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ABSTRACT

During development, tightly regulated gene expression programs control cell fate and
patterning. In eukaryotes, transcription initiation requires the assembly of the preinitiation
complex at promoters. TFIID is the first general transcription factor to bind the promoter, and
is essential for RNA Polymerase Il recruitment. TFIID is an evolutionary conserved multi-
subunit complex composed of TBP and 13 TAFs in metazoans. However, TFIID composition
was shown to be variable. In HelLa cells, at least two types of TFIID complexes co-exist, and
in addition several paralogs of TBP and TAFs exist. Most of the data concerning the
composition of TFIID comes mainly from C. elegans, Drosophila and human cells for
metazoans. However, little is known about the exact composition of TFIID in vivo in metazoans
and its biological role. The first goal of my thesis was to characterize the precise composition
of TAF10-containing complexes in metazoans, TFIID and SAGA, in the embryo and in
different cellular contexts. TFIID and SAGA composition was analyzed in thymocytes, mES
cells and in the whole embryo at E9.5 by immunoprecipitation followed by mass spectrometry.
All the TFIID and SAGA subunits were detected with some differences depending on the
cellular context. TFIID sub-complexes could also be detected in the nucleus of mES cells. |
showed that TAF10 is essential for the assembly of TFIID and SAGA complexes. In order to
determine the role of TAF10-containing complexes during development, Tafl0 was
conditionally deleted in the embryonic mesoderm derivatives at E7.5. It resulted in an efficient
TAF10 protein loss in the presomitic and lateral plate mesoderm from E8.5. The conditional
deletion of Tafl0 resulted in a growth arrest at E9.5 and initial paraxial mesoderm
differentiation was not prevented in the absence of TAF10 whereas lateral plate differentiation
was altered. At E9.5, steady state mRNA levels were unchanged in the presomitic mesoderm,
with only a minor subset of genes dysregulated. Our data suggest that the canonical TFIID and
SAGA are dispensable for early paraxial mesoderm development, arguing against their
proposed generic role in transcription. To better understand their role in transcription, newly-
transcribed mRNA have been analyzed in mES cells after the inducible deletion of Taf10. The
results obtained here indicate that mMRNA synthesis is strongly impaired for most of the genes
tested and suggest a global role for TFIID and SAGA in transcription initiation in mammals. It
was observed that the steady-state mMRNA levels were not altered to the same extent than mRNA
synthesis indicating that there might be a compensation. Ongoing genome-wide analyses will

provide a more comprehensive view of the transcription dependency on TFIID and SAGA.



RESUME EN FRANCAIS

Introduction

La transcription est une étape essentielle a la mise en place des programmes
d’expression génique qui contrdlent les processus de développement. Chez les eucaryotes,
la transcription des pré-ARNm est catalysée par I’ARN polymérase II (Pol II) associée a
une machinerie basale. D’autres complexes tels que le Médiateur, les enzymes de remodelage
de la chromatine et les facteurs de transcription sont impliqués dans la coordination de
I’activation de la transcription. Chez les eucaryotes, un des complexes capable de modifier la
chromatine est le complexe SAGA (Spt-Ada-Gcn5 acétyltransferase). L’initiation de la
transcription au promoteur est contrélée par 1’assemblage séquentiel et ordonné des facteurs
généraux de transcription en un complexe de pré-initiation (PIC). Parmi eux, TFIID (facteur
IID) intervient dans la reconnaissance des séquences caractéristiques du promoteur. Chez la
levure, TFIID a été montré comme étant nécessaire pour la transcription par I’ARN Pol I de la

quasi-totalité du génome.

TFIID est un complexe multi-protéique composé de TBP (TATA-binding protein) et de
13 TAFs (TBP-associated factors) chez les métazoaires et de 14 Tafs chez la levure, et qui sont
conservées a travers I’évolution. Le complexe TFIID a été initialement caractérisé chez
plusieurs espéces dont la drosophile, la levure et les cellules humaines. Un grand nombre des
sous-unités TAFs se caractérisent par la présence d’un domaine HFD (Histone fold domain)
permettant leur dimérisation. Cette caractéristique en fait des protéines structurales importantes
pour I’assemblage de TFIID. D’autres sous-unités paralogues de TBP et de certains TAFs ont
également été découvertes et identifiées chez les métazoaires: TRF1L/TLF1 (TBP related
factor/TBP like factor 1), TRF2, TRF3/TBPL2, TAF4 et TAF4b, TAF7 et TAF7L et TAF9 et
TAF9b. L’existence de machineries basales de transcription spécifiques de certains tissus a
ainsi ét¢ démontrée dans les cellules germinales et dans les adipocytes. Par ailleurs, dans les
cellules humaines cancéreuses Hela, il a été montré qu’au moins deux types de complexes
TFIID coexistent, avec ou sans TAF10. Toutes ces données montrent que la composition de la
machinerie basale de transcription peut varier selon le contexte cellulaire. Le modele structural
de TFIID obtenu d’apres la surexpression de ses sous-unités dans les cellules consiste en un
cceur structural composé de TAF4, TAFS, TAF6, TAF9, TAF12 complété par TAF2-TAF8-



TAF10, le complexe «huit-TAFs ». Enfin, le complexe «holo-TFIID » est formé par
I’incorporation finale de TBP, TAF1, TAF3, TAF7, TAF11 et TAF13.

Le complexe SAGA partage certains TAFs avec TFIID comme TAF9, TAF10, TAF12
ainsi que les paralogues de TAF5 et TAF6 (au moins chez I’humain et la souris): TAF5L et
TAFG6L respectivement. Ces TAFs appartiennent au cceur structural de SAGA, qui est donc trés
similaire au cceur structural de TFIID. SAGA présente une organisation modulaire, a savoir le
ceeur structural, le module de dé-ubiquitinylation (permettant la dé-ubiquitinylation de I’histone
H2B1), le module d’acétylation des histones (permettant I’acétylation de la lysine 9 de 1’histone
H3) et interagit avec TBP. SAGA partage aussi certaines de ses sous-unités avec d’autres
complexes transcriptionnels. Récemment, SAGA a également été montré comme étant requis
pour la transcription de la quasi-totalité du génome chez la levure. TFIID et SAGA sont donc
deux complexes clés pour la transcription catalysée par I’ARN Pol II.

La plupart des TAFs ont un role dans I’assemblage des complexes TFIID et de SAGA,
et ne posseédent pas d’activité enzymatique connue, a I’exception de TAF1 pour qui des activités
controversées d’acétyltransférase, de kinase et d’ubiquitinylation ont été decrites. Chez les
métazoaires, TFIID est important pour permettre 1’activation de la transcription in vitro, et
interagit physiquement avec des co-activateurs et des facteurs de transcription. Cela dit, chez
les métazoaires, la fonction de TFIID in vivo est moins bien connue. La mutation nulle des sous-
unités Thbp, Taf7, Taf8 et Tafl0 chez la souris est 1étale, liée a un défaut d’implantation du
blastocyste. Il a été montré que la transcription par I’ARN Pol I et I’ARN Pol III dans les
blastocystes Tbp™" était affectée mais pas la transcription catalysée par I’ARN Pol II. TAF10,
une sous-unité ubiquitaire, est une protéine d’architecture nécessaire a I’assemblage de TFIID.
Bien qu’ubiquitaire, TAF10 présente cependant un phénotype différent en fonction du contexte

cellulaire et du stade de développement. Il a été montré que TAF10 est nécessaire a

I’embryogenese précoce chez la souris. En culture, les cellules de la masse interne Taf10

/- meurent massivement par apoptose alors que les cellules du trophectoderme (les

trophoblastes) TaflO_/- sont viables. Cependant, I’endoréplication et la transcription par I’ARN

Pol 1l sont bloquées dans les trophoblastes Taf1l0”"

. TAF10 joue donc un role important lors de
la transcription selon le contexte cellulaire. Par ailleurs, il a aussi été montré que la transcription

se poursuit chez 1’adulte en 1’absence de TAF10 dans les cellules de I’épiderme et du foie. La
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sous-unité TAF7 a également été montrée comme étant différemment requise lors de la
maturation des cellules de thymocytes ainsi que pour la transcription en fonction du type
cellulaire étudié. L’ensemble de ces résultats suggérent donc une variabilité de la composition
de la machinerie basale de transcription, selon le contexte cellulaire et le stade de

développement.

La variabilité de la composition de TFIID ainsi que sa fonction in vivo reste mal connue.
Afin de mieux comprendre le rble de la machinerie basale de transcription, nous avons choisi
d’utiliser le développement embryonnaire comme paradigme. En effet, au cours du
développement, la cellule ceuf est a ’origine des différents types cellulaires, aux fonctions trés
diverses et spécialisees, de I’organisme a partir d’une information génétique unique. Pour cela,
le controle de I’expression des génes joue un role essentiel. De plus, les programmes
transcriptionnels controlent les processus cellulaires a I’ceuvre dans I’embryon, telles que la
prolifération et la différenciation des cellules ou la morphogenése. Afin d’étudier la machinerie
basale de transcription pendant le développement, nous avons choisi ici le mésoderme

présomitique (PSM).

Le PSM est le siége d’un processus particulier dans I’embryon : la segmentation. Chez
les vertébrés et la plupart des insectes, la segmentation est un processus séquentiel. Le PSM
dérive du mésoderme paraxial qui forme deux bandes de tissu flanquant le tube neural. La
segmentation du PSM au cours de I’embryogenése, aussi appelée somitogenese, est responsable
de la formation des somites, précurseurs du squelette axial et des muscles du tronc et des
membres. Chez la souris, une paire de somites est ajoutée toutes les deux heures a I’extrémité
antérieure du PSM. La formation d’un nombre défini de segments de taille précise, spécifique
a chaque espéce, est le résultat d’un contrdle spatio-temporel de I’expression des geénes. En
effet, une horloge moléculaire et un front de détermination contrdlent la spécification de
nouveaux segments. Le front de détermination est formé a I’intersection des gradients postéro-
antérieurs de Wnt/FGF et d’un contre-gradient d’acide rétinoique. Les forts niveaux de FGF
maintiennent les cellules les plus postérieures a 1’état de progéniteurs tandis qu’un contre-
gradient d’acide rétinoique induit la différenciation. Lorsqu’un groupe de cellules traversent le
front de détermination, correspondant a un niveau seuil de gradient, ce groupe de
cellules devient compétent a répondre au signal de I’horloge permettant la spécification d’un

nouveau segment. L horloge moléculaire est caractérisée par I’expression cyclique des genes



des voies de signalisation Notch, Wnt et FGF. Certains de ces génes codent des répresseurs qui
permettent la mise en place de boucles de rétro-inhibition, al’origine des oscillations
moléculaires de I’expression des geénes. Ainsi, le temps nécessaire a la transcription des génes
impliqués dans des boucles de rétro-inhibition est un parameétre crucial a 1’établissement de ces
oscillations. Par conséquent, les étapes d’€pissage et d’export nucléaire des ARNm suivant la
transcription, ainsi que la demi-vie des ARNm constituent les paramétres de ces oscillations. En
revanche, la transcription seule n’est pas un facteur limitant dans I’établissement des
oscillations. L’expression dynamique des genes liée a une transcription cyclique et I’expression
classique des genes dans le PSM, sous I’influence de cascades de signalisation, en font un

paradigme intéressant pour I’étude de la transcription au cours du développement.
Objectifs

La composition de TFIID est variable et a été principalement décrite chez la levure, la
drosophile et les cellules humaines mais peu de choses sont connues quant a la fonction de ce
complexe et de sa variabilité in vivo chez les métazoaires. En utilisant la sous-unité TAF10,
partagée entre TFIID et SAGA, comme point de départ pour 1’é¢tude de la machinerie basale de
transcription, les buts de ma thése de doctorat étaient:

(1) De caractériser dans I’embryon sauvage la composition, qui n’a pas encore été
déterminée de fagon précise, de la machinerie basale de transcription, notamment TFIID
et SAGA;

(2) De développer et de valider des approches alternatives permettant I’utilisation
d’approches biochimiques classiques afin d’approfondir la caractérisation de TFIID et
de SAGA dans différents contextes cellulaires;

(3) Drétudier le role de TFIID et SAGA au cours de la somitogenése dans I’embryon a 9,5
j-p.c

(4) D’analyser la contribution de TFIID et SAGA a la transcription catalysée par ’ARN

Pol Il dans un modéle mammifere.
Résultats

Afin d’analyser les complexes TFIID et SAGA chez la souris, par immuno-preécipitation
couplée a la chromatographie liquide avec spectrométrie de masse en tandem, j’ai tout d’abord

optimise les conditions expérimentales. Pour cela j’ai testé I’efficacité de plusiceurs anticorps,
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pour la plupart initialement dirigés contre les épitopes de sous-unités humaines, a partir
d’extraits cellulaires totaux de thymocytes. Les anticorps anti-TAF7 et anti-TBP ont été
sélectionnés pour immuno-précipiter le complexe TFIID. Les anticorps anti-TRRAP et anti-
SUPT3 ont éte sélectionnés pour immuno-précipiter le complexe SAGA. La quantité de
matériel a également été réduite de 4 mg a 0.7 mg afin de pouvoir réaliser ces expériences dans

I’embryon de souris a 9,5 j.p.c (jours post coitum).

L’analyse a partir d’extraits cellulaires totaux d’embryons entiers & 9,5 j.p.c a révélé la
présence du complexe TFIID canonique. Des résultats similaires ont été obtenus dans les
thymocytes et dans les cellules souches embryonnaires murines (mES). Ces résultats clarifient
la composition de TFIID dans I’embryon et indiquent qu’il s’agit du complexe canonique. De
plus, pour la premiére fois dans 1’embryon, la composition du complexe SAGA a été décrite.
Toutes les sous-unités du complexe décrites dans la littérature ont été détectées en proportions
différentes pour certaines entre les cellules de thymocytes, de mES et I’embryon. Ces données
montrent que la composition de TFIID et SAGA est globalement conservée quel que soit le

contexte cellulaire étudié ici avec quelques différences selon le type cellulaire.

La quantité de matériel a partir d’embryons étant limitée pour des approches
biochimiques plus approfondies, les cellules mES ont été utilisées pour préparer des extraits
nucléaires. L’analyse préliminaire par chromatographie d’exclusion a partir de ces échantillons
a permis de détecter le complexe holo-TFIID mais aussi au moins deux autres sous-complexes
a des poids moléculaires inférieurs a 1 MDa. Parmi les anticorps testés par western-blot, un
premier sous-complexe contenant au moins TAF5, TAF8, TAF10 et TBP et le second de 670
kDa contenant au moins TAF5 et TBP ont été détectés. Ces résultats confirment la présence de

sous-complexes de TFIID dont la composition reste a déterminer avec précision.

La délétion inductible du géne codant la sous-unité TAF10 dans I’embryon entier a 7,5
j.p.c et dans les cellules mES a permis la déplétion compléte de la protéine dans I’embryon a
9,5 j.p.c et quasi totale dans les cellules mES deux et cing jours plus tard. Les expériences
d’immuno-précipitation contre TAF7 et TBP a partir d’extraits cellulaires totaux ont montré
que les sous-unités de TFIID associées étaient faiblement détectées indiquant que TAF10 est
requis pour I’assemblage complet de TFIID. Ces résultats ont été confirmés par la
chromatographie d’exclusion a partir d’extraits nucléaires de cellules mES mutantes pour

Taf10, pour lesquels le complexe holo-TFIID eétait encore détecté mais sans certaines sous-
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unités tandis que les deux autres sous-complexes étaient toujours présents. Cela indique qu’en
I’absence de TAF10, peu de complexes holo-TFIID sont retrouvés et que majoritairement il
s’agit de complexes TFIID partiellement assemblés. Toutefois, il a été noté que 1’assemblage
de TFIID était plus fortement affecté dans I’embryon que dans les cellules mES en 1’absence

de TAF10, soulignant des différences liées au contexte cellulaire.

TAF10 a également ét¢é montré comme étant requis pour 1’assemblage complet du
complexe SAGA dans I’embryon et les cellules mES. Comme pour TFIID, 1’assemblage du
complexe était plus fortement affecté¢ dans I’embryon que dans les cellules mES. Toutefois,
malgré ce défaut d’assemblage, les niveaux d’acétylation de I’histone H3 sur la lysine 9 ainsi
que les niveaux d’ubiquitine de I’histone H2B1 n’étaient pas affectés en I’absence de TAF10,

suggérant que le complexe SAGA reste fonctionnel.

Afin d’étudier le réle de TFIID et SAGA au cours du développement, nous avons choisi
de déléter Taf10 dans le mésoderme paraxial ou la transcription est dynamique avec certains
génes qui ont une expression cyclique. L’analyse de la délétion du géne codant la sous-unité
TAF10 a été réalisée. La délétion de Tafl0 ubiquitaire inductible ou conditionnelle dans les
dérivés du mésoderme a partir de 7,5 j.p.c, entraine la disparition totale de la protéine et
provoque un sévere ralentissement de la croissance embryonnaire entre 9,5 j.p.c et 10,5 j.p.c.
La délétion conditionnelle de Taf10 dans les dérivés du mésoderme n’affecte pas la formation
et la différenciation précoce des somites a 9,5 j.p.c. Toutefois, la délétion de Tafl0 n’est pas
viable a long terme, puisqu’elle conduit a la mort de 1’embryon vers 10,5 j.p.c, probablement
enraison de ladégénérescence du placenta et de 1’allantoide chez les mutants T-
Cre ;Taf10M¥Mox | *analyse transcriptomique du PSM entre les embryons sauvages et mutants
a montré que 1’expression de la plupart des geénes n’est pas perturbée en 1’absence de TAF10.
Cependant, certains génes dont Cdknla (p21) et Cdknlc (p57) codant des inhibiteurs du cycle
cellulaire, sont surexprimés chez les mutants, suggérant que I’arrét de la croissance des
embryons mutants est li¢ au blocage du cycle cellulaire et donc de la prolifération cellulaire.
Ces résultats mettent en évidence que I’expression de la plupart des génes est normale en
I’absence de TAF10, alors que des travaux précédents ont montré que TAF10 est nécessaire a
la transcription dans I’embryon. Toutefois, la transcription reste fonctionnelle seulement
pendant un intervalle de temps précis en I’absence de TAF10 et les embryons mutants meurent

a partir de 10,5 j.p.c. Cela suggere donc que la transcription peut dans certaines conditions
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fonctionner avec une machinerie basale alternative sans TAF10 dans I’embryon. Cette fenétre
de temps représente donc une opportunité pour étudier la machinerie qui permet la transcription
dans I’embryon en 1’absence de TAF10. Un autre fait marquant est 1’effet différent produit par
la délétion de Tafl0 selon les tissus. En effet, le mésoderme de la plaque latérale (LPM), qui
est également ciblé par la délétion conditionnelle de Tafl0, présente une mort cellulaire
importante a 9,5 j.p.c alors que le mésoderme paraxial est normal. Cela suggere une variabilité
de la machinerie de transcription en fonction du contexte comme cela a été¢ démontré dans les
cellules du trophectoderme et les cellules de la masse interne. L’ensemble des résultats
confirment que la transcription dans 1’embryon est particulic¢re, avec des specificités propres

a certains tissus.

L’induction de la délétion de TaflO dans les cellules mES provoque un fort
ralentissement de leur croissance trois jours apres, récapitulant le phénotype observé dans
I’embryon. Toutefois, aucune mort cellulaire massive n’a été détectée, suggérant une
diminution de leur prolifération. L’analyse de la prolifération par incorporation d’EdU n’a pas
permis de révéler une forte réduction de la prolifération trois jours aprés 1’induction de la
délétion, mais il n’est pas exclu qu’elle le soit par la suite, quatre ou cinq jours apres 1’induction
de la délétion. Ces résultats indiquent que les cellules mES se comportent différemment des
cellules de la masse interne, qui sont incapables de survivre dans les blastocystes Tafl0™”"
comme cela a été rapporté dans la littérature et permettent donc de servir comme un bon modele
d’étude pour 1’analyse du role de TFIID et SAGA dans la transcription. Les cellules de
tératocarcinome murines F9, en revanche, sont quasiment incapables de se maintenir et de
proliférer en culture en 1’absence de TAF10 confirmant le phénotype décrit dans la littérature
et soulignant ainsi I’importance du contexte cellulaire dans les différences de phénotype

obtenues avec la délétion de Taf10.

De facon surprenante, nous avons montré que TAF10 n’est pas indispensable pour
I’expression globale des genes dans le PSM, a 1’exception de certains genes. La délétion de
Taf10 dans les cellules mES impactent différemment les niveaux d”’ARN totaux des génes testés
par RT-qPCR, avec l’augmentation des niveaux d’ARN totaux pour Cdknla et Cdknlc
notamment, qui récapitulent ce qui a éte observe dans le PSM. De méme, Gas5 et Tafld, dont
les niveaux d’ARN totaux sont diminués dans le PSM sont également diminués dans les cellules

MES mutantes. Il a été montré chez la levure qu’une diminution du taux de la synthése des
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ARNmM peut étre compensée par une diminution du taux de la dégradation des ARN,
normalisant ainsi les niveaux des ARN totaux. Par conséquent, les niveaux d’ARN totaux
peuvent ne pas toujours refléter 1’état de la transcription. Afin d’analyser directement la
transcription, j’ai adapté la technique de marquage métabolique des ARN nouvellement
synthétisés aux cellules mES. Cette technique repose sur le marquage pendant un temps court,
ici 10 minutes, des ARNm en cours de synthése grace a 1’incorporation de I’analogue de
I’uridine, le 4-thiouridine (4sU). Les ARN marqués sont ensuite biotinylés et purifiés avec des
billes de streptavidine magnétiques. L analyse par RT-qPCR d’un panel de genes a montré que
la transcription est fortement affectée pour la quasi-totalité des génes, avec une réduction d’au
moins 50 % du niveau des ARNm nouvellement synthétisés. TAF10 est donc requis a la
transcription au moins pour ces genes, et il apparait qu’un phénoméne important de
compensation a lieu dans les cellules mES. En effet, plus que la normalisation des niveaux
d’ARN totaux, il y a une surcompensation liée a une probable plus forte diminution du taux de
dégradation des ARN par rapport a leur taux de synthése. Une stabilisation accentuée des
transcrits résultant en une accumulation plus forte des transcrits pourrait expliquer que les

niveaux d’ARN totaux de certains génes comme Cdknla et Cdknlc sont fortement augmentés.

Dans le but d’étudier I’état de la transcription de facon globale au niveau de tout le
génome, j’ai tenté dans un premier temps d’utiliser la technique Transient Transcriptome
sequencing. Cette technique repose sur le marquage métabolique avec le 4sU des ARN
nouvellement synthétisés avec une étape préliminaire de fragmentation des ARN. Cette étape
permet de ne purifier uniquement les fragments d’ARNm marqués au 4sU et donc de
s’affranchir du biais li¢ aux fragments d’ARNm déja synthétisés avant le début du marquage et
qui ne correspondent pas a de la transcription naissante. Malgré plusieurs tentatives, le manque
de reproductibilité du profil des ARNm fragmentés associé a la faible efficacité de purification
des ARNm nouvellement synthétisés, n’ont pas rendu possible leur séquencage. C’est pourquoi,
la technique de 4sU-sequencing des ARNm purifiés apres leur marquage par le 4sU a été
utilisée. Les résultats étant en cours d’analyse, je ne dispose pas lors de la rédaction de ce
manuscrit d’informations concernant 1’état global de la transcription dans les cellules mES

apres la déletion de Taf10.

Conclusions
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Au cours de ma thése, j’ai pu clarifier la composition des complexes TFIID et SAGA
dans I’embryon ainsi que les différences de composition en fonction du contexte cellulaire. J’ai
également montré que la sous-unit¢é TAF10 est requise pour I’assemblage complet des
complexes TFIID et SAGA. De plus, j’ai montré que le role général de TFIID et SAGA peut
étre nuancé dans I’embryon. Enfin, j’apporte ici des éléments indiquant que I’initiation de la
transcription est sévérement affectée en 1’absence de TAF10, suggérant que le role global de
TFIID et SAGA dans la transcription pourrait étre conservé dans les cellules de mammiféres.
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INTRODUCTION



In 1959, Weiss and Gladstone described an RNA polymerase activity from rat liver
nuclei (Weiss et al. 1959). Transcription was defined as the conversion of DNA into RNA, and
thus represents the first step of genome expression. Chromatographic analyses from purified
nuclei from sea urchin and rat liver, and the transcription inhibition mediated by a-amanitin,
brought the first evidences of the existence of three RNA Polymerases (RNA Pol) that catalyze
transcription in the nucleus (figure 1): RNA Pol I, RNA Pol Il and RNA Pol 111 (except plants
that have five RNA Polymerases, reviewed in (Duda 1976)) (Kedinger et al. 1970; Roeder et
al. 1969). While RNA Pol I transcribes large ribosomal RNAs, RNA Pol Il transcribes protein
coding genes, messenger RNAs, and also non-coding RNAs, and RNA Pol Il transcribes small
RNAs (tRNA, 55 RNA).
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Figure 1: Resolution of the three eukaryotic RNA Polymerases. Activity measurement
(units/pg protein) based on the incorporation of Uridine Mono Phosphate (UMP) into
RNA/10min/ml of the fractions eluted by chromatography obtained from soluble enzyme

preparation from sea urchin nuclei gastrula (52h development) (Roeder and Rutter 1969).

Transcription is a multi-step process composed of: (1) initiation with the recruitment of
the RNA Pol Il to the promoter, (2) elongation with productive mRNA synthesis and (3)

termination that corresponds to the release of RNA Pol from DNA. Furthermore, transcription



represents a critical step for gene regulation, and plays major roles in the development of an

organism by controlling many cellular processes as well as generating the different cell types.

The focus of my thesis concerns the general mechanisms of RNA Pol Il transcription
initiation. Firstly, 1 will describe how DNA is packaged in the eukaryotic nuclei and its
implication for transcription. Then, I will detail the molecular mechanisms that govern RNA
Pol 1l transcription with a special emphasis on the general transcription factor TFIID and the
co-activator SAGA. Particularly, | will detail the importance of the components of the
transcriptional apparatus in the control of gene expression in vivo and in a developmental
context. Finally, I will present the new paradigm that | used to study RNA Pol Il transcription

in my thesis.

I. Chromatin organization of the genome

1. Chromatin organization

Genetic information in eukaryotes is packaged into the nucleus of every cell. In the
nucleus, DNA adopts a chromatin structure (figure 2), where it is wrapped around proteins
called histones. Histone octamers form nucleosomes, the basic organization unit of chromatin.
Each octamer contains two copies of histones: H2A, H2B, H3 and H4. Histone proteins form
heterodimer through their Histone Fold Domain (HFD), which consists in three a-helices (al,
a2, and a3) connected by short loops L1 and L2 (figure 3) [reviewed in (Arents et al. 1991)].
Nucleosomes are separated between each other by a DNA linker. In addition, the histone H1
binds the nucleosome and allows a higher order of chromatin organization into 30 nm fibers
and chromosomal 300 nm fibers. Chromatin is described as differentially condensed. Firstly,
heterochromatin represents the highly condensed form and contains both non-coding gene
regions (constitutive heterochromatin) and genes that are not expressed (facultative
heterochromatin) (Bannister et al. 2011). Secondly, euchromatin is a decondensed chromatin
that contain expressed genes. Chromatin organization is very dynamic and can change from one
cell type to another, especially during development. Chromatin organization is of high
importance as it impacts gene expression by modulating the accessibility of the transcription
machinery on DNA. As a consequence, coding regions must be free of nucleosomes prior gene

activation. The initial view of the chromatin organization has evolved, since the description of



at least five chromatin domains in Drosophila (Filion et al. 2010) and a more complex spatial
organization of the genome with chromosome territories, A/B compartments, topologically

associating domains, and chromatin loops [reviewed in (Serizay et al. 2018)].
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2. Epigenetic modifications

Genome accessibility can be modulated by epigenetic modifications, that is to say,
inherited modifications that do not alter the DNA sequence per se and that participate to the

regulation of gene expression.

a. DNA methylation

First of all, DNA can be directly methylated through the covalent transfer of a methyl
group to the C-5 position of the cytosine ring, mostly at CpG dinucleotides [reviewed in (Li et
al. 2014)]. Interestingly, DNA methylation of cytosine is not found at the same level in all
species such as in Drosophila, where it was shown to be much lower (Boffelli et al. 2014), and
nematodes for instance. Furthermore, it was shown that DNA can be also methylated on N(6)-
adenine, as shown in several organisms (Greer et al. 2015; Liu et al. 2016; Wu et al. 2016;
Zhang et al. 2015). In mammals, DNA methylation represents an epigenetic “lock™ of gene
expression. The methylated sequences include satellite DNAs, repetitive elements, non-
repetitive intergenic DNA, and exons of genes. However, there are CpGs that remain
unmethylated, and are found in CpG islands. Methylation is thought to play several roles in
gene silencing such as X chromosome inactivation, for gene dosage compensation. Methylation
of DNA controls the accessibility of transcription factors and can also be bound by specific
factors that further recruit co-repressor complexes [reviewed in (Li et al. 2014)].

b. Post-translational modifications of histone proteins

Amino-terminal tails of histones can also be modified and thus affect the nucleosome
structure [reviewed in (Bannister et al. 2011)]. Several post-translational modifications of
histones have been reported so far, and are listed in (Table 1) [reviewed in (Tessarz et al.
2014)]. Histone PTMs can affect directly chromatin compaction by modifying the chemical
properties of their interactions with DNA. For instance, acetylation removes the positive charge
from the histone tails rendering them neutral resulting in a more relaxed chromatin structure.
PTMs are regulated by writer proteins that add PTMs on histones, while erasers remove them.
PTMs are “read” by specific protein factors capable to recognize specific PTM or a combination
of them, through specific domains [reviewed in (Lalonde et al. 2014)]. The recruitment of such

proteins can also lead to chromatin modification and regulate transcription. Histone PTMs have
8



been proposed to constitute an additional biological “code” for regulating gene expression and

epigenetic inheritance [reviewed in (Jenuwein et al. 2001)].

Table 1: Overview of the histone post-translational modifications. Adapted from (Tessarz

and Kouzarides 2014).

Methylation

Acetylation

Phosphorylation

Formylation

H1 (Arginine,
Tyrosine)

Lysine,

H2A (Arginine, Lysine,
Glutamine, Tyrosine)

H2B (Arginine, Lysine)
H3 (Arginine, Lysine)
H4 (Arginine, Lysine)

H1 (Lysine)
H2A (Lysine)
H2B (Lysine)
H3 (Lysine)
H4 (Lysine)

H1 (Lysine, Tyrosine)
H2B (Serine)

H3 (Threonine, Tyrosine)
H4 (Serine, Tyrosine)

H1 (Lysine)
H2B (Lysine)
H3 (Lysine)
H4 (Lysine)

Chromatin ~ compaction,
rDNA transcription,
Transcription,

Chromatin ~ compaction,

DNA repair, DNA
replication, Transcription

Chromatin ~ compaction,
DNA repair, Transcription

DNA repair



Oxidation H4 (Lysine)

Crotonylation H2A (Lysine) Transcription
H2B (Lysine)

Hydroxylation H1 (Lysine)
H2A (Tyrosine)
H2B (Lysine, Tyrosine)
H4 (Tyrosine)

Ubiquitinylation H2A (Lysine) Transcription
H2B (Lysine)
H3 (Lysine)

Succinylation H2A (Lysine)
H2B (Lysine)

H3 (Lysine)

H4 (Lysine)
Citrullination H1 (Arginine)
Propionylation H4 (Lysine)

I1. Mechanisms of eukaryotic RNA Pol Il transcription initiation

1. Core promoter

Eukaryotic genes consist in a promoter region depleted of nucleosomes, and so-called
Nucleosome Free Region (NFR), where transcription starts, defined as the Transcription Start
Site (TSS), and a gene body that contains the open reading frame. The core promoter is defined
as the minimal DNA region bound by the transcription machinery sufficient for basal
transcription [reviewed in (Kadonaga 2012)]. It contains sequences (figure 4) that are bound

by specific proteins that recruit RNA Pol 1l to the promoter.
10
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Figure 4: RNA Pol Il core promoter elements diversity. The core promoter can display

numerous elements, alone or in combination (Vo ngoc et al. 2017).

The TATA-box was the first core promoter element to be identified (Gannon et al. 1979) and
is located 25-35 base pairs before the TSS but is not present in all metazoan genes (Jin et al.
2006; Kimura et al. 2006; Yang et al. 2007). Actually, only a minority of genes, about 20% in
yeast, contain a TATA-box (Basehoar et al. 2004). So, higher eukaryotes genes harbor a
combination of several different sequence elements such as for example the Initiator (Inr), the
TFI1IB Recognition Element (BRE), the Downstream Promoter Element (DPE), the Motif Ten
Element (MTE) (figure 4) and others [reviewed in (Kadonaga 2012; Vo ngoc et al. 2017)].

2. Pre-Initiation Complex assembly at the promoter

a. RNA Polymerase Il : a multi-subunit complex

RNA Pol Il enzyme is responsible for directing the synthesis of mMRNA and has been
shown to be conserved from yeast to human [reviewed in (Young 1991)]. This enzyme has a
mass >0.5 MDa and chromatographic analyses revealed that it consists in a multi-subunit
complex composed of 12 polypeptides (Bartholomew et al. 1986; Edwards et al. 1991)
[reviewed in (Young 1991)]. The subunits RPB5, 6, 8 and 10 are shared by all three RNA
Polymerases while RNA Pol Il is characterized by the presence of RPB4, 7, 9 and RPB1 which
harbors the Carboxyl Terminal Domain (CTD) (Carles et al. 1991; Hampsey 1998; Wild et al.
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2012; Woychik et al. 1990). The resolution of its structure revealed four structural domains: the

core, the clamp, the shelf, and the jaw lobe (Cramer et al. 2001).

The CTD of RBP1 consists in tandemly repeated heptapeptides and contains the
consensus sequence Tyr-Ser-Pro-Thr-Ser-Pro-Ser (YSPTSPS). The number of repeated
hexapeptides depends on the species and range from 26-27 times in Saccharomyces up to 52
times in mouse [reviewed in (Young 1991)]. The CTD can be post-translationally modified by
phosphorylation and also glycosylation (Kelly et al. 1993) [reviewed in (Young 1991)]. The
CTD is under an unphosphorylated state when RNA Pol Il is recruited to the Pre Initiation
Complex (PIC), while serine-5 phosphorylation is associated with transcription initiation and
serine-2 phosphorylation with elongation (Bartholomew et al. 1986; Cadena et al. 1987;
Chesnut et al. 1992; Laybourn et al. 1990).

b. The General Transcription Factors

Transcription initiation is an orchestrated process that requires the assembly of the Pre-
Initiation Complex (PIC) that recruits the RNA Pol Il enzyme to initiate mRNA synthesis at
the promoter in NFRs delimited by an upstream -1 and a downstream +1 nucleosome (Jiang et
al. 2009). In vitro transcription within cellular-free systems showed that RNA Pol Il is not
sufficient to direct accurate transcription from a DNA template, and that additional factors are
required: the General Transcription Factors (GTFs) (Luse et al. 1980; Weil et al. 1979)
[reviewed in (Thomas et al. 2006)]. Those factors have been identified from chromatography
analyses of crude cell extracts and used for incubation with purified RNA Pol II. Initially, four
nuclear factors have been identified for accurate RNA Pol 1l transcription initiation from four
enzymatically active fractions (A, B, C and D) followed by the characterization of additional
GTF from the sub-fractionation of the C active fraction (Samuels et al. 1982; Weil et al. 1979).
Those RNA Pol 1l GTFs were named according their fraction elution, as Transcription Factor
I1 (TFH). They include TFIIA, TFIIB, TFIID, TFIIE, TFIIF and TFIIH (Flores et al. 1989, 1992;
Geetal. 1996; Sawadogo et al. 1985). The GTFs are evolutionary conserved large multi-subunit

complexes, except TFIIB which is a single polypeptide chain.
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Figure 5: Schematic representation of the preinitiation complex multi-step assembly
model at the promoter for RNA Pol Il recruitment. According to the canonical model of
PIC assembly, TFIID binds DNA first, notably through TBP which binds the TATA-box and
bend DNA. TBP-DNA is stabilized by TFIIB and TFIIA. RNA Pol Il is brought to this complex
by TFIIF followed by TFIIE and TFIIH, which will melt DNA, initiating the transcription
bubble, before productive elongation by RNA Pol Il (Sainsbury, Bernecky, and Cramer 2015).
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In the canonical model of PIC assembly (figure 5) described by Steve Buratowski and
colleagues (Buratowski et al. 1989), the GTFs are assembled to the promoter hierarchically.
TFIID comes first and recognizes the core promoter sequences. TBP binds the TATA-box, and
distorts DNA (Starr et al. 1995), and other TFIID subunits, can also recognize additional
elements. TFIID is stabilized on the promoter with TFIIA and TFIIB. RNA Pol Il is brought to
the PIC with TFIIF. The PIC assembly is finalized with the recruitment of TFIIE and TFIIH.
TFIIH is responsible for the transition from the PI1C to the open complex through DNA melting.

Nevertheless, an alternative model based from the observation that RNA Pol Il purified
together with a set of GTFs, TFIID and TFIIA excepted, and other co-activators led to the
holoenzyme model [reviewed in (Thomas et al. 2006)]. According to this model, TFIID and
TFIIA come first followed by the binding of a pre-assembled RNA Pol Il complex with GTFs,
remodelers and co-activators. Evidences exist for both assembly pathways but they are still

debated in the community [reviewed in (Thomas et al. 2006)].
e TFIID

TFID is the first GTF to be recruited to the promoter and nucleates the PIC assembly.
TFIID contains TBP and 13, in metazoan, or 14, in yeast, TBP-associated factors (TAFs). TBP
binds TATA-box element but other TAFs are also capable of binding additional core promoter
elements. Since TFIID is one of the topic of the thesis, it will be described in more details

thereafter.
e TFIIA

TFIA is essential in yeast, where it is composed of two polypeptides encoded by TOA1
and TOA2 (Ranish et al. 1991, 1992) whereas in metazoan it is composed of three polypeptides:
the o, B and y subunits (DeJong et al. 1993; Yokomori et al. 1993a). However, the a and B
proteins are encoded by a single gene and are cleaved post-translationally or not depending on
the cell-type [reviewed in (Hgiby et al. 2007)]. TFIIA has been identified as a component of
the basal transcription machinery, and was purified as an interacting partner of TFIID (DeJong
et al. 1993; Ranish et al. 1991, 1992; Reinberg et al. 1987; Yokomori et al. 1993a). So, it has
been proposed that TFIIA stabilizes TBP binding to DNA (Yokomori et al. 1994; Weideman et
al. 1997) and controls TBP/ TFIID dimerization, thus accelerating the binding of TBP to DNA
(Coleman et al. 1999). The stimulatory effect of TFIIA on transcription comes from its anti-
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repressor activity of inhibitors including Motl/TAF-172, NC2/Dr1, topoisomerase I, and TAF1
(Auble et al. 1993; Chicca et al. 1998; Inostroza et al. 1992; Kokubo et al. 1998; Merino et al.
1993). It has been shown that TFIIA acts also as a coactivator by physically interacting with
several factors (Kobayashi et al. 1998; Kraemer et al. 2001; Ozer et al. 1994; Yokomori et al.
1993a) and is thus required for activation of several genes (Kobayashi et al. 1995; Lieberman
1994; Lieberman et al. 1997; Stargell et al. 1995, 2000).

e TFIIB

TFIIB is a single polypeptide (Ha et al. 1991; Maldonado et al. 1990; Malik et al. 1993)
that was shown to bind the TFIIA-TFIID complex (Maldonado et al. 1990). TFIIB contains
three domains: the amino-terminal zinc ribbon domain (the B-ribbon) that contacts the RNA
Pol 11, the finger domain inserted in the RNA Pol Il active center and the carboxy-terminal
domain (the B-core, comprising two cyclin folds) interacting with RNA Pol Il and TBP
(Barberis et al. 1993; Buratowski et al. 1993; Malik et al. 1993). TFIIB can also recognize
upstream and downstream elements of the TATA-box of the AdE4 promoter: the BRE" and
BREY elements (Lagrange et al. 1998; Qureshi et al. 1998).

o TFIIF

TFHF was initially found as an RNA Pol Il interacting partner (Sopta et al. 1985) and is
formed by the hetero-dimerisation of its two subunits RAP30 and RAP74 proteins (Burton et
al. 1988). In vitro studies showed that transcription initiation can occur to a certain extent
without TFIE and TFIIH but not without TFIIF, illustrating the critical role of TFIIF (Pan et
al. 1994). TFIIF plays a role in PIC formation at several levels. TFIIF was shown to facilitate
RNA Pol Il recruitment to the TFIIB and D complex and stabilizing the PIC (Flores et al. 1991).
It has been also described that TFIIF can induce a topological conformation that stabilizes a
TBP-TFIIB-pol II-TFIIF- promoter DNA complex (Hou et al. 2000). Moreover, by interacting
directly with TFIIE (Maxon et al. 1994) it mediates the recruitment of both TFIIE and TFIIH
[reviewed in (Orphanides et al. 1996)]. In yeast, TFIIF has also been shown to control the start
site selection (Ghazy et al. 2004), for which TFIIB is also involved (Fairley et al. 2002). Not
only TFIID plays multiple roles in transcription initiation, but it also facilitates and enhances
the transition between initiation and elongation (Cheng et al. 2007a; Cojocaru et al. 2008;
Renner et al. 2001; Schweikhard et al. 2014; Ujvari et al. 2011).
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e TFIIE

TFIE is recruited with TFIIH to the PIC and is responsible together with TFIIH for
promoter melting (Holstege et al. 1996). It is a hetero tetramer composed of two subunits, o and
B (Ohkuma et al. 1994; Peterson et al. 1991; Sumimoto et al. 1991). TFIIE binds to TFIIH,
TFIIB, promoter DNA, RNA Pol Il and help recruiting TFIIH (Flores et al. 1989; Forget et al.
2004; Maxon et al. 1994; Watanabe et al. 2003). Furthermore, TFIIE has been shown to
stimulate the ATPase, CTD kinase and DNA helicase activities of TFIIH which helps the
formation of an initiation-competent Pol Il complex (Ohkuma et al. 1994, 1995; Serizawa et al.
1994)

e TFIIH

The last factor to be recruited to the PIC TFIIH has been discovered as an indispensable
factor for transcription initiation in vitro, and was purified from rat liver and HeLa cells and
was originally called general transcription factor-6 or BTF2 (Conaway et al. 1989; Gerard et al.
1991). Interestingly, TFIIH has been also shown to be required for RNA Pol I transcription
[reviewed in (Compe et al. 2016)]. TFIIH is a multi-subunit complex that consists of 10 subunits
[reviewed in (Compe et al. 2016)]. The complex is organized into two sub-complexes: the core
complex and the cyclin-dependent kinase (CDK)-activating kinase (CAK) complex. The core
complex contains xeroderma pigmentosum group B complementing protein (XPB), p62, p52,
p44, p34 and p8 and the CAK complex contains CDK?7, cyclin H and MAT1 [reviewed in
(Compe et al. 2016)]. TFIIH displays three ATP-dependent activities with the subunits XPD
(catalyzing a 3' -->5' DNA helicase activity), XPB (catalyzing a5' --> 3' DNA helicase activity)
and CDKY7 (catalyzing a kinase activity). From the reconstitution of TFIIH, the role of the XPB
DNA helicase was elucidated (Tirode et al. 1999). During transcription initiation, XPB
catalyzes the formation of the open complex in a ATP-dependent manner before the synthesis
of the first phosphodiester bond of nascent transcripts (Tirode et al. 1999). Recently, it was
shown that only the ATPase activity of XPB is required for transcription initiation suggesting
that no helicase activity is required for transcription initiation (Alekseev et al. 2017). Moreover,
TFIIH controls the elongation efficiency by preventing the premature arrest of RNA Pol 11
activity at promoter-proximal sites (Dvir et al. 1997; Moreland et al. 1999; Yan et al. 1999).
The CDKTY subunit phosphorylates the RNA Pol I CTD at serine 5 and 7, and thus plays a role
in coupling transcription and RNA processing [reviewed in (Compe et al. 2016)]. In addition,
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CDKTY phosphorylates other substrates such as nuclear receptors [reviewed in (Compe et al.
2016)]. TFIIH is also a key player in DNA repair within the nucleotide excision repair pathway
[reviewed in (Compe et al. 2012)].

c. Structural aspects of the PIC assembly model

Recent structural analyses brought new insights into the assembly of the PIC. The
assembly of the PIC results in a closed promoter complex (CC) where DNA is loaded into RNA
Pol 1l (figure 5). Through DNA melting mediated by TFIIH, the CC transitions into an open
promoter complex (OC) and is finally converted into an initial transcribing complex (ITC)
(Cheung et al. 2011). So, in presence of nucleoside triphosphates, RNA Pol Il initiates
transcription with the first phosphodiester bond of RNA (Cheung et al. 2011; Liu et al. 2011).
After several abortive initiation cycles where short RNAs are released, the ITC is finally
transformed into an elongation complex (EC) with promoter escape of RNA Pol Il. The
structural aspects of transcription initiation have been well described in yeast and human
[reviewed in (He et al. 2016; Louder et al. 2016; Plaschka et al. 2016; Schilbach et al. 2017)].

3. Promoter proximal pausing

Elongating RNA Pol Il has been shown to enter a transient promoter proximal pausing
mode 30-60nt downstream of the TSS. This pausing phenomenon has been mainly described in
Drosophila, initially for heat shock coding genes (Rougvie et al. 1990) and is proposed as a
regulatory mechanism that can establish a permissive chromatin, as well as integrating external
stimuli and coordinate gene synchronicity [reviewed in (Adelman et al. 2012; Mayer et al.
2017)]. For instance, in Drosophila, RNA Pol Il pausing was shown to control the timing of
activation of the gene snail, which controls the coordinated invagination of mesodermal cells
during gastrulation (Lagha et al. 2013). In mammals, accumulation of engaged polymerases at
the 5’ region associated with transcript fragments was first described in mature erythrocytes,
that are not supposed to transcribe, and suggested already that elongation could be a limiting
step for transcription (Gariglio et al. 1981). In line with that, paused RNA Pol Il has been
observed at promoters of c-fos or c-myc (Plet et al. 1995; Strobl et al. 1992), and according
recent genome-wide analyses, it is widespread in mammals with up to 30% of human genes
which are concerned (Core et al. 2008; Guenther et al. 2007). Paused RNA Pol |1 are enriched
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for serine 5 phosphorylation at the CTD and the DRB sensitivity-inducing factor (DSIF) and
the negative elongation factor (NELF) have been shown to block transcription elongation
(Aiyar et al. 2004; Luecke et al. 2005; Yamaguchi et al. 2013). In addition, the core promoter
composition can also play a role in the recruitment of the pausing factors, such as the GAGA
motif, the DPE, the ‘pause button’, and the TATA box (Amir-Zilberstein et al. 2007; Chen et
al. 2013; Gaertner et al. 2012; Hendrix et al. 2008). RNA Pol Il resumes transcription after
recruitment of P-TEFb which phosphorylates the serine 2 of the RNA Pol 11 CTD, DSIF and
NELF. Phosphorylated NELF dissociates from the pausing site and RNA Pol Il enters
productive elongation with DSIF [reviewed in (Liu et al. 2015)].

4. Transcription reinitiation

The transition between initiation to elongation has been shown to disrupt the PIC, with
only TFIID remaining immobilized on the in vitro template, where some of them of the GTF
were recycled into the EC (TBP, TFIIB, TFIIF, TFIIE, and TFIIH were detected together)
(Zawel et al. 1995). While transcription initiation requires a full PIC assembly at the promoter,
reinitiation can occur only from a subset of factors (Yudkovsky et al. 2000). In this study, Steve
Hahn and colleagues, described the existence of a complex made of the remaining TFIID,
TFHA, TFIIH, TFIE and Mediator. This scaffold intermediate could reinitiate transcription
upon addition of ATP and dependent on TFIIH (Yudkovsky et al. 2000). Recently, the
laboratory of Steve Buratowski showed that TAFs were also capable of binding 30 bp
downstream from the TATA-box, and were able to direct transcription reinitiation in vitro,
independently of an activator (Joo et al. 2017). So, these two studies provide some clues for

reinitiation mechanisms that differ but remain largely not well understood.

5. Control of transcription activation

a. Distal cis-regulatory elements

Distal elements, such as upstream activator sequence (UAS) in yeast and enhancers in
metazoans, are found upstream or downstream of the promoter, or even in the intron, from
hundreds of bases and up to many mega bases control gene activation [reviewed in (Blackwood

et al. 1998)]. They are bound by transcription factors (detailed thereafter) and thus activate gene
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expression. Communication between enhancers and promoters is thought to be achieved via
DNA looping [reviewed in (Levine et al. 2014)]. Function of enhancer elements has been well
studied in a developmental context, where they control the spatio-temporal gene expression.
For instance, in Drosophila the expression of the segmentation gene even-skipped in seven
stripes results from the activity of five distinct enhancers [reviewed in (Levine et al. 2014)].
Other elements such as silencers, which have a repressing effect on gene expression, and
insulators, which block activating or repressing effect from enhancer and silencer elements,
also exist in combination with enhancers to modulate gene expression [reviewed in (Narlikar et
al. 2009)].

b. Transcription factors

Gene activation or repression depends on the binding of proteins to DNA distinct to the
GTFs, which are named transcription factors (TFs). They usually bind to 6-12 bp long
degenerate DNA sequences located in enhancers [reviewed in (Spitz et al. 2012)]. In the context
of development and cellular differentiation, certain TFs, called pioneer TFs, have the ability to
bind inaccessible regions of DNA, leading to the recruitment of histone-modifying proteins and

nucleosome remodeling [reviewed in (Iwafuchi-Doi et al. 2016)].

c. Co-activators
i. Mediator

Transcriptional activation requires RNA Pol 11 and the GTFs which are necessary and
sufficient for directing accurate transcription in vitro. It has been proposed that Mediator, a
large multi-subunit complex with modular organization, is as important as GTFs for
transcription genome wide in both yeast and metazoan (Holstege et al. 1998; Ito et al. 2000,
2002; Soutourina et al. 2011; Tudor et al. 1999; Westerling et al. 2007). The Mediator complex
was initially purified in yeast (Kim et al. 1994) and was described in metazoan under several
acronyms: ARC (activator recruited cofactor), DRIP (VDR-interacting proteins), SMCC,
SREBP, TRAP (thyroid hormone receptor associated proteins) or PC2 [reviewed in (Boyer et
al. 1999; Fondell et al. 1996; Jiang et al. 1998; Rachez et al. 1999; Malik et al. 2005; N&ar et
al. 1999; Ryu et al. 1999)]. This data showed that Mediator complex is conserved from yeast to
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human, comprising 25 subunits in budding yeast and up to 30 subunits in humans, and a unified

nomenclature was established (Boube et al. 2002; Bourbon et al. 2004).

Figure 6: Schematic representation of the role of Mediator in transcription initiation.
Mediator is recruited to enhancers where it interacts with transcription factors, and mediate
their action by contacting the basal transcription machinery at the promoter, adapted from
(Soutourina 2017).

Mediator is recruited to enhancers to mediate contacts between the transcription and the basal
transcription machinery (figure 6) [reviewed in (Soutourina 2017)]. It was shown that Mediator
contacts directly the RNA Pol 1l CTD and induces the phosphorylation of the CTD by TFIIH
that allows the release of RNA Pol Il for elongation (Myers et al. 1998; Thompson et al. 1995).
Mediator thus integrates both positive and negative signals for transcriptional regulation.

ii. Chromatin remodeling complexes

e ATP-dependent complexes

Since DNA is wrapped around a complex of histones, it is inaccessible to transcription
factors, with the exception of pioneer factors mentioned before. Thus, remodeling complexes
are necessary to expose DNA regulatory sequences to transcriptional activators by regulating
nucleosome positioning and spacing [reviewed in (Vignali et al. 2000)]. All remodeling
complexes contain subunits with an ATPase activity that allow them to modify the nucleosome

structure. The main ATP-remodeling complexes are the imitation switch (ISWI),
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chromodomain helicase DNA-binding (CHD), switch/sucrose non-fermentable (SWI/SNF) and
INOB8O [reviewed in (Vignali et al. 2000)].

e Histone modifiers

Another group of co-activators are able to add several post-translational modifications
on aminoacid sequences of histone N-terminal tails, that influence the chromatin state (non-
permissive versus permissive) and participate to the recruitment of other transcriptional factors.
Among those coactivators, the Spt-Ada-Gen5-Acetyl transferase (SAGA) complex acetylates
histones H3 and deubiquitylates histones H2B, and will be detailed thereafter.

I11. TFIID, a General Transcription Factor

1. Discovery of TBP

TFID was identified from HeLa nuclear extracts as an essential component for RNA
Pol 1l transcription from both cellular and viral promoter templates (Flores et al. 1990).
However, due to TFIID hetereogenity in mammals making its purification challenging, it is in
yeast that the first characterization of TFIID was performed (Buratowski et al. 1988; Cavallini
et al. 1988; Hernandez 1993). Steve Buratowski et al and Bruno Cavallini et al identified in
yeast a factor capable to substitute for the mammalian TFIID in a reconstituted mammalian
RNA Pol Il transcription system with a TATA-box binding property (Buratowski et al. 1988;
Cavallini et al. 1988). Isolation and purification of this factor in yeast revealed a protein of 25-
28kDa (Cavallini et al. 1988; Hahn et al. 1989; Horikoshi et al. 1989; Schmidt et al. 1989). So,
TBP was the first TFIID subunit to be characterized and was cloned from yeast (Cavallini et al.
1988; Hahn et al. 1989; Horikoshi et al. 1989; Schmidt et al. 1989), paving the way for the
cloning and characterization of TBP homologs in Drosophila (Hoey et al. 1990; Mubhich et al.
1990) and in human (Hoffman et al. 1990; Kao et al. 1990; Peterson et al. 1990a). Moreover,
TBP-like proteins have also been found in several organisms, but will be detailed thereafter
[reviewed in (Mdller et al. 2010)].

2. TBP-Associated-Factors form a large TFIID multi-subunit complex
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Experiments from cell-free reconstituted transcription systems showed that TBP is
necessary and sufficient for basal transcription level in vitro, but not for transcription factor
stimulated transcription (Dynlacht et al. 1991; Peterson et al. 1990b; Pugh et al. 1990; Kao et
al. 1990; Reese et al. 1994). Reconstituted transcription system containing Drosophila basal
factors and TFIID, but not TBP, were for instance necessary for activated transcription of a
developmentally regulated transcription factor (Dynlacht et al. 1991). In this study, TBP
sedimented within a complex of 350 kDa, a molecular weight much larger than the single TBP.
TBP immunoprecipitation from the TFIID fraction further revealed the association of TBP with
several polypeptides, named TBP-associated factors (TAFs). Similar experiments in human
cells also showed that TBP was associated with TAFs (Tanese et al. 1991). Then, many
additional TAFs have been cloned from yeast, Drosophila and human cell lines (Chiang et al.
1995; Goodrich et al. 1993; Hisatake et al. 1995; Hoffmann et al. 1996; Hoey et al. 1993; Jacq
et al. 1994; Klemm et al. 1995; Kokubo et al. 1994; Mengus et al. 1995, 1997; Moqtaderi et al.
1996b; Poon et al. 1995; Ruppert et al. 1993; Tanese et al. 1996; Verrijzer et al. 1994; Weinzierl
et al. 1993; Yokomori et al. 1993b). So, TFIID forms a large multi-subunit complex, comprised
of TBP and 13 TAFs in metazoan or 14 TAFs in yeast. TAFs have been ranged according their
molecular weight in human cells and are now designated as TAF proteins according to a unified
nomenclature (Table 2) (Tora 2002). In addition of those TAFs, many paralogs have also been
identified in several organisms, but will be detailed later, [reviewed in (Muller et al. 2010)].
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Table 2: Unified nomenclature for the TFIID subunits including orthologs and paralogs.
Nomenclature for the TFIID subunits as published by (Tora 2002).

New H. sapiens | D. Caenorhabditis S.cerevisiae | S. pombe
name melanogast | elegans
er
Previous | New
name name
TAF1 | TAFu250 TAF;1230 taf-1 taf-1 Taf145/130 TAF11
(WO4AS8.
7)
TAF2 | TAF;150 TAF;150 taf-2 taf-2 Taf150 or | (T38673)
(Y37F11 TSM1
B.4
TAF3 | TAF140 TAF1550r | (C11G6.1 | taf-3 Tafl47
BIP2 )
TAF4 | TAF130/1 | TAF,110 taf-5 taf-4 Taf48 or | (T50183)
35 (R119.6) MPT1
TAF4b | TAF;105
TAF5 | TAF,100 TAF;80 taf-4 taf-5 Taf90 TAF72
(F30F8.8)
TAF5b TAF,73
TAF5L | PAF658 Cannonball
TAF6 | TAF;80 TAF160 taf-3.1 taf-6.1 | Taf60 (CAA20756)
(WO09B6.
2)
TAF6L | PAF65a (AAF52013 | taf-3.2 taf-6.2
) (Y37E11
AL.8)
TAF7 | TAFi55 (AAF54162 | taf-8.1 taf-7.1 | Taf67 TAF62/PTR
) (F54F7.1) 6
TAF7L | TAF2Q taf-8.2 taf-7.2
(Y111B2
A.16)
(ZK1320.
12)
TAF8 | (BAB71460 | Prodos (ZK1320. | taf-8 Taf65 (T40895)
) 12)
TAF9 | TAF32/31 | TAF,40 taf-10 taf-9 Tafl7 (562536)
(T12D8.7
)
TAFIL | TAF31L
(AAG0971
1)
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TAF10 | TAF30 TAF24 [ taf-11 taf-10 | Taf25 (T39928)
(K03B4.3
)

TAF10 TAF16

b

TAF11l | TAF28 TAF30p | taf-7.1 | taf-11 | Taf40 (CAA93543)
(F48D6.1
)

TAF11 taf-7.2 | taf-11.1

L (K10D3.3
)

TAF12 | TAF20/15 | TAF300 | taf-9 taf-12 | Taf61/68 (T37702)
(Y56A4.3
)

TAF13 | TAF18 (AAF53875 | taf-6 taf-13 | Tafl9  or | (CAA19300)

) (C14A4.1 FUNS1

0)

TAF14 Taf30

TAF15 | TAF68

BTAF1 | TAF 170/ | Hel89B (F15D4.1 | btaf-1 | Motl (T40642)

TAF-172 )

3. Distinct TFIID complexes exist

TBP was found in two different TFIID complexes with two different molecular weights,
one of 300 kDa and one of >700 kDa, from phosphocellulose chromatographic analyses on
HeLa nuclear extracts (Timmers et al. 1991). Most of TBP was actually found in the 300 kDa
complex (called B-TFIID) (Timmers et al. 1991). In this complex, TBP was associated with a
170 kDa protein, called BTAF1 (Timmers et al. 1992). BTAF1 belongs to the family of SNF2-
like ATPases (Chicca et al. 1998; van der Knaap et al. 1997), and also exists in S. cerevisiae as
Motlp that associates with TBP as well (Poon et al. 1994), and under 89B helicase in
Drosophila (Goldman-Levi et al. 1996). However, the B-TFIID complex did not mediate SP1
or GAL4-AH transcriptional response and only weakly for the major-late transcription factor
(Timmers et al. 1991). Note also that TBP was not detected free in HeLa cells (Timmers et al.
1991), and we also know now that TBP is also part of the SL1 and TFIIIB complexes for RNA

Pol 1'and 111 transcription machineries respectively [reviewed in (Thomas et al. 2006)].
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While looking for the factors responsible of mediating the transcription response of
transcriptional co-activators, two distinct TFIID complexes from HelLa cell extracts were
detected (Brou et al. 1993). Transcription stimulation of the three chimeric recombinant
activators GAL-TEF-1, GAL-ER(EF) and GAL-VP16 activators required the fraction obtained
from phosphocellulose chromatography (PC) with 0.5-1.0M KCI elution, while the PC0.3 (0.1-
0.3M KCI elution) fraction was only able to mediate the response of GAL-TEF-1. TBP
immunoprecipitation revealed that TFIID was present, but with a different TAFs composition

between the two fractions (Brou et al. 1993).

Furthermore, in the PC1.0 fraction, two TFIID sub-populations were detected (Jacq et
al. 1994). Double immunoprecipitation with first an antibody against TBP pulled down all the
distinct TFIID complexes previously described (Brou et al. 1993), and the TAF10
immunoprecipitation, against the TBP-immunoprecipitation elution, pulled down a TAF10-
containing TFIID separated from another TFIID complex that remained in the supernatant (Jacq
et al. 1994). In both complexes, TBP together with TAF1, TAF5, TAF6, TAF7 and TAF11
were present. TAFII125 (probably TAF4b), TAFII37 (probably TAF8), TAF12 and TAF13
were detected in TAF10-containing TFIID while almost not found in TAF10-containing TFIID
(Jacq et al. 1994). Those studies have been limited so far by the antibodies available, so the

composition of these different complexes, or sub-complexes, might not be complete.

Last but not least, TAFs were also found in multi-subunit complexes without TBP
associated with other proteins such as the TBP-free TAF-containing complex (TFTC)
(Wieczorek et al. 1998), SAGA, STAGA and SLIK complexes that will be detailed thereafter
(Grant et al. 1998; Martinez et al. 2001).

4. Architecture of TFIID and structural model for the assembly

TAFs contain several conserved structural domains (figure 7). The histone fold domain
is one such conserved domain. Several TAF-TAF interactions have been identified such as
TAF3-10, TAF4-12, TAF6-9, TAF8-10 and TAF11-13 (Birck et al. 1998; Gangloff et al. 2000;
Wertent et al. 2002; Xie et al. 1996). Since TAF10 does not contain a Nuclear Localizing
Sequence (NLS) it cannot enter the nucleus alone (Soutoglou et al. 2005). So, TAF10 requires
TAF8 or TAF3 that have been identified as interacting partners in vitro (Soutoglou et al. 2005).

Although TAF3 is not described in the current model of assembly of TFIID for the
25



incorporation of TAF10 (Bieniossek et al. 2013), it has been observed that in the absence of
TAF8, TAF10 could still be incorporated into a TFIID-like complex in fibroblasts (El-Saafin
et al. 2018).
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Figure 7: Schematic representation of the TFIID subunits. (a) TBP and TBP-like factors
organization and comparison of the identity between the N-terminal (N-ter) and core DNA
binding domains (%). (b) Human TAFs organization (except TAF5L and TAF6L). The numbers

represent the amino acid position (Muller et al. 2010).
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Analyses of TFIID in yeast revealed that several TAFs are present in two copies and
provided the first stoichiometry of the complex (Sanders et al. 2002). More recently, the TFIID
complex assembly has been described as a stepwise model leading to three sub-complexes: the
core complex (containing 5 TAFs), the 8TAF complex and the holo-TFIID based on single-
particle cryo-electron microscopy analyses of the recombinant human TFIID complex (figure
8) (Bieniossek et al. 2013; Trowitzsch et al. 2015b).

>

Core-TFIID 7TAF Holo-TFIID
Two-fold symmetric Structure rearrangement Asymmetric

symmetry broken @

Preinitiation complex

Figure 8: Schematic representation of the TFIID model of assembly. The core TFIID is
composed of two copies of TAF4, TAF5, TAF6, TAF9 and TAF12. The symmetry of the core
TFIID is broken by the import of TAF2-TAF8-TAF10. TAF8 interact with TAF10 via the HFD
and with TAF2 via its C-terminal domain. The 8TAF complex is completed with the addition
of single copies of TAF1, TAF3, TAF7, TAF11, TAF13 and TBP. Adapted from (Bieniossek

et al. 2013) and updated based on (Trowitzsch et al. 2015), modifications are shown in red.
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As proposed in Drosophila (Wright et al. 2006), the core complex is composed of two copies
of TAF4, TAF5, TAF6, TAF9 and TAF12. TAF10 forms a prebuilding block in the cytoplasm
of human cells with TAF2 and TAF8. This complex associates with importin o, through the
TAF2 NLS, to translocate into the nucleus. These three TAFs break the symmetry and leads to
a structural rearrangement resulting in the 8TAF complex which provides a platform for final
incorporation of single copies of TAF1, TAF3, TAF7, TAF11 and TBP.

Structural analyses by cryo-electron microscopy and single-particle image analysis
revealed that the human TFIID has a horseshoe shape, containing three lobes A, B and C that
surround a central cavity (Andel et al. 1999; Brand et al. 1999a; Grob et al. 2006). However,
TFIID displays a structural flexibility because the complex switches from a canonical to
rearranged state that interacts with promoter DNA in a TFIIA-dependent manner (Louder et al.
2016). DNAse | footprinting analyses revealed that TFIID occupies a promoter region spanning
from -40 to +35bp (Zhou et al. 1992). Since TBP binds the TATA-box promoter region and
that the holo-TFIID was also required for transcription from TATA-less promoters (Pugh et al.
1991; Zhou et al. 1992), TAFs have been shown to also recognize additional core promoter
elements. It has been suggested that TAF1 and TAF2 bind to the Inr (Verrijzer et al. 1994),
TAF6 and TAF9 bind the DPE and TAF1 can bind the DCE and the MTE (Juven-Gershon et
al. 2006; Lee et al. 2005a). TFIID is able to interact also with post-translationally modified
nucleosomes. TAF3 can bind H3K4me3 (van Nuland et al. 2013; Vermeulen et al. 2007) and
TAF1, that contains two bromodomains, recognize acetylated histones (Jacobson et al. 2000).
Such interactions are thought to stabilize TFIID to the promoter.

5. TAFs are transcriptional co-activators

TAFs are considered as co-activators necessary for activating transcription. From in
vitro analyses, several TAFs have been identified as interacting partners for TFs. TAF4 was the
first TFIID subunit for which such interaction has been shown for Sp1 and CREB activators
(Asahara et al. 2001; Gill et al. 1994; Hoey et al. 1993; Rojo-Niersbach et al. 1999; Saluja et
al. 1998). Similarly, using transcriptional activation by nuclear receptors as a model, it was
demonstrated that TAFs mediate selective transcription activation (May et al. 1996). For
instance, TAF4 interacts with the activation function 2-containing region (AF2) of the receptors

of retinoic acid, thyroid hormone, and vitamin D3 (Mengus et al. 1997). Another example relies
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on TAF10 which interacts with the human estrogen receptor but not with VP16 (Jacq et al.
1994). Moreover, those in vitro data were supported by functional in vivo analyses. In yeast,
while the role of TAFs in transcription activation was debated (Mogtaderi et al. 1996a), TAFs
were shown to be required for the expression of a subset of genes (Walker et al. 1997; Wang et
al. 1994) and also interact with several activation domains of TFs (Hall et al. 2002; Klein et al.
2003). As an example, the ribosomal protein gene expression requires the interaction between
Raplp and TFIID (Garbett et al. 2007).

In metazoan, TAFs were also shown to be clearly required for mediating transcription
activation. For instance, in Drosophila, the transcription factors Dorsal and Prodos interact with
certain TAFs to activate specific set of genes (Hernandez-Hernandez et al. 2001; Zhou et al.
1998). In mouse models, TAF10 has been shown to interact with GATAL during erythropoiesis
(Papadopoulos et al. 2015), TAF4-TAF12 heterodimer is important for HNF4A binding in liver
(Alpern et al. 2014) and also for MYB in acute myeloid leukemia (Xu et al. 2018). Moreover,
the TAF paralog TAF7L interacts with PPARy to control spermiogenesis and lineage
specification during adipogenesis (Zhou et al. 2013a, 2014). Interestingly, their conditional
deletion phenocopies the deletion of their interacting co-activators. This data suggests that
TFIID represents a selective interacting platform for specific transcription factors during

development and differentiation.

6. Enzymatic activities of TAFs

In somewhat contradictory studies it has been suggested that the largest TFIID subunit,
TAF1, displays HAT, kinase and ubiquitinylation activities. In vitro, TAF1 was shown to
acetylate H3 and H4 as well GTFs such as TFIIE and TFIIF (Imhof et al. 1997; Mizzen et al.
1996). Similarly, TAF1 kinase activity also acts on GTFs, since TAF1 phosphorylates both
serine and threonine residues of TFIIFa and TFIIA in vitro (Dikstein et al. 1996; O’Brien et al.
1998; Solow et al. 2001). HAT and kinase activities together have been shown to be required
for cell cycle progression in a hamster cell line, and interestingly TAF1 HAT regulates only a
specific subset of genes related to cell cycle (Dunphy et al. 2000; Hilton et al. 2005; Sekiguchi
et al. 1996; Toshiro et al. 1994; Wang et al. 1994). TAF1 was also shown to mono-
ubiquitinylate PAX3, which is involved in myogenic differentiation, and thus regulate PAX3

protein level (Boutet et al. 2010).
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IV. The SAGA co-activator complex, a TAF-containing complex

1. Identification and characterization of the SAGA complex and SAGA-

related complexes in yeast

The SAGA complex has been initially characterized in yeast, as a GCN5-containing
complex, associated to SPT and ADA proteins, so called Spt-Ada-Genb-Acetyl transferase
(Grant et al. 1997), and was shown to be evolutionary conserved, though several differences
that will be detailed thereafter, from yeast to human (Table 3) [reviewed in (Helmlinger et al.
2017)].

Table 3: Composition of orthologous SAGA complexes. Adapted from (Helmlinger et al.,
2002).

S.s cerevisiae | S. pombe D.melanogaster | H.sapiens/M.
musculus
HAT module | Gens Gens KAT2 (GCN5) | KAT2A
KAT2B
Ada2 Ada2 Adazb TADAZ2b
Nggl (Ada3) | Nggl (Ada3) | Ada3 TADA3
Sgf29 Sgf29 Sgf29 SGF29
DUB module | Ubp8 Ubp8 dNonstop USP22 (UBP22)
Sgfll Sgfll dSgf1l ATXN7L3
Sgf73 Sgf73 dATXN7 ATXN7/ATXN7LL/L2
Susl Susl dE(y)2 ENY2
Core Taf5 Taf5 WDA TAF5L
structural Taf6 Taf6 SAF6 TAF6L
module Taf9 Taf9 TAF9 TAF9/TAF9b
Taf10 Taf10 TAF10b TAF10
Taf12 Taf12 TAF12 TAF12
Spt7 Spt7 Spt7 SUPT7L (STAF65G)
Hifil (Adal) | Hifil (Adal) | Adal TADAL
Spt20 Spt20 Spt20 SUPT20H
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TBP binding | Spt3 Spt3 Spt3 SUPT3H

Spt8 Spt8 - -
TF-binding Tral Tral Nipped-A TRRAP
module (Tral)
Splicing - SF3B3 SF3B3

module

- SF3B5 SFB3B5

Originally, the histone acetyl transferase GCN5 has been identified as a yeast homolog of the
histone acetyltransferase A p55 of the ciliated protozoan Tetrahymena thermophila (Brownell
et al. 1995, 1996). However, yeast and human GCN5 alone, can only acetylate free histones
and not nucleosomal histones in vitro (Grant et al. 1997; Yang et al. 1996). The substrates for
GCNS5 correspond to multiple histone lysines in vitro, primarily lysine 14 of histone H3
(H3K14), but also H3K9, H3K18, H3K23, H3K27, H3K36, and additional lysines found in
histones H4 and H2B (Brownell et al. 1996; Grant et al. 1997; Kuo et al. 1996; Suka et al.
2001). Chromatographic purification of a yeast fraction containing a HAT activity led to the
identification of a 0.8 MDa and a 1.8 MDa native complexes both containing GCN5 and ADA2
(Grant et al. 1997). The 1.8MDa contained Spt3, Spt7, Spt20/Ada5 and corresponds to SAGA
(Grant et al. 1997).

The lower molecular weight complex corresponds to the ADA complex. Both ADA and
SAGA share common subunits, Genb, Ada2 and Ada3, but the ADA complex contains two
distinct subunits. One of them is Ahcl (Eberharter et al. 1999), which is necessary for the
integrity of the ADA complex only but not for SAGA, showing that ADA represents an
additional HAT containing complex in yeast. The other is Ahc2 which was found later (Lee et
al. 2011).

Another complex similar to SAGA has been purified by chromatography with a HAT
activity that was named SLIK for SAGA-like complex or SALSA for “SAGA altered, Spt8
absent”, and capable of regulating transcription (Pray-Grant et al. 2002; Sterner et al. 2002).
This complex contains Tral, Spt3, Spt7, Spt20/Ada5, Adal, Ada2, Ada3, Genb, Taf5, Taf6,
Taf9 and Tafl2 (Pray-Grant et al. 2002). However, Spt8 is missing due to the proteolytic
cleavage of the C-terminal domain of Spt7, which is required for the interaction with Spt8
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(Pray-Grant et al. 2002; Sterner et al. 2002; Wu et al. 2002). Rtg2 was found to be uniquely
present in the SLIK complex and required for its assembly (Pray-Grant et al. 2002). Mutations
in both SAGA and SLIK resulted in synthetic lethality but single mutations in either SAGA or
SLIK were less severe and displayed differences. This data suggests that SAGA and SLIK have

overlapping activities but also specific activities (Pray-Grant et al. 2002).

2. The SAGA complex is conserved in metazoan

a. Conservation and divergence of the SAGA subunits

In metazoan, most of the SAGA subunits are conserved but several differences are
observed (Table 3) [reviewed in (Helmlinger et al. 2017; Spedale et al. 2012)]. PCAF, a GCN5
homologue that has a C-terminal GCN5-related region (Yang et al. 1996), was found to be
associated with TAF proteins and the metazoan counterparts of the yADA2, yADA3, and
ySPT3 (Ogryzko et al. 1998), and is also found within SAGA. Taf5 and Taf6 from yeast which
are present in both TFIID and SAGA, are replaced by TAF5L and TAF6L, as a result of
duplication events, and are specific of SAGA in metazoan, except in flies where they exist but
are not found in SAGA (replaced by WDA and SAF6 respectively) (Guelman et al. 2006a;
Ogryzko et al. 1998; Weake et al. 2009).

In higher eukaryotes, several SAGA-like complexes have been identified: the PCAF
complex (Ogryzko et al. 1998), STAGA (Martinez et al. 2001) and TFTC (Brand et al. 1999b;
Wieczorek et al. 1998).

i. PCAF complex

Purification of flagged PCAF from nuclear extracts of HeLa cells revealed that it was
associated with about 20 proteins within a complex, containing a nucleosomal histone activity
(Ogryzko et al. 1998). The proteins associated were TRRAP, ADA2B, ADAS3, SPT3, TAF5L,
TAF6L, TAF9, TAF10 and TAF12 (Ogryzko et al. 1998). It was shown that PCAF
preferentially acetylates H3 and weakly H4.

ii. STAGA
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SUPT3 immuno-precipitation from nuclear extracts of HelLa cells pulled down GCN5
and TAF9, but TAF9 immuno-precipitation pulled down TFIID and SUPT3. These results
showed that SUPT3 was not part of TFIID, but was part of another complex, together with
GCNS5 as well as with TAF9 (Martinez et al. 1998, 2001). This complex was thus called STAGA
for SPT3-TAF;31-GCNb5-L acetyltransferase. In addition, mass spectrometry analysis of
STAGA, showed that it also contains TRRAP, ADA3, SFGF29, TAF5L, TAF6L, ADAL and
SPT7L (Martinez et al. 2001). The spliceosome-associated protein 130 (SAP130), which is a
component of the splicing factor SF3b, also associates transiently to STAGA (Brand et al. 2001;
Martinez et al. 2001).

ii. TFTC

TAF10-immunoprecipitation followed by TBP-immunoprecipitation revealed the
existence of a TAF-containing complex, that was not containing TBP and was called TFTC
(TATA-binding Protein-free TAF-containing Complex), with a HAT activity (Wieczorek et al.
1998). It was described as containing several TFIID subunits: TAF2, TAF4, TAF5, TAF6,
TAF7, TAF9, TAF10, TAF12 together with TRRAP, GCN5, ADA3, SPT3 (Brand et al.
1999Db). So, the “TFTC complex” represented a mixture of partial TFIID assemblies and the
SAGA complex (Demény et al. 2007).

Altogether, those different approaches revealed the existence of GCN5/PCAF-containing-
complexes, without TBP, with similar composition that correspond to the metazoan ortholog of

the unique SAGA complex.

b. ATAC

A distinct HAT complex, called ATAC, has been identified in metazoan. ATAC differs
from SAGA with the presence of ADA2A instead of ADA2B in Drosophila and which is well
conserved (Barlev et al. 2003; Guelman et al. 2006a, 2009; Kusch et al. 2003; Muratoglu et al.
2003; Nagy et al. 2010; Wang et al. 2008). The complex composition of ATAC has been
elucidated by MudPIT (multidimensional protein identification technology) and revealed the
presence of Gcnb, Ada3, HCF (host cell factor) and Atac2 among others (Guelman et al.
2006b). In Drosophila, the Atac2 subunit containing a putative acetyltransferase domain was
suggested to acetylate H4K16 (Suganuma et al. 2008, 2010). In mammals, knock-down of
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Atac2 showed that ATAC was necessary for overall levels of H3K9ac, H4K5ac, H4K12ac, and
H4K16ac in mammals (Guelman et al. 2009).

3. Modular organization of SAGA

SAGA is a multi-subunit complex that is organized into several modules (figure 9)
[reviewed in (Helmlinger et al. 2017)]. Each module associates tightly to the complex, with the
exception of the DUB modules variants that will be described thereafter, and participate to the
enzymatic activities of SAGA. The first insight into SAGA structure was obtained by electron
microscopy (EM) from TFTC purification from human cells with a 3.5-nanometer resolution
(Brand et al. 1999a). SAGA was described as a five domains structure, including four domains
similar to TFIID (Brand et al. 1999a). Another work in S. cerevisiae, showed that the yeast
SAGA complex was similar in size and in structure to the human TFTC complex, and which
mapped 9 of the 19 known SAGA subunits using single EM reconstruction (Wu et al. 2004).
The EM analyses have been complemented by the combinatorial approach of gene deletions of
non-essential SAGA subunits that gave a macromolecular model consisting of all 21
SAGA/ADA subunits (Lee et al. 2011). The most recent architecture of the SAGA complex
was proposed by Steve Hahn’s laboratory (Han et al. 2014). Protein-protein interactions within
the complex were determined by crosslinking and mass spectrometry using TAP-tag Spt7
(Tandem affinity purification) for purifying SAGA with bound recombinant TBP, since it did
not copurify with SAGA (Han et al. 2014). Moreover, recent single-particle EM analysis,
highlighted the flexibility of the SAGA complex, which is able to adopt different

conformational changes, as it has been already evidenced for TFIID (Setiaputra et al. 2015).

34



TAF10] TAF9/9b
TAF4I4b

S /
\

Core structural
HAT ADA2b
module Up'|'7|_
TAF10|TAF9
SAGA TAFsL,,\‘
~ TAF12 Splicing
TAFsL\ 7 module
@ SUPTZOH
DUB TRRAP
module @

TF-binding
,\modulo

@@ @@
TREX-2 DUB
variants

Figure 9: Schematic representation of the modular organization of SAGA in relation with
the other transcriptional complexes. Human names are indicated, or yeast when mentioned
(sc). The TAF core structural module (in green) is shared between TFIID and SAGA, note that
TAF10 is incorporated into SAGA through SUPT7L and with TAF8 (according the structural
model) in TFIID. Other proteins constitute the core module in addition of the TAFs. The HAT
module (in red) shares GCN5, ADA3 and SGF29 with ATAC and with the yeast ADA complex.
The DUB module (in blue) shares subunits with the TREX-2 complex but can also be associated
with other USP enzymes to form DUB variants. The biggest protein TRRAP (in yellow) is also
shared with nuA4/TIP60. SUPT3H, plus Spt8 in yeast, are the subunits in contact with TBP.
The splicing module, (in purple) is shared with the human SF3B complex, which associates

with the U2 snRNP to initiate splicing (Helmlinger and Tora 2017).
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a. Core structural module

TFIID and SAGA share several common Tafs: Taf5, Taf6, Taf9, Taf10 and Taf12 in
yeast (TAF5L and TAF6L instead of Taf5 and Taf6 respectively in mammals) (figure 9). It
was suggested that two pairs of each histone fold containing pairs Taf6-Taf9 and Adal-Taf12,
together with two copies of Taf5 are also in SAGA (Gangloff et al. 2000; Han et al. 2014).
Crosslinks have been detected between Taf12 and Adal as well as between Taf10 and Spt7
(Han et al. 2014), which is the partner for Taf10 to be incorporated into SAGA (Soutoglou et
al. 2005). So, SAGA contains a TFIID-like core that serves as a connector for the other modules.
Taf12 has been shown to be required for the integrity of the complex and for the nucleosomal
HAT function (Grant et al. 1998). The analysis of the role of the Tafs in the architecture of
SAGA has been complicated by the fact that they are essential in yeast (Green 2000). Deletion
of ADAL, SPT20 or SPT7 resulted in the most severe phenotypes in vivo, due to the disruption
of the complex (Grant et al. 1997; Sterner et al. 1999).

b. SPT module

As described previously, Spt7, Spt20 and Adal are important for the integrity of the
SAGA complex, and can be considered as part of a larger module, comprising the Taf module
and those subunits in the “core structural module”, which is located in the center of the complex
(figure 9) (Helmlinger et al. 2017; Lee et al. 2011; Setiaputra et al. 2015). Genetic and
biochemical analyses in yeast demonstrated a physical interaction between Spt3 and Thp
(Eisenmann et al. 1992). Other findings interrogated the role of Spt3 for recruiting Thp into
SAGA, since Thp was still found even in the deletion strain spz34 (Sterner et al. 1999).
According this same study, Spt8 was required for SAGA-Tbp interaction, confirming other
studies showing its implication for TBP binding (Eisenmann et al. 1992; Sermwittayawong et
al. 2006; Sterner et al. 1999). Nevertheless, both Spt3 and Spt8 have been shown to be necessary
for Tbp deposition at promoters of active genes (Baptista et al. 2017; Bhaumik et al. 2001;
Dudley et al. 1999; Laprade et al. 2007; Larschan et al. 2001; Mohibullah et al. 2008).

c. Tral/TRRAP

Tral has been demonstrated to mediate SAGA recruitment through direct interactions

with activators (Brown et al. 2001; Helmlinger et al. 2011), as well with its mammalian
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counterpart TRRAP which interacts with MYC and E2F1 (Helmlinger et al. 2017). Tral is
essential in S. cerevisiae and its role has not been completely elucidated. It has been proposed
that the essentiality is mainly related to the NuA4 complex (Helmlinger et al. 2011), of which
Tral is also a subunit in Saccharomyces cerevisiae. Concerning the location of Tral within the
SAGA complex, divergent observations have been made. In some studies, Tral is described as
close to Spt20 (Han et al. 2014; Setiaputra et al. 2015) while in others, Tral is positioned at
opposite ends of SAGA (Wu et al. 2004). More recently, the cryo-EM structure of the entire
SAGA complex in which Tral was resolved with an average resolution of 5.7 A was described
(Sharov et al. 2017). Based on this structure, Tral represents one entire lobe (lobe A) connected
to the second lobe (lobe B), containing the rest of the SAGA complex (Sharov et al. 2017).

d. DUB module

The DUB module contains in yeast the catalytic subunit Ubp8 together with Sgfl1,
Susl, and Sgf73 (figure 9) (Ingvarsdottir et al. 2005; Kohler et al. 2006, 2010, Lee et al. 2005b,
2009; Samara et al. 2010). The subunit Ubp8 is a de-ubiquitinylation enzyme, and its
association within the SAGA complex was shown to be required for its activity (Lee et al.
2005b). This observation was already suggested by the SPT20 depletion, resulting in a partial
disruption of the SAGA complex, that led to a decrease of the H2B ubiquitinylation (H2Bub1)
level (Henry et al. 2003). However, the decrease of H2Bubl was not to the same extent than
Ubp84 alone, suggesting that Ubp8 might belong to other complexes other than SAGA (Henry
et al. 2003). Ubp8 and Sgfll, whose absence also causes a decrease of H2Bubl levels, were
shown to function within a module, since each one is reciprocally required for their association
within SAGA (Lee et al. 2005b). Another evidence that supported the modular organization of
the complex, was that neither the deletion of UBP8 or SGF11 altered the HAT activity of SAGA
(Lee et al. 2004; Powell et al. 2004). The anchoring of the DUB module to the rest of the
complex was demonstrated by the purification of the DUB module only when SGF73 was
absent (Lee et al. 2009).

In human cells, the situation is more complex, the ubiquitin protease USP22 (the yeast
orthologue Ubp8) and ATXN7L3 (ySgfll), ENY2 (ySusl) and ATXN7 (ySgf73), forms a
DUB module (figure 9) (Ingvarsdottir et al. 2005; Lee et al. 2005b; Powell et al. 2004;
Rodriguez-Navarro et al. 2004; Zhang et al. 2008; Zhao et al. 2008). However, the ATXN7

protein family contains ATXN7, ATXN7L1 and ATXN7L2 that are all three expressed in
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mammalian cells, are mutually exclusive and can form three different DUB modules
(Helmlinger et al. 2017; Vermeulen et al. 2010). Moreover, two additional USP22-related
deubiquitinating enzymes have been identified. USP51 and USP27X were described to function
independently from SAGA, interacting with ATXN7L3 and ENY2 and competing with USP22
(Atanassov et al. 2016). The role of those independent DUB modules and the SAGA complex
for de-ubiquitinylation remains to be elucidated.

e. HAT module

The HAT module of SAGA contains in yeast Genb together with Ada2, Ada3, and Sgf29
(figure 9) (Balasubramanian et al. 2002; Horiuchi et al. 1997; Lee et al. 2011; Saleh et al. 1997).
The deletion of ADA2 in yeast resulted in the specific loss of the HAT module, demonstrating
the anchoring role of Ada2 for the HAT module to SAGA (Lee et al. 2011). In metazoan, the
HAT module also contains the yeast homologues of GCN5 together with Ada2b, Ada3 and
Sgf29 (Gamper et al. 2009; Riss et al. 2015). In addition, in human, PCAF can also be part of
the HAT module, but in an exclusive manner with GCN5 (Nagy et al. 2007; Krebs et al. 2011).
SAGA through its HAT module preferentially modifies histone H3 on Lys9 (H3K9) and to a
lesser extent Lys14 (H3K14) [reviewed in (Lee et al. 2007)]. Interestingly, the environment
within the HAT module regulates the catalytic activity of GCN5 as demonstrated in vitro. The
GCN5 HAT activity is stronger when incorporated into the HAT module of SAGA than in
ATAC (Riss et al. 2015).

V. TFIID and SAGA are required for transcription of nearly all genes
in S. cerevisiae

1. TFIID and SAGA control the expression of a large fraction of the genome

TFIID and SAGA share compositional and architectural similarities as described
previously. They have also been described as major actors in gene expression regulation in
yeast. Initially, the essentiality of Tafs in transcription was debated (Moqtaderi et al. 1996a) but
it was demonstrated that TAF6, TAF9, TAF10 and TAF12 were essential for transcription
(Michel et al. 1998; Natarajan et al. 1998; Sanders et al. 1999). The role of TFIID and SAGA
in transcription was then revisited by Richard Young’s laboratory, with the use of high-density
oligonucleotide arrays in temperature-sensitive mutants for TAF5, TAF6, TAF9, TAF10 and
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TAF12, that allowed a genome-wide analysis (Lee et al. 2000). Individually, the TFIID and
SAGA shared Tafs control a limited fraction of the genome but when looking at the sum of
these gene fractions, they actually control 70% of the genome (Lee et al. 2000). When
considering, TFIID- and SAGA-specific subunit mutants, a lower number of genes was
affected, about 30% for TFIID-specific subunits and about 12% for SAGA-specific subunits
(Lee etal. 2000). Among the SAGA-specific subunits, Spt20 controls the expression of a largest
fraction of genes compared to Gen5 and Spt3, confirming previous results related to the loss of
the complex integrity (Grant et al. 1997; Sterner et al. 1999). Since both TFIID and SAGA
contain a HAT activity (Imhof et al. 1997; Mizzen et al. 1996), at least demonstrated in vitro
for TFIID with Taf1, their contribution to gene expression was also analyzed. Tafl was shown
to control 27% of the genome while only 4% depends on Gcn5 (Lee et al. 2000). Double
mutation for TAF1 and GCN5 showed that transcription of 25% of the genes decreased by two-
fold or more (Lee et al. 2000). Further analyses of the role of TFIID and SAGA in S. cerevisiae
based on steady-state mMRNA levels were performed with the mutation of TAF1, GCN5 and
SPT3, alone or in combination, TAF1 and GCN5 or TAF1 and SPT3 (Huisinga et al. 2004).
Tafl and Gen5 were shown to control the expression of 84% and 60% of the genome
respectively, while Spt3 was shown to control only 11% of the genome (Lee et al. 2000). It is
interesting to note that the previous study observed 24% for Tafl and 3% for Spt3, indicating
major differences in terms of genome dependency (Lee et al. 2000). Double mutation with
TAF1 and GCN5 gave the same result than with RNA Pol Il mutant rpbl-1, which was more
important that Gen5 alone or the catalytic Gen5 mutant. Interestingly, double mutation of TAF1

and SPT3 nearly abolished transcription (Huisinga et al. 2004).

2. Classification of genes as TFIID-dominated or SAGA-dominated

Clustering analyses of genes affected in those mutants led the authors to the
classification of genes into two categories: TFIID- and SAGA-dominated genes (Huisinga et
al. 2004). TFIID-dominated genes, representing 90% of the genome, correspond to non-
regulated genes contrary to the SAGA-dominated genes, representing 10% of the genome, that
correspond to stress/inducible regulated genes (Basehoar et al. 2004). This classification
correlated with in vivo formaldehyde crosslinking and chromatin immunoprecipitation (ChIP)
assays performed in the literature (Huisinga et al. 2004). According to this classification,

TFIID-dominated genes correspond to TATA-less promoters while SAGA-dominated
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correspond to TATA-containing promoters (Huisinga et al. 2004). 1t might look surprising that
TFI1D would regulate predominantly TATA-less promoters, given the essential requirement of
TBP for transcription. However, it has been shown that TBP can recognize other sequences,
but they are not necessary for transcription of RPS5, suggesting other mechanisms for

transcription of those genes (Kamenova et al. 2014).

3. New approaches reveal a global role for TFIID and SAGA

a. TFIID

A conditional depletion strategy of several Taf subunits revisited recently the role of
TFIID (Warfield et al. 2017). This approach was based on the plant-specific F box protein
OsTIR1, which degrades the degron auxin repressor protein IAA7 fused to the C-terminus upon
addition of the auxin 3-1AA (Warfield et al. 2017). Depletion of those subunits resulted in a
decrease of RNA Pol Il occupancy genome-wide, analyzed by native RNA Pol Il ChIP-seq,
from two- to four-fold, irrespective of the promoter configuration (TATA-containing or TATA-
less) (Warfield et al. 2017). This decrease occurred also for the genes that were previously
described as insensitive to TAF1 inactivation (Bhaumik et al. 2001; Kuras et al. 2000).

In this study, the role of TFIID in transcription was investigated by analyzing the newly-
synthesized mRNAs. Compared to steady-state mRNA levels analyses that were used
previously, metabolic labeling of mMRNA with 4-thiouracil (4TU), a nucleotide analog, allows
the measurement of MRNA synthesis and thus a direct appreciation of transcription. mMRNA
synthesis and degradation (or mRNA decay) rates were determined mathematically by
comparative dynamic transcriptome analysis (cDTA) (Sun et al. 2012). This approach
confirmed RNA Pol Il ChIP results, TFIID subunits depletion induced a global effect on gene
expression. However, the magnitude of RNA Pol Il transcription decrease varies, and genes
with the smallest decrease compared to the global average was shown to be enriched for genes
that were defined as Taf-depleted genes in previous studies (Warfield et al. 2017). Both mRNA
synthesis and mRNA decay were decreased, however, not to the same extent (median decrease
of 2.7-fold and 1.8-fold respectively) for all genes. It is interesting to note that a stronger
decrease in mMRNA synthesis rate was observed for TFIID-dominated genes. An even broader
effect was described with TAF5 depletion, suggesting that TFIID and SAGA act synergistically

for transcription regulation (Warfield et al. 2017).
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b. SAGA

Analyses of the distribution of histone H3K9 acetylation and H2B ubiquitinylation
revealed that SAGA is acting genome-wide in yeast and mammals (Bonnet et al. 2014).
Interestingly, de-ubiquitinylation of H2Bub1l was observed on the transcribed region of all
expressed genes. Analysis of newly-transcribed mMRNASs revealed a new perspective of SAGA
transcriptional regulation. Depletion of Spt20 or Spt7 in yeast, a three to ten-fold decrease was
observed for newly-transcribed mMRNAs, together with a decrease of RNA Pol 11 peaks observed
by ChlP-seq, independently of TFIID- or SAGA-dominated genes that was considered (Bonnet
et al. 2014). On the contrary, steady-state MRNA levels remained unchanged for several genes
and only a moderate decrease of less than two-fold was observed for some other genes. Those
results confirmed other data obtained from a previous study that performed transcriptome
analyses from several SAGA subunit mutants (Lenstra et al. 2011). In this study it was
demonstrated that the role of SAGA in transcription was beyond the 10% of the genome
described previously. This discrepancy can be explained by several factors. So far, functional
studies of the contribution of co-activator complexes have mainly relied on the analysis of their
binding sites relying on antibody-based techniques, such as ChlP-seq, and on steady-state
MRNA analyses. As a consequence, detection of the binding of dynamic factors to chromatin
was partial and the transcriptional role of those factors was biased by compensatory
mechanisms in mMRNA decay. Many technical limitations, such as antibody specificity that
might differ between several experiments can explain differences obtained between several

studies.

The general role of SAGA has been comforted by another study from our laboratory in
collaboration with Steve Hahn’s laboratory (Baptista et al. 2017). Instead of using a classical
ChlIP-seq approach for assessing the presence of SAGA in the genome, chromatin endogenous
cleavage coupled with high-throughput sequencing (ChEC-seq) has been used (Baptista et al.
2017). ChEC-seq data for SAGA subunits showed cleavages at an average of 2,700 genes which
belong to TFIID-dominated or SAGA-dominated genes (Baptista et al. 2017). SAGA
occupancy was observed to be distal, and biased towards UAS, even more pronounced for
SAGA-dominated genes (Baptista et al. 2017). Major down-regulation of newly-synthesized
MRNAs was observed for RNA Pol Il genes, irrespective of their classification as TFIID-

dominated or SAGA-dominated genes. The decrease in mMRNA synthesis rate was associated
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with a decrease in mMRNA decay rate and an increase of transcripts half-life. This data confirms

a genome-wide action of SAGA for transcription.

Another aspect of this study was the investigation of the contribution of the different
modules of SAGA for transcription. Single mutations of the catalytic subunits GCN5 or UBP8
gave very different results. Gen5 depletion that was previously shown to impact only a minor
subset of genes (Huisinga et al. 2004; Lee et al. 2000), was shown to decrease globally the
levels of newly transcribed mMRNAs. However, no decrease was observed for Ubp8, suggesting
that increased ubiquitinylation levels does not affect RNA Pol Il transcription (Baptista et al.
2017). Nevertheless, double mutation of GCN5 and UBP8 revealed a synergistic effect. In the
deletion of TBP-binding subunits, SPT3 and SPT8, only spt34 displayed a decrease in mRNA
synthesis (Baptista et al. 2017). The most dramatic decrease was observed when combining the
deletion of SPT3 and GCNS5. In this case, mMRNA synthesis was decreased by 10-fold despite
that the integrity of the complex was not impaired (Baptista et al. 2017). This data suggests that
TBP binding and the HAT activity are the most essential aspects of SAGA in transcription
regulation. Moreover, TBP occupancy was shown to be depleted from a selection of TFIID-
dominated and SAGA-dominated genes, arguing for a general role of SAGA genome-wide
(Baptista et al. 2017). However, the bias observed by ChEC-seq of SAGA recruitment towards
a higher proportion of SAGA-dominated genes, was not really explained by those results. This
observation was also made with the Med8-ChEC-seq for Mediator, that was enriched at SAGA-
dominated genes (Griinberg et al. 2016).

In conclusion, those studies have shed new light on the role of TFIID and SAGA in
transcription, as general factors acting genome-wide (figure 10). To recapitulate, from the most
recent studies (Baptista et al. 2017; Bonnet et al. 2014; Warfield et al. 2017), it was shown that
nearly all active yeast promoters have TFIID and SAGA binding, independently of their
classification (TFIID- or SAGA- dominated, and TATA-less or TATA-containing promoters),
localized to promoters or UAS respectively. It was also noted several differences between
TFIID and SAGA. ChEC-seq analysis of Mediator binding profile underlined a similar profile
between SAGA and Mediator, suggesting their cooperativity at UAS (Baptista et al. 2017,
Grinberg et al. 2016, 2017), and biased towards SAGA-dominated genes. These differences
are still not well understood and might be related to the promoter architecture that remains to

be elucidated.
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Figure 10: Schematic model of the general role of TFIID, SAGA and Mediator complexes
in Saccharomyces cerevisiae. TFIID binds to both TATA-containing and TATA-less
promoters, while Mediator and SAGA are located more distally, at UAS regions of both TFIID-
and SAGA-dominated genes. TFIID, SAGA and Mediator act genome-wide and regulate
transcription of nearly all genes (Baptista et al. 2017).

V1. TFIID and SAGA roles during embryonic development in

metazoans

The general contribution of TFIID and SAGA to transcription genome-wide has been
well described in yeast. Nevertheless, in metazoans little is known about their function in gene
expression and regulation. Moreover, their role has been complexified during evolution with
the existence of several subunit paralogs. Cellular differentiation and embryonic development
have represented a way to investigate their function. During embryonic development, one single
cell, the fertilized egg, generates the cellular diversity of the organism from a unique genetic
information. One cell gives rise to various cell types which have different and specific
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functions. These processes depend on the activation of specific transcriptional programmes and

on a tight spatio-temporal regulation of gene expression.

1. TFIID and SAGA subunit expression pattern during development

a. TAF paralogs

Although TFIID has been described in higher eukaryotes as a complex composed of
TBP and 13 TAFs, considered as the canonical complex, TAFs paralogs have been identified.
TAF4b was the first TAF paralog to be identified, initially in human differentiated B-cells, and
was found later to be enriched in ovary and testis in mammals while being expressed at low
level in other tissues (Dikstein et al. 1996; Freiman et al. 2001). TAF4b interacts with TBP and
other TAF subunits and thus, can be integrated into the canonical TFIID (Freiman et al. 2001).
In Drosophila, several testis-specific TAFs paralogs exist. The genes No hitter, Cannonball,
Meiosis | arrest, Spermatocyte arrest and Ryan express encode dTAF4, dTAF5, dTAF6,
dTAF8 and dTAF12 homologs respectively (Hiller 2004). In vertebrates, TAF1L has been
identified as a TAF1 paralog human specific and is specifically expressed in testis germ cells
(Wang et al. 2002). TAF7L, the TAF7 paralog, was found in male germ cells (Cheng et al.
2007b; Pointud et al. 2003), but also in adipocytes and white fact tissue (Zhou et al. 2013a,
2013b). TAF9b is a TAF9 homolog, originally found in chicken cells that exists also in human
(Cheng et al. 2007b; Pointud et al. 2003). TAF9 and TAF9b are present together in the different
cell lines tested, but their ratio might vary, and thus participate to potential alternative TFIID
complexes (Cheng et al. 2007b; Pointud et al. 2003). During neuronal differentiation, TAF9b
is highly expressed in ES cell differentiated neurons (Herrera et al. 2014). Altogether, this data
suggests that the TFIID complex composition can be modulated with the incorporation of some

TAF paralogs in certain tissues and potentially regulating tissue specific subset of genes.

b. TBP paralogs

TBP was initially thought to be universal but TBP-like proteins have been identified
form the analyses of expressed sequence tags. They revealed several TBP paralogs known as
TBP-related factor (TRF) or TBP-like factor (TLF). TRF1 was the first to be identified, and is
specific to insects (Crowley et al. 1993). TRF1 exhibits a high similarity to the TBP core domain

that recognizes TATA elements. TRF2 (or TLP, TRP, TLF, and TBPL1) is another TRF that
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has been identified and is shared between several organisms such as Caenorhabditis elegans,
Drosophila, mouse, and humans, but not in yeast or Archaea (Dantonel et al. 2000; Ohbayashi
et al. 1999; Rabenstein et al. 1999). Interestingly, TRF1 is restricted to neural tissue in
Drosophila (Crowley et al. 1993) but northern blot analysis of human tissues showed that TRF2
is broadly expressed, with an enrichment in the testis (Moore et al. 1999; Rabenstein et al.
1999). Interestingly, TRF2 inactivation leads to development arrest during gastrulation. TBP
and TRF2 are proposed to be complementary but differentially regulate transcription. TRF2
function has been analyzed in Caenorhabditis elegans and showed that it is required also for
early development, its inactivation impairs morphogenesis (Dantonel et al. 2000). Last but not
least, TBP2 (also known as TBPL2, TRF3) has been identified only in vertebrates (Bértfai et
al. 2004; Gazdag et al. 2007; Jallow et al. 2004; Persengiev et al. 2003). TBP2 shares 95%
homology with the core domain of TBP (Bartfai et al. 2004). Its pattern of expression differs
between species. In human, TBP2 is detected in several cell lines (Persengiev et al. 2003), in
zebrafish it is expressed in the early embryo and enriched in the gonads (Bartfai et al. 2004)
while TBP2 is exclusively expressed in oocytes in mouse (Bartfai et al. 2004; Xiao et al. 2006).
In mouse TRF2 is required for spermatogenesis (Martianov et al. 2001, 2002a; Zhang et al.
2001) and TBP2 for oogenesis (Gazdag et al. 2007, 2009). TRF1, TRF2 and TRF3/TBP2
interact with TFIIB and TFIIA (Bartfai et al. 2004; Crowley et al. 1993) as well as with other
TAFs for TRF1 and TRF2 (Crowley et al. 1993), but TRF2 is not able to bind the TATA-box.

c. TFIID composition is variable

The TFIID composition is variable, and several evidences highlight such flexibility in
different cellular contexts. Comparison of the level of expression of TFIID subunits between
cell types revealed that several of them are downregulated during cellular differentiation. In
mMES cells and embryonic fibroblasts, TAF5 and TAF6 are enriched compared to NIH 3T3
fibroblasts (Pijnappel et al. 2013). During differentiation, several TFIID subunits have been
described to be down- or up-regulated. For instance, TAF8 was shown to be selectively up-
regulated during differentiation of pre-adipocyte fibroblasts into full adipocytes (Guermah et
al. 2003). Retinoic acid induced differentiation of F9 carcinoma cells into primitive or parietal
endoderm results in the selective loss of TBP and TAF4 while the protein level of the other
TFIID subunits tested remain unchanged (Perletti et al. 2001). Such depletion is concomitant

with the depletion of the nuclear receptor RARy2 which is mediated by the proteasome. Other

45



studies have proposed that both TBP and TAF4 are reduced in adult hepatocytes (D’ Alessio et
al. 2011; Freiman et al. 2001), but it was not confirmed for TBP in a more recent in vivo study
(Alpernetal. 2014). Furthermore, during myogenic differentiation, TAF1, TAF4 and TBP were
also reported to be depleted in myotubes (Deato et al. 2007; Malecova et al. 2016; Zhou et al.
2013b). In line with a post-translational regulation occurring during differentiation, TBP can be
ubiquitinylated specifically during myotube differentiation (Li et al. 2015). Analysis of the
TFIID composition in human embryonic stem cells (hES) revealed that contrary to mouse
embryonic stem cells (mES) they contain only 6 out of the 14 canonical TAFs, which become
expressed during retinoic acid differentiation (Maston et al. 2012). The fact that human
pluripotent cells have a different set of TAFs than mES cells is surprising and may be due to
technical issues. Altogether, these results reveal that physiological changes are accompanied

with regulation of components of the basal transcription machinery.

d. GCNb5 and PCAF display different expression pattern

GCNS5 and PCAF are both HAT enzymes and they display distinct expression pattern
during development. In mouse embryo, Genb expression is detected as early as E7.5. At E8.5,
Gcenb is expressed in the whole embryo but not in the allantois and the heart. By E18.5, Genb
expression decreases (Xu et al. 2000). Instead, Pcaf is detected at very low level in the embryo,
and was detected by in situ hybridization from E12.5 (Yamauchi et al. 2000; Xu et al. 2000).

Its expression has been reported to be strongly increased in adult tissues (Xu et al. 2000).

2. TFIID role during development

a. TFIID subunits are required for early embryogenesis

In mouse, Thp, Taf7, Taf8 and Taf10 null mutation lead to embryonic lethality between
E3.5 and E5.5 (Gegonne et al. 2012; Martianov et al. 2002b; Mohan et al. 2003; Voss et al.
2000). At the blastocyst stage, the inner cell mass undergoes massive apoptosis for Thp, Taf8
and Taf10 null mutants (Martianov et al. 2002b; Mohan et al. 2003; Voss et al. 2000). However,
trophoblast is viable in the absence of TAF10, despite endoreplication was affected (Mohan et
al. 2003). Interestingly, transcription was differently affected in the Thp and Taf10 mutants.
While RNA Pol Il was affected by the loss of TAF10 in the blastocyst, only RNA Pol | and Pol

I11 transcription was affected in the absence of TBP in the blastocyst (Martianov et al. 2002b;
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Mohan et al. 2003). This suggests that the lack of TBP could be compensated for RNA Pol 11
transcription. Among the other TAFs, Taf4 null mutation impaired embryogenesis at E9.5, a
stage at which the paralog TAF4b cannot compensate anymore for the absence of TAF4 (Langer
et al. 2016). No deletion of other TAFs has been reported, but altogether, this data already

indicates that TFIID plays an important role in the embryo.

b. Some TFIID subunits are differentially required during development

i. TAF10 and TAF7 are differentially required depending on the

cellular context

Although several TFIID subunits are essential for mouse early development, their
requirement is, however, relative to the cell-type. The best described example is TAF10. TAF10
is an ubiquitous and scaffold protein required for the survival of both inner cell mass and
proliferative F9 carcinoma cells, but not for trophoblasts and retinoic acid differentiated F9
carcinoma cells into primitive endoderm (Mohan et al. 2003; Metzger et al. 1999). Nonetheless,
TAF10 is required for cell cycle progression of F9 carcinoma cells and endoreplication of
trophoblasts. Interestingly, cellular survival cannot be explained by the maintenance of
transcription, since it is impaired in trophoblasts which are viable in the absence of TAF10
(Mohan et al. 2003). In other contexts, TAF10 has been shown to be also differentially required
for transcription in C. elegans embryo and chicken cells (Chen et al. 2000; Walker et al. 2001).
Another example is TAF7 which is required for proliferation of thymocytes prior their
differentiation from CD4 CD8 double-negative to double positive thymocytes, but not for the
final steps of thymocyte development (Gegonne et al. 2012). The absence of TAF7 prevented
the expansion of T-cells after antigenic stimulation, demonstrating the requirement of TAF7 for

cellular proliferation.

ii. TAF10 is differentially required depending on the
developmental stage

Functional analyses of TAF10 in keratinocytes showed that TAF10 is necessary for
establishing the skin at the foetal stage (Indra et al. 2005). Loss of TAF10 affected terminal
differentiation of keratinocytes and thus impaired skin barrier function. Expression of several

keratinocyte specific genes was also decreased. However, Tafl0 inactivation in adult
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keratinocytes did not impair skin integrity, neither their induced proliferation upon UV-
irradiation. Total mRNA levels of key genes for epidermal function encoding the
Transglutaminase 1, the kruppel-like protein and the tight junction protein Claudin-1 remained
unchanged in the mutant animals. Interestingly, the skin retained its ability to regenerate after
wounding, suggesting that transcription is still functional (Indra et al. 2005). Conditional
inactivation of Taf10 in both foetal and adult hepatocytes also showed a differential requirement
for TAF10 (Tatarakis et al. 2008). Foetal hepatocytes devoid of TAF10 at E15.5, failed to fully
differentiate and leads to embryonic lethality. Loss of TAF10 in post-natal hepatocytes resulted
in a smaller liver and a dwarf phenotype but animals looked normal. However, they could not
survive after P38 (Tatarakis et al. 2008). This phenotype is however milder than the conditional
Taf4 deletion in neonatal hepatocytes, where animals die by P21, confirming that not all TAFs
are functionally equivalent and have probably different implications in transcription (Alpern et
al. 2014).

iii. TAF10 is required for initial gene activation

Taf10 ablation in foetal hepatocytes led to a major downregulation of hepatic specific
genes but to an upregulation of non-hepatic genes, related to hematopoietic or other epithelial
cell types that are present in the embryonic liver (Tatarakis et al. 2008). However, in adult
hepatocytes, hepatic expressed genes that were already activated during the foetal life were not
impaired at P30. Those results suggest that TFIID is actually necessary for initial activation of
genes during development. So, this data suggests that embryonic transcription requires a
canonical TFIID complex where most of the genes have not been activated yet. But, terminally
differentiated cells can support a certain flexibility of TFIID, at least for genes that have been
already activated prior TAF10 depletion. Interestingly, it is important to note that genes that
were normally silent in the adult, were de-repressed in the absence of TAF10. So, TFIID is
necessary for transcription activation but could also play other roles in regulating gene silencing
to ensure proper gene expression. This data suggests, that components from the basal
transcriptional machinery are differentially required depending on the cellular context.

3. SAGA role in development

a. HAT module
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Gcen5 null mutation leads to several developmental defects at E8.5, characterized by a
growth defect by E10 (Xu et al. 2000). Mutant embryos exhibit apoptosis of ectodermal and
mesodermal tissues, thus precluding the formation of axial mesoderm, head mesenchyme and
paraxial mesoderm (Xu et al. 2000). Such cell death is observed before the morphological
defects, suggesting that it is the main cause responsible of the phenotype. Double deletion of
Gcenb and p53 did not rescue the lethality phenotype but slightly increased their survival until
E11.5, and the development of somites, notochord as well as the brain was initiated (Bu et al.
2007). The point mutation in the catalytic center of GCN5 led to mixed phenotypes among the
progeny (Bu et al. 2007). While some Gen5""a mutant embryos exhibited a similar phenotype
than the Gen57, most of them survived even longer than Gen5” or Gen5™;p537, until E16.5
(Bu et al. 2007). Those mutants displayed apoptosis at E8.5 and exhibited a neural tube closure
defect by E8.5, followed by exencephaly at E11.5. However, the mutants for Pcaf, a Genb
homolog, are viable, in line with their different expression pattern (Xu et al. 2000; Yamauchi
et al. 2000). Interestingly, double mutation for Pcaf and Gcnb results in earlier lethality (at
E8.5) than Genb single mutation suggesting overlapping functions for those two HAT proteins
(Xu et al. 2000; Yamauchi et al. 2000). Furthermore, the expression of several mesodermal
specification markers was not affected in Gen5”- or Gen5™Yha mytant embryos, indicating that
transcription is not impaired (Bu et al. 2007; Xu et al. 2000). Deletion of Gen5 in mES cells did
not induce massive apoptosis and Gen5”- mES cells were able to generate the three germ layers
when aggregated into embryonic bodies, suggesting that transcription is not affected and
permits cellular differentiation (Lin et al. 2007). However, these cells failed to persist by E12.5
in chimeric embryos generated by injection of Gen57 mES cells into wild-type blastocysts since
they were less competitive than the wild-type ones (Lin et al. 2007). Conditional deletion of
Gcenb in neural stem cells resulted in microcephaly, detected from E14, with a 17% mass
reduction, and even more pronounced by adulthood, with a severe mass reduction compared to
wild-type, due to a proliferation decrease of precursor cells of the developing cortex (Martinez-
Cerdefio et al. 2012). Gene expression analyses from neurospheres, established from E12.5
control and mutant embryos, indicated that about 4000 genes were differentially expressed upon
Genb deletion, 17% of them were downregulated also in N-myc knockout cells, an important
factor controlling neural stem cells in the brain (Martinez-Cerdefio et al. 2012). These down-
regulated genes were also acetylated by GCN5, and the authors proposed that GCN5 could be
a co-activator for N-MYC in the developing brain. In Drosophila, the HAT activity is also
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required for viability (Kusch et al. 2003; Muratoglu et al. 2003; Qi et al. 2004; Pankotai et al.
2005; Zsindely et al. 2009). In another study, the HAT activity was shown to be necessary for
oogenesis in Drosophila, associated with transcription defects for many genes, except for

several oocyte specific-genes that were expressed normally (Li et al. 2017).

b. DUB module

Ablation of Usp22 was shown to be embryonic lethal, the mutants embryos degenerated
by E10.5 (Lin et al. 2012). The authors described that the absence of USP22 caused the
suppression of p53 activity (Lin et al. 2012). Hypomorphic mutant of Usp22 displayed a
decreased body size and weight compared to their wild-type and heterozygous littermates
(Kosinsky et al. 2015). Moreover, USP22 was shown to be required for lineage specification in
the small intestine and in the brain, where the cellular composition was changed in the mutants.
More stem cells were detected in the small intestine, and impaired cortical differentiation in the
brain (Weake et al. 2008). In Drosophila, Nonstop, the yeast Ubp8 homologue, and Sgfl1 are
required for correct axon-targeting during neural development (Weake et al. 2008). Both
regulate similar subset of genes that were shown to be distinct than the ones dysregulated by
ada2b, from the HAT module, suggesting distinct regulation between the de-ubiquitinylation
and acetylation activities of SAGA (Weake et al. 2008). Furthermore, the DUB module was
shown to be implicated during the cellularization stage in Drosophila, and thus to have distinct
roles than the HAT module (Li et al. 2017). Indeed, the DUB module was found to regulate a
subset of genes (about 40%) in Ataxin-7 and non-stop mutant embryos (Li et al. 2017).
Interestingly, in this study the DUB module was found to bind to genes that were not regulated
by Ataxin-7 and non-stop mutant embryos (Li et al. 2017). However, the absence of phenotype
for the mutants of the DUB used in this study could also be explained by the compensation by

other free-DUB for which little is known.

c. SUPT20

From a N-ethyl-N-nitrosourea genetic screen in mouse, defects in gastrulation and
neural tube closure were observed with the hypomorphic splicing mutation of Supt20, coding
for the mouse SUPT20 SAGA subunit, called p38-interacting protein in this study (Zohn et al.
2006). In these mutants, mesoderm cell migration was impaired, explained by a lack of p38

kinase activation, together with a downregulation of the gene encoding E-cadherin required for
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Epithelial-Mesenchymal Transition. It is associated with neural tube defects, resulting into
exencephaly. Another study using the same hypomorphic mutant reported skeleton defects,
with a fusion of the rib and vertebrae of the lower thoracic region (Warrier et al. 2017). The
cyclic expression of Lfng and Hes7 was conserved in Supt20 hypomorph embryos, but Lfng
was decreased in the caudal domain while Hes7 was increased in the rostral domain (Warrier
etal. 2017). This phenotype suggests a regionalization defect of the somite. In these two studies,
Supt20 function is analyzed independently of the SAGA complex, it is not known whether the

activity of the complex is affected and whether it could also contribute to the phenotype.

VII. A new paradigm to study the role of transcriptional complexes

The developing embryo represents an interesting paradigm for revisiting the
mechanisms of transcription initiation. During development, activation of specific
transcriptional programmes drive cellular processes that shape the embryo. In this respect,
vertebrate segmentation is a morphogenetic event associated with a tight regulation of gene
expression, which is controlled by cyclic expression of several genes. Although cyclic gene
expression has been described in various biological systems (for example the circadian clock),
cyclic expression in the presomitic mesoderm (PSM) represents another interesting situation in
the embryo. That is why, we chose to analyze the role of the basal transcription machinery
during this developmental event.

1. Vertebrate segmentation

Vertebrate segmentation is a morphogenetic process that generates repetitive epithelial
structures called somites. Instead of simultaneous generation of segments in the whole body,
like in Drosophila, vertebrate segmentation proceeds sequentially [reviewed in (Hubaud et al.
2014)]. Metameric segments are generated by pair on each side of the neural tube from the

segmentation of the paraxial mesoderm (PM) (figure 11).
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Figure 11: Schematic representation of the presomitic mesoderm and the signaling
gradients. The PSM tissue flanks both sides of the neural tube. Retinoic acid is an opposite
gradient to the posterior-anterior FGF/Wnt signaling gradient in the PSM. The intersection of
FGF/Whnt and retinoic acid gradients defines the wavefront. Adapted from (Vincent et al, 2012).

Somites will give rise to the axial skeleton, the dermis of the back, and skeletal muscles of the
trunk and the limbs (Christ et al. 1995). The number and the size of those repetitive epithelial
segments, is specific of every species. For instance, in the mouse, a pair of somites is regularly
formed every two hours until a total of 65 pairs are formed. Somitogenesis starts at E8.0 and
ends at E13.0 in mouse, from the unsegmented paraxial mesoderm called PSM. The source of
cell progenitors of the PSM originates from the primitive streak and later from the tailbud, and
thus represents the motor for elongation (Bénazéraf et al. 2010; Cambray et al. 2002;
Tzouanacou et al. 2009). The progenitor cells from the PSM remain undifferentiated until they

are instructed to differentiate during the somite formation.

2. The clock and wavefront model
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Vertebrate segmentation is a tightly regulated process, controlled in a spatio-temporal
manner by the “clock and wavefront model”, initially proposed by Cooke and Zeeman (Cooke
et al. 1976).

a. The segmentation clock defines the pace

The clock consists in an oscillatory expression of genes belonging to Notch, Wnt and
FGF signaling pathways which pace the segmentation. Such oscillation of gene expression
makes the PSM a very interesting model for analyzing transcription. Oscillatory expression
occurs in every cell, travelling as a posterior to anterior wave along the PSM. The clock controls
the cell competency to respond to the signal triggered by the travelling wavefront, which
corresponds to a system of signaling gradients. The first evidence of the existence of a cyclic
gene in the PSM has been obtained by in situ hybridization of Hairyl in chicken (Palmeirim et
al. 1997). This gene exhibits a periodic pattern, which is cell autonomous, and occurs for every
somite formation. Thus, it has been the first evidence of an intrinsic developmental clock that
controls a morphogenetic event. A microarray analysis in mouse identified more than 40 cyclic
genes of the NOTCH, FGF and Whnt signaling pathways (Dequéant et al. 2006). The oscillatory
network is also well conserved among vertebrates but individual cyclic genes differ between
species (Krol et al. 2011). Finally, the clock induces the activation of the segmental program
with the activation of the genes of the mesoderm posterior (Mespl and Mesp2) genes.

b. The wavefront determines the new somites

In the PSM, Wnt and FGF constitute a posterior to anterior signaling gradient and
retinoic acid establishes an opposing gradient (figure 12) [reviewed in (Aulehla et al. 2010)].
The FGF gradient, and possibly Wnt gradient, is generated in the tailbud by the progressive
decay of mRNA from the cellular progenitors that stop transcribing the genes encoding the
signaling effectors (i.e. FGF8 for FGF signaling pathway) when entering the PSM (Dubrulle et
al. 2004) [reviewed in (Aulehla et al. 2010)]. Retinoic acid is produced in the somites and
diffuses in the PSM. This results in an anterior-posterior gradient of retinoic acid gradient,
which has been demonstrated by the expression pattern of Raldh2, an enzyme involved in
retinoic acid synthesis in this region (Niederreither et al. 1997). The regionalization of the
retinoic acid activity was shown to be controlled by the expression of retinoic acid degradation

enzymes posteriorly, such as CYP26 (Sakai et al. 2001). During PSM segmentation, these
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signaling gradients play a major role for defining the new somites. The high concentration of
FGF posteriorly maintains PSM progenitors undifferentiated (figures 11 and 12). Below a
certain threshold of FGF, cells become competent to respond to the signal triggered by the clock
(Aulehla et al. 2010; Dubrulle et al. 2001). The region where FGF/WNT and retinoic acid
gradients reach a certain threshold is the determination front, and it progressively moves from
the anterior to the wavefront posterior end [reviewed in (Hubaud et al. 2014)]. The cells that
pass the determination front downregulate Msgn and Thx6 expression, which are expressed in
the progenitors from the posterior PSM. Instead, these cells start expressing instead the Mesp

genes that control segment boundaries as well as adhesion genes (Saga et al. 1997).

T=0 T=1cycle T=2 cycles

Retinoic acid l Somitogenesis

Determination
front

FGF/Wnt

l Axis extension

Nature Reviews | Genetics

Figure 12: Vertebrate segmentation of the PSM. The determination front (wave front) moves

posteriorly while the axis elongates and defines the new somites (Dequéant et al. 2008).

3. Gene oscillatory expression in the PSM

a. Negative feedback loops generates expression oscillation

As presented previously, several genes have an oscillatory expression in the PSM. The
model for oscillations was described to rely on negative feedback loops (figure 13). The her
genes from the Notch pathway in zebrafish, herl and her7, or Hes1 and Hes7 in mouse, have a
cyclic expression based on the repression of their own expression through the action of

repressors that they are encoding (Bessho et al. 2001, 2003; Oates et al. 2002). Those proteins
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belong to the basic helix—loop-helix protein family, and HES1 protein was shown to bind its
own promoter (Sasai et al. 1992; Takebayashi et al. 1994). In order to elucidate the mechanisms
controlling Hes1 oscillation, Hirata et al. recapitulated a two-hour Hes1 oscillation in different
cellular systems after a single serum treatment (Hirata et al. 2002). Both mRNA and protein
oscillate, with a two-hour period, but with a 15-minute shift. Modulation of the protein stability
of HES1 was shown to modulate Hes1 mRNA levels. Proteasome inhibition, as well as addition
of a dominant negative version of HES1, induced a repression of Hesl transcription. Instead,
translation inhibition led to an increase of Hes1 mRNA. Similar experiments were performed
in vivo, in the PSM, and the same observations were made. Whereas proteasome inhibition
induced a downregulation of Hesl, translation inhibition up-regulated Hesl mRNA levels.
Furthermore, expression of the 5 region of Hesl gene under Hesl promoter in the PSM of
Hes1 " mice, led to the upregulation of Hesl mRNA (Hirata et al. 2002). The same laboratory
reported the same behavior for Hes7 and Lfng (Bessho et al. 2003). Transcription of those genes
was upregulated in the absence of HES7 protein and conversely downregulated when Hes7
protein was stabilized. Gene oscillations can be visualized in vivo with gene reporters. Among
them, the LuVeLu mouse line expresses a fluorescent reporter (Venus—YFP) under the control
of a fragment of the cyclic Lfng promoter (Aulehla et al. 2008). The Venus-YFP protein is fused
with a modified PEST domain (a peptide sequence rich in proline (P), glutamic acid (E), serine
(S), and threonine (T)) and the Lfng 3’UTR is added to the construct, increasing the instability

of the protein and the transcript respectively.

b. Mathematical modeling of gene oscillation

The oscillatory mechanism was conceptualized by Julian Lewis (Lewis 2003). He
proposed a mathematical model in which the period of oscillations depends on the delay
between transcription and translation (figure 13), as it was already proposed for other biological
systems (Winfree 1989).
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Figure 13: Schematic representation of negative feedback loops for gene oscillation. Gene

oscillation is generated by the auto-inhibition of the expression of the gene by its own protein.
It requires a time delay which results from transcription of the gene (Tm) and from mRNA

translation into a protein (Tp). Adapted from (Lewis et al. 2003).

According to this model, the sum of the transcriptional and translational delay
corresponds to the oscillation period. In order to generate sustainable oscillations, this model
underlines the necessity for short half-lives of mMRNA and protein products, together with a high
rate production of those molecules. Based on this mathematical model, Julian Lewis predicted
a 30-minute oscillation for the her1/her7 oscillator in zebrafish that corresponded to what was
observed in vivo. The same mechanism was also shown for transcription of the gene encoding
the glycosyl-transferase Lunatic fringe (Lfng) in the chicken (Dale et al. 2003). Lfng expression
is induced by Notch signaling, and the glycosyltransferase, encoded by Lfng, in turns modifies
the Notch receptor so that it cannot activate transcription anymore until it gets degraded (Dale
et al. 2003).

c. Determination of the parameters controlling gene oscillation

Establishing a time delay between transcription and translation can be achieved at
several steps, which are: (1) transcription initiation at the promoter; (2) transcription elongation;
(3) splicing; (4) mRNA 3’-end processing and polyadenylation; (5) release of the transcript

from the site of transcription; and (6) mMRNA export through the nuclear pore.

i. Transcription elongation is not a critical parameter for gene

oscillation

By using the herl and her7 zebrafish genes as a model, the laboratory of Julian Lewis
explored the importance of transcription elongation in the model he proposed earlier (Hanisch
et al. 2013; Lewis 2003). Those two genes differ in length (6392 bp for herl and 1304 bp for
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her7) and thus were expected to have a different transcription elongation duration based on an
RNA Pol 1l elongation rate of 1.2 kb/minute (Hanisch et al. 2013). A different transcription
elongation time would result in a substantial time period difference and, as a consequence, in a
different somite number. To determine the transcription elongation rate, the authors used
fluorescent in situ hybridization with two probes. The first one was recognizing the initial
region of the artificial intron introduced in her7 and the second was recognizing a region of the
intron downstream of the first probe. The offset between the anterior boundaries of staining
with probes All and Al2 allowed to determine mathematically the time taken by RNA Pol 1l to
cover the distance separating the regions they recognize. They estimated that RNA Pol Il
elongation rate was in their conditions 4.8+0.5 kb/minute (Hanisch et al. 2013). This
transcription elongation rate is fast compared to measures obtained in other systems, for
example it was measured 1.3 kb/minutes in human fibroblasts by BrU-seq (Veloso et al. 2014),
but is in the range of the elongations rates determined by live-imaging by others (Darzacq et al.
2007). From this experiment, they predicted theoretically a similar transcriptional delay for both
herl and her7, assuming a splicing delay of five minutes and an export time of four minutes
(Hanisch et al. 2013). So, transcription elongation appeared to not be the major determinant for
the time delay. Moreover, increasing the length of the gene Lfng in mouse with 10kB of intron

of human dystrophin did not affect neither segmentation nor the clock (Stauber et al. 2012).

ii. Role of splicing

Nevertheless, the role of splicing could not be excluded since another study showed that
intron removal from Hes7 resulted in a time delay, abolished oscillations and segmentation
defects (Takashima et al. 2011). They did not consider the 34% decrease of the protein level
compared to wild-type as responsible of the phenotype, since a 80% protein decrease did not
dampen oscillations in a previous report (Palmeirim et al. 1997). The Hes7 promoter-driven
luciferase gene reporter without introns was expressed 19 minutes earlier than the one with full
introns. This suggests that splicing is indeed a critical step in establishing the time delay
necessary for generating oscillations (Takashima et al. 2011).

In line with this observation, Hoyle and Ish-Horowicz measured in vivo Kinetics of
MRNA splicing and export (Hoyle et al. 2013). Both Lfng and Hes7 display a transcriptional

delay due to splicing, accounting for 9.7 £ 2.8 min and 12.5 £ 6.3 min respectively (Hoyle et
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al. 2013). Transcript nuclear export Kinetics were shown to be even slower with 16.1 £ 5.7 min
for Lfng and 17.0 £ 8.3 min for Hes7. Together, this data fits with the negative feedback loop
model that generates gene expression oscillation, as proposed by Julian Lewis (Lewis 2003).
The oscillation is the result of a delay between transcription and translation, and thus, both

splicing and mMRNA export are two main critical parameters.

iii. Role of transcript stability

In addition of transcriptional influence on the time delay, the transcript stability has also
been studied. Lfng and Hes7 transcripts have been described having different stability in the
PSM resulting in a slightly different spatiotemporal distribution when observed by fluorescent
in situ hybridization (Nitanda et al. 2014). The 3°-UTR of either Lfng or Hes7 was shown to be
responsible for the differential transcript stability and generates different distributions of those
MRNAs (Nitanda et al. 2014).

Post-translational control of gene oscillations by micro RNAs (miRNAS) targeting the
3’-UTR of cyclic genes has been proposed (Bonev et al. 2012; Riley et al. 2013). The miRNA
mir-125a-5p was described enriched in the PSM compared to mature somites (Riley et al.
2013). mir-125a-5p was shown to bind Lfng 3°-UTR, and not for other cyclic genes, thus
modulating its half-life (Riley et al. 2013). Morpholino against mir-125a-5p stabilized Lfng
transcript that resulted in an impairment of somite morphology and Lfng cylic expression
pattern, indicating a role for this miRNA in the control of gene oscillation (Riley et al. 2013).
In a different cellular context, miR-9 was shown to bind Hesl 3’-UTR in human cells, and to
repress its expression in neural cells so modulating its mMRNA levels (Bonev et al. 2012).
Additional effect also on translation was not excluded by the authors since there was an even
stronger decrease of the protein levels. miR9 is important for the oscillation in a certain range
because mir9 over-expression caused damped oscillations in neural progenitor cells (Bonev et
al. 2012). However, conditional mutation of Dicer, a key factor of miRNA biogenesis, in the
PSM by using the T (Brachyury)-Cre mouse line, demonstrated that Dicer is dispensable for
somite segmentation (Zhang et al. 2011). Fgf8 and Lfng conserved their expression pattern in
the T-Cre;Dicer ™M mytant embryos, and the number of somites was not affected (Zhang et
al. 2011). Segmentation was not altered, but anterior PSM exhibited apoptosis as well as in

lateral plate mesoderm (LPM), which is also targeted by the T-Cre (Perantoni et al. 2005).
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Those conclusions are in conflict with the study by Riley et al. (Riley et al. 2013). It is also
surprising that transcripts that were targeted by miRNAs in the LPM are affected in the T-
Cre;Dicer™Mo* mutant embryos. One explanation could be that miRNAs have a long half-life,
from 28 hours to 211 hours (Gantier et al. 2011), that would still be present during the study by
Zhang et al. (Zhang et al. 2011). Furthermore, in zebrafish, maternal-zygotic dicer mutants did

not exhibit segmentation defects (Giraldez et al. 2005).
4. The role of co-activators in somitogenesis

Little is known about the role of transcriptional co-activators in somitogenesis. One
example was described for the control of somite bilateral symmetry. Retinoic acid is known to
be required for maintaining the somite symmetry by maintaining segmentation synchronization
between left and right sides (Vermot et al. 2005). A new protein complex composed of WDRS5,
the deacetylases HDAC1, HDAC2 and RERE/ATROPHIN2 (named WHHERE) has been
recently identified and characterized by MudPIT (Vilhais-Neto et al. 2017). This complex co-
activates the expression of retinoic acid signaling pathway in cellulo, specifically in the
presence of retinoic acid. The null mutation of Hdacl and the conditional deletion of T-
Cre;Wdr5™"* in the mouse embryo disrupts the somite bilateral symmetry, with animals having
no somites on the right side, together with a down-regulation of the activation of the RARE-
lacZ reporter (Retinoic Acid Response Element) (Vilhais-Neto et al. 2017). The WHHERE
complex was proposed to activate genes from the retinoic acid signaling by promoting the
recruitment of RNA Pol Il at those promoters. Inhibition of deacetylase activity reduced the
recruitment of RNA Pol Il indicating that HDAC1 and HDAC2 play major roles in the
activation of retinoic acid signaling pathway. Moreover, the histone methyltransferase
EHMT2/G9A and GCNS5 also participate to the activation of these genes, underlying the
complexity of the signal integration resulting from the interplay between activators and

repressors.
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VIIIl. Goals of the thesis project

According to the classical model of transcription initiation described previously, the
basal transcription machinery was thought to be universal. This model has been challenged by
evidences showing that the basal transcription machinery is more diverse than initially thought.
The basal transcription machinery thus represents an additional layer of gene expression
regulation. As detailed previously, in metazoan most of the data about the characterization of
TFIID and SAGA composition come from in cellulo models and little is known about the role
of these transcriptional complexes. TFIID and SAGA are two key players in transcription and
several clues indicate that they also play important roles during development. Concerning
TFIID, its composition is variable, and the biological significance of this variability is poorly

understood.

In particular, TAF10 displays a very specific phenotype: it is differentially required
according the cellular context and the developmental stage. It has been proposed that initial
activation of genes require the canonical TFIID while transcription maintenance can
accommodate partially assembled TFIID complexes. In order to better understand the biological
function of those transcriptional complexes in vivo, the deletion of Tafl0 has been chosen.
Interestingly, Tafl0 was identified from a microarray analysis, among other general
transcription factor complexes subunits, to be differentially regulated in conditions for which
the main signaling pathways were manipulated in zebrafish (unpublished data). Although this
data has not been reproduced in mouse, TAF10 represented an interesting starting point for

analyzing the role of general transcription factor, such as TFIID, in a developmental context.

The PSM represents an interesting paradigm for studying embryonic transcription which
is very dynamic. At the onset of the project, Taf10 was conditionally deleted by targeting the
mesoderm lineage (PSM and LPM) to analyze the contribution of TFIID and SAGA in
vertebrate segmentation. Moreover, the goal of my thesis was to analyze in detail their
composition by using classical biochemical approaches. Given the low quantity of material

available from the embryo, the project required to establish alternative approaches.
So, the main goals of my thesis were:

(1) To determine the role of TAF10-containing complexes during somitogenesis at E9.5;

(2) To develop alternative approaches in order to use classical biochemical approaches;
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(3) To characterize the composition of TFIID and SAGA in the embryo and in different
cellular contexts by mass spectrometry;

(4) To characterize the composition of TFIID and SAGA in the PSM and LPM,;

(5) To analyze the contribution of TFIID and SAGA in RNA Pol Il transcription in

mammals.
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MATERIAL &
METHODS



1. Mouse lines

Animal experimentation was carried out according to animal welfare regulations and guidelines
of the French Ministry of Agriculture (ethical committee C2EA-17 projects 2012-077, 2012-
078, 2015050509092048). Tg(T-Cre) (Perantoni et al. 2005), Tg(Hes7-Cre) (Niwa et al. 2007),
Tg(Luvelu) (Aulehla et al. 2008), R26"ERT2 (Ventura et al. 2007), R26R (Soriano 1999) and
Taf10"°* (Mohan et al. 2003) lines have already been described. The day of vaginal plug was
scored as embryonic day (E) 0.5. Tamoxifen (Sigma) resuspended at 20 mg/ml in 5%
ethanol/filtered sunflower seed oil was injected intraperitoneally [150 ul (3 mg) for a 20 g

mouse] at E7.5.
2. Cell culture

a. Mouse F9 embryonal carcinoma cells

Wild-type F9 cells and 23i clone of F9 cells Taf10” knock-out rescued by hTAF10 full length
upon doxycycline induction (Metzger et al. 1999) were cultivated on plates coated with 0.1 %
gelatin in DMEM medium (4.5g/L glucose) containing 10% foetal calf serum, phenol red and
40 pg/ml gentamicin at 37 °C and 7 % CO2. 23i cells were treated with do 1000 pg/ml

doxycycline.

b. Mouse embryonic stem cells

mES cells have been derived from R26CERTZYFP- Taf1pflovflox- Tg(Mesogenin-YFP/+) and
R26CERT2R: Taf10flovflox: Tg(Mesogenin-YFP/+) blastocysts, that express the YFP transgene
under control of the Mesogenin promoter (Chal et al. 2015). Each clone was thawed on a
monolayer of irradiated primary mouse embryonic fibroblasts, and then plated on gelatin for
three passages prior use for further experiments. mES cells were cultivated in DMEM 4.5 g/l
glucose, 15 % fetal bovine serum, penicillin, streptomycin, 4 mM L-glutamine, 0.1 mM
nonessential amino acids, 0.1 % B-mercaptoethanol, 1,500 U/ml leukemia inhibitory factor and
2i inhibitors: CHIR99021 (STEMGENT or STEMCELLYS), a glycogen synthase kinase 3 beta
inhibitor, and PD0325901 (STEMGENT or STEMCELLYS), a phosphorylation and activation
of MAPK/ERK inhibitor, at 37 °C and 5 % CO2.
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c. T-cell leukemia cell line T29

The cell line was described in (Dumortier et al. 2006). T29 were grown in suspension in RPMI

1640 w/o HEPES, 10% fetal calf serum and 40 pug/ml gentamycine.

3. Cell count and cell death assay

a. Cell count and viability assay

mES cells were trypsinized for 5 minutes and were stained with acridine orange and propidium
iodide which stains only the altered membrane of dead cells. Fluorescence is measured and
analyzed by the counter Nexcellcom. Cells stained with both acridine orange and propidium
iodide fluoresce red due to quenching, so all live nucleated cells fluoresce green and all dead

nucleated cells fluoresce red.

A fraction of each F9 cellular suspension was mixed with an equal volume of 0.4 % Trypan
blue and loaded onto a slide which was analyzed by the Countess 1l Automated Cell Counter

(ThermoFischer Scientific).

b. Apoptosis assay

Apoptosis was examined using the Cell-APOPercentage™ Apoptosis Assay (Biocolor)
following the manufacturer’s instructions. Cells were seeded on a 24 well plate with 10,000
cells/cm2. As a positive control, apoptosis was induced with 10 mM hydrogen peroxide for 5
hours and 30 minutes in untreated cells. Control and mutant cells were incubated for 30 minutes
with 5 % of the dye at 37 °C and 5 % of CO2. The dye selectively stains apoptotic cells which
display a translocation of phosphatidylserine from the interior to the exterior surface of the
membrane. The supernatant was collected and cells were washed twice with 1 X phosphate
buffer saline (PBS) prior to be harvested by trypsinization for 10 minutes. Cells were washed
twice with 1 X PBS. After centrifugation at 153 rcf, the pellet was resuspended with the dye
release solution. Absorbance was read at 550 nm and normalized to the blank control (with

culture medium only).

4. Proliferation assay
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Cells were seeded at 22,222 cells/cm? and incubated for 1 h at 37 °C, 5 % CO2 with 10 uM 5-
ethynyl-2-deoxyuridine (EdU) from the Click-iT EdU Alexa Fluor 488 Flow Cytometry Assay
Kit (ThermoFischer Scientific). Cells were harvested by trypsinization and washed with 1 %
BSA in 1 X PBS. Cells were pelleted after 153 rcf centrifugation at room temperature. Cells
were fixed with the Clik-it fixative (ThermoFischer Scientific) for 15 min protected from light
and were washed with 1 % BSA in 1 X PBS. Cells were permeabilized for 15 min at room
temperature with 1 X click-it saponin based permeabilization buffer (ThermoFischer
Scientific). The click-it reaction cocktail containing 1 X PBS, CuSO4, the fluorescent dye azide
and the reaction buffer additive was added to the cellular suspension for 30 min at room
temperature protected from light. Cells were washed with 1 X click-it saponin-based
permeabilization buffer and centrifugated at 153 rcf for 5 min. The cellular pellet was
resuspended in 50-100 ul of 1 X click-it saponin-based permeabilization buffer with 50ug/ml
of propidium iodide prior analysis by flow cytometry with the BD FACSCELESTA (BD
Biosciences) with a detection wavelength of 488 nm. A total of 20,000 events were recorded

for the analysis.

5. Cellular extracts

a. Acidic extracts

Cells were washed twice with cold 1 X PBS and were harvested into cold 1x 1XPBS on ice.
They were centrifugated at 1,467 rcf for 5 min at 4 °C and the pellet was resuspended with five
times the packed cell volume of lysis buffer containing 10 mM hepes pH 7.9, 1.5 mM MgCI2,
0.5mM dithiothreitol (DTT) supplemented with protease inhibitor cocktail. 0.2 M HCI was
added to the cell lysate and was incubated for 30 min on ice. The acid was neutralized with five

times of 1 M Tris pH 7.9. The acidic extracts were used directly for western-blots.

b. Whole Cell Extracts
i. Large scale whole cell extract preparation

5 liters of T29 cells were centrifugated for 20 min at 363 rcf at room temperature. The pellet
was resuspended with ten ml of 1 X PBS per ml of packed cell volume. The cellular suspension

was centrifugated for 10 min at 344 rcf. The pellet was resuspended with four times the packed
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cell volume of a solution containing 10 mM tris pH 7.8, 1 mM EDTA (Ethylene Diamine Tetra
Acetic Acid), 0.5 M DTT supplemented with protease inhibitor cocktail (Roche) and incubated
for 30 min on ice. The cells were lysed by 20 strokes with a pestle B in a glass dounce tissue
grinder. Four times the packed cell volume of a solution containing 50 mM Tris pH 7.8, 10 mM
MgCl2, 25 % sucrose, 50 % glycerol, 2 mM DTT supplemented with protease inhibitor cocktail.
One time the packed cell volume of 4 M ammonium sulfate was added drop by drop for one
hour at 4 °C under agitation. The precipitate mixture was ultra-centrifugated at 49 K for two
hours and 30 min at 4 °C. The supernatants were collected and 0.3 g of ammonium sulfate
powder per ml of supernatant was added progressively for one hour at 4 °C under agitation. 1
M NaOH was added to the solution and was incubated under agitation for 30 min at 4 °C. The
mixture was ultra-centrifugated at 30 K for 30 min at 4 °C. The new packed cell volume of the
pellet was measured. The pellet was resuspended with 0.1 time the new packed cell volume
with a solution containing 50 mM Tris pH 7.8, 10 % glycerol, 0.5 mM EDTA, 50 mM KClI, 0.5
mM DTT supplemented with protease inhibitor cocktail. The mixture obtained were dialyzed
overnight at 4 °C under agitation in the same buffer solution supplemented with freshly
prepared phenylmethylsulfonyl fluoride. The mixture was centrifugated at 20,817 rcf at 4 °C
for 30 min and the supernatant was collected and stored at —80°C for immuno-precipitations

western blots.

ii. Small scale whole cell extract preparation

Cells were washed twice with 1 X PBS and were harvested by scrapping and centrifuged at
20,817 rcf at 4°C. Lysates were obtained after pipette breakdown in 10 % glycerol, 20 mM
Hepes pH 7, 0.35 M NaCl (Sodium Chloride), 1.5 mM MgCI2 (Magnesium Chloride), 0.2 mM
EDTA, 0.1% Triton X-100 with protease inhibitor cocktail on ice, and followed by three liquid
nitrogen freeze-thaw cycles. Lysates were centrifuged at 20,817 rcf for 15 min at 4 °C and the
supernatants were used directly for immuno-precipitations or stored at —80°C for western blots.
E9.5 mouse embryos (16-20 somites) were used for lysates following the same protocol, but

lysis was performed after three times pestle stroke treatment on ice.

c. Nuclear extracts

Cells were washed twice with 1X PBS and were harvested by scrapping and centrifuged at

20,817 rcf at 4°C. The cellular pellet was resuspended with an equal volume of 1x hypotonic
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buffer, containing 20 mM Tris-HCI, pH 7.4, 10 mM NaCl, 3 mM MgCI2 with protease inhibitor
cocktail, by pipetting up and down several times and incubated on ice for 15 min. 10 % NP40
was added at 1/20" of the pellet resuspension volume to the mixture to lyse the cellular
membrane followed by 10 seconds vortex at higher settings. The homogenate was centrifuged
for 10 min at 4,460 rcf at 4 °C. The supernatant corresponding to the cytoplasmic fraction was
frozen in liquid nitrogen and stored at -80°C. The pellet was resuspended into 50 ul of complete
cell extraction buffer that contain 10 mM Tris, pH 7.4, 2 mM Na3V04, 100 mM NaCl, 1 %
Triton X-100, 1 mM EDTA, 10 % glycerol, 1 mM EGTA , 0.1 % SDS, 1 mM NaF, 0.5 %
deoxycholate and 20 mM Na4P207 with protease inhibitor cocktail. The lysis mixture was
incubated 30 min on ice and vortexed every 10 min. Lysates were centrifuged for 30 min at
20,817 rcf at 4°C. The supernatant corresponding to the nuclear fraction was frozen in liquid

nitrogen and stored at -80 °C for gel filtration.
6. Bradford protein assay

One microliter of a cellular extract was mixed with the dye reagent (Biorad protein assay,
Biorad) diluted five times 1/5™, the absorbance was read at 595 nm. The concentration of the
sample was determined from the standard curve which was calculated from six standard

samples with a known concentration of bovine serum albumin protein.
7. Immuno-precipitation

700 ug of whole cell extract from whole embryos or 4 mg of whole cell extracts from mES cells
were incubated with Protein A (for polyclonal antibodies) or Protein G (for monoclonal
antibodies) Sepharose beads, or Dynabeads coated with antibodies overnight at 4°C.
Immunoprecipitated proteins were washed twice for 5 min each with 500 mM KCI buffer [25
mM Tris-HCI (pH 7), 5 mM MgCI2, 10 % glycerol, 0.1 % NP40, 2 mM DTT, 500 mM KClI
and protease inhibitor cocktail], then washed twice for 5 min each with 100 mM KCI buffer [25
mM Tris-HCI pH 7, 5 mM MgCI2, 10 % glycerol, 0.1 % NP40, 2 mM DTT, 100 mM KClI and
protease inhibitor cocktail] and eluted with 0.1 M glycine pH 2.8 three times for 5 min each.
Elution fractions were neutralized with 1.5 M Tris-HCI pH 8.8 and analyzed by western-blot

and/or mass spectrometry.
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8. Western-blot

Protein extracts (15 ug -25 ug) were boiled 10 min in 200 mM Tris pH 6.8, 30 % glycerol, 4 %
sodium dodecyl sulfate (SDS), 0.2 % bromo phenol blue and fresh 100 mM DTT resolved on
a home-made 10 % acrylamide gel or a precast SDS-polyacrylamide gel 4-12% (Novex) and
transferred to nitrocellulose membrane (Protran, Amersham). Samples migrated under 150 V
and were blotted on a nitrocellulose membrane (Protran, Amersham) for 65 min at 250 mA at
4°C under gentle agitation. The nitrocellulose membrane was incubated for 20 min in 1 X PBS
3 % of non-fat milk. Primary antibodies were diluted 1/1,000 times and were incubated
overnight at 4 °C with the membrane in 1 X PBS and 0.3 % of non-fat milk. Membrane was
washed three times for 5 min each with 0.05% Tween 20 in PBS and incubated with the
secondary antibody (goat anti mouse or goat anti rabbit) coupled to the horseradish peroxidase
was diluted 1/10,000 times and incubated for 50 min at room temperature. Membrane was
washed three times for 5 min each with 0.05% Tween 20 in PBS and was incubated for one
minute with the HRP substrate ECL (ThermoFisher Scientific). The signal was acquired with
the Chemidoc imaging system (Biorad).

9. Antibodies

Antibody Type Reference

Anti-TAF1 Rabbit polyclonal 2439, 2440

Anti-TAF2 Rabbit polyclonal 3038 (Trowitzsch et al.
2015a)

Anti-TAF3 Mouse monoclonal 2F5 (Gangloff et al. 2001)

Anti-TAF4 Mouse monoclonal 32TA2B9 (Perletti et al.
2001)

Anti-TAF5 Mouse monoclonal 1TA1C2 (Jacq et al. 1994)

Anti-TAF6 Mouse monoclonal 22TA2A1 (Wieczorek et al.
1998)

Anti-TAF7 Rabbit polyclonal 3475 (Bardot et al. 2017)

Anti-TAF8 Rabbit polyclonal 3477, 3478 (Bardot et al.
2017)
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Anti-TAF10

Mouse monoclonal

6TA2B11 (Mohan et al.
2003)

Anti-Nterm-TAF10

Mouse monoclonal

23TA1H8 (Wieczorek et al.
1998)

Anti-TBP Mouse monoclonal 3TF13G3(Brou et al. 1993)s

Anti-ATXN7L3 Mouse monoclonal 1ATX2D7 (Zhao et al. 2008)

Anti-GCN5 Mouse monoclonal 5GC2A6 (Orpinell et al.
2010)

Anti-SPT20 Rabbit polyclonal 3006 (Krebs et al. 2011)

Anti-SUPT3H Rabbit polyclonal 3118 (Bardot et al. 2017)

Anti-TRRAP Mouse monoclonal 2TRR1B3 (Helmlinger et al.
2004)

anti-Rabbit 1gG Peroxydase | Goat polyclonal Jackson  ImmunoResearch

conjugate 111-035- 144

anti-Mouse 1gG Peroxydase | Goat polyclonal Jackson  ImmunoResearch

conjugate 111-036- 071

10. Mass spectrometry

Samples were analyzed using an Ultimate 3000 nano-RSLC (ThermoFischer Scientific)
coupled in line with an linear trap Quadrupole (LTQ)-Orbitrap ELITE mass spectrometer via a
nano-electrospray ionization source (ThermoFischer Scientific). Peptide mixtures were loaded
on a C18 Acclaim PepMap100 trap column (75 pm inner diameter x 2 cm, 3 um, 100 A;
ThermoFischer Scientific) for 3.5 min at 5 pl/min with 2% acetonitrile (ACN), 0.1% formic
acid in H>O and then separated on a C18 Accucore nano-column (75 um inner diameter x 50
cm, 2.6 um, 150 A; ThermoFischer Scientific) with a 120-min linear gradient from 5 % to 50
% buffer B (A: 0.1 % FA in H2O; B: 80 % ACN, 0.08 % FA in H20) followed with 10 min at
99 % B. The total duration was set to 150 min at a flow rate of 200 nl/min. The temperature
was kept constant at 40 °C. Peptides were analyzed by Top 10-CID-HCD (collision induced

dissociation and high energy collision dissociation) data-dependent mass spectrometry.

11. Gel filtration
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A Superose 6 (10/300) column was equilibrated with 25 mM Tris HCI pH 7,9, 150 mM KCI, 5
mM MgCl2, 5 % Glycérol, 1 mM DTT, 1 tablet of protease inhibitor cocktail. 500 ul of nuclear
extracts prepared as described above containing 4 mg of protein were injected in an Akta Avant
chromatography device (GE Healthcare) and run at 0.4 ml min. Protein detection was
performed with absorbance at 280 nm and 260nm. 500 ul fractions were collected and analyzed

by western blot.

12. 4sU metabolic labeling of newly-synthesized mRNA and purification

a. 4sU labeling

The workflow of the experiment is described in (figure 14). mES cells cultivated on gelatin of
10 cm Petri dish and Schneider cells (S2) cultivated on 10 cm Petri dish were incubated
separately for 10 min with 500 uM 4sU (Sigma), prepared at 100 mM in dimethylsulfoxyde, in
2i+LIF (Leukemia Inhibitory Factor) medium. Cells were harvested in 1 ml Trizol
(ThermoFischer Scientific) per 10 cm Petri dish from mES and S2 cells, and were mixed
together prior total RNA isolation. Samples were frozen and stored at -80°C until extraction.

b. Total RNA extraction and isolation

For total RNA isolation, chloroform was added at 1/5™ of the total volume and were vortexed
15 sec before centrifugation at 4°C at 20,817 rcf for 15 min. The aqueous phase was collected
in a fresh tube and was centrifugated at 4°C at 20,817 rcf for 15 min. The upper phase was
collected in a fresh tube to which was added an equal volume of cold isopropanol and 15 ug of
GlycoBlue (ThermoFisher Scientific). Tubes were inverted four times and were incubated at
room temperature for 10 min. Then the tubes were centrifugated at 4 °C at 20,817 rcf for 15
min. The supernatant was discarded, and the pellet was washed with 70 % EtOH. The pellet
was recovered after centrifugation at 4 °C at 20,817 rcf for 5 min and resuspended into DEPC

H20. For better resuspension, the RNA pellet was warmed at 65 °C for 10 min.

c. Purification of newly-synthesized mRNA

Biotinylation of 4sU-labeled RNA was performed using EZ-Link Biotin-HPDP (Pierce)
dissolved in dimethylsulfoxyde at a concentration of 1 mg/mL. 100 ug of total RNA was heated
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10 min at 65 °C and immediately chilled on ice for 5 min prior biotinylation. Biotinylation was
carried out in 1 ml final containing 100 ul biotinylation buffer [1 M Tris-HCI (pH 7.5), 0.5 mM
EDTA], 0.2 mg/mL Biotin-HPDP and 200 ul of additional DMSO for better HPDP-biotin
solubility for 3 h at room temperature protected from light. Unbound Biotin-HPDP was
removed by chloroform/isoamylalcohol (24:1) extraction. Afterward, a 1/10" volume of 5 M
NaCl and an equal volume of isopropanol were added and RNA was precipitated at 20,000 rcf
for 20 min. The pellet was washed with an equal volume of 75 % ethanol and precipitated again
at 20,000 rcf for 10 min. The pellet was resuspended in 100 ul RNAse-free water. After
denaturation of RNA samples at 65 °C for 10 min followed by rapid cooling on ice for 5 min,
biotinylated RNA was incubated with 100 ul of puMACS streptavidin beads (Miltenyi) with
rotation for 90 min at room temperature. utMACS columns (Miltenyi) were equilibrated with
900 ul of washing buffer [L00 mM Tris-HCI (pH 7.5), 10 mM EDTA, 1 mM NacCl, 0.1% Tween
20 in DEPC water]. Two replicates of the biotinylated RNA/streptavidin beads samples were
loaded per column. Columns were washed five times with increasing volumes, 600 ul, 700 ul,
800 ul, 900 ul and 1 ml of washing buffer. Labeled RNA was eluted by the addition of 100 pl
of freshly prepared 100 mM DTT followed by a second elution round 5 min later. RNA was

recovered from the washing fractions and eluates using the RNeasy MinElute Spin columns

(Qiagen).
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Figure 14: Workflow of 4sU metabolic labeling of newly-synthesized mRNAs. mES cells
or Schneider cells (S2) are incubated for 10 minutes with 4sU, prior total mMRNA extraction. S2
cells serve as a spike-in control, added with a ratio (mES:S2) between 1:1 and 3:1. Labeled
MRNAs are first thiol-specifically biotinylated, and then incubated with streptavidin beads
which react with biotinylated labeled mRNAs. Unlabeled and labeled mRNAs can be separated
when applied to a magnetic column that retain only labeled mRNAs. The labeled mRNAs are
eluted with a reducing agent which cleaves the disulfide bonds that link the newly transcribed
RNA to the beads.
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13. RNA fragmentation

250 pg of total RNA were added with 130ul ultrapure DEPC-H20 (Sigma) in Snap Cap tubes
(Covaris) and were sonicated in the Covaris E220 for 80 sec with 1 % duty factor, 100 W, 200

cycles per burst.

14.RT-gPCR

RNAs were reverse transcribed in cDNA by using the Quantitect Reverse Transcription kit
(Qiagen). It includes a genomic DNA elimination step. The qPCR reaction was performed with
the SybrGreen Mastermix Class | kit (Roche), following the manufacturer guidelines by using
0.5 uM of primers in 384 wells plates and analyzed with the Light Cycler 480 (Roche). The
amplification programme consisted in 45 cycles of: denaturation at 95 °C, hybridization at 65
°C and elongation at 72 °C followed by a melting curve from 65 °C to 97 °C and a cooling
down of 30 sec at 40 °C.

15. Gene primers

Gene Primer sequence (5°-3”)
alphaTUB84B | Forward : GCTTCCTCATCTTCCACTCG
Reverse : GCTTGGACTTCTTGCCGTAG
actin42A Forward : GCGTCGGTCAATTCAATCTT
Reverse : AAGCTGCAACCTCTTCGTCA
Ccnb2 QuantiTect Primer Assay QT00112588
Ccne2 QuantiTect Primer Assay QT00129206
Ccngl Forward: AAGCAGCTCAGTCCAACACA
Reverse: CCTTTCAGTCCGCTCCAGAA
Cdk4 QuantiTect Primer Assay QT00103292
Cdknla Forward: CTGAGCGGCCTGAAGATTCC
Reverse: CCAATCTGCGCTTGGAGTGA
Cdknlb Forward: TCAAACGTGAGAGTGTCTAACG
Reverse: CCGGGCCGAAGAGATTTCTG
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Cdknlc Forward: CAGCCTCTCTCGGGGATTC
Reverse: CTCCTGCGCAGTTCTCTTGC

Cdkn2a QuantiTect Primer Assay QT00252595

Cdkn2c QuantiTect Primer Assay QT01055005

Gapdh QuantiTect Primer Assay QT01658692

Gasb5 Forward: GGAAGCTGGATAACAGAGCGA
Reverse: GTATTCCTTGTAATGGGACCAC

Klf4 Forward: CCAGCAAGTCAGCTTGTGAA
Reverse: GGGCATGTTCAAGTTGGATT

Nanog Forward: TTGCTTACAAGGGTCTGCTACT
Reverse: ACTGGTAGAAGAATCAGGGCT

Oct4 Forward: AGAGGATCACCTTGGGGTACA
Reverse: CGAAGCGACAGATGGTGGTC

Rn45s Forward: TGGGTTTTAAGCAGGAGGTG
Reverse: ACGCTTGGTGAATTCTGCTT

Rnu6 Forward: GCTTCGGCAGCACATATACTAA
Reverse: AAATATGGAACGCTTCACGAAT

Rplp0 QuantiTect Primer Assay

Tafld Forward: GCGAGATTTCGTCCTTGTCCT
Reverse: CTCCAGCTCTATCCGATGCC

Taf8 QuantiTect Primer Assay QT00156723

Thp QuantiTect Primer Assay QT00198443
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RESULTS



IX. Publication: “The TAF10-containing TFIID and SAGA
transcriptional complexes are dispensable for early somitogenesis in

the mouse embryo” - (Bardot et al. 2017)

Context of the study:

Transcription plays major roles during embryonic development. TFIID is the first GTF
to bind the promoter and nucleates the assembly of the PIC for RNA Pol Il recruitment. Several
evidences have shown that the PIC components might be variable [reviewed in (Levine et al.
2014; Mdiller et al. 2009)]. In particular, TAF10 is crucial for survival and proliferation of F9
cells, but is not required for their differentiation into primitive endoderm (Metzger et al. 1999).
Taf10 null mutation in mouse leads to embryonic lethality shortly after implantation (Mohan et
al., 2003). However, whereas inner cell mass cells die by apoptosis, trophoectodermal cells
survive, although RNA Pol Il transcription is greatly reduced (Mohan et al., 2003). Taf10
conditional deletion in skin or liver has shown that TAF10 is required for transcription in the
embryo, but not in the adult (Indra et al., 2005; Tatarakis et al., 2008). Contrary to the idea of
the general requirement of GTF, altogether, this data indicate that the canonical TFIID
requirement depends on the cellular and developmental context. Most of the data concerning
the composition of TFIID and SAGA in metazoan has been obtained from cellular models,
including cancer cells, which are artificial. Thus, in vivo data in metazoans is lacking, and no
data has been ever obtained concerning the precise composition of the SAGA complex in the
embryo. In order to analyze the composition and the function of the TAF10-containing
complexes, TFIID and SAGA, we used the paraxial mesoderm as a new paradigm.
Somitogenesis that takes places in this tissue, is a very dynamic morphogenetic event and gene
expression is tightly regulated. Since transcription is highly dynamic it represents an interesting
model for analyzing embryonic transcription. We used a conditional deletion strategy for
inactivating Taf10 by using the T-Cre;Taf10"°/"™* mouse line which drives the expression of

the Cre in the embryo as early as E7.5.

Main goals:

The goal of this study was:

(1) To analyze the composition of TAF10-containing complexes in the embryo;
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(2) To analyze the function of TAF10-containing complexes at E9.5 in the PSM;
(3) To assess the importance of TAF10 for gene expression in the PSM at 9.5.
Main results:

We detected all the TAF subunits, except TAF7L, and we showed that TAF10, is
essential for the assembly of TFIID and SAGA complexes at E9.5 in the whole embryo.
Deletion of Taf10 in the whole embryo or in the embryonic mesoderm at E7.5 induces a growth
arrest of the embryo at E10. Initial paraxial mesoderm differentiation is not prevented in the
conditional mutant T-Cre;Taf101ox put they do not have a forelimb at E9.5 and lateral plate
differentiation is altered. During this period, in the absence of detectable TAF10 protein, steady-
state. MRNA levels are unchanged in the PSM, except for only a minor subset of genes
dysregulated. Among those genes, cyclin inhibitors were found up-regulated. Interestingly, the
cyclic gene expression pattern reporter of Lfng is conserved in the mutant at E9.5, indicating
that transcription is still active. Our data suggests that the TFIID and SAGA complexes are
dispensable for early paraxial mesoderm development, arguing against their proposed generic

role in transcription.
These results were accepted for publication on 2" September 2017 in Development:

“The TAF10-Containing TFIID and SAGA Transcriptional Complexes Are Dispensable
for Early Somitogenesis in the Mouse Embryo.” Bardot, Paul, Stéphane D Vincent, Marjorie

Fournier, Alexis Hubaud, Mathilde Joint, Laszl6 Tora, and Olivier Pourquié.
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The TAF10-containing TFIID and SAGA transcriptional
complexes are dispensable for early somitogenesis in the

mouse embryo

Paul Bardot"%348, Stéphane D. Vincent'2345%* Marjorie Fournier’"234*1 Alexis Hubaud'-234+1
Mathilde Joint"234 Laszl6 Tora'%3* and Olivier Pourquié’234%#

ABSTRACT

During development, tightly regulated gene expression programs
control cell fate and patterning. A key regulatory step in eukaryotic
transcription is the assembly of the pre-initiation complex (PIC) at
promoters. PIC assembly has mainly been studied in vitro, and little is
known about its composition during development. In vitro data
suggest that TFIID is the general transcription factor that nucleates
PIC formation at promoters. Here we show that TAF10, a subunit of
TFIID and of the transcriptional co-activator SAGA, is required for the
assembly of these complexes in the mouse embryo. We performed
Taf10 conditional deletions during mesoderm development and show
that Taf10 loss in the presomitic mesoderm (PSM) does not prevent
cyclic gene transcription or PSM segmental patterning, whereas
lateral plate differentiation is profoundly altered. During this period,
global mMRNA levels are unchanged in the PSM, with only a minor
subset of genes dysregulated. Together, our data strongly suggest
that the TAF10-containing canonical TFIID and SAGA complexes are
dispensable for early paraxial mesoderm development, arguing
against the generic role in transcription proposed for these fully
assembled holo-complexes.

KEY WORDS: RNA polymerase I, TATA binding protein, Presomitic
mesoderm, Paraxial mesoderm, Conditional knockout, Proteomic,
Mouse

INTRODUCTION

In mouse, the posterior part of the paraxial mesoderm, called
presomitic mesoderm (PSM), generates a pair of somites every 2 h
and plays crucial roles during vertebrate elongation (Pourquié,
2011). This rhythmic process is under the control of a clock that is
characterized by periodic waves of transcription of cyclic genes
sweeping from the posterior to the anterior PSM (Hubaud and
Pourquié, 2014). In the anterior PSM, the clock signal is converted
into a stripe of expression of specific segmentation genes that
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defines the future somite. This periodic transcription initiation
associated with the segmentation clock oscillations in the PSM
offers a unique paradigm with which to study transcriptional
regulation in development.

During embryogenesis, gene expression is regulated by a
combination of extracellular signals triggering intracellular
pathways, which converge towards the binding of transcription
factors to enhancers and promoters. These interactions lead to the
assembly of the transcriptional machinery. In non-plant eukaryotes,
three RNA polymerases are able to transcribe the genome, among
which RNA polymerase II (Pol II) is responsible for the production
of mRNA and some of the non-coding RNAs (Levine et al., 2014
and references therein).

Transcription initiation requires the assembly of the pre-initiation
complex (PIC) that allows the correct positioning of Pol II on the
promoter and consequent RNA synthesis (Sainsbury et al., 2015).
TFIID is the first element of the PIC recruited to active promoters. In
its canonical form in higher eukaryotes it is composed of TATA
binding protein (TBP) and 13 TBP-associated factors (TAFs) and is
involved in the correct positioning of Pol II on the transcription start
site. Whereas TBP is also part of Pol I and Pol III transcription
complexes, the TFIID-TAFs are specific for Pol II transcription
machinery. Among the metazoan TAFs, TAF9, TAF10 and TAF12
are also shared by Spt-Ada-GenS-acetyl transferase (SAGA)
complex, which is a transcriptional co-activator conserved from
yeast to human (Spedale et al., 2012). SAGA exhibits histone
acetyltransferase activity at promoters and also deubiquitylates
histone H2Bub1 in gene bodies (Bonnet et al., 2014; Wang and
Dent, 2014; Weake et al., 2011).

Several structural TAFs, including TAF10, share a histone fold
domain (HFD) which is involved in their dimerization with specific
partners: TAF10 heterodimerizes with TAF3 or TAFS within TFIID
and with SUPT7L/ST65G within SAGA (Leurent et al., 2002;
Soutoglou et al., 2005). Nuclear import of TAF10 is absolutely
dependent on heterodimerization with its partners since TAF10 does
not have a nuclear localization signal (NLS) (Soutoglou et al., 2005).

TAF10 does not exhibit any enzymatic activity but serves as an
interface allowing interaction with other TAFs (Bieniossek et al.,
2013; Trowitzsch et al., 2015) or transcription factors, such as the
human estrogen receptor o (Jacq et al., 1994) or mouse GATALI
(Papadopoulos et al., 2015). In HeLa cells, only 50% of the TFIID
complexes contain TAF10 (Jacq et al., 1994). TFIID complexes
lacking TAF10 have also been observed in mouse F9 cells although
at much lower level (Mohan et al., 2003), but their functionality is
unknown. The structure of TFIID in the absence of TAFI10 is
unclear. Only partial TFIID subcomplexes, not associated with
TBP, were detected in undifferentiated and retinoic acid (RA)-
differentiated 7af70 mutant F9 cells (Mohan et al., 2003), while lack
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of TFIID was observed in Taf10 mutant liver cells (Tatarakis et al.,
2008). SAGA was not investigated in these experiments (Mohan
et al., 2003; Tatarakis et al., 2008). Altogether, these data support
the idea that TFIID composition can vary, as also suggested by the
existence of TAF paralogs and/or tissue-specific TAFs (Goodrich
and Tjian, 2010; Miiller et al., 2010).

The diversity in TFIID composition may have functional
consequences. Whereas TAF10 is crucial for survival and
proliferation of F9 cells, it is dispensable for their differentiation
into primitive endoderm (Metzger et al., 1999). Taf10 mutation in
mouse leads to embryonic lethality shortly after implantation
(Mohan et al., 2003). Interestingly, whereas inner cell mass cells die
by apoptosis, trophoectodermal cells survive, although Pol II
transcription is greatly reduced (Mohan et al., 2003). Taf10
conditional deletion in skin or liver has shown that TAF10 is
required for transcription in the embryo, but not in the adult (Indra
et al., 2005; Tatarakis et al., 2008). Altogether, these data indicate
that TAF10 requirement depends on the cellular and developmental
context.

In this study, we aimed to closely analyze TAF10 requirement
and its role in transcription during mouse development, and to
examine the composition of TFIID and SAGA in the absence
of TAF10 in embryonic tissues in vivo. We performed
immunoprecipitations coupled to mass spectrometry analyses on
embryonic lysates. We show that, in the mouse embryo, absence of
TAF10 severely impairs TFIID and SAGA assembly. In order to
gain insight into the functional importance of TAF10 during
development, we focused on paraxial mesoderm dynamic
differentiation by carrying out a 7af10 conditional deletion in the
mesoderm using the 7-Cre line (Perantoni, 2005). Although loss of
Taf10 eventually led to growth arrest and cell death at ~E10.5, we
identified a time window during which the dynamic transcription of
cyclic genes is still maintained in the absence of detectable TAF10
protein. Microarray analysis of mutant PSM revealed that Pol II
transcription is not globally affected in this context, although the
expression of some genes, such as those encoding cell cycle
inhibitors, is upregulated.

RESULTS

TAF10 is ubiquitously expressed in the nucleus of embryonic
cells at E9.5

Taf10 is ubiquitously expressed in the mouse embryo at E3.5, E5.5
and E7.5 but with more heterogeneity at E12.5 (Mohan et al., 2003).
Whole-mount in situ hybridization (WISH) analyses suggest that
Taf10 is also ubiquitously expressed at E8.5 and E9.5 (Fig. S1A,B).
TAF10 protein is ubiquitously expressed in the posterior part of the
embryo (Fig. S1C, Fig. S2) and no heterogeneity was observed
between E9.5 and E10.5. Competition with the peptide used to raise
the anti-TAF10 antibody (Mohan et al., 2003) confirms that TAF10
localization is specific, since the TAF10 signal, but not the
myogenin signal, is lost under these conditions (Fig. S1D,H).
Altogether, these results indicate that TAF10 protein is ubiquitously
expressed in nuclei between E8.5 and E10.5.

Induced ubiquitous deletion of Taf10 leads to growth arrest
at E10, but does not impair transcription at E9.5

In order to analyze the effects of TAF10 absence on development,
we performed a tamoxifen-inducible ubiquitous deletion of 7af10
using the R26“ERT2 lJine (Ventura et al., 2007). This strategy
deletes exon 2 of Taf10, which encodes part of the HFD (Mohan
et al., 2003), and because exon 3 is now out of frame the deletion
is expected to produce a truncated protein of 92 amino acids

without an HFD (Fig. S3D). Since the HFD is required for
heterodimerization and integration of TAF10 into TFIID and SAGA
(Leurent et al., 2002; Soutoglou et al., 2005), this potential truncated
protein is not supposed to integrate into mature SAGA or TFIID
complexes. Tamoxifen was injected intraperitoneally at E7.5 and
Cre recombination was followed by the activity of the Cre reporter
allele R26% (Soriano, 1999). Complete Cre recombination is
observed at E9.5 (Fig. 1A,B). The development of R26CERT2/*
Taf10%1°¥ox (R26Cre; Taf10) mutant embryos was arrested at E9.5,
as embryos do not further develop when recovered at E10.5 and
E11.5 (Fig. 1D,F). The normal development of R26%/*; Taf10f10x/flox
littermate embryos (Fig. 1C,E) confirmed that tamoxifen injection
at E7.5 does not induce secondary defects.

Efficient TAF10 depletion at E9.5 after tamoxifen injection at
E7.5 was assessed by western blot (Fig. 1G). At E8.5 TAF10 was
still present, albeit at lower levels (Fig. S3E). This observation is in
agreement with a previous study in which TAF10 protein was still
detected one day after induction of its depletion (Metzger et al.,
1999). Since our goal is to assess TFIID and SAGA composition in
the absence of TAF10, we performed our analyses at E9.5.

In order to assess transcription initiation in vivo, we used the
Luvelu reporter line (Aulehla et al., 2008) that allows visualization
of the dynamic waves of Lfig transcription occurring every 2 h in
the posterior PSM. This line contains the promoter and 3’-UTR
destabilizing sequences of the cyclic gene Lfig (Cole et al., 2002;
Morales et al., 2002), coupled to the coding sequences of a
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Fig. 1. Efficient ubiquitous deletion of Taf10 in E9.5 R26Cre; Taf10 mutant
mouse embryos. (A-F) Whole-mount X-gal staining of R26CERTZ/R.
Taf10°¥* control at E9.5 (A), R26*/R; Taf10"X/ X control at E10.5 (C) and
E11.5 (E), and R26C™ERT2IR Taf10flox/lox mytant at E9.5 (B), E10.5 (D) and
E11.5 (F) after tamoxifen (tam) treatment at E7.5. (G) Western blot analysis
of E9.5 R26Cre; Taf10 whole embryos, treated (+) or not (—) with tamoxifen at
E7.5, with anti-TAF10 or anti-histone H3 antibodies. (H,I) Confocal z-stack
image projection of E9.25 R26Cre; Taf10;Luvelu/+ untreated (H) or tamoxifen-
treated (I) embryos. so, somites. Scale bars: 500 pm in A-F; 100 ym in H,I.
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Venus-PEST fusion. Luvelu expression is not affected in the
absence of TAF10 at E9.5 (Fig. 1H,I), clearly indicating that
transcription initiation still occurs in the R26Cre;Tafl10 mutant
embryos, at least in the PSM. Altogether, these results show that, in
mutants in which 7af70 deletion is induced at E7.5, no TAF10
protein is detected in the PSM at E9.5, yet periodic gene
transcription in the PSM is not affected.

Analyses of TFIID and SAGA composition in the absence of
TAF10 in the mouse embryo

Next, we set out to analyze TFIID and SAGA composition by mass
spectrometry in E9.5 mouse embryos, when no TAF10 protein is
detected. To purify these complexes, we collected E9.5 embryos
from R26CrcERT2/CrcERT2’. Taf]oﬂox/ﬂoxx Taﬂ Oﬂox/ﬂox crosses, treated
(mutant) or not (control) with tamoxifen at E7.5. Complete Taf10
deletion was assessed by PCR (data not shown) and western blot
analysis, which confirmed the absence of detectable full-length
TAF10 protein (Fig. 2A). Interestingly, in whole cell extracts from
mutants, expression of TBP, TAF4A, TAF5 and TAF6 was not
affected, whereas expression of TAFS, the main TFIID partner of
TAF10, was strongly decreased (Fig. 2A), suggesting that the
TAF8-TAF10 interaction is required for the stabilization of TAFS.
We then compared TFIID and SAGA composition in the presence
or absence of TAF10 by performing immunoprecipitations (IPs)
from whole cell extracts of different TFIID and SAGA subunits
using anti-TBP or anti-TAF7 antibodies (for TFIID) and with
anti-TRRAP or anti-SUPT3 (for SAGA). Composition of the
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Fig. 2. TFIID assembly defect in R26Cre; Taf10 mutant embryos.

(A) Western blot analysis of the expression of TBP, TAF4A, TAF5, TAF6, TAF8
and TAF10 from whole cell extracts of E9.5 R26Cre; Taf10 control (left,
untreated) or mutant (right, treated with tamoxifen at E7.5) embryos. (B) TBP
NSAF,.it values for SL1 complex subunits (TAF1A, TAF1B, TAF1C, TAF1D
and TBP) and TF3B-TBP complex. (C,D) NSAF,,,;; values for TFIID subunits of
TBP IP (C) and TAF7 IP (D). Bait proteins are indicated in red. Control and
mutant IPs are indicated in white and gray, respectively. TAF10* corresponds
to the full-length TAF10 protein. Error bars indicate s.d. n=3.
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immunoprecipitated complexes was analyzed by mass spectrometry
(Table S1). The normalized spectral abundance factor (NSAF) values
were calculated for comparison of control and 7af70 mutant samples
(Zybailov et al., 2006).

In control embryos, the full-length TAF10 protein is represented
by four peptides (Fig. S4A). In mutant embryo samples, no TAF10
peptides were detected in TBP and TRRAP IPs. By contrast, in
TAF7 and SUPT3 IPs we detected significant amounts (albeit
reduced compared with control) of the TAF10 N-terminal peptide
(peptide #1; Fig. S4B,C). The Tafl07°* conditional mutation
deletes exon 2, resulting in an out-of-frame fusion of exon 1 to exon
3 leading to premature truncation of TAF10 protein. This deletion is
thus expected to produce a truncated N-terminal fragment of TAF10
containing peptide #1, but not the other peptides (Fig. S4D). The
fact that no TAF10 peptides are detected in TBP and TRRAP IPs
suggests that the truncated N-terminal peptide remaining in the
mutant cannot participate in fully assembled TFIID or SAGA
complexes. In addition, importantly, no TFIID subunits could be
immunoprecipitated from murine R26CTERTZR 747 ()flox/Mox
embryonic stem cells (ESCs), after 4-hydroxytamoxifen treatment,
with an antibody that recognizes the N-terminal part of the TAF10
protein (Fig. S3B) and is able to immunoprecipitate the TFIID
complex (Fig. S5A,B), showing that the truncated peptide is not part
of a fully assembled TFIID complex. No conclusion could be drawn
for the SAGA complex since this anti-N-terminal TAF10 antibody
did not co-immunoprecipitate any of the mouse SAGA subunits
even in control conditions (Fig. S5C). These data are consistent with
the fact that the mutant truncated protein does not contain the HFD
(Soutoglou et al., 2005). Thus, for further analyses and to score only
the full-length protein we took into account peptides #2 to #4, which
should be absent from the full-length TAF10 protein after deletion
of the genomic sequences (TAF10%*; Fig 2D, Fig. 3C, Fig. S4A,D),
for TAF7 IPs (Fig. 2D) and SUPT3 IPs (Fig. 3C).

TBP is also part of SL1 and TFIIIB complexes, which are
involved in Pol I and Pol III transcription, respectively (Vannini and
Cramer, 2012). Importantly, TAF10 absence does not perturb the
interaction of TBP with its non-TFIID partners, highlighting the
lack of non-specific effects (Fig. 2B). In 7af70 mutant embryos, we
observed an increased interaction between TBP and the larger SL1
subunits TAF1A and TAFIC, suggesting that TBP might be
redistributed in Pol I TAF-containing complexes in the absence
of TAF10. This is consistent with the observation that there is no
free TBP in the cells (Timmers and Sharp, 1991). In control TBP
and TAF7 IPs, all the canonical TFIID subunits were detected
(Fig. 2C,D). Interestingly, in 7af70 mutant embryos, TBP IP reveals
that TBP is mostly disengaged from TFIID, as only a few TAFs co-
immunoprecipitate with TBP and in very low amounts (Fig. 2C).
This TFIID dissociation is also observed in the TAF7 IP in the
absence of TAF10 (Fig. 2D). Surprisingly, however, owing to the
very efficient TAF7 IP (Table S1) we can still detect residual TFIID
complexes (Fig. 2D). It is important to note that even if the anti-
TAF7 antibody is able to co-immunoprecipitate several TAFs,
TAF9B, TAF12 and TAF13 are not detected in the mutant, further
supporting the conclusion that TAF10 absence strongly affects
TFIID assembly.

In order to assess SAGA composition, we performed IPs against
two SAGA subunits: SUPT3 and TRRAP. TRRAP is also a member
of the chromatin remodeling complex TIP60/NuA4 (Sapountzi and
Coté, 2011). As the interactions between TRRAP and TIP60/NuA4
subunits were not affected (Fig. 3A), we conclude that TAF10
absence does not interfere with the interactions between TRRAP
and its non-SAGA partners. In both mutant TRRAP (Fig. 3B) and
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Fig. 3. SAGA assembly defect in R26Cre;Taf10 mutant embryos.

(A) NSAF,;t values for TIP60/NuA4 complex subunits of TRRAP IP from
control or mutant extracts. (B,C) NSAF,;; values for SAGA subunits of TRRAP
IP (B) and SUPT3 IP (C) from control or mutant extracts. Bait proteins are
indicated in red. TAF10* corresponds to the full-length TAF10 protein. Error
bars indicate s.d. n=3.

SUPT3 (Fig. 3C) IPs we observed a dramatic reduction in the
amount of SAGA subunits co-immunoprecipitated, clearly showing
a defect in the assembly of SAGA. In contrast to TAF7 IP, we were
not able to detect any residual canonical SAGA complexes in the
mutant samples in the SUPT3-IP.

Altogether, these results strongly suggest that TAF10 is crucial
for the assembly of both TFIID and SAGA in the mouse embryo,
since the formation of both complexes is seriously impaired in
R26Cre; Taf10 mutant embryos.

Taf10 conditional deletion in the paraxial mesoderm

Our next goal was to analyze the requirement for TAF10 in
transcription during development. Somitogenesis is a dynamic
developmental process in vertebrate embryos relying on periodic
transcriptional waves sweeping from posterior to anterior in the
PSM (Hubaud and Pourqui¢, 2014). As described above, the
dynamic expression of the Luvelu cyclic reporter is not affected in
the PSM of E9.5 R26Cre, Taf10 mutant embryos (Fig. 1H,I). We
carried out a 7af10 conditional deletion in the PSM using the 7-Cre
line (Perantoni, 2005). This line expresses Cre in the primitive streak
under the control of 500 bp of 7'promoter sequence (Clements et al.,
1996), leading to efficient recombination in the mesoderm before
E7.5, including in paraxial mesoderm progenitors (Perantoni,
2005). Taf10 conditional deletion is embryonic lethal as no 7-
Cre/+;Taf101°¥1°% (T_Cre; Taf10) mutants could be recovered at
birth (data not shown). At E9.25, control and 7-Cre, Taf10 mutant
embryos are very similar, except that some mutant embryos show a
curved trunk (Fig. 4A,B). At E10.25, T-Cre, Taf10 mutant embryos
exhibit normal anterior development but show an apparent growth

| [ T-Cre/+;Taf107ex | | control

control

T-Cre/+; Taf1 0/ ||

Fig. 4. Efficient Taf10 conditional deletion in the paraxial mesoderm.
(A-C) Whole-mount right-lateral view of control (A,C) and T-Cre; Taf10 mutant
(B,D) embryos at E9.25 (A,B) and E10.25 (C,D). Arrowheads indicate the
position of the forelimb bud that is absent in the mutant; arrows indicate the
somites. (E,F) Cell death assay by LysoTracker Red (LTR) staining of E9.25
control (E) and T-Cre; Taf10 mutant (F) embryos. (G,H) Whole-mount X-gal
staining of E8.75 T-Cre/+;R26R/* control (G) and T-Cre/+;R26™*; Taf1(flox/flox
mutant (H) embryos showing the efficient early recombination within the
paraxial mesoderm. (I-L) DAPI counterstaining of TAF10 immunolocalization
on E9.5 sagittal (1,J) and E9.75 transverse (K,L) sections from control (I,K) and
T-Cre;Taf10 mutant (J,L) embryos. Asterisk indicates background due to
secondary antibody trapping in the endoderm lumen. Ec, ectoderm; NT, neural
tube; Pm, paraxial mesoderm; PSM, presomitic mesoderm; so, somites. Scale
bars: 500 pm in A-H; 50 pm in I-L.

arrest of the trunk region, a helicoidal trunk lacking limb buds
(Fig. 4C,D) and a degeneration of the allantois and placenta (data
not shown). Whereas at E9.25 mutant and control somites were
morphologically similar (Fig. 4A,B), E10.25 mutant somites were
much smaller than the controls (Fig. 4C,D). Similar observations
were made using the Hes7-Cre line (data not shown), which has a
similar recombination pattern in the mesoderm (Niwa et al., 2007).
LysoTracker Red staining indicates that there is no obvious cell
death in the mutants at E9.25 (Fig. 4E,F). Recombination in the
mesoderm is efficient, as shown by the profile of activation of the
Cre reporter allele R26® at E8.75 (Fig. 4G,H). Full-length TAF10
protein expression could no longer be detected in the mesoderm of
mutant embryos from as early as E8.5 (Fig. S6, Fig. 41-L), including
the PSM at E9.5 (Fig. 4LJ), whereas it is detected in the ectoderm.
TAF10 expression was mosaic in the mutant neural tube (NT),
which shares common progenitors with the mesoderm (Gouti et al.,
2014; Tzouanacou et al., 2009). Surprisingly, these data show that
there is a time window at ~E9.5 when embryonic development is
not affected upon TAF10 depletion, except for the absence of limb
buds, prior to an apparent growth arrest and decay at E10.5.
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Absence of TAF10 in the PSM does not affect somitogenesis
at E9.5

To gain more insight into somitogenesis, we compared somite
numbers between the different genotypes at E9.5 (Fig. 5A).
Although no significant statistical differences could be detected,
mutant embryos tended to have half a somite less than the other
genotypes. This could be explained by a slowing down of
somitogenesis at late E9.5 stage.

We next analyzed the expression of specific PSM markers using
WISH. Expression of the posterior PSM marker Msgnl (Wittler
et al., 2007) (Fig. 5B,C), the segmentation gene Mesp2 (Saga et al.,
1997) (Fig. 5D,E) or the caudal somite marker Uncx4.1 (Neidhardt
et al., 1997) (Fig. 5F,G) was unaffected in the absence of TAF10.
WISH of cyclic genes of the Notch [Lfing (Forsberg et al., 1998;
McGrew et al., 1998) and Hes7 (Bessho et al., 2003); Fig. SH,I,
Fig. S8A,B], Wnt [4xin2 (Aulehla et al., 2003); Fig. S7C,D] or FGF
[Snail (Dale et al., 2006); Fig. STE,F] pathways revealed that the
different phases of expression could be observed in 7-Cre, Taf10
mutant embryos. Altogether, the rhythmic transcription of the cyclic
genes in the absence of TAF10 suggests that active transcription
proceeds normally in the PSM of mutant embryos.

Absence of TAF10 differentially affects mesoderm
derivatives

Limb bud outgrowth requires signals such as FGF8 from the apical
ectodermal ridge (AER), which controls proliferation of the
underlying mesenchyme derived from the lateral plate mesoderm
(LPM) (Zeller et al., 2009). On E10.25 transverse sections from
control embryos, mesodermal nuclei (including those in the LPM)
are regularly shaped (Fig. 6A,C,E). In 7-Cre;Taf10 mutants
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Fig. 5. Absence of TAF10 in the PSM does not affect segmentation.

(A) Somite number quantification (one-way ANOVA; ns, non significant). Error
bars indicate s.e.m. and the middle bar indicates the mean. (B-1) WISH

of E9.5 (B,C,F-I) and E8.75 (D,E) control (B,D,F,H) and T-Cre/+;Taf10flox/flox
mutant (C,E,G,l) embryos for the posterior PSM marker Msgn1 (B,C), the
segmentation gene Mesp2 (D,E), the caudal somite marker Uncx4.1 (F,G) and
the cyclic gene Lfng (H,l). Dorsal tail tip (B-E,H,|) or right-lateral (F,G) views are
presented. Scale bars: 100 um in B-E,H,l; 500 ym in F,G.
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(Fig. 6B) the paraxial mesoderm nuclei appear normal (Fig. 6D),
whereas in the LPM [and in the intermediate mesoderm (data not
shown)] we observed massive nuclear fragmentation characterized
by the presence of pyknotic nuclei (Fig. 6F). Since we did not
observe any difference in the efficiency of TAF10 protein depletion
between the paraxial mesoderm and the LPM from as early as E8.5
(Fig. S6), these data indicate that the LPM is more sensitive to 7af10
loss than the paraxial mesoderm.

We carried out WISH in order to test whether 7af70 loss
differentially affects the expression of specific markers of the
different types of mesoderm. Expression of the LPM marker Hand?2
(Fernandez-Teran et al., 2000) is clearly downregulated in the
mutants (Fig. 6G,H). Similar observations were made with Prdml,
which is expressed in the growing mesenchyme during limb bud
outgrowth (Vincent et al., 2005) (data not shown). The absence of
Fgf8 induction in the presumptive AER in E9.5 T-Cre; Taf10 mutant
embryos (Fig. 6K,L) indicates that the LPM defect is early and
probably precedes the cell death in this tissue, since no obvious cell
death could be detected at E9.25 (Fig. 4F). The cell death observed
later on in the LPM is, however, not caused by the lack of Fgf8
expression as it is also observed at non-limb levels. By contrast,
paraxial mesoderm marker analysis shows that Pax3 expression in
the anterior PSM and early somites (Goulding et al., 1991) is normal
(Fig. 61,J). Similarly, Fgf8 expression domains in the rostral and
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Fig. 6. Absence of TAF10 differentially affects the different types of
mesoderm. (A-F) DAPI-stained transverse sections of E10.25 control

(A, magnified in C,E) and T-Cre/+,; Taf10"/1ox mutant (B, magnified in D,F)
embryos showing nuclear fragmentation in LPM but normal nuclear
morphology in the paraxial mesoderm. Asterisks indicate the endoderm.
(G-P) WISH of E9.5 control (G,1,K,M,0) and T-Cre/+; Taf10"¥ox mutant (H,J,
L,N,P) embryos for Hand2 (G,H), Pax3 (1,J), Fgf8 (K,L), Myf5 (M,N) and Shh
(O,P). Arrows indicate the apical ectodermal ridge. LPM, lateral plate
mesoderm; Pm, paraxial mesoderm. Scale bars: 50 ym in A-F; 500 pm in G-P.
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caudal lips of the dermomyotome (Crossley and Martin, 1995) are
not affected at E9.5 in the mutant paraxial mesoderm (Fig. 6K,L).
Expression of Pax3 in the dermomyotome (Goulding et al., 1991)
and of Myf5 in the myotome (Ott et al., 1991) are however decreased
in 7-Cre;Tafl0 mutants (Fig. 6LJ,M,N). Defective myotome
formation was evidenced by immunolocalization of myogenin or
myosin heavy chains at E9.5 and E10.5 (data not shown). Similar
observations were made in Hes7-Cre/+;Tafl01°¥1°% mutant
embryos (Fig. S8). Expression of ShA in the notochord is normal
(Echelard et al., 1993), indicating that the axial mesoderm is not
obviously affected in 7-Cre;Tafl0 mutant embryos (Fig. 60,P).
Altogether, these results indicate different requirements for TAF10
depending on the type of mesoderm. However, we cannot rule out
the possibility that the effect seen in the LPM arises secondarily to a
defect in the developing paraxial mesoderm.

Absence of TAF10 does not affect global steady-state mRNA
and cyclic transcription in the PSM

Our next goal was to investigate Pol II transcription status in mutant
embryos. We first compared steady-state rRNA (Pol I) and mRNA
(Pol II) transcript levels by quantifying the absolute expression
levels of 18S ribosomal RNA (Rni8s) versus classical Pol II
housekeeping genes (Actcl, Gapdh and Rplp0) (Fig. 7A). No
significant differences between mutant and control samples were
detected when comparing the results obtained with three different
pairs of Rn18s primers (Fig. 7B). The results were similar for Gapdh
and Rplp0 (Fig. 7B). Expression of the Luvelu reporter (Aulehla
et al., 2008) in 7-Cre; Taf10 mutant embryos (Fig. 7C,D) supports
the idea that cyclic transcription initiation still occurs in the 7-Cre;
Taf10 mutant PSM at E9.5. Altogether, these results indicate that, at
~E9.5, absence of detectable TAF10 does not affect global steady-
state mRNA and PSM-specific cyclic transcription.

Expression of specific genes is altered in the PSM at E9.5 in
the absence of TAF10

We next performed a transcriptome analysis in order to see whether
specific genes were affected in the absence of TAF10. We
performed microarray analyses from microdissected PSMs of
E9.5 (17-19 somites) control and 7-Cre,;Taf10) mutant embryos
(Fig. 8A). Analysis by scatter plot shows that TAF10 loss has only a
very minor impact on gene expression (Fig. 8B). We then performed
a statistical analysis using fold change ranking ordered statistics
(FCROS) (Dembél¢ and Kastner, 2014) and found 369
differentially expressed genes (218 downregulated and 151
upregulated) using a fold change cut-off of 1.5 (Fig. 8C, see
Table S2). This analysis identified genes related to the cell cycle,
TAFs, signaling pathways, and Hox/para-Hox genes (see Table 1).
We also observed that some genes previously identified as cyclic
genes in the PSM, such as Egrl, Cyr61, Dkkl, Spry4 and Rps3a
(Krol et al., 2011), are also differentially expressed in 7-Cre; Taf10
mutant PSMs (Table 1, Fig. S9A). Interestingly, the most highly
upregulated gene (4.8-fold) is Cdknla, which encodes a cyclin-
dependent kinase inhibitor involved in G1 arrest (Duli¢ et al., 1994).
We identified GasJ5, a tumor suppressor gene that encodes two long
non-coding RNAs and several small nucleolar RNAs in its introns
(Ma et al., 2015), as the most downregulated gene (—2- to —4.9-
fold). We confirmed the upregulation of Cdknla, Cdknlc, Ccngl
and Cdkl3 and the downregulation of Gas5 by RT-qPCR using
control and 7-Cre, Taf10 mutant tail tips (Fig. 8D). Upregulation of
Cdknla and Cdkn1c could explain the growth arrest that is observed
in T-Cre; Taf10 mutant embryos.
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Fig. 7. Global transcription is not affected in the absence of TAF10 in the
paraxial mesoderm. (A) Comparison between Pol Il and Pol | transcription.
The trunk axial structures highlighted in blue were dissected from E9.75 control
and T-Cre/+; Taf107°¥/fox mutant embryos and RT-qgPCR was performed for Pol
I-specific and Pol lI-specific housekeeping genes. (B) Comparison of averaged
and normalized expression of Pol I-specific (blue) and Pol ll-specific (red)
markers from control (right side) and mutant (left side) samples. **P<0.01
(Aspin-Welch corrected Student’s t-test). Error bars indicate s.e.m. n=4. (C,D)
Confocal z-stack image projection of E9.5 Luvelu/+ control (C) and T-Cre/+;
Taf10%°¥ox.[ yvelu/+ mutant (D) embryos. so, somites. Scale bars: 100 um.

Some TFIID-TAFs were also upregulated: 7af5 (1.5-fold), Taf6
(1.7-fold) and Taf9b (1.6-fold) (Table 1, Table S2). We validated
these differential expressions by RT-qPCR and found that most of
the genes encoding the other TAFs were also upregulated
(Fig. S9B). The biological significance of these differences is not
clear as no obvious increase in protein levels could be observed for
TAF4A, TAF5 and TAF6 (Fig. 2A). Tafl0 expression is
downregulated in 7-Cre, Taf10 mutant tail tips, as is that of TafS,
which encodes the main partner of TAF10 in TFIID. These data
suggest that the decreased level of TAF8 protein observed in
R26Cre;Taf10 lysates (Fig. 2A) could also be related to
transcriptional regulation. No differences could be detected for
the SAGA-specific TAF5L and TAF6L (Fig. S9C). Altogether, our
data show that, in the PSM at E9.5, gene expression controlled by
Pol Il is not globally affected in the absence of TAF10; however, the
lack of TAF10 could induce a change in the steady-state mRNA
levels of specific genes.

DISCUSSION

The composition of TFIID and SAGA complexes in the developing
mouse embryo has not yet been described. Here, we analyzed the
composition of these complexes in E9.5 mouse embryos in the
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Fig. 8. A limited specific effect on Pol Il transcription in the
absence of TAF10 in the PSM. (A) Strategy used for the
microarray analysis from E9.5 microdissected PSM of control
(blue) and T-Cre, Taf10 mutant (red) embryos. (B) Scatter plot
comparing gene expression between control and T-Cre; Taf10
mutant PSM. Red dots correspond to statistically significant
differences for a fold change greater than 1.5 after t-test.

(C) Volcano plot comparing gene expression between control
and T-Cre/+;Taf101olox mutant PSM after FCROS analysis.
Red dots correspond to statistically significant differences fora
fold change greater than 1.5. (D) RT-gPCR analysis for cell
cycle genes from E9.25 control and TCre, Taf10 mutant tail
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presence and absence of TAF10. We showed that the absence of
TAF10 strongly affects TFIID and SAGA formation. 7af70 deletion
during somitogenesis confirmed the requirement of TAF10 during
embryonic development in agreement with previous studies (Indra
etal., 2005; Mohan et al., 2003; Tatarakis et al., 2008). However, in
contrast to these studies, we identified a time window at ~E9.5 when
no obvious somitogenesis defects are detected, despite the absence
of detectable full-length TAF10 protein in mutant embryos. In these
mutants, transcription is still broadly functional as shown by the
lack of any global effect on Pol II transcription.

TAF10 is required for TFIID and SAGA assembly during
development

Our data demonstrate a global decrease in TFIID and SAGA
assembly in 7af70 mutant embryos. In F9 cells, in the absence of
TAF10, TFIID is minimally affected by the release of TBP from the
complex, while interaction between the different TAFs is
maintained (Mohan et al., 2003), whereas in the liver TFIID
assembly is completely abrogated (Tatarakis et al., 2008). These
differences could be explained either by cell type-specific
differences or by a difference in the timing of these analyses
following 7af10 deletion, as Tatarakis et al. (2008) performed their
experiments §-15 days after 7af10 deletion. The status of SAGA has
not previously been investigated in 7af70 mutant embryos. Our
work demonstrates for the first time that not only TFIID, but also
SAGA is affected in Taf10 mutant embryos. Our new data show that
the defect in the assembly of canonical TFIID and SAGA is already
observed 2 days after the induction of 7af10 deletion, a timing that
coincides with the disappearance of detectable full-length TAF10
protein. On the other hand, we can still detect reduced interactions
between TAF7 and several TAFs following 7af10 deletion
suggesting that, as observed in HeLa or F9 cells, there could be
some TFIID-like complexes that do not contain TAF10, albeit in
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reduced levels. Our data exclude the existence of similar TAF10-
less SAGA-like complexes in the embryo.

TAF10 depletion is very efficient since no TAF10 proteins can be
detected by western blot in the mutant embryo lysates. Analysis of
the detected peptides strongly suggests that it is only in the TAF7 IP
(TFIID) that potential full-length TAF10 proteins are detected, albeit
at very low frequency. This suggests that very low levels of canonical
TFIID complexes could still be present at E9.5 in the mutant
embryonic lysates. Furthermore, these results, in comparison with the
SAGA IPs, suggest that TAF10 is very stable when incorporated into
TFIID, probably because of the lower rate of TFIID turnover
compared with that of SAGA.

TFIID is built from submodules that assemble in the cytoplasm, at
least in vitro (Bieniossek et al., 2013; Trowitzsch et al., 2015), and it
is likely that such TFIID submodules are immunoprecipitated in our
experiments since we performed our analyses using whole cell
extracts. The TAF7 paralog TAF7L, which has been associated with
germ cells and adipocytes (Zhou et al., 2013a,b), is not present in
TFIID IPs, indicating that the majority of TFIID contains TAF7, at
least at E9.5. However, other TAF paralogs such as TAF4A and
TAF4B, TAF9 and TAF9B, are detected. This potential TFIID
diversity could exist inside all the cells or could be cell type specific
and could explain the developmental differences observed between
LPM and paraxial mesoderm. However, novel methods will be
required to characterize the composition of TFIID and SAGA
complexes in a cell type-specific manner in the embryo.

A truncated TAF10 protein can potentially be integrated into
TFIID and SAGA submodules

Our strategy conditionally removes exon 2 and theoretically leads
to the splicing of exon 1 to exon 3 (Mohan et al., 2003). These
exons are not in frame and therefore the 77 amino acids coded
by exon 1 are followed by 15 extra amino acids in the mutant
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Table 1. Selection of differentially expressed genes in the PSM of E9.5 T-
Cre;Taf10 mutant embryos

Gene Absolute
Description symbol FC F-value
Cell cycle
growth arrest specific 5 Gasb -4.908 0.0177
-3.736  0.0178
-2.635 0.0179
-2.073 0.0183
cyclin-dependent kinase inhibitor 1A (P21) Cdkn1a 4.790 0.9820
cyclin-dependent kinase inhibitor 1C (P57) Cdkn1c 1.525 0.9795
cyclin-dependent kinase-like 3 Cdkl3 1.780 0.9811
cyclin G1 Ceng1 2.006 0.9817
RNA pol I-associated complexes
TATA box binding protein (Tbp)-associated Taf7d -2.317 0.0181
factor, RNA polymerase |, D
-2.266 0.0181
—2.040 0.0186
-1.790 0.0193
-1.632 0.0204
RNA pol ll-associated complexes
TAF6 RNA polymerase II, TATA box Taf6 1.724  0.9809
binding protein (TBP)-associated factor
TAF9B RNA polymerase Il, TATA box Taf9b 1.591  0.9786
binding protein (TBP)-associated factor
TAF5 RNA polymerase Il, TATA box Taf5 1.536 0.9788
binding protein (TBP)-associated factor
polymerase (RNA) Il (DNA directed) Polr2a 1.505 0.9792
polypeptide A
Signaling pathways and transcription factors
Mix1 homeobox-like 1 (Xenopus laevis) MixI1 1.566 0.9787
T-box 6 Tbx6 1.547  0.9799
E26 avian leukemia oncogene 2, 3’ domain Ets2 -1.538 0.0217
fibroblast growth factor 9 Fgf9 -1.550 0.0215
ephrin A5 Efnab -1.628 0.0208
dual specificity phosphatase 4 Dusp4  —-1.648 0.0202
R-spondin 3 homolog (Xenopus laevis) Rspo3  —-1.662 0.0200
cytochrome P450, family 26, subfamily a, Cyp26a71 -1.671 0.0206
polypeptide 1
caudal type homeobox 4 Cdx4 -1.519 0.0232
homeobox A7 Hoxa7 1.636  0.9806
homeobox B7 Hoxb7 1.823 0.9814
homeobox D1 Hoxd1 1.971  0.9817
homeobox A3 Hoxa3 2.550 0.9820
Cyclic genes
early growth response 1 Egr1 1.610 0.9791
cysteine rich protein 61 Cyr61 1.713  0.9810
dickkopf homolog 1 (Xenopus laevis) Dkk1 1.945 0.9811
sprouty homolog 4 (Drosophila) Spry4 -1.539 0.0219
ribosomal protein S3A Rps3a  —-1.586 0.0209

Statistical analysis was performed using FCROS with a cut-off of 1.5 for the fold
change (FC). Difference is considered significant for an F-value below 0.025 or
above 0.975. Where multiple entries appear for the same gene, each
corresponds to a different specific probe set.

(Fig. S4D). This mutant protein has the N-terminal unstructured
domain of TAF10 but, more importantly, lacks its HFD required for
the interaction with TAF3, TAF8 or SUPT7L/ST65G (Soutoglou
et al., 2005). HFD-HFD interactions are crucial for nuclear import
of TAF10, which does not contain any NLS (Soutoglou et al.,
2005). Since no TFIID subunits could be co-immunoprecipitated
from whole cell extracts of R26CERTZR . Tyf1flox/flox EQCs - after
4-hydroxytamoxifen treatment, with an antibody that recognizes the
N-terminal part of TAF10 (Fig. S5), it is very unlikely that this
truncated protein can be incorporated into mature SAGA and TFIID

complexes that are functional in the nucleus. However, we cannot
rule out the possibility that this truncated protein could be
incorporated into rare cytoplasmic submodules containing TAF7
or SUPT3. Nevertheless, because the 7af70 mutant heterozygotes
are indistinguishable from control embryos (Fig. 1A), this also
argues against a dominant-negative effect of this peptide.

Another interesting question is the functionality of these
potentially partial TFIID and/or SAGA complexes that are fully
depleted of TAF10 protein or contain the truncated TAF10. From
our data, it is obvious that these different partial complexes cannot
fully compensate for the loss of wild-type complexes, but one
cannot rule out a partial activity. Future analyses of the difference
between the different types of mesoderm could help to elucidate
whether such partial non-canonical TFIID and/or SAGA complexes
have activities.

Differential sensitivity to Taf10 loss in the mesoderm

Taf10 deletion in the mesoderm or in the whole embryo leads to
developmental arrest that could be explained by the upregulation of
Cdknla and Cdknlc expression. Similar observations were made in
yeast (Kirschner et al., 2002) and in F9 cells (Metzger et al., 1999)
following depletion of TAF10. Surprisingly, we also observed the
downregulation of the tumor suppressor GasJ5, which is associated
with increased proliferative and anti-apoptosis effects in cancer cells
(Pickard and Williams, 2015). Interestingly, Cdknla expression is
positively controlled by GasJ5 in stomach cancer at the transcript and
protein levels (Liu et al., 2015). It is thus possible that TAF10 is
required for the correct functioning of the Gas5 regulatory network
during development.

The phenotypes of null mutations in genes encoding TFIID-
TAFs, such as Taf7 (Gegonne et al., 2012) or Taf8 (Voss et al.,
2000), are very similar to that of the 7af70 mutant (Mohan et al.,
2003). In particular, these mutations are embryonic lethal around
implantation stage. Moreover, 7af7 null MEFs stop proliferating,
suggesting that the growth arrest observed in our mutants is a direct
consequence of the failure to properly build TFIID. We cannot
exclude a potential contribution of SAGA loss in our mutants.
However, deletion of genes coding for different enzymatic activities
of SAGA such as Kat2a,;Kat2b or Usp22 are embryonic lethal, but
with phenotypes much less severe than that of 7af70 mutation (Lin
et al., 2012; Xu et al., 2000; Yamauchi et al., 2000). Interestingly,
axial and paraxial mesoderm formation are affected in Kat2a,;Kat2b
mutants, whereas extraembryonic and cardiac mesoderm formation
are not (Xu et al., 2000), strongly suggesting that SAGA could also
have different functions in different types of mesoderm.

Another striking observation is that, although no TAF10 protein
could be detected as early as E8.5 in the mesoderm of 7-Cre, Taf10
mutant embryos, we observed a difference in sensitivity to Taf10
loss between the LPM (and the intermediate mesoderm) and the
paraxial mesoderm. We observed a very early defect in the LPM,
with strong downregulation of specific markers and absence of limb
bud outgrowth. The absence of limb buds could be explained by a
defect in FGF10 signaling activation in the mesoderm and/or by cell
death in the LPM that occurs earlier than in the paraxial mesoderm
of T-Cre;Taf10 mutants. The relative resistance of the mutant
paraxial mesoderm to cell death also suggests a difference of
sensitivity. A similar observation has been made in F9 cells, where
RA-induced differentiation of F9 cells into primitive endoderm
rescued the apoptosis of 7af10 mutant cells (Metzger et al., 1999).
This effect was not observed when F9 cells were differentiated into
parietal endoderm in the presence of RA and cAMP (Metzger et al.,
1999). An interesting possibility is that, being the principal source
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of RA (Niederreither et al., 1997), the paraxial mesoderm is
protected from cell death in the mutant embryos via an autocrine
mechanism. A difference in sensitivity has also been observed in
Taf10 mutant blastocysts, where the inner cell mass dies by
apoptosis, whereas trophoblast can be maintained in culture (Mohan
et al., 2003). It is interesting to note that trophoblast, primitive and
parietal endoderms are extraembryonic structures and are not part of
the fully developed embryo. This is the first in vivo observation of a
difference in sensitivity to the loss of 7af70 in an embryonic lineage.
Since Tafl0 was deleted in paraxial mesoderm and LPM
progenitors, we cannot rule out the possibility that the increased
sensitivity of the LPM is indirect and mediated by the paraxial
mesoderm, although we did not observe any obvious change in gene
expression in the PSM at a time when limb bud development is
already affected. Nevertheless, a tempting speculation is that TAF10
could serve as an interface of interaction with an LPM-specific
transcription factor, as has been described recently for GATAI1
during erythropoiesis (Papadopoulos et al., 2015).

MATERIALS AND METHODS

Mice

Animal experimentation was carried out according to animal welfare
regulations and guidelines of the French Ministry of Agriculture (ethical
committee C2EA-17 projects 2012-077, 2012-078, 2015050509092048).
All the lines have already been described (supplementary Materials and
Methods). The day of vaginal plug was scored as embryonic day (E) 0.5.
Tamoxifen (Sigma) resuspended at 20 mg/ml in 5% ethanol/filtered
sunflower seed oil was injected intraperitoneally [150 pl (3 mg) fora 20 g
mouse] at E7.5.

Embryos whole cell extracts

E9.5 mouse embryos (16-20 somites) were lysed in 10% glycerol, 20 mM
Hepes pH 7, 0.35M NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.1% Triton
X-100 with protease inhibitor cocktail (PIC, Roche) on ice. Lysates
were treated three times with a pestle stroke followed by three liquid nitrogen
freeze-thaw cycles. Lysates were centrifuged at 20,817 rcf for 15 min at
4°C and the supernatants were used directly for IPs or stored at —80°C for
western blots.

Immunoprecipitations

Inputs were incubated with Dynabeads coated with antibodies (see
supplementary Materials and Methods and Table S3) overnight at 4°C.
Immunoprecipitated proteins were washed twice for 5 min each with
500 mM KCl buffer [25 mM Tris-HCI (pH 7), 5 mM MgCl,, 10% glycerol,
0.1% NP40, 2 mM DTT, 500 mM KCI and PIC (Roche)], then washed
twice for 5 min each with 100 mM KCI buffer (25 mM Tris-HCI pH 7,
S mM MgCl,, 10% glycerol, 0.1% NP40, 2 mM DTT, 100 mM KCI and
PIC) and eluted with 0.1 M glycine pH 2.8 three times for 5 min each.
Elution fractions were neutralized with 1.5 M Tris-HCI pH 8.8.

Western blots

Immune complexes or 15 pg embryo lysates were boiled for 10 min in
100 mM Tris-HCI1 pH 6.8, 30% glycerol, 4% SDS, 0.2% Bromophenol
Blue, 100 mM DTT, resolved on a precast SDS-polyacrylamide gel 4-12%
(Novex) and transferred to nitrocellulose membrane (Protran, Amersham).
Membranes were blocked in 3% milk in PBS for 30 min and incubated with
primary antibody (Table S3) overnight at 4°C. Membranes were washed
three times for 5 min each with 0.05% Tween 20 in PBS. Membranes were
incubated with HRP-coupled secondary antibodies (Table S3) for 50 min at
room temperature, followed by ECL detection (ThermoFisher Scientific).

Mass spectrometry analyses

Samples were analyzed using an UltiMate 3000 RSLCnano (Thermo
Scientific) coupled in line with a linear trap Quadrupole (LTQ)-Orbitrap
ELITE mass spectrometer via a nano-electrospray ionization source
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(Thermo Scientific). Data were analyzed by calculation of NSAF,,;; (see
supplementary Materials and Methods).

Section and immunolocalization

Embryos were fixed in 4% paraformaldehyde for 2 h at 4°C, rinsed three
times in PBS, equilibrated in 30% sucrose/PBS and embedded in
Cryomatrix (Thermo Scientific) in liquid nitrogen vapors. Sections (20
um) were obtained on a Leica cryostat. Immunolabeling was performed as
previously described (Vincent et al., 2014). Sections were counterstained
with DAPI (4’,6-diamidino-2-phenylindole dihydrochloride; Molecular
Probes) and imaged with an LSM 510 laser-scanning microscope (Carl
Zeiss) and 20x Plan APO objective (NA 0.8).

Luvelu imaging

Freshly dissected embryos were kept in DMEM without Phenol Red (Life
Technologies). Luvelu signal was detected using an SP5 TCS confocal
microscope (Leica) with a 20x Plan APO objective (NA 0.7).

Whole-mount in situ hybridization (WISH), X-gal and LysoTracker
Red staining

WISH was performed as described (Nagy et al., 2002). Axin2, Fgf8, Hand?2,
Lfng, Msgnl, Myf5, Shh, Snail and Uncx4.1 probes have been described
(Aulehla and Johnson, 1999; Aulehla et al., 2008; Crossley and Martin,
1995; Dale et al., 2006; Echelard et al., 1993; Mansouri et al., 1997; Ott
etal., 1991; Srivastava et al., 1997; Yoon et al., 2000). A minimum of three
embryos were used for the classical markers and a minimum of seven
embryos were used for the cyclic genes. X-gal and LysoTracker Red
(Molecular Probes) stainings were performed as described (Rocancourt
et al., 1990; Vincent et al., 2014).

RT-qPCR and statistical analysis

Microdissected embryo tail tip or trunk tissue (without limb buds for the
controls) was lysed in 500 ul TRIzol (Life Technologies). RNA was
extracted according to the manufacturer’s recommendations and
resuspended in 20 ul (trunk) or 11 pul (tail tips) RNase-free water
(Ambion). Reverse transcription was performed using the QuantiTect
Reverse Transcription Kit (Qiagen) in 12 pl reaction volume and diluted by
adding 75 pl RNase-free water. Quantitative PCRs were performed on a
Roche LightCycler II 480 using LightCycler 480 SYBR Green I Master
(Roche) in 8 pl reaction volume (0.4 ul cDNA, 0.5 uM primers). Four
mutants and four controls with the same somite number were analyzed in
triplicate. Statistical analysis and primer sequences are described in the
supplementary Materials and Methods and Table S4.

Microarray and statistical analysis

Posterior PSMs of E9.5 embryos were individually microdissected
(Dequéant et al., 2006) and lysed in 200 ul TRIzol, and the yolk sac was
used for genotyping. Three PSMs of 17- to 19-somite embryos of the same
genotype were pooled for one replicate and analyzed on GeneChip MoGene
1.0 ST arrays (Affymetrix). Data were normalized using RMA
(Bioconductor), filtered, and FCROS (Dembélé and Kastner, 2014) was
used for the statistical analysis (supplementary Materials and Methods).
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Supplementary Figures

Fig. S1. TAF10 is expressed in the nuclei of the embryo. (A-B) Whole-mount in situ
hybridization of TaflI0 at E8.5 (A) and E9.5 (B). (C-J) Co-immunolocalization of TAFI10,
Myogenin and DAPI in E10.5 tail transverse sections. (C-D) Colocalization of TAF10 (red) and
Myogenin (MYOG, green). (E-J) DAPI (E,F), TAF10 (G,H) and merge (I,J) magnifications
corresponding to the boxes indicated in C and D. (D,F,H,J) Competition with the PC144 peptide
used to raise the anti-TAF10 antibody. Nuclear signal of TAF10 (D,H,J) is abolished without
affecting the Myogenin signal (D). The non nuclear signal that persists after peptide competition
is not specific. Scale bars in A-B and C-J represent 500 ym and 50 ym, respectively.
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| TAF10 I DAPI [ TAF10 _DAPI |

E9.5

| E95

E10.5

Fig. S2. TAF10 is ubiquitously expressed in the embryo. (A-I) Inmunolocalization of TAF10
(A,D,G) and DAPI (B.E.,H) on wild type embryo sections at E9.5 (A-F) and E10.5 (G-I). (A-C)
Sagittal section at the level of the anterior part of the embryo. The asterisk marks the trapping of
the secondary antibody in the foregut pocket. (D-F) is a magnification of the region indicated in
C, focusing on the heart. (G-I) is a section at the level of the limb bud. NT; neural tube, ht; heart,
fg; foregut; Ed; endocardium, My; myocardium, Ms; mesenchyme, Ec; ectoderm. Scale bars
represent 50 ym.

C
Qo
)

(]

£

—
hes
£

>

—

©
-

c

J]

£
@

aQ

a

]
)

(]
4+

[

7]

£

<
ke)

o

>

9]
(@)




Development 144: doi:10.1242/dev.146902: Supplementary inforn

A ——Histone fold domain——
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Taf10 allele (11 ] [2] B _[4] [I5 ]
[T ] } [2] } Bl [4] [T5]
Taf10 allele [T } [El_[a1 [ 1

B human TAF10
MSCSGSGADPEAAPASAASAPGPAPPVSAPAALPSSTAAENKASPAGTAGGPGAGAAAGGTGPLAAR

AGEPAERRGAAPVSAGGAAPPEGAISNGVYVLPSAANGDVKPVVSSTPLVDFLMOLEDYTPTIPDAV
TGYYLNRAGFEASDPRIIRLISLAAQKFISDIANDALQHCKMKGTASGSSRSKSKDRKYTLTMEDLT
PALSEYGINVKKPHYFT

(: mouse TAF10
MSCSGSGADPEAATACAASVAGPAPLVSAPAALPTSTAAESKASPAGTAGGPVAGVATAGTGPVAAR
AGEPAERRGPASVAAGGAAPPEGAMSNGVYALPSAANGEVKPVVSSTPLVDFLMOLEDYTPTIPDAV
TGYYLNRAGFEASDPRIIRLISLAAQKFISDIANDALQHCKMKGTASGSSRSKSKDRKYTLTMEDLT
PALSEYGINVKKPHYFT

D truncated TAF10
MSCSGSGADPEAATACAASVAGPAPLVSAPAALPTSTAAESKASPAGTAGGPVAGVATAGTGPVAAR

AGEPAERRGPDPRCSDWLLPEPRWL

Taf10%* allele

E S 2 F R GCreERT2/CreERT2
% Taf1 Oﬂox/ﬂ ox
2 WT  +tamE7.5
E #1 #2 #3 #4
3 TAF1O I
5 TAarsA RO S
o
.0
g _6

Taf10 ex3-ex5
Taf10 ex2-ex3

Fig. S3. Deletion of Taf10. (A) Strategy of the generation of the Tafl0 deletion using the
Taf10™ allele (Mohan et al., 2003). The exon 2 is deleted upon Cre expression. The coding
sequences of the Histone Fold Domain (HFD) is highlighted by dark grey bars. The deleted allele
can theoretically produce a truncated protein that does not contain the HFD, coded by exon 1 and
but exon 3 that is out of frame. (B) Protein sequence of the human TAF10: the sequence of the
peptides used to raise the 23TATHS8 (yellow) and 6TA2B11 (blue) anti-TAF10 antibodies (C,D)
Protein sequence of the murine wild type TAF10 (C) and of the truncated protein (D) potentially
present after deletion. Coding sequences of exon 1 are indicated in bold characters. The new extra
15 amino-acids encoded by exon 3 are indicated in italics. The HFD is highlighted in grey. (E)
RT-qPCR analysis from tail tips of E9.25 control (white) and TCre/+;Taf10""* mutant (grey)
tail tips. Tafl0 ex3-ex5 amplifies a sequence that is shared by the wild type and the deleted
transcripts whereas Taf10 ex2-ex3 amplifies a sequence only present in wild type transcript. -
AACp are normalized to Gapdh. **; p-value <0.01, ***; p-value <0.001 (n=4 for TafI0 ex2-ex3
and n=2 for Taf10 ex3-ex5, Aspin Welch corrected Student's t-test). The error bars indicate s.e.m.
(F) Anti-TAF10 and anti-TAF4 western blot analysis of whole cell extract from ES8.5
R26ERT2CeERT2 T £1 0"V embryos, induced at E7.5 by tamoxifen injection at E7.5.
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A #1

MSCSGSGADPEAATACAASVAGPAPLVSAPAALPTSTAAESKASPAGTAGGPVAGVATAGTGPVAAR

AGEPAERRGPASVAAGGAAPPEGAMSNGVYALPSAANGEVKPVVSSTPLVDFLMQLEDYTPTIPDAV
#2 #3 #4

TGYYLNRAGFEASDPRITIRLISLAAQKFISDIANDALQHCKMKGTASGSSRSKSKDRKYTLTMEDLT

PALSEYGINVKKPHYFT
B TFID C SAGA
#1 #2 #3 #4 #1 #2 #3 #4
ipTp _control 4 0 0 0 IP-TRRAP _Control 3 1 1 1
mutant O 0 0 0 mutant O 0 0 0
Ip-TAF7 <ontrol 9 0 4 6 |p-sypT3 _control 12 1 4 0
mutant 6 1 0 0 mutant 6 0 0 0

D #1

MSCSGSGADPEAATACAASVAGPAPLVSAPAALPTSTAAESKASPAGTAGGPVAGVATAGTGPVAAR

AGEPAERRGPDPRCSDWLLPEPRWL

Fig. S4. Abnormal distribution of the TAF10 MS peptides detected in R26Cre;Taf10 mutant
embryos. (A) Localization of the MS peptides (#1 to #4) on the sequence of the full-length
TAF10 protein. The peptides are indicated in red letters. The coding sequence corresponding to
the first exon is highlighted in bold. (B-C) Number of TAF10 detected MS peptides in control
and R26Cre,;Taf10 mutant embryos in each TFIID (B) and SAGA (C) IPs. (D) Localization of the
MS peptide #1 (red) on the sequence of putative TAF10 truncated protein. The 15 extra amino-
acids coded by exon 3 (not in frame) are indicated in green italics.
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Fig. S5. The potential truncated TAF10 peptide is not able to form a TFIID complex in
Taf10 mutant ES cells (A) Western blot analysis of TBP, TAF4A, TAF6, TBP and full length
TAF10 protein of input (in), flowthrough (ft) and elution (el) from Nterm-TAF10-IP from control
(EtOH) and mutant (4-OHT) Taf10 conditional mutant ES cells. (B,C) NSAF values for TFIID
(B) and SAGA (C) complexes subunits of Nterm-TAF10-IP from control (EtOH) and Taf10
mutant (4-OHT) ES whole cell extracts. The control (EtOH) and mutant (4OHT) conditions are
indicated in white and grey, respectively. 4-OHT; 4-hydroxy-tamoxifen.
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control

| T-Cre/+: Taf1Qfoxfiox ||

Fig. S6. TAF10 depletion is already effective in the LPM and in the paraxial mesoderm at
E8.5. (A-H) TAF10 immunocolocalization on E8.5 transverse wild type (10 somites; A,C.E,G)
and T-Cre;Taf10""* mutant (8 somites; B,D,F,H) embryos, at the heart (A-D) and at the
posterior somites (E-H) levels. Pm; paraxial mesoderm, Ec; ectoderm, LPM; lateral plate
mesoderm, Ht; heart. The asterisk (*) indicates background due to secondary antibody trapping in
the endoderm. Scales bars represent 50 ym.
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| control (E9.5) [ | T-Cre/+; Taf10¥ox (EQ.5) |

[ | Axin2 [ Hes7

Snai1

Fig. S7. Expression of the cyclic genes in the absence of TAF10. (A-F) Whole-mount in situ
hybridization of E9.5 control (A,C.E,) and T-Cre/+;Taf10"*" mutant (B,D,F) embryos using
Hes7 (A B), Axin2 (C,D) and Snail (E.F). For each probe, 3 different phases expression pattern
are displayed, bands are highlighted by red arrows and the anterior limit of the posterior domain
yellow arrows in C-F. The absence of TAF10 in the PSM does not affect the cyclic expression of
Notch pathway (Hes7), Wnt (Axin2) or FGF (Snail) pathways. Scale bars represent 500 ym.
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control

IHes7-Cre/+; Taf 10| |

Fig. S8. Delayed myogenesis in Hes7-Cre/+;Taf10"™* mutant embryos. (A-F) Whole-mount
in situ hybridization of E9.5 control (A-C) and Hes7-Cre/+;Taf10""* mutant (D-F) embryos
using Myf5 (A,D), Myog (B.E) and Mrf4 (C.,F) showing decreased expression of these myogenic
markers in the absence of TAF10. Scale bars represent 500 ym.
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Fig. S9. Validation of the microarray analysis. (A-C) RT-qPCR analysis for cyclic genes (A),
TFIID-related TAFs (B) and SAGA-related TAFs (C) from tail tips of E9.25 control (white) and
TCre/+;Taf10"™ mutant (grey) tail tips. - AACp are normalized to Gapdh. ns; non significant, *;
p-value <0.05, **; p-value <0.01, ***; p-value <0.001 (n=4 except for Taf10 where n=2, Aspin
Welch corrected Student's t-test). The error bars indicate s.e.m.
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control

IP TBP IP TAF7 IP SUPT3 IP TRRAP
PSM* bait 10/6/7 40/37/33 19/18/20 62/65/71
SAF bait 0.02421859 0.107611082 0.046817713 0.025712615
total SAF 3.235144528 4.882771593 3.73445435 7.255567912
total protein 1185 1401 1213 1670
detected

mutant

IP TBP IP TAF7 IP SUPT3 IP TRRAP
PSM* bait /716 32/24/29 8/15/9 67/67/52
SAF bait 0.021105319 0.082964463 0.026096693 0.02418102
total SAF 7.205885749 3.567467454 4.777603295 8.991233196
total protein 1525 1137 1054 1613
detected

Table S1. Mass spectrometry results for the different IPs.
PSM*; peptide spectrum match, SAF; spectral abundance factor
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Table S2. Differentially expressed genes in PSM of E9.5 T-Cre;Taf10 mutant versus control
embryos

Click here to Download Table S2
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antibody type reference

anti-H3 rabbit polyclonal Abcam 1791

anti-TAF10 mouse monoclonal 6TA2B11 (Mohan et al., 2003)
antiNterm-TAF10 mouse monoclonal 23TA1HS8 (Wieczorek et al., 1998)
anti-TBP mouse monoclonal 3TF13G3 (Brou et al., 1993)
anti-TAF4 mouse monoclonal 32TA2B9 (Perletti et al., 2001)
anti-TAF5 mouse monoclonal ITA1C2 (Jacq et al., 1994)

anti-TAF6 mouse monoclonal 22TA2A1 (Wieczorek et al., 1998)
anti-TRRAP mouse monoclonal 2TRA1B3 (Nagy et al., 2010)
anti-GST mouse monoclonal 15TF21D10 (Nagy et al., 2010)
anti-Myogenin rabbit polyclonal SC-576 Santa Cruz

anti-Rabbit  IgG,  Alexa | goat polyclonal Molecular Probes A-11008

Fluor® 488 conjugate

anti-Mouse  IgG ~ Alexa | goat polyclonal Molecular Probes A-11018

Fluor® 546 conjugate

anti-Rabbit IgG Peroxydase | goat polyclonal Jackson ImmunoResearch 111-035-
conjugate 144

anti-Mouse IgG Peroxydase | goat polyclonal Jackson ImmunoResearch 111-036-

conjugate

071

Table S3. List of antibodies.
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Table S4. Primer sequences.

Click here to Download Table S4
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Supplementary Material and Methods

Mouse lines

Tg(T-Cre) (Perantoni, 2005), Tg(Hes7-Cre) (Niwa et al., 2007), Tg(Luvelu) (Aulehla et al.,
2008), R26“**"* (Ventura et al., 2007), R26" (Soriano, 1999) and Taf10™* (Mohan et al., 2003)

lines have already been described.

Generation of antibodies

The rabbit polyclonal anti-SUPT3 (3118), anti-TAF7 (3475) and anti-TAF8 (3478) have been
generated at the IGBMC antibody facility, with purified proteins. The first 285 amino-acids of
human SUPT3 fused to a His tag were produced in BL21DE3 bacteria and purified with Ni-NTA
beads (Qiagen). Whole protein cDNAs for human TAF7 and mouse TAF8 were produced via
baculovirus in SF9 cells. For TAFS, infected SF9 cell pellet was boiled and resolved on a 10%
SDS PAGE gel, then the TAF8 corresponding band was cut, frozen in liquid nitrogen and
crushed. Resulting powder was directly injected into rabbits. For SUPT3 and TAF7, the purified
proteins were injected into rabbits directly. The resulting sera were then purified using Affigel
(Biorad) coupling followed by Poly-Prep columns (Biorad) purification against the TAF7 protein,
the first 285 amino-acids SUPT3 or TAF8-TAFI10 coupled protein to purify anti-TAF7, anti-

SUPT3 and anti-TAF8 antibodies, respectively.

Immunoprecipitations from R26**"*®;Taf10""* embryos

Pooled lysates from control and mutant embryos, respectively, were split in 4. IPs were
performed in two series: first, anti-GST, anti-TBP, anti-TAF7 and anti-TRRAP (IP mock, IP TBP
#1,1P TAF7 #1 and IP TRRAP #1). For the second series, flow through (FT) was collected after
an overnight incubation, and used as inputs for the second IPs of the other complexes with fresh
Dynabeads coated with fresh antibodies overnight at 4°C (IP TAF7 #2 from FT GST #1, IP TBP

#2 from FT TRRAP #1, IP SUPT3 #2 from FT TBP #1 and IP TRRAP #2 from FT TAF7 #1). IP
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SUPT3 #2, IP TRRAP #1, IP TAF7 #2 and IP TBP #1 that yielded the highest number of

peptides for the bait were conserved for the study.

Immunoprecipitations from R26"**™®; Taf10""* mouse ES cells

R26*RTR. Taf 10" mouse ES cells (mES) were derived from R26““"*"*®;Taf10""* E3.5
blastocysts (Vincent SD, unpublished data), maintained on gelatin 0.1% in PBS-coated (PAN
BIOTECH) feeder-free culture plates at 37 °C in 5% CO2, in a maintenance medium composed
of DMEM supplemented with 15% fetal bovine serum (FBS, Millipore), penicillin, streptomycin,
2 mM L-glutamine, 0.1 mM non essential amino acids, 0.1% (- mercaptoethanol, 1,500 U/mL
LIF and 2i inhibitors (Ying et al., 2008) (CHIR99021 3uM and PD0325901 1xM (Axon
medchem)). Mouse ES cells were treated with 0.01% EtOH (control) or 100nM 4-OHT (SIGMA)
(mutant) for 4 days.

After 2 PBS washes at 4°C, the cells were then scrapped, collected after 20817 rcf centrifugation
for 15 min at 4°C and lysed in 10% glycerol, 20 mM Hepes (pH7), 0.35 M NaCl, 1.5 mM
MgCl2, 0.2 mM EDTA, 0.1% Triton X-100 with protease inhibitor cocktail (PIC, Roche) on ice.
Lysates were treated 3 times with pestle stroke followed by 3 liquid nitrogen freezing-thaw
cycles. Lysates were centrifuged at 20817 rcf for 15 min at 4°C and the supernatants were used
directly for IPs or stored at -80°C for western blots.

Four mg inputs were incubated with Protein G Sepharose beads (SIGMA) coated with the anti N
terminal TAF10 (23TA1H8) mouse monoclonal antibody (Wieczorek et al., 1998) overnight at
4°C. Immunoprecipitated proteins were washed twice 5 min with 500 mM KCI buffer (25 mM
Tris-HC1 HCI (pH7), 5 mM MgCI2, 10% glycerol, 0.1% NP40, 2 mM DTT, 100 mM KClI and
PIC (Roche)) and eluted with 0.1 M glycine (pH2.8) for 5 min three times. Elution fractions were

neutralized with 1.5 M Tris-HCl (pH8.8).

Mass spectrometry analyses and NSAF calculations
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Samples were TCA precipitated, reduced, alkylated and digested with LysC and Trypsin at 37°C
overnight. After C18 desalting, samples were analyzed using an Ultimate 3000 nano-RSLC
(Thermo Scientific, San Jose, California) coupled in line with an linear trap Quadrupole (LTQ)-
Orbitrap ELITE mass spectrometer via a nano-electrospray ionization source (Thermo Scientific).
Peptide mixtures were loaded on a C18 Acclaim PepMap100 trap column (75 pm inner diameter
x 2 cm, 3 pm, 100 A; Thermo Fisher Scientific) for 3.5 min at 5 pl/min with 2% acetonitrile
(ACN), 0.1% formic acid in H,0O and then separated on a C18 Accucore nano-column (75 pm
inner diameter x 50 cm, 2.6 pm, 150 A; Thermo Fisher Scientific) with a 240-min linear gradient
from 5% to 50% buffer B (A: 0.1% FA in H,O; B: 80% ACN, 0.08% FA in H,0) followed with
10 min at 99% B. The total duration was set to 280 min at a flow rate of 200 nL/min. Peptides
were analyzed by high resolution full MS scan (R240K, from 300 to 1650 m/z range) followed by
20 MS/MS events using data-dependent CID (collision induced dissociation) acquisition.

Proteins were identified by database searching using SequestHT (Thermo Fisher Scientific) with
Proteome Discoverer 1.4 software (Thermo Fisher Scientific) a combined Mus musculus
database (Swissprot, release 2015_11, 16730 entries) where 5 sequences of protein of interest
(TrEMBL entries) were added. Precursor and fragment mass tolerances were set at 7 ppm and 0.5
Da respectively, and up to 2 missed cleavages were allowed. Oxidation (M) was set as variable
modification, and carbamidomethylation (C) as fixed modification. Peptides were filtered with a
false discovery rate (FDR) and rank 1: FDR at 5 %, rank 1 and proteins were identified with 1
unique peptide.

Normalized spectral abundance factor (NSAF) (Zybailov et al., 2006) normalized to the bait
(NSAF,,,) were obtained as followed (PSM*; peptide spectrum match, SAF; spectral abundance

factor, x; protein of interest):
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PSM Z(IP) - PSM ;kc(IPmock)

SAF (x) =
length(x)
NSAF =29 100
E SAF ()
i=1
NSAFbaiz(x) = M
NSAF (pair)

For the Nterm-TAF10 IP analyses, only the NSAF was calculated since the bait was not detected

in the mutant conditions.

Microarrays and statistical analysis

Total RNA was prepared from 3 replicates (control and mutant), following the
recommendations of the manufacturer. Biotinylated single strand cDNA targets were prepared,
starting from 150 ng of total RNA, using the Ambion WT Expression Kit (Cat # 4411974) and
the Affymetrix GeneChip® WT Terminal Labeling Kit (Cat # 900671) according to Affymetrix
recommendations. Following fragmentation and end-labeling, 1.9 pg of cDNAs were hybridized
for 16 hours at 45°C on GeneChip® Mouse Gene 1.0 ST arrays (Affymetrix). The chips were
washed and stained in the GeneChip® Fluidics Station 450 (Affymetrix) and scanned with the
GeneChip® Scanner 3000 7G (Affymetrix) at a resolution of 0,7 ym. Raw data (.CEL Intensity
files) were extracted from the scanned images using the Affymetrix GeneChip® Command
Console (AGCC) version 3.2.

Background correction, quantile normalization and summarization by median polish were
performed using RMA (Bioconductor package version 2.14 (R version 3.1.0)). Data were filtered
automatically by estimating the 100" lowest value of the data series and setting up a background
threshold to 3 times this value and by removing manually all the pseudogenes and the expressed
sequences. After filtration, 18064 out of 34760 probesets (51.9%) remained. Statistical analysis

was performed using the FCROS package version 1.1 (R version 3.1.0) (Dembélé and Kastner,
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2014) that calculates a f value. Differences are considered significant for f value below 0.025 or

above 0.0975. Scatter plot and vulcano plots were performed using R software version 3.1.0.

RT-gqPCR and statistical analyses

Unless  specified, primers (Table S4) were designed wusing Primer3
(www .ncbi.nlm.nih.gov/tools/primer-blast) and validated.

To compare RNA polymerases I and II transcriptions, each Cp values were normalised by
dividing each Cp to the mean of all Cp (mutants and controls) for one set of primers. Data were
analysed using a Student's #-test with an Aspin Welch correction.

For the gene expression analyses from tail tips, -AACp values were calculated first by
normalizing each Cp to the mean of the Cps for Gapdh, then by subtracting each ACp of the
different controls from the ACp of the sample of interest for a given gene of interest, therefore
generating 2x16 -AACp values for mutants and controls, for one given gene. Data were analysed
using a Student's r-test with an Aspin Welch correction. Calculations and graphs were obtained

using R (3.1.0).
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X. Biochemical characterization of TAF10-containing complexes

We showed that TAF10 is necessary for the assembly of TFIID and SAGA complexes
in the whole embryo. Given that the embryo at E9.5 is a mixture of several tissues, we did not
obtain any information regarding potential differences in TFIID composition in specific tissues.
Despite our efforts, it was not possible to obtain proteomics data of enough good quality directly
from the PSM. Therefore, | developed an alternative approach with the use of mes cells. The
goal was to assess the composition of TAF10-containing complexes in mES cells, as well as in

other cell types to check if there was any difference, in presence and in absence of TAF10.

1. Technical optimization of immuno-precipitation for the TAF10-containing

complexes

a. Antibody validation

Prior characterizing the composition and the assembly of the TAF10-containing
complexes, | looked for the best antibodies for immuno-precipitation among the available
antibodies in the laboratory. Antibodies against almost all the subunits of TFIID and SAGA are
available, but most of them were originally raised against the human proteins. Since there was
no guarantee that they could also be suited for immuno-precipitations on mouse samples, in
collaboration with lvanka Kamenova, we first checked whether these antibodies could
recognize mouse proteins and pulled town the targeted complexes. For that, | prepared large
quantities of whole cell extracts from the mouse T-cell leukemia cell line T29 (cell line
described in (Dumortier et al. 2006)). These cells grow in suspension and can be amplified at a
large scale, making them very convenient to get sufficient quantities of starting material for the
optimization experiments. For each immuno-precipitation, | started with 4 mg of whole cell
extracts and | checked by western-blot whether I got of the TFIID and/or SAGA subunits. When
known subunits of TFIID and/or SAGA were detected by western-blot, samples were sent for
analysis by liquid chromatography coupled with a tandem mass spectrometry (LC-MS/MS).
Results of this validation are recapitulated in (Table 4), and the proteomics data is presented in
(annexes 11-VI1II1). The best antibodies were chosen based on their ability to pull-down the
targeted complex with a high number of peptides for all its subunits in a specific manner. The
specificity of the antibody could be assessed by comparing the number of peptides of a given

subunit obtained by immuno-precipitation with this antibody and with an antibody raised
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against the glutathion S-transferase protein (corresponding to the mock immuno-precipitation,

which was expected to give the lowest number of peptides as possible for TFIID and SAGA

subunits). Following these criteria, the best antibodies that were chosen were TBP and TAF7
for pulling-down TFIID, and TRRAP and SUPT3H for pulling-down SAGA. TBP and TRRAP

were chosen also because they are part of other transcriptional complexes (SL1/TFIIIB

complexes and TIP60/NuA4 complexes respectively) which are not targeted by TAF10 protein

depletion and could thus serve as internal controls.

Table 4: Validation for immuno-precipitations of antibodies raised

SAGA subunits.

against TFIID and

Antibody
against

Antibody
reference

Testing
material

Quantity of

material tested

Validation

TAF1

2439

(fraction #7).

2440
(fraction #2)

Human &
mouse

4 mg

works for
immuno-
precipitation from
human and mouse
samples

TAF2

3038

Human &
mouse

4 mg

works for
immuno-
precipitation from
human only

TAF3

2F5

Mouse

4 mg

Does not work for
immuno-
precipitation from
mouse samples

TAF4

Mouse

4 mg

does not work
efficiently for
immuno-
precipitation from
mouse T29
samples

TAF7

3475
(fraction #2)

Mouse

4 mg, 1 mg, 0.7

mg

works for
immuno-
precipitation from
mouse samples

TAF8

3477/3478

Human &
mouse

4 mg

works for
immuno-
precipitation from
human and mouse
samples
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TAF10 6TA2B11 Human & 4 mg works for
mouse immuno-
precipitation from
human and mouse

samples
TBP 3TF13G3 Mouse 4 mg, 1 mg, 0.7 | works for
mg immuno-

precipitation from
mouse samples
KAT2A 5GC2A6 Mouse 4 mg works for
(GCN5) immuno-
precipitation from
mouse samples but
not completely
specific
ATXN7L3 1ATX2D7 Mouse 4 mg works for
immuno-
precipitation from
mouse samples but
not efficient
SUPT20H 3006 Mouse 4 mg does not work
efficiently for
immuno-
precipitation from
mouse samples
SUPT3H 3118 Mouse 4 mg, 1 mg, 0.7 | works for
(fraction #2) mg immuno-
precipitation from
mouse samples
TRRAP 2TRR1B3 Mouse 4 mg, 1 mg, 0.7 | works for

mg immuno-
precipitation from
mouse samples

b. Starting material reduction

After having validated antibodies suitable for the immuno-precipitation experiments, I
optimized the quantity of starting material needed. | started with 4 mg, which was the quantity
routinely used in the laboratory for this kind of experiment, and | tested 1 mg, which could be
easily obtained with whole cellular extract prepared from mES cells, and 700 ug which
corresponded to the maximum quantity I could get from the embryos | collected during one
year. For these quantities of starting material, | was still able to detect most of the subunits of
TFIID and SAGA. Results are summarized in (Table 4).
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c. Processing and analysis of the proteomics data

To analyze the proteomics data, | used the data filtered with the false discovery rate of
5% and using the protein identification based on at least one unique peptide. Analyses based on
protein identification with at least two unique peptides gave similar results. To make sure that
even the smallest subunits of TFIID and SAGA complexes could be detected, the one unique
peptide identification was used. From the data obtained, the normalized spectral abundance
factor (NSAF) (Zybailov et al. 2006) was calculated for each protein detected in the sample
analyzed. NSAF values indicate the proportion of a protein in the sample mixture, and takes
into account the sample-sample variation. In addition, it avoids the bias related to the length of
the protein, since longer proteins generate more peptides than shorter proteins. Here, the NSAF
of every protein was normalized with the NSAF of the bait protein and calculated as followed

(PSMXx: peptide spectrum match, SAF: spectral abundance factor, IP: immuno-precipitation):

(1) The APSMx of each peptide, calculated with the PSMx obtained from the mock
immuno-precipitation against the GST protein, is normalized with the length of the

protein (number of amino acids) which gives the SAF value:

PSMx ap) — PSMx (IP mock)

SAF@ = length (x)

(2) The NSAF is calculated as a percentage of the sum of all the SAF values:

NSAF 4K 100
=X

(3) Each NSAF is normalized with the NSAF from the bait:

NSAF,

NSAFpgit () = NSAF pairy

Proteomics data was processed following these calculations and was semi-automatized with a

script that | designed with the R software (annexe ).
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2. TFIID and SAGA characterization in different cellular contexts

In order to determine the precise composition of TFIID and to assess potential
differences between different cell-types, | compared the data obtained from TAF7
immunoprecipitations between thymocytes (T29), pluripotent cells (mES cells) and the embryo
(figure 15 A). Very similar results were obtained for T29, mES and the embryo (figure 15 A),
indicating that the global TFIID complex composition is conserved even in different cellular
contexts. In thymocytes, most of the TFIID subunits were detected but the stoichiometry of
TAF6 and TAF9 was different since they were found in higher amounts (figure 15 A). Note
that TAF9b was not detected in thymocytes with this immuno-precipitation, but could be
detected in TBP immuno-precipitation (annexe 1V). This data provides a detailed view of the
composition of TFIID in different cellular contexts. The canonical TFIID is found, but it

undergoes some changes in its composition.

The TRRAP-immunoprecipitation (figure 15 B and C) showed that there are
differences between T29 cells, mES cells and the embryo for the TIP60/NuA4 complex (figure
15 B). In the embryo, ACL6A, ACTB, H2AZ and H2B1F are more represented than in T29
cells and in mES cells (figure 15 B). In mES cells, ACTB was not detected but was detected at
day 3 but was detected with the TRRAP immuno-precipitation performed at day 5. In T29 cells,
VPS72 subunit was not detected (figure 15 B) suggesting that there might be slight differences

in some transcriptional complexes between different cell types.

Concerning the SAGA complex, a similar composition was found between T29, mES
cells and the embryo, except SUPT3 that not found in T29 cells (figure 15 C). SUPT3 was not
found neither in the other SAGA immuno-precipitation experiments (annexe V1), maybe due
to its low abundancy. However, SUPT3H immuno-precipitation pulled-down several SAGA
subunits (annexe V11) indicating that SUPT3 is present but cannot always be properly detected.
GCN5/KAT2A is found in T29, mES cells and the embryo, but PCAF/KAT2B is mainly found
in mES cells and not in the embryo (figure 15 C). The relative stoichiometry of the SAGA
complex is conserved in the three systems analyzed here, except TAF9 which is found in larger
amounts in the embryo compared to T29 and mES cells which is different than the situation
observed in TFIID (figure 15 A).
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Figure 15: TAF10-containing complexes characterization in different cellular
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contexts. (A) (B) (C) NSAFusit values for (A) TFIID, (B) TIP60/NuA4, (C) SAGA complex

subunits of (A) TAF7 IP, (B) (C) TRRAP IP from control whole cell extracts of T29, mES
cells (EtOH treated cells collected at day3) or whole E9.5 embryo. The red rectangle
3

indicate the bait. Error bars indicate s.d. n



Altogether, this data indicates that the composition of the TAF10-containing complexes does
not change according the cellular context, at least for the three systems that were used here.
Nevertheless, differences concerning the expression level of the subunits of those complexes in

T29, mES and the embryo cannot be excluded.
3. Phenotype characterization

a. Experimental workflow

mES cells derived from mouse blastocysts R26°ERT2YFP- Taf10flo¥flox: Tg(Mesogenin-
YFP/+) and R26CTERT2YFP- Taf1qflovflox: Tg(Mesogenin-YFP/+) can be inducibly deleted for
Taf10 upon 4-hydroxy tamoxifen (4OHT) treatment. mES cells were treated with either ethanol
(EtOH), the vehicle as a control, or with 4OHT the day after their plating, considered as day 1,
for two (day 3) or four days (day 5) (figure 16 A). 4OHT was not detrimental for cell growth
and viability, as no difference between EtOH- and 4OHT-treated cells was observed in control
E14 mES cells (annexe X). First, TAF10 depletion was assessed by western-blot from whole
cell extracts at day 3 and day 5 (figure 16 B and C). At the protein level, TAF10 was nearly
completely depleted from day 3 (figure 16 B) and no residual trace could be detected at day 5
(figure 16 C).
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Figure 16: TAF10 is required for normal mes cell growth. (A) Experimental workflow.
(B) (C) Western-blot analyses for TFIID subunits from mES whole cell extracts treated at
day 1 with EtOH (vehicle) or 100 nM 40HT, collected at (B) day 3 and (C) day 5. (D)
Growth curve of mES cells (number of living cells) treated with EtOH (vehicle) or 100 nM
40HT at day 1. (E) Cell cycle analysis by flow cytometry at day 3 of mES cells cells treated
with EtOH (vehicle) or 100 nM 40HT at dayl and incubated 1 h with 10 mM EdU. (F)
Number of dead mES cells treated with EtOH (vehicle) or 100 nM 40HT at day 1. (G)
Percentage of apoptotic mES cells treated with EtOH (vehicle) or 100 nM 40HT at day 1.
Control and mutant conditions are indicated in white and gray, respectively. Error bars
indicate s.d. n=3 115



A similar experiment was performed with murine F9 Taf10”- embryonal carcinoma cells
(figure 17), in which the mouse TAF10 protein is rescued by the doxycycline (Dox) inducible
expression of the human TAF10, described in (Metzger et al. 1999). These cells were used for
comparison with the phenotype of mES cells. F9 cells were cultivated initially in culture in
presence of doxycycline to maintain hTAF10 protein expression, and was removed at day 1
(figure 17 A). No more hTAF10 protein could be detected from day 4 (figure 17 B).
Doxycycline was shown not detrimental for cell growth and viability, as no difference between

the two conditions was observed in F9 wild-type cells (annexe XI).
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Figure 17: TAF10 is required for mouse teratocarcinoma F9 cells growth. (A)
Experimental workflow. (B) Western-blot analysis for TAF10 from acidic cellular extracts
of F9 cells treated at day 1 with or without doxycyline (Dox) collected at day 4 and day 5.
(C) Growth curve of F9 cells treated with or without doxycyline at day 1, and plotted as the
number of Trypan blue negative (living) F9 cells. (D) Number of Trypan blue positive

(dead) F9 cells treated with or without doxycyline at day 1. Error bars indicate s.d. n=3
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b. Cellular growth, viability and cell death analyses

In order to check the effect of the depletion of TAF10 on mES cells, an identical number
of mES cells was seeded prior treatment with either EtOH or 40HT. Then, living mES cells
were counted every day (figure 16 D) and cell viability (figure 16 F) was assessed by staining
with acridine orange and propidium iodide (which give red fluorescence due to quenching, so
all live nucleated cells fluoresce green and all dead nucleated cells fluoresce red). Cellular
apoptosis was specifically assessed by the incorporation of a dye (from the APO percentage Kit,
see Material & methods section) specifically in cells displaying a translocation of
phosphatidylserine from the interior to the exterior surface of the membrane. The percentage of
apoptotic cells was calculated based on the absorbance measured compared to the absorbance
obtained with H202-treated cells (that induces 100 % apoptosis). Until day 3, no difference in
the number of living cells was observed between the two conditions (figure 16 D). However,
from day 4, 4OHT-treated cells already reached a plateau while EtOH-treated cells continued
to grow exponentially until day 5 (figure 16 D). In parallel, no massive cell death was observed
between the two conditions (figure 16 F). The increase of apoptosis observed at day 1 (figure
16 G) can be explained by the very few number of cells used for the test, that impaired the
optimal conditions of the assay (absorbance value too low). Moreover, cell viability assay
(figure 16 F) showed that from day 4 EtOH-treated cells displayed a higher number of dead
cells. This may be due to the fast acidification of the culture medium due to the high confluence
reached by EtOH-treated by day 4. The phenotype observed here was confirmed with another
mES cell clone which can also be inducibly deleted for Taf1l0 upon 40HT-treatment (annexe
IX). The growth slow-down was also observed but detected a bit later since this clone was
observed to grow faster than the other one in control conditions. No massive cell death was

observed for this clone neither, suggesting that Taf10 deletion impairs cellular proliferation.

In agreement with what was described in (Metzger et al. 1999), F9 cells could not really
grow in culture when TAF10 was not rescued anymore by doxycycline expression induction
(figure 17). No massive cell death could be detected in our conditions (figure 17 D). These
results indicate a different behavior between different types of cells when Taf10 is deleted.

c. Cellular proliferation analysis
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To check whether the growth arrest phenotype of 4OHT-treated mES cells was due to a
proliferation decrease, proliferation was analyzed by measuring the amount of nascent DNA
with (EdU). mES cells have been incubated for one hour with EdU to stain newly synthesized
DNA, together with propidium iodide to measure the cells in G1 and G2 phases of the cell cycle
by flow cytometry (figure 16 E). Only a mild decrease of cells in S phase, together with a slight
increase of cells in G1 after 4OHT treatment, was observed compared to EtOH-treated cells.
However, no data could be obtained at day 5 because of technical problems. So, it cannot be
excluded that cellular proliferation was impaired at day 4 and day 5 that could explain the
growth arrest. To support this hypothesis, it has already been shown that F9 carcinomal cells
were blocked in G1, 5 days after TAF10 depletion (Metzger et al. 1999).

Together, this data shows that TAF10-depleted mES cells behave differently than ex-vivo cells
from the Taf10 null mutant blastocyst inner cell mass or F9 cells (Metzger et al. 1999; Mohan
et al. 2003). Since mES cells can survive without TAF10 protein for several days, they represent

a very interesting alternative to the embryo for using classical biochemical approaches.

4. TAF10 is required for TFIID and SAGA full assembly in pluripotent cells

a. Residual TAF10 protein detected by mass-spectrometry

In control mES cells, the full length TAF10 protein is detected (figure 18), characterized
by the detection of four peptides, as shown in control embryos (Bardot et al. 2017). In TFIID
complexes in 4OHT-treated mES cells, several TAF10 peptides were detected but mainly the
peptide #1 (figure 18 B). By contrast, no TAF10 peptides (except one for SUPT3H-immuno-
precipitation) were detected in SAGA complexes in 40HT-treated mES cells (figure 18 C).
The conditional mutation of Taf10 deletion deletes exon 2 resulting in an out-of-frame fusion
of exon 1 to exon 3. It leads to a premature truncation of TAF10 protein which is expected to
produce a truncated N-terminal fragment of TAF10 containing peptide #1, but not the other
peptides and not the HFD. The fact that no TAF10 peptides are detected in TRRAP immuno-
precipitation suggests that the potential truncated N-terminal peptide remaining in the mutant
cannot participate in fully assembled SAGA complexes. In addition, we reported in our paper
(Bardot et al. 2017) the TAF10 immuno-precipitation with an antibody raised against the N-
terminal part of the protein. It did not pull-down any TFIID subunits in the 4OHT-treated
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samples, ruling out that the potential truncated TAF10 protein is integrated into the TFIID

complex.
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Figure 18: Distribution of TAF10 peptides detected by mass spectrometry in immuno-
precipitation experiments. (A) Localization of the peptides (#1 to #4) on the sequence of the
full-length TAF10 protein. The peptides are indicated in red letters. (B) (C) Number of TAF10
detected peptides in EtOH- and 40OHT-treated mES cells at day 5 in each TFIID (B) and SAGA

(C) immuno-precipitations.
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b. TAF10 is required for TFIID full assembly

Protein levels of TFIID subunits were checked by western-blot in presence and absence
of TAF10 (figure 16 B and C). The TFIID subunits were stable at the protein level in the
absence of TAF10, except TAF8, which is downregulated at the protein level at both day 3 and

day 5, in accordance with what was observed in the embryo (Bardot et al. 2017).

In the absence of TAF10, TBP was still able to interact with its non-TFIID partners,
which are part of the SL1 and TFIIIB complexes (figure 19 A). Contrary to the mutant embryos
(Bardot et al. 2017), TBP did not seem to be redistributed to the same extent in RNA Pol | and
RNA Pol 11l complexes, though an increase for TBP in TFIIIB was detected (figure 19 A).
These results indicate that TAF10 loss does not affect the global integrity of other protein
complexes sharing common subunits with TFIID, so TAF10 depletion effect is specific of
TFIID and SAGA complexes.

Both TBP and TAF7 immunoprecipitations revealed that all the TFIID subunits were
detected in the control samples (EtOH-treated cells), except TAF7L, a TAF paralog, that was
not detected (figure 19 B and C). When TAF10 was depleted, lower levels of TFIID subunits
were detected, and similar results were obtained at day 3 (figure 19 B and C) and day 5 (figure
20 B and C). These results indicate that as early as day 3, most of the TFIID complexes are not

fully assembled anymore.
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In order to check more carefully the architecture of the TFIID complex, gel filtration
analysis from nuclear extracts at day 3 was performed (figure 21). This approach was not
possible to use previously with the embryo because of the low quantity of protein available,
thus mES cells represent an interesting model to analyze deeper the composition and
architecture of the TFIID complex. Gel filtration showed that in the TFIID fractions (red
rectangle #1), as described in (Langer et al. 2016), only TBP and residual TAF5 remained,
while TAF8 together with TAF10 were not detected anymore (figure 21).

TFID 670kDa 158kDa

FtOH
40HT
FtOH

40HT
FtOH

AOHT
FtOH

40HT

Figure 21: TFIID assembly defect in mES cells at day 3 after Taf10 deletion. Western-
blot of gel filtration fraction from nuclear extracts of mES cells at day 3 treated with EtOH
or 40HT. Arrows indicate the corresponding molecular weight, and the expected molecular
weight for TFIID. Numbered red rectangles with dashed border indicate potential sub-
complexes.
These results confirm that TAF10 is required for the assembly of TFIID, but that holo-TFIID
and partially assembled TFIID complexes remain in the nucleus after TAF10 depletion.
Interestingly, at a lower molecular weight (approximately 1 MDa) (red rectangle #2), | detected
a complex composed of at least TAF5, TAF8 and TBP but with almost undetectable TAF10 in
the control (figure 21). In the 4OHT-treated cells, this complex was still detected, with an
apparent redistribution of TBP, whose signal appeared stronger in those fractions. Similarly,
TAF5 and TBP co-eluted at around 670kDa (red rectangle #3) with almost no TAF10 in the
control cells, which could indicate the existence of another sub-complex. Together this data
indicates that distinct TFIID complexes, or sub-complexes exist in the nucleus of mES cells
together with the canonical complex and sub-complexes that could reflect the presence of sub-
modules. It was already reported that at least two TFIID complex population might exist from
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analyses in HeLa cells (Jacq et al. 1994), which seems to be also the case here. Due to a lack of
interpretable data with other antibodies, it is not yet possible to determine more precisely the
composition of the remaining TFIID complexes and sub-complexes, and a mass spectrometry

analysis has not yet been performed from these fractions.

c. SAGA enzymatic activities are maintained in the absence of TAF10

In order to check whether SAGA enzymatic activities were affected in the absence of
TAF10, ubiquitinylation of histone H2B and acetylation of the lysine of the histone H3 levels
have been analyzed by western-blot from mES cell acidic extracts at day 3 and day 5 (figure
22). No difference could be observed for those two histone marks. Interestingly, transcription
inhibition by flavopiridol treatment led to a strong decrease of H2Bubl, as reported in the
literature (Davie et al. 1994), but not for 4OHT-treated cells, suggesting a less dramatic effect

on transcription with the absence of TAF10. This data suggests that SAGA is still functional.
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Figure 22: SAGA enzymatic activities are not affected after Taf10 deletion. (A) Western-
blot analyses for H2B ubiquitinylation and H3K9 acetylation from acidic extract of mES cells,
E14 wild-type, and R26CreER™*Taf10"M (clone #1 and #2) mES cells, treated at day 1 with
nothing or EtOH or 100 nM 40HT, collected at day 3 and day 5. E14 mES cells have been
treated with flavopiridol for 2 hours before acidic extraction.
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d. TAF10 is required for SAGA full assembly

The assembly of SAGA after TAF10 depletion was assessed with TRRAP (figure 23 B)
and SUPT3H immuno-precipitations (figure 23 C). Due to technical problems with samples
collected at day 3, no data was obtained for this time point concerning. At day 5, TRRAP
interaction with TIP60/NuA4 subunits was not affected in mutant mES cells, as reported in
(Bardot et al. 2017) (figure 23 A). This indicates that TAF10 depletion does not affect the
assembly of complexes sharing subunits with SAGA and thus that the effect observed is specific
of the depletion of TAF10. Both TRRAP and SUPT3H immunoprecipitations showed that
reduced amounts of SAGA subunits were detected in mutant samples, confirming that TAF10
is also required for SAGA assembly. However, from the TRRAP immunoprecipitation (figure
23 B), it seems that SAGA disassembly was less severe in mES cells than what was observed
in the embryo (Bardot et al. 2017). The HAT enzymes GCN5/KAT2A and PCAF/KAT2B that
were not detected (or at low level for GCN5/KAT2A) in the embryo with the TRRAP immuno-
precipitation are now found in higher amounts for the same immuno-precipitation, suggesting
that PCAF/KAT2B is found in different ratios between cell-types (figure 23 C). The protein
level of the subunits belonging to the core of the complex were not so dramatically decreased.
TAF9 is the only core subunit with a two-fold decrease. Both HAT and DUB modules did not
seem dramatically affected. Interestingly, data from the SUPT3H immunoprecipitation (figure
23 C) shows that even the amounts of SAGA subunits are even more reduced in the mutant

samples than with the TRRAP immunoprecipitation (figure 23 B).
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Figure 23: SAGA assembly defect in mES cells at day 5 after Tafl0 deletion. (A)
NSAFait values for TIP60/NuA4 complex subunits of TRRAP IP from control or mutant
whole cell extracts at day 3. (B) NSAFuait values for SAGA subunits of TRRAP IP from
control or mutant whole cell extracts. (C) NSAFuait values for SAGA subunits of SUPT3H
IP from control or mutant extracts. Control and mutant IPs are indicated in white and gray,

respectively. Error bars indicate s.d. n=3
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XI. Analysis of the transcriptional function of TFIID and SAGA

1. Gene expression analysis of steady-state mMRNA levels in mES cells

To determine the impact of Taf10 deletion on gene expression in mES cells, steady-state
MRNA levels of various genes have been analyzed by RT-gPCR in two independent
experiments with EtOH- and 40HT-treated cells at day 3 only (figure 24 A and B) and at day
3 and 5 (figure 24 C and D). The total mRNA collected here comes from the nascent
transcription experiment (which will be described and detailed thereafter) where mEeS cells have
been treated for 10 minutes with 4-thiouridine (4sU) and spiked-in with Drosophila Schneider
cells (S2). The cycle-threshold (Ct) values obtained by RT-gPCR were converted in relative
concentration with the use of the standard curve calculated for each pairs of primers. The sample
relative concentrations were first normalized with the concentrations obtained with the
Drosophila genes alphaTUB84B and actin42A to correct any technical bias. Then the relative
concentrations were corrected with the RNA Pol | gene Rn45s. Rn45S did not display
significant expression variation, while Rnu6 expression was variable from one experiment to
another with some amplitude (figure 24 B and D). This suggests that RNA Pol I transcription
is probably not affected, but RNA Pol 111 transcription remains to be assessed with other genes
since much variation has been observed with Rnu6 (figure 24 B and D). The relative fold

change was calculated compared to the control (EtOH-treated cells at day3) and set to 1.

In the PSM of T-Cre; Taf10"/1o* mutants, several genes were shown to be significantly
misregulated (Bardot et al. 2017). In line with this data, Cdknla and Cdknlc were up-regulated
in both experiments, at day 3 and 5 (figure 24 A and C) whereas Gas5, Tafld were down-
regulated at day 3 (not tested at day 5) (figure 24 C) in mutant mES cells. The gene Ccngl, up-
regulated in the PSM of T-Cre;Taf10"/1* mutants, was up-regulated at day 3 but strongly
down-regulated at day 5 (figure 24 C). These results indicate that mES cells recapitulate the
phenotype observed in the embryo at the gene expression level, at least for those genes. It also
indicates that the effect of Tafl0 deletion on gene expression is dynamic, and might give

different trends depending on the time point analyzed.

In the first experiment (figure 24 A), at day 3, some genes were down-regulated at the
steady-state level after Taf10 deletion including Rplp0, Cdk4 and Taf8 (figure 24 A). The
changes observed are moderate and are less than two-fold. It is interesting to note that contrary
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to Thp (slightly up-regulated), Taf8 encoding the interacting partner of TAF10 was decreased,
in line with what was observed at the protein level (figure 16 B and C). Other genes such as
Gapdh, Nanog, Cdknlb, Cdkn2a, Cdkn2c and Ccne2 were up-regulated (figure 24 A). At day
3 and day 5 in the second experiment, a similar set of various genes was tested by RT-gPCR
(figure 24 C). In the mutant mES cells, Nanog, Cdknlb and Cdknlc were up-regulated at day
3 and day 5, consistent with the previous experiment (figure 24 C). Only Rplp0 and Oct4 were
following opposite trends between the two experiments (figure 24 A and C). This data
indicates that global gene expression at the steady-state mRNA level is not impaired, some

genes are even up-regulated.
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Figure 24: Steady-state mMRNA levels analyses by RT-qPCR. . EtOH- or 4OHT-treated
mMES cells at day 3 and/or day 5 were labeled for 10 minutes with 4sU, and spiked-in with
S2 cells (ratio mES: S2 cells 3:1). (A) (B) (C) (D) Total mRNA levels were measured by
RT-gPCR for samples at (A) (B) day 3 and (C) (D) day 5. Expression values were
normalized to spiked-in Drosophila S2 cells signal and normalized for Rn45S and set to 1
in the control (EtOH-treated cells at day3). Rn45S and Rnu6 were analyzed in three different

plates (Exp#1, #2 and #3). Error bars indicate s.d. n=3.
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2. Newly-transcribed mRNA analysis

Previous investigations, including our approach, of the role of TFIID and SAGA in vivo
were based on steady-state mMRNA analyses. Recently, in Laszlo Tora’s and Steve Hahn’s
laboratories, it has been shown that TFIID and SAGA are required for transcription of nearly
all genes in S. cerevisiae (Baptista et al. 2017; Bonnet et al. 2014; Warfield et al. 2017). These
studies shed new light on the role of those complexes in transcription regulation through the
analyses of newly-transcribed mRNA. However, little is known about TFIID and SAGA
contribution to transcription genome-wide in mammals. In order to better understand how
transcription is regulated by those complexes, and to better understand the phenotype we
observed in T-Cre;Taf10"/Mo* mutants, | applied 4sU metabolic labeling of newly-synthesized
MRNAs in mES cells (Réadle et al. 2013). This method relies on the labeling of newly-
synthesized mMRNAs for a short-time of the nucleoside analog 4sU, which is incorporated into

the mRNA under synthesis.

a. Technical validation

The aim of this experiment was to capture the newly-synthesized mRNAS, so | chose a
short incubation time for 4sU, here 10 minutes, which was in the range of what was proposed
in the protocol published by (Radle et al. 2013). In order to normalize the data and to avoid any
technical bias, Drosophila Schneider cells (S2) incubated for 10 minutes with 4sU were added
to mES cells just before total RNA extraction with a ratio of 3:1. 4sU-labeled mMRNAs were
purified and analyzed by gRT-PCR (figure 14). Expression levels were normalized and
calculated as mentioned above. A set of various protein-coding genes was tested by RT-gPCR
(figure 25). The results obtained after 10 minutes incubation with 4sU allowed me to detect the
expression of all the tested genes as well as the Drosophila genes (figure 25 B and D). The
RNA Pol 11l gene Rnu6 displayed a relative variability, and is moderately up-regulated in the
mutant samples at both steady-state (figure 24 B and D) and newly-synthesized mRNA levels
(figure 25 B and D). | was also able to detect changes in mMRNA synthesis (figure 25) in the
mutant mES cell samples. The changes of the newly-synthesized mRNA levels follow different,
and most of the time opposite, trends than the steady-state levels (figure 24). So, this data
showed that the technique is working in my conditions and produce enough labeled-mRNAs to
be detected by RT-gPCR.
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b. Newly-transcribed mRNA is globally affected in the absence of TAF10

At the level of newly-transcribed mRNA levels in the absence of TAF10 (figure 25),
however, the results indicate a global down-regulation for all these genes, regardless if they
were up- or down- regulated at the steady-state mMRNA level (figure 24). For all of them, at
least a 50 % reduction in mMRNA synthesis was observed at day 3 and day 5. One exception was
noticed for Cdkn2c which was up-regulated (figure 25). Moreover, for most of them, the
decrease was exacerbated at day 5 compared to day 3, suggesting a strong impairment of mMRNA
synthesis over time. Interestingly, the decrease in mRNA synthesis is associated with an up-
regulation of steady-state mMRNA levels for many genes, suggesting that there is a cellular
compensation at the level of mMRNA degradation. Nevertheless, two different behaviors could
be observed, since Gasb, Tafld, Ccngl are reduced for both newly-synthesized mRNA and
steady-state mMRNA levels. Altogether, this data demonstrates that TAF10 is required for RNA
Pol 1l transcription, at least for all the genes tested here, and indicate a potential regulation of
MRNA stability depending on the mRNA synthesis rate.
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c. Genome-wide analysis of nascent transcription

The aim of this approach is to determine the importance of TAF10 for transcription to
better understand how TFIID and SAGA control transcription in mammals. So, after having
validated the technical approach in mES cells, | used samples collected at day 3 for genome-
wide sequencing. At day 3, changes were already detectable and transcription is probable less
affected by potential secondary effects resulting from Taf10 deletion at this time point. To do
that, | first tried to use the TT-seq approach described by Patrick Cramer’s laboratory (Schwalb
et al. 2016). This technique is also based on the metabolic labeling of newly-transcribed
MRNAs with 4sU but includes a preliminary step of RNA fragmentation. This step ensures to
isolate only the nascent mMRNA region and not the 5 preexisting region of the transcript that

was already transcribed prior 4sU incorporation (figure 26).
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Figure 26: Comparison of 4sU-seq and TT-seq methods. 4sU-labeled mRNAs in the
4sU-seq technique give transcripts dominated with a long pre-existing 5’ unlabeled region
contrary to the TT-seq which allows the isolation of the labeled region of the transcript only
(Schwalb et al. 2016).
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RNA fragmentation was first optimized with mES cells and with the Covaris E220 for
the time needed to obtain a profile similar to what was obtained in the Patrick Cramer’s
laboratory (personal communication). Total RNA was fragmented for different duration times:
60, 80, 100, 120, 180 or 240 seconds (sec) (figure 27 and 28). Similar profiles were obtained,
but with a fragmentation time of 80 sec, the profile was the closest to what | was supposed to
obtain. When those optimized conditions were applied to 4sU-labeled mRNA samples from
day 3 (EtOH- and 40HT-treated cells), the fragmentation profile was not consistent between
triplicate (SNVT26-28 for EtOH and SNVT29-31 for 4OHT samples). After purification, those
samples gave a very low yield (between 53 pg to 55 ng), not sufficient for 4sU-labeled mRNA
purification. After several unsuccessful trials, it was decided to use the 4sU-seq technique
(Radle et al. 2013) which would still provide information about the status of mMRNA synthesis
in the absence of TAF10. Unfortunately, | encountered a biotin precipitation issue which
delayed the analysis for several months until I was finally able to fix it. So, 4sU-labeled samples
in triplicate for EtOH and 40OHT treatment and in duplicate for total MRNA have been
sequenced. Results are currently under analysis and cannot yet be presented in this thesis

manuscript.
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Figure 27: RNA fragmentation optimization profiles. 250 ug of total RNA from wild-type
mES cells were fragmented using the Covaris E220 and analyzed on the Bioanalyzer. The

profile shows the signal intensity (FU) according the elution time (s).
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Figure 28: 4sU-labeled mRNA fragmentation profiles. 4sU-labeled mRNA from EtOH-
(SNVT26-28) and 40HT- (SNVT 29-31) treated mES cells collected at day 3 were fragmented
using the Covaris E220 and analyzed on the Bioanalyzer. The profile shows the signal intensity
(FU) according the RNA size (nt).
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XI11. Composition of TFIID and SAGA during development

1. No alternative TFIID complexes are detected

The characterization of the TFIID complex in different cellular contexts did not reveal
an alternative TFIID composition (figure 15, 19, 20 and 23). | detected TBP together with
TAFL, TAF2, TAF3, TAF4, TAF4b, TAF5, TAF6, TAF7, TAF8, TAF9, TAF9b TAF10,
TAF11, TAF12 and TAF13, and is in line with what was described in mES cells (Pijnappel et
al. 2013) as well as in mouse and human erythroid cells (Papadopoulos et al. 2015). TAF7L
which has been described in male germ cells, in adipocytes and in white fat tissue (Cheng et al.
2007b; Pointud et al. 2003; Zhou et al. 2013a, 2013b) was not detected here. Moreover, no
TBP-like proteins were neither detected in these experiments. Together, this data does not
reveal alternative TFIID complexes. The ratios between TAF4/B and TAF9/B were shown to
change between the three models analyzed here and were also reported in mouse and human
erythroid cells (Papadopoulos et al. 2015). However, | compared here: lymphocytes, which are
hematopoietic precursors and mES cells, which are pluripotent cells. Since most of the changes
in TFIID composition were mainly observed during differentiation processes, it would be
interesting to apply this approach to differentiated cells. For instance, it would be very
interesting to compare the composition of TFIID in PSM and LPM tissues, which display a
differential sensitivity to the conditional deletion of Tafl0 in the embryo. Since it is very
challenging to obtain good proteomics data from so low quantity of material, one alternative is
to differentiate mES cells into PSM-like and LPM-like cells following the protocol published
by (Chal et al. 2015). The preliminary experiments underline the necessity to optimize the

protocol in order to obtain the most homogenous cell population as possible.
2. Characterization of TFIID sub-complexes in mES cells

The gel filtration experiment from mES nuclear extract (figure 22) showed that in wild-
type conditions TFIID exist under several forms, and the gel filtration profile is similar to the
gel filtration profile published by Irwin Davidson’s laboratory based nuclear extracts of mES
cells (Langer et al. 2016). The canonical holo-TFIID is found at the highest molecular weight
as described previously (Langer et al. 2016). But, TAF5, TAF8, TBP and almost undetectable
TAF10 co-eluted at a lower molecular weight (>1 MDa). Furthermore, another complex is
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detected around 670 kDa that does not contain TAF10. From what is known about the
architecture and the model of assembly of the TFIID complex (Bieniossek et al. 2013; Brou et
al. 1993; Jacq et al. 1994; Trowitzsch et al. 2015b) and based on the molecular weight of those
sub-complexes, the three TFIID complexes detected here might correspond to the: (1) holo-
TFIID complex (TBP and the 13 TAFs), (2) the 8TAF complex (expected to contain of TAF2,
4,5,6, 8,9, 10, 12) and (3) the 5TAF complex (expected to contain TAF4, 5, 6, 9, 12). The
data presented here is limited by the number of TFIID subunits tested by western-blot.
Therefore, to determine the precise composition of these three forms of TFIID, an analysis by
mass-spectrometry is needed. Compared to the model proposed in the literature for the assembly
of TFIID (Bieniossek et al. 2013; Trowitzsch et al. 2015b), | found that TBP co-eluted here
with the three sub-complexes.

3. SAGA composition

To our knowledge, it is the first time that the composition of SAGA is analyzed precisely
in the embryo and our data is coherent with the proteomics data published previously in
hematopoietic cells (Papadopoulos et al. 2015). All the SAGA subunits were detected. In line
with the reported expression pattern of GCN5/KAT2A and PCAF/KAT2B (Xu et al. 2000;
Yamauchi et al. 2000), only GCN5/KAT2A was detected at E9.5 in the mouse embryo. It is
surprising to detect PCAF/KAT2B in mES cells since they are derived from the blastocyst at a
stage preceding the onset expression reported in the mouse embryo (starting at E12.5)
(Yamauchi et al. 2000). However, expression of PCAF/KAT2B in mES cells was already
reported (Hirsch et al. 2015).

XIIl. The architectural role of TAF10 in TFIID and SAGA assembly

1. TAF10is required for TAF8 stability

Interestingly, in the absence of TAF10 (figure 16 A) only the TAF8 protein level is
decreased. It suggests that TAF10 regulates the stability of its partner. However, the inverse
relationship is not true, since the TAF10 protein level remained unchanged in the absence of
TAF8 (El-Saafin et al. 2018). It would be also interesting to analyze the protein levels of both
TAF3 and SUPTTYL, the two other protein interacting partners reported for TAF10 (Soutoglou
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et al. 2005). At the steady-state mMRNA level, Taf8 is also decreased but not Thp (figure 24 and
25). Therefore, it seems that the TFIID subunits can regulate each other stability and thus
potentially regulating the amount of assembled TFIID. According this hypothesis, if TAF10 is
not present in sufficient quantity, the need for TAF8 to incorporate TAF10 decreases and thus

TAF8 is not expressed and translated anymore.

2. TAF10 is required for TFIID and SAGA full assembly

In both embryo and mES cells, TAF10 is required for the full assembly of TFIID and
SAGA complexes. We detected partially assembled TFIID complexes by immuno-
precipitations from whole cell extracts in the mutant samples. The fact that both TBP and TAF7
interactions with the other TAFs are reduced when TAF10 is depleted, confirms the central role
of TAF10 in nucleating the full assembly of TFIID (Bieniossek et al. 2013). Similarly, TBP and
TAF7 immunoprecipitations revealed TFIID assembly defects in fibroblasts harboring the
TAF8:¢.781-1G>A mutation and without detectable TAF8 protein (El-Saafin et al. 2018). Our
results are also similar to what was described in the liver (Tatarakis et al. 2008) where TFIID
assembly was strongly impaired. However, in F9 cells, it was reported that only TBP was
released from the complex (Mohan et al. 2003), which is not the case here in the embryo, neither
in mES cells. Our data shows that TBP remains associated to most of the TFIID subunits,
though with reduced amounts in the mutant samples. The differences for TFIID integrity
observed between F9 cells (Mohan et al. 2003) and post-natal liver (Tatarakis et al. 2008) might
come either from the time point used for the analyses and/or from the cellular context itself.
While the TFIID complex assembly was assessed only three days after TAF10 removal in F9
cells, it was between 8 and 15 days after complete Taf10 deletion in the liver (Mohan et al.
2003; Tatarakis et al. 2008). So, one could imagine that it was too early in F9 cells to detect
such dramatic differences for TFIID assembly. Nevertheless, | detected that TFIID assembly
was compromised as early as 48h (day 3) after 4OHT treatment in mES cells. Therefore, the
cellular context might have significant importance on the TFIID architecture and it would be

interesting to re-investigate these findings by mass spectrometry.

The gel filtration analysis at day 3 in mES cells from nuclear extracts indicate that the
“holo-TFIID” (the three first fractions corresponding to the highest molecular weight) is still

present but without several subunits (figure 21). In these fractions, when TAF10 is depleted,
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only TBP was detected, with reduced level of TAF5 and no TAF8 among the TFIID subunits
tested here. The precise composition of the “holo-TFIID” when TAF10 is depleted remains to
be tested. This data indicates that the holo-TFIID is capable to sustain a certain flexibility in the
absence of several subunits, and there might be a redistribution of certain subunits since TBP
co-elutes at the same TFIID molecular weight. Interestingly, the TFIID sub-complexes
attributed to the 8TAF and core-TFIID do not seem strongly affected by the TAF10 depletion.
Only TAFS5 distribution in the 670 kDa sub-complex is shifted downwards. This suggests that
mainly the holo-TFIID relies on TAF10 for an efficient assembly of all the TFIID subunits in

the complex.

It was reported that the TFTC complex, containing a mixture of SAGA and TFIID
subassemblies, displays similar levels of TRRAP, GCN5, and SAP130 (spliceosome-associated
protein 130) in the presence or the absence of TAF10 in F9 cells (Mohan et al. 2003). Here, our
data clearly shows that both TRRAP and SUPTS3 interactions with the SAGA subunits are
strongly reduced in the embryo (Bardot et al. 2017). In mES cells, the situation is a bit different
since the levels of the SAGA subunits were less decreased in the TRRAP immuno-precipitation.
Those differences might be accounted for the cellular context.

Altogether, we show here that TAF10 is generally required for the full assembly of TFIID and
SAGA regardless the model (embryo, mES cells, thymocytes).

3. Residual TAF10 protein is detected

Residual TAF10 protein could still be detected in TFIID and very rarely in SAGA
(figure 18), suggesting that TAF10 is more stable when integrated into TFIID. These results
raise an important limitation concerning our model based on the inducible Taf10 deletion. The
time between the deletion and the global depletion of the protein takes at least two days, and
seems differentially stable when incorporated into TFIID or SAGA. Therefore, it would be very
interesting to use an approach based on the conditional rapid degradation of the protein, such
as the auxin-inducible degron system which can degrade certain proteins in 30 minutes
(Nishimura et al. 2009). | started to establish a mES cell line expressing the plant-specific F
box protein OsTIR1 which degrades the aid-degron fused to the N-terminal part of TAF10 in
an inducible manner upon auxin treatment. It could be thus possible to examine more directly

the impact of TAF10 depletion on TFIID and SAGA assembly. Moreover, this approach would
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be very suitable for analyzing the role of TAF10 in PSM-like or LPM-like differentiated cells
in order to check whether the phenotype in this two tissues observed in the embryo can be
recapitulated and then analyze the effect on TFIID and SAGA assembly in those two tissues.

XI1V. Role of TFIID and SAGA in vivo

1. TAF10 is essential and required for cellular viability and cellular growth

We showed that Taf10 deletion in the whole embryo or in the embryonic mesoderm is
not viable, mutant embryos could not reach birth (Bardot et al. 2017). The phenotype we
observed is in complete accordance with what was described in the literature and confirms that
TAF10 is essential for embryonic development (Indra et al. 2005; Mohan et al. 2003; Tatarakis
et al. 2008). In particular, the absence of TAF10 at E9.5, impairs the growth of the embryo, and
Tafl0 mutant mES cells also stopped growing (figure 16 D). Growth of the embryo is
completely blocked, and in T-Cre;Taf10m1* mutants, the allantois and the placenta degenerate
which are also strongly deleterious for the survival of the embryo. Cyclin-dependent kinase
inhibitor 1 A (p21) (Xiong et al. 1993) and Cdkn1C (p57) (Matsuoka et al. 1995) steady-state
MRNA levels are up-regulated in the PSM as well as in mES cells in the absence of TAF10.
Those genes encode inhibitors of the cell cycle and can explain this phenotype. Their up-
regulation could be a consequence of the removal of the repressive action of TFIID proposed
by (Tatarakis et al. 2008). This observation is reminiscent with the impairment of Cyclin E
expression and of the phosphorylation of retinoblastoma protein in F9 cells which are blocked
in G1-phase of the cell cycle (Metzger et al. 1999). Here, proliferation assay with EdU-staining
coupled to propidium iodide for DNA content measurement in mES cells at day 3 (figure 16
E), only showed a slight decrease of cells in S-phase but no data could be obtained at day 5. It
IS not surprising not to detect major difference at day 3 since the main effect on cell growth is
observed at day 4 and day 5. However, compared to the massive apoptosis observed from the
inner cell mass in the Taf10 null mutant (Mohan et al. 2003), I did not detect massive cell death
in mES cells and they could be maintained in culture for at least six days. Nevertheless, it was
hardly possible to maintain them after trypsinization, they became very small and lost their
ability to form massive colonies (data not shown). Such differences between the inner cell mass
and mES cells can be explained by the fact that despite a common origin, the blastocyst, they

are not identical (Boroviak et al. 2014). mES cells have been first cultivated in 2i+LIF medium
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to be maintained and amplified in a pluripotent state prior the inducible deletion of Taf10. The
results obtained here have been also supported by data obtained from Taf8 deletion induction
in mES cells (EI-Saafin et al. 2018). In this study, TAF8 depleted mES cells can be maintained
for eight days in culture before they undergo massive cell death, despite a similar phenotype
described for Taf8 null mutation (Voss et al. 2000). This data clearly indicates that there is a

differential sensitivity between the inner cell mass and mES cells.
2. TAF10 is differentially required between PSM and LPM tissues

At E9.5 in T-Cre;Taf10"/Mox mytants, we observed pycnotic nuclei in LPM, which is
also targeted by the conditional deletion of Taf10, but not in the PSM. One could argue that
Taf10 deletion follow different dynamics between the two tissues, which might be slower in the
LPM. However, immuno-fluorescence for TAF10 on PSM and LPM sections at E8.5, showed
that TAF10 is equally undetectable from both tissues, ruling out this hypothesis (Bardot et al.
2017).

This observation reveals a differential sensitivity between the two tissues, both
expressing Taf10. It is not an isolated case, since the survival of the trophoblasts but not the
ICM of the blastocyst was described in Taf10 null mutant embryos (Mohan et al. 2003). To
date, the reason of this differential sensitivity has not yet been elucidated. The selective effect

observed with the deletion of Taf10 in the LPM can be explained by several hypotheses.

It is possible that transcription is affected differentially between the PSM and the LPM.
For instance, the segmentation clock and the segmentation markers expression is not affected
contrary to the LPM markers (e.g. Hand2). This suggests already a much more severe effect on
gene expression in the LPM. The lack of TAF10 could be functionally compensated in the PSM
but not in the LPM. Therefore, investigating the composition of TAF10-containing complexes
could be interesting. As mentioned previously, | started to establish an in cellulo model for
recapitulating the PSM and LPM tissues from mES cell differentiation using the protocol
published from Olivier Pourquié’s laboratory (Chal et al. 2015). Preliminary results showed
that Taf10 deletion in PSM-like or LPM-like cells recapitulates the phenotype observed in the
embryo and in mES cells with a slow-down of the cellular growth for both tissues and no
massive cell death (Bardot P. master thesis). To analyze the composition of TAF10-containing

complexes, mES cells must be differentiated in PSM and LPM, and sorted with the Mesogenin-
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YFP fluorescent reporter (expressed in the PSM progenitors), in order to obtain relative

homogenous cellular populations that would allow to recapitulate these two tissues in cellulo.

Furthermore, it is known that some TAF proteins can mediate the activation of certain
subset of genes by tissue-specific transcription factors. For instance, TAF10 interacts with the
hematopoietic transcription factor GATAL (Papadopoulos et al. 2015), the TAF4-TAF12
heterodimer interacts with HFN4A during post-natal hepatocyte differentiation (Alpern et al.
2014) and with MYB in acute myeloid leukemia (Xu et al. 2018). Genetic inactivation of those
Tafs phenocopies the effect obtained with their interacting transcription factor. So, it is possible
that the loss of TAF10 in the LPM induces the disruption of an interaction with a key
transcription factor. To verify this hypothesis, a TAF10 immunoprecipitation in control PSM-
like and LPM-like cells could reveal a list of protein candidates, which could be then
conditionally depleted with the AlD-degron approach to check whether the phenotype is

recapitulated.

The phenotype observed in the LPM could also result from secondary effects since Fgf8
is expressed in the apical ectoderm ridge, and not in the LPM. Here, we found that Fgf8 is lost
in the apical ectoderm ridge of T-Cre;Taf10%¥o* mutants at E9.5 and no limb bud was formed,
in line with the fact that Fgf8 is required for normal limb development (Lewandoski et al. 2000;
Moon et al. 2000; Sun et al. 2002). It has been proposed that the PSM is important for the limb
bud specification in the chicken (Noro et al. 2011). So, the loss of TAF10 in the PSM could
affect the level of paracrine signals that are produced from the PSM to specify the limb field.
In this study, it was also shown that FGF8 had a protective effect against apoptosis in the limb
bud, which could explain the differential sensitivity between PSM and LPM (Noro et al. 2011).
In addition, removal of the ectoderm was shown to induce apoptosis in the LPM, but not the
PSM, due to an up-regulation of Bmp4 beyond the normal levels (Schmidt et al. 1998).
Importantly, BMP4 negatively regulates Fgf8 expression, as reported in the chicken
prosencephalon and the mouse cortical primordium (Ohkubo et al. 2002; Shimogori 2004). So,
it is possible that the loss of TAF10 leads to an up-regulation of BMP4 resulting in LPM
apoptosis. Our evidences, however indicate that there is also cell death in the LPM at non-limbs

level indicating that FGF8 may not be the cause.

3. Limb bud formation but not vertebrate segmentation is affected at E9.5 in

T-Cre; Tafl0 mutants
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At E9.5 in T-Cre;Taf10"/1o* mytants, we observed the absence of the anterior limb bud
but segmentation was not impaired. Expression of Fgf8 in the presumptive apical ectodermal
ridge is not detected at all, while genes of the segmentation clock (Lfng, Hes7, Axin2 and Snail)
are normally expressed as well as segmentation markers (Mesp2, Uncx4.1). Our data indicates
that the segmentation clock is working properly, the number of somites was not affected in the
mutants compared to the wild-type or heterozygous littermates until the embryo becomes
completely blocked. However, the size of the somites was much smaller than in controls and
was also observed in Hes7-Cre;Taf10 mutants (data not shown). The fact that somitogenesis
can occur normally in the absence of TAF10 might look surprising given that previous studies
have shown that SUPT20 plays a role in somitogenesis (Warrier et al. 2017). They both belong
to the SAGA complex whose assembly is affected in our study. Moreover, the HAT activity of
GCNS5 was shown to be required for the paraxial mesoderm survival (Bu et al. 2007) and Gcn5
and Supt20 hypomorphs exhibit defects in axial skeletal development, with the decrease of the
expression of Lfng, Ripply2, Mespl and DII3 (Warrier et al. 2017). Although we detected at
E9.5 a partial SAGA complex, the acetylation levels of H3K9 in mES cells (figure 22) were
not affected, indicating that the HAT activity remains functional. Based on this observation, it
is possible to speculate that the HAT (and the DUB) activity of SAGA is not affected in the
Tafl0 mutant embryos. So, a disrupted but functional SAGA complex can explain why
somitogenesis can occur with no apparent apoptosis of the paraxial mesoderm.

Concerning the limb bud formation defect, no Fgf8 was detected at E9.5 in the apical
ectoderm ridge. Several hypotheses can explain this phenotype. The expression of Fgf8 results
from a signaling cascade where Thx5 induces the expression of Fgf10, which establishes a
positive feedback loop with Fgf8, [reviewed in (Petit et al. 2017)]. So, the absence of signal for
Fgf8 could be the result of defective expression of Fgfl0 or Tbx5 upstream of the cascade.
Preliminary results obtained in the laboratory (Hisler V., master thesis, 2017) indicate that Tbx5
expression is reduced at E9.5, while still normal at E9.0, and Fgf10 expression is not detected
in the forelimb. Therefore, initial specification seems to be achieved but not maintained. Thus,
the absence of Fgf8 could reflect a defective transcription that would preclude the expression
of the downstream targets and as a result impairing the limb bud formation. We showed that
Hand2, a LPM marker, was down-regulated in the T-Cre; Taf10"/1* mutants contrary to PSM

markers, suggesting a more severe effect at the transcription level.
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XV. Role of TFIID and SAGA in mammalian transcription

Given that both TFIID and SAGA assembly was impaired in the absence of TAF10 in
the embryo and in mES cells, it was expected that transcription in those systems would be
compromised, as it was already evidenced in mouse trophoblasts (Mohan et al. 2003), foetal
keratinocytes (Indra et al. 2005) and foetal hepatocytes (Tatarakis et al. 2008).

1. TAF10 is required for transcription of many genes with some notable

exceptions

Newly-synthesized mMRNA analyses in mES cells from a subset of genes showed that
RNA Pol Il transcription is strongly decreased, by at least 50% (figure 25). The on-going
analysis of the 4sU-sequencing data obtained from mES cells at day 3 will provide a genome-
wide view of the transcriptional status in these cells. Moreover, a RNA Pol 11-ChIP sequencing
experiment (currently on-going) will be also interesting in order to check whether RNA Pol Il
recruitment is affected and how it correlates with the changes in gene expression. The results
obtained here for the newly-synthesized mMRNA analyzed by RT-gPCR are in agreement with
what was demonstrated in yeast, where TFIID and SAGA are required for RNA Pol 1l
transcription of nearly all genes (Baptista et al. 2017; Bonnet et al. 2014; Warfield et al. 2017).
Warfield et al. also showed that TFIID integrity was shown to be compromised upon deletion
of several TAF genes (Warfield et al. 2017).

However, we found that somitogenesis is still going on at E9.5 while TAF10 was not
detected as early as E8.5, with only partial TFIID and SAGA complexes, suggesting that
transcription might still work at this stage until the embryo is completely blocked. We also
observed the maintenance of the cyclic expression of the Lfng reporter Luvelu, which is a good
readout for transcription initiation. This reporter is based on the expression of the fluorescent
protein Venus under the control of Lfng promoter (Aulehla et al. 2008). This reporter construct
contains also the Lfng 3’ UTR which destabilizes the transcript, and PEST sequences render the
Venus protein very unstable. So, for each cycle of Luvelu expression, the mMRNA must be
transcribed everytime as well as protein translation. Therefore, the maintenance of the Luvelu
expression pattern indicates that transcription initiation still occurs, at least for a short time. It
would have been interesting to know how long these oscillations could be maintained in vivo,

however, it was not possible to obtain data from a live-imaging experiment of the Luvelu
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expression in the embryo. An alternative could be to use our mES cell line to obtain PSM-like
cells and to monitor gene oscillations as reported recently (Matsumiya et al. 2018). This method
is capable to generate oscillations lasting for more than 15 h.

Moreover, the expression of some genes in F9 cells devoid of TAF10 during primitive
endoderm differentiation, though not parietal endoderm, was reported (Metzger et al. 1999). In
addition, adult skin regenerated normally event in the absence of TAF10 in keratinocytes (Indra
et al. 2005). These results indicate that TAF10 might not be required for de novo transcription
for at least a subset of genes (eg. those required for parietal endoderm differentiation and skin

regeneration).

Recently, it was reported in our laboratory that TFIID, even with a defective assembly,
was able to maintain transcription in fibroblasts, derived from a patient with a TAF8 mutation
(TAF8:c.781-1G>A), but not in Taf8!™1°:Rosa26°"*ER™2 mES cells treated with 40OHT (EI-
Saafin et al. 2018). Together, this data indicates that transcription may have different
requirements for TFIID composition depending on the genes, the cellular context and the

developmental stage.

2. Hypothetical model for gene activation by TFIID and transcription

maintenance

Tatarakis et al. proposed that the canonical TFIID is required for the initial activation
of genes, which occurs mainly during development, but then becomes dispensable for
transcription maintenance. Given that TAFs were also found downstream of the promoter and
could promote transcription reinitiation (Joo et al. 2017), we can reasonably speculate that after
their initial activation, many genes retain several PIC components. This would give an
advantage for the cell to reinitiate transcription much faster during regeneration or
somitogenesis for the cyclic genes. Interestingly, TAF10 was not found enriched in the TAFs
found downstream of the promoter (Joo et al. 2017). This observation might indicate that
TAF10 would not be part of transcription reinitiation complexes and would also explain why
some genes are not sensitive to the loss of TAF10. However, no TAF10 genome-wide ChlP-
seq analyses have been performed so far in order to determine its binding profile. Moreover, in
other organisms, TAF10 differential requirement for transcription was also described, such as

in C. elegans development, where transcription of a subset of genes did not require TAF10
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(Walker et al. 2001). So, the holo-TFIID complex might not be a general requirement for all
genes, under certain conditions, transcription might be able to function with a different kind of
TFIID complex.

3. Determining the respective contribution of TFIID and SAGA

In the approach used in my thesis, both TFIID and SAGA have been targeted with the
deletion of Taf10. As a result, the effect observed at the transcriptional level is the potential
consequence of the assembly defect of TFIID and SAGA complexes. Therefore, it is not
possible to conclude about the individual role of TFIID and SAGA in the control of
transcription. Analyses of the levels of H3K9ac and H2Bubl in the mutant mES cells did not
reveal any alteration, suggesting that the HAT and DUB activities of the complex are still
functional. However, it cannot be excluded that H3K9ac and removal of H2Bub levels can be
achieved by ATAC and independent DUB modules (Atanassov et al. 2016) respectively. The
deletion of specific subunits of TFIID and SAGA will clarify the situation. | already crossed
the T-Cre and R26°"*ER™2 mouse lines with the Taf71°"* mouse line in order to analyze the effect
of the loss of TAF7 in the embryo and in blastocyst derived ES cells. Moreover, in the
laboratory, inducible protein degradation of SAGA and ATAC specific subunits are also

ongoing.

4. Steady-state gene expression can be sustained with altered TFIID and
SAGA complexes

Nascent transcription analyses indicated that TAF10 is required for transcription, while
steady-state mRNA analyses of gene expression in the absence of TAF10 did not reveal major
changes in the embryonic PSM (Bardot et al. 2017). Instead, only a few genes were
misregulated, with some genes that were even up-regulated (e.g. Cdknla and Cdknlc). Similar
observations were made in post-natal keratinocytes and hepatocytes (Indra et al. 2005; Tatarakis
et al. 2008), but also in F9 differentiated cells into primitive endoderm where the expression of
many genes was unaffected at the mRNA level, with only several genes misregulated (A.
Soldatov, W. S. Mohan II, and L. Tora, unpublished data). So, it might look contradictory to
claim that TAF10 can be facultative for gene expression given the mRNA synthesis defect

observed here. In fact, steady-state levels of mMRNA reflect the equilibrium between mRNA
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synthesis and degradation. Thus, the observed effect of TAF10 loss/depletion might be only
partial, since mMRNA degradation can compensate a mMRNA synthesis decrease (Sun et al. 2012).
Indeed, in mES cells, despite a dramatic decrease in mRNA synthesis rate in mutant samples
(figure 25), total MRNA levels of many genes were not only stable but were up-regulated.
Interestingly, Cdknla and Cdknlc were up-regulated in mES cells, recapitulating what was
observed earlier in the PSM. However, Gas5 and Tafld total mMRNA levels were down-
regulated in mES cells, consistent with what was observed in the PSM. This observation is
interesting because it shows that not all MRNAs have the same stability dynamics upon Taf10
deletion. It suggests that mMRNA synthesis defect is sensed by the cell, and in response, mMRNA
stability and decay rate are adjusted to maintain the cellular homeostasis leading to an

accumulation of transcripts.

In order to circumvent the mRNA decay compensation and to check the transcription
status in the PSM, I planned to analyze newly-synthesized mRNAs directly in the embryo by
using the mouse line described in (Gay et al. 2013). The Tg(Uprt;Uprt) mouse line contains a
transgene with a ubiquitous chicken b-actin/CMV promoter driving a loxP-GFP-3xstop-loxP
cassette followed by a hemagglutinin epitope-tagged Uprt gene. The Uprt encodes the uracile
phosphoribosyltransferase protein which catalyzes the conversion of uracil to uridine 5'-
monophosphate and which can use 4TU for its incorporation into the nascent mMRNAs. Crossing
this line with our T-Cre;Taf10"1* mouse line will induce the expression of Uprt in the
embryo, by removing the STOP cassette, from E7.5 in the mesoderm derivatives. The goal will
be to collect the embryonic tail from which it is expected to extract 1 pg of RNA. So, about 100
embryos will be needed for one purification replicate. Nevertheless, several optimization steps
are still required, including the incubation time of 4TU (between 4 h and 12 h) and the minimal

amount of total RNA required for a yield of several nanograms of labeled mRNA.

5. Potential mechanisms of compensation of mMRNA decay in response to a

decrease in mMRNA synthesis

Several evidences suggesting a coupling between mRNA synthesis and decay have been
obtained in Patrick Cramer’s laboratory in yeast S. cerevisiae by using comparative dynamic
transcriptome analysis (Sun et al. 2012, 2013). Point mutation in RNA Pol Il led to a decrease

of the synthesis rate which was compensated by a decrease of the decay rate, and a mutation in
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Ccr4, encoding the mRNA degradation enzyme Ccr4, induced a decrease of the decay rate
which was compensated by a decrease of the synthesis rate (Sun et al. 2012). Mutations of many
components of the mRNA decay machinery, all led to a buffering in synthesis rate, except for
Xrnl, which was proposed to play a major role in this mechanism (Sun et al. 2013) and
supported by another study (Haimovich et al. 2013). In yeast, mutations of TFIID and/or SAGA
subunits led to such buffering in mMRNA decay, though it was only partial upon Taf4 depletion
(Baptista et al. 2017; Warfield et al. 2017). In our conditions, up-regulation of steady-state
MRNA levels might reflect an accumulation of stabilized transcripts (from day 1 and 2 until
day 3 and 5) and also a different degree of MRNA decay compensation. The compensation

selectivity is not yet well understood.

In the literature, it has been proposed that promoter elements regulate MRNA decay in
yeast and mammal cells (Braun et al. 2014; Bregman et al. 2011; Dori-Bachash et al. 2012;
Trecek et al. 2011). So, one speculative hypothesis would be that some genes based on their
essentiality for the cellular viability would display specific promoter elements to protect them
from mRNA decay when synthesis rate drops. Codon optimality, which refers to the codons
that are associated with a faster translation elongation rate, also correlates with transcript
stability [reviewed in (Hanson et al. 2018)]. Codons considered as optimal correlate with
increased mMRNA half-life whereas other codons (sub-optimal) correlate with lower mRNA
half-life (Presnyak et al. 2015). Indeed, optimal codons result from the differential
concentration of certain tRNAs, that would favor certain codons. In a recent study, the
decapping activator and translational regulator Dhh1p was shown to act as a sensor of ribosome
speed across the transcriptome, and that promotes MRNA degradation when associated with
slow translating ribosomes (Radhakrishnan et al. 2016). Thus, codon optimality could be an
explanation for differential mMRNA stability upon mRNA synthesis decrease. We can imagine
that a decrease in the synthesis rate would give the possibility to sub-optimal codons to be
translated more efficiently, due to an increase availability of sub-optimal associated tRNAs,

resulting in an increased transcript half-life.
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CONCLUSIONS



The goals of my thesis were to: (1) determine the role of TAF10-containing complexes
during somitogenesis at E9.5; (2) develop alternative approaches in order to use classical
biochemical approaches; (3) characterize the composition of TFIID and SAGA in vivo and in
different cellular contexts by mass spectrometry; (4) characterize the composition of TFIID and
SAGA in the embryo and in different cellular contexts by mass spectrometry, (5) analyze the

contribution of TFIID and SAGA in RNA Pol Il transcription in mammals.

The role of TFIID and SAGA has been investigated in the mouse embryo at E9.5 with
the conditional Taf10 deletion in the mesoderm and with the inducible Taf10 deletion in the
whole embryo. We showed that TAF10 is required for embryonic growth, but is differentially
required for vertebrate segmentation and limb bud formation. TAF10 is also differentially
required between the PSM and LPM tissues and the reason underlining this effect remains to
be investigated. These results argue against a generic role of these transcriptional complexes in

metazoans.

| provided the detailed composition of the transcriptional TAF10-containing complexes,
TFIID and for the first time for SAGA in the embryo. The results obtained here show that the
canonical holo-TFIID is found in the embryo as well as in pluripotent cells and immune cells.

TAF10 was demonstrated to play a key role in the assembly of these complexes.

The role of TAF10-containing complexes in gene expression has been investigated in
the embryo where they are dispensable for steady-state mMRNA expression globally in the
presomitic mesoderm at E9.5. However, by using newly-synthesized mRNA analyses | showed
that TFIID and SAGA are actually required for mMRNA synthesis of many genes in mES cells.
The results obtained here highlight a potential strong compensation of MRNA decay that results

in the stabilization and the accumulation of transcripts.

Altogether, these results clarify the situation for TFIID and SAGA in vivo for
metazoans, providing new evidences for their role during mammalian development and
transcription. Here, | show that the canonical TFIID is found in vivo, but that the holo-TFIID is
not always required for gene expression and might depend on other parameters that remain to

be determined.
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Annexe |

library(ggplot2)

#fouvrir tableau en sélectionnant une feuille en particulier

IPID <- readline (prompt="Which

tableauIPTAFX <- read.csv (IPID,

")

IP do you want to analyze?
header=TRUE)

#supprimer Keratin et Ig mais vérifier ce qui est supprimé
tableaucleanIPTAFX <- tableaulPTAFX[-grep ("Keratin,",

tableaulPTAFXS$Description), ]

tableaucleanIPTAFX2 <- tableaucleanIPTAFX[-grep(""Ig ",
tableaucleanIPTAFXS$Description), ]

#fgénérer tableaux de ce qui a été enlevé de 1'analyse
refcheck <- tableaulPTAFX$Description

Keratincheck <- tableaucleanIPTAFXS$Description

Igcheck <- tableaucleanIPTAFX2$Description
cleancheckkeratin <- setdiff (refcheck, Keratincheck)
cleancheckkeratinfinal <- as.data.frame (cleancheckkeratin)

cleancheckig <- setdiff (refcheck,

Igcheck)

cleancheckigfinal <- as.data.frame (cleancheckiq)
#fremplacer NA par 0 pour éviter d'obtenir NA dans les calculs
tableaucleanIPTAFXwoNA <- tableaucleanIPTAFX2

tableaucleanIPTAFXwoNA[is.na (tableaucleanIPTAFXwoNA) ]

#calcul moyenne MOCK
x <-

<- 0

(tableaucleanIPTAFXwoNA[c ('X..PSM.D2', 'X..PSM.E2"','X..PSM.F2")

1)

tableaucleanIPTAFXwoONASMeanMOCK <-

#calcul SAF triplicats
tableaucleanIPTAFXwoONASSAF1 <-
(tableaucleanIPTAFXwoNA[,c ('X.
function (x) {(x[2]1/x[1]1)1})
tableaucleanIPTAFXwoONASSAF2 <-
(tableaucleanIPTAFXwoNA[,c ('X.
function (x) {(x[2]1/x[1]1)1})
tableaucleanIPTAFXwONASSAF3 <-
(tableaucleanIPTAFXwoNA[,c ('X.
function (x) {(x[2]1/x[1]1)1})
#calcul SAF mean MOCK
tableaucleanIPTAFXwoNASSAFMOCK
(tableaucleanIPTAFXwoONA[,c ('X.
function(x) {(x[2]/x[11)})
#calcul SAFs corrected

rowMeans (x, na.rm = TRUE)

apply

.AAs', 'X..PSM.A2'") 1,1,

apply

.AAs','X..PSM.B2")1,1,

apply

.AAs', 'X..PSM.C2'") 1,1,

<- apply

.AAs', 'meanMOCK') ], 1,

tableaucleanIPTAFXwoNASSAFlcorrected <-

apply (tableaucleanIPTAFXwoNA[c ('SAFMOCK',

function (x) {x[2]1-x[1]})

'SAF1')1,1,

tableaucleanIPTAFXwoNASSAFlcorrected[tableaucleanIPTAFXwoNASSA

Flcorrected < 0] <= 0

tableaucleanIPTAFXwoONASSAF2corrected <-

apply (tableaucleanIPTAFXwoNA[c ('SAFMOCK',

function(x) {x[2]-x[1]})

'SAF2')1,1,



tableaucleanIPTAFXwoNASSAF2corrected[tableaucleanIPTAFXwoONASSA
F2corrected < 0] <= 0

tableaucleanIPTAFXwoNASSAF3corrected <-

apply (tableaucleanIPTAFXwoONA[c ('SAFMOCK', 'SAF3')],1,
function(x) {x[2]1-x[11})
tableaucleanIPTAFXwoNASSAF3corrected[tableaucleanIPTAFXwoNASSA
F3corrected < 0] <= 0

#calculs somme SAFs corrected

tableaucleanIPTAFXwoNASsommel <- apply(tableaucleanIPTAFXwoNA
[c('SAFlcorrected')],2, function(x) {sum(x)})
tableaucleanIPTAFXwoNASsomme? <- apply(tableaucleanIPTAFXwoONA
[c('SAF2corrected')],2, function(x) {sum(x)})
tableaucleanIPTAFXwoNASsomme3 <- apply(tableaucleanIPTAFXwoONA
[c('SAF3corrected')],2, function(x) {sum(x)})

#calcul NSAF a partir des SAFs corrected
tableaucleanIPTAFXwoONASNSAFl <- apply
(tableaucleanIPTAFXwoONA[,c ('sommel', 'SAFlcorrected')],1,
function(x) {(x[2]/x[1])*100})

tableaucleanIPTAFXwoONASNSAF2 <- apply
(tableaucleanIPTAFXwoNA[,c ('somme?2', 'SAF2corrected') ], 1,
function(x) {(x[2]/x[1])*100})

tableaucleanIPTAFXwoNASNSAF3 <- apply
(tableaucleanIPTAFXwoNA[,c('somme3', 'SAF3corrected')],1,
function(x) {(x[2]/x[1])*100})

#moyenne NSAF

y <- (tableaucleanIPTAFXwONA[,c ('NSAF1l', 'NSAF2', 'NSAF3')])
tableaucleanIPTAFXwoNASmeanNSAF <- rowMeans (y, na.rm = TRUE)
#calculer SD des NSAFSs

tableaucleanIPTAFXwoONASSDNSAF <- apply(tableaucleanIPTAFXwoONA
[C('NSAF1l', 'NSAF2','NSAF3')],1, function(x) {sd(x)})
#fnormalisation NSAF par rapport au NSAF bait (1)

row.names (tableaucleanIPTAFXwoONA) <-
tableaucleanIPTAFXwoNASAccession

baitID <- readline (prompt="give the Accession # of the bait
protein M)

normalization <- tableaucleanIPTAFXwoNA[baitID, "NSAF1l']
tableaucleanIPTAFXwoNASNSAFbaitrefl <- normalization
normalization <- tableaucleanIPTAFXwoNA[baitID, "NSAF2']
tableaucleanIPTAFXwoNASNSAFbaitref?2 <- normalization
normalization <- tableaucleanIPTAFXwoNA[baitID, "NSAF3']
tableaucleanIPTAFXwoNASNSAFbaitref3 <- normalization

#moyenne NSAFbaitref

z <- (tableaucleanIPTAFXwoNA[,c('NSAFbaitrefl', '"NSAFbaitref2',
'"NSAFbaitref3')])

tableaucleanIPTAFXwoNASmeanNSAFbaitref <- rowMeans(z, na.rm =
TRUE)

#normalisation NSAF par la moyenne des NSAFbaitref (2)
tableaucleanIPTAFXwoNASNSAFlnormbait <- apply
(tableaucleanIPTAFXwoONA[, c ('meanNSAFbaitref', "NSAF1'")],1,
function(x) {(x[2]/x[1]1)})



tableaucleanIPTAFXwoNASNSAF2normbait <- apply
(tableaucleanIPTAFXwoNA [, c ('meanNSAFbaitref', '"NSAF2') 1,1,
function(x) {(x[2]1/x[1])})
tableaucleanIPTAFXwoNASNSAF3normbait <- apply
(tableaucleanIPTAFXwoNA [, c ('meanNSAFbaitref', "NSAF3'") ], 1,
function(x) {(x[2]1/x[1])1})

#moyenne NSAF bait

meanNSAFbait <-

(tableaucleanIPTAFXwoNA[,c ('NSAFlnormbait', "NSAF2normbait',
'"NSAF3normbait')])

tableaucleanIPTAFXwoNASmeanNSAFbait <- rowMeans (meanNSAFbait,
na.rm = TRUE)

#calculer SD des NSAFs bait
tableaucleanIPTAFXwoNASSDNSAFbait <-

apply (tableaucleanIPTAFXwONA

[c('NSAFlnormbait', "NSAF2normbait', '"NSAF3normbait')], 1,
function(x) {sd(x)})

#fusionner tableau contenant la liste des sous-unités avec le
tableau d'analyse

sublist <- read.csv ("donnees/sublist.csv", header=TRUE,
sep=",")

fusion <- merge.data.frame (tableaucleanIPTAFXwoNA, sublist,
by="Accession", all.y=TRUE)

#produire tableau final avec réarrangement des colonnes
tableaulPTAFXreorder <- fusion[,c('Accession','ID', "'meanNSAF',
'SDNSAEF") ]

#trier par ordre alphabétique

sortedtableau <-
tableaulPTAFXreorder [order (tableaulPTAFXreorderSID), ]
sortedtableau[is.na (sortedtableau)] <= 0

filename <- readline (prompt="Write the name of the file
(X.csv) ")

write.csv(sortedtableau, filename, row.names=FALSE)

#générer tableau RNA Pol I et Pol III

sublist TBP associated <-

read.csv ("donnees/TBP associated list.csv", header=TRUE,
sep=",")

fusion TBP associated <-

merge.data.frame (tableaucleanIPTAFXwoONA,
sublist TBP associated, by="Accession", all.y=TRUE)

#produire tableau final avec réarrangement des colonnes
tableaulPTAFXreorder TBP associated <-

fusion TBP associated[,c('Accession','ID', 'meanNSAFbait',
'SDNSAFbait') ]

#trier par ordre alphabétique

sortedtableau TBP associated <-
tableaulPTAFXreorder TBP associated[order (tableaulPTAFXreorder
_TBP associatedS$SID), ]

sortedtableau TBP associated[is.na(sortedtableau TBP associate
d)y] <=0



filename <- readline (prompt="Write the name of the file for
TBP associated complexes (X.csv)")

write.csv (sortedtableau TBP associated, filename,
row.names=FALSE)

#générer tableau TFIID

sublistTFIID <- read.csv("donnees/TFIID list.csv",
header=TRUE, sep=",")

fusion TFIID <- merge.data.frame (tableaucleanIPTAFXwONA,
sublistTFIID, by="Accession", all.y=TRUE)

#trier par ordre alphabétique

sublistTFIID <- read.csv("donnees/TFIID list reorder.csv",
header=TRUE, sep=",")

tableaulPTAFXreorder TFIID numbers <-
merge.data.frame (fusion TFIID,sublistTFIID, by="ID", all.y =
TRUE)

sortedtableau TFIID <-
tableaulPTAFXreorder TFIID numbers[order (tableaulPTAFXreorder
TFIID numbersSnumber), ]

sortedtableau TFIID[is.na(sortedtableau TFIID)] <- 0
#fproduire tableau final avec réarrangement des colonnes
tableaulPTAFXreorder TFIID numbers final <-

sortedtableau TFIID[,c('Accession.x','ID', 'meanNSAFbait',
'SDNSAFbait') ]

filename <- readline (prompt="Write the name of the file for
TFIID complex (X.csv)")

write.csv (tableaulPTAFXreorder TFIID numbers final, filename,
row.names=FALSE)

#générer tableau TIP60

sublistTIP60 <- read.csv("donnees/TIP60_list.csv",
header=TRUE, sep=",")

fusion TIP60 <- merge.data.frame (tableaucleanIPTAFXwONA,
sublistTIP60, by="Accession", all.y=TRUE)

#fproduire tableau final avec réarrangement des colonnes
tableaulPTAFXreorder TIP60 <-

fusion TIP60[,c('Accession', 'ID', 'meanNSAFbait',
'SDNSAFbait') ]

#trier par ordre alphabétique

sortedtableau TIP60 <-
tableauIPTAFXreorder TIP60[order (tableaulPTAFXreorder TIP60SID
) /]

sortedtableau TIP60[is.na(sortedtableau TIP60)] <- O
filename <- readline (prompt="Write the name of the file for
TIP60 complex (X.csv)")

write.csv (sortedtableau TIP60,filename, row.names=FALSE)
#générer tableau ATAC

sublistATAC <- read.csv("donnees/ATAC list.csv", header=TRUE,
sep=",")

fusion ATAC <- merge.data.frame (tableaucleanIPTAFXwONA,
sublistATAC, by="Accession", all.y=TRUE)

fproduire tableau final avec réarrangement des colonnes



tableaulPTAFXreorder ATAC <-

fusion ATAC[,c('Accession', 'ID', 'meanNSAFbait', 'SDNSAFbait')]
#ftrier par ordre alphabétique

sortedtableau ATAC <-
tableauIPTAFXreorder ATAC[order (tableaulPTAFXreorder ATACSID),
]

sortedtableau ATAC[is.na(sortedtableau ATAC)] <- 0

filename <- readline (prompt="Write the name of the file for
ATAC complex (X.csv)")

write.csv(sortedtableau ATAC, filename, row.names=FALSE)
#générer tableau SAGA

sublistSAGA <- read.csv("donnees/SAGA list.csv", header=TRUE,
sep=",")

fusion SAGA <- merge.data.frame (tableaucleanIPTAFXwONA,
sublistSAGA, by="Accession", all.y=TRUE)

#produire tableau final avec réarrangement des colonnes
tableaulPTAFXreorder SAGA <-

fusion SAGA[,c('Accession', 'ID', 'meanNSAFbait', 'SDNSAFbait')]
#trier par ordre alphabétique

sortedtableau SAGA <-
tableauIPTAFXreorder SAGA[order (tableaulPTAFXreorder SAGASID),
]

sortedtableau SAGA[is.na (sortedtableau SAGA)] <- 0

filename <- readline (prompt="Write the name of the file for
SAGA complex (X.csv)")

write.csv (sortedtableau SAGA,filename, row.names=FALSE)
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Annexe 11: Antibody validation for TAF1, TAF2, TAF3 and TAF4 immuno-precipitation. (A)
(B) (C) (D) Western-blot of (A) TAF1 (2439 fraction #7 (lane 2 & 5) and 2440 fraction #2 (lane 3 &
6) immuno-precipitation (30 sec exposure), (B) TAF2 immuno-precipitation, (C) TAF3 immuno-
precipitation followed by two elutions (E1 & E2), (D) TAF4 (32TA2B9) immuno-precipitation
followed by serial elution steps (E1, E2 & E3), (E) NSAF,;, values for mouse TFIID complex
subunits by mass spectrometry for TAF4 immuno-precipitation from HelLa nuclear extracts (positive
control) or from mouse thymocyte whole cellular extracts. In;: input, FT: flowthrough, E: elution
fractions. The red rectangle indicate the bait. Error bars indicate s.d. n=3
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Annexe I11: Antibody validation for TAF7 and TAF8 immuno-precipitations. (A) (B) Western-
blot of (A) TAF7 (3475 fraction #2) immuno-precipitation from mouse thymocyte whole cellular
extracts and (B) TAF8 (3477 and 3478) immuno-precipitation from mouse whole embryo between
E8.5-E10.5. (C) (D) NSAF,; values for TFIID subunits from (C) TAF7 immuno-precipitation from
mouse thymocyte whole cellular extracts and (D) TAF8 (3477) immuno-precipitation from mouse
whole embryo cellular extracts. The red rectangle indicate the bait. Error bars indicate s.d. n=3
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Annexe IV: Antibody validation for TBP immuno-precipitation. (A) Western-blot of TBP
immuno-precipitations from mouse thymocyte whole cellular extracts. (B) (C) NSAF,; values for
(B) SL1 subunits complex (TAF1A, TAF1B, TAF1C, TAF1D) and TF3B-TBP complex and (C)
TFIID subunits of TBP immuno-precipitation from mouse thymocyte whole cellular extracts. The
red rectangle indicate the bait. n=1
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Annexe V: Antibody validation for TAF10 immuno-precipitation. (A) Western-blot of TAF10
immuno-precipitation from mouse thymocyte whole cellular extracts and HeLa nuclear extracts. (B)
NSAF,;; values for TFIID subunits from TAF10 immuno-precipitation from mouse thymocyte whole
cellular extracts. The red rectangle indicate the bait. Error bars indicate s.d. n=3
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exposure). (B) (C) (D) (E) NSAF,,; values for (B) ATAC complex subunits from GCN5 immuno-

precipitation, (C) (D) (E) SAGA complex subunits from (C) GCN5, (D) ATXN7L3 and (E)

SUPT20H immuno-precipitations from mouse whole cell extract from thymocytes (T29). The red
=3

Annexe VI: Antibody validation for GCN5, ATXN7L3, and SUPT20H immuno-precipitations.
(A) Western-blot of GCN5 (mouse KAT2A), ATXN7L3, SUPT20H immuno-precipitations (30 sec

rectangle indicate the bait. Error bars indicate s.d. n
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Annexe VII: Antibody validation for SUPT3H immuno-precipitation. NSAF,; values for
SAGA complex subunits from SUPT3H immuno-precipitation from mouse whole cell extract
from thymocytes (T29. The red rectangle indicate the bait. Error bars indicate s.d. n=3
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Annexe VIII: Antibody validation for TRRAP immuno-precipitation. (A) Western-blot of
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Annexe X: 40HT treatment does not affect controls mES cellular growth and viability. E14
mES cells haboring Pax7-GFP allele were used as a control for testing the effect of 4OHT. A)
Growth curve of mES cells treated with EtOH (vehicle) or 100 nM 40HT at day 1, plotted as the
number of living mES cells. (B) Number of dead mES cells treated with EtOH (vehicle) or 100 nM
40HT at day 1. Control and mutant conditions are indicated in white and gray, respectively. Error
bars indicate s.d. n=3
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Annexe XI: Cellular growth is not affected by doxycycline in F9 wild-type cells. (A) Growth
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machinerie basale de transcription au cours du
développement et de la différenciation

Résumeé

TFIID et SAGA sont deux complexes importants pour la transcription, contenant la sous-unité
TAF10. Nous avons analysé leur composition dans I’embryon murin et différents contextes
cellulaires par immuno-précipitation et spectrométrie de masse. Les sous unités des complexes
TFIID et SAGA ont été détectées en proportion différente selon le type cellulaire. Par filtration
sur gel, des sous-complexes de TFIID ont aussi été détectés. En absence de TAF10,
I’assemblage de TFIID et SAGA est fortement affecté¢ mais la formation des somites n’est pas
initialement affecté ni ’expression globale des génes. L’analyse des niveaux d’ARN totaux et
naissants dans les cellules ES murines suggerent que TFIID et SAGA sont requis globalement
pour l’initiation de la transcription, mais que la diminution de la synthése des ARNm est
compensée.

Mots-clés : TFIID ; SAGA ; Transcription ; Développement

Résumé en anglais

TFIID and SAGA are two multi-subunit complexes which play important roles in transcription
and that contain the TAF10 subunit. By immunoprecipitation followed by mass spectrometry,
we analyzed the composition of TFIID and SAGA complexes in the embryo as well as in
different cellular contexts. TFIID and SAGA complexes subunits were detected in different
proportions depending on the cellular context. By gel filtration, we also detected distinct TFIID
sub-complexes. In the absence of TAF10, TFIID and SAGA assembly is severely impaired but
neither early somitogenesis nor global gene expression is affected. Steady-state and newly-
transcribed mRNA analyses in mES cells suggest that TFIID and SAGA are generally required
for transcription initiation. However, the decrease of MRNA synthesis is compensated.
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