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Résumé  
 

i 

 

SUMMARY IN FRENCH / RESUME EN FRANCAIS 
 

Introduction 

 

La régulation de l’expression des gènes est un processus essentiel à l’homéostasie cellulaire et 

s’effectue à plusieurs niveaux. La transcription représente l’un de ces niveaux et implique des centaines 

de facteurs et cofacteurs transcriptionnels. Lors de l’initiation de la transcription, plusieurs facteurs 

généraux vont se fixer séquentiellement au niveau de la région promotrice d’un gène afin d’y recruter 

l’ARN polymérase II et d’activer la transcription du gène concerné. Ce processus est hautement régulé 

et nécessite également l’intervention de complexes multi-protéiques appelés co-activateurs qui vont 

affecter la structure de la chromatine afin de la rendre accessible.  

Au laboratoire nous étudions l’un de ces complexes co-activateurs de la transcription, le 

complexe SAGA. SAGA est composé de 18-20 sous-unités organisées en modules fonctionnels et 

possède deux activités enzymatiques, une activité acétyltransférase et une activité déubiquitinase des 

histones, portées par les sous-unités GCN5 et USP22 respectivement. Le recrutement de SAGA à la 

chromatine repose sur différentes de ses sous-unités et domaines qui permettent son interaction soit 

directe avec la chromatine par la lecture et la reconnaissance de modifications spécifiques d’histones, 

soit indirecte avec la machinerie basale de transcription, ou avec des facteurs de transcription.  

L’interaction de SAGA avec les facteurs de transcription est assurée par sa plus large sous-unité, 

TRRAP. TRRAP a initialement été identifié comme protéine interagissant avec les facteurs de 

transcription c-MYC et E2Fs. De façon intéressante, TRRAP fait aussi partie d’un autre complexe co-

activateur de la transcription, TIP60 qui possède également une activité acétyltransférase mais aussi une 

activité de remodelage de la chromatine ATP-dépendante médiée par sa sous-unité P400.  

 

TRRAP appartient à une famille de sérine-thréonine kinases, les PIKKs, qui interviennent dans 

distincts mécanismes essentiels à la cellule. Le repliement, la stabilité ainsi que l’assemblage de ces 

différentes kinases sont assurés par une co-chaperonne d’HSP90, le complexe Triple T ou TTT, qui doit 

son nom aux trois sous-unités qui le composent TELO2, TTI1 et TTI2. Contrairement aux autres PIKKs, 

TRRAP ne possède pas d’activité catalytique et représente donc la seule pseudo-kinase de cette famille. 

Outre son rôle sur la stabilité de TRRAP, aucune étude n’a analysé la conséquence d’une déplétion de 

TTT sur la fonction transcriptionnelle de TRRAP.  

De manière surprenante, TRRAP et TTT sont surexprimés dans des tumeurs primaires de cancer 

colorectal comparés à leur expression dans les tissus normaux correspondants. Ainsi, TTT pourrait 

participer au processus de tumorigenèse en régulant un programme transcriptionnel spécifique médié 

par TRRAP. Pour valider cette hypothèse, mon projet de thèse s’est intéressé au rôle de TRRAP et de 

sa co-chaperonne TTT dans des cellules de carcinome colorectal humain. Mes objectifs pour répondre 

à cette problématique étaient les suivants : 
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1.! Déterminer l’effet de la déplétion de la co-chaperonne TTT sur TRRAP la seule pseudo-kinase 

de la famille des PIKKs. 

2.! Étudier le rôle de TTT dans la transcription. 

3.! Identifier les cibles directes de TRRAP.  
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Résultats 

 

TTT est responsable de l’assemblage de TRRAP dans SAGA. 

 

Afin d’étudier le rôle de la co-chaperonne TTT sur son substrat TRRAP, nous avons analysé 

l’effet de la déplétion d’une des sous-unités la mieux caractérisée du complexe, TELO2. Puisque TELO2 

est essentiel à la survie cellulaire, nous avons opté pour un système de dégron inductible, le AID (Auxin 

Inducible Degron). Ce système qui vient de la plante, permet une dégradation rapide, inductible et 

réversible d’une protéine d’intérêt à laquelle est fusionnée le dégron, suite à l’ajout d’une hormone de 

plante, l’auxine. La séquence du AID a été insérée au locus endogène du gène TELO2, à l’extrémité C-

terminale de la phase ouverte de lecture, grâce à la technique du CRISPR/Cas9. Bien que TTT soit 

cytoplasmique, nous avons ainsi pu montrer que la délétion de TELO2 affecte majoritairement TRRAP 

au niveau nucléaire (Figure 1A). Plus précisément, nous avons démontré que TELO2 est requis à 

l’incorporation de TRRAP dans SAGA. En effet, nous avons observé une diminution notable de la 

quantité de TRRAP incorporée dans le complexe SAGA en l’absence de TELO2 (Figure 1B). Ces 

résultats suggèrent que TTT régule la stabilité de TRRAP et son incorporation dans SAGA au niveau 

du cytoplasme, permettant ainsi sa translocation dans le noyau.  

 

 

Figure 1 : TTT régule la stabilité et l’incorporation de TRRAP dans SAGA. (A) Fractionnement de cellules 

HCT116 exprimant la protéine endogène TELO2 fusionnée avec un AID, réalisé après un traitement à l’auxine de 

48h. Les niveaux protéiques de TRRAP, TELO2 sont analysés au sein de l’extrait total (WCE), de la fraction 

cytoplasmique (CE) et de la fraction nucléaire (NE) par électrophorèse sur gel d’acrylamide. Les niveaux de 

tubuline et de lamine A servent de contrôle des fractions cytoplasmique et nucléaire, respectivement. (B) 

Immunoprécipitation du complexe SAGA réalisée à l’aide d’un anticorps anti-SUPT3H dans la fraction nucléaire 

de cellules HCT116 exprimant la protéine endogène TELO2 fusionnée avec un AID, traitées 24h avec ou sans 

auxine. Les niveaux protéiques de TRRAP et d’autres sous-unités de SAGA sont analysés par électrophorèse sur 

gel d’acrylamide au sein de l’extrait de départ (INPUT) puis après immunoprécipitation (IP). L’astérisque indique 

la chaîne légère des immunoglobulines.  
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TRRAP et sa chaperonne TTT régulent l’expression des gènes.  

 

Puisque TTT est nécessaire à l’assemblage de TRRAP dans SAGA et que SAGA joue un rôle 

important dans la régulation de la transcription, nous avons voulu analyser les conséquences d’une 

déplétion de TELO2 sur la transcription. Nous avons pour cela réalisé une étude transcriptomique à 

grande échelle par séquençage des ARN messagers provenant de cellules exprimant la protéine 

endogène TELO2 fusionnée avec le AID, traitées ou non à l’auxine pendant 48h pour induire une 

déplétion totale de TELO2. Nous avons alors observé d’importants changements dans l’expression de 

plusieurs gènes après déplétion de TELO2 (Figure 2).  

 

 

 

Figure 2 : La déplétion de TELO2 induit d’importants changements dans l’expression des gènes. Volcano 

plot montrant pour chaque gène (représenté par un point) son amplitude de variation en expression (FC) et sa 

significativité statistique (p value). Les amplitudes de variation d’expression pour chaque gène sont calculées 

comme le log2 du rapport entre leur valeur obtenue en absence de TELO2 et leur valeur en condition normale.   

 

Puisque TTT est la co-chaperonne responsable de la stabilité, du repliement et de l’assemblage 

des six membres qui composent la famille des PIKKs, nos résultats de séquençage ne permettent pas de 

discriminer quelle PIKK est responsable des changements d’expression des gènes associés à la déplétion 

de TELO2. Afin de déterminer si les conséquences transcriptionnelles induites après déplétion de TTT 

sont corrélées à une diminution d’incorporation de TRRAP dans SAGA, nous avons reproduit la même 

stratégie employée pour TELO2 sur TRRAP. Ainsi TRRAP a été fusionné avec un AID en N-terminal 

car le domaine FATC retrouvé à l’extrémité C-terminale de l’ensemble des PIKKs est connu pour être 

essentiel à leurs fonctions. Selon le schéma suivi pour TELO2, nous avons réalisé un séquençage des 

ARN messagers de cellules où TRRAP est fusionné à un AID, après traitement ou non à l’auxine pendant 

24h pour induire la dégradation totale de TRRAP.  
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Remarquablement, la liste de gènes différentiellement affectés après déplétion de TELO2 

corrèle fortement et positivement avec celle des gènes différentiellement affectés après déplétion de 

TRRAP, comme indiqué par le coefficient de Spearman obtenu (ρ=0.67) (Figure 3A). De plus, on 

observe un clair chevauchement entre ces deux listes de gènes (Figure 3B). 

 

 

Figure 3 : Corrélation entre les conséquences transcriptionnelles induites après déplétion de TELO2 et 

TRRAP. (A) Représentation graphique de la corrélation entre les amplitudes de variations d’expression des gènes 

après déplétion de TELO2 (en ordonnée) ou déplétion de TRRAP (en abscisse). Le coefficient de Spearman (ρ) 

ainsi que la significativité (P) sont indiqués. (B) Diagramme de Venn montrant le chevauchement entre des gènes 

significativement affectés après déplétion de TELO2 (en bleu) ou de TRRAP (en violet). 

 

En effet 272 gènes sont communs, ce qui correspond à plus de la moitié des gènes affectés par 

l’absence de TELO2. Ce résultat suggère que TTT régule la transcription essentiellement à travers 

TRRAP.  

Nous avons ensuite conduit une analyse fonctionnelle sur chacune de ces listes de gènes. Nous 

avons fait l’observation intéressante que les trois signatures les plus significatives, enrichies après 

déplétion de TELO2 ou TRRAP, sont similaires. Les gènes dont l’expression est diminuée après 

traitement à l’auxine correspondent majoritairement à des gènes cibles des facteurs de transcription 

MYC et E2Fs (Figure 4). Puisque TRRAP est connu pour être un partenaire de ces facteurs, 

l’enrichissement de ces signatures après déplétion de TRRAP était prévisible. En revanche, obtenir ces 

mêmes signatures pour les gènes affectés après déplétion de TELO2 n’était pas attendu et renforce 

d’autant plus l’hypothèse que TTT joue un rôle dans la transcription principalement via TRRAP.  
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Figure 4 : TRRAP et sa chaperonne régulent un programme transcriptionnel MYC et E2F-dépendant. 

Analyse fonctionnelle par GSEA des gènes différentiellement exprimés après déplétion de TELO2 (panel du haut) 

ou de TRRAP (panel du bas), ordonnés par amplitude de variation. Le score d’enrichissement (NES) est indiqué.  

 Bien que TRRAP soit décrit principalement comme un co-activateur de la transcription, nous 

observons plusieurs gènes dont l’expression est augmentée après sa déplétion, suggérant un rôle 

répresseur de TRRAP sur la transcription de ces gènes. Notre analyse fonctionnelle des gènes dépendant 

de TRRAP montre un enrichissement de gènes induits et intervenant dans la réponse à l’interféron de 

type I, les ISGs (Interferon Stimulated Genes) (Figure 5A). Cette signature est également retrouvée 

après déplétion de TELO2 mais semble cependant moins prononcée. En effet, si l’on s’intéresse à la 

liste des ISG, on constate que 29 d’entre eux sont retrouvés significativement affectés après déplétion 

de TRRAP et de TELO2, avec une amplitude de variation plus marquée dans les cellules déplétées pour 

TRRAP (Figure 5B). 

 

Figure 5 : TRRAP et sa chaperonne répriment l’expression des ISG. (A) Analyse fonctionnelle par GSEA des 

gènes différentiellement exprimés après déplétion de TELO2 (panel du haut) ou de TRRAP (panel du bas). (B) 

Carte thermique (heatmap) représentant l’amplitude de variation de 29 ISG communs après déplétion de TELO2 

ou TRRAP (P < 0,05). Les valeurs positives sont représentées en rouge, et les valeurs négatives en bleu.  
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Les cibles directes de TRRAP dans des cellules de cancer colorectal. 

 

 Nos analyses transcriptomiques ont permis d’identifier les gènes significativement affectés 

positivement et négativement après la déplétion de TRRAP. Afin d’identifier parmi ces gènes les cibles 

directes de TRRAP, nous avons réalisé une étude pangénomique des sites de fixation de TRRAP sur la 

chromatine. Nous avons utilisé une technique d’immunoprécipitation de la chromatine en condition 

native couplée à du séquençage haut-débit, le CUT&RUN-seq. Cette technique repose sur l’utilisation 

de l’enzyme MNase fusionnée à la protéine A (pA-MNase) qui va cliver spécifiquement aux sites de 

recrutement d’une protéine d’intérêt, préalablement reconnue par un anticorps spécifique. Ainsi 

l’analyse du CUT&RUN de TRRAP a permis d’identifier à l’échelle du génome les gènes régulés par 

TRRAP. A notre surprise, notre analyse a révélé que TRRAP se fixe à plus de 9000 gènes et dans la 

région promotrice proximale proche du TSS (Figure 6).  

 

 

Figure 6 : Profil de fixation de TRRAP par rapport au TSS. Représentation graphique de la fréquence de 

distribution des sites de fixation de TRRAP entre -1 kb et 1 kb générée à partir de l’analyse du CUT&RUN-seq. 

 

Bien que le génome humain compte entre 18000 et 22000 gènes totaux, tous ne sont pas activés 

en même temps dans la cellule. Récemment, une étude dans S. cerevisiae a montré que le co-activateur 

SAGA pourrait agir comme cofacteur général de la transcription par l’ARN Pol II. Ainsi, nos résultats 

en lien avec ces observations suggèrent que TRRAP /SAGA dans les cellules humaines pourrait jouer 

le même rôle.  

Parmi les gènes dont l’expression est affectée après déplétion de TRRAP, plus de 60% sont liés 

par TRRAP. Ces gènes, qui représentent vraisemblablement les cibles directes de TRRAP, sont pour les 

deux tiers des gènes positivement régulés par TRRAP (960/1431), et le tiers restant des gènes réprimés 

par TRRAP (471/1431) (Figure 7). Inversement, si l’on s’intéresse aux gènes dont l’expression est 

diminuée après déplétion de TRRAP, 25% ne sont pas liés par TRRAP (317/1277), alors que parmi les 

gènes dont l’expression est induite après déplétion de TRRAP, la moitié n’est pas liée par TRRAP 

(479/950). Ces données sont cohérentes avec un rôle de TRRAP comme activateur de la transcription 
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par recrutement de TIP60 ou SAGA au promoteur des gènes cibles. De plus, nos résultats ont révélé un 

groupe de gènes qui semblent directement réprimés par le recrutement de TRRAP à leur promoteur.  

 

 

Figure 7 :  Les cibles directes de TRRAP sont principalement des gènes positivement régulés par TRRAP. 

Diagrammes de Venn montrant le recoupement entre les gènes fixés par TRRAP (en bordeaux) et ceux dont 

l’expression change après déplétion de TRRAP, les gènes avec une probabilité P<0,01 apparaissent en violet, ceux 

avec une amplitude de variation négative (DOWN, en vert) et positive (UP, en orange).  

 

 De façon intéressante, parmi les 29 ISG affectés par la déplétion de TELO2 ou de TRRAP 

(Figure 5B), environ la moitié d’entre eux sont liés par TRRAP, dont IRF9 et STAT2 qui forment le 

complexe ISGF3 responsable de la transcription des ISG (Figure 8). Ainsi, ces observations soutiennent 

l’hypothèse que TRRAP puisse agir comme répresseur transcriptionnel et suggèrent que les ISG affectés 

mais non fixés par TRRAP pourraient être régulés par IRF9/STAT2.  

 

 

Figure 8 : TRRAP se fixe aux promoteurs d’IRF9 et STAT2, deux facteurs de transcription régulant 

l’expression des ISGs. Captures d’écran de la visualisation du CUT&RUN de TRRAP sur IGV (Integrative 

Genomics Viewer) au locus d’IRF9 (en haut) et de STAT2 (en bas). Le CUT&RUN de TRRAP a été réalisé avec 

un anticorps anti-HA dans des cellules 3xHA-AID-TRRAP traitées avec NaOH ou auxine pendant 12h. Le contrôle 

négatif (CTR) correspond au CUT&RUN réalisé dans les mêmes cellules avec un anti-IgG de lapin. 
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L’induction des ISG est progressive et concomitante à la dégradation de TRRAP, renforçant le 

rôle potentiel de TRRAP comme répresseur direct des ISG (Figure 9).  

 

 
 

 

Figure 9 : Induction progressive des ISGs concomitante à la déplétion de TRRAP. (A) Cinétique de la 

dégradation de TRRAP par western blot au cours d’un traitement à l’auxine. (B) Expression des ARNm d’IRF9, 

IRF7, RIG-I, OAS1, IFIT1 et MX1 extraits de cellules AID-TRRAP traitées avec auxine et quantifiés par RT-qPCR 

au cours du temps. 

 

De plus, en tirant profit de notre système de dégradation réversible (Figure 10A), nous avons 

observé que TRRAP se refixe rapidement au promoteur de IRF9 (Figure 10B), ce qui s’accompagne 

d’une réversion rapide de l’expression des ISG (Figure 10C).  
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Figure 10 : La réapparition de TRRAP induit une rapide réversion de l’expression des ISG. (A) Analyse de 

la réapparition de TRRAP après retrait de l’auxine du milieu de culture des cellules (wash out) par western blot. 

Les niveaux d’expression de TRRAP dans des cellules traitées avec NaOH (- auxine) ou avec auxine (+ auxine) 

servent de contrôle positif et négatif de l’expression de TRRAP, respectivement. L’expression de GAPDH est 

utilisée comme contrôle de charge. (B) Analyse de la fixation de TRRAP par CUT&RUN puis mesure de son 

enrichissement au promoteur d’IRF9 par qPCR en condition basale (NaOH), puis après traitement à l’auxine 

pendant 5h (auxine 5h) et enfin après 2h de retrait de l’auxine (Wash out 2h). (C) Expression des ARNm d’IRF9, 

OAS1 et IFIT1 quantifiés par RT-qPCR aux temps indiqués. Les ARN totaux ont été extraits de cellules AID-

TRRAP traitées avec auxine pendant 10h, puis soit laissées dans l’auxine 5h de plus (carrés bleus pleins), soit 

lavées et incubées durant 5h dans un milieu sans auxine (carrés blancs). 

 

 

  A partir de ces observations, nous avons voulu déterminer le complexe co-activateur 

responsable de la répression des ISG, et recruté par TRRAP. Nous avons donc étudié l’effet de la 

déplétion des activités enzymatiques des complexes SAGA et TIP60 par ARN interférence (siRNA). La 

diminution de la sous-unité P400 de TIP60 induit une expression d’IRF9 et OAS1 comparable à celle 

induite après diminution de TRRAP. En revanche, la diminution de l’activité histone acétyltransférase 

(HAT) de SAGA par ciblage de la sous-unité TADA3, n’a aucun effet sur l’expression d’IRF9 et OAS1. 

L’activité déubiquitinase (DUB) de SAGA ciblée avec un siARN dirigé contre la sous-unité ATXN7L3, 

ne semble que modestement participer à l’induction d’OAS1 (Figure 11). Ainsi, la répression des ISG 

assurée par TRRAP semble impliquer l’activité de remodelage de la chromatine du complexe TIP60. 
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Des expériences visant à déterminer en détails le mécanisme d’action sont actuellement en cours. 

 

Figure 11 : Étude de l’implication de SAGA et TIP60 dans la répression des ISGs. Effet des activités 

régulatrices des complexes SAGA (TADA3, ATXN7L3) et TIP60 (P400) sur l’expression d’IRF9 (à gauche), et 

OAS1 (à droite) mesurée par RT-qPCR dans des cellules HCT116 après transfection de siRNA dirigés contre les 

différentes sous-unités, comme indiqués. Un siARN dirigé contre la luciférase de luciole (FFL) sert de contrôle 

négatif. Le siARN ciblant TRRAP sert de contrôle positif.  

 

 

Conclusion 

 

Mes travaux de thèse portant sur l’étude du cofacteur TRRAP et de sa chaperonne TTT, ont 

permis de montrer que l’incorporation de TRRAP dans le complexe SAGA s’effectue au niveau du 

cytoplasme par TTT et précède son import nucléaire. Nous avons également montré que TTT régule 

l’expression de nombreux gènes contrôlés par TRRAP. 

Par une combinaison d’approches innovantes et complémentaires, nous avons identifié les cibles 

directes de TRRAP, dont la majorité correspondent à des gènes activés par TRRAP.  

Mon projet de thèse a également mis en évidence un nouveau rôle de TRRAP comme répresseur 

transcriptionnel direct d’un groupe de gènes impliqués dans la réponse à l’interféron de type I.  
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PREFACE 
 

The human body is made of 37 trillion cells that differentiate into approximately 200 different 

cell types with specific characteristics and dedicated functions. Cells are subjected to a fine regulation 

of the expression of their genes, whether during differentiation or to respond to signaling cues and adapt 

to changes in their environment. A plethora of factors and mechanisms have evolved to allow signal 

transduction pathways to control gene expression in time and space. 

Gene expression can be regulated at many different levels, including transcription initiation, 

elongation, and termination, mRNA processing, export, stability, and translation. A major control of 

gene expression occurs during the different steps of transcription initiation. 

The production of RNA from a DNA template, termed transcription, is a highly coordinated 

process mediated by RNA polymerases. Despite the structural complexity of these enzymes; 14, 12 and 

17 subunits in RNA polymerase I, II and III respectively, RNA polymerases depend on additional 

components to be recruited to the transcribed loci. In eukaryotic nuclei, DNA packaging by nucleosome 

and higher order chromatin fibers, limits DNA accessibility and, therefore, serves as a regulatory 

platform for all steps of transcription. Accurate transcription at a single locus is believed to involve 

hundreds of transcription factors, cofactors, and chromatin regulators which are highly and tightly 

regulated.  

 

During my PhD work, I focused on the regulation of co-activator complexes that have critical 

roles during transcription initiation by RNA polymerase II. Because regulated transcription is essential 

for cellular homeostasis, it is not surprising to find that dysregulation of the transcriptional machinery is 

associated with several human diseases. Indeed, transcription factors are often deregulated in cancer. 

Cancer genome studies have also revealed that mutation of cofactors is a major mechanism of 

tumorigenesis (Garraway and Lander, 2013). Consequently, aberrant gene expression is a hallmark of 

cancer. Despite the multiple genetic and epigenetic abnormalities contained in cancer cells, their growth 

and survival can often be reduced by the inhibition of a single oncogene, which led to the idea that 

many tumors show an oncogene addiction, which can be exploited to develop specific therapeutic 

strategies. My PhD project was especially focused on the function and regulation of 

Transformation/transcription domain associated protein (TRRAP), a co-activator found overexpressed 

in several cancers, including the colorectal cancer that constituted my working model.  

 

The first part of the introduction will be dedicated to an overview of the transcription initiation 

regulation and mainly factors and co-factors involved in. I will notably focus on TRRAP-containing 

complexes SAGA and TIP60, which are both multiprotein complexes involved in transcription 

regulation. Then, the second part will aim to introduce basic concept of chaperones, which are key 

proteins that promote the folding, the stabilization and activation of several substrates.  
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INTRODUCTION 

I.! Regulation of Transcription Initiation 

Transcription regulation of eukaryotic genes, whether these produce protein-coding mRNAs or 

non-coding RNAs, is an orchestrated process involving hundreds of different actors. Transcription 

initiation represents an important and the first regulatory step during the production of RNAs. This 

regulation is achieved by the presence and activities of both cis-elements, such as promoter and 

enhancers, and factors acting in trans, such as transcription factors and co-factors. For example, 

transcription initiation by RNA polymerase II (Pol II) requires the precise assembly of many proteins, 

over a hundred at each core promoter, organized into large, multifunctional complexes that form a 

stable transcription pre-initiation complex (PIC). 

 

1.! Basal transcription  

1.1.!Core promoters  

Transcription of class II genes initiates at a defined region of DNA, the so-called core promoter 

which serves as a docking site for assembly and orientation of the basal transcription machinery also 

referred to as PIC. The core promoter is defined as the minimal DNA fragment sufficient to direct basal 

levels of transcription initiation by Pol II in vitro (Butler and Kadonaga, 2002).  

1.1.1.!Core promoter feature: from a textbook description to a more and more challenged 

view. 

The core promoter typically encompasses the transcription start site (TSS), referred to as the +1 

position, and extends approximatively 40-50 base pairs (bp) upstream and downstream of the TSS. It 

consists of multiple short sequence elements that can be dispersed or overlapping and surrounding the 

TSS (Figure 1) (Maston et al., 2006; Smale and Kadonaga, 2003). Only a few sequence elements have 

been clearly identified so far and include:  

Q! Initiator element (Inr), which consensus sequence is YYANWYY and surrounds the TSS. It is 

mainly bound by the TAF1 and TAF2 subunits of the general transcription factor TFIID 

(Chalkley and Verrijzer, 1999). 

Q! The TATA box, typically located about 25–30 nt upstream of the transcription start site in 

metazoans, is recognized by the TATA binding protein (TBP) subunit of TFIID. Its consensus 

sequence is TATAWAAR.  

Q! Downstream Promoter Element (DPE), which consensus sequence is RGWYV and is located 

at +28 to +32 relative to the TSS, is bound by the TAF6 and TAF9 subunits of TFIID and acts 

in conjugation with the Inr (Burke and Kadonaga, 1997; Shao et al., 2005). Indeed, the spacing 

between DPE and Inr motifs is invariant, which enables the cooperative binding of TFIID to the 

two motifs) (Burke and Kadonaga, 1997; Zhou and Chiang, 2001). 
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Q! TFIIB-Recognition Elements (BRE), located immediately upstream (BREu) or downstream 

(BREd) of the TATA box is bound by the TFIIB basal transcription factor. BREu and BREd 

consensus sequences are SSRCGCC and RTDKKKK, respectively (Deng and Roberts, 2007; 

Lagrange et al., 1998). 

Q! Downstream Core Element (DCE), consists of three sub-elements (S) with necessary 

sequences: SI is CTTC, SII is CTGT, and SIII is AGC. DCE are contacted by TAF1 subunit of 

TFIID (Lee et al., 2005). 

Q! and Motif Ten Element (MTE), located at positions +18 to +29, MTE element functions 

cooperatively with a precisely positioned Inr, but its binding protein factors have not been 

identified yet (Lim et al., 2004). 

 

Figure 1: Scheme of the human core promoter. Major core promoter elements are depicted, including their 

location from the TSS (or Initiator (Inr)) and components of TFIID that bind to them. Adapted from (Sainsbury et 

al., 2015). 

 

These elements define a core promoter, however there is no universal core promoter. Each of 

these elements are found in some but not all core promoters. For instance, the TATA-box, the first 

described core promoter element, was thought to be the universal promoter element. But computational 

analyses suggest that the prevalence of the TATA box has been overestimated in the past and that the 

majority of human promoters are in fact TATA-less. Therefore, the percentage of TATA-containing 

promoters reported in several studies has decreased significantly over time; from 78% (Bucher, 1990), 

to 64% (Babenko et al., 1999), to 32% (Suzuki et al., 2001), to 22% or 10% only depending on the 

database used (EPD (Eukaryotic Promoter Database) or DBTSS (Database of Transcription Start Sites), 

respectively) (Gershenzon and Ioshikhes, 2005). This wide variation could be explained by the criteria 

used to define the TATA-box, but also the number of promoters studied or the database used 

(Gershenzon and Ioshikhes, 2005). Thus, Yang and colleagues in 2007 addressed those issues in their 

study and found only !10% of TATA-containing promoters with the canonical TATA box 

(TATAWAWR) (Yang et al., 2007). Interestingly, analyses of Saccharomyces cerevisiae genomes also 

revealed that the canonical TATA box (TATAWAWR) is present in !20% of yeast genes (Basehoar et 

al., 2004). Recently Yella and Bansal reported 17% of TATA-containing promoters in S. cerevisiae, 

14% in D. melanogaster and 3% only in mouse and human (Yella and Bansal, 2017).  

The textbook description of the TATA-box is now challenged by these studies and establish 

that the TATA-box is no longer a general component of all Pol II core promoters (Müller et al., 2007). 
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To conclude, one level of transcription regulation lies within the core promoter element present at each 

gene. This significantly contributes to the complexity of eukaryotic gene expression. 

 

1.1.2.!Core promoter classes: variation in the transcription initiation pattern  

Novel high-throughput-sequencing-based technologies, such as sequencing of 5’ ends of 

mRNAs in cap analysis of gene expression (CAGE), have significantly improved the identification and 

annotation of TSS, providing a better understanding of promoters (Haberle and Stark, 2018). Therefore, 

one of the major discoveries was the existence of different types of core promoters. Although their 

numbers have not been settled definitely, it appears that core promoters can be divided into three mains 

functional classes, based on several properties. These include differential usage of their TSS, sequence 

composition and motifs, chromatin composition and gene function, which altogether, define multiples 

modes of transcription initiation (Lenhard et al., 2012). 

 

Class I: “Adult” core promoters 

Core promoters included in this class, have a “focused” or “sharp” initiation pattern. This means that 

the initiation occurs from a single and well-defined TSS. Those core promoters are associated with 

highly cell-type-specific genes, they have loosely positioned nucleosomes, a high frequency of 

transcription binding sites and are TATA-box containing promoters. 

 

Class II: “Ubiquitous” core promoters 

Contrary to Class I, core promoters of Class II have multiple closely spaced TSSs distributed over a 

region of about 50–100 nt that are used with similar frequency. The initiation is called “dispersed” or 

“broad” in this case and occurs mainly in housekeeping genes that are expressed in many cell types. 

Class II promoters are TATA-less, possess less consensus binding sites and are mostly associated with a 

high CpG dinucleotides frequency, referred to as CpG islands. Counter-intuitively, those promoters are 

characterized by a more precise nucleosome positioning with a well-defined nucleosome-free region 

that encompasses the TSSs. 

 

Class III: “Developmentally regulated” core promoters 

Core promoters of Class III are found in genes that are regulated during development and 

differentiation. They harbor several large CpG islands that often extend well into the gene body. They 

resemble housekeeping genes core promoters since they are characterized by a “dispersed” initiation 

pattern and have precisely positioned and phased nucleosomes. 

 

Whatever the class of the promoter is, their role is the same: provide a platform for the recruitment of 

Pol II and the formation of the PIC in order to initiate the transcription of the associated gene. 
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1.2.!Basal transcription machinery 

1.2.1.!RNA polymerases 

Three eukaryotic RNA polymerases (I, II, and III), were first identified by Roeder and Rutter in 

1969. Few years later, α-amanitin sensitivity assays were used to resolve the specificity of each RNA 

polymerase. RNA Pol I is primarily involved in transcribing ribosomal RNAs (rRNAs), while RNA Pol 

II is dedicated to the synthesis of protein-coding genes producing messenger RNAs (mRNAs), as well 

as some non-coding RNAs (i.e. snoRNAs, snRNAs, pri-miRNAs), and RNA Pol III is responsible for 

synthesis of cellular 5S rRNA, and transfer RNAs (tRNAs). These results were consistent with the 

finding that RNA Pol I is localized within nucleoli, the sites for rRNA synthesis, whereas RNA Pol II 

and III are present in the nucleoplasm.  

 

RNA Polymerase II is the molecular machine that transcribes protein-coding genes to produce 

messenger RNAs as well as various types of non-coding RNAs. RNA Pol II is a complex of 12 highly 

conserved subunits (Rpb1 to 12). Rpb1 is the largest subunit and contains at its C-terminus a repetitive 

heptapeptide motif (Tyr-Ser-Pro-Thr-Ser-Pro-Ser: Y1S2P3T4S5T6S7) termed the C-terminal domain 

(CTD). Although the consensus sequence of the CTD is highly conserved among eukaryotic organisms, 

the repeat length varies between them. For instance, S. pombe has 29 repeats whereas humans include 

52 repeats, suggesting that the length increases with genome complexity (Hampsey, 1998). During 

initiation, the CTD gets hyperphosphorylated on Ser2 and Ser5 residues and remains phosphorylated 

during elongation. This form of RNA Pol II is designated: RNA Pol IIO. However, after termination, 

dephosphorylation of the CTD is required for Pol II recycling, because only unphosphorylated Pol II, 

namely RNA Pol IIA, can be recruited at initiation. 

 

Since 2000, a plethora of papers describing the structure of eukaryotic RNA Pol II have been 

published. The story began with the structure of RNA Pol II from the yeast S. cerevisiae obtained using 

X-ray crystallography at !3.5 Å resolution (Cramer et al., 2000). This structure comprised 10-subunits 

of the RNA Pol II holoenzyme, or “core” structure of RNA Pol II, and lacked two small subunits, Rpb4 

and Rpb7. One year later, the structure of Pol II at 2.8 Å (Cramer et al., 2001) and the structure of a 

transcribing complex at 3.3 Å resolution were obtained (Gnatt et al., 2001).  

In 2003, the structure of the complete RNA Pol II was described. In order to overcome the 

substoichiometric amounts of Rpb4/7, which impede crystallization, Armache and colleagues, used a 

reconstituted 12-subunits complex with an endogenous core and recombinant Rpb4/7 (Armache et al., 

2003), whereas Bushnell and colleagues used an affinity tag on Rpb4 in order to purify the complete 

complex devoid of core Pol II that otherwise would result in poorly ordered crystals (Bushnell and 

Kornberg, 2003).   

The first structure of human RNA Pol II, purified from HeLa cell nuclei, at intermediate resolution was 

provided by the Nogales lab (Kostek et al., 2006). They found that the overall structure of human RNA 

Pol II was similar to the one published in yeast, as expected based on the high degree of conservation 

(53% of identity) between both RNA Pol II. Recently, the Cramer lab has provided the structure of 

transcribing mammalian RNA Pol II at high resolution (3.4 Å) from cryo-electron microscopy (cryo-
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EM), which allowed to unveil multiple conformations, therefore providing a better insight into the 

dynamic of the complex (Bernecky et al., 2016). 

 

Combined together, all of these studies have allowed to define 4 flexible modules of the RNA Pol II:  

 

Q! The core module represents half of the Pol II mass and contains the Rpb3, 10, 11, 12 subunits 

as well as the active center formed by Rpb1 and Rpb2 with a deep cleft between them for the 

nucleic acid entry (Figure 2C). Rpb1 and Rpb2 are the largest subunits of Pol II and are 

organized into multiple domains with crucial functions for Pol II transcription initiation (Figure 

2A, B). For example, Rpb2 contains a “wall” domain that blocks the DNA path leading to a 

105° angle bend orienting DNA path optimally for transcription.  

Q! The jaw-lobe module composed of the upper jaw made up of Rpb1, Rpb2 and Rpb9 regions. 

Q! The shelf module containing the lower jaw, which consists in the assembly of domains of 

RPB5, RPB6 and the foot and cleft regions of Rpb1. 

Q! The clamp module which comprises Rpb1, Rpb6 and Rpb2. The clamp module is connected to 

the cleft region through switch regions that are flexible. This flexibility allows a swinging 

motion of the clamp over the cleft resulting therefore in a defined and closed position of the 

clamp, as well as a greater opening of the cleft which may lead to the entry of promoter DNA 

for the initiation of transcription.  

 
Figure 2: Structure of the core module of RNA polymerase II. Ribbon diagrams showing the location within 

RNA Polymerase II complex of Rpb2 (A) and Rpb1 (B) (tops views), as well as their specific domains. (C) 

Scheme of the core module components. Adapted from (Armache et al., 2003; Cramer et al., 2000). 
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Interestingly, the RNA Pol II “core” structure (10-subunits) was defective in transcription 

initiation, whereas the “complete structure” (12-subunits) was able to restore the initiation activity. 

Rpb4/7 was shown to lock the clamp in the closed conformation and to protrude from the “upstream 

face” of Pol II, thus extending the “dock” domain of Pol II which interacts with initiation factors 

(Figure 3). Therefore, the Rpb4/7 heterodimer forms the polymerase “stalk” and plays an important role 

in the transcribing complex assembly.  

 

 
 

Figure 3: Architecture of the 12-subunits Pol II.  Ribbon model showing the RNA Pol II upstream interaction 

face and the “stalk” composed of Rpb4/7. Color-coded subunit composition is shown in the upper right corner. 

Adapted from (Armache et al., 2003). 

 

Despite its high complexity, RNA Polymerase II is not able to bind DNA directly and therefore 

requires additional proteins to bring and tether it to core promoters. These proteins are termed General 

Transcription Factors (GTFs) and include TFIIA, TFIIB, TFIID, TFIIE, TFIIF and TFIIH, which 

assemble with RNA Pol II at promoters to form the PIC. 

 

1.2.2.!Canonical PIC assembly: roles of the different GTFs 

Many distinct protein complexes are involved in the activation of promoters for transcriptional 

initiation. Although the precise timing and ordering of their recruitment is still debated, transcription 

initiation results in a highly regulated reorganization of the chromatin structure within the promoter that 

allows the formation and stabilization of the PIC. 

 

So far two different models of PIC assembly have been described. A sequential assembly 

pathway, in which GTFs assemble in a stepwise manner (Buratowski et al., 1989; Orphanides et al., 

1996), and the RNA Pol II holoenzyme pathway, that bypass the recruitment of all GTFs individually. 

The latter has been supported by the discovery of several holoenzyme complexes containing Pol II and 
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a variable subset of GTFs, depending on the protocol used for the purification (Myer and Young, 1998; 

Ranish et al., 1999). Although pre-assembled Pol II complexes seem to exist in the cell, the stepwise 

pathway has been best described and studied so far. It is characterized by several steps described below 

(Figure 4).  

 
Figure 4: Stepwise model of Pol II transcription initiation. Overview of the steps that characterized the 

stepwise pathway of Pol II transcription initiation, starting with PIC assembly, then DNA opening. The open 

complex allows the TSS scanning and RNA synthesis. Soon after the beginning of transcription, TFIIB is released 

and Pol II undergoes promoter escape. Adapted from (Hahn and Young, 2011). 

 

a)! TFIID-DNA interaction and stabilization by TFIIA and TFIIB  

 

The first step in the classical model of stepwise PIC assembly is the sequence-specific binding 

of TBP to the minor-groove of the TATA-box. The DNA is bent at an angle of about 90°, which is 

thought to influence the recruitment and stabilization of RNA polymerase and GTFs (Figure 5). 

 
Figure 5: Structure of the TBP-TATA element binding. Ribbon representation of TBP with its amino- and 

carboxy- terminal parts, in light blue and dark blue, respectively. TBP binds the minor groove of the TATA 

element and induces a partial unwinding and bent in the DNA.  

TBP interacts with 13 other proteins called TAFs (TBP-Associated Factors) to form the TFIID 

complex (Figure 6), which allows several interactions with DNA elements that are parts of the core 

promoter.  
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Figure 6: Schematic composition of TFIID complex. TFIID is composed of TBP subunit associated with 13 

TAFs. Subunits in green are shared subunits found in other complexes. Subunits in grey are TFIID specific 

subunits. Adapted from (Helmlinger and Tora, 2017). 

 

TFIID is a general transcription factor, it has a horseshoe-like structure, with a central cavity 

surrounded by three lobes (A, B, C). Depending on the position of lobe A, TFIID is able to rearrange 

and therefore adopts two major conformations, named canonical (lobe A interacts with lobe C, Figure 7 

left) and rearranged (lobe A binds lobe B, Figure 7 right) (Cianfrocco et al., 2013). Lobe A can be 

divided in two, a more stable lobe and a highly flexible lobe, A1 and A2 respectively (Louder et al., 

2016). The rearranged state appears to correspond to TFIID that binds promoter DNA, whereas the 

canonical conformation matches free-TFIID, and both states were shown to be modulated by TFIIA 

binding. In fact, Cianfrocco and colleagues showed that the presence of promoter DNA, as well as 

TFIIA, promote the formation of the rearranged state of TFIID. In contrast, in the absence of DNA, 

TFIIA maintains TFIID in the canonical state (Figure 7).  

 
Figure 7: Cryo-EM 3D reconstructions of TFIID states. TFIID is subjected to conformational rearrangement 

during PIC formation. The density corresponding to the lobes B and C (in blue) does not undergo conformational 

changes. In contrast, the lobe A (in yellow), which is near lobe C in the canonical state (left panel), is moved near 

lobe B in the rearranged state, upon promoter DNA and TFIIA addition (right panel). DNA (in green) binds to the 

rearranged TFIID and a part of lobe A, A1 (in orange) appears after conformational changes and contains TBP 

and TFIIA. From  (Nogales et al., 2017). 
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TFIIA is composed of a 12-stranded β-barrel and a 4-helix bundle motif (Figure 8). The β-

barrel binds to the underside of TBP and bridges over to DNA major groove, upstream of the TATA 

box. In contrast, the tip of the 4-helix bundle is oriented towards lobe B of TFIID (Figure 8). This is 

consistent with the stabilizing role of TFIIA on TBP-DNA complex and corresponds to the second step 

of PIC assembly. 

 

 
Figure 8: Cryo-EM reconstruction of TFIID-TFIIA and the super core promoter complex. Close-up view of 

the TBP-TFIIA-TATA binding module revealing the structural motifs of TFIIA and its specific interactions with 

TBP and TFIID. Adapted from (Louder et al., 2016). 

The surprising degree of flexibility of TFIID may be an important determinant of PIC 

assembly. Moreover, TFIID modulates TBP activity through its TAF1 subunit. The N-terminus region 

of TAF1 contains two domains TAND1 and TAND2, which compete with the binding of TBP to DNA 

and to TFIIA, respectively. Indeed, the TAND1 domain mimics the structure of the TATA DNA 

sequence and is therefore able to bind the DNA-binding surface of TBP. The TAND2 domain binds to 

the convex surface of TBP, thereby competing with TFIIA. These inhibitions are relieved after the 

binding of TFIIA, which correlates with the conformational change in TFIID, from canonical to 

rearranged state (Figure 9). Therefore, the conformational rearrangement of TFIID and the binding of 

TFIIA are coupled and play critical roles in regulating TBP binding to DNA.  

 

 
Figure 9: Current model of promoter binding by TFIID. Free TFIID (left), is in the autoinhibitory canonical 

state, in which TBP is blocked by the TAND1 domain of TAF1 and cannot bind to promoter DNA. Presence of 

TFIIA and promoter DNA release the inhibitory effect of TAF1 and drive TFIID into the rearranged state 

(middle). TAF1-TAF2 initiate interactions with downstream promoter region, leading to the fully engaged 

rearranged state (right) by placing the upstream promoter DNA in position to be engaged by TBP. Adapted from 

(Nogales et al., 2017) 
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TFIIB is the only GTF with a single polypeptide. TFIIB is absolutely required to recruit Pol II 

pre-bound to TFIIF and stabilize TBP interaction to the promoter, playing a central role in initiation 

(Deng and Roberts, 2007). The amino-terminal part of TFIIB referred to as “B-ribbon” contains a zinc-

chelating motif that makes contacts with Pol II dock domain, the B-ribbon extends into the cleft of Pol 

II towards the active center. This extension corresponds to the B-reader and the B-linker domains 

(Figure 10A). The carboxy-terminal region called “B-core” bears two cyclins folds, which bind the Pol 

II wall and TBP-DNA, respectively (Figure 10B-C) (Kostrewa et al., 2009).  

 

 
Figure 10: Structure of Pol II-TFIIB complex. (A) Ribbon representation of TFIIB structure, as observed in 

interaction with Pol II. (B, C) Side views of Pol II and TFIIB domain interactions, in ribbon representation. (B) 

Pol II domains which interact with TFIIB are highlighted. The N-term. cyclin fold domain of TFIIB interacts with 

the Pol II wall domain (dark blue) and (C) the C-term. cyclin fold domain of TFIIB interacts with TBP-DNA 

(TBP, purple; DNA template, blue and cyan). Adapted from (Kostrewa et al., 2009). 

 

Despite its role in Pol II recruitment and stabilization of TBP to DNA, TFIIB displays 

additional functions, notably TSS selection and DNA opening, which is carried by the B-reader and B-

linker domains, respectively. TFIIB contributes to melting of the two strands of DNA to create an open 

promoter confirmation, which characterizes the initiation-elongation transition (Figure 11) (Kostrewa et 

al. 2009).  
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Figure 11: Models of closed and open complexes. In the closed complex (left), promoter DNA is positioned 

over the Pol II active center (pink sphere) with the ‘B-core’ domain that binds the Pol II wall domain. DNA is 

then open (right) with the help of the ‘B-linker’. 

In the closed conformation, promoter DNA is positioned over the Pol II cleft by the B-core 

located above the wall (Figure 11, left). During the transition from a closed to an open conformation, 

promoter DNA is melted around 20 bp downstream the TATA-box. This leads to the formation of a 

bubble and provides a single-stranded template DNA, which slips into the active site of Pol II, helped 

by the B-linker, which interacts with the coiled-coil and the rudder (loop nearest the active center) 

regions of the clamp (Figure 11, right). At this moment, the DNA template is scanned by the B-reader 

for an Inr motif (DNA start site scanning). Then, synthesis of the RNA strand starts and TFIIB is 

released when the RNA reaches a length of 12-13 nucleotides. TFIIB release is accompanied by Pol II 

promoter escape and elongation complex formation.  

 

 

b)! TFIIF and Pol II recruitment  

 

TFIIF is a heterodimer formed by two subunits TFIIFα and TFIIFβ. TFIIF interacts with Pol II 

at separate locations through two different domains. A dimerization domain with a triple barrel fold and 

a β-hairpin “arm”, formed by the N-termini of both subunits, anchors the Rpb2 lobe of Pol II (Gaiser et 

al., 2000; He et al., 2013). The winged helix domain (WH) of TFIIFβ binds the B-core of TFIIB, RNA 

Pol II above the protrusion domain, as well as a BREd element within upstream promoter DNA (He et 

al., 2013).  

TFIIF is an integral component of the PIC and functions in facilitating Pol II incorporation and 

positioning at TSS, stabilizing TFIIB, and thus promoting transcription initiation and start site selection.  
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c)! TFIIE, TFIIH and promoter DNA opening 

 

TFIIE and TFIIH are recruited to form a transcriptionally competent PIC and are also involved 

in DNA opening. TFIIE is located between the stalk and the clamp domains of Pol II and is composed 

of two subunits. TFIIEα contains a WH domain at the N-terminal end (eWH) followed by a Zn ribbon 

domain that binds Rpb7 of the stalk domain of Pol II (Figure 12). TFIIEβ consists of a tandem of two 

WH domains that bind the clamp domain of RNA Pol II and DNA. This triple WH structure interacts 

with the clamp head of RNA Pol II and encircles promoter DNA (Grünberg et al., 2012; Plaschka et al., 

2016). TFIIE elongates towards TFIIF to interact with the WH domain of TFIIFβ. Thus, this continuous 

chain of 4 consecutive WH domains allows to link the RNA Pol II clamp region with the TBP-TFIIA-

TFIIB-TFIIF subcomplex, trapping DNA on the surface of RNA Pol II (Figure 12) (He et al., 2013).  

 
Figure 12: DNA positioning and retention by TFIIE-TFIIF winged helix domains. DNA promoter (blue and 

cyan) is positioned and retained over the Pol II cleft by a network of interactions involving four consecutive 

winged helix domains. One from TFIIF (purple) and three of TFIIE (from orange to magenta). The E-ribbon 

domain of TFIIEα interacts with Pol II Rpb7 (navy blue) subunit of the Pol II stalk domain. Adapted from 

(Plaschka et al., 2016) 

 

Consequently, the promoter DNA is well positioned over the RNA Pol II cleft where it will be 

subject to melting by TFIIH. This event requires several structural transitions. First, the clamp domain 

of Pol II closes down to engage the open DNA bubble (Figure 13A). The separation of the two strands 

is facilitated by the TFIIB linker helix and TFIIF arm domains that align together at the promoter 

melting site (Figure 13B). Second, to prevent re-annealing of the melted DNA, both domains as well as 

the rudder of Pol II interact to maintain the upstream edge of the DNA bubble (Figure 13C). 
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Figure 13: Structural transitions accompanying DNA melting. (A) Structures before (grey) and after (colored) 

promoter opening. Pol II clamp domain comes down over the open bubble. (B) The flexible TFIIB linker helix 

(dark blue) and the TFIIF arm (purple) align together at the melting site. The melting region of the promoter 

DNA, ~20bp downstream of TATA, is indicated. (C) The arm domain of TFIIF connects the rest of TFIIF and 

interacts with the rudder of Rpb1 (orange). Adapted from (He et al., 2013). 

TFIIH is a 10-subunit factor that consists of a 6-subunit core module containing XPB, p62, p52, 

p34, p8 and p44 subunits; and a 3-subunit kinase module formed by CDK7-cyclin H-MAT1. These 

modules are bridged together by the XPD subunit. The activity of XBP during transcription initiation 

has been controversial. Instead of hydrolysing ATP to open DNA through a helicase activity, it was 

suggested that XBP acts as a translocase, walking on DNA and therefore inducing a supertwist 

facilitating DNA melting (He et al., 2013). Recently, Alekseev and colleagues showed that cells are 

able to accommodate a loss of XBP but are sensitive to an inhibition of its ATPase activity 

demonstrating that the XPB ATPase overcomes a transcription initiation block imposed by XBP itself 

(Alekseev et al., 2017). Moreover, the CDK7 kinase plays an important role in transcription initiation, 

because it is responsible for the phosphorylation of the RNA polymerase II CTD at Ser5.
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2.! Stimulation of the basal transcription machinery 

 

PIC assembly on core promoters is sufficient to direct only low levels of transcription, referred 

to as basal transcription. In addition to the core promoter, others cis-acting DNA elements are found to 

regulate transcription, such as enhancers, silencers, insulators and locus control regions (LCR) (Figure 

14). These more distal regulatory elements contain specific sequences, which serve as motifs of 

recognition for trans-acting DNA-binding transcription factors that greatly stimulate transcriptional 

activity. 

 

 
Figure 14: Schematic representation of cis-acting DNA elements. The regulatory region of a gene 

encompasses the promoter which spans less than 1kb, as well as more distal elements located up to 1Mb of the 

promoter and that can contact it through looping. From (Maston et al., 2006). 

 

2.1.!Cis-acting DNA elements 

2.1.1.!Proximal promoter 

Proximal promoter elements correspond to regions immediately upstream of the core 

promoter, spanning up to hundred base pairs and altering the rate of transcription. 

One example is the CCAAT box which is a very frequent proximal promoter element found in 30% of 

eukaryotic promoters (Bucher, 1990). This motif is bound by the heterotrimeric complex NF-Y and 

plays a role in transcription activation (Mantovani, 1999). Another example is the CpG island 

associated with 60% of mammalian promoters. A high G+C nucleotide content is generally un-

methylated in active genes, whereas their methylation is rather promoting gene silencing. Therefore, 

the proximal promoter is an important feature regulating the transcription of a gene. 
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2.1.2.!Enhancers 

Contrary to proximal promoter elements, enhancers act at a long distance, up to several kb 

from the core promoter and are not orientated. Enhancers contain multiple binding sites for various 

transcription factors. Therefore, enhancers regulate the activity of promoters through a DNA-looping 

model, which brings enhancers in close proximity to promoters, allowing the formation of the PIC in 

the appropriate spatial conformation and transcription to occur (Vilar and Saiz, 2005). 

Interestingly, some studies have provided evidence that Pol II and others GTFs could bind enhancers, 

regulating thus the timing of gene activation. Indeed, the formation of a premature PIC at distal 

enhancers might keep genes in a potentiated state, protected from an aberrant or unwanted activation. 

Therefore, enhancers function as nucleation centers that would allow a quick and efficient activation 

of a gene at the right time and the right place (Szutorisz et al., 2005).  

 

2.1.3.!Silencers 

Like enhancers, silencers are distance- and orientation-independent elements that regulate 

promoters but instead of activating transcription, they negatively affect gene expression. Silencers 

represent binding sites for repressors factors that mediate repression either by blocking the binding of 

a nearby activator competing for the same site or by preventing the access or formation of the PIC on 

promoters. 

 

2.1.4.!Insulators  

Insulators elements act as barriers to restrict the action of regulatory elements to one gene, 

preventing therefore the inappropriate action of enhancers or silencers on neighboring genes. 

Insulators are crucial organizers of the genome and partition it into domains with distinct properties. 

Insulators function in a distance-dependent but orientation-independent manner, through two main 

activities. An enhancer-blocking activity and a heterochromatin-barrier activity, which inhibit the 

communication between enhancers and promoters and avoid the spread of repressive chromatin marks, 

respectively (Brasset and Vaury, 2005). Insulators mediate their activity through trans-acting factors, 

such as the well-studied CTCF factor, which regulate the spatial organization of the genome by 

demarcating the boundaries of topologically associating domains (TADs) (Ghirlando and Felsenfeld, 

2016). 

2.1.5.!Locus control regions 

Locus control regions are characterized by a cluster of different cis-regulatory elements 

including those defined above, which synergize to confer proper temporal and/or spatial regulation of 

the expression of a cluster of nearby genes. The best example and first LCR identified in mammals is 

the β-globin LCR, which acts in an orientation-dependent manner and allows to temporally regulate 

the expression of the five globin genes during development (Tanimoto et al., 1999).  
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2.2.!DNA-binding transcription regulators 

These cis-regulatory regions contribute to transcriptional regulation because their information 

content is read and translated into regulatory activities through the recognition and binding of trans-

acting factors, which are typically called transcription factors (TF).  

 

A transcription factor is defined as a protein capable to bind DNA directly in a sequence-

specific manner and to regulate transcription. Although, transcription factors have the ability to 

recognize and bind specific DNA sequences, the chromatin landscape, particularly nucleosome 

positioning, greatly impacts their binding (Li et al., 2007). Many transcription factor binding sites 

(TFBS) are indeed localized in nucleosome-depleted regions (NDR), which represent accessible DNA 

regions in gene promoters (Ozsolak et al., 2007). However, genome-wide analyses of TF distributions 

revealed that most of their putative DNA-binding sites are in fact not localized in the promoter region 

and are mainly unoccupied, revealing an inability for TFs to bind nucleosomal DNA, which has been 

shown to represent a steric barrier (Farnham, 2009; Yang et al., 2006). Therefore, in order to achieve 

binding in such environment, TFs rely on various strategies. For instance, most of TFBS are found 

clustered, so that TFs can interact in a cooperative manner allowing binding over nucleosome-

wrapped sequence motifs (Adams and Workman, 1995).  

Moreover, during development and cell reprogramming, a specific class of TFs was found to bind 

condensed chromatin, prior to gene activation and prior to the recruitment of others TFs. These factors 

called “pioneer transcription factors” render the chromatin competent for the subsequent binding of 

others TFs (Zaret and Carroll, 2011). Finally, TFs binding is also facilitated by specific histones 

modifications, as an example, the methylation of the lysines 4 and 79 of the histone 3 (H3K4/K79me) 

acts as a prerequisite for the binding of the MYC transcription factor on its binding sites (Guccione et 

al., 2006).   

 

Once TFs are bound to DNA, they can mediate activation or repression of transcription. 

Therefore, TFs have been classified either as “activators” or “repressors”. Nevertheless, a more 

precise terminology is warranted since it was shown that a same TF can recruit different co-factors 

with opposite effects, suggesting that transcription factors act in a context-dependent manner. TFs 

represent 8% of all human genes and are classified in families based on the structure of their DNA-

binding domain (DBD), which includes C2H2-zinc finger (ZF), homeodomain (HD), basic helix-loop-

helix (bHLH), basic leucine zipper (bZIP), nuclear hormone receptor (NR), forkhead domain, E26 

transformation-specific domain (ETS), high mobility group domain (HMG) or Pit-Oct1/Oct2-Unc-86 

(POU) DNA-binding domain (Figure 15). 
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Figure 15: DNA-binding domain structures of four transcription factors. (A) HTH domain of human heat 

shock transcription factor 1 (HSF1). (B) POU specific domain (POUS) and POU homeodomain (POUHD) of 

OCT4 transcription factor. (C) Basic/helix-loop-helix/leucine zipper (bHLHZ) domains of Myc-Max 

heterodimer. (D) Zn finger of Krüppel-like factor 4 (KLF4) transcription factor. Adapted from (Yesudhas et al., 

2017). 

 

In their study, Lambert and colleagues have analyzed 2765 putative transcription factors, 

including 1639 known or probable transcriptions factors and 1107 harboring a known DNA binding 

motif. Their analysis nicely revealed that the more represented DBD types are C2H2-ZFs (747) and 

Homeodomains (196) (Lambert et al., 2018).  

The basic function of a TF is to activate the transcription machinery to the promoter, but TFs 

do not bind Pol II. Rather, TFs recruit co-regulators that control Pol II activity either directly, such as 

Mediator, or indirectly, such as chromatin-remodeling or -modifying complexes. 

 

2.3.!Co-activators 

Co-activators are often multi-protein complexes, although monomeric co-activators exist, 

which regulate the rate and magnitude of transcription initiation, either by interacting directly with Pol 

II and/or GTFs or by locally modulating promoter chromatin architecture. 

 

2.3.1.!Mediator co-activator complex 

Mediator complex has been identified more than 20 years ago in yeast and mammals as a 

critical transcriptional co-activator which facilitates and stabilizes PIC assembly. Mediator is a 

multimeric protein complex of ~1MDa comprising 30 subunits in humans that are highly conserved 

throughout evolution. Mediator subunits are organized in four separate modules: the head, the middle 

and the tail, arranged around a central scaffold formed by MED14 subunit, and transiently in contact 

with the fourth module, comprising the CDK8 kinase (Figure 16). The head and the middle modules 

form the core of the complex, which is essential to stimulate transcription initiation. In contrast, the 

tail and the kinase modules have more specific, regulatory functions. 
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Figure 16: Composition of the Mediator complex. Schematic representation of the modular organization of 

the mammalian Mediator complex. Mediator comprises four distinct modules: the head module (in red), the 

middle module (in yellow) and the tail module (in blue). All three interact with Mediator subunit 14 (MED14) 

(in orange), which acts as a scaffold. The CDK8 kinase module (in green) associates transiently with the 

complex.  

 

Studies of Pol II CTD in yeast have allowed the identification of Mediator (Kim et al., 1994; 

Thompson et al., 1993). Later it was confirmed in human that the head region of Mediator, without the 

CDK8-kinase module, was able to interact with Pol II CTD (Näär et al., 2002). The binding of Pol II 

to the Mediator complex leads to structural changes, notably in the leg/tail domain of Mediator which 

represents the interaction site of the CDK8 module. Therefore, the binding of Pol II and CDK8 

module to Mediator is mutually exclusive. The CDK8 module acts as a switch and represents a way to 

regulate transcription initiation and re-initiation by ensuring appropriate timing of transcription events 

(Knuesel et al., 2009).  

 

Besides Pol II, Mediator has been reported to interact physically and/or functionally with 

every factor of the PIC (Poss et al., 2013). Indeed, Mediator is able to form a functional bridge 

between transcription activators and components of the PIC (Figure 17). Therefore, by interacting and 

cooperating with the PIC components, Mediator assists PIC assembly. TFs cannot bind directly Pol II 

and Mediator is believed to serve as a bridge between TFs and RNA polymerase II.  
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Figure 17: Interplay between Mediator, the PIC, and the promoter architecture. Mediator interacts with 

components of the PIC such as Pol II and some GTFs, bridging therefore transcription activators to RNA Pol II. 

Mediator is involved in nucleosome eviction, and therefore interacts also with the promoter architecture. These 

interactions are depicted by bidirectional arrows.  

Mediator is recruited to enhancers via direct interactions with hundreds of different TFs. 

These interactions involve different subunits of Mediator specific to each TF. For instance, a knock-

out model in murine embryonic stem cells (mESCs) of MED23, which is bound by the Elk-1 TF, has 

revealed that the transduction of the Elk-1 response was abolished in MED23 lacking cells, but not the 

transcription mediated by others TFs that interact with others subunits of Mediator (Stevens et al., 

2002). These results suggest that TFs rely on specific subunits of Mediator to mediate their 

transcriptional effects. Therefore, Mediator regulates transcription by integrating signals from 

different TFs which in turn influence its function and its conformation (Meyer et al., 2010; Taatjes et 

al., 2002). 

 

2.3.2.!Chromatin-remodeling complexes 

 

DNA is wrapped around nucleosomes, which are formed by an octamer of the H3, H4, H2A, 

and H2B proteins, limiting its accessibility to DNA-dependent machineries and consequently, nuclear 

processes such gene transcription, DNA replication, and repair. Nucleosomes and higher-order 

chromatin structure indeed represent a well-characterized obstacle to transcription. ATP-dependent 

macromolecular complexes remodel nucleosomes to make the DNA template accessible to the 

transcription machinery. These complexes referred to as chromatin remodelers are classified in four 

subfamilies: imitation switch (ISWI), chromodomain helicase DNA-binding (CHD), switching 

defective/sucrose non-fermentable (SWI/SNF) and inositol requiring INO80 (INO80) (Clapier et al., 

2017). Chromatin remodeling is achieved through different mechanisms, including nucleosome 

repositioning, sliding, editing, or ejection.  

Each subfamily appears to be specialized in one mechanism, for instance ISWI and CHD 

remodelers affect nucleosome assembly and organization, by facilitating the de novo assembly of 

nucleosomes and ensuring their regular spacing at transcribed genes. SWI/SNF regulate access to 
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chromatin by inducing the sliding, eviction, or ejection of nucleosomes, which expose binding sites for 

transcription factors. Members of the INO80 subfamily are implicated in nucleosome editing 

characterized by the incorporation or removal of histones variants (Figure 18). Although they display 

different activities, all chromatin remodelers share a common property: a conserved ATPase activity 

that catalyzes the disruption of DNA-histones contacts and translocates DNA.  

 

 
Figure 18: Functional classification of chromatin remodelers. Three major mechanisms are involved in 

chromatin remodeling. Nucleosome assembly (left) is characterized by the random deposition of histones, the 

maturation of nucleosomes and their spacing. Chromatin access (middle), which involves SWI/SNF remodelers, 

consists of the chromatin alteration by repositioning nucleosomes, evicting histone dimers or ejecting octamers. 

Nucleosome editing (right) leads to changes in nucleosome composition by exchanging canonical and variant 

histones (in yellow). The ATPase translocase of all remodelers is shown in pink. 

 

2.3.3.!Histone-modifying enzymes 

Nucleosomes are not only subjected to remodeling by chromatin remodelers, but are also post-

translationally modified by dedicated enzymes. Each histone harbors an amino-terminal part rich in 

basic residues, called histone “tails”, which protrude from the nucleosome surface and are targeted by 

histone-modifying enzymes (Figure 19) (Peterson and Laniel, 2004).  
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Figure 19: Overview of histone modifications. H2A and H2B (dark red) are modified at both the N-terminal 

and C-terminal parts. In contrast H3 and H4 (dark green) are subjected to modifications in their amino-terminal 

tails. Numbers under modified residues indicate their position. Four different modifications are depicted, 

acetylation (Ac, pink), methylation (Me, purple), phosphorylation (P, yellow), and ubiquitination (Ub, green). 

Adapted from (Kato et al., 2010). 

 

Similar to a concept put forward in the field of signal transduction, histone post-translational 

modifications (PTMs) are highly dynamic and deposited by enzymes that act as “writers”, removed by 

another set of enzymes that act as “erasers”, and specifically recognized by “reader” domains found in 

many transcription cofactors. Histone tails are modified at many sites by at least eight distinct classes 

of modifications (Table 1) (Kouzarides, 2007). 
 

CHROMATIN MODIFICATIONS RESIDUES MODIFIED 

Acetylation K-ac 

Methylation K-me1 K-me2 K-me3 / R-me1 R-me2 

Phosphorylation S-ph / T-ph 

Ubiquitination K-ub 

Sumoylation K-su 

ADP-ribosylation E-ar 

Deimination R > Cit 

Proline isomerization P-cis > P-trans 

 

Table 1: Overview of different classes of chromatin modification. Each residue targeted is depicted in bold. 

Adapted from (Kouzarides, 2007). 
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Besides the high diversity of histone PTMs that have been discovered, each accessible histone 

residue is potentially a target for PTM, resulting in a combinatorial pattern of histone marks. 

Moreover, methylation exists on different forms. Lysine and arginine can accept one or two methyl 

groups whereas only lysine can be tri-methylated. This complexity has been proposed to create a so-

called histone code, in which the combination of specific histone marks dictates different 

transcriptional outcomes.  

For instance, the spreading of histone modifications establishes a chromatin environment over 

large regions of DNA, creating two major types of chromatin. Euchromatin is accessible and contains 

transcriptionally active genes. Heterochromatin is less accessible and contains silenced genes. Each 

type is associated with different sets of modifications that recruit specific proteins, or “readers”. For 

instance, Heterochromatin Protein 1 binds the methylated lysine 9 of histone 3 (H3K9me3) and 

mediates transcriptional repression by compacting chromatin and maintaining the heterochromatin 

state. As a consequence, modifications are generally classified as either activating or repressing. 

However, this distinction has been challenged by numerous studies. Indeed, the same mark affects 

transcription differently, depending the context. One such example is H3K36me which is implicated in 

transcription activation as well as repression (Wagner and Carpenter, 2012).  

In contrast, histone acetylation appears invariably associated with transcription activation. 

Acetylation is thought to establish a more open and permissive environment for transcription by 

neutralizing the charge of the histone tail, weakening the interaction between histone and DNA (Roth 

et al., 2001). Histone acetylation is directed by histone acetyltransferases (HATs) enzymes which are 

classified into several families based on the structural and functional similarities of their catalytic 

domain. For instance, Gcn5 and PCAF belong to the GNAT (Gcn5-related-N-actetyltransferase) 

family and TIP60 is a member of the MYST (Moz, Ybf2, Sas2, and Tip60) (Table 2). 

 

HAT family Members Histone substrate 

GNAT GCN5, PCAF, ELP3 H3K9, 14, 18, 36 

MYST 
TIP60, MOZ, MORF,  

HBO1, HMOF 
H4K5, 8, 12, 16, H3K14 

p300/CBP p300, CBP 
H2AK5, H2BK12, 15, 

H3K14, 18, H4K5, 8 

Transcription factor related TFIIC, TAF1 H3K9, 14, 18 

Nuclear receptor co-

activators 
SRC, ACTR, P160, CLOCK H3/4 

 

Table 2: HAT families. Members of each family and their specific histone substrates are indicated. Adapted 

from (Lu et al., 2015; Roth et al., 2001). 

 

 

Importantly, several monomeric HAT enzymes can only acetylate free histones and fail to 

acetylate nucleosomal histones (Grant et al., 1997), so that HAT enzymes are often found within 

larger, macromolecular complexes which harbour others regulatory activities. Such an example is the 

SAGA coactivator complex, on which I will now focus.
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3.! The SAGA coactivator complex 

 

The SAGA (Spt-Ada-Gcn5-Acetyltransferase) complex was first discovered in yeast by Workman 

and colleagues, as a large complex of about 1.8-2 MDa harboring the histone H3 acetyltransferase 

Gcn5. Initial studies also identified proteins of the Ada and Spt families within yeast SAGA (Grant et 

al., 1997). In humans, Gcn5 has two distinct paralogues, Gcn5 and PCAF (p300/CBP-associated 

factor) (E R Smith et al., 1998; Yang et al., 1996), which have defined seemingly distinct complexes, 

using related but different experimental strategies. These complexes have been independently coined 

as the PCAF complex, the STAGA complex (Spt3-TAFII31-Gcn5L-acetylase), or the TFTC complex 

(TBP-free TAFII-containing complex) (Brand et al., 1999; Martinez et al., 2001; Ogryzko et al., 

1998). It has now become clear that these complexes are functionally and structurally equivalent, and 

correspond to the human counterpart of the yeast SAGA complex (Nagy et al., 2009). 

 

3.1.! SAGA composition 

SAGA is as a co-activator complex that contains multiple subunits and presents a typical modular 

organization. SAGA is composed of 18-20 subunits organized into five different modules (Figure 20, 

Table 3).  

 

 
 

Figure 20: Modular organization of the SAGA complex. Schematic illustration of the subunit composition of 

each SAGA module. HAT (in red), Histone deubiquitinase (DUB) module (in blue), Core (in green), Splicing 

module (in purple) and Transcription factor binding module (in orange). Adapted from (Helmlinger and Tora, 

2017). 
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Table 3: SAGA domain organization in different organisms. SAGA overall organization is highly conserved. 

Names of each subunit from H. sapiens, S. cerevisiae, S. pombe and D. melanogaster are indicated. Names in 

brackets are alternative, commonly used names, and “/” signs separate paralogous subunits. From (Helmlinger 

and Tora, 2017). 

 

 

Functional 

tools 

Orthologous SAGA complexes 

H. sapiens S. cerevisiae S. pombe D. melanogaster 

HAT 

module 

KAT2A/KAT2B 

(GCN5/PCAF) 
Gcn5 Gcn5 

KAT2 

(GCN5) 

TADA2b Ada2 Ada2 Ada2b 

TADA3 Ngg1 (Ada3) Ngg1 (Ada3) Ada3 

SGF29 Sgf29 Sgf29 Sgf29 

DUB 

module 

USP22 (UBP22) Ubp8 Ubp8 dNonstop 

ATXN7L3 Sgf11 Sgf11 dSgf11 

ATXN7/ 

ATXN7L1/L2 
Sgf73 Sgf73 dATXN7 

ENY2 Sus1 Sus1 dE(y)2 

Core 

structural 

module 

TAF5L Taf5 Taf5 WDA/TAF5L 

TAF6L Taf6 Taf6 SAF6/TAF6L 

TAF9/TAF9b Taf9 Taf9 TAF9 

TAF10 Taf10 Taf10 TAF10b 

TAF12 Taf12 Taf12 TAF12 

SUPT7L 

(STAF65G) 
Spt7 Spt7 Spt7 

TADA1 Hfi1 (Ada1) Hfi1 (Ada1) Ada1 

SUPT20H Spt20 Spt20 Spt20 

TBP 

binding 

SUPT3H Spt3 Spt3 Spt3 

- Spt8 Spt8 - 

TF binding 

module 
TRRAP Tra1 Tra1 Nipped-A 

Splicing 

module 

SF3B3 -  SF3B3 

SF3B5 -  SF3B5 



Introduction | Regulation of transcription initiation 

 

35 

 

3.1.1.!Histone acetyltransferase module 

As previously mentioned, histone acetylation results in chromatin decompaction, which 

increases the accessibility of factors that promote transcription. Gcn5 was isolated from Tetrahymena 

as the first HAT, which functions in transcriptional activation, providing the first, much awaited link 

between histone acetylation and transcriptional regulation (Brownell et al., 1996). The HAT module of 

SAGA is composed of GCN5 which harbors the enzymatic HAT activity, as well as the TADA3, 

TADA2b, and SGF29 subunits. TADA2B/Ada2 anchors the HAT module to the remainder of the 

SAGA complex (Gamper et al., 2009; Lee et al., 2011). The HAT module of SAGA preferentially 

acetylates histone H3 on lysines residues 9 and 14 (H3K9, H3K14) (Feller et al., 2015; Grant et al., 

1999; Jin et al., 2011). Nevertheless, contrary to H3K9ac which is severely reduced in Gcn5/PCAF 

depleted cells, H3K14ac global levels do not change, suggesting redundancy or compensation with 

others HAT. Interestingly, H3K9ac is detected at the promoters of all transcribed genes, suggesting a 

broad genome-wide recruitment of SAGA (Bonnet et al., 2014).  

 

3.1.2.!Histone deubiquitinase module 

SAGA harbors a second catalytic module which displays deubiquitinase activity. This activity 

is carried out by the ubiquitin protease USP22, which interacts with ATXN7, ATXN7L3, and ENY2 

subunits to form the DUB module of SAGA. The ZnF-sgf73 domain of ATXN7 subunit connects the 

DUB to the rest of SAGA and all subunits of the module are required for USP22 enzymatic activity 

(Lang et al., 2011). H2B is monoubiquitinated on lysine 123 in yeast and lysine 120 in humans. 

Ubiquitinated H2B (H2Bub) is associated with the transcribed regions of all expressed genes but is 

excluded from promoter regions and rather appears at gene bodies (Bonnet et al., 2014; Minsky et al., 

2008). The H2Bub mark is removed by SAGA in an extremely dynamic manner. Indeed, Bonnet and 

colleagues have shown that after only 10 minutes of transcription inhibition, H2Bub is completely 

removed, suggesting that SAGA associates with active genes very transiently and dynamically. 

Moreover, the DUB activity is proportional to the levels of H2Bub and gene expression, suggesting a 

sequential ubiquitylation and deubiquitylation of H2B, required for optimal gene activation (Bonnet et 

al., 2014; Henry, 2003).  

 

3.1.3.!Core structural module 

The structural integrity of SAGA relies essentially on two families of proteins: TAFs and 

SPTs. After the discovery of Gcn5, a subset of TAFs proteins were identified as part of SAGA (Grant 

et al., 1998a). TAFs proteins, as already addressed in the first part, form the TFIID complex. Some 

TAFs proteins contains histone fold domain (HFD) responsible for heterodimerization, which 

constitute a crucial structural element of TFIID (Gangloff et al., 2001). The core complex of TFIID is 

constituted by TAF5 and the following heterodimers: TAF4/12, TAF6/9, TAF8/10, TAF11/13. 

Interestingly the same strategy has been conserved in SAGA. Indeed, SAGA contains five TAFs: 

TAF5L, TAF6L, TAF9, TAF10 and TAF12 which adopt a TFIID-like core structure. Unlike TFIID, 
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SAGA does not contain TAF4 and TAF8, both subunits have been replaced by two others HFD-

containing proteins, TADA1 and SPT7, respectively. Yeast two-hybrid assay, co-expression systems, 

and crosslinking mass-spectrometry studies have demonstrated that Ada1 forms a heterodimer with 

TAF12, and SPT7 with TAF10 (Gangloff et al., 2001, 2000; Han et al., 2014). Moreover, SPT3 

subunit curiously harbors two HFD in its N-terminal and C-terminal regions, which resemble those 

found in the TFIID heterodimer TAF11/13, however no study has provided any evidence that SPT3 

dimerizes within SAGA (Birck et al., 1998). The last subunit which belongs to the core module is 

SUPTH20, identified by Nagy and colleagues (Nagy et al., 2009). 

 

3.1.4.!TBP binding module 

There is several functional and biochemical evidence demonstrating that, in the yeast S. 

cerevisiae, SAGA plays an important role in TBP recruitment, through the Spt3 and Spt8 subunits. 

Although genetic studies revealed the importance of the SAGA–TBP interaction in PIC assembly and 

transcription initiation, biochemical studies have shown that this interaction is very weak (reviewed in 

(Grünberg and Hahn, 2013)). In mammals, the exact function of SUPT3H remains to be determined 

and an ortholog of yeast Spt8 does not exist. Furthermore, studies in mammalian cells have indicated 

that SAGA plays a role after PIC recruitment (Chen et al., 2012). Therefore, whether a TBP-binding 

module exists in mammalian SAGA remains to be determined. 

 

3.1.5.!Splicing module 

The splicing module of SAGA contains two subunits: SF3B3, from the SF3b splicing factor 

that associates with U2 snRNP, was the first described (Martinez et al., 2001) and SF3B5 identified 

recently in Drosophila (Stegeman et al., 2016). This module appears specific to metazoan SAGA 

complexes but its exact function is not well understood yet. It has been speculated that this splicing 

module promotes co-transcriptional splicing at SAGA-dependent genes, but experimental work in 

Drosophila suggest that this module has a splicing-independent function when incorporated in SAGA. 

Indeed, SF3B3 and SF3B5 are independently associated with the U2 snRNP and SAGA, moreover 

their association within SAGA does not require RNA, indicating that both factors function in SAGA 

in a splicing-independent manner (Stegeman et al., 2016).  

 

3.1.6.!Transcription factor binding module 

One key feature of co-activators is that they typically cannot bind DNA directly or 

specifically. Therefore, co-activator complexes require promoter-bound activators for their recruitment 

to chromatin. Although SAGA harbors several others subunits or domains that ensure its recruitment 

on chromatin, the TF binding module of SAGA allows its recruitment to chromatin through direct 

interactions with activators. This function is mostly dependent on one subunit, TRRAP. Yeast Tra1 or 

human TRRAP is the largest component of SAGA and is shared with another co-activator with HAT 
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activity, NuA4/TIP60. TRRAP was first identified as an interacting partner for c-MYC and E2Fs 

transcription factors (Steven B McMahon et al., 1998) and quickly found to be part of SAGA (Grant et 

al., 1998; Saleh et al., 1998).  

TRRAP harbors several structural domains, characteristics of a family of serine-threonine 

kinases; the phosphatidylinositol 3-kinase-related protein kinases (PIKKs). TRRAP is the sixth 

member of this family, but contrary to the five others members which are true kinases, TRRAP is a 

pseudokinase because its kinase domain lacks catalytic residues required to be active. Consequently, 

TRRAP was first suggested to serve as a scaffolding protein for the SAGA assembly since it is a 

pseudokinase and the largest subunit of SAGA. However, it was shown in S. pombe that Tra1 is not 

required for SAGA assembly (Helmlinger et al., 2011). This observation has been confirmed by recent 

structural work from the Schultz and Cheung laboratories, which have shown that Tra1 folds 

independently of SAGA and occupies a defined lobe within the complex, interacting with the rest of 

SAGA through a limited number, 1 or 2, surface contacts (Díaz-Santín et al., 2017; Sharov et al., 

2017). Therefore, instead of having structural roles within the SAGA complex, TRRAP displays 

regulatory roles and constitutes the TF binding module of SAGA. Interestingly, similar approaches 

suggest that, contrary to SAGA, the yeast NuA4 complex requires Tra1 for its overall assembly and 

stabilization ((Xuejuan Wang et al., 2018) and unpublished work from our lab) (Figure 21). 

 

 
 

Figure 21: Structural comparison of Tra1 subunit within SAGA and NuA4 complexes. (A) Cryo-EM 

structure of SAGA obtained from Pichia Pastoris at 11.7 Å resolution. SAGA is organized into two lobes; the 

lower lobe (lobe A, in grey) is fully occupied by Tra1 whereas the upper lobe (lobe B, colored) contains 

enzymatic and chromatin recognition modules. Tra1 interacts with the second lobe through a single and narrow 

interface forming the hinge region. (B) Structure of fully assembled native yeast NuA4 complex determined by 

single-particle electron microscopy. NuA4 adopts a trilobal overall architecture. Lobe 1 (in yellow) adopts a 

hollow cradle like shape characteristic of the PIKK proteins that Tra1 belongs to. In contrast lobe 2 (in green) 

and lobe 3 (in blue) which correspond to shared SWR1-C and TINTIN modules respectively, are more globular 

and attached peripherally to lobe 1. The piccolo module is positioned between lobe 2 and lobe 3. Adapted from 

(Setiaputra et al., 2018; Sharov et al., 2017). 
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3.2.! SAGA, a paradigm to illustrate the redundancy and the diversity in form and function 

of a coactivator  

Although coactivator complexes display highly specialized and coordinated functions, it 

seems increasingly clear that there is an important structural and functional overlap between them. 

Indeed, coactivator share many subunits or modules. In addition, many coactivator subunits have 

duplicated and exist as one or more paralogs, particularly in metazoans. Therefore, in the case of 

SAGA, cells might assemble a plethora of slightly different SAGA complexes with separate and/or 

overlapping activities. SAGA represents a perfect paradigm to illustrate this tool sharing phenomenon, 

which might allow cells to expand the range of their transcriptional responses. 

3.2.1.!PCAF and ATAC complex 

The HAT module of SAGA represents the first example of module sharing and diversity. 

First, human Gcn5 (hGcn5) differs from its counterpart in yeast (yGcn5) in the N-terminal region, 

where it contains an extension harboring a PCAF homology domain (Figure 22). In vertebrate 

organisms, Gcn5 and PCAF are two paralogous proteins sharing 73% of identity and encoded by the 

KAT2A and KAT2B genes, respectively.  

 

Figure 22: Structure of GCN5 and PCAF. Schematic representation of the domain organization of Gcn5 in 

human (Hs) and yeast (Sc), and PCAF in human (Hs). hGcn5 and yGcn5 share 48% of identity and differ in their 

amino-terminal parts, where hGcn5 harbors an extension containing a PCAF homology domain (PCAF-HD, in 

grey). hGcn5 shares 73% of identity with PCAF, which displays also a PCAF-HD. The acetyltransferase domain 

(AT, in black) and the bromodomain (Bromo, shaded) are indicated. Numbers over the boxes indicate the 

boundaries of each domain. The ubiquitin E3 ligase domain specific of PCAF (E3, in light grey) is also 

indicated. Adapted from (Nagy and Tora, 2007). 

 

Interestingly, although both proteins form similar SAGA complexes, are similar in structure, 

HAT activity and substrate specificity, they show important differences in their spatial and temporal 

expression. Indeed, GCN5 is highly expressed early during embryonic development, 7.5 days after 

fertilization. In contrast, PCAF starts to be expressed around 12.5 days after fertilization, at low levels 

(Xu et al., 2000; Yamauchi et al., 2000). Moreover, in adult mice, the expression of GCN5 and PCAF 

is rather ubiquitous, with some additional tissue specificity (Xu et al., 2000, 1998). Accordingly, Pcaf 

is dispensable for early mouse development, whereas Gcn5 loss leads to embryonic lethality (Xu et al., 
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2000). However, embryos from double mutant die earlier, with more severe defects, than single Gcn5 

deletion mutants, indicating that the functions of GCN5 and PCAF are not partially redundant (Nagy 

and Tora, 2007; Xu et al., 2000). Consequently, GCN5 and PCAF are involved in specific 

developmental processes.  

Besides development, GCN5 and PCAF display pro- and anti-oncogenic functions, 

respectively. GCN5 potentiates the growth of cancer cells, in urothelial carcinoma cells 

(Koutsogiannouli et al., 2017), in non-small lung cell cancer (Chen et al., 2013), in glioma cells (Liu et 

al., 2015), in hepatocellular carcinoma (Majaz et al., 2016) but also in colorectal cancer (Yin et al., 

2015). Interestingly, we serendipitously observed a negative correlation between the mRNA 

expression of GCN5 and PCAF, comparing samples from normal tissues and primary tumor (Figure 

23). 

 

 
Figure 23: Negative correlation between GCN5 and PCAF expression in colorectal cancer. (A) Heat map of 

GCN5 and PCAF gene expression from RNA-seq data obtained in 51 normal tissue samples and 380 primary 

tumor samples. (High expression, in red; low expression, in blue). (B) Xena chart view showing box plots of 

GCN5 and PCAF expression from 434 samples divided into four different types: primary tumor (in blue), 

recurrent tumor (in brown), metastatic (in yellow), and normal tissue (in pink). Data are retrieved from The 

Cancer Genome Atlas (TCGA) COAD-READ project. 

 

Second, in metazoans, GCN5/PCAF are part of two co-activator complexes: SAGA and 

ATAC (Ada-Two-A-Containing) (Muratoglu et al., 2003; Guelman et al., 2006; Wang et al., 2008). 

Besides GCN5, ATAC shares also TADA3 and SGF29 subunits with the HAT module of SAGA. 

Interestingly, two paralogues of TADA2 exist in metazoans: TADA2B and TADA2A. Each is specific 

to the HAT module of either SAGA or ATAC, respectively, and both stimulate Gcn5 catalytic activity 

(Riss et al., 2015). If both complexes preferentially target histone H3 (Nagy et al., 2010), one might 

legitimately wonder what is the rationale of having two different complexes to realize the same 

activity. This could provide a way for cells to assign different genomic locations at both complexes, 

allowing to fine-tune transcription. However, clearly, some differences might exist and need further 

investigations. 
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3.2.2.!DUB variants  

The SAGA DUB module is subjected to fine-tune regulation by a wide array of paralogues 

and variants, which are involved in the modulation of its composition and activity. Therefore, the 

SAGA DUB constitutes another example of coactivator diversity and redundancy.  

 

First, the study of USP22 depletion in mammalian cells unveiled the existence of two USP22-

related deubiquitinating enzymes, namely USP27X and USP51, which function independently of 

SAGA, but in cooperation with ENY2 and ATXN7L3 (Atanassov et al., 2016). Against all 

expectations, the ablation of USP22 leads to a decrease in H2Bub global level instead of a global 

increase, whereas the depletion of ENY2 or ATXN7L3 components result in increased H2Bub. These 

observations suggested that additional DUBs are involved in the deubiquitination of H2B and that 

their activities require ENY2 and ATXN7L3 adaptors. Biochemical work showed that USP27X, 

USP51, and USP22 compete for ENY2 and ATXN7L3 adaptor proteins. To conclude, the imbalance 

of one enzyme affects the activity of the others, representing a mechanism to modulate DUBs activity 

and substrate specificity.  

 

Second, besides its incorporation within DUB-related modules, ENY2 subunit is also part of 

another complex associated to the nuclear pore and involved in the mRNA export: the transcription 

and export complex 2 (TREX-2). Interestingly in yeast, TREX-2 and SAGA interact through the Sus1 

(ENY2) subunit, which acts as a bridging factor between both complexes. This has led to the 

suggestion that SAGA-dependent transcription is coupled to mRNA export (Rodríguez-Navarro, 

2009). However, such interaction seems to be too dynamic and unstable to be detected in mammalian 

cells (Umlauf et al., 2013). Recently, a new functional interaction between TREX-2 and the DUB 

module of SAGA has been described and plays a role in DNA repair. The interplay between both 

complexes is required to maintain the H2B/H2Bub balance, which is critical for correct double strand 

break (DSB) repair during homology directed repair (Evangelista et al., 2018).   

 

Third, an additional level of complexity is brought by the diversity of other DUB component 

paralogues that exist in mammalian cells. For instance, ATXN7 has two paralogues of unknown 

function, ATXN7L1 and ATXN7L2. In contrast, ATXN7L3 has one paralog, ATXN7L3B, which 

localizes to the cytoplasm and affects H2Bub levels indirectly by competing with ATXN7L3 for 

ENY2 binding. Therefore, the sequestration of ENY2 by ATXN7L3B changes its subcellular 

localization, limiting SAGA DUB activity (Li et al., 2016).  

 

3.2.3.!TRRAP-containing complexes 

The TRRAP subunit is shared with another HAT-containing coactivator complex called TIP60 

(Doyon et al., 2004). Like SAGA, TRRAP is believed to be the subunit by which the TIP60 complex 

is recruited to chromatin, through direct contacts with activators (Frank et al., 2003). However, 

contrary to SAGA, TIP60 acetylates histones H4, H2A and the histone variants H2AZ and H2AX.  
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Therefore, TRRAP constitutes a platform of recruitment for two distinct HAT-containing 

complexes allowing to regulate different cellular processes.  

Nevertheless, the identification of genes requiring SAGA or TIP60 through a TRRAP-dependent 

recruitment has been complicated by the fact that TRRAP is an essential protein for viability and that 

no ‘separation-of-function” allele has been isolated from structure-function or genetic studies, despite 

intense efforts, particularly from the Brandl and Hahn laboratories (Hoke et al., 2010; Knutson and 

Hahn, 2011; Mutiu et al., 2007). Indeed, a Tra1 deletion mutant in the yeast S. cerevisiae is inviable 

(Saleh et al., 1998) and TRRAP disruption in mice leads to early embryonic lethality (Herceg et al., 

2001). Therefore, it appears difficult to decipher the exact contribution of TRRAP to the recruitment 

of each complex. Interestingly, the yeast S. pombe has two TRRAP homologs, providing the unique 

advantage to address the specificity of each complex. Indeed, the genome of S. pombe encodes two 

paralogous proteins Tra1 and Tra2, which are specifically incorporated in SAGA and NuA4 (TIP60) 

complexes, respectively (Helmlinger, 2012). Remarkably, a Tra1 deletion mutant is viable whereas 

Tra2 is essential for viability in S. pombe, indicating that TRRAP/Tra1 is essential in S. cerevisiae and 

in mice likely because of its role within TIP60/NuA4 complex.  

 

3.2.4.!SAGA and TFIID as general cofactors of RNA pol II 

SAGA and TFIID display structural and functional common features, suggesting a redundancy 

in their function or at least in their structural organization.  

Indeed, both complexes share five subunits in yeast, including TAF5, TAF6, TAF9, TAF10 and 

TAF12. In metazoans SAGA and TFIID share TAF9, TAF10 and TAF12 but two gene duplication 

events led to diversification of the TAF5 and TAF6 genes, such that TAF5 and TAF6 are specific to 

TFIID, whereas TAF5L and TAF6L proteins are specifically found in SAGA.  

These shared subunits participate in the core structure of each complex, indicating a conserved 

strategy in complex scaffold formation. Besides a structural resemblance, TFIID and SAGA 

complexes are functionally similar to the extent that both are involved in TBP loading on promoters. 

These observations raise the questions as to how both complexes cooperate to regulate 

transcription and whether they have identical or distinct roles in this process. Several laboratories have 

addressed such issues and most significant achievements have been obtained in the yeast S. cerevisiae. 

For instance, early transcriptome studies have defined two major classes of genes: SAGA- and TFIID-

dominated genes. Interestingly, each class display specific characteristics. SAGA-dominated genes 

represent 10% of the S. cerevisiae genome, corresponding mainly to stress-responsive genes with 

TATA-containing promoters whereas TFIID-dominated genes account for 90% of the yeast genome, 

representing mostly housekeeping genes that lack a consensus TATA-box (Basehoar et al., 2004; 

Huisinga and Pugh, 2004). Additional studies have then provided other distinctions between both 

classes, such as the level of acetylation, regulation and positioning of nucleosomes, such that SAGA-

dominated genes tend to have TATA box-containing, hypoacetylated promoters that lack a defined 

NDR and are highly regulated.  

However, by taking advantage of technical improvements, this classical dichotomy has been 

challenged recently by the studies of the Tora and Hahn laboratories, providing a more comprehensive 
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analysis of SAGA and TFIID genome occupancy and their effect on RNA polymerase II transcription 

(Baptista et al., 2017; Warfield et al., 2017). Both studies convincingly demonstrated that SAGA and 

TFIID are in fact recruited genome-wide at all promoters, regardless of the previous distinction 

SAGA-dominated or TFIID-dominated genes. Importantly, using fast, conditional loss-of-function 

alleles together with nascent transcriptomics, the authors showed that both SAGA and TFIID 

contribute to the transcription of nearly all yeast genes, consistent with their genome-wide occupancy 

of most promoters. Nevertheless, promoter context may still account for the distinctive functional 

roles of each complex, particularly in cells that are challenged by external cues known to induce a 

specific class of genes. In other words, it is possible that, contrary to previous assumptions, SAGA 

functions as a general co-activator for RNA polymerase II and, on top of that contribution, SAGA 

becomes more important for the transcriptional induction of specific genes in response to various 

stimuli. 

These studies provide better insights on transcription regulation and raise several exciting 

questions for future work. How do SAGA activities control RNA polymerase II transcription? At 

which step: PIC assembly, RNA polymerase II pausing and release, or even elongation as suggested 

by the presence of a highly dynamic, DUB-dependent histone modification along gene bodies? 

Furthermore, is the general effect of SAGA on transcription conserved in metazoans? Although 

SAGA complex is highly conserved from yeast to mammals, as shown previously, SAGA is 

characterized by a wide diversity which is mainly based on paralogues proteins and module variants; 

and might thus contribute to differences between both species. Interestingly, the study of Bonnet and 

colleagues suggests conservation of this function of SAGA. SAGA from budding yeast and HeLa cells 

is indeed broadly distributed at promoters and control histone modification pattern at all genes 

(Bonnet et al., 2014). 

 

3.3.! SAGA recruitment to chromatin 

In order to regulate transcription activation, SAGA needs first to be recruited to gene 

promoters. This step is achieved by several subunits or domains.  

3.3.1.!Recruitment mediated by activators 

As discussed previously, one way to recruit SAGA to chromatin is through TRRAP, which is 

able to interact with transcription factors (Figure 24A), such as c-MYC, E2F and E1A in mammals 

(Deleu et al., 2001; Lang and Hearing, 2003; Liu et al., 2003; McMahon et al., 2000; Steven B 

McMahon et al., 1998) or Gal4, Gcn4, or VP16 in yeast (Bhaumik and Green, 2001; Knutson and 

Hahn, 2011; Lin et al., 2012).  

However, Helmlinger and colleagues have nicely revealed that SAGA does not rely entirely on 

Tra1/TRRAP to be recruited on chromatin. Indeed, Tra1 in S. pombe was shown to recruit SAGA at 

certain promoters but surprisingly SAGA binds other promoters in a Tra1-independent manner. Other 

subunits of SAGA may therefore trigger its recruitment on chromatin (Helmlinger et al., 2011).    
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3.3.2.!Interaction with the basal transcription machinery 

In yeast, genetic and crosslinking studies revealed that SAGA interacts with the basal 

transcription machinery, representing therefore another mechanism for SAGA to be recruited to 

promoters. Indeed, Spt3 and Spt8, two subunits of the core structural module of SAGA were shown to 

interact with TBP (Figure 24B) (Eisenmann et al., 1992; Mohibullah and Hahn, 2008). However, 

functional studies of Spt3-TBP interaction, suggests a role of SAGA in assisting the recruitment of 

TBP at promoters, as a coactivator does, rather than a role of TBP in recruiting SAGA at chromatin to 

activate transcription (Dudley et al., 1999; Larschan and Winston, 2001). Therefore, SAGA is 

recruited by activators and uses its Spt3 subunit to mediate the recruitment of TBP impacting the 

transcription efficiency at particular promoters. The interaction SAGA-TBP would not cause the 

recruitment of SAGA on chromatin but instead represents one consequence of the SAGA recruitment 

on chromatin 

Moreover, so far, no Spt8 homologue has been identified in mammals and an interaction between 

SUPT3H and TBP is not detectable in human cells (Martinez et al., 1998). Nevertheless, one 

possibility is that the interaction between TBP and SUPT3H is weak and/or transient, and requires 

additional components to be stabilized and detectable, such as promoter DNA and GTFs.  

 

3.3.3.!Recruitment through chromatin-interacting domains  

In addition to Tra1/TRRAP and Spt3-Spt8, which can recruit SAGA to chromatin by direct 

interaction with activators and TBP, respectively, SAGA subunits harbor several histone mark reader 

domains. 

 

a)! Bromodomain  

 

GCN5 and SUPT7H contains bromodomains that display an acetyl-lysine binding activity 

(Figure 24C). Therefore, SAGA is potentially recruited on chromatin through specific histone marks 

and SAGA binds the product of its own enzymatic activity. 

However, it’s a ‘chicken versus the egg’ question, because acetylated lysines on histone H3 are a 

prerequisite for the binding of bromodomain-containing proteins, such as GCN5 and this histone mark 

can be deposited by GCN5 itself. Thus, histone H3 acetylation mediated by SAGA not only represents 

an anchor to stabilize its own occupancy but also a way to form a self-sustaining epigenetic marks, 

capable of spreading, at least locally (Hassan et al., 2002).  

Gcn5 and SUPT7H bromodomains are therefore involved in the retention of SAGA on chromatin in 

an activator-independent manner. It is worth mentioned here that GCN5 acetylates many non-histone 

proteins and it is formally possible that GCN5 and SUPT7H bromodomains can also recognize such 

modifications, for example to stabilize SAGA complex assembly or interaction with members of the 

PIC. 
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b)! SCA7 

 

ATXN7 and ATXN7L3 subunits harbor atypical zinc fingers, referred to as SCA7 domains. 

However, both SCA7 domains show sequence divergence which leads to a structural rearrangement of 

their helical structures, accounting for distinct functions. The orientation and the composition of the C-

terminal helix in the ATXN7 SCA7 domain differs from the one of the ATXN7L3 protein, resulting in 

a loss of nucleosome binding property of ATXN7L3. In contrast, the ATXN7-SCA7 domain binds 

H2A-H2B dimers (Figure 24D), but not H3-H4 tetramers, facilitating therefore the recruitment of 

SAGA to the specific substrate of the DUB module (Bonnet et al., 2010).   

  

c)! Tudor 

 

SGF29 contains in its C-terminus a unique and conserved tandem-Tudor domain, which binds 

methylated histones. Specifically, SGF29 interacts with H3K4me2/3 (Figure 24E) (Vermeulen et al., 

2010). Therefore, SGF29 acts as a chromatin reader and constitute another mechanism for SAGA 

recruitment on chromatin (Bian et al., 2011).     

 

 

 
Figure 24: SAGA recruitment to chromatin. SAGA recruitment/retention to promoters is mediated through 

multiple interactions. (A) TRRAP subunit recruits SAGA to promoters by contacting directly transcription 

factors. (B) SUPT3H might interact with TBP as reported in yeast. (C) GCN5 and SUPT7H contain 

bromodomains that mediate the retention of SAGA on acetylated nucleosomes. (D) ATXN7 through its SCA7 

domain binds H2A-H2B dimers. (E) SGF29 binds H3K4me2/3 through a tamdem-tudor domain. Adapted from 

(Weake and Workman, 2012). 
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4.! TIP60/NuA4, another HAT-containing complex 

 

NuA4 was initially purified from S. cerevisiae using the same in-gel acetyltransferase assay 

that allowed the discovery of SAGA (Grant et al., 1997). Through multiple chromatographic steps, 

Workman and colleagues identified four native high molecular weight complexes containing HAT 

activity on polynucleosomal substrates. Two of them were reported to contain the HAT Gcn5 and to 

primarily acetylate H3 and to a lesser extend H2B and correspond to the SAGA and ADA complexes. 

The two others were not further characterized aside from their histone substrate specificity and were 

therefore named NuA4 (Nucleosome acetyltransferase of histone H4) and NuA3 (Allard et al., 1999). 

The purification and determination of the subunit composition of the NuA4 complex was first reported 

by Jacques Côté and colleagues in yeast (Allard et al., 1999). This study identified the catalytic 

subunit of the complex as the product of the ESA1 gene, and also observed the presence of Tra1 in the 

complex.  

The human ortholog of Esa1, TIP60, was originally identified as a protein interacting with the 

HIV-1 Tat transactivator, and was thus called TIP60 for Tat interactive protein 60 KDa (Kamine et al., 

1996). Later Yamamoto and Horikoshi brought biochemical evidence that TIP60 has histone 

acetyltransferase activity, by showing that recombinant TIP60 effectively acetylates H2A and H4 

(Yamamoto and Horikoshi, 1997). Subsequently, through a purification of TIP60 acetyltransferase, the 

TIP60 complex was characterized in human cells as homolog of the yeast NuA4 complex (Doyon et 

al., 2004; Ikura et al., 2000). 

 

4.1.!TIP60/NuA4 composition 

NuA4 is a ~ 1 MDa complex composed of 13 subunits highly conserved in eukaryotes and 

organized into four distinct functional modules (Figure 25).  

 
 

Figure 25: Modular organization of the NuA4 complex. Schematic illustration of the subunit composition of 

each NuA4 module. The Piccolo module (in blue) containing the HAT (subunit underlined), the Tintin module 

(in pink), the shared SWR1 module (in green), and the Transcription factor binding module (in purple). All four 

modules assemble around Eaf1 subunit (in orange).  
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In metazoans, the homologous TIP60 complex contains at least five additional subunits, as 

compared to yeast NuA4 (Cai et al., 2005, 2003; Doyon et al., 2004; Obri et al., 2014). TIP60 harbors 

two types of chromatin-modifying activities: a histone acetyltransferase and an ATP-dependent 

chromatin remodeler, which are separated in two distinct complexes in yeast, NuA4 and SWR1, 

respectively. Based on subunit composition comparisons and biochemical assays using hybrid fusion 

proteins, the metazoan TIP60 complex has been proposed to result from a near-perfect fusion of the 

yeast NuA4 and SWR1 complexes (Figure 26) (Doyon and Côté, 2004). However, a human ortholog 

of SWR1, namely SRCAP (SNF-2-related CREB-binding protein activator protein), exists in human 

cells and catalyzes the ATP-dependent replacement of histone H2A in canonical nucleosomes with 

H2A.Z (Table 4) (Ruhl et al., 2006).   

 

 
 

Figure 26: Origin model of human NuA4 complex. TIP60 complex (down) is suggested to result from a merge 

between NuA4 (top left) and SWR1 (top right) yeast complexes. Protein domains of each subunit are shown in 

italic. Adapted from (Doyon and Côté, 2004). 
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Table 4: NuA4 conservation from yeast to human. Names of each TIP60 subunit from H. Sapiens and S. 

cerevisiae are indicated. TIP60 complex in human (H. Sapiens) corresponds to a near-perfect merge between 

NuA4 and SWR1 yeast complexes. TIP60 subunits shared with SRCAP complex are indicated as well as their 

homologs in yeast. Brackets indicate speculative information and “/” signs separate paralogous subunits. SRCAP 

and SWR1 complexes contain others specific subunits that are not found in TIP60/NuA4 and hence are not 

present in this table.  

Interestingly, according to the domain architecture of human P400 and SRCAP proteins, and 

their counterparts in S. cerevisiae Eaf1 and Swr1, it is tempting to speculate that in higher eukaryotes 

Swr1 and Eaf1 have fused and evolved into P400 protein (Figure 27). This is further supported by a 

recent elegant study performed in the fungal pathogen Candida albicans, that showed a dynamic 
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fusion and separation of the NuA4 and Swr1 complexes that correlates with cell fate transition from a 

unicellular yeast state to a multicellular hyphal state (Xiongjun Wang et al., 2018).   

 

 
Figure 27: Model of merger between NuA4 and SWR1 complexes. Domain architecture of Swr1 and Eaf1 in 

yeast (S. cerevisiae) and their orthologs in Human (H. sapiens), P400 and SRCAP. Helicase/SANT-associated 

(HSA, in blue), Swi3, Ada2, N-Cor, and TFIIIB (SANT, in green) and ATPase (in red) domains are indicated.  

 

Like SAGA, TIP60 is a transcriptional co-activator complex and shares many components 

with other complexes. For instance, as previously discussed, yeast Tra1 and human TRRAP are also 

present in SAGA (cf 3.2.3.). Additionally, RUVBL1/2, BAF53, GAS41, Actin, YL-1, and DMAP1 are 

shared with the yeast SWR1 or human SRCAP complexes (Table 4). Although the SRCAP and TIP60 

complexes are both implicated in the deposition of H2AZ into chromatin in human cells, they appear 

to regulate distinct processes (Lu et al., 2009).  

 

4.2.!NuA4/TIP60 structure 

The previously reported yeast NuA4 structure determined by cryo-EM reconstruction showed a 

single modular architecture (Chittuluru et al., 2011). Strikingly, this structure resembles the lobe A of 

SAGA structure which is predominantly occupied by the Tra1 subunit (Figure 28) (Sharov et al., 

2017).  

 
Figure 28: NuA4 structure resembles SAGA lobe A. (A) 3D-cryoEM map reconstruction of NuA4 complex 

from S. cerevisiae obtained by Chittuluru and colleagues and showed in different views (Chittuluru et al., 2011). 

(B) Cryo-EM structure of SAGA obtained from Pichia Pastoris at 11.7 Å resolution, showing lobe A (in gray) 

which corresponds to Tra1 subunit. Lobe B (colored) correspond to the rest of SAGA (Sharov et al., 2017).  
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Recently, the high resolution cryo-EM structure of Tra1 obtained in S. cerevisiae clearly revealed 

that the entirety of NuA4 structure, as proposed by Chittuluru and colleagues, corresponds in fact to 

Tra1 structure (Figure 29) (Díaz-Santín et al., 2017). The rest of NuA4 subunits might have therefore 

dissociated in this reconstruction and/or are highly dynamic. 

 

 
Figure 29: NuA4 and Tra1 structure comparison. Representative 2D class average of Tra1 (left panel) 

obtained by the Cheung lab., filtered to 21 Å (middle panel) to allow visual comparison with the 2D class 

average obtained for NuA4 complex by Chittuluru and colleagues. Those 2D structures clearly revealed that 

NuA4 structure (right) closely matches Tra1 appearance (middle). Scale bar represents 5 nm. 

 Recently, the structure of NuA4/TIP60 subcomplexes as well as a partially assembled NuA4 

complex from S. cerevisiae were reported (Setiaputra et al., 2018; Xuejuan Wang et al., 2018). These 

structures revealed a trilobal overall architecture (Figure 30). The lobe 1 houses the structural core 

with the Eaf1 subunit acting as a scaffold for the other modules. Interestingly, Tra1 is also found in 

lobe 1 and, contrary to SAGA complex, Tra1 mediates interactions with several NuA4 subunits.  

The Piccolo module located between lobe 2 and 3 is anchored to NuA4 through Elp1which interacts 

with Eaf1. The shared SWR1 and TINTIN modules occupy the two peripheral lobes, lobe 2 and lobe 

3, respectively. SWR1 contacts lobe 1 at multiple sites whereas TINTIN is anchored to NuA4 through 

Eaf5 which interacts with the N-terminal region of Eaf1 (Figure 30).  

 
Figure 30: Overall structure of NuA4. (A) Schematic representation of subunit and modular organization of 

the NuA4 complex, subunits present in the TEEAA (Tra1-Eaf1-Eaf5-Actin-Arp4)-piccolo assembly (B) are 

highlighted. The dashed circles depict the three distinct lobes. (B) Cryo-EM structure of the TEEAA-piccolo 

assembly. (C) Trilobal architecture of the fully assembled NuA4 complex. Lobe 1 (yellow), lobe 2 (green), and 

lobe 3 (blue) are indicated, as shown in (A). Adapted from (Setiaputra et al., 2018; Xuejuan Wang et al., 2018). 
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4.3.!Cellular functions of TIP60  

TIP60 complex is involved in several key cellular processes, including chromatin remodeling, 

gene transcription, DNA repair, apoptosis and tumorigenesis (Ghobashi and Kamel, 2018). Those 

functions are mainly mediated through its two types of chromatin-modifying activities, the HAT and 

the ATP-dependent chromatin remodeler, carried out by TIP60 and P400 subunits, respectively. 

Interestingly, opposing roles for TIP60 and P400 have been described upon DNA damage (Tyteca et 

al., 2006), as well as on Wnt-pathway in the context of colorectal cancer (Chevillard-Briet et al., 2014) 

 

4.3.1.!The histone acetyltransferase activity of TIP60 

The TIP60 HAT is a member of the MYST family of acetyltransferases. Homozygous ablation 

of Tip60 in mice causes embryonic lethality near the blastocyst stage of development (Hu et al., 2009). 

Interestingly, Esa1, the yeast TIP60 homolog, is the only essential HAT in yeast (E. R. Smith et al., 

1998), which emphasizes the critical role of TIP60 for cell proliferation. 

TIP60 mediates its functions by acetylating several substrates. TIP60 preferentially acetylates 

histones H2A and H4, as well as the histone variant H2A.Z (Figure 31) (Corujo and Buschbeck, 2018; 

Kimura and Horikoshi, 1998). TIP60 acetylates also several non-histone proteins, such as ATM and 

p53, and therefore contributes to maintain genome integrity (Sun et al., 2005; Tang et al., 2006). 

Suppression of TIP60 sensitizes cells to ionizing radiation by blocking ATM kinase activity and 

impairing the ATM-dependent phosphorylation of p53 and chk2 downstream effectors. Upon DNA 

damage, TIP60 mediates the acetylation of ATM on its lysine residue 3016 located in its FATC 

domain, which is critical for its subsequent auto-phosphorylation and activation (Sun et al., 2007, 

2005). 

 

 
Figure 31: Histone substrates of TIP60. TIP60 acetylates canonical H2A, H4 and H2AZ variant. Beginning of 

histones tail sequences of H2A (in red), H4 (in green), and H2AZ (in pink) are indicated. Residues acetylated are 

in bold. Numbers bellow residues indicate their positions.  

TIP60 associates with a large number of transcription factors to catalyze histone acetylation and 

activating transcription, including c-MYC, E2Fs, p53, and nuclear receptors (Brady et al., 1999; Frank 

et al., 2003; Taubert et al., 2004). Remarkably, TIP60 can also regulate gene transcription 

independently of its HAT activity. For instance, TIP60 was shown to repress differentiation genes in 

embryonic stem cells and to promote their self-renewal by limiting promoter-proximal chromatin 
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accessibility in a HAT-independent manner (Acharya et al., 2017). Consequently, TIP60 might act as 

a transcriptional co-activator in a HAT-dependent manner and mediates repression independently of 

its HAT activity.  

 

4.3.2.! ATP-dependent histone variant deposition 

P400 catalyzes the ATP-dependent incorporation of H2AZ variant into chromatin by 

exchanging H2A-H2B dimers within nucleosomes with free H2A.Z-H2B dimers (Gévry et al., 2007). 

Interestingly, P400 was also shown to incorporate H3.3 variant into chromatin (Pradhan et al., 2016). 

Both variants are important in gene regulation. However, the exact function of each variant remains 

controversial and likely context-dependent. 

Depending on the gene, cell type or site of deposition, the H2A.Z histone variant appear to 

either repress or activate transcription. For instance, in the ciliated protozoan Tetrahymena 

thermophila, H2A.Z has been found in the transcriptionally active macronucleus and not the 

micronucleus, which is transcriptionally inactive, suggesting a positive role of H2AZ in gene 

transcription (Stargell et al., 1993). In S. cerevisiae H2A.Z is involved in both activation and 

repression of transcription, as well as other processes such as heterochromatin formation and genomic 

stability (Adam et al., 2001; Guillemette et al., 2005; Larochelle and Gaudreau, 2003; Meneghini et 

al., 2003; Santisteban et al., 2000; Zhang et al., 2005). 

Consistent with an important role in transcriptional regulation, genome-wide localization of 

H2A.Z revealed that it is highly enriched at promoters, at the -1 and +1 nucleosomes, flanking the 

nucleosome-depleted region and the transcription start site (Guillemette et al., 2005; Li et al., 2005; 

Raisner et al., 2005; Zhang et al., 2005). Several evidences suggest that H2A.Z modulates nucleosome 

stability, thereby impacting transcription both positively and negatively (Abbott et al., 2001; Albert et 

al., 2007; Li et al., 2005; Meneghini et al., 2003; Suto et al., 2000; Zhang et al., 2005). 

H2A.Z is a prime example of a crosstalk between the regulatory activities of chromatin 

regulatory complexes. Indeed, although P400 catalyzes its nucleosomal incorporation in an ATPase-

dependent reaction, TIP60 has crucial roles in H2A.Z function too. First, in yeast, NuA4-dependent 

acetylation of H4 is crucial for the recruitment of SWR1-C and, consequently H2A.Z deposition to 

chromatin (Babiarz et al., 2006; Durant and Pugh, 2007; Raisner et al., 2005). Second, NuA4/TIP60 

catalyzes H2A.Z acetylation, which seems to occur following its deposition by SWR1-C/P400. 

In summary, work in yeast suggests a model in which NuA4 regulates SWR1-C recruitment, 

histone variant deposition and modification to promoter regions to fine-tune transcription initiation. 

Such intricate, coordinated activities perhaps explain the fact that, in metazoans, both the NuA4 and 

SWR1-C complexes have merged into the TIP60 complex, which is capable of targeting, depositing 

and modifying H2A.Z in a single recruitment event (Lu et al., 2009). 
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II.! TTT complex, a co-chaperone of HSP90  

Molecular chaperones define multidomain proteins that are essential in maintaining 

proteostasis. Chaperones have evolved to assist protein folding from their nascent state until they 

reach their active conformation. The main chaperones rely on cycles of ATP binding and hydrolysis to 

mediate their functions. Chaperones are involved in protein quality control by contributing to the 

folding, stabilization, activation and by preventing aggregation of several of their substrates referred to 

as clients. Proper regulation of these different steps ensures protein homeostasis which plays critical 

roles in normal cell physiology but also during stress responses and human diseases.  

Many chaperones are upregulated in response to a heat stress, and therefore have been called 

heat shock proteins (HSPs). HSP chaperones have been classified according to their molecular weight 

ranging from 10 kDa to more than 100 kDa (HSP40, HSP60, HSP70, HSP90, HSP110 and the small 

HSPs). The most conserved HSP is HSP90, which acts mainly at the late stages of client folding, 

downstream of HSP70, which binds to nascent and newly synthesized polypeptides. Therefore, protein 

folding involves the collaboration between HSP70 and HSP90, as well as a multitude of proteins 

referred to as “co-chaperones”. Moreover HSP70/HSP90 act in concert with the ubiquitin-proteasome 

system to ensure protein quality control through the degradation of misfolded proteins. 

1.! HSP90 chaperone: from conformational dynamics to co-chaperone regulation 

HSP90 forms a highly dynamic homodimer of elongated proteins. HSP90 is ubiquitously 

found in cells and is one of the most abundant cytoplasmic protein representing 1-2% of total protein 

content (Taipale et al., 2010), while nuclear HSP90 represents only a small fraction of the nuclear 

proteins.  

Organisms in all kingdoms of life express at least one gene encoding HSP90. In eukaryotes, HSP90 

can be divided into four subfamilies depending on its localization: HSP90 A, B, C and TRAP family, 

corresponding to cytosolic, endoplasmic reticulum-localized, chloroplast-specific and mitochondrial 

HSP90, respectively. HSP90A represents the largest and the best-described group of the HSP90 

families. In contrast to the other major chaperones, such as HSP60, HSP70 and HSP110, the 

mechanism of action of HSP90 is less-well understood and remains elusive. As a matter of fact, 

HSP90 is intensively subjected to regulation, notably through post-translational modifications, 

transcription, as well as conformational rearrangements and various co-chaperone interactions.  

 

1.1.! Structure and function of HSP90 define a conformational cycle  

In order to facilitate the folding and activation of its clients, HSP90 relies on an ATP-driven 

conformational cycle. During each cycle, HSP90 undergoes several conformational changes triggered 

by ATP hydrolysis and regulated by co-chaperones. HSP90 mediates its chaperone activity through an 

ATP-hydrolysis dependent process which governs the binding, the conformational rearrangements 
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required for activation and release of its clients. The HSP90 conformational cycle encompasses 

several steps during which specific domains of HSP90 are involved.  

Each HSP90 monomer consists of three domains: an amino-terminal domain (NTD) required for the 

ATP binding, a middle domain (MD) responsible for ATP hydrolysis and clients binding, and a 

carboxy-terminal domain (CTD) involved in HSP90 dimerization (Figure 32).  

 
Figure 32: The HSP90 domain organization. Schematic representation showing that HSP90 adopts a dimeric 

structure with a V-shape conformation, in which each monomer is composed of three domains. An amino"

terminal domain (NTD), connected by a linker region to a middle domain (MD), and a carboxy"terminal domain 

(CTD) which contains a Met"Glu"Glu"Val"Asp (MEEVD) motif. Adapted from (Schopf et al., 2017). 

 

The NTD encompasses the ATP-binding site constituted of an α/β sandwich motif and a 

molecular lid that, in its ATP-bound state, closes over the nucleotide-binding pocket. The lid closure 

results in an intermediate state that then will go through a closed 1 and closed 2 states, consisting of 

the dimerization between the NTD of each monomer and their twisting after association with their 

middle domains, respectively (Figure 33).  

 
Figure 33: The HSP90 conformational cycle. During each cycle, HSP90 goes through different states 

characterized by specific conformational rearrangements. Each cycle starts with HSP90 in an open-state, 

competent for ATP binding, and ends with the ATP hydrolysis. Adapted from (Schopf et al., 2017). 

ATP hydrolysis occurs once NTD have dimerized to form the closed state, and the catalytic 

loop of the MD has been repositioned. Although the NTD provides all structural requirements for ATP 
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binding as well as a conserved catalytic glutamate residue involved in the activation of a water 

molecule for attacking the γ-phosphate during ATP hydrolysis reaction, it has only a negligible 

ATPase activity. NTD needs the medium domain which harbors structural features involved in the 

ATPase activity, notably a catalytic loop that contacts the γ-phosphate of ATP through a conserved 

arginine residue and orientates it for the attack (Cunningham et al., 2012; Meyer et al., 2003). In order 

to achieve ATP hydrolysis, HSP90 relies on several residues found in its different domains and hence 

is part of the “split ATPases” superfamily (Meyer et al., 2003).  

Besides its implication in ATP hydrolysis, the MD plays important roles in client recognition, notably 

through its hydrophobic patch. The NTD and the MD are connected by a flexible and charged linker 

region which appears to be important for two distinct purposes; it provides flexibility allowing domain 

rearrangements and it modulates the activity of co-chaperones (Hainzl et al., 2009; Tsutsumi et al., 

2012).   

  

Regarding the CTD, it provides several surfaces of interaction. First, it mediates dimerization 

between both monomers via two long helices, helix 4 and 5 which form the bulk of the dimerization 

interface (Figure 34) (Harris et al., 2004). Second, the helix 2 of the CTD is an exposed, mobile and 

amphipathic helix, that is likely providing a substrate binding site. Finally, the last five residues of the 

CTD constitute the MEEVD motif which serves as docking site for interaction with tetratricopeptide 

repeat domain (TPR)-containing co-chaperones (cf 1.2.1.).    

 

 
Figure 34: Cartoon of the CTD of the E. Coli HSP90 homolog, high temperature protein G (hptG). The 

structure reveals the surface of dimerization between the CTD of each monomer. The dimerization interface 

consists of two pairs of helices (H4 and H5) which form a four-helix bundle. The mobility of H2 helices allows 

the interaction between the CTD and substrates. Adapted from (Harris et al., 2004). 

 

Through their specific structural and functional organizations, all three domains of HSP90 

participate in and define a conformational HSP90 cycle which ends by the NTD dissociation after 

ATP hydrolysis, releasing ADP and inorganic phosphate. Henceforth, HSP90 returns to an open V-

shape conformation (Figure 33). Clients are tethered to HSP90 via adaptors which usually bind to the 

MEEVD motif, but they make additional, low-affinity and transient contacts within the middle region 

of HSP90. ATP-driven conformational cycle thus allows HSP90 to act as a “molecular forceps” on its 

clients to assist their folding.  

 

Each cycle is extremely dynamic and allows the processing of clients. Nevertheless, to be completed, 

each cycle requires the action of specific co-chaperones.  
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1.2.!HSP90 regulation by co-chaperones 

Although HSP90 is regulated by several post-translational modifications as well as 

transcription, the major regulators of HSP90 activity are co-chaperones (Schopf et al., 2017).  

So far, more than 20 co-chaperones of HSP90 have been identified. Co-chaperones bind to HSP90 and 

regulate its function in many different ways, covering all steps of its conformational cycle. Mainly, co-

chaperones act as modulators of the HSP90 ATPase-associated conformational changes and/or as 

adaptors for client recruitment. 

 

1.2.1.!TPR-containing co-chaperones 

Co-chaperones bind HSP90 at different locations, for instance the one that contain TPR 

domains interact with the MEEVD motif in the CTD of HSP90. These TPR-containing co-chaperones 

represent the largest subset of HSP90 co-chaperones. TPR domain consists of 3 to 16 tandem-repeats 

of 34 amino-acid motif. Each repeat forms a helix-turn-helix structure, leading to an overall “super-

coil” TPR structure that is involved in protein-protein interactions (Cortajarena and Regan, 2006).  

Interestingly, despite a shared HSP90-binding mechanism, TPR-containing co-chaperones act 

differentially to modulate HSP90 function. Some of them contain enzymatic activities involved in the 

progression of the HSP90 conformational cycle, such as a PP5 co-chaperone which is a protein 

phosphatase activated once bound to HSP90 (Haslbeck et al., 2015). Others interact with HSP90 in 

order to mediate the import of substrates into a specific cellular comportment, such as the 

mitochondria by TOM70 co-chaperone (Young et al., 2003).  

One prominent role of TPR-containing co-chaperones is to facilitate the interplay between 

HSP90 and the others chaperone systems. Such example has been well described for the HSC70 and 

HSP90-organizing protein (HOP) co-chaperone which contains multiple TPR allowing the 

simultaneous binding of HSP70 and HSP90 chaperones, therefore HOP participates in the maturation 

of the clients by coordinating the successive actions of each chaperone (Taipale et al., 2010). 

 

1.2.2.!Non-TPR co-chaperones  

Co-chaperones without TPR bind to the N-terminal and middle domains of HSP90.  

Therefore, some of them regulate the HSP90 ATPase activity. For instance, activator of HSP90 

ATPase 1 (AHA1) co-chaperone is a strong activator of the HSP90 ATPase activity by binding to the 

middle domain as well as the NTD of HSP90 and promoting the closed 1 state (Figure 35A). In 

contrast, p23 co-chaperone, by binding the NTD, stabilizes the closed 2 state of HSP90 which inhibits 

ATP hydrolysis and client release, therefore facilitating their maturation (Figure 35B). CDC37 co-

chaperone represses also the ATPase activity of HSP90, by blocking the ATP-binding pocket and 

preventing the lid closure (Figure 35C).  
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Figure 35: HSP90 regulation by non-TPR containing co-chaperone. (A) AHA1 co-chaperone binds to the 

NTD and MD domains of HSP90 promoting its closed 1 state. (B) p23 stabilizes the closed 2 state of HSP90 by 

binding the NTD. (C) CDC37 through its C-terminal domain interacts with the HSP90 NTD, preventing the lid 

closure. Adapted from (Li et al., 2012). 

  

Besides their roles in regulating conformational states of HSP90 and therefore the maturation 

of clients, co-chaperones are essential in bringing the substrate specificity. Indeed, some co-chaperone 

serve as adaptors that deliver specific class of clients to HSP90.  

 

1.2.3.!Client specificity 

Protein that physically interacts with HSP90 and whose level usually decreases upon HSP90 

inhibition, is defined as an HSP90 client.  

Currently, more than 200 clients of HSP90 have been identified. The clientele of HSP90 covers a 

broad range of proteins with diverse structures and functions, within which kinases represent the major 

group (Taipale et al., 2012).  

Despite this large diversity, so far, no common sequence or structural motif has emerged as 

recognition motif for HSP90. Therefore, to deal with this plethora of clients, HSP90 is assisted by co-

chaperones, which play an important role in client recognition and recruitment. 

For instance, CDC37 co-chaperone - besides its regulatory role in HSP90 ATPase activity- acts as an 

specific adaptor for kinases clients including notably receptor tyrosine kinases and serine-threonine 

kinases (Gray et al., 2008).  

 

1.2.4.!R2TP co-chaperone 

Most of the HSP90 co-chaperones act as single polypeptide proteins, however co-chaperones 

can exist as multiprotein complexes such as the Ruvbl1-Ruvbl2-Tah1-Pih1 (R2TP) complex. R2TP 

was first discovered in S. cerevisiae in a large-scale screen for HSP90-interacting proteins (Zhao et al., 

2005). Subsequently, through a proteomic analysis the human ortholog of R2TP was identified. In 

mammalian cells, the R2TP complex comprises four subunits, two ATPases RUVBL1 and RUVBL2, 

which form an hexameric ring, and a heterodimer constituted of RPAP3 (Tah1) and PIH1D1(Pih1) 

proteins. RPAP3 harbors several domains which mediate multiple interactions. For instance, the 
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second TPR domain of RPAP3 anchors the R2TP complex to HSP90 (Henri et al., 2018; Martino et 

al., 2018), whereas its C-terminal region directly binds RUVBL1/2 hexamers (Maurizy et al., 2018). 

In mammals, the R2TP complex associates with additional subunits of the prefoldin-like module to 

form the R2TP/PFLD complex (Sardiu et al., 2008), recently re-named PAQosome (particle for 

arrangement of quaterny structure) (Houry et al., 2018; Kakihara and Houry, 2012) (Figure 36). 

 
Figure 36: Schematic representation of the PAQosome co-chaperone. The PAQosome is the new name of 

the R2TP/PFDL complex. It is composed of a R2TP core consisting of four subunits: RPAP3, PIH1D1 and a 

hexamer of RUVBL1/2, associated to a prefoldin module. TPR domains in RPAP3 are involved in chaperone 

HSP70 and HSP90 interactions through their “EEVD” conserved motif. Adapted from (Houry et al., 2018). 

 

Therefore, HSP90 via the PAQosome regulates the cellular stability, activation and assembly 

of diverse multiprotein complexes such as the RNA polymerases and the small nucleolar 

ribonucleoproteins (snoRNPs) and the RNA polymerases (Boulon et al., 2010, 2008; Zhao et al., 

2008) (Figure 37). Interestingly, the PAQosome relies on additional proteins to interact with its 

clients, these adaptor proteins act as “co-co-chaperone” and provide a unique mechanism of client 

selection by a co-chaperone. For instance, ECD and ZNHIT2 are specific adaptors that regulate the 

assembly of U5snRNP by the PAQosome (Cloutier et al., 2017); whereas NUFIP1, ZNHIT3, and 

ZNHIT6 promote the interaction between PAQosome and box C/D snoRNPs subunits (Bizarro et al., 

2015; Boulon et al., 2008). Through its PIH1D1 subunit, the PAQosome was shown to interact with 

TELO2, another adaptor protein which forms the TTT co-chaperone (Horejsí et al., 2010). Therefore, 

through the TTT co-chaperone, the PAQosome is also involved in the stability and assembly of 

members of a specific kinase family, the PIKKs (Takai et al., 2010) (Figure 37). 
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Figure 37: Schematic representation of the PAQosome interactors. The PAQosome co-chaperone (in green) 

interacts with chaperones (in red) but also adaptors (represented inside the arrows) that bring the specificity of 

clients (found at the extremity of the arrows). Adapted from (Cloutier et al., 2017). 

 

2.! TTT, co-chaperone dedicated to PIKKs  

 

2.1.!Discovery of the TTT complex as a novel HSP90 co-chaperone 

Telomere maintenance 2 (TELO2), as its name suggests, was initially discovered as a protein 

altering telomere length in the yeast S. cerevisiae (Runge and Zakian, 1996). Much later, TELO2 was 

for the first time described as an interacting partner for PIKKs in the yeast S. pombe through a study of 

TOR complexes (Hayashi et al., 2007). Interestingly, Hayashi and colleagues identified by mass-

spectrometry TTI1, as well as members of the PIKK family including TOR kinases, specifically 

associated with TELO2 protein. Simultaneously, the laboratory of Titia de Lange reported that TELO2 

deletion in mouse correlated with a significant reduction in all PIKKs protein levels, revealing a 

function of TELO2 as a regulator of PIKKs stability (Takai et al., 2007).   

TELO2 partners were first identified in 2008 by Shevchenko and colleagues through an 

accurate mapping of the S. cerevisiae “proteomic environment”. This approach allowed them to 

confirm existing data but also to nicely uncover a new protein complex containing Tel2 with two 

uncharacterized Tel2-interacting proteins (Tti1 and Tti2), as well as Tra1, Rvb1/2 and a protein of 

unknown function Asa1, forming altogether the ASTRA complex (for assembly of Tel, Rvb and Atm-

like kinase) (Shevchenko et al., 2008). In 2010, through a genome-wide RNAi screen for genes 

required for ionizing radiation (IR) resistance in mammalian cells, Hurov and colleagues identified 

TTI1 as a novel regulator of the DNA damage response, in association with TTI2 and TELO2 

proteins. The complex formed was therefore called Triple T also referred to as TTT complex and 

shown to act as a critical regulator of PIKK abundance (Hurov et al., 2010). Finally, ASTRA, the TTT 
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homolog in S. cerevisiae, was found in a genome-wide screen for chromosome instability, as a 

regulator of Tel1 and Tor1, ATM and mTOR homologs, respectively (Stirling et al., 2011). 

Strikingly, the impairment of PIKK stability is not due to a defect in mRNA stability but in the 

accumulation of the newly synthesized protein (Takai et al., 2007). TTT allows the newly synthetized 

PIKKs to assemble into their functional complexes. For instance, the absence of TELO2 impaired the 

formation of TORC1 and TORC2 complexes (Takai et al., 2010). Moreover, TELO2 dissociates from 

the mature PIKKs: as an example, TELO2 does not bind phosphorylated-ATM which corresponds to 

the activated and mature form of ATM (Takai et al., 2010). Soon after their synthesis, TTT binds the 

PIKKs to regulate their maturation so that PIKKs can complete their overall folding for the assembly 

into their respective complexes.  

Remarkably, TTT was defined as a PIKK-specific co-chaperone. Indeed, TTT was shown to not only 

interact with R2TP (PAQosome) complex (Horejsí et al., 2010; Takai et al., 2010), but also to function 

in coordination with HSP90 (Izumi et al., 2011; Takai et al., 2010). TTT coordinates the activities 

of PAQosome and HSP90 chaperone to integrate newly synthesized PIKK in their native complex.  

The involvement of HSP90 was revealed through the use of specific HSP90 inhibitors such as 

17-AAG and geldanamycin, which impaired PIKK stability (Hurov et al., 2010; Izumi et al., 2011; 

Takai et al., 2007). Nevertheless, TTT seems to cooperate with HSP90 in a PIKK specific manner. 

Indeed, the protein levels of ATR, ATM, DNAPKcs and TRRAP appear to be more affected in HeLa 

cells treated with HSP90 inhibitor than mTOR and SMG1, which are less impacted (Izumi et al., 2011; 

Takai et al., 2007). Remarkably, the opposite effects are observed in MEFs expressing a CK2-

phosphosite mutated TELO2 protein unable to recruit the PAQosome. Indeed, TELO2 was shown to 

be phosphorylated on two serine residues by the CK2 kinase, on S487 and S491 (Horejsí et al., 2010) 

and interestingly, these phosphorylations have been shown to mediate the interaction between TELO2 

and the PAQosome complex through the PIH1D1 subunit (Horejsí et al., 2010). Hence, in a mutant in 

which serines have been replaced by alanines, namely TELO2-2A, the PAQosome dissociates, leading 

to a clear impairment in mTOR and SMG1 stability, but a minor effect on ATM, ATR and DNAPKcs 

steady-state levels (Horejsí et al., 2010). Remarkably, the interaction of TELO2-2A with PIKKs or 

HSP90 is not affected, suggesting that the PAQosome is critical for mTOR and SMG1 assembly. 

Overall, these data suggest that the TTT might rely on different mechanisms to regulate the different 

PIKKs, some involving the PAQosome (such as for mTOR or SMG1) and some independently. This 

hypothesis is strengthened by the fact that in the yeast S. pombe, homologs of PIH1D1 and RPAP3 

have not been identified so far, only RUVBL1/2 ATPases are conserved. In addition, a CK2-

phosphosite mutant of TELO2 in S. pombe does not affect PIKK stability (Inoue et al., 2017). 

Surprisingly however, this mutant keeps interaction with RUVBL1/2, contrary to its homolog in 

mammals (Horejsí et al., 2010), suggesting that TTT regulates HSP90 and/or RUVBL1/2 activities to 

direct the folding of PIKKs. Today, our understanding of TTT is still very limited: plenty of questions 

remain, regarding the structure and the organization of TTT, and how it connects PIKKs with HSP90 

and RUVBL1/2 activities.  
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2.2.! Structure and function of the PIKK family 

During the mid-1990’s a novel family of kinases, structurally related to the 

phosphatidylinositol 3-kinases (PI3Ks), have been identified and hence named phosphatidylinositol 3-

kinase-related protein kinases (PIKKs). Against all expectations PIKKs do not relay signals through 

phosphorylation of inositol phospholipids as PI3Ks kinases do, instead PIKKs mediate 

phosphorylations of others substrates. Indeed, PIKKs are unconventional serine/threonine kinases that 

play fundamental roles in numerous key cellular processes, establishing themselves as “big” players in 

stress responses (Abraham, 2004).  

The PIKK family comprises six members: Ataxia-Telangiectasia Mutated (ATM), Ataxia- and Rad3-

Related (ATR), DNA-dependent Protein Kinase catalytic subunit (DNA-PKcs), mammalian Target Of 

Rapamycin (mTOR), Suppressor of Morphogenesis in Genitalia (SMG1) and 

Transformation/transcription domain-Associated Protein (TRRAP), which are involved in a variety of 

cellular pathways. All of them require to be assembled with cognate partners in order to function 

accurately.  

 

 

2.2.1.!General domain organization and regulation 

All PIKKs share a common linear structural organization, consisting in several domains, 

among which the FAT (FRAP, ATM, TRRAP) domain, the kinase domain (KD) and the FAT-C 

terminal (FATC) domain (Figure 38) are salient features (Lempiäinen and Halazonetis, 2009). 

Together the FAT and the kinase domain constitute the conserved core of the PIKKs.  

 
 

Figure 38: Schematic representation of the general domain organization of the PIKK family. The PIKK 

family encompasses six members sharing a common domain organization. From the N-terminus to the C-

terminus, PIKK structure consists in a long stretch of HEAT repeats (white box), followed by the FAT (FRAP-

ATM-TRRAP) domain (in green), the kinase domain (KD, in blue), the PIKK regulatory domain (PRD, in red) 

and the FAT-C terminal domain (FATC, in yellow). Some PIKKs, harbor a specific feature at the N-terminal 

part of their kinase domain, the FKBP12-rapamycin binding domain (FRB, in pink). The number indicated 

correspond to the total length of the respective PIKK. Adapted from (Lempiäinen and Halazonetis, 2009). 
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Interestingly, despite their large sizes ranging from about 290 kDa for mTOR to 470 kDa for 

DNA-PKcs, the kinase domain of PIKKs accounts for only 5-10% of total sequence (Abraham, 2004). 

In fact, the bulk of PIKK sequence resides in an extended amino-terminal part composed of 40-54 

HEAT (Huntingtin, Elongation factor 3, A subunit of protein phosphatase 2 and TOR1) repeats which 

form an alpha-helical solenoid involved in protein-protein interactions (Perry and Kleckner, 2003).  

The FATC domain corresponds to the extreme C-terminal region of PIKKs and consists in 33-

35 residues, and represents another domain that mediates protein-protein interactions. The FATC 

domain is highly evolutionary conserved across species and among PIKKs, making it exchangeable in 

some of them. For instance, domain-swapping experiments have shown that the FATC of ATM can be 

replaced by that of ATR, DNA-PKcs or TRRAP without affecting functionality (Jiang et al., 2006). 

However, FATC domains can trigger inherent specificity for each PIKK, so that in some cases 

swapping does not restore PIKK function (Takahashi et al., 2000). The FATC domain has been shown 

to be critical for PIKK function, since substitution of a single amino-acid is enough to abrogate the 

function of SMG-1 (Morita et al., 2007) as well as mTOR (Takahashi et al., 2000). Moreover, in the 

yeast S. cerevisiae a single substitution of the last residue of the FATC of Tra1 (TRRAP) was shown 

to impair cell growth and transcriptional activity. Strikingly, mutations in the Tti2 gene were able to 

rescue the FATC-mutant phenotype, suggesting that the FATC domain is essential for PIKK folding 

and/or stabilization mediated by the TTT complex (Genereaux et al., 2012). 

Remarkably, the FATC domain is enriched in hydrophobic and aromatic residues allowing thus 

interactions with lipids and membranes. Therefore, the FATC provides an anchor to membranes for 

PIKKs, allowing to spatially separate signaling events (Sommer et al., 2013).  

Other domains, more diverse in sequence and length, are shared between PIKKs, such as the 

PRD, a linker region between the kinase and the FATC domains, which represents a site of post-

translational modifications and therefore is important for the regulation of the kinase activity (Mordes 

et al., 2008; Sun et al., 2007). In addition, in some but not all PIKKs, a FRB-like domain which 

characterizes mTOR has been defined (Baretić and Williams, 2014). However, the FRB-like domain 

differs from the canonical FRB domain as it neither binds nor is inhibited by FKBP12-rapamycin 

(Brumbaugh et al., 2004). 

 

2.2.2.!mTOR, a PIKK responsible for cell proliferation, growth and protein synthesis 

 

a)! mTOR function overview 

 

mTOR kinase is a central signaling hub within the cell, which integrates several extracellular 

and intracellular cues. mTOR assembles into two distinct multisubunit complexes, TORC1 and 

TORC2, defined by the presence of specific subunits, RAPTOR and RICTOR respectively, but also 

common subunit such as mammalian lethal with SEC13 protein 8 (mLST8). Within both complexes 

mTOR responds to several inputs and mediates specific downstream events through phosphorylations 

of several substrates, which are specific to each catalytic complexe.  

.  
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For instance, mTORC1 senses and responds to nutrient availability by regulating translation, ribosome 

biogenesis and autophagy, to promote cell growth. mTORC2 controls cell proliferation and survival, 

as well as actin cytoskeleton by responding primarily to growth factors.  

Besides the specificity of signals, both complexes display substrate specificity. mTORC1 promotes 

mRNA translation initiation through its major effectors p70S6 Kinase 1 (S6K1) and eIF4E-binding 

protein 1 (4EBP1) and mTORC2 substrates essentially include members of the AGC kinase family, 

such as AKT and PKC kinases (Saxton and Sabatini, 2017).  

 

b)! Structural organization of mTOR complexes 

 

Cryo-EM structures of human mTORC1 and mTORC2 complexes have been obtained 

recently (Aylett et al., 2016; Chen et al., 2018; Yang et al., 2016). Interestingly, these studies revealed 

a dimerization mechanism of mTOR kinase in both complexes. mTOR monomers pack against each 

other to form a central scaffold, providing binding surfaces for the others components of the complex. 

mTORC1 and mTORC2 complexes adopt a hollow rhombohedral shape with a 2-fold symmetry 

(Figure 39). 

 
 

Figure 39: Overall structure of human mTOR complexes. Ribbon representations in two different views of 

mTORC1 (A), and mTORC2 (B). Proteins and domains composing each complex are indicated. The color 

matching of each component and their specific domains is depicted in the linear representation of the domain 

architecture (on the right). Both complex adopt a 2-fold symmetry with a central core formed by two mTOR 

molecules. Adapted from (Aylett et al., 2016; Yang et al., 2016). 

 

Although mTORC1 and mTORC2 adopt a similar overall conformation they exhibit some 

specific features (Figure 40A). For instance, their specific components RAPTOR and RICTOR, which 

have no sequence similarity, adopt distinct conformations within each complex (Figure 40A), 

consequently their binding to mTOR is mutually exclusive. Moreover, mTORC2 differs from 
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mTORC1 by a narrower central hole, forming therefore a more compact fold. Indeed, the height of the 

inner hole, which is defined by the distance between both arginine 1966 located in the FAT domain of 

each mTOR monomer, is reduced of 12 Å in mTORC2 compare to mTORC1 (Figure 40A, B). 

Finally, one critical difference between mTORC1 and mTORC2 is their sensitivity to rapamycin. 

Structural comparisons of the two complexes, clearly showed that the insensitivity of mTORC2 to 

rapamycin resides in a steric hindrance generated by the existence of five α-helices in its mSin1 

subunit (Figure 40A, B). Hence FKBP12-rapamycin cannot get access to the FRB domain in 

mTORC2, which in addition is pushed forward as compared to its position in mTORC1 (Figure 40B).  

 
Figure 40: Structural distinctions between mTORC1 and mTORC2 complexes. Superimposition of 

mTORC1 and mTORC2 structures in two different views, with helices shown in cylinders (A) and ribbon (B) 

representations. The color scheme is indicated for each component and domain. Three main differences are 

highlighted by a red circle (A) and two of them are depicted in a closed-up view (B). 1- RAPTOR and RICTOR 

adopt distinct conformations. 2- The central hole is narrower in mTORC2, as depicted in the closed-up view (B), 

the distance between R1966 residues of both monomers is shorten in mTORC2. 3- Steric hindrance generated by 

Sin1 subunit in mTORC2, the closed-up view shows in details the presence of five α-helices in Sin1 blocking the 

access of the FRB domain which in addition moves upward. Adapted from (Chen et al., 2018). 

 

c)! Regulation of mTOR complex assembly  

 

As mentioned previously, mTOR assembles within mTORC1 and mTORC2 complexes, 

which respond to distinct environmental cues by regulating specific signaling pathways. Incorporation 

of mTOR into both complexes is highly regulated. However, mechanisms that drive the dynamic 

assembly of mTOR in one complex versus the other are still poorly defined.  

Remarkably, some studies have revealed a clear involvement of the energy status of the cell, 

which ultimately impacts, directly or indirectly, the TTT co-chaperone activity. For instance, 

Fernandez-Saiz and colleagues showed that upon serum deprivation, TELO2 and TTI1 proteins are 

targeted for degradation within the mTORC1 complex in a CK2-dependent manner by the SCFFbxo9 

ubiquitin ligase, thereby impacting mTORC1 activity and favoring mTORC2 signaling. They 

identified a mechanism which allows cells to minimize energy-consuming events and to avoid early 

cell death after growth factors withdrawal (Fernández-Sáiz et al., 2013). In addition, the lab of John 
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Blenis reported that glucose and glutamine depletion lead to a decrease of mTOR and TTT interaction, 

resulting in the disruption of mTORC1 lysosomal localization, dimerization and thus activity (Kim et 

al., 2013). Interestingly, in a screen for autophagy regulators David-Morrison and colleagues 

identified the WAC protein as an adaptor to facilitate the dimerization of mTOR loaded with TTT on 

one side, and RUVBL/2 on the other. WAC responds to energy stimulation to promote mTORC1 

activity (David-Morrison et al., 2016). Thus, TTT is regulated by the metabolic state of the cells and 

represents a central regulator of mTOR complexes assembly and activity.  

Besides TTT, components of mTORC1 and mTORC2 can be involved in the preferential 

assembly and activation of one complex versus the other. Recently, Wang and colleagues revealed that 

the assembly of mTORC2 is modulated by a mLST8-ubiquitination-dependent switch. They showed 

that the polyubiquitination of mLST8 by the ubiquitin ligase TRAF2 disrupts its interaction with 

mSIN-1, an mTORC2 subunit, favoring thus mTORC1 formation. Conversely, in response to growth 

signals, the deubiquitinase OTUD7B removes the polyubiquitin chains from mLST8, facilitating thus 

the activation of mTORC2/AKT signaling (B. Wang et al., 2017). 

 

2.2.3.!ATR, ATM and DNAPKcs, PIKKs involved in DNA damage response 

 

a)! Overview of ATR, ATM and DNA-PKcs function 

 

The DNA damage response (DDR) encompasses several signaling pathways that sense and 

repair damages in DNA, ensuring genome integrity. Upon DNA damage, “sensors” bind to the injury 

site and recruit PIKKs that act as “transducers” which in turn activate downstream “effectors” to 

mediate DNA repair. PIKKs transduce the signal by phosphorylating hundreds of targets to orchestrate 

repair.  

Depending on the type of DNA damage encountered, a specific PIKK is involved. For instance, ATM 

and DNA-PKcs respond mainly to double-strand DNA breaks (DSBs) while ATR is activated upon 

replication-stress by single-stranded DNA (ssDNA) (Pancholi et al., 2017). 

To be repaired, DSBs rely on two different mechanisms: the homologous recombination (HR) 

mediated by ATM and the non-homologous end-joining (NHEJ) requiring DNA-PKcs activity. The 

choice between both is influenced by the cell-cycle. Therefore, DSBs that occur during S and G2 

phases are predominantly repaired by HR, whereas the one formed during G1 phase are mainly 

repaired through NHEJ (Branzei and Foiani, 2008).  

ssDNA, which is mostly generated during replication at stalled-replication forks and at 

resected DSBs, is immediately bound by Replication Protein A, which represents the major ssDNA-

binding protein and constitutes a key signal for ATR recruitment. Once recruited, ATR activates 

specific downstream effectors such as p53 and CHK1 triggering cell-cycle arrest or apoptosis.  
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b)! Structure and regulation of DDR-specific PIKKs 

 

DNA-PKcs contains in its N-terminal part HEAT repeats which are divided into two portions, 

an N-terminal and a middle-HEAT repeats, N-HEAT and M-HEAT respectively. Both portions pack 

against each other and adopt a hollow double-ring structure (Figure 41B). 

 

 
Figure 41: Overall structure of DNA-PKcs and DNA-PK. (A) Linear representation of DNA-PKcs domain 

architecture, KU70 and KU80 proteins, with the specific color scheme used hereafter in the structures. (B) The 

N-terminal α-solenoid of DNA-PKcs adopts a hollow double-ring structure which connects KU70/80 

heterodimer forming altogether the DNA-binding tunnel of the DNA-PK complex (C). Adapted from (Yin et al., 

2017). 

 

DNA-PKcs forms the DNA-PK complex or holoenzyme with Ku70/80 heterodimer bound to 

DNA. Ku70/80 heterodimer recognizes double-stranded DNA (dsDNA) ends and then recruits DNA-

PKcs. Ku70/80 and DNA-PKcs together form a DNA-binding tunnel which surrounds ∼ 30bp of DNA 

(Figure 41C). Interestingly, the kinase activity of DNA-PKcs is allosterically stimulated by Ku70/80 

and DNA which coordinately induce conformational changes (Yin et al., 2017).  

ATM is also activated by conformational changes. Indeed, ATM forms a homodimer in which 

active sites of both ATM molecules are buried and thus substrates cannot get access (Figure 42) (Lau 

et al., 2016). Therefore, in unstressed cells, ATM was described to adopt an homodimeric structure 

catalytically inactive. However, recently, the cryo-EM analysis of ATM published by Baretic and 

colleagues uncovers an equilibrium between two types of dimers, a symmetric “closed” dimer and an 

asymmetric “open” dimer (Baretić et al., 2017). Surprisingly, the structure of the “open” dimer 
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suggests that it might be enzymatically active. They showed that the transition between the “closed” to 

the “open” dimers involves several C-terminal structural elements, that altogether form a compact 

arrangement called the FLAP (FATC, LBE, Activation loop, PRD), as well as two specific helices 

forming the FLAP-BE (FATC, LBE, Activation loop, PRD, Binding Element). In the “closed” dimer, 

the FLAP/FLAP-BE interaction restricts access to the ATM substrate-binding site. This interaction is 

lost in the “open” dimer and thus might allow substrate binding. 

 
Figure 42: Structure of human ATM dimers. (A) Model of the cryo-EM structure of the human ATM 

“closed” dimer. The HEAT repeats of each monomer form a helical structure while the C-terminal part 

participates in the dimerization interface. (B) The FLAP-BE (purple) interacts with the FLAP and restricts ATM 

to a conformation that blocks the substrate from entering the active site (left panel). The loss of this interaction, 

leads to the “open” dimer structure leaving sufficient space for a substrate to bind (right panel). Adapted from 

(Baretić et al., 2017; Imseng et al., 2018). 

 

Upon DNA damage, the Mre11-Rad50-Nbs1 (MRN) complex acts as a sensor of DSBs and 

recruits ATM. Once recruited, ATM undergoes intermolecular autophosphorylation leading to its 

activation. In fact, autophosphorylation on serine 1981 was shown to induce the dissociation of the 

complex, releasing phosphorylated and activated-ATM monomers (Bakkenist and Kastan, 2004). The 

MRN complex not only recruits ATM but also stimulates its kinase activity through conformational 

changes that increase its substrate affinity (Lee and Paull, 2004). ATM is also stimulated by TIP60 

acetylation of Lys3016, in the FATC domain (Sun et al., 2005). 

ATR also adopts a dimeric structure with a hollow “heart” shape (Figure 43). ATR forms an 

obligate complex with it its binding partner ATRIP (ATR interacting protein). The cryo-EM structure 

obtained from human ATR-ATRIP complex revealed a dimerization between two ATR monomers 

which adopt distinct conformation within the complex thanks to a switch point located in their N-

HEAT allowing the binding of ATRIP (Figure 43) (Rao et al., 2018). 
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Figure 43: Overall structure of ATR-ATRIP complex. (A) Linear representation of ATR and ATRIP domain 

structure with the corresponding color scheme used in the ribbon representations (B). ATR-ATRIP form a 

dimeric complex with a hollow “heart” shape. Each ATR monomer adopts a distinct overall conformation within 

the complex, critical for the binding of ATRIP. The dimerization interface encompasses intermolecular contacts 

between both ATR monomers (ATR-Dimer interface) but also between ATRIP and the N-termini of both ATR 

(ATR-ATRIP interface) (B, right). Adapted from (Rao et al., 2018). 

 

Recently, the structure of the yeast homolog of ATR-ATRIP, namely Mec1-Dcd2 has been 

determined by cryo-EM at 3.9 Å in S. cerevisiae and also revealed a dimeric structure but they were 

able to discriminate two molecules of Dcd2 (ATRIP), as compared to human complex (X. Wang et al., 

2017).   

 
Figure 44: Overall structure of Mec1-Dcd2, the yeast homolog of ATR-ATRIP. Mec1 and Dcd2 form a 

dimer of heterodimers. The FAT-KD-PRD-FATC domains of Mec1 are in blue, the α-solenoid in orange and 

Dcd2 in green. The other monomer is colored in grey. Adapted from (X. Wang et al., 2017). 
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Although ATR-ATRIP complex is catalytically active, its kinase activity might be stimulated 

by Topoisomerase DNA II Binding Protein 1 (TopBP1), which acts by facilitating substrate access or 

favoring catalytic reaction through conformational changes of the kinase domain (Rao et al., 2018). 

 

2.2.4.!SMG1 and the NMD process  

Translation of a messenger RNA starts from a methionine START codon and ends with the 

presence of a STOP codon. Cells display a post-transcriptional surveillance pathway that ensures that 

mRNAs harboring premature translation termination codons, which may lead to toxic truncated 

proteins, are removed before translation. In addition to a quality control role, this surveillance 

mechanism, named nonsense-mediated mRNA decay (NMD), is also involved in transcript abundance 

regulation. SMG1 forms a complex, the so-called SMG1 complex (SMG1C), with SMG8 and SMG9 

(Figure 45).  

 

 
Figure 45: SMG1 complex structure. (A) Schematic representation of SMG1, SMG8, and SMG9 domain 

organization, with the corresponding color scheme used in the EM structure (B). (B) EM structure of SMG1C 

(grey transparent density), revealing that SMG1 structures into a compact head (at the top of the molecule) and a 

thinner arm (at the bottom of the molecule). Adapted from (Melero et al., 2014). 

 

Premature termination codon (PTC) recognition results in aberrant translation termination, 

which induces the fixation of UPF1, a central regulator of NMD, on the terminating ribosome and the 

assembly of the transient SURF complex comprising the SMG1, UPF1, eRF1 and eRF3 proteins 

(Causier et al., 2017). If an exon junction complex (EJC) is located 50–55 or more nucleotides 

downstream from the termination codon, the SURF complex associates with the downstream EJC 

through UPF2 and UPF3, two NMD factors. SURF association with UPF2-UPF3-EJC induces SMG1-

mediated UPF1 phosphorylation, which is central to NMD (Yamashita et al., 2009). Little is known 

about the molecular events leading to this activation. 
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2.2.5.!TRRAP and the transcription 

TRRAP is the PIKK involved in transcription regulation. As addressed previously, TRRAP is 

part of two transcriptional co-activator complexes, SAGA and TIP60, in which it acts as an activator-

interacting protein. TRRAP was originally identified as an interacting partner for c-MYC and E2F 

transcription factors (Steven B. McMahon et al., 1998). It represents an important mediator for MYC 

and E1A oncogenic activities, notably for their transforming function (Deleu et al., 2001). TRRAP 

activates genes involved in important processes, including cell cycle progression (Herceg et al., 2001), 

mitotic checkpoint control (Li et al., 2004), maintenance of stem cell niches (Loizou et al., 2009; 

Sawan et al., 2013; Tapias et al., 2014; Tauc et al., 2017; Wurdak et al., 2010), or multiciliated cell 

differentiation (Z. Wang et al., 2018). 

TRRAP is highly conserved throughout evolution with 20-25% of identity and 55-60% of 

similarity between homologs in different species (Steven B McMahon et al., 1998). Genetic studies 

revealed that Tra1 is essential for cell viability and gene-specific transcription in yeast, and disruption 

of Trrap in mice led to peri-implantation lethality indicating an essential function in embryonic 

development and cell cycle control (Brown et al., 2001; Herceg et al., 2001; Saleh et al., 1998).  

Although TRRAP retains a kinase domain in which are preserved the relative positions of the 

catalytic, activation and phosphate-binding loops, as found in mTOR and DNA-PKcs (Figure 46), it 

lacks critical residues required for ATP/Mg binding and catalysis. Moreover, the relative position of 

the Tra1 FRB domain occludes the active site as compared with the FRB of mTOR and DNA-PKcs 

which in contrast are positioned away from the active site cleft. These conformational and structural 

differences support that TRRAP is catalytically inactive and represents the only pseudo-kinase of the 

PIKK family (Díaz-Santín et al., 2017; Saleh et al., 1998).  

 

 
Figure 46: TRRAP is a pseudo-kinase. Kinase domain comparison between Tra1 (A), mTOR (B), and DNA-

PKcs (C). The relative positions of the phosphate binding loop (P-loop, pink), catalytic loop (Cat loop, cyan) and 

activation loop (A-loop, purple) are conserved in Tra1. The position of the Tra1 FRB domain (in green) differs 

from those of mTOR and DNA-PKcs.  
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 Remarkably, Tra1 overall structure resembles DNA-PKcs (Figure 47), suggesting functional 

similarities between both PIKKs, which might not engage the kinase activity. As described previously, 

DNA-PKcs is recruited by Ku70/80 to sites of DSBs. Interestingly, TIP60 is also recruited to DSBs in 

a TRRAP-dependent manner to mediate H4 acetylation, and TRRAP depletion was shown to impair 

DSBs repair (Murr et al., 2006). Moreover, TRRAP was reported to interact with the MRN complex, a 

known sensor of DSBs (Robert et al., 2006). Altogether, these observations point out toward a direct 

role of TRRAP in DNA damage repair which might involve the structural homology of Tra1 with 

DNA-PKcs.  

 
Figure 47: Overall structure of Tra1 structurally homologous to DNA-PKcs. (A) Schematic representation 

of Tra1 domain organization with the color scheme used in (B). (B) Cryo-EM structure of Tra1 which adopts a 

ring structure similar to DNA-PKcs (C).  
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OBJECTIVES 
 

The cofactor TRRAP is part of two co-activator complexes, SAGA and TIP60. TRRAP 

interacts with transcription factors, such as c-MYC and E2Fs and participates in the recruitment of 

SAGA and TIP60 on chromatin. Although TRRAP was reported to activate several genes involved in 

a number of important cellular processes, its direct targets remain poorly described.  

Interestingly, TRRAP is the sole pseudo-kinase of the PIKK family to which it belongs. The 

folding, stability and assembly of the PIKKs is ensured by a co-chaperone of HSP90, the TTT 

complex composed of TELO2, TTI1 and TTI2 subunits.  

Despite clear evidence that TTT interacts and stabilizes TRRAP as for other PIKKs, any study 

demonstrated so far, the effect of TTT on the assembly of TRRAP within SAGA and TIP60 

complexes nor its role in transcription regulation. Surprisingly, TTT and TRRAP are overexpressed in 

colorectal cancer, raising the hypothesis that TTT could represent a key regulator of tumorigenesis by 

regulating a specific transcriptional program mediated by TRRAP. 

In line with this, the objectives of my PhD work were the followings:  

1)! Examine the role of TTT co-chaperone in the regulatory activities of TRRAP pseudo-

kinase in colorectal cancer. 
 

2)! Identify and characterize the direct targets of TRRAP. 
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PART 1: 

Transcriptional repression of interferon-stimulated genes by the 

TRRAP transcriptional co-activator and its chaperone TTT 

!
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APPENDIX 1: CUT&RUN protocol 
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PART II: 

TORC1 and TORC2 converge to regulate the SAGA co-activator 

in response to nutrient availability 
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Abstract

Gene expression regulation is essential for cells to adapt to

changes in their environment. Co-activator complexes have well-

established roles in transcriptional regulation, but less is known

about how they sense and respond to signaling cues. We have

previously shown that, in fission yeast, one such co-activator, the

SAGA complex, controls gene expression and the switch from

proliferation to differentiation in response to nutrient availability.

Here, using a combination of genetic, biochemical, and proteomic

approaches, we show that SAGA responds to nutrients through the

differential phosphorylation of its Taf12 component, downstream

of both the TORC1 and TORC2 pathways. Taf12 phosphorylation

increases early upon starvation and is controlled by the opposing

activities of the PP2A phosphatase, which is activated by TORC1,

and the TORC2-activated Gad8AKT kinase. Mutational analyses

suggest that Taf12 phosphorylation prevents cells from commit-

ting to differentiation until starvation reaches a critical level.

Overall, our work reveals that SAGA is a direct target of nutrient-

sensing pathways and has uncovered a mechanism by which

TORC1 and TORC2 converge to control gene expression and cell

fate decisions.
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Introduction

Gene regulation plays a fundamental role in the ability of cells to

adapt to fluctuations in their environment. For example, nutrient

availability controls whether cells proliferate or not, through a

network of signaling kinases that drive specific gene expression

programs [1]. Nutrient sensing is mediated by several distinct

kinases that are part of highly conserved signaling pathways [2]. Of

these, the target of rapamycin (TOR) atypical serine/threonine

kinase plays a central role in coordinating cell growth with nutrient

levels. TOR assembles into two distinct, highly conserved

complexes, TORC1 and TORC2, which differ in their composition,

regulation, and functions (reviewed in [3,4]). In the fission yeast

Schizosaccharomyces pombe, TORC1 promotes cell growth and inhi-

bits sexual differentiation when nutrients are present. In contrast,

TORC2 induces cell cycle exit and differentiation upon starvation

(reviewed in [5–7]). Accordingly, TORC1 and TORC2 oppositely

control the expression of ste11+ and mei2+, which encodes the

master regulators of mating and meiosis, respectively [8–12].

However, the mechanism by which TORC1 and TORC2 regulate

gene expression in this context is not well understood.

One critical step of gene expression is transcription initia-

tion, which involves many different types of factors, including

co-activators [13]. Co-activators are typically large multi-subunit

complexes that possess multiple distinct activities, such as histone

modification, nucleosome remodeling, and recruitment of general

transcription factors. One such co-activator is the SAGA complex

(Spt-Ada-Gcn5 acetyltransferase). SAGA is essential for the tran-

scription of many inducible genes and has key roles in cell cycle

progression, stress responses, or during development (reviewed in

[14,15]). SAGA is composed of 19 conserved subunits that are orga-

nized into functional modules with separate activities. For example,

the Gcn5 subunit is a nucleosomal histone acetyltransferase (HAT)

[16,17], whereas the Spt8 subunit modulates the recruitment of the

TATA box-binding protein (TBP) to certain promoters [18,19]. Other

subunits, including Spt7 [16], Ada1 [20], and five TBP-associated

factors (TAF5, 6, 9, 10, and 12) [21], are required for the integrity of

the complex [18,21,22] and serve as structural scaffolds [23–26].

Interestingly, distinct SAGA activities function independently of

each other and can have opposing roles in transcriptional regulation

[27]. For example, we have previously shown that, in S. pombe,
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SAGA uses distinct activities to either repress or induce the expres-

sion of differentiation genes, depending on nutrient levels [28,29].

However, it is not known how SAGA senses nutrient availability

and, more generally, whether signaling pathways directly control

the regulatory activities of co-activator complexes.

Here, we have addressed these issues in the context of cell fate

control by nutrient availability in S. pombe. Epistasis analyses

established that the SAGA co-activator regulates the expression of

differentiation genes downstream of both the TORC1 and TORC2

signaling pathways. Quantitative proteomic and biochemical analy-

ses revealed that the Taf12 subunit is phosphorylated early upon

nutrient starvation. We then showed that TORC1 activates the

PP2A phosphatase, via the Greatwall (Gwl) kinase, to de-phos-

phorylate Taf12, whereas the TORC2-Gad8AKT kinase pathway

phosphorylates Taf12. Unexpectedly, we found that Taf12 phos-

phorylation inhibits sexual differentiation. We propose a model in

which, upon nutrient starvation, the simultaneous inhibition of

TORC1 and activation of TORC2-Gad8AKT induces Taf12 phospho-

rylation, which modulates the timing and the amplitude of the dif-

ferentiation response. Overall, our work reveals that Taf12 is a

direct target of nutrient-sensing pathways and that the TORC1 and

TORC2 pathways converge to control a common effector, allowing

the versatile expression of the master regulators of a differentiation

program.

Results

The SAGA subunit Gcn5 regulates sexual differentiation

downstream of both the TORC1 and TORC2-Gad8AKT pathways

Schizosaccharomyces pombe is an ideal model to address how cells

sense nutrients and coordinately regulate gene expression to control

cell fate decisions. In the presence of nutrients, S. pombe grows and

proliferates. Conversely, upon starvation, particularly of nitrogen,

cells exit the cell cycle at the G1 phase and commit to sexual dif-

ferentiation, which sequentially involves mating, meiosis, and

sporulation. The Ste11 transcription factor is the master regulator of

sexual differentiation and activates the expression of many genes,

including mei2+, which functions as the decisive trigger of meiosis

(reviewed in [30]). We have previously identified dual, opposite

roles for SAGA in this process [28]. In rich conditions, the SAGA

HAT, Gcn5, directly represses the expression of ste11+ and mei2+.

In contrast, the Spt8 subunit is required for the induction of these

genes upon starvation. We reasoned that, if SAGA is able to switch

from a repressor to an activator in response to nutrients, it must be

under the regulation of nutrient-sensing signaling pathways.

In rich conditions, the highly conserved TORC1 kinase and

cyclic adenosine monophosphate (cAMP)-activated protein kinase

A, Pka1, are the two major pathways that both promote growth

and inhibit differentiation [7]. We first sought to identify which

of these two pathways requires Gcn5 to inhibit differentiation. To

do this, we quantified ste11+ and mei2+ expression in mutants

that constitutively activate (CA) TORC1 signaling. These included

point mutations in the TORC1-specific kinase tor2+ (tor2-CA) and

in its activating GTPase Rheb, rhb1+ (rhb1-CA), as well as dele-

tion mutants of the tuberous sclerosis complex proteins Tsc1 and

Tsc2. We observed that ste11+ and mei2+ expression (Fig 1A and

B), as well as differentiation (Fig 1E), are weakly induced upon

starvation of all mutants, tsc1D, tsc2D, rhb1-CA, and tor2-CA, as

compared to wild-type (WT) controls. Therefore, constitutive acti-

vation of TORC1 prevents the induction of differentiation upon

starvation, as anticipated from previous work [9,10,31–34]. In

marked contrast, in gcn5D mutants, ste11+ and mei2+ expression

and differentiation are de-repressed in rich conditions and further

induced upon starvation, as compared to WT strains (Fig 1A, B

and E). Strikingly, we observed that the expression profiles of

ste11+ and mei2+ are indistinguishable between gcn5D single

mutants and gcn5D tsc1D or gcn5D tsc2D double mutants (Fig 1A

and B). Similar results are observed in gcn5D rhb1-CA or gcn5D

tor2-CA double mutants. Accordingly, gcn5D mutants suppress the

sterility of tsc1D and rhb1-CA mutants (Fig 1E). We noticed that

Gcn5 only partially rescues the differentiation phenotype of

constitutively active TORC1 mutants, suggesting that TORC1

controls other processes that are important for sexual differentia-

tion, independently of Gcn5. To conclude, the absence of Gcn5

rescues the inability of constitutively active TORC1 mutants to dif-

ferentiate, indicating that TORC1 requires Gcn5 to inhibit differen-

tiation.

We tested whether Gcn5 is also epistatic to the cAMP-Pka1 path-

way, which synergizes with TORC1 to control ste11+ expression

[11]. Activation of Pka1 either by adding cAMP or by deleting the

cAMP-specific phosphodiesterase gene, cgs2+, markedly reduces

ste11+ and mei2+ expression, both in rich and starved conditions

(Appendix Fig S1A–D), as shown previously [35–37]. In contrast to

what we observed with TORC1, gcn5D mutants do not suppress this

phenotype (Appendix Fig S1A–D), suggesting that Pka1 does not

require Gcn5 to inhibit differentiation. Altogether, our genetic analy-

ses indicate that the SAGA subunit Gcn5 inhibits differentiation

downstream of TORC1.

▸
Figure 1. SAGA is epistatic to the TORC1 and TORC2 pathways in the regulation of differentiation in response to nutrient availability.

A–D Expression of ste11+ (A, C) and mei2+ (B, D) using quantitative RT–PCR of RNA extracted from cells grown either in nutrient rich medium (dark gray) or shifted for

4 h to starvation medium (light gray). Cells of the following genotypes were analyzed: wild-type isogenic controls (WT), gcn5D, tsc1D, gcn5D tsc1D, tsc2D, gcn5D

tsc2D, rhb1-DA4—a constitutively active (CA) rhb1 mutant [34], gcn5D rhb1-DA4, tor2-L1310P—a CA tor2 mutant [33], gcn5D tor2-L1310P, tor1D, gcn5D tor1D,

gad8D, and gcn5D gad8D. act1+ served as a control for normalization across samples. Values from a WT strain grown in rich medium were set at 1 to allow

comparisons across culture conditions and mutant strains. Each column represents the mean value of 4 (A, B) or 3 (C, D) independent experiments, overlaid with

individual data points and error bars showing the standard error of the mean (SEM). Statistical significance was determined by two-way ANOVA followed by

Bonferroni’s multiple comparison tests (n = 4 for A, B; n = 3 for C, D); *P ≤ 0.01.

E, F Cells were grown to mid-log phase either in rich medium or shifted for 8 h to starvation medium. Zygotes and tetrads, which correspond to differentiated cells,

were counted under a light microscope. Cells of the following genotypes were analyzed: WT isogenic controls, gcn5D, tsc1D, gcn5D tsc1D, rhb1-DA4, gcn5D rhb1-

DA4, gad8D, and gcn5D gad8D. Each value represents the mean percentage and SEM of differentiating cells to the total number of cells, averaged from four

independent experiments. At least 200 cells from the indicated genotypes were counted in each experiment. White arrowheads indicate zygotes. Scale bar, 10 lm.
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Upon nutrient starvation, several signaling pathways are acti-

vated and required for sexual differentiation in S. pombe. Each is

defined by a highly conserved kinase, including orthologs of the p38

MAPK, Sty1, and of the TORC2 complex, defined by the Tor1 kinase

[7]. Similar to other eukaryotes, S. pombe TORC2 mediates many of

its functions through the activation of an AKT kinase, Gad8AKT [38–

41]. Additionally, one S. pombe ortholog of the adenosine

monophosphate (AMP)-activated protein kinase, Ssp2, has impor-

tant roles in starvation responses, notably through the inhibition of

TORC1 [42,43].

We determined whether any of these kinases also functionally

interacts with Gcn5 to regulate differentiation genes. To do this, we

quantified their expression in mutants of each kinase, grown either

in rich medium or shifted to starvation conditions. As compared to

WT controls, we observed little, if any, induction of both ste11+

and mei2+ upon starvation of tor1D (Fig 1C and D), gad8D (Fig 1C

and D), sty1D (Appendix Fig S1E and F), or ssp2D mutants

(Appendix Fig S1G and H), as expected from previous work

[38,42,44,45]. In contrast, expression of mei2+, and to a lesser

extent of ste11+, is induced upon starvation of gcn5D gad8D or

gcn5D tor1D double mutants (Fig 1C and D). In marked contrast,

gcn5D mutants do not suppress the lack of induction observed in

sty1D or ssp2D mutants (Appendix Fig S1E–H). Finally, gcn5D

mutants partially suppress the sterility of gad8D mutants (Fig 1F)

but, surprisingly, not of tor1D mutants (data not shown). We

observed that gcn5D tor1D double mutants exhibit severe cell cycle

progression defects, which likely interfere with their ability to exit

from G1 and commit to sexual differentiation. To conclude, our

genetic analyses suggest that Gcn5 regulates sexual differentiation

downstream of the TORC2-Gad8AKT pathway, but not of p38Sty1 or

Ssp2AMPK. However, the partial suppression of the differentiation

phenotypes of gad8D and tor1D mutants by gcn5D mutants suggests

that the TORC2-Gad8AKT pathway requires additional effectors to

induce sexual differentiation upon starvation.

SAGA is differentially phosphorylated in response to a change in

nutrient levels

These genetic analyses prompted us to determine how TORC1 and

TORC2 control Gcn5 in response to nutrients. To do this, we used

the tandem affinity purification (TAP) procedure to purify Gcn5, as

part of SAGA, from cells grown under nutrient rich conditions or

shifted to starvation medium for 45 min. Both total protein staining

and quantitative mass spectrometry (MS) analysis revealed that

SAGA subunit composition does not change upon shifting cells from

rich to starved conditions (Fig 2A, Appendix Table S1). To test
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Figure 2. SAGA is phosphorylated in response to nutrient starvation.

A, B 4–20% gradient SDS–polyacrylamide gel electrophoresis analysis of SAGA purified from cells grown either in rich medium (R) or starved for 45 min (S). SAGA was

purified using endogenously TAP-tagged Ada1. A fraction of each eluate was loaded and either stained with silver, to detect all proteins (A), or with Pro-Q®

Diamond, which stains phosphorylated proteins (B). A strain without any TAP tag is shown as a negative control for the purification. The graph to the left of the gel

in (B) shows the fluorescence intensity of the phospho-specific stain, which was quantified along the left lane in blue (rich) and the middle lane in red (starved),

using ImageJ. The area of one peak, which corresponds to the bands marked with arrowheads and was coined p55, is 1.8-fold larger in SAGA purified from starved

cells, as compared to rich conditions. Below is an anti-HA immunoblot (IB) of each eluate, to reveal the amount of Ada1-HA bait recovered. Shown are gels that are

representative of three independent experiments. A.U., arbitrary units.
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whether SAGA is differentially phosphorylated, we re-analyzed

these purifications using an in-gel fluorescent stain, Pro-Q Diamond,

which is specific for phosphorylated proteins (Fig 2B). Quan-

tification of each lane indicates that one band, migrating at about

55 kDa and coined p55, is about 1.8-fold more intense in SAGA

purified from starved cells, as compared to rich conditions (Fig 2B).

The predicted molecular weight of eight out of the 19 subunits of

S. pombe SAGA falls between 50 and 60 kDa, including Gcn5 [28].

To test whether p55 corresponds to Gcn5, we purified SAGA

using a strain in which Gcn5 is tagged with MYC epitopes, such as

to slow its migration to a portion of the gel where no other SAGA

subunits are detected (Appendix Fig S2A). Although Gcn5 is clearly

phosphorylated (Appendix Fig S2B), its normalized levels are simi-

lar between rich and starved conditions (Appendix Fig S2C). Impor-

tantly, p55 is still detectable in SAGA purified from Gcn5-MYC cells

and its phosphorylation increases upon starvation (Appendix Fig

S2A–C). Therefore, one SAGA component, but not Gcn5, is differen-

tially phosphorylated in response to nutrients.

Taf12 is phosphorylated in response to nutrient availability

To identify p55, we performed a quantitative MS analysis of phos-

pho-peptides within SAGA, using a SILAC procedure (Fig 3A). We

analyzed either whole cell extracts or purified SAGA complexes,

comparing cells that were differentially labeled with lysine and

arginine isotopes, grown either in rich conditions or shifted to

starvation medium for 45 min. Strikingly, the core SAGA subunit

Taf12 appeared differentially phosphorylated on several residues

in all four independent phospho-SILAC experiments, including

when the p55 band was cut and directly analyzed by MS. Specifi-

cally, Taf12 shows increased phosphorylation of threonines (Thr)

218, 221, and 283 upon starvation (Fig 3B, Appendix Figs S3 and

S4).

To confirm and further characterize this observation, we exam-

ined the migration of endogenously FLAG-tagged Taf12 by Western

blot analysis of extracts from cells grown in rich medium or shifted

to starved conditions. We detected an electrophoretic mobility shift

of Taf12 following nutrient starvation, either in crude extracts

(Fig 3D, lower panel) or after its immuno-purification (Fig 3D,

upper panel). We quantified the relative intensity of the phosphory-

lated form of Taf12, named hereafter P-Taf12, and of total Taf12

from seven independent biological replicates and confirmed that P-

Taf12 increases reproducibly upon starvation, whereas total Taf12

levels do not change (Fig 3E). We then demonstrated that this shift

is indeed caused by phosphorylation. First, this isoform of Taf12

disappears upon k-phosphatase treatment of FLAG purified Taf12

(Fig 3D, upper panel). Second, we constructed strains in which

either one (Taf12-T283A) or all three Thr were mutated to alanines

(Ala) (Taf12-5A). We also mutated the serines (Ser) that are adja-

cent to Thr218 and Thr221, in order to prevent their possible phos-

phorylation in the Thr-to-Ala mutant (Fig 3C). Western blotting

confirmed that, at most, all five Ser/Thr residues contribute to this

mobility shift, without affecting Taf12 steady-state levels (Fig 3F).

Altogether, these results indicate that Taf12 becomes phosphory-

lated upon nutrient starvation in S. pombe.

Next, we verified that Taf12 is phosphorylated within SAGA, as

suggested by our phospho-SILAC analyses. Similarly, we asked

whether Taf12 is phosphorylated as part of the TFIID general tran-

scriptional factor complex, of which S. pombe Taf12 is also a core

component [46], similar to other eukaryotes. We used either Spt7 or

Taf4 to purify SAGA or TFIID, respectively. Anti-FLAG blotting of

each eluate indicated that starvation induces Taf12 phosphorylation

▸
Figure 3. The SAGA and TFIID subunit Taf12 is phosphorylated early upon starvation.

A Overview of the quantitative proteomic approaches used to identify differentially phosphorylated peptides, either in crude extracts or in SAGA purifications. Cells

were metabolically labeled using a SILAC procedure and grown either in rich medium or shifted to nutrient starvation conditions. Several independent experiments

were carried out with forward and reverse labeling schemes (see Materials and Methods for details).

B Schematic view of the S. pombe (Sp) Taf12 protein sequence, including, in red, the three differentially phosphorylated Thr, at positions 218, 221, and 283 and, in

gray, the histone-fold domain. Shown below are the starved-to-rich SILAC ratios of the signal intensities observed for the Thr218-Thr221 peptide (Appendix Fig S3)

and for the Thr283 peptide (Appendix Fig S4).

C Summary of the different taf12+ point mutants that were constructed and analyzed.

D FLAG-tagged Taf12 was purified from cells grown in rich medium (R) or shifted for 45 min to starvation medium (S). Anti-FLAG immuno-precipitations (IP) were

incubated with and without k-phosphatase or its inhibitor and immunoblotted (IB), together with 1% of whole cell extracts (WCE), using an anti-FLAG antibody.

E Phospho-Taf12 (P-Taf12), total Taf12, and tubulin levels were quantified from cells grown in rich medium (R) or starved for 45 min (S). P-Taf12 levels were

normalized to those of total Taf12, while total Taf12 levels were normalized to those of tubulin. Data points were individually plotted on the graph and overlaid

with the mean and SEM. Signal intensities were quantified from IBs of seven independent experiments. Statistical significance was determined using a t-test

(n = 7, unpaired, two-tailed); *P ≤ 0.01.

F P-Taf12 and total Taf12 were followed in WT, taf12-T283A and taf12-5A mutants, grown in rich medium (R) or starved for 45 min (S).

G, H SAGA and TFIID were tandem affinity-purified using endogenously TAP-tagged Spt7 (G) or Taf4 (H), from strains containing FLAG-tagged Taf12, grown in rich

medium or starved for 45 min. TAP-tagged Spt7 and Taf4 were eluted using the TEV protease, releasing a shorter form of each bait (Spt7-CBP or Taf4-CBP). Eluates

were loaded and immunoblotted (IB) using anti-FLAG or anti-CBP antibodies, together with 1% of either whole cell extracts (WCE) or IgG-Sepharose flow-through

(FT). Shown are IBs that are representative of two independent experiments.

I P-Taf12, total Taf12, and Ser546-phosphorylated Gad8AKT were followed in WT cells, grown in rich conditions or over a time-course after a shift to starvation

medium. Gad8AKT phosphorylation at Ser546 is a proxy of TORC2 activity in S. pombe.

J P-Taf12 and total Taf12 were followed in WT cells, grown in rich conditions or shifted to different starvation media for 30 min. These include both the removal of

the nitrogen source, ammonium chloride (NH4Cl), and the reduction in the carbon source, glucose, from a concentration of 2–0.5%. Alternatively, cells were either

only deprived of NH4Cl or only exposed to reduced glucose levels (2–0.5%).

K P-Taf12 and total Taf12 were followed in WT cells, grown in rich conditions or deprived of NH4Cl for 1 h. Then, NH4Cl was added back to the medium for 30 or

60 min.

Data information: Shown are IBs that are representative of at least three independent experiments. The number sign (#) symbol identifies antibody heavy chains and

the star (*) symbol labels an unspecific band detected by the anti-FLAG antibody in S. pombe. Both short and long exposures of the FLAG IBs are shown to detect total

Taf12 and P-Taf12, respectively, within the linear range of the chemiluminescence signal. Anti-tubulin IBs are shown as controls for loading between samples.
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both within SAGA (Fig 3G) and TFIID (Fig 3H). Total protein stain-

ing of purified TFIID showed that its subunit composition does not

change upon shifting cells from rich to starved conditions

(Appendix Fig S5), similar to SAGA (Fig 2A). To conclude, Taf12

becomes phosphorylated upon nutrient starvation, as part of both

the SAGA and TFIID complexes.

Dynamics of Taf12 phosphorylation

To further characterize Taf12 phosphorylation, we monitored its

kinetics upon starvation and detected P-Taf12 already 30 min after

shifting cells to starved medium (Fig 3I). This observation suggests

that Taf12 is directly controlled by nutrient-sensing pathways,

which respond to nutrient starvation within this timeframe in

S. pombe. For example, TORC1 activity is fully inhibited within

30 min of nitrogen starvation [47]. Likewise, we observed that

phosphorylation of Ser546 of the AKT kinase, Gad8AKT, is maximal

30 min after removing nutrients (Fig 3I), consistent with previous

observations [41]. This modification is a hallmark of TORC2 activa-

tion both in S. pombe [38,40] and in mammals [48]. Interestingly,

only a small fraction of total Taf12 is phosphorylated, about 7%,

without further increasing with the duration of starvation, as more

cells commit to differentiation (Fig 3I). Rather, we observed that

Taf12 phosphorylation proportionally decreases about threefold at

later time points of starvation (Fig 3I). To conclude, phosphoryla-

tion of Taf12 appears restricted to a small fraction of all Taf12 and

peaks early upon nutrient starvation.

Our procedure for starving proliferating cells consists in both

completely removing ammonium, a preferred nitrogen source, and

lowering glucose levels fourfold. In S. pombe, TORC1 mostly

responds to the availability of nitrogen. We thus tested which of

nitrogen or carbon starvation induces Taf12 phosphorylation.

Western blot analysis from cells shifted to various media showed

that P-Taf12 levels increase upon nitrogen starvation, whereas

lowering glucose levels has a much weaker effect (Fig 3J). Addition-

ally, P-Taf12 levels rapidly decrease when nitrogen is added back to

starved cells (Fig 3K). We thus conclude that Taf12 phosphorylation

is dynamically regulated by nitrogen availability.

The PP2A phosphatase represses differentiation downstream

of TORC1

We next sought to identify which signaling pathways control Taf12

phosphorylation in response to nutrients. In rich conditions, TORC1

activity is high whereas Taf12 phosphorylation levels are low. We

therefore hypothesized that TORC1 activates a phosphatase to

prevent Taf12 phosphorylation in rich conditions. Functionally, this

phosphatase should inhibit differentiation downstream of TORC1.

Little is known about which phosphatases function in nutrient sens-

ing and sexual differentiation in S. pombe. However, in S. cere-

visiae, TORC1 regulates the type 2A and 2A-related protein

phosphatases (PP2A) to control nutrient stress responses [3,49],

including gametogenesis [50]. PP2A is a conserved heterotrimeric

complex formed by catalytic (C), structural (A), and regulatory (B55

or B56) subunits. The latter components are mutually exclusive and

dictate substrate specificity [51]. Schizosaccharomyces pombe PP2A

has important roles in morphogenesis and mitosis [52–55], but it is

not known whether it also controls sexual differentiation.

To answer this question, we quantified the expression of dif-

ferentiation genes and the number of cells undergoing sexual dif-

ferentiation in PP2A deletion mutants, grown either in rich

conditions or shifted to starvation medium. We observed that the

expression of both ste11+ and mei2+ is de-repressed in a catalytic

subunit mutant, ppa2D, as compared to WT controls (Fig 4A and

B). Interestingly, both genes are de-repressed in a mutant of the B55

regulatory subunit, pab1D, but not in a mutant of the B56 regulatory

subunit, par1D (Fig 4A and B). In agreement, we counted a higher

number of differentiated cells in pab1D mutants, in both rich and

▸
Figure 4. The PP2A phosphatase inhibits differentiation and de-phosphorylates Taf12.

A, B Expression of ste11+ (A) and mei2+ (B) using quantitative RT–PCR of RNA extracted from cells grown either in rich medium (dark gray) or starved for 4 h (light gray).

Cells of the following genotypes were analyzed: wild-type isogenic controls (WT), ppa2D, par1D, pab1D, tsc1D, and pab1D tsc1D. act1+ served as a control for

normalization across samples. Values from a WT strain grown in rich medium were set at 1 to allow comparisons across culture conditions and mutant strains.

Each column represents the mean value of four independent experiments, overlaid with individual data points and SEM. Statistical significance was determined by

two-way ANOVA followed by Bonferroni’s multiple comparison tests (n = 4); *P ≤ 0.01.

C Cells were grown to mid-log phase either in rich medium or starved for 8 h. Zygotes and tetrads, which correspond to differentiated cells, were counted under a

light microscope. Each value represents the mean percentage and SEM of differentiating cells to the total number of cells, averaged from four independent

experiments. At least 200 cells from the indicated genotypes were counted in each experiment. White arrowheads indicate zygotes. Scale bar, 10 lm.

D P-Taf12 was followed by anti-FLAG IB of protein extracts from WT and pab1D strains, grown in rich conditions (R) or starved for 45 min (S). An anti-Rpb1 IB is

shown as a control for loading. The signal intensities of P-Taf12 and total Taf12 were quantified in each strain and condition. Ratios of P-Taf12 to total Taf12 were

calculated from six independent experiments and individually plotted in a graph below the IBs, together with the mean and SEM. Averaged values from all WT

controls grown in rich medium were set at 1 to allow comparisons across culture conditions and strains. Statistical significance was determined by two-way

ANOVA followed by Bonferroni’s multiple comparison tests (n = 6; *P < 0.01; #P < 0.05). A short exposure and a long exposure of the FLAG IB are shown to detect

total Taf12 and P-Taf12, respectively, within the linear range of the chemiluminescence signal.

E FLAG-tagged Taf12 and TAP-tagged Pab1 were affinity-purified separately from cells grown in rich conditions (upper panels). TAP-tagged Pab1 was cleaved off from

beads using the tobacco etch virus (TEV) protease, releasing a shorter form of Pab1 (CBP-Pab1) in the eluate (E). CBP-Pab1 was then mixed with beads containing

FLAG-Taf12 IPs and incubated in a phosphatase buffer, with and without 0.5 lM microcystin. Each reaction was then analyzed by IB and simultaneously probed

with anti-FLAG or anti-CBP antibodies (lower panel).

F Exponentially growing cells were treated for 1 h with Torin-1, which was added at increasing concentrations, 7 and 21 lM, to rich medium. Dimethylsulfoxide

(DMSO) was used as the vehicle and added as a negative control. Anti-tubulin IBs are shown as a control for loading between samples.

G P-Taf12 was followed by anti-FLAG IB of protein extracts from WT and tor2-ts10 strains, grown in rich conditions at 25!C or shifted to 30!C for 4 and 6 h. Anti-

tubulin IBs are shown as a control for loading between samples.

Data information: Shown are IBs that are representative of three independent experiments. The star (*) symbol labels unspecific bands detected by the anti-FLAG or anti-

CBP antibodies in S. pombe.
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starved conditions, as compared to WT controls (Fig 4C). Therefore,

similar to TORC1 and Gcn5, PP2A inhibits sexual differentiation

when cells are grown in rich conditions and this function is specifi-

cally mediated by the B55 regulatory subunit Pab1B55.

We then determined whether PP2A-Pab1B55 functions down-

stream of TORC1 in this process, by testing whether a pab1D mutant

suppresses the lack of differentiation observed in a constitutively

active TORC1 mutant. We found that the expression profiles of

ste11+ and mei2+ are similar between a pab1D single mutant and a

pab1D tsc1D double mutant (Fig 4A and B). In agreement, the

absence of Pab1B55 partially rescues the lack of differentiation of a

tsc1D mutant (Fig 4C). As reported previously [53], pab1D mutants

display severe morphological defects that likely interfere with sexual

differentiation. In conclusion, the B regulatory subunit of PP2A,

Pab1B55, functions downstream of Tsc1, and likely of TORC1, to

inhibit differentiation when cells proliferate. Importantly, a very

recent study has shown that TORC1 controls PP2A-Pab1B55 to

inhibit sexual differentiation in S. pombe [56].

The PP2A phosphatase de-phosphorylates Taf12

These results prompted us to test whether PP2A regulates Taf12

phosphorylation in nutrient rich conditions. First, we observed that

P-Taf12 levels reproducibly increase in pab1D mutants, as compared

to WT controls, whereas total Taf12 levels do not change (Fig 4D).

Interestingly, P-Taf12 levels appear to further increase in starved

pab1D cells, suggesting that, in parallel to inhibiting PP2A, starva-

tion activates a kinase which phosphorylates Taf12. Second, we

tested whether PP2A is able to directly de-phosphorylate Taf12. We

separately purified Taf12 and Pab1B55, which were endogenously

tagged with a FLAG and a TAP epitope, respectively (Fig 4E, upper

panels). Incubation of the eluates together in a standard phos-

phatase buffer revealed that Pab1B55 de-phosphorylates Taf12

in vitro (Fig 4E, lower panel). To control for the specificity of this

assay, we verified that Taf12 is not de-phosphorylated when a

PP2A-specific inhibitor, microcystin, is added, or when it is incu-

bated with a control “no TAP” purification. Altogether, these experi-

ments indicate that Taf12 is a substrate of the PP2A-Pab1B55

phosphatase, both in vitro and in vivo.

To determine whether TORC1 modulates Taf12 phosphorylation,

we followed P-Taf12 levels upon addition of Torin-1, which inhibits

TOR kinase activity. Western blot analyses revealed that P-Taf12

levels increase with the amount of Torin-1 added to cells grown in

rich medium (Fig 4F). We noticed that total Taf12 levels decreased

upon Torin-1 addition, possibly because TORC1 inhibition reduces

translation. However, Torin-1 is an ATP-analogue inhibitor of TOR

and therefore inhibits both TORC1 and TORC2 [57,58]. We thus

examined Taf12 phosphorylation in a temperature-sensitive mutant

of the TORC1-specific kinase, tor2-ts10 [10]. Western blot analyses

showed that P-Taf12 levels increase upon shifting tor2-ts10 mutants

to the restrictive temperature, as compared to WT controls (Fig 4G),

indicating that Taf12 phosphorylation is specifically inhibited by

TORC1.

It is possible that higher P-Taf12 levels are an indirect conse-

quence of the de-repression of differentiation which is observed in

both PP2A-Pab1B55 and TORC1 mutants (Fig 4A–C) [10]. However,

Taf12 phosphorylation profile is normal in gcn5D cells

(Appendix Fig S6A), even though a gcn5D mutant phenocopies a

pab1D mutant (Figs 1 and 4A–C). Furthermore, constitutive activa-

tion of Pka1 does not affect Taf12 phosphorylation in both rich and

starved conditions (Appendix Fig S6B and C), consistent with our

genetic analyses, which indicated that SAGA does not function

downstream of the cAMP-Pka1 pathway (Appendix Fig S1A–D). In

conclusion, we show that PP2A-Pab1B55 is a crucial effector of

TORC1 to prevent both differentiation and Taf12 phosphorylation.

The Ppk18Gwl-Igo1 pathway promotes differentiation through

PP2A and SAGA

Our data indicate that P-Taf12 levels inversely correlate with TORC1

and PP2A-Pab1B55 activities. We next investigated the mechanism

by which TORC1 inhibits PP2A to allow Taf12 phosphorylation

upon starvation. PP2A activity and substrate specificity are

controlled by its interaction with distinct regulatory proteins. Of

these, the essential PP2A-associated protein Tap42 is a major

effector of TORC1 signaling in S. cerevisiae [3,49]. BLAST searches

identified one S. pombe protein, SPCC63.05, as the bona fide

ortholog of S. cerevisiae Tap42 (E-value = 2.3!27). However, condi-

tional depletion of Tap42 had no effect on Taf12 phosphorylation

(Appendix Fig S7).

In S. cerevisiae, another major effector of TORC1 signaling is the

S6 kinase ortholog, Sch9, which regulates PP2A through the Great-

wall (Gwl) kinase ortholog, Rim15. As in other eukaryotes,

Rim15Gwl inhibits PP2A activity by phosphorylating proteins of the

a-endosulfine family [59,60]. Remarkably, this regulatory cascade is

essential to induce quiescence upon starvation in S. cerevisiae [59].

A recent study has identified a similar pathway in S. pombe, in

which the Ppk18Gwl kinase phosphorylates Ser64 of the Igo1 a-endo-

sulfine to inhibit PP2A-Pab1 and coordinate cell growth with mitosis

[61].

To characterize the role of this pathway upon starvation in

S. pombe, we first monitored the migration pattern of endogenously

MYC-tagged Igo1 in response to nutrient availability. Western blot-

ting of a Phos-tag-containing acrylamide gel revealed several bands

that migrated slower in extracts from starved cells (Fig 5A). This

starvation-induced shift is not observed in ppk18D mutants or in

Ser64-to-Ala igo1 knock-in mutants. We then quantified ste11+ and

mei2+ expression and the number of differentiated cells in ppk18D,

igo1D and igo1-S64A mutants, grown either in rich conditions or

shifted to starvation medium. We observed that the expression of

both genes (Fig 5B and C) and sexual differentiation (Appendix Fig

S8) are weakly induced upon starvation of all three mutants, as

compared to wild-type (WT) controls. Therefore, starvation induces

the phosphorylation of Igo1-Ser64, most likely through the Ppk18Gwl

kinase, and this pathway is required to promote differentiation,

analogous to its role in S. cerevisiae.

This function of Ppk18Gwl-Igo1 opposes that of PP2A-Pab1B55

and of SAGA-Gcn5, which both inhibit differentiation when cells

proliferate. We thus tested whether Ppk18Gwl and Igo1 genetically

interact with Pab1B55 and Gcn5 to control differentiation. We

observed that ste11+ and mei2+ expression profiles are similar

between gcn5D single mutants and gcn5D ppk18D or gcn5D igo1-

S64A double mutants (Fig 5B and C). Likewise, the expression pro-

files of pab1D single mutant are similar to those of pab1D ppk18D

and pab1D igo1-S64A double mutants (Fig 5B and C). Accordingly,

gcn5D and pab1D mutants suppress the sterility of ppk18D and

ª 2017 The Authors EMBO reports Vol 18 | No 12 | 2017

Thomas Laboucarié et al Nutrient control of SAGA by TOR EMBO reports

2205



B

C

D

R S

WT

R S

ppk18∆

70

55

Tubulin

*

Taf12
P-Taf12

Taf12

R S

igo1∆

70

70
Taf12
P-Taf12

250

Rpb1

*

R S

WT

R S

igo1-
S64A

R S

pab1∆

R S

pab1∆
igo1-
S64A

E

Mr (K)

Mr
(K)

IB
: 

F
L

A
G

S
h

o
rt

L
o

n
g

IB
: 

F
L

A
G

P-Taf12/Taf12P-Taf12/Taf121.0 6.5 1.0 2.3 1.0 2.5

Taf12

1.3 3.1 7.7 7.4 8.9 9.31.0 7.0

55

70

Mr
(K)

R S

WT

R S

ppk18∆

R S

igo1-
S64A

A

Igo1

P-Igo1

PHOS-tagSDS-PAGE

70

55

Mr
(K)

R S

WT

R S

ppk18∆

R S

igo1-
S64A

IB
: 

M
Y

C

0

20

40

60

80

100

120
Rich Starved (4h)

R
e

la
ti

v
e

 s
te
1
1

+
 l
e

v
e

ls

5

10

15

20

25

30

Rich Starved (4h)

0

R
e

la
ti

v
e

 m
e
i2

+
 l
e

v
e

ls

WT gcn5∆ppk18∆ pab1∆
ppk18∆
gcn5∆

ppk18∆
pab1∆ igo1∆ igo1-

S64A
pab1∆
igo1-
S64A

igo1-
S64A

gcn5∆

WT gcn5∆ppk18∆ pab1∆
ppk18∆
gcn5∆

ppk18∆
pab1∆ igo1∆ igo1-

S64A
pab1∆
igo1-
S64A

igo1-
S64A

gcn5∆

* n.s.* * * * * *n.s.n.s.

* n.s.* * * * * *n.s.n.s.

Figure 5.

EMBO reports Vol 18 | No 12 | 2017 ª 2017 The Authors

EMBO reports Nutrient control of SAGA by TOR Thomas Laboucarié et al

2206



igo1-S64A mutants (Appendix Fig S8). Thus, the absence of either

Pab1B55 or Gcn5 suppresses the inability of ppk18D or igo1-S64A

mutants to differentiate upon starvation. We conclude that

Ppk18Gwl-Igo1 inhibits PP2A-Pab1B55 to allow sexual differentiation

in response to starvation and that Gcn5 functions downstream of

this pathway.

The Ppk18Gwl-Igo1 pathway inhibits Taf12 de-phosphorylation

by PP2A-Pab1B55

We next determined whether Taf12 phosphorylation is modulated

by the Ppk18Gwl-Igo1-PP2A cascade, by analyzing P-Taf12 levels in

ppk18D and igo1D mutants, grown either in rich conditions or

shifted to starvation medium. Western blot analyses and quan-

tifications revealed that Taf12 phosphorylation is reduced in starved

ppk18D, igo1D, and igo1-S64A mutants, as compared to WT controls

(Fig 5D and E). Therefore, Ppk18Gwl-Igo1 contributes to Taf12 phos-

phorylation upon starvation. Our genetic analyses (Fig 5B and C)

predicted that this function of Ppk18Gwl-Igo1 would require PP2A-

Pab1B55 activity. Indeed, we observed that the pattern of Taf12

phosphorylation is similar between pab1D single mutants and

pab1D igo1-S64A double mutants (Fig 5E). Therefore, the absence

of PP2A-Pab1B55 rescues the inability of igo1-S64A mutants to

induce Taf12 phosphorylation. These observations indicate that,

upon starvation, Ppk18Gwl-Igo1 is important to inhibit PP2A-Pab1B55

activity toward Taf12 and allow its phosphorylation.

The TORC2-Gad8AKT pathway induces Taf12 phosphorylation

upon starvation

Our results show that, in rich conditions, Taf12 is de-phosphory-

lated by PP2A-Pab1B55 downstream of TORC1. Upon starvation,

inhibition of PP2A-Pab1B55 by Ppk18Gwl-Igo1 prevents Taf12 de-

phosphorylation. However, Taf12 phosphorylation is expected to

result from the opposing activities of the PP2A-Pab1B55 phos-

phatase, whose activity decreases upon starvation, and a kinase,

whose activity should increase concomitantly. Indeed, we noticed

that P-Taf12 levels still increase upon starvation of both starved

PP2A-Pab1B55 and Ppk18Gwl-Igo1 mutants (Figs 4D and 5D and E).

Our genetic analyses suggested that the TORC2-Gad8AKT func-

tionally interacts with SAGA to regulate differentiation (Fig 1C,D

and F). We thus tested whether the TORC2-Gad8AKT pathway

controls Taf12 phosphorylation upon starvation. Western blot anal-

yses and quantifications revealed that, upon shifting cells to starva-

tion conditions, Taf12 phosphorylation is reduced both in tor1D and

in gad8D mutants, as compared to WT controls, whereas total Taf12

levels do not change (Fig 6A). We verified that this reduction is not

an indirect consequence of the defects in G1 arrest and sexual dif-

ferentiation of tor1D and gad8D mutants [38,62,63]. Both sty1D and

ssp2D mutants are also unable to arrest in G1 and to differentiate

upon starvation [42,45]. However, Taf12 phosphorylation remains

unchanged in either sty1D or ssp2D mutants (Fig 6B), in agreement

with our genetic analyses (Appendix Fig S1E–H).

We then determined whether Gad8AKT interacts with Taf12,

using a strain in which Taf12 and Gad8AKT were tagged with a FLAG

and a TAP epitope, respectively. Affinity purification and elution of

TAP-tagged Gad8AKT specifically recover FLAG-tagged Taf12, only

in extracts from starved cells, suggesting that nutrient starvation

promotes the interaction between Taf12 and Gad8AKT in vivo

(Fig 6C). We then tested whether Gad8AKT is able to directly phos-

phorylate Taf12, by incubating affinity-purified endogenous

Gad8AKT with a recombinant fragment of Taf12, as well as a frag-

ment of its well-characterized substrate Fkh2 as a positive control

(Fig 6D, left and middle panels). Kinase assays revealed that

Gad8AKT phosphorylates Taf12 in vitro, as compared to a control

“no tag” purification (Fig 6D, right panel). Importantly, using a

Taf12-5A mutant substrate, we found that Gad8AKT targets the same

Ser/Thr residues that are phosphorylated upon starvation and de-

phosphorylated by PP2A-Pab1B55. We conclude that Taf12 is a

substrate of the Gad8AKT kinase, both in vitro and in vivo. Alto-

gether, these results indicate that the TORC2-Gad8AKT pathway

mediates Taf12 phosphorylation in response to nutrient starvation.

Role of Taf12 phosphorylation during sexual differentiation

We next addressed the role of Taf12 phosphorylation in vivo. To do

this, we quantified ste11+ and mei2+ expression and the number of

differentiated cells in non-phosphorylated taf12-5A mutants.

Surprisingly, both genes are more strongly induced upon starvation

of taf12-5A mutants, as compared to WT controls (Fig 7A and B). In

agreement with Gad8AKT controlling Taf12 phosphorylation, the

absence of Gad8AKT does not suppress the increased expression of

ste11+ and mei2+ in starved taf12-5A mutants (Appendix Fig S9).

We then quantified the differentiation response of taf12-5A mutants,

◀
Figure 5. PP2A activity is regulated by the Ppk18Gwl-Igo1 pathway to control differentiation and Taf12 phosphorylation, in response to nutrient availability.

A Igo1 phosphorylation (P-Igo1) was followed by anti-MYC IB of protein extracts from WT, ppk18D, and igo1-S64A strains, grown in rich conditions (R) or starved for

45 min (S). Igo1 migration was analyzed by electrophoresis of both a 12% SDS–polyacrylamide gel containing the Phos-tagTM molecule (right panel) and a standard

10% SDS–polyacrylamide gel (left panel). Arrowheads indicate the various phosphorylated isoforms of Igo1-MYC in each strain and condition. Shown is an IB

representative of two independent experiments.

B, C Expression of ste11+ (C) and mei2+ (D) using quantitative RT–PCR of RNA extracted from cells grown either in rich medium (dark gray) or starved for 4 h (light

gray). Cells of the following genotypes were analyzed: wild-type isogenic controls (WT), gcn5D, ppk18D, gcn5D ppk18D, pab1D, pab1D ppk18D, igo1D, igo1-S64A,

gcn5D igo1-S64A, and pab1D igo1-S64A. act1+ served as a control for normalization across samples. Values from a WT strain grown in rich medium were set at 1 to

allow comparisons across culture conditions and mutant strains. Each column represents the mean value of four independent experiments, overlaid with individual

data points and SEM. Statistical significance was determined by two-way ANOVA followed by Bonferroni’s multiple comparison tests (n = 4); *P ≤ 0.01.

D P-Taf12 was followed by anti-FLAG IB of protein extracts from WT, ppk18D, and igo1D strains, grown in rich conditions (R) or starved for 45 min (S). An anti-tubulin

IB is shown as a control for loading.

E P-Taf12 was followed in WT, igoS64A, pab1D, and pab1D igoS64A strains, grown in rich conditions (R) or starved for 45 min (S). An anti-Rpb1 IB is shown as a

control for loading.

Data information: In (D and E), the signal intensities of P-Taf12 and total Taf12 were quantified in each strain and condition. Shown below each blot are average

measurements of three independent experiments (n = 3). A short exposure and a long exposure of the FLAG IB are shown to detect total Taf12 and P-Taf12, respectively,

within the linear range of the chemiluminescence signal. The star (*) symbol labels an unspecific band detected by the FLAG antibody in S. pombe.
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Figure 6. The TORC2-Gad8AKT pathway induces Taf12 phosphorylation upon starvation.

A P-Taf12 was followed by anti-FLAG IB of protein extracts from WT, tor1D, and gad8D strains, grown in rich conditions (R) or starved for 45 min (S). An anti-tubulin IB

is shown as a control for loading. The signal intensities of P-Taf12 and total Taf12 were quantified in each strain and condition. P-Taf12 to Taf2 ratios were calculated

from three independent experiments and individually plotted in a graph below the IBs, together with the mean and SEM. Averaged values from all WT controls

grown in rich medium were set at 1 to allow comparisons across culture conditions and mutant strains. Statistical significance was determined by two-way ANOVA

followed by Bonferroni’s multiple comparison tests (n = 3); *P ≤ 0.01.

B P-Taf12 was followed by anti-FLAG IB of protein extracts from sty1D cells (left panel) or ssp2D cells (right panel), grown in rich conditions (R) or starved for 45 min (S).

An anti-tubulin IB is shown as a control for loading. Shown are IBs that are representative of two independent experiments.

C TAP-tagged Gad8 was immuno-precipitated using IgG-Sepharose beads (IP) from strains containing FLAG-tagged Taf12, grown either in rich medium (left panels) or

starved for 45 min (right panels). TAP-tagged Gad8 was eluted from beads using the TEV protease, releasing a shorter form of Gad8 (CBP-Gad8). Eluates were loaded

and immunoblotted (IB) using anti-FLAG or anti-CBP antibodies, together with 1% of whole cell extracts (WCE), to detect Taf12 co-precipitation with Gad8. A strain

which does not contain any TAP tag is shown as a negative control for the IP. Shown is an IB representative of two independent experiments.

D Endogenous Gad8-HA was affinity-purified from starved cells, in order to activate its kinase activity (left and middle panels), and mixed with recombinant, purified

GST-Taf12, GST-Taf12-5A, or GST-Fkh2 proteins (right panels) in a kinase assay buffer. Each assay was then analyzed by IB and probed with an anti-phospho-AKT

substrate antibody.

Data information: The star (*) symbols label unspecific bands detected by the FLAG or the CBP antibodies in S. pombe.
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at various time points upon nutrient starvation. In agreement with

our previous observations, taf12-5A mutants commit to differentia-

tion more efficiently than WT cells (Fig 7C). To confirm this inhibi-

tory role of Taf12 phosphorylation, we repeated this analysis using

a strain in which all 5 Ser/Thr were mutated into aspartates (Asp)

and glutamates (Glu) (taf12-5DE), to mimic the negative charge of

phosphorylation (Fig 3C). Indeed, in contrast to taf12-5A mutants,

we observed less differentiating cells in starved taf12-5DE mutants,

as compared to WT controls (Fig 7C). We noticed, however, that

Taf12 phosphorylation represses differentiation genes only in the

early time points of starvation (Appendix Fig S9 and data not

shown), consistent with P-Taf12 levels peaking early after starving

cells (Fig 3I).

We did not expect Taf12 phosphorylation to inhibit differentia-

tion because we showed that it is induced upon starvation, by

TORC2-Gad8AKT, which promotes differentiation. However, a previ-

ous study has shown that constitutive activation of the TORC2

kinase Tor1 inhibits differentiation, similarly to a loss of Tor1 func-

tion [41]. Therefore, although a basal level of TORC2-Gad8AKT activ-

ity is required for cells to differentiate, it appears that TORC2-

Gad8AKT also buffers the differentiation response, for example to

prevent too many cells from exiting the cell cycle immediately upon

starvation. To address whether this function of TORC2 requires

Taf12 phosphorylation, we determined the levels of P-Taf12 in a

constitutively active mutant of Tor1, tor1-T1972A [41]. Western

blotting of FLAG-tagged Taf12 revealed that its phosphorylation

increases in starved tor1-T1972A mutants, as compared to WT

controls (Fig 7E). Altogether, our results show that TORC2 activity

positively correlates with Taf12 phosphorylation (Figs 6A and 7E).

We then asked whether tor1-T1972A mutants differentiate less

because of this increase in Taf12 phosphorylation. For this, we

quantified sexual differentiation upon starvation of taf12-5A tor1-

T1972A double mutants, as compared to single mutants and WT

controls. We counted a similar number of differentiated cells

between taf12-5A tor1-T1972A double mutants and taf12-5A single

mutants, indicating that taf12-5A mutants rescue the reduced dif-

ferentiation phenotype of tor1-T1972A single mutants (Fig 7D). To

conclude, upon nutrient starvation, TORC2 functions as both an

activator and an inhibitor of sexual differentiation, the latter being

mediated by Taf12 phosphorylation.

Importantly, we did not find any evidence of a loss of Taf12 func-

tion in either taf12-5A or taf12-5DE mutants. First, although

S. pombe Taf12 is essential for viability [29], both mutants are

viable and grow normally. Second, total protein staining of SAGA

and TFIID complexes purified from either taf12-5A or taf12-5DE

mutants, grown either in rich or starved conditions, revealed that

the subunit composition of all mutant complexes is similar to that of

WT cells, regardless of nutrient levels (Appendix Fig S10). Third,

we did not observe any changes in the HAT activity of SAGA puri-

fied from either taf12-5A or taf12-5DE mutants, as compared to WT

cells (Appendix Fig S11). Altogether, our results suggest that

TORC2-Gad8AKT-mediated phosphorylation of Taf12 is important to

modulate the timing and the amplitude of the sexual differentiation

response upon nutrient starvation.

Discussion

Although it is well established that transcriptional co-activator

complexes regulate inducible genes, less is known about how they

sense and respond to signaling cues. Here, we show that the SAGA

and TFIID component Taf12 is differentially phosphorylated,

depending on nutrient levels. Genetic and biochemical evidence

support a model by which the opposing activities of the TORC1-

PP2AB55 and TORC2-Gad8AKT pathways control the level of Taf12

phosphorylation, differentiation gene expression, and the switch

from proliferation to mating and meiosis, in response to nutrient

availability (Fig 7F).

Convergence of the TORC1 and TORC2 pathways on a

transcriptional regulator

Nutrient availability is sensed by a network of regulatory pathways,

many of which control proliferation through the TOR kinase. TOR

forms two distinct complexes, TORC1 and TORC2, which differ in

their composition, regulation, and function [3,4]. Here, we uncov-

ered a previously unknown feature of the TORC1 and TORC2 path-

ways, which activate distinct effectors, the PP2A phosphatase, and

the Gad8AKT kinase, respectively, to control the phosphorylation of

the same target, Taf12. Taf12 is therefore an effector of the known,

opposing regulatory roles of TORC1 and TORC2 in the control of

gene expression and sexual differentiation in response to nutrients

in S. pombe [7]. However, our genetic analyses also indicate that

TORC1 and TORC2 regulate sexual differentiation through other

effectors than Taf12 and SAGA. For example, the absence of Gcn5

cannot completely rescue the lack of differentiation observed when

◀
Figure 7. Taf12 phosphorylation inhibits sexual differentiation downstream of TORC2.

A, B Expression of ste11+ (A) and mei2+ (B) using quantitative RT–PCR of RNA extracted from cells grown either in rich medium (dark gray) or starved for 2 h (light gray).

Cells of the following genotypes were analyzed: wild-type isogenic controls (WT) and taf12-5A mutants. act1+ served as a control for normalization across samples.

Values from a WT strain grown in rich medium were set at 1 to allow comparisons across culture conditions and mutant strains. Each column represents the

mean value of six independent experiments, overlaid with individual data points and SEM. Statistical significance was determined by two-way ANOVA followed by

Bonferroni’s multiple comparison tests (n = 6); *P ≤ 0.01.

C, D Zygotes and tetrads, which correspond to differentiated cells, were counted from cultures of homothallic cells grown to mid-log phase in rich medium (t0) and

shifted to starvation medium for up to 24 h (C) or from heterothallic cells mixed and incubated for 2 days on mating medium (D). Cells of the following genotypes

were analyzed: wild-type isogenic controls (WT), taf12-5A, taf12-5DE, tor1-T1972A, and taf12-5A tor1-T1972A. Each value represents the mean percentage and SEM

of differentiating cells to the total number of cells, averaged from six independent experiments. At least 200 cells from the indicated genotypes were counted in

each experiment. Statistical significance was determined by two-way ANOVA followed by Tukey’s multiple comparison tests (n = 6); *P ≤ 0.01.

E P-Taf12 was followed by anti-FLAG IB of protein extracts from WT and tor1-T1972A strains, grown in rich medium and shifted to starved conditions for 60 min.

An anti-tubulin IB is shown as a control for loading. Shown is an IB which is representative of two independent experiments.

F Proposed model for the regulation and role of Taf12 phosphorylation during the early and late steps following nutrient starvation in S. pombe. Question marks

represent unknown regulatory pathways. See Discussion for details.
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TORC1 is constitutively activated or upon the loss of TORC2 (Fig 1).

Future work will determine which other transcription factors and

chromatin regulators contribute to the regulation of differentiation

gene expression downstream of TORC1 and TORC2 in S. pombe.

Studies in various organisms have demonstrated that TORC1

promotes growth both by stimulating anabolic processes and by

inhibiting stress responses, including through the regulation of RNA

polymerase I-, II-, and III-dependent transcription [3]. For example,

S. cerevisiae TORC1 represses nutrient stress-responsive genes by

sequestering transcription factors in the cytoplasm, primarily

through the Tap42-dependent inhibition of PP2A-related phos-

phatases. Likewise, when nutrients are present, S. pombe TORC1

represses the expression of the master regulators of sexual differen-

tiation, but the mechanism of this regulation is less well character-

ized [8–12]. A previous study suggested that TORC1 inhibits meiosis

through the phosphorylation-dependent degradation of Mei2 [12].

Our work establishes that SAGA, a co-activator of RNA polymerase

II, is another important effector of TORC1 to regulate differentiation

genes.

We found that TORC1 controls SAGA through Ppk18Gwl-

mediated inhibition of the PP2AB55 phosphatase. A very recent

study proposed that a similar TORC1-activated signaling cascade

inhibits sexual differentiation, through the de-phosphorylation of

Gad8AKT by PP2AB55, thereby counteracting TORC2 activity [56].

Our work reveals that an additional substrate of the TORC1-PP2AB55

pathway contributes to control this process. However, we observed

that Taf12 phosphorylation does not modulate sexual differentia-

tion when cells are grown in nutrient rich conditions, indicating

that PP2AB55 requires other effectors, possibly additional SAGA

subunits, to inhibit differentiation when nutrients are present

(Fig 7F).

TORC2 is also known to regulate RNA polymerase II-dependent

transcription, through the activation of the AKT kinase, which phos-

phorylates and inhibits FOXO transcription factors in mammals [4].

In S. pombe, TORC2 and Gad8AKT are activated upon starvation and

required for cells to arrest in G1 and initiate sexual differentiation

(Fig 1) [38,41,62,63]. Interestingly, an S. pombe FOXO transcription

factor, Fkh2, is also required for ste11+ induction and sexual dif-

ferentiation upon nitrogen starvation [64] and is phosphorylated by

Gad8AKT in vitro [39]. Recently, a mutational analysis revealed that

Gad8AKT-dependent phosphorylation of Fkh2 is critical for sexual

differentiation [56]. Our results show that Taf12 phosphorylation is

induced early upon starvation, positively correlates with TORC2

activity, but not any other nutrient-sensing pathway, and negatively

correlates with sexual differentiation. We therefore propose that the

TORC2-Gad8AKT pathway coordinates the opposing activities of

Fkh2 and Taf12 at the promoters of differentiation genes to synchro-

nize their expression with starvation response and allow the

sequential induction of cell cycle exit, conjugation, and meiosis

(Fig 7F).

Role of Taf12 phosphorylation in sexual differentiation

Intriguingly, phenotypic analyses revealed that Taf12 phosphoryla-

tion inhibits sexual differentiation upon starvation (Figs 7A–E and

Appendix Fig S9). This function appears contradictory with our

observation that Taf12 becomes phosphorylated upon starvation, by

TORC2-Gad8AKT. However, hyper-activation of TORC2 upon

starvation inhibits differentiation, similar to a loss of TORC2 [41].

Here, we show that this inhibitory role of TORC2 is mediated, at

least in part, by Taf12 phosphorylation (Fig 7D and E).

One possible interpretation is that the phosphorylated form of

Taf12 buffers the amplitude of the sexual differentiation response

until cells reach a critical level of starvation. Similar functions have

been described for two RNA-binding proteins in S. pombe [65,66].

We propose that the ability of the TORC2-Gad8AKT pathway to acti-

vate both a positive and a negative regulator of differentiation, Fkh2

and Taf12, respectively, contributes to buffering the differentiation

response. Such a regulatory motif is reminiscent of an incoherent

feedforward loop (Fig 7F), which can indeed establish pulse-like

dynamics [67]. Schizosaccharomyces pombe may have evolved such

regulation to ensure that not all cells in a population commit to

meiosis and sporulation, particularly during a transient starvation

event, because these processes are irreversible.

Another non-mutually exclusive possibility is that Taf12 phos-

phorylation sequesters it in the cytoplasm, therefore preventing it

from inducing differentiation genes early upon starvation. Then,

Taf12 protein levels increase, reducing the proportion of phosphory-

lated Taf12 (Fig 3I) and, possibly, promoting its nuclear transloca-

tion. The TORC2-Gad8AKT pathway might be required for this

increase in Taf12 levels. De-phosphorylated, nuclear Taf12 would

induce the transcription of differentiating genes at later time points

of starvation, to promote sexual differentiation once starvation has

reached a critical level (Fig 7F).

Finally, we found that ste11+ and mei2+ expression is affected

only at early time points of starvation in Taf12 phosphorylation

mutants. Although this result is in agreement with our observation

that P-Taf12 levels peak early after starvation, it is conceivable that

Taf12 phosphorylation regulates the transcription of other important

differentiation genes. Transcriptome analyses of differentiating

S. pombe cells have indeed identified approximately 2,000 genes

whose expression changes in successive waves that correlate with

the timing of each step of sexual differentiation [68–70]. Finally, as

opposed to Taf12 phosphorylation, we noted that Gad8AKT does not

modulate the expression of differentiation genes early upon starva-

tion (Appendix Fig S9). This observation might reflect the fact that

Gad8AKT phosphorylates other substrates with an opposite function,

such as Fkh2. Alternatively, Taf12 phosphorylation may be cata-

lyzed by another kinase, which would be only active during the

early steps following starvation.

Regulation of SAGA by Taf12 phosphorylation in response to

environmental cues

We have previously shown that SAGA regulates the expression of

differentiation genes and cell fate decisions in response to nutrient

availability [28]. Here, we provide genetic and biochemical evidence

that SAGA functions downstream of TORC1 and TORC2, but not of

any other nutrient-sensing kinases. Several signaling pathways have

already been shown to involve SAGA, consistent with its prominent

role in the expression of stress-regulated genes. Proteomic analyses

of SAGA purified from S. cerevisiae or human cells have identified

several phosphorylation sites on distinct subunits, including Taf12

[71–73]. However, few studies, if any, have explored whether these

modifications vary in response to specific cues or signaling path-

ways. Our work shows that Taf12, a core component of both SAGA

ª 2017 The Authors EMBO reports Vol 18 | No 12 | 2017

Thomas Laboucarié et al Nutrient control of SAGA by TOR EMBO reports

2211



and TFIID, is rapidly and dynamically phosphorylated in response

to changes in nutrient levels.

It is well established that co-activator complexes are primarily

regulated through their recruitment by promoter-bound transcrip-

tion factors. However, we showed that S. pombe SAGA is recruited

to the promoters of differentiation genes regardless of nutrient

levels, suggesting a different mode of regulation [28]. Importantly,

Taf12 is also phosphorylated as part of the TFIID general transcrip-

tional factor complex, which functions both redundantly and specifi-

cally with SAGA in the regulation of transcription initiation [74,75].

Future studies will elucidate the exact contribution of S. pombe

TFIID to the regulation of differentiation genes and cell fate deci-

sions in response to nutrient availability.

Regardless, we show here that nutrient availability dictates

whether Taf12 is phosphorylated or not. However, we found that

neither Taf12 phosphorylation nor nutrient availability affect SAGA

or TFIID subunit composition. Similarly, SAGA HAT activity

remains unchanged in Taf12 phosphorylation mutants. We therefore

propose that Taf12 phosphorylation causes a conformational change

within SAGA and/or TFIID, for example to coordinate their regula-

tory activities at specific promoters. Taf12 is indeed an integral

component of the core TAF module of both SAGA and TFIID, in

which it forms a histone-like dimer either with Ada1 or with Taf4,

respectively [23,25,76–79]. This interaction is mediated by the

histone-fold domain (HFD) of Taf12, which is highly conserved and

supports its essential functions in S. cerevisiae [80]. All three phos-

phorylated Thr are outside, N-terminal to the HFD (Fig 3B). We

therefore speculate that these modifications will not impact the

overall assembly of the complex but, rather, cause a subtle struc-

tural reorganization of specific modules. High-resolution structural

studies will determine whether Taf12 phosphorylation induces such

structural rearrangements and how it modulates SAGA and TFIID

regulatory functions.

Materials and Methods

Schizosaccharomyces pombe procedures, growth conditions, and

differentiation tests

Standard culture media and genetic manipulations were used, as

described in [81]. For all nutrient starvation experiments, proto-

trophic cells were inoculated in rich minimal medium (Edinburgh

Minimal Medium, EMM + 5 g/l NH4Cl and 2% glucose) and grown

at 30°C to mid-log phase (~0.5 × 107 cells/ml). Cells were then

pelleted at room temperature, washed once with starvation minimal

medium (EMM without NH4Cl and 0.5% glucose), inoculated in

either rich or starved medium, and incubated for various times at

30°C. In the text, “nutrient starvation” thus refers to the complete

removal of the nitrogen source and to a fourfold decrease in glucose

concentration in the medium. For mating assays, homothallic proto-

trophs were grown as described above and the number of zygotes

and asci was counted under differential interference contrast micro-

scopy. Alternatively, heterothallic prototrophs were grown as

described above, mixed in equal proportion, plated onto mating

medium (SPAS), and incubated for 2 days at 25°C. The proportion

of differentiating cells (%) was calculated by dividing the sum of

zygotes (one zygote counted as two cells) plus asci (one ascus

counted as two cells) by the total number of cells (at least 200 cells).

Torin-1 (4247/10, Tocris Bioscience), cAMP (A9501, Sigma), or thia-

mine (T4625, Sigma) were added to the medium at the time points

and concentrations indicated.

Strain and plasmid constructions

All S. pombe strains used are listed in Appendix Table S2. Genetic

crosses were performed by mating strains at 25°C on SPAS medium.

Strains with gene deletions or epitope-tagged proteins were

constructed by targeting the respective open reading frame (ORF)

with kanMX6, natMX6, or hphMX6 cassettes, using PCR-based gene

targeting and lithium-acetate transformation, as described in [82–

85]. For epitope tagging, the corresponding tag was fused to either

the 50 or 30 end of the targeted ORF, removing either the initiating

ATG or the stop codon, respectively. In each case, PCR amplification

was performed using primers of 100 bases, with 80 bases to direct

homologous recombination. All primers used are listed in

Appendix Table S3. Transformants were screened for correct inte-

gration by PCR and Western blot analyses. Point mutations were

knocked within specific genes using a pop in, pop out allele replace-

ment strategy, as described in [86]. The integrating plasmids were

constructed using the pKS-ura4 vector, in which PCR products,

restriction digest products, or synthesized DNA fragments were sub-

cloned using a Gibson assembly kit, according to the manufacturer’s

instructions (New England Biolabs). Plasmids and strains containing

point mutations were eventually verified by Sanger sequencing.

We generated several plasmids to generate distinct Taf12 phos-

pho-mutant strains. First, DHB60 was synthesized with a fragment

of the taf12+ gene, ranging from nucleotides (nt) +547 to +1,150 (+1

is defined as the A from the initiating codon) and comprising an A-

to-T mutation, designed at nt +847 to replace Thr283 with an Ala283

residue. The DHO744-745 primer pair was then used to amplify

taf12+ from DHB60. This product was assembled into pKS-ura4

together with three distinct PCR products, generated from S. pombe

genomic DNA using DHO854-855, DHO856-857, and DHO858-859,

to create DHB62. These PCR products encompass the first 566 base

pairs (bp) of taf12+, the last 251 bp of taf12+ fused to an NdeI

restriction site for genomic integration, and 590 bp of taf12+ 30UTR,

respectively. DHB62 was digested with NdeI and integrated into

S. pombe using lithium-acetate transformation to generate

DHP1205.

We then introduced additional single base-pair changes using the

QuikChange Site-Directed Mutagenesis kit, according to the manu-

facturer’s instructions (Agilent Technologies). First, we used

DHO909-910 and the DHB62 plasmid template to mutate taf12+

codons so that the Ser217, Thr218, Ser220, and Thr221 residues are

each replaced with Ala residues, creating DHB63. Second, we used

DHO1035-1036 and the DHB63 plasmids to replace these Ala resi-

dues with Asp217, Glu218, Asp220, and Glu221 residues, creating

DHB64. Last, we used DHO1037-1038 and the DHB64 plasmids to

replace the Thr283 residue of taf12+ with a Glu283 residue, creating

DHB65. The DHB63 and DHB65 plasmids were digested with NdeI

and integrated into S. pombe using lithium-acetate transformation

to generate DHP1221 and DHP1222, respectively.

The igo1-S64A knock-in mutant strain was obtained using the

two-step delitto perfeto procedure [87]. For this, a portion of the

igo1+ gene, ranging from nt +29 to +571, was synthesized with a
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TCA-to-GCT mutation at nt +499 to +501 to replace Ser64 with an

Ala residue, generating DHB61. The DHO1120-1121 primer pair was

then used to amplify igo1+ from DHB61, for S. pombe transforma-

tion and generation of DHP1210 and DHP1287.

RT–qPCR analysis

Quantitative PCR analyses of cDNA were performed using RNA

extracted from 50 ml of exponentially growing cells. Total RNA was

purified using hot, acidic phenol, and contaminating DNA was

removed by DNase I digestion, using the TURBO DNA-freeTM kit

(Ambion). 1 lg of RNA was then reverse-transcribed (RT) at 55°C

with random hexa-nucleotide primers or an oligo-dT primer, using

the Invitrogen SuperScript III first-strand synthesis kit (Invitrogen).

Fluorescence-based quantitative PCR was performed with SYBR

Green, using Stratagene Mx3005P systems. The thermal cycling

conditions comprised an initial denaturation at 95°C for 10 min,

followed by 40 cycles at 95°C for 30 s, 60°C for 1 min, and 72°C for

1 min. All analyses were performed according to the MIQE guideli-

nes [88]. Relative cDNA quantities were calculated using the Strata-

gene MxPro software, from the slope produced by standard curves.

These were performed for each primer pair on at least one cDNA

sample in each experiment. Standard curve slopes were comprised

between !3.5 (90% efficiency) and !3.15 (110% efficiency), with

an r2 > 0.9. All primer sequences used are listed in

Appendix Table S3.

Protein extractions

Protein extracts were prepared from 25 or 10 ml of exponentially

growing cells, using either standard lysis buffer (LB: 40 mM HEPES-

NaOH pH 7.4, 350 mM NaCl, 0.1% NP-40, and 10% glycerol) or

trichloroacetic acid (TCA) precipitation, respectively. For standard

lysis, LB was supplemented with protease inhibitors, including

cOmplete EDTA-free cocktails tablets (04693132001, Roche),

100 mM PMSF, 1 mg/ml Bestatin, and 1 mg/ml pepstatin A, as well

as phosphatase inhibitors, including 50 mM b-glycerophosphate,

1 mM NaF, and 1 mM Na3VO4. Glass beads were added to the cell

suspension, and lysis was performed using FastPrep (MP Biomedi-

cals). Beads were removed by centrifugation, and extracts were then

cleared by centrifugation at 15,000 g, 4°C, for 10 min. For TCA

extraction, cell pellets were washed once in 1 ml of 20% TCA and

re-suspended in 100 ll of 20% TCA. Glass beads were added, and

cells were lysed using a FastPrep (MP Biomedicals). 400 ll of 5%

TCA was added to the homogenates that were then vortexed and

spun at 15,000 g for 10 min. The pellet was re-suspended in 4×

protein sample loading buffer, and the pH was adjusted with 1 M

Tris base before boiling. 5 ll of each sample was loaded on a 10%

SDS–acrylamide gel, which was stained with Coomassie blue or to

normalize for protein amounts across samples.

Immuno-precipitations

Of 50–100 ml of exponentially growing cells was harvested and re-

suspended in IP lysis buffer (IP-LB: 50 mM HEPES-NaOH pH 7.4,

150 mM NaCl, 0.5% NP-40, 1 mM EDTA, 10% glycerol), supple-

mented with protease inhibitors and, when necessary, with phos-

phatase inhibitors, as described for protein extraction. Following

lysis and extract clarification, 4–5 mg of total proteins was incu-

bated first with 1–5 lg of anti-FLAG antibody (M2, Sigma), for 2 h

at 4°C, and then with 50 ll of a 1:1 protein G Sepharose 4 Fast Flow

slurry (GE Healthcare Life Sciences), for 1 h at 4°C. Three washes

were performed in IP-LB without any protease or phosphatase inhi-

bitors. Beads were eluted in 1× protein sample loading buffer and

processed for Western blotting.

For TAP-Gad8 or TAP-Pab1 immuno-precipitations, proteins

extracts were incubated overnight with 50 ll of a 1:1 IgG-Sepharose

6 Fast Flow slurry (GE Healthcare Life Sciences), for 2 h at 4°C.

Three washes were performed in IP-LB without any protease or

phosphatase inhibitors, followed by one wash in TEV buffer

(10 mM Tris pH 8.0, 150 mM NaCl, 0.1% NP-40, 0.5 mM EDTA,

10% glycerol, 1 mM DTT). IgG beads were incubated for 1.5 h at

room temperature in 100 ll of TEV buffer and 20 U of AcTEV

protease (Invitrogen). IgG beads were then pelleted, and the super-

natant was processed for Western blotting.

Tandem affinity purifications

Protein complexes were purified by the tandem affinity purification

(TAP) method, as described previously [28,89], with minor modifi-

cations. 2–4 l of exponentially growing cells was harvested, snap-

frozen, and ground in liquid nitrogen using a Freezer/Mill" (Spex

SamplePrep). Following purifications, 20 mM EGTA eluates were

concentrated and separated on 4–20% gradient SDS–polyacrylamide

Tris–glycine gels (Bio-Rad). Total protein content was visualized

either by silver staining, using the SilverQuest kit (Invitrogen), or

using the SYPRO Ruby/Red protein stains (Molecular Probes),

following the manufacturer’s instructions. Stained gels were

scanned and imaged using either direct light (Amersham Imager

600, GE Healthcare Life Sciences) or a fluorescence imaging system

(Typhoon Trio, GE Healthcare Life Sciences). For analysis of phos-

pho-protein content, EGTA eluates were delipidated and desalted

using chloroform and methanol precipitation before loading. Phos-

phorylated proteins were visualized in gel by Pro-Q" Diamond

staining, according to the manufacturer’s instructions (Molecular

Probes). Stained gels were imaged using a Typhoon Trio imager (GE

Healthcare Life Sciences) (532 nm laser excitation, 580 nm emission

filter). Quantification of signal intensity was performed from

scanned gels using ImageJ [90].

Western blots

Western blotting was performed using a peroxidase-anti-peroxidase

(PAP) antibody for detection of the TAP tag (P1291, Sigma), an anti-

Calmodulin binding protein (CBP) antibody (RCBP-45A-Z, ICLab),

an anti-Rpb1 antibody (8WG16, Covance), an anti-tubulin antibody

(B-5-1-2, Sigma), an anti-FLAG antibody (M2, Sigma), an anti-MYC

antibody (9E10, Agro-Bio), an anti-HA antibody (12CA5, Agro-Bio),

an anti-phospho-AKT substrate (PAS, Cell Signaling Technology),

and an anti-phospho-Ser546-Gad8AKT antibody [40]. Protein concen-

trations were measured by the Bradford method and used to load

equal amounts of proteins across samples. Quantification of signal

intensity was performed using film exposures that were within the

linear range of ECL detection, as verified by loading serial dilutions

of one sample, and analyzed with Image StudioTM Lite 4.0 (LI-COR

Biosciences). Typically, P-Taf12 levels were measured from longer
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exposures, whereas total Taf12 levels were measured from shorter

exposures.

For Phos-tag gels, 12% resolving SDS–acrylamide gels were

supplemented with 50 lM Phos-tagTM-acrylamide (AAL-107, Wako)

and 100 lM MnCl2. TCA-extracted samples were run at 30 mA for

2 h. Gels were washed twice in transfer buffer (25 mM Tris–HCl,

250 mM glycine) containing 1 mM EDTA and once without EDTA,

before being processed for Western blotting.

Phosphatase assays

TAP-Pab1 and Taf12-FLAG were affinity-purified separately, as

described above, from 100 to 200 ml of exponentially growing cells.

For TAP-Pab1, IgG beads were washed three times in IP-LB, once in

phosphatase buffer (50 mM HEPES-NaOH pH 7.4, 100 mM NaCl,

0.1% NP-40, 2 mM MnCl2, 2 mM DTT), re-suspended in 100 ll phos-

phatase buffer containing 10 U of AcTEV protease, and incubated at

room temperature for 1.5 h. Equal amounts of the supernatant,

normalized on the signal intensity of CBP-Pab1, were mixed with

Taf12-FLAG-bound protein G Sepharose beads, with and without

0.5 lM microcystin. Reactions were incubated for 40 min at 30°C,

before processing for Western blotting. For k-phosphatase treatment of

Taf12-FLAG immuno-precipitates, protein G Sepharose beads were re-

suspended in 100 ll 1× k-phosphatase buffer containing 1 mM MnCl2,

with and without 1 ll of k-phosphatase enzyme, and incubated for 350

at 30°C. As a control, 1 mM NaF and 1 mM Na3VO4 were added to

inhibit phosphatase activity. Reactions were stopped by adding 4×

protein sample loading buffer and boiling at 95°C for 10 min.

Kinase assays

PCR fragments ranging from nucleotides (nt) +439 to +1011, corre-

sponding to residues Leu147 to Asp337, of the S. pombe taf12 gene

were amplified from genomic DNA of either DHP148 (WT) or

DHP1221 (taf12-5A mutants), using DHO1393-1394. These frag-

ments were sub-cloned into pGEX-4T2 (GE Healthcare Life

Sciences), 30 and in frame to the GST coding sequence, using a

Gibson assembly kit (New England Biolabs) to generate the DHB82

and DHB83 plasmids, respectively. Recombinant GST-Taf12 and

GST-Taf12-5A were produced by IPTG induction of transformed

BL21 strains, purified on a column of 200 ll of glutathione

Sepharose 4B (GE Healthcare Life Sciences) for 2 h at 4°C, and

eluted using 10 mM reduced glutathione. As a positive control, a

fragment corresponding to amino acid residues 209–411 of Fkh2

[39] was cloned, expressed, and purified using an identical strategy.

Endogenous Gad8-HA was affinity-purified, as described above,

from 100 ml of S. pombe cells that were grown in rich medium and

starved for nitrogen for 30 min, to activate Gad8AKT. 10 lg of

recombinant GST-Taf12 or GST-Taf12-5A was mixed with Gad8-HA-

bound protein G Sepharose beads and incubated for 30 min at 30°C,

in kinase buffer (25 mM Tris–HCl pH 8.0, 10 mM MgCl2, 100 lM

ATP, 1 mM DTT). Reactions were stopped by adding 4× protein

sample loading buffer and boiling at 95°C for 10 min.

HAT assays

Histone acetyltransferase (HAT) assays were performed with 10%

of TEV eluates of purified SAGA complexes, using the EpiQuikTM

HAT Activity/Inhibition Assay Kit (Epigentek), according to the

manufacturer’s instructions.

SILAC and mass spectrometry analyses

SILAC procedure for SAGA purification analyses

For SILAC analyses of purified SAGA, lysine auxotrophs (DHP828:

h! lys1-131 spt7-HA3-TAP2::kanMX6) were pre-cultured in minimal

rich medium (EMM) supplemented with 225 mg/l of either “light”

L-lysine or “heavy” L-lysine (13C6-
15N2-L-lysine, Cambridge Isotope

Laboratories), for more than twelve doublings, to maximize meta-

bolic labeling of proteins. Cells were grown to mid-logarithmic

phase, either in 2 l of EMM supplemented with 45 mg/l of either

“light” L-lysine or “heavy” L-lysine. The “light” L-lysine culture was

then shifted to starved medium, without any L-lysine, for 45 min. A

reverse labeling scheme was used in an independent replicate of this

experiment. Cells were harvested, snap-frozen, and weighted. Equal

quantities of dried cells were pooled before TAP purification, which

was performed as described above, using Spt7-TAP as the bait.

EGTA eluates were processed for silver staining and for mass spec-

trometry analysis.

Mass spectrometry (MS) analysis

Peptides were re-suspended in 5% formic acid, 5% acetonitrile and

loaded onto a 100-lm ID × 3-cm precolumn packed with Maccel

C18 1.9-lm, 200-Å particles (The Nest Group) for nRPLC-MS/MS

analysis in a Velos Orbitrap mass spectrometer (Thermo Fisher).

Peptides were eluted over a 100-lm ID × 30-cm analytical column

packed with the same material. Gradient conditions were tailored to

the complexity and chemical properties of each sample; generally,

the gradient was 9–32% acetonitrile in 0.15% formic acid over the

course of 90 min. All MS spectra were collected with Orbitrap detec-

tion. MS/MS spectra were collected in the linear ion trap; the 20

most abundant ions were selected in a data-dependent manner.

Identification and quantification of peptides, proteins,

and modifications

MS/MS spectra were searched with Comet [91] against the S. pombe

proteome (downloaded November 19, 2015). The precursor mass

tolerance was set to 50 p.p.m., and the fragment ion tolerance was

set to 0.36 Da with a 0.11-Da offset. Variable modification of

methionine oxidation (15.994914 Da), serine, threonine, and tyro-

sine phosphorylation (79.966331 Da) was used for all searches. For

SILAC experiments, an additional variable modification of heavy

lysine (8.014198 Da) was considered. Search results were filtered to

a 1% FDR at PSM level using Percolator [92]. Phosphorylation sites

were localized using an in-house implementation of the Ascore algo-

rithm [93]. Phosphorylation sites with an Ascore > 13 (P < 0.05)

were considered confidently localized. Peptides were quantified

using in-house software measuring chromatographic peak maxi-

mum intensities. The peak maxima for peptides with the same

combination of modification sites were summed before calculating a

ratio. Proteins were quantified by first summing maximum peak

intensities of all unmodified peptides for a given protein. The ratio

was calculated between the sum of all peptides for a protein from

heavy-labeled cells and the sum from light-labeled cells. In instances

in which only the light or heavy form was identified, the noise

signal level was used as the signal of the missing peptide.
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SILAC and mass spectrometry analyses of total protein extracts

For SILAC analyses of total protein extracts, auxotrophic strains

were cultured in minimal medium (EMM) supplemented with

225 mg/l of either “light” L-lysine and L-arginine (Lys-0/Arg-0) or

“medium” L-lysine and L-arginine (2H4-L-lysine/
13C6-arginine,

Lys4/Arg6). Supernatants derived from the “light”- and “medium”-

labeled cell cultures were combined, and proteins were precipitated

at !20°C using ice-cold acetone/methanol left on ice overnight. The

proteins were pelleted by centrifugation (2,200 g, 20 min, 4°C) and

washed with 80% ice-cold acetone. Dried proteins were resolved in

digestion buffer (6 M urea, 2 M thiourea, 10 mM Tris, pH 8.0) and

mixed in 1:1 ratio according to measured protein amounts. The

mixtures were digested in solution with trypsin as described previ-

ously [94]. For proteome analyses, 100 lg of the mixtures was frac-

tionated by isoelectric focusing on an OffGel 3100 Fractionator

(Agilent) according to the manufacturer’s instructions. Focusing

was performed using 13-cm (12-well) Immobiline DryStrips pH 3–10

(Bio-Rad) at a maximum current of 50 lA for 24 kVh. Peptide

fractions were collected and desalted separately using C18 StageTips

[95].

For phospho-proteome analyses, 8 mg of each peptide mixture

was subjected to phospho-peptide enrichment as described previ-

ously [96], with minor modifications: Peptides were separated by

strong cation-exchange (SCX) chromatography with a gradient of 0–

35% SCX solvent B resulting in seven fractions that were subjected

to phospho-peptide enrichment by TiO2 beads. Elution from the

beads was performed three times with 100 ll of 40% ammonia

hydroxide solution in 60% acetonitrile (pH > 10.5). Fractions rich

in peptides were subjected to multiple TiO2 enrichment. Enrichment

of phospho-peptides from the SCX flow-through was completed in

five cycles.

LC-MS/MS analyses were performed on an EasyLC nano-HPLC

(Proxeon Biosystems) coupled to an LTQ Orbitrap XL (Thermo

Scientific) for phospho-peptide analyses, or an LTQ Orbitrap Elite

mass spectrometer (Thermo Scientific) for proteome analyses as

described previously [97]. The peptide mixtures were injected onto

the column in HPLC solvent A (0.5% acetic acid) at a flow rate of

500 nl/min and subsequently eluted with a 87-min (proteome) or a

127-min (phospho-proteome) segmented gradient of 5–33–90%

HPLC solvent B (80% ACN in 0.5% acetic acid). During peptide

elution, the flow rate was kept constant at 200 nl/min. For

proteome analysis, the twenty most intense precursor ions were

sequentially fragmented in each scan cycle. For the phospho-

proteome analysis, the five most intense precursor ions were frag-

mented by multistage activation of neutral loss ions at !98, !49,

and !32.6 Th relative to the precursor ion [98]. In all measure-

ments, sequenced precursor masses were excluded from further

selection for 90 s. Full scans were acquired at resolution of 60,000

(Orbitrap XL) or 120,000 (Orbitrap Elite). The target values were set

to 5,000 charges for the LTQ (MS/MS) and 106 charges for the Orbi-

trap (MS), respectively; maximum allowed fill times were 150 ms

(LTQ) and 1,000 ms (Orbitrap). The lock mass option was used for

real-time recalibration of MS spectra [96].

The MS data of all SILAC experiments were processed using

default parameters of the MaxQuant software (v1.2.2.9) [99].

Extracted peak lists were submitted to database search using the

Andromeda search engine [100] to query a target-decoy [101] data-

base of S. pombe proteome (http://www.pombase.org/, Protein

Dataset in FASTA format, downloaded on the April 6, 2011),

containing 5,076 protein entries and 248 commonly observed

contaminants.

Statistics

Statistical tests were performed using GraphPad Prism. t-Tests were

used when comparing two means. One-way or two-way analyses of

variance (ANOVA) were performed for comparing more than two

means, across one (for example “genotype”) or two distinct vari-

ables (for example “genotype” and “nutrients”). ANOVAs were

followed by Bonferroni or Tukey post hoc pairwise comparisons.

An a level of 0.01 was used a priori for all statistical tests, except

otherwise indicated. Comparisons that are statistically significant

(P ≤ 0.01) are marked with the star sign (*), whereas those that are

statistically not significant (P > 0.01) are labeled n.s.

Expanded View for this article is available online.
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DISCUSSION & PERSPECTIVES 
 

1.! TRRAP is an evolutionarily conserved PIKK family member and requires the TTT co-

chaperone to function. 

The first objective of my PhD thesis was to analyze the role of the TTT co-chaperone on 

TRRAP, the only pseudokinase of the PIKK family. The effect of TTT on TRRAP stability was 

previously reported, however the effect of TTT on TRRAP transcriptional activity had not been 

addressed then (Hurov et al., 2010; Izumi et al., 2011; Kaizuka et al., 2010; Takai et al., 2007). 

Although TRRAP is a pseudokinase, it retains the typical domain organization shared among PIKKs 

and is highly conserved throughout evolution (Helmlinger, 2012). So far, there hasn’t been a single 

eukaryotic genome that does not have a TRRAP ortholog and all have lost the PI3K-like catalytic 

residues (personal communication, Philippe Fort). Therefore, besides losing these residues, TRRAP, 

which is a large protein of about 3,800 amino acids, seems to be under strong evolutionary pressure to 

resemble a PIKK. The reason why has remained obscure, in particular because of the lack of structural 

information about TRRAP and more generally PIKKs, until recently. We propose that findings 

reported by us, in this thesis, and others, bring an answer to that question. TRRAP is under pressure to 

conserve PIKK structural determinants so that it will be recognized, folded and stabilized by the 

specific, dedicated chaperone machinery, the TTT complex. 

Results obtained during my thesis showed that the transcriptional consequences induced upon 

TRRAP depletion correlate well with those induced upon TELO2 depletion, when examining both the 

overlap and the enrichment of specific functional signatures in each data set. Although TTT regulates 

five others PIKKs, namely ATM, ATR, DNA-PKcs, mTOR, and SMG1, half of the genes affected 

upon TELO2 depletion were also affected in TRRAP-depleted cells, suggesting that TTT affects gene 

expression mainly through TRRAP. Nevertheless, we cannot rule out that some genes affected upon 

TRRAP depletion and found to be TTT-dependent, might also be regulated by other PIKKs. Indeed, 

TRRAP could regulate the signaling of other PIKKs such as ATM, which relies on TIP60-dependent 

acetylation to be activated (Sun et al., 2005). Interestingly, among the 272 common genes affected 

upon TELO2 and TRRAP depletion, about 2/3 (181) are bound by TRRAP. To demonstrate that TTT 

is involved in TRRAP transcriptional activity, one could examine the transcriptional consequences of 

rescuing TELO2 depletion with TRRAP over-expression, using transient transfection of a plasmid, for 

example. In addition, it would be important to show that TRRAP binding at these 181 promoters is 

lost upon TELO2 depletion. I actually attempted to answer this question but CUT&RUN-qPCR using 

antibodies against endogenous TRRAP (generous gifts from László Tora) failed to give robust and 

reproducible enrichment at MIR17HG. 
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Besides genes that were highlighted in the overlap between the TTT and TRRAP-dependent 

transcriptomes, our comparison revealed that TRRAP depletion affects much more genes than the 

depletion of TELO2. We argue that this difference can be explained by the fact that TRRAP is 

differently affected in each situation. In AID-TRRAP cells, TRRAP is directly targeted for 

degradation, whereas in TELO2-AID cells TRRAP is indirectly affected and therefore is destabilized 

with a much slower kinetic. Thus, in our RNA-seq performed in cells depleted for TELO2, a 

significant fraction of TRRAP is still present, making such comparisons more complex. Another 

explanation is that TELO2 targeting might not recapitulate a complete loss of TTT activity, in fact we 

cannot rule out the possibility that the TTI1 and/or TTI2 subunits could still assemble TRRAP, but 

less efficiently. This could support an observation which I made, that suggested that TTI1 might 

interact more strongly with TRRAP upon TELO2 depletion (not shown). It is tempting to speculate 

that each TTT subunit might affect PIKK differently, leading to distinct outcomes. Alternatively, it is 

possible that there is a problem in the release of TRRAP by TTI1, when TELO2 is absent, explaining 

the lack of its incorporation into the SAGA complex. Finally, it would be interesting to separate the 

TRRAP-dependent genes between those that are regulated by SAGA from those that are TIP60-

specific, in order to determine if TTT depletion affects equally both classes of genes. On one hand, we 

hypothesize that, as shown for mTOR complexes, TTT could be differentially regulated by 

environmental or signaling cues, which might result in a preferential incorporation of TRRAP within 

SAGA in some conditions versus its incorporation within TIP60 in others. On the other hand, 

however, if TRRAP is bound to all active promoters, it may be that SAGA, TIP60, or both show the 

same profile and participate in the transcription of all mRNAs and ncRNAs. 

2.! Unexpected direct inhibitory roles for TRRAP in transcription 

The results obtained and presented in this thesis provide a detailed analysis of the contribution 

of TRRAP to the regulation of gene expression in colorectal cancer cells. Through a combination of 

transcriptomic analyses and genome-wide binding studies, we identified direct targets of TRRAP.  

Remarkably, although TRRAP is mainly described as a co-activator of transcription, we 

identified several genes whose expression is induced upon TRRAP depletion, with half of them bound 

by TRRAP. We decided therefore to focus on those genes, particularly on a set of genes involved in 

the type I interferon (IFN) response, which corresponds to the most significantly enriched signature 

found by GSEA analyses.   

The IFN signaling pathway is divided into two branches corresponding to an early and to a 

late response, and involves five major transcription factors. The early response is characterized by the 

detection of pathogens or more generally something detected as “non-self”. Once triggered, this 

pathway leads to the activation of the IRF3 and IRF7 transcription factors, which are essential for the 

transcription of IFN alpha and beta genes. Then, the IFN alpha and beta cytokines activate the 
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JAK/STAT pathway by binding to dedicated receptors, IFNAR1 and IFNAR2, in an autocrine and 

paracrine manner. Activation of the JAK kinases eventually results in the formation of the ISGF3 

complex, which triggers the late response. ISGF3 comprises the IRF9, STAT1, and STAT2 

transcription factors, and is responsible for the transcription of several ISGs, such as MX1 and OAS1 

but also IRF7, to constitute a positive feedback loop (Chan and Gack, 2016; Honda et al., 2006; 

Schoggins and Rice, 2011) (Figure 48).  

 

Figure 48: Type I interferon signaling. Schematic representation of the early and late responses of the IFN 

signaling pathway, showing all membrane and cytosolic receptors, adaptors, kinases and transcription factors 

involved in. From (Anders et al., 2010) 

We showed that components of the early response, such as the central kinase TBK1, are not 

involved in the ISG induction caused by TRRAP depletion, indicating that TRRAP depletion is 

unlikely triggering the production of “non-self” elements. Moreover, we could not gather clear 

evidence that IRF3 and IRF7 are activated. However, although we could neither observe the 

translocation of IRF3 and IRF7 into the nucleus nor their phosphorylation, we have not formally 

proven that TRRAP functions downstream of IRF3 or IRF7. We attempted to knock out IRF7 in AID-

TRRAP HCT116 cells using our CRISPR-Cas9 strategy. Unfortunately, we only obtained what may 

be a hypomorphic allele, as a shorter, truncated version of IRF7 appeared on Western blot analysis of 

selected clones (not shown). We also measured the production of IFN alpha and beta cytokines in the 
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media from auxin-treated AID-TRRAP cells, using a dedicated reporter cell line, but were not able to 

detect significant amounts, as compared to the supernatant from virus-infected cells. The sensitivity of 

these reporters might not be high enough, though. Finally, we have not directly tested yet whether 

components from the late response pathway, IFNARs and JAKs, are activated or functionally involved 

in ISG induction upon TRRAP depletion.  

Rather, our CUT&RUN-seq experiments demonstrated that TRRAP binds robustly to the 

promoters of nearly half of the ISG that are upregulated upon TRRAP depletion, suggesting that ISG 

promoters are directly repressed by TRRAP. Thus, upon TRRAP depletion, the repression would be 

relieved and ISGs induced in an IFN-independent manner.  

Strikingly, IRF7, IRF9, and STAT2 promoters are all bound by TRRAP while their expression 

is repressed by TRRAP. We suspect therefore that several other upregulated ISGs, which are not 

bound by TRRAP, are in fact induced as a consequence of increased IRF9/STAT2 expression and 

activity. Two recent publications support this hypothesis. First, Kolosenko et al. reported that IRF9 

overexpression alone is sufficient to induce the expression of several ISGs in HCT116 cells 

(Kolosenko et al., 2015). Second, a heterodimer of unphosphorylated, non-activated IRF9/STAT2 can 

drive the expression of a subset of ISGs that are remarkably similar to those detected upon TRRAP 

depletion (Cheon et al., 2013) (see below for details). Nevertheless, at this stage, we cannot formally 

exclude that TRRAP might activate the transcription of a repressor of ISGs and that upon TRRAP 

depletion this repressor is not transcribed anymore resulting in ISGs induction. However, I performed 

an RNA-seq experiment after a shorter depletion of TRRAP (5 hours) to identify a potential ISG 

repressor. We did not find an obvious candidate in the list of genes which expression decreased 5 

hours upon TRRAP depletion, ie. before ISGs were induced (not shown). 

3.! Mechanism of ISG repression by TRRAP 

Our results using RNA interference to delineate the involvement of SAGA and TIP60, 

revealed a clear effect of the TIP60 ATPase, P400. P400 is the catalytic subunit responsible for H2A.Z 

incorporation. This prompts us to now investigate a potential role of H2A.Z in ISG repression. Our 

working model predicts that less H2AZ will occupy the +1 and -1 nucleosomes of TRRAP-bound ISG 

promoters upon TRRAP depletion (Figure 49). In contrast, we should observe no difference on those 

not bound by TRRAP. We then expect to detect more IRF9 and STAT2 at these promoters, upon 

TRRAP depletion. Thus, certain ISGs might be repressed through the TRRAP-dependent regulation of 

the master transcription factors IRF9 and STAT2 in colorectal cancer cells.  

To test this hypothesis, we are currently performing chromatin immunoprecipitation (ChIP) 

and CUT&RUN experiments using anti-H2AZ, -IRF9, and –STAT2 antibodies in cells depleted for 

TRRAP. Then, we could target INO80 (responsible for H2A.Z removal) by RNA interference, to test 
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if we can rescue the derepression of ISGs observed upon TRRAP depletion, by restoring the balance 

of H2AZ occupancy at these promoters.   

The involvement of SAGA and TIP60 in the IFN signaling pathway has already been reported 

by the laboratories of Sharon YR Dent / Kai Ge and Sudhakar Jha, respectively (Jin et al., 2014; 

Rajagopalan et al., 2018). However, our results do not support an involvement of TRRAP in the 

mechanisms described in their studies. First, Jin and colleagues showed that GCN5/PCAF repress IFN 

response by inhibiting TBK1 kinase. In contrast, we observed that the effect of TRRAP depletion on 

ISG expression does not involve TBK1. Second, Rajagopalan and colleagues identified TIP60 as 

repressor of ERVs and showed that its depletion leads to IRF7 up-regulation in HCT116 cells. ERV 

production and detection was actually one of the first hypothesis that we considered to explain the ISG 

-induction phenotype observed after TRRAP depletion. But here again, our genetic analysis of 

components of the early response, notably the dsRNA sensors RIG-I and MDA5, did not support the 

possibility that ERVs were produced and activated an innate immune response in TRRAP-depleted 

cells. Moreover, besides IRF7, Rajagopalan and colleagues reported that the depletion of TIP60 

neither induces an increase of IRF9 nor ISGs, suggesting a distinct mechanism of action.  

Altogether, our results suggest that ISG induction upon TRRAP depletion is due to the relief 

of a direct repression mediated by TRRAP itself at ISG promoters in a TBK1-, ERV-independent, 

IFN-independent and therefore STAT-phosphorylation independent manner. As mentioned previously, 

this idea is supported by several studies that revealed that an unphosphorylated form of STAT2 (U-

STAT2) binds to IRF9 to form an unphosphorylated ISGF3 complex (U-ISGF3). U-ISGF3 activates 

the expression of a subset of specific ISGs in the absence of any IFN stimulation (Blaszczyk et al., 

2015; Cheon et al., 2013; Kraus et al., 2003). U-ISGF3 was shown to bind distinct interferon 

stimulated response elements (ISREs) with flanking sequences that differ from canonical ISREs 

(Cheon et al., 2013). Remarkably, those non-canonical, U-ISGF3-specific ISGs overlap strongly with 

the TRRAP-repressed ISGs (21/28). Altogether, we propose two working models to explain how 

TRRAP represses ISG induction. Although both models are different, they are not exclusive, it is 

possible that both coexist and might explain the ISG induction observed upon the depletion of TRRAP 

(Figure 49 and 50). 



Discussion & Perspectives 

 

154 

 

 

Figure 49: TIP60 complex maintains repressed ISGs. Working model depicting what happens in cells upon 

TRRAP depletion that could explain the ISG derepression. In the “ISG-repressed” state (left), the TIP60 co-

activator, through P400 activity, mediates the deposition of the H2AZ histone variant at ISG promoters, 

establishing a “repressive” state. In this model, TRRAP is required to interact with unknown transcription 

factor(s) (TF) allowing the recruitment of TIP60 at chromatin. Then, when TRRAP is degraded by treating cells 

with auxin (right), TIP60 is not recruited at ISG promoters and H2AZ is no longer incorporated. The repression 

is relieved, leading to an “active” state and ISG transcription. The subset of ISGs that are subjected to such 

regulation would be those bound by TRRAP (CUT&RUN data) and include IRF9 and STAT2, which then form 

U-ISGF3. U-ISGF3 binds to non-canonical ISRE (highlighted with stars) and drives the expression of additional 

ISGs, including those bound by TRRAP (light orange) as well as a subset of ISGs not bound by TRRAP (dark 

orange).  
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Figure 50: TRRAP inhibits the production of IFN and/or the JAK/STAT pathway. In this second working 

model, which could complement the first one, TRRAP is acting on the IFN pathway. In presence of TRRAP, 

IFN alpha and beta genes are repressed indirectly by TRRAP through the repression of IRF7, leading to the 

activation of JAK/STAT signaling and ISGs transcription by the canonical ISGF3 complex upon TRRAP 

depletion. TRRAP could also inhibit the JAK/STAT pathway downstream of IRF7 activation and IFN 

production.  

 

Although, we have no yet determined that TIP60 is responsible for maintaining ISG in a 

repressed state through the P400-dependent deposition of H2AZ, it would be interesting to assess if 

this mechanism is only restricted to ISG genes or extended to others direct targets of TRRAP. 

Importantly, if TIP60 is involved, it raises the question of how the complex is recruited to ISG 

promoters. Typically, TRRAP-containing complexes are recruited by DNA-bound activators, through 

direct contact between TRRAP and the trans-activation domain of transcription factors (Murr et al., 

2007). However, recent structural analysis of the NuA4 complex from S. cerevisiae indicated that Tra1 

constitutes a structural core required for the overall assembly of the NuA4 complex (Xuejuan Wang et 

al., 2018). This observation is in marked contrast with the topology of Tra1 within SAGA, within 

which it occupies a defined lobe and interacts with the rest of the complex through a limited number 

of surface contacts (Sharov et al., 2017). These structural data are further supported by functional and 

phenotypic analyses from our group, which revealed that NuA4 subunit composition is overall 

affected in tra2 conditional deletion mutant in fission yeast (Elias-Villalobos A et al., in preparation), 

whereas SAGA overall composition is not affected by tra1 deletion (Helmlinger et al., 2011). 
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4.! New insights into the functional cooperation between MYC and TRRAP 

Studying the direct targets of TRRAP is relevant in the field of cancer biology because the c-

MYC transcription factor requires TRRAP to mediate many of its oncogenic functions. To gain better 

insight into how MYC and TRRAP cooperate in colorectal cancer cells, we performed CUT&RUN-

seq of MYC before and after TRRAP depletion, as well as upon the recovery of TRRAP by washing 

auxin out from the medium. Venn diagram analysis comparing unique genes bound by TRRAP with 

unique genes bound by MYC revealed an almost complete overlap for MYC targets. Indeed, 95% of 

genes bound by MYC are also bound by TRRAP, while TRRAP binds to plenty of genes not bound by 

c-MYC (Figure 51).  

 

Figure 51: Common target genes bound by TRRAP and MYC. Venn diagram analysis between genes bound 

by TRRAP (dark red) or by MYC (dark green). Gene lists were obtained from the CUT&RUN-seq analyses.  

This observation is consistent with the idea that MYC recruits TRRAP at most of its target 

genes in colorectal cancer cells, while TRRAP is recruited to promoters by many other transcription 

factors. For instance, CUT&RUN-seq of MYC revealed that it does not bind ISGs (Figure 52), 

suggesting that TRRAP is recruited to ISG promoters through another transcription factor or 

mechanism.  
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Figure 52: TRRAP binds to ISG promoter in a MYC-independent manner. (A) Bar plot displaying the fold 

change of selected ISGs from the RNA-seq analysis of TRRAP-dependent transcripts. Column is colored in dark 

green if MYC binding was detected at the corresponding TSS. (B) IGV snapshot of the CUT&RUN-seq profile 

of TRRAP and MYC occupancy at the IRF9 locus in AID-TRRAP cells treated with NaOH or auxin for 12h. (C) 

CUT&RUN of TRRAP and MYC in AID-TRRAP cells treated with NaOH or auxin for 24h, then quantification 

of TRRAP and MYC binding at IRF9 promoter by qPCR. (D) CUT&RUN of TRRAP and MYC in AID-

TRRAP cells treated with or without auxin for 5h then washed and incubated without auxin for 2h. IRF9 relative 

occupancy was quantified by qPCR.  

 

Additionally, the overlap profile supports a potential role of TRRAP as general co-factor of 

Pol II transcription, as discussed below. Surprisingly, among these 1400 genes whose promoter is 

bound by both TRRAP and MYC, our RNA-seq shows that only a quarter are differentially expressed 

upon TRRAP depletion (Figure 53A). One possible interpretation is that MYC collaborates with 

TRRAP mostly to modulate the transcription of inducible genes. It is also possible that compensatory 

mechanisms or factors operate in cells following the prolonged depletion of TRRAP (24 hours), 

although such time frame remains relatively short. Indeed, by examining genes that are differentially 

expressed after a shorter period of TRRAP depletion using RNA-seq after 5 hours of auxin treatment, 

we observed even less genes simultaneously bound by TRRAP and MYC and regulated by TRRAP 

(Figure 53B). It is also possible that c-MYC recruits a variety of co-factors to regulate the expression 

of its targets, so that TRRAP depletion would be compensated by others co-activators. 
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Figure 53: TRRAP and MYC bind to genes mainly not affected after TRRAP depletion. Venn diagrams 

showing among the common genes bound by TRRAP and MYC, the proportion of genes affected upon TRRAP 

depletion achieved after 24h (A) or 5h (B) of auxin treatment. 

 

Finally, an important limitation of all our analyses is that RNA-seq measures steady-state 

mRNA levels, which do not necessarily reflect the transcriptional status of a gene, but, rather, the net 

balance between RNA synthesis and decay. Therefore, to overcome this bias, we should analyze the 

nascent transcriptomes, using comparative dynamic transcriptome analysis (cDTA), 4SU, or SLAM-

seq to identify the direct transcriptional consequences of TRRAP depletion.   

Unexpectedly, this analysis also revealed that, in addition to the well-established model that 

MYC recruits TRRAP upon DNA binding, the reverse might also happen, because TRRAP 

contributes to MYC binding at promoters. Indeed, we observed that, upon TRRAP depletion, the 

genome-wide binding of MYC is affected. For instance, upon TRRAP depletion, MYC binding clearly 

decreases at the promoter of one of its well-characterized targets, the onco-miR MIR17HG, (Figure 

54). Moreover, we observed that the expression of MIR17HG decreases quickly after the depletion of 

TRRAP and inversely re-increases rapidly upon TRRAP recovery. Altogether, these observations 

suggest that TRRAP modulates the recruitment of MYC at MIR17HG promoter, and directly regulates 

the transcription of MIR17HG.  
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Figure 54: TRRAP depletion affects rapidly the expression of MIR17HG and the binding of MYC. (A) 

Snapshot of TRRAP and MYC CUT&RUN-seq at the MIR17HG locus in AID-TRRAP cells treated with auxin 

or its vehicle (NaOH) for 12h. CTR corresponds to CUT&RUN performed with an IgG control antibody. (B) 

CUT&RUN-qPCR results of TRRAP and MYC binding at MIR17HG promoter in AID-TRRAP cells treated or 

not with auxin for 24 hours. (C) RT-qPCR analysis of MIR17HG expression upon a short time course of TRRAP 

depletion. (D) CUT&RUN of TRRAP and MYC in AID-TRRAP cells treated with or without auxin for 5h then 

washed and incubated without auxin for 2h. MIR17HG promoter relative occupancy was quantified by qPCR. 

 

Therefore, we hypothesize that TRRAP is required for stabilizing MYC at target gene 

promoters, or that TRRAP acts as an intermediate for MYC binding to target genes. As already 

reported, MYC is an unstable protein which turn-over is controlled by the ubiquitin degradation 

system and plays a critical role in the modulation of its transcriptional activity (Jaenicke et al., 2016). 

Interestingly, TRRAP interacts with MYC through the MYC box II domain, similarly to E3 ligases. 

Therefore, we can envisage that, in the absence of TRRAP, the MYC box II domain of MYC is 

targeted for ubiquitin-dependent proteasomal degradation.  

Finally, to address the importance of TRRAP for MYC binding at their targets, we performed 

CUT&RUN experiments of TRRAP and MYC over a time course of auxin wash out, in other terms 

over a time course of TRRAP recovery. Analyses are ongoing, and should disclose the dynamic and 

sequential order of MYC and TRRAP binding at their target genes.  
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5.! TRRAP governs and maintains a tumoral state, characterized by low levels of ISGs  

We showed that TRRAP depletion leads to important transcriptional changes. Functional 

enrichment analyses clearly highlighted what was expected, namely specific MYC and E2F targets 

signatures. However, the list of genes found differentially expressed after TRRAP depletion is likely 

incomplete, because we analyzed cells during proliferation, in one specific condition. We can expect 

that repeating these experiments following distinct stress or stimulation, the list would have been 

different.  

Interestingly, the differential expression of several TRRAP-regulated genes anti-correlates 

with their differential expression observed when comparing normal colon tissue with a primary tumor 

(COADREAD cohort). For instance, using the web-based tool UCSC Xena, we observed that 

MIR17HG, which is one of the most downregulated transcript in HCT116 depleted for TRRAP 

(Figure 55B), is less expressed in normal colon tissues as compared to primary tumors in which it is 

overexpressed (Figure 55A). The same tendency is observed for other genes, such as KAT2A (GCN5) 

and KAT2B (PCAF), already discussed in the introduction for their inherently opposing functions in 

tumorigenesis (p.35). This analysis suggests that TRRAP is involved in the switch of expression from 

GCN5 to PCAF and might be responsible for the maintenance of a specific tumoral state. 

 

Figure 55: TRRAP governs a specific pro-tumoral transcriptional program. (A) Heat map representation of 

selected mRNA expression from RNA-seq data obtained in 51 normal tissue samples and 380 primary tumor 

samples retrieved from The Cancer Genome Atlas (TCGA) COAD-READ project (High expression, in red; low 

expression, in blue). (B) Heat map display of fold change (FC) of the same selected genes found differentially 

expressed after TRRAP depletion. FC values are indicated (white), and ISGs are highlighted (orange bracket).  
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TRRAP is itself overexpressed in tumor as compared to normal tissue, as well as TELO2 (see 

Figure 55, for example). It is tempting to speculate that, similar to the well-documented addiction of 

cancer cells to MYC, tumor maintenance relies on a specific transcriptional program regulated by 

TRRAP and its co-chaperone TTT. Furthermore, a study looking at the specific gene expression 

signatures of colorectal cancer cells that became resistant to the chemotherapeutic agent irinotecan, 

identified that 29% of overexpressed genes were ISGs (Gongora et al., 2008). Accordingly, expression 

levels of a subset of U-ISGF3-dependent ISGs are high is normal colon tissue as compared to primary 

tumor (Figure 55). Finally, we found that upon TRRAP depletion, ISGs are de-repressed and the rate 

of cell growth is reduced without obvious change in cell cycle stage distribution, at least in the early 

stage of TRRAP deletion (not shown).  

Altogether, these observations provide evidence that TRRAP might play an important role in 

tumorigenesis by mediating, among others things, the repression of ISGs.  

 

6.! Putative roles of TRRAP over RNA polymerase II transcription. 

Preliminary analyses of TRRAP CUT&RUN-seq revealed that TRRAP binds to 9,215 genes, 

which represent roughly 30% of all transcription start sites (TSS) in the human genome. Interestingly, 

this value matches the reported median number of active promoters bound by RNA polymerase II in 

different cell types (de Dieuleveult et al., 2016). Although we have to verify that the promoters bound 

by TRRAP are associated with active TSS, it is tempting to speculate that TRRAP might play a 

general role in transcription in humans, similar to yeast SAGA and TFIID (Baptista et al., 2017; 

Bonnet et al., 2014; Warfield et al., 2017). 

In addition, examination of TRRAP binding profile relative to TSS positions revealed that 

TRRAP binds very close to their TSS, at least in the proximal promoter region. To assess if TRRAP 

location could overlap with the PIC, the resolution of our bioinformatics analyses needs to be further 

improved. So far, I think that the observed frequency distribution (Figure 4C, Results section), 

showing a classical cleavage pattern with two broad peaks extending approximatively 300 bp 

upstream and downstream of the TSS, corresponds to the phased -1 and +1 nucleosomes immediately 

flanking the nucleosome-depleted region (NDR) where TRRAP binds. Interestingly, the dip observed 

closer to the TSS may contain high-resolution topological information about TRRAP binding at core 

promoters in human cells. To accurately determine the binding site of TRRAP, we have to define the 

exact cleavage pattern of TRRAP-bound MNase, by plotting the end positions of the short fragments 

(<120 bp) corresponding to the locations where the tethered MNase has cleaved. Such bioinformatics 

strategy has been successfully employed by the Henikoff laboratory to gain a high resolution view of 

CTCF binding in human cells, following CU&RUN-seq (Skene and Henikoff, 2017). 
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Altogether these preliminary data prompted us to assess if, as observed recently in S. 

cerevisiae, SAGA in human cells functions as a general co-factor for RNA Pol II transcription 

(Baptista et al., 2017). However, we analyzed here the genome-wide distribution of TRRAP, which in 

human cells is shared between SAGA and TIP60 complexes. Hence, to verify if SAGA has a genome-

wide impact on Pol II transcription in human cells, I would perform CUT&RUN-seq of specific 

subunits of SAGA and TIP60. If we observe a similar broad distribution on active RNA polymerase 

II-dependent promoters, then, the next fundamental question will be to address how TRRAP recruits 

SAGA and/or TIP60 to chromatin and stabilizes the PIC constitutively, at nearly all active promoters. 

As mentioned in the Introduction, one mechanism to recruit SAGA to chromatin is through the 

TRRAP subunit, which directly interacts with many transcription factors. In S. pombe, gene 

duplication has led to the appearance of two paralogous proteins, Tra1 and Tra2, which have specific 

and non-redundant roles, such that Tra1 is specific to SAGA and Tra2 to NuA4, the yeast homolog of 

the TIP60 complex. This unique situation has allowed to tackle the specific role of the Tra1 subunit on 

SAGA transcriptional activity. Deletion of tra1 is not lethal contrary to its tra2 paralog and its TRRAP 

ortholog in humans, suggesting that TRRAP is essential for viability because of its role within TIP60 

complex. Deletion of tra1 in fission yeast affects the binding of SAGA to promoters only at a subset 

of genes, suggesting a Tra1-independent recruitment of SAGA, at least at certain promoters 

(Helmlinger et al., 2011). Thanks to the system which I developed, which enables fast, inducible, and 

reversible degradation of TRRAP, it would be interesting to analyze whether SAGA relies exclusively 

on TRRAP to be recruited to chromatin in human cells, and with which dynamic.
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CONCLUSION 
 

During my PhD, I have addressed the role of the TRRAP co-activator and its chaperone TTT 

in transcriptional regulation. Using an inducible and reversible system for the degradation of both 

endogenous proteins, we first showed that TTT is required to incorporate TRRAP within the SAGA 

complex, likely into the cytoplasm, before its nuclear import. Second, through transcriptomic analyses, 

we revealed that TTT regulates several TRRAP-dependent genes. These results describe TTT as an 

important chaperone for the transcriptional activity of TRRAP, the sole pseudokinase of the PIKK 

family.  

Additionally, we discovered that, upon TRRAP depletion, the expression of genes involved in 

the interferon response from the innate immune system, namely ISGs (Interferon Stimulated Genes), 

was induced. By analyzing the genome-wide binding of TRRAP via CUT&RUN-seq, we identified its 

direct targets, including the master regulators of the interferon response, the IRF9 and STAT2 

transcription factors. Importantly, we carried a functional characterization of the IFN-signaling 

pathway using a CRISPR/Cas9-based reverse genetics approach and demonstrated that ISG induction 

following TRRAP depletion is not triggered by the activation of the pathway. Finally, we obtained 

preliminary evidence that ISG control by TRRAP involves chromatin remodeling activity. The 

genome-wide chromatin profiling of TRRAP occupancy revealed that TRRAP binds broadly, near to 

the transcriptional start sites of virtually all active genes. TRRAP binds nearly all MYC-bound 

promoters but clearly has a potential effect on transcription genome-wide.  

Altogether, the results obtained during my thesis allowed to gain novel insights into the 

transcriptional function of TRRAP, pointing out an unexpected and direct inhibitory role of TRRAP 

on ISG transcription. Further analyses are needed, however, to decipher the underlying mechanisms 

and biological relevance of such inhibition in colorectal cancer cells.  
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ABSTRACT 

Gene expression regulation is critical for cells to adapt to external changes and maintain their 

homeostasis. Transcription is an essential step in gene expression and is controlled by numerous factors 

and cofactors. One such cofactor is TRRAP, the largest subunit of two distinct chromatin-modifying 

complexes, SAGA and TIP60. TRRAP interacts with a diverse range of transcription factors including 

c-MYC and E2Fs, and mediates the recruitment of SAGA and TIP60 to gene promoters. TRRAP is a 

member of the PIKK family of atypical kinases. Prior studies defined the TTT co-chaperone as an 

essential regulator of PIKK stability and activity. In contrast to its cognate kinases, TRRAP lacks 

catalytic residues and is the sole pseudokinase among PIKKs. Although TTT has been shown to stabilize 

and interact with TRRAP, the role of TTT on TRRAP function remains unknown. Using an inducible 

degron system that allows the rapid and acute depletion of endogenous proteins, we demonstrated that 

TTT is required to assemble TRRAP within its functional complexes prior its nuclear import. 

Additionally, through transcriptomic analyses we determined that TTT regulates a large number of 

TRRAP-dependent genes in colorectal cancer cells. Profiling of the genome-wide binding of TRRAP 

via CUT&RUN-seq identified the direct targets of TRRAP, of which only a small fraction overlaps with 

MYC targets. We also uncovered a direct inhibitory role of TRRAP on a subset of the interferon-

stimulated genes, which mediate the interferon response in the innate immune system. Altogether, our 

data suggest that TRRAP and its chaperone TTT are involved in tumorigenesis through the maintenance 

of a specific transcriptional program.  
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RESUME 

La régulation de l’expression des gènes est critique pour l’adaptation des cellules à leur environnement 

et pour leur homéostasie. La transcription, qui représente une étape essentielle de l’expression des gènes, 

est contrôlée par plusieurs facteurs et cofacteurs. L’un de ces cofacteurs, TRRAP, correspond à la plus 

grosse sous-unité de deux complexes de remodelage de la chromatine, SAGA et TIP60. TRRAP 

interagit avec divers facteurs de transcription, tels que c-MYC et E2Fs et permet ainsi le recrutement de 

SAGA et TIP60 aux promoteurs des gènes. TRRAP est un membre d’une famille de kinases atypiques, 

les PIKKs. Des études antérieures ont défini la co-chaperonne TTT comme régulateur essentiel de la 

stabilité et l’activité de ces kinases. Contrairement aux autres PIKKs, TRRAP ne possède pas les résidus 

requis à son activité catalytique et représente donc la seule pseudo-kinase parmi les PIKKs. Bien que 

TTT interagisse et stabilise TRRAP, son rôle sur l’activité de ce dernier reste inconnu. En utilisant un 

système de dégron inductible qui permet la dégradation rapide de protéines endogènes, nous avons 

démontré que TTT est requis pour l’assemblage de TRRAP dans ses complexes fonctionnels précédent 

son import nucléaire. De plus, à travers des analyses transcriptomiques, nous avons pu déterminer que 

TTT régule la transcription de plusieurs gènes TRRAP-dépendants dans des cellules de cancer 

colorectal. L’analyse du profil de fixation de TRRAP à l’échelle du génome grâce à la technique du 

CUT&RUN suivie d’un séquençage à haut débit (CUT&RUN-seq), a permis d’identifier les cibles 

directes de TRRAP, parmi lesquelles seule une fraction restreinte correspond à des cibles directes de 

MYC. Nous avons également découvert que TRRAP possède un rôle de répresseur direct sur la 

transcription d’une partie des gènes stimulés par l’interféron qui interviennent dans la réponse à 

l’interféron du système immunitaire inné. En outre, nos résultats suggèrent que TRRAP et sa co-

chaperonne TTT participent à la tumorigenèse notamment en maintenant et régulant un programme 

transcriptionnel spécifique. 
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