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Short / Small non-coding RNAs
(sncRNA = 200 nt)

Cross-talk between the pathways of biogenesis and

function of MIRNAs, snoRNAs, tRNAs, sdRNAs
and tRFs.

» sncRNAs with well-known functions

* tRNAs (transfer RNAs) ~ 76-90 nt

* srRNA (small ribosomal RNAs: 5S rRNA, 5.8S
rRNA) ~ 120-160 nt

* snRNAs (small nuclear RNAs) ~ 100-190 nt
* snoRNAs (small nucleolar RNAS) ~ 60-140 nt

sncRNAs for RNA interference (RNAI) or
RNA silencing (short ssRNA from 20 to 30
nt)

* siRNAs (small or short interfering RNAS): from
the processing of dsSRNAs

«  mIRNAs (microRNAs): from gene transcription
by RNA Pol Il

pPIRNAs (Piwi-interacting RNAS): originally
called rasiRNAs (repeat-associated siRNAS)

New classes of shcRNAs
* tsRNAs (tRNA-derived small RNAS)
* sSdRNAs (snoRNA-derived RNAS)

2013-Martens-Uzunova_ES-Beyond miRNA-Novel RNAs derive d
from sncRNA & their implication in cancer-Cancer Lett




Les micro-ARN: biogenese et
meécanismes d’action moléculaires




The primary structure of miRNAs and siRNAs
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Les micro-ARN (miRNA) sont des acides
ribonucléiques, monocaténaires et tres courts

constitués d'une vingtaine de nucléotides, qui 3; SUpplementary

régulent négativement le niveau d’expression

des protéines des cellules eucaryotes, en 21
inhibant la traduction ou en activant la ‘
dégradation de leurs ARN messagers (ARNm). 1 3 1 6

1
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Chez 'homme, la base de données miRBase 9
(http://www.mirbase.org) répertorie actuellement
1881 précurseurs de micro-ARN et 2588 micro-

ARN matures. Central

2012-Concepcion-The miR-17-92 family of miRNA clust  ers in development & disease-Cancer J
2012-Wee-Argonaute divides its RNA guide into domain s with distinct functions & RNA-binding properties- Cell




Quelques etapes clés dans la découverte des micro-A RN (1)

Le premier microRNA, dénommé lin-4, fut découvert en 1993 chez Caenorhabditis elegans
(C. elegans) par les équipes de Victor Ambros et de Gary Ruvkun, grace a lidentification
d’'une mutation de type « perte de fonction » qui entrainait des anomalies du développement
chez le nématode.

La découverte de lin-4 a été un temps
considérée comme une « singularité »
dans la génétiqgue des nématodes
jusqu’a la mise en évidence par
I'équipe de Gary Ruvkun, en 2000,
soit sept ans plus tard, d'un deuxieme
microRNA, appelé let-7, jouant a
nouveau un role régulateur dans le
developpement de C. elegans.

« Lee RC, Feinbaum RL, Ambros V. The C. elegans heterochronic gene lin-4 encodes small RNAs with
antisense complementarity to lin-14. Cell. 1993; 75(5): 843-854.

 Wightman B, Ha |, Ruvkun G. Posttranscriptional regulation of the heterochronic gene lin-14 by lin-4 mediates
temporal pattern formation in C. elegans. Cell. 1993; 75(5): 855-862.

* Reinhart BJ, Slack FJ, Basson M, Pasquinelli AE, Bettinger JC, Rougvie AE, Horvitz HR, Ruvkun G. The 21-
nucleotide let-7 RNA regulates developmental timing in Caenorhabditis elegans. Nature. 2000; 403(6772):

901-906.




Quelques etapes clés dans la découverte des micro-A RN (2)
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Pasquinelli AE, Reinhart BJ, Slack F, Martindale MQ, Kuroda MI, Maller B, Hayward DC, Ball EE, Degnan B,
Muller P, Spring J, Srinivasan A, Fishman M, Finnerty J, Corbo J, Levine M, Leahy P, Davidson E, Ruvkun G.
Conservation of the sequence and temporal expression of let-7 heterochronic regulatory RNA. Nature. 2000;
408(6808): 86—89.

Calin GA, Dumitru CD, Shimizu M, Bichi R, Zupo S, Noch E, Aldler H, Rattan S, Keating M, Rai K, Rassenti L,
Kipps T, Negrini M, Bullrich F, Croce CM. Frequent deletions and down-regulation of micro-RNA genes miR15
and miR16 at 13914 in chronic lymphocytic leukemia. Proc Natl Acad Sci U S A. 2002; 99(24): 15524-15529.




MIRNA -> RNA-target recognition in plants and anima  Is

a Plants
AUG AGO-PIWI domain
mRNA ORF
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2011-Huntzinger-Gene silencing by miRNAs-Contributi  ons of translational repression & mRNA decay-Nat Re v Genet
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SIRNA and miRNA -> RNA-target recognition in animal s

AGO-PIWI domain

4
AN O IN N TN TN IN IN IN TN N IN TN TN IN IN IN EN TN N TN N—P 5

_ 21|19|17|15|13|211|09é7|65|3|21
SIRNA 20 18 16 14 12 1 4

ORF

2011-Huntzinger-Gene silencing by miRNAs-Contributi  ons of translational repression & mRNA decay-Nat Re v Genet
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Small silencing RNAs cannot work alone
Small RNAs(miRNA, siRNA or piRNA)

Small silencing RNAs
assemble with a member of  gi5c

Argonaute / PIWI family

proteins into the RNA-
RNA degradation

Target (RNA or DNA)

induced silencing complex
(RISC)

Translational inhibition

Transposon silencing
Genome integrity

« Small RNAs must form effector ribonucleoprotein complexes known as RNA-induced silencing
complexes (RISCs) to exert their function.
« Small RNAs guide RISCs to their targets in a sequence-specific manner.

2016-Zhai_L-Argonaute & Argonaute-bound small RNAs in stem cells-Int J Mol Sci




Origins of siRNAs
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Transcripts that are able to form double-stranded
RNA or long stem-loop structures serve as
endogenous (endo-siRNA) or exogenous (exo-
SIRNA) siRNA precursors.

Endo-siRNAs can originate from RNA transcripts
with extensive hairpin structures, from convergent
transcription units or from the annealing of sense
and antisense RNAs from unlinked loci.

Exo-siRNAs may derive from viral replication
intermediates or experimental introduction of long
dsRNAs.

£

Small interfering RNAs (siRNAs) vary in their biogenesis
mechanisms, but can be approximately divided into two
classes, depending on whether they require RNA-
dependent RNA polymerases (RARPs) for their production.

In contrast to mammals and flies, worms and plants
produce numerous endo-siRNAs using biogenesis
mechanisms that depend on the action of RARPs.

2011-Roéther_S-Small RNAs derived from longer non-co  ding RNAs-Biochimie




The cytoplasmic enzyme Dicer is central to the produ ction of sIRNAs and miRNAs

>

PAZ

Platform

Ruler
domain

b Hairpin o

loop (a) Segmented map of human Dicer with crystal structures of

homologous domains docked.

(b) Model for pre-miRNA recognition. A pre-miRNA hairpin is
modeled into the proposed binding channel of Dicer, with the
stem-loop fit in the RNA-binding cleft of the helicase.
(c) Schematic for processive dicing. The helicase translocates
dsRNA into the nuclease core (1). The PAZ domain (purple)
recognizes the dsRNA end, positioning RNase IllI (orange) for
cleavage (2). The siRNA product is released while the dsRNA
substrate remains bound to the helicase (3).

2012-Lau_PW-The molecular architecture of human Dic  er-Nat Struct Mol Biol




miRNA gene Origins of miRNAs (1)

h Transcription of pri-miRNA and Drosha-mediated

pre-miRNA biogenesis
l Transcription
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e 2011-Siomi_MC-PIWI-interacting small RNAs-The vangu ard of genome defence-Nat Rev Mol Cell Biol
e 2010-Kawamata_T-Making RISC-TIBS
e 2009-Kim_VN-Biogenesis of small RNAs in animals-Nat  Rev Mol Cell Biol




Pre-miRNAs from protein-coding genes

Protein-coding gene B—:&:"X;
gg DA
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MIRNA gpliced mRNA
production

ﬁr Pre-miRNA Microprocessor () RNA Pol Il

Most miRNAs derive from introns of protein-coding transcripts, for which cotranscriptional Microprocessor
cleavage does not inhibit splicing, thus allowing coexpression of miIRNA and mRNA from the same host
transcript. In contrast, Drosha processing of a pre-miRNA located in a protein-coding-gene exon can inhibit
production of the spliced host mMRNA. CPA: cleavage and polyadenylation complex.

2015-Dhir_A-Microprocessor mediates transcriptional termination of IncRNA transcripts hosting miRNAs-N at Struct Mol Biol




Pre-miRNAs from long non-coding RNA genes

INCRNA E—gbfp

Microprocessor cleavage at the

pre-miRNA hairpin mediates
transcription termination
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production unstable IncRNA

Microprocessor (Drosha-DGCR8) mediates transcriptional termination of most long noncoding RNA
transcripts hosting miRNAs. Microprocessor-driven transcriptional termination occurs on IncCRNA genes with
either intronic or exonic miRNAs.

2015-Dhir_A-Microprocessor mediates transcriptional termination of IncRNA transcripts hosting miRNAs-N at Struct Mol Biol




Origins of mIRNAs (2)
pre-miRNA Pre-miRNA export into the cytoplasm
and Dicer-mediated processing
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RISC assembly is divided into two major steps: load Ing and maturation

miRNA duplex siRNA duplex
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The first step is duplex loading, in which miRNA/miRNA* e, ZHEHmET , Hen1
or siRNA duplexes are loaded into AGO proteins by the mod|f|ca't|on Is added
aid of the Hsc70/Hsp90 chaperone machinery. The to the 3" end of SIRNA
guide strands by Henl.

resultant complex containing AGO and a small RNA
duplex is called “pre-RISC".

RISC maturation is initiated by wedging, in which the N domain of Ago subfamily proteins pries open base pairs at
the 3' end of the guide strand (paired with the 5' end of passenger strand). Maturation is completed by passenger
ejection, in which passenger strands are ejected from AGO proteins. Passenger ejection of miRNA/mMiRNA*

duplexes and siRNA duplexes occurs in slicer-independent and slicer-dependent manners, respectively.
2016-Kobayashi_H-RISC assembly-Coordination between  small RNAs & Argonaute proteins-BBA




Les protéines de la famille Argonaute / PIWI
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A 1

The architecture of human Argonaute-2

53 140 229 348 445 578 859

Active site Central Cleft

2017-Sheu-Gruttadauria_J-Structural foundations of RNA silencing by AGO-JMB




Close-up view of the seed region of human Argonaute -2

In keeping with the notion that Argonaute can bind

guide RNAs of any sequence, almost all
interactions with the protein are mediated through
the RNA sugar-phosphate backbone.

Surface representation of Ago2 reveals that only
guide nucleotides g2—-g4 are fully available for
initiating interactions with target RNAs.

2017-Sheu-Gruttadauria_J-Structural foundations of

RNA silencing by AGO-JMB
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Mechanisms of post-transcriptional regulation by sm all RNAs

SiRNA Transcript cleavage

AAAA

Cap_“_

MIRNA

Translational
elongation

(2) Decapping (3) Transcript decay

= Les miRNA sont des régulateurs post-transcriptionnels de | ‘'expression génique (action répressive)
= Leurrble s’exerce dans tous les domaines de la vie

* lIs régulent les mécanismes de développement et de différenciation, les processus physiologiques visant
a maintenir ’homéostasie cellulaire...

2011-Czech-Small RNA sorting-Matchmaking for Argonau  tes-Nat Rev Genet
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MiRNA-mediated translational repression in animals
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La sécréetion des miRNA par les exosomes
un nouveau mode de communication intercellulaire

CLmiRNA: miR-17

CAAAGUGCUUACAGUGCAGGUAG CLmotif
EXOmiRNA: miR-601

UGGUCUAGGAUUGUUGGAGGAG EXOmotif

ﬂ: oy B

CL-MOTIFS

EXO-MOTIFS

Proposed mechanism of the sorting of miRNA into exo somes through binding to hnRNPA2B1

2013-Villarroya-Beltri-Sumoylated hnRNPA2B1 control s the sorting of miRNAs into exosomes through bindi ng to specific motifs-Nat Commun




Exosomes are small membrane bound
vesicles sharing similar topology to the
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Changes in exosomal RNA and protein composition
can influence the response of distant cells

Hypoxia
STRESS Heat
Chemotherapeutic agents
VL Irradiation
} ‘l Starvation

Oxidative Stress
»

STRESS PROTECTION

Stress Response

Gane

The stress-induced changes in exosomal RNA and protein composition can influence the response of distant cells to stress
by providing protective signals (surveillance, drug resistance, etc.).

2014-Villarroya-Beltri_C-Sorting it out-Regulation of exosome loading-Semin Cancer Biol




Utilisation des micro-ARN comme
biomarqueurs




Les miIRNA peuvent-ils étre des biomarqueurs en pathologie ?

Oui, car aans ae nompfeuses maladies ces regulat€uls sont ed ~ x-mémes agregulés:

expression peut étre augmentée ou diminuée dans les cancers,

microRNA suppresseurs de tumeurs : microRNA oncogénes :
sous-exprimés par inhibition ou dérégulation sur-exprimés par activation ou dérégulation
de leur transcription, hyperméthylation ou de leur transcription, hypométhylation ou
délétion du locus chromosomique. amplification du locus chromosomique.
&
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$Oncogene expression

yTumor suppressor gene expression

ARN messager cible : ARN messager cible :
ARNmM des oncogénes ARNmM des génes suppresseurs de tumeur
-> augmentation de I'’expression des -> diminution de I’expression des
oncogéenes génes suppresseurs de tumeur

leur

. ainsi que dans les infections virales, l'inflammation, les maladies métaboliques, les pathologies

dégénératives...




Peut-on étudier les miRNA dans les liquides circulants ?

Effectivement la question se pose car s’ils peuvent étre des
Il faut expliquer comment on peut les retrouver dans le sang p

Minimally invasive
sampling

/ Serum

\ Plasma

2013-Madhavan_D-Cancer diagnosis & prognosis decode
circulating miRNA signatures-Front Genet

Mais représentent-t-ils la biologie tumorale ?

Circulating
miRNAs

Representation of the diagnostic, prognostic,
and predictive uses of circulating miRNAs as
a biomarker using lung cancer as an example.

biomarqueurs tissulaires
ar exemple:

—_

— Diagnostic Biomarker

= Monitor asymptomatic high-risk
individuals

= [dentification of early-stage cancer

= Discriminate between benign and
malignant disease

Prognostic Biomarker
= Predict disease outcome

= Predict progression-tree and
overall survival

= Monitor disease recurrence

Predictive Biomarker
= Monitor sensitivity to therapy and
therapy response

d by blood-based

— = Aid treatment decisions




Pourquoi et sous quelles formes les miIRNA sont-ils présents
dans les milieux extracellulaires et circulants ?

Les cellules tumorales ainsi que les cellules non tumorales liberent des
MIRNA dans les milieux extracellulaires et cette productio n peut se faire sous

plusieurs formes

Cytoplasm
Exosqme

Exportin-5 Pre-miRNA (]

Par sécrétion sous forme ;
e d'exosomes
e de microvésicules

Par apoptose sous forme
de vésicules apoptotiques

C __—
‘__r"“'—
AGO2 iIRNA  Apoptotic body

//\\\.-

Par nécrose sous forme de
complexes libres (non
vésiculaires)

Int ful IRNA
niraceluiar mMisiA 102 (Argonaute 2)
NPM1 (Nucleophosmin 1)

HDL (high-density lipoprotei

Par d’autres mécanismes

, Passively leaked miRNA
également ]

2012-Chen-Horizontal transfer of miRNAs-Molecular
mechanisms & clinical applications-Protein Cell

Extracellular miRNA

Exosome-enclosed miRNA

—_——

Shedding vesicle

—
(-]

Apoptotic body-
enclosed miRNA

Shedding vesicle-
enclosed miRNA

— -

AGO2/NPM1-associated miRNA

—

=
HDL-associated miRNA

Les mIRNA passent ensuite des milieux extracellulaires ver s la circulation

générale (ce phénomene est complexe en ce qui concerne le SNC

)




Circulating miRNAs in different types of cancer (se

A

Oral squamous cell carcinoma
1t miR-31; (- --; 0.82)

Non-small cell lung carcinoma
f miR-20 + miR-24 + miR-25 + miR 145
+ miR-152 + miR-199a5p + miR221

+ MiR-222 + miR-223 + miR-320;

(93; 90; 0.97)

Hepatocellular carcinoma
1 miR-23a + miR-23b + miR-342-3p
+ miR-375 + miR-423; (97, 100; 1,00)

Rhabdomyosarcoma
T miR-206; (100; 9&; 0.99)

Renal cell carcinoma
1 miR-378 + | miR-451; (81; 83; 0,86)

Colorectal cancer
! miR-92; {(89; 70, 0,89)

111‘
W

Urinary bladder cancer
1t miR-126 / miR-152;
(72, 82; 0,77)

5

Ovarian cancer
| miR-342-3p; (--; —; 0.86)

2013-De Guire-Circulating miRNAs as sensitive & spe

‘m

cific biomarkers for the diagnosis & monitoring of

nsitivity (%), specificity (%) and AUC)

Papillary thyroid carcinoma
1 miR-222; (81, 90; 0.91)

Oesophageal squamous
cell carcinoma
1 miR-22; (89; 86; 0,95)

Breast cancer
T miR-195; (88; 91; 0.94)

Acute myeloid leukemia
1 miR-195 + miR-142-3p;
(90; 100; 0.97)

Gastric cancer

1 miR-1 + miR-20a + miR-27a
+ miR-34 + miR-423-5p;

(80; 81; 0.88)

Pancreatic cancer
1 miR-16 + miR-196a
+ CA19-9; (92; 96; 0,98)

Prostate cancer
1 miR-141; (60; 100; 0,91)

human diseases-Clin Biochem




Circulating miRNAs in non-oncological diseases (sen
B

Acute pulmonary embolism
1 MiR-134; (—; --: 0,83)

Active tuberculosis
t miR-29; (83, 80, 0,83)

Hepatitis B virus —
t miR-375 + miR-10a + miR-223;
(99; 99; 1,00)

Cirrhosis
I miR-122 + 1 MiIR-192 + T miR-21
+ | miR-223 + | miR-26a
+ | miR-27a + 1 miR-801;
(75; 91; 0.88)

Hepatitis C virus . ¥/
T miR-92a + miR-423; (98; 99; 1,00) ..-‘.;

Sepsis
| miR-223; (80; 100, 0,86)

sitivity (%), specificity (%) and AUC)
— Relapsing-remitting

multiple sclerosis
1 Hsa-miR-145; (90; 90; 0.96)

Acute cerebral ischemia
| miR-210; (B8; 41; 0,66)

Traumatic brain injury
L miR-16 + | miR-92a
+ 1 miR-765; (100; 100; 1,00)

Heart failure
t miR-423-5p; (--; —; 0,91)

Acute myocardial infarction
1 miR-208b; (100; 100; 1,00)

Crohn’s disease
+ miR-16; (74; 100; 0,20)

Hand-foot-and-mouth disease
1 miR-148a + miR-143

+ miR-324-3p + miR-628-3p
+ miR-140-5p + miR-362-3p,
(97, 93; 0,99)

2013-De Guire-Circulating miRNAs as sensitive & spe  cific biomarkers for the diagnosis & monitoring of

human diseases-Clin Biochem




Brain-derived exosomes can be drained into the bloo d and then can be traced
to their origin as they express surface markers rel ated to their cellular origin

Diagnosis Blood stream 'l W\ Brain . |
| _
APP .
pTAU . ! \ l /
miRNA ! y
. Release of
s
exosome " u/—}_ exosomes
g \‘\\ Multivesicular
Rﬂg-_ ‘ = body
] o, N
\ A L } |
Circulating / : N ». 'y )
Enrichment of % endothelial cell -g\ L (]
exosomes { derived exosomes ﬂ / /
TN ]

Exosomes hold potential as diagnostic markers. Exosomes can be released from virtually all cell types. Exosomes released
by brain cells are able to cross the BBB and can be detected in the blood stream. Similarly, endothelial and peripheral cells
secrete exosomes into the circulation. Exosomes can be enriched from blood samples and used for detection of various
proteins and nucleic acids. Exosomal membrane markers can be potentially used to identify their cellular origin.

2016-Kanninen_KM-Exosomes as new diagnostic toolsi  n CNS diseases-BBA-ip




Utilisation des micro-ARN comme
cibles ou agents thérapeutiques




Synthetic RNAI-based drugs in phase 2-3 clinical tr  ials
Drug Target (cel roke) Chemistry / Route Disease Phase  Status/cormpletion Compary/
formulation collaborator
PF-04523655 RTP8OI / Maked siRINA, VT AMD, DME Il Completed/2013 Quark / Plizer
(PF-655) (hypoxia-inducible) O-methylated
QP-1002*" (I5NP)  p53 (apoptotic) MNaked siRINA, v AKI Il Recruiting / 2018**  Quark
O-methylated DGF 1l Recruiting / 2019%*
QR-1007 CASP2 (apoptotic) MNaked siRINA, T NAION I/l Recruting / 2019**  Quark
O-methylated, Glaucorma I Completed / 2015
changes in sense
strand
TKM-080301 PLK| (kinase) siRNA / SNALP v Solid tumors, HCC, 1/l Completed /2015 Arbutus
(TKM-PLKI) NET, ACC,
lyrmphoma
At027 PKN3 (kinase) siRNA / LIPOPLEX 1 Pancreatic cancer 1/ Completed /2016 Silence / Granzer,
FGK
SYLO40012 ADRB2 (B2 receptor) Maked siRNA Eye drops Ocular hypertersion, |l Completed /2013;  Sylentis
{Bamosiran) glaucoma 2016
SYLI0O!1 TRPY| (rociceptar) MNaked siRINA Eye drops Ocular pain in Dry i Completed / 2016 Sylentis
Eve Syndrome
Fatisiran TTR (amybidogeric) sIRNA / Lipid v T TR-mediated i Active /201 7% Alnylam
(ALN-TTRO2) partide, ApoE Amyloidosis
a5 2D-LODER KRAS (oncogene, GTPase)  siRNA / Minature Intra-tumoral  Pancreatic cancer® ] Active, not yet Silenseed
PLGA dewvice recruting /
2020%
|Mir&‘u'irEiE|'l miR-122 AntimiR, antiserse 5C Hepatitis C infection | | Il Complete /201 | Santaris
(microRNA)

oligodeoxynudectide,

LINA, PS5

IV intravenous injection; IVT intravitreal injection; LNA locked nucleic acid; PS phosphorothioated; SC subcutaneous
injection; SNALP stable-nucleic-acid-lipid particles; *2- estimated completion data; *3- siG12D-LODERs combined with

chemotherapy treatment (Gemcitabine + nab-Paclitaxel).

. 2017-Titze-de-Almeida_R-The race of 10 synthetic RN  Ai-based drugs to the pharmaceutical market-Pharm R es




Transthyretin-mediated amyloidosis
Functional forms of TTR

Tetramer kinetically Free tetramer

stabilized by tafamidis

Folded monomer

Oligomers
B g e

Misfolded
amyloidogenic
monomer

TTR structures associated with pathology

2012-Bulawa-Tafamidis, a potent & selective transth  yretin kinetic stabilizer that inhibits the amyloid cascade-PNAS




More than 100 genetic variants of the gene encoding transthyretin (TTR) are associated with
autosomal dominant forms of the disease, known as familial amyloidotic polyneuropathy and
familial amyloidotic cardiomyopathy

Phe33Cys Alad5Asp Ser77Phe
Leut2Pra Ifr::faidl_:;- Ala45Ser Seri7Thy Leut1iMet
Pheddleu S | —— B
Phedival Ghy5ach Gluglys | AlaETGly Ala120Se
}.JF"_}Ed-EE' G|U51 Gl}' .’ i ||'-"""-"".|":"| AlasTSer o =
AspdBAla e | I
|leBaL ey AlaliSer et 0T \at Thri18Met
Val2llle | . 1M Glu4ZAsp Leussirg |
ClysSer VAIZEM Glud2Gly LeuS5Pro GluBsGin
LeusEGIn Glug9lys Tyr1i4Cys
Lys35A8n ; Pro1024r Tyri14His B :
¥ ThrdS4]a | Lys70ASR | EII Proi2585er
ThragPro Thrs8Lys ¥ | |
| I
Valaoaia . T r‘rc‘:-lr 5 )
o yrEEHiS Hige
Val30Gly Sers0A | L eusgarg | Tyreole | fiEB4Ser Sert12iie Val122Ala
Val3tLeu LeusBHis Gly101Ser Val122lle
Cys104rg Val30 Met S Wal122 ()
SEFDL T
Gt Arg1d4Cys - r116Ser
HisB0ASn  Argi04His T
Asp18GIu Arg34Thr Gly4TAla Thre0alal  wal71ala e
Asp18Gly Gly47Arg A
Glyd 7 Glu54Gin AspTaHis aT
Ala25Ser Ala3BPro  Giya7val  Glus4Gly  Pheddleu Ging2lys e ooTh!
Ala25Thr PhatdSer
Trpdileu

Ala108val
Ala1095er

Maladie systémique caractérisée par

une atteinte du systeme nerveux (polyneuropathie
périphérique), des reins, des yeux et du cceur (cardiomyopathie).

http://www.alnylam.com




Rationale for the treatment of TTR-
mediated amyloidosis

Endocytic
a vesicle
Hepatocyte
Intravenous
injection f:I:Jver

Patient with TTR amylaidosis

receiving Atul2 7 to control

the increased expression of

TTR mRMNA

P T
Lipoprotein

i\,_ particle

=y
ApuE.

2017-Titze-de-Almeida_R-The race of 10 synthetic RN  Ai-based drugs to the pharmaceutical market-Pharm R
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Patisiran is a potent antitransthyretin siRNA
encapsulated in lipid nanoparticles, which
targets a conserved sequence present in TTR
MRNA. Curiously, this sequence is located in
noncoding 3'-UTR region of TTR mMRNA. siRNAs
usually target coding regions of mRNA while
microRNAs address noncoding 3-UTR ones.

es




Patisiran, an Investigationa

Amyloidosis with Polyneuropathy: Results from the P

| RNAI Therapeutic for the Treatment of Hereditary ATTR

hase 3 APOLLO Study

‘Patisiran Phase 3 APOLLO Study Results

Serum TTR Reduction

87.8% mean max serum TTR reduction from baseline for patisiran over 18 months

20 - |

3l 4

40 4 |

50 4

&0 4

&

Mean [ SEM] Serum TTR Knockdown, %

By A §

A Placebo (N=77)
A Patisiran (N=148)

e e o 1

18

TTR Change

L 48 54 57 63

Weeks

21 24 27 30 33 £ a4 45 51 ] =] ] T2 ] a1

5

Change from baseline at 8 months Change from baseline at 18 months

Mean (SEM) Serum TTR Knockdown

1.5% (4.47) 82.6% (1:36) 4.8% (3.38) 84.3% (1.48)

http://www.alnylam.com




Silencing of microRNAs in vivo with “antagomirs”: t he example of Miravirsen

mir122  C/Lo
O miR-122
f \ | miR-196 N
J \\ ‘:\.h "
H a3 T
(C|E1| E2 p7NS2| NS3  [}7|NS4B| NS5A | NS58B 3
T — -
miR-199a- ! K ¢
Leil-?'b mik-448 Let-7b Let-7b

miR-122 is essential for HCV replication through direct interaction with HCV RNA genome
MIRNAs positively regulating HCV replication are indicated in red. Inhibitory miRNAs are indicated in blue.

miR-122 3"GUUUGUGGUAACAGUGUGAGGU-5
Miravirsen 5'[C|C[A]T T[G[T]c A[C]A[C]T[C[C}3"

Miravirsen is a 15-base oligonucleotide, locked nucleic acid (LNA) modified, phosphorothioated, and
complementary to 5' region of mature miR-122. Regarding structure, miravirsen is a single stranded
antisense DNA oligo, containing chemical modifications for stability and specificity.

2014-Lee_CH-The role of miRNAs in HCV replication & related liver diseases-J Microbiol

-




Mechanism of action of Miravirsen

A
miR-122
5" Noncoding region S AL
In Panel A, miR-122 binds to two
closely spaced target sites (S1 and
S2) in the 5' noncoding region of the
1 HCV genome and thereby promotes
“uceu’  UGUGAGG 2. the propagation of HCV RNA.
GCCA GACACUCCACCAUGAAUCACUCCC
GC GGU GUGAGG
cG 51 u A u u
cG G A G
caG U CA
CG u
caG u
u A G
AG
5'-UGGAGUGUGACAAUGGUGUUUG- 3' miR-122
3' -CCtCaCacTGttAcC- 5 Miravirsen
\ iR-122 . .
— 2 (“\ In Panel B, miravirsen, a locked
w“\x nucleic  acid—modified antisense
ﬁf}g m oligonucleotide, sequesters mature
s, b\ . [ H
i ) miR-122 in a highly stable
iravirsen . .
seqters 5' Non- J‘ TRV heteroduplex, which results in the
miR- coding L o i . . ag mgm .
. Tk - functional inhibition of miR-122.
T W T T
Miravirsen

2013-Janssen-Treatment of HCV infection by targetin g miRNA-NEJM




Overview of the consequences of miR-122 loss on hep  atocyte function

Hepat Decreased serum Steatosis
SPUCY / cholesterol
HDL
LDL
TG
- Y
Normal functions < Dfi?;?;id - = Recruitment of Inflammation
Carbohydrate metabolism = ) v inflammatory cells
Bilirubin metabolism o TNF-c =
Protein synthesis
(albumin, clotting factors)
Unknown effect on ™ Elevation of:
detoxification F \ /r\ | | AGPAT family members h\ Y
) MOGAT tamily members
(™, |PPAP2A and PPAP2B (_\ gL:}L;jTeﬂsfsw HCC Cancer
\ { I
((—\.fw 'C DEC r(‘ activity

Cholesterol and TG
) (7 accumulation \ 1.’ \

The normal functions of the hepatocyte include carbohydrate and lipid metabolism, bilirubin excretion, and detoxification of
endogenous compounds and xenobiotics. Loss of miR-122 results in increased lipid synthesis and decreased lipid export, but
other hepatocyte functions are unaltered. Loss of miR-122 also led to increased inflammation and fibrosis, and eventually the
development of HCC, suggesting the miR-122 plays a tumor-suppressive role.

2012-Wen-miR-122 regulates hepatic lipid metabolism & tumor suppression-JCI




. T [C]'. Vectorisation de petits ARN interférents

Unité de Technologies Chimiques AbEh |

et Biologiques pour la Santé é

UMR 8258 CNRS - U1022 Inserm
Daniel Scherman

> Cleaved
mRNA

Equipe 3. Thérapie Génigue, Pharmacologie
Génetique et Moléculaire
Virginie Escriou
« Nanoparticules formeées par auto-assemblage
de lipides et de polymeres pour la

vectorisation de siRNA (extinction de gene)

Liposome
cationique
+

« Efficacité thérapeutiqgue dans de nombreux
domaines

» Polyarthrite rhnumatoide (GILZ, hnRNPA2/B1)
» Ostéolyse péri prosthétiqgue (RANK)
» Hépatite B (genes viraux)

+ &

Polymere ™ ¢
anionique | &7/

« Etude de fonction de gene

» (Prickle — embryon de poulet — |ésions tube
neural)

Brevet : FR 0950336 (2013) - EP2389158 (2014) — PCT USA (2016)
9 publications (2012-2017) dont 2 JCR, 1 PNAS, 2 A&R




