARGETING SMALL MOLECULES (RTSMs)
e

Small-molecule miRNA inhibitors (SMIRs) j Recogniton of mANA througr
e Stduence complementarity

and recruitment of nucleases
to repress mRNA expression

g

- Small single-stranded, ncRNAs that post-transcriptionally regulate gene expression
- Aberrant expression observed in diseases: cancer and neurological pathologies

miRNA 7| - They were perceived as “undruggable”
- SMIRs (HTS/structural approach): bind/inhibit miRNAs to prevent interaction with target mRNAs

=

; ¢
Deiters et al. (University of Pittsburg), 2008 > ‘
* First small molecule miR inhibitor (miR-21) ‘ o
A 78% decrease in miR-21 levels
l N = 87% decrease in pri-miR-21 levels
overexpression in cancers (neuroblastoma, colorectal, lung, leukemia and lymphoma...) . b Q ’ HelLa cells
* Primary screen of >1000 compounds (10 pM) ° o
* Hit 1 = optimization process = potent and selective SMIR 2 /@,@\5 /©)Lu/\
/@’NQN ©/N:N
HoN 1 2

14
The Emerging Landscape of RNA-targeted Small Molecules, Alacrita®, 2021 | Angew. Chem. Int. Ed., 2008, 47, 7482-7484 | Eur. J. Med. Chem., 2020, 788, 112008 | Methods, 2019, 167, 134-142



DRUGGING RNA: RNA-TARGETING SMALL MOLECULES (RTSMs)

Long non-coding (lncRNA) targeting SMs

_ e
- >200 nucleotides (10000 IncRNAs!) A~ HM N S
- Cellular functions: regulation of chromatin, transcriptional Diphonythuran Scatfold (OPF)
IncRNA - regulation, ...
- Effortto better understand binding pockets within IncRNAs Hargrove et al.
- Researchinto SMinhibitors still under development

MALAT1 3’ triple helix

i - Major groove
S=NH, G
HNC><:>_NH o) - Uncharacterized in vivo

MALAT1 lncRNA IncRNA metastasis associated lung adenocarcinoma transcript 1
(importantin normal pre-mRNA splicing)

SM5 "
C Sl - Major groove
N - Destabilizing
9 HCO
3

. . . . 3 CHy
« Inoncology, MALAT1 IncRNA is overexpressed leading to cancer proliferation e =n
. . . . V] A V) ]
* DPFp8 was the first small molecule targeting the triple helix U B @[N\\ - Minor groove
Y B . HaC u’ ) N\Q - Destabilizing
vl ALY HoN
U A U
¢ SMb5 and SM16: modulate triple helix dynamics Y = = B B
* Reduces MALAT1 transcript abundance in breast cancer models Pl Py - il e
OH
A % E HO (e) N
G U
J) “@ "
Hoogsteen bond s Rotdiko
Watson-Crick bond - Aromatic moieties
2 X\{?r:)ig?r?:!iéraction - Heteroatom moieties

- Major groove
The Emerging Landscape of RNA-targeted Small Molecules, Alacrita®, 2021 | Chem. Commun., 2020, 56, 14744-14756 | S 15
Nucleic Acids Res., 2020, 48, 14, 7653-7664 | Trends in Pharm. Sci., 2025, 46, 8, 703-721 | Angew. Chem., 2018, 130, 40, 13426-13431



DRUGGING RNA: RNA-TARGETING SMALL MOLECULES (RTSMs) Post-Transcriptional Regulation: Pre-mRNA splicing

Pre-mRNA targeting SMs - Splice modifiers

—}—v 3
| ——

DNA

l Transcription

Phillip Sharp and Richard Roberts, 1993
Nobel Prize in Physiology or Medicine -
discovery of "split genes”

e e

‘// \\‘ Alternative Splicing

mRNA . 0O B W BN 0 £ 0

| | | | rensiaton

ol GERR

- Splice means JOIN Protein g o) 'S S
- Introns (non-coding seq) and exons (coding seq) soforms
- Inthe nucleus, before the mRNA can be exported to the cytoplasm

Pre-mRNA

1. Epigenetics M—’. 209

4"’ s ...--"".- -""'n._‘ \
A - — —— | normal / %

=
)

—

2 easscription \ 6. Folding T 7. Post-translational

"',.,..‘ '-"..---.__'_.. R ".“ m ?\ \“‘ modifications
B N [ ne R

""" . ., ’,".“ beta-thalassemia [ & QA “_py»wf j“ 5
Cc -—._”—‘F_ ““u\ ,\\‘(;\ s 3. Splicing Q‘ /\.5 5. Translation

' \ L,»JL Pre-mRNA\/ //, 7
Defective splicing causing beta-thalassemia N, S
[ rRNA 4
shortage of healthy red blood cells and anemia \77/ 4

16
Gene Expr. 2002, 70, 79-92 | Biochim. Biophys. Acta, 2012, 71879, 6, 538-45 | RSC Chem. Biol., 2025, 6, 510-527



DRUGGING RNA: RNA-TARGETING SMALL MOLECULES (RTSMs)

Pre-mRNA targeting SMs - Splice modifiers

Group Splicing mechanism Location
. . Bacteria, organelles,
Self-splicing, uses external guanosine .
Group | bacteriophages, and
cofactor - .
some eukaryotic nuclei
S—
Self-splicing, forms a lariat structure Chloroplasts,
Group Il during splicing and can involve mitochondria, bacteria,
reverse transcriptase and some archaea

Spliceosomal

Processed by the spliceosome in the

Nuclear pre-mRNAin

introns nucleus eukaryotes
tRNA (or BHB) . . Nuclear tRNA in
introns Spliced by a specific endonuclease eukaryotes and various

Spliceosome-catalyzed splicing

of pre-mRNA

HIGHER ORGANISMS
Spliceosome
. == 1= DNA
et/ '
—— 3 = Sk, RNA .
| ' S
P 5 ) ANA T
| \ b
A
2o '
P — mc%ﬂgw-‘
| b
" (S e

Cell, 2009, 736, 4, 701-718

RNAs in archaea

Introns as a
Potential Target for
Antibacterial or
Antifungal
Compounds

protein

71

<

—

Intron as autocatalytic self-splicing

(2 steps)

Self-splicing introns

Group II intron structure

Group | Group Il
/7 " i
/ /\\‘ { BACTERIA
ky ( 2
\ 1o HO=A) ————T—— ONA
Pe—p’ Pe—p/
5 E 5 P
3 3
///-\' //—\\"\
PG \) L \\1
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Olip of)p-/ ———— ] m:::qu
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wWOH

= (0} ~
M o OH

E7107
(Pladienolide B)

Suspended (Toxicity)

First of a new class of
anticancer agents
targeting the
spliceosome

- Interacts with SF3b
- Blocks splicing of
oncogenes

H3B-8800

Granted orphan drug

status by FDAin 2017

clinicaltrials for severl
types of leukemia

Phl (2016-2024):
insufficient efficacy at
the tested dose levels

- Modulator of a
spliceosome complex
SF3b

4H3

Biomedicine

Pre-mRNA targeting SMs - Splice modifiers

Branaplam

July 2021:
discontinued clinical
development for SMA

Phllb trialin HD
FDA granted orphan HD
Dosing suspendedin
2022

- Stabilizes double-
strand structure
formed by the SMN2
pre-mRNA and U1
snRNP complex

') NOVARTIS

The Emerging Landscape of RNA-targeted Small Molecules, Alacrita®, 2021 | RSC Chem. Biol., 2025, 6, 510-527

DRUGGING RNA: RNA-TARGETING SMALL MOLECULES (RTSMs)

PTC518
(Votoplam)

Phlill for Huntington's
disease (HD)
Phll completed
positive results in 2024

- Promotinginclusionin
mRNA of a
‘pseudoexon’
containing a premature
stop codon

PTC )

{ THERAPEIJTICS

/ Approved \

(EMA - Feb 2014)

O-N OH

Translarna
(Ataluren)

In 2025, EMA
discontinued:
effectiveness not
confirmed. Availablein
UK.

Reads through a
stop codonin
Duchenne's
muscular
dystrophy (DMD)

PTC

\ { THERAPEUTICS l /

Approved
(FDA - Aug 2020)

Risdiplam
(Evrysdi)

Treatment of spinal
muscular atrophy
(SMA)
Phenotypic screen

Oral medication

- Stabilizes an RNA-
protein portion between
SMN2 pre-mRNA and U1
snRNP, to direct splicing

CRochey PTC)
Y,

18




DRUGGING RNA: GENERAL APPROACHES TO IDENTIFY RNA-BINDING SMALL MOLECULES

HTS of large, diverse libraries against multiple targets

— Substructure-based similarity searching

— Fluorescence-based screening
— Affinity-based screening

— Small molecule microarray

- Fragment-based screening

— DNA-encoded librarys screening

— Virtual screening (Docking and ML)

— Phenotypic screening

—_—

Ligand-based

Target-based

”System-based”

2-DOS = 2-deoxystreptamine
DAP = 3,5-diaminopiperidine

J. Med. Chem., 2009, 52, 12, 3753-3761 | RSC Chem. Biol., 2025, 6, 510-527 |
ACS Chem. Biol., 2023, 78, 11, 2336-2342 | JACS, 2022, 144, 45, 20815-20824 |
ChemMedChem, 2021, 76, 17, 2588-2603 | Expert Opin. Drug Discov., 2023, 18, 2, 207-226

Known RNA-targeting SMs

HaN
NH. OH OH
HO, HN—  J—NH OHHN 2
- HN h nH, 0 On,, A NHz
HO U_(Oy NH : C(P
0 L HO™ ™ H,N" “NHz “OH
HO HOr OHO  ©OH H
DJK{ HoNT OH

Tobramycin

HaMN OH HN
@ bl 0
HO" v OH OH HaNa A aNH o~

06:._ /!\.‘_\.0;,_ - H b )\P_-
0N =
H.N ~ 0. . =

X \/\l)‘ NN Y oH fi, oH on M

Genlamicin

Substructure in a new scaffold

HZNUNHZ

N
N)%N

C|:©)\N/)\N NH;
Cl q

NH,

Zhou et al., 2007

2-DOS as conserved
core scaffold between
aminoglycosides
binding 76S rRNA

DAP: retained RNA-binding
(synthetic mimetic)

Low rRNA affinity
increased via
attachment to

triazine

>55 3,5-diamino-piperidine antibacterial aminoglycoside mimetics
In vitro transcription—translation assay against E. coli (IC;, =7 pM)

1€




DRUGGING RNA: GENERAL APPROACHES TO IDENTIFY RNA-BINDING SMALL MOLECULES

HTS of large, diverse libraries against multiple targets

— Substructure-based similarity searching

— Fluorescence-based screening n
— Affinity-based screening

— Small molecule microarray

- Fragment-based screening

— DNA-encoded librarys screening

— Virtual screening (Docking and ML)

— Phenotypic screening

J. Med. Chem., 2009, 52, 12, 3753-3761 | RSC Chem. Biol., 2025, 6, 510-527 |

Ligand-based

Target-based

»System-based”

ACS Chem. Biol., 2023, 78, 17, 2336-2342 | JACS, 2022, 144, 45, 20815-20824 |
ChemMedChem, 2021, 716, 17, 2588-2603 | Expert Opin. Drug Discov., 2023, 18, 2, 207-226.

a. Fluorescence-based screening

FRET RNA

probe qPCR

b. Affinity-based screening

Size exclusion

Chemical
library

o

ATm

+ Small

relative fluorescence unit

molecule

Chemical
library

temperature (Celsius)

c. Small molecule microarray

Fluorescently
labelled RNA

Small molecules
immobilized onto a microarray plate

RNA chromatography

°s| RP-HPLC

Mass spectrometry

Abundance

m/z

d. Fragment-based screening

Fragment
RNA library

F

000000000000

o

F F
7
o

00000000

00000000
00000000

0000000
0000000
00000000

0000000000
0000000000
0000000000
Q000000000
Q000000000
Q000000000
0000000000

i

e. DNA-encoded library screening

Immobilized

RNA
Small molecule  DNA barcode
s TIILTITT
O
N/

DNA-encoded library

DNA amplification

f. Virtual screening

RNA
3D strucﬁure

N
€%~ Chemical

= S database
> %t @
L A

DNA sequencing
g. Phenotypic screening
Cell culture

000000000000 i 000000
000000000000 Chemical 000
000000000000 library @00
000000000000 000
000000000000 o 000
000000000000 000
000000000000 000
000000000000 000

00000000

Hit
A

L4

/¢
s33%8
06000 | Small molecules
§§§§§ :’hat_prgdttljcest
88999 | desired phenotype
00000

9F NMR-based fragment screening

Mix 1 I |

L L |
Mix 3 |I l
L
"L |

ppm

Docking
Binding energy prediction

Synthesis and assay

Target identification and
mechanistic studies

20



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20

