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1-Introduction

-Découverte chez les plantes et caractéristiques
-chez les autres eucaryotes?
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Apports de la transgénese dans la decouverte du role des
petits ARN chez les plantes

Insertion dans le génome d’ADN-T/agrotransfromation
- Analyse foctionnelle
- Outil de génomique pour créer des lignées d’insertion mutantes
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T-DNA transfer into the Plant's Genome

Adapted from Zupan et al 2000

- ADN transféré du génome de I'agrobactérie au génome de la plante = « ADN de transfert »
- Intégration dans le génome



Manipulation de la chalcone synthase

Phenylalanine Cinnamic acid Coumaric acid
H)N, o]

A

Chalcone \‘
Synthase .
(CHS) {:}f*
Chalcone & o S
O

Chalcone synthase (CHS) "

est 'enzyme de départ

impliquée dans la \

biosynthése des

anthocyanes Anthocyanes

Endogéne

pCHS

\ i Couleurs

naturelles




pCHS

p35S

NON

The Plant Cell, Vol. 2, 273-289, April 1990 © 1990 American Society of Plant Physiclogists

Introduction of a Chimeric Chalcone Synthase Gene into
Petunia Results in Reversible Co-Suppression of
Homologous Genes in trans

Carolyn Napoli,' Christine Lemieux, and Richard Jorgensen®
DA Plant Technology Corporation, 6701 San Pablo Avenue, Oakiand, California 84608
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The Plant Journal (1997) 12(1), 63-82

Post-transcriptional silencing of chalcone synthase in
Petunia by inverted transgene repeats

Maike Stam, Rob de Bruin, Susan Kenter,
Renier A.L. van der Hoorn, Rik van Blokland®,
Joseph N.M. Mol and Jan M. Kooter*
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IR: Inverted repeats a l'origine
de la production de siRNA

Efficacité du PTGS dépend:
-de la présence d’'IR

-du nombre de copies du gene
dans le génome



Proc. Nadf, Acad, 5o USA
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Virus resistance and gene silencing in plants can be induced by
simultaneous expression of sense and antisense RNA

PETER M. WaTERHOUSEY, MIcHABL W, GRAHAM, AND MING-Bo WanG
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Fic. 6. Analysis of GUS expression of supertransformed rice
callus. Transgenic rice tissue containing a single Gus transgene
supertransformed with UbiAGus|[s], UbiAGus[a/s], UbiAGus|i/r],
AGus[i/r], and the binary vector containing the bar gene but not the
AGus gene. For more details see Materials and Methods and Fig, 1.



A Species of Small Antisense
RNA in Posttranscriptional
Gene Silencing in Plants

Andrew ). Hamilton and David C. Baulcombe® (1999)

Chez la tomate

ACO: 1-aminocyclopropane-1-carboxylase oxydase A

—>introduction d’un transgene:

30-
mer
25nt
p35S <«ACO
asRNA

Méme chose pour lignées transgéniques GUS/GFP

Le PTGS est associe la production de petits ARN (siRNA)



Effet des mIRNA et sSIRNA

-évidence d’'un transport (expériences de greffes)

-propagation d’'un signal systémique

Plante transgéniques exprimant

Silencing trigger |a G FP

—agroinfiltration avec une
construction contenant la GFP

Observations sous UV:

GFP = Vert

Inactivation partielle de
I’expression du gene codant la
GFP=

NATURE | VOL 389 |9 OCTOBER 1997 ChIorophyIIe = rouge




Systémie de I'effet des miRNA et siRNA. Transport d’'un signal par le phloeme:
ribonucléoprotéines contenant de longs siRNA de 24 a 26nt
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TGS:Transcriptional Gene Silencing

Expériences visant a
g introduire plus d’'un 2{
transgene dans une plante

par croisement genétique.

CaMV 35S pro : KAN

gene de résistance a la kanamycine géne de résistance a I'hygromycine

CaMV 35S pro : HYG

Résultats attendus

?d ‘ !‘ Sélection sur kanamycine 50% KanR
‘ ‘!‘ Sélection sur hygromycine 50% HygR
{ “‘ “ Sélection sur Kan + Hyg: 25% KanR and HygR

Matzke, M., Primig, M., Trnovsky, J., Matzke, A. (1989) Reversible methylation and inactivation of
marker genes in sequentially transformed plants. EMBO J. 8: 643-649.



—>Un des transgenes est inactivé dans la descendance portant les 2
genes de résistance.

Résultats observés

? g ‘ { 50% KanR

PO S

{ ‘{ “ 0% KanR et HygR

—>Lié a la méthylation de la réegion promotrice mF ,

Gene 1
—->Phénomene héritable



Potent and specific

genetic interference by
double-stranded RNA in
Caenorhabditis elegans

Andrew Fire*, SiQun Xu*, Mary K. Montgomery*,
Steven A. Kostas*t, Samuel E. Drivert & Craig C. Melloi

MATURE|VOL 391| 19 FEERUARY 1998

Control

Mex-3 antisens

Mex-3 double-brin

In situ hybridation: ARN mex-3
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The Nobel Prize in Physiology or
Medicine 2006

“for their discovery of RNA interference - gene silencing by

double-stranded RNA"

Photo: Stanford

Andrew Z. Fire
@D 1/2 of the prize
usa

Stanford University
School of Medicine
Stanford, CA, USA

Photo: UMASS

Craig C. Mello
@D 1/2 of the prize
usa

University of
Massachusetts Medical
School

Waorcester, MA, USA



- 'injection d’'un ARN double brin spécifique d’un gene provoque la disparition de
son transcrit
—> Spécificité de séquence

- L'effet ARNi peut se répercuter sur les cellules voisines
—> Transport

- Quelques molécules ARNdb sont suffisantes
= Amplification

- Seul ’ARNdb d’un exon interfere avec le transcrit endogene
—> Effet post-transcriptionnel



2-Classification,genese et mode d’action
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Classification

Primary classifications

hpRMNASs: snall RN AS
whose precursor is
single-stranded hpRNA

siRMAs: small RMNAs whose
precursor is dsRNA

secondary classificatlons

miRMASs: precisely processed
precursor hainpins vielding
just ome or a few functional
small RN As

Other hpRNAS: imprecisely
processed precursor hairpins
that do not gualify as miENAs

g -

Heterochromatic sIRNASs:
siRMAs produced chiefly from

intergenic and./or repetitive regions;
typically 23—24 nt in length amd
associated with de novo deposition of
repressive chromatin marks

Secondary sIRNAs:
siIRNAs whose precursor dsRNA synthasis
depends on an upstream small RMNA
trigger and subseguent RDR activity

—
N —

MNAT-sIRNAs:
sIRMAs whose precursor dsRMA s
formed by the hybridization of
complemeantary and independenthy

transcribed RMNAS

Tertlary classifications

Lineage-specific miIRNAs: miRMNAsS
that are found in only one species or a |
few closely related spacies |

A

22-2« e [ 1IN g0
<

Lunﬁ miRMAS:
23— 24-mt mikMAs that function
similarly to heterochromatic siRNAs to |

deposit repressive chromatin marks |
-

Phased sIRMNAs: secondary siRNA koo "

whose dsARNA precursor has a uniformily |

defined terminus, resulting in the
production of a phased set of siRMAS

frccy),

trans-Acting sIRMAs: secondary
siRMAs that have one or more targets |
distinct from their locus of arigin |

cis-NAT-sIRNAs: NAT-siRMAs
whose precursors wera transcribed
from cwerlapping genes in |
opposite polarities |

=
==

trans-NAT-sIRNAs:
MNAT-sIRNAS whosa precursors werg
transcribed from nonoverlapping
genas whose mRMAsS have |
complermeantarity

Michael J. Axtell,
Annu. Rev Plant Biol. (2013)



Sources d’ARN double brins pour les siRNA

Repeat-associated transcripts Convergent transcripts and
(centromeres, transposons) \ / other sense-antisense pairs
Viral RNAs sus e Gene/pseudogene
eee one duplexes
dsRNA
Hairpin RNAs ol O .
Dicer Transgene transcripts
) Tasi RNAs

Environmentally, SR R el
experimentally, LTINS IS
or clinically S — siRNAs et
introduced dsRNAs ™I T SRSV

‘ RISC

| assembly '\

Carthew and Sontheimer, Cell (2009) 136, 642-655.



Genese
SiRNA
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Mécanismes développés par les plantes pour réguler I'expression des
genes par RNA interference
miRNA siRNA
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hpRNAS et siRNAs sont formeés grace a
differentes enzymes
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Reprinted from Margis, R., Fusaro, A.F., Smith, N.A., Curtin, S.J., Watson, J.M., Finnegan, E.J., and Waterhouse, P.M.
(2006) The evolution and diversification of Dicers in plants FEBS Lett. 580: 2442-2450 with permission from Elsevier.



http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T36-4JNFN84-6&_user=10&_rdoc=1&_fmt=&_orig=search&_sort=d&_docanchor=&view=c&_searchStrId=1155055375&_rerunOrigin=google&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=af8d535b548a0bb2c02
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http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T36-4JNFN84-6&_user=10&_rdoc=1&_fmt=&_orig=search&_sort=d&_docanchor=&view=c&_searchStrId=1155055375&_rerunOrigin=google&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=af8d535b548a0bb2c02

Les plantes ont des ARN polymerases ARN
dépendantes specifiques

Distribution

ARN Polymerase | Tous les eucaryotes Production d’ARNr

ARN Polymerase Il Tous les eucaryotes Production de ARNm,
microRNA

ARN Polymerase IlI Tous les eucaryotes Production de ARNt, 5S
ARNTr

ARN Polymerase IV Plantes terrestres Production de siRNA

ARN Polymerase V Angiospermes Recrutement de AGO au

niveau de 'ADN



hpRNASs et siRNAs sont associés avec
differentes protéines AGO

AGO1 E:E:EZ:,
hpRNAS et ggs siRNAsS .
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Reprinted from Vaucheret, H. (2008) Plant ARGONAUTES. Trends Plant Sci. 13: 350-358 with permission from Elsevier.



http://www.cell.com/trends/plant-science/abstract/S1360-1385(08)00138-6
http://www.cell.com/trends/plant-science/abstract/S1360-1385(08)00138-6
http://www.cell.com/trends/plant-science/abstract/S1360-1385(08)00138-6

Mutants chez Arabidopsis thaliana

l——_o miRNA precursor
l_ -

RNA degradation

Mallory & Yaucheret, Naure Review Genefcs 2006



Difterences dans les modes d’action
des petits ARNS

Common in plants Common in animals Common in yeast and plants, and possibly animals.

mRNA degradation Translational regulation Transcriptional regulation

Active chromatin

l Histone methylation

* %k k% k% *k k*

Silent chromatin



Différents niveaux de régulations de I'expression
des genes chez les eucaryotes

Signal
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3-ldentification, cibles, fonctions
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|dentification

l Approche ARNomique | | Approche in silico

O ¥
N/

Purification des petits ARN a partir Recherche 2 I'aide de logiciels informatiques
d'échantillons biologiques de séquences d'ADN conservées capables de se replier
(organismes, cellules ou organes) en "une épingle a cheveux"

Repliement en
épingle a cheveux?

i S 3 5 =
Obtention d.e e — ”Gg;UAcg,JUGGAGL\GAGGU—GGUCCGUGGL GCGU UegegV © e
des petits ARN smpmn faln 2 I #34
. i CUAUGG-C JUUUCUCCA CU-GGCAC, CA GCGG .U
gcacauuacacggucgaccucu PI‘OdUCtlon d un ARN Y] G G AUUA C JUau
3
de 21 nt ? i

!

I Validation expérimentale du miARN l

/b N

Etude du miARNome  Recherche des ARNm-cible Fonctions biologiques
(puces ADN) (recherche in silico) (Génétique et génétique inverse)




Cibles de mIRNA

Conserved miRNA target functions

50% ciblent des facteurs de

Cytochrome-c Oxidase Disease Resistance o
—\ T transcription

Superoxide Dismutase

Transcription

Sulfate Transport—
~ Factors
Sulfate Adenyltransferase S0 — ”
anseny
45 MIGNA family
RNA Silencing Effector—— 40 B Non-conserved
MIRNA family

miRNA Biogenesis—
tasiRNA Biogenesis

Multicopper oxidase—/

Number of families

Protein Ubiquitination

1 2 3 4 5 6 27
Family size (# members)

Fahlgren, N., Howell, M.D., Kasschau, K.D., Chapman, E.J., Sullivan, C.M., Cumbie, J.S., Givan, S.A., Law, T.F., Grant, S.R., Dangl, J.L., and Carrington,
J.C. (2007) High-throughput sequencing of Arabidopsis microRNAs: Evidence for frequent birth and death of MIRNA genes. PLoS ONE. 2007; 2(2): €219.


http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1790633/

Subfunctionalization of mMiRNAs

uggaGecucccUUCauuCCAau
uggaGcucccUUCauuCCAau
ucgaGuucccUUCauuCCAau
uggaGcucccUUCauuCCAag
uagaGcuuccUUCaaaCCAaa
augaGcucucUUCaaaCCAaa

uggaGcuccalUCgauCCAaa
agcaGecucccUUCaaalCCAaa

agggGgacccUUCaguCCAau
agggGgacccUUCaguCCAau

aggglbuccccUUCaguCCAuu
agggGuccccUUCaguCCAgu
agggGuaccclUUCaguCCAgu

Table 1. miIR159/miR319 Families

Overexpression Phenotype”
miRNA Sequence Times Cloned® Cotyledon Epinasty Crinkled Leaves Stamen Defects

mR15%a  UUUGGAUUGAAGGGAGCUCUS 19,940 (4,306) - : —48%

mR1596 UUUGGAUUGAAGGGAGCUCW 1982 (387) - ~46%

miR159c  UUUGGAUUGAAGGGAGCUCeY 21 (3)

mR3190 _UUGGACUGAAGGGAGCUCCE 6(0145(45) Severe (>90%)  Strong (>90% of Ty) ~33%

mR31gp ~UUGGACUGAMGGAAGCUCCey Severe (>90%)  Strong (>80% of T,) Not determined

miR319¢  WUUGGACUGAAGGGAGCUCaw 12 (317 18) Moderate (>50%)  Mostly Normal ~24%
UUGGACUGAAGGGAGCUCEu

"hitpe//asep. cgrb oregonstate edw/; total numbers from al genotypes and tissues; small RNAs unambiguously assigned to wild-
type given in parentheses
YAl least 80 T, plants per construct

J. F. Palamik, H. Wollmann, C. Schommer, B. Schwab, st &, Osv Call13, 115-25 (2007).



RNA interférence et adaptation des plantes a
I'environnement

Gravity
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Temperature %
Wind
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Soil quality
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alleopathic chemicals
Mineral

Soil microorganisms ﬁﬁ ﬁ %%
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Les cibles des MicroARNSs chez Arabidopsis

micral A Targel Family Hrecliced Tager Genes Mi:-‘nu:.tiﬂ valiclawsd Cleavage Tagels
MK i SLUAMUAA-FRUMLY TEE BIMNUINC: 10 3P grnesy 1-2 ML
PRECOTEIMN (5B like profeins
miR1 57 SEP ke protelrs 49 5P penes 1-3 SRR
Putatlve DLAD.box BERA helleaze A5p08Ee20 i
Lnkrwowen |.l|l|.|1.r_'i||:- Al EEALH.?U. MLl 54-.-" 1.0 3
mik]1 56 Linkrown protein Mg 100 3
frik1 59 WY R ranseription factars 3 MYH genes 2-1 MYH 13 MYR GBS
Linknown protein Atlp23010 ]
i1 Sk MY E Transcriplion faclors 3 MYHE genes 1
mik1 &0 MAUxin Hi.'*_-|.l|.l|l*r|.' Fachars ARFTE, ARFTS, ARKFT S 1-3 AR ARET A
mik 1l Fenia [”mFFl'ﬂﬂF repeal phoetelrs 9 BEnes b
mik1 &2 DICER Do [-nt bulge nci
mik1E3 Sabd-tlependent methyliransferases 5 penes 0= with
T.mt bulge
mik1 i Pl dommain paaleins CLCT, CLACE, WACT, ¥ athes 2-3 CLNCT, TGS
[ 4l EW HIF-£ip ransrription facins FHV, FHHE, KFV, ATHH-& b FHV, KFVW
IR166 HD-Zip ranscription factor ATHE-13 3
mik1 s Auxin respense Faclors AWFG . AREE A-4 AKFH
mik1 &l ARCOCMALTE AL i AL
mikl {9 CCAAT -birding factor (CAF-HAF] ATR17590, ARG ¥
ke proteirs
ikl A0 CRAS damaln franscriplion factors SLLG-N, LG0T, SCL6-TV 2
S ARECROW- il
mikl 71 CRAS danain tranacription factors SOIG6-N, SCT &K, SCLA L MO AN S0 &Y
(FCARFCROMW - llke)
h’llH'l i AFETELAZ-IIRe ranscription Taciors APRZ, 3 APZ-IIRe penes 1-3 AP, 3 APZ-lTke HEﬂESl

From: Bartel & Bartel, Plant Phys 132: T09-717 (2003):; Mallory & Vaucheret, Curr Op Pl Biol 7: 120125 (2004




Roles biologiques des micro ARNs chez Arabidopsis

microRMNA Target genes encode Biological role validated by expenimental evidence
miR172 APZ2 & related TFs Floral development & flowerning time

miR156/M157  SPLZ & related TFs Floral mernstem identity

miR164 CUCT & related TFs Shoot apical meristem formation & organ separation
miR165M166  RHY & related TFs Axial meristem initiation & leaf development
miR-JAW TCP4 & related TFs Leaf development & embryonal patterning

miR 155 MYB33 & related TFs Leaf development

miR170M71  SCLE-I & related TFs Root radial patterning

miR 160 ARF10 & related TFs Auxin response & development

miR 167 ARFG & related TFs Auxin response & development

miR162 DCL1 Dicer-like RNAse [l Cleavage of dsRNA, microRNA biogenesis

miR 168 ARGONAUTE Fart of the RISC complex, microRNA biogenesis




MiRNAs et changement ds les phases de

Exemple

développement
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James Mauseth

Photos courtesy of


http://www.sbs.utexas.edu/mauseth/researchoncacti/large%20photo%20Melo%20intortus%20ceph.htm

Chez Arabidopsis, ces changements de
phase induisent des modifications au
niveau de la forme des feuilles et la
présence de trichome

H””",’NO

M Juvenile
B Adult

B Reproductive

Reprinted from Poethig, R.S. (2009) Small RNAs and developmental timing in plants. Curr. Opin. Genet. Devel. 19: 374-378, with permission from Elsevier.



doi:10.1016/j.gde.2009.06.001
doi:10.1016/j.gde.2009.06.001
doi:10.1016/j.gde.2009.06.001

MiR156 cible les genes SPL, impliques dans
ce changement de phase

MiR156
SPL3 binding site

ORE s
SPL3A
SPL3m

. "\ MiR156 SPL s
Wild-type | ">~ _ g
-

::_-P.’

—

.-'l.-.- . . o : ~--~
Vector SPL3A SPL3m N
MiR156- | vyse-="""5

resistant |,*”

—

-~
~~-
L]
~--
—

Reproduced with permission from Wu, G., and Poethig, R.S. (2006) Temporal regulation of shoot development in Arabidopsis
thaliana by miR156 and its target SPL3. Development 133: 3539-3547.



http://dev.biologists.org/content/133/18/3539.full.pdf+html
http://dev.biologists.org/content/133/18/3539.full.pdf+html
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Effet de la surexpression ou de l'inactivation
de I'expression de miR156
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Reprinted from Poethig, R.S. (2009) Small RNAs and developmental timing in plants. Curr. Opin. Genet. Devel. 19: 374-378, with permission from Elsevier.
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4-ARN interférence: outil de génomique fonctionnelle
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Génétique classique : recherche d’'un mutant sur la base du phénotype

mutant

Fonction = Geéne

mutagénese P
t 3
000 ) — ey
o . Identification de la mutation
crible responsable du phénotype

Génétique inverse : recherche d’'un mutant dans un gene donné

mutant

Gene — Fonction

Geéne d’intéret Mutant

— . —) —-—-*—»— ——] Phénotype



MICroRNA artificiel (amiRNA)

Gene silencing in plants using artificial microRNAs and

other small RNAs
Stephan Ossowskit, Rebecca Schwabt,1 and Detlef Weigel*
The Plant Journal (2008) 53, 674—-690

Principe:

-exploite un précurseur de microRNA connu
avec des caractéristiques structurales

connues (boucles et gap) |§

PCR

amiBNA*
VHNIWeE

-changement du duplex d’origine
(MIRNA/MIRNA*) par une séquence deésiree

par PCR Cloning
-fonctionne tres bien chez animaux et l l
vegeétaux Prom

-tres forte accumulation du miRNA produit



VIGS:Virus Induced Gene silencing

Virus-induced gene

silencing in tomato

Yule Liu, Michael Schiff and S. P. Dinesh-
Kumar; The Plant Journal (2002) 31(6),
777+786




Expression d’ARN tige-boucle artificiel: hpRNAI
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Specific and heritable genetic interference by
double-stranded RNA in Arabidopsis thaliana

Chiou-Fen Chuang and Elliot M. Meyerowitz* PNAS | April 25,2000 | vol.97 | no.9 | 4985-4990
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RNA interference

-Utilisable en cas d'absence
de collection de mutants
-inactivation de famille de
genes

Peu de
transformants

e —

Gamme de phénotype Utilisation possible de

systémes inductibles Etudes possibles dans

différents fonds
génétiques/especes






Arabidopsis genomic RNAI

P knock-out line analysis
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binary plasmids
Constitutive  inducible at least 20,000 genes

(355)

Transform
Arabidopsis with 4,000 ,,

-/

of these plasmids




( :A I IVIA A Complete Arabidopsis
Transcriptome MicroArray

24 576 6S5Ts www.catma.org

- 150 to 500 bp genomic
fragments amplified by PCR

» selected to share no more
than 70% identity with any
other Arabidopsis sequence
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Inducible Silencing systems:éthanol, cuivre,

ectdisone, dexaméthasone...

Exemple: dans le cadre de Agrikola,
developpement par le CSIRO (Australie) d'un
systeme RNAI inductible utilisant le
dexamethasone. Le vecteur pOpOff utilise un

promoteur pOp6 (developed by lan Moore, g

University of Oxford) et un facteur de
transcription synthétique, LhGR sous contréle
du promoteur 35S.

No Dex

Dexamethasons

FDOS intron PDS  Gaop
:;«.—;::@x;am% GR |

=)

Random T1 plants 7 days after transfer to media with or without Dex




RNAi-lines targeting ADP-Glucose pyrophosphorylase

AGPase: key enzyme in the starch biosynthesis pathway
consists of two large (requlatory;adg?) and two small (catalytic; adgl)

subunits

adgl :loss of function mutant has no
measureable AGPase activity in leaves
and less than 20% of wildtype starch

adg2. loss of function mutant has
20% of normal AGPase activity in
leaves, no visible phenotype




log ct eifl/log ct adgl

/9117
| S-HL i
[ £177

i 337
20181

i QS-L
81 e

2811

| /847 7
61
25 7

(ol
-

™
-

™
-

AN
-

9/0T-91
i ™

¢/0T-97 +

¢91

G971
- o
9091| F

€91

T2 and T3 plants from 6 individual T1 lines

adgl RNAI

26T
i (90
e6v1 |
G| &
2ILET
/L€
T/9-€T
€/9-€7
0T-€T
i (9]
7-€1 |

™
-

|02

RNA expression by quant. RT-PCR (adgl)

|02

0,2 -
0,16 4 —
0,12 +
0,08 -~
0,04

|02

[

O
T T/9-TT1

mu

O

Zbpe
T6pe

m\m-._”._”|_7

T3

m-:H
il
11T

T3

N\o._n-wn_
€/0T-81

ze1| &
I z/8-21 7

T3

| s/8-21
€1

r N
| z20] +

9/0T-91

T3

2/0T-971

] 29T

N
-

€-971

AGPase activity

| z/6-v1 7
o (ap]
| 691 | F
[ quq_
- o~
ﬁva o
| 9/2-€1
| z/2-¢€1
T/9-€1

T3

0 t/.-€1

| e9-¢€1
NuMl_ o

- -

T-€1

2000 -
800 -

o

w \SE -0 Jvwu o>vglVv



