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I- Introduction 
 

1. L’architecture de la racine 
 

Les plantes sont des organismes sessiles, elles subissent donc leur environnement et se 

doivent de s’adapter au mieux de leur habitat. La ramification au niveau des racines permet 

l’absorption en eau et en nutriments, ainsi que l’ancrage de la plante dans le sol. La racine 

diffère de la tige par plusieurs caractères : sa structure interne, son géotropisme positif, la 

présence d'une coiffe terminale et de poils absorbants et la présence de racines latérales 

(RL). Les racines sont aussi le siège de symbioses avec les bactéries et les champignons du 

sol, en particulier pour le métabolisme de l'azote chez les légumineuses. Les racines 

peuvent présenter des adaptations afin de faciliter le développement de la plante dans un 

environnement particulier (exemple des racines du palétuvier). Dans certains cas les racines 

servent aussi à stocker des nutriments (comme chez le radis par exemple). 

 Le système racinaire des plantes est une structure dynamique dont l’architecture est 

déterminée par la modulation de la croissance de la racine principale et la capacité de 

ramification en réponse à l’environnement du sol. Cette plasticité repose donc sur 

l’intégration continue de facteurs environnementaux et de programmes endogènes contrôlant 

le développement des racines latérales. 

Les plantes comme les animaux possèdent plusieurs molécules signales endogènes, 

nommées phytohormones, qui contrôlent leur développement. Plusieurs de ces hormones 

ont été rapportées comme ayant un rôle dans la régulation de l’architecture des racines, 

notamment l’auxine, les cytokinines, l’acide abscissique, l’éthylène et les gibbérellines. 

L’auxine (ou acide indole 3-acétique) est une phytohormone et une régulatrice majeure de la 

croissance de la plante et notamment du développement racinaire. En outre, Il existe de 

nombreux facteurs environnementaux qui contrôlent l’architecture de la racine, la 

disponibilité en nutriments comme le nitrate, le phosphate ou le sulfate (figure 1), la 

disponibilité en eau, la température, ou encore le potentiel hydrogène (ou pH). De même, la 

croissance en conditions de stress abiotique comme par exemple la présence de NaCl ou de 

métaux entraîne une adaptation morphologique du système racinaire qui permet à la plante 

de survivre dans ces conditions environnementales (Osmond et al., 2007).  
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Figure 1 La plasticité de l’architecture de la racine chez Arabidopsis thaliana  
L’architecture racinaire des plantes comme celle d’Arabidopsis thaliana présente de faibles variations d’un 
individu à l’autre. En revanche, l’architecture racinaire est fortement modifiée en réponse à la disponibilité en 
nutriments (P=Phosphate; N=nitrate; S=Sulfate) représentant la capacité d’adaptation de la plante pour son 
environnement. (Lopez-Bucio et al., 2003) 

 

1.1- Formation de la racine latérale et le rôle de la signalisation par l’auxine 
 

Nous limiterons ce chapitre aux données concernant la plante modèle Arabidopsis 

thaliana. La formation des racines latérales chez Arabidopsis, comme chez la plupart des 

espèces,  est un processus développement qui combine plusieurs étapes. Il est bien établi 

que les cellules du péricycle, situées au pôle de xylème sont à l’origine des cellules 

fondatrices des racines latérales (Dolan et al., 1993 ; Figure 2). L’étape de pré-initiation de 

ces cellules particulières du péricycle est dépendante du flux d’auxine provenant du 

méristème de la racine lors des étapes précoces du développement de la plante (De Smet et 

al., 2007). Cette première étape se déroule rythmiquement à la base du méristème apical de 

la racine. Ensuite, au fur et à mesure de la croissance de la racine primaire, l’étape 

d’initiation des racines latérales est déclenchée par la réponse des cellules fondatrices à un 

second signal auxinique provenant cette fois-ci de la tige (Dubrovsky et al., 2008). Cette 

initiation débute par des divisions successives des cellules fondatrices (Malamy and Benfey, 

1997 ; Dubrovsky et al., 2001 ; Figure 3a), résultant dans la formation d’un primordium 

constitué d’une simple couche de cellules. De nouvelles divisions sont ensuite à l’origine 

d’un primordium en forme de dôme qui va émerger des tissus de la racine principale. Bien 

que ces étapes se déroulent de façon séquentielles tout au long de la racine primaire, elles 

peuvent être interrompues (Dubrovsky et al., 2006 ; Lucas et al., 2008). Les différentes 

études menées principalement chez Arabidopsis, ont permis d’identifier et de caractériser en 

détail les mécanismes génétiques contrôlant ce processus développement. Toutes ces 

études convergent vers un rôle essentiel de l’auxine dans la ramification de la racine et
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Figure 3  Anatomie d’une racine d’Arabidopsis thaliana 
(A) Schéma d'une coupe longitudinale de racine, les différents types cellulaires sont représentés par des couleurs 
distinctes. La niche de cellules souches (ou STN pour stem cell niche) se situe au dessus de la coiffe et 
comprend le centre quiescent et les cellules initiales. Le  méristème proximal (PM pour proximal meristem) est 
alimenté par des divisions des cellules initiales ; après quelques divisions  supplémentaires ces cellules 
commencent à s’allonger dans la zone de transition (TZ pour transition zone). (B) Schéma d'une section 
transversale de racine montrant une symétrie radiale autour de l'axe pour les couches externes des cellules. Il y a 
environ 15 types de cellules différentes dans la racine. L’épiderme comporte des files de cellules 
atrichoblastiques et trichoblastiques respectivement incapables et capable de former des poils absorbants. Les 
tissus vasculaires, xylème et phloème, sont dans la stèle situés à des pôles opposés. L’axe radial est composé 
du cylindre vasculaire entouré par le péricycle (ensemble, ils constituent la stèle), puis l'endoderme, le cortex, et 
enfin l'épiderme (Heidi et al., 2012). 
 
 
 
établissent un parallèle avec le rôle de cette hormone dans les parties aériennes (dominance 

apicale). Les mouvements d’auxine au sein de la racine et les réponses spécifiques de 

certaines cellules à  l’hormone sont des éléments essentiels qui régulent l’architecture de la 

racine. L’utilisation d’inhibiteur de transport d’auxine comme le NPA (N-1-Naphtylphtalamic-

acid) a permis d’établir que le transport basipète (venant du méristème racinaire) de l’auxine 

est important pour la pre-initiation (Casimiro et al., 2001). A ce stade, l’auxine serait critique 

pour la transition G1/S des cellules du péricycle (Himanen et al., 2002).  

Des résultats récents commencent à mettre en lumière les effecteurs de l’auxine 

intervenant dans la formation de racines latérales et plus précisément lors de la  pré-

initiation. D’une manière générale, la signalisation par l’auxine dépend de l’action de couples 

de facteurs de transcription (FT) : IAA et ARF qui sont fixés sur des motifs AUXRE (Auxin 

response element) des promoteurs de gènes répondant à l’auxine (Figure 3C). En absence 

d’hormone, au niveau du promoteur, chaque protéine IAA forme un dimère avec une 

protéine ARF (Auxin response factors) spécifique, ce complexe empêchant la transcription 

 
Coiffe racinaire
Cellule initiale de l’épiderme

Cellule épidermique (non poil absorbant) 
Cellule épidermique poil absorbant
Cellule initiale cortex / endoderme
Cellule fille cortex / endoderme
Cortex 
Endoderme 

Péricycle pôle de phloème
Péricycle pôle de xylème
Meta et proto phloème 
Phloème (cellules compagnes)
Procambium
Metaxylème
Protoxylème
Cellule initiale de la columelle

A B 

Centre quiescent Columelle
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des gènes répondant à la phytohormone. En présence d’auxine, la dégradation des 

protéines IAA est induite, via le protéasome, ce qui permet la dimùérisation de l’ARF et ainsi 

la transcription du gène de réponse à l’auxine. Plusieurs couples ARF et IAA existent chez 

les plantes ; certains d’entre eux participent à la signalisation racinaire. 

Le FT GATA23, est le marqueur moléculaire le plus précoce du développement des 

racines latérales; il est en effet détecté dans les cellules fondatrices (De Rybel et al., 2010 ; 

Figure 2). Les plantes qui surexpriment le gène GATA23 présentent un nombre plus 

important de cellules fondatrices mais également plus de primordia de racines latérales par 

rapport aux plantes sauvages. Ce phénotype semble donc indiquer que GATA23 est 

suffisant pour déterminer l’identité des cellules fondatrices. L’expression du gène GATA23 

est réprimée par IAA28. Ce FT de type IAA interagit avec 5 ARFs différentes : ARF5, ARF6, 

ARF7, ARF8 et ARF19 (De Rybel et al., 2010). IAA28/ARFs/GATA23 représente donc le 

premier module contrôlant l’identité des cellules fondatrices. La première preuve visible de 

l’initiation de racine latérale est la migration des noyaux de deux cellules du péricycle vers 

leur paroi cellulaire commune (Figure 3A, 3B, 3D) (De Smet et al., 2007). Cette migration 

nucléaire est dépendante du module SOLITARY ROOT/IAA14 (SLR/IAA14), IAA28, ARF7, 

ARF19 (Fukaki et al., 2002 ; Fukaki et al., 2005 ; De Rybel et al., 2010 ; Figure 3D). Dans les 

conditions normales, IAA14 se lie est réprime l’action des FT ARF7 et ARF 19 (Okushima et 

al., 2005). La migration des noyaux est suivie rapidement par une première division anticline. 

Le récepteur de type kinase ARABIDOPSIS CRINKLY4 (ACR4) contrôle cette division. Les 

phénotypes du mutant nul acr4 et des plantes surexprimant ce gène sont opposés. En effet, 

il a été observé une plus faible densité de primordia de racines latérales chez le mutant et 

une densité plus forte chez le surexpresseur.  

De plus, les primordia formés chez le mutant acr4 présentent des caractéristiques 

anormales. Ces résultats indiquent un rôle d’ ACR4 dans la répression de la division 

cellulaire proliférative. ACR4 agit donc à la fois de façon autonome dans les cellules 

fondatrices, afin d'assurer la spécification de celles-ci et de façon  non autonome dans les 

cellules voisines pour empêcher des divisions à l’origine de racines latérales trop proches les 

unes des autres (De Smet et al., 2008 ; Figure 3B). Ensuite, le primordium « monocouche» 

(stage1) subit une succession de divisions périclines et anticlines. La première division 

péricline génère un primordium à deux feuillets (stage 2), qui se divise pour aboutir à une 

forme caractéristique en dôme (stage 3 à 8) qui pourra ou non émerger de la racine 

principale (Malamy and Benfey, 1997). Récemment, un second module de signalisation par 

l’auxine, constitué de BODENLOSS (BDL/IAA12) et MONOPTEROS (MP/ARF5), a été  
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Figure 3 Les événements cellulaire du développement de la racine latérale chez Arabidospsis 
(Malamy and Benfey, 1997 (a) ; De Rybel et al., 2010 (c)). 
(A) Chaque étape du développement des racines latérales est représenté, de la pré-initiation (stade 0) à 
l’émergence du primordium (étape 8). Les étapes sont numérotées selon (Malamy and Benfey, 1997). (B) Détails 
des événements cellulaires précoces au cours de l'initiation des racines latérales. Les noyaux des deux cellules 
du péricycle répondant à l’auxine s'arrondissent et migrent vers leur paroi cellulaire commune (flèches grises). 
Cette étape est suivie par deux divisions asymétriques (flèches rouges) créant deux cellules plus petites dans le 
centre et deux grandes à la périphérie. Le récepteur ACR4 contrôle ces divisions tout en réprimant celles des 
cellules voisines. (C) Schéma représentant le principe de la signalisation par l’auxine via les FT ARFs (Auxin 
response elements) et les répresseurs Aux/IAA. Le  Complexe SCFTIR1 est composé de (Skp1/Cullin/F-box 
protein Transport Inhibitor Response 1). ub represente l’ubiquitination des Aux/IAA qui entraine leur dégradation 
par le protéasome. (D) Représentation schématique des modules de signalisation d’auxine agissant 
successivement pendant l’acquisition de la spécification des cellules fondatrices dans le méristème basal (module 
1) et au cours de la migration nucléaire ainsi que lors des  processus d'initiation des racines latérales (modules 2 
et 3). L’action du module 1 permet l’expression de GATA23 qui est le premier marqueur des RL. GATA 23 
pourrait intervenir dans la détermination de l'identité cellulaire des cellules fondatrices. 
 

(A) 

(B) (C)

(D) 
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identifié ; il  agit en effet après le module SLR/ARF7/ARF19 lors de l'initiation des racines 

latérales (De Smet et al., 2010, Figure 3D).  

La phase d’émergence  correspond au moment où cette racine latérale traverse le 

cortex et l’épiderme de la racine primaire (Malamy and Benfey, 1997, Figure 3a,  3b). La 

progression du primordium induit la reprogrammation des cellules voisines qui synthétisent 

les enzymes nécessaires aux remodelages de la paroi cellulaire (Gonzalez-Carranza et al., 

2007). Ces modifications pariétales sont indispensables à l’émergence des racines latérales. 

En effet, chez le mutant lax3 (un transporteur d’influx d’auxin) le nombre de racines latérales 

émergées est affecté alors que le nombre d’initiations de primordia est identique à celui 

observé chez les plantes sauvages. LAX3 est spécifiquement exprimée dans les cellules 

corticales et épidermiques, juste en face du point d’émergence de la racine latérale en 

formation. L’influx de l’auxine médié par LAX3 dans ces cellules conduit à la production 

d’enzymes de remodelage de la paroi cellulaire afin de faciliter la séparation des cellules et 

donc l’émergence de la racine nouvellement formée (Swarup et al., 2008). Une boucle de 

rétroaction positive est alors formée : le module SLR-ARF7/19 et LAX3, afin de contrôler 

l'expression de LAX3 dans les cellules proches des primordia, ce qui restreint les 

modifications de paroi cellulaire sur les cellules en contact  avec le primordium émergent.  

Après l’émergence, le méristème de la nouvelle racine est activé ; dans certains cas, 

la croissance de la racine latérale peut dépasser celle de la racine principale. Le moment 

exact où le nouveau méristème s’active n’est pas clairement défini. Des travaux, obtenus 

après culture de primordia isolés, indiquent qu’un méristème est fonctionnel et autonome 

quand le primordium auquel il appartient possède une épaisseur de 3-5 couches cellulaires 

(Laskowski et al., 1995). De façon intéressante, ce stade de développement correspond au 

moment ou le méristème de la racine latérale nouvellement formée commence à synthétiser 

de l’auxine (Ljung et al., 2005). La capacité à synthétiser de l’auxine pourrait donc coïncider 

avec l’activation méristématique. 

Outre les mécanismes moléculaires décrits ici, directement liés à l’auxine et régulant 

le développement racinaire, plusieurs autres mécanismes de régulation existent. Ces 

dernières années, une nouvelle famille de régulateurs de l’expression des gènes impliquée 

dans la modulation de l’architecture racinaire à été mis en lumière: la famille des ARN non 

codant pour des protéines (npcARN). Plusieurs de ces ARN non-codants régulent de 

manière post-transcriptionnelle l’expression des ARFs mais également d’autres régulateurs 

de l’action des auxines. 
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1.2  Les ARN non-codants régulateurs de l’architecture racinaire  
 
Lors de ma thèse j’ai eu l’occasion de participer à la rédaction du chapitre  n°2 “The 

complex eukaryotic transcriptome: non-protein-coding RNAs and root dévelopement“ (Ariel 

et al., 2012) inclut dans le livre “Root genomics and soil interactions“. Dans ce chapitre, nous 

avons rapporté les données récentes illustrant l’action des ARN non-codants sur le 

développement de la racine. J’ai contribué à la rédaction de ce chapitre, notamment en 

décrivant le rôle des long npcARN dans la régulation de l’architecture racinaire et les « RNA 

binding protéines » reliées à l’action et au métabolisme des npcARN, tel que celui du 

npcARN ENOD40. De plus, j’ai réalisé la figure de ce chapitre ainsi qu’une table qui permet 

de référencer les différents micro-ARNs ou miRNAs en relation avec le développement de la 

racine.  

J’ai placé dans cette introduction l’alinéa 3 du chapitre 2 du livre « Root Genomics 

and Soil Interactions » (Ariel et al., 2012). Cet alinéa décrit les principaux ARN non codant 

impliqués dans la régulation de l’architecture racinaire Le Chapitre du livre complet est 

présenté en annexe 1. 
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Aniléa 3 du chapitre 2 du livre « Root Genomics and Soil Interactions » (Ariel et al., 2012 ; 

annexe 1). 

 
 Non protein coding RNAs in root development 

 
In this section, we will discuss more specific npcRNAs linked to root development. 

The root architecture of the plant constitutes an important model to study how developmental 

plasticity is translated into growth responses under stress conditions. Indeed, primary root 

development and the formation of de novo meristems to generate lateral roots (LRs) are 

conditioned by the soil environment (Osmont et al. 2007). The remarkable developmental 

plasticity called the attention of Charles Darwin and his son Francis. In their monograph on 

the Power of Movements they referred to the behavior (i.e. gravitropism) of the growing root, 

postulating that the root tip acts like a plant brain: “We believe that there is no structure in 

plants more wonderful, as far as its functions are concerned, than the tip of the radicle. It is 

hardly an exaggeration to say that the tip of the radicle thus endowed, and having the power 

of directing the movements of the adjoining parts, acts like the brain of the lower animals” 

(cited by Kutschera and Niklas 2009). 

Several of the best described riboregulators in plant biology, the miRNAs, have been 

linked to root development, such as the control of primary root growth or the formation of 

organs from de novo meristems, such as lateral and adventitious roots, or the legume-

specific nitrogen-fixing nodules, through symbiotic interactions with soil bacteria (Khan et al. 

2011). 

 External cues influence plant growth by modulating hormone levels and signaling. 

Auxin is one of the main phytohormones regulating root growth and architecture. Auxin 

activity is mediated by the Auxin Response Factor (ARF) genes, a plant-specific family of 

transcriptional regulators (Okushima et al. 2005). TAS3 is a trans-acting siRNA, whose 

biogenesis requires the initial miR390-mediated cleavage of the TAS3 precursor (Marin et al. 

2010). The cleavage product is then converted to double-stranded RNA through the RdR6 

activity and sequential DCL4-mediated cleavage events (Peragine et al. 2004; Vazquez et al. 

2004; Allen et al. 2005; Gasciolli et al. 2005; Xie et al. 2005; Yoshikawa et al. 2005; Adenot 

et al. 2006). Of the four tasiRNAs precursors identified (TAS1-4) in Arabidopsis, cleavage of 

TAS3 is unique since it requires the specific action of the miR390/AGO7 complex for ta-

siRNA production (Montgomery et al. 2008). These tasiRNAs inhibit ARF2, ARF3, and ARF4, 

thus releasing repression of lateral root growth (Marin et al. 2010). In addition, ARF2, ARF3 

and ARF4 affect auxin-induced miR390 accumulation. Positive and negative feedback 

regulation of miR390 by ARF2, ARF3, and ARF4 thus ensures the proper definition of the 
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miR390 expression pattern resulting in the adaptation of the root system architecture (RSA) 

by auxin. In Arabidopsis, it was shown that auxin-associated miRNAs tightly control 

adventitious root formation through a complex regulation that involved various ARFs 

(Gutierrez et al. 2009). Whereas miR160 positively regulates adventitious root formation by 

controlling ARF17, the auxin-related miR167, which targets ARF6 and 8, is a negative 

regulator of adventitious root development. In Arabidopsis, ARF8 and ARF17 play antagonist 

roles in auxin homeostasis (Tian et al. 2004). 

Other molecular mechanisms involved in root plasticity in response to the 

environment and endogenous signals are the natural antisense RNA (NATs), which are 

transcripts complementary to cis or trans-mRNAs and exert a repressive activity on them. 

Considering that NATs may encode proteins, some of them can be classified as dual RNAs 

because of their double function: both NAT and mRNA (Bardou et al. 2011). NATs have 

been described in several organisms like yeast, human, mice and plants. We can distinguish 

two different classes of NATs: cis-NATs, which are generated by antisense transcription at 

the same genomic locus, and trans-NATs, which are generated from different loci. 

Interestingly, a large number of transcripts were predicted to have both cis- and trans-NATs, 

suggesting that antisense transcripts can form a complex regulatory network (Henz et al. 

2007). In Arabidopsis, a cis-NAT pair encoding SRO5 and P5CDH, was shown to repress 

translation, and improving Arabidopsis salt tolerance (Borsani et al. 2005). High salt 

concentration is toxic for plants when up-taken from the soil by the root (Ariel et al. 2010), 

strongly affecting root metabolism and development. In response, plants have developed 

biological mechanisms that prevent NaCl accumulation or absorption (Munns et al. 2010). 

P5CDH is constitutively expressed and encodes the D1-pyrroline-5-carboxylate 

dehydrogenase, which prevents proline accumulation, whereas SRO5 is induced by salt 

stress and encodes an unknown protein. Under high levels of NaCl, both genes form a 

natural double-stranded pair of transcripts proved to be cleaved by DCL2 and DCL1 

generating 24- and 21-nucleotide nat-siRNAs that will repress the constitutively expressed 

P5CDH mRNA and lead to increased salt tolerance (Borsani et al. 2005). 

 In many cases, the function or coding capacity of NAT-RNAs remain largely 

unknown. PHO genes participate in phosphate (Pi) transport in the cellular response to Pi 

starvation in plants. Phosphate is normally up-taken from the soil and is essential for plant 

development. In rice, three PHO1 genes can form a cis-NAT pair with npcRNAs. 

Surprisingly, the cis-NAT associated with the OsPHO1-3 gene does not appear to be 

regulated either developmentally or in response to Pi deficiency, in contrast to the cis-NATs 

of OsPHO1-1 and OsPHO1-2, which are strongly up-regulated by Pi starvation, while the 

expression of the complementary sense transcript remains relatively stable (Secco et al. 

2010). However, considering that the analysis was performed using whole roots, a 
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hypothesis is that the expression of the sense and antisense OsPHO1 transcripts may not 

occur in the same cells or tissues in all cases. In Arabidopsis, a search for npcRNAs (Ben 

Amor et al. 2009) allowed to identify 13 antisense npcRNAs complementary to protein-coding 

transcripts. One of these (npc536) forms a cis-NAT with AT1G67930, and its over-expression 

allowed plants to grow under salt stress without modifying AT1G67930 mRNA accumulation. 

Furthermore, npc536 mutants do not show any misregulation of the antisense transcript. As 

this NAT contains a short open reading frame (ORF) conserved in rice, npc536 may act 

through this encoded peptide. Alternatively, npc536 may regulate translation of the 

AT1G67930 mRNA or act as a trans-NAT, with an unidentified complementary target that 

plays a role in the salt stress response.  

Apart from npcRNAs that lead to small RNAs such as the TAS or the NAT genes, 

only few npcRNAs have been implicated in root developmental processes (Charon et al. 

2010). The ENOD40 genes code for highly structured plant mRNAs that contain a series of 

short ORFs without any long ORF (Charon et al. 1999; Gultyaev et al. 2007) and are 

involved in legume-specific root nodule organogenesis. Root nodules are nitrogen-fixing 

symbiotic plant organs that result from the interaction of soil bacteria of the genus Rhizobium 

with the root cells of host legumes (Oldroyd and Downie 2008; Crespi et al. 2008). This 

process initiates with cell-specific division in the roots, where ENOD40 is strongly expressed 

(Yang et al. 1993; Crespi et al. 1994). The ENOD40 gene is characterized by specific 

conserved nucleotide sequences that can be also found in some non-leguminous plants 

(Gultyaev et al. 2007). Furthermore, transgenic lines with increased or decreased levels of 

ENOD40 exhibit accelerated or reduced nodulation, respectively (Charon et al. 1999). It was 

first proposed that ENOD40 was an npcRNA due to its highly stable RNA secondary 

structure, a characteristic of known npcRNAs (Crespi et al. 1994; Hofacker et al. 2002) 

however other authors proposed that this transcript may encode a small primary oligopeptide 

of around 13 aminoacids (Charon et al. 2010). Translational analysis identified two short 

ORFs (sORF I and II; 13 and 27 amino acids long, respectively) that could be translated from 

this transcript in Medicago truncatula (Sousa et al. 2001) and sORF I contains a conserved 

nucleotide region across legumes, but not other plants, in contrast to the highly conserved 

stem-loops of the ENOD40 RNA throughout all known plant species (Girard et al. 2003). A 

cell-specific assay for the action of ENOD40 in Medicago sativa was developed using a 

biolistic process and suggested that translation of these sORF may be biologically relevant. 

Interestingly, mutations in the predicted structured RNA region also strongly inhibited this 

biological activity (Sousa et al. 2001). These results confirm the importance of both the sORF 

peptides and the RNA secondary structure of ENOD40 in its activity and suggest that 

ENOD40 encodes a bi-functional or dual RNA. To gain further insight into the action of 

ENOD40, molecules that interact with the peptides or RNA were identified. A novel RNA-
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binding protein MtRBP1 (for M. truncatula RNA-Binding Protein 1), which interacts with the 

ENOD40 RNA, was identified using a yeast three-hybrid screen. Immunolocalization studies 

and the use of an MtRBP1-DsRed2 fusion construct showed that MtRBP1 localized to 

nuclear “speckles,” which are nuclear ribonucleoprotein complexes known to house the 

splicing machinery in plant cells (Cioce and Lamond, 2005; Handwerger and Gall, 2006; Li et 

al. 2006). These nuclear speckles (or inter- chromatin granule clusters) are spotted 

shapeless structures containing elevated concentrations of splicing snRNPs and other 

splicing-related proteins that participate in the co-transcriptional splicing of mRNAs at the 

chromosomes (Shaw and Brown, 2004). Interestingly, MtRBP1 was located in the cytoplasm 

of ENOD40 expressing cells in M. truncatula nodules. The direct involvement of the ENOD40 

RNA in MtRBP1 relocalization into cytoplasmic granules was confirmed using a transient 

expression assay and an MS2 bacteriophage system to tag the ENOD40 RNA (Campalans 

et al. 2004). This in vivo approach to monitor RNA-protein interactions demonstrated that the 

cytoplasmic relocalization of MtRBP1 was mediated by ENOD40 and suggested that the 

relocalization of nuclear RNA-binding proteins during specific developmental processes 

could be a new function mediated by npcRNAs (Campalans et al. 2004). On the other hand, 

the ENOD40 peptides expressed in soybeans were shown to bind to sucrose synthase 

(SUC1) suggesting a potential role of these peptides in the regulation of sucrose utilization in 

the nodules (Rohrig et al. 2002). These results further highlight that npcRNA genes may act 

as bi-functional RNAs in plants as many genes contain potentially active sORF-encoded 

peptides. In Arabidopsis, more than 3000 sORFs are transcribed, suggesting that huge 

numbers of sORF-encoded peptides are still hidden in genomic regions that have not been 

annotated yet (Hanada et al. 2007). For example, the POLARIS (PLS) gene in Arabidopsis 

was identified experimentally using a promoter-trap approach and shown to have a root-

specific expression pattern (Topping et al. 1997). pls mutant plants have short roots with 

radially expanded cells and reduced leaf vascularization (Casson et al. 2002). The PLS gene 

is transcribed as a relatively short, 500-nucleotide mRNA, which contains three short ORFs 

that encode putative peptides of 8, 9 and 36 amino acids. Over-expression of the ORF 

encoding the 36-amino acid peptide partially rescues the short-root phenotype. Although the 

function of PLS has not been fully elucidated, a role in hormonal homeostasis, including 

ethylene signaling and auxin transport, and in the regulation of microtubule cytoskeletal 

dynamics was proposed (Chilley et al. 2006).  These dual RNA further highlights the large 

variety of mechanisms that npcRNAs may trigger in root tissues. 
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2- Les Protéines de liaison à l’ARN: 
 

Chez les eucaryotes, les protéines de liaison à l'ARN (RBPs pour RNA-binding 

proteins) ont un rôle crucial dans la régulation post-transcriptionnelle des gènes. Elles 

gouvernent divers processus développementaux en modulant l'expression des transcrits 

spécifiques. Le génome d’Arabidopsis code plus de 200 RBPs différentes, dont la plupart 

sont spécifiques des plantes (Lorkovic, 2009). Les études concernant des RBPs de plantes 

ont clairement montré qu’en plus de leur rôle dans divers processus de développement, elles 

sont aussi impliquées dans l'adaptation des plantes aux diverses conditions 

environnementales (Ambrosone et al., 2012). Les RBPs agissent en régulant l’épissage du 

pré-ARNm, la mise en place de la coiffe, la polyadénylation, la stabilité et l'exportation des 

ARN. Plus récemment, il a été démontré qu’elles peuvent aussi intervenir sur les 

modifications de la chromatine (He et al., 2011) et qu’elles sont des protéines clefs des 

mécanismes liés au silencing via les petits ARN (Xie and Qi, 2008).  

La vie d’un ARNm commence par la transcription du gène par l'ARN polymérase II 

(RNAPol II). De manière concomitante, le recrutement de plusieurs machineries sur les 

transcrits naissants (ou pre-ARNm) permet de produire l'ARNm fonctionnel qui est prêt pour 

l'exportation du noyau puis la traduction. Les pré-ARNm ont une coiffe (composée d'une 

guanosine méthylée en position N7) à l'extrémité 5 ', des introns qui sont éliminés par le 

processus d'épissage ; Les pré-ARNm sont clivés et polyadénylés à l'extrémité 3'. La mise 

en œuvre correcte de ces modifications affecte les événements en aval, comme l'exportation 

de l’ARNm, la stabilité de celui-ci et sa traduction (Guthrie and Steitz, 2005 ; Lejeune and 

Maquat, 2005). Les transcrits de l’ARN Pol II sont recouverts par des RBPs dès le début de 

la transcription jusqu'à leur dégradation dans le cytoplasme (Aguilera, 2005 ; Dreyfuss et al., 

2002 ; Moore, 2005, Lorković et al., 2009).   

Les RBPs sont caractérisées par la présence d'un ou plusieurs domaines de liaison à 

l’ARN ; le motif le plus représenté, chez Arabidopsis, est le motif de reconnaissance de 

l’ARN RRM (RNA Recognition Motif) et le domaine KH ( K-homologie domain). Les protéines 

qui possèdent un motif RRM représentent 70% des RBPs de plantes. Le RRM est un 

domaine de 80-90 acides aminés formé de quatre brins β en orientation antiparallèle et de 

deux hélices α dans l’ordre β1α1β2β3α2β4. Les brins centraux, β1 et β3 abritent un ou deux 

motifs conservés : un octamère nommé RNP1 et un hexamère nommé RNP2, certains RRM 

ne possèdent  qu’un des deux motifs RNP. 

 Les domaines de liaison à l’ARN sont souvent combinés dans une même protéine ou 

bien présents avec d'autres domaines protéiques impliqués dans l’interaction protéine-

protéine (Dreyfuss et al., 2002 ; Lorkovic and Barta, 2002). Fait intéressant, de nombreux 
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gènes codant pour des RBPs sont exprimés de façon différentielle en fonction du type 

cellulaire ou du stade de développement (Licatalosi and Darnell, 2006 ; Terzi and Simpson, 

2008 ; Ule and Darnell, 2006). En raison de l'absence de systèmes in vitro d'origine végétale 

pour étudier les événements post-transcriptionnels, comme l’épissage du pré-ARNm et la 

polyadénylation, les RBPs ont été moins étudiées chez les plantes, que chez d'autres 

organismes. Toutefois, des travaux concernant des RBPs de plantes sont en train 

d'émerger ; elles sont de plus en plus étudiées notamment lors de  la régulation de la 

transition florale (Lim et al., 2004 ; Macknight et al., 1997 ; Mockler et al., 2004 ; Schomburg 

et al., 2001 ; Streitner et al., 2008), la signalisation par l’acide abscissique (ABA) (Cao et al., 

2006 ; Riera et al., 2006), la réponses au stress (Kim and Kang, 2006 ; Kim et al., 2007 ; Kim 

et al., 2010 ; Kwak et al., 2005), le cycle circadien (Staiger, 2002 ; Zhao et al., 2004) et la 

modification de la chromatine (Baurle et al., 2007 ; Liu et al., 2007 ; Baurle and Dean, 2008 ; 

Veley and Michaels, 2008). 

L’assemblage des complexes RNPs a donc une importance cruciale pour 

comprendre la régulation de l’expression des gènes. Les interactions entre les RBPs et 

l’ARN hautement structuré en complexe ribonucléoproteiques (RNPs) dans différents 

granules subcellulaire dans le noyau et le cytoplasme des cellules eucaryotes nous révèlent 

plusieurs aspects de la régulation de l’expression des gènes se déroulant dans le contexte 

des RNPs. Différents « granules à ARN » existent chez les cellules eucaryotes et je vais 

donc résumer leurs rôles putatifs dans l’organisation cellulaire. De plus, pour chaque 

compartiment subcellulaire les RBPs et les mécanismes qui leur sont associés seront 

décrits. 

 

2.1 Les RBP dans les corps cytoplasmiques 
 
La cellule eucaryote possède, hormis son principal organite le noyau, différent 

organites cytoplasmiques dont le réticulum endoplasmique, l’appareil de golgi, plusieurs 

vésicules d’endocytose ou de transports, les lysosomes et les peroxysomes.  

 En plus de ces organites, des granules associant des ARN et des protéines ont été 

caractérisés (Anderson and Kedersha, 2006). Ces compartiments sans membrane ou 

granules se forment dans le cytoplasme grâce à des interactions ARN/protéines. Ils 

semblent être le siège de régulations fines lors de la traduction et la dégradation des 

transcrits d’ARN. Généralement, L’ARNm organisé en granules RNP permet la régulation 

précise de sa traduction dans de larges complexes de ribosomes ou polysomes. Ces 

granules sont essentiellement composées d’ARN, de ribosomes, de facteur d’initiation de la 

traduction (eIF4E eIF2α) ainsi que d’autres RBPs. Après avoir été traduit certain ARNm sont 



 15

libérés depuis les polysomes et s’agrégent pour former des structures dynamiques appelées 

stress granules (SG) et processing bodies (P-bodies). 

 
2.2.1 Les RBP dans les « Processing bodies » 

Les « P-bodies » sont des agrégats de RNP contenant des ARNm dont la traduction est 

bloquée, un processus lié à la dégradation de l'ARNm. Les P-bodies contiennent des 

enzymes nécessaires à la voies de dégradation des ARNm comme des déadénylases 

(CCR4/POP2/NOT ; Sheth et Parker, 2003; Cougot et al, 2004 ; Andrei et al, 2005), le 

complexe enzymatique « decapping » comportant DCP1, DCP2 et, dans les cellules de 

mammifères, Helds, hEdc3, l’activateur du décaping  p54/RCK (Fenger-Gron et al, 2005 ; 

Parker et Sheth, 2007) et l’exonucléase XRN1. Chez les plantes, la composante centrale du 

complexe de decapping est constituée d'au moins DCP1, DCP2 et VARICOSE (Xu et al, 

2006 ; Goeres et al, 2007), dont les mutations sont létales au stade cotylédon. Les P-bodies 

contiennent également un heptamère LSM1-7 qui régule divers aspects de l’assemblage des 

RNPs (Ingelfinger et al, 2002 ; Sheth et Parker, 2003) et des éléments de la voie du NMD 

(Non sense Mediated Decay ; SMG5, SMG7 et UPF1 ; Unterholzner et Izaurralde, 2004 ; 

Fukuhara et al, 2005). La taille et le nombre de P-bodies sont généralement proportionnels 

au pool des ARNm non traduits. Lorsque les ARNm sont associés à des ribosomes bloqués, 

par un traitement à la cycloheximide, le nombre de P-bodies diminue considérablement. Il a 

été proposé qu’un flux de transcrits fixés sur des ribosomes étaient indispensables pour 

maintenir la structure en granules (Sheth et Parker, 2003 ; Cougot et al, 2004 ; Teixeira et al, 

2005). A l'inverse, quand les ARNm sont dissociés des ribosomes en raison de l'inhibition de 

la traduction, la taille des P-bodies augmente (Kedersha et al, 2005 ; Teixeira et al, 2005 ; 

Koritzinsky et al, 2006). Les P-bodies et les granules de stress sont des granules 

ribonucléoprotéiques dynamiques qui interagissent entre eux. A l’intérieur, les ARNm 

peuvent y être dégradés, stockés ou re-rentrer dans un processus de traduction. En 

conséquence, la cellule peut rapidement réguler la traduction, en réponse à l'environnement, 

en utilisant plusieurs mécanismes de remobilisation des ARNm présents dans les 

compartiments nucléaires et cytoplasmiques (Kedersha et al, 2005 ; Wilczynska et al, 2005 ; 

Decker and Parker., 2012 ; Muench et al., 2012).  

Durant ma thèse j’ai participé à des manipulations et à la rédaction d’un article intitulé 

« Cytoplasmic and nuclear quality control and turnover of single stranded RNA modulate 

post-transcriptional gene silencing in plants » dans lequel je suis troisième auteur et qui sera 

présenté en annexe 2 (Nucleic Acid research ; Moreno et al., 2013). Dans cet article nous 

avons prouvé que des sous unités du NMD, de la déadenylation ou de l’exosome suppriment  

le Sense-Post Transcriptional Gene Silencing  (S-PTGS; cf introduction partie résultats 2 en 

relation avec le PTGS). De plus ces résultats indiquent que le RNA Quality Control (RQC) 
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ainsi que le PTGS sont entrelacés. En effet, des membres du RQC sont localisés dans le 

noyau et le cytoplasme et, dans la partie cytoplasmique ces protéines sont localisées dans 

deux types de granules : Les P-bodies (marqué par la protéine DCP1) ainsi que les siRNA-

bodies (Corps cytoplasmiques associé à la localisation de protéines comme SGS3 et RDR6). 

Nous avons montré que ces deux types de granules cytoplasmiques ne colocalisaient pas. 

En réalité, ils sembleraient que les p-bodies et les si-RNA bodies peuvent entrer en 

interaction probablement afin d’échanger des composants entre ces deux corps 

cytoplasmiques impliqués dans la dégradation des ARN. Dans cet article j’ai principalement 

aidé aux clonages de ceratins gènes, j’ai aussi étudié la localisation de la protéine RRP4. 

 
2.2.2 Les RBP dans les « silencing bodies » 

Chez les plantes, certains petits ARN régulateurs (« small RNAs ») sont générés à 

partir de long dsARN synthétisés par la RNA-DEPENDENT RNA POLYMERASE 6 (RDR6) 

assistée dans cette action par SGS3, une protéine de liaison à l’ARN (Peragine et al., 2004 ; 

Vazquez et al, 2004 ; Allen et al., 2005 ; Yoshikawa et al., 2005). RDR6 est une enzyme clef  

de la biosynthèse des dsARN impliqués dans les mécanismes régissant la S-PTGS ou 

l’interférence par des trans-acting small-interfering RNA (tasi-ARN). En revanche la fonction 

de la protéine SGS3 (qui est spécifique des plantes) reste obscure. La protéine SGS3 est 

composée de 3 domaines un domaine à doigt de zinc, un domaine XS ainsi qu’un domaine 

coiled-coil. Le domaine XS est impliqué dans la liaison aux ARN et le domaine coiled-coil 

dans l’homodimérisation de SGS3 (Elmayan et at., 2009 ; Fukunaga and Doudna, 2009). Les 

protéines SGS3 et RDR6 co-localisent dans les mêmes granules cytoplasmiques nommés 

« silencing bodies » et des résultats obtenus par BiFC suggèrent que ces deux protéines 

interagissent entre elles (Kumakura et al., 2009)., Les 3 domaines de SGS3 semblent 

importants pour la fonction de cette protéine. En revanche, seulement les domaines XS et 

coiled-coil sont importants pour permettre la localisation de SGS3 dans des corps 

cytoplasmiques ou siRNA bodies (Kumakura et al., 2009). Il est important de noter que ces 

granules cytoplasmiques sont distincts des P-bodies. Une étude récente de notre laboratoire 

(Jouannet et al. 2012) indique que la protéine AGO7 colocalise avec SGS3 et RDR6 dans 

les « silencing bodies ou siRNA bodies » compartiments sans membrane du cytoplasme. La 

protéine AGO7 intervient avec le miARN390 dans la formation de tasiRNA (ou trans acting 

siRNAs) à partir du long ARN non-codant TAS3 et grâce à l’intervention des protéines SGS3 

et RDR6 (Vaucheret, 2005 ; Marin et al., 2010). 
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2.2.3 Les RBP dans les granules de stress  

Les granules de stress (SGs) constituent des ensembles cytoplasmiques se formant 

dans les cellules eucaryotes exposées à un stress environnemental (UV, l'hypoxie, l'infection 

virale ...). Les premières descriptions de SGs ont été réalisées à partir de cultures cellulaires 

de tomate soumises à un choc thermique qui montraient des agrégats de petites protéines 

de choc thermique (HSP) dans leur cytoplasme (Nover et al., 1983). Plus tard, ces corps 

d'inclusions que l'on appelle granules de choc thermique (HSG) ont été observés chez la 

drosophile (Leicht et al, 1986 ; Arrigo et Welch, 1987), les vertébrés (Collier et Schlesinger, 

1986; Arrigo et Welch, 1987) et chez les végétaux (Nover et al, 1983 ; Nover et Scharf, 

1984). Les complexes de pré-initiation 48S constituent les composants centraux des SGs 

avec l'ARNm, les petites sous-unités ribosomales, les facteurs d'initiation de traduction (eIF3, 

eIF4E, eIF4G) et la PolyA-Binding Protein (PABP) (Kedersha et al., 2002). En outre, 

plusieurs protéines liant l'ARN et qui régulent la traduction ou la dégradation de l'ARNm font 

partie de ces SGs (Kim et al, 2005 ; Hofmann et al, 2006 ; Decker and Parker., 2012 ; 

Muench et al., 2012). Dans les cellules de mammifères, la formation de SG dans des 

conditions de stress nécessite la fixation de la RBP TIA-1 porteuse d'un domaine prion sur 

des ARNm polyadénylés et la présence de  facteurs d'initiation de traduction (Gilks et al, 

2004; Kedersha et al, 2000). Chez Arabidopsis, deux RBPs nucléaires (UBP1 et RBP47), 

dont la structure moléculaire est proche de la protéine TIA-1 des mammifères, sont impliqués 

dans l’épissage des pré-ARN (Lambermon et al, 2000; Lorkovic et al, 2000 ; Weber et al., 

2008). Ces protéines possèdent un domaine « glutamine-rich prion-related domain (PRD)» 

(Gilks et al., 2004; Lorkovic and Barta, 2002), trois motifs de reconnaissance à l’ARN (RRM) 

et présentent une forte homologie de séquence avec la protéine TIA-1. En absence de 

stress, la protéine RBP47 étiquetée par une protéine fluorescente est localisée dans le 

noyau. En revanche, cette protéine est capable de  re-localiser vers des granules 

cytoplasmiques lors d’uns stress thermique (Weber et al., 2008). Des immunoprécipitations 

avec des anticorps monoclonaux, ont montré que RBP47 semble fixée sur des ARNm 

polyadénylés. Enfin des résultats similaires ont été obtenus avec la protéine UBP1.  Ces 

résultats montrent que les ARNm polyA, les facteurs d’initiation de la traduction et 

UBP1/RBP47 sont recrutés ensemble dans des SGs. 

 

2.2 Les RBPs dans les corps nucléaires 
 

Le noyau constitue le lieu de stockage du matériel génétique, il est entouré par une 

enveloppe composée d’une double membrane lipidique séparée par un espace périnucléaire 

en continuité avec le réticulum endoplasmique (Stewart et al., 2007). La communication 
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entre le noyau et le cytoplasme se déroule à travers des pores. Dans le noyau, chaque 

chromosome est localisé dans un territoire spécifique séparé par un compartiment 

interchromosomique où sont retrouvés les différents corps nucléaires. Au sein des territoires, 

les chromosomes sont hautement structurés avec des régions d’hétérochromatine 

condensée et des régions d’euchromatine ouverte qui connaissent une activité 

transcriptionnelle intense. Grâce au progrès dans le domaine de la microscopie, le noyau se 

dévoile  comme une structure hétérogène composée de plusieurs sous-compartiments 

(Spector, 2011) (figure 4).  Les corps nucléaires tel que, le nucléole, les Cajal bodies, les 

speckles, et les Dicer-bodies sont des domaines sub-nucléaires sans membrane. Les corps 

nucléaires compartimentent l'espace nucléaire et créent des sites distincts dans un volume 

confiné, concentrant ainsi réactifs et substrats afin de potentiellement faciliter les réactions 

biologiques. Des études récentes commencent à élucider les mécanismes moléculaires 

responsables de l'assemblage et du maintien de plusieurs de ces corps nucléaires (Kaiser et 

al., 2008 ; Mao et al., 2011 ; Shevtsov and Dundr, 2011). L'absence de membranes favorise 

les échanges entre ces corps nucléaires et l'environnement du nucléoplasme. En effet, la 

plupart des constituants protéiques des corps nucléaires sont également dispersés dans 

l’espace interchromatinien à des concentrations plus faibles. L’organisation des corps 

nucléaires est très finement régulée ; les interactions entre les protéines, les ARN et les 

RNPs sont responsables de la formation, du maintien, ainsi que de l’activité biologique de 

ces différents corps. De plus, il est maintenant admis que les ARN codants et non codants 

ont une capacité de régulation de l’architecture nucléaire ainsi que, dans certains cas, de la 

structure même de ces corps (Dundr and Misteli 2010 ; Caudron-Herger et al., 2011). 
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Figure 4  Vue d’ensemble des domaines nucléaires 
Dans les cellules eucaryotes, le noyau est encapsulé dans deux couches de membranes dans lesquelles des 
complexes de pores nucléaires permettent le transport entre le noyau et le cytoplasme. Dans le noyau, les 
chromosomes sont organisés en territoires chromosomiques. La région interchromatinienne est très hétérogène, 
contenant divers domaines nucléaires. Dans une cellule végétale, ces corps nucléaires comprennent le nucléole, 
les CB, les speckles nucléaires et les D-bodies. Ces corps ont des tailles, des formes, des composants, une 
dynamique et des fonctions différentes. Les D-bodies jouent un rôle dans la biogenèse des miARN. Les gènes de 
miARN de plantes sont transcrits par l'ARN polymérase II afin de générer des pri-miARN. Les principales 
enzymes pour la biogenese et les mecanismes liés aux miARN sont représentées. (Liu et al., 2012). 
 

2.1.1 Le nucléole 
Le plus volumineux et le mieux caractérisé des compartiments nucléaires est le 

nucléole, qui est une structure dynamique formée autour de l’activité de transcription des 

ARNr par l’ARN Pol I (Figure 4, 5). Le nucléole est composé de 3 parties principales, un 

centre fibreux, qui contient des centaines de gènes codants des ARNr qu’on retrouve à 

plusieurs loci (aussi nommé région nucléolaire organisatrice) ; une composante dense et 

fibreuse, qui contient les gènes codant les ARNr en transcription et les ARNr naissant, et une 

composante granuleuse qui est le site de traitement post transcriptionnel des ARNr (Carmo 

Fonseca et al. 2000) (figure 4). Dans le nucléole des plantes, la composante dense et 

fibreuse semble moins dense et occupe la majeure partie du volume du nucléole (Shaw and 

Brown 2004). Le nucléole est donc le siège de  transcription des ARNr mais également le 

site de modification des pre-ARNr par des « small nucleolar RNA » (snoRNA ; Brown et al., 

2003) et de pre-assemblage des ribosomes (Olson et al, 2002, Pederson, 2010). Le nucléole 
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est aussi impliqué dans la biogenèse de RNP non ribosomale comme les « Signal 

Recognition Particles » ou SRPs (Handweger et al ; 2005 ; Sommerville et al ; 2005).  

Les autres corps nucléaires sont moins bien caractérisés ; je vais résumer dans le 

chapitre suivant les connaissances actuelles concernant les « speckles » (Spector et al., 

2010), les « Cajal bodies » (CB) (Mao et al., 2011) et les « Dicer bodies (D-bodies) » (Fang 

and Spector, 2007). 

                        

  2.1.2 Les RBP dans les « Cajal bodies » 
Les « Cajal bodies » (CB) sont généralement associés au nucléole avec lequel il 

partagent de nombreux constituants (Figure 4, 5, 6). Ces particules contiennent une variété 

d’ARN et de protéines impliqués dans l’assemblage et la modification des small nuclear 

RNPs (snRNPs) et des small nucleolar RNPs (snoRNPs). Il est clairement établi  que  des 

RNPs se déplacent (Figure 5) des CB jusqu’au nucléole (snoRNPs) ou jusqu’aux speckles 

(snRNPs) (Seleeman and Lamond, 1999 ; Gerbi et al., 2003 ; Nizami et al., 2010). Chez l’ 

homme, les snARN du spliceosome sont transcrits dans le noyau puis exportés dans le 

cytoplasme où les snARN forment un complexe avec sept protéines Sm conservées chez la 

plupart des eucaryotes. Ces complexes snRNP sont ensuite hyper-méthylé aux extrémités 5' 

puis réimportés dans le noyau. Ils se concentrent d'abord dans CBs pour se rendre ensuite 

dans les speckles. Ces derniers rejoignent les régions actives du génome où ils jouent un 

rôle essentiel dans l'épissage de pré-ARNm (Matera et al., 2007). Les snRNPs du 

spliceosome U1, U2, U4/U6 et U5 sont aussi localisés dans les CBs avant leur exportation 

dans les speckles dans les cellules humaines. Les snoRNP U3 et U8, impliqués dans le 

« Processing » des pre-ARNr sont aussi localisés dans les CB (Gall et al., 2000). Li et al., 

2006 ont d’autre part montrés que AGO4 et NRPD1b colocalisent avec DCL3, RDR2 et les 

siRNAs dans les CBs (Pontes et al., 2006). Ces résultats suggèrent que les CBs seraient le 

lieu d’assemblage d’un complexe AGO4/NRPD1b/siRNAs qui régulerait l’état chromatinien 

de certains loci (Pontes et Pikaard, 2008). Finalement les CBs jouent aussi un rôle primordial 

dans l’assemblage des télomèrases RNP ainsi que dans l’homéostasie de la longueur des 

télomères. Cependant, chez Arabidopsis et chez Drosophila melanogaster une absence de 

CB due à la déficience d'une protéine ubiquiste des CBs, nommée COILIN, n’affecte pas la 

formation d’individus parfaitement viables et se développant normalement (Collier et al., 

2006 ; Liu et al., 2009) à  la différence des souris mutantes coilin qui montrent une létalité 

d’environ 50% (Walker et al., 2009). Les CBs jouent donc un rôle dans la promotion de 

certaines étapes finales de la maturation de snRNP et / ou facilitent l'interaction individuel 

des snRNPs pour former des complexes d'ordre supérieur (Nizami et al., 2010). 
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Figure 5 Flux d’ARN à travers les différents RNP bodies dans le noyau et le cytoplasme  
Les ARNm sont transcrits dans le noyau puis sont maturés par mise en place d’une coiffe, d’une queue poly A et 
sont épissés dans le noyau. Les Cajal bodies permettent de redistribuer les protéines nécessaires à la maturation 
des ARN (vers les speckles) ainsi que les protéines impliquées dans l’assemblage des ribosomes (dans le 
nucléole). Les ARNm sont exportés vers le cytoplasme pour êtres traduits. Ils peuvent aussi êtres régulés par des 
npcARN comme les miARN (fabriqués dans les dicing bodies) ou les siARN dérivés de transgènes ou issus des 
produits des RDR. Les ARNm sont exportés dans le cytoplasme et clivés dans les siARN bodies via le complèxe 
RISC ou encore dégradés dans les P-bodies par les protéines DCP et XRN. Les P-bodies représentent aussi un 
lieu de stockage d’ARNm et abritent la machinerie NMD. (Adapté d’après Pontes and Pikard, 2008) 
 
 

 

2.1.3 Les RBP dans les « Dicing bodies » 
Chez Arabidopsis, le pre-miARN et le pri-miARN sont clivés dans le noyau par DCL1 

(Papp et al., 2003). De nombreuses protéines de liaison aux ARN double brin (dsRBPs) 

participent à la biogenèse et la fonction de la voie métabolique des petits ARN (Vaucheret, 

2006). La protéine HYL1 (Hyponastic Leaves 1) d’Arabidopsis est une dsRBP nucléaire 

impliquée dans la biogenèse des microARN (Lu and Fedoroff , 2000 ; Han et al., 2004). 

HYL1 comme SERRATE peuvent se lier à DCL1 (Hiraguri et al., 2005 ; Kurihara et al., 

2006). Une mutation dans le gène HYL1 provoque une plus faible accumulation de miARN et 

une augmentation des ARNm cibles non clivées (Han et al., 2004). En utilisant des protéines 

de fusions fluorescentes, Song et al., 2007 ont observé une co-localisation entre les 

protéines DCL1 et HYL1 dans des corps nucléaires qui ressemblent à des CB. Ils ont par la 

suite été dénommés « Dicer bodies » ou D-Bodies car ils comportent l’ensemble des 

enzymes indispensables à la biogenèse des miARN et de certains siARN (Figure 4, 5). Fang 

and Spector 2007 ont également observé le recrutement de pri-miARN dans ces « Dicer 

 speckles 

 

Dicing bodies 

 

  

  

Transgenes, RDR 
products  

miRNA 

 siRNA 
bodies

 nucleolus 

Cajal bodies
snoRNP/ 
snRNP 
assembler 

snoRNP 

Ribosome 
pre-assembler 

snRNP 

siRNA 
bodies 



 22

bodies. Les D-bodies seraient donc des corps de traitement des précurseurs des miARN ou 

un site de stockage et d’assemblage de la machinerie de la voie des miARN (Liu et al., 

2011). 

 

  2.1.4 Les RBP dans les Speckles 
La machinerie d’épissage du pre-ARNm qui inclut, les snRNPs, les sous-unités du 

spliceosome et les régulateurs de l’épissage, est internalisée dans des granules, les 

speckles nucléaires. Ces derniers sont localisés dans les canaux et les lacunes qui 

entourent les différents territoires chromosomiques dans le noyau. (Mintz and Spector, 

2000 ; Spector 2001 ; Spector and Lamond 2010, Niedojadło et al., 2012) (Figure 4, 5, 6). 

Chez les plantes comme chez les animaux, ces petits corps nucléaires interchromatiniens 

sont le site de stockage des facteurs d’épissage et des protéines qui contiennent des motifs 

de liaison à l’ARN comme les protéines SR (serine/arginine rich) (Ali et al., 2003 ; Docquier 

et al., 2004; Fang et al., 2004 ; Lorkovic et al., 2004 ; Barta et al., 2008). Ces protéines SR 

sont nécessaires pour définir les jonctions exon/intron et pour l’assemblage du spliceosome 

(Barta et al., 2008). Chez les plantes, certaines protéines SR sont régulées par des stimuli 

environnementaux comme la variation de la températures par exemple (Ali et al., 2003 ). 

Chez Arabidopsis, des résultats récents montrent que certaines protéines SR en plus de leur 

localisation diffuse dans le nucléoplasme sont intégrées dans un réseau irrégulier qui semble 

correspondre aux « speckles ». Les protéines SR d’Arabidopsis sont classées en 7 sous-

familles conservées. Les différentes protéines SR se distribuent dans des populations 

distinctes de « speckles » nucléaires ; cependant, il existe des cas de co-localisations 

partielles ou complètes de certains membres de la famille (Lorkovic et al., 2008). De plus, 

ces speckles nucléaires ont été montrées comme dynamiques en fonction de 

l’environnement de croissance d’une cellule particulière. Plusieurs kinases et phosphatases, 

qui peuvent respectivement phosphoryler et déphosphoryler des composants de la 

machinerie d'épissage, ont été trouvés dans les speckles, soutenant un rôle majeur de la 

modification post-traductionnelle des composants du spliceosome pour la régulation de 

l'épissage (Spector and Lamond 2011). Les speckles abritent donc le spliceosome qui est un 

grand complexe formé de nombreuses protéines et dont les interactions sont très 

dynamiques en fonction de l’activité cellulaire. Par conséquent, les speckles nucléaires ont 

été proposés comme servant de plate-forme pour les activités métaboliques impliquées dans 

la maturation et l’épissage des ARNm ainsi que dans leur exportation (Brown et al., 2006 ; 

Brown et al., 2008).  

Les protéines du « spliceosome » ou les régulateurs de l’épissage comme les 

protéines hnRNP, snRNP, les protéines SR et les autres principales protéines liées à 

l’épissage seront présentées chapitre 3.2 de cette introduction. 
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Figure 6 Détails structurels des speckles et d’autres organelles sub-nucléaires 
(a) Détails structurels sub-nucléaire d’un noyau d’ovocyte de Xénope. Le Cajal bodie, le speckle et la partie 
granuleuse du nucléole contiennent des particules hétérogènes (CG granular compound ; DCF dense fibrilar 
component ; FC fibrilar center ; Bar 1µm) (Handwerger et al., 2005). (b) Speckles dans l’espace interchromatinien 
de noyau de cellule HeLa représentant des facteurs d’épissage. Bar 5µm (Spector and Lamond, 2011) 
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2.1.5 npcARN et RNA binding proteins dans le noyau 

Lors de ma thèse j’ai eu l’opportunité de participer à l’écriture de deux autres revues 

qui traitent du rôle des RBPs en relation avec les npcARN et qui sont partiellement 

redondantes avec le chapitre de livre (Ariel et al., 2012, Annexe1) qui est plus focalisé sur la 

racine. Une première revue orientée ARN non codant dans le noyau sera présentée en 

annexe 3 « Non-Protein-Coding RNAs and their Interacting RNA-Binding Proteins in the 

Plant Cell Nucleus » (Charon et al., 2010). La seconde revue, « Dual RNAs in plants » 

(Bardou et al., 2011) sera proposée en annexe 4. Ici, je présente l’alinéa 2 du chapitre 2 du 

livre « Root Genomics and Soil Interactions » (Ariel et al., 2012 ; annexe 1) afin de réviser 

les connaissances qui lient les npcARN et les RBPs. 
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Alinéa 2 du chapitre 2 du livre « Root Genomics and Soil Interactions » (Ariel et al., 2012 ; 

annexe 1). 

 

 The role of RNA binding proteins in npcRNA metabolism and activity 
 

The post-transcriptional regulation of gene expression mediated by npcRNAs as well 

as all aspects of RNA metabolism is globally determined by a variety of RNA-binding proteins 

(RBPs; Lorkovic 2009). Most RBPs contain one or more conserved domains, as the RNA-

recognition motif (RRM) and the K homology (KH) motif. Based on the characteristics of 

those conserved domains, the analysis of the A. thaliana genome revealed that plants 

express a complex set of RBPs, with 196 RRM- and 26 KH-containing proteins, the majority 

of them being plant-specific (Barta et al. 2008; Lorkovic and Barta 2002). Most of these 

proteins have not been characterized experimentally, and it is largely unclear how their 

action may control gene expression and development, primarily due to the difficulty in the 

identification of their RNA partners (Lorkovic 2009). Nevertheless, following forward and 

reverse genetic approaches, some studies begin to reveal the requirement of specific RBPs 

that have crucial roles in RNA metabolism during plant development. 

Most RBPs are likely to have multiple RNA partners including mRNAs and npcRNAs 

(e.g. antisense RNAs, intergenic npcRNAs or small RNAs) that may integrate different RNPs 

(Ribonucleoproteins) to generate RNA networks in which npcRNAs can determine their 

localization, interfere or modulate their action (acting as competitors or activators against 

other substrates). Identification of the RBPs with which npcRNAs associate will contribute to 

understand their role in RNP networks in the cell. For example, several RBPs are involved in 

the biogenesis and action of small RNAs (e.g. DCLs, RDRs or AGOs, Valencia-Sanchez et 

al. 2006). The RNAi pathways have been largely diversified and several steps occur in the 

nucleus and/or the cytoplasm. The different small RNA silencing pathways differ mainly in 

the way of generation of the small RNA (Vaucheret et al. 2006). One RNA silencing 

mechanism is initiated by endogenous loci able to form double-stranded stem-loops that are 

processed by DICER (double-stranded RNAses) into small RNAs called miRNAs (miRNA 

pathway). In the siRNA pathway, a single-stranded RNA is targeted by RNA-dependent RNA 

polymerases to form long dsRNAs that then is cut by DICERs into small RNAs called 

siRNAs. In addition, long dsRNAs can be precursors of siRNAs when an npcRNA (a trans 

acting or TAS long non-coding RNAs) is targeted by a specific miRNA and cleaved, 

becoming a substrate of RDR polymerases to form a long dsRNA that will be processes in 

small siRNAs, called tasiRNAs (derived from TAS genes). Finally, two independent 
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transcripts may form a complementary dsRNA (natural antisense genes) and this region of 

the dsRNA molecule is processed by DICER into dsRNA small molecules or natsiRNAs. In 

all cases, one strand of the processed si/miRNAs duplex is incorporated into the RISC 

complex containing AGO proteins. The presence of this small RNA provides the RISC 

complex a sequence specificity to target a particular mRNA molecule. Gene Silencing can 

occur at both PostTranscriptional (PTGS, through mRNA cleavage and/or translation 

inhibition) and/or Transcriptional levels (TGS, through DNA methylation) (Vaucheret 2006). 

In the cell there exist several sources of long npcRNAs that may lack of coding 

capacity because they are aberrant RNAs, e.g. mRNAs without either the 5’ cap or the 3’ 

polyA tail. Those aberrant RNAs can be converted in double stranded RNA by RDRs 

triggering silencing mechanisms through the action of DCLs or be eliminated by the normal 

degradation machinery, involving the exosome, XRN enzymes or the NMD pathway (Conti 

and Izaurralde 2005; Chekanova et al. 2007; Kurihara et al. 2009). These survey 

mechanisms conform what we previously defined as RQC mechinery and aim to ensure the 

correct expression of the genes (Houseley and Tollervey 2009).  

One of those control survey mechanisms is the NMD, for non-sense-mediated mRNA 

decay, whose core RBPs are the UP-frameshift proteins (UPFs). This pathway recognizes 

premature nonsense or stop codons (PTC) within an mRNA by the action of the exon-

junction complex (EJC) that marks correctly fused exons (Pontes and Pikaard 2008). Such 

PTC containing transcripts can arise as a result of genomic frameshifts, nonsense mutations 

or inefficiently spliced pre-mRNAs for example (Maquat 2004). In Arabidopsis there are three 

UPF genes (UPF1, UPF2 and UPF3), and a genome-wide analysis using a tiling array of the 

mutants upf1-1 and upf3-1 revealed that in addition to the expected NMD substrates, that is 

coding mRNAs, most npcRNAs, including large numbers of antisense RNAs, are degraded 

by this pathway (the tiling-array data can be viewed at 

http://omicspace.riken.jp/gps/group/psca3). In these mutants the percentage of up-regulated 

messenger-like-npcRNAs (mlnpcRNAs) to all expressed mlnpcRNAs was much higher than 

the percentage of up-regulated mRNAs to all expressed mRNAs. This suggests that in fact, 

besides the recognition of nonsense mRNAs, another very important role of NMD is the 

genome-wide suppression of the mlnpc-RNAs that are recognized as aberrant transcripts by 

this machinery (Kurihara et al. 2009). After recognition of an incorrectly positioned stop 

codon, the NMD system through the action of other RBPs, signals the elimination of this RNA 

by recruiting decapping enzymes followed by 5’→3’ exonuclease activities (XRN enzymes), 

and/or deadenylation enzymes followed by 3’→5’ exonucleolytic degradation (Amrani et al. 

2006; Conti and Izaurralde 2005; Lejeune and Maquat 2005). This 3’→5’ exonucleolytic 
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degradation is known to take place in the exosome complex. Hence, npcRNAs may affect 

the stability of other aberrant transcripts by interfering with this pathway.  

The exosome is an evolutionary conserved macromolecular complex that mediates 

numerous reactions of 3’– 5’ RNA processing and degradation, being essential for eukaryotic 

cell viability (Estevez et al. 2003; Mitchell et al. 1997). Some of its activities relay in the 

homeostatic mRNA turnover, decay of unstable mRNAs, nonsense-mediated mRNA decay 

and degradation of the mRNA fragments derived from endonucleolytic cleavage mediated by 

mi/siRNAs in RISC complexes (RNA-induced silencing complex) (Houseley et al. 2006). 

Combining genetic, proteomic, and whole-transcriptome analyses to investigate the function 

of the exosome complex Chekanova and co-workers (2007) found that individual subunits of 

the exosome are functionally specialized, ranging from being dispensable for growth and 

development (CSL4) to being essential for the development of female gametophytes 

(RRP41) or embryogenesis (RRP4). These findings demonstrate an unexpected degree of 

functional plasticity in the plant exosome core. Concerning the exosome targets they found 

multiple classes of stable structural RNAs, a select subset of mRNAs, primary miRNA 

(primiRNA) processing intermediates, tandem repeat-associated siRNA precursor species, 

as well as numerous long npcRNAs, as mentioned before, such as npcRNAs associated with 

heterochromatic regions in plants. In addition, the results revealed a novel layer of the 

transcriptome composed of intergenic npcRNAs that are tightly downregulated by constitutive 

exosome activity. This elegant work gave rise to a publicly available exosome-regulated 

transcriptome database (http://signal.salk.edu/cgi-bin/exosome) that will certainly help future 

work to elucidate regulatory mechanisms in complex eukaryotic transcriptomes. 

Taking into account the roles of the NMD and the exosome, one could expect that the 

transcripts up-regulated in the upf mutants ought to overlap with the exosome substrates, as 

aberrant transcripts recognized by the NMD complex should be degraded from the 3’ end by 

deadenylation and subsequent 3’→5’ exonuclease activity in the exosome (Mitchell and 

Tollervey 2003; Lejeune et al. 2003).  However it was not the case and only slight overlap 

was found between transcripts up-regulated in the upf mutants and exosome substrates. In 

addition, in the population identified as exosome substrates there were no natural antisense 

RNAs, or NAT-RNAs. It is possible that these differences are probably due to the 

experimental variations, such as age of plants, difference in growth conditions and statistical 

analysis (Kurihara et al. 2009) and certainly future work will need to address these 

discrepancies.  

After recognition of an abnormal RNA by one of the cellular survey mechanisms, the 

RNA molecules enters the decay mechanisms usually starting by deadenylation of the 3’ 

poly(A) tail and then by decapping of the 5’ cap structure, followed by degradation in the 

3’→5’ and/or 5’→3’ directions by the exosome or XRN exoribonucleases, respectively (Chiba 
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and Green 2009). In addition to aberrant transcripts derived from incorrect splicing or other 

cellular mechanisms, RNA substrates for this step also arrive from the silencing pathways 

after the cleavage of mRNA targets by si/miRNAs (Souret et al. 2004; Gy et al. 2007; 

Gregory et al. 2008; Rymarquis et al. 2011). 

Despite that several components of the RQC machinery are required early on for 

plant growth and their mutations are lethal, inactivation of certain other components may lead 

to specific phenotypes. The Arabidopsis genome contains three XRN proteins (XRN2, XRN3 

and XRN4) with different subcellular localizations and cellular functions. XRN2 and XRN3 are 

localized in the nucleus, are partially redundant and are required for primary cleavage and 

processing of pre-ribosomal RNAs (Zakrzewska-Placzek et al. 2010). On the other hand, 

XRN4, also called ETHYLENE INSENSITIVE 5 (EIN5), is cytoplasmic and necessary for a 

correct ethylene signalling in the plant and for the degradation of the 3’ products resulting 

from the miRNA-mediated cleavage of target mRNAs (Roman et al. 1995; Olmedo et al. 

2006; Gregory et al. 2008). Recent work pointed the association of XRN4 with transcripts 

encoding specific sequence motifs and select functional groups suggesting that these RNAs 

may be specifically targeted to the 5’→3’ decay pathway for degradation in Arabidopsis. The 

RNA sequence thus would play a major role in this targeting (Rymarquis et al. 2011). In 

addition to these functions on survey mechanisms, the three XRN proteins are involved in 

PTGS acting as endogenous RNA silencing suppressors. The exoribonuclease XRN4 was 

shown to act as a PTGS suppressor, possibly through the degradation of RNA-dependent 

RNA polymerase (RdRp) templates. In this way, mutations in XRN4 lead to the accumulation 

of aberrant, uncapped RNAs derived from transgenes, which could enhance PTGS (Gazzani 

et al. 2004). Likewise, in another work XRN2 and XRN3, as well as FIERY1 (FRY1), were 

also shown to be suppressors of PTGS as the XRN activity is inhibited in a fry1 background 

(Gy et al. 2007). FRY1, also known as SAL1 and HOS2, is a dual function 3’(2’),5’-

bisphosphate nucleotidase/inositol polyphosphate 1-phosphatase orthologous to Hal2 and 

CysQ in yeast and Escherichia coli, respectively (Neuwald et al. 1992; Glaser et al. 1993). It 

was isolated in a genetic screen based on ABA- and stress-inducible gene transcription, and 

the Arabidopsis mutation fry1 results in super-induction of ABA- and stress-responsive 

genes. Accordingly, fry1 mutants are more sensitive to ABA or stress inhibition, and present 

less tolerance to cold, drought, and salt stresses (Xiong et al. 2001). Accordingly to their 

activity as suppressors of PTGS, both fry1 and the xrn double and triple mutants accumulate 

RNA intermediates of miRNA-directed post-transcriptional regulation which are templates of 

XRN4 (Souret et al. 2004), and miRNA loops, which are templates of both XRN2 and XRN3 

(Gy et al. 2007). To further analyze the role of XRN in the fry1 phenotype, they generated an 

xrn2 xrn3 xrn4 triple mutant that was fertile, unlike the sterile xrn2 xrn3 double mutant. 

Although the mechanism for the partial phenotypic rescue is unclear, it suggests that xrn4 
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mutations act to partially suppress the xrn2 xrn3 phenotypic effects. Neither XRN2 nor XRN4 

is critical for proper plant development. However, the embryo-lethality of null xrn3 alleles and 

the developmental defects exhibited by hypomorphic xrn3-3 mutants suggest an essential 

role of XRN3. The xrn2 xrn3 xrn4 triple mutant displays the fry1 lateral root and drought 

tolerance phenotypes but does not affect primary root. Microscopical observations revealed 

that the altered root architecture in fry1 mutants was due to reduced meristem activity in the 

primary root and to a lateral root initiation defect. Altogether, these results suggest that the 

pleiotropic phenotype of the fry1 mutants results, at least in part, from a general perturbation 

in XRN activities.  

Recently, in a genetic screen for Arabidopsis mutants deregulated in the expression 

of Phosphate High affinity Transporter 1;4 (PHT1;4), a novel fry1 allele was described. The 

authors identified a novel FRY1 function modulating the transcription of several Pi starvation 

markers in the root stele, however this fry1 mutant phenotype is independent of XRN 

activities. A transcriptomic analysis confirmed that the phenotype observed corresponded to 

a point mutation in the transcript corresponding to the fry gene. 

The two periphery marks of the extreme borders of a eukaryotic mRNA are defined by 

the 5’ m7G-cap structure and the 3’ poly(A) tail, and in the nuclei of eukaryotic organisms the 

5’ cap is recognized by the cap-binding complex (CBC). In Arabidopsis there are two single 

genes for both the large and small subunits, ABH1 (ABA Hypersensitive 1) and CBP20 

respectively, that form the CBC heterodimer and play numerous roles in RNA metabolism 

(Aguilera 2005; Hugouvieux et al. 2001). Mutant plants for the ABH1 RBP present ABA 

hypersensitivity in seed germination, stomata closure, reduced wilting during drought and 

ABA-induced guard cell calcium increases (Hugouvieux et al. 2001). ABH1 activity is 

necessary for the correct expression level of a subset of genes in the Arabidopsis genome 

(Hugouvieux et al. 2001), suggesting a specific connection between mRNA metabolism and 

ABA signalling. Consistent with their intimately linked activities, inactivation of CBP20 causes 

a similar serrated leaf phenotype and increased drought resistance as seen in abh1 mutants 

(Hugouvieux et al. 2001; Papp et al. 2004). Although the morphological and physiological 

effects of ABH1 and CBP20 have been quite well described (Hugouvieux et al. 2001; 

Bezerra et al. 2004; Papp et al. 2004), it is largely unclear how these proteins relate to the 

biochemical functions of the CBC. Nevertheless, through the analysis of the developmental 

defects on xrn4-abh1 double mutant plants, Gregory and co-workers (2008) demonstrated 

surprising roles in RNA silencing pathways for these two proteins, XRN4 and ABH1, involved 

in general RNA metabolism. They found that the loss of ABH1 decreases the levels of 

mature miRNAs, suggesting that this protein functions in the miRNA-mediated RNA silencing 

pathway. Indeed the Arabidopsis CBC would be important for proper pri-miRNA processing 

eventually providing a platform for recruitment of miRNA maturation factors (Laubinger et al. 
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2008). On the other hand, XRN4 affected the abundance of a distinct class of mainly 21 nt 

small RNAs, processed from both sense and antisense strands of some endogenous 

transcripts. Apparently those transcripts are converted to double-stranded RNA (dsRNA) and 

subsequently processed, and regularly accumulate in an uncapped form in xrn4 mutant 

plants. Taken together, these results suggest that an additional fate for endogenous 

uncapped transcripts is shuttling into an RNA silencing pathway where they become small 

RNA-biogenesis substrates. 

Accordingly, a very recent work showed that there is a link between the Arabidopsis 

cap-binding protein ABH1 and the suppression of silencing (Christie et al. 2011). Their 

results indicate that genes containing introns are less susceptible to PTGS and that this 

intron suppression of gene silencing requires an efficient splicing that is dependent on ABH1. 

At the end of the 80s, it was been already published that endogenous genes generate much 

higher levels of gene expression than their cDNA counterparts (Callis et al. 1987). As well, in 

transgene-expressed viral RNA genomes, the addition of introns has also been shown to 

significantly enhance their accumulation (Marillonnet et al. 2005). Finally, genome-wide 

mRNA decay rates show that transcripts from intronless genes are significantly more 

unstable than those from intron-containing genes (Narsai et al. 2007). Based on a GFP-

transgenic reporter system and varying the number of introns, this recent study provides a 

molecular basis to elucidate those evidences. They show that efficiently spliced introns may 

reduce RDR6 activity along spliced GFP transcripts via a mechanism requiring the cap-

binding protein ABH1. Indeed the ABH1 protein has been previously correlated to pre-mRNA 

splicing in plants (Kuhn et al. 2007; Gregory et al. 2008; Laubinger et al. 2008) and various 

studies in yeast and animals have shown that the CBC is functionally and physically coupled 

to pre-mRNA splicing (Izaurralde et al. 1994). To investigate this hypothesis, they 

transformed abh1 mutants with the same GFP-transgenic reporter system and unexpectedly 

concluded that intron suppression of transgene silencing was lost in those mutants. They 

propose a model where an efficient intron splicing could decrease the quantity of aberrant 

RNA by-products produced by transcription (as uncapped or improperly terminated 

transcripts), or alternatively, facilitate recruitment of enzymes that degrade aberrant RNA as 

they are formed. As discussed before, various RQC pathways exist in the cell and compete 

against endogenous RdR polymerases activities to prevent extensive amplification of 

silencing. In other words, there is a constant fight between RQC and the silencing pathways 

competing for the same aberrant or endogenous npcRNA substrates produced in the cell. 

Thus it is possible that the large varieties of npcRNAs found in the cell may interfere with the 

RNA surveillance and degradation pathways and affect the processes of RNA maturation.  

The total number of protein coding genes in diverse organisms varies much less than 

the number of different transcripts along evolutionary scales (Mattick and Makunin 2006; 
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Yasuda and Hayashizaki 2008). This supports the idea that npcRNAs are essential to 

understand the huge complexity of multi-cellular organisms. Indeed, the large diversity of 

npcRNAs identified up to now in eukaryotes, and their increasing number, may reflect the 

importance of riboregulation, mediated by npcRNA–RBPs interactions, in the determination 

of differentiation and adaptability in eukaryotes. Concretely, plants display a notable flexibility 

in their architecture and growing patterns in response to external stimuli, characterized by a 

great developmental plasticity. This quality allows higher plants to adapt to different 

environmental conditions, with individuals with the same genotype giving rise to different 

phenotypes. Thus, future challenges lie in understanding the implication of the various RNP 

networks to determine growth and developmental outcomes under different environmental 

conditions. 
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3- L’épissage alternatif 
 

Dans les revues citées précédemment, j’ai mentionné les résultats obtenus dans le 

laboratoire sur l’identification d’une RBP qui était localisée dans les speckles nucléaires, et 

qui interagissait avec un lncARN. Ces granules contiennent la machinerie de l’épissage, 

dans cette partie je discuterai d’abord les mécanismes d’épissage et les rôles des RBPs 

impliquées dans l’épissage des ARN chez les plantes. Enfin, j’introduirai le principe de 

l’épissage alternatif et sa régulation.  

.  

3.1 L’épissage du pré-ARNm chez les plantes 
 

La régulation de l’assemblage du spliceosome durant l’épissage d’un intron ainsi que 

la ligation des exons est dirigée par des séquences présentes sur le pre-ARNm. En plus des 

séquences directement impliquées dans l’élimination des introns il existe des séquences 

activatrices ou inhibitrices de l’épissage. De plus, chez les plantes, il est connu que la 

richesse en nucléotides UA d’un intron contribue à la reconnaissance du site de clivage. Le 

site d’épissage situé à la transition entre un intron UA riche et un exon CG riche serait choisi 

préférentiellement pour l’épissage (pour revue voir Lorkovic et al., 2000). La composition des 

introns riche en UA a souvent été considéré comme une spécificité propre des plantes; 

or, des études récentes indiquent que chez les animaux une concentration supérieure en CG 

existe également spécifiquement dans les exons (Schwartz et al., 2009 ; Tilgner et al., 2009). 

La caractérisation biochimique de la machinerie de l'épissage chez les plantes a été 

entravée par le manque de systèmes d'épissage in vitro. Néanmoins, le clonage de 

l'ensemble de snARN du spliceosome de la classe principale (U1, U2, U4, U5 et U6 (Jakab 

et al., 1997 ; Shao et al., 2012) et une partie de la classe U12 (U6atac, U12 ; Shukla and 

Padgett, 1999 ; Lorkovic et al., 2000 ; Kwak et al., 2012) ont montré des similitudes dans 

leurs structures primaires et secondaires avec leurs homologues chez les métazoaires. Tous 

les éléments nécessaires à l'assemblage de snARN en RNP ou indispensables à 

l’appariement nucléotidique snARN-ARNm et qui ont été découvert chez les animaux sont 

conservés chez les plantes (Lorkovic et al., 2000). Des comparaisons de séquences, des 

reconstitutions in vitro et des analyses  immunologiques ont également révélé que la plupart 

des composantes protéiques des snRNPs identifiées chez les animaux étaient conservées 

chez les plantes. (Simpson et al., 1995 ; Golovkin and Reddy, 1996 ; Schwartz et al., 2008). 

Fait intéressant, les génomes des plantes codent généralement plusieurs variants des 

snARN U1-U5. L'inspection de la base de données TAIR (http://www.arabidopsis.org), où 

sont rassemblés l’ensemble des séquences de la plante modèle Arabidopsis, indique que, 
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comme les U-snRNP, certains facteurs protéiques  participant à l'assemblage du 

spliceosome et à la régulation de l'épissage sont hautement conservés. Cependant, très peu 

de ces protéines végétales ont été caractérisées expérimentalement. Les plus étudiées 

forment un groupe de facteurs nommés protéines Serine-Rich (SR). Chez les métazoaires,  

les protéines SR jouent un rôle important dans l'épissage alternatif ; elles favorisent les 

contacts entre les éléments du spliceosme et régulent la fonction des activateurs de 

l'épissage (figure 8 ; Barta et al., 2008). Les protéines SR sont composées d'un ou deux  

RRM (« RNA Recognition Motif ») placé en N-terminale interagissant avec des séquences 

spécifiques dans le pré-ARNm et un domaine riche en dipeptides Ser-Arg, (SR) impliqués 

dans des interactions protéine-protéine (Tacke and Manley, 1999 ; Reddy and Shad, 2011). 

Certaines des protéines SR végétales caractérisées sont des homologues de protéines de 

vertébrés et d’autres sont clairement spécifiques des plantes (Lazar et al., 1995 ; Lopato et 

al., 1996 ; Golovkin and Reddy, 1998 ; Golovkin and Reddy, 1999 ; Reddy and Shad., 2011 ; 

Duque 2011 ).  

L’épissage alternatif (ou AS pour alternative splicing) est un mécanisme clef chez les 

eucaryotes, il permet l’augmentation de la diversité du transcriptome et du protéome et donc 

d’élargir la capacité codante du génome grâce à la formation d’ARNm différents à partir d’un 

même gène (Syed et al., 2012). La plupart des gènes eucaryotes sont alternativement 

épissés de manière tissu spécifique. Les défauts d’AS sont à l’origine de maladies chez les 

mammifères (Blencowe, 2006 ; Matlin et al, 2005; Wang et Cooper, 2007) et d’anomalies de 

la réponse des plantes aux conditions de l'environnement (James et al, 2012 ; Filichkin et al, 

2010 ; Tanabe et al, 2007 ; Palusa et al, 2007 ; Yan et al, 2012). Des études récentes de 

séquençage haut débit indiquent qu’environ 60% des gènes qui contiennent des introns 

subissent un épissage alternatif chez les plantes (Marquez et al. 2012). Toutes les 

catégories fonctionnelles sont touchées, des gènes impliqués dans la réponse au stress à 

ceux  impliqués dans le contrôle de la croissance, le développement ou la réponse au stress. 

L’AS peux aussi réguler le niveau de transcription d’un gène et il peut donner lieu à la 

formation d’ ARNm non-codants mais aussi à des ARN non sens qui sont cibles du NMD 

(pour « Non-sense RNA Mediated Decay »). De plus, Les ARNm non-sens ou aberrants (qui 

présentent un codon stop suite à un décalage de phase de lecture par exemple) déclenchent 

une procédure de dégradation de l’ARNm appelé NMD. Le fait qu’une partie des ARNm 

produits par un transcrit puisse devenir des substrats de la machinerie NMD influence 

fortement la quantité de protéine produite (Kalyna et al., 2012 ; Lewis et al., 2003 ; Stamm et 

al., 2005 ; Maquat, 2004). Chez les mammifères et les plantes, les ARNm qui présentent une 

très grande distance entre le PTC (Premature stop codon) et la fin 3’ de l’ARNm [long 3’ 

UTRs (région non traduite)] et / ou les ARNm avec un complexe de jonction d’exon (EJC 

pour Exon junction complex) situé en aval d’un PTC sont les substrats de la dégradation  
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NMD (Maquat, 2004 ; Kertész et al., 2006 ; Figure 8). Le NMD est connu pour réduire les 

conséquences des mutations ou des erreurs survenues lors de la transcription afin de 

réduire le « bruit génomique » et d’empêcher la production de produits protéiques 

potentiellement tronqués. En outre, le NMD module les niveaux des isoformes d'AS qui 

contiennent un PTC. Environ 10% du transcriptome humain et de la levure non sujet à de 

l’AS est ciblé par le mécanisme de NMD. Pour l’homme, il faut rajouter les 30% des 

transcrits qui ont subi un AS et qui de ce faite contiennent un PTC  (Lewis et al., 2003). Chez 

Arabidopsis, les gènes codant pour les protéines de l’horloge du cycle circadien, AtGRP7 et 

AtGRP8 (Arabidopsis thaliana riche en glycine protéines) sont des exemples de la régulation 

à la fois par l’AS et le NMD (Schoning et al., 2008). L’analyse des lignées mutantes pour les 

gènes clef du NMD : les up-frameshift1 (UPF1) et UPF3 (upf3-1 and upf1-5) ont permis de 

détecter des augmentations de l’abondance de certaines isoformes spécifiques d’AS dans 

un nombre important d’événement d’AS.  
Il existe différent types d’épissage alternatif permettant de créer différentes isoformes 

d’ARNm (Figure 7). Tout d’abord un exon peut être inclus ou « sauté » (ou évité) (ES for 

Exon skipping/inclusion). Dans le premier cas, l’exon inclus nécessite deux événements 

d’épissage alors que le saut d’exon n’en demande qu’un seul. L’autre événement d’épissage 

alternatif est la rétention d’intron (IR pour intron rétention) ; un ou plusieurs introns peuvent 

êtres retenus dans l’ARNm mature. Enfin, la sélection alternative du site d’épissage en 3’ ou 

en 5’ de l’intron peut varier produisant des exons de longueur différents (Black, 2003 ; 

Stamm et al., 2005).  Ces événements d’AS peuvent avoir lieux partout dans le pre-ARNm 

dans la partie codante comme dans la partie 3’ ou 5’ UTR. Enfin certains événements 

d’épissage peuvent aussi induire l’apparition d’un nouveau codon start induisant la formation 

d’une protéine commençant par une méthionine différente. L’AS produit de multiples ARNm 

à partir d’un même gène grâce à différents sites d’épissages. Il joue un rôle de régulation clef  

en modulant l’expression des gènes durant le développement notamment en réponse aux 

signaux environnementaux (Black, 2003 ; Graveley, 2001 ; Lareau et al., 2004 ; Stamm et 

al., 2005). La régulation de l’AS est complexe, elle dépend de l’interaction entre des 

séquences en -cis positives ou négatives dans le précurseur de l’ARNm (pre-ARNm) ainsi 

que de nombreux RBPs et autres facteurs qui agissent en -trans. Le niveau et l’activité de 

ces facteurs varient en fonction du tissu ou encore des conditions de cultures.  
La quantité et l’activité des ces RBP est régulée au niveau cellulaire. L’épissage d’un 

transcrit sera donc dépendant de la régulation transcriptionnelle et post transcriptionnelle 

mais aussi traductionnelle et post traductionnelle de ces régulateurs dans la cellule ou le 

tissu considéré. Chez l’homme, 95% des gènes subissent au moins un épissage alternatif 

(Pan et al., 2008) ; le nombre largement supérieur de protéines par rapport au nombre de 

gènes codants ces protéines  est principalement la conséquence de l’AS (Lewis et al., 2003). 
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Les nouvelles méthodes de séquençages sont en train de révolutionner la recherche dans le 

domaine de l’AS. Chez l’homme, la comparaison croisée de la séquence primaire des 

protéines et des ARNm correspondants a permis d’établir un code d’épissage qui est à 

l’origine de la prédiction des événements d’AS spécifiques dans un tissu précis (Pan et al., 

2008). L’AS ne contribue pas exclusivement à augmenter la diversité protéique, il peut aussi 

générer des protéines tronquées qui ont potentiellement un rôle différent (activité, interaction 

protéine-protéine ou protéine-substrat, localisation, modification des protéines).  

 

 
 
Figure 7 Les principaux types d'épissage alternatif (AS) et la fréquence des ces événements chez 
Arabidopsis (Syed et al., 2012).  

(a) L'épissage du pré-ARNm est dirigé par des éléments en -cis qui comprennent des sites d'épissage, le point de 
branchement et les séquences polypyrimidine track. La sélection des sites d'épissage alternatif est affectée par 
des facteurs agissant en -trans qui se lient à des éléments en -cis exonique et introniques, appelés inducteur ou 
represseur de l’épissage. (b) Types d’événements d’AS. (c) Fréquence d'apparition de la rétention d'intron chez 
Arabidopsis. La rétention d’intron est la plus fréquente des cas d’AS chez Arabidopsis (40%), mais sa contribution 
à la diversité transcriptionnelle est beaucoup plus faible (Marquez et al., 2012). Parmi les 61% des gènes 
d'Arabidopsis contenant un intron qui subi l'AS, 51% des transcrits qui produisent de l’AS ne subisse pas de 
rétention d’intron (IR). Parmi les transcripts épissés alternativement, 23,6% contiennent un ou plusieurs introns 
non retenus (+ IR), tandis que le reste (74,6%) sont produits par d'autres événements d’AS. Abréviations: ESE, 
inducteur d'épissage exonique; ESS silenceur d’epissage exoniques; ISE, inducteur d’épissage introniques, ISS, 
silenceur d’épissage intronique; Alt 3’ SS, sites d'épissage alternatif 3’; Alt 5’ SS, des sites d'épissage alternatifs 
5’; ES, exon sauté, IR, intron retenu. 
 
 

L’AS peut toucher des gènes impliqués dans une grande variété de mécanismes 

moléculaires comme la transcription, la transduction de signaux, l’épissage, le 

développement, la réponse au stress biotique et abiotique. Ce mécanisme régule donc 

toutes les étapes de la vie des plantes du  développement des graines à la germination en 

passant par  la résistance aux maladies, le rythme circadien et le déterminisme de la 

floraison (Barbazuk et al., 2008 ; Reddy, 2007 ; Schoning et al.,2008 ; Simpson et al., 2010 ; 

Kalyna et al., 2012). 
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Récemment, de vastes analyses par ARN-seq du transcriptome chez Arabidopsis ont 

montré que la fréquence de l'AS est beaucoup plus importante que ce qui avait été décrit 

précédemment. En effet, ces études indiquent que plus de 61% de gènes contenant des 

introns subissent l’AS. Cette estimation de 61% de l'AS est basée sur l'analyse des plantes 

cultivées dans des conditions normales de croissance (Marquez et al., 2012 ; Syed et al., 

2012 ;  Figure 7). Il semble donc évident que ce niveau augmentera lorsque différents stades 

de développement ou bien des conditions environnementales différentes seront analysées 

(Marquez et al., 2012). Chez les plantes, la rétention d’intron (IR) est l’événement le plus 

fréquent (Filichkin et al., 2010 ; Barbazuk et al., 2008). Cependant, certains événements d’IR 

ont été récemment montré comme étant plus susceptibles de représenter des transcrits 

partiellement épissés en raison de la faible abondance de ces transcrits (Marquez et al., 

2012). 

 

3.2 Régulation de l’AS  
  
La régulation de l'AS dépend de séquences présentes sur l’ARNm en –cis ainsi que 

de facteurs d’épissage (splicing factors) agissant en -trans. Les protéines Sérine / arginine-

riches (SR) et les RNP hétérogènes nucléaires (hnRNP) sont des facteurs de l’épissage 

constitutif  mais également de l’AS ; elles agissent de manière concentration dépendante 

dans le choix des sites d’épissage (Matlin et al., 2005) (figure 8). Les protéines SR sont très 

conservées chez les eucaryotes, elles présentent un ou deux motifs de reconnaissance 

d'ARN (RRMs) et un domaine C-terminale (CTD) riche en résidus sérine et arginine (SR 

domain ; Barta et al., 2008). Fait intéressant, les plantes possèdent deux fois plus de 

protéines SR que les organismes non photosynthétiques. Certaines SR sont spécifiques de 

la lignée verte (Richardson et al., 2011) et présentent des profils d'expression spatio-

temporelle très différents (Kalyna and Barta, 2004). Les protéines hnRNP, en revanche, 

constituent un groupe structurellement divers de protéines liant l'ARN qui possèdent des 

rôles dans des processus moléculaires variés en addition de leur rôle dans L’AS (Martinez-

Contreras et al., 2007). Les protéines SR et les protéines hnRNP se lient d’une part, aux 

signaux d'épissage et aux séquences promotrices/inhibitrices situées dans les introns ou 

dans les exons et, d’autre part, avec des facteurs d'épissage créant ainsi des interactions 

multiples qui dirigent le choix du site d'épissage où s’assemblera le spliceosome. En général, 

les protéines SR semblent promouvoir l'épissage et les protéines hnRNP inhibent la 

sélection du site d’épissage. Toutefois, les protéines SRs et hnRNP peuvent aussi avoir des 

fonctions inverses, par exemple dans les cellules HeLa, SRSF10 (également connu sous le 

nom SRP38) (Feng et al., 2008) est un régulateur négatif alors que  la polypyrimidine tract-
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binding protein (PTB; également connu sous le nom hnRNPI) est lui un régulateur positif 

(Xue et al.,2009). De plus, les variations tant de l'abondance que de l'activité de ces facteurs 

d'épissage déterminent le profile d’AS des gènes cibles. La régulation de l’expression de ces 

différents facteurs est donc fondamentale au cours des étapes de développement ou lors de 

la croissance chez les eucaryotes (Barta et al., 2008 ; Palusa et al., 2007 ; Tanabe et al., 

2007). En outre, les conditions de croissance peuvent moduler l’AS d’un gène SR et/ou 

hnRNP (ces gènes sont d’ailleurs particulièrement sujet à l’AS), causant des changements 

dynamiques dans le profil d’expression de gènes codant des facteurs d'épissage et 

entraînant de ce fait des répercussions sur l’expression des gènes cibles. Par exemple, l’AS 

de nombreux gènes d'Arabidopsis codant pour des protéines SR est affecté par la 

température, la lumière, le sel et les hormones ( Palusa et al., 2007 ; Tanabe et al., 2007; 

Duque, 2011). En outre, l'activité ou la localisation des protéines SR peuvent être affectées 

par la phosphorylation (Stamm et al., 2005 ; Stamm, 2008) ; en effet, des protéines kinases 

qui phosphorylent les protéines SR végétales ont été identifiés (de la Fuente van Bentem et 

al., 2006 ; Savaldi-Goldstein et al., 2003). Evidemment, la surexpression des protéines SR et 

les lignées knock-out montrent une variété de phénotypes de développement et de 

croissance, ce qui démontre l'importance de ces protéines dans la croissance et le 

développement des plantes (Barta et al., 2008).  

Chez Arabidopsis, les hnRNP les mieux caractérisées à ce jour sont les protéines 

PTB, qui sont des orthologues de régulateurs d’épissage négatif chez les animaux (Rühl et 

al., 2012), ainsi que les « glycine-riches RBP » GRP7 et GRP8, des constituants d'un 

oscillateur couplé au rythme circadien (Schoning et al., 2007 ; Schuttpelz et al., 2008 ; 

Schoning et al., 2008). La famille des PTB d’Arabidopsis auto-régulent l'AS du gène qui les 

code ainsi que celui d’autres gènes cibles (Stauffer et al., 2010). GRP7 et GRP8 

autorégulent également leur propre AS et régulent l’AS d’autre cibles, générant des ARNm 

improductifs qui sont ciblés par le NMD afin réduire post transcriptionellement le niveau 

d’expression des gènes (Schuttpelz et al., 2008 ; Schoning et al., 2008). Enfin, le Cap 

Binding Complex (CBC) se compose de deux sous-unités,  AtCBP20 et AtCBP80. AtCBP20  
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Figure 8 L’épissage alternatif et le destin des ARNm est déterminé par différents ensembles de 
protéines liant l'ARN (RBPs).  
Les pré-ARNm naissant sont liés par les protéines hnRNP, ce qui facilite la liaison des autres RBPs Impliquées 
dans l'épissage (par exemple les protéines SR) ainsi que les protéines impliquées dans la polyadénylation ou qui 
participent activement aux mêmes processus. Les pré-ARNm sont co-transcriptionnellement épissés et 
polyadénylés par des machines complexes contenant des RBPs, comme les protéines SR like, la petite particule 
ribonucléoprotéique nucléaire U2 (snRNP), le facteur auxiliaire (U2AF) et les composants des snRNP U1 et U2 
qui sont impliqués dans l'épissage. Au cours de l'épissage d’un intron, le spliceosome dépose les complexes de 
jonction d’exons (EJC) 20-24 nucléotides en amont de la jonction exon-exon. L'EJC comporte à nouveau un 
ensemble spécifique de RBPs (quatre sous-unités en complexe indiquées en violet foncé), et son dépôt sur 
l'ARNm affecte l'exportation de l’ARNm, la traduction et la surveillance du non sense-mediated decay (NMD). 
hnRNP et protéines SR accompagnent l’ARNm dans le cytoplasme, ce qui indique un rôle dans l’exportation des 
ARNm (Barta et al., 2008). Ces ARNm peuvent parfois être reconnus comme aberrants et sont donc ciblés par le 
NMD. Nomenclature: hnRNP, ribonucléoprotéine nucléaire hétérogène (un groupe de RBPs différentes qui se 
lient au pre-ARNm mais ne sont pas des composantes stables d’autres RNP); CBC, le nuclear cap binding 
complexe; SR, facteurs d'épissage formant des dipeptides, qui peuvent être phosphorylée. Cette modification 
régit les interactions avec d'autres facteurs d'épissage et pré-ARNm, ainsi que leur localisation sub-cellulaire; U1 
et U2, U1 et U2 petites particules ribonucléoprotéines nucléaires. Elles sont impliquées dans l'épissage de pré-
ARNm en reconnaissant et définissant les sites d'épissage 5’ et les 3’, respectivement. U2 snRNP peut s’apparier 
par complementarité de base avec la séquence de point de ramification (indiqué par un A dans l'intron) et 
contribue avec l'ensemble des autres facteurs importants à la définition du site 3’ d'épissage; PTC, premature 
stop codon. Un codon stop est reconnu comme prémature si il est situé à plus de 50 nucléotides en amont de la 
jonction exon-exon 3’; PABP I, nuclear poly(A) binding protein contient un domaine RRM unique; PABP II, 
cytoplasmic poly(A) binding protein. 
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contient un domaine de liaison à l'ARN canonique (RBD). La mutation de ces sous-unités a 

montré que le CBC est impliqué dans l’AS d'au moins certains gènes d'Arabidopsis. Ce 

complexe influencerait principalement l’AS du premier intron, en particulier le site 5’ 

d'épissage (Raczynska et al., 2010). Le CBC joue plusieurs rôles dans la maturation des 

ARNm incluant l’épissage, l’export des ARNm, la protection des transcrits contre les 

dégradations par les nucléases  et  la stabilisation de la machinerie qui permet la formation 

de l’extrémité 3’.  

Bien que l'abondance et l'activité des facteurs d'épissage détermine le profil 

d’expression des gènes en aval, très peu d'exemples ont été publiés sur le rôle biologique 

des différentes isoformes protéiques de régulateurs de l’épissage. La diversité fonctionnelle 

des isoformes d’AS à tout de même été démontré avec les deux isoformes de SR45 (qui ne 

diffèrent que de huit acides aminés et qui contiennent des sites putatifs de phosphorylation), 

ces isoformes complémentent différemment les phénotypes développementaux des pétales 

ou de la racine des mutant sr45 (Zhang and Mount, 2009). Ainsi, des isoformes avec des 

séquences très similaires peuvent avoir des résultats morphologiques différents, ces 

résultats reflètent l’importance que peut avoir l’AS sur l’expression génique et le 

développement chez les plantes. 
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4- Objectifs 
 

Notre laboratoire a identifié une RBP qui interagissait avec l’ARN ENOD40 ; cette 

interaction conduit la relocalisation de la protéine depuis les speckles nucléaires vers des 

particules cytoplasmiques (Campalans et al., 2004). Cette relocalisation a lieu lors de la 

formation des nodosités ainsi que lors de la formation de racines latérales, deux organes 

latéraux de la racine principale chez les légumineuses ; c’est à dire là où le gène ENOD40 

s’exprime fortement. L’objectif général de ma thèse a été de caractériser le rôle de ces 

protéines NSRs chez les plantes. De plus comme MtNSR1 interagit avec un npcARN, nous 

avons étudié l’action des ARN non codant sur la fonction de ces protéines.  

 

A cette fin, nous avons d’abord identifiés des gènes homologues de 

MTRBP1/MTNSR chez Arabidopsis: AtNSRa et AtNSRb., une espèce que ne contient pas 

une séquence nucléotidique clairement homologue à l’ARN ENOD40 bien que cette plante 

modèle contienne plusieurs autres ARN non-codants (BenAmor et al, 2009). Dans le premier 

chapitre, vu le rôle de ENOD40 dans la formation des organes latéraux chez les 

légumineuses, nous avons analysé le rôle des AtNSRs dans la régulation de l’architecture 

racinaire. Nous avons montré que ces gènes s’expriment dans les méristèmes racinaires 

(primaires et latéraux) et que les protéines correspondantes étaient localisées dans des 

« speckles » nucléaires chez Arabidopsis. Nous avons aussi étudié la physiologie de la 

racine dans les mutants, nsra et nsrb, ainsi que dans le double mutant nsra/nsrb, et dans 

des lignées qui sur-expriment AtNSRa ou AtNSRb. Un phénotype racinaire en réponse à 

l’auxine a ainsi été identifié. Nous avons aussi montré que les fusions des protéines 

fluorescentes aux NSRs localisait dans les « nuclear speckles » comme chez Medicago et 

co-localisait avec plusieurs protéines de référence qui marquent des territoires nucléaires, 

notamment en lien avec la machinerie de l’épissage. Ceci nous a mené à rechercher une 

éventuelle implication des AtNSRs dans l’épissage, notamment en réponse à l’auxine. Nous 

avons observé une perturbation important de l’épissage alternatif (mais pas de l’épissage en 

général) suggérant que les NSRs sont des nouveaux régulateurs de l’AS (collaboration avec 

J. Brown et C Simpson, SCRI Ecosse). Ensuite, nous avons recherché des ARNnc, comme 

ENOD40 ou  lncARN351 (un long ARN non codant qui se lie avec les NSRs in planta chez 

Arabidopsis) qui pourraient moduler l’épissage via ces AtNSRs.  

 Dans un deuxième chapitre, nous avons étudié le rôle des NSRs ainsi que de 

2 autres protéines liées à l’épissage, dans les phénomènes de silencing. En effet, en 

parallèle à ces études, l’équipe d’Hervé Vaucheret avait identifié 2 protéines dont leurs 

homologues ont un lien avec l’épissage et qui présentent des effets inhibiteurs sur le 
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silencing (collaboration avec H. Vaucheret, INRA). Nous avons donc croisé des lignées qui 

sur-expriment ou des lignées mutantes pour les gènes AtNSRs avec les lignées affectées 

dans le silencing (tel que celles utilisé pour le crible « supressor of gene silencing » SGS) 

afin de voir l’effet de la mutation ou de la sur-expression sur les mécanismes du silencing. 

De plus, nous avons montré que plusieurs de ces protéines co-localisent avec les NSRs 

dans des particules nucléaires. De manière très intéressante, les mutants Atnsr sont 

perturbés dans la propagation du silencing et présentent des phénotypes semblables à ces 

autres mutants SGS. Nous avons donc étudiés l’épissage alternatif des différents mutants et 

essayer d’établir une liaison plus générale entre la régulation de l’épissage alternatif et le 

silencing (par les siRNAs) de transgènes contenant un intron. 
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II- Résultats  
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II- Résultats 
 

II.1- Modulation of nuclear alternative splicing regulators by long 
ncRNA 

 
1.1 Introduction 
Dans cette première partie, qui sera principalement présenté sous la forme d’un 

article (en soumission) intitulé « Modulation of nuclear alternative splicing regulators by long 

ncRNA in Arabidopsis » ; je vais décrire les principaux résultats obtenus sur le rôle des 

protéines NSRs en relation avec l’épissage alternatif et les ARN non codant. Pour cela, nous 

avons collaboré avec le laboratoire de John Brown (SCRI, Scotland) et notamment avec 

l’aide de Craig Simpson. Leur laboratoire est spécialisé dans l’épissage alternatif chez les 

végétaux. Ils ont créé un panel composé de 288 gènes connus pour être épissés 

alternativement chez Arabidopsis. Ils disposent pour chaque gène d’un couple 

d’oligonucléotides qui permet d’amplifier toutes les isoformes épissées alternativement en 

une PCR. Ils peuvent ensuite mesurer la quantité de chaque isoformes présentes à l’aide 

d’un séquenceur. De plus Federico Ariel (ISV, CNRS) m’a donné une aide précieuse pour la 

mise au point et la réalisation des expériences d’immunoprécipitation d’ARN, il a aussi 

réalisé l’analyse statistique qui établie la relation entre le transcriptome du double mutant 

nsra/nsrb et la formation de la racine latérale. Philippe Laporte (ISV, CNRS) a quand à lui 

crée les lignées double mutantes nsra/nsrb pendant sa thèse avant mon arrivé au 

laboratoire. Enfin, Sandrine Balzergue (URGV, INRA) a réalisé les expériences de 

transcriptome CATMA ainsi que l’analyse statistique qui en découle.  
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Abstract:  

Alternative splicing of pre-mRNA represents a major mechanism that underlies 

increased transcriptome complexity. Alternative splicing occurs in ribonucleoprotein 

particles that are generally localised within nuclear “speckles”, but its regulation is 

poorly understood. Nuclear Speckle RNA-binding proteins (NSRs) interact with 

ENOD40 RNA, a structured long non-coding RNA (lncRNA) that is induced in the de 

novo formed lateral root organs of legumes. Here, we show that AtNSRs act as 

alternative splicing regulators in Arabidopsis thaliana. AtNSRs-GFP translational 

fusions are expressed in root meristems and can be re-localised from nuclear speckles to 

the cytoplasm when co-expressed with ENOD40 RNA. Double Atnsr mutants exhibit an 

altered ability to form lateral roots in response to the phytohormone auxin and modify 

auxin-induced alternative splicing patterns of one hundred genes (out of 288 analysed) 

within root tissues. RNA immunoprecipitation assays demonstrate that AtNSRs interact 

with their mRNA targets and with the lncRNA nc351. The expression of either the 

ENOD40 RNA or nc351 in Arabidopsis affects the splicing pattern of several NSR-

mRNA targets. Our results show that nuclear alternative splicing regulators can be 

hijacked by lncRNA, to modulate alternative splicing patterns during development.  

 

Most eukaryotic genes are alternatively spliced in a cell type- and tissue-specific manner, and 

defects in alternative splicing (AS) can contribute to diseases in mammals (Blencowe, 2006 ; 

Matlin et al., 2005; Wang et al., 2008; Wang and Cooper, 2007) and to developmental 

plasticity in plants responding to environmental cues (James et al., 2012; Filichkin et al., 

2010; Tanabe et al., 2007; Palusa et al., 2007). Whereas 90% of the Human genome is 

transcribed, only 1.2% of the genome encodes for proteins (Birney et al., 2007). Therefore, 

non-protein-coding RNAs (ncRNA) might represent a part of the transcriptome that can elicit 

new mechanisms of gene regulation, likely through their interaction with specific 

ribonucleoprotein complexes (Guttman and Rinn 2012). Long ncRNAs are predominantly 

involved in epigenetic patterning and chromatin remodelling or function as scaffolds that 

interfere or modulate the action of different RNA-related enzymatic complexes (Rinn and 

Chang, 2012). Interestingly, a large diversity of lncRNAs has exhibited tissue- or cell type-

specific expression patterns (Djebali et al., 2012, Ben Amor et al., 2009, Liu et al., 2012), 

suggesting roles in specific cell types or developmental transitions. Here, we have identified 

new RNA-binding proteins that act as nuclear alternative splicing regulators in Arabidopsis 
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and that interact both with their mRNA targets and with lncRNAs. We propose that this latter 

interaction can modulate alternative splicing patterns in Arabidopsis thaliana roots. 

In the model legume Medicago truncatula, ENOD40 is a highly structured long RNA with 

poor protein coding potential and is involved in nodule organogenesis (Charon et al., 1999; 

Sousa et al., 2001). Although a peptide encoded within a very small ORF of this transcript can 

be translated in vitro (Rohrig et al., 2002), as has been recently shown for other lncRNAs 

using high throughput translational techniques (Ingolia et al., 2011), the evolutionary 

conservation of this gene family at the nucleotide sequence level expands beyond this small 

ORF. Furthermore, this peptide sequence is absent in several plants carrying ENOD40 RNA-

related sequences (Santi et al., 2003). By using a triple-hybrid approach with a conserved 

ENOD40 RNA region, we previously identified an RNA-binding protein (RBP) that interacts 

with this lncRNA in vivo (Campalans et al., 2004). This protein contains an RNA recognition 

motif in the C-terminal region and a nuclear localisation signal. Because this RBP localises 

within nuclear speckles, we renamed it NSR1 (for Nuclear Speckles RNA-binding protein 1). 

NSR1 was shown to be re-localised from the nucleus to the cytoplasm specifically in root 

tissues where ENOD40 is expressed, such as the nodule primordia and lateral roots initiation. 

This ENOD40 RNA-induced re-localisation was confirmed using transient expression assays 

in a heterologous system (Campalans et al., 2004). Here, we have identified two different 

homologs of NSR1 in Arabidopsis thaliana, called NSRa and NSRb (Fig. S1). 

 
Fig. S1 MtNSR1/MtRBP1 has two homologues in Arabidopsis thaliana AtNSRa and 
AtNSRb. 
The NSRs from Medicago truncatula and Arabidopsis thaliana have a conserved gene structure with 
highly conserved domains (1 to 5), a RNA recognition motif in C-term part of the proteins (RRM), 
and a Nuclear Localisation Signal (NLS, represented by a black arrow in exon 1).The AtNSRa gene is 
alternatively spliced and produces two mRNAs differing by an intron retention between exons 2 and 3. 
On the other hand, the AtNSRb gene is alternatively spliced and produce two transcripts with different 
initial exons (1 or 1’; exon skipping) leading to two different start codons. 
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 The NSRb locus yields two alternatively spliced transcripts with different start codons (initial 

exon skipping), whereas the NSRa locus produces two mRNAs due to an intron retention 

event (Fig. S1). These events are common for several splicing-related proteins in plants 

(Tanabe et al., 2007; Palusa et al., 2007). Interestingly, NSRa has been previously reported as 

a Serine Rich-related protein (SR proteins; Schindler et al., 2008), a class of proteins that is 

globally linked to splicing regulation in eukaryotes (Barta et al., 2008). Nevertheless, the 

NSRs belong to a plant-specific protein family, in contrast to SR proteins, which are 

conserved in all Eukaryota (Barta et al., 2008; Fig. S2). 

 
Fig. S2A AtNSRs are plant-specific RNA binding proteins. 
Conservation of NSRa protein using STRING 9.0 (http://string-db.org). AtNSRa is conserved along 
the plant kingdom. The presence of an item in an organism is marked with a quantitative colour scale 
in Protein-mode (showing the amount of sequence conservation between your protein and its best hit 
in the other species, dark brown being 100% identity). 

NSRa 

A
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Fig. S2B AtNSRs are plant-specific RNA binding proteins. 
Conservation of NSRb protein using STRING 9.0 (http://string-db.org). The new exon of the AtNSRb 
protein is only present in Arabidopsis. The presence of an item in an organism is marked with a 
quantitative colour scale in Protein-mode (showing the amount of sequence conservation between your 
protein and its best hit in the other species, dark brown being 100% identity). 
 

The AtNSRs proteins also localise within nuclear dots or “speckles”, as demonstrated when 

translational GFP fusions are transiently expressed in tobacco leaves. Strikingly, when the 

AtNSRs are co-expressed with the ENOD40 RNA, the particles are re-localised from such 

nuclear particles to cytoplasmic dots, indicating a conserved ENOD40 re-localisation activity 

both for Arabidopsis thaliana and Medicago truncatula NSRs (Fig. 1A). We also confirmed 

the co-localisation of the NSR homologous proteins from Arabidopsis thaliana and Medicago 

truncatula within these nuclear particles (Fig. S3A). To further characterise these nuclear 

B 

NSRb 
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particles containing AtNSRs, we co-localised these proteins with several nuclear markers. 

Both NSRa and NSRb exhibited co-localisation with the splicing-related proteins SRP34 and 

snRNP (Fig. 1B) and partial co-localisation with the silencing-related proteins UPF3 and 

DRB4, key factors for non-sense mediated decay (NMD) and silencing, respectively (Fig. 

S3B). Hence, AtNSRs mainly co-localise with RNPs housing the splicing machinery in 

dynamic speckles. Interestingly, recent data have highlighted a strong link between NMD and 

alternative splicing, as numerous alternatively spliced products are unproductive mRNAs 

targeted by NMD (Kalyna et al., 2012). 

 
Fig. 1 AtNSRs localised in nuclear speckles and can relocalise into cytoplasmic dots 
when co-expressed with the lncRNA ENOD40 .  
(A) The AtNSRa:GFP and AtNSRb::GFP fusions localised in nuclear particles or “speckles” (control) 
and co-expression with a 35S:ENOD40 construct results in relocalisation from nuclear particles into 
cytoplasmic dots after transient expression in tobacco leaves. n= nucleus; c= cytoplasmic dots. (B) 
Both AtNSRs::GFP strongly co-localised with splicing-related proteins (SRP34::RFP; AT1G02840) 
and (snRNP::GFP; AT4G02840) in nuclear “speckles”. Scale bars= 8µm 
 



 51

 
Fig. S3 The NSRs from Arabidopsis and Medicago co-localised in nuclear speckles and 
partially co-localised with UPF3 and DRB4 proteins. 
(A) The 35S:AtNSRb::GFP and 35S:NSRa::RFP protein fusions co-localised in nuclear particles when 
transiently expressed in N. benthamiana leaves. Note the absence of signal in the cytoplasm. In 
addition, the 35S:MtNSR1::DsRed (Campalans et al., 2004) and 35S:AtNSRb::GFP fusions also co-
localised in nuclear speckles when co-expressed in onion epidermal cells. BAR: 8µm. (B) 
AtNSRa::RFP partially co-localised with UPF3, a marker of NMD, in nuclear particles but not in the 
nucleolus whereas the nuclear particle observed with a DRB4-GFP fusion, a marker involved in 
siRNA biogenesis, also contains AtNSR1::RFP (yellow spot). n= nucleus ; nu= nucleolus ; yellow 
arrows indicate co-localisation ; scale bars= 5µm 

 
Fig. S4 AtNSRb is induced by auxin. 
(A) Expression of AtNSR genes in response to auxin. (A) Kinetics of AtNSRb induction by auxin 
treatment (1µM NAA) is shown. In contrast, AtNSRa is constitutive. (B) The AtNSRb gene is induced 
by auxin in a dose-dependent manner. Errors bars indicate standard deviation. 
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Fig. S5 Expression Analysis of AtNSR genes. 
(A) The AtNSRa promoter fused to GUS (pAtNSRa::GUS) is active in vascular tissues and the 
collumella of the primary root and is induced during lateral root formation in dividing primordia. Scale 
bars = 100µm. (B) and (C) Expression analysis using the two 5’ upstream promoters pAtNSRb1::GUS 
and pAtNSRb2::GUS (schematized in E) in the primary root and at sites of lateral root formation and 
emergence. Scale bars=100µm. (D) pAtNSRb1::GUS and pAtNSRb2::GUS show different expression 
patterns in vascular tissues of the cotyledons (panel D) whereas both are expressed in the shoot apical 
meristem. (E) Scheme of the two NSRb promoters fused to exon 1 or exon 1’ used in (D). Scale 
bars=500µm 
 
Arabidopsis databases (www.arabidopsis.org), as well as our previous results (BenAmor et 

al., 2009), have indicated that AtNSRs are induced by auxin. RT-qPCR analysis revealed that 

NSRa is constitutively expressed, whereas NSRb is induced by a 12 h treatment of auxin in 

roots in a dose-responsive manner (Fig. S4A, S4B). The NSRa and NSRb promoters were 

fused to the reporter gene GUS to determine their spatial expression pattern in planta (Fig. 

S5). Considering the two alternative transcription start sites identified for NSRb (Fig. S1), two 

NSRb promoter versions were used (Fig. S5E). The NSRa promoter drives GUS transcription 

in the root vascular tissues and in the shoot and root meristems and is induced during lateral 

root formation. The two NSRb promoters are active in vascular tissues, in root and shoot 

apical meristems and during lateral root formation (Fig. S5B, S5C). However, only the NSRb2 

promoter is active in the vascular tissues of the cotyledons (Fig. S5D). Similarly, GFP-tagged 

NSRa and NSRb controlled by the NSRa endogenous promoter (NSRb promoters were too 

weak to produce detectable GFP signal) were used to determine the localisation of both NSRa 

and NSRb proteins within the nuclear particles in root meristematic cells, vascular tissues and 
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all throughout the lateral root primordia (Fig. 2A). The nuclear speckle localisation was 

further confirmed using a constitutive 35S promoter, which produced more abundant and 

clearly detectable particles (Fig. 2B). Interestingly, in these plants, NSRs exhibited 

spontaneous cytoplasmic localisation within cells from the root vascular tissues (Fig. 2C), a 

tissue normally expressing the ENOD40 RNA in Medicago truncatula (Charon et al., 1999).  

 
Fig. 2 NSRs are expressed during lateral root formation and the nsra/nsrb double 
mutant show a reduced number of auxin-induced lateral roots.  
(A) Expression of pNSRa:NSRa::GFP labels nuclear particles during all steps of lateral root formation 
(I-II,IV,VII,VIII according to Malamy and Benfey 1997). Arrows indicate nuclei; yellow arrows show 
nuclei after migration during step I of lateral root formation. (B) NSRa::GFP and NSRb::GFP fusions 
localised in nuclei from primary and emerged lateral roots in several cell types when expressed under 
the control of its own promoter and showed a nuclear “speckle” pattern related to that observed using 
a strong promoter (Fig. 1). (C) Spontaneous relocalisation of NSRs from nuclear speckles to 
cytoplasmic particles is observed in vascular tissues. In these plants, the Histone H2B::RFP marker is 
also present to mark nuclei in red. White arrows indicate nuclei and blue arrows indicated cytoplasmic 
re-localisation of NSR particles. (D) The double nsra/nsrb mutants show reduced number and length 
of auxin-induced lateral roots (NAA, 100nM). At 7 days after germination under these conditions, the 
primary root length of the nsra/nsrb plants is not significantly different than WT in contrast to the 
lateral root number and total lateral root length. These phenotypes are minor but significant in the 
absence of NAA and become more accentuated in response to auxin, as shown in the images on the 
left (wt and double mutant 7 days after germination treated with auxin).  
 

To address the physiological role of NSRs, we isolated simple nsra and b Arabidopsis 

mutants, which exhibited no remarkable phenotypes. However, 7-day-old double mutant 

nsra/nsrb plants exhibited lateral roots that were significantly reduced in number and length 

in response to auxin (fig. 2D), despite their similar main root length in relation to wild-type 

(WT) plants. This phenotype suggests that the double nsra/nsrb mutants are less sensitive to 
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auxin (Péret et al., 2009). In contrast, transgenic lines overexpressing NSRa or NSRb yielded 

dwarf plants, a phenotype that correlates with transgene expression levels (Fig. S6). This 

dwarf phenotype is likely attributed to the presence of smaller cells, which are clearly visible 

in the leaf epidermis (Fig. S6B). 

 
Fig. S6 Two independent transgenic lines over-expressing AtNSRa yield dwarf plants. 
Over-expression of AtNSRa or AtNSRb using the strong 35S promoter resulted in dwarf plants, a 
phenotype that correlated with transgene expression level (Errors bars indicate standard deviation; 
expression levels in inset). (B) The 35S:NSRs plant have smaller cells in the leaf epidermis. 
Quantification of the area of at least 83 cells from epidermis leaves from WT and 35S:NSRa or 
35S:NSRb. Errors bars indicate confidence interval 5%.  
 

To unravel the mechanism of action of NSRs, we analysed the molecular response to auxin in 

the nsra/nsrb double mutants. A transcriptomic approach revealed that over 2200 genes were 

differentially regulated in the double mutants in comparison to WT plants after auxin 

treatment (12 h 10 µM NAA). In contrast, only 535 gene expressions change were detected in 

control conditions (Fig. S7A; accession no. GSE 39659). Interestingly, among the 

differentially expressed genes, we also identified 11 lncRNAs that were deregulated in double 

mutant plants, representing approximately 15% of the lncRNAs that we had identified 

previously in Arabidopsis (Ben Amor et al., 2009) (Fig. S7B). For at least two cases, the  
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Fig. S7 Global transcriptome changes in response to auxin are perturbed in double 
Atnsra/nsrb mutants. 
Transcriptome analysis of the double Atnsra/nsrb mutant showed (A) only 535 genes differentially 
regulated compared to WT whereas an auxin treatment revealed 2214 genes with expression changes 
under the same criteria when compared to WT (CATMA arrays V6). (B) Considering 76 ncRNAs 
from (Ben amor et al., 2009) around 2% are differently regulated in control condition between WT and 
nsra/nsrb double mutant. In contrast, after auxin treatment, 15% of these ncRNA are differently 
regulated between them (p<0,0001). 
 

 
Fig. S8 Two lncRNA miss-regulated in the nsra/nsrb double mutant background. 
The lncRNA nc34 is strongly induced by auxin, an accumulation significantly lost in the double 
mutant. The ncRNA 351 is up-regulated in the nsra/nsrb double mutant in both control and auxin 
conditions. Errors bars indicate standard deviation. 
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Figure S9 Action of NSRs in 

LR initiation in known 

signalling pathways. 

Strikingly, according to the 
Visual Lateral Root 
Transcriptome Compendium 
(Visual LRTC, Parizot et al., 
2009), A) out of 49 genes that are 
the most down-regulated in 
nsra/nsrb compared to WT plants 
in response to auxin, 7 are auxin-
responsive genes. Out of these 7 
genes, 5 are linked to lateral root 
initiation (dependent on 
SOLITARY ROOT-1, Fukaki et 
al., 2002) and 3 are dependent on 
ARF7 and/or ARF19, key 
regulators of lateral root 
development (Okushima et al., 
2005). B) Among 100 most 
overexpressed transcripts in the 
nsra/nsrb compared to WT plants 
in response to auxin, we found 28 
genes that are normally repressed 
by auxin, of which 3 are also 
linked to root initiation, whereas 
6 are dependent on the ARF 
genes. These results integrate the 
action of NSRs in LR initiation in 
known signalling pathways.  
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Fig. S9B 
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auxin-inducible nc34 or the constitutive nc351, their differential behaviour was confirmed 

using RT-qPCR (Fig. S8A, S8B). These results link NSRs to the regulation of gene 

expression of both mRNAs and lncRNAs in response to auxin. Strikingly, according to the 

Visual Lateral Root Transcriptome Compendium (Visual LRTC, Parizot et al., 2009), out of 

49 genes that are down-regulated in nsra/nsrb compared to WT plants in response to auxin, 7 

are auxin-responsive genes. Out of these 7 genes, 5 are linked to lateral root initiation 

(dependent on SOLITARY ROOT-1, Fukaki et al., 2002) and 3 are dependent on ARF7 and/or 

ARF19, key regulators of lateral root development (Okushima et al., 2005, Fig. S9A). On the 

other hand, among the 100 overexpressed transcripts in the nsra/nsrb compared to WT plants 

in response to auxin, we found 28 genes that are normally repressed by auxin, of which 3 are 

also linked to root initiation, whereas 6 are dependent on the ARF genes (Fig. S9B). These 

results integrate the action of NSRs in LR initiation in known signalling pathways.  

Considering that NSRs co-localise with spliceosome markers, we explored the impact of 

NSRs in splicing to address the mechanism by which NSRs might modulate gene expression. 

As no major defects in constitutive splicing were observed, we analysed 288 known 

alternatively spliced genes (Simpson et al., 2008). By comparing RNA from root tissues that 

were treated or not with auxin in WT and nsra/nsrb mutant plants, we found significant 

changes for 103 genes. In fact, auxin induces a major change in the relative amounts of 

alternatively spliced isoforms of these transcripts (180 genes of 288 known alternative genes; 

Fig. 3A), and the majority of these AS events (103) were dependent on NSRs. We then 

confirmed these variations using RT-PCR and a fluorescent gel assay for several genes, 

including the ATPase1 (At1g27770) gene, which is normally transcribed as only one main 

isoform during both control and auxin-treated conditions but exhibits an intron retention event 

in the nsra/nsrb double-mutant treated by auxin (Fig. 3B, S10A and S10E). Other relevant 

examples of AS defects are the auxin-related gene (At2g33830) and the F-box gene 

(AT4G27050) transcripts, which are normally spliced into two isoforms during control 

conditions but exhibit differential splicing in response to auxin (Fig. 3C, 3D, S10B, S10C and 

S10E). This auxin-induced splicing variation is not detected in the nsra/nsrb mutant 

background (note in Fig. 3C the lack of variation of the second isoform in the nsra/nsrb 

mutant). These results strongly suggest that NSRs represent novel alternative splicing 

regulators in plants.  
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Fig. 3 Modification of AS in tnsra/nsrb mutant during auxin response. 
(A) Proportion and gene number derived from the analysis of the High resolution RT-PCR panel 
coupled to HPLC in the nsra/nsrb double mutant treated or not with 1µM of auxin in comparison to 
WT. (B) The ATPase1 (At1G27770) is transcribed in a single mRNA in control conditions or during 
auxin treatment (1µM) whereas in the nsra/nsrb mutant treated by auxin a second isoform (an intron 
retention event; Fig. S10 A) is detectable. (C) The auxin related protein (At2G33830) expressed two 
isoforms which differ by an intron retention event (Fig. S10 B). The intron retained isoform is less 
detectable after auxin treatment, an auxin-induced variation lost in nsra/nsrb plants treated with auxin. 
(D) The F-box protein (At4G27050) is mainly transcribed in two isoforms, (Fig. S10 C) and, after 
auxin treatment, the intron-retained isoform is accumulated. This auxin-induced AS event is also lost 
in the nsra/nsrb mutant. Arrows indicate each AS isoform in PAGE gels and their shading correspond 
to its quantification in the accompanying bar graph panels. 
 

As the ENOD40 RNA interacts with AtNSRs to induce their cytoplasmic re-localisation, we 

wondered whether the heterologous expression of the MtENOD40 RNA might affect 

alternative splicing in Arabidopsis thaliana. To this aim, we generated Arabidopsis lines 

expressing the ENOD40 transcript and assayed the splicing of select NSR targets. 

Remarkably, the auxin-related (At2g33830) and CCA1 (At2g46830) genes exhibited drastic 

changes in the ratio between isoforms in ENOD40-expressing plants (Fig. 4A, 4B, S10B, 

S10D and S10F), linking ENOD40 expression to significant alterations of alternative splicing. 
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To further demonstrate a direct molecular link between NSRs and the alternatively spliced 

mRNAs, as well as lncRNAs, we performed an in vivo UV cross-linked RNA 

immunoprecipitation (RIP) experiment using NSRa or NSRb proteins that were fused to an 

HA-tail and expressed under the control of the endogenous NSRa promoter. These NSRa or 

NSRb fusion constructs were introgressed into the nsra or nsrb mutants, respectively. The 

RIP results revealed that NSRa and NSRb specifically bind to certain alternatively spliced 

mRNAs targets and to the Arabidopsis lncRNA nc351 in planta using either total or nuclear 

RNA (Fig. 5A and 5B).  

 
Fig. 4 Modification of AS in Arabidopsis plants expressing the MtEnod40 or over 
expressing Atnc351 lncRNAs. 
(A) The auxin related protein (At2G33830) (shown in Fig.3C) also showed a change in isoform 
distribution in plants over-expressing the lncRNA MtENOD40. The intron retained isoform is less 
detectable in plant over expressing MTENOD40 (Fig. S10 B). (B) The CCA1 gene (At2G46830) 
transcribed into at least 4 isoforms in control condition (Fig. S10D), presents a very significant switch 
of isoforms when ENOD40 is expressed. (C) The auxin related protein (At2G33830) (shown in 
Fig.3C, 4A) showed a change in isoform distribution in plants over-expressing the lncRNA nc351. (D) 
The ATPase1 (At1G27770) is transcribed in a single mRNA in control conditions whereas in plants 
over expressing nc351 a second isoform (an intron retention event; Fig. S10A) is detectable, the same 
pattern observed in the nsra/nsrb double mutant treated with auxin (Fig. 3B). Arrows indicate each AS 
isoform in PAGE gels and their shading correspond to its quantification in the accompanying bar 
graph panels. 
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Fig. 5 NSRa and NSRb bind in vivo to alternatively spliced mRNAs and the lncRNA 
nc351.  
RNA Immunoprecipitation (RIP) assays using HA-tagged NSRa or NSRb on (A) total cell lysates or 
(B) nuclei extracts of 10-day-old seedlings treated with 10 µM NAA for 24 h. Results of RT-qPCR are 
expressed as the percentage of the respective INPUT signal (total signal before RIP). Analyzed genes 
are HKeeping: AT1G13320 (Czechowski et al., 2005); Fbox: AT4G27050; PIWI factor: AT2G29210; 
Auxin-regulated gene: AT2G33830; ncRNA351: AT1G67105.  
 

Globally, the auxin-inducible NSRb gene codes for a protein exhibiting increased affinity for 

its targets compared with NSRa. In the nuclear fraction, the enrichment of ncRNA351 in the 

NSRb::HA RIP is increased, supporting the action of lncRNA nc351 in nuclear-related 

processes (Fig. 5B). Remarkably, this ncRNA, which is a NSR direct target, corresponds to a 

lncRNA transcriptionally regulated in the nsra/nsrb double mutant (Fig. S8B). To further 

confirm the potential modulation of AS by NSR-interacting lncRNAs, we overexpressed the 

lncRNA nc351 in Arabidopsis plants. Two NSR-mRNA targets (encoding either the Auxin-

Regulated Protein gene (At2g33830) or the ATPase1 gene (At1g27770), exhibited AS 
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changes in these plants (Fig. 4C, S10B and S10G). Moreover, the latter NSR target exhibited 

the same alteration in AS than the one observed in the Atnsra/nsrb double mutant. This intron 

retention occurs in plants overexpressing nc351 (Fig. 4D, S10A and S10G), suggesting that 

nc351 overexpression prevents NSR action. Hence, NSR-containing complexes bind to 

alternatively spliced NSR targets and lncRNAs, and the modulation of lncRNA expression 

can affect the AS of NSR-mRNA targets.  

Our results demonstrate that NSRs are plant RNA-binding proteins that localise within 

nuclear speckles and regulate alternative splicing. The binding of the NSR-containing 

complexes to AS targets suggests that NSRs might modulate the action of splicing factors in a 

specific part of the nucleus where splicing takes place (Lorkovic et al., 2008). The growing 

importance assigned to AS in plants has been recently addressed using RNA sequencing 

techniques (Marquez et al., 2012), and the functional diversity of AS isoforms has been 

elegantly demonstrated for two isoforms of SR45 (Zhang and Mount, 2009). These isoforms 

differ by only eight amino acids, including a putative phosphorylation site, and can 

differentially complement petal or root developmental phenotypes in a sr45 mutant (Zhang 

and Mount, 2009). Therefore, isoforms with very similar sequences can elicit substantially 

distinct morphological outcomes in different organs of the plant. The interaction of NSRs 

with ncRNAs might lead to drastic changes in developmental fates such as those occurring 

during nodule and lateral root formation, two processes where the ENOD40 RNA is strongly 

expressed (Mathesius et al., 2000). Recent studies revealed a novel class of sno-lncRNA (a 

class of nuclear-enriched intron-derived lncRNAs processed on both ends by the snoRNA 

machinery) that may be strongly associated with the Fox family of splicing regulators and 

may alter patterns of splicing (Yin et al., 2012). As NSRs can also interact with lncRNAs to 

affect AS, we propose that lncRNAs can modulate the function of the splicing machinery 

through their interaction with NSRs. This hypothesis is supported by the molecular phenotype 

of the nsra/nsrb double mutant and the lncRNA ENOD40 and nc351 overexpressing lines 

described in this work. In mammals, another lncRNA, malate1, can modulate alternative 

splicing in HeLa cells by interfering with protein phosphorylation (Tripathi et al., 2010). 

Here, we introduce a mechanism by which the interaction of lncRNA with NSR AS regulators 

can modulate alternative splicing during specific developmental transitions, such as the 

formation of new lateral roots by differentiated pericycle cells. We speculate that such 

lncRNAs mimic NMD intron-retained transcripts to hijack the splicing machinery and induce 

rapid changes in alternative splicing patterns.  
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Fig. S10. Primer pairs used and AS gene models for the mRNA targets analysed in Figs. 
3 and 4. 
(A,B,C,D) gene models for alternatively spliced targets (according to www.arabidopsis.org): For each 
gene the different isoforms are represented. Primer pairs used in Fig. 3 are represented in green. Arrow 
shading correspond to shade arrows and quantification bars in Fig. 3 to design the specific isoform 
amplified (thick bars are included). (E,F,G) q-RT PCR of two constitutive genes (reference gene 1: 
AT1G13320 and reference gene 2: AT4G26410) on cDNA from biological triplicates of the 
experiments depicted in (Fig. 3B, 3C, 3D) ; (Fig. 4A,4B) and (Fig. 4C, 4D) respectively. These values 
showed the excellent calibration of the cDNAs used for the quantitative analysis of AS.  
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Materials and methods 

 

Plant and bacteria material and growth conditions. 

 All mutants were in the Columbia-0 (Col-0) background. Atnsra (SALK_003214) and Atnsrb 

(Sail_717) were from the SALK and SAIL T-DNA collections, respectively. The plants were 

grown in long day (16-h light/8-h dark) or continuous light conditions at 23°C on soil or on 

solid half-strength MS medium. E.coli DH5α was used for subcloning. 

 

Transient expression in Tobacco leaves and biolistics 

All transient expression experiments were performed in Nicotiana benthamiana, infiltrated 

with 0.1 OD 600 nm Agrobacterium thumefaciens AGL-0 in infiltration medium containing 

half-strength MS medium, 0.01 M MgCL2, 0.01 M MES pH 5.2, 0.001 M acetosynringone. 

All constructs were co-expressed with HCpro (Anandalakshmi et al., 1998). For the co-

expression of AtNSRb:GFP and MtNSR1:RFP, onion epidermis was bombarded with the two 

constructs. Biolistic introduction of plasmid DNA into plant cells was performed using the 

PDS-1000/He System (Bio-Rad). For each experiment, bombardments were performed at 

least five times, and an average of 200 transformed cells was obtained per bombardment. 

Equimolar quantities of plasmids were used in all cases. Epidermal tobacco leaves or onion 

cells were observed in the confocal microscope. 

 

Confocal Microscopy and Image Processing 

Cells were observed 48h after transient expression using a Leica DM RxA2 confocal 

microscope. The Leica confocal software was used for image acquisition and for the 

quantification of fluorescence profiles. Sequential scans were performed when necessary. 

Spectral profiles were calculated for five cells. Data processing was performed using ImageJ 

(http://rsbweb.nih.gov/ij/). 

 

RT-PCR and RT-qPCR 

Total RNA was prepared from roots and plantlets at different developmental stages using the 

Qiagen RNeasy plant mini kit. The DNAse treatment was performed according to the 

manufacturer’s protocols. For reverse transcription with SuperScriptII (Invitrogen), 2.5 µg of 

total DNAse-treated RNA was used. One microliter of the resulting cDNA solution was used 

for RT-PCR or RT-qRT analyses using standard protocols. A complete list of PCR primers is 

available in (Table 1). Each cDNA sample was precisely calibrated and verified for two 
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constitutive genes (AT1G13320; AT4G26410; Czechowski & al., 2005). For RT-PCR, the 

amplification was as follows: one cycle of 4 min at 98°C, 26 cycles of 30 s at 98°C, 30 s at 

59°C, and 1 min at 72°C. The products were separated in 7.5% acrylamide gel stained with 

SyBr green (Invitrogen) and revealed by Pharos Imager (Biorad). Band profiles were 

quantified using ImageJ (http://rsbweb.nih.gov/ij/). RT-qPCR was performed using a Roche 

Light Cycler 480 using standard protocols (40 cycles, 60°C annealing). 

 

 

High resolution RT-PCR 

The original panel (Simpson et al. 2008) was expanded to 289 primer pairs by identifying 

alternative splicing events that were either published or annotated in The Arabidopsis 

Information Resource (TAIR8 http://www.arabidopsis.org/) or in the Alternative Splicing in 

Plants database (ASIP, http://www.plantgdb.org/ASIP/). Primer pairs in which one primer 

was fluorescently labelled were designed as described previously (Simpson et al. 2008). 

Primer pairs used are listed in Supplementary Table S1. RT-PCR analysis was performed as 

described previously (Simpson et al. 2008). In brief, RT reactions were performed with total 

RNA using oligo-dT primers. The first-strand cDNA was aliquoted into microtitre plates, and 

PCR using the gene/alternative splicing event-specific primers was performed using 24 

cycles. We have previously shown that 24 cycles still maintain the linear amplification range 

for various splicing substrates using [32P]-labelling (57) and for a number of AS primers that 

were used here to amplify transcripts of different quantities and sizes (Simpson et al. 2008). 

Our high-resolution RT-PCR system is capable of detecting multiple different AS transcripts 

from a single gene, distinguishing alternative splicing events involving small size differences 

in transcripts (as few as 2–3 nt) and identifying small but significant changes in the ratios of 

alternatively spliced variants. The AS variants for each of the genes were amplified 

simultaneously using the same primers within the same reaction. The different AS isoforms 

usually contain substantially conserved sequences, which reduce variation in amplification 

efficiency. In addition, if there were differences in amplification efficiency among particular 

AS isoforms, these differences occurred in the PCR reactions with the WT and mutants that 

were treated with or without auxin. Electropherograms produced by the ABI 3730 genotyping 

software identified the exact size of the RT-PCR products for each primer pair. The peak 

areas for each RT-PCR product were extracted from three replicates; the ratios of the different 

peaks were calculated to generate a mean value and standard error for each AS transcript as a 

percentage of the total transcript across the three replicates. 
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Transcriptomic Studies 

Microarray analysis was performed at the Unité de Recherche en Génomique Végétale (Evry, 

France) using the CATMAv6.1 array, which is based on Roche-NimbleGen technology. A 

single high-density CATMAv6.1 microarray slide with twelve chambers was used; each 

chamber contained 135,000 primers representing all of the Arabidopsis thaliana genes: 

30,834 probes corresponding to TAIRv8 annotation (including 476 probes of mitochondrial 

and chloroplast genes) + 1,289 probes corresponding to EUGENE software predictions. 

Moreover, the array included 5,352 probes corresponding to repeat elements, 658 probes for 

miRNA/MIR, 342 probes for other RNAs (rRNA, tRNA, snRNA, soRNA) and 36 controls. 

Each long primer represents a triplicate in each chamber for robust analysis. Two independent 

biological replicates were produced. For each biological repetition and each point, RNA 

samples were obtained by pooling RNAs from 10 plants. Plantlets were collected at 1.04 

developmental growth stages (Boyes, 2001) and cultivated in ½ MS conditions. Total RNA 

was extracted using the Qiagen RNeasy kit according to the manufacturer’s protocol. For each 

comparison, one technical replicate with fluorochrome reversal was performed for each 

biological replicate (i.e., four hybridisations per comparison). The labelling of cRNAs with 

Cy3-dUTP or Cy5-dUTP (Perkin-Elmer-NEN Life Science Products) and hybridisation to the 

slides were performed as described in Lurin et al., 2004. Two-micron scanning was 

performed using an InnoScan900 scanner (InnopsysR, Carbonne, FRANCE), and the raw data 

were extracted using MapixR software (InnopsysR, Carbonne, FRANCE).  

   

 

Statistical Analysis of Microarray Data 

Experiments were designed with the statistics group of the Unité de Recherche en Génomique 

Végétale. For each array, the raw data comprised the logarithm of median feature pixel 

intensity at wavelengths of 635 nm (red) and 532 nm (green). For each array, a global 

intensity-dependent normalisation was performed using the Loess procedure (Yang et al., 

2002) to correct the dye bias. The differential analysis is based on the average log-ratios over 

duplicate probes and over technical replicates. Hence, the number of sets of available data for 

each gene equals the number of biological replicates, and that number was used to calculate 

the moderated t-test (Smyth, 2004). 

Under the null hypothesis, no evidence for specific variance between probes is highlighted by 

Limma, and consequently, the moderated t-statistic is assumed to exhibit a standard normal 

distribution. To control the false discovery rate, adjusted p-values were calculated using the 
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optimised FDR approach (Storey et al, 2003). The probes with an adjusted p-value ≤ 0.05 

were considered to be differentially expressed. 

Statistical analysis was performed using the R software. The function SqueezeVar of the 

limma library was used to smooth the specific variances by computing empirical Bayes 

posterior mean values. The kerfdr library was used to calculate the adjusted p-values.  

 

  

 Data Deposition 

Microarray data from this article were deposited at Gene Expression Omnibus 

(http://www.ncbi.nlm.nih.gov/geo/), accession no. GSE 39659) and at CATdb 

(http://urgv.evry.inra.fr/CATdb/; Project: Blanc-08-01_2012_01_RNAPATHs_nsr) according 

to the “Minimum Information About a Microarray Experiment” standards. 

  

 

RNA Immunoprecipitation 

Atnsra and Atnsrb simple mutant lines were complemented with the constructs 

pNSRa:NSRa::HA::HA and pNSRa:NSRb::HA::HA, respectively. Ten-day-old plants were 

irradiated 3 times with UV using a UV cross-linker CL-508 (Uvitec) at 0.400 J/cm². Plants 

were grinded in liquid nitrogen, and total proteins were extracted in RIP extraction buffer (50 

mM Tris-HCl pH 7.5; 150 mM NaCl; 5 mM MgCl2; Triton 0.1%; 10% Glycerol). The 

extracted suspension was filtered twice through Miracloth. After centrifugation for 15 min at 

4°C 4000 RPM, the pellet was resuspended in 800 µl of nuclei lysis buffer + SDS (0,1% SDS; 

10 mM EDTA; 50 mM Tris-HCL pH 7,4), as well as 20 µl of RNAse inhibitor and 20 µl of 

proteinase inhibitor. After a 1 h incubation at 4 °C in rotation, the sample was centrifuged at 

1500 RPM for 5 min at 4°C. One hundred microliters of supernatant was used to prepare 

RNA for the input sample. To purify the NSR proteins, we used µMACs magnetic technology 

columns (Mitenyi). First, the columns were prepared following the manufacturer’s protocols. 

The extracts were incubated for 1 h with the magnetic beads, which were coupled with HA 

antibodies and passed through the columns. Several wash steps were performed. First, the 

columns were washed twice with 200 µl of nuclei lysis buffer (0,1% SDS), twice with 200 µl 

of the Miltenyi washing buffer 1 (W1), twice with 200 µl of the Miltenyi washing buffer 2 

(W2) and, finally, once with 200 µl of sterile water. The beads were collected and subjected 

to a native elution as indicated by the manufacturer’s protocol. The resulting solutions were 

treated with proteinase K (RNAse-grade, Invitrogen) in 2 µl of RNAse inhibitor at 55°C for 1 
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h. Lastly, we passed the samples through new columns to exclude the beads. The total RNA 

was extracted from the template and from the input using Trizol reagent (Invitrogen) and then 

was resuspended in 60 µl of H2O. The templates and the inputs were treated with DNAse, and 

subsequent RT-qPCR reactions were performed using specific primers. 
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Table S1 Genetic constructions and oligonucleotides 

All oligonucleotides used for cloning, RT-PCR and RT-qPCR are referenced. 
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1.3 Résultats complémentaires 
 

Il n’existe pas de systeme in vitro recréant le spliceosome végétal afin d’étudier l’effet 

de l’ajout ou de la mutation d’un régulateur de l’épissage, nous avons donc imaginés une 

expérience de splicing exogène dans les feuilles de tabac grâce à des expériences 

d’agroinfiltration de feuilles de N. tabacum afin de confirmer l’action des ces protéines dans 

un système hétérologue. 

Pour cela nous avons sur-exprimé dans ces feuilles des régulateurs de l’épissage (NSRa ou 

NSRb) ainsi qu’une cible des NSRs épissée alternativement chez Arabidopsis, le gène Fbox 

(At4G27050). De plus nous avons aussi pris des tabacs sur-exprimant la cible Fbox sans 

régulateur ou co-exprimé avec la mcherry comme contrôles négatifs. Après expression 

durant deux jours dans les feuilles de tabac, extraction des ARN et RT-PCR nous pouvons 

voir en gel d’acrylamide le profil d’épissage du gène Fbox (figure complémentaire). Nous 

avons d’abord vérifié la calibration des cDNA pour valider l’expérience, ainsi nous avons 

passé deux gènes constitutifs du tabac (référence 1 : UBi3 ; référence 2 : Eif1α). 

Premièrement on remarque que le gène est épissé alternativement de la même façon que 

naturellement chez Arabidopsis. De plus en mesurant l’intensité des bandes et en réalisant 

le ratio de la bande haute sur la plus basse on remarque que les deux isoformes sont 

exprimé de façon similaire dans les contrôle et dans les extraits où NSRa est surexprimé 

indiquant que cette protéine ne serait pas impliquée dans la régulation de l’AS du gène Fbox. 

En revanche, la surexpression de NSRb entraînerait une diminution du ratio de moitié donc 

NSRb semble favoriser la production de l’isoforme totalement épissé plutôt que la variante 

non épissée. 
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Figure complémentaire : Expérience d’épissage alternative en expression 
transitoire dans les feuilles de N. tabacum. 
A) Gel d’acrylamide résultant de la RT-PCR dans les échantillons indiqués. B) Graphique 
représentant le ratio de la quantification entre l’intensité de la bande supérieure sur celle de 
la bande inférieure. C) Expression relative représentant l’expression de deux gènes 
constitutifs de N. tabacum indiquant la calibration des ADNc qui ont permis l’expérience. 
(ref1: UBi3: FW  aggttgaatcttccgacacaat  REV tcgactccttctggatgttgta ; ref2: Eif1α : FW 
GATTGGTGGTATTGGAACTGTC  REV GAGCTTCGTGGTGCATCTC).  
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II.2- SGS14, SGS15, NSRa and NSRb encode alternative splicing-
related factors that facilitate post-transcriptional gene silencing 
mediated by intron-containing transgenes. 
 

Dans cette deuxième partie, je vais d’abord présenter une introduction sur les 

mécanismes de Silencing Post transcriptionnel des gènes ainsi que sur les lignées qui 

permettent l’étude du PTGS chez Arabidopsis. Puis je vais résumer les résultats obtenus lors 

de ma thèse sur ce sujet sous la forme d’un article, intitulé « SGS14, SGS15, NSRa and 

NSRb encode splicing-related factors that facilitate post-transcriptional gene silencing 

mediated by intron-containing transgenes ».  

 
2.1 RBP et ncRNAs : Mécanismes du silencing  

 
Cette deuxième partie est dévolue aux rôles des NSRs dans la régulation du 

silencing et en relation avec l’épissage. Je vais donc introduire les mécanismes qui sont mis 

en place lors de l’interférence par l’ARN. 

 Chez les plantes, l’interférence par l’ARN ou silencing par les ARN a été découverte 

à la suite d’expériences de transgenèse aboutissant à des résultats inattendus. Ainsi, la 

surexpression d’un gène ne conduisait pas toujours à une sur-accumulation de la protéine, 

mais parfois, au contraire, à un phénotype équivalent au mutant du gène étudié (Smith et al., 

1990 ; van der krol et al., 1990 ; Napoli et al., 1990). L’analyse des plantes transgéniques 

inactivées pour des transgenes qui devraient être exprimés constitutivement a permis 

l’identification des deux principaux mécanismes de « RNA silencing » : le PTGS (Post 

Transcriptional Gene Silencing) et le TGS (Transcriptional Gene Silencing) aussi appelé 

depuis peu CTGS (Co-Transcriptional Gene Silencing). Dans cette partie, je ne reviendrais 

pas sur les protéines qui sont associées au mode d’action et à la biogenèse des miARN et 

des tasiARN traités précédemment (Ariel et al., 2012 chapitre 1.2 ; Charon et al., 2010 Cf 

annexe 1 et 3) ainsi qu’aux mécanismes moléculaires de silencing (Parent et al., 2012). 

Néanmoins, j’introduirai la description du silencing induit par un transgène dans la mesure où 

j’ai utilisé ce système dans cette partie. En effet, les transgènes peuvent être « silencés » 

par des mécanismes similaires aux mécanismes de régulation des gènes. Au niveau post-

transcriptionnel, il est possible de  distinguer le Sens PTGS ou (S-PTGS) des transgènes  et 

l’Inverted Repeat PTGS (IR-PTGS). 
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2.2 Les mutants déficients en PTGS 
 
L’obtention de lignées transgéniques, dont les transgènes déclenchent le silencing à 

des moments précis, a permis de mettre en place des cribles génétiques permettant 

l’identification de gènes impliqués dans les mécanismes moléculaires de silencing. Dans 

cette partie, j’introduirai les principales lignées déficientes en silencing que j’ai utilisées  

durant ma thèse. 

 

 2.2.1 La lignée p35S::uidA « L1 » 

La lignée L1 est issue d’une transformation par Agrobacterium tumefaciens sur une 

plante Col-0, avec un ADN-T qui porte la construction p35S::uidA (GUS) (Elmayan et al., 

1998 ; Figure 9a). La lignée L1 (pour Low expressers1) possède une simple insertion de ce 

transgène et présente une inactivation de GUS chez 100% des plantes à chaque génération. 

De plus, lors des transformations de Col-0 par cette construction, une lignée contrôle non 

silencée nommée  « 6b4 » et présentant le signal GUS dans 100% des plantes à chaque 

génération a été obtenue. La lignée L1 produit des siARN spécifiques qui induisent la 

dégradation des ARNm du transgène GUS. Cette lignée est donc très utile pour caractériser 

des mutants déficients en S-PTGS. De plus, dans la mesure où il a été montré que le 

silencing pouvait être modifié par la présence d’un intron au sein du transgène une 

construction génétique 35S:GUS-int, nommée 159, a été réalisée. Elle ne diffère de la 

construction initiale  L1 que par la présence d’un intron, d’origine végétale, dans le gène 

GUS. Cette lignée 159 présente comme pour L1 une forte expression du gène rapporteur 

GUS lors des stades précoces de développement ; cependant, le transgène est rapidement 

silencé.  

Ces dernières années, la lignée L1 a permis de caractériser de nombreux gènes 

impliqués dans la biogenèse des siARN, leurs actions ou encore la régulation des 

mécanismes de silencing de type S-PTGS. Parmi ces gènes, on peut noter la découverte 

de : SGS1 (SUPRESSOR OF GENE SILENCING 1) SGS2/RDR6 (RNA DEPENDANT RNA 

POLYMERASE), SGS3, SGS4/AGO1, SGS5/HEN1 (HUA ENHANCER 1) SGS6/MET1 

(DNA METHYLTRANSFERASE 1), SGS7/SDE5 un facteur d’export de l’ARN, SGS8/JMJ14 

une Deméthylase, SGS9/HPR1 un composant du complexe THO/TREX, SGS13/SDE3, 

SGS6/MET1 (Elmayan et al., 1998 ; Mourrain et al., 2000 ; Fagard et al., 2000 ; Morel et al., 

2002; Boutet et al., 2003 ; Adenot et al., 2006 ; Elmayan et al., 2009 ; Jauvion et al., 2010 ; 

Le Masson et al., 2012). 
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  2.2.2 La lignée p35S::NIA2 « 2a3 »  

 La nitrate réductase codée par les gènes NIA1 et NIA2 est nécessaire à la croissance 

des plantes en conditions naturelles. L’introduction dans le génome de plantes Col-0 du 

transgène p35S::NIA2 devait conduire à la sur-accumulation de la protéine NIA2 ; elle a en 

fait conduit a la co-supression des gènes NIA1 et NIA2 endogènes ainsi que du transgène 

p35S::NIA2 (Figure 9b). Dans cette expérience, 297 des 298 transformants primaires 

obtenus sont morts ; seul le transformant 2a3 a produit des graines à partir desquelles une 

lignée homozygote a été générée. Chez la lignée homozygote 2a3, en condition de culture 

standard, seulement 20% des plantes atteignent le stade de fructification les 80% restant 

meurent avant de former leurs graines (Adenot et al., 2006). Cette lignée 2a3 comme la 

lignée L1 permet  l’étude des mécanismes impliqués dans le S-PTGS et contient 2 introns. 

 

  2.2.3 La lignée pSUC2::antisensPDS « JAP3 »  

Afin d’étudier la propagation du signal de silencing, une lignée transgénique dont 

l’initiation et l’action de  silencing se déroule dans un tissu précis a été préparée (Smith et al., 

2007). Pour cela une construction RNAi du gène codant une phytoène désaturase (PDS) a 

été placé sous le contrôle d’un promoteur spécifique du phloème : Suc2 (codant pour un 

transporteur du sucrose spécifique du phloème ; Figure 9c). Le gène PDS est nécessaire à 

la synthèse de chlorophylle dans les feuilles des plantes. Lorsque la construction RNAi 

entraîne le silencing du gène PDS endogène les cellules subissent une décoloration très 

facilement observable. SUC2 ne s’exprimant que dans le phloème la propagation du 

silencing dans les cellules voisines peut être suivie grâce à la décoloration de celles-ci. Des 

siARN de  21 et de 24  nucléotides sont produits dans la lignée pSuc2::PDSRNAi, indiquent 

que ce transgène active plusieurs voies du silencing. Cette construction possède un intron 

entre les brin sens et antisens qui contiennent la partie de l’ARNm PDS. 
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Figure 9 Constructions génétiques utilisées pour étudier le silencing chez les plantes. 
(a) Le promoteur 35S et le terminateur 3’ Rubisco (Rbs) sont représentés en blanc, la partie noire représente la 

partie codante uidA. (b)  Le promoteur 35S et le terminateur endogène de NIA2 ainsi que le terminateur NOS sont 

représentés en blanc. Les parties noires représentent les exons du gène NIA2, les traits noirs représentent les 

introns du gène NIA2. (c) Le promoteur pAtSuc2 et le terminateur pA35S sont représentés en blanc. Les parties 

noires représentent le gène PDS et les flèches représentent le gène PDS en sens et en antisens. L’intron 

représenté par un trait noir correspond à l’intron 1 du gène WRKY33. 

 

2.3 Le S-PTGS des transgènes et la propagation du silencing 
 

A ce jour diverses questions concernant le S-PTGS (Sens-PTGS) restent floues 

comme : de quelle façon un dsARN primaire est produit par un transcrit sens pendant le S-

PTGS ? A quelle fréquence le S-PTGS varie d’une lignée transgénique à l’autre ? 

(Vaucheret et al., 1995). Plusieurs hypothèses ont été proposées pour expliquer le 

déclenchement du PTGS dans le S-PTGS : la première repose sur l’idée d’une transcription 

involontaire et locus-dépendant d’un antisens ARN qui formerait un dsRNA avec les 

transcrits du transgène ; la seconde soutient que la surexpression du S-transgène donnerait 

lieu à un ARN aberrant sens qui serviraient de matrice à RDR6. Quoi qu’il en soit, une fois 

produit, le dsARN peut être traité par une ou plusieurs protéines DCL. Dans le cas du locus 

L1 d’Arabidopsis, la disponibilité de DCL2 semble être le premier déterminant qui initie le S-

PTGS (Mlotshwa et al., 2008). Probablement car DCL2 produit des siARN de 22-nt qui, 

après association avec AGO1, clive la cible ARNm pour générer des produits de clivages 

(Figure 10). Ces produits sont protégés de la dégradation par SGS3 et transformés en 

dsARN secondaires par RDR6 assisté par SDE5 (Jauvion et al., 2011). Le locus L1 produit 

un niveau semblable de siARN de 21-nt et de 22-nt du transgène GUS (Mlotshwa et al., 

2008), ce qui semble indiquer que les dsARN secondaires sont donc traités de la même 

façon par DCL4 et DCL2 produisant des dsARN 21-nt et de 22-nt respectivement.  En outre, 

les siARN de 22-nt dépendant de DCL2, peuvent générer une boucle d’amplification de 

p35S uidA t3’ Rbs 

0 185

p35S NIA2 tNIA2 tNOS 

0 340
 

pAtSuc2 PDS  PDS pA35S 

(a) p35S::uidA « L1 »  

(b) p35S::NIA2 « 2a3 »  

(c) pSUC2::RNAiPDS « JAP3 »  
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siRNAs, ce qui permet d’amplifier le silencing et donc de diminuer le niveau d’expression de 

l’ARNm cible. Cette boucle est essentielle pour la diffusion du S-PTGS. En effet, le S-PTGS 

semble se déclencher localement pour ensuite diffuser de cellule à cellule grâce aux 

plasmodesmes ou même à plus longue distance à travers les tissus vasculaires comme l’a 

montré des expériences de greffes de plantes transgéniques silencées ou pas (Palauqui et 

al., 1996, Dunoyer et al., 2010). Ces résultats suggèrent qu’un signal de silencing séquence 

spécifique permettrait de propager le S-PTGS dans la plante (Voinnet et al., 1998). Plus 

récemment, il a été montré que les siARN sont mobiles (Dusnoyer et al., 2010 ; Molnar et al., 

2010). ; les siARN primaires ou secondaires produits dans la cellule ou le S-PTGS a été 

initié peuvent se déplacer de cellule à cellule et dans certains cas dans la plante entière via  

les tissus vasculaires. Dans la cellule qui reçoit les sRNA, ces derniers  peuvent déclencher 

le S-PTGS à leur tour sur leur séquence homologue (figure 10). 

La propagation du silencing est séquence-spécifique, ce qui indique que le signal 

comprend probablement un ARN, e.g. un ARN double brin (dsARN) ou le small interfering 

ARN (siARN) généré lors du silencing des ARN (Dunoyer et al, 2005). Les enzymes Dicer-

like (DCL), de la famille RNase de type III, clivent l’ARNdb en siARN, et dans un système 

expérimental, la propagation du silencing est perdu dans le mutant dcl4, en équation avec 

l’idée que la production de siARN est nécessaire à la production du signal (Dunoyer et al., 

2005). Les siARN, mesurant seulement 21 à 24 nucléotides de long peuvent passer à 

travers les plasmodesmes. De plus les échantillons de sève de phloème contiennent des 

molécules apparentées aux siARN (Yoo et al., 2004). Cependant, des transcrits plus long en 

orientation sens et antisens sont également présents dans la sève du phloème, il est donc 

possible que les long ARN soient également mobiles (Haywood et al, 2005). Le mouvement 

de cellule à cellule par les plasmodesmes et la translocation longue distance du signal de 

silencing à travers le phloème sont parfois considérés comme des mécanismes distincts, car 

ils peuvent être inhibés de façon différentiel par un traitement au cadmium, par des protéines 

virales, ou par mutation de gènes végétaux (Himber et al, 2003 ; Schwach et al, 2005). 
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Figure 10 Composants générale du S-PTGS  
Les composants protéiques représentés de la même couleur sont impliqués dans les mêmes voies métaboliques. 

Le mécanisme est décrit dans le texte. (Jauvion et al., 2011). 

 

 

2.4 la voie du IR-PTGS des transgènes 
 
Les trangènes sens qui produisent un niveau limité de dsARN font intervenir RDR6, 

SDE3, SDE5 et SGS3 pour amplifier le signal de silencing. Par contre, les transgènes en IR 

(inverted repeat) produisent directement des dsARN et ne nécessitent pas ces protéines 

pour produire des siARN et silencer leurs cibles par PTGS (IR-PTGS ou Inverted Repeat 

PTGS ; Beclin et al., 2002 ; Himber et al., 2003 ; Dunoyer et al., 2005 ; Smith et al ., 2007 ; 

Dunoyer et al., 2010). Par conséquent, il serait logique de penser que les transgènes IR 

utilisent les mêmes voies que les loci en IR endogènes, comme IR71 et IR2039. Ces loci 

endogènes produisent via DCL4, DCL2 et DCL3 respectivement des siARN de 21-nt et 22-nt 

ainsi que de 24-nt, et sont capables d’éteindre les cibles endogènes complémentaires grâce 

à AGO1 (Henderson et al., 2006 ; Dunoyer et al., 2010). l’IR-PTGS basé sur les lignées 

pSUC2-SUL et pSUC2-PDS a servi à identifier des nouveaux allèles de DCL4 et AGO1 

(Dunoyer et al., 2005 ; Smith et al., 2007) mais aussi de RDR2, les sous unités NRPD1 et 

NRPD2 de Pol_IV ainsi qu’une nouvelle protéine de remodelage de la chromatine nommée 

CLSY1 pour la diffusion à courte distance du PTGS (figure 11). (Dunoyer et al., 2005 ; 
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Dunoyer et al., 2007 ; Smith et al., 2007 ; Dunoyer et al., 2010). Puisque le niveau de siARN 

de PDS dans la lignée pSUC2-PDS est réduit dans le fond génétique clsy1, nrpd1 et rdr2 

mutants (des mutants perturbés dans la production des siRNAs de 24nt mais pas d’autres 

siRNAs) il faut donc considérer que l’IR-PTGS du locus pSUC2-PDS subit un control 

transcriptionnel dépendant (au moins en partie) des siARN de 24-nt produits par ce locus. 

D’autres données soutiennent cette hypothèse, en effet, des mutations dans différentes 

protéines en relation avec le remodelage de la chromatine, dont le facteur d’assemblage de 

la chromatine/nucléosome FVE ainsi que l’histone deméthylase FLD et JMJ14, affectent l’IR-

PTGS dans la lignée pSUC2-PDS (Baurle et al., 2007 ; Searle et al., 2010).  

Les mécanismes de silencing sont donc principalement mis en place et agissent 

grâce à différentes RBPs. Ces protéines utilisent une variété de npcARN dans le but moduler 

l’expression des gènes afin d’optimiser la réponse physiologique de la plante aux variations 

environnementales. Ces mécanismes impliquant des ribonucléoprotéines agissent de façon 

coordonnée avec les RBPs impliquées dans la maturation, l’export, le contrôle qualité, ainsi 

que la séquestration et la dégradation des ARN. 
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Figure 11 Composants générale du S-PTGS  
Les composants protéiques représentés de la même couleur sont impliqués dans les mêmes voies métaboliques. 

La taille du rond autour de DCL2 et DCL4 dans L’IR-PTGS endogène et des transgènes représente leur action 

hiérarchique. Le point d’interrogation à coté de RDR2 et NRPD1 indique que cette étape n’est pas connue. Le 

mécanisme est décrit dans le texte. (Jauvion et al., 2011). 
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II.3- Publication: SGS14, SGS15, NSRa and NSRb encode alternative 

splicing-related factors that facilitate post-transcriptional gene silencing 

mediated by intron-containing transgènes 
 

Dans cette partie, je décris les principaux résultats obtenus (sous la forme d’un article) 

sur le rôle des protéines NSRs en relation avec le silencing, mais aussi ceux obtenus sur 

deux autres protéines issu d’un crible « Supressor of Gene Silencing  » (sgs14 et sgs15) 

réalisé par Hervé Vaucheret (INRA, Versaille). Ces deux protéines SGS étant deux 

homologues avec des protéines en relation avec la régulation de l’épissage, nous nous 

sommes interrogés sur un potentiel lien entre l’AS et mécanismes du silencing. Certains 

résultats restants en suspens, le papier comporte encore quelques zones d’ombre auquel il 

faudra répondre avant sa soumission. Les deux mutants SGS ont été cartographiés par 

Vincent Jauvion lors de sa thèse dans le laboratoire d’Hervé Vaucheret. Il a aussi réalisé les 

northern blots qui comparent les différents mutants issus du crible SGS (tasiARN, GUS, 

NIA2) avec l’aide d’Emilie Elvira-Matelot et de Nathalie Bouteiller. De plus Hervé Vaucheret a 

réalisé les croisements des différents mutants, lignées reportrices, et les transformations des 

lignées pour complémenter les phénotypes et ou l’effet sur le silencing de lignées reportrices 

en rapport avec les gènes SGS. J’ai quand à moi réalisé les différents clonages qui ont 

permis de complémenter les différents mutants, et j’ai étudié la localisation de ces protéines. 

De plus j’ai réalisé les mutants nsra/nsrb/JAP3 ainsi que toutes les manipulations en relation 

avec les lignées JAP3 dans les différents fonds mutants (nothern, RT-PCR etc…). De plus 

j’ai réalisé les testes d’AS sur les différentes cibles et sur les différents mutants. Enfin avec 

l’aide d’Hervé Vaucheret et Martin Crespi nous avons rédigé l’article.  
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Abstract: 

Post-transcriptional gene silencing (PTGS) is a molecular mechanism that down-

regulates exogenous RNAs such as transgenes or viruses through small 21-22nt siRNAs. 

PTGS can spread cell-to-cell and systemically. Diverse transgenic lines showing 

constitutive or spreading PTGS were used to identify molecular components of PTGS 

such as proteins involved in siRNA production, transport or action as well as chromatin 

status. Here, we identified that the SGS14 and SGS15 genes controlling PTGS of intron-

containing transgenes encode RNA processing-related nuclear proteins homologous to 

splicing regulators in other species. SGS14/LSM9a and SGS15/PRP39 localize in nuclear 

“speckles” showing partial co-localisation with the splicing-related factor SRP34 and the 

alternative splicing regulators NSRa and NSRb. Although no major splicing defect was 

found in these plants, mutations in SGS14, SGS15 and NSRa/NSRb affect the alternative 

splicing of common endogenous mRNAs in different manners. Furthermore, the 

nrsa/nsrb double mutant is affected in the spreading of PTGS. These results revealed a 

new link between alternative splicing regulation and PTGS.  
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INTRODUCTION 

Post-transcriptional gene silencing is a process that leads to mRNA degradation through the 

production of small 21nt siRNAs. PTGS can be triggered by invading RNAs such as viruses 

or transgenes that form double-stranded RNA which are processed into siRNAs. These small 

siRNAs triggered the sequence-specific cleavage of mRNAs containing complementary 

sequences including the invading RNA but also related endogenous mRNAs. Using 

transgenic lines where transgenes are silenced by PTGS, several genes involved in PTGS 

have been identified (Jauvion et al., 2011). A forward genetic screen based on the line L1, 

which carries a post-transcriptionally silent p35S-GUS sense transgene, identified a series of 

S-PTGS-deficient mutants that defined 12 independent SUPPRESSOR OF GENE 

SILENCING (SGS) loci. Mutations in these SGS loci also impaired silencing of line 2a3, 

which carries a p35S-NIA2 sense intron-containing transgene that triggers co-suppression of 

the endogenous genes NIA1 and NIA2. A novel forward genetic screen based on line 2a3 

identified three additional loci (SGS13, SGS14 and SGS15) required for 2a3 but not L1 

silencing.  

Previous analyses revealed the functions of SGS2/RDR6, SGS3, SGS4/AGO1, SGS5/HEN1, 

SGS6/MET1, SGS7/SDE5, SGS8/JMJ14, SGS9/HPR1 and SGS13/SDE3 (Elmayan et al, 1998; 

Mourrain et al, 2000; Fagard et al, 2000; Morel et al, 2002; Boutet et al, 2003; Jauvion et al, 

2010; Le Masson et al, 2012).  These genes are involved in siRNA biogenesis, transport or 

action or in the modulation of chromatin status. In addition, components of RNA processing 

complexes not linked to siRNAs (biogenesis, transport or action) were also shown to 

modulate gene silencing. Known endogenous PTGS suppressors include the XRN2, XRN3, 

XRN4 ribonucleases and FRY1 (Gy et al., 2007), P-body and other RQC components 

(Motomura et al., 2012), NMD components (Arciga-Reyes et al., 2006), the 3’ end processing 

factor ESP1, ESP4 and ESP5 and the putative splicing factor ESP3/PRP2 (Herr et al, 2006). 

Here, we show that SGS14 and SGS15 encode RNA processing-related nuclear proteins 

homologous to known splicing regulators in other species. Co-localisation studies  suggest 

that SGS14 and to a lesser extent SGS15 interact in nuclear “speckles” with the splicing-

related factor SRP34 and the alternative splicing regulators NSRa and NSRb. Consistently, 

mutations in SGS14, SGS15 and NSRa/NSRb affect the alternative splicing of overlapping sets 

of endogenous mRNAs as well as the efficiency of PTGS triggered by intron-containing 

transgenes. These results revealed a novel link between alternative splicing regulation and 

gene silencing. 
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RESULTS 

 

SGS14 encodes a Like-Sm Ribonucleoprotein 

 

The SGS14 locus is defined by a unique allele: sgs14-1 that was identified using the 2a3 line 

expressing the intron-containing transgene NIA2 (Elmayan et al., 1998).  This mutant exhibits 

developmental defects (Fig. 1A) and PTGS-deficiency. The sgs14 mutation was mapped to a 

164 kb interval on chromosome 4. Whole-genome sequencing revealed that fast-neutron 

mutagenesis had induced a deletion in this interval, which removed six protein-coding genes 

(At4g02800, At4g02810, At4g02820, At4g02830, At4g02840 and At4g02850). Mutant lines 

harboring T-DNA insertions in the ORF of At4g02800, At4g02810, At4g02820, At4g02830 

and At4g02850 did not exhibit developmental defects, suggesting that the deletion of 

At4g02840 was responsible for the developmental defects. However, the only available 

mutant in this gene had an insertion upstream of the ORF and did not exhibit developmental 

defects. Therefore, we transformed the sgs14-1 mutant with a 6 kb genomic fragment carrying 

the At4g02840 gene. At first, we transformed sgs14-1 mutant plants from which the 2a3 locus 

has been segregated away. Among 40 primary transformants, 39 exhibited a wild-type 

phenotype, indicating that the deletion of At4g02840 is responsible for the developmental 

defects of the sgs14-1 deletion mutant. However, because the deletion removed six adjacent 

genes, PTGS-deficiency could be due to the deletion of any of the six genes. Thus, we also 

transformed mutant plants carrying the 2a3 locus. Among 86 primary transformants, 84 

exhibited the typical 2a3 co-suppresion phenotype, i.e. they died after two weeks, indicating 

that the deletion of At4g02840 is responsible for both developmental defects and PTGS-

deficiency in the sgs14-1 mutant. At4g02840 is predicted to encode a Like-Sm 

Ribonucleoprotein (LSM), hereafter referred to as LSM9a. 
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Fig. 1 Developmental phenotypes of sgs14/lsm9a and sgs15/prp39 plants 
A) sgs14 mutant show a leaf serration developmental phenotype (upper panel) and accelerated 
flowering time compared to Col-0. B) sgs15.1 (deletion mutant) and sgs15.2 (inversion mutant) 
exhibit a late flowering time phenotype compared to WT. C) Schematic representation of the top of 
chromosome 1 in WT and sgs15 mutants. The genes ARGK2 (At1G01950, in light gray) and PRP39 
(At1G04080, in black) are indicated. The physical position of the inversion and deletion and the 
corresponding Kb from the beginning of the chromosome are indicated. A 725Kb genomic region that 
undergoes an inversion in sgs15.2 and a deletion of 16Kpb in sgs15.1 is represented. D) Picture 
showing the complementation of developmental defects in sgs14.1. The pictures show Col-0 WT 
phenotype and  sgs14.1 mutant phenotype and his complementation by pSGS14-SGS14 (15/16 plants 
are complemented). E) co-supression deficiency in the line sgs15/pUBIQ10-SGS15lg/2a3 is shown 
and his complementation could be observed only when the long annotation of SGS15 is used 
(sgs15/pUBIQ10-SGS15lg ; 35/37 complemented). The short anatation can’t complements sgs15.1 
mutation (0/39 plants are complemented). 
 

SGS15 encodes an HAT-helix protein  

 

The SGS15 locus is defined by two alleles: sgs15-1 and sgs15-2. These two mutants exhibit 

no obvious developmental defects, with the exception of a late flowering phenotype (Fig. 1B), 

which co-segregates with PTGS-deficiency. The sgs15 mutations were mapped to a 354 kb 

interval on chromosome 1. Whole-genome sequencing of sgs15-1 revealed that fast-neutron 

mutagenesis had induced a 16 kb deletion in this interval, which removed six protein-coding 
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genes (At1g04020, At1g04030, At1g04040, At1g04050, At1g04070 and At1g04080). 

Sequencing of these genes in sgs15-2 did not reveal any mutation in At1g04020, At1g04030, 

At1g04040, At1g04050 or At1g04070. However, part of the At1g04080 gene could not be 

amplified. Inverse PCR (iPCR) analysis revealed a 725kb inversion involving these loci. One 

end of the inversion is in the 5’UTR of At1g04080, while the other end is in the third intron of 

At1g01950/ARK2 (ARMADILLO REPEAT KINESIN 2). This inversion disrupts the 

junction between the At1g04080 ORF and its promoter, thus preventing transcription (Fig. 

1C). Because At1g04080 is the only gene affected in both alleles (deleted in sgs15-1 and not 

transcribed in sgs15-2), we assumed that it could correspond to SGS15. Consistent with this 

hypothesis, three mutant lines harboring T-DNA insertions in the ORF of At1g04080 

exhibited the sgs15 late flowering phenotype, indicating that the impairment of At1g04080 is 

responsible for the developmental defects of the sgs15 mutants. Moreover, crosses between 

one of these T-DNA mutants and line 2a3 generated double homozygous plants that are 

impaired in cosuppression as the sgs15-1 and sgs15-2 mutants, indicating that At1g04080 is 

required for efficient PTGS. At last, transformation of sgs15-1 mutant plants that do not carry 

the 2a3 locus with a pUBQ10-At1g04080-GFP fusion construct (see below) restored a wild-

type developmental phenotype, while transformation of sgs15-1 mutant plants that carry the 

2a3 locus with the pUBQ10-At1g04080-GFP fusion construct restored cosuppression, 

indicating that the deletion of At1g04080 is responsible for both developmental defects and 

PTGS-deficiency in the sgs15-1 mutant (Fig. 1D showing complementation of phenotype and 

NIA2 co-suppression). At1g04080 is predicted to encode a HAT-helix (Half A Tetra 

tricopeptide repeats (TPR) protein, also known as PRP39. Interestingly, the flowering time 

regulator (FLC) is up-regulated in a prp39-1 mutant (Wang et al., 2007) explaining the 

change in flowering behavior of this mutant.  

 

SGS14/LSM9a and SGS15/PRP39 are required for post-transcriptional gene silencing 

mediated by intron-containing transgenes. 

 

Like SGS13/SDE3, SGS14/LSM9a and SGS15/PRP39 have been identified in a screen for 

PTGS-deficient mutants based on the 2a3 line. In fact, 80% of the control 2a3 plants show co-

suppression of the 35-NIA2 transgene and NIA2 endogenous gene causing their death (Fig. 

2A). Moreover, analysis on mix of plants from sgs14/lsm9a and sgs15/prp39 11 days after 

germination shows the accumulation of the NIA2 mRNA with no NIA2 siRNA like it was 

observed for rdr6, sgs3, hen1 (Fig. 2B). In contrast these genes are not required for PTGS 
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triggered by the L1 locus (Fig. 2C). Indeed, L1/sgs14-1 and L1/sgs15-1 exhibit low GUS 

activity and low GUS mRNA levels and accumulate GUS siRNA like the control line L1 (Fig. 

2C). Moreover, SGS14/LSM9a and SGS15/PRP39 are not required for the endogenous 

tasiRNA pathway. Indeed, unlike in sgs2/rdr6, sgs3, sgs4/ago1, sgs5/hen1, sgs7/sde5 and 

sgs8/hpr1 mutants, no change in TAS2 precursor and cleavage products or mature tasiRNA 

level was observed in sgs14 and sgs15, indicating that SGS14 and SGS15 do not encode 

general components of the PTGS and tasiRNA pathways (Fig. 2E).  

 

Fig. 2 SGS14/LSM9a and SGS15/PRP39 are required for post-transcriptional gene 
silencing mediated by intron-containing transgenes. 
A) Graph representing the percentage of non co-suppressed plants (% survivor) 11 days after 
germination in line 2a3 (expressing an intron-containing Nia2 transgene undergoing PTGS) in WT, 
sgs14 or sgs15 backgrounds. B) Northern blot analysis showing the accumulation of NIA2 mRNA and 
NIA2 siRNA in the indicated genotype. Note the absence of siRNAs in sgs15 and sgs14 genotypes. C) 
Graph indicating the percentage of  PTGS plants in line L1 (transgene without an intron) in WT and 
different genetic backgrounds. D) Graph indicating the percentage of  PTGS plants in line 159 (same 
transgene than L1 with an intron) in WT and different genetic backgrounds E) Northern blot analysis 
showing the accumulation of GUS mRNA and siRNA and GUS activity measurement (UF/min/µg 
prot.) in the indicated genotype. F) Northern blot analysis showing the accumulation of tasiRNA and 
TAS2 precursors (1Kb) in indicated genotype. 5’ (0.4Kb) and 3’ (0.6Kb) cleavage products are 
indicated. 
 

Lines 2a3 and L1 differ in many aspects, including the presence of introns in the 2a3 

transgene but not in the L1 transgene. To test if the specific effect of sgs14 and sgs15 on 2a3 

PTGS could be due to the presence of introns in the 2a3 transgene but not in the L1 transgene, 

we modified the L1 transgene by inserting a plant intron into the GUS sequence. The 35S-

GUS-int transgene was introduced into wild type Arabidopsis and we selected lines showing 
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efficient PTGS, i.e. lines exhibiting high GUS activity at early stages of development and low 

GUS activity at later stages in 100% of the population. One line, hereafter referred to as 159, 

exhibited this pattern at each generation. Consistent with PTGS characteristics, this line 

accumulated GUS siRNA at late stages of development. Line 159 was crossed to sgs14-1 and 

sgs15-1, and double homozygous plants were selected in the F2. Unlike control 159 

populations, in which no GUS positive plant could be found at late stages of development, 

159/sgs14-1 and 159/sgs15-1 populations exhibited 61% and 69% of GUS positive plants, 

respectively, at late stages of development, indicating that the presence of an intron in the 

35S-GUS transgene makes PTGS sensitive to mutations in SGS14/LSM9a and SGS15/PRP39 

(Fig. 2D). Moreover the PTGS phenotype obtains in sgs14/159 can be complemented by 

introducing upf3 mutation (Fig2D), indicating that aberrant RNAs are required for PTGS 

triggered by introns containing transgene in sgs14 mutant. Finally, we verified that the intron 

contained in the transgenes from the different PTGS deficient lines 2a3 and 159 are correctly 

spliced when sgs14 is mutated as well as the splicing of the endogenous NIA2 mRNA (Fig. 

S1A, S1B). These results indicate that the silencing phenotype observed is not linked with 

perturbed splicing of the transgene or the endogenous mRNA. 
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Fig. S1 transgene intron in line 2a3 and 159 are correctly expressed and spliced when 
sgs14/lsm9a is introgressed. 
A) The NIA2 endogenous mRNA and the transgene NIA2 are expressed in all conditions and the 
intron is totally spliced in sgs14 compare to WT or to 2a3 control line. 
B) GUS transgene is expressed in 159 and 159/lsm9a and the transgene intron is always spliced. 
 

NSRa and NSRb encode two nuclear alternative splicing regulators required for post-

transcriptional gene silencing mediated by intron-containing inverted-repeat transgenes. 

 

We recently identified Nuclear Speckles RNA binding Protein a (NSRa) and NSRb, which 

regulate alternative splicing in Arabidopsis (Bardou et al., submitted). These plant conserved 

proteins localize in nuclear speckles linked to the splicing machinery. Interestingly, nsra/nsrb 

double mutants exhibit an early flowering phenotype, similar to sgs14 mutant whereas nsra 

and nsrb simple mutants show only smaller variations (Figure 1A, 3A, 3B). Although 

nsra/nsrb do not show any variation in rosette diameter but present a reduced leaf number at 

flowering when compared to WT (Fig. 3B). This phenotype can be linked to the fact that the 

RNA binding protein FCA (which negatively controls FLC expression) is up-regulated in the 

nsra/nsrb mutant background (Fig. 3E). Furthermore, no significant changes in FPA 

expression in sgs14 and sgs15 mutants were detectable (Fig. 3E).    
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Fig. 3 The nsra/nsrb mutant exhibits an early floral phenotype. 
A) The nsra/nsrb double mutant shows an accelerated floral development compare to Col-0. B) 
Measurement of leaf number, rosette diameter and floral tips length in nsr simple or double mutants 
compared to WT. C) qRT-PCR showing the de-regulation of the floral regulator FPA in the nsra/nsrb, 
sgs14 and sgs15 compared to WT. (22 days after germination) 
 

Given that sgs14 and sgs15 mutations affect PTGS triggered by intron-containing transgenes, 

we aimed at determining if the nsra/nsrb double mutation also affects PTGS. Unfortunately, 

the nsra/nsrb mutant relies on T-DNA insertions from the SALK collection, which cannot be 

used for analyzing silencing effects on lines 2a3, L1 and 159 due to interference of the 35S 

promoter in the transgene (Daxinger et al., 2008). Indeed, SALK lines produce 35S siRNA 

that cause TGS on transgenes expressed under the control of the 35S promoter, such as those 

carried by lines 2a3, L1 and 159. As there is no 35S-free nsra mutant available, we compared 

the effect of sgs14, sgs15 and nsra/nsrb on a 35S-free transgene silenced by PTGS. The JAP 

transgene consists in two inverted repeat PDS segments separated by an intron, expressed 

under the control of the phloem companion cells-specific SUC2 promoter. Thus, JAP is a 
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35S-free intron-containing transgene. The transgenic JAP3 locus produces a PDS double-

stranded RNA (containing an intron) in vascular tissues (due to the SUC2 promoter) and 

targets PDS transcripts, required for chlorophyll synthesis. When silencing occurs, a 

progressive bleaching starts in the vascular tissues of the leaves and spreads into other 

mesophyl cells (Smith et al., 2007). The JAP3 line was crossed to sgs14, sgs15 and nsra/nsrb 

mutants, and double or triple homozygous plants were identified in the F2. The sgs14/lsm9a 

and the nsra/nsrb double mutations impaired JAP3 silencing, whereas sgs15/prp39 mutation 

seemed to slightly increase JAP3 silencing (Fig 4A). As SGS14/LSM9a, SGS15/PRP39, NSRa 

and NSRb encode putative splicing regulators, we analyzed the processing of the JAP3 

transgene that contains an intron. No significant change in splicing of this transgenic intron 

was observed in any of the mutant lines (nsra/nsrb, sgs14/Lsm9a and sgs15/prp39) (Fig. 4B). 

We then tested PDS siRNA production to characterize more in detail the silencing phenotype 

(Fig. 4C). Moreover, in all mutants line (nsra/nsrb, sgs14/Lsm9a and sgs15/prp39) JAP3 

transgene is expressed and PDS expression is down regulated compared to WT (Fig. 4D).  

Altogether, these data indicate that the sgs14, sgs15 and nsra/nsrb mutations affect PTGS 

efficiency in distinct ways, which are not linked to the perturbation of transgene splicing.  

 

Fig. 4 SGS14/LSM9a, SGS15/PRP39 and NSRa/NSRb contribute to the silencing 
phenotypes induced by an IR transgene expressed in vascular tissues (JAP3). 
A) PDS RNA silencing spreading from phloem companion cells is detected by a chlorotic phenotype. 
This phenotype is clearly observable in JAP3 transgenic plants (compared to on-transgenic Col 0) and 
in JAP3/sgs15 plants. The chlorotic leaf phenotype is lost or restricted to the vasculature in sgs14 or 
nsra/nsrb mutants introgressed into JAP3 line. B) RT-PCR showing JAP3 intron transgene splicing in 
indicated accession. C) Northern blot analysis showing the accumulation of PDS siRNA in the 
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indicated genotype. D) Relative expression of JAP3 trangene and of PDS mRNA in indicated mutants 
compare to WT obtained by RT-qPCR. 
 

SGS14/LSM9a colocalizes with splicing-related factors NSRa and SRP34 in nuclear speckles 

 

We then explored where these proteins are expressed in the cell, notably in relation to known 

components of the splicing or silencing machineries. Indeed, the NSRA and NSRB proteins 

co-localised with SRP34 and snRNP protein fusions in nuclear splicing-related “speckles” 

(Bardou et al., submitted). Fusion proteins were generated between GFP and SGS14/LSM9a 

or SGS15/PRP39 and expressed under the control of the UBQ10 promoter. At first, the 

functionality of these constructs was verified by transformation of sgs14-1 and sgs15-1 

mutant plants carrying or not the 2a3 locus. As a single gene model is predicted for 

SGS14/LSM9a, a single construct was generated, carrying the SGS14/LSM9a genomic 

sequences comprised between the ATG and the last amino acid before the stop codon fused to 

the GFP in 3’. The pUBQ10-SGS14-GFP construct restored wild type development when 

introduced in sgs14-1 plants (Fig. 1D). In contrast, two gene models are predicted for 

SGS15/PRP39, which have similar 3’ ends but distinct 5’ ends. Therefore, two constructs (a 

long and a short) were generated, carrying SGS15/PRP39 genomic sequences comprised 

between the ATG and the last amino acid before the stop codon of each model. The long 

pUBQ10-SGS15-GFP construct restored a wild type development when introduced into 

sgs15-1 plants and efficient co-suppression of Nia2 when introduced in 2a3/sgs15-1 plants 

(Fig. 1E). In contrast, the short pUBQ10-SGS15-GFP construct did not complement the 

developmental and co-suppression defects of sgs15-1 mutant plants. 

Transient expression of pUBQ10-SGS14-GFP and long pUBQ10-SGS15-GFP constructs in 

Nicotiana benthamiana leaves revealed nuclear localization of both fusion proteins (Fig. 5A, 

5B). Interestingly, they showed specific sub-cellular localization patterns inside the nucleus. 

The SGS14-GFP fusion localized in nuclear dots, which strongly resembling the splicing-

related “speckles” (Fig. 5B, 6B, 6D, 6F). Co-infiltration of SGS14-GFP with NSRa-RFP or 

SRP34-RFP confirmed the co-localization of these proteins in the nuclear “speckles” (Fig. 

6A, 6B, 6D). In contrast the SGS15-GFP fusion showed a nuclear signal that was more spread 

on the nucleoplasm and showing much less particles (Fig. 5B, 6C, 6E). Moreover, only few 

dots co-localised with NSRa-RFP (Fig. 6C). Finally, analysis of the localization of NSRa, 

NSRb, LSM9a and PRP39 fluorescent protein fusions suggest that these protein are excluded 

from nucleolus (Fig. 5), as also confirmed using the nucleolar markers XRN2-GFP or XRN2-



 99

RFP (Fig. 6E to 6G). However, LSM9a-GFP shows also a peri-nucleolar signal that can not 

be found in the PRP39 and NSRs (Fig. 5A, 6B, 6F). Therefore, these proteins show specific 

subcellular localization in the cell nucleus that may suggest a potential link with splicing 

regulation. 

 

 

Fig. 5 SGS14/LSM9a, SGS15/PRP39, NSRa and NSRb localised in nuclear speckles. 
Confocal images of transformed tobacco leaf cells with the indicated constructs 2 days after 
transformation (left panels) and direct light transmission (middle panels) or the merged images (right 
panel). White and yellow arrows indicate nucleolus and nuclear dots, respectively. Scale=10µm, A) 
The pUBQ10-LSM9a-GFP fusion is localized in nuclear dots and presents a peri-nucleolar signal. B) 
C) and D) pUBQ10-PRP39-GFP, pUBQ10-NSRa-GFP, pUBQ10-NSRb-GFP localized in nuclear dots 
and are not present in the nucleolus. 
 



 100

 

Fig. 6 SGS14/LSM9a, SGS15/PRP39, NSRa and SRP34 partially co-localised in nuclear 
speckles. 
Confocal imaging of co-transformed tobacco leaves. White and yellow arrows indicate non co-
localised or co-localised particles, respectively. nu=nucleolus. Scale=10µm. The constructs are 
indicated on each panel and the merged image with both signals is shown in the left panel.  
A) 35S-NSRa-GFP and pUBQ10-SRP34-RFP. B) pUBQ10-LSM9a-GFP and 35S-NSRa-RFP. C) 
pUBQ10-PRP39-GFP. D) pUBQ10-LSM9a-GFP and pUBQ10-SRP34-RFP. E) pUBQ10-PRP39-GFP 
and 35S-XRN2-RFP. F) pUBQ10-LSM9a-GFP and 35S-XRN2-RFP. G) 35S-XRN2-GFP and 35S-
NSRa-RFP. 
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SGS14/LSM9a, SGS15/PRP39, NSRa and NSRb have differential roles in splicing 

 

We previously reported that the nsra/nsrb double mutant exhibit splicing defects in 

relation to auxin in several genes known to be alternatively spliced (Bardou et al., submitted). 

Because NSRs, LSM9a, and PRP39 are splicing-related proteins showing nuclear signals that 

co-localize with the splicing machinery, we tested if these proteins are able to modulate 

alternative splicing using three genes known to produce alternatively spliced transcripts.  

The CCA1 (At2g48830) locus produces four alternatively spliced transcripts, CCA1.1 

producing wildtype CCA-α and CCA1.2/3/4 producing truncated CCA- β due to intron 

retentions (Fig. S2A). Our results show that the nsra/nsrb double mutations up-regulate the 

formation of CCA- β (Fig. 7A, S2A, S2E). The sgs14/lsm9a and sgs15/prp39 mutants give an 

opposite results, i.e.  they both decrease isoforms producing CCA1- β compare to WT.  

The Fbox (At4g27050) locus produces four alternatively spliced transcripts (Fig. 7B, S2B, 

S2E). Intron retention increases in sgs14/lsm9a and sgs15/prp39 mutants compare to WT, as 

shown by the decrease in the accumulation of the fully spliced transcript. In contrast, no 

changes are observed in the nsra/nsrb double mutant. 

The Transformer Serine/Arginine Rich protein (At4g35785) locus produces at least four 

alternatively spliced transcripts, One of them is down-regulated in the prp39 mutant, but not 

in the other mutants (Fig. 7C, S2C, S2E).  

Altogether, these results indicate that mutations in SGS14/LSM9a, SGS15/PRP39 and 

NSRa/b distinctly affect alternative splicing. 

 

Mutations in SGS14/LSM9a, SGS15/PRP39, NSRa and NSRb have marginal effects on the 

PTGS machinery 

 

To test if the silencing defects observed in sgs14/lsm9a, sgs15/prp39 and nsra/nsrb mutants 

could be due to changes in the expression of key silencing genes, we performed q-PCR on 18 

genes involved in silencing (SDE5.1, SDE5.2, RDR6, DCL4, DRB4, HEN1.1, HEN1.2, 

AGO1.1, AGO1.3, SQN, HSP90.2, DCL2, MAD3, CLSY1, MAD4, NRPD1 a, NRPD1 b, 

RDR2, DCL3, AGO4 and JMJ14). The majority of these genes did not show any major 

changes in expression or splicing. Only one of the two annotations of HEN1 and AGO1 were 

differentially expressed in nsra/nsrb or sgs14, sgs15 mutants (Fig. S3A, S3B). 
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Fig. 7 SGS14/LSM9a, SGS15/PRP39, NSRa and NSRb have differential roles in 
alternative splicing of common targets. 
Quantitative changes in isoforms distribution for selected mRNA targets undergoing alternative 
splicing. Right panels show gels depicting the different isoforms using oligos spanning alternatively 
spliced exons (indicated in Fig. S3). Left graphs showed the quantification (based on triplicate 
experiments) of the fluorescent signal observed for each isoforms (according to the color code of the 
arrow). Note that for the different targets, distinct accumulations of isoforms are observed between 
nsra/nsb, sgs14 or sgs15 mutants. Qualibration of cDNA used for this experiment are shown in Fig. 
S3D). 
 

Moreover, we performed RT-PCR gel assay on several genes that were predicted to be 

alternatively spliced, to visualize their AS profiles in nsra/nsrb, sgs14/lsm9a or sgs15/prp39 

mutants lines. Only the HSP90.2 AT5G56030 molecular chaperon protein shows variations in 

sgs14/Lsm9a, sgs15/prp39, nsra/nsrb.  (Fig. S3C, S2D, S2E) 

Altogether our results indicate that the effect of mutations in SGS14/LSM9a, SGS15/PRP39, 

NSRa and NSRb on PTGS is not due to an indirect effect on the PTGS machinery.  
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Fig. S2 AS targets genes model. 
Green arrows indicate primer used for RT-PCR AS assays and all band quantified in Fig.8 are 
represented by arrows in corresponding model. A) CCA1 gene (At2g48830). B) Fbox gene 
(At4g27050). C) Transformer Serine/Arginine Rich protein coding gene (At4g35785). D) HSP90.2 
(AT5G56030) E) RT-qPCR representing the qualibration of the cDNA used for the AS experiments 
for each replicats in each mutant background with the two constitutive genes (AT1G13320; 
AT4G26410; Czechowski & al., 2005). 
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Fig. S3 Expression and splicing of key components of silencing mechanisms 
RT-qPCR analyses reveal the relative expression of A) HEN1.1, HEN1.2 and B) AGO1.1, AGO1.3 in 
indicated mutants. C) RT-PCR showing the AS of HSP90.2 and band quantifications. 
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 DISCUSSION: 

This work demonstrates a new link between splicing and PTGS and identified 

components of the splicing machinery that play a role in the PTGS of intron-containing 

transgenes. 

Components of RNA processing complexes other than those involved in siRNAs biogenesis 

or action were shown to modulate gene silencing including exoribonucleases XRN2, XRN3, 

XRN4 and their regulator FRY1, P-bodies components DCP1, DCP2 and VCS, NMD 

components UPF1 and UPF3, and 3’ end processing factor FCA, FPA, FLK, FY, ESP1, ESP4 

and ESP5 (Herr et al, 2006; Gy et al., 2007; Motomura et al., 2012; Arciga-Reyes et al., 2006; 

Bäurle et al., 2007; Simpson et al., 2007). However, only the putative splicing factor 

ESP3/PRP2 has linked splicing to PTGS (Herr et al, 2006). Nevertheless, one paper has 

suggested that the presence of introns decreased transgene susceptibility to PTGS (Christie et 

al, 2011). 

Alternative splicing is a process that is regulated to increase protein diversity and may 

lead to the formation of NMD substrates. In Arabidopsis AS in introns in 5' or 3'UTRs 

modulate NMD-sensitivity of mRNA transcripts (Kalyna et al., 2012) and suggest that AS can 

generate potential aberrant RNAs like those generated by the silencing machinery revealing 

the extensive cross-talk between these different mRNA processing activities. We have shown 

that alternative splicing is regulated by AtNSRs (previous chapter). We show here that the 

nsra/nsrb double mutant exhibits defects in PTGS of the JAP3 transgene, suggesting another 

link between transgene PTGS and splicing. It is noteworthy, that splicing regulators are also 

involved in the control of miRNA processing (e.g. Serrate) (Laubinger et al. 2008) whose 

precursors are long non-coding RNAs, sometimes showing complex splicing patterns such as 

miR162a (Hirsch et al., 2006), and as such, potential NMD substrates.  

Splicing factors have been previously described to be localized in different nuclear 

speckles or interchromatin granules under the name speckles and housing the various 

components of the splicing machinery in Arabidopsis (Lorković et al., 2008). These different 

splicing speckles may explain the variable localization patterns found for PRP39 and SRP34. 

In contrast, SRP34 co-localizes with the SGS15 and NRSs proteins in the large majority of 

the particles observed suggesting a more coordinated function. Interestingly localization of 

NSRs in speckles depends on their RRM domains (Campalans et al., 2004) suggesting that 

these ribonucleoprotein particles aggregate around their RNA substrates to perform splicing 

reactions.  
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RT-PCR has shown several defects in alternative splicing in the sgs14, sgs15 and 

nsra/nsb mutants but not in the same way. In fact, The CIRCADIAN CLOCK-

ASSOCIATED1 (CCA1; At2g48830) is one of the core clock components in Arabidopsis and 

is a common target of these regulators.  This transcription factor has previously be described 

to be alternatively spliced. Interestingly Seo et al., 2012 demonstrate the self-regulation of 

Arabidopsis thaliana CCA1 activity by a splice variant, CCA1 β, linking the clock to cold 

acclimation. CCA1 alternative splicing produces two isoforms, the full-size CCA1α and the 

truncated CCA1β. The CCA1β isoform has the protein-protein interaction domain that 

mediates dimer formation. However, it lacks the N-terminal MYB DNA binding domain, 

unlike the CCA1α isoform. CCA1β competitively inhibits CCA1α activity by forming non-

functional heterodimers CCA1α-CCA1β and LHY-CCA1β, which have reduced DNA-

binding affinities (Park et al., 2012).  These results demonstrate the link between AS and 

developmental variations.  

The Fbox AS target was previously shown to be differentially spliced in response to auxin 

treatment in roots (Bardou et al., submitted, previous chapter). The AS splicing variation 

induced by auxin was lost in the nsra/nsrb double mutant treated with auxin. This event 

occurs on the 3’UTR and have no consequences on the coding region however, alternative 

splicing occurring in the 5' and 3' untranslated regions (UTRs) of mRNAs can have other 

consequences on mRNA stability or translational regulation. The understanding of the 

significance and the regulation of these variations is rather limited. The mouse Gli1 oncogene, 

which is the terminal transcriptional effector of the Hedgehog (HH) signaling pathway is 

alternatively spliced in the 5’UTR and the Gli1 5' UTRs had an impact on translational 

capacity, with the shorter and the exon 1B-skipped mRNA variants being most effective 

(Palaniswamy et al., 2010). In Arabidopsis recent data has shown the importance of AS in 

introns in 5' or 3'UTRs also in modulating NMD-sensitivity of these mRNA transcripts 

(Kalyna et al., 2012).  

The link between PTGS and alternative splicing can be further linked to chromatin 

interactions. Indeed, several genes involved in the spreading of gene silencing (Dunoyer and 

Voinnet, 2009; Dunoyer et al., 2007) encode for genes linked to chromatin-related pathways 

such as the DCL3/RDR2/AGO4 pathway. Other chromatin regulators have been identified to 

play roles in gene silencing by modifying the chromatin status of the transgene (Le Masson et 

al., 2012). In our work, we did not detect major changes in splicing patterns of the transgenes 

triggering PTGS. Alternatively, in human cell, a link between alternative splicing and 

epigenetic is emerging (Luco et al., 2010). Distinctive histone modification signatures 
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correlate with the alternative splicing outcome in a set of human genes, and the modulation of 

histone modifications in exon regions can lead to switches in splice sites. In fact, the authors 

propose that histone marks affect splicing outcome by influencing the recruitment of splicing 

regulators to specific mRNA targets. We can propose that the NSRa, NSRb, SGS14 and 

SGS15 recruit chromatin-binding proteins and other epigenetic regulators to the mRNA from 

intron containing transgenes. This may change the nature of the RNAs produced by this locus, 

although not his splicing pattern, and enhance the amount of aberrant RNAs required to make 

transgenes prone to trigger PTGS.   
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EXPERIMENTAL PROCEDURES 

 

Plant material and growth conditions. 

All Arabidopsis plants are in the Columbia accession. The JAP3 line (Smith et al, 2007) was a 

kind gift of D. Baulcombe. Lines L1 and 2a3 have been described before (Jauvion et al, 

2010). Line 159 exhibits 100% PTGS at each generation, like line L1, and carries a 35S-GUS 

transgene similar to L1, expect for the presence of an intron. sgs14 and sgs15 mutants were 

identified in a PTGS forward genetic screen based on the 2a3 locus (Jauvion et al, 2010). nsra 

and nsrb correspond to SALK_003214 and SAIL_717_F03.v1, respectively. Plants were 

grown in long day (16-h light/8-h dark) or continuous light conditions at 23°C on soil or on 

solid half-strength MS medium containing 0,5% sucrose.  

 

Cloning procedures 

All the clones were made using the Gateway technology (Invitrogen) and planned using 

Geneious (http://www.geneious.com). A list of the oligonucleotides used for cloning is 

provided in Table 1. 

 

Nicotiana benthamiana agro-infiltration 

Agrobacterium (ASE or Agl0 strains) carrying plasmids of interest were grown overnight at 

30°C in 3ml LB medium containing the appropriate antibiotics to a final OD600 of between 

1.0 and 2.0. The bacteria were pelleted and resuspended in 1ml of infiltration medium (10mM 

MgCl2, 10mM MES pH5.2, 150 mM acetosyringone) to a final OD600 of 0.1. The bacterial 

solution was infiltrated into the abaxial side of leaves using a 1ml syringe and samples were 

assayed 3 days after infiltration. 

 

Confocal imaging 

For confocal imaging, agro-infiltrated tobacco leaves (mounted in water) were directly 

imaged on a Leica TCS SP2 (Leica Microsystems). The CFP was imaged with 458nm 

excitation using the dichroic mirror DD458/514, and detection window of 465-505nm; the 

GFP was imaged with 488nm excitation using the dichroic mirror DD488/543, and a 

detection window of 500-580nm; and the RFP was imaged with 543nm excitation using the 

dichroic mirror DD488/543, and a detection window of 580-670nm. For the colocalisations, 

all of the images were taken by sequential acquisition. Image analysis was performed using 

the National Institute of Health ImageJ (http://rsb.info.nih.gov/ij/) software. 
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RT-PCR and RT-qPCR 

Total RNA was prepared from roots and plantlets at different developmental stages using the 

Qiagen RNeasy plant mini kit. The DNAse treatment was performed according to the 

manufacturer’s protocols. For reverse transcription with SuperScriptII (Invitrogen), 2.5 µg of 

total DNAse-treated RNA was used. One microliter of the resulting cDNA solution was used 

for RT-PCR or RT-qRT analyses using standard protocols. A complete list of PCR primers is 

available in Table 1. Each cDNA sample was precisely calibrated and verified for two 

constitutive genes (AT1G13320; AT4G26410; Czechowski & al., 2005). For RT-PCR, the 

amplification was as follows: one cycle of 4 min at 98°C, 26 cycles of 30 s at 98°C, 30 s at 

59°C, and 1 min at 72°C. The products were separated in 7.5% acryl gel stained with SyBr 

green (Invitrogen) and revealed by Pharos Imager (Biorad). Band profiles were quantified 

using ImageJ (http://rsbweb.nih.gov/ij/). Mutants in Figure 4C were all in JAP3 background. 

RT-qPCR was performed using a Roche Light Cycler 480 using standard protocols (40 

cycles, 60°C annealing). 
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Genetic constructions         

Accession gene native stop 
yes/no entry vector donor vector resistance coli resistance Agro agro  promoter 

35S/UBI tag  

At1G76940 NSRa no pENTR/D pUBQ10-GFP KM KM + Chloramph ASE UBI GFP 
At1G21320 NSRb no pENTR/D pUBQ10-GFP KM KM + Chloramph ASE UBI GFP 
At1G76940 NSRa no pENTR/D pB7RWG2 KM KM + Chloramph ASE 35S RFP 
AT4G02840 LSM9a no pENTR/D pUBQ10-GFP KM KM + Chloramph ASE UBI GFP 
At1g04080 PRP39sh no pENTR/D pUBQ10-GFP KM KM + Chloramph ASE UBI GFP 
At1g04080 PRP39lg no pENTR/D pUBQ10-GFP KM KM + Chloramph ASE UBI GFP 
AT1G02840 SRP34 no pENTR/D pB7RWG2 KM KM + Chloramph ASE 35S RFP 

AT5G42540 XRN2 no pDONR221 pB7RWG2 KM KM + Chloramph ASE 35S RFP 

oligo for cloning         

Accession gene oligo FW oligo REV 

At1G76940 NSRa:GFP caccATGGCGGATGGGTACTGGAACCAGC  CCTTCTTCCTCTTTGTCCTGGTCT 
At1G21320 NSRb caccTGTTTCCGTCGCCGTCAATG CCTTCTTCCTCCACGCTGTCC 
At1G76940 NSRa:RFP caccATGGCGGATGGGTACTGGAACCAGC  CCTTCTTCCTCTTTGTCCTGGTCT 
AT4G02840 LSM9a caccGCTGCTTTTCCTCCTCCCGCTC ACGACCACCACGGCCACGTCC 
At1g04080 PRP39sh caccGGCTTAGGTAGCCCTTGACTG GTAGTACGTGTTGTAGTACG 
At1g04080 PRP39lg caccGCGTCGCCTTTCGTTTTGGTTC GTAGTACGTGTTGTAGTACG 
AT1G02840 SRP34 caccAATAAACCATGAGCAGTCGTTCGAGTAGA CCTCGATGGACTCCTAGTGTG 

AT5G42540 XRN2 GGAGATAGAACCATGGGAGTTCCGTCGTTCTACAG CCTCCGGATCMAGCTGTTTTGGGAGGAGCTCC 

oligo for RT-PCR (Alternative splicing and/or RT-qPCR)      

Accession gene oligo FW oligo REV 

At2g43410 FPA AGCCCGGGATTCACCTGCCA CCCAGCTTGAGGCGCTGCAT 
JAP3 transgene PDS TCAGCGGCCGCTTTGTATGCCAGTAGTGGATCATA CTAGTCTAGAATCGATCGGAAG 
PDS mRNA PDS GAGCGTGTATGCCGACATGTCC CATTTACTGAAGAGAGTAAGG 
JAP3 splicing PDS CCGTGCCATCGTCATTGAGCTCAA CCGTGCCATCGTCATTGAGCTCAA 
At2g33830 Auxin rlt CCGGACCTAAACCGGAGCATGGCC CCGATCCTGGCGTCGTCGGAGTTCC 
AT5G56030 HSP90.2 GGCGGACGCTGAAACCTTTGC GCTTGCTCTTGTCCGTCAAGGACTC 
At2g48830 CCA1 ggactgaggaagaacataatag ggtttacgcttaggccgtgg 
At4g35785 ser/arg rich ggtgcattaaatatctcaaccag ggagcttttcaagccaagatagtgg 
AT1G13320  HK1 TAACGTGGCCAAAATGATGC GTTCTCCACAACCGCTTGGT 
AT4G26410  HK2 GAGCTGAAGTGGCTTCCATGAC GGTCCGACATACCCATGATCC 
AT4G20910 HEN1.1 CGTTGACAATATTTATGTGTACC TCAGGTAGCTGCAAGTGGCAACG 
AT4G20910 HEN1.2 TCTGTTGCTCTCTCCTGAGTTCTTCT TCAGGTAGCTGCAAGTGGCAACG 
AT1G48410 AGO1.1 GCCAGAGACATCAGACAGTGGC GTGATGAAATATCCAAACACACG 
AT1G48410 AGO1.2 GCCAGAGACATCAGACAGTGGC TGCTGGTTAAGAGATGGAAGAG 
2a3 Transgene NIA2splicing CTATCCTTCGCAAGACCCTTCCTC GCACATACGTTCCATGTCTCTCC 
159 Transgene GUSsplicing CGATGCGGTCACTCATTACGGC GCCACCACCTGCCAGTCAACAG 
AT1G37130 NIA2 GCTCTCAACGTCTGCTTCGAAGGG GCACATACGTTCCATGTCTCTCC 

159 transgene GUS CGATGCGGTCACTCATTACGGC GCCCCAATCCAGTCCATTAA 

 
Table 1 Genetic constructions and oligonucleotides 
All genetic constructions done in this study and the oligonucleotides used for cloning are referenced. 
Oligos used for RT-PCR and RT-qPCR are referenced. 
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II.4- Résultats complémentaires 
 

En plus d’étudier la localisation des gènes qui codent les SGS LSMa9 et PRP39, j’ai 

aussi étudié la localisation d’une nouvelle protéine SGS qui correspond à la protéine AAR2. 

La localisation de AAR2-GFP étant situé dans des particules cytoplasmiques, j’ai donc tenté 

d’identifier la nature de ces corps cytoplasmiques. Pour cela, j’ai co-localisés cette protéine 

avec les protéines SGS3, RBP47 et DCP1, des protéines qui marquent respectivement les 

siRNA bodies, les granules de stress et les P-bodies. Pour cela j’ai donc réalisé le clonage 

UBQ10-AAR2-GFP et nous avons utilisé l’expression transitoire pour réaliser ces co-

localisations. Nos résultats suggèrent que AAR2 co-localise bien avec les stress granules 

lors d’un stress à la chaleur (Figure complémentaire 1B) et avec les silencing bodies (Figure 

complémentaire 1C) indiquant que ces deux bodies peuvent donc parfois co-localiser. De 

plus les spots de DCP1 (P-bodies) semblent mis à part quelques exceptions ne pas co-

localiser avec AAR2 (Figure complémentaire 1A). Les marqueurs cytoplasmiques ont été 

fournis par Ana Moreno et Alexis Maizel. 

  
Figure complémentaire 1 Etude de la localisation de AAR2-GFP 
A) Les protéines AAR2-GFP co-localisent avec DCP1 (P-bodies), B) avec RBP47 lors d’un 
stress à la chaleur 10 minutes à 42°C  (stress granules) et C) mais très peut SGS3 (silencing 
bodies) (les flèches blanches indiquent les points co-localisés, les flèches bleues les points 
non co-localisés). 



 116

Enfin nous avons entrepris l’étude du phénotype de la racine en mesurant la racine 

principale des différents mutants SGS étudiés lors de cette thèse (lsm9a, aar2mutant ems= 

AAR2mut, aar2 salk, prp39sail, prp39salk) et en condition contrôle ou lors de la réponse à 

l’auxine (Figure complémentaire 2). Ces différents mutants semblent tous affectés lors de la 

croissance de la racine principale. En revanche le traitement à l’auxine ne semble pas 

affecter différentielement la croissance de ces racines en comparaison à celles du sauvage.                        

 
Figure complémentaire 2 Etude de la croissance de la racine principale  
La longueur de la racine principale est représentée graphiquement dans les différents 
mutants indiqués traités ou non avec 100nM NAA. Graduation (en cm ; 12 jours après 
germination). 
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III- Discussion  
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III- Discussion 
 

Lors de cette thèse, j’ai étudié le rôle des RBPs Nuclear Speckles RNA binding 

proteins d’Arabidopsis thaliana (AtNSRs) dans l’épissage alternatif et le silencing ainsi que 

leurs interactions avec les lncARNs. Tout d’abord, nous avons étudié la localisation des 

NSRs dans les speckles nucléaires (publication 1 Figures 1A, 1B, 2B) et montré que ces 

protéines contrôlent l’épissage alternatif chez Arabidopsis (publication 1 Figure 3). Elles 

peuvent se lier à des ARNm cible qui subissent l’AS mais aussi à des ARN non codants 

(publication 1 Figure 5). L’interaction avec le lncARN exogène MtENOD40 provoquerait un 

changement de localisation des NSRs depuis les speckles nucléaires vers des particules 

cytoplasmiques (publication 1 Figure 1A). De plus, la surexpression de deux ARN non 

codants (lncARN351 et MTENOD40 semble aussi pouvoir réguler le profil d’AS de certain 

des gènes contrôlés par les NSRs (publication 1 Figure 4). Cette connexion entre ncRNA et 

épissage via les NSRs nous a mené à étudier l’effet des NSRs sur le PTGS, un processus 

impliquant des ARN aberrants non-codants dérivés de trangènes. Nous avons découvert que 

les NSRs pouvaient réguler la diffusion de cellule à cellule du PTGS induit par un transgene 

RNAi qui contient un intron (publication 2 Figure 4). Nous avons aussi étudié le rôle des 

NSRs ainsi que de deux autres protéines issu d’un crible « suppressor of gene silencing » 

(SGS14 et SGS15) et qui sont deux protéines reliées à l’épissage. Nous avons montré que 

ces protéines peuvent elles aussi réguler le PTGS induit par des transgènes contenant un 

intron, induire des variations dans le profil d’épissage de certains gènes et réguler aussi le 

temps de floraison (publication 2 Figure 1). Ces différents résultats obtenus au niveau 

moléculaire provoquent différents effets sur la physionomie de la plante. En effet les NSRs 

peuvent moduler la formation de racines latérales induites par un traitement auxine 

(publication 1 Figure 2), elles modifient aussi le temps de floraison (publication 2 Figure 3).  

 

1- Localisation des NSR et interaction avec les lncARN 
 

Nous avions identifiés les protéines NSRs grâce à leur interaction avec l’ARN 

ENOD40. Elles seraient relocalisées du noyau vers le cytoplasme par l’action de ce lncARN 

(Campalans et al., 2004). Les études de localisation des protéines NSRs fusionnées à la 

GFP ont montré un pattern de localisation sub-cellulaire dans les speckles nucléaires. Ces 

granules inter-chromatiniens sont donc principalement constitués de complexes RNP et ne 

sont pas délimités par une membrane (Spector and Lamond 2011). L’association spécifique 

entre les différents partenaires ARN et/ou protéines permet le maintien de ce 

« compartiment » nucléaire. Les facteurs qui sont localisés dans les speckles nucléaires, tels 
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que des protéines SR ou encore les petits ARN nucléaires (snARN) U1, U2, U4, U5, font la 

navette entre le noyau et le cytoplasme dans les cellules HeLa. Cette translocation est 

importante pour leur maturation structurale et leur fonction (Patel et Bellini 2008 ; Sapra et al, 

2009). Il est donc important de noter que le profil de localisation de ces speckles peut être 

modifié notamment lors de variations environnementales ainsi qu’en différents tissus ou 

stades développementaux. En effet, la quantité des composants protéiques et ARN présent 

dans une cellule à un moment donné peut influer sur la nature des speckles et donc sur leur 

nombre et leur activité. De même, chez les végétaux il y aurait pas un type de speckles mais 

plusieurs de ces granules. Ainsi les protéines de type SR ne co-localiseraient pas 

parfaitement voire pas de tout pour certaines suggérant la présence des speckles avec des 

compositions différentes (Lorković et al., 2008). Dans notre cas, on a observé que les 

protéines PRP39-GFP et NSRa-RFP ne co-localisent pas et même serait localisées dans 

des  speckles différents (publication 2 Figure 6C). Ceci peut être lié au fait que ces deux 

protéines ont aussi des effets antagonistes sur l’AS de certaines cibles (publication 2 Figure 

7A). 

Les lncARN peuvent avoir différents modes d’action. De récentes études semblent 

indiquer que les mécanismes des lncARN sont classés en 4 archétypes (Wang et Chang 

2011). Premièrement les lncARN peuvent agir comme des « molécules signales » quand 

leur expression reflète fidèlement l’action de facteurs de transcription contrôlant l’expression 

de gènes dans l'espace et le temps. Deuxièmement, les lncARN peuvent aussi agir comme 

des « leurres » en séquestrant des facteurs de transcription ou d'autres protéines 

régulatrices de la chromatine, en modifiant leur localisation sub-cellulaire ou en les 

empêchant d’agir. Autre exemple de lncARN leurre sont les lncARN qui se lient aux miARN 

(ARN mimicry ; Franco-Zorrilla et al., 2007) et ainsi dérégulent leur ARNm cibles. 

Troisièmement, les lncARN peuvent aussi servir de guides en  recrutant des enzymes de 

modification de la chromatine sur des gènes cibles, que ce soit en cis (à proximité du site de 

production du lncARN) ou en -trans sur d’autres loci. Le lncARN-RNP peut ainsi agir sur la 

chromatine en ayant une incidence sur les modifications des histones ou de la méthylation 

de l’ADN. Enfin, ils peuvent servir comme échafaudages en rassemblant de multiples 

protéines pour former des complexes RNPs ayant un rôle structural (stabilisation des 

structures nucléaires ou des complexes de signalisation). Plusieurs études récentes 

convergent pour indiquer que les lncARN sont capables de structurer un compartiment de 

type RNP (Shevtsov and Dundr 2010; Caudron-Herger and Rippe 2012). Tel est le cas du 

lncARN MALATE1, qui a été montré comme un acteur majeur de l’intégrité spatiale des 

speckles dans le noyau (Triphati et al., 2010 ; Miyagawa et al., 2012). Chez les humains, les 

speckles ont comme composés de base les protéines SRm300 (une protéine co-activatrice 

de l’épissage de type Ser/Arg) et SRSF2 (SC35 : Un facteur d’épissage) (Hall et al. 2006 ; 
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Hutchinson et al. 2007). La  répression par ARN interférence de la protéine SRm300 

perturbe la localisation de type speckles de SRSF2 (SC35), ainsi que celle du 

lncRNAMALAT-1 (Miyagawa et al., 2012). Ces résultats suggèrent que la structure et donc 

l’activité du spliceosome pourrait donc être étroitement liée avec les partenaires présents 

dans ces corps, qu’ils soient ribonucléiques ou protéiques. Le lncARN MALAT-1 pourrait 

ainsi moduler l’épissage alternatif  d’un pre-ARNm en régulant l’état de phosphorylation de 

protéines SR du spliceosome. Nos résultats soutiennent que deux partenaires des NSRs, 

ncARN351 et ENOD40 semblent capables de modifier le profil d’épissage alternatif de gène 

cibles (publication 1 Figure 4). Dans notre cas, cette interaction avec les lncRNAs modifierait 

la localisation des NSR, notamment pour l’ARN lncENOD40, et ainsi perturberait l’AS, à la 

différence du MALAT-1 qui module l’état de phosphorylation des protéines SR liés à la 

machinerie de base de l’épissage. Ces travaux mettent donc en lumière, l’importance que 

peuvent porter les ncARN grâce à leur conformation secondaire hautement structurée quand 

ils interagissent avec différents ribonucléoprotéines.  

Mis à part sa localisation dans des speckles contenant des enzymes de l’épissage 

comme SRP34, les NSRs ont été montrées comme parfois légèrement co-localisée avec 

UPF3 (une protéine clé du NMD) ainsi qu’avec les protéines en relation avec le silencing 

DRB4 (DOUBLE-STRANDED ARN BINDING) (publication 1 Figure S3B). Or, des études 

récentes montrent que la transcription, les mécanismes de maturation des ARN ainsi que la 

régulation des ARN ne se déroulent pas de façon séquentiel mais plutôt de manière 

simultanée. Les ARNs en cours de transcription seraient donc épissés durant leur 

transcription. Ainsi la co-localisation entre UPF3 et NSR pourrait indiquer que les produits de 

rétention d’intron observé dans le double mutant nsra/nsrb pourraient être des cibles 

potentiel pour le NMD, entraînant donc la dégradation de certains de ces transcrits et 

ajoutant un niveau supplémentaire dans régulation des ARN. De plus, la co-localisation 

partielle entre les NSRs et la protéine DRB4 (une protéine qui lie les ARN double brin), 

semble indiquer que les NSRs pourraient donc interagir avec des protéines clés pour la mise 

en place des mécanismes de silencing. Ceci peut être lié au fait que les doubles mutant 

nsra/nsrb modifient le profil de silencing des lignées reportrices du silencing comme JAP3 

(publication 2 Figure 4). 

 

2- Les AtNSRs, des régulateurs nucléaires de l’épissage alternatif 
 

Nos résultats montrent que les NSRs jouerait un rôle redondant comme régulateurs 

de  l’épissage alternatif. En effet, les simples mutants nsr ne présentent pas de phénotype 

majeur en comparaison avec le double mutant nsra/nsrb qui présente un phénotype altéré 
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de réponse à l’auxine (publication 1 Figure 2) ainsi qu’un temps de floraison accéléré 

(publication 2 Figure 3). En outre, on peut remarquer que les deux simples mutants nsra ou 

nsrb présentent un léger phénotype de transition florale qui s’additionne dans le double 

mutant. Ces résultats, en accord avec les observations microscopiques de co-localisation 

entre les NSRs semblent indiquer un rôle redondant pour ces protéines. De plus, les lignées 

qui sur-expriment les NSRs présentent toutes un phénotype nain ainsi que des nécroses sur 

les feuilles (publication 1 Figure S6). Finalement, un des arguments qui soutient encore un 

rôle d’action commun pour ces deux protéines NSRs est lié au fait qu’elles ont une affinité 

pour les mêmes cibles D’AS et pour le même ncARN351 et toutes les deux sont relocalisées 

dans le cytoplasme par l’ARN ENOD40 (publication 1 Figure 1A). Néanmoins, les variations 

observées au niveau moléculaire dans le fond double mutant nsra/nsrb ne seraient pas 

toutes imputables aux deux protéines NSRs. L’expérience de RIP (publication 1 Figure 5) 

nous indique une capacité d’association parfois différente entre NSRa et NSRb ce qui 

pourrait entraîner des effets divergents entre un fond mutant nsra et nsrb. 

Les NSRs jouerait un rôle dans l’AS tout comme certaines protéines liés au PTGS tel 

que SGS14 ou SGS15. Une des cibles communes aux NSRs et à SGS14 et SGS15 est 

l’ARNm codant pour le facteur de transcription CIRCADIAN CLOCK-ASSOCIATED1 (CCA1; 

At2g48830) qui est un des composants principaux de l’horloge circadienne chez Arabidopsis. 

Ce gène est aussi associé avec l’acclimatation au froid et  la régulation du temps de floraison 

et il a été précédemment décrit comme étant alternativement épissé. De façon intéressante, 

Seo et al., 2012 ont démontré l’autorégulation de l’activité de CCA1 par une variante de son 

épissage, CCA1β reliant l’horloge circadienne à l’acclimatation au froid. L’épissage alternatif 

de CCA1 produit dans leurs études 2 transcrits, un de pleine longueur nommé CCA1α et la 

version tronquée CCA1β. L’isoforme CCA1β possède le domaine d’interaction protéine-

protéine qui permet la formation de dimère mais ne possède pas le domaine MYB de liaison 

à l’ADN à l’inverse de l’isoforme CCA1α. CCA1β inhibe par compétition l’activité de CCA1α 

en formant des hétéro-dimères CCA1α-CCA1β et LHY-CCA1β qui ont affinité de liaison à 

l’ADN diminuée (Seo et al., 2012). Ainsi les variations d’AS du gène CCA1 pourraient être 

une explication du phénotype de floraison précoce des NSRs (publication 2 Figure 3A, 7A).  

Une autre cible des NSRs est l’ARNm codant une protéine Fbox et qui subit 

l’épissage alternatif (publication 2 Figure 7B). Cet événement d’AS se déroule au niveau de 

la région 3’UTR de cet ARNm, L’AS étant un phénomène souvent détecté dans les régions 

non transcrites 5’ ou 3’ (UTRs) des ARNm. Un exemple démontrant l’importance d’un tel 

événement est l’oncogene Gli1 chez la souris, qui est l’effecteur terminal de la voie de 

signalisation Hedgehog (HH). Ce gène subit l’AS au niveau de la partie 5’ UTR de son 

ARNm et ceci a un impact sur sa propre capacité de traduction. La variante de l’ARNm la 

plus courte ainsi que la version ne possédant pas l’exon 1B sont favorisées (Palaniswamy et 
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al., 2010). Chez Arabidopsis, l’AS d’introns qui se situent dans des parties 5’ ou 3’ UTR peut 

modifier la sensibilité des transcrits d’ARNm pour le NMD (Kalyna et al., 2012). 

 

3- Les AtNSRs et le silencing 
 

En général, les transgènes ne contiennent pas d'introns, une caractéristique partagée 

avec les transposons, l’extinction de l’expression de ces derniers étant le premier objectif du 

silencing. Étant donné que les introns sont très fréquents dans les gènes endogènes, et sont 

souvent absents dans les transgènes et les transposons, une hypothèse soutient que les 

introns peuvent supprimer le silencing des gènes. Une étude récente sur le génome entier a 

permis de calculer les densités des petits d'ARN dans les exons de gènes sans introns en 

comparaison avec des gènes qui contiennent des introns chez Arabidopsis thaliana (Christie 

et al., 2011). La densité de petits ARN dans les exons de gènes sans intron était comparable 

aux exons d'éléments transposables, cette densité étant bien inférieure dans des gènes qui 

possède un intron. Pour étudier l’effet des introns sur le silencing in vivo, un système 

rapporteur transgénique utilisant la green fluorescent protéine (GFP) (Brosnan et al., 2007) a 

été analysé. Lors de l'utilisation d'une construction sans intron, 85% des Plantes T1 montrent 

une GFP « silencée ». Ce silencing est dépendant de RDR6, ce qui démontre un mécanisme 

PTGS. Ces résultats ont été comparés avec ceux obtenus avec la même construction GFP 

mais qui contient cette fois-ci un intron. Les lignées contenant un intron ont réussi à réduire 

de quatre fois le « silencing » des gènes des lignées transgéniques d'Arabidopsis. Cette 

suppression du silencing de l'ARN médiée par les introns sur l’expression du transgène GFP 

dépend de l’efficacité de l’épissage de l'intron introduit, et de ABH1, l'orthologue humain de 

la cap-binding protéine 80 (CBP80) d’Arabidopsis. En effet, la suppression du « silencing » 

médiée par les introns est perdue dans le fond génétique mutant abh1 (Christie et al., 2011). 

En outre, il a été montré que  la biogenèse des siARN secondaires RDR6-dépendant est 

atténuée le long des transgènes épissés par rapport aux transcrits issus d’un transgène sans 

intron. L'épissage des introns fournirait donc un mécanisme permettant d’éviter aux gènes 

endogènes le silencing RDR6-dépendant chez Arabidopsis.   

D’autres résultats semblent indiquer aussi un lien entre le PTGS et l’épissage 

alternatif (Laubinger et al., 2008). La biogenèse des microARN d’Arabidopsis thaliana 

(miARN) à partir d’un transcrit primaires (pri-miARN) nécessite l'activité de plusieurs 

protéines, y compris DICER-like1 (DCL1), la protéine de liaison au dsARN HYPONASTIC 

leaves1 (HYL1), et une protéine à doigt de zinc nommée SERRATE (SE). Tant SE comme le 

nuclear cap-binding complex (CBP20/CBP80) sont nécessaires pour la 

biogenèse/production des pri-miARN. L'inactivation de l'une des protéines  ABH1/CBP80 ou 
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CBP20 entraîne une baisse des niveaux de miARN matures accompagnés d'une 

stabilisation apparente du pri-miARN. Un « tilling array » sur l'ensemble du génome révèlent 

que les mutants se, abh1/cbp80 et cbp20 présentent des défauts d'épissage similaires, 

conduisant à l'accumulation d'un grand nombre de transcrits partiellement épissés. 

Finalement, de récents travaux montrent que ABH1 et SE sont nécessaires pour la 

suppression du silencing des ARN mis en place par les introns (Christie et carroll, 2011). 

Ainsi, on peut spéculer que les NSRs ainsi que les protéines SGS14 et SGS15 sont 

capables de moduler l’AS et le PTGS des siARN de la même façon que ABH1 ou SE 

régulent l’AS et le PTGS. Dans notre travail, nous n'avons pas détecté des changements 

majeurs dans l'épissage des transgènes qui entraînent le déclenchement du PTGS et donc 

le rôle des AtNSRs dans le PTGS et sa propagation reste à comprendre.  

 Le lien entre PTGS et l'épissage alternatif peut être aussi reliée aux interactions 

entre épissage et l’état de la chromatine. En effet, plusieurs gènes impliqués dans la 

propagation du silencing codent pour des gènes liés à des voies de régulation en relation 

avec la chromatine telles que la voie de régulation par DCL3/RDR2/AGO4 (Dunoyer et 

Voinnet, 2009 ; Dunoyer et al, 2007). D’autres régulateurs de la chromatine ont été identifiés 

comme jouant un rôle dans le silencing génique en modifiant le statut de la chromatine du 

transgène (Le Masson et al., 2012).  

Dans les cellules humaines, un lien entre l'épissage alternatif et l’épigénétique 

semble émerger (Luco et al., 2010). En effet, un rôle direct des modifications d’histone dans 

la régulation de l’AS a été identifié. Plusieurs signatures de modifications d’histones sont en 

corrélation avec le profil d'épissage dans un ensemble de gènes humains et cette modulation 

des modifications d’histone causerait des variations dans les sites d’épissage. Les marques 

d’histone affecteraient le profil d’épissage de certains gènes en recrutant des régulateurs de 

l’épissage via une protéine de liaison à la chromatine. On peut donc imaginer que les NSR 

ou SGS14 en modifiant l’AS pourrait introduire des modifications de l’état épigénétique du 

transgène et ainsi contribuer à la propagation du silencing. Nous pensons que SGS14 et les 

NSRs recrutent des protéines de liaison à la chromatine et d’autres régulateurs 

épigénétiques sur l'ARNm des transgènes contenant un intron. En absence de SGS14 ou 

des NSRs, la localisation ou le marquage épigénétique du locus (159, L1 ou JAP3) pourrait 

être modifié. Dans ce cas, les ARN produits par les locus 2a3 et 159 ou encore JAP3 

seraient détournés vers le NMD au lieu d'entrer dans la voie du PTGS, expliquant la 

diminution de PTGS dans les lignées reportrices du PTGS contenant un intron. Une 

hypothèse serait que ces gènes permettent le recrutement de protéines lié à la chromatine 

sur le site d’insertion du transgène ce qui changerait la nature des ARN produit par ce locus 

mais pas le profil d’épissage ce qui permettrait d’augmenter la production d’ARN aberrant de 
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ce locus permettant de déclancher le PTGS. Ainsi la mutation des NSRs et SGS entraînerait 

bien une diminution de l’efficacité du PTGS.  

 
Modèle représentant le rôle des protéines NSRs chez Arabidopsis thaliana. 
Modèle résumant les résultats obtenus durant cette thèse. Les NSRs sont donc localisées 
dans des speckles, elles peuvent moduler la réponse à l’auxine ainsi que l’AS. Les NSRs 
peuvent être relocalisées en présence du lncARn ENOD40. Les NSRs interagissent aussi 
avec le ncARN351 (endogène) qui est lui aussi capable de réguler l’AS. Enfin les NSRs 
peuvent moduler le PTGS dans la lignée JAP3. Ces différents effets à l’échelle moléculaire 
entraînent des variations morphologiques notamment sur le développement floral et la 
formation des racines latérales induite par un traitement auxine. 
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Cette hypothèse est appuyée par les résultats obtenu en croisant 159 (100% PTGS) et 

sgs14 (159/sgs14 31% PTGS) avec upf3 (mutant UP-FRAMESHIFT 3) 

(159/sgs14/upf3 100% PTGS) (publication 2 Figure 2D). Ces résultats indiquent que 

lorsqu’on bloque upf3 et donc une partie du NMD on augmente la formation d’ARN aberrant 

et ainsi on permet de restaurer le PTGS de la lignée 159/sgs14. Ce résultat semble donc 

bien indiqué que les NSRs pourraient permettrent la formation d’ARN qui entraînerait le 

déclanchement du PTGS 
Nos résultats nous permettent donc de d’établir le modèle ci-dessus. Les protéines 

NSRs peuvent interagirent avec des lncARN dont le ncARN exogène MtENOD40 ce qui 

entraîne un changement de localisation dans les tissus vasculaires (là où sont naturellement 

exprimé les NSRs chez Arabidopsis et ENOD40 chez Medicago). Les NSRs interagissent 

aussi avec le lncARN351 endogène de Arabidopsis. Les NSRs ont été montrées comme des 

régulateurs de l’épissage alternatif au même titre que le lncARN351 et ENOD40. Enfin, de 

façon similaire aux protéines SGS14 et SGS15 qui régulent elles aussi l’AS, les NSRs sont 

capables de permettre la diffusion du signal PTGS induit par un transgène contenant un 

intron jusqu’aux cellules voisines. La cellule qui initie le PTGS (où s’exprime le promoteur 

SUC2 dans la lignée JAP3) est représenté blanche pour symbolisé la chlorose et donc le 

PTGS. La cellule dite voisine dans le schéma est représentée en dégradé de blanc et vert 

afin de symboliser une cellule en cour de chlorose à cause de la diffusion du PTGS du 

transgène JAP3 de cellule à cellule grâce aux NSRs (la construction JAP3 étant une 

construction RNAi ciblant le gène PDS qui est impliqué dans la synthèse de chlorophylle ; 

Smith et al., 2007). Ainsi les résultats obtenus dans cette thèse permettent de supposer que 

les NSRs fonctionnent à l’interphase entre la régulation de L’AS et la propagation du 

silencing. 
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IV- Perspectives 
 

Cette thèse ouvre plusieurs perspectives : 

 

Afin d’étudier si, comme chez les cellules humaines un lncARN pourrait structurer les 

speckles, Il serait intéressant d’étudier la localisation de protéines marqueurs de speckles 

(NSRs, protéines SR) en microscopie en utilisant les constructions ARNi ou qui surexpriment 

le ncARN351 ce qui nous donnerai plus d’indications sur un hypothétique rôle du ncRNA351 

dans le maintient de la structure des speckles. De même, il faudrait étudié la capacité de 

relocalisation des NSRs en présence du  npcARN351. 

Un deuxième point serait de comprendre la fonction du lncRNA351 en utilisant des 

approches de génétique reverse (RNAi ou lignées surexprimmant) afin d’étudier l’impact de 

ces modifications au niveau de l’AS « genome-wide » et de la morphologie, notamment de la 

racine latérale L’introduction de la construction surexprimmant le lnc351 dans le mutant 

Atnsra/Atnsrb permettra de confirmer l’action de cette ARN sur les NSRs.  

A plus long terme, Il serait intéressant de regarder les cibles ARN des NSRs d’une 

manière globale en réalisant des expériences d’immunoprécipitation d’ARN comme celles 

décrites dans la thèse mais cette fois-ci en faisant du séquençage globale. Ces résultats 

nous permettrons de voir l’ensemble des gènes impliqués dans les mécanismes de 

régulation des NSRs. L’utilisation des racines latérales sera un plus pour décortiquer 

finement l’action des NSRs. 

Enfin, afin de valider notre hypothèse selon laquelle les ARN produits par les locus 

JAP3 seraient détournés vers le NMD par les NSRs au lieu d'entrer dans la voie du PTGS, 

nous devrions introgresser le mutant upf3 dans la lignée nsra/nsrb/JAP3. Ceci nous 

permettra de préciser la nature des RNA aberrants accumulés (transcrits partiellement 

épissés) et voir si on peut restaurer le phénotype de PTGS déclenché par JAP3. Enfin, les 

différents mutants identifiés comme reliés à l’épissage et le PTGS ouvrent des larges 

perspectives pour analyser leurs interactions au niveau génétique et subcellulaire.  

Enfin il serait intéressant d’analyser l’état chromatinien du transgène et son épissage 

en détail dans tous les mutants SGS et NSRs. 
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V- Matériels et méthodes 
 
La majeure partie des matériels et méthodes des expériences qui m’ont permis 

d’obtenir les résultats de cette thèse sont expliqués dans les parties matériels et méthodes 

des articles présentés dans la partie résultats. Dans cette partie je vais donc uniquement 

apporter des précisions sur l’expérience d’ immunoprécipitation (RIP) des ARN, je 

proposerais donc un protocole de RIP détaillé.  

 

RIP for nuclear or cytoplasmic proteins 
 
Nuclei extract preparation 
1.       Prepare between 2g and 5g of fresh plant material. 
2.       Crosslink by UV exposure (3 times 400 mJ/cm2). 
3.       Freeze in N2liq.  
4.       Grind to fine dust. 
5.       Resuspend the dust in Lysis Buffer I (5ml/g). 
6.       Filter the suspension through a 200 µm mesh. 
7.       Centrifuge 1500g 10min 4°C. 
8.        Wash in NRBT Buffer (5ml/g). 
9.        Centrifuge 1500g 10min 4°C and discard the supernatant. 
10. Repeat steps 8 and 9. 
11.  Resuspend the pellet in Nuclei Lysis Buffer I (200µl/g). Transfer to a 1.5ml tube. 
12. Add 10 µl of RNAse-FREE DNAse and incubate at 37°C, 10min.  
13. Add SDS to a final concentration of 0.1% (2.5µl SDS 20%/500µl). Invert several times 

to mix.  
14. Incubate 1h at 4°C. 
15. Centrifuge 13000 rpm 30 min 4°C.  
16. Transfer the supernatant to a new tube and discard the pellet. 
17. Take 10% of the volume (INPUT SAMPLE) and conserve it at -20°C. 

Total lysate instead of nuclei extract 
Please, change from step 5 on: 
5bis. Resuspend the dust in Lysis Buffer II (5ml/g). 
6bis. Filter the suspension through a 200 µm mesh. 
7bis. Incubate in the ice for 10min. 
8bis. Centrifuge 1500g 10min 4°C. 
9bis. Resuspend the pellet in Nuclei Lysis Buffer II (200µl/g). Transfer to a 1.5ml tube. 
10bis. Incubate 1h at 4°C. 
11bis. Centrifuge 13000 rpm 10 min 4°C.  
12bis. Transfer the supernatant to a new tube and discard the pellet. 
13bis. Take 10% of the volume (INPUT SAMPLE) and conserve it at -20°C. 
Continue in step 18. 
 
Immunoprecipitation 
 
18.  Follow the instructions of Miltenyi µMACS Epitope Tag (e.g. HA) Kit, as follows 

(points 2.4 and 3.2): 
19.  Add 50 µl of anti-tag microbeads to the nuclei lysate. 
20. Mix well at 4°C during 30min. 
21. Place a µ Column in the magnetic field of the µMACS Separator.  
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22. Prepare the µ Column by applying 200 µl of Miltenyi Lysis Buffer. 
23. Once the incubation has finished, apply the lysate onto the Column and let it run 

through.  
24.  Rinse the Column 4 times with 200 µl of Wash Buffer 1. 
25.  Rinse the Column 3 times with 100 µl of Wash Buffer 2. 
26.  Extra:  Rinse the Column 3 times with 200 µl of RNAse-FREE water. 
27.  Take out the Column from the magnetic field. 
28.  Apply 50 µl of water and collect the brown eluate. 
29.  Add 150 µl of Proteinase K Buffer and collect the rest of the eluate in the same 

tube. 

Reverse Crosslink and RNA purification 
30.  Add 40 µl of 20mg/ml Proteinase K. 
31.  Incubate 30min at 55°C. 
32.  Add SDS at a final concentration of 1%. 
33.  Incubate 30min at 55°C. 
34.  Place a new µ Column in the magnetic field and calibrate it with 200 µl of the 

adequate Buffer. 
35.  Wash the Column with 500 µl of water. 
36.  Apply the Proteinase K treated sample and collet the flow-through, eliminating the 

magnetic beads. Repeat the procedure until obtaining a clear sample. 
37.  Use TRIZOL followed by isopropanol precipitation for RNA purification, both of the 

RIP sample and the INPUT sample. 
38.  After qPCR, the results are expressed as a % of the INPUT, considering the 

relationship between the volumes. 

Plant RIP-UV solutions 
 
Lysis Buffer I      For 100ml  For 200ml 
20mM Tris-HCl pH7,4    2ml of 1M  4ml of 1M 
25% Glycerol      25ml   50ml 
20mM KCl      2ml of 1M  4ml of 1M 
2mM EDTA      400μl of 0,5M  800μl of 0,5M 
2,5mM MgCl2      250μl of 1M  500μl of 1M 
250mM Sucrose     12,5ml of 2M  25ml of 2M 
Protease Inhibitor      2ml   4ml 
H20 to volume  
      
Lysis Buffer II     For 100ml  For 200ml 
50mM Tris-HCl pH7,4    5ml of 1M  10ml  
10% Glycerol      10ml   20ml 
5mM MgCl2      500μl of 1M  1ml  
150mM NaCl      3ml of 5M  6ml 
0.1% Triton       0,5ml of 20%   1ml 
Protease Inhibitor      2ml   4ml 
H20 to volume 
 
NRBT        For 100ml  For 600ml 
20mM Tris-HCl pH7,4    2ml of 1M  12ml of 1M 
25% Glycerol      25ml   150ml 
2,5mM MgCl2      250μl of 1M  1,5ml of 1M 
Protease Inhibitor     2ml   12ml 
0,5% Triton      2,5ml of 20%  
H20 to volume   
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Nuclei Lysis Buffer I     For 5ml  For 10ml 
50mM Tris-HCl pH7,4    250μl of 1M  500μl 
1% Triton      250μl of 20%  0.5ml 
100mM NaCl      100μl of 5M  200μl 
1mM MgCl2      5μl of 1M  10μl 
0,1mM CaCl2      5μl of 100mM  10μl 
Protease Inhibitor     200μl   400μl 
RNAase-in (20U/ml)     12,5μl   25μl 
H20 to volume   
 
Nuclei Lysis Buffer II    For 5ml  For 10ml 
50mM Tris-HCl pH7,4    250μl of 1M  500μl 
0,1% SDS      25μl 20%  50μl 20% 
10mM EDTA      100μl 0.5M  200μl 
RNAase-in (20U/ml)     12,5μl   25μl 
H20 to volume   
 
PK Buffer      For 1ml 
100mM Tris-HCl pH7,4    100μl of 1M 
50mM NaCl      10μl of 5M 
10mM EDTA      20μl of 0,5M 
Proteinase K 4mg/ml     200ul of 20mg/ml  
RNAase-in (20U/ml)     5μl  
H20 to volume   
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ABSTRACT

Eukaryotic RNA quality control (RQC) uses both
endonucleolytic and exonucleolytic degradation to
eliminate dysfunctional RNAs. In addition, endogen-
ous and exogenous RNAs are degraded through
post-transcriptional gene silencing (PTGS), which
is triggered by the production of double-stranded
(ds)RNAs and proceeds through short-interfering
(si)RNA-directed ARGONAUTE-mediated endo-
nucleolytic cleavage. Compromising cytoplasmic
or nuclear 50–30 exoribonuclease function enhances
sense-transgene (S)-PTGS in Arabidopsis, sug-
gesting that these pathways compete for similar
RNA substrates. Here, we show that impairing
nonsense-mediated decay, deadenylation or
exosome activity enhanced S-PTGS, which requires
host RNA-dependent RNA polymerase 6 (RDR6/
SGS2/SDE1) and SUPPRESSOR OF GENE
SILENCING 3 (SGS3) for the transformation of
single-stranded RNA into dsRNA to trigger PTGS.
However, these RQC mutations had no effect on
inverted-repeat–PTGS, which directly produces
hairpin dsRNA through transcription. Moreover,
we show that these RQC factors are nuclear
and cytoplasmic and are found in two RNA deg-
radation foci in the cytoplasm: siRNA-bodies
and processing-bodies. We propose a model of
single-stranded RNA tug-of-war between RQC
and S-PTGS that ensures the correct partitioning

of RNA substrates among these RNA degradation
pathways.

INTRODUCTION

Eukaryotic gene expression produces large amounts of
both protein-coding and non-coding RNA species. To
ensure proper cellular function and viability, a high level
of fidelity must be sustained. To tackle this challenge,
RNA surveillance and decay serve three main purposes:
first, to ensure RNA quality control (RQC) mechanisms
that scrutinize RNA integrity and eliminate defective mes-
senger RNA (mRNA), thus dampening the production of
potentially toxic proteins, second, to regulate mRNA
turnover to control protein abundance and third, to
detect invading RNAs, to defend the cell against them
(1–4) and to regulate selected endogenous mRNAs
through an endonucleolytic cleavage process called
post-transcriptional gene silencing (PTGS) (5–8). How
RQC and PTGS pathways interact and the processes
that regulate the partitioning of RNA substrates into
these pathways are not well understood.
Nonsense-mediated decay (NMD) is an extensively

studied RQC pathway involved in the genome-wide sup-
pression of transcripts (9–11) in which translation is
arrested either owing to the presence of a premature
termination codon or owing to excessive 30untranslated
region (UTR) length (12–16). Although there are several
different mechanisms by which NMD can be triggered,
once instigated, NMD generally involves the recruitment
and activation of conserved UPFRAMESHIFT 1 (UPF1),
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UPF2 and UPF3 proteins to defective transcripts that are
translationally stalled. However, the presence of an exon
junction complex (EJC) is not always required to evoke
NMD because it can target intronless transcripts in yeast,
mammals, flies and plants (17–21). This recruitment,
either by invoking decapping and deadenylation
pathways or via endonucleolytic cleavage, as is the case
in Drosophila and humans, generates aberrant RNAs
[RNAs lacking a 50-cap structure or a 30-poly(A) tail]
that are subsequently degraded through exonucleolytic
cleavage [for reviews see (2,22,23)].
Exonucleolytic RNA degradation in Arabidopsis

exploits a suite of processes including, but not limited
to, the shortening of the 30-poly(A) tail (deadenylation),
which is catalysed by the conserved 30–50 POLY(A)-
SPECIFIC RIBONUCLEASE (PARN) as well as by the
conserved CARBON CATABOLITE REPRESSOR 4
(CCR4) complex (24–27). It also involves the removal of
the 50-cap structure, which is accomplished by a set of
conserved decapping proteins: DCP1, DCP2 (TDT),
DCP5, VARICOSE (VCS) and possibly DEA(D/H)-box
RNA HELICASE 1 (DHH1) (28–30). Decapping and
deadenylation are a prerequisite for most RNA to be
degraded by 50–30 XRN exoribonucleases and the
multimeric 30–50 exoribonuclease exosome complex.
Arabidopsis expresses three XRN proteins, the nuclear
XRN2 and XRN3 and the cytoplasmic XRN4 (31).
Biochemical and molecular characterization of the
Arabidopsis exosome core complex revealed the subunits
RRP4, RRP40, RRP41, RRP42, RRP43, RRP45 (CER7),
RRP46, CSL4 and MTR3 (32). Additional components
likely involved in exosome function include RRP44,
RRP6L1, RRP6L2, RRP6L3 and MTR4 (32–35).
In addition to these RNA degradation mechanisms,

plants and other eukaryotes use PTGS to defend against
foreign invading RNAs, such as viruses and high levels of
transgenic mRNAs (36–40). PTGS also is required to
modulate the abundance or expression of cellular
mRNAs important during developmental transitions,
such as the mRNAs targets of the trans-acting small
interfering (ta-si)RNA pathway (41,42). Double-stranded
(ds)RNA is the priming trigger of PTGS and is generated
though several processes such as viral replication,
sense-antisense transcription or transcription of
inverted-repeat (IR) sequences, whose transcripts are
self-complementary and thus fold-back on themselves to
form dsRNA. It can also be produced by the cellular
RNA-DEPENDENT RNA POLYMERASE 6 (RDR6/
SGS2/SDE1), which is coupled to the RNA stabilizing
protein SUPPRESSOR OF GENE SILENCING 3
(SGS3). Once the dsRNA is produced, it is processed by
DICER-LIKE (DCL) enzymes into 21–22-nt siRNAs,
which serve as sequence-specific guides for
ARGONAUTE 1 (AGO1)-dependent endonucleolytic
cleavage of complementary transcripts (6,43,44).
AGO1-mediated cleavage generates RNAs that are, in
most cases, subjected to XRN- and exosome-mediated
degradation (45). In the case of viruses, once PTGS is
instigated, amplification of the siRNAs ensures that
tissues are primed against subsequent infection by the

same virus or expression of a transgene bearing virus se-
quences (46,47).

Previous data suggested that defects in RNA processing
and degradation that lead to the accumulation of
decapped and deadenylated RNA, including mutations
in RNA splicing, 30-end formation and 50–30 exo-
ribonuclease XRN-mediated degradation, promote
PTGS (48–50). Moreover, removing transgene 30-termin-
ator sequences enhanced PTGS, while having multiple ter-
minators reduced PTGS (51). Here, we explore the ways in
which an array of nuclear and cytoplasmic RQC factors
and PTGS interact mechanistically and spatially in plants.
Impairing either nuclear or cytoplasmic NMD UPF1 and
UPF3, deadenylation PARN and CCR4a and exosome
RRP4, RRP6L1, RRP41 and RRP44A components
enhanced sense (S)-PTGS but had no effect on an IR-
PTGS system. In the cytoplasm, RQC factors localized
in siRNA-body and processing (P)-body RNA degrad-
ation foci. These findings show that nuclear and cytoplas-
mic aberrant RNAs are instrumental during this type of
RNA silencing process, as opposed to IR-PTGS, which
produces dsRNA, a direct template for the DCLs. The
correct partitioning of aberrant RNA substrates among
these RNA degradation mechanisms ensures the discrim-
ination of dysfunctional self-RNA and invading
non–self-RNA from functional self-RNA and acts as a
barrier to prevent the undesired triggering of PTGS of
self-RNA.

MATERIALS AND METHODS

Plant material

All Arabidopsis thaliana are in the Columbia accession
(52). The JAP3 line was the kind gift of D. Baulcombe
and the inducible RNA interference (iRNAi) lines
rrp41iRNAi and rrp4iRNAi (32) were the kind gift of J.
Ecker. The parn [fast neutron mutant ahg2-1; (53)] was
kindly provided by T. Hirayama. The upf1-5
(SALK_112922, insertion located in the 30UTR) was
obtained from NASC. Homozygous ccr4a
(SAIL_784_A07, insertion located in intron 9/10), ccr4b
(SAIL_635_B07, insertion located in exon 2/11), upf1-6
(SAIL_1295_E07, insertion located 148 bp upstream of
the ATG), upf3-3 (SAIL_122_G02, insertion located
183 bp upstream of the ATG), upf3-1 (SALK_025175,
insertion located in exon 5/12) and rrp6L1 (rrp6A;
SAIL_1306_C10 insertion located in intron 12/13)
mutants were generated during this study (see
Supplementary Figure S1 for molecular characterization).
Seeds were obtained from NASC.

Generation of artificial miRNA lines

The artificial miRNA amiR-RRP44Aa (50-UAUGAGUA
UACAGGCGUGCUG-30) was generated using the
WMD3 microRNA designer (http://wmd3.weigelworld.
org/cgi-bin/webapp.cgi) and expressed under the ubiquitin
promoter in the context of the MIR319a backbone. PTGS
reporter lines were transformed using the floral dip
methods (54) and transformed plants were selected on
15 mg/ml of glufosinate. PTGS was analysed in the
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progeny of 3 T2 lines harbouring a single UB::amiR-
RRP44a insertion.

RNA extraction and RNA gel blot analysis

For RNA gel blot analyses, frozen tissue was
homogenized in a buffer containing 0.1 M NaCl, 2%
sodium dodecyl sulphate (SDS), 50mM Tris–HCl (pH
9.0), 10mM ethylenediaminetetraacetic acid (pH 8.0)
and 20mM b-mercaptoethanol, and RNAs were extracted
two times with phenol and recovered by ethanol precipi-
tation. To obtain high molecular weight (HMW) RNA,
total RNA was precipitated overnight in 2 M LiCl at 4�C
and recovered by centrifugation. For low molecular
weight (LMW) RNA analysis, total RNA was separated
on a 15% denaturing polyacrylamide gel electrophoresis
gel, stained with ethidium bromide and transferred to
nylon membrane (HybondNX, Amersham). LMW RNA
and U6 hybridizations were at 50�C with hybridization
buffer containing 5� saline-sodium citrate (SSC), 20mM
Na2HPO4, pH 7.2, 7% SDS, 2� Denhardt’s solution and
denatured sheared salmon sperm DNA (Invitrogen).
HMW RNA hybridization was at 37�C in
SigmaPerfectHyb buffer (Sigma). Blots were hybridized
with a radioactively labelled random-primed DNA
probes for beta-glucuronidase (GUS) mRNA and GUS
siRNAs, and end-labelled oligonucleotide probes for
TAS1 ta-sRNA, TAS2 tasRNA and U6 detection.

GUS activity quantification

With the exception of amiR-RRP44A, rrp41iRNAi and
rrp4iRNAi lines, plants were grown on Bouturage 2
medium (Duchefa Biochemie) in standard long-day con-
ditions (16 h light, 8 h dark at 20–22�C), transferred to soil
after 2 weeks and grown in controlled growth chambers in
standard long-day conditions. To induce expression of the
RNAi lines, rrp41iRNAi and rrp4iRNAi plants were grown
on Bouturage media containing 8 mM estradiol for 12 days
in standard long-day conditions, and then transferred to
soil and grown in controlled growth chambers in standard
long-day conditions. Total protein was extracted from
cauline leaves of flowering plants and GUS activity was
quantified as in (49) by measuring (Fluoroscan II; Thermo
Scientific) the quantity of 4-methylumbelliferone produced
from the substrate 4-methylumbelliferyl-b-D-glucuronide
(Duchefa Biochemie).

Semi-quantitative reverse transcriptase-polymerase chain
reaction

RNAs were extracted using the RNeasy plant mini kit
(Qiagen), and 1 mg of RNA was reverse transcribed
using oligo dT and Super ScriptII reverse transcriptase
(Invitrogen). Twenty-seven cycles of polymerase chain
reaction (PCR) were used to amplify RRP44A, CCR4a,
CCR4b and EF1-alpha, and 28 cycles of PCR were used to
amplify UPF1 and UPF3 to non-saturation. The number
of cycles used to amplify RRP4 and RRP6L1 to
non-saturation is indicated above each lane in
Supplementary Figure S1. EF1-alpha amplification was
used as a control.

Nicotiana benthamiana agro-infiltration

Agrobacterium (ASE or Agl0 strains) carrying plasmids of
interest were grown overnight at 30�C in 3ml Lysogeny
Broth (LB) medium containing the appropriate antibiotics
to a final OD600 of between 1.0 and 2.0. The bacteria were
pelleted and resuspended in 1ml of infiltration medium
(10mM MgCl2, 10mM 2-(N-morpholino)ethanesulfonic
acid (MES), pH 5.2, 150mM acetosyringone) to a final
OD600 of 0.1. The bacterial solution containing the
plasmid(s) of interest was coinfiltrated with a bacterial
solution expressing HELPER COMPONENT-
PROTEINASE (HC-Pro), a viral suppressor of silencing,
into the abaxial side of leaves using a 1ml syringe, and
samples were assayed 3 days after infiltration. HC-Pro was
used to better visualize the fluorescent signals and did not
have an observable impact on the localization pattern of
the tested RQC and PTGS components.

Confocal imaging

For confocal imaging, agro-infiltrated tobacco leaves
(mounted in water) were directly imaged on a Leica
Confocal TCS SP2 (Leica Microsystems). The CFP was
imaged with 458 nm excitation using the dichroic mirror
DD458/514 and detection window of 465–505 nm; the
GFP was imaged with 488 nm excitation using the
dichroic mirror DD488/543 and a detection window of
500–580 nm; the RFP was imaged with 543 nm excitation
using the dichroic mirror DD488/543 and a detection
window of 580–670 nm. For the co-localizations, all of
the images were taken by sequential acquisition. Image
analysis was performed using the National Institute of
Health ImageJ (http://rsb.info.nih.gov/ij/) software.

Cloning procedures

All the clones were made using the Gateway technology
(Invitrogen) and planned using Geneious (http://www.
geneious.com). A list of the oligonucleotides used for
cloning is provided in Supplementary Table S2. UPF3
(AT1G33980), SGS3 (AT5G23570) and RRP41
(AT3G61620) were PCR amplified from complementary
DNA (cDNA) and cloned into the vector pDONR221 to
generate entry clones, whereas PARN (AT1G55870),
CCR4a (AT3G58560) and RRP4 (AT1G03360) were
PCR amplified from genomic DNA and cloned into the
vector pENTR-D to generate entry clones. To obtain the
GFP fusions under the control of the 35S promoter,
SGS3, CCR4a, PARN and RRP41 entry clones were
recombined in the expression vector pH7WGF2, whereas
the UPF3 entry clone was recombined in the expression
vector pH7FWG2. To obtain the RFP fusion proteins
under the control of the 35S promoter, the entry clone
containing PARN was recombined in the expression
vector pB7WGR2, and the one containing RRP4 in the
expression vector pB7RWG2. For the GFP fusion under
the control of the Ubiquitin10 promoter, the RRP4 entry
clone was recombined in the expression vector pUBN-GFP
(55). The 35S:RFP:DCP1 and 35S:CFP:DCP1 constructs
were made by recombination of an entry clone containing
DCP1 (AT1G08370, gift from C. Antonelli) in the
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expression vectors pB7WGR2 and pB7WGC2, respectively
(56). The 35S:RDR6:GFP construct was made by PCR
amplifying RDR6 (AT3G49500) from cDNA and adding
the restriction sites SalI and NotI to each terminus to
generate a Gateway entry clone in the plasmid
pENTR1A that was then recombined in the expression
vector pH7FWG2. The construct pGFP-N-Bin:UPF1
(AT5g47010) was generously provided by A. Pendle and
J. Brown. The construct 35S:RFP:UPF1 was obtained by
recombining the entry clone UPF1 cDNA pDONR207
(kindly provided by A. Pendle and J. Brown) into the ex-
pression vector pB7WGR2. The 35S::HC-Pro plasmid was
the kind gift of J. Carrington.

RESULTS

To investigate the possible crosstalk between PTGS and
other RNA degradation pathways, we isolated
loss-of-function Arabidopsis mutants in many key compo-
nents of RQC and RNA turnover pathways and
characterized their impact on S-PTGS. In the cases
where loss-of-function caused lethality, we examined the
impact of partial-loss-of-function mutants when possible.
The effect of RQC and RNA turnover mutants on
S-PTGS was determined using the well-characterized
Arabidopsis reporter lines Hc1 and 6b4. Both lines carry
a 35S::GUS transgene, but whereas 6b4 stably produces
GUS, silencing of the GUS transgene is spontaneously
triggered in 20% of Hc1 plants at each generation add
(57,58). These reporter systems allowed us to reveal both
positive and negative effects of the RQC mutations on
S-PTGS. To avoid the 35S interference phenomenon
reported to occur when introducing the 35S::GUS trans-
gene carried by the 6b4 and Hc1 into mutants already
carrying a 35S T-DNA insertion (59), we analysed
S-PTGS uniquely in mutants containing either 35S-free
T-DNA insertions or fast neutron-generated mutations.

Mutations in NMD, deadenylation and exosome factors
enhance S-PTGS

To examine the contribution of NMD to PTGS, we
searched publicly available mutant collections and
identified upf1 (SAIL_1295_E07, hereafter referred to as
upf1-6), and upf3 (SAIL_122_G02, hereafter referred to as
upf3-3) partial-loss-of-function mutants (Supplementary
Figure S1A), and these mutants were crossed with Hc1
and 6b4 lines. Quantitative GUS assays performed on
the progeny of plants homozygous for both the Hc1
locus and either the upf1 or upf3 mutation indicated that
Hc1 silencing was enhanced from 20% in line Hc1 to 44%
in Hc1/upf1-6 and to 78% in Hc1/upf3-3 (Figure 1A). To
determine the strength of the silencing enhancement, we
also analysed the effect of these mutations on line 6b4. The
upf3-3 mutation triggered silencing in 13% of the 6b4
plants analysed (Figure 1B), whereas upf1-6 did not
appear to have an effect on 6b4 silencing (0/32 plants
were silenced at the 6b4 locus). Characteristic of PTGS,
GUS siRNAs accumulated and GUS mRNA levels were
reduced to nearly undetectable levels in the silenced Hc1/
upf1-6, Hc1/upf3-3 and 6b4/upf3-3 lines (Figure 1C and

D), indicating that both UPF1 and UPF3 are endogenous
PTGS suppressors.

Arabidopsis PARN has poly(A) RNA degradation
activity and complete loss-of-function parn mutants are
lethal, indicating that it is an essential ribonuclease (13).
Nevertheless, a fast neutron-generated partial-loss-
of-function alternative splicing parn mutant ahg2-1 has
been described (60). Quantitative GUS assays on plants
homozygous for both the Hc1 transgene and the ahg2-1
(parn) mutation indicated that silencing of Hc1 was
increased from 20% to nearly 50% (Figure 1A). In
addition, ahg2-1 triggered silencing in nearly 40% of 6b4
plants (Figure 1B), indicating that PARN is a suppressor
of PTGS. Like the parn mutant that negatively impacts
deadenylation, a mutation in the putative deadenylation
factor CCR4a enhanced Hc1 silencing from 20% to nearly
60% (Figure 1A); however, unlike the parn mutant, the
ccr4amutation did not trigger silencing of line 6b4 (0/30 of
6b4/ccr4a plants were silenced). Silencing triggered by
both parn and ccr4a deadenylation mutants led to the ac-
cumulation of GUS siRNAs and a reduction in GUS
mRNA levels (Figure 1C and D). In contrast to ccr4a, a
mutation in the related CCR4b gene, which is located
adjacent to the CCR4a gene, did not impact Hc1 or 6b4
silencing (18%, 10/56 Hc1/ccr4b plants and 0%, 0/39 6b4/
ccr4b plants were silenced), suggesting that CCR4b could
be partially redundant with CCR4a. Both ccr4a and ccr4b
mutants appeared to be full-loss-of-function mutants, as
they did not produce detectable CCR4a and CCR4b tran-
scripts, respectively (Supplementary Figure S1B), but add-
itional work will be required to determine whether these
proteins are partially redundant.

The multimeric exosome complex contains 30–50

exoribonucleases that degrade RNA with unprotected 30-
ends. To determine if perturbations in exosome function
could influence PTGS, we characterized the impact on
S-PTGS in the Hc1 and 6b4 reporter lines of mutants de-
fective in the Arabidopsis core exosome subunits RRP4
and RRP41, the latter of which exhibits catalytic 30–50

RNAse activity, unlike the yeast and human RRP41
(61). We also examined the impact on S-PTGS of impair-
ing RRP44A, the Arabidopsis homolog of the RRP44
(DIS3) 30–50 RNAse responsible for nearly all of the cata-
lytic activity of the yeast exosome (62,63). Finally, we exa-
mined the impact on S-PTGS of a mutation in RRP6L1
[also known as RRP6A; Supplementary Figure S1C
(32,64)], one of two Arabidopsis homologs of the yeast
and human RRP6 exoribonuclease. Although the
nuclease function of Arabidopsis RRP6L1 has not been
confirmed, expression of Arabidopsis RRP6L1 comple-
ments the growth defects of a yeast rrp6 mutant strain
(64). Because rrp4 and rrp41 mutants are seedling lethal,
we analysed PTGS in the previously characterized rrp4
and rrp41 iRNAi lines, which silence RRP4 and RRP41
after estradiol treatment owing to the induced expression
of an IR transgene targeting RRP4 and RRP41, respect-
ively [Supplementary Figure S1D and (32)]. Furthermore,
because 35S-free loss-of-function mutants in rrp44A were
not available, we generated Arabidopsis lines expressing an
artificial miRNA (65) (amiR-RRP44A) under the ubiqui-
tin promoter, and analysed PTGS in line Hc1.
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Quantitative GUS assays indicated that loss-of-function
of rrp6L1 and down-regulation of rrp4iRNAi and rrp41iRNAi

enhanced PTGS in line Hc1 from the 20% baseline to 30,
90 and 80%, respectively (Figure 1A). Furthermore,
analysis of S-PTGS in Hc1/amiR-RRP44A plants
revealed that line 46, which accumulated more
amiR-RRP44A (Figure 2A) and less RRP44A mRNA
(Figure 2B) than lines 43 and 53, triggered PTGS in
100% ofHc1 plants analysed (Figure 2C) and accumulated
GUS siRNAs (Figure 2B). Moreover, the rrp4iRNAi and
rrp41iRNAi lines triggered PTGS in nearly 70 and 100% of
6b4 plants, respectively (Figure 1B), whereas rrp6L1
mutants did not trigger silencing of 6b4 (GUS silencing
was not observed in 64 6b4/rrp6L1 plants). The effect of
the expression of the artificial amiR-RRP44A on 6b4 PTGS
was not tested. Collectively these data indicate that
mutations in a variety of components involved in RQC
and exonucleolytic RNA turnover have the capacity to
enhance S-PTGS. As all these pathways act on single-
stranded (ss)RNA, these results suggest that modulation
of ssRNA abundance is a key element controlling entry
into PTGS.

To broaden our S-PTGS analysis to an endogenous
silencing system that, like S-PTGS, requires RDR6 and

SGS3 for dsRNA production, we examined the effect of
RQC mutants on the ta-siRNA pathway (66–69). We did
not observe any changes in tasiRNA levels arising from
the TAS1 or TAS2 locus in any of our RQC mutants
(Supplementary Figure S2).

Mutations in NMD, deadenylation and exosome
components do not impact IR-PTGS

Next, we examined the impact of mutations in these
NMD, deadenylation and exosome components on a
PTGS system that produces a stem-loop dsRNA directly
through transcription and, thus, does not rely on the
RDR6- and SGS3-dependent conversion of ssRNA to
dsRNA to become a substrate of DCL proteins. The
line JAP3 expresses a PHYTOENE DESATURASE
(PDS) inverted repeat under the control of the
phloem-specific Suc2 promoter (70) and initiates from
the veins PDS silencing, which can be easily traced
owing to the photobleaching phenotype.
Mutations in NMD, deadenylation and the core

exosome complex did not appear to impact the initiation
or spreading of IR-PTGS in the line JAP3 (Figure 3).
It was shown previously that UPF1 influenced RNAi

A B

C D

Figure 1. NMD, deadenylation and exosome mutants enhance transgene S-PTGS. (A and B) The percentage of silenced plants determined by GUS
quantitative protein assays in the indicated mutant and control lines. The number of plants analysed is indicated above each bar. (C and D) RNA gel
blot analyses of the indicated mutant and control lines. High molecular weight RNA and siRNA gel blots were hybridized with a GUS DNA probe.
25S ribosomal RNA (rRNA) and U6 small nucleolar RNA (snRNA) served as loading controls, respectively. Hc1 plants that were expressing (+)
and silenced (�) for GUS were analysed. The position of GUS 24, 22 and 21 nt siRNAs is noted. Normalized values of GUS mRNA to 25S rRNA
(with either Hc1 (+) or 6b4 levels set at 1.0) and GUS 24 nt and GUS 21–22 nt siRNA to U6 snRNA [with Hc1 (�) levels set at 1.0] are indicated.
ND=non-detectable.
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persistence in Caenorhabditis elegans and IR-PTGS in
Arabidopsis, but UPF1 did not appear to affect RNAi in
Drosophila (71–73). The analysis in Arabidopsis examined
the effect of the upf1-5 mutant, a SALK T-DNA insertion
line containing a 35S promoter, on an IR of the endogen-
ous APETALA 3 (AP3) gene that was expressed under the
35S promoter (71). Given the report of 35S interference
on PTGS observed when combining two transgenes each
containing the 35S promoter (59), we re-examined the
effect of the upf1-5 mutant on IR-PTGS using the JAP3
35S-free IR-PTGS system. Similar to what we observed
for the upf1-6 mutant, the upf1-5 mutant did not appear to
impact the initiation or spreading of JAP3 IR-PTGS
(Figure 3), indicating that UPF1 likely does not play a
role in IR-PTGS in Arabidopsis and that the initial
report likely was hampered by 35S interference.
These results indicate that deadenylation, NMD and

exosome components impinge on PTGS at a step unique
to S-PTGS that is not required for IR-PTGS. It is inter-
esting to speculate that this step is linked to aberrant
ssRNA protection or dsRNA generation, processes
accomplished by the SGS3 and RDR6 proteins, respect-
ively (74–76).

Both nuclear and cytoplasmic RNA decay
proteins regulate S-PTGS

To determine where within the cell the different exo-
nucleolytic RNA decay and S-PTGS pathways could

overlap, we first expressed a subset of the components
for which mutations were shown to alter S-PTGS as trans-
lational fusions to fluorescent reporters in N. benthamiana
leaves (Figure 4). The S-PTGS components RDR6
and SGS3 were confirmed to localize in cytoplasmic foci.
We also confirmed the previously reported subcellular
localization of UPF3 and UPF1 in the nucleus and cyto-
plasmic foci, respectively (77,78). RRP44A was previously
reported to be predominantly nuclear (35), and we
observed that the core subunits of the exosome, RRP4
and RRP41, also were detected primarily in the nucleus,
with only a weak diffuse signal present in the cytoplasm
(Figure 4). Finally, we showed that the deadenylation
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Figure 4. Subcellular localization of NMD, deadenylation, exosome
and PTGS components. Confocal sections and their corresponding
bright-field images of N. benthamiana leaves expressing the indicated
proteins fused to GFP. The arrowheads indicate cytoplasmic foci,
whereas ‘n’ labels the nucleus. Scale bars are shown on the images.
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Figure 2. Expression of an artificial miRNA targeting RRP44A leads
to enhanced S-PTGS. (A) RNA gel blot analyses of three different Hc1
plant lines expressing the artificial RRP44A miRNA amiR-RRP44A.
Small RNA gel blots were hybridized with a GUS DNA probe or an
oligonucleotide antisense to the amiR. U6 served as a loading control
for small RNA. (B) Reverse transcriptase-PCR of RRP44A and
RRP44B transcripts in the corresponding Hc1/amiR-RRP44A and
control Hc1 seedlings. EF1alpha was used as an amplification control.
Normalized values of RRP44A and RRP44B mRNA to EF1 alpha
mRNA (with Hc1 levels set at 1.0) are indicated. (C) The percentage
of silenced plants determined by GUS quantitative protein assays in the
indicated mutant and control lines. The number of plants analysed is
indicated above each bar.
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Figure 3. NMD, deadenylation and exosome mutants do not impact
JAP3 IR-PTGS. Eighteen-day-old control JAP3 plants and JAP3
plants containing the indicated mutations. The photo is representative
of a minimum of 20 plants screened for each genotype.
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factors CCR4a and PARN both accumulated in cytoplas-
mic foci (Figure 4). The subcellular localizations of
UPF3, RRP41, CCR4a, PARN, RDR6 and SGS3
observed in transient expression were confirmed in stable
Arabidopsis lines expressing the fusion proteins at low
levels (Supplementary Figure S3), indicating that the
subcellular localizations observed in N. benthamiana
leaves are not artifacts caused by over-expression.

Although RDR6 has been reported in both the nucleus
and the cytoplasm, it only co-localizes with SGS3 in cyto-
plasmic foci called siRNA-bodies (75,79–81). Another
class of cytoplasmic foci involved in mRNA degradation,
distinct from siRNA-bodies, is the P-bodies where the
decapping complex protein DCP1 accumulates (29,80).

We therefore investigated whether the cytoplasmic
foci observed for UPF1, PARN and CCR4a were
siRNA-bodies or P-bodies or these proteins shuttle
between them. To this end, we co-expressed these tagged
proteins with either fluorescently tagged DCP1 or SGS3.
We observed that tagged UPF1, PARN and CCR4a co-
localized with both DCP1 and SGS3 (Figure 5A and B).
Quantification of the proportion of UPF1, PARN and
CCR4a bodies co-localizing with DCP1 (P-bodies) or
SGS3 (siRNA-bodies) indicated that while nearly 70%
of PARN foci co-localized with siRNA-bodies and
>60% of CCR4a foci were associated with P-bodies
(Figure 5A–C), UPF1 was found nearly equally associated
with both siRNA- and P-bodies. The fraction of UPF1
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siRNA-bodies marker (B). White arrowheads indicate co-localization, and open arrowheads indicate foci positive for only one of the two fusion
proteins. The area enclosed in the dashed box is shown in the close-up view. (C) Percentage of UPF1, PARN and CCR4a foci that co-localize with
either P-bodies (as marked by DCP1) or siRNA-bodies (as marked by SGS3). Percentage of foci co-localizing (black) or not co-localizing (grey) with
DCP1 and SGS3. The total number of foci counted is indicated above each bar. DCP1 and SGS3 foci were never observed to overlap. (D) Confocal
sections of N. benthamiana leaves co-expressing SGS3, DCP1 and UPF1 fluorescent fusion proteins. Upper row: UPF1 is associated with a
siRNA-body that is located adjacent to a P-body. Lower row: UPF1 is associated with a P-body that is located adjacent to two siRNA-bodies.
The area enclosed in the dashed box is shown in the close-up view. Scale bars are shown on the images.
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that co-localized with P- or siRNA-bodies nearly equaled
the fraction of UPF1 that was non-co-localized to the
other body (siRNA- or P-bodies, respectively,
Figure 5C); thus, we more precisely examine these associ-
ations through a triple localization experiment among
UPF1, DCP1 and SGS3. In the triple localization, we
examined 32 adjacent P- and siRNA-body clusters and
observed that for a given group of closely associated
P- and siRNA-bodies, the UPF1 protein was either
associated with the P-body or the siRNA-body but
never with both bodies in the same cluster at the same
time (Figure 5D and Supplementary Table S1).

DISCUSSION

Our results hint to a multi-layered regulatory network
governing RQC and PTGS in different subcellular com-
partments. It was shown previously that mutations in the
cytoplasmic exoribonuclease XRN4, the cytoplasmic
decapping component DCP2 and the nuclear exoribo-
nuclease XRN2 and XRN3 enhance PTGS (49,82).
Here, we show that, in addition to mutations in several
cytoplasmic deadenylation and NMD components, muta-
tions in essentially nuclear RQC components (UPF3,
RRP44A and RRP6L1) enhance PTGS. These results
are in agreement with the existence of both a cytoplasmic
and a nuclear arm to the PTGS pathway (79,83,84) and
suggest that nuclear RNAs, in addition to cytoplasmic
RNAs, are instrumental during S-PTGS. However, it
remains unknown if these nuclear localized proteins are
spatially associated with nuclear components of PTGS.
Indeed, the DCL proteins responsible for siRNA gener-
ation are nuclear localized (85). Additional work is needed
to examine these putative associations.
Although it is intriguing to imagine a nuclear interface

among these pathways, we cannot exclude the possibility
that RNA substrates that evade elimination by these
nuclear RQC components are exported from the nucleus
where they trigger S-PTGS in the cytoplasm. Moreover, it
is also possible that at least a fraction of these primarily
nuclear RQC proteins can be shuttled to the cytoplasm at
certain times. Indeed, in yeast, UPF3 is shuttle protein
operating in NMD, which involves both nuclear-localized
steps and a cytoplasmic-localized translation termination
coupled step (86).
Our observations that UPF1, CCR4a and PARN co-

localize with both P- and siRNA-body markers suggest
that exchange of ribonucleoparticle substrates between
the two RNA degradation bodies can occur. We
propose a model of ssRNA tug-of-war between RQC
and S-PTGS that ensures the correct partitioning of
aberrant RNA substrates among these RNA degradation
mechanisms, potentially contributing to the discrimin-
ation of dysfunctional self-RNA and invading
non–self-RNA from functional self-RNA (87). We assert
that this discrimination allows a cell to efficiently clear
undesirable RNAs without triggering PTGS, which,
owing to the amplification of siRNA production, would
lead to the unregulated trans-degradation of any RNA
transcripts sharing homology with the dsRNA trigger.

Indeed, it is interesting to speculate that the existence of
the S-PTGS pathway may serve to reinforce the efficiency
of RQC pathways to eliminate defective RNAs.

We recognize that this system of checks and balances
between PTGS and RQC pathways was revealed in RQC
mutant plants, and, thus, contend that these pathways
may normally act independently, and that RNA substrate
sharing may only occur when RQC pathways are rendered
inefficient or compromised. Indeed, it is highly plausible
that, in normal conditions, defective endogenous tran-
scripts are eliminated efficiently by RQC pathways so as
to prevent their ‘auto-death’ by PTGS.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR
Online: Supplementary Tables 1 and 2 and
Supplementary Figures 1–3.
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ABSTRACT The complex responses of eukaryotic cells to external factors are governed by several transcriptional and

post-transcriptional processes. Several of them occur in the nucleus and have been linked to the action of non-protein-

coding RNAs (or npcRNAs), both long and small npcRNAs, that recently emerged as major regulators of gene expression.

Regulatory npcRNAs acting in the nucleus include silencing-related RNAs, intergenic npcRNAs, natural antisense RNAs, and

other aberrant RNAs resulting from the interplay between global transcription and RNA processing activities (such as

Dicers and RNA-dependent polymerases). Generally, the resulting npcRNAs exert their regulatory effects through inter-

actions with RNA-binding proteins (or RBPs) within ribonucleoprotein particles (or RNPs). A large group of RBPs are im-

plicated in the silencingmachinery through small interfering RNAs (siRNAs) and their localization suggests that several act

in the nucleus to trigger epigenetic and chromatin changes at a whole-genome scale. Other nuclear RBPs interact with

npcRNAs and change their localization. In the fission yeast, the RNA-binding Mei2p protein, playing pivotal roles in

meiosis, interact with a meiotic npcRNA involved in its nuclear re-localization. Related processes have been identified

in plants and the ENOD40 npcRNA was shown to re-localize a nuclear-speckle RBP from the nucleus to the cytoplasm

in Medicago truncatula. Plant RBPs have been also implicated in RNA-mediated chromatin silencing in the FLC locus

through interaction with specific antisense transcripts. In this review, we discuss the interactions between RBPs and

npcRNAs in the context of nuclear-related processes and their implication in plant development and stress responses.

We propose that these interactions may add a regulatory layer that modulates the interactions between the nuclear

genome and the environment and, consequently, control plant developmental plasticity.

Key words: Abiotic/environmental stress; gene silencing; Arabidopsis; RNA-binding proteins; non-protein-coding RNAs;

nucleus.

INTRODUCTION

In recent years, RNA researchers have shown a growing inter-

est in a hidden part of the transcriptome: the non-protein-

coding RNAs (npcRNAs). This group of RNAs does not encode

proteins but their function is associated with the RNA mole-

cule itself. Although some npcRNAs can code for small func-

tional peptides, they do not contain long ORFs and,

consequently, they have eluded bioinformatic searches mainly

based on coding capacity. Nonetheless, new bioinformatical

and experimental strategies as high-throughput sequencing

of RNAs and microarray analysis have revealed an outstanding

number of novel npcRNA candidates in various model organ-

isms from yeast or plants to Homo sapiens (He et al., 2006;

Hüttenhofer and Vogel 2006; Mattick and Makunin, 2006;

Mercer et al., 2009; Yasuda and Hayashizaki, 2008). Apart from

the well known housekeeping non-protein-coding RNAs like

ribosomal RNA (rRNA), transfer RNA (tRNA), small nucleolar

RNA (snoRNA), and small nuclear RNA (snRNA), many new reg-

ulatory npcRNAs or riboregulators have been discovered and

characterized (Mercer et al., 2009; Wilusz et al., 2009).

NpcRNAs can be transcribed from intergenic regions, but they

also include a surprising number of antisense RNA transcripts,

pseudogenes, and truncated transcripts in eukaryotes. The

transcriptome is surprisingly complex, with long npcRNAs often

overlapping with or interspersed in between coding transcripts.

This complexity has created a shift in our comprehension
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of gene expression as a DNA sequence can be transcribed in

multiple sense and antisense transcripts, intronic npcRNAs,

intergenic, or promoter-associated RNAs (Mercer et al., 2009).

In Arabidopsis thaliana, whole-genome mapping based on

the use of tiling arrays revealed that .50% of observed tran-

scription was intergenic and that numerous antisense RNA tran-

scripts exist (Yamada et al., 2003).

Several well known nuclear RNAs (snRNA, snoRNAs) are

mainly involved in ribosome biogenesis and splicing mecha-

nisms, including alternative splicing, and will not be described

here (reviewed in Simpson et al., 2010). Nevertheless, introns

may themselves code for non-protein-coding RNAs such as the

intronic microRNA (miRNA) or mirtrons (Ying et al., 2010), as

also shown in plants for some miRNAs (Brown et al., 2008;

Hirsch et al., 2006). Globally, npcRNAs have been far less stud-

ied in plants than in animals, in which diverse mechanisms

have been discovered (for review, see Prasanth and Spector,

2007; Voinnet, 2009; Wilusz et al., 2009).

All aspects of RNA metabolism are accompanied by the ac-

tivities of a myriad of RNA-binding proteins (RBPs) (Burd and

Dreyfuss, 1994). Most RBPs contain one or more conserved

domains, such as the RNA-recognition motif (RRM), the K-

homology (KH) motif, RGG (Arg-Gly-Gly) boxes, and double-

stranded RNA-binding domains (dsRBDs). A survey of the A.

thaliana genome for RNA-binding proteins revealed 196

RRM- and 26 KH-containing proteins (Barta et al., 2008;

Lorkovic, 2009). Although most of these proteins have not

been characterized experimentally, forward and reverse ge-

netic approaches are beginning to reveal a requirement for

proteins that have roles in RNA metabolism in plant develop-

ment (Lorkovic, 2009). Several of these RBPs localize in the nu-

cleus and have been linked to diverse nuclear activities (e.g.

nuclear splicing) or sub-nuclear domains (e.g. nuclear speckles,

nucleolus or Cajal bodies). In this review, we will discuss the

interplay between npcRNAs and RNA-binding proteins that

may be involved in environmental stress responses or plant

development through their action in the plant cell nucleus.

REGULATORY NON-PROTEIN-CODING
RNAs COMING TO LIGHT

Regulatory npcRNAs or riboregulators include npcRNAs

expressed at a certain stage of development, during cell differ-

entiation, or as a response to external stimuli, and can affect

transcription or translation of other genes (Mattick and

Makunin, 2006; Yasuda and Hayashizaki, 2008). According to

their size, regulatory npcRNAs are classified as small regulatory

npcRNAs (,40 bp) or long regulatory npcRNAs (.40 bp).

NpcRNAs have been implicated in different regulatory mecha-

nisms in plant development (Brown et al., 2008; Voinnet, 2009),

in environmental biotic interactions, and abiotic stress

responses (Ben Amor et al., 2009; Jay et al., 2010; Sunkar,

2010), and/or shown to have specific localization at tissular, cel-

lular, and sub-cellular levels (Campalans et al., 2004; Zhan and

Lukens, 2010). In Figure 1, we show a schematic representation

of a plant nucleus indicating different sub-nuclear compart-

ments and the biogenesis of both long and small npcRNAs.

The best characterized npcRNAs are the small si/miRNAs, key

regulators of gene expression (Vaucheret, 2006; Voinnet,

2009). The small RNAs range from 20 to 40 nucleotides long

and play a major role in gene silencing at transcriptional

and post-transcriptional levels. There are many classes of small

RNAs acting in the regulation of gene expression by different

pathways, including small interfering RNAs (siRNAs), micro-

RNAs (miRNAs), heterochromatic siRNAs (hc-siRNAs), Piwi-

interacting RNAs (piRNAs), trans-acting siRNAs (ta-siRNAs),

and naturally occurring antisense siRNAs (nat-siRNAs)

(Jamalkandi and Masoudi-Nejad, 2009; MacLean et al., 2010).

Small si/miRNAs induce messenger RNA (mRNA) cleavage and

Figure 1. Schematic Representation of a Plant Nucleus Showing the
Diversity of npcRNAs, their Biogenesis and Potential Mode of
Action.

After transcription, a small percentage of the total RNA pool are
protein coding mRNAs that are exported to the cytoplasm and sub-
sequently translated to give rise to the cellular proteins. Another
large portion of the transcriptome is composed of the so-called
npcRNAs. One part of the npcRNAs will trigger regulatory mecha-
nisms inside the nucleus as indicated by red arrows: examples of
long npcRNAs have been shown to affect transcription, act as an-
tisense RNAs, or be involved in recruitment of Polycomb complexes
and heterochromatin formation. We also show a simplified scheme
of the biogenesis of small npcRNAs, miRNAs, and siRNAs. The latter
exert their function in de novo heterochomatin generation
through the action of AGO-containing complexes or regulate
mRNA stability or translation in the cytoplasm. TFs, transcription
factors; PRC2-like, Polycomb repressive complex 2-like; npcRNAs,
non-protein-coding RNAs; RDRs, RNA dependent RNA polymerases;
DCLs, Dicer-like proteins; AGOs, argonaute proteins; siRNAs, small
interfering RNAs; miRNAs, microRNAs. Different sub-nuclear par-
ticles (nuclear speckles, cajal bodies, nucleolus) are indicated and
heterochromatin is indicated in dark blue.

2 | Charon et al. d Nuclear Non-Coding RNAs

 at C
N

R
S

 (I-20 D
A

W
) on July 13, 2010 

http://m
plant.oxfordjournals.org

D
ow

nloaded from
 

http://mplant.oxfordjournals.org


translational inhibition through pairing with specific mRNA

targets, mainly in the cytoplasm, or lead to transcriptional

gene silencing (TGS), heterochromatin formation, and de

novo DNA methylation in the nucleus (Jamalkandi and

Masoudi-Nejad, 2009; Llave, 2004; Vaucheret, 2006; Verdel

et al., 2009) (Figure 1). Although heterogeneous in size, se-

quence, genomic distribution, biogenesis and action, most

of these molecules mediate repressive gene regulation

through a mechanism often referred to as RNA silencing or

RNA interference (RNAi). Their main role relies on the mainte-

nance of genome integrity and developmental patterning, as

well as on the generation of novel regulatory mechanisms to

help plants to adapt and respond to adverse biotic and abiotic

environmental conditions (Ruiz-Ferrer and Voinnet, 2009).

Hence, the enormous diversity of small RNAs (more than

250 000 different sequences in Arabidopsis, the ASRP data-

base, http://asrp.cgrb.oregonstate.edu/db/) may serve as a sub-

strate to develop novel regulations for the protein-coding

mRNAs as the enzymes involved in the processing of si/miRNAs

are highly related, the RNAase III DICER and the DICER-like

enzymes. The miRNA precursors are generally cleaved by

DICER-like enzymes (four genes in A. thaliana, DICER-like

(DCL)1 to DCL4) and the resulting small RNA is incorporated

in the RNA silencing complex (RISC) containing ARGONAUTE

(AGO) proteins and determines the specificity of action of this

complex (Vaucheret, 2006). The recognition of specific mRNA

targets through the loaded miRNA will lead to the cleavage or

the translational inhibition of the mRNA target (Xie et al.,

2010). For siRNAs, the recognition of transgene mRNA targets

leads to their degradation in a similar way (gene silencing) but

also to the generation of secondary siRNAs (Vaucheret, 2006).

In A. thaliana, DCL1 is the main enzyme responsible for miRNA

production from imperfectly double-stranded RNA precursors

arising from spontaneous folding of endogenous loci. Plant

miRNAs are then exported to the cytoplasm and taken up in

the RISC complex to exert their function on mRNAs, a well de-

scribed post-transcriptional regulatory process (Voinnet,

2009). In fact, transcription factors and miRNAs are the major

trans-acting regulators that determine the dynamic equilib-

rium of transcriptional networks at each developmental stage

in eukaryotes (Hobert, 2008). As negative regulators of gene

expression, they can act as developmental switches used to

shut down gene expression programs. Alternatively, small

RNAs can fine tune gene expression to quantitatively adapt

the development to endogenous or environmental fluctua-

tions and therefore act as canalization factors (Li et al., 2009).

Other endogenous pathways lead to gene silencing in

plants. In contrast to miRNAs, siRNAs derive from dsRNA

(double-stranded RNA) precursors, which originate from

either convergent transcription of neighboring loci, inverted

repeats, or from the action of RNA-dependent RNA poly-

merases (RDR) on precursor single-stranded RNAs, including

transgenes or viruses, so-called aberrant RNAs (Chapman and

Carrington, 2007; Vaucheret, 2006). The different DCL

enzymes produce siRNA classes with different sizes. DCL4

produces 21-nt ta-siRNAs through recognition of the cleaved

product of the long TASnpcRNAs by a specific miRNA (Chapman

and Carrington, 2007). This cleaved product is converted into

a dsRNA by the RDR6 polymerase and then cleaved by DCL4

to release ta-siRNAs loaded into AGO1 and guiding the cleav-

age of complementary mRNA in the cytoplasm. On the other

hand, DCL3 produces 24-nt siRNAs from transposons and

repeats RNA after they are converted into dsRNA by PolIV

and the RDR2 polymerase (Vaucheret, 2006; Voinnet, 2009).

These 24-nt siRNAs associate with AGO4 and other proteins,

and induce transcriptional silencing through histone modifica-

tion, DNA methylation, and chromatin remodeling. Finally,

transcription of overlapping gene pairs in a convergent orien-

tation therefore allowing the production of antisense tran-

scripts can lead to the production of dsRNA and the so-called

nat-siRNAs (natural antisense-siRNAs) through DCL enzymes

(Borsani et al., 2005). In A. thaliana, the four members of the

DICER family coupled to the 10 ARGONAUTE (AGO) members

preclude an enormous complexity of the different pathways

in which si/miRNAs can act (Chen, 2009; Höck and Meister,

2008; Margis et al., 2006). In all those pathways, there are some

steps occurring in the nucleus, and all of them are tightly linked

to the presence of specific RNA-binding proteins having differ-

ent functions to ensure the functionality of the small RNAs in

gene silencing, heterochromatin formation, or mRNA post-

transcriptional regulation.

In contrast to small npcRNAs, much less is known about the

diversity of biogenesis and action of long npcRNAs. These tran-

scripts, as the miRNA precursors, are generally produced by

RNA polymerase II, capped, and polyadenylated. Few data ex-

ist on long npcRNA activity, sub-cellular localization or molec-

ular roles in plants; however, several of these npcRNAs have

been identified (Ben Amor et al., 2009; Charon et al., 1999;

Franco-Zorrilla et al., 2007; Hirsch et al., 2006; Ma et al.,

2008). Although npcRNAs may play essential cytoplasmic reg-

ulatory roles such as inhibiting miRNA activity (Franco-Zorrilla

et al., 2007) or affecting miRNA expression through other in-

direct means (Ben Amor et al., 2009), others seem to act as cis-

or trans-antisense RNAs (Borsani et al., 2005; Katiyar-Agarwal

et al., 2007)—a process that may be linked to the nucleus. In

addition, as small siRNAs, long npcRNAs can also mediate epi-

genetic changes by recruiting chromatin remodeling com-

plexes to specific genomic loci, as shown for the HOTAIR

(HOX antisense RNA) that silences transcription across 40 kb

of theHOXD locus inDrosophila (Rinn et al., 2007). This process

is mediated by the Polycomb chromatin remodeling complex

PRC2 and the HOTAIR RNA. Homologs of certain members of

the PRC complex have been identified in plants and their

mutations affect heterochromatin organization, cell prolifer-

ation and lead to spontaneous embryogenesis in plants

(Chanvivattana et al., 2004), suggesting a link between hetero-

chromatin regulation and plant development. Nevertheless,

npcRNAs linked to the action of these plant PRC-like genes

have not yet been identified. Other studies on npcRNA showed

their ability to modulate nuclear activities of different
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proteins. For example, in the presence of an npcRNA, the TLS

(TRANSLOCATED IN LIPOSARCOMA) protein can change its

conformation into an active form to inhibit the histone

acetyl-transferases CBP and P300, and silence the cyclin D1 in

human cells (Wang et al., 2008). More recently, the GAS5

npcRNA (for GROWTH ARREST SPECIFIC5) has been shown to

bind specifically to the GLUCOCORTICOID RECEPTOR (GR) pro-

tein, a transcription factor involved in cell growth, and to inhibit

its activity in HeLa cells (Kino et al., 2010). Other mechanisms

imply the transcription of an npcRNA across the promoter re-

gion of a downstream protein-coding gene to interfere with

its expression pattern (Martens et al., 2004) or to induce histone

modification leading to the repression of transcription initia-

tion (Houseley et al., 2008) or, conversely, chromatin remodeling

and opening to activate transcription (Hirota et al., 2008).

The action of long npcRNAs that are not precursors of small

RNAs, and act through direct interaction with the transcription

machinery or via chromatin formation, are also depicted in

Figure 1.

RNA-BINDING PROTEINS LINKED TO
SILENCING MECHANISMS MAY ACT IN
THE NUCLEUS

Identification of the RBPs with which each npcRNA is associ-

ated is at the core of understanding RNP interaction networks

in the cell. Several RNA-binding proteins are involved in the

biogenesis and the mechanisms of action of small RNAs. In

plants, the RNAi pathways have been largely diversified and

amplified, and several steps occur in the nucleus. In addition

to the cleavage and the degradation of target homologous

mRNAs in the cytoplasm (gene silencing), small siRNAs play

a role in maintaining epigenetic marks in eukaryotic genomes

(Valencia-Sanchez et al., 2006). Genome-wide analyses of DNA

methylation at single-base resolution demonstrated that siR-

NAs direct approximately 30% of the cytosine methylation

in A. thaliana (Cokus et al., 2008; Lister et al., 2008). Likely, long

npcRNAs are substrates for DCL3 and are processed by the RNA

silencing apparatus to generate 24-nt siRNAs that, in turn, will

guide chromatin modifications to homologous regions of the

genome (Bühler, 2009; Grewal and Elgin, 2007; Kloc and

Martienssen, 2008; Matzke et al., 2009; Nagano et al., 2008;

Zaratiegui et al., 2007). This last mechanism is known as

RNA directed DNA methylation (RdDM) (Huettel et al.,

2007), and was observed for the first time in tobacco plants

infected with viroids, pathogen circular RNA molecules (Was-

senegger et al., 1994). A proposed model for the RdDM path-

way in A. thaliana begins with the recruitment of a form of the

DNA-dependent RNA polymerase IV, the POL IVa, to a target

genomic site (e.g. a transposon or DNA tandem repeats),

through an unknown mechanism. The POLIV in Arabidopsis

exists in two isoforms (POLIVa and POLIVb), with NRPD1a

and NRPD1b as their respective largest subunits, and both iso-

forms are implicated in the production and activity of siRNAs

and in RNA-directed DNA methylation (RdDM) (Mosher et al.,

2008). The POLIVa isoform synthesizes a single-stranded RNA

(ssRNA) that is recognized by RDR2 (RNA-DEPENDENT RNA

POLYMERASE2) and/or POLIVa as an aberrant RNA, and subse-

quently converted by them into dsRNAs. The dsRNA is then

digested by DCL3 to produce siRNAs that are loaded onto

AGO4 proteins. An AGO4 protein bound to a siRNA may form

a complex with POL IVb, and DRM2 (a de novo cytosine methyl-

transferase, DOMAIN REARRANGED METHYL-TRANSFERASE2)

to initiate, in a sequence-specific manner, DNA methylation,

histone methylation, and possibly ATP-dependent chromatin

remodeling (Henderson and Jacobsen, 2007; Matzke et al.,

2009). Other genetic approaches revealed that DRD1, a puta-

tive chromatin remodeling protein involved in RNA-directed

DNA methylation, acts together with AGO4 to enable DRM2

to access the target DNA to carry out de novo DNA methyl-

ation (Huettel et al., 2006, 2007). Nevertheless, this is an ac-

tive process, and the methylation status of a number of genes

seems dynamically regulated by methylation and demethyla-

tion (Bei et al., 2007; Lister et al., 2008; Penterman et al.,

2007a, 2007b; Zhu et al., 2007; Zhu, 2008). Active demethyla-

tion may naturally function to protect plant genes from ge-

nome defense pathways and/or reversibly modulate

transcription in non-dividing cells (Huettel et al., 2006; Lister

et al., 2008; Penterman et al., 2007a). In A. thaliana, this pro-

cess is mediated by a subfamily of DNA glycosylases, including

the ROS1 (REPRESSOR OF SILENCING1), that prevent DNA

hyper-methylation and transcriptional gene silencing of

the specific transgene, but it is still unknown how these pro-

teins are targeted to specific sequences (Penterman et al.,

2007a; Zhu et al., 2007). More recently, another element of

this pathway was identified—the ROS3 protein that has an

amino-terminal RNA-recognition motif (RRM) able to bind

in vivo specific small RNAs (Zheng et al., 2008). ROS3 may di-

rect demethylation of target sequences and further studies

will clarify whether ROS3 can also bind larger npcRNAs

and which specific sequence features it recognizes (Zheng

et al., 2008). Interestingly, immuno-localization experiments

revealed that ROS3 is localized in the nucleoplasm as well as

in the nucleolus, as scattered speckle-like structures, and

ROS1 was similarly found to be dispersed throughout the

nucleoplasm and nucleolus. However, the ROS1 immuno-

localization signals tended to appear more diffuse and

smaller than the ROS3 nuclear foci (Zheng et al., 2008; Zhu

et al., 2007). Taken together, the results indicate that ROS1

and ROS3 are interdependent for their nuclear, and especially

nucleolar, co-localization, and that ROS3 functions in the

same DNA demethylation pathway with ROS1 through the

recognition of specific npcRNAs (small RNAs and/or larger

RNAs) to guide sequence-specific DNA demethylation. In fact,

several other components of the RdDM have been found in

nuclear bodies or processing centers adjacent to or within the

nucleolus in A. thaliana (Li et al., 2006; Pontes et al., 2006;

Verdel et al., 2009) (Figure 2). Proteins that formed such dis-

crete nuclear bodies include RDR2, DCL3, AGO4, and the

subunit NRPD1b of POLIV.
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Another mechanism involving RBPs in silencing pathways

also linked to the nucleus is the miRNA biogenesis pathway.

Some of its components, namely the processing factors

DCL1 and HYL1, are present in nucleoplasm foci known as DIC-

ING bodies (D-bodies) (Fang and Spector, 2007; Song et al.,

2007). However, contrarily to RDR2, DCL3, AGO4, and NRPD1b,

they do not have an exclusive link with the nucleolus. Finally,

a recent work demonstrated that AGO4 is present in two dis-

tinct types of bodies. The major part of AGO4 is found in Cajal

bodies, whereas a smaller population is located in a second

class of bodies called AB-bodies (Li et al., 2008). Those bodies

contained some RdDM components as the DNA methyl-

transferase DRM2, and NRPD1b and NRPD2 (the smallest sub-

unit of POLIV) were found to be adjacent to the 45S ribosomal

DNA (rDNA) loci, suggesting that these bodies may be a site of

active RNA-directed DNA methylation. Cajal bodies are nuclear

compartments mainly adjacent to the nucleolus that can also

be observed in the nucleoplasm. They serve as important cen-

ters for the maturation and processing of several ribonucleo-

particles, which enter the Cajal body, are modified there, and

then exit for further utilization in other processes elsewhere

(Cioce and Lamond, 2005). Cajal bodies were shown to be dy-

namic structures in a constant state of assembly/disassembly

implicated in diverse processes as in the assembly and traffick-

ing of telomerase (Lukowiak et al., 2001), of U7 small nuclear

ribonucleoprotein particule (snRNP) (Cioce and Lamond, 2005;

Handwerger and Gall, 2006) and of RNA polymerase I, II, and III

transcription factors (Pontes and Pikaard, 2008). Cajal bodies

also play roles in assembling snoRNA ribonucleoprotein

(snoRNP) complexes that are thought to accumulate in Cajal

bodies before entering the nucleolus (Pontes and Pikaard,

2008). Their role in the regulation of processing or maturation

of silencing complexes is still unknown.

RNA-BINDING PROTEIN AND LONG NON-
PROTEIN-CODING RNA NUCLEAR
INTERACTIONS MAY AFFECT PLANT
DEVELOPMENT

Through interaction with specific RBPs, long npcRNAs may

modulate the cellular RNP networks to determine new pat-

terns of gene regulation similarly to small npcRNAs. One

Figure 2. Regulatory Mechanisms Involving npcRNAs that May Affect Adaptive Developmental Responses to the Environment.

Diverse mechanisms linking certain npcRNAs and RBPs discussed in the text are schematized (arrows). MtRBP1 re-localizes from nuclear
speckles to cytoplasmic particles in the presence the ENOD40 npcRNA. Alternatively, AtMEI2-like proteins may be re-localized into the
nucleus through interaction with npcRNAs, as shown in yeast cells. Another mechanism involves siRNAs loaded in AGO4-containing com-
plexes in association with specific RBPs (ROS3/ROS1) and the demethylase DRM2 to trigger DNA methylation. Finally, 3’ processing of an
antisense npcRNA results in epigenetic changes at the FLC locus. FLC, FLORAL LOCUS C; MtRBP1, Medicago truncatula RNA Binding Protein
1; AtMEI2-like, Arabidopsis thaliana MEIosis2-like; AtDRM2, Arabidopsis thaliana Domains Rearranged Methyl-transferase 2; AtROS, Ara-
bidopsis thaliana Repressor Of Silencing.
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sub-nuclear structure involved in multiple RNA-related pro-

cesses is the nuclear speckle and one of its functions is the

storage of the small nuclear ribonucleoprotein (snRNP) spli-

ceosomal complexes (maturated in the Cajal bodies) until the

appropriate molecular signals trigger their journey to tran-

scribing genes in the spliceosomes, therefore acting in mRNA

processing (Cioce and Lamond, 2005; Handwerger and

Gall, 2006; Li et al., 2006). These nuclear speckles (or inter-

chromatin granule clusters) are spotted shapeless structures

containing elevated concentrations of splicing snRNPs and

other splicing-related proteins that participate in the co-

transcriptional splicing of mRNAs at the chromosomes, in ad-

dition to several molecules with structural roles in the cell

(Shaw and Brown, 2004). In mammalian cells, changes in tran-

scription and protein phosphorylation state perturb the

composition and intra-nuclear localization of the speckles

(Lamond and Spector, 2003). Besides, nuclear speckles may

also supply a stopover and regulatory checkpoint for compo-

nents traveling with mRNAs through the nuclear pore to the

cytoplasm (Handwerger and Gall, 2006). Interestingly, RBPs

present in nuclear speckles and interacting with npcRNAs

may play a role in plant development. The npcRNA family

ENOD40 has been involved in the formation of symbiotic

nitrogen-fixing nodules in legumes (Charon et al., 1999;

Crespi and Gàlvez, 2000; Kouchi et al., 1999). Transgenic

Medicago truncatula plants overexpressing or silenced for

ENOD40 exhibited accelerated nodulation or form only

a few and modified nodule-like structures, respectively, sug-

gesting that MtENOD40 regulates nodule development

(Charon et al., 1999; Wan et al., 2007). The ENOD40 npcRNA

is highly structured (Crespi et al., 1994; Girard et al., 2003),

although a small peptide has been proposed to be translated

from this transcript (Rohrig et al., 2002). Using the yeast

three-hybrid system, a constitutively expressed RNA-binding

protein, MtRBP1, localized in nuclear speckles, has been iden-

tified to interact with the ENOD40 RNA (Campalans et al.,

2004) (Figure 2). Immuno-localization experiments and tran-

sient assays demonstrated that the MtENOD40 npcRNA seems

to be required for the re-localization of MtRBP1, from nu-

clear speckles to cytoplasmic granules, during nodule organ-

ogenesis (Campalans et al., 2004).

Re-localization of RNP complexes has also been linked to

the action of npcRNAs in the fission yeast. The sme2/meiRNA

npcRNA was shown to bind the Mei2p protein, considered as

a master regulator of meiosis (Watanabe and Yamamoto,

1994). The mei2 gene encodes an RBP with three RNA-

recognition motifs (RRMs), of which the C-terminal RRM3

is critical for its function (Watanabe et al., 1997). During mi-

tosis, mei2 transcripts are accumulated but Mei2p remains in-

active within the cytoplasm. Under meiosis-inducing

conditions (mainly nutrient starvation), Mei2p shuttles from

the cytoplasm to the nucleus (Sato et al., 2001; Yamashita

et al., 1998), where it binds to the meiRNA npcRNA at the

sme2 locus and forms a Mei2p dot structure (Shimada et al.,

2003). Formation of this dot coincides with the onset of mei-

osis I and Mei2p may antagonize selective elimination of mei-

otic messenger RNAs by sequestering another RBP, Mmi1p, in

this nuclear dot structure (Harigaya et al., 2006; Harigaya and

Yamamoto, 2007). Whereas one unique mei2 gene is present

in S. pombe and does not exist in S. cerevisiae, the mei2-like

family has undergone a great expansion in the vascular plant

lineage (Anderson et al., 2004; Charon et al., 2010; Jeffares

et al., 2004). All these plant mei2-like genes encode RBPs with

three RRMs, particularly the third distinctive C-terminal RRM

that is essential for Mei2p function and only present in the

Mei2p-like proteins. Nevertheless, Mei2p-like TEL (TERMINAL

EAR1-like) proteins are only found in land plants and can be

distinguished from the other Mei2p-like proteins by the pres-

ence of a 14–18-amino acid specific insertion within this third

RRM (Anderson et al., 2004; Jeffares et al., 2004). In mono-

cots, TEL genes were shown to regulate leaf initiation and de-

velopment, as well as flowering transition and inflorescence

development (Veit et al., 1998; Kawakatsu et al., 2006; Xiong

et al., 2006), whereas the other mei2-like genes, like the AMLs

(Arabidopsis mei2-like) in A. thaliana, mainly seem to play

a role in meiosis like mei2 in fission yeast (Hirayama et al.,

1997; Kaur et al., 2006). Expression analysis confirmed a

conserved association of TEL expression with tissue and

organ initiation (Paquet et al., 2005; Charon et al., 2010), sug-

gesting a putative role for TEL RBPs in the cellular mitosis-

differentiation transition. Sme2-like npcRNAs appear not

to exist in plants (C. Charon, unpublished data) and plant

RNA Mei2p-like RBP partners still remain unknown. However,

npcRNA sequences can diverge rapidly even between closely

related species (Mercer et al., 2009). These re-localization

mechanisms are depicted in Figure 2. In the case of the

A. thaliana Mei2p-like proteins, their nucleo-cytoplasmic

translocations were hypothesized from the re-localization

of Mei2p in S. pombe, since the sub-cellular localization of

the plant Mei2p-related proteins remains unknown.

ANTISENSE RNAs MAY MODIFY
EPIGENETIC PATTERNS OF EXPRESSION
AND ARE ACTIVELY DEGRADED IN
PLANT CELLS

Long npcRNAs produced in the nuclei such as processed ‘ab-

errant’ RNAs (RNAs without cap or polyadenylated tail) or

antisense RNAs can generate double-stranded RNAs and

trigger silencing mechanisms through the action of DCLs,

leading to the generation of heterochromatin-siRNAs or

nat-siRNAs as mentioned above. However, other RNA quality-

control mechanisms occur in the cell. For example, the

non-sense-mediated mRNA decay (or NMD) is a quality-

control mechanism related to cytoplasmic foci known as P-

bodies that recognizes premature nonsense or stop codons

(PTC) within an mRNA by the action of the exon-junction

complex (EJC) that marks correctly fused exons (Pontes and

Pikaard, 2008). After recognition of an incorrectly positioned

stop codon, the NMD system signals the elimination of the
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mRNAs through de-capping, de-adenylation, and exonucleo-

lytic degradation (Amrani et al., 2006; Conti and Izaurralde,

2005; Lejeune and Maquat, 2005). The UP-frameshift pro-

teins (UPFs) are essential for NMD and three UPF genes exist

in A. thaliana. A genome-wide analysis of these mutants

revealed that in addition to the expected NMD substrates,

most npcRNAs, including large numbers of antisense RNAs,

are degraded by this pathway, suggesting that one of the

most important roles of NMD is the genome-wide suppres-

sion of aberrant or antisense RNAs (Kurihara et al., 2009). In-

terestingly, a proteomic approach using Arabidopsis nucleoli

revealed the presence of several unexpected proteins, nota-

bly some components of the post-splicing EJC involved in

mRNA export and NMD, proposing an additional function

of the nucleolus in mRNA surveillance (Pendle et al., 2005).

More recently, two components of the NMD were shown

to localize in the nucleolus: the UPF2 and UPF3 proteins

(Kim et al., 2009), further reinforcing a role for the nucleolus

in these processes. Similarly, a genome-wide atlas of exosome

substrates in A. thaliana revealed, in addition to mRNA and

miRNA processing intermediates, hundreds of npcRNAs not

previously described (Chekanova et al., 2007). The exosome

is a macromolecular complex that mediates RNA processing

and degradation, in both the nucleus and the cytoplasm,

and is generally essential for viability in eukaryotes. These

npcRNAs only detected in exosome mutants include large

numbers of antisense RNAs as they are rapidly and actively

degraded in wild-type plants; however, certain of them

may play post-transcriptional regulatory roles. Recently, it

has been elegantly shown that the targeted 3’ processing

of antisense transcripts triggers Arabidopsis chromatin silenc-

ing at the locus encoding the major flowering repressor FLC

(FLOWERING LOCUS C; Liu et al., 2010). In fact, FLC represses

several major floral regulators, and vernalization, the regula-

tion of flowering competence through cold exposure of

plants, leads to the deposition of epigenetic marks in this lo-

cus to activate early flowering (Simpson et al., 2003). This epi-

genetic control results in FLC transcriptional silencing

through the activities of two RBPs (FCA and FPA), a member

of a 3’ RNA processing complex, and a histone demethylase

(Liu et al., 2007; Simpson et al., 2003). A suppressor mutagen-

esis screen and a detailed analysis of FLC locus transcription

revealed the 3’ processing of FLC antisense (but not sense)

transcripts. A specific RBP directs the 3’ processing activities

to a proximal antisense polyadenylation site, a targeted pro-

cessing triggering locally histone demethylation and leading

to FLC sense silencing (Liu et al., 2010, Figure 2). As the RBPs

involved in this mechanism also silence transposons and

transgenes in Arabidopsis (Bäurle et al., 2007), the 3’ process-

ing of antisense transcripts may be a general mechanism trig-

gering chromatin silencing in eukaryotes (Liu et al., 2010).

These nuclear roles of npcRNAs can have consequences on

the generation of novel patterns of gene expression and,

as shown for the FLC locus, can trigger environmentally

driven epigenetic changes.

CONCLUDING REMARKS

Even though many nuclear RBPs have been identified as hav-

ing critical roles during the development and in epigenetic

remodeling of chromatin, it is largely unclear how their action

may control development, primarily due to the difficulty in

identifying their RNA partners (Lorkovic, 2009). Most RBPs

are likely to have multiple RNA partners such as mRNAs and

npcRNAs (e.g. antisense RNAs, various ‘aberrant’ RNAs or

mRNA-like npcRNAs) that may compete in the different RNPs

to generate RNA networks in which npcRNAs can act as com-

petitors or activators and determine their localization or

action.

The large diversity of npcRNAs identified in eukaryotes sup-

ports the notion that npcRNAs are important to explain, at

least in part, the complexity of multi-cellular organisms, since

the total number of protein coding genes in diverse organisms

(from a sea anemone to humans) varies much less than the

number of different transcripts along evolutionary scales

(Mattick and Makunin, 2006; Yasuda and Hayashizaki, 2008).

It has then been suggested that such npcRNAs may modulate

the resulting proteome from a specific transcriptome and

increases genome plasticity (Mercer et al., 2009) and partly ex-

plain the large variations observed between these genomic

approaches (ENCODE Project Consortium, 2007).

Plants exhibit a remarkable flexibility in their architecture

and developmental patterns in response to external condi-

tions, in contrast to animals, due to the continuously active

growth of shoot and root meristems and their capability to

generate new organs after embryogenesis (Wolters and

Jürgens 2009). This developmental plasticity is a major charac-

teristic of higher plants allowing individuals having the same

genotype to give rise to different phenotypes, depending on

environmental conditions. We suggest that npcRNAs by mod-

ulating RNP networks could be involved in this plasticity and

significantly impact the outcome of the transcriptome, notably

in response to abiotic stresses, in order to adapt growth and

development to the environment. Riboregulation mediated

by npcRNA–RBPs interactions is emerging as an important de-

terminant of differentiation in eukaryotes. Several of these

mechanisms may be linked to the active transcription taking

place in the nuclei and may use the large amount of npcRNAs

accumulating in this compartment to introduce flexibility to

the system, notably adding an epigenetic dimension to the ge-

nome (Figure 2). Future challenges lie in understanding the in-

terplay of these molecular mechanisms with the RNP networks

to determine growth and developmental outcomes under dif-

ferent environmental conditions.
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Plants have remarkable developmental plasticity, and the same genotype can result in different
phenotypes depending on environmental variation. Indeed, abiotic stresses or biotic interactions affect
organogenesis and post-embryonic growth and significantly affect gene regulation. The large diversity of
non-protein-coding RNAs (npcRNAs) and genes containing only short open reading frames that are
expressed during plant growth and development, contribute to the regulation of gene expression. Certain
npcRNAs code for oligopeptides and may possess additional biological activity linked to the RNA moiety.
The ENOD40 gene is a dual RNA that is activated during a symbiotic interaction leading to root nodule
organogenesis. Both the oligopeptides encoded by ENOD40 and the structured regions of the ENOD40
RNA have been shown to interact with different proteins in the cell to control enzymatic activities or
induce the relocalisation of ribonucleoproteins, respectively. Other npcRNAs encode for small signalling
peptides or are the precursors of small RNAs involved in post-transcriptional or transcriptional gene
silencing. They may have RNA-related activities or encode peptides (or even larger proteins), and
therefore act as dual RNAs. In addition, long natural antisense RNAs with a coding function and a regu-
latory RNA-mediated action that are expressed in response to abiotic stress in plants have been iden-
tified. In certain cases, these RNAs lead to the synthesis of nat-siRNAs, that are small RNAs derived from
the overlapping double-stranded RNA region of natural antisense RNAs, which facilitates the silencing of
complementary mRNAs. Finally, the advent of deep sequencing technologies has identified a large
number of non-protein-coding RNAs in plants, which could be a large reservoir for dual RNAs.

� 2011 Elsevier Masson SAS. All rights reserved.
1. Introduction

Over the last years, several non-protein-coding RNAs have been
identified, and recently, several of these long RNAs have been
shown to encode short peptides. Furthermore, protein-coding
mRNAs can also exert other RNA-intrinsic functions, such as
acting as antisense RNAs. In fact, during evolution, some genes have
lost their protein-coding capacity following mutation or the
insertion of transposable elements and, conversely, non-protein-
coding RNAs (npcRNAs) or pseudogenes have gained the capacity
to encode new proteins [1]. Several genes seem to have both an
intrinsic RNA activity and protein-coding capacity; therefore, they
may have dual activities and can be considered bi-functional RNAs.
Generally, dual functional RNAs are RNAs that have two distinct
mechanisms of action, e.g., a human small nucleolar RNA also has
a microRNA-like function [2].

Many different npcRNAs give rise to a variety of small RNAs,
such as microRNAs (miRNAs) and small interfering RNAs (siRNAs),
33169823695.
respi).

son SAS. All rights reserved.
which are RNAmolecules less than 30 nucleotides long that repress
gene expression at the transcriptional or post-transcriptional level.
In some cases, these small RNA precursors may also encode
proteins and, therefore, act as dual RNAs. Other fundamental
mechanisms also depend on new classes of long npcRNAs whose
sequence, secondary structure and interactions may allow them to
interact with many ribonucleoproteins (RNPs) in the cell and affect
their function. Furthermore, a significant number of antisense RNAs
or NAT-RNAs (for Natural Antisense RNAs), which are transcripts
complementary to cis or transmRNAs that repress the expression of
the transcripts to which they bind, have been identified. Several
NAT-RNAs also have coding capacity, and these transcripts may also
act as dual RNAs, depending on the timing and conditions in the
cell. Hence, several of these long npcRNAs encode oligopeptides
that may be translated under specific conditions and participate in
signalling or endogenous regulatory mechanisms. The recent
evolution of sequencing technologies has led to the discovery of
large numbers of npcRNAs that can act either an inhibitory RNA
(small RNAs, antisense RNAs or long npcRNAs) and/or the poten-
tially encoded peptides. However, in the plant kingdom, there are
few studies examining npcRNAs and/or dual RNAs.
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Fig. 1. Several dual RNAs participate in the modulation of plant development, which is
highly sensitive to environmental conditions. Plant growth and development is highly
influenced by environmental variations that have a strong impact on gene regulation.
The response to these environmental variations, such as the interaction of roots with
symbionts (symbiotic interactions), salt stress or nutrient starvation, has implicated
dual RNAs. At the cellular level, pre-RNAs undergo different maturation steps, such as
splicing, leading to the generation of mRNA. Dual RNAs can produce different small
RNAs, mRNAs with a complex secondary structure or natural antisense RNAs
(NAT-RNAs), which can regulate other mRNAs via integration into different ribonu-
cleoproteins (RNP). Long non-protein-coding RNAs can additionally encode small
peptides that can be translated in the ribosomes. Small RNAs and microRNAs associ-
ated with RNPs are able to induce gene silencing either transcriptionally in the nucleus
(transcriptional gene silencing; TGS) or post-transcriptionally (PTGS). Hence, both the
peptide and the intrinsic RNA activity may be associated with different classes of
npcRNAs that modulate the expression of critical genes during plant development.
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Plants are complex eukaryotic organisms that are highly sensi-
tive to environmental variation, such as low or high temperatures,
drought or nutrient starvation. Both biotic and abiotic stresses
affect plant growth and development and contribute to their
adaptation to specific environmental conditions. This so-called
developmental plasticity allows plants with the same genotype to
display different phenotypes depending on post-embryonic
development in response to stress conditions. Plants are sessile
organisms that constantly modulate their gene expression patterns
in response to their environment, and several RNA-regulated
mechanisms may be involved in this process. Indeed, transcrip-
tional and post-transcriptional gene silencing (TGS and PTGS
respectively) has beenwell documented in plants, and siRNAs were
first discovered in plants. Here, we report some examples of bi-
functional RNAs that have already been characterised in plants,
and we also discuss several examples of antisense RNAs, long
npcRNAs and short open reading frame (sORF)eencoded peptides,
which may act in the future as dual RNAs Fig. 1.
2. ENOD40, a non-protein-coding RNA, may act as a dual RNA

The ENOD40 genes code for highly structured plant mRNAs that
contain a series of sORFs without any long ORF [3,4] and are involved
in root nodule organogenesis, a process occurring essentially in
legumes. Root nodules are nitrogen-fixing symbiotic plant organs that
result from the interaction of soil bacteria of the genus Rhizobiumwith
the roots of host legumes [5,6]. The development of root nodules
depends on the coordinated expression of plant and bacterial genes,
beginning with the induction of nodule formation by specific signals
(Nod factors; [7,8]). This process initiates with cell-specific division in
the roots, where ENOD40 is strongly expressed [9,10]. The ENOD40
gene is present in all legumes examined to date and are characterised
by specific conserved nucleotide sequences that can be also found in
some non-leguminous plants [4]. Furthermore, transgenic lines with
increased or decreased levels of ENOD40 exhibit accelerated or
reduced nodulation, respectively [3]. It was first proposed that
ENOD40 was an npcRNA due to its highly stable RNA secondary
structure, a characteristic of known non-coding RNAs [10,11] and due
to the fact that only small peptides were encoded by these conserved
transcripts. Furthermore, small peptides could also be produced using
in vitro translation [12]. Translational analysis identified two sORFs
(sORF I and II; 13 and 27 amino acids long, respectively) that could be
translated from this transcript in Medicago truncatula [13]. sORF
I contains a conserved nucleotide region that is also conserved in
many legumes species, but not other plants, in contrast to the highly
conserved stem-loops of the ENOD40 RNA [14]. Hence, sORFs may
play a role in symbiotic nodule formation. A cell-specific assay for the
action of ENOD40 in Medicago sativa was developed using a biolistic
process. Microtargeting of ENOD40 specifically induced the division of
root inner cortex cells 2 days after expression [13], which is consistent
with the in situ localisation of ENOD40 expression in this cell layer
during nodule organogenesis [9]. The inner cortex cell layer corre-
sponds to the first observable division during early nodule develop-
ment.Mutations in the start codons of the each sORF strongly reduced
ENOD40 activity in this layer. Interestingly, mutations in the predicted
structured RNA region also strongly inhibited induced cell division
[13]. These results confirm the importance of both the sORF peptides
and the RNA secondary structure of ENOD40 in its activity and indi-
cate that ENOD40 encodes a bi-functional or dual RNA.

Data on the biological effects of ENOD40 de-regulation suggest
that the functions of this gene may not be restricted to the regulation
of symbiosis. However, the molecular mechanisms underlying its
activity are unclear. To gain further insight into the action of ENOD40,
molecules that interact with the peptides or RNA were identified. A
novel RNA-binding protein MtRBP1 (for M. truncatula RNA-Binding
Protein1), which interacts with the ENOD40 RNA, was identified
using a yeast three-hybrid screen. Immunolocalisation studies and
the use of an MtRBP1-DsRed2 fusion construct showed that MtRBP1
localised to nuclear “speckles,” which are nuclear ribonucleoprotein
complexes known to house the splicing machinery in plant cells.
Interestingly, MtRBP1 was located in the cytoplasm of ENOD40-
expressing cells in M. truncatula nodules. The direct involvement of
the enod40 RNA in MtRBP1 relocalisation into cytoplasmic granules
was confirmed using a transient expression assay and an MS2
bacteriophage system to tag the ENOD40 RNA [15]. This in vivo
approach to monitor RNAeprotein interactions demonstrated that
the cytoplasmic relocalisation of MtRBP1 was mediated by ENOD40
and suggested that the relocalisation of nuclear RNA-binding proteins
could be a new function mediated by npcRNAs [15]. However, the
ENOD40 peptides expressed in soybeans were shown to bind to
sucrose synthase (SUC1). This interaction suggests that the sORF
peptides could play a role in the regulation of sucrose utilisation in the
nodules [12]. In vitro experiments revealed that SUC1 possesses two
phosphorylation sites that are targeted by a calcium-dependent
protein kinase. Interestingly, the phosphorylation of SUC1 regulates
its targeting to the proteasome for degradation, and the non-
phosphorylated SUC1 is mainly soluble. The binding of both
ENOD40 peptides to SUC1 inhibits its phosphorylation at one site,
thereby inhibiting its degradation by the proteasome [16]. These data
indicate that the ENOD40 peptides may regulate SUC1 turnover and
proteolysis through an atypical regulatory mechanism [12,17]. These
results further highlight that ENOD40 genes may act as bi-functional
RNAs in plants.

Many transcripts in plants may be dual RNAs as many genes
contain potentially active sORF-encoded peptides. In Arabidopsis,
more than 3000 sORFs are transcribed and/or under purifying
selection, suggesting that huge numbers of sORF-encoded peptides
are still hidden in genomic regions that have not yet been anno-
tated [18]. For example, the POLARIS (PLS) gene in Arabidopsis was
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identified experimentally using a promoter-trap approach and
shown to have a root-specific expression pattern [19]. The PLS gene
is first expressed in the basal region of embryos at the heart stage
and is later expressed strongly in the seedling root and weakly in
the vascular tissues of the lamina and petiole. pls mutants have
short roots with radially expanded cells and reduced leaf vascu-
larisation [20]. The PLS gene is transcribed as a relatively short,
500-nucleoide mRNA, which contains three short ORFs that encode
putative peptides of 9, 8 and 36 amino acids. Over-expression of the
ORF encoding the 36-amino acid peptide partially rescues the
short-root phenotype, whereas over-expression of the 9- and 8-
amino acid sORF products has not been analysed. Although the
function of PLS has not been fully elucidated, it is involved in
hormonal homeostasis, including ethylene signalling and auxin
transport, and in the regulation of microtubule cytoskeletal
dynamics [21]. Another example of a sORF-encoded active peptide
is ROTUNDIFOLIA4 (ROT4), which encodes a small, 53-amino acid
peptide [22] with a conserved 29-amino acid region (the RTF
domain) that is sufficient for ROT4 function. The rot4 mutant shows
a peculiar leaf development phenotype that is similar to the over-
expression phenotype [23]. However, to characterise the potential
dual function of these genes, it will be necessary to examine the
role of the mRNAs in the regulation of sORF translation.

In other cases, the sORF-encoded peptides present in the 50

region of mRNAs have been shown to act in trans to regulate other
processes independently of the encoded long ORF and can,
therefore, be considered bi-functional RNAs. TheMtHAP2-1 gene is
a CCAAT-binding transcription factor from M. truncatula that po-
tentially plays a key role during nodule development by control-
ling nodule meristem function [24]. MtHAP2-1 is regulated by
miRNA169 during nodule differentiation. However, a novel regu-
latory mechanism controlling MtHAP2-1 expression has been
identified [25]. Alternative splicing of an intron in theMtHAP2-1 50

leader sequence generates the predominant mRNA isoform
present during nodule development. This isoform facilitates the
production of a small peptide, uORF1p, that can bind theMtHAP2-1
50 leader sequence and reduce the accumulation of the MtHAP2-1
transcript. This regulatory mechanism contributes to the spatial
restriction of MtHAP2-1 expression within the nodule meristem.
Hence, uORF1p is able to act in trans to down-regulate the mRNA
accumulation of a specific mRNA isoform, suggesting a dual
function for the MtHAP2-1 gene.
3. Natural antisense transcripts in gene regulation

Natural antisense transcripts (NATs) are another candidate dual
RNA, as they can both encode proteins and regulate complementary
RNA transcripts. They have been identified in multiple eukaryotes,
including humans, mice, yeasts and plants. This class of RNAs can be
grouped into two classes: cis-NATs, which are generated by anti-
sense transcription at the same genomic locus, and trans-NATs,
which are generated from different loci. Large-scale genome
projects have revealed the common occurrence of overlapping gene
pairs in most species analysed [26e28]. In the model plant Arabi-
dopsis thaliana, there are discrepancies in the number of NATs that
likely result from the use of alternative methods to map NATs onto
the genome and from the changes in gene annotation introduced in
different genome releases. Wang et al. [27] identified 1340 potential
cis-NAT pairs in Arabidopsis and confirmed the expression of sense
and antisense transcripts of 957 cis-NAT pairs. Another screening of
the Arabidopsis genome for protein-coding genes with overlapping
orientations identified 1083 cis-NAT pairs [29]. However, a genome-
wide screening for trans-NATs in silico identified 1320 putative
trans-NAT pairs [30]. Interestingly, a large number of transcripts
were predicted to have both trans- and cis-NATs, suggesting that
antisense transcripts can form a complex regulatory network [28].

Overlapping transcripts can comprise two protein-coding tran-
scripts, one protein-coding transcript and one non-coding tran-
script, or two non-coding transcripts. In the first case, each
transcript from the two protein-coding and overlapping genes has
a dual function, where one gene acts as a sense mRNA and an
antisense transcript to the overlapping partner gene, potentially
interfering with transcription or translation. In A. thaliana, a cis-
NAT pair, which encodes SRO5 and P5CDH, was shown to not only
negatively regulate translation, but to also antagonise Arabidopsis
salt tolerance [31]. P5CDH is constitutively expressed and encodes
D1-pyrroline-5-carboxylate dehydrogenase, which prevents
proline accumulation, whereas SRO5 is induced by salt stress and
encodes an unknown protein. In Arabidopsis plants growing in high
NaCl conditions, both genes form a natural double-stranded pair of
transcripts that are cleaved by DCL2 and DCL1 to generate 24- and
21-nucleotide nat-siRNAs that cleave the constitutively expressed
P5CDH mRNA, resulting in salt tolerance. SRO5 could also play
a role in counteracting the increased production of reactive oxygen
species (ROS) caused by decreased P5CDH activity, either by
blocking ROS production or increasing ROS detoxification [31].

The Sho locus in Petunia hybrida is another example of a NAT-
RNA with dual functions. Sho encodes an enzyme responsible for
the synthesis of plant cytokinins [32], and its 30 region contains
a promoter in the opposite orientation of a NAT that is induced by
high cytokinin concentrations. This NAT encodes a 639-bp ORF that
does not resemble any known protein in the database, although we
cannot exclude a possible function of this protein in the cell. This
NAT seems to participate in a tissue-specific manner to adjust local
cytokinin synthesis via degradation of Sho through the formation of
a double-stranded RNA (dsRNA). Similarly, in barley (Hordeum
vulgare), the levels of siRNAs derived from the 30-protein-coding
region of the HvCesA6 gene increased markedly, and this increase
was concomitant with a decrease in the expression of CesAs, Csls,
and a GT8 glycosyl transferase [33]. AnHvCesA6 antisense transcript
acts in cis and trans on other related Csl transcripts through nat-
siRNAs generated after the cleavage of the dsRNA formed by
HvCesA6 and its natural antisense transcript. This down-regulation
could be a key requirement for the transition to new wall biogen-
esis programs during differentiation.

Apparently, antisense transcript functions do not always lead to
the formation of nat-siRNAs, as the majority of Arabidopsis cis-NATs
do not generate the small RNAs reported in databases [28].
Furthermore, by characterising the organisation and expression
profiles of 956 convergent overlapping protein-encoding A. thaliana
gene pairs, Jen et al. demonstrated that both transcripts are present
in the same tissue and that the overlapping protein-coding gene
pool is not significantly depleted under a variety of conditions [29].
However, as occurs in mammalian cells, at least for a subgroup of
plant cis-NATs (with coding capacity), antisense expression may
induce alternative splicing or polyadenylation [34]. This observa-
tion could indicate a third role for antisense transcripts in alter-
native splicing and polyadenylation apart from RNA degradation
through dsRNA formation.

In many cases, the functions or coding capacities of NAT-RNAs
remain largely unknown. In rice, three PHO1 genes generate cis-
NATs and are all non-protein-coding. It is striking that while the cis-
NAT associated with the OsPHO1;3 gene does not appear to be
regulated either developmentally or in response to Pi deficiency,
the cis-NATs of OsPHO1;1 and OsPHO1;2 are strongly up-regulated
by Pi deficiency, while the expression of the complementary sense
transcript remains relatively stable [35]. However, because the
analysis was performed at the whole organ level, the expression of
the sense and antisense OsPHO1 transcripts may not occur in the
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same cells or tissues in all cases. In A. thaliana, a search for npcRNAs
[36] allowed us to identify 13 antisense npcRNAs complementary to
protein-coding transcripts. One of these (npc536) forms a cis-NAT
with AT1G67930, and its over-expression allowed plants to grow
under salt stress without modifying AT1G67930 mRNA accumula-
tion. Furthermore, npc536 mutants do not show misregulation of
the antisense transcript. As this NAT contains a sORF conserved in
rice, npc536 may act through this encoded peptide. Alternatively,
npc536 may regulate translation of the AT1G67930 mRNA or act as
a trans-NAT, with an unidentified complementary target that plays
a role in the salt stress response.

In monocots, another class of cis-NAT pairs can generate a class
of miRNAs called nat-miRNAs (for natural antisense miRNAs). To
date, all nat-miRNAs have large introns in their precursors [37], and
this intron seems to play an essential role to limit the potential base
pairing of the pre-nat-miRNA with the sense transcript to better
favour hairpin formation. The mature nat-miRNAs subsequently
direct the cleavage of the target sense transcripts. Although the
transcripts at the RNA level only share a small overlapping region,
these cis-NAT pairs may have an miRNA-like or an antisense RNA-
like activity.

4. Long non-protein-coding RNAs in plants: a potential
reservoir of dual RNAs

Non-protein-coding RNAs are a class of RNAs with poor protein-
coding potential, suggesting that there is a function associated with
the RNA molecule itself. They form a heterogeneous group of RNAs
that can be divided into three different classes based on their length
and function: 18e25 nucleotides for microRNAs and small inter-
fering RNAs linked to post-transcriptional and transcriptional gene
silencing, 20e300 nucleotides for small RNAs commonly found as
transcriptional and translational regulators (e.g., small nuclear
RNAs), or several hundreds to over 10,000 nucleotides for medium
and large npcRNAs that aremainly linked to epigeneticmechanisms.
In recent years, bioinformatics and experimental strategies have
revealed a remarkable number of novel npcRNA candidates in
various organisms from yeasts to Homo sapiens, including plants
[38e40]. In fact, transcriptomes have been found to be surprisingly
complex, with long npcRNAs often overlapping with or interspersed
between coding transcripts. Considering that a single DNA sequence
can be transcribed as multiple sense and antisense transcripts,
intronic npcRNAs, and intergenic or promoter-associated RNAs [40],
this dynamic molecular picture significantly changes our under-
standing of gene expression in eukaryotes. In A. thaliana, whole-
genome mapping based on the use of tiling arrays revealed that
over 30% of the observed transcription was intergenic, including
many antisense RNA transcripts [41].

The npcRNA-associated transcriptome complexity has been
hypothesised to play a regulatory role that is required for the
development and function of higher organisms [42]. Certain
npcRNAs have been implicated in different regulatory mechanisms
in plant development [43,44], in environmental biotic interactions
and in the response to abiotic stresses [36,45,46]. These transcripts
are generally produced by RNA polymerase II and are predomi-
nantly capped and polyadenylated, suggesting that they may lead
to the production of sORF-encoded peptides under specific condi-
tions. Several long npcRNAs are processed into small RNAs due to
their folding as dsRNA loops derived from endogenous loci (the
miRNAs) or due to the action of RNA-dependent RNA polymerases
that generate long dsRNAs that are processed into siRNAs [47]. It is
well known that small si/miRNAs induce mRNA cleavage and
translational inhibition by pairing with specific mRNA targets,
mainly in the cytoplasm, or lead to transcriptional gene silencing,
heterochromatin formation and de novo DNA methylation in the
nucleus [47e49]. However, there are specific npcRNAs that may
have dual functions. npc78 is a structured RNA generated via
alternative splicing, and one of these spliced introns contains
MIR162a, a MIR162 isoform. This miRNA specifically targets the
DICER1 RNA (DCL1) responsible for the synthesis of all miRNAs,
thereby creating a negative feedback loop [50]. A bioinformatic
analysis of npcRNA78 revealed the presence of five sORF that
generate 115-, 76-, 59-, 45- and 16-residue peptides, and we cannot
discount that this npcRNA, or any of its different spliced isoforms,
may be translated under specific conditions. Hence, it has the
potential to encode a protein/peptide and a miRNA and, therefore,
to act as a dual RNA.

Among the best-studied non-coding RNAs in animals, several
have been detected in the nucleus and act either as cis- or trans-
acting epigenetic regulators of chromatin structure [51e54] by
recruiting chromatin-remodelling complexes to specific genomic
loci [55]. In Arabidopsis, cold temperatures result in the accumu-
lation of tri-methylated (Lys 27) histone H3 at the floral repressor,
FLOWERING LOCUS C (FLC), resulting in epigenetically stable
repression of FLC. A long intronic npcRNA (designated COLDAIR)
physically associates with a component of Polycomb Repressive
Complex 2 (PRC2) and targets it to FLC, allowing the vernalisation-
mediated epigenetic repression of the locus [56]. In addition,
a group of related antisense npcRNAs (termed COOLAIR) from FLC
has been proposed to be involved in vernalisation-mediated FLC
repression [57]. Again these transcripts are polyadenylated and
capped and can be translated in specific conditions. Although
several of these long npcRNAs have been experimentally identified
in plants [3,36,58e60], their activity, subcellular localisation and
molecular roles remain largely unknown.

In recent years, it has become clear that RNAs can not only encode
proteins, but can also exert a wide range of molecular functions,
including themodulation of mRNA expression and RNA processing or
localisation; the regulation of protein activity and structure; and as
precursors to small RNAs or sORF-encoded peptides. The remarkable
size of the non-protein-coding transcriptome indicates that many of
the roles played by these RNAsmay remain largely unknown. The few
examples of RNAs having dual roles suggest that future work will
likely identify many more transcripts that fit into this category. This
will likely occur in plants whose developmental plasticity in response
to environmental changes depends entirely onmolecular flexibility in
gene expression.
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Abstract:  
In eukaryotes, several RNA binding proteins (RBPs) act on mRNA at various levels from 
splicing to translation. Recently a large number of non-protein coding RNAs (npcRNAs) have 
been identified in eukaryotes and shown to integrate into a variety of ribonucleoproteins 
(RNP) to control posttranscriptional gene expression. Our laboratory has identified a plant 
Nuclear-Speckle RBP (or NSR) that interacts with an npcRNA, ENOD40 that accumulates 
during lateral root and nodule formation in legumes. NSR is relocalised into a cytoplasmic 
RNP in the ENOD40-expressing cells. During this PhD, we have analysed the role of NSRs 
in Arabidopsis thaliana and its link with npcRNAs.  
Two AtNSR homologs from Arabidopsis thaliana, named AtNSRa and AtNSRb, code for 
proteins also localised in nuclear speckles together with certain splicing-related proteins. 
Interestingly, AtNSR-GFP fusions are relocalised into cytoplasmic granules in certain 
differentiated root cells and by ectopic expression of the ENOD40 RNA. The AtNSRb gene is 
regulated by auxin whereas AtNSRa is constitutive. Root growth and lateral root formation of 
double nsra/nsrb mutants is partially insensitive to auxin. The localisation of these proteins 
prompted us to explore roles in splicing. No defects in general splicing were observed 
however analysis of 288 alternatively spliced genes in WT and nsra/nsrb roots in response to 
auxin revealed 77 changes in splicing profiles in response to auxin from which 51 required 
AtNSRs. In order to validate the interaction of NSRs with alternatively spliced mRNAs and 
npcRNAs, we have co-immunoprecipitated NSRs and identified at least 5 interacting 
alternatively spliced mRNAs and 2 npcRNAs. Expression of the ENOD40 RNA or one 
interacting ncRNA modulate alternatively splicing in Arabidopsis. In a second chapter, we 
explored the role of NSRs in the modulation of PTGS triggered by intron-containing 
transgenes allowing us to link alternatively splicing and silencing. We propose that NSRs 
may link alternative splicing and the action of non-coding RNA, notably during root growth 
and development. 
 
 
Résumé:  
Chez les eucaryotes, plusieurs protéines liant l'ARN ou RBPs agissent sur l'ARNm à 
différents niveaux, de l'épissage à la traduction. Récemment, un grand nombre d’ARN non-
codant des protéines (npcRNAs) ont été identifiés chez les eucaryotes et ont été montré 
comme interagissant avec une variété de ribonucléoprotéines (RNP) pour contrôler 
l'expression des gènes au niveau post-transcriptionnel. Nous avons identifié une Nuclear-
Speckle RBP (ou NSR) qui interagit avec le npcRNA, ENOD40, un lncARN qui s'accumule 
au cours de la formation des racines latérales et des nodules chez les légumineuses. Durant 
cette thèse nous avons analysé le rôle des NSR d’Arabidopsis thaliana ainsi que leur lien 
avec les npcARN. 
Deux gènes AtNSRs homologues existent chez Arabidopsis nommés NSRa et NSRb, ces 
gènes codent des protéines localisées dans des speckles nucléaires avec certaines 
protéines apparentées à l’épissage. Fait intéressant, les fusions AtNSR-GFP sont 
relocalisées dans des granules cytoplasmiques dans certaines cellules des racines 
différenciées ainsi que lors d’une co-expression éctopique de ENOD40. Le gène AtNSRb est 
régulé par l'auxine alors AtNSRa est constitutif. Les simples mutants Atnsr ne montrent pas 
de phénotype, mais la croissance des racines des doubles mutants est partiellement 
insensible à l'auxine, ce qui suggère une fonction redondante de ces protéines dans les 
racines. La localisation observée pour ces protéines nous a mené à explorer un rôle des 
NSRs dans l’épissage, nous avons donc analysé le profil d'épissage de 288 gènes en 
réponse à l'auxine chez Arabidopsis et comparé ces profils entre le WT et les mutants 
nsra/nsrb. Tout d’abord nous avons remarqué que l’épissage général ne variait pas, en 
revanche, l’analyse de 288 gènes alternativement épissés montre que le profil d'épissage de 
77 gènes semble être modifié durant la réponse à l'auxine et 51 gènes nécessitent les 
protéines AtNSR pour ce changement. Afin de vérifier l’interaction des NSRs avec les cibles 
d’AS et avec les npcARN nous avons co-immunoprécipité les NSRs et nous avons identifié 
au moins 5 cible d’AS et 2 npcARN. L’expression de l’ARN ENOD40 ainsi que du partenaire 
npcARN module L’AS chez Arabidopsis. Dans un deuxième chapitre, nous avons exploré le 
rôle des NSRs dans le PTGS déclenché par un transgène contenant un intron ce qui nous a 
permis de lier l’épissage alternatif et le silencing. Nous proposons donc que les NSRs 
pourraient lier l’épissage alternatif et l’action des ARN non codants, notamment lors de la 
croissance de la racine. 
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