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THESIS SUMMARY 

 

In the fission yeast Schizosaccharomyces pombe, a subset of meiosis-specific 

genes is constitutively transcribed during the mitotic cell cycle. To prevent untimely 

expression of the meiotic program and premature initiation of sexual differentiation, 

cells have evolved an RNA degradation system that selectively eliminates the 

corresponding meiotic transcripts. This process requires the YTH-family RNA-binding 

protein Mmi1, which recognizes cis-elements within RNA molecules (UNAAAC motifs) 

and targets them for degradation by the nuclear exosome. At the onset of meiosis, 

Mmi1 is sequestered in a ribonucleoparticle composed of the RNA-binding protein 

Mei2 and the long non-coding RNA (lncRNA) meiRNA, thereby allowing expression of 

meiotic genes and meiosis progression. My PhD work consisted in studying the 

mechanisms by which Mmi1 promotes the degradation of meiotic transcripts and how 

its activity is regulated during both the mitotic and meiotic cell cycles.  

During vegetative growth, Mmi1 tightly associates with the evolutionarily 

conserved Erh1 protein to form the heterotetrameric Erh1-Mmi1 complex (EMC) that 

is essential for the degradation of meiotic transcripts. Using biochemical and structural 

approaches, we have shown that Erh1 assembles as a homodimer in vitro and in vivo, 

consistent with recent analyses. Mutations that disrupt Erh1 homodimerization but 

preserve interaction with Mmi1 result in the accumulation of meiotic transcripts due to 

inefficient binding of Mmi1 to its RNA targets. Erh1 homodimerization is also required 

for Mmi1 luring by the Mei2-meiRNA complex and meiosis progression. Thus, EMC 

assembly is essential for the recognition and degradation of meiotic transcripts by 

Mmi1 in mitotic cells and contributes to Mmi1 inactivation at meiosis onset. 

Previous work showed that, during vegetative growth, Mmi1 recruits the 

conserved Ccr4-Not complex to ubiquitinylate and downregulate a pool of its own 

inhibitor Mei2, thereby maintaining its activity in meiotic RNA degradation. We have 

identified a lncRNA, different from meiRNA and termed mamRNA (Mmi1- and Mei2-

associated RNA), to which Mmi1 associates to target Mei2 to the Ccr4-Not complex. 

Conversely, when Mei2 downregulation is impaired, mamRNA is necessary for Mmi1 

inactivation by increased Mei2 levels. Single molecule RNA FISH experiments also 

indicated that mamRNA localizes to a nuclear body enriched in Mmi1, suggesting that 
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the mutual control of Mmi1 and Mei2 is spatially confined. mamRNA can also take over 

meiRNA to inhibit Mmi1 and promote meiosis progression. Therefore, mamRNA 

emerges as a critical regulator of Mmi1 and Mei2 activities to fine tune meiotic RNA 

degradation and shape the mitosis to meiosis transition.
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THESIS SUMMARY IN FRENCH 

 

Chez la levure fissipare Schizosaccharomyces pombe, un sous-ensemble de 

gènes méiotiques est transcrit de manière constitutive au cours de la mitose. Afin 

d’éviter l'expression prématurée du programme méiotique et l'initiation de la 

différenciation sexuelle, les cellules ont développé un système de dégradation de 

l'ARN qui élimine sélectivement les transcrits méiotiques correspondants. Ce 

processus nécessite la protéine de liaison à l'ARN Mmi1 (à domaine YTH), qui 

reconnaît en cis les molécules d'ARN (motifs UNAAAC) et les cible pour la dégradation 

par l'exosome nucléaire. Au début de la méiose, Mmi1 est séquestrée au sein d’une 

particule ribonucléoprotéique composée de la protéine de liaison à l'ARN Mei2 et du 

long ARN non-codant (lncRNA) meiRNA, permettant ainsi l'expression des gènes 

méiotiques et le déroulement de la méiose. Mon travail de thèse a consisté à étudier 

les mécanismes par lesquels Mmi1 assure la dégradation des transcrits méiotiques et 

qui régulent son activité au cours des cycles mitotiques et méiotiques. 

Pendant la croissance végétative, Mmi1 s'associe étroitement à la protéine 

conservée Erh1 pour former le complexe hétérotétramérique Erh1-Mmi1 (EMC) qui est 

essentiel pour la dégradation des transcrits méiotiques. Par des approches de biologie 

structurale et de biochimie, nous avons montré qu'Erh1 s'assemble en homodimère in 

vitro et in vivo, en accord avec des analyses récentes. Des mutations qui empêchent 

l'homodimérisation d'Erh1 mais préservent son interaction avec Mmi1 entraînent 

l'accumulation de transcrits méiotiques en raison d'un défaut de liaison de Mmi1 à ses 

cibles ARN. L'homodimérisation d’Erh1 est également nécessaire pour séquestrer 

Mmi1 dans le complexe Mei2-meiRNA et assurer la progression de la méiose. Ainsi, 

l'assemblage d’EMC est essentiel pour la reconnaissance et la dégradation des 

transcrits méiotiques par Mmi1 dans les cellules mitotiques et contribue à l'inactivation 

de cette dernière au début de la méiose. 

 Des travaux antérieurs ont montré que, pendant la croissance végétative, Mmi1 

recrute le complexe Ccr4-Not pour ubiquitinyler et limiter l’accumulation de son propre 

inhibiteur Mei2, maintenant ainsi son activité dans la dégradation des ARNs 

méiotiques. Nous avons identifié un lncRNA, différent de meiRNA et appelé mamRNA 

(Mmi1- and Mei2-associated RNA), qui sert de plateforme à Mmi1 pour cibler Mei2 
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vers le complexe Ccr4-Not. Réciproquement, lorsque cette régulation négative de 

Mei2 est défectueuse, mamRNA est nécessaire pour l'inactivation de Mmi1 par les 

niveaux élevés de Mei2. Des expériences d’hybridation in situ par fluorescence en 

molécules uniques (smFISH) ont également montré que mamRNA est localisé dans 

un corps nucléaire contenant Mmi1, suggérant que le contrôle mutuel de Mmi1 et Mei2 

est confiné dans l’espace. mamRNA peut également relayer meiRNA pour inhiber 

Mmi1 et favoriser la progression de la méiose. mamRNA apparait donc comme un 

régulateur critique des activités de Mmi1 et Mei2 pour ajuster la dégradation des ARNs 

méiotiques et modeler la transition de la mitose vers la méiose. 
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EXTENDED SUMMARY IN FRENCH 

 

Schizosaccharomyces pombe est un champignon unicellulaire appartenant 

au groupe des ascomycètes. Cet organisme, communément appelé levure 

fissipare, est largement utilisé par la communauté scientifique pour l’étude du cycle 

cellulaire, de la dynamique des chromosomes, de la réplication de l’ADN ou encore 

des mécanismes d’extinction génique par interférence à ARN. Le génome de S. 

pombe fait approximativement 14 Mégabases et se compose de trois 

chromosomes. Les dernières annotations du génome ont révélé la présence de 

plus de 5000 gènes codant pour des protéines, dont près des deux tiers possèdent 

des orthologues dans le génome humain, et presque autant d’unités de 

transcription produisant des ARNs non-codants dont la fonction reste largement 

inconnue.  

 

 Les cycles de vie de S. pombe comprennent des phases dites sexuée et 

asexuée. La croissance asexuée (ou végétative) se produit par divisions mitotiques 

successives et est favorisée dans un environnement riche en nutriments. Au 

contraire, la phase sexuée (ou méiose) est généralement initiée lors de carences 

nutritionnelles, telle qu’une privation de carbone ou d’azote (Yamamoto 1996). 

 

 La méiose a un rôle central dans la reproduction sexuelle de la majorité des 

espèces eucaryotes. Ce processus développemental est essentiel pour la 

production des cellules germinales (ou gamètes) et donc pour la transmission de 

l’information génétique à la génération suivante. Chez S. pombe, la méiose 

implique dans un premier temps la conjugaison de deux cellules haploïdes de 

signes sexuels opposés, dénommés h+ et h-. A ce stade, les cellules répliquent 

leur matériel génétique (synthèse d’ADN pré-méiotique) pour doubler leur contenu 

en ADN. S’ensuit la fusion des noyaux appelée caryogamie. Le noyau diploïde 

adopte alors une forme particulière en « queue de cheval » et son mouvement 

continu favorise l’appariement des chromosomes pendant la prophase méiotique 

(Robinow 1977). La cellule diploïde, ou zygote, effectue ensuite deux divisions 
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cellulaires successives, appelées méiose I et méiose II. La première division, dite 

réductionnelle, conduit à la ségrégation des chromosomes homologues dans deux 

cellules sœurs contenant chacune la moitié du matériel génétique. La seconde 

division, dite équationnelle, induit la séparation des chromatides sœurs et produit 

un asque contenant 4 cellules haploïdes (ou gamètes), appelées spores. Les 

spores sont particulièrement résistantes aux stress environnementaux, permettant 

ainsi la survie de l’espèce, et peuvent entrer dans un nouveau cycle mitotique si 

des nutriments sont suffisamment abondants dans le milieu. 

 

  Le transition de la mitose à la méiose induit des modifications majeures dans 

les profils d’expression génique, ce qui implique l’existence de mécanismes 

moléculaires pour établir et maintenir les programmes de chaque type cellulaire. 

Les gènes spécifiques de la méiose sont induits de façon séquentielle et 

coordonnée afin d’assurer l’exécution des différentes étapes nécessaires à la 

production des spores. Notamment, l’initiation du programme méiotique fait 

intervenir des mécanismes de remodelage de la chromatine et d’activation 

transcriptionnelle. Des voies de régulation post-transcriptionnelle et post-

traductionnelle permettent également d’ajuster l’expression des gènes méiotiques 

et donc d’optimiser la transition vers la différenciation sexuelle. 

 

Une étude menée il y a une quinzaine d’années a révélé qu’un sous-

ensemble de gènes méiotiques est transcrit de façon constitutive pendant la 

croissance végétative (Harigaya et al., 2006). Cependant, un mécanisme post-

transcriptionnel empêche l’accumulation des ARN messagers méiotiques produits 

au cours du cycle mitotique, évitant ainsi le déclenchement prématuré de la 

méiose. Cette voie d’extinction génique fait intervenir la protéine de liaison à l’ARN 

à domaine YTH appelée Mmi1 pour meiotic mRNA interceptor 1 (Harigaya et al., 

2006). Mmi1 se lie, via son domaine YTH, à des régions particulières appelées 

DSR (pour Determinant of Selective Removal) qui contiennent des répétitions de 

l’hexanucléotide UNAAAC présents dans ces transcrits méiotiques. Ceci permet le 

ciblage sélectif de ces ARN messagers vers la dégradation par l’exosome 
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nucléaire, un complexe à plusieurs sous-unités associé avec des activités 3’-5’ exo- 

et endoribonucléolytiques (Chen et al., 2011; Yamashita et al., 2012). 

 

 

Mmi1 fait partie d’un réseau régulateur complexe et coopère avec de 

nombreux autres facteurs pour empêcher l’expression des ARN messagers 

méiotiques pendant la mitose. Parmi les cofacteurs majeurs figure la protéine 

conservée Erh1, avec laquelle Mmi1 s’associe pour former un complexe 

hétérotetramérique appelé EMC (Erh1-Mmi1 Complex) (Sugiyama et al., 2016 ; Xie 

et al., 2019), et le complexe à plusieurs sous-unités MTREC (Mtl1-Red1 Complex) 

qui contient l’ARN hélicase Mtl1 (Mtr4-like RNA helicase) et la protéine à doigts de 

zinc Red1 (RNA elimination defective 1) (Egan et al., 2014; Lee et al., 2013; Zhou 

et al., 2015). MTREC est essentiel pour la dégradation des ARNs méiotiques et il 

a été proposé que ce complexe ponte physiquement Mmi1 à l’exosome nucléaire 

(Shichino et al., 2020). Mmi1 interagit également avec la machinerie de terminaison 

/ polyadénylation des ARN messagers pour promouvoir la polyadénylation des 

transcrits méiotiques, ce qui facilite leur dégradation par l’exosome (Chen et al., 

2011). Pendant la mitose, Mmi1 co-localise avec Erh1, MTREC, les facteurs de 

terminaison / polyadenylation et l’exosome dans plusieurs foyers nucléaires 

(Harigaya et al., 2006; Sugiyama and Sugioka-Sugiyama, 2011; Lee et al., 2013; 

Shichino et al., 2020), lesquels pourraient représenter des centres de dégradation 

des ARN messagers méiotiques. 

 

Lors de l’entrée en méiose, l’activité de Mmi1 doit être inhibée afin de 

permettre l’accumulation des ARN messagers méiotiques, leur export vers le 

cytoplasme et leur traduction en protéines. Mécanistiquement, Mmi1 est 

séquestrée par un complexe ribonucléoprotéique composé de la protéine de liaison 

à l’ARN Mei2 et du long ARN non-codant meiRNA (meiotic RNA) (Harigaya et al., 

2006). Ce complexe piégeant Mmi1 s’accumule dans un foyer nucléaire unique 

localisé au niveau du site de transcription de meiRNA défini par le gène sme2+ 

(Watanabe and Yamamoto, 1994; Shichino et al., 2014). La séquestration de Mmi1 
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par le complexe Mei2-meiRNA permet ainsi l’expression du programme méiotique 

et le déroulement des étapes successives de la différenciation sexuelle. 

 

Mei2 est une protéine de 750 acides aminés comprenant trois motifs de 

reconnaissance de l’ARN (ou RRM), dont deux se trouvent dans la moitié N-

terminale et le troisième à l’extrémité C-terminale. Mei2 est un régulateur clé de la 

méiose qui participe à la synthèse d’ADN pré-méiotique et à la première division 

de méiose (Watanabe and Yamamoto, 1994). En effet, les cellules de levure 

portant une délétion du gène mei2+ sont totalement stériles, ne produisant aucun 

asque ou spore dans des conditions favorisant la méiose. Par ailleurs, l’expression 

de Mei2 est finement régulée : lors de la croissance végétative, la protéine 

s’accumule à de faibles niveaux du fait de sa phosphorylation par les kinases Pat1 

et Tor2 qui facilite son ubiquitinylation et sa dégradation par le protéasome 

(Watanabe et al., 1997 ; Kitamura et al., 2001; Alvarez and Moreno, 2006; Otsubo 

et al., 2014). Au contraire, Mei2 est fortement induite en méiose, s’accumulant dans 

le cytoplasme et entrant dans le noyau pour former un foyer unique au site de 

transcription de meiRNA (Watanabe et al., 1997 ; Yamashita et al., 1998; Shichino 

et al., 2014). 

 

Le gène sme2+ (suppressor of mei2+) code pour le long ARN non-codant 

meiRNA, un partenaire majeur de Mei2 dans la régulation de la différenciation 

sexuelle. Tout comme Mei2, meiRNA est essentiel au bon déroulement de la 

méiose puisque son absence rend les cellules stériles (Watanabe and Yamamoto, 

1994). meiRNA est détectable uniquement dans les cellules méiotiques et contient 

de nombreux sites UNAAAC pour piéger Mmi1 dans sa partie 3’. Au contraire, 

pendant le cycle mitotique, meiRNA est rapidement ciblé pour la dégradation par 

Mmi1. La raison pour laquelle meiRNA échappe à la dégradation en méiose reste 

encore floue mais il est possible que la liaison de Mei2 dans sa partie 5’ le protège 

des attaques exoribonucléolytiques par l’exosome (Shichino et al., 2014).  
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 Au cours des dernières années, plusieurs études ont montré que Mmi1 

interagit étroitement avec le complexe Ccr4-Not dans les cellules mitotiques 

(Cotobal et al., 2015; Sugiyama et al., 2016; Ukleja et al., 2016; Stowell et al., 2016; 

Simonetti et al., 2017). Conservé dans les espèces eucaryotes, le complexe Ccr4-

Not est un régulateur majeur de l’expression des gènes, notamment impliqué dans 

la dégradation cytoplasmique des ARN messagers. Il contient plusieurs sous-

unités organisées autour de sa protéine « échafaudage » Not1 et possède des 

activités de déadénylation de l’ARN (via les enzymes Ccr4 et Caf1/Pop2) et 

d’ubiquitinylation de protéines (via sa sous-unité E3 ubiquitine ligase Mot2) (Collart, 

2016). De façon surprenante, bien que l’activité de déadénylation de Ccr4-Not soit 

stimulée par Mmi1 in vitro (Stowell et al., 2016), cette fonction du complexe n’est 

pas requise pour la dégradation des ARNs méiotiques ciblés par Mmi1 in vivo 

(Cotobal et al., 2015; Sugiyama et al., 2016). 

 

 Des travaux antérieurs effectués au laboratoire ont permis de révéler le 

mécanisme d’action du complexe Ccr4-Not pendant la croissance végétative. 

Mmi1 recrute Ccr4-Not pour assurer l’ubiquitinylation et limiter l’accumulation de 

son propre inhibiteur Mei2 (Simonetti et al., 2017). Ce circuit régulateur, qui fait 

intervenir la sous-unité E3 ubiquitin ligase Mot2 de Ccr4-Not, est essentiel pour 

maintenir de faibles niveaux de Mei2 dans les cellules mitotiques et ainsi préserver 

la fonction de Mmi1 dans la dégradation des ARNs méiotiques, y compris sa propre 

« éponge » meiRNA (Simonetti et al., 2017). En effet, en l’absence de Mot2, la 

protéine Mei2 s’accumule, ce qui conduit à l’augmentation des niveaux d’ARNs 

méiotiques due à l’inactivation de Mmi1. De façon importante, Mot2 n’est pas 

requise pour la dégradation de la majorité de Mei2, qui dépend d’une autre E3 

ubiquitin ligase, Ubr1, mais cible plutôt une fraction de la protéine pour limiter son 

accumulation et préserver l’activité de Mmi1 en mitose (Simonetti et al., 2017). 

Ainsi, cette étude a permis de mettre en évidence un nouveau rôle de Mmi1 dans 

les cellules mitotiques : non seulement Mmi1 cible les transcrits méiotiques vers la 

dégradation dans le cadre d’un système de surveillance des ARN messagers, mais 



Extended summary in French 

 

 12 

elle régule également les niveaux de la protéine Mei2, son propre inhibiteur, en 

recrutant le complexe Ccr4-Not.  

 

 Les deux fonctions de Mmi1, dans la dégradation des ARN messagers 

méiotiques et le contrôle des niveaux de la protéine Mei2, ont constitué l’objet de 

mes travaux de recherche lors de ma thèse. Plus précisément, mes études se sont 

portées sur i) le rôle du complexe EMC (Erh1-Mmi1) dans la dégradation des 

transcrits méiotiques et ii) les mécanismes moléculaires et cellulaires impliqués 

dans le contrôle mutuel de Mmi1 et Mei2. 

  

En combinant des approches de biologie structurale et de biochimie en 

collaboration avec le laboratoire de M. Graille, nous avons montré que la protéine 

Erh1 forme un dimère in vitro et in vivo, en accord avec des travaux récents menés 

chez S. pombe (Xie et al., 2019). Deux monomères, constitués de quatre brins b 

antiparallèles et trois hélices a, s’assemblent en un homodimère via des 

interactions hydrophobes impliquant des résidus N-terminaux. Parmi les acides 

aminés strictement conservés, nous avons identifié l'Isoleucine 11 (Ile11) et la 

Leucine 13 (Leu13), dont les substitutions en Arginine (Arg) empêchent la 

formation de l’homodimère in vitro et in vivo. De façon intéressante, des 

expériences de co-immunoprécipitation ont permis de montrer que le mutant 

Erh1I11R,L13R, défectif pour l’homodimérisation, conserve sa capacité d’interaction 

avec Mmi1. Cependant, ce même mutant ne se localise plus dans les foyers 

nucléaires contenant Mmi1 et accumule par ailleurs les ARN messagers 

méiotiques contenant les motifs UNAAAC, de façon similaire à une souche erh1∆. 

Nous avons aussi montré que la liaison de Mmi1 à ces transcrits méiotiques est 

sévèrement impactée dans le mutant Erh1I11R,L13R. L’ensemble de ces résultats 

indique que la formation de l’homodimère Erh1 est nécessaire pour la 

reconnaissance et la dégradation des transcrits méiotiques produits pendant la 

mitose. En d’autres termes, la liaison des ARNs méiotiques par Mmi1 ne dépend 

pas uniquement de son domaine YTH mais requiert également son assemblage 

correct au sein du complexe EMC hétérotétramérique. 
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 Lors de l’entrée en méiose, Erh1 s’accumule dans un foyer nucléaire 

comprenant Mmi1, Mei2 et meiRNA (Sugiyama et al., 2016). En combinant des 

approches de microscopie par fluorescence et d'hybridation in situ en molécule 

unique (smFISH) en collaboration avec le laboratoire de B. Palancade, nous avons 

montré que l’homodimérisation d’Erh1 est essentielle pour la formation de son 

propre foyer nucléaire et celui de meiRNA au locus sme2+. En effet, la protéine 

Erh1I11R,L13R est diffuse dans les cellules en prophase I de méiose et meiRNA n’est 

pas détectable. De façon importante, ces phénotypes corrèlent avec un défaut 

sévère dans la progression de la méiose et la formation de spores, comparable à 

des cellules n’exprimant pas Erh1. Ainsi, Erh1 exerce un rôle positif sur l’activité de 

Mmi1 en mitose, en facilitant la reconnaissance et la dégradation des ARN 

messagers méiotiques, et contribue également à la séquestration de Mmi1 par le 

complexe Mei2-meiRNA afin d’assurer la progression de la méiose. 

 

En conclusion, cette étude, qui a fait l’objet d’une publication dans le journal 

Scientific Reports pour laquelle je suis co-première auteure, démontre l’importance 

de la formation du dimère Erh1 et donc de la formation du complexe EMC dans le 

contrôle du programme méiotique. 

 

Le second projet de mon travail de thèse a consisté à étudier les 

mécanismes sous-jacents du contrôle mutuel de Mmi1 et Mei2 en mitose. Comme 

indiqué ci-dessus, au cours de la croissance végétative, Mmi1 s’associe 

stablement avec le complexe Ccr4-Not pour ubiquitinyler et limiter l’accumulation 

de son propre inhibiteur Mei2 et ainsi préserver son activité dans la dégradation 

des ARNs méiotiques. Par des approches de biologie moléculaire et de biochimie, 

nous avons montré que l’intégrité des domaines de liaison à l’ARN de Mmi1 et Mei2 

sont nécessaires pour leur contrôle mutuel. En effet, l’expression de formes mutées 

de Mmi1, portant des substitutions d'acides aminés dans le domaine YTH (Mmi1-

Y352F ou Mmi1-Y466F), entraîne des défauts de liaison de la protéine à ses ARNs 

cibles et induit également une accumulation de Mei2. Ceci suggère que l'intégrité 
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du domaine YTH de Mmi1, et donc sa fonction de liaison à l'ARN, est nécessaire 

pour limiter les niveaux de Mei2 dans les cellules mitotiques.  

 

En l’absence de l’E3 ubiquitin ligase Mot2 de Ccr4-Not, les niveaux de Mei2 

augmentent, ce qui entraîne une accumulation des ARNs méiotiques reconnus par 

Mmi1. Nous avons montré que la capacité d’inhibition de Mmi1 par Mei2 requiert 

sa région C-terminale qui contient le domaine de liaison à l’ARN RRM3. La 

structure du domaine RRM3 de Mei2 déterminée par le groupe de M. Graille a 

permis de mettre en évidence les résidus d'acides aminés essentiels pour une 

liaison efficace à l'ARN, parmi lesquels la Phénylalanine 644. Des analyses 

biochimiques ont confirmé l’importance de cet acide aminé puisque le mutant 

ponctuel Mei2-F644A échappe au contrôle par Mmi1 et Ccr4-Not, aboutissant à 

l’augmentation des niveaux de la protéine mutée, et perd également sa fonction 

inhibitrice de Mmi1. Ainsi, l’intégrité du domaine RRM3 de Mei2 est essentielle pour 

la régulation de ses propres niveaux et le contrôle de l’activité de Mmi1. 

 

L’implication des domaines de liaison à l’ARN de Mmi1 et Mei2 dans leur 

inhibition réciproque nous a conduit à émettre l’hypothèse qu’une molécule d’ARN 

pourrait rapprocher les deux protéines afin qu’elles exercent leur contrôle mutuel 

en mitose. Pour identifier les espèces d’ARN liées simultanément par les deux 

protéines, nous avons mis au point une méthode dans laquelle Mmi1 et Mei2 sont 

immunoprécipitées de façon séquentielle avant d’extraire les ARNs associés. Le 

séquençage à haut débit des molécules d’ARN ainsi isolées suivi d’analyses 

bioinformatiques a permis de caractériser le répertoire des transcrits liés par les 

deux protéines simultanément. Parmi les espèces les plus enrichies et les plus 

abondantes, nous avons identifié trois longs ARNs non-codants (lncRNAs) : 

meiRNA, omt3 et un transcrit non annoté situé en amont du gène snoU14. Ce 

dernier fut dénommé mamRNA (pour Mmi1 and Mei2-associated RNA) en raison 

de son interaction avec les deux protéines. La caractérisation moléculaire de 

mamRNA a révélé que ce lncRNA est présent sous deux isoformes abondantes, 

principalement non-adénylées. De façon surprenante, l’absence de Mmi1 ou de 
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Mot2 n’entraine pas d’augmentation des niveaux de mamRNA, contrairement aux 

ARNs méiotiques reconnus par Mmi1, y compris meiRNA. Ainsi, mamRNA 

échappe à la dégradation contrôlée par Mmi1 et constitue de fait une cible aux 

propriétés uniques. Par ailleurs, des expériences de smFISH faites en collaboration 

avec l’équipe de B. Palancade a dévoilé la localisation de mamRNA: le lncRNA 

s’accumule principalement dans un foyer nucléaire correspondant à son site de 

transcription et est également détecté de façon diffuse dans le nucléole. Une 

fraction plus restreinte de l’ARN a aussi été observée dans le cytoplasme sous la 

forme de spots caractéristiques de molécules uniques.  

 

La possibilité qu’un lncRNA ponte physiquement Mmi1 et Mei2 pour exercer 

leur inhibition réciproque implique que son absence devrait i) entraîner 

l’accumulation de Mei2, d’une façon similaire à des cellules délétées pour Mmi1 ou 

Mot2, et ii) supprimer l’augmentation des ARNs méiotiques, c’est-à-dire 

l’inactivation de Mmi1, causée par les niveaux élevés de Mei2 en absence de Mot2. 

Parmi les trois lncRNAs candidats (meiRNA, omt3 et mamRNA), nous avons 

montré que seul mamRNA contribue à limiter l’accumulation des niveaux de Mei2, 

suggérant que Mmi1 s’associe avec mamRNA pour cibler Mei2 vers 

l’ubiquitinylation par Mot2. Réciproquement, la délétion de mamRNA, mais pas de 

meiRNA ou omt3, restore de faibles niveaux d’ARNs méiotiques même lorsque 

Mei2 s’accumule dans une souche mot2∆. Ceci indique que mamRNA participe 

également à l’inactivation de Mmi1 par Mei2, et représente donc le lncRNA 

régulateur clé du contrôle mutuel de Mmi1 et Mei2. Cependant, et contrairement à 

meiRNA, mamRNA n’est pas nécessaire pour le bon déroulement de la méiose et 

la sporulation, indiquant que son rôle dans la régulation des activités de Mmi1 et 

Mei2 se produit essentiellement au cours du cycle mitotique. Toutefois, la 

suppression du défaut méiotique observé dans des cellules meiRNA∆ par 

l’expression d’une version de Mei2 fusionnée à un signal de localisation nucléaire 

(NLS) dépend de mamRNA. Ces données suggèrent que mamRNA peut 

promouvoir l’inhibition de Mmi1 en méiose même en l’absence de meiRNA. 
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Au niveau cellulaire, nous avons observé que l’un des foyers nucléaires de 

Mmi1 en mitose co-localise de façon récurrente avec le site de transcription de 

mamRNA, et ce dans des cellules sauvages et mot2∆. Ainsi, le contrôle mutuel de 

Mmi1 et Mei2 pourrait être confiné dans l’espace, au ou à proximité du locus 

chromosomal de mamRNA. 

 

Afin de mieux comprendre le mécanisme par lequel l’accumulation de Mei2 

entraîne l’inhibition de Mmi1, nous avons effectué des expériences de smFISH 

pour localiser les ARN messagers méiotiques mcp5+ et mei4+. En effet, des 

travaux antérieurs ont montré que Mmi1 promeut non seulement la dégradation de 

ces transcrits méiotiques mais aussi leur rétention dans le noyau (Shichino et al., 

2018). Ainsi, en l’absence de Mmi1, ces ARN messagers s’accumulent dans le 

cytoplasme, ce que nous avons confirmé. De façon intéressante, nos expériences 

indiquent que les ARN messagers mcp5+ et mei4+ persistent dans le noyau de 

cellules mot2∆. Ces résultats indiquent que l’activité de rétention nucléaire de Mmi1 

est préservée en présence de niveaux élevés de Mei2 en mitose. Puisque Mmi1 

se lie toujours efficacement à ses cibles dans ce contexte, cela indique que son 

inactivation par Mei2 et mamRNA se produit en aval de la reconnaissance de 

l’ARN. Ces données impliquent également que mamRNA fonctionne comme un 

« échafaudage » pour Mmi1 et Mei2, plutôt que comme un « leurre » à l’image de 

meiRNA en méiose. 

 

En conclusion, ce second projet a permis d’identifier et de caractériser la 

fonction d’un nouveau lncRNA, mamRNA, dans le contrôle mutuel de deux 

protéines de liaison à l’ARN antagonistes (Mmi1 et Mei2) qui régulent la 

différenciation sexuelle chez S. pombe. Les résultats obtenus sont à la base d’un 

article scientifique récemment accepté dans le journal Nature Communications 

dont je suis première auteure.  
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1. Fission yeast meiosis and sexual differentiation 

 

 Common to all sexually reproducing eukaryotes, meiosis is a highly conserved 

developmental process and specialized cell cycle, essential for the generation of 

genetic diversity within a population and the production of a normal offspring. The core 

steps of meiosis consist of a single round of DNA replication followed by two sequential 

cellular divisions, and result in genetically unique haploid cells from a diploid 

progenitor. The haploid products, also called gametes, are oocytes and sperm in 

animals, pollen in plants and spores in fungi/yeasts. In metazoans, meiosis follows 

sexual maturity of an individual, while it is initiated as a response to external cues to 

survive unfavorable conditions in unicellular eukaryotes. 

 Since its emergence as a model organism early during the second half of the 

twentieth century, the fission yeast Schizosaccharomyces pombe rapidly imposed 

itself for the study of cellular pathways and molecular mechanisms underlying meiosis 

and sexual differentiation. With only three chromosomes, S. pombe is a powerful 

genetically tractable system and yeast cells present the major advantage of entering 

meiosis with high synchronicity when starved for nutrients. With the recent 

development and increasing sensitivity of proteomic and genomic approaches, this 

allows precise qualitative, quantitative and temporal analyses to understand the 

conserved principles of sexual differentiation. The gain of knowledge using fission 

yeast as a model organism has already and will certainly continue to provide important 

information regarding the nature of developmental diseases and miscarriage in 

metazoans and humans. 

 In this chapter, I give a brief overview of the general principles governing the 

initiation of sexual differentiation in fission yeast, highlighting important changes in cell 

morphology and behavior, and summarize molecular differences in comparison to 

mammalian meiosis. 
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1.2. Differences with mammalian meiosis 

 

 Several meiotic steps and regulators are conserved from yeast to human, yet 

the increased complexity of metazoans associates with unique features distinguishing 

meiosis in uni- and multicellular eukaryotes. The most obvious difference is the 

occurrence of an oscillating nucleus during prophase I in fission yeast (see above; 

Figure 3). This might compensate the apparent lack of synapsis, i.e. the association 

between homologous chromosomes during meiosis I, which is mediated by the 

synaptonemal complex (SC) in mammals. The latter assembles as a tripartite structure 

consisting of two parallel lateral elements held by transversal filaments (reviewed in 

Fraune et al., 2012; reviewed in Zickler and Kleckner, 2015). Fission yeast cells 

instead form simpler, discontinuous structures named linear elements that resemble 

SC precursors from other organisms and are observed during the “horse-tail” stage, 

when pairing occurs (Olson et al., 1978; Bähler et al., 1993; reviewed in Kohli and 

Bähler, 1994; Lorenz et al., 2004; reviewed in Loidl, 2006). Interestingly, fission yeast 

also seems to lack crossover interference, which limits the occurrence of crossovers 

in the vicinity of others (reviewed in Kohli and Bähler, 1994; reviewed in Youds and 

Boulton, 2011). Finally, chromosome compaction, which occurs during prophase I in 

mammals, was suggested to initiate much later in fission yeast, shortly before and until 

completion of anaphase I (Scherthan et al., 1994; Ding et al., 2006; Petrova et al., 

2013). 
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2. Signaling and transcriptional control of sexual differentiation 

 

 In fission yeast, meiosis is triggered by environmental cues, such as nutrient 

depletion and the production of mating pheromones. Cells rapidly respond to these 

external stimuli by remodeling their gene expression profiles in order to execute the 

switch from mitosis to meiosis. The sequential induction of hundreds of meiosis-

specific genes is an absolute requirement for the initiation of sexual differentiation and 

the timely controlled activation of the meiotic program. 

 In this chapter, I summarize the current knowledge about the cellular pathways 

involved in nutrient and pheromone sensing in fission yeast. I also describe how 

intracellular signals are integrated, leading to the activation of a complex 

transcriptional cascade required for meiosis onset or to the repression of meiosis-

specific genes if conditions for cell differentiation are not met. 

 

2.1. Signaling cascades 

 

In S. pombe, four transduction cascades activated by environmental signals, 

including the lack of carbon or nitrogen, the presence of mating pheromones as well 

as heat shock or oxidative stresses, have been characterized. All these signaling 

pathways ultimately converge to the activation of a master regulator of meiosis, the 

transcription factor Ste11 (Figure 4).  

 

2.1.1. Nutritional starvation  

 In conditions favorable to vegetative growth, when nutrients are abundant, 

intracellular ATP is converted into cAMP, a second messenger molecule that 

associates with and inhibits Cgs1, the regulatory subunit of the cAMP-dependent 

protein kinase A (PKA). In turn, the Pka1 catalytic subunit escapes negative control 

exerted by Cgs1 and promotes phosphorylation-dependent inactivation of the 

transcription factor Rst2 (Matsuo et al., 2008; Gupta et al., 2011). This prevents 

induction of the ste11+ gene and hence meiosis onset. Conversely, depletion of a 

carbon source from the environment (e.g. glucose) triggers a rapid decrease in the 

intracellular levels of cAMP, thereby preventing activation of Pka1 which leads to Rst2-
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repressing sexual differentiation in nutrient-rich conditions, while the latter promotes 

initiation of meiosis (Weisman et al., 2007; reviewed in Otsubo et al., 2017). 

  Strikingly, mutations of TORC1-containing Tor2 trigger sexual differentiation 

independently of nutrient conditions (Alvarez and Moreno, 2006; Matsuo et al., 2007). 

Consistent with this, the expression of ste11+ and its target genes is increased 

(Valbuena and Moreno, 2010; Otsubo et al., 2014). Tor2 also physically interacts with 

and directly phosphorylates Ste11 on two threonine residues located in the N-

terminus, adjacent to the HMG (High Mobility Group) domain required for DNA binding 

(Alvarez and Moreno, 2006; Otsubo et al., 2017). Whether these phosphorylation 

events prevent the nuclear accumulation of Ste11 (Valbuena and Moreno, 2010) 

and/or its ability to bind to target genes, including its own, requires further 

investigation. Interestingly, Tor2 also associates with and phosphorylates the RNA-

binding protein Mei2, another key meiosis inducer, to promote its proteasomal 

degradation (see next chapter; Otsubo et al., 2014). Thus, Tor2 is a major inhibitor of 

sexual differentiation, ensuring robust vegetative growth in the presence of nutrients. 

Conversely, nitrogen depletion leads to Tor2 inactivation and hence induction of the 

meiotic program. 

 

2.1.2. Pheromone signaling 

 Production and secretion of the mating pheromones in the extracellular 

environment is the first step of the pheromone responsive pathway. The P- and M-

factors, small peptides of 23 and 9 amino acid residues in length, respectively, bind 

and activate their cognate seven-transmembrane receptors, encoded by the map3+ 

and mam2+ genes, in cells of opposite mating type, an event essential for conjugation 

(Kitamura and Shimoda, 1991; Tanaka et al., 1993). P- and M-factor receptors are 

coupled to the G protein alpha subunit Gpa1 that activates a MAP kinase cascade 

involving sequential phosphorylation events by the MAPKKK Byr2, the MAPKK Byr1 

and the MAPK Spk1 (reviewed in Yamamoto, 2010). The latter associates with and 

activates Ste11 in a phosphorylation-dependent manner (Kjaerulff et al., 2005), which 

in turn promotes expression of several mating and meiosis genes, including its own, 

those encoding mating pheromones and their corresponding receptors, as well as 

mei2+ (Sugimoto et al., 1991; Mata and Bähler, 2006; see next chapter). Such a 
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positive feedback loop reinforces cell commitment in sexual differentiation and 

ensures the irreversibility of the mitosis to meiosis transition. 

 

2.1.3. The stress response pathway 

 Cell exposure to a wide variety of environmental stimuli, such as heat shock, 

high osmolarity, oxidative stress and nitrogen starvation, activates a stress-responsive 

pathway that involved the MAPKKKs Wis4 and Win1, the MAPKK Wis1 and the MAPK 

Sty1/Spc1 (Samejima et al., 1997). Among the targets of Sty1 is the CREB family 

transcription factor Atf1, which cooperates with its partner Pcr1 to mediate the 

activation of the ste11+ gene, although evidence for a direct control is lacking 

(Shiozaki and Russell, 1996; Wilkinson et al., 1996; Kanoh et al., 1996; Gaits et al., 

1998). Sty1 also contributes to the activation of the Lsk1 kinase, which targets serine 

2 in the Carboxy Terminal Domain (CTD) of the RNA Pol II subunit Rpb1 to favor 

expression of ste11+ (Coudreuse et al., 2010; Sukegawa et al., 2011). Importantly, 

the deletion of Lsk1 or expression of a non-phosphorylatable version of Rpb1 (i.e. 

rpb1-S2A) both prevent meiotic differentiation. 

 

 

2.2. The master transcription factor Ste11 

 

2.2.1. General properties 

 A common point of the above described signaling pathways is the activation of 

the ste11+ gene, which encodes a transcription factor of the high mobility group (HMG) 

family essential for sexual differentiation (Sugimoto et al., 1991; Baxevanis and 

Landsman, 1995). Indeed, fission yeast cells deleted for ste11+ are completely sterile, 

while its overexpression triggers uncontrolled meiosis.  

 Ste11 is required for the transcriptional induction of several mating and meiosis 

genes, which contain cis-acting elements in their promoter regions, the so-called TR 

boxes (Sugimoto et al., 1991; Baxevanis and Landsman, 1995; Mata and Bähler, 

2006). The recognition of the corresponding 10 base motifs (TTCTTTGTTY) by the N-

terminal HMG domain is critical for Ste11 function. Remarkably, the ste11+ gene itself 
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contains two TR boxes in the 5’ upstream region, which likely function to reinforce its 

own expression through a positive feedback loop (Kunitomo et al., 2000). 

 Beyond genes involved in premeiotic DNA replication, mating and karyogamy, 

Ste11 targets include both positive and negative regulators of sexual differentiation, 

such as the RNA-binding protein Mei2 and its cofactor meiRNA, a meiosis-specific 

long non-coding RNA, as well as the Pat1 kinase (see below and next chapter; Mata 

and Bähler, 2006). Further, Ste11 associates with the cell-type specific transcription 

factors Mat1-Mc and Mat1-Pc to facilitate induction of genes carrying suboptimal TR 

boxes (Kjaerulff et al., 1997). Thus, Ste11 functions as a major transcriptional regulator 

of meiosis and the opposite roles of some of its target genes highlight the complexity 

of the networks involved in the control of sexual differentiation. 

 

2.2.2. Regulation of Ste11 

 To ensure that meiosis-specific genes are expressed only upon sexual 

differentiation, cells have evolved transcriptional, post-transcriptional and post-

translational mechanisms to control the expression and activity of Ste11 (Figure 5). 

 

 The induction of ste11+ is balanced by the action of transcription activators and 

repressors. Following activation through the cAMP pathway (see above), the zinc 

finger protein Rst2 binds to a CCCCTC motif within the promoter of ste11+ and 

induces its expression (Kunitomo et al., 2000). It was later shown that Rst2 recruits 

the conserved coactivator SAGA (Spt-Ada-Gcn5-acetyltransferase) complex, which 

both positively and negatively influences the transcription of ste11+: the Spt8 subunit 

favors induction upon nutrient deprivation, while the Gcn5 component exerts 

repression in nutrient-rich conditions (Helmlinger et al., 2008). This ensures the fine-

tuning of Ste11 levels in response to cellular signals, although the mechanism 

underlying the switch in SAGA activity remains elusive. In addition, the GATA family 

Gaf1 transcription factor recognizes a canonical CTATCT sequence element in the 

promoter of ste11+ to repress its expression (Kim et al., 2012). Noteworthy, both Gaf1 

and SAGA activities are regulated by TORC1 depending on nutrient availability (Laor 

et al., 2015; Laboucarié et al., 2017), adding another layer of regulation.  
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 As mentioned above, the Lsk1 kinase phosphorylates the RNA Pol II CTD 

(Coudreuse et al., 2010), which impedes the recruitment of the histone H3 lysine 4 

methyltransferase Set1 and histone deacetylases (HDAC) that cooperate to repress 

ste11+ (Materne et al., 2015; Figure 5). Recent work further showed that the 

divergently transcribed lncRNA rse1 (repressor of ste11 expression 1) acts as a cis-

repressor, assembling a chromatin-modifying complex composed of Mug187, Set1 

and the H3K4me3 demethylase Lid2 to prevent induction of ste11+ via the recruitment 

of HDACs (Fauquenoy et al., 2018). On the contrary, the Ubp8 deubiquitinase 

removes ubiquitin from histone H2B, thereby limiting the recruitment of Set1 and 

hence favoring induction of ste11+ (Materne et al., 2016). Thus, chromatin-based 

mechanisms also contribute to adjust the transcriptional status of ste11+ as a function 

of external cues. 

 Several RNA-binding proteins also associate with ste11+ mRNAs to modulate 

its expression at the post-transcriptional level. These include Msa2 and Csx1, two 

RNA Recognition Motif (RRM)-containing proteins that prevent and favor 

accumulation of ste11+ transcripts respectively (Tsukahara et al., 1998; Matia-

Gonzales et al, 2012; Figure 5). Csx1 directly binds to ste11+ mRNAs and its deletion 

results in pronounced sporulation defects that can be alleviated by Ste11 

overexpression (Matia-Gonzales et al, 2012). 

 Finally, Ste11 is post-translationally controlled by the Pat1 kinase, a major 

inhibitor of sexual differentiation (see below; Figure 5). Phosphorylated forms of Ste11 

are recognized by the 14-3-3 family protein Rad24, which prevents its nuclear import, 

and are also targeted by the ubiquitin-proteasome system for degradation (Kitamura 

et al., 2001; Qin et al., 2003). 
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expression to reinforce cell commitment to meiosis and activates the expression of the 

zinc finger transcription factor Rep1 (Kunitomo et al., 2000; Mata et al., 2007), 

responsible for the induction of a subset of early genes required for premeiotic DNA 

replication and meiotic recombination (Sugiyama et al., 1994; Ding et al., 1998). 

Additional transcription factors are likely to participate at this stage since many early 

genes are regulated in a Rep1-independent manner (Mata et al., 2007). Middle genes 

largely depend on Mei4, a forkhead transcription factor essential for the progression 

through the first meiotic division (Horie et al., 1998). Mei4 recognizes FLEX motifs 

within the promoter of its target genes, including its own, thereby self-reinforcing its 

expression similar to Ste11 (Abe and Shimoda, 2000). Lastly, genes important for 

spore formation and maturation require the bZIP transcription factors Atf21 and Atf31, 

as well as the zinc finger proteins Rsv1 and Rsv2 (Ohmiya et al., 1999; Mata et al., 

2002; Mata et al., 2007). 

 An important aspect of the timely control of the meiotic program lies in the 

capacity of the above-mentioned transcription factors to repress the expression of 

genes induced during the preceding wave. Indeed, Mei4 not only promotes expression 

of middle genes, but also contributes to switch off Rep1-dependent early genes. These 

effects, presumably indirect, may facilitate the execution of successive transcriptional 

waves and ensure that meiotic events are coordinated over time. 
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2.4. The control of meiosis by the Pat1 kinase  

 

Premature initiation of the meiotic program would be severely deleterious for 

cell proliferation. Therefore, fission yeast has implemented regulatory mechanisms to 

ensure that meiosis-specific genes and regulators are activated only when 

appropriate. A major factor in the inhibition of sexual differentiation is the protein 

kinase Pat1. 

The pat1+ gene was initially identified in a screen for factors that alleviate the 

meiotic block of mat2-P deficient cells (Iino and Yamamoto, 1985a). When exposed to 

restrictive temperature, the isolated pat1+ mutant stopped proliferating abruptly and 

initiated ectopic meiosis irrespective of nutritional conditions or heterozygosity of the 

mating type loci (Iino and Yamamoto, 1985a; Iino and Yamamoto, 1985b; Nurse 

1985). Subsequent characterization revealed that pat1+ is an essential gene, 

encoding a Ser/Thr kinase that phosphorylates two positive regulators of meiosis in 

vegetative cells, the transcription factor Ste11 and the RNA-binding protein Mei2 (see 

above and next chapter; Kitamura et al., 2001). Phosphorylated forms of Ste11 and 

Mei2 are prone to proteolysis, which prevents ectopic induction of the meiotic program. 

While the function of Pat1 is mandatory to maintain robust vegetative growth, 

the kinase should be inactivated upon sexual differentiation to relieve inhibitory 

phosphorylation of Ste11 and Mei2. This is achieved after mating and conjugation, 

specifically in zygotes, whereby the Mat1-Mc and Mat1-Pc transcription factors 

cooperate to induce the expression of the mei3+ gene (McLeod and Beach, 1988; 

Kelly et al., 1988; Li and McLeod, 1996; Figure 7). Mei3 is a small protein of 16 kDa 

that acts as a pseudosubstrate for Pat1 (McLeod and Beach, 1988). The association 

of both proteins in diploid cells results in the complete inactivation of Pat1, thereby 

allowing the accumulation of unphosphorylated Mei2 and Ste11, and meiosis 

progression (see below and next chapter: Beach et al., 1985; Willer et al., 1995; Peng 

et al., 2003). 
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3. Post-transcriptional mechanisms in the control of sexual 

differentiation 

 

Accurate and timely expression of the meiotic program does not solely rely on 

the activation of dedicated transcriptional networks upon environmental changes. 

Post-transcriptional mechanisms also contribute to the fine tuning of meiosis gene 

expression, thereby ensuring the cell commitment to sexual differentiation. RNA-

binding proteins (RBPs) are key effectors that shape transcriptomes by promoting 

RNA stability, nucleocytoplasmic export, translatability and degradation. In S. pombe, 

several RBPs have major functions in facilitating or inhibiting the mitosis to meiosis 

transition. In this chapter, I will focus on those that are directly connected to my PhD 

work, the antagonist RBPs Mei2 and Mmi1, emphasizing their physico-chemical 

properties, their RNA targets and interaction partners, the regulation of their activity 

as well as their functions to orchestrate the molecular switch from mitosis to meiosis.  

 

3.1. The RNA-binding protein Mei2, a key meiosis inducer 

 

 Over the last 30 years, the RNA-binding protein Mei2 emerged as a major 

regulator of meiosis in fission yeast. Intensive work by several groups unveiled 

important clues about its role(s) in sexual differentiation, highlighting the importance 

of RBPs in the control of gametogenesis in a unicellular eukaryotic and providing a 

conceptual framework to apprehend its molecular bases in metazoans. 

 

3.1.1. Identification, general properties and conservation  

The mei2+ gene was originally identified in a screen aimed at identifying fission 

yeast mutants defective for meiosis and sporulation (Bresch et al., 1968). Electron 

microscopy analyses showed that zygotes carrying mutations in mei2+ display a round 

nucleus and a single spindle pole body, indicative of a block before meiosis I (Bresch 

et al., 1968; Shimoda et al., 1985; Shimoda et al., 1987). Subsequent work 

demonstrated that mei2+ is essential at two distinct stages of meiosis: prior to the pre-

meiotic DNA synthesis and prior to the first meiotic division (Watanabe and 
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3.1.4. Functions 

Mei2 is required during two distinct stages of meiosis, at the onset of premeiotic 

DNA synthesis and upon the first meiotic division (Watanabe and Yamamoto, 1994; 

Figure 11). Both functions depend on the integrity of the Mei2 RRM3, suggesting that 

the binding to one or more RNA species is a critical requirement. Consistent with this 

notion, the role of Mei2 in meiosis I depends on meiRNA, and both factors cooperate 

to inhibit the function of the RNA-binding protein Mmi1 and promote meiosis 

progression (see next chapter) (Harigaya et al., 2006; Yamashita et al., 2012; Shichino 

et al., 2014). However, and contrary to Mei2, meiRNA is dispensable for premeiotic 

DNA synthesis, implying that Mei2 may cooperate with another RNA species to 

mediate this function. 

Recently, the use of genome-wide approaches allowed the identification of 

additional Mei2 RNA targets during the early phases of meiosis, including rep2+ 

mRNAs (Mukherjee et al., 2018). Rep2 is a zing finger protein that associates with the 

MBF (MluI-binding factor) transcription factor complex to promote expression of S-

phase genes during vegetative growth (Nakashima et al., 1995). Conversely, upon 

meiosis onset, the transcription factor Rep1 replaces Rep2 within the MBF complex to 

ensure expression of pre-meiotic S-phase genes (Sugiyama et al., 1994). Based on 

these findings, it was proposed that Mei2 may sequester rep2+ mRNAs, thereby 

favoring Rep1-dependent pre-meiotic DNA synthesis indirectly (Mukherjee et al., 

2018). However, direct evidence supporting this model is currently lacking and further 

experiments are required to demonstrate that the role of Mei2 in premeiotic DNA 

synthesis is functionally linked to its interaction with rep2+ mRNAs.  

Interestingly, Mei2 was also shown to associate with mmi1+ mRNAs during 

meiosis, yet the functional consequences of this interaction remain similarly elusive 

(Mukherjee et al., 2018). It was suggested that, in addition to its role in inhibiting Mmi1, 

Mei2 may also retain mmi1+ mRNAs in the nucleus, possibly reflecting a double 

inhibitory function, acting both at the protein and mRNA levels. One prediction of this 

attractive hypothesis is that Mmi1 protein levels should be lowered in a Mei2-

dependent manner upon meiosis onset.  
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 Early studies unveiled a major role for the Pat1 protein kinase in counteracting 

Mei2 during vegetative growth (see previous chapter). Originally, mutations in the 

pat1+ gene were shown to trigger sexual differentiation in a Mei2-dependent manner, 

even in haploid cells and irrespective of nutrient conditions, supporting a major 

function for Pat1 in the inhibition of meiosis (Iino and Yamamoto, 1985; Nurse 1985). 

Biochemical analyses subsequently demonstrated that Pat1 directly phosphorylates 

Mei2 on two residues, Ser438 and Thr527, both in vitro and in vivo (Watanabe et al., 

1997; Kitamura et al., 2001; Figure 12). These phosphorylation events were shown to 

inhibit Mei2 by at least two means: i) phosphorylated forms are recognized and bound 

by the 14-3-3 family protein Rad24, which prevents Mei2 interaction with meiRNA 

(Kitamura et al., 2001; Sato et al, 2002), and ii) phosphorylated Mei2 is targeted for 

degradation by the ubiquitin proteasome system (UPS) through the sequential activity 

of the E2 ubiquitin conjugating enzyme Ubc2 and the E3 ubiquitin ligase Ubr1 

(Kitamura et al., 2001; Simonetti et al., 2017). Thus, Pat1-dependent phosphorylation 

of Mei2 not only impacts its RNA-binding capacity but also promotes its rapid turnover 

in vegetative cells. Highlighting the importance of maintaining low levels of Mei2 in 

mitotic cells, expression of a non-phosphorylatable mutant of Mei2 (Mei2-SATA) 

prevents its association with Rad24, increases its steady state levels and half-life, and 

triggers ectopic meiosis in haploid cells, similar to pat1 mutants (Watanabe et al., 

1997; Sato et al, 2002). Upon meiosis onset, Pat1-dependent inactivation of Mei2 is 

abrogated by Mei3, an inhibitory pseudosubstrate of Pat1 specifically produced in 

diploid cells (Beach et al., 1985; Willer et al., 1995; Peng et al., 2003), which allows 

accumulation of unphosphorylated Mei2 and meiosis progression. Noteworthy, the 

Pat1 kinase also phosphorylates Ste11, which similarly inhibits its activity via Rad24 

and in turn prevents proper induction of the mei2+ gene (see previous chapter; Li and 

McLeod, 1996; Kitamura et al., 2001; Qin et al., 2003) 

 Beyond Pat1-mediated phosphorylation, Mei2 is also targeted by the Tor2 

kinase, a component of TORC1 that regulates cell growth and ribosome biogenesis 

(reviewed in Otsubo and Yamamoto, 2010). Tor2 binds to and phosphorylates Mei2 

at nine residues different from those targeted by Pat1, which also promotes its 

degradation by the ubiquitin-proteasome pathway (Alvarez and Moreno, 2006; Otsubo 

et al., 2014; Figure 12). Interestingly, residual phosphorylated forms of Mei2 were 
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Consistent with the notion that these motifs support DSR activity, a gfp+ 

reporter transcript fused to an array of UUAAAC sequences did not accumulate in 

mitotic cells (Yamashita et al., 2012). Mmi1 was subsequently shown to directly 

recognize UNAAAC motifs within meiotic mRNAs, targeting them for degradation by 

the nuclear exosome to prevent their untimely expression in mitotic cells (see below). 

This pathway is referred to the selective elimination of meiotic mRNAs. 

 

3.2.2. RNA-binding properties: the YTH domain and beyond 

 The initial characterization of Mmi1 mutants defective for downregulation of 

DSR-containing meiotic transcripts in mitotic cells revealed amino acid substitutions in 

the C-terminal region of the protein, which showed similarity with RNA-binding 

domains of the YTH family (Harigaya et al., 2006). The first described member of the 

YTH family was the mammalian YT521-B protein, identified in a yeast two hybrid 

screen for novel components of the spliceosome (Imai et al., 1998; Hartmann et al., 

1999). The fact that YT521-B does not belong to any of the known splicing factor 

families, yet participates in alternative splicing, prompted further bioinformatic analysis 

which led to the identification of an approximately 140 amino acids domain conserved 

in multiple eukaryotic proteins. Given its initial discovery in YT521-B, this domain was 

named YTH (YT521-B Homology) (Stoilov et al., 2002). 

Over the years, various studies reported more than 170 members of the YTH 

family across the eukaryotic kingdom, from yeast to plants and vertebrates (reviewed 

in Patil et al., 2018; Hazra et al., 2019). Both budding and fission yeast encode a single 

representative of the YTH family, Pho92 (also known as Mrb1) and Mmi1, respectively 

(Harigaya et al, 2006; Kang et al., 2014), while vertebrates contain five of those, 

classified into three categories based on their primary sequence: YTHDC1, YTHDC2, 

and YTHDF1–3 (reviewed in Patil et al., 2018). 

Early bioinformatic prediction suggested that the YTH domain could bind RNA 

(Stoilov et al., 2002). This was confirmed biochemically with the domain binding 

specifically to single-stranded, degenerate RNA sequences, but not to single-stranded 

DNA carrying the same binding motif (Zhang et al., 2010). 

 Recent structural analyses of vertebrate proteins provided important clues 

about RNA recognition by YTH domains, whereby conserved hydrophobic residues 
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form an aromatic cage to specifically accommodate N6-methyladenosine RNA 

modification (m6A) (Luo and Tong, 2014; Xu et al., 2014; Ma et al., 2019). In vivo 

studies further established a direct link between m6A modification and RNA-binding 

by YTH proteins (Wang et al., 2014; Patil et al., 2016). The role of vertebrate YTH 

proteins as m6A readers is now well established and their function ranges from the 

control of alternative splicing and polyadenylation to mRNA degradation and 

translation as well as transcriptional silencing (reviewed in Wang and He, 2014; Ke et 

al., 2017; reviewed in Zhao et al., 2017; reviewed in Patil et al., 2018; reviewed in Zhao 

et al., 2020). 

Similar to vertebrate proteins, the budding and fission yeast YTH proteins 

Pho92 and Mmi1 also display a potential m6A-binding pocket (Figure 14). While Pho92 

was shown to associate with m6A-enriched meiotic transcripts and methylated 

synthetic RNAs (Schwartz et al., 2013), the binding of Mmi1 to m6A-marked UNAAAC-

containing RNAs is compromised in vitro (Wang et al., 2016). Structural data revealed 

that, despite strong similarities with the overall organization of the Pho92 and 

vertebrate YTH domains, the spatial arrangement of residues forming the Mmi1 

aromatic cage precludes m6A recognition and amino acid substitutions at these 

positions do not alter RNA binding (Wang et al., 2016; Chatterjee et al., 2016; Wu et 

al., 2017). The putative m6A binding pocket is also surrounded by negatively charged 

residues, creating a repulsive environment for RNA binding, contrary to yeast and 

vertebrate orthologs. Rather, Mmi1 uses a long groove located opposite to the m6A-

binding pocket to associate with high affinity to RNAs containing UNAAAC motifs, 

thereby defining a unique binding mode in YTH family proteins (Wang et al., 2016; 

Chatterjee et al., 2016; Wu et al., 2017; Figure 15). A short-disordered segment lying 

just upstream the Mmi1 YTH domain was also recently shown to fold back in the 

presence of RNA to stabilize YTH-RNA interactions (Stowell et al., 2018).  
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3.2.4. Functions 

 

3.2.4.1. Coupling transcription termination to RNA degradation 

As mentioned above, one of the key functions of Mmi1 is to target transcripts 

for degradation by the nuclear exosome (see below). This is believed to occur through 

co-transcriptional recognition of nascent DSR-containing RNAs and recruitment of 

downstream effectors that ultimately promote their decay.  

The degradation of meiotic mRNAs is crucial for robust cell fitness. Cells 

mutated for Mmi1 indeed display extremely severe growth defects, which can be 

alleviated by the additional deletion of the mei4+ or rep1+ genes, both of which encode 

meiosis-specific transcription factors required for the induction of several meiotic 

genes and whose mRNAs are targeted for degradation in an Mmi1-dependent manner 

in mitotic cells (Harigaya et al., 2006; Hiriart et al., 2012). 

In addition to meiotic mRNAs and meiRNA (see above), recent works indicated 

that Mmi1 promotes degradation of various lncRNAs in mitotic cells, which is critical 

to prevent transcriptional interference of downstream genes. Among these are the nc-

tgp1 and prt lncRNAs (Ard et al., 2014; Shah et al., 2014; Kilchert et al., 2015; 

Chatterjee et al., 2016; Sanchez et al., 2018), which are functionally related to the 

control of phosphate metabolism by acting as cis regulators of their neighboring genes, 

tgp1+ and pho1+, respectively. In the presence of phosphate, both nc-tgp1 and prt are 

transcribed over the promoter regions of the tgp1+ and pho1+ genes, resulting in their 

downregulation. Conversely, phosphate deprivation diminishes transcription of 

lncRNAs, freeing promoter regions of downstream genes from invading upstream 

polymerases and allowing their proper induction. Importantly, nc-tgp1 and prt lncRNAs 

contain UNAAAC motifs which are required for both their downregulation by Mmi1 and 

their repressive effects on tgp1+ and pho1+ expression (Shah et al., 2014; Kilchert et 

al., 2015; Chatterjee et al., 2016). This has led to the proposal that Mmi1 couples 

transcription termination to (lnc)RNA degradation.  

The role of Mmi1 in lncRNA transcription termination and degradation extends 

beyond phosphate metabolism. The nam1 lncRNA (for non-coding RNA associated to 

Mmi1) is transcribed from the region upstream the byr2+ gene, which encodes a 

mitogen-activated protein kinase kinase kinase (MAPKKK) essential for meiotic entry 
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(Touat-Todeschini et al., 2017). It was shown that the binding of Mmi1 to DSR motifs 

contained within nam1 ensures its termination and degradation to prevent interference 

with byr2+ expression. Crucially, mutations of UNAAAC motifs impairs meiosis 

progression as a consequence of byr2+ downregulation, thereby positioning Mmi1 as 

a positive regulator of sexual differentiation (Touat-Todeschini et al., 2017). 

Thus, Mmi1 does not only target DSR-containing meiotic mRNAs for elimination 

during vegetative growth but also couples lncRNA transcription termination to their 

degradation in order to safeguard the expression of downstream genes important for 

metabolic and developmental processes. 

 

3.2.4.2. Nuclear mRNA retention 

 In addition to degradation, Mmi1 also specifically retains meiotic mRNAs in the 

nucleus to prevent their ectopic expression (Shichino et al., 2018). Single molecule 

Fluorescence In Situ Hybridization (smFISH) experiments revealed that the mei4+ and 

ssm4+ Mmi1 mRNA accumulate in the cytoplasm of mutants lacking the YTH domain 

and this correlated with the ectopic expression of meiotic proteins. Importantly, these 

phenotypes were not observed in other mutants of factors involved in meiotic mRNA 

degradation, including the exosome, in which transcripts accumulate in the nucleus 

without detection of cognate proteins (Shichino et al., 2018; see result section). Thus, 

recognition of meiotic mRNAs by the Mmi1 YTH domain is an early step necessary for 

both nuclear retention and degradation. 

 Further experiments revealed that an N-terminal domain of Mmi1 required for 

its association with Erh1, one of its key cofactors in meiotic mRNA degradation, is also 

important for nuclear retention (see below; Shichino et al., 2018; Xie et al., 2019). 

Thus, this function of Mmi1 does not solely rely on its RNA-binding activity but also 

involves the correct assembly with protein partners. 

It is possible that nuclear retention has evolved to prevent expression of 

mRNAs that escaped degradation. This may also ensure rapid response to nutritional 

starvation, whereby a pool of meiotic transcripts already synthesized is released from 

the nucleus for export and translation in order to fasten meiosis entry.  
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3.2.4.3. (Un)coupling mRNA splicing and degradation 

 Previous studies showed that Mmi1 regulates the splicing of several intron-

containing meiotic mRNAs (McPheeters et al., 2009; Chen et al., 2011; Kilchert et al., 

2015). During vegetative growth, unprocessed crs1+ and rec8+ mRNAs were shown 

to accumulate substantially as spliced isoforms upon mutation of Mmi1, suggesting 

that the latter partakes in both transcript degradation and intron retention (McPheeters 

et al., 2009; Chen et al., 2011). Yet, both roles can be functionally uncoupled by 

mutation of a splicing site within a rec8+ intron, which precludes increase in transcript 

stability.  

Recent genome-wide analyses further expanded the repertoire of intron-

containing transcripts bound by Mmi1 (Kilchert et al., 2015). Its association with 

UNAAAC motifs within introns was shown to prevent accumulation of both spliced and 

unspliced products, highlighting the functional link between RNA splicing and 

degradation. 

 

3.2.4.4. Chromatin modification and silencing 

 During vegetative growth, a subset of Mmi1 target genes is covered by 

chromatin repressive marks, such as histone H3 lysine 9 dimethylation (H3K9me2) 

(Cam et al., 2005; Hiriart et al., 2012; Zofall et al., 2012; Tashiro et al., 2013; Sugiyama 

et al., 2016; Zofall et al., 2016; Xie et al., 2019). Present at constitutive 

heterochromatin regions (i.e. centromeres, telomeres, silent mating type locus), 

H3K9me2 is dynamically regulated at meiotic genes in response to nitrogen 

availability, which suggests that their expression may also be epigenetically controlled 

(Zofall et al., 2012). Consistent with this, Mmi1 was shown to recruit components of 

the heterochromatin machinery, including the RNA interference-related RITS complex, 

to H3K9me2-coated meiotic genes (Hiriart et al., 2012). Red1, a major Mmi1 partner 

in meiotic mRNA degradation (see below), was also found to physically interact with 

the sole H3K9 methyltransferase in fission yeast, Clr4 (Zofall et al., 2012) and removal 

of Mmi1-targeted DSR sequences abrogate H3K9me2 at the corresponding loci 

(Hiriart et al., 2012; Tashiro et al., 2013; Sugiyama et al., 2016; Xie et al., 2019). 

Together, these evidences support the notion that Mmi1 and its cofactors co-

transcriptionally recruit heterochromatin factors to further repress the expression of 
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meiotic genes in dividing cells. Nonetheless, when compared to Mmi1 or exosome 

mutants, deletion of RNAi factors (e.g. the RITS subunit Ago1 or the endoribonuclease 

Dcr1) results in a mild increase in DSR transcripts and a partial suppression of the 

sporulation defects observed in the sme2∆ strain (Hiriart et al., 2012). The absence of 

Clr4 and certain hypomorphic mutations of Mmi1 also completely abolish H3K9me2 

while maintaining efficient meiotic mRNA degradation (Zofall et al., 2012; Tashiro et 

al., 2013). Therefore, the relative importance of heterochromatin factors in the 

suppression of meiotic mRNA expression is moderate. In addition, only a few meiotic 

genes are covered by H3K9me2, implying that this chromatin modification is not part 

of a general mechanism that represses the expression of DSR-containing Mmi1 

targets. Interestingly, however, Mmi1 cooperates with Clr4 to co-transcriptionally 

silence UNAAAC motifs-containing heterochromatic transcripts produced from 

pericentromeric repeats (Touat-Todeschini et al., 2017). 

 

3.2.4.5. Regulation of protein abundance/activity: the case of Mei2 

 Beyond RNA metabolism, Mmi1 is also implicated in the regulation of protein 

levels. Previous work in the lab showed that, during vegetative growth, Mmi1 recruits 

the evolutionarily conserved Ccr4-Not complex to mediate ubiquitination and 

downregulation of a pool of its own inhibitor Mei2 (see previous and next sections; 

Simonetti et al., 2017). This regulatory pathway is distinct from the constitutive 

turnover of Mei2, which depends on the E3 ubiquitin ligase Ubr1, but rather allows to 

limit the accumulation and/or activity of Mei2 in dividing cells. Importantly, failure to 

downregulate Mei2 in mutants of the E3 ubiquitin ligase subunit Mot2 of Ccr4-Not 

results in a substantial increase of meiotic mRNA levels due to Mmi1 inactivation. This 

led to the proposal that Mmi1-dependent downregulation of Mei2 is crucial to ensure 

the persistent repression of meiotic transcripts by Mmi1 in mitotic cells. Yet, the precise 

mechanisms by which Mmi1 and Mei2 reciprocally control their activities during 

vegetative growth have remained elusive. An important part of my PhD work consisted 

in determining how Mmi1 targets Mei2 to Mot2, and conversely, how accumulating 

Mei2 impedes Mmi1 function in meiotic mRNA degradation (see results section). 
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 Upon meiosis onset, the cellular localization of Mmi1 drastically changes, 

whereby the multiple foci converge into a unique nuclear dot (Harigaya et al., 2006; 

Shichino et al., 2014). This body, which persists throughout the horsetail stage of 

meiotic prophase but disperses after meiosis I, was shown to overlap the Mei2-

meiRNA dot (see above; Watanabe et al., 1997; Yamashita et al., 1998; Harigaya et 

al., 2006; Figure 18). Importantly, both Mei2 and meiRNA are required for the 

formation of this unique Mmi1 dot, emphasizing the physiological importance of 

sequestering Mmi1 to complete sexual differentiation.  

 However, and despite recent progresses (see results section), the exact 

composition and localization of the mitotic Mmi1 foci and the mechanisms driving their 

remodeling/convergence upon entry into meiosis remain important matters for future 

studies. 

 

 

3.3. The Mmi1 cofactors involved in the selective elimination of meiotic mRNAs 

 

Over the last 10-15 years, several studies have deciphered the mechanisms by 

which Mmi1 promotes meiotic RNA degradation in mitotic cells. A number of 

independent proteomic and biochemical approaches allowed to uncover a complex 

network of proteins and multisubunit complexes cooperating with Mmi1 to achieve 

efficient RNA processing and degradation. In this section, I summarize the current 

knowledge about these factors in the elimination of DSR-containing meiotic mRNAs. 

 

3.3.1. Enhancer of rudimentary homolog Erh1 

 

3.3.1.1. Identification, conservation and functions in metazoans 

The Enhancer of Rudimentary protein (ERH) was initially identified in a screen 

for mutations that enhance the truncated wing phenotype in Drosophila, caused by the 

absence of the rudimentary (r) gene (Wojcik et al., 1994). ERH genes were 

subsequently found throughout the eukaryotic kingdom, from yeast to mammals 

(Isomura et al., 1996; Gelsthorpe et al., 1997). One surprising feature of ERH proteins 

is their high degree of conservation: they are strictly identical in Xenopus, mouse and 
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mutant similarly derepressed pho1+, suggesting that EMC assembly may indeed 

counteract specific Mmi1 functions (Xie et al., 2019).  

 

3.3.2. RNA processing, polyadenylation and termination factors 

 Following the identification of Mmi1, several studies reported a role for RNA 3’ 

end processing factors and the polyadenylation machinery in the selective elimination 

of meiotic mRNAs during vegetative growth (McPheeters et al., 2009; Yamanaka et 

al., 2010; St-André et al., 2010; Chen et al., 2011). Firstly, cells carrying a temperature 

sensitive mutation of Pfs2, a component of the nuclease module of the Cleavage and 

Polyadenylation Factor (CPF), were shown to accumulate meiotic crs1+ transcripts in 

a manner similar to Mmi1 mutants (McPheeters et al., 2009). Genetic and biochemical 

experiments next revealed that Rna15, a subunit of the 3’ end cleavage factor complex 

CF1A, the canonical mRNA poly(A) polymerase Pla1, the poly(A) binding protein Pab2 

and the nuclear exosome subunit Rrp6 all participate in the degradation of DSR 

meiotic mRNAs and localize to Mmi1-containing nuclear foci (Yamanaka et al., 2010; 

St-André et al., 2010; Chen et al., 2011). Further supporting a direct role in the 

Mmi1/DSR system, mutants of these factors almost fully suppress the sporulation 

defects observed in the absence of meiRNA (Harigaya et al., 2006; St-André et al., 

2010; Yamanaka et al., 2010). Importantly, Pla1-dependent hyperadenylated 

transcripts were observed in rrp6+ but not mmi1+ mutants (Yamanaka et al., 2010; 

Chen et al., 2011). Based on these findings, it was proposed that Mmi1 co-

transcriptionally binds to meiotic transcripts and promotes their hyperadenylation 

through its cooperation with CPF and Pla1. The binding of Pab2 to poly(A) tails 

subsequently allows the recruitment of the exosome for rapid RNA turnover. 

 The Rat1/XRN2 family 5’ to 3’ exoribonuclease Dhp1, a conserved transcription 

termination factor, also suppresses the expression of DSR-containing meiotic mRNAs 

(Chalamcharla et al., 2015). Detailed analysis revealed that Dhp1 associates with 

Mmi1 and mediates premature termination events, possibly favoring precocious RNA 

decay. As such, Dhp1 is preferentially enriched at DSR elements, which are sites of 

premature termination in Mmi1 targets that coincide with RNA Pol II pile-ups (Vo et al., 

2019). Interestingly, several CPF subunits, among which the mammalian FIP1 

homolog Iss1, exhibit a strikingly similar profile, being enriched at non-canonical (e.g. 
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DSR elements) termination sites in addition to their classical distribution within gene 

3’ UTRs (Vo et al., 2019; Lee et al., 2020). The overlap between Mmi1 and CPF/Dhp1 

ChIP-seq profiles and the physical associations of Iss1 with both Mmi1 and Rrp6 

together rationalize the role of Mmi1 in termination-coupled RNA degradation, 

including at regulatory lncRNA loci (Vo et al., 2019; Lee et al., 2020).  

 

3.3.3. The Mtl1-Red1 Complex (MTREC) 

 A major player in the selective elimination of DSR-containing meiotic mRNAs 

is the multisubunit MTREC (Mtl1-Red1 Complex), which is composed of a core module 

including the Mtr4-like RNA helicase Mtl1 and the zinc-finger protein Red1 (RNA 

elimination defective 1) (Lee et al., 2013; Egan et al., 2014; Zhou et al., 2015).  

 Red1 was initially identified in a screen for factors localizing to nuclear foci 

(Sugiyama and Sugioka-Sugiyama, 2011). This 712 amino acid protein contains a 

putative CCCH-type zinc finger domain and is required for robust cell growth, mating 

and sporulation. Microarray analyses indicated that red1∆ cells accumulate several 

meiotic mRNAs, strongly overlapping previously reported Mmi1 targets. This effect 

was partially dependent on the zinc finger, as introduction of a point mutation in the 

domain causes upregulation of DSR mRNAs. Additional experiments revealed that 

Red1 physically interacts with Mmi1 and colocalizes with Pla1, Pab2 and Rrp6 in 

Mmi1-containing nuclear foci (Sugiyama and Sugioka-Sugiyama, 2011). This study 

thus positioned Red1 as an important Mmi1 cofactor, that might directly bind to meiotic 

transcripts. 

 The overall composition of MTREC was later defined by affinity purification 

coupled to mass spectrometry analyses. Beyond Red1, additional subunits include the 

essential RNA helicase Mtl1 homologous to human MTR4/SKIV2L2, the RRM-

containing protein Rmn1, the serine- and proline-rich protein Iss10/Pir1 and two other 

zinc-finger proteins, Red5 and Ars2/Pir2 (Lee et al., 2013; Egan et al. 2014; Zhou et 

al., 2015). Purifications of individual components in cells deleted for specific subunits 

further provided a detailed picture of the organization of the complex: the Mtl1-Red1 

core associates with distinct submodules composed of i) Red5, Rmn1 and Pab2, ii) 

Ars2/Pir2 and the cap-binding subunits Cbc1 and Cbc2, iii) Iss10 and Mmi1 (Zhou et 

al., 2015). Immunofluorescence experiments indicated that most MTREC components 
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2013). Whether this represents a mechanism to facilitate meiotic mRNAs 

accumulation in addition to Mmi1 sequestration by the Mei2-meiRNA complex is 

presently unclear. Interestingly, both Red1 and Red5 mutants are necessary for 

efficient sporulation, indicative of a positive contribution to meiosis. It was shown that 

both factors function with the Exon Junction Complex to facilitate the accumulation 

and splicing of the DSR transcript rec8+ in meiotic cells (Sugiyama et al., 2013). 

Although the precise mechanism involved remains elusive, this implies that MTREC 

has both positive and negative roles in the mitosis to meiosis transition. 

From an evolutionary perspective, the fission yeast MTREC is highly 

reminiscent of the human NEXT and PAXT complexes. Both of them organize around 

hMtr4, the orthologue of Mtl1 in human cells, and associate with the nuclear exosome 

(reviewed in Schmid and Jensen, 2019). NEXT physically interacts with the cap-

binding complex and ARS2 to target promoter upstream transcripts (PROMPTs) to the 

nuclear exosome, similar to the role of MTREC in the degradation of CUTs (Andersen 

et al., 2013; Hallais et al., 2013). On the other hand, PAXT associates with the poly(A) 

binding protein PABPN1 to mediate degradation of polyadenylated nuclear RNA 

(Meola et al., 2016, reviewed in Meola and Jensen 2017). MTREC may thus have 

evolved as two independent complexes in metazoans with dedicated substrate 

specificity. 

 

3.3.4. The RNA exosome 

The exosome is a highly conserved multisubunit complex found in archaea, 

unicellular eukaryotes and metazoans. Present in both the cytoplasm and the nucleus, 

the exosome is endowed with exo- and endoribonuclease activities and functions in a 

wide range of RNA processing and degradation reactions (reviewed in Houseley et 

al., 2006). The cytoplasmic and nuclear forms of the complex share a common core 

but associate with distinct cofactors that provide substrate specificity (Kilchert et al., 

2016; Schmid and Jensen, 2019). In this section, I will focus on the structural and 

functional evidence positioning the nuclear exosome as the last effector of the Mmi1-

dependent meiotic mRNA degradation pathway. 
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additional routes exist whereby the RNA is directly addressed to Rrp6 for 3’-5’ 

exoribonucleolytic attack or to the Dis3 PIN domain for endonucleolytic cleavage 

(Delan-Forino et al., 2017). These different paths for RNA processing and/or decay 

likely reflect the various types of substrates (e.g. folded and/or polyadenylated RNAs) 

and provide a structural basis for regulatory mechanisms. 

 

3.3.4.2. Cofactors of the nuclear exosome 

  The broad spectrum of RNAs to be processed or degraded in cell nuclei 

requires the exosome to be assisted by cofactors. These include sequence-dependent 

RNA-binding proteins that confer substrate specificity, RNA helicases, which can 

unwind secondary structures and/or displace RNA-bound proteins, as well as poly(A) 

polymerases that append single-stranded adenosine stretches. The coordinated 

action of these factors ensure that RNA substrates are specifically delivered to and 

efficiently processed/degraded by the exosome.  

 In S. pombe, the RNA-binding protein Mmi1 binds to clustered UNAAAC motifs 

within meiotic mRNAs, promotes their hyperadenylation by the canonical poly(A) 

polymerase Pla1 and cooperates with the RNA helicase Mtl1-containing MTREC to 

target transcripts for degradation by the nuclear exosome (see above; Harigaya et al., 

2006; Yamanaka et al., 2010; Chen et al., 2011; Yamashita et al., 2012; Lee et al., 

2013; Egan et al., 2014; Zhou et al., 2015; Figure 25). The binding of Pab2 to both 

mRNA poly(A) tails and Rrp6/Dis3 provides another physical link between RNA-bound 

Mmi1 and the exosome (Lemay et al., 2010), ultimately favoring degradation of meiotic 

mRNAs.  

Another well described cofactor of the nuclear exosome is the polyadenylation 

TRAMP complex, which contains the DEAD-box RNA helicase Mtr4, highly similar to 

Mtl1, the RNA-binding protein Air1 and the poly(A) polymerase Cid14 (Bühler et al., 

2007; Keller et al., 2010). However, while TRAMP assists the exosome in the 

processing of rRNA precursors and the degradation of heterochromatic transcripts 

(Win et al., 2006; Bühler et al., 2007; Wang et al., 2008; Keller et al., 2010), it does 

not partake in the selective elimination of meiotic mRNAs (McPheeters et al., 2009; 

Yamanaka et al., 2010; Chen et al., 2011; Figure 25). 
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 A major function of the nuclear exosome also consists in degrading RNA 

molecules that are produced spuriously in the genome due to a general leaky control 

on transcription. In the recent years, several studies have indeed shown that 

eukaryotic genomes are pervasively transcribed, generating a multitude of non-coding 

RNAs that overlap or are antisense to known ORFs, or that derive from intergenic 

regions (reviewed in Tudek et al., 2015). Interestingly, in S. pombe, these so-called 

CUTs (for Cryptic Unstable Transcripts) are targeted for degradation by the exosome 

in an MTREC-dependent manner (Zhou et al., 2015).  

As mentioned above, the exosome is the final effector of Mmi1-dependent 

elimination of meiotic mRNAs during vegetative growth. Both the nucleus-specific 

subunit Rrp6 and Dis3 contribute to this process and colocalize with Mmi1 and MTREC 

in nuclear foci (Harigaya et al., 2006; Yamanaka et al., 2010; Chen et al., 2011; 

Mukherjee et al., 2016; Shichino et al., 2020). Noteworthy, expression profiling by 

RNA-seq of cells lacking Rrp6 or expressing a catalytically dead version of the protein 

revealed qualitative and quantitative differences among Mmi1 mRNA targets 

(Mukherjee et al., 2016). Not only the number of upregulated transcripts was higher in 

the rrp6∆ strain but RNA steady state levels were also generally increased. This led 

to the proposal that Rrp6 exerts a structural role as well, possibly docking RNAs onto 

the exosome and favoring their subsequent channeling to reach Dis3 catalytic site. 

Whether this also accounts for the role of Rrp6 in transcription termination of some 

Mmi1-targeted regulatory lncRNAs such prt remains to be elucidated (see above; 

Shah et al., 2014). 

Overall, the nuclear exosome can sort RNA molecules for processing or 

degradation and functions as a genome surveillance factor, preventing inappropriate 

or untimely expression of transcripts potentially deleterious for cell growth (Figure 26). 
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3.3.5.1. Composition and organization  

Most components of the budding yeast complex were initially identified in 

genetic screens for factors regulating transcription (Denis, 1984; Denis and Malvar, 

1990; Collart and Struhl, 1993; Collart and Struhl, 1994; Draper et al., 1994; 

Oberholzer et al., 1998). These include Ccr4 (Carbon Catabolite repressor 4), involved 

in the expression of glucose-repressible enzymes, its partner Caf1 (Ccr4-associated 

factor 1) as well as the Not1, Not2, Not3 and Not4 proteins required for the repression 

of TATA-less promoters (Negative on TATA-less). Affinity purifications coupled to 

mass spectrometry analyses subsequently revealed that all these factors belong to a 

unique biochemical entity, the so-called Ccr4-Not complex, that also contains the 

Caf40 protein as a core component (Liu et al., 1998). Studies during the following two 

decades allowed an in-depth characterization of the complex in multiple species and 

highlighted its conserved organization despite the existence of species-specific 

subunits (reviewed in Collart, 2016).  

 Ccr4-Not assembles around its large scaffolding subunit Not1, which is 

structurally organized in two L-shaped arms and composed of several domains that 

serve as docking sites for other subunits/modules (Maillet et al., 2000; Basquin et al., 

2012; Bhaskar et al., 2013). The N-terminal arm of Not1 contains HEAT repeats 

involved in protein-protein interactions and ends by a MIF4G domain responsible for 

anchoring Caf1 which in turn binds Ccr4, thereby forming the nuclease module of the 

complex (see below; Basquin et al., 2012). The C-terminal region of Not1 is instead 

implicated in the interaction with the Not module, which contains the Not2 and 

Not3/Not5 subunits that wrap around the scaffold via extended regions called the Not 

boxes (Bhaskar et al., 2013; Boland et al., 2013). Similarly, a C-terminal region within 

Not4 associates with a C-terminal domain of Not1 and this interaction occurs 

independently of the Not module (Bhaskar et al., 2015). Finally, Caf40 associates with 

a region located between the nuclease and Not modules and contributes to the 

association of Not4 to the complex in metazoans (Bawankar et al., 2013; Ukleja et al., 

2016; Keskeny et al., 2019; Figure 27). Biochemical analyses in Drosophila and 

humans revealed a similar pattern of organization around Not1 (Bawankar et al., 2013; 

reviewed in Xu et al., 2014).  
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 Over the years, multiple proteins were shown to recruit the Ccr4-Not complex 

for various functional purposes. Intriguingly, both fission yeast Mmi1 and its human 

ortholog YTHDF2 tightly associate with the complex, indicating that the interaction of 

YTH-family RNA-binding proteins with Ccr4-Not has been maintained during evolution 

(see below; Du et al., 2016; Ukleja et al., 2016; Stowell et al., 2016; Simonetti et al., 

2017). 

 

3.3.5.2. Biochemical activities 

 The Ccr4-Not complex is endowed with two catalytic activities: RNA 

deadenylation by the Ccr4 and Caf1-containing nuclease module and protein 

ubiquitinylation through the E3 ubiquitin ligase subunit Not4 (also known as Mot2 in S. 

pombe). 

 The RNA deadenylase Ccr4 is a 3’-5’ poly(A)-specific exoribonuclease that 

belongs to the exonuclease-endonuclease-phosphatase (EEP) family of proteins 

(Chen et al., 2002). In addition to its nuclease domain, Ccr4 contains a leucine-rich 

repeat to which Caf1, a DEDD nuclease family member with a fully conserved Asp-

Glu-Asp-Asp active site, interacts with (Malvar et al., 1992; Clark et al., 2004; Basquin 

et al., 2012). The relative contribution of Ccr4 and Caf1 3’-5’ exoribonucleolytic 

activities varies between species, the former being the major active subunit in budding 

yeast while the latter has a predominant role in fission yeast, drosophila and humans 

(Tucker et al., 2002; Jonstrup et al., 2007; Schwede et al., 2008; Temme et al., 2010). 

Recent in vitro and in vivo biochemical analyses in yeasts revealed that the poly(A) 

binding protein Pab1 differentiates deadenylase activities, whereby Ccr4 acts on the 

bulk of mRNAs irrespective of the presence of Pab1 while Caf1 selectively trims 

unbound poly(A) tails (Webster et al., 2018). 

 The ubiquitinylation activity of the complex is carried out by the Not4/Mot2 

subunit, a RING finger domain-containing E3 ubiquitin ligase, that modulates protein 

function and/or degradation (Hanzawa et al., 2001; Albert et al., 2002; Bhaskar et al., 

2015). E3 ubiquitin ligases are the final effectors of a cascade process that ultimately 

results in the covalent attachment of one or multiple ubiquitin moieties to a target 

protein (reviewed in Soltes et al., 2011). The RING finger domain of Not4/Mot2 

localizes at its N-terminus and mediates the simultaneous binding of the E2-
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E3 ubiquitin ligase Not4/Mot2 also contributes to transcriptional regulation by targeting 

chromatin modifiers and transcription factors for polyubiquitinylation and subsequent 

proteasome-dependent degradation (see below).  

Interestingly, in S. pombe, repressive H3K9 dimethylation at Mmi1 target genes 

is abolished in mot2∆ cells, although this did not coincide with the accumulation of 

meiotic mRNAs in the conditions examined (see above; Cotobal et al., 2015). 

Likewise, the Caf40 ortholog Rcd1 is required for full induction of the ste11+ gene 

upon nitrogen starvation and hence proper sexual differentiation, but the mechanism 

involved remains unknown (see above; Okazaki et al, 1998). Finally, the catalytic 

activities of Ccr4 and Caf1 contribute to the degradation of heterochromatin-

associated transcripts in cooperation with the RNA interference machinery (Brönner 

et al., 2017). 

 

b) mRNA deadenylation and turnover 

 The Ccr4-Not complex is the major mRNA deadenylase required for 

cytoplasmic mRNA turnover in yeast, flies, mouse and human (Tucker et al., 2001; 

Temme et al., 2004; Yamashita et al., 2005). 

 Deadenylation is a biphasic reaction which consists in poly(A) tail shortening 

prior to complete RNA degradation. The current model posits that, following an initial 

phase mediated by the Pan2-Pan3 deadenylation complex, Ccr4-Not takes over and 

completely removes poly(A) tails (Yamashita et al., 2005). The shortening or lack of 

poly(A) tails triggers mRNA decapping by the Dcp1/Dcp2 enzymes and subsequent 

RNA degradation by the 5’-3’ exoribonuclease Xrn1 (reviewed in Bartlam and 

Yamamoto, 2010). An alternative route involves the exosome for 3’ to 5’ RNA decay. 

Recent in vitro reconstitution of deadenylation reactions using purified fission yeast 

protein/complexes revealed that Pab1 associates with Ccr4 and stimulates its 

nuclease activity to shorten poly(A) tails of RNA substrates (Webster et al., 2018). This 

provides a mechanistic basis for the requirement of Ccr4-Not in general mRNA 

deadenylation-coupled degradation and is reminiscent of the role of metazoan PABPC 

in promoting CCR4 activity on polyadenylated transcripts (Yi et al., 2018). 

 The Ccr4-Not complex also participates in the targeted deadenylation of 

specific transcripts thanks to its recruitment by sequence-specific RNA-binding 
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proteins. Several studies in various model organisms have emphasized the role of 

RBPs in the selective recruitment of Ccr4-Not. These include proteins of the PUF 

family which recognize motifs within mRNA 3’ UTRs and associate with Caf1 

(Goldstrohm et al., 2006; Goldstrohm et al., 2007), the human zinc finger containing 

protein tristetraprolin (TTP) that binds to A/U rich elements and interacts with the 

scaffolding subunit CNOT1 (Sandler et al., 2011), as well as the Drosophila Smaug 

protein which physically bridges Ccr4-Not to mRNA 3’ UTRs (Semotok et al., 2005). 

This process is conserved in fission yeast as the Pumilio family Puf3 and TTP ortholog 

Zfs1 proteins both accelerate in vitro Ccr4-Not-mediated deadenylation of RNA 

substrates carrying corresponding binding motifs (Webster et al., 2019). Remarkably, 

similar analyses unveiled a major role for Mmi1 in promoting deadenylation of 

UNAAAC-containing synthetic RNAs (Stowell et al., 2016). However, S. pombe cells 

deleted for ccr4+, caf1+ or both do not accumulate DSR-containing meiotic mRNAs 

during vegetative growth, arguing against a role for the deadenylation activity of Ccr4-

Not in the degradation of Mmi1 targets in vivo (see below; Cotobal et al., 2015; 

Sugiyama et al., 2016; Simonetti et al., 2017). 

 

c) mRNA quality control and export 

 Studies in budding yeast reported that Ccr4-Not complex associates with 

nuclear proteins involved in mRNP biogenesis/export, components of the nuclear pore 

complex as well as exosome and TRAMP components (Azzouz et al., 2009; Kerr et 

al., 2011). This suggests that Ccr4-Not might coordinate steps ensuring the correct 

assembly of mRNPs prior to export and contribute to the recognition and nuclear 

degradation of improperly processed mRNAs. Consistent with this notion, deletion of 

ccr4+ or pop2+/caf1+ partially suppresses the degradation and nuclear retention of 

heat shock mRNAs produced in mutants of the THO complex involved in mRNP 

biogenesis/export (Assenholt et al., 2011). 
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d) translation 

 In budding yeast, several subunits of Ccr4-Not are detected with active 

ribosomes and mutants of the complex change polysome profiles, suggesting a link 

with translation (Dimitrova et al., 2009; Panasenko and Collart, 2012; Preissler et al., 

2015). It was shown that Not4 promotes ubiquitinylation of nascent polypeptides to 

target them for proteasomal degradation (Dimitrova et al., 2009). Subsequent work 

supported a model whereby Not4 rather represses translation of ribosome stalling 

mRNAs in cooperation with decapping factors, although the mechanistic basis for this 

remains elusive (Preissler et al., 2015).  

 The Not module component Not5 regulates the translatability of several 

mRNAs, both positively and negatively (Villanyi et al., 2014). RIP-seq experiments 

indicated that Not5 promotes the co-transcriptional binding of the scaffolding subunit 

Not1 to a large population of transcripts, including ribosomal protein mRNAs, and that 

this association is needed for efficient translation (Gupta et al., 2016). Very recently, 

combination of electron microscopy experiments, ribosome profiling and mRNA 

stability assays demonstrated that the N-terminus of Not5 mediates the anchoring of 

Ccr4-Not to initiating and elongating ribosomes, coupling translation efficiency to 

mRNA degradation depending on the presence of (non)optimal codons (Buschauer et 

al., 2020). Thus, Not5 coordinates transcription and translation to fine tune protein 

synthesis and mRNA degradation. 
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mediates destabilization of the catalytic subunit Cdc17 of polymerase a (Haworth et 

al., 2010). 

 Protein degradation-independent regulatory ubiquitinylation also represents an 

important mechanism by which Not4/Mot2 controls various cellular processes. In S. 

cerevisiae, Not4 ubiquitinylates the Egd1 and Egd2 subunits of the nascent 

polypetide-associated complex (NAC), which is important for their association with 

both the ribosome and the proteasome to ensure the correct folding of newly 

synthesized proteins (Panasenko et al., 2006; Panasenko et al., 2009). Likewise, Not4 

regulates the interaction of Ccr4-Not with the ribosome through ubiquitinylation of the 

ribosomal protein Rps7A and prevents the glocbal accumulation of polyubiquitinylated 

proteins, suggestive of a role in the assembly/integrity of the proteasome (Panasenko 

and Collart, 2011; Panasenko and Collart, 2012; Halter el al., 2014). 

 Finally, previous work in the lab showed that fission yeast Mot2 ubiquitinylates 

the meiosis inducer Mei2 during vegetative growth (see above; Simonetti et al., 2017). 

This reaction is part of a regulatory circuit whereby the RNA-binding protein Mmi1 

recruits the Ccr4-Not complex to mediate downregulation of a pool of its own inhibitor 

Mei2. Importantly, Mot2 is not involved in the constitutive turnover of Mei2, which 

depends on the E3 ubiquitin ligase Ubr1 (see above; Kitamura et al., 2001; Simonetti 

et al., 2017), but rather limits the accumulation and/or activity of the protein to sustain 

the function of Mmi1 in meiotic mRNA degradation in mitotic cells. An important part 

of my PhD work consisted in deciphering the molecular bases of the Mmi1-Mei2 

mutual control during vegetative growth (see Results section)
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Part I: Structure-function analysis of a gametogenic effector: the Erh1-Mmi1 

complex 

 

1. Summary and contribution  

 

In S. pombe, a subset of meiotic genes is constitutively transcribed during 

vegetative growth, yet synthesized mRNAs are rapidly turned over. This process relies 

on the YTH-family RNA-binding protein Mmi1, which recognizes these transcripts in a 

sequence-dependent manner and targets them for degradation by the nuclear 

exosome (Harigaya et al., 2006). Several factors were shown to cooperate with Mmi1 

for the elimination of meiotic mRNAs produced in mitotic cells, including the highly 

conserved nuclear protein Erh1 (Enhancer of rudimentary homolog 1) (Sugiyama et 

al., 2016). Recent work revealed that Mmi1 and Erh1 assemble in an heterotetrameric 

complex, called EMC (Erh1-Mmi1 complex), whereby an Erh1 homodimer physically 

bridges two Mmi1 molecules (Xie et al., 2019). Importantly, the association of Mmi1 

with Erh1 is a prerequisite for efficient meiotic mRNA degradation (Xie et al., 2019).  

Upon sexual differentiation, Mmi1 is sequestered in an RNP complex 

composed of the RNA-binding protein Mei2 and its associated lncRNA meiRNA, 

thereby allowing timely expression of meiotic genes (Watanabe and Yamamoto, 1994; 

Shichino et al., 2014). Similarly, Erh1 localizes to and promotes the formation of the 

Mei2-meiRNA nuclear body, which is required for efficient meiosis progression 

(Sugiyama et al., 2016, Shichino et al., 2018). 

In collaboration with the groups of Marc Graille and Benoit Palancade, we 

investigated the mechanisms of EMC assembly both in vitro and in vivo. Our results 

demonstrate that Erh1 forms a homodimer in solution, analogous to its counterpart in 

higher eukaryotes (Arai et al., 2005; Wan et al., 2005) and consistent with recent work 

in fission yeast (Xie et al., 2019). We further show that Erh1 homodimerization is 

dispensable for its interaction with Mmi1, yet is essential for the binding and 

degradation of meiotic mRNAs by Mmi1. Impaired formation of Erh1 homodimer also 

results in sporulation defects that coincide with loss of the Mei2-meiRNA nuclear body. 

Together, our data highlight the biological relevance of Erh1 homodimer formation, 

and hence EMC assembly, during both the mitotic and meiotic cell cycles. These 
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findings were published in Scientific Reports and I am co-first author for this article. 

Specifically, I contributed to the analysis of EMC assembly in vivo by combining 

molecular (RT-qPCR), biochemical (coIP) and imaging approaches (smFISH). 
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Formation of S. pombe Erh1 
homodimer mediates gametogenic 
gene silencing and meiosis 
progression
Ditipriya Hazra1,4, Vedrana Andrić2,4, Benoit Palancade3, Mathieu Rougemaille2* & 
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Timely and accurate expression of the genetic information relies on the integration of environmental 
cues and the activation of regulatory networks involving transcriptional and post-transcriptional 
mechanisms. In fission yeast, meiosis-specific transcripts are selectively targeted for degradation 
during mitosis by the EMC complex, composed of Erh1, the ortholog of human ERH, and the YTH family 
RNA-binding protein Mmi1. Here, we present the crystal structure of Erh1 and show that it assembles 
as a homodimer. Mutations of amino acid residues to disrupt Erh1 homodimer formation result in loss-
of-function phenotypes, similar to erh1∆ cells: expression of meiotic genes is derepressed in mitotic 
cells and meiosis progression is severely compromised. Interestingly, formation of Erh1 homodimer is 
dispensable for interaction with Mmi1, suggesting that only fully assembled EMC complexes consisting 
of two Mmi1 molecules bridged by an Erh1 dimer are functionally competent. We also show that Erh1 
does not contribute to Mmi1-dependent down-regulation of the meiosis regulator Mei2, supporting the 
notion that Mmi1 performs additional functions beyond EMC. Overall, our results provide a structural 
basis for the assembly of the EMC complex and highlight its biological relevance in gametogenic gene 
silencing and meiosis progression.

Members of the ERH protein family are small proteins found in metazoan, invertebrates as well as plants. !ese 
proteins are strongly conserved (no amino acid changes between frog and human proteins and only one di"er-
ence between human and zebra#sh proteins), arguing for strict evolutionary constraints and for a highly impor-
tant function. !is gene was originally identi#ed 25 years ago from a genetic screen as a mutant enhancing the 
truncated wing phenotypes of fruit $ies lacking the rudimentary (r) gene1, which encodes for the enzyme cata-
lyzing the #rst three steps of the pyrimidine biosynthesis pathway. However, the biochemical function of ERH 
remains unclear despite its strong abundance in tumors compared to human normal cells, making it a very inter-
esting candidate for functional characterization2.

Growing evidence points towards a role of ERH in mRNA synthesis, maturation and nuclear export but 
the precise mechanism(s) involving this protein is (are) still unknown. !is nuclear protein has been shown to 
interact with: (1) FCP1, the speci#c phosphatase for RNA PolII C-terminal domain3; (2) the transcription factor 
SPT53; (3) PDIP46/SKAR (now named POLDIP3, for Polymerase delta-interacting protein 3), which localizes to 
nuclear speckles, regions enriched in pre-mRNA splicing factors4,5; (4) SNRPD3, a subunit of the Sm complex, 
which is involved in mRNA splicing. ERH also interacts with CIZ1, a zinc #nger protein acting as a DNA replica-
tion factor and present in replication foci6,7. ERH is necessary for chromosome segregation during mitosis, prob-
ably through its role on CENP-E mRNA splicing8,9. Indeed, in the absence of ERH, the CENP-E mRNA, encoding 
a kinetochore protein, is incorrectly spliced and pre-mRNAs are rapidly eliminated by the nonsense-mediated 
mRNA decay pathway9. Such link between splicing defects, cell cycle arrest and mitotic defects has already been 
observed for the depletion of other splicing factors10. In Xenopus, ERH has been shown to act as a transcriptional 
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repressor and to interact with DCoH/PCD (dimerization cofactor of HNF1/pterin-4a-carbinolamine dehy-
dratase), a positive cofactor of the HNF1 homeobox transcription factor, by yeast two-hybrids11. ERH protein is 
absent in S. cerevisiae yeast but expression of human ERH in budding yeast stimulates #lamentous growth in low 
nitrogen media12. Interestingly, this phenotype is reminiscent of the phenotype observed upon expression of the 
RBP7 subunit of the human RNA polymerase II in yeast13, arguing again for a potential role of ERH proteins in 
the control of mRNA metabolism.

Closely related proteins, sharing around 30% sequence identity with human ERH, are also present in 
Schizosaccharomyces such as S. pombe and in few other fungi14. Recent studies performed in S. pombe have clar-
i#ed the role of Erh1, the ortholog of human ERH. Initially, the ERH1 gene was identi#ed as a suppressor of 
the meiotic arrest phenotype in sme2∆ #ssion yeasts, whereby Mmi1 is not properly inactivated during meio-
sis15. Mmi1 is a YTH-family protein16, which selectively recognizes RNA hexanucleotide motifs (e.g. UNAAAC) 
present in meiotic transcripts and triggers their nuclear elimination by the nuclear exosome during mitosis17. 
Upon meiosis onset, Mmi1 is sequestered within a nuclear dot by a ribonucleoparticle (RNP) composed of the 
sme2 + -encoded long non-coding RNA meiRNA and the master regulator of meiosis Mei218.

Recent works showed that Erh1 and Mmi1 form a 2:2 stoichiometric complex dubbed EMC (for Erh1-Mmi1 
complex) whereby two Mmi1 peptides encompassing residues 95 to 122 are physically bridged by an Erh1 
homodimer17,19,20. EMC localizes to scattered nuclear foci in vegetative cells and associates with two distinct 
complexes19,21. !e #rst one known as MTREC (for Mtl1-Red1 core) is composed of the zinc-#nger protein Red1, 
the Mtr4-like RNA helicase Mtl1 and Pir1/Iss10 among others subunits15,19. MTREC cooperates with Mmi1 to 
mediate degradation of meiotic mRNAs by recruiting the Rrp6 subunit of the nuclear exosome22. !e second 
complex known to interact with EMC is the CCR4-NOT complex but despite its known function as a mRNA 
deadenylase, it is not involved in Mmi1-dependent meiotic mRNA clearance19,21,23–25. Instead, it is required for the 
integrity of heterochromatin and regulates the abundance of Mei2 protein during mitosis through the action of 
its E3 ubiquitin ligase subunit Mot2/Not421. Interestingly, both MTREC (PAXT in human cells) and CCR4-NOT 
complexes are conserved in human cells, suggesting that ERH may also interact with these complexes in human 
cells. Furthermore, human ERH can partially rescues the sensitivity to sorbitol, but not to SDS or hydroxyurea, 
of S. pombe erh1∆ cells14, suggesting that the function of Erh1 and human ERH proteins is partially conserved.

Here, we describe the crystal structure of S. pombe Erh1 protein and compare it to the structures of meta-
zoan ERH proteins that have already been solved as well as to the structure of the S. pombe Erh1-Mmi1 com-
plex that has been solved while this work was in progress20. We observe that Erh1 organizes as a homodimer 
in which the two monomers contact each other via hydrophobic interactions, consistent with recent work20. 
Structure-guided mutational analysis shows that formation of Erh1 homodimer is critical for cell growth at low 
temperatures and for its functions in meiotic mRNA degradation and meiosis progression. Interestingly, an Erh1 
mutant (Erh1I11R,L13R) defective for dimerization still associates with Mmi1 in vivo, suggesting that Erh1 monomer 
is su%cient for interaction with Mmi1 while formation of Erh1 dimer is essential for EMC function. We also show 
that Erh1 does not contribute to the Mmi1-dependent down-regulation of Mei2 in mitotic cells, indicating that 
Mmi1 exerts functions beyond its partnership with Erh1. Overall, our results provide a structural basis for Erh1 
dimerization and underscore the biological importance of Erh1 homodimer formation during both the mitotic 
and meiotic cell cycles.

Results and Discussion
S. pombe Erh1 crystal structure. Initial polycrystals of Erh1 protein with a 6-branches star shape were 
obtained from an initial large screen of crystallization conditions in the following condition (0.8 M ammonium 
sulfate; 0.1 Na citrate pH 4). !anks to the use of a micro-focus beamline, a complete dataset of moderate quality 
could be collected by shooting on a single branch of the star. Larger crystals could be obtained by increasing the 
drop volume, varying the ammonium sulfate concentration and the bu"er. From one of these crystals, we could 
collect a dataset of better quality (see Table 1 for dataset statistics) from which we could determine Erh1 structure 
by molecular replacement using the structure of human ERH as initial model and re#ne it to 1.95 Å resolution.

Erh1 monomer folds as an α-β protein composed of a four stranded anti-parallel β-sheet and three α helices 
packed onto the same face of the β-sheet (Fig. 1A). !is fold is similar to that of metazoan ERH (rmsd values of 
1.1–1.9 Å over 80 Cα atoms12,26–28). !e loop connecting helices α1 and α2 is not visible in our structure of Erh1. 
!is most likely results from the intrinsic $exibility of this loop as shown for the corresponding region of meta-
zoan ERH proteins by X-ray crystallography or NMR12,26–28. !ree copies (protomers A, B and C) of Erh1 protein 
are present in the asymmetric unit. Protomers A and B are virtually identical (rmsd values of 0.27 Å over 84 Cα 
atoms) while protomer C slightly di"ers as illustrated by its higher rmsd value when compared to the two other 
chains (1.3–1.4 Å over 84 Cα atoms; Fig. S1A). !e largest di"erences between protomer C and the two other 
Erh1 molecules present in the asymmetric unit occur at helix α2 (2.5 Å translation along the helix longitudinal 
axis), at the hinge between helix α2 and the N-terminal extremity of strand β3, and to a lesser extent on helix α3 
(1.3 Å translation). It is noteworthy that human ERH adopts a conformation similar to that observed for Erh1 
protomer C.

An evolutionarily conserved homodimer. Among the three copies present in the asymmetric unit, pro-
tomers B and C associate to form a tight homodimer with a butter$y-like shape (Fig. 1B) while the protomer A 
forms a similar homodimer with a symmetry-related molecule (rmsd of 1.1 Å over 160 Cα atoms). !is dimeric 
state is consistent with the molecular weight determined in solution by size-exclusion chromatography coupled 
to multi-angle laser light scattering (SEC-MALLS; Fig. 2A). In the homodimer, the Erh1 β-sheet face from each 
monomer, which is not packed against α helices, interacts to form a β-barrel (Fig. 1B). Each monomer engages an 
area of 850 Å2 mostly formed by hydrophobic residues, which are strongly or strictly conserved within Erh1/ERH 
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orthologues from fungi, plants, insects, worm and animals (Fig. 1C). !is rationalizes that the Erh1 homodimer 
is reminiscent of those observed for metazoan ERH proteins (rmsd 1.4 Å over 160 Cα atoms12,26,28).

An evolutionarily highly conserved region present on the side of the homodimerization surface has been 
shown to participate in the interaction with Mmi1 (a short region encompassing residues 95–12220) while this 
work was in progress (Fig. 1D). Comparison between the Erh1-Mmi1 and our apo-Erh1 structures reveals 
that protomer C is strongly similar to the Erh1-bound structure and hence compatible with Mmi1 binding. 
On the contrary, signi#cant di"erences support that protomers A and B are incompatible with Mmi1 binding 
(Fig. S1B,C). Most interestingly, the crystal structure of Erh1-Mmi1 complex reveals a 2:2 stoichiometry20, con-
#rming a previously proposed model of Erh1-mediated Mmi1 self-interaction17.

As in this complex, each Mmi1-[95–122] peptide interacts with Erh1 on a region spread at the homodimer 
interface (Fig. S1B), we have decided to investigate the functional role of Erh1 homodimerization. We then simul-
taneously mutated two residues located at the homodimer interface (Ile11 and Leu13) into Arg to generate the 
Erh1I11R,L13R mutant with the aim of disrupting Erh1 homodimer. First, we have puri#ed this mutant upon expres-
sion in E. coli. During puri#cation, the Erh1I11R,L13R mutant proved much less soluble than the wild-type protein 
and a fraction of this mutant had a tendency to aggregate. Yet, SEC-MALLS analysis of puri#ed proteins clearly 
indicates that the Erh1I11R,L13R mutant is monomeric in solution while the wild-type protein is homodimeric 
(Fig. 2A). Circular dichroism analyses further support that the mutant adopts an overall fold similar to that of 
the wild-type protein (Fig. S2). Together, these data indicate that recombinant Erh1I11R,L13R is monomeric and 
well-folded in vitro.

To obtain additional insights into EMC complex assembly, we sought to determine whether Erh1 dimerization 
contributes to its association with Mmi1 in vivo. We #rst generated erh1∆ strains expressing GFP-tagged versions 
of the dimeric wild-type Erh1 or the monomeric Erh1I11R,L13R. Analysis of total protein levels under denaturating 
conditions revealed that plasmid-encoded GFP-Erh1 and GFP-Erh1I11R,L13R were similarly expressed, indicating 
that the mutation does not a"ect the stability of the protein in vivo (Fig. 2B, compare lanes 3 and 4). In addition, 
both proteins accumulate at much higher levels than endogenous wild type Erh1-GFP (Fig. 2B, compare lane 2 
to lanes 3 and 4). When preparing extracts for co-immunoprecipitation assays, however, we observed a signi#-
cant decrease in the total amount of full-length Erh1I11R,L13R when compared to plasmid-borne wild-type Erh1 
(Fig. 2C, compare lanes 3 and 4). !is was likely due to a further susceptibility of the mutant protein to proteolysis 
in these conditions, as shorter, fast-migrating proteolytic fragments concomitantly accumulate. !ese proteolytic 
fragments were also detected when analyzing the wild type protein, albeit to a lower extent, strongly suggesting 
that Erh1I11R,L13R is more prone to degradation by cellular proteases present in native extracts (Fig. 2C, compare 
lanes 3 and 4). Importantly, in denaturating conditions, whereby endogenous proteases are also inactivated, these 

Space group C2221

Data collection

Unit cell parameters 71.9 Å; 123.9 Å; 68.2 Å; 
90°; 90°; 90°

Wavelength (Å) 0.97857

Resolution (Å) 50−1.95 (2.07−1.95)

Rmerge (%) 7.7 (190.8)

I/σI 14.3 (1.0)

Completeness (%) 99.6 (98)

CC1/2 (%) 99.9 (50.4)

Redundancy 7.9 (7.55)

Observed re$ections 176672 (26429)

Unique re$ections 22390 (3501)

Re#nement

Resolution (Å) 50−1.95

R/Rfree (%) 20/23.2

Number of atoms

Protein 2308

SO4
2−/Ethylene glycol/Tris/Acetate 5/20/8/4

Water 73

B-factors (Å2)

Protein 61

SO4
2−/Ethylene glycol/PEG 90.2/70.1/90/97

Water 58.6

R.m.s deviations

Bond lengths (Å) 0.010

Bond angles (°) 0.94

Table 1. Data collection and re#nement statistics.
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degradation products were barely detectable and both forms of Erh1 were indeed expressed at similar levels 
(Fig. 2B).

With this caveat in mind, we next sought to determine whether Erh1I11R,L13R can self-associate in vivo. We 
co-transformed erh1∆ cells with two plasmids expressing TAP- and FLAG-tagged versions of wild type or mutant 
Erh1 and performed TAP pull-down prior to Western blot analyses. Consistent with the above results, total 
and immunoprecipitated TAP-Erh1I11R,L13R levels were signi#cantly reduced compared to wild-type TAP-Erh1 
(Fig. 2D, compare lanes 2 and 5). To ease comparison, we blotted diluted samples of the wild-type total extract and 
immunoprecipitate. While FLAG-Erh1 was e%ciently immunoprecipitated with TAP-Erh1, FLAG-Erh1I11R,L13R 
was not detectable following TAP-Erh1I11R,L13R pull-down (Fig. 2D, compare lanes 2 and 3 to lane 5). !ese data 
indicate that, unlike the wild type protein, the Erh1I11R,L13R mutant is impaired for self-association in vivo. Yet, 
surprisingly, GFP-Erh1I11R,L13R still interacted with Mmi1-TAP (Fig. 2E, IP TAP panel), suggesting that Erh1 
dimerization is not a prerequisite for its association with Mmi1, contrary to what could be assumed from the 
crystal structure of Erh1-Mmi1-[95–122] complex20. However, we cannot formally exclude that residual dimer 
formation of Erh1I11R,L13R may contribute to its interaction with Mmi1 (Fig. 2E).

Figure 1. S. pombe Erh1 structure. (A) Cartoon representation of Erh1 monomer. !e protein is colored from 
blue (N-terminus) to red (C-terminus). !e loop encompassing residues 47 to 54, which is not de#ned in 
electron density maps, probably due to high $exibility, is depicted as a dashed line. Panels A, B and D have been 
generated using the Pymol so'ware version 1.7.2.2 Schrödinger, LLC (http://www.pymol.org/). (B) Homodimer 
representation of Erh1. !e Ile11 and Leu13 residues mutated in this study are shown as sticks. (C) Sequence 
alignment of Erh1/ERH proteins from Schizosaccharomyces fungi (S. pombe, S. cryophylus, S. octosporus and S. 
japonicus), insects (Apis mellifera and D. melanogaster), plants (Zea mays and Glycine max), C. elegans worm 
and animals (Danio rerio, Salmo salar and Homo sapiens). Strictly conserved residues are in white on a black 
background. Partially conserved residues are boxed and in bold. !is panel was generated using the ESPript 
server37. Secondary structure elements detected from Erh1 apo structure are shown above the alignment. 
Residues involved in homodimer formation are indicated by black stars below the alignment. (D) Sequence 
conservation score mapped at the surface of Erh1 homodimer. !e conservation score has been calculated using 
the Consurf server38 from the alignment shown in Fig. 1D. Coloring is from white (low conservation) to red 
(strictly conserved). !e Mmi1 region interacting with Erh1 in the Erh1-Mmi1 crystal structure20, is shown as 
a cyan cartoon. !e side chain for the Mmi1 tryptophan residue (W112) present at the heart of the interface is 
shown as sticks.
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Formation of Erh1 homodimer is required for gametogenic gene silencing. To investigate the 
role of Erh1 dimerization in vivo, we #rst analyzed its impact on S. pombe cell growth. Similar to erh1∆ cells, the 
Erh1I11R,L13R mutant displayed growth defects at all tested temperatures, especially 23 °C, indicating that Erh1 
dimerization is essential for its function (Fig. 3A).

In vegetative cells, Erh1 and Mmi1 assemble in the EMC complex that localizes to nuclear foci17,19,20. Live 
cell microscopy experiments revealed lower and di"use GFP-Erh1I11R,L13R signals when compared to GFP-Erh1 
(Fig. 3B). Strikingly, nuclear dots were lost in the mutant, including in cells in which the GFP signal was similar to 
that of the wild type (Fig. 3B, red arrows). !is supports the notion that Erh1 homodimer formation is a prereq-
uisite for its con#nement into nuclear bodies.

Erh1 cooperates with Mmi1 to target meiosis-speci#c transcripts for degradation by the nuclear exosome17,19,20. 
To evaluate the role of Erh1 homodimer in this pathway, we measured the levels of Mmi1 RNA targets by 
RT-qPCR, including the mei4+ and ssm4+ meiotic mRNAs as well as the lncRNA meiRNA. Cells lacking Erh1 
or expressing Erh1I11R,L13R showed a strong accumulation of mei4+ and ssm4+ transcripts, while meiRNA levels 

Figure 2. Erh1I11R,L13R does not self-associate in vivo and in vitro. (A) Chromatograms resulting from SEC-
MALLS analysis of wild-type (experimentally determined molecular weight of 24.38 kDa) and I11R/L13R 
double mutant (experimentally determined molecular weight of 12.57 kDa) Erh1 proteins. (B) Western blot 
showing expression levels of endogenous Erh1 (C-terminally fused to GFP at the gene locus) and plasmid-
encoded GFP-Erh1 and GFP-Erh1I11R,L13R expressed from the Pnmt41 promoter (pREP41 vector) in erh1∆ cells, 
under denaturing conditions. An anti-CDC2 antibody was used for loading control. !e asterisks denote 
proteolytic fragments. Note that for panels B and C, the position of the GFP tag and the length of the linker 
between the ORF and the tag are the likely reasons why C-terminally and N-terminally tagged versions of Erh1 
have slightly di"erent migration patterns. (C) Western blot showing expression levels of endogenous Erh1 
(C-terminally fused to GFP at the gene locus) and plasmid-encoded GFP-Erh1 and GFP-Erh1I11R,L13R expressed 
from the Pnmt41 promoter (pREP41 vector) in erh1∆ cells, under immunoprecipitation conditions. An anti-
CDC2 antibody was used for loading control. !e asterisks denote proteolytic fragments. (D) !e Erh1I11R,L13R 
mutant does not self-associate in vivo. Western blot showing that wild-type FLAG-Erh1 co-immunoprecipitates 
with wild-type TAP-Erh1, while FLAG-Erh1I11R,L13R is not pulled-down by TAP-Erh1I11R,L13R. (WCE) Whole Cell 
Extract; (IP) Immunoprecipitation; (PAP) Peroxidase-conjugated Anti-Peroxidase complex antibody (binds to 
the proteinA moiety of the TAP tag). (E) Monomeric Erh1I11R,L13R protein associates with Mmi1. Western blot 
showing that both GFP-Erh1 and GFP-Erh1I11R,L13R co-immunoprecipitate with Mmi1-TAP.
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were only partially increased when compared to the mmi1∆ mutant (Fig. 3C). !ese results indicate that Erh1 
dimerization is required for e%cient Mmi1-dependent meiotic RNA degradation. To determine whether this 
was due to defective recruitment of Mmi1 to its targets, we analyzed the levels of meiotic RNAs co-precipitated 
with Mmi1. In cells expressing wild-type Erh1, Mmi1 e%ciently bound to the mei4+, ssm4+ and meiRNA tran-
scripts (Fig. 3D). Instead, in the Erh1I11R,L13R mutant, the association of Mmi1 to meiotic mRNAs was abolished, 
while meiRNA still co-precipitated, albeit to a lower extent (Fig. 3D). Altogether, these data strongly suggest that 

Figure 3. Erh1 dimerization is required for meiotic mRNAs recognition and degradation by Mmi1. (A) !e 
Erh1I11R,L13R mutant phenocopies the deletion of erh1 + gene. Spotting assays at 23 °C, 30 °C and 37 °C. Cells 
of the indicated genotypes were grown until mid-log phase and plated on EMM-LEU medium at an initial 
OD = 0.25 followed by 5-fold serial dilutions. (B) Live cell microscopy of GFP-tagged Erh1 and Erh1I11R,L13R in 
strains of the indicated genotypes. Cells were imaged by di"erential interference contrast (DIC) and with a GFP 
#lter. Red arrows indicate Erh1I11R,L13R cells for which GFP signals are similar to that of wild type Erh1. Squares 
with white dashed lines lying on the bottom right of GFP panels show enlarged images of the small squares. (C) 
RT-qPCR analysis of the mei4+, ssm4+ and meiRNA transcripts in strains of the indicated genotypes. Signals 
were normalized to act1 + mRNA levels and expressed relative to wild-type cells. Error bars represent the 
standard deviation from four independent experiments. (D) RNA-immunoprecipitation experiments in erh1∆ 
cells expressing GFP-Erh1 or GFP-Erh1I11R,L13R. Shown are the enrichments (% input) of act1+, mei4+, ssm4+ 
and meiRNA transcripts upon pull-down of TAP-tagged Mmi1. Error bars represent the standard deviation of 
four independent immunoprecipitations from biological duplicates.
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formation of Erh1 homodimer and hence proper EMC assembly is crucial for meiotic mRNAs recognition and 
degradation by Mmi1 but dispensable in the case of meiRNA. !is di"erent requirement for Erh1 dimer in the 
binding of Mmi1 to its RNA substrates might relate to the number of Mmi1 binding motifs (i.e. UNAAAC) within 
transcripts. Given mei4+ and ssm4+ mRNAs contain 8 and 7 binding sites, respectively, while meiRNA has up to 
2529, it is possible that a pool of Mmi1 associates with the latter even in the absence of properly assembled EMC. 
Alternatively, low levels of Erh1I11R,L13R dimers may account for the residual binding of Mmi1 to meiRNA.

We previously showed that Mmi1 recruits the Ccr4-Not complex to promote ubiquitinylation and 
down-regulation of its own inhibitor Mei2, a master regulator of meiosis21. To determine whether Erh1 also 
contributes to this regulatory circuit, we analyzed Mei2 levels in cells lacking Erh1 or expressing Erh1I11R,L13R. We 
found that, contrary to mmi1∆ cells, Mei2 levels were not increased in mutants (Fig. S3), indicating that Erh1 does 
not contribute to Mei2 down-regulation in mitotic cells. !is is also consistent with the notion that Mmi1 can 
exert functions independently of Erh1, as in case of transcription termination20,30.

Formation of Erh1 homodimer contributes to meiosis progression. Erh1 not only suppresses the 
meiotic program in vegetative cells but also stimulates meiosis progression17,19,20. To examine the requirement for 
Erh1 dimerization in meiosis, homothallic erh1∆ cells expressing wild-type Erh1 or Erh1I11R,L13R were exposed to 
iodine vapor, which stains the spore walls with dark color. Cells expressing wild-type Erh1 displayed strong stain-
ing intensity and high sporulation frequency, as indicated by the prevalence of asci (Fig. 4A). On the contrary, 
cells lacking Erh1 or expressing the Erh1I11R,L13R mutant showed reduced intensity in staining, consistent with 
lower sporulation e%ciency and asci formation (Fig. 4A). However, meiosis was not completely abolished as in 
mei4∆ mmi1∆ cells, suggesting that the absence of Erh1 might be bypassed at least at low frequency.

Upon entry into meiosis, Mmi1 and Erh1 foci converge to a single nuclear dot associated with the meiosis 
regulator Mei2 and the lncRNA meiRNA18,19,31. To determine whether Erh1 homodimer is necessary for dot for-
mation, we probed meiRNA in meiotic cells by $uorescence in situ hybridization. Consistent with previous stud-
ies18,19,31, meiRNA colocalized with wild-type GFP-tagged Erh1 in a unique nuclear dot (Fig. 4B). On the contrary, 

Figure 4. Erh1 dimerization is required for e%cient meiosis progression and meiRNA dot formation. (A) 
Homothallic strains of the indicated genotypes were spotted on EMM-LEU plates and incubated for 5 days at 
30 °C. !e presence or absence of asci was determined by iodine staining and live cell imaging (bright #eld). 
!e mating/sporulation e%ciency is indicated for each strain and represents the percentage of asci among 
500 cells. (B) Representative images of meiRNA (red) detected by Single molecule RNA Fluorescence In-Situ 
Hybridization (SmFISH) in meiotic cells. DNA was stained with DAPI (blue). GFP-tagged wild-type Erh1 or 
Erh1I11R,L13R were visualized in parallel. Images are shown as the maximum-intensity projections of Z-stacks.
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cells expressing GFP-Erh1I11R,L13R failed to form both meiRNA and Erh1 dots (Fig. 4B). From these experiments, 
we propose that defects in Erh1 homodimer formation prevent the assembly of the EMC-meiRNA-Mei2 nuclear 
dot required for Mmi1 sequestration/inactivation during meiosis, thereby rationalizing impaired meiosis 
progression.

Conclusion
In this study, we report the crystal structure of Erh1 and show that it assembles as a homodimer through hydro-
phobic interactions between N-terminal residues. Consistent with recent work20, the structure also reveals a 
highly conserved region lying on the side of the dimerization domain and to which Mmi1 associates to form 
the heterotetrameric EMC complex. !e strong similarity between Erh1 and human ERH homodimers (this 
study20,26,28) raises the possibility that the assembly of ERH-based multimeric complexes has been maintained 
throughout evolution for regulatory purposes, including modulation of gene expression. Whether Mmi1-related, 
YTH family RNA-binding proteins or other factors bind to ERH homodimers in metazoans to regulate cellular 
processes remains to be investigated.

Our functional analyses also highlight the biological relevance of Erh1 homodimer formation in gametogenic 
gene silencing. Importantly, Erh1 dimerization seems to be dispensable for interaction with Mmi1 but essential 
for Mmi1 binding to meiotic transcripts, implying that RNA recognition by the YTH domain is not su%cient 
per se and that only fully assembled EMC complexes are functionally competent. !is illustrates the cooperation 
between the C-terminal YTH domain and the N-terminal disordered region of Mmi1, to which Erh1 associates, 
for optimal binding to RNA substrates. !e mechanistic basis for this is presently unclear but it is possible that the 
assembly of large macromolecular machines (e.g. EMC, MTREC, Ccr4-Not) facilitates protein-RNA interactions. 
In line with this, it is tempting to speculate that EMC and meiotic mRNA nuclear foci observed in vegetative 
cells17,19 may re$ect multimerization driven by Erh1 dimers of such RNP complexes, gathering multiple tran-
scripts in close proximity for e%cient degradation.

Another important #nding from our work is the requirement for Erh1 dimerization in Mmi1 sequestration/
inactivation by the meiRNA-Mei2 dot during meiosis. !e residual binding of Mmi1 to meiRNA observed in 
Erh1I11R,L13R mitotic cells may not be su%cient for proper dot formation in meiosis. !erefore, Erh1 homodi-
mer formation not only promotes Mmi1 function during vegetative growth but also contributes to its inhibition 
during meiosis. !is cell-cycle dependent duality in functional outcomes may allow rapid changes in the activ-
ity of the complex without altering its expression levels or assembly. Whether this relates to the nature of the 
RNA substrate (meiotic mRNAs versus meiRNA) and/or additional factors (e.g. Mei2) remains to be determined. 
Regardless the precise mechanism, our study opens new perspectives to study the formation and activity of ERH 
homodimer-containing complexes in metazoan and to understand their relevance to human diseases10.

Methods
Cloning and protein expression. !e gene encoding for Erh1 was ampli#ed using a S. pombe cDNA 
library by PCR with oligonucleotides oMG511 and oMG512 (Table S1) using the Phusion High-Fidelity DNA 
Polymerase (!ermo) according to manufacturer’s instructions. !e PCR products were further cloned into 
pGEX-6P1 vector using Fast Digest BamHI and XhoI restriction enzymes (!ermo Fisher Scienti#c) to generate 
the plasmid pMG921 encoding for a GST-tag fused to the N-terminal extremity of the full-length Erh1 by a 3C 
protease cleavage site (Table S1). !e plasmid encoding for the Erh1I11R,L13R double mutant was obtained by one-
step site-directed mutagenesis of pMG921 using oligonucleotides oMG629/oMG630 (Table S1) to yield plasmid 
pMG945.

!e Erh1 protein was expressed in E. coli BL21 (DE3) Codon+ cells upon transformation with pMG921 plas-
mid. Cultures were performed in 1 L of auto-inducible terri#c broth media (ForMedium AIMTB0260) containing 
ampicillin (100 µg/mL) and chloramphenicol (25 µg/mL) #rst for 3 hours at 37 °C and then overnight at 18 °C. !e 
cells were harvested by centrifugation at 4100 rcf for 45 minutes. !e pellet was resuspended in 30 mL lysis bu"er 
(20 mM Tris-HCl pH 7.5, 200 mM NaCl, 5 mM β-mercaptoethanol) in the presence of 100 µM PMSF.

Cell lysis was performed by sonication on ice, followed by lysate clearance by centrifugation at 20000 rcf 
for 45 minutes. !e supernatants were applied on GSH-sepharose resin pre-equilibrated with lysis bu"er. A'er 
extensive washing steps with lysis bu"er and with a high salinity bu"er (20 mM Tris-HCl pH 7.5, 2 M NaCl, 
5 mM β-mercaptoethanol), the protein was eluted with elution bu"er (20 mM Tris-HCl pH 7.5, 200 mM NaCl, 
20 mM GSH, 5 mM β-mercaptoethanol). !e eluted protein was next incubated overnight at 4 °C with GST-3C 
protease under dialysis conditions in lysis bu"er and then passed through GSH column to remove the GST-tag 
as well as the GST tagged 3 C protease. !e unbound proteins were subjected to size exclusion chromatography 
using HiLoad 16/60 Superdex 75 column (GE Healthcare Biosciences) pre-equilibrated with lysis bu"er on an 
ÄKTA Puri#er system (GE Healthcare Biosciences). !e Erh1I11R,L13R double mutant was puri#ed using the same 
protocol.

Crystallization, data collection and structure determination. Crystallization conditions were 
screened by the sitting-drop vapor di"usion method using JCSG + screen (Molecular Dimensions) at 4 °C by mix-
ing 150 nL of concentrated protein (7.5 mg/ml) solution with an equal volume of reservoir solution in a 96-wells 
TTP plates (TTPlabtech). Initial hits corresponding to star shaped crystals were obtained in 0.8 M ammonium 
sulfate; 0.1 Na citrate pH 4. For crystal optimization, hanging-drop method was used at 4 °C, by mixing 1 µL of 
concentrated protein with 1 µL of reservoir solution. !e best dataset was collected from crystals obtained in 
0.3 M ammonium sulfate; 0.1 M Na acetate pH 3.8.

Prior to data collection, the crystals were quick-soaked in cryo-protectant solutions containing 15% (v/v) 
and then 30% ethylene glycol in corresponding well solutions and $ash-frozen in liquid nitrogen. X-ray di"rac-
tion datasets were collected on both Proxima-1 and Proxima-2a beamlines at synchrotron SOLEIL (Saint-Aubin, 
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France) and were processed with the XDS package32. !e dataset collected on Proxima-1 showed a higher reso-
lution limit and was then used to determine and re#ne the structure of Erh1 protein (Table 1). !e structure was 
solved by molecular replacement searching for 3 molecules in the asymmetric unit with the program PHASER33. 
!e initial model for molecular replacement was generated by the PHYRE2 server34 using the crystal structure 
of human ERH (30% sequence identify) as template28. In this model, the loop corresponding to residues 44 to 55 
was removed as it is known to be highly $exible from the comparison of human and fruit $y ERH structures12,26,28.

!e #nal model was obtained by iterative cycles of building and re#nement using COOT35 and BUSTER36, 
respectively (for #nal statistics, see Table 1). !is model encompasses residues 6–46 and 55–100 for protomer 
A, 1–46 and 55–98 for protomer B (as well as 4 residues from the N-terminal tag) and 1–2, 7–47 and 54–98 for 
protomer C as well as 5 ethylene glycol molecules, 1 sulphate ion, 1 acetate molecule and 73 water molecules.

!e atomic coordinates and structure factors have been deposited into the Brookhaven Protein Data Bank 
under the accession numbers 6S2W.

S. pombe strains and growth media. !e S. pombe strains used in this study are listed in Table S2. Strains 
were generated by transformation with a lithium acetate-based method. !e mmi1∆ cells were generated from 
a parental strain possessing a deletion of mei4+, since the absence of Mmi1 leads to severe growth and viability 
defects due to the deleterious expression of Mei4. All experiments were performed using minimal medium (EMM 
Broth, Formedium, #PMD0210) supplemented with 150 mg/L of each adenine (Sigma, #A2786), L-histidine 
(Sigma, #H8000), uracil (Sigma, #U750) and L-lysine (Sigma, #L5501) but lacking L-leucine (EMM-LEU). To 
assess mating/sporulation e%ciency, cells plated on EMM-LEU medium for 5 days at 30 °C were exposed to 
iodine crystals (Sigma, #326143) for 5 min at room temperature.

Co-immunoprecipitation and Total protein analyses. Experiments were performed as described in 
Simonetti et al.21 except that detection was done with a Vilber Lourmat Fusion Fx7 imager.

RNA extraction and RT-qPCR. Experiments were performed as described in Simonetti et al.21 except 
that 100 units Maxima Reverse Transcriptase (!ermo Scienti#c, #EP0743) were used for reverse transcription 
reactions.

Oligonucleotides used in qPCR reactions are listed in Table S3.

RNA-immunoprecipitation. Experiments were performed as described in Simonetti et al.21 with the fol-
lowing modi#cations: 40 ODs of cells were grown to mid-log phase at 30 °C in EMM-LEU and cross-linked with 
0.2% formaldehyde for 20 min. Following quenching with 250 mM glycine for 5 min, cells were harvested by cen-
trifugation. Cell pellets were resuspended in 2 ml RIPA bu"er (50 mM Tris-HCl pH 8, 150 mM NaCl, 1% NP-40, 
0.5% sodium deoxycholate, 0.1% SDS, 2 mM EDTA, 2 mM benzamidine, 1X Roche complete EDTA-free protease 
inhibitor cocktail and 80 U RNaseOUT Ribonuclease inhibitor (Invitrogen, #10777-019)) to make “pop-corn”. 
Lysis was performed using a Ball Mill (Retsch, MM400) for 15 min at 15 Hz frequency. Extracts were cleared 
by centrifugation before immunoprecipitation with 1 mg of pre-washed rabbit IgG-conjugated M-270 Epoxy 
Dynabeads (Invitrogen, #14311D) for 1 hour at 4 °C. Beads were then washed once with low salt bu"er (10 mM 
Tris-HCl pH7.5, 150 mM NaCl, 0.5% Triton X-100), twice with high salt bu"er (10 mM Tris-HCl pH7.5, 1 M 
NaCl, 0.5% Triton X-100) and once again with low salt bu"er for 10 min at room temperature. Total and immu-
noprecipitated RNAs were de-cross-linked at 70 °C for 45 min in the presence of reverse bu"er (10 mM Tris-HCl 
pH 6.8, 5 mM EDTA, 10 mM DTT, 1% SDS) and treated with proteinase K for 30 min at 37 °C. RNAs samples were 
next extracted with phenol:chloroform 5:1 pH4.7 (Sigma, #P1944), precipitated with ethanol and treated with 
DNase (Ambion, #AM1906) prior to RT-qPCR analyses.

SmFISH. Quasar 670-labeled meiRNA probes were designed using Stellaris Probe Designer tool (Table S4) 
and synthesized by Biosearch Technologies. Single molecule RNA Fluorescence In-Situ Hybridization (smFISH) 
was performed according to the manufacturer’s protocol (Biosearch Technologies) with minor modi#cations.

Vegetative cells were plated on EMM-LEU and grown for 3 days at 30 °C. Cells were then resuspended in 1X 
PBS containing 3.7% formaldehyde to an OD600nm of 0.3, treated with Zymolyase 100 T for cell wall digestion and 
permeabilized in 70% ethanol prior to over-night incubation with meiRNA probes. Stellaris RNA FISH hybrid-
ization and wash bu"ers were obtained from Biosearch Technologies. DAPI stained cells were resuspended in 
Vectashield antifade mounting medium (Vector laboratories) and imaged using DM6000B Leica microscope with 
a 100X, numerical aperture 1.4 (HCX Plan-Apo) oil immersion objective and a charge-coupled device (CCD) 
camera (CoolSNAP HQ; Photometrics). Optical Z sections (0.2 µm step size, 25 sections) were acquired using a 
piezo-electric motor (LVDT; Physik Instrument) and the MetaMorph 6.1 so'ware prior to maximum-intensity 
projection into a single plane. Images were processed in ImageJ (NIH).
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Part II: Identification of a novel lncRNA in the control of sexual differentiation: 

mamRNA 

 

1. Summary and contribution 

 

In fission yeast, the mitosis to meiosis switch involves the interplay between 

several RNA-binding proteins that fine tune gene expression depending on nutrient 

availability. These include the YTH-family protein Mmi1, which selectively targets 

meiotic mRNAs for degradation by the nuclear exosome in mitotic cells, and the RRM-

containing protein Mei2 that lures Mmi1 upon meiosis onset in cooperation with the 

lncRNA meiRNA (Harigaya et al., 2006; Shichino et al., 2014). To avoid untimely 

sexual differentiation, vegetative cells maintain low levels of both meiRNA and Mei2. 

The former is recognized and degraded by Mmi1, while the latter is targeted to the 

ubiquitin-proteasome system (Kitamura et al., 2001; Simonetti et al., 2017). 

Previous work in the lab showed that, during vegetative growth, Mmi1 recruits 

the evolutionarily conserved Ccr4-Not complex to mediate ubiquitinylation and 

downregulation of a pool of its own inhibitor Mei2 (Simonetti et al., 2017). This 

regulatory circuit is essential to restrict the levels of Mei2 and hence preserve Mmi1 

function in meiotic mRNA degradation. Yet the precise mechanisms by which Mmi1 

and Mei2 reciprocally control their activities in mitotic cells have remained elusive. 

Guided by biochemical and structural approaches, we have uncovered a role 

for Mmi1 and Mei2 RNA-binding activities in their mutual control, suggesting the 

involvement of an RNA species. Using high-throughput sequencing analysis of the 

RNAs coprecipitated with both proteins, we identified a lncRNA, different from 

meiRNA, as a major partner of Mmi1 and Mei2 in mitotic cells. This regulatory RNA, 

dubbed mamRNA (Mmi1 and Mei2-associated RNA), cooperates with Mmi1 and Ccr4-

Not to lower Mei2 levels. Conversely, when Mei2 downregulation is impaired, 

mamRNA is necessary for Mmi1 inhibition by increased Mei2 levels. Single molecule 

in situ hybridization experiments further indicate that mamRNA localizes to a nuclear 

body enriched in Mmi1 in vegetative cells, suggesting the existence of a spatially 

confined and lncRNA-dependent mutual control of Mmi1 and Mei2. Our results, 

obtained in collaborative effort with the groups of Marc Graille and Benoit Palancade, 
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provide important mechanistic insights to our understanding of sexual differentiation 

in S. pombe and are at the basis of an article of which I am first author and that is 

currently in revision. I contributed to yeast genetics (strains construction, sporulation 

assays), molecular and biochemical analyses (RT-qPCR, RIP-qPCR and Western blot 

to study role of Mmi1 and Mei2 RNA-binding activities in their mutual control) as well 

as RNA imaging (acquisition and quantification of smFISH data). 
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Abstract 

Long non-coding RNAs (lncRNAs) contribute to the regulation of gene expression in 

response to intra- or extracellular signals but the underlying molecular mechanisms 

remain largely unexplored. Here, we identify an uncharacterized lncRNA as a central 

player in shaping the meiotic gene expression program in fission yeast. We report that 

this regulatory RNA, termed mamRNA, scaffolds the antagonistic RNA-binding 

proteins Mmi1 and Mei2 to ensure their reciprocal inhibition and fine tune meiotic 

mRNA degradation during mitotic growth. Mechanistically, mamRNA allows Mmi1 to 

target Mei2 for ubiquitin-mediated downregulation, and conversely enables 

accumulating Mei2 to poise Mmi1 activity, thereby reinforcing the mitosis to meiosis 

switch. These regulations also occur within a unique Mmi1-containing nuclear body, 

positioning mamRNA as a spatially-confined sensor of Mei2 levels. Our results thus 

provide a mechanistic basis for the mutual control of gametogenesis effectors and 

further enlarge our vision of the regulatory potential of lncRNAs. 
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Introduction 

 

Long non-coding RNAs (lncRNAs) are widespread in eukaryotic genomes and 

contribute to shape transcriptomes, acting in virtually all steps in gene expression, 

either as guides, scaffolds or decoys1. Often displaying tissue- or cell-specific 

expression profiles, lncRNAs are linked to human diseases, including cancer2,3. 

However, only a few cases of regulatory mechanisms have been described so far, 

highlighting the need to understand lncRNA function in gene expression and cell fate 

decisions. 

The mitosis to meiosis switch is a key developmental transition that ensures 

the transmission of genetic information to offspring. In fission yeast S. pombe, meiosis 

occurs upon nutritional starvation and involves the stepwise induction of hundreds of 

genes4,5. A subset of meiosis-specific genes is also constitutively transcribed during 

mitosis but repressed at the post-transcriptional level to avoid untimely expression6. 

This RNA silencing pathway involves the YTH-family RNA-binding protein Mmi1, 

which selectively targets several mRNAs and lncRNAs for degradation by the nuclear 

exosome6,7. Mmi1 associates, via its YTH domain, with DSR (Determinant of Selective 

Removal) sequences enriched in repeats of the hexanucleotide motif UNAAAC8,9,10,11. 

Together with Mmi1, an intricate regulatory network of players suppresses 

meiotic mRNA expression during mitosis. Critical cofactors include the conserved 

Erh1 protein12,13,14, components of the polyadenylation/termination machinery15,16,17,18 

and the multi-subunit MTREC/NURS complex that physically bridges Mmi1 to the 

exosome19,20,21,22,23. Mmi1 also mediates selective termination of several lncRNAs to 

prevent their invasion into neighboring genes11,24,25,26,27. Adding another layer of 

regulation, Mmi1 cooperates with the heterochromatin and RNAi machineries to load 

chromatin repressive marks at a subset of meiotic genes28,29,30.  

During mitosis, Mmi1 colocalizes with MTREC and the exosome in scattered 

nuclear foci and mediates nuclear retention of meiotic mRNAs to prevent their export 

to the cytoplasm23,31,32. Upon meiosis onset, Mmi1 is lured by a ribonucleoprotein 

(RNP) complex, composed of the RNA-binding protein Mei2 and the DSR-containing 

lncRNA meiRNA, that accumulates in a single nuclear body overlapping the meiRNA-

encoding sme2+ gene6,33,34,35. Both Mei2 and meiRNA are essential for the assembly 
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of this structure and the completion of sexual differentiation. However, meiRNA over-

expression during mitosis does not lead to meiotic mRNA accumulation and artificial 

targeting of Mei2 to the nucleus in meiRNA∆ cells partially restores meiosis34,36, 

suggesting the existence of an additional mechanism responsible for Mmi1 

inactivation.  

Mitotic cells maintain low levels of meiRNA and Mei2. The former is targeted 

for exosome-dependent degradation by Mmi1 itself and the latter is phosphorylated 

by the Pat1 and Tor2 kinases, which facilitates its degradation by the ubiquitin and 

proteasome system37,38,39,40. Earlier studies further revealed that Mmi1 tightly 

associates with the evolutionarily conserved Ccr4-Not complex12,41,42,43,44. We have 

previously shown that Mmi1 recruits Ccr4-Not to mediate ubiquitinylation and down-

regulation of a pool of its own inhibitor Mei244. This regulatory circuit, which involves 

the E3 ubiquitin ligase subunit Mot2 of Ccr4-Not, is essential to maintain low levels of 

Mei2 in mitotic cells and hence preserve Mmi1 function in the degradation of meiotic 

RNAs, including its own decoy meiRNA (Fig. 1a). In turn, increased Mei2 levels in the 

absence of Mot2 lead to meiotic RNA accumulation due to Mmi1 inactivation. 

However, the precise molecular and cellular mechanisms by which Mmi1 and Mei2 

reciprocally control their activities have remained elusive.  

Guided by structural, genomic and imaging approaches, we identify here a 

regulatory lncRNA, distinct from meiRNA, that scaffolds Mmi1 and Mei2 to exert their 

mutual control during mitosis. This lncRNA, termed mamRNA, localizes to a nuclear 

body enriched in Mmi1 and promotes meiosis even in the absence of meiRNA. 

Together, our results reveal the existence of a lncRNA-dependent and spatially-

confined regulation of Mmi1 and Mei2 activities. 
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Results 

 

Mmi1 and Mei2 RNA-binding activities are required for their mutual control 

To investigate the mechanisms by which Mmi1 and Mei2 mediate their mutual 

control, we sought to determine the protein domains involved (Fig. 1b). We first 

assessed the impact of Mmi1 mutants defective for RNA-binding in Mei2 down-

regulation. Meiotic mRNA binding and degradation were impaired in these mutants, 

but not Mmi1 nuclear localization (Fig. 1c, Supplementary Fig. 1a,b). Importantly, 

they exhibited elevated Mei2 levels, similar to mmi1∆ cells (Fig. 1d), suggesting that 

RNA-binding by Mmi1 YTH domain is necessary for efficient Mei2 down-regulation. 

To identify in turn the Mei2 domain(s) responsible for Mmi1 inactivation, we 

measured meiotic mRNA levels in mot2∆ mei2∆ cells expressing different versions of 

Mei2. Interestingly, Mei2 mutants lacking the RRM3 domain (residues 592 to 750, 

hereafter called RRM3Mei2) failed to accumulate meiotic mRNAs, suggesting that Mei2 

RNA-binding activity is required to inhibit Mmi1 function (Supplementary Fig. 1c,d). 

To gain insights into RNA recognition by RRM3Mei2, we solved its crystal structure, 

which revealed a unique organization as the classical RRM fold is extended by the N-

terminal helix α0 and by one helix and two strands at the C-terminal extremity 

(Supplementary Fig. 1e, Supplementary Table 1). RRM3Mei2 also strongly 

resembles fly Sex-lethal (Sxl) RRM1 that recognizes uridine-rich stretches on RNAs45 

(Supplementary Fig. 1e). Using isothermal titration calorimetry (ITC) and size 

exclusion chromatography (SEC-MALLS), we found that RRM3Mei2 tightly interacts 

with a poly-U15 in a 1:1 stoichiometry (Supplementary Fig. 1f, Supplementary Table 

1). Given the recognition of a guanine (G11) by Sxl F170 (Supplementary Fig. 1e), 

which corresponds to Mei2 F644, we also tested the influence of one (U7GU7) or two 

(U6GGU7) Gs in a poly-U15 oligonucleotide and observed a considerable increase of 

Mei2 binding to these RNAs (Supplementary Table 1). 

We next solved the crystal structure of RRM3Mei2 bound to the 

GCUUUUUGUUCG 12-mer (Fig. 1e, Supplementary Table 1). The RRM3Mei2-RNA 

complex revealed that F644 and F634 side chains form π-π stacking interactions with 

U7 and G8, respectively (Supplementary Fig. 1g,k). Several Mei2 residues also form 

specific hydrogen bonds with U4 to G8 (Supplementary Fig. 1g-k, Supplementary 
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Table 1), rationalizing the stronger affinity for U7GU7 than for poly-U15. However, the 

pocket involved in U7 recognition might also recognize a G, as observed in the 

RRM1Sxl-RNA complex45, while U4 binding pocket is solvent exposed and hence any 

nucleotide may fit in it. Collectively, our results suggest that RRM3Mei2 recognizes 

UU(U/G)G motifs in RNA targets and provide a structural basis for the biological 

relevance of several Mei2 residues, including F644, whose substitution in alanine 

abolishes binding to meiRNA33 (Fig. 1f, Supplementary Table 1).  

Importantly, Mei2F644A protein levels increased when compared to wild type Mei2 (Fig. 

1g), and the mutant did not exhibit accumulation of meiotic mRNAs in mot2∆ mei2∆ 

cells (Fig. 1h), consistent with RRM3Mei2 RNA-binding activity being required for Mei2 

down-regulation and Mmi1 inactivation. 
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Identification of mamRNA, an Mmi1 and Mei2-scaffolding lncRNA 

The importance of Mmi1 and Mei2 RNA-binding activities raised the possibility 

that their mutual control could be RNA-mediated. We therefore determined the 

repertoire of transcripts simultaneously bound by both proteins through sequential 

immunoprecipitations followed by high-throughput sequencing of associated RNAs 

(seqRIP-seq) (Supplementary Fig. 2a,b). In these conditions, Mmi1 and Mei2 co-

precipitated a large population of transcripts with various expression levels, including 

mRNAs, tRNAs, sn/snoRNAs and lncRNAs (Fig. 2a, Supplementary Dataset 1). To 

narrow down the number of candidates, we intersected the 100 most enriched and 

100 most abundant RNAs and identified 7 species falling in that category (Fig. 2a, red 

dots), including 5 sn/snoRNAs and 2 lncRNAs, meiRNA and omt3.  

Visual inspection of sequencing data further revealed the strong enrichment of 

an unannotated feature located upstream of snoU14 (Supplementary Fig. 2c). RACE 

and Northern blot analyses demonstrated that this corresponded to an independent 

transcript, hereafter called mamRNA (for Mmi1 and Mei2-associated RNA), which 

accumulates as two non-adenylated isoforms and a pool of polyadenylated species 

(Fig. 2b, Supplementary Fig. 2d,e). mamRNA is produced by RNA PolII according 

to NET-seq data and is classified as a bona fide lncRNA by CPC2 (Coding Potential 

Calculator 2)46,47 (Supplementary Fig. 2f,g). Remarkably, despite 3 Mmi1 binding 

sites (i.e. UNAAAC motifs), mamRNA escapes degradation during mitosis, contrary to 

other Mmi1-bound meiotic transcripts including meiRNA (Fig. 2b).  

Using single molecule Fluorescence In Situ Hybridization (smFISH), we observed that 

mamRNA localizes to a prominent nuclear dot in mitotic cells, likely corresponding to 

its transcription site (Fig. 2c,d). A diffuse signal, distinct from DAPI staining, also 

indicated nucleolar localization, and scattered cytoplasmic spots further suggested 

that a pool of mamRNA, presumably the polyadenylated fraction, undergoes 

nucleocytoplasmic export (Fig. 2c,d). During meiotic prophase I, mamRNA 

accumulated to a lesser extent in scattered foci and partially redistributed to the 

cytoplasm (Supplementary Fig. 2h,i), suggesting the existence of mechanisms 

regulating its abundance and localization. This was in striking contrast to meiRNA that 

accumulates at its transcription site (i.e. the sme2+ gene), luring Mmi1 and hence 

preventing meiotic mRNA degradation34.  
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The possibility that an RNA bridges Mmi1 and Mei2 to ensure their reciprocal 

inhibition implies that its binding to both proteins should depend on their YTH and 

RRM3 domain, respectively (Fig. 1). Indeed, Mmi1 YTH mutants did not associate 

with the above-mentioned lncRNAs (i.e. meiRNA, mamRNA and omt3), and Mei2-

F644A binding was abolished or severely compromised (Fig. 1f, 2e,f). On the contrary, 

we did not observe significant RRM3-dependent enrichment for the other 5 

sn/snoRNAs and we therefore excluded them for subsequent analyses 

(Supplementary Fig. 2j). 
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mamRNA mediates the Mmi1-Mei2 mutual control 

The model of a bridging RNA predicts that it should contribute to lower Mei2 

abundance, similar to Mmi1 and Mot2, while promoting Mmi1 inactivation upon 

increased Mei2 levels (i.e. in mot2∆ cells). Strikingly, among the 3 lncRNAs, only 

mamRNA was required for Mei2 down-regulation (Fig. 3a, Supplementary Fig. 3a). 

Ectopic expression of mamRNA, but not snoU14, from the leu1+ locus in otherwise 

mamRNA∆ cells, restores low levels of Mei2 (Fig. 3b), further indicating that it can 

function in trans. 

To determine whether Mei2 dependent-inactivation of Mmi1 requires one of the 

three lncRNAs, we measured meiotic mRNA levels in RT-qPCR assays. The absence 

of mamRNA, but not meiRNA or omt3, almost completely suppressed the 

accumulation of meiotic mRNAs in the mot2∆ background (Fig. 3c, Supplementary 

Fig. 3b). Transcriptome analyses further established a specific role for mamRNA in 

the accumulation of the entire set of Mmi1 targets in mot2∆ cells (Fig. 3d, 

Supplementary Fig. 3c, Supplementary Dataset 2). Moreover, the sole deletion of 

mamRNA did not alter the expression of Mmi1 targets, despite increased Mei2 levels, 

thereby uncoupling Mmi1 inhibition from Mei2 accumulation (Fig. 3c,d). This supports 

the notion that mamRNA physically bridges Mmi1 and Mei2 to exert their mutual 

control in mitotic cells. 

The ability of mamRNA to tune Mmi1 and Mei2 activities prompted us to assess 

its requirement for meiosis. Unlike meiRNA, we found that mamRNA is dispensable 

for sporulation (Supplementary Fig. 3d). Crucially, however, it becomes critical in 

meiRNA∆ cells where artificial targeting of Mei2 to the nucleus partially restores 

meiosis36 (Fig. 3e). This strongly suggests that, even in the absence of meiRNA, Mmi1 

inhibition by mamRNA and Mei2 is sufficient to trigger meiosis. 
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Subcellular localization of Mmi1, mamRNA and meiotic mRNAs 

 We next localized mamRNA with respect to Mmi1 during mitosis. Strikingly, 

smFISH experiments in cells expressing GFP-tagged Mmi1 revealed a recurrent 

overlap between the prominent mamRNA nuclear signal (i.e. its likely transcription 

site) and one of the scattered Mmi1 foci in both wild type and mot2∆ cells (Fig. 4a, 

Supplementary Fig. 4a,b), strongly suggesting that the mamRNA-dependent mutual 

control of Mmi1 and Mei2 is spatially confined. Our data further revealed that the 

localizations of Mmi1 and mamRNA were barely affected in the absence of Mot2 

(Supplementary Fig. 4c,d).  

To determine the mechanism underlying Mmi1 inactivation by mamRNA and 

Mei2 in mot2∆ cells, we investigated the localization of the mcp5+ and mei4+ meiotic 

mRNAs by smFISH, using cells deleted for Mmi1 and the MTREC subunit Red1 as 

controls for cytoplasmic and nuclear accumulation, respectively32. Compared to the 

wild type strain, the number of mcp5+ and mei4+ foci increased substantially in mot2∆ 

cells, and co-deletion of mamRNA led to a marked decrease in the number of detected 

molecules (Fig. 4b,c, Supplementary Fig. 4e,f), in agreement with the molecular 

analysis (Fig. 3c). Deletion of Mmi1 or Red1 led to a major increase in mcp5+ and 

mei4+ spots, consistent with their direct role in meiotic mRNA degradation. 

Importantly, the majority of mcp5+ and mei4+ transcripts was restricted to the nucleus 

in the absence of Mot2, similar to red1∆ cells but unlike those lacking Mmi132 (Fig. 

4b,d, Supplementary Fig. 4e,g). This provides evidence that the nuclear retention 

activity of Mmi1 is preserved in the mot2∆ mutant. Together with RNA-IP experiments 

showing that Mmi1 still efficiently binds its RNA targets in this context (Fig. 4e), our 

data indicate that mamRNA-dependent inhibition of Mmi1 occurs downstream of target 

recognition and nuclear retention. mamRNA thus appears to function as a scaffold 

rather than a decoy in the inactivation of Mmi1 during mitosis. 
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meiotic mRNA degradation by Mmi1, the Red1-containing MTREC complex and the nuclear 
exosome. In the absence of Mot2, increased Mei2 levels lead to meiotic mRNA accumulation 
in a mamRNA-dependent manner. Mmi1 inactivation occurs downstream of target recognition 
and nuclear retention. In mamRNA∆ cells, the Mmi1-Mei2 mutual control is abolished: Mei2 
cannot be targeted to Mot2 but Mmi1 function in meiotic mRNA degradation is preserved. 
 

Discussion 

 

 In this study, we show that the RNA-binding activities of Mmi1 and Mei2 are 

crucial for their mutual control during mitosis and further identify a lncRNA, termed 

mamRNA, as a major regulatory and bridging partner for both proteins. Remarkably, 

mamRNA is mainly nuclear and one of the Mmi1-containing nuclear bodies localizes 

to its transcription site, suggesting that the Mmi1-Mei2 mutual control is spatially 

confined (Fig. 4f).  

The cooperation between mamRNA and Mmi1 to buffer Mei2 abundance on one side 

(i.e. in wt cells), and between mamRNA and Mei2 to inactivate Mmi1 on the other side 

(i.e. in mot2∆ cells) (Fig. 3), might be required to sustain robust mitotic growth or to 

prepare entry into meiosis, respectively. The mamRNA-dependent sensing of Mei2 

levels may tip the scale towards a specific cell cycle as a function of environmental 

cues, thereby facilitating cell fate decisions.  

Prolonged nutritional starvation, which irreversibly commits cells to meiosis, triggers 

the induction of meiotic effectors, including Mei2 and meiRNA48. Coupled to the 

decrease in mamRNA levels (Supplementary Fig. 2h,i), the build-up in Mei2 

expression may, above a certain threshold, overwhelm its own down-regulation and 

in turn promote Mmi1 inactivation. The resulting accumulation of DSR-containing 

transcripts, including meiRNA, would strengthen Mmi1 sequestration by enhanced 

Mei2 and meiRNA levels during meiotic prophase I6,34. Such a self-reinforcement 

system is likely to guarantee efficient Mmi1 inhibition, both lncRNP complexes (Mmi1-

mamRNA-Mei2 and Mmi1-meiRNA-Mei2) acting in concert to ensure proper induction 

of the meiotic program. Crucially, mamRNA can take over meiRNA to induce meiosis 

(Fig. 3e), suggesting that Mmi1 luring is not a prerequisite for the completion of sexual 

differentiation. mamRNA thus emerges as a critical regulator of Mmi1 and Mei2 

activities. 
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 Despite numerous transcriptomic studies in various growth conditions and 

genetic backgrounds, mamRNA escaped former characterization, probably due to its 

genomic location, immediately upstream the snoU14-encoding gene. Although its 

boundaries are clearly distinct from snoU14 (Supplementary Fig. 2d,e), mamRNA 

might be processed from a longer precursor transcript encompassing both features. 

Consistent with this notion, RNA PolII NET-seq profile covers the entire mamRNA-

snoU14 locus (Supplementary Fig. 2f). Yet we demonstrate that mamRNA, but not 

snoU14, is responsible for Mei2 down-regulation (Fig. 3b). Remarkably, a substantial 

fraction of mamRNA also localizes to the nucleolus, possibly reflecting additional 

functions in this compartment (Fig. 2c). In addition, although specific lncRNAs can be 

translated into short, functional peptides49, the requirement for Mmi1 and Mei2 RNA-

binding activities in their mutual control rather support a direct role for the RNA 

molecule itself. 

Consistent with its binding to Mmi1, mamRNA contains 3 UNAAAC motifs, located 

close to each other in the 3’ region, but surprisingly escapes selective elimination as 

opposed to meiotic mRNAs and meiRNA (Fig. 2b). Whether this relates to its 

polyadenylation status and/or protective structured regions remains to be investigated. 

Our structural and biophysical analyses also unveiled UU(U/G)G motifs recognized by 

RRM3Mei2 (Fig. 1e, Supplementary Table 1). These sites are frequent and spread 

along both mamRNA and meiRNA, implying that additional features are likely to 

specify Mei2 binding, as the latter only associates with the 5’ part of meiRNA34. 

Akin to meiRNA34, mamRNA transcription site constitutes a nucleation center for one 

Mmi1-containing nuclear body in mitotic cells (Fig. 4a). This might suggest that Mmi1 

foci preferentially form at lncRNA transcription sites and that they do not solely reflect 

meiotic mRNA degradation centers as previously suggested. Interestingly, omt3, 

which we found to associate with Mmi1 and Mei2 (Fig. 2a,e,f), accumulates at its 

genomic locus to promote pairing of homologous chromosomes during meiosis, 

similar to meiRNA50,51. Although the role of omt3 in mitotic cells remains unclear, it is 

tempting to speculate that another Mmi1 body lies at this gene.  

 In the absence of Mot2, Mmi1 is still proficient for meiotic mRNA binding and 

nuclear retention, indicating that its inhibition occurs downstream of RNA recognition 

(Fig. 4b,e). It is possible that Mei2-bound mamRNA partially impairs the association 
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of Mmi1 with downstream effectors, such as MTREC and/or the exosome. An 

alternative but not mutually exclusive model predicts that increased Mei2 levels may 

modify the physicochemical properties of Mmi1 bodies, precluding efficient meiotic 

mRNA degradation.  

The function of mamRNA in mediating the Mmi1-Mei2 mutual control 

profoundly revisits the current model of the mitosis to meiosis switch in fission yeast 

and defines a novel paradigm for lncRNA-based regulation of gene expression. Our 

study thus provides a conceptual framework to address the conservation of similar 

mechanisms in developmental transitions and diseases. 

 

Methods 

 

Strains, media and plasmids 

The S. pombe strains used in this study are listed in Supplementary Table 2. Strains 

were generated by transformation following a lithium acetate-based method or by 

random spore analysis using complete medium (YE Broth, Formedium, #PMC0105) 

supplemented with appropriate antibiotics. mmi1Δ cells were generated from a 

parental strain carrying the deletion of mei4+, since the absence of Mmi1 leads to 

severe growth defects due to ectopic expression of the meiosis-specific transcription 

factor Mei4. All experiments were performed in 1X EMM-LEU-URA minimal medium 

(EMM-LEU-URA Broth, Formedium, #PMD0810) supplemented with 150 mg/L of 

either L-leucine (Sigma, #L8000) (EMM-URA), uracil (Sigma, #U750) (EMM-LEU) or 

both (EMM). To assess mating/sporulation efficiency, cells plated at 30°C on ME (ME 

Broth, Formedium, #PCM0710) or EMM-LEU for 3 or 5 days, respectively, were 

exposed to iodine crystals (Sigma, #326143) which stain with dark color a starch-like 

compound in the spore wall. 

The following plasmids were used for gene cloning/editing: pREP42X::URA4, 

pREP41::LEU2, pFA6a-kanMX6-P41nmt1-TAP, pFA6a-kanMX6-P41nmt1-3FLAG 

(Addgene plasmid # 19337; http://n2t.net/addgene:19337; RRID:Addgene_19337)52, 

pFA6a-natMX6-P3nmt1-3FLAG (Addgene plasmid # 19345; 

http://n2t.net/addgene:19345; RRID:Addgene_19345)52, pFA6a-kanMX6-P41nmt1-

GFP (Addgene plasmid # 39290; http://n2t.net/addgene:39290;  
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RRID:Addgene_39290)53, pFA6a-HyTkAX (Addgene plasmid # 73898;  

http://n2t.net/addgene:73898; RRID:Addgene_73898)54, pJK148-Pnmt1-GBP-

mCherry(N)-leu1+ (NBRP plasmid FYP3968, pJQW#625;  

https://yeast.nig.ac.jp/yeast/fyPlasmidDetail.jsf?id=3968)55. 

 

Cloning, expression and purification of recombinant protein  

The DNA fragment encoding for RRM3Mei2 domain (residues 579 to 750) was amplified 

by PCR with oligonucleotides oMG432 and oMG429 (Supplementary Table 3) and 

further cloned into pGEX-6P1 vector using Fast Digest SmaI and NotI restriction 

enzymes (Thermo Fisher Scientific, #FD0664 and #FD0595, respectively) to generate 

the plasmid pMG918 encoding for a GST-tag fused to the N-terminal extremity of the 

RRM3Mei2 domain by a 3C protease cleavage site. The RRM3Mei2-F644A point mutant 

was generated by one-step site-directed mutagenesis of pMG918 using 

oligonucleotides listed in Supplementary Table 3 to yield corresponding plasmids. 

The RRM3Mei2 proteins were over-expressed in BL21 (DE) Codon+ cells and in TBAI 

media (Terrific Broth Auto-Inducible media; Formedium, #AIMTB0260), containing 

Ampicillin (100 µg/mL; Sigma, #A9518) and Chloramphenicol (25 µg/mL; Applichem, 

#A7495). After OD600 reached 0.6 at 37°C, culture was transferred to 18°C for 16 h. 

To over-express selenomethionine labelled protein, 10 mL of overnight culture was 

used as inoculum for 1 L selenomethionine containing minimal media. Culture was 

grown at 37°C until OD600 reached 0.6 and then induced with 100µM IPTG (Thermo 

Fisher Scientific, #R0392) and transferred to 18°C for 16 h. Cells were harvested by 

centrifugation (4000 rcf for 45 minutes) and cell pellets were resuspended in 30 mL 

lysis buffer (20mM Tris-HCl, pH7.5, 200mM NaCl, 5mM 2-mercaptoethanol) in the 

presence of 100 µM PMSF. Cell lysis was performed by sonication on ice, followed by 

lysate clearance by centrifugation at 20000 rcf for 45 minutes. The supernatants were 

applied on GSH-sepharose 4B resin (VWR, # 17-0756-05) pre-equilibrated with lysis 

buffer. After extensive washing steps with lysis buffer and with a high salinity buffer 

(20 mM Tris-HCl pH7.5, 2 M NaCl, 5 mM β-mercaptoethanol), the protein was eluted 

with elution buffer (20 mM Tris-HCl pH7.5, 200 mM NaCl, 20 mM GSH, 5 mM β-

mercaptoethanol). The eluted protein was next incubated overnight at 4°C with GST-

3C protease under dialysis conditions in lysis buffer and then passed again through 
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GSH column to remove the GST-tag as well as the GST tagged 3C protease. The 

unbound proteins were subjected to an Heparin Sepharose 6 Fast flow column (GE 

Healthcare Biosciences, # 17-0998-01) and eluted using a linear gradient ranging from 

100% Buffer A (50mM Tris HCl, pH7.5, 50mM NaCl, 5mM 2-mercaptoethanol) to 

100% Buffer B (50mM Tris HCl, pH7.5, 1M NaCl, 5mM 2-mercaptoethanol). The 

protein eluted from Heparin column was further purified using a HiLoad 16/600 

Superdex 75 column (GE Healthcare Biosciences, # 28-9893-33) pre-equilibrated with 

lysis buffer on an ÄKTA Purifier system (GE Healthcare Biosciences). 

 

Crystallization, data collection and structure determination 

Crystals of the native or SeMet-labelled RRM3Mei2 proteins in the absence of RNA 

were obtained by mixing 1µL of concentrated protein (20 mg/mL in the lysis buffer) 

with an equal volume of crystallization solution (1 M ammonium sulfate, 0.1 M Bis-Tris 

pH5.5; 1% PEG 3350) at 4°C.  

Prior to crystallization assays with RNA, 1mM of RRM3Mei2 (20 mg/ml) was incubated 

with 1.2 molar excess of the GCUUUUUGUUCG oligonucleotide (purchased from 

Dharmacon). Then, 1 µL of this solution was mixed with an equal volume of 

crystallization condition composed of 0.2M NaCl, 0.1M Na/K phosphate pH6.5, 25% 

w/v PEG 1000 at 4°C.  

For data collection, all crystals were quick-soaked in cryo-protectant solutions 

containing 15% (v/v) and then 30% glycerol in corresponding crystallization solutions 

and flash-frozen in liquid nitrogen to collect the data set. Datasets were collected on 

Proxima-1 (WT and Se-Met labelled apo-structure) and Proxima-2A (RNA-bound 

structure) beamlines at SOLEIL Synchrotron (Saint-Aubin, France). Statistics for data 

processing are summarized in Supplementary Table 1. 

The RRM3Mei2 apo-structure was solved by Se-SAD using data collected at a 

wavelength close to the absorption edge of selenium. Se sites were located by 

SHELXD56 while experimental phasing and automated model building was performed 

with the AutoSol procedure57 implemented in the Phenix suite. A first model was 

obtained by iterative cycles of building and refinement performed using COOT and 

BUSTER programs, respectively. The structure was further refined at high resolution 

using the 1.9Å resolution native dataset. The R and Rfree of the final structure are 
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17.1% and 19.4%, respectively. In the final structure, RRM3Mei2 residues 580-726 and 

580-725 are visible for promoters A and C, respectively. In addition, 9 molecules of 

Ethylene glycol from cryo-protectant, 3 molecules of PEG and 3 sulphate ions as well 

as 187 water molecules were modeled in the electron density maps.  

The structure of the RRM3Mei2 - RNA complex was solved by molecular replacement 

using the coordinates of the apo-structure as template with the PHASER program58. 

The final structure was obtained at 2.65Å resolution after multiple rounds of model 

building and refinement as for the apo-structure. The final model had a R and Rfree of 

22.3% and 29.8%. The final structure contains residues 580-727 from RRM3Mei2, the 

12 nucleotides from the RNA fragment and 30 water molecules.  

Statistics for structure refinement are summarized in Supplementary Table 1. 

 

Isothermal Titration Calorimetry 

Prior to ITC analysis, protein and RNA samples were dialyzed against the following 

buffer: 20mM Tris HCl pH7.5, 200mM NaCl, 5mM 2-mercaptoethanol. The interaction 

between RRM3Mei2 and different RNA fragments (Dharmacon) was characterized 

using an iTC200 machine at 20°C. In all ITC experiments, 200 µL of protein at 10 µM 

concentration was titrated by several injections of 2 µL of RNA (100 µM) at intervals 

of 180 s and stirring speed of 700 rpm. A theoretical curve assuming a one-binding 

site model calculated using Origin Software (MicroCal Inc.) gave the best fit to the 

experimental data. 

 

Size Exclusion Chromatography-Multi Angle Laser Light Scattering (SEC-

MALLS) 

For each experiment, a 100 µL (1 mg/mL) sample was injected at a flow rate of 0.75 

mL/min on a SuperdexTM 200 Increase 10/300 GL column (GE-Healthcare 

Biosciences, # 28-9909-44) in the same buffer as for ITC experiments (20mM Tris HCl 

pH7.5, 200mM NaCl, 5mM 2-mercaptoethanol). Elution was followed by a UV-Visible 

spectrophotometer, a RID-20A refractive index detector (Shimadzu), a MiniDawn 

TREOS detector (Wyatt Technology). The data were collected and processed with the 

program ASTRA 6.1 (Wyatt Technology). Mw was directly calculated from the 

absolute light scattering measurements using a dn/dc value of 0.183. 
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Total protein analyses 

Total proteins were extracted from cell pellets corresponding to 2 to 5 ODs, as 

previously described44. Briefly, cell lysis was performed on ice using 0.3M NaOH and 

1% beta-mercaptoethanol prior to protein precipitation with trichloroacetic acid (TCA) 

(7% final). Following full speed centrifugation, pellets were resuspended in HU loading 

buffer and heat-denaturated at 70˚C. Soluble fractions were recovered, and samples 

were analyzed by standard immunoblotting procedures using 1:3000 peroxydase-

conjugated antiperoxydase (PAP, to detect protein-A-tagged proteins) (Sigma, 

#P1291, RRID:AB_1079562), 1:3000 monoclonal anti-FLAG antibody (Sigma, 

#F3165, RRID:AB_259529), 1:3000 anti-CDC2 antibody (Abcam, #ab5467, 

RRID:AB_2074778), 1:1000 anti-GFP antibody (Roche, # 11814460001, RRID: 

AB_390913), 1:500 anti-CBP antibody (Millipore, #07-482, RRID:AB_310653), 1:5000 

goat anti-mouse IgG-HRP (Santa Cruz Biotechnology, #sc-2005, RRID:AB_631736) 

and 1:5000 goat anti-rabbit IgG-HRP (Santa Cruz Biotechnology, #sc-2004, 

RRID:AB_631746). Detection was done with SuperSignal West Pico 

Chemiluminescent Substrate (ThermoFisher Scientific, #34080), ECL Select reagent 

(GE Healthcare, #RPN2235) and a Vilber Lourmat Fusion Fx7 imager. 

 

Total RNA extraction 

Total RNAs were extracted from cell pellets using hot acid phenol, as described in 44. 

Samples were treated with DNAse (Ambion, #AM1906) and concentrations measured 

with a Nanodrop.  

 

Polyadenylated RNA purification from total RNA 

50 µl of DYNAL Dynabeads Oligo(dT)25 (ThermoFisher Scientific, #61002) were used 

to purify polyadenylated transcripts from 20 µg total RNAs. Purification was performed 

according to the manufacturer’s instructions except that the first step flow-through was 

incubated a second time with the same beads. Eluted fractions corresponded to the 

“polyA+” fraction and the flow-through was recovered as the “polyA-” fraction. 
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RT-qPCR 

2 µg of DNAse-treated RNAs were denatured at 65°C for 5 minutes in the presence 

of strand-specific primers. Reactions were carried out with 100 units Maxima Reverse 

Transcriptase (ThermoFisher Scientific, #EP0743) at 50°C for 30 minutes. The 

enzyme was then denatured at 85°C for 5 minutes, and reactions diluted to 1:10 ratio. 

Each experiment included negative controls without Reverse Transcriptase. Samples 

were analyzed by qPCR with SYBR Green and a LightCycler LC480 apparatus 

(Roche). Quantification was performed using the ∆Ct method. Oligonucleotides used 

in qPCR reactions are listed in Supplementary Table 3. 

 

Northern blotting 

3 to 5 µg RNAs were separated on a 1.5% agarose gel and transferred overnight by 

capillarity on a nylon membrane (GE Healthcare, #RPN203B) in SSC 10X Buffer. 

RNAs were then UV-crosslinked to the membrane using a Stratalinker apparatus. 

Generation and incubation of the membrane with RNA dig-labelled probes was 

performed using the Dig-Northern-Starter Kit (Roche, #12039672910), following 

manufacturer’s instructions. Membranes were washed twice in 2X SSC 0.1% SDS and 

once in 1X SSC 0.1% SDS, for 10 minutes at 65°C. Revelation was done according 

to the kit instructions using a Vilber Lourmat Fusion Fx7 detection device. 

Oligonucleotides used to generate DNA templates for RNA probes are listed in 

Supplementary Table 3. 

 

5’ and 3’ RACE analyses 

The 5’/3’ RACE Kit, 2nd Generation (Roche, #3353621001), was used to determine 

the 5’ and 3’ ends of mamRNA and snoU14, following manufacturer’s instructions. An 

RNA polyadenylation step was included to map the 3’ ends of non-adenylated species. 

Oligonucleotides used to amplify and clone RACE products are listed in 

Supplementary Table 3. 

 

RNAseH assays 

10 µg of DNAse-treated RNAs were incubated in 10X RNAseH Buffer at 65°C for 15 

minutes and 30°C for 10 minutes in the presence of 25 µM primer. RNAseH (New 
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England Biolabs, #M0297S) was then added to the reaction and samples were 

incubated at 30°C for 45 minutes. Following phenol-chloroform extraction and ethanol 

precipitation, digested RNAs were resuspended in a loading buffer containing 

formamide, bromophenol and cyanol blue. Half of reactions were denaturated at 85°C 

for 5 minutes and loaded on a 2% agarose gel prior to Northern blotting. Undigested 

controls, without primer in the reaction, were processed in parallel. Oligonucleotides 

used for RNaseH cleavage are listed in Supplementary Table 3. 

 

Native RNA-Immunoprecipitation 

40 to 50 ODs of cells were grown to mid-log phase at 30°C in EMM or EM-LEU and 

harvested by centrifugation. Cell pellets were washed in 1X PBS and resuspended in 

2 ml lysis buffer (6 mM Na2HPO4, 4 mM NaH2PO4, 150 mM NaC2H3O2, 5 mM 

MgC2H3O2, 0.25% NP-40, 2 mM EDTA, 1 mM EGTA, 5% glycerol, 2 mM 

benzamidine, 1X complete EDTA-free protease inhibitor cocktail (ThermoFisher 

Scientific, #A32955) and 80 U RNaseOUT Ribonuclease inhibitor (Invitrogen, #10777-

019) to make ‘pop-corn’. Lysis was performed using a Ball Mill (Retsch, MM400) for 

15 min at a 10 Hz frequency. Extracts were cleared by centrifugation before 

precipitation with 40 µL pre-washed anti-FLAG M2 affinity gel (Sigma, #A2220) for 2 

hr at 4°C. Beads were then washed twice with IPP150 (10 mM Tris pH8, 150 mM 

NaCl, 0.1% NP-40). Total and immunoprecipitated RNAs were extracted with 

phenol:chloroform 5:1 pH4.7 (Sigma, #P1944) and precipitated with ethanol. RNA 

samples were treated with DNase (Ambion, #AM1906) prior to RT-qPCR analyses as 

mentioned above.  

Note that this procedure was followed in all experiments involving Mmi1 as a bait 

protein (Fig. 1c, 2e, 4e).  

 

Formaldehyde RNA-Immunoprecipitation 

40 to 50 ODs of cells were grown to mid-log phase at 30 °C in EMM-LEU and cross-

linked with 0.2% formaldehyde for 20 min. Cells were harvested by centrifugation 

following quenching with 250 mM glycine for 5 min at room temperature. Cell pellets 

were washed in 1X PBS and resuspended in 2 ml RIPA buffer (50 mM Tris-HCl pH 8, 

150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 2 mM EDTA, 2 mM 
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benzamidine, 1X complete EDTA-free protease inhibitor cocktail and 80 U RNaseOUT 

Ribonuclease inhibitor to make “pop-corn”. Lysis was performed using a Ball Mill 

(Retsch, MM400) for 15 min at 15 Hz frequency. Extracts were cleared by 

centrifugation before immunoprecipitation with 1 mg of pre-washed rabbit IgG-

conjugated M-270 Epoxy Dynabeads (Invitrogen, #14311D) for 1 hour at 4 °C. Beads 

were then washed once with low salt buffer (10 mM Tris-HCl pH7.5, 150 mM NaCl, 

0.5% Triton X-100), twice with high salt buffer (10 mM Tris-HCl pH7.5, 1 M NaCl, 0.5% 

Triton X-100) and once again with low salt buffer for 10 min at room temperature. 

Samples were decrosslinked at 70 °C for 45 min in the presence of reverse buffer 

(10 mM Tris-HCl pH 6.8, 5 mM EDTA, 10 mM DTT, 1% SDS) and treated with 

proteinase K (Euromedex, #09-0911) for 30 min at 37 °C. Total and 

immunoprecipitated RNAs were next extracted with phenol:chloroform 5:1 pH4.7 

(Sigma, #P1944), precipitated with ethanol and treated with DNase (Ambion, 

#AM1906) prior to RT-qPCR analyses.  

Note that this procedure was systematically used upon Mei2 pulldown since the 

protein is highly susceptible to proteolysis under native conditions (Fig. 1f, 2f, 

Supplementary Fig. 2j). 

 

Sequential RNA-Immunoprecipitation and high-throughput sequencing 

(seqRIP-seq) 

250 ODs of cells were grown to mid-log phase at 30 °C in EMM and cross-linked with 

0.2% formaldehyde for 20 min. Cells were harvested by centrifugation following 

quenching with 250 mM glycine for 5 min at room temperature. Cell pellets were 

washed in 1X PBS and resuspended in 2 ml RIPA buffer (50 mM Tris-HCl pH 8, 

150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 2 mM EDTA, 2 mM 

benzamidine, 1X complete EDTA-free protease inhibitor cocktail and 80 U RNaseOUT 

Ribonuclease inhibitor to make “pop-corn”. Lysis was performed using a Ball Mill 

(Retsch, MM400) for 15 min at 15 Hz frequency. Extracts were cleared by 

centrifugation before immunoprecipitation with 5 mg of pre-washed rabbit IgG-

conjugated M-270 Epoxy Dynabeads (Invitrogen, #14311D) for 1 hour at 4 °C. Beads 

were then washed once with low salt buffer (10 mM Tris-HCl pH7.5, 150 mM NaCl, 

0.5% Triton X-100), twice with high salt buffer (10 mM Tris-HCl pH7.5, 1 M NaCl, 0.5% 
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Triton X-100) and once again with low salt buffer for 10 min at room temperature. 

Samples were eluted with TEV protease (Invitrogen, #12575015) for 2 hours at 16°C 

with occasional shacking. Eluates were next used for a second immunoprecipitation 

step with 40 µL pre-washed anti-FLAG M2 affinity gel (Sigma, #A2220) for 2 hr at 4°C. 

Beads were washed as described above. Total and immunoprecipitated RNAs were 

extracted with phenol:chloroform 5:1 pH4.7 (Sigma, #P1944) and precipitated with 

ethanol. RNA samples were treated with DNase (Ambion, #AM1906) prior to analysis 

by Illumina sequencing. 

Note that several Mmi1-targeted DSR-containing meiotic mRNAs were pulled-down, 

most likely as the consequence of Mei2 ectopic binding due to protein over-

expression. The absence of meiotic mRNAs bound to endogenous Mei2 upon meiosis 

onset supports this notion35. The relatively high abundance of meiRNA also results 

from Mei2 over-expression, which leads to the accumulation of Mmi1 RNA targets44. 

 

RNA-sequencing of total or immunoprecipitated RNAs 

Ribosomal RNA depletion was performed on whole-cell extract and total RNAs using 

RiboZero gold (Illumina) according to the manufacturer’s instructions. NextSeq 

500/550 Mid Output Kit v2 was used to prepare RNAseq libraries and paired-end 75 

sequencing was performed on a NextSeq instrument. Reads were demultiplexed 

(bcl2fastq2-2.18.12) and adapters were trimmed (Cutadapt 1.15). Sequencing data 

were then uploaded to the Galaxy web platform, and public server (usegalaxy.org) 

was used for data analysis59. Reads were aligned to the S. pombe genome using 

Bowtie2, and MulticovBed generated the read count files. Processed data were 

analyzed using R and differential analysis of total RNA-sequencing was done using 

Sartools R Pipeline60. 

 

Live Cell Microscopy 

Exponentially growing cells cultured in minimal medium (EMM-LEU) were stained with 

Hoescht 33342 (ThermoFisher Scientific, #62249) prior to room temperature imaging 

with a motorized Leica DMIRE2 inverted fluorescence microscope equipped with a 

63 × oil immersion objective (Leica), a charge-coupled device (CCD) camera (Cool 

SNAP HQ2; Photometrics) and the MetaMorph 6.1 acquisition software. DNA and 
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GFP-tagged proteins were visualized using DAPI (Semrock DAPI 1160b-LSC-Zero) 

and GFP (Semrock FITC 2024b-LSC-Zero) filter sets. Images were processed in 

ImageJ (NIH). 

 

Single molecule Fluorescence In Situ Hybridization (smFISH) 

Quasar 570 or 670-labeled mamRNA, meiRNA, mei4+ and mcp5+ mRNA probes 

were designed using Stellaris Probe Designer tool (Supplementary Table 4) and 

synthesized by Biosearch Technologies. Single molecule RNA Fluorescence In-

Situ Hybridization (smFISH) was performed according to the manufacturer’s protocol 

(Biosearch Technologies) with minor modifications. 

All experiments were performed as described in 14. Briefly, vegetative cells were grown 

to mid-log phase at 30°C in EMM or plated on ME medium prior to incubation for 40 

hours at 30°C. Cells were then resuspended in 1X PBS containing 3.7% 

formaldehyde, treated with Zymolyase 100T for cell wall digestion and permeabilized 

in 70% ethanol prior to overnight incubation with relevant probes. Stellaris RNA FISH 

hybridization and wash buffers were obtained from Biosearch Technologies. DAPI 

stained cells were resuspended in Vectashield antifade mounting medium (Vector 

laboratories) and imaged using a Leica DM6000B microscope with a 100X, NA 1.4 

(HCX Plan-Apo) oil immersion objective equipped with a piezo-electric motor (LVDT; 

Physik Instrument) mounted underneath the objective lens, and a CCD camera 

(CoolSNAP HQ; Photometrics). Maximum intensity-projection of optical Z-sections 

(0.2 µm, 25 planes) was performed in ImageJ (NIH).  

To compare mamRNA levels in different cell compartments, nucleolar, nuclear and 

cytoplasmic signals were quantified based on the manual delineation of the 

corresponding areas and the measure of the associated signal intensities. In all cases, 

background levels from regions of the same surface were subtracted to measured 

values. 

 

Statistics 

All experiments comprising RT-qPCR assays (total RNA levels, RNA-IPs) were 

repeated at least three times, involving at least two independent biological duplicates, 

unless otherwise specified. qPCR measurements were statistically compared using 
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two-tailed t-tests with the following p-value cut-offs for significance: 5E-2>*>1E-2; 1E-

2>**>1E-3; ***<1E-3. 

The measure of RNA signal intensities (integrated density) in smFISH analyses was 

performed on at least 50 cells using ImageJ (NIH). 
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melanogaster RRM1Sxl (yellow) bound to a U-rich RNA fragment (RNA phosphate backbone 
in orange and bases in blue; PDB code: 4QQB). RRM3Mei2 helix α0 is part of the N-terminal 
extension (residues 580 to 593) while helix α3 and β-strands β5 and β6 correspond to the C-
terminal extension (residues 684 to 727). Only RRM1Sxl domain and a fragment of the RNA 
are shown. Side chains from Mei2 F644 and Sxl F170, which belong to the GYAF signature 
from RRM RNP1 motif that is strictly conserved among Mei2-like orthologues and Sxl, are 
shown as sticks. f, RRM3Mei2 is monomeric in solution and binds a single RNA molecule 
according to SEC-MALLS. Shown are RRM3Mei2 (blue) and RRM3Mei2-RNA (red) elution 
profiles and the associated molecular weight (dashed lines). g, Detailed representation of G8 
binding mode. Hydrogen bonds involved in specificity for G8 are shown as red (protein-RNA 
interaction) or black (Hoogsteen based pairs between G8 and G12 bases) dashed lines. h-k, 
Detailed representation of U4 (h), U5 (i), U6 (j) and U7 (k) binding modes, highlighting the 
hydrogen bonds (red dashed lines) contributing to the specificity for U.  
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Upper panel: Scheme depicting the mamRNA and snoU14-encoding genomic locus. The red 
arrows represent the oligonucleotides used for RNAseH cleavage and the blue rectangles 
indicate the Northern probes used for transcript detection. Lower panel: Northern blotting 
showing RNAseH-dependent cleavage of mamRNA (probe A) with oligonucleotide 1 but not 
2 (lanes 2 and 3), and of snoU14 (probe C) with oligonucleotide 2 but not 1 (lanes 8 and 9). 
Samples from reactions performed without oligonucleotides were loaded as controls (lanes 1, 
4 and 7). Note that the probe B, designed between mamRNA and snoU14, does not detect 
RNA species. f, NET-seq profile of the mamRNA and snoU14-encoding genomic locus (10). 
Shown are log2 tag densities corresponding to RNA PolII-immunoprecipitated (FLAG-tagged 
Rpb3 subunit) RNAs. Tags from the + strand are colored in blue and those from the – strand 
in magenta. The positions of mamRNA and snoU14 are depicted below the profiles. g, 
Analysis of mamRNA coding potential with CPC2 software. Table showing the identity, length 
(in nucleotides), coding probability (CP) and label (NC=noncoding; C=coding) of 4 ncRNAs 
(snoU14, mamRNA, meiRNA, omt3) and 1 mRNA (act1+). h, Representative images of 
meiRNA and mamRNA detected by smFISH in wt mitotic and meiotic cells (horsetail stage of 
meiotic prophase I). DNA was stained with DAPI. Images are shown as maximum-intensity 
projections of Z-stacks. Distinct contrast adjustments are shown to compare mamRNA 
signals. i, Quantification of smFISH analyses shown in panel h. Distribution of mamRNA signal 
intensities (integrated densities) from areas corresponding to the nucleus and cytoplasm of 
mitotic (n=54) and meiotic (n=53) cells, expressed as percentages of the total signal in mitosis. 
j, Fold enrichments (relative to untagged; mean±SD; n³3; n=2 for snR10) of 5 sn/snoRNAs 
and mamRNA upon pulldown of TAP-tagged wt or mutant (F644A) Mei2. 
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maximum-intensity projections of Z-stacks. f and g, Quantifications of smFISH analyses 
shown in e. f, Distribution of mei4+ mRNA foci frequency per cell (n>400 cells). g, Distribution 
of mei4+ mRNA foci localization (n>800 foci). 
 

Supplementary Table 1 (related to Fig. 1): Structural characterization of RRM3Mei2 

 

Data collection 

 RRM3Mei2 apo RRM3Mei2-RNA 

 Se-SAD High resolution  

Space group P41 P41 I222 

Unit cell parameters 
75.1Å; 75.1Å; 67.8Å; 

90°; 90°; 90° 
75.5Å; 75.5Å; 70.8Å; 

90°; 90°; 90° 
75.3Å; 81.5Å; 81.4Å; 

90°; 90°; 90° 

Wavelength (Å) 0.9080105 0.9080105 0.9080105 

Resolution (Å) 41.8-2.5 (2.59-2.5) 42.63-1.9 (1.94-1.9) 40.5-2.65 (2.78-2.65) 

Rmerge (%) 8.1 (120.4) 5.8 (84.8) 25.4 (167.3) 

I / σI 14 (1.3) 11.1 (1.3) 6.4 (1.2) 

Completeness (%) 99.0 (92.4) 99.0 (89.6) 99.6 (97.7) 

CC1/2 (%) 99.7 (43.1)  98.6 (72.8) 

Redundancy 6.5 3.7 11.4 

Observed reflections 86530 117825 83891 

Unique reflections 13280 31476 7387 

Refinement 

 RRM3Mei2 apo RRM3Mei2-RNA 

Resolution (Å)   42.63-1.9 40.7-2.63 

R / Rfree (%)  17.1 / 19.4 22.3 / 29.8 

Number of atoms    

Protein / RNA  2380 1199 / 246 

Water  187 30 

Others  92  

B-factors (Å2)    

Protein / RNA  44.3 61.8 / 66.7 

Water  46.2 52.2 

Others  76.3  

R.m.s deviations    
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Bond lengths (Å)  0.01 0.01 

Bond angles (°)  0.98 1.07 

PDB code  6YYL 6YYM 

Isothermal Titration Calorimetry 

Protein / RNA Kd (nM) ∆H (cal/mol) ∆S (cal/mol/deg) 

RRM3Mei2 / U7GU7 104 -3.456E4 -86.2 

RRM3Mei2 / U6GGU7 277 -5.381E4 -154 

RRM3Mei2 / U15 746 -3.306E4 -84.7 

RRM3Mei2 / 
GCUUUUUGUUCG 

205 -1.823E4 -31.6 

RRM3Mei2-F644A / 
U7GU7 

N/A N/A N/A 

Hydrogen bonds at the RRM3Mei2-RNA interface 

RRM3Mei2 RNA 

Residue Atom Base Atom 

K607 N C2 O2 

F668 O C2 O2’ 

N606 N U3 OP2 

S670 Og U3 OP1 

C638 Sg U4 O4 

K672 Nz U4 OP2 

D633 Od1 U4 N3 

K672 Nz U5 O4 

N603 Od1 U5 N3 

Y678 O U6 N3 

S677 Og U6 O4 

N680 N U6 O2 

N680 Nd2 U6 O2’ 

I681 N U7 O4 

R631 Nh1 G8 O4’ 

I632 O G8 N2 

Y629 Oh G8 N2 
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I632 O G8 N1 

F634 N G8 O6 

C695 Sg G8 O2’ 

Y629 Oh G8 OP2 

D633 Od1 G12 N2 

 

Supplementary Table 2: S. pombe strains used in this study 
 

Strain Genotype Source 

PR040 h90, ura4-DS/E, ade6-M210, leu1-32, mat3M::ura4+ Simonetti et 
al., 2017 

PR162 h90, ura4-D18, ade6-M210, leu1-32, mat3M(EcoRV)::ade6+ JP Javerzat 

PR411 PR040, mei4::natRMX mmi1::hphRMX Simonetti et 
al., 2017 

PR525 PR162, mot2::natRMX This study 

PR597 PR040, kanRMX::Pnmt41-3xFLAG-Mmi1 Simonetti et 
al., 2017 

PR617 PR040, sme2::hphRMX This study 

PR640 PR040, mot2::natRMX sme2::hphRMX This study 

PR675 PR040, kanRMX::Pnmt41-TAP-Mei2 Simonetti et 
al., 2017 

PR676 PR040, Mei2-GFP::kanRMX Simonetti et 
al., 2017 

PR718 PR040, sme2::hphRMX kanRMX::Pnmt41-TAP-Mei2 This study 

PR720 PR040, mot2::natRMX kanRMX::Pnmt41-TAP-Mei2 Simonetti et 
al., 2017 

PR726 PR040, mei4::natRMX mmi1::hphRMX kanRMX::Pnmt41-TAP-Mei2 Simonetti et 
al., 2017 

PR792 PR040, mot2::natRMX Simonetti et 
al., 2017 

PR793 PR040, mot2::natRMX kanRMX::Pnmt41-3xFLAG-Mmi1 This study 

PR808 PR040, pREP41::LEU2 This study 

PR810 PR040, mot2::natRMX pREP41::LEU2 This study 

PR911 PR040, mot2::natRMX mei2::hphRMX pREP41::LEU2 This study 
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PR965 PR040, mot2::natRMX mei2::hphRMX pREP41-Mei2-(376-750)∆-
2xFLAG::LEU2 

This study 

PR966 PR040, mot2::natRMX mei2::hphRMX pREP41-Mei2-(592-750)∆-
2xFLAG::LEU2 

This study 

PR968 PR040, mot2::kanRMX Simonetti et 
al., 2017 

PR980 PR040, mot2::natRMX mei2::hphRMX pREP41-Mei2-
2xFLAG::LEU2 

This study 

PR981 PR040, mot2::natRMX mei2::hphRMX pREP41-Mei2-(1-375)∆-
2xFLAG::LEU2 

This study 

PR1021 PR040, omt3::hphRMX This study 

PR1026 PR040, mei4::natRMX mmi1::hphRMX kanRMX::Pnmt41-TAP-Mei2 
pREP41::LEU2 

This study 

PR1027 PR040, mot2::natRMX omt3::hphRMX This study 

PR1033 PR040, kanRMX::Pnmt41-GFP-Mmi1 This study 

PR1034 PR040, mei2::hphRMX pREP41::LEU2 This study 

PR1035 PR040, mei4::natRMX mmi1::hphRMX kanRMX::Pnmt41-TAP-Mei2 
pREP41-2xFLAG-Mmi1::LEU2 

This study 

PR1036 PR040, mot2::natRMX kanRMX ::Pnmt41-GFP-Mmi1 This study 

PR1037 PR040, mei4::natRMX mmi1::hphRMX kanRMX::Pnmt41-TAP-Mei2 
pREP41-2xFLAG-Mmi1-YTH∆::LEU2 

This study 

PR1038 PR040, mei4::natRMX mmi1::hphRMX kanRMX::Pnmt41-TAP-Mei2 
pREP41-2xFLAG-Mmi1-Y352F::LEU2 

This study 

PR1039 PR040, mei4::natRMX mmi1::hphRMX kanRMX::Pnmt41-TAP-Mei2 
pREP41-2xFLAG-Mmi1-Y466F::LEU2 

This study 

PR1056 PR040, mei4::natRMX mmi1::hphRMX pREP41-2xFLAG-
Mmi1::LEU2 

This study 

PR1105 PR040, omt3::hphRMX kanRMX::Pnmt41-TAP-Mei2 This study 

PR1122 PR040, natRMX::Pnmt1-3xFLAG-Mei2 kanRMX::Pnmt41-TAP-Mmi1 This study 

PR1141 PR162, pREP42X::URA4 This study 

PR1142 PR162, mei2::hphRMX pREP42X::URA4 This study 

PR1143 PR162, mei2::hphRMX pREP42X-Mei2-2xFLAG::URA4 This study 

PR1144 PR162, mei2::hphRMX pREP42X-Mei2-F644A-2xFLAG::URA4 This study 

PR1147 PR162, mot2::natRMX mei2::kanRMX pREP42X::URA4 This study 

PR1149 PR162, mot2::natRMX mei2::kanRMX pREP42X-Mei2-F644A-
2xFLAG::URA4 

This study 
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PR1159 PR162, mot2::natRMX pREP42X::URA4 This study 

PR1163 PR162, mot2::natRMX mei2::kanRMX pREP42X-Mei2-
2xFLAG::URA4 

This study 

PR1168 PR040, natRMX::Pnmt1-3xFLAG-Mei2 kanRMX::Pnmt41-GFP-Mmi1 This study 

PR1208 PR040, hphRMX::Pnmt41-GFP-Mmi1 This study 

PR1225 PR040, mot2::natRMX hphRMX::Pnmt41-GFP-Mmi1 This study 

PR1228 PR040, mamRNA::natRMX This study 

PR1238 PR040, mamRNA::natRMX kanRMX::Pnmt41-TAP-Mei2 This study 

PR1239 PR040, mot2::kanRMX mamRNA::natRMX This study 

PR1242 PR040, mamRNA::natRMX hphRMX::Pnmt41-GFP-Mmi1 This study 

PR1310 PR040, mot2::kanRMX mamRNA::natRMX hphRMX::Pnmt41-GFP-
Mmi1 

This study 

PR1316 PR040, mei4::natRMX mmi1::hphRMX pREP41::LEU2 This study 

PR1317 PR040, mei4::natRMX mmi1::hphRMX pREP41-2xFLAG-Mmi1-
Y352F::LEU2 

This study 

PR1318 PR040, mei4::natRMX mmi1::hphRMX pREP41-2xFLAG-Mmi1-
Y466F::LEU2 

This study 

PR1340 PR040, mei4::natRMX mmi1::hphRMX pREP41-GFP-Mmi1::LEU2 This study 

PR1341 PR040, mei4::natRMX mmi1::hphRMX pREP41-GFP-Mmi1- 
Y352F::LEU2 

This study 

PR1342 PR040, mei4::natRMX mmi1::hphRMX pREP41-GFP-Mmi1- 
Y466F::LEU2 

This study 

PR1377 PR040, sme2::hphRMX pREP41-GFP-Mei2::LEU2 This study 

PR1393 PR040, sme2::hphRMX pREP41-GFP-Mei2-NLS::LEU2 This study 

PR1394 PR040, sme2::hphRMX mamRNA::natRMX pREP41-GFP-Mei2-
NLS::LEU2 

This study 

PR1407 PR040, mei2::hphRMX pREP41-TAP-Mei2::LEU2 This study 

PR1408 PR040, mei2::hphRMX pREP41-TAP-Mei2-F644A::LEU2 This study 

PR1436 PR040, red1::natRMX kanRMX::Pnmt41-GFP-Mmi1 This study 

PR1455 PR040, mamRNA::hphRTK kanRMX::Pnmt41-TAP-Mei2 This study 

PR1459 PR040, mot2::kanRMX mamRNA::hphRTK This study 
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PR1525 h90, ura4-DS/E, ade6-M210, mat3M::ura4+, mamRNA::natRMX 
kanRMX::Pnmt41-TAP-Mei2 leu1::Pnmt1-snoU14 

This study 

PR1526 h90, ura4-DS/E, ade6-M210, mat3M::ura4+, mamRNA::natRMX 
kanRMX::Pnmt41-TAP-Mei2 leu1:: Pnmt1-mamRNA 

This study 

 

Supplementary Table 3: oligonucleotides used in this study 
 

Primers Sequence Assays Figures 

P249: mei4+ fwd 5’-TGGATCAGATCCGTGGAATC-3’ 

qPCR 

1h, 3c, 4e, 
S1c, S3b P250: mei4+ rev 5’-AACGCTCGATTAGAAGGCAT-3’ 

P253: act1+ fwd 5’-AACCCTCAGCTTTGGGTCTT-3’ 
1c, 1f, 1h, 

3c, 4e, 
S1a, S1c, 

S3b P254: act1+ rev 5’-TTTGCATACGATCGGCAATA-3’ 

P325: ssm4+ fwd 5’-ACACAGTTTACGGGATTCTA-3’ 1c, 1h, 3c, 
S1a, S1c, 

S3b P326: ssm4+ rev 5’-GATTGTGATGAAAACTGGGT-3’ 

P573: meiRNA fwd 5’-GGATGAATAGTAGCTTAGAT-3’ 
1f, 2e, 4e 

P574: meiRNA rev 5’-GCTTTCAAGGATAACAATGC-3’ 

P607: mcp5+ fwd 5’-AGACGTATTCACCTTACCTC-3’ 1c, 1h, 3c, 
4e, S1a, 
S1c, S3b P608: mcp5+ rev 5’-GTTTCCCATCATGACATGTT-3’ 

P1194: omt3 rev 5’-GTCACGTACATCAAACATCAT-3’ 
2e, 2f 

P1207: omt3 fwd 
5’-AGGTCTTATAAGAAACATATGTGT-

3’ 
P1208: mamRNA 

fwd 
5’-TGGGATTAAGTCATCTTGGTG-3’ 

2e, 2f, S2j 
P1209: mamRNA 

rev 
5’-GTCAAAAAGATACCACAGCA-3’ 

P1284: snoU14 rev 5’-CATCCAAAGGAAGGACTATG-3’ 

S2j 

P1392: snoU14 
fwd 

5’-CAGGTGATGAAATTTCCATTG-3’ 

P1470: sno16 fwd 5’-AGGAGTAAATTAAACTGCCTC-3’ 

P1471: sno16 rev 5’-CAAGGAAATTACAGCTGCTT-3’ 

P1472: snR3 fwd 5’-GCATTCGTATTTGCTATTCAC-3’ 

P1473: snR3 rev 5’-TATGTGGACCTTCTGACACT-3’ 

P1474: snR10 fwd 5’-GAAAACCATCTCACCCAATC-3’ 

P1475: snR10 rev 5’-GGATTCAAAACTTGATGCAGT-3’ 

P1476: snR30 fwd 5’-GTGTAGAGGTTGACAAGAGT-3’ 

P1477: snR30 rev 5’-TACGCAGCATCCTTTAGTC-3’ 

P1324: mamRNA 
rev 

5’-
CCATACACGACAGACATACTGTACAA 

TC-3’ 

RNAseH 
cleavage 

S2e 
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P1450: snoU14 rev 5’-AACATCAGACATCCAAAGGAAGG-3’ 

P1420: mamRNA 
fwd 

5’-
CTGGGATTAAGTCATCTTGGTGCAG-

3’ 

Northern 
probes 

(T7 
promoter) 

2b, S2e 
P1421: mamRNA 

rev 
5’-TAATACGACTCACTATAGGGGAA 
CAGCTTCGTTGTACTCAGACATC-3’ 

P234: adh1+ fwd 5’-AACGTCAAGTTCGAGGAAGTCC-3’ 

2b 
P1460: adh1+ rev 

5’-TAATACGACTCACTATAGGGGT 
CTCCTCAGCCTTCATACAGTACTC-3’ 

P1424: U3B fwd 5’-GTCCGGCTTGGGTTTCCTAAC-3’ 

P1425: U3B rev 
5’-TAATACGACTCACTATAGGG 
CGTCAGAAAACACCAGCTGC-3’ 

P1448: snoU14 
fwd 

5’-ATCAACAGGTGATGAAATTTCCAT 
TG-3’ 

S2e 

P1450: snoU14 rev 
5’-TAATACGACTCACTATAGGGAA 
CATCAGACATCCAAAGGAAGG-3’ 

P1511: between 
mamRNA and 
snoU14 fwd 

5’-CTTGCTATGCTTAAACTCGC-3’ 

P1512: between 
mamRNA and 

snoU14 rev 

5’-TAATACGACTCACTATAGGG 
AATCTCCACCATAACTCGTAC-3’ 

P1323: mamRNA 
rev 

5’-TACAAGGGATCCCTGCACC 
AAGATGACTTAATCCCAG-3’ 

5’ RACE 
(extension
, BamHI 

site) 
S2d 

P1324: mamRNA 
rev-nested 

5’-TACAAGGGATCCCCATACAC 
GACAGACATACTGTACAATC-3’ 

P1492: snoU14 rev 
5’-TACAAGGGATCCAACATC 
AGACATCCAAAGGAAGG-3’ 

P1493: snoU14 
rev-nested 

5’-TACAAGGGATCCAATTGGGTTCG 
TATGCCGC-3’ 

P1325: mamRNA 
fwd 

5’-TACAAGGGATCCGGATGG 
TTCTCCTTCAGGCTCTTGG-3’ 

3’ RACE 
(extension

,BamHI 
site) 

P1491: snoU14 
fwd 

5’-TACAAGGGATCCATCAAC 
AGGTGATGAAATTTCCATTG-3’ 

oMG432 : Mei2-
[579-750] WT 

5’-CCTGCCCGGGTTCAGAT 
AGAAATTCTGTCGATTATGC-3’ 

Cloning 
for 

expressio
n in E. coli 

1e, S1e, 
Table S1 

oMG429 : Mei2-
[579-750] WT 

5’-GCCGGCGGCCGCTCAACATTTG 
CTTGCAGTTGG-3’ 

oMG486 : Mei2-
[579-750] F644A 

5’-GTAGGATATGCGGCTATAAAC 
TTTATTGAACCTCAATCTA-3’ 

oMG487 : Mei2-
[579-750] F644A 

5’-AAGTTTATAGCCGCATATCCTAC 
ATTGCATTTATTAACAA-3’ 

 
Supplementary Table 4: smFISH probes used in this study 
 

Target RNA Probe Sequence 

meiRNA 

#1 5’-ATACCCACTAAGTCTGTTTA-3’ 
#2 5’-CGGCAGAAGATTGACCAACA-3’ 
#3 5’-GCATATTCCGTCTTACAATA-3’ 
#4 5’-ACCAACTAAAGCGATCTTGC-3’ 
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#5 5’-GACCATTTCAAAATGTTGCA-3’ 
#6 5’-TACCGAATCCAGCTTTTTGA-3’ 
#7 5’-CAGAGCTTAGAAGACAAGGT-3’ 
#8 5’-TAACTGGACCCCATCAAGAA-3’ 
#9 5’-TAAACCAACTTGGGGGTTGG-3’ 
#10 5’-TCTAAGCTACTATTCATCCA-3’ 
#11 5’-AGTAGATTCCATCAGTCATA-3’ 
#12 5’-TGCAGCCAAAAAGTGTACCA-3’ 
#13 5’-CATTGTAAGTGCTTTCAAGG-3’ 
#14 5’-TTCAGTCATTCGCAAAGTTT-3’ 
#15 5’-AGTCGTTTTATTTCTTTTCT-3’ 
#16 5’-GTTTCAACAATAGTTCAGGT-3’ 
#17 5’-TCTGTTTCAGGAATACGTTT-3’ 
#18 5’-TGTTTCGCATCAAACTTTCA-3’ 
#19 5’-GCGTTTAAACAAACTGCGGG-3’ 
#20 5’-TGGTTTCAGCACGTTTTCAA-3’ 
#21 5’-TTGGTTTGCAGGGTTTAACG-3’ 
#22 5’-CTTGCTGTGGTTATTGTTTA-3’ 

mamRNA	

#1 5’-CCTTCAGACTCATGGAAGTA-3’ 
#2 5’-TGGCGTCCTAGCATATTAAT-3’ 
#3 5’-TAAACCTCTTGTCTCCACTA-3’ 
#4 5’-GCCTTTCAACATCAGATAAT-3’ 
#5 5’-GCCATTTACGATAAGAACCT-3’ 
#6 5’-AAGAGCCTGAAGGAGAACCA-3’ 
#7 5’-ACACAGATACAGGCGAACGC-3’ 
#8 5’-ATCAGACTAGAATCTCTCCA-3’ 
#9 5’-GCAACCATACACGACAGACA-3’ 
#10 5’-ACCAAGATGACTTAATCCCA-3’ 
#11 5’-CCAACACAGTACCAATTACT-3’ 
#12 5’-AGGAATATGGTAGGTTTTTC-3’ 
#13 5’-AAAGATACCACAGCAAGCGC-3’ 
#14 5’-ACTAAGCTTTAACACCCAGT-3’ 
#15 5’-AGTATGCGTACGGGATTTAC-3’ 
#16 5’-TTCAGTTTGAGTTCAAGGTT-3’ 
#17 5’-CGGCGAACATACCTTTACAA-3’ 
#18 5’-TACTCAGACATCAATCAGCA-3’ 
#19 5’-TATCATCAGAACAGCTTCGT-3’ 
#20 5’-CATAGTCGATAGGACGGGTA-3’ 
#21 5’-TCCACCTATAGTGGAGACAA-3’ 
#22 5’-AGACATCGAAGATACTGGCA-3’ 

mcp5+ mRNA 

#1 5’-CACCTCGTTATCTTGTTTTT-3’ 
#2 5’-CTAACGCTTTCGCATAAGCA-3’ 
#3 5’-CTTTTGAACCACTTGGTCTT-3’ 
#4 5’-ATTTTTTTCCAAGTCGCGTA-3’ 
#5 5’-AAGCATCTCCGTAATTCTCA-3’ 
#6 5’-ATTTGTGTTCTTCCTTCTTT-3’ 
#7 5’-TGTTGCAGAAGGTTTAAGCC-3’ 
#8 5’-AATGGGCATTATCCACTGAC-3’ 
#9 5’-CCTTAGTCTTCTCTTTCATA-3’ 
#10 5’-AGTTTGTTCTTCTCATCGTT-3’ 
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#11 5’-GCTCGTGAAGGCAAATTCTT-3’ 
#12 5’-CATCTATAGTTTCGCCTTTT-3’ 
#13 5’-TTTTCATCCTCAGTTACCAA-3’ 
#14 5’-TTATCCGAGGAAGACTCCAA-3’ 
#15 5’-CTTGCTCCGCATCAAAAGAT-3’ 
#16 5’-TGATGGATTTGAGAACGGCC-3’ 
#17 5’-CACTCACTAACTCCTGTTTT-3’ 
#18 5’-TTTTAGTATCGTCAGCTACC-3’ 
#19 5’-TGTCAGCTTTTGTGTTTTCA-3’ 
#20 5’-GAGTTTTCTGGTGATACTGC-3’ 
#21 5’-GGTTTCATCTTCGATGTCTA-3’ 
#22 5’-AGCTGAAAAAGGCCCAAGTT-3’ 
#23 5’-TGAGCTTTTAGTCGGTTTGA-3’ 
#24 5’-TGGCGAGGTTCAAATTGAGC-3’ 
#25 5’-CAGTACTTGCAGACATGTCG-3’ 
#26 5’-ACGTCCACCTTTGTTTAATG-3’ 
#27 5’-TGGAGATTGTATTTGCACCA-3’ 
#28 5’-ATTCTTTTGCAGATTCCACT-3’ 
#29 5’-ACATTTGAAAGCGCATCGGT-3’ 
#30 5’-TTTTCTTTTCAACCTCGTGG-3’ 
#31 5’-GGATTACTATAGTGGCGCAA-3’ 
#32 5’-GCTCTTGATATGGGATCTTT-3’ 
#33 5’-GTTCCGTTTGAATGTCTTGA-3’ 
#34 5’-CGAGTATTCTTAGGTGCAGA-3’ 
#35 5’-AGGAATCATGCCGAGTTTTT-3’ 
#36 5’-TTGCTTTCAATTGACGTGCT-3’ 
#37 5’-ATAGAAATCGTCGTAGCCGT-3’ 
#38 5’-AGGTGAATACGTCTGACACC-3’ 
#39 5’-TGAAACTCTCACTTCTCGGG-3’ 
#40 5’-GCGCCAATGACTCTTTTTAA-3’ 
#41 5’-TTCACAATGCGGGTTAATCC-3’ 
#42 5’-GGATTTGTTTTAGACCAGCA-3’ 
#43 5’-CTTGATTTTTCCTTCCTTTT-3’ 
#44 5’-GCATCTGGGGCTTTTATAAT-3’ 
#45 5’-TATCAGTTGTCTGCATCACA-3’ 
#46 5’-TTTTCTTGCTTTTCGCTTTT-3’ 
#47 5’-AGCTTGAACCCAGATATTGT-3’ 
#48 5’-TAAATGCCGGGCTTAGTATC-3’ 

mei4+ mRNA 

#1 5’-TTCGACATTCCCTTGATTTT-3’ 
#2 5’-AGTATGACCTTTTTGGGTTT-3’ 
#3 5’-CTTCAGTTTCGCATTTTTCT-3’ 
#4 5’-GGTTTTCTTTATTCTCTTCA-3’ 
#5 5’-TGTCGTATACTGTCACTACT-3’ 
#6 5’-GCCATTTCATCTCCAAATAT-3’ 
#7 5’-TTCACCAGTATCCACAAAGC-3’ 
#8 5’-TAGCATAAGAACACGGTGGT-3’ 
#9 5’-TAGGATCGCCAAACCGATTA-3’ 
#10 5’-GTCAGTTGCTTGTTATGTGA-3’ 
#11 5’-AATCCACGTATAAATCCCGC-3’ 
#12 5’-ATCATGGTTGAGGTAGTAGC-3’ 
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#13 5’-GTTGTGCCTAATGCTATTTT-3’ 
#14 5’-AAAGTTTTACCCTTGGGTTT-3’ 
#15 5’-AAGTTCTGCATATGGTCAGG-3’ 
#16 5’-GAACGATGTAAGCGAACGCT-3’ 
#17 5’-ACTGTTTGAGTCAGTTGAGT-3’ 
#18 5’-ATTTGCTTGAAGGTCGCTTT-3’ 
#19 5’-TCGTCAACGGTTTGATTTCA-3’ 
#20 5’-CGAGCTAATGGTATCTCTCG-3’ 
#21 5’-AGAGTTTAATCGACTTCGCT-3’ 
#22 5’-CGAGCCAGAAGTTGATGTTG-3’ 
#23 5’-CTTCGGCAGCAACATTTGAA-3’ 
#24 5’-TTGATGGTTGACTTGCATCG-3’ 
#25 5’-ATTAGAAGGGGGAAGAGGGG-3’ 
#26 5’-GGTTTAGGTACATTTTCTGA-3’ 
#27 5’-GATCTTCTTGAGTTTCAGCA-3’ 
#28 5’-TAAAGGCTAGACTCATGGGC-3’ 
#29 5’-GACGAGAATCGTTGACGTTT-3’ 
#30 5’-CCCAGTATTTAATGCCATAT-3’ 
#31 5’-TAACCAGGATCTGCATCAGA-3’ 
#32 5’-CTGTTATGGCTATTAGAGCG-3’ 
#33 5’-CTTCATTGGCAGAATACGGA-3’ 
#34 5’-AATCTGCCTGTAGAACATCC-3’ 
#35 5’-GCATGGAATGAGGATCTCGA-3’ 
#36 5’-ATGGGTTCCCTACGATAATA-3’ 
#37 5’-AACGGGATGATGGACGTAGT-3’ 
#38 5’-GTTGGGCGTGTATATTCATA-3’ 
#39 5’-AAGAGGTATCTGTACGACCG-3’ 
#40 5’-GTTGAACAAAAAGCGCCGGG-3’ 
#41 5’-GGACTTGAAGGTGCACATTT-3’ 
#42 5’-CATGTTCGCGATGTTTTTGT-3’ 
#43 5’-ATCCATCGAAAGAGGGTGTT-3’ 
#44 5’-TGACTTGAAGGATTCCACGG-3’ 
#45 5’-CAAACAAAGGCTCCGAGAGC-3’ 
#46 5’-GTCCCTAAAACATGTTACCG-3’ 
#47 5’-TAGCCACTTGACTCATGATT-3’ 
#48 5’-ACGCTCGATTAGAAGGCATT-3’ 

 

Supplementary Dataset 1 (related to Fig. 2): Analysis of sequential RIP-sequencing 
(seqRIP-seq) data. Shown are the features reproducibly enriched upon sequential 
immunoprecipitations of Mmi1 and Mei2 from biological duplicates.  
 
 
Supplementary Dataset 2 (related to Fig. 3): Analysis of RNA-sequencing data. Shown 
are the up-regulated and down-regulated genes in mot2∆, mamRNA∆ and mot2∆ mamRNA∆ 
cells relative to the wt strain, and the associated p-values. 
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2. The lncRNA omt3 is enriched in an Mmi1-containing nuclear dot 

 

Our seqRIP-seq procedure aimed at identifying transcripts simultaneously 

bound by Mmi1 and Mei2 in mitotic cells uncovered 3 lncRNAs among the most 

enriched and abundant species: meiRNA, mamRNA and omt3. The presence of 

meiRNA and mamRNA within Mmi1-containing nuclear bodies (Shichino et al., 2014; 

Andric et al., in revision) prompted us to determine the localization of omt3 transcripts 

relative to Mmi1. 

SmFISH analyses revealed a prominent nuclear signal in wild type mitotic cells, 

most likely corresponding to the omt3 transcription site, as well as additional nuclear 

and cytoplasmic foci, the latter indicating that omt3 undergoes nucleocytoplasmic 

export (Figure 32A). Noteworthy, not all cells exhibited signals, suggesting that omt3 

expression is heterogenous within the population. Intriguingly, however, one omt3 dot 

colocalized with an Mmi1-containing nuclear body in about half of cells (44,7%) where 

the RNA was detectable (Figure 32B). It remains to be distinguished whether this omt3 

dot represents nascent RNAs or molecules that have been released in the 

nucleoplasm. The former possibility might indicate that another Mmi1 body lies at the 

omt3 transcription site. 
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1. The importance of Erh1 homodimerization in EMC assembly and function 

 

 During vegetative growth, the YTH-family RNA-binding protein Mmi1 

cooperates with several factors to mediate the selective elimination of meiotic mRNAs, 

including the small nuclear protein Erh1 with which it forms the heterotetrameric EMC 

(Erh1-Mmi1 Complex) (Sugiyama et al., 2016; Xie et al., 2019). Our results indicate 

that Erh1 forms a homodimer in solution, adopting a butterfly-like conformation 

whereby two monomers contact each other through hydrophobic interactions between 

highly conserved N-terminal residues (Hazra et al., 2020). This rationalizes the strong 

similarity with metazoan ERH homodimers and is consistent with recent work in fission 

yeast (Arai et al., 2005; Wan et al., 2005; Xie et al., 2019). Beyond the dimerization 

domain, Erh1 also carries highly conserved, solvent-exposed residues involved in the 

interaction with the N-terminal low-complexity region of Mmi1, also known as the Self-

Interacting Domain (SID) (Xie et al., 2019; Hazra et al., 2020). Given the conservation 

of low-complexity regions within YTH family proteins, it is tempting to speculate that 

EMC-like complexes exist in higher eukaryotes. Metazoan ERH homodimers may also 

assemble other factors to fulfill their function in transcription and/or mRNA splicing 

(reviewed in Weng and Luo, 2013; Graille and Rougemaille, 2020). In-depth proteomic 

and biochemical analyses may provide hints about the existence of such complexes 

and set the basis for studying their role in gene expression. 

 To investigate the role of Erh1 homodimerization in vivo, we constructed fission 

yeast cells expressing a version of the protein carrying two amino acid substitutions in 

its N-terminus (i.e. Erh1I11R,L13R where Isoleucine 11 and Leucine 13 are replaced by 

Arginines). Defective for dimerization both in vitro and in vivo but still capable of 

associating with Mmi1, the Erh1I11R,L13R mutant recapitulates several phenotypes 

observed in erh1∆ cells including i) growth defects at various temperatures, ii) 

accumulation of meiotic mRNAs in vegetative cells, iii) defective recruitment of Mmi1 

to its RNA targets, iv) impaired formation of the Mei2-meiRNA dot upon meiosis onset 

and v) defective sporulation (Hazra et al., 2020). These data establish Erh1I11R,L13R as 

a loss-of-function mutant and highlight the biological importance of Erh1 dimerization 

and hence EMC assembly in the regulation of gametogenic gene silencing and 

meiosis progression.  
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Though, RNA folding may contribute to the binding of EMC to distant sequences in 

vivo. The relative importance of EMC occupancy onto RNA targets also awaits further 

investigation: while a unique RNA-bound complex may be sufficient to target 

transcripts for degradation by the nuclear exosome, several EMCs could 

simultaneously associate with single RNA substrates, perhaps facilitating their decay. 

Interestingly, Mmi1 also exerts functions beyond EMC. Previous work revealed 

that Mmi1 promotes the degradation of several transcripts and the transcription 

termination of regulatory lncRNAs (e.g. prt and nam1) in an Erh1-independent 

manner, possibly underlying differences in the nature and/or the recognition of RNA 

substrates (Xie et al., 2019). Likewise, our results indicate that Erh1 is dispensable for 

the Mmi1- and Ccr4-Not-dependent downregulation of Mei2 in mitotic cells (Hazra et 

al., 2020). Together, this might suggest the existence of distinct pools of Mmi1, 

whereby the protein acts either in the context of EMC, targeting specific transcripts for 

nuclear retention and degradation, or independently with other factors to regulate 

termination, RNA degradation and protein levels. Importantly, this cannot be simply 

explained by quantitative differences in the relative abundance of Mmi1 and Erh1, as 

both proteins accumulate at similar levels in proliferating cells (Marguerat et al., 2012). 

Perhaps interactants compete for the binding to Mmi1. In this respect, it is noteworthy 

that Erh1 and the MTREC subunit Red1 both associate with the Self-Interacting 

Domain of Mmi1 (Shichino et al., 2018), although evidence for competition is currently 

lacking. Whether components of the Cleavage and Polyadenylation Factor (i.e. CPF 

subunits) similarly use the SID to interact with Mmi1 and mediate termination of 

regulatory lncRNAs is unknown. Interestingly, a very recent study revealed that Erh1 

acts as an antagonist of lncRNA termination, inhibiting the role of Mmi1 in CPF-

dependent termination (Schwer et al., 2020). Thus, Erh1 exerts both positive and 

negative effects on Mmi1 activities.  

As illustrated by our and other works, EMC is critical for the mitosis to meiosis 

switch and the completion of sexual differentiation. The mechanisms underlying the 

assembly of the complex are now being deciphered in-depth, yet how the additional 

EMC-independent roles of Mmi1 are precisely regulated requires further investigation. 

The possibility that EMC functions as an Mmi1-self competitor is fascinating. 
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2. mamRNA, a novel lncRNA scaffolding Mmi1 and Mei2 to mediate their 

mutual control 

 

The Mmi1-dependent selective elimination of meiotic mRNAs in mitotic cells is 

under the control of a regulatory circuit, whereby Mmi1 itself recruits the Ccr4-Not 

complex to mediate ubiquitinylation and downregulation of a pool of its own inhibitor 

Mei2 (Simonetti et al., 2017). The E3 ubiquitin ligase subunit Mot2 of Ccr4-Not is 

essential to maintain low levels of Mei2 in dividing cells and hence preserve the 

function of Mmi1 in meiotic mRNA degradation. It was proposed that such a system 

ensures the fine-tuning of Mmi1 and Mei2 activities, allowing rapid remodeling of gene 

expression profiles in response to changes in environmental cues. However, the 

molecular and cellular mechanisms by which Mmi1 and Mei2 reciprocally control their 

activities during vegetative growth have remained elusive. 

Our results (Andric et al., in revision) provide new insights about the Mmi1-Mei2 

mutual control in mitotic cells. We have identified a previously uncharacterized 

lncRNA, different from meiRNA, that scaffolds both proteins to mediate their reciprocal 

inhibition. This regulatory lncRNA, dubbed mamRNA (Mmi1 and Mei2 associated 

RNA), allows Mmi1 to target Mei2 to Mot2 for ubiquitin-mediated downregulation and, 

conversely, enables accumulating Mei2 (i.e. in mot2∆ cells) to impede Mmi1 activity 

in meiotic mRNA degradation. Remarkably, single molecule FISH experiments 

revealed that mamRNA localizes to nuclear body enriched in Mmi1, strongly 

suggesting that the Mmi1-Mei2 mutual control is spatially confined. Thus, we 

uncovered a novel regulator of key antagonistic RNA-binding proteins involved in 

meiotic gene expression, profoundly modifying the current model of sexual 

differentiation in fission yeast and opening new perspectives to decipher the molecular 

bases of the mitosis to meiosis transition. 

 

2.1. mamRNA biogenesis and processing 

 

mamRNA is an abundant RNA Pol II transcript located a few hundred base 

pairs upstream of the snoU14+ gene (Wery et al., 2018). We have estimated that 

mamRNA steady state levels reach up to 25-30% of the amount of act1+ mRNAs and 
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is roughly a 1000-fold more abundant than meiRNA in proliferating cells. Produced 

from a single promoter (Thodberg et al., 2019), mamRNA also accumulates as two 

non-adenylated isoforms and a pool of polyadenylated species (Andric et al., in 

revision). Interestingly, mamRNA escapes Mmi1-dependent termination and 

degradation, implying the existence of alternative mechanisms for its 3’ end formation 

and turnover.  

Recent works showed that the RNA-binding protein Seb1, which associates 

with RNA Pol II and the polyadenylation/termination machinery to control poly(A) site 

selection and 3’ end processing of protein-coding and non-coding genes (Lemay et 

al., 2016; Wittman et al., 2017), is strongly enriched at the mamRNA locus (Ding et 

al., 2019). Moreover, 8 UGUA motifs, corresponding to preferential Seb1 binding sites 

as defined by CRAC and PAR-CLIP analyses (Lemay et al., 2016; Wittman et al., 

2017; Parsa et al., 2018), lie within a 200 bp window immediately downstream of the 

longer mamRNA isoform. Hence, Seb1, and possibly its partner CPF, may participate 

in the co-transcriptional 3’ end processing of mamRNA. RNA Pol II NET-seq profiles 

(Wery et al., 2018) are also consistent with the possibility that mamRNA derives from 

a longer snoU14-containing precursor, perhaps resulting from an endoribonucleolytic 

cleavage. In this perspective, one could imagine that mature forms of both mamRNA 

and snoU14 are generated by 3’-5’ and 5’-3’ trimming activities, respectively. 

The 3’ ends of mamRNA isoforms are essentially non-adenylated. Akin to 

sn/snoRNAs, it can be envisioned that specific secondary structures and/or RNA-

bound factors preclude 3’-5’ exonucleolytic attacks, allowing robust accumulation of 

the lncRNA. The lack of substantial polyadenylation also echoes to the metazoan 

MALAT1 and NEAT1 lncRNAs, whose 3’ ends are produced via RNAseP-mediated 

endoribonucleolytic cleavage followed by formation of a triple helix structure involving 

Watson-Crick and Hoogsteen interactions between uracil and adenine stretches 

(reviewed in Wilusz, 2016). Such a structure acts as a degradation barrier and 

contributes to the nuclear accumulation of transcripts. Whether mamRNA is subjected 

to similar enzymatic and/or RNA folding events is an attractive hypothesis for future 

studies. 

The mechanism underlying the production of two equally abundant isoforms 

represents another enigmatic facet of mamRNA biogenesis. These might originate 



Discussion 

 167 

 

from two distinct termination events, possibly involving different factors that compete 

for the recognition of cis elements as in case of NEAT1 (reviewed in Wilusz, 2016). 

Alternatively, a substantial fraction of the longer mamRNA isoform may be trimmed in 

the 3’-5’ direction up to the sequence element defining the shorter product. Whether 

the pool of polyadenylated species corresponds to processing intermediates of this 

reaction or to molecules undergoing nucleocytoplasmic export remains an open 

question (see below). This also brings about the identity of the enzyme involved, either 

the canonical mRNA poly(A) polymerase Pla1, one of the Cid family proteins (e.g. the 

TRAMP subunit Cid14) or both. Finally, the factors involved in mamRNA turnover are 

currently unknown. Clearly, the pathways of mamRNA biogenesis, processing and 

degradation, as well as their link to its function(s) constitute the basis of future in-depth 

investigation. 

 

2.2. mamRNA localization 

 

 Using single molecule FISH experiments, we have determined the localization 

of mamRNA in mitotic and meiotic cells (Andric et al., in revision). During vegetative 

growth, mamRNA accumulates almost exclusively in the nucleus, forming a unique 

and prominent nucleoplasmic dot that recurrently overlaps with one of the Mmi1-

containing nuclear foci. Because this colocalization is observed in both wild type and 

mot2∆ cells, we have proposed that the Mmi1-Mei2 mutual control is spatially 

confined. The fact that a large share of mamRNA lies in a unique, well defined 

nucleoplasmic focus strongly suggests that this corresponds to its transcription site. 

SmFISH analyses using cells carrying an array of LacO repeats in the vicinity of the 

mamRNA genomic locus and co-expressing a GFP-tagged version of the bacterial 

LacI repressor to label the transcription site should provide a formal proof. This might 

reveal the precise localization of a second Mmi1 nuclear body, beyond the one 

detected at the meiRNA-encoding sme2+ gene (see below; Shichino et al., 2014). 

Strikingly, moreover, mamRNA nuclear dot is insensitive to the absence of Mmi1, 

indicating that the latter does not mediate nuclear retention of mamRNA as opposed 

to DSR-containing meiotic RNAs including meiRNA (supplemental results; Shichino et 

al., 2014; Shichino et al., 2018; Xie et al., 2019; Andric et al., in revision). This 
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emphasizes the peculiarity of mamRNA with respect to other Mmi1 targets and implies 

the existence of other factors regulating its nucleoplasmic localization. 

 Microscopy experiments have also revealed a diffuse signal of mamRNA in a 

nuclear structure distinct from DAPI staining and hence likely representing the 

nucleolus. At present, the rationale for nucleolar localization remains unclear but it is 

tempting to speculate that mamRNA participates in rRNA processing/modifications 

and/or rDNA integrity. Interestingly, Erh1 and the Ccr4-Not complex are necessary for 

heterochromatin formation and the suppression of mitotic recombination at rDNA 

repeats (Sugiyama et al., 2016), but whether this function requires mamRNA is 

unknown. Likewise, the sequence elements and trans-acting factors responsible for 

the accumulation of mamRNA in the nucleolus still need to be identified. 

 Curiously, a minor fraction of mamRNA is also detectable in the cytoplasm of 

vegetative cells, suggesting that a pool of the lncRNA undergoes nucleocytoplasmic 

export. It is unclear whether this reflects nuclear leakage due to the high mamRNA 

abundance or the basis of a regulated process. Regardless of these aspects, 

mamRNA could exert cytoplasmic functions, associating with dedicated factors to 

regulate mRNA stability and/or translation. An alternative but no mutually exclusive 

model predicts that mamRNA itself may be translated, perhaps producing one or 

several peptides as observed for other lncRNAs (reviewed in Choi et al., 2019). 

Intriguingly, earlier ribosome-profiling experiments revealed that the translation 

machinery associates with the 5’ part of mamRNA (Duncan and Mata, 2014). Whether 

this interaction underlies translational events is particularly interesting, especially in 

light of the relative increase of mamRNA cytoplasmic distribution during meiotic 

prophase (Andric et al., in revision).  

 

2.3. mamRNA mechanisms of action 

 

 Our results indicate that Mmi1 associates with mamRNA to target Mei2 for 

ubiquitinylation by Mot2. This function of mamRNA resembles the role of the lncRNA 

HOTAIR in human cells, which scaffolds the RNA-binding domain-containing E3 

ubiquitin ligases Mex3b and Dzip3 with their respective protein substrates (e.g. 

Snurportin-1, Ataxin-1 and Runx3) to facilitate ubiquitinylation and proteasomal 
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degradation (Yoon et al., 2013; Xue et al., 2018). Conversely, mamRNA is also 

necessary for the inhibition of Mmi1 by increased Mei2 levels (i.e. in mot2∆ cells) at a 

step downstream of RNA recognition and nuclear retention of meiotic transcripts. This 

is mechanistically different from Mmi1 sequestration by the Mei2-meiRNA complex 

upon sexual differentiation, which presumably allows meiotic mRNAs to escape 

nuclear degradation and hence promotes expression of the meiotic program (Harigaya 

et al., 2006; Shichino et al., 2014). How then does mamRNA cooperate with 

accumulating Mei2 to inactivate Mmi1 in mot2∆ mitotic cells? A parsimonious model 

predicts that Mei2-mamRNA may prevent interactions between Mmi1 and its cofactors 

involved in meiotic mRNA degradation. The assembly of EMC is however unlikely to 

be impaired, as Mmi1 does not bind to its RNA substrates when Erh1 dimerization is 

affected (Hazra et al., 2020), contrary to cells lacking Mot2 (Andric et al., in revision). 

It is possible that Mei2-mamRNA instead hampers the association of Mmi1 with 

downstream effectors (e.g. components of CPF, MTREC subunits and/or the nuclear 

exosome), altering the efficiency of polyadenylation/termination-coupled degradation 

of meiotic transcripts. Accumulating Mei2 may also modify the physicochemical 

properties of the mamRNA and Mmi1-containing nuclear body, which could in turn 

perturb the degradation of colocalizing meiotic transcripts (see below).  

Although dispensable for sexual differentiation and sporulation in wild type 

cells, mamRNA can suppress at low frequency the meiosis defects observed in 

meiRNA∆ cells if Mei2 is artificially tethered to the nucleus (Andric et al., in revision). 

This suggests that Mei2-mamRNA is sufficient to induce meiosis and the possibility 

that it may act early, prior to meiRNA, to facilitate Mmi1 inactivation deserves further 

investigation. Indeed, increased Mei2 levels in response to nutritional starvation may 

first impact Mmi1 activity in a mamRNA-dependent manner (see above), favoring the 

accumulation of DSR-containing meiotic transcripts including meiRNA and hence 

subsequent Mmi1 luring/sequestration at the sme2+ gene. Kinetic analyses upon 

meiosis onset may unveil the molecular bases of a complex interplay between both 

lncRNAs and their associated partners, providing important insights about the order of 

the events driving the mitotic to meiotic switch.  

 Details about the mechanism of action of mamRNA in the Mmi1-Mei2 mutual 

control ultimately lie in the identification of sequences bound by both factors. The 
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presence of 3 canonical Mmi1 motifs (i.e. UNAAAC) and up to 13 putative Mei2 binding 

sites (i.e. UU(U/G)G) provides a starting point to assess the functional requirement of 

cis-acting elements. Their mutation should recapitulate the phenotypes observed in 

the absence of mamRNA, that is increased Mei2 levels even in the presence of Mot2 

and restored meiotic mRNA degradation in an otherwise mot2∆ context. It should be 

noted, however, that UU(U/G)G motifs are present throughout meiRNA, while Mei2 

only associates with the 5’ part of this lncRNA (Shichino et al., 2014), strongly 

suggesting the existence of additional determinants required for efficient Mei2 binding. 

Future research will undoubtedly provide key insights about the recognition of 

mamRNA by Mmi1 and Mei2 and hence its mechanism of action. 
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3. Composition, localization and assembly/disassembly of Mmi1-containing 

nuclear foci 

 

In vegetative cells, Mmi1 forms one to several scattered nuclear foci (Harigaya 

et al., 2006; Andric et al., in revision). Previous studies revealed that essentially all 

Mmi1 cofactors involved in meiotic mRNA degradation, including Erh1, the poly(A) 

polymerase Pla1, the poly(A) binding protein Pab2 as well as subunits of CPF, MTREC 

and exosome complexes, colocalize in these nuclear bodies (Yamanaka et al., 2010; 

St-André et al., 2010; Lemay et al., 2010; Chen et al., 2011; Lee et al., 2013; 

Yamashita et al., 2013; Egan et al., 2014; Sugiyama et al., 2016; Xie et al., 2019; Vo 

et al., 2019; Shichino et al., 2020). It was inferred from these observations that Mmi1-

containing nuclear foci represent RNA degradation centers to which meiotic transcripts 

are tethered for rapid processing and turnover. Nonetheless, their precise location has 

remained elusive for a while. First glimpse came from microscopy analyses showing 

that one of the Mmi1 dots systematically overlaps with the sme2+ chromosomal locus, 

thereby rationalizing meiRNA degradation in mitotic cells (Shichino et al., 2014). It is 

however unrealistic that Mmi1 assembles nuclear bodies at each of its target genomic 

loci and consistent with this notion, the mei4+ transcription site, which encodes a major 

Mmi1 mRNA target, does not merge with any Mmi1-containing dot (Egan et al., 2014). 

Therefore, the existence of nuclear degradation factories implies the release of meiotic 

mRNAs from their transcription site and their subsequent tethering to Mmi1 bodies. 

The detection of meiotic transcripts within these structures, including at the meiRNA- 

and mamRNA-encoding genes (see below), awaits direct evidence.  

Our results that another Mmi1 dot recurrently overlaps with the likely mamRNA 

transcription site extend the biological relevance of nuclear bodies beyond the sole 

degradation of meiotic transcripts (Andric et al., in revision). The Mmi1-dependent 

control of Mei2 abundance by the Ccr4-Not complex implies that the latter resides in 

proximity to nucleoplasmic mamRNA. We indeed found that Ccr4-Not subunits 

associate with mamRNA, yet distribute throughout the cell without a specific 

enrichment in the Mmi1 dot (our unpublished data), consistent with its broad roles in 

the control of gene expression. The colocalization of Mmi1 and mamRNA also raises 

the intriguing possibility that the nuclear foci may preferentially assemble at specific 
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associate simultaneously with Mmi1 and Mei2, regulates the expression of the 

downstream MAPKKK-encoding byr2+ gene that controls meiosis onset (Touat-

Todeschini et al., 2017). Akin to meiRNA and mamRNA loci, one could speculate that 

Mmi1 forms foci at lncRNA target genes important for the regulation of sexual 

differentiation. The previous finding that Mmi1 associates with its own mRNA (Kilchert 

et al., 2015) also led us to test the possibility that the protein assembles a nuclear 

body at its transcription site. However, smFISH analyses excluded such a scenario, 

as mmi1+ mRNA signals did not overlap with GFP-tagged Mmi1 (Figure 33). 

Therefore, our data rather highlight the predominance of lncRNA loci as sites for the 

formation of Mmi1-containing nuclear bodies. Whether DSR-containing mRNAs 

distribute evenly within these foci remains an open question. 

 Beyond composition and localization, the nature and the mechanisms 

underlying the formation of Mmi1 dots are still obscure. Recent works showed that 

metazoan YTH proteins undergo liquid-liquid phase-separation (LLPS) in vitro and in 

vivo (Ries et al., 2019; Gao et al., 2019). Whether Mmi1 similarly forms biological 

condensates through LLPS is a fascinating hypothesis that requires in-depth 

investigation (see McSwiggen et al., 2019 for review). Interestingly, the N-terminal half 

of Mmi1 is enriched for low complexity residues (serine and proline), which are known 

to promote reversible structural rearrangements of proteins from a soluble to a 

polymeric state (Kato et al., 2012). RNA can also profoundly influence protein phase 

separation (reviewed in Fay and Anderson, 2018). However, we have shown that 

mutants of the Mmi1 YTH domain do not alter the localization of the protein, 

suggesting that RNA-binding is not a strict requirement for the assembly of nuclear 

bodies (Andric et al., in revision). On the contrary, deletion of the Self-Interacting 

Domain completely abrogates Mmi1 nuclear foci, indicating that EMC formation is 

instead a critical determinant (Shichino et al., 2018). The scattered Mmi1 dots give 

way, upon meiosis onset, to a unique nuclear body containing Mei2 and meiRNA, and 

overlapping the sme2+ locus (Harigaya et al., 2006; Shichino et al., 2014). A simple 

model predicts that the disassembly of mitotic foci (but the one at sme2+) results from 

the accumulation of meiRNA, titrating Mmi1 away from other targets due to its high 

content in UNAAAC motifs. It is also possible that increased levels of Mei2 and/or 

other meiosis-specific factors negatively impact the maintenance of Mmi1 bodies. 
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Ultimately, biochemical and biophysical approaches should be used to assess the 

molecular dynamics of Mmi1 foci during both the mitotic and meiotic cell cycles. 

 

4. The mechanisms of RNA recognition by Mei2 and its RNA targets 

 

The Mmi1-Mei2 mutual control requires integrity of the RRM3 domain of Mei2 

and our biochemical and structural studies have unraveled for the first time UU(U/G)G 

sequences as potential RNA-binding motifs for RRM3Mei2 (Andric et al., in revision). 

However, these tetramers are heavily represented along mamRNA and meiRNA 

molecules, suggesting that additional cis elements specify Mei2 binding, as the latter 

only associates with the 5’ region of meiRNA (Shichino et al., 2014). Regardless the 

precise sequence determinants, their mutagenesis should recapitulate phenotypes 

observed in the absence of the lncRNAs, including impaired mamRNA-dependent 

Mei2 downregulation or Mmi1 inactivation in mitotic cells as well as defective meiRNA-

dependent Mei2 dot formation upon meiosis onset (Shichino et al., 2014; Andric et al., 

in revision). In the latter case, however, it should be noted that removal of the meiRNA 

5’ region, to which Mei2 associates, is apparently dispensable for Mmi1 sequestration 

and meiosis progression (Shichino et al., 2014). 

In addition to the well characterized RRM3Mei2, the protein contains two other 

RRM domains. So far, the only available information is the analysis of the mei2-33 

thermosensitive mutant, which carries a single amino acid substitution (F240L) in 

RRM1Mei2 (Watanabe and Yamamoto, 1994). Phenotypic studies showed that the 

mei2-33 mutant completes pre-meiotic DNA synthesis but arrests before meiosis I, 

similar to sme2∆ cells (Watanabe and Yamamoto, 1994). Interestingly, Mei2-33 fails 

to associate with meiRNA at the semi-restrictive temperature, indicating that both 

RRM1Mei2 and RRM3Mei2 are required for robust interaction with the lncRNA 

(Watanabe and Yamamoto, 1994; Andric et al., in revision). On the contrary, our data 

seemingly exclude a requirement for RRM1Mei2 in mamRNA binding, which mostly 

depends on RRM3Mei2 (Andric et al., in revision). The fact that the Mei2-F644A mutant 

(i.e. RRM3Mei2-F644A) arrests prior to pre-meiotic DNA synthesis might underlie a role 

for mamRNA or omt3 in this process. However, cells deleted for these lncRNAs are 

still proficient for meiosis (our unpublished data; Andric et al., in revision). This 
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SmFISH analyses aimed at visualizing both mamRNA and meiotic mRNAs may 

provide clues about such a scenario. Moreover, a comprehensive view of the 

mamRNP composition is currently lacking. RNA pulldown strategies coupled to mass 

spectrometry analyses may allow to identify additional mamRNA protein partners and 

obtain mechanistic insights about its biogenesis/processing, its role in the control of 

Mmi1 and Mei2 activities as well as other unanticipated functions. For example, does 

mamRNA contribute to homologous chromosome pairing during meiosis, similar to 

meiRNA and omt3 (Ding et al., 2019)?  

Future work to understand the bases of mamRNA biogenesis and metabolism, 

to identify the full repertoire of proteins partners and to define the regulatory cis-

elements will undoubtedly expand our knowledge on the control of sexual 

differentiation in fission yeast and might also uncover evolutionarily conserved 

principles applicable to cell fate decisions in metazoans. 
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