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Etude du rôle de TFIID et de ses complexes partiels dans l’initiation de la transcription 

(Study of the role of TFIID and its partial complexes in transcription initiation) 

Résumé en français 
 

L'ARN polymérase II (ARN pol II) transcrit les gènes codant pour les protéines et des ARNs 
non codants (Dergai and Hernandez, 2019). Son recrutement au niveau du promoteur nécessite 
l'assemblage de facteurs généraux de transcription (GTFs) dans un complexe de pré-initiation (PIC) 
(Chen et al., 2021). TFIID est le premier GTF qui se lie au promoteur. Par la suite, d'autres GTFs 
s’agrègent autour du TFIID et du promoteur permettant le recrutement de l'ARN pol II ce qui finalise la 
formation du PIC. TFIID est composé de la protéine de liaison à la boite TATA (TBP) et de 13 différents 
facteurs associés à TBP (TAFs) (Patel et al., 2020). TFIID partage certaines sous-unités, comme TAF10, 
avec le coactivateur transcriptionnel Spt-Ada-Gcn5 Acétyltransférase (SAGA) (Herbst et al., 2021; 
Papai et al., 2020). 

Le modèle actuel d'assemblage de TFIID a été établi grâce à des expériences in vitro telles que des co-
immunofluorescences, des immunoprécipitations ou encore des analyses de complexes reconstitués par 
cryo-microscopie et par spectrométrie de masse (Bieniossek et al., 2013a; Gupta et al., 2017; Kamenova 
et al., 2019; Soutoglou et al., 2005; Trowitzsch et al., 2015). Dans ce modèle, le core-TFIID est d’abord 
formé, composé de TAF4-5-6-9-12. Le sous-module TAF2-8-10 rejoint le core-TFIID et brise sa 
symétrie axiale pour former un complexe 8-TAFs. Cette rupture de symétrie est importante pour 
permettre l'ancrage des dernières sous-unités (TBP, TAF1 et le sous-module TAF7-11-13). Le complexe 
TFIID alors assemblé et est composé de 3 lobes : A, B et C. Ces lobes présentent une certaine mobilité 
les uns par rapport aux autres permettant le placement au mieux de TBP sur le promoteur ainsi que le 
recrutement des autres GTFs en fonction des caractéristiques du promoteur (Chen et al., 2021; Patel et 
al., 2018). 

Certains des TAFs ont des paralogues qui peuvent les remplacer dans TFIID en changeant sa 
composition finale. Cette variabilité participe à la mise en place d’un programme d’expression génétique 
spécifique un type cellulaire. C’est le cas par exemple de TAF4B, qui peut remplacer TAF4 dans TFIID, 
mais ne le compense pas totalement car les embryons Taf4-/- arrêtent de se développer vers 9.5jpc 
(Langer et al., 2016). En revanche, TAF4B est important pour l’expression de gènes nécessaire à 
l’ovogenèse et la spermatogenèse (Falender et al., 2005; Grive et al., 2016). TAF7L, un paralogue de 
TAF7, est spécifiquement impliqué dans la spermatogenèse et l'adipogenèse (Pointud, 2003; Zhou et al., 
2013). Taf7l2 est un possible autre paralogue de Taf7 mais ce gène n’a pas encore été étudié.  

Un autre niveau de variabilité dans la composition de TFIID repose sur l'absence de certains TAFs. Dans 
les cellules HeLa et les cellules F9, un complexe TFIID ne contenant pas TAF10 coexiste avec le 
complexe canonique (Jacq et al., 1994; Mohan II et al., 2003). Bien que tous les TAFs soient requis pour 
la survie et la différenciation cellulaire dans la plupart des cas, dans certains contextes cellulaires, la 
perte de TAF7, de TAF8 ou bien de TAF10 n’a pas d’effet (Bardot et al., 2017; Gegonne et al., 2012; 
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Indra et al., 2005; Voss et al., 2000), suggérant que la présence de complexes TFIID partiels est 
suffisante dans certaines situations pour la transcription. Ces découvertes soulèvent des questions sur la 
composition de ces complexes. De plus, leur rôle dans l'initiation de la transcription est encore inconnu. 
L'objectif de ma thèse est de mettre en évidence la composition et la possible fonction de ces complexes 
TFIID alternatifs dans l'initiation de la transcription. 

Récemment, chez des embryons de souris mutants T-Cre ; Taf10f/f, dans lesquels TAF10 est 
conditionnellement perdu dans le mésoderme embryonnaire, nous avons montré que la somitogenèse, 
un processus hautement régulé sur le plan transcriptionnel n’est pas affecté durant une courte fenêtre de 
temps. Cependant, la perte de TAF10 empêche l'assemblage de TFIID et de SAGA (Bardot et al., 2017). 
Ainsi, pour étudier le rôle spécifique de TFIID dans ce processus, des embryons mutants T-Cre ; Taf7f/f, 

ont été produits. Chez ces mutants, nous avons observé que la somitogenèse n'est pas initialement 
affectée comme chez les mutants T-Cre ; Taf10f/f. De manière inattendue, leurs phénotypes sont 
néanmoins légèrement différents. Par exemple, les mutants T-Cre ; Taf7f/f se développe plus longtemps 
que les mutants T-Cre ; Taf10f/f. Les mutants T-Cre ; Taf7f/f présentent un défaut de développement 
cardiovasculaire et la morphogenèse de leurs membres antérieurs est initiée. Au contraire, les mutants 
T-Cre ; Taf10 f/f ne semblent pas présenter de problème de développement de la zone cardiovasculaire 
mais la morphogenèse de leurs membres antérieurs n’est pas du tout initiée. Cela pourrait indiquer qu'en 
l'absence de TAF7 ou TAF10, des complexes alternatifs ou partiels de TFIID sont soit nouvellement 
formés, soit déjà présents dans les cellules, et pourraient initier d'une manière ou d'une autre la 
transcription de l'ARN pol II dans ces contextes cellulaires particuliers. 

Afin de caractériser les complexes partiels TFIID, j'ai dérivé des lignées de cellules souches 
embryonnaires de souris (mESC) dans lesquelles la délétion de Taf7 (lignée cellulaire RT7), de Taf10 
(lignée cellulaire RT10) ou des deux (lignée cellulaire RT710) est induite par l’ajout de 4-
hydroxytamoxifène (4-OHT) (Bardot et al., 2017). Après deux jours de traitement, la déplétion de TAF7 
et/ou TAF10 est efficace dans toutes les lignées cellulaires. TAF7 et TAF10 sont essentiels aux mESC, 
ces dernières ne pouvant pas être maintenues en culture en leur absence. Cependant, à partir du jour 4, 
des différences en termes de survie cellulaire et de croissance des colonies apparaissent entre les 
différentes lignées cellulaires. Les cellules mutantes RT710 présentent le phénotype le plus sévère, suivi 
des cellules mutantes RT10 et enfin des cellules mutantes RT7. Il est intéressant de noter que les cellules 
mutantes RT7 ne présentent pas d'augmentation de l'apoptose contrairement aux autres cellules 
mutantes, même après 6 jours de traitement. Ceci n'est pas dû à un phénomène de sauvetage du 
phénotype par l'expression ectopique d’un paralogue de Taf7 car l’analyse par RT-qPCR a montré que 
ces cellules sauvages ou mutantes n’expriment ni Taf7l ni Taf7l2. 

Une hypothèse qui pourrait expliquer ces différences de phénotypes est que TAF10 est également inclus 
dans SAGA et il a été montré que TAF10 est requis pour son assemblage (Bardot et al., 2017). Pour 
étudier cette question, nous avons muté le gène Supt7l dans la lignée cellulaire RT7 par CRISPR-Cas9. 
SUPT7L est le partenaire spécifique de TAF10 dans SAGA (Herbst et al., 2021; Papai et al., 2020). 
Comme attendu, la réalisation d’immunoprécipitation suivi d’analyse par mass spectrométrie a montré 
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que la perte de SUPT7L empêche l'assemblage de SAGA de manière similaire à la perte de TAF10. De 
plus, il a été récemment publié qu’au sein de mESC Supt7l-/-, TAF10 ne peut pas être assemblé dans 
SAGA mais uniquement dans TFIID (Fischer et al., 2021). Par conséquence, la perte SUPT7L est un 
bon modèle permettant d’étudier l’impacte de la perte de SAGA induit par la perte de TAF10 chez les 
mESC. La perte de SUPT7L n'a pas d'impact sur la survie des cellules ni sur la croissance des colonies. 
De plus, contrairement à la perte de TAF7 et/ou TAF10, la perte de SUPT7L n'empêche pas les cellules 
d'être maintenues en culture. Enfin, la perte supplémentaire de TAF7 dans cette lignée cellulaire RT7 ; 

Supt7l-/- présente le même phénotype que les mutants RT7. Par conséquent, les différences de phénotype 
observées entre les mutants RT7, RT10 et RT710 ne peuvent pas être expliquées par la perte de SAGA 
induite par la perte de TAF10. 

Une autre hypothèse pour expliquer ces différences de phénotypes est que la perte de TAF7 ou TAF10 
n'altère pas l'assemblage du TFIID aux mêmes étapes. En particulier, TAF10 joue un rôle important 
dans la transition entre le core-TFIID et les étapes ultérieures de l'assemblage au cours desquelles TAF7 
est recruté (Bieniossek et al., 2013). Il a déjà été montré qu’en absence de TAF7, un complexe TFIID 
presque complet peut être formé dans lequel seul TAF7 est absent (Gegonne et al., 2012). Ce dernier 
pourrait initier la transcription. En absence de TAF10, il est possible que seul le core-TFIID puisse être 
formé et ne puisse pas initier la transcription. Pour répondre à ces questions, différentes expériences 
d’immunoprécipitations de TAF12 suivies d’analyse par spectrométrie de masse à différents jours de 
traitement ont été réalisées. J'ai confirmé qu’en l'absence de TAF7, un TFIID dépourvu de TAF7 est 
formé (TAF7-less TFIID), ce qui corresponds aux données publiées dans Gegonne et al., 2012. J’ai 
également montré qu'en l'absence de TAF10 le core-TFIID est formé sur lequel s’assemble au moins 
TAF1, nommé ci-après 7-TAFs, indiquant que des sous-unités de TFIID peuvent s’assembler au core-
TFIID non réarrangé par TAF2-8-10. A noter que la perte quasi-totale de TFIID pour ces complexes 
partiels se fait à partir de trois jours de traitement, soit juste avant l’apparition des différences de 
phénotypes entre les différentes lignées cellulaires mutantes. Ensuite, j'ai montré par des 
immunoprécipitations de TBP suivies d’analyse par spectrométrie de masse que le TAF7-less TFIID 
peut recruter TBP, encore en accord avec l’étude de Gegonne et al., 2012. Ces résultats ont été confirmés 
par l’analyse de fractions obtenues par chromatographie d’exclusion de taille. TBP joue un rôle 
important dans l’initiation permettant de modifier la topologie de l’ADN et interagissant avec les autres 
GTFs (Chen et al., 2021). Nous aimerions par conséquence savoir si TBP peut être chargé sur le 
promoteur en absence de TAF7 comme il devrait l'être en conditions contrôles. Pour cela, des 
expériences d’immunoprécipitation de la chromatine via TBP suivie d'un séquençage (TBP ChIP-seq) 
seront réalisées prochainement. 

Puisque la perte de TAF10 a un effet plus dramatique sur l'assemblage de TFIID que la perte de TAF7, 
nous proposons que la perte de TAF10 a plus d'impact sur la transcription que la perte de TAF7. Ceci 
pourrait expliquer les différences de phénotypes observés entre les mutants. Dans cette optique, nous 
avons d'abord voulu examiner le niveau global de transcription lorsque le TFIID canonique a presque 
complètement disparu. L'analyse par immunofluorescence des niveaux de phosphorylation de l’ARN 
pol II, RPB1pSer2, RPB1pSer5, indiquant l'état d’activité transcriptionnelle de l'ARN pol II, ainsi que 
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l’analyse de l’intégration du 5-éthynyl uridine (EU) après une courte exposition, indiquant le niveau de 
synthèse active des ARNs naissants, ont montré que l'ARN pol II transcrit toujours à un niveau normal 
alors que la quasi-totalité des complexes TFIID sont absents, que ce soit en présence du Taf7-less TFIID 
ou du 7-TAFs. Pour avoir une vision plus précise du transcriptome naissant dans ces contextes 
particuliers, nous avons réalisé un séquençage transitoire du transcriptome (TT-seq (Schwalb et al., 
2016)) qui est en cours d’analyse. 

En conclusion, ma thèse vise à mieux comprendre si les complexes TFIID partiels qui diffèrent 
du complexe TFIID peuvent initier la transcription, et si oui, est-ce important dans la mise en place ou 
au maintien d'un programme d'expression génique particulier. Mes résultats montrent que le complexe 
TFIID canonique est requis à la fois pendant le développement embryonnaire et pour le maintien en 
culture des mESC. Cependant, lorsque l’assemblage de TFIID est affecté, la sévérité du phénotype 
observé dépend à la fois du contexte cellulaire et des complexes TFIID partiels résultants. Dans le cas 
des mESC, le complexe TAF7-less TFIID semble être plus apte à compenser la perte de TFIID que le 
core-TFIID. 

Il est important de garder à l'esprit que les mESC expriment également TBPL1, un paralogue de TBP 
impliqué dans la transcription de l'ARN pol II indépendamment de TFIID. TBPL1 initie la transcription 
principalement à partir de promoteurs ne contenant pas de boîte TATA et avec la collaboration de TFIIA 
(Martianov et al., 2016 ; Ohbayashi et al., 2003). Cependant, mes données ont montré que TBPL1 n'est 
pas associé ni avec TFIIA ni avec TFIID dans les mESC. L'importance de TBPL1 dans la transcription 
de l'ARN pol II reste à étudier plus précisément. 

Bien qu’un phénotype cellulaire soit visible après la perte presque totale de TFIID, ceci n'affecte ni le 
niveau de phosphorylation de l'ARN polymérase II ni le taux de transcription active. Ainsi, dans les 
premiers instants de la perte de TFIID, la transcription n’est pas complétement abrogée mais pourrait 
donc être perturbée qu’aux niveaux de certains gènes particuliers et/ou à des étapes particulières de 
l’initiation de la transcription. L'analyse des résultats de TBP ChIP-seq, TT-seq permettra de mieux 
comprendre l'importance de TFIID dans l’initiation de la transcription et comment les complexes TFIID 
partiels peuvent ou non maintenir cette activité. Des analyses par CAGE (Cap analysis of gene 

expression (Shiraki et al., 2003)) permettant de connaître le site de départ de la transcription 
(Transcription Start Site, TSS) à l’échelle de transcriptome entier seront aussi réalisées. Ceci permettra 
de savoir si, dans ces différentes lignées cellulaires mutantes, la transcription est initiée aux endroits 
appropriés et par conséquence de savoir si le rôle fondamental de TFIID n’est pas dans l’initiation de la 
transcription, mais plus spécifiquement dans le fait de l’initier aux bons endroits. 
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Summary in English 
 

The RNA polymerase II (RNA pol II) transcribes protein-coding genes and some non-coding 

RNAs (Dergai and Hernandez, 2019). Its recruitment to the promoter requires the assembly of general 

transcription factors (GTFs) in a preinitiation complex (PIC) (Chen et al., 2021). TFIID is the first GTF 

to bind the promoter. Subsequently, other GTFs as well as the RNA pol II are recruited around the TFIID 

which finalizes the transcription initiation step. TFIID is composed of the TATA-binding protein (TBP) 

and 13 different TBP-associated factors (TAFs) (Patel et al., 2020), some of which are shared with other 

complexes, such as TAF10 also present in the Spt-Ada-Gcn5 Acetyltransferase (SAGA) transcriptional 

coactivator (Herbst et al., 2021; Papai et al., 2020). 

The current model of TFIID assembly has been established through in vitro experiments such as co-

immunofluorescence, immunoprecipitation and cryo-microscopy/mass spectrometry analysis of 

reconstituted complexes (Bieniossek et al., 2013b; Gupta et al., 2017; Kamenova et al., 2019; Soutoglou 

et al., 2005; Trowitzsch et al., 2015). In this model, the core-TFIID is first formed, consisting of TAF4-

5-6-9-12. The TAF2-8-10 sub-module joins the core-TFIID and breaks its axial symmetry to form an 

8TAFs complex. This symmetry breaking is important to allow the anchoring of the last subunits (TBP, 

TAF1 and the TAF7-11-13 sub-module). The assembled TFIID complex is composed of 3 lobes: A, B 

and C. These lobes have a certain degree of mobility in relation to each other, allowing for the optimal 

placement of TBP on the promoter as well as the recruitment of other GTFs according to the 

characteristics of the promoter (Chen et al., 2021; Patel et al., 2018). 

Some of the TAFs have paralogs that can replace them in TFIID by changing its final composition. This 

variability would participate in the establishment of a cell type specific gene expression program. For 

instance, this is the case of TAF4B, which can replace TAF4 in TFIID, but does not fully compensate 

for it because Taf4-/- embryos stop developing at around E9.5 (Langer et al., 2016). In contrast, TAF4B 

is important for the expression of genes required for oogenesis and spermatogenesis (Falender et al., 

2005; Grive et al., 2016). TAF7L, a paralogue of TAF7, is specifically involved in spermatogenesis and 

adipogenesis (Pointud, 2003; Zhou et al., 2013) but its integration into TFIID composition has to be 

confirmed. Taf7l2 is another possible paralogue of Taf7 but this gene has not yet been studied. 

Another level of variability in TFIID composition is based on the absence of some TAFs. In HeLa cell 

and F9 cells, a TFIID complex that does not contain TAF10 coexists with the canonical one (Jacq et al., 

1994; Mohan II et al., 2003). Although all TAFs are required for cell survival and differentiation in most 

cases, in some cellular contexts the loss of TAF7, TAF8 or TAF10 has no effect (Bardot et al., 2017; 

Gegonne et al., 2012; Indra et al., 2005) suggesting that the presence of partial TFIID complexes is 

sufficient in some situations for transcription. These discoveries raise questions about the composition 

of these complexes. Moreover, their role in transcription initiation is still unknown. The goal of my PhD 
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is to highlight the composition and potential function of these partial TFIID complexes in transcription 

initiation. 

Recently, in T-Cre; Taf10f/f  mutant mouse embryos, in which TAF10 is conditionally lost in the 

embryonic mesoderm, we have shown that somitogenesis, a highly transcriptionally regulated process, 

is not affected during a short time window. However, the loss of TAF10 prevents the assembly of both 

TFIID and SAGA (Bardot et al., 2017). Thus, to study the specific role of TFIID in this process, I 

generated T-Cre; Taf7f/f  mutant embryos in which the TFIID-specific subunit TAF7 is depleted in a 

similar manner. In these mutants we observed that somitogenesis is not affected during a time window 

as for T-Cre; Taf10f/f mutants. Unexpectedly, their phenotypes are slightly different. For instance, the T-

Cre; Taf7f/f mutants live longer than the Taf10 mutants. The T-Cre; Taf7f/f mutants show a defect in 

cardiovascular development and the morphogenesis of their forelimbs is initiated. In contrast, the T-

Cre; Taf10f/f mutants do not appear to have a problem with the development of the cardiovascular zone 

but the morphogenesis of their forelimbs is not initiated at all. 

In order to characterize TFIID partial complexes, I derived mouse embryonic stem cell (mESC) lines in 

which the deletion of Taf7 (RT7 cell line), Taf10 (RT10 cell line) or both (RT710 cell line) is induced by 

4-hydroxytamoxifen (4-OHT) (Bardot et al., 2017). After two days of treatment, the depletion of either 

TAF7 and/or TAF10 is efficient in all the cell lines. TAF7 and TAF10 are essential for mESCs since 

they cannot be maintained in culture in their absence. From day 4, differences in term of cell survival 

and colony growth appear between the different cell lines. The RT710 mutant presents the most severe 

phenotype, followed by the RT10 mutant and finally the RT7 mutant. Interestingly, the RT7 mutant does 

not show an increase in apoptosis unlike the other mutants, even after 6 days of treatment. This is not 

due to phenotype rescue by ectopic expression of a TAF7 paralogue since RT-qPCR analysis showed 

that neither Taf7l nor Taf7l2 are expressed in these wild type or mutant cells. 

One hypothesis that could explain these differences of phenotypes is that TAF10 is also is required for 

SAGA assembly (Bardot et al., 2017). To study this question, we deleted Supt7l gene in RT7 cell line 

by CRISPR-Cas9. SUPT7L is the SAGA-specific partner of TAF10 (Herbst et al., 2021; Papai et al., 

2020). As expected, the realization of immunoprecipitation followed by mass spectrometry analysis 

showed that the loss of SUPT7L prevents the assembly of SAGA in a similar way as the loss of TAF10. 

Furthermore, it has recently been published that within mESC Supt7l-/-, TAF10 cannot be assembled 

into SAGA but only into TFIID (Fischer et al., 2021). Therefore, SUPT7L loss is a good model to study 

the impact of SAGA loss induced by TAF10 loss in mESCs. The loss of SUPT7L does not impact either 

the cell survival nor the colony growth. Moreover, unlike the loss of TAF7 and/or TAF10, Supt7l-/- 

mESC can be maintained in culture. Finally, the additional depletion of TAF7 in this RT7; Supt7l-/- cell 

line shows the same phenotype as RT7 mutants. Therefore, the differences of phenotype observed 

between RT7, RT10 et RT710 cannot be explained by the loss of SAGA induced by TAF10 loss. 
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Another hypothesis to explain these differences in phenotypes is that the loss of TAF7 or TAF10 does 

not impair TFIID assembly at the same step. In particular, TAF10 plays an important role in the 

transition from the core-TFIID to the later assembly steps in which TAF7 is recruited (Bieniossek et al., 

2013). It has already been shown that in the absence of TAF7, a nearly complete TFIID complex can be 

formed in which only TAF7 is absent (Gegonne et al., 2012). The latter could initiate transcription. In 

the absence of TAF10, it is possible that only the core-TFIID can be formed and cannot initiate 

transcription. To answer these questions, different experiments of TAF12 immunoprecipitation followed 

by mass spectrometry analysis at different days of treatment were performed. I confirmed that in the 

absence of TAF7, a TAF7-less TFIID is formed. I also showed that in the absence of TAF10 the core-

TFIID is formed on which at least TAF1 assembles, hereafter referred to as 7-TAFs, indicating that 

subunits of TFIID can assemble to the core-TFIID not rearranged by TAF2-8-10. Note that the almost 

complete loss of TFIID for these partial complexes occurs after three days of treatment, i.e. just before 

the appearance of phenotype differences between the different mutant cell lines. Then, I showed by TBP 

immunoprecipitation followed by mass spectrometry analysis that TAF7-less TFIID can recruit TBP, in 

agreement with the study of Gegonne et al., 2012. These results were confirmed by analysis of fractions 

obtained by gel filtration. TBP plays an important role in initiation by modifying DNA topology and by 

interacting with other GTFs (Chen et al., 2021). We would therefore like to know if TBP can be loaded 

onto the promoter in the absence of TAF7 as it should be under control conditions. For this purpose, 

chromatin immunoprecipitation experiments via TBP followed by sequencing (TBP ChIP-seq) will be 

performed in the near future. 

Since the loss of TAF10 has a more dramatic effect on TFIID assembly than the loss of TAF7, we 

hypothesis that the loss of TAF10 impact more the transcription than the loss of TAF7. This could also 

explain the differences in phenotypes observed between the mutants. With that in mind, we first wanted 

to look at the global level of transcription in almost complete absence of canonical TFIID. Analysis of 

the phosphorylation levels of RNA pol II, RPB1pSer2, RPB1pSer5, which indicate the state of RNA pol II 

transcription, as well as analysis of the integration of 5-ethynyl uridine (EU) after a short exposure, 

indicating the level of RNA synthesis, showed that RNA polymerase II still transcribes at a normal level 

in almost complete absence of canonical TFIID, whether in the presence of TAF7-less TFIID or 7-TAFs. 

To have a more precise view of the nascent transcriptome in these particular contexts, we did a transient 

transcriptome sequencing (TT-seq (Schwalb et al., 2016)) which is currently being analyzed. 

In conclusion, my thesis aims to better understand whether TFIID partial complexes that differ 

from the TFIID complex can initiate transcription, and if so, if this is important in setting up a particular 

gene expression program. My results show that the canonical TFIID complex is required both during 

embryonic development and in mESC maintenance. However, when TFIID assembly is affected, the 

severity of the phenotypes depends on both the cellular context and the resulting partial TFIID 
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complexes. In the case of mESC, the TAF7-less TFIID complex appears to be more able to compensate 

for the loss of TFIID than the 7-TAFs. 

The compensation achieved seems to be more fine-grained than just maintaining the overall level of 

transcription. Indeed, although a cellular phenotype is visible after almost total loss of TFIID, this does 

not affect the level of RNA polymerase II phosphorylation or the transcription rate. Analysis of the 

results of TBP ChIP-seq, TT-seq and SLIC-CAGE will provide a better understanding of the importance 

of TFIID and how TFIID partial complex may or may not maintain this activity. 

It is important to keep in mind that mESCs also express TBPL1, a paralogue of TBP involved in TFIID-

independent RNA pol II transcription. TBPL1 initiates transcription primarily from promoters lacking 

a TATA box and with the collaboration of TFIIA (Martianov et al., 2016; Ohbayashi et al., 2003). 

However, my preliminary results from gel filtration analysis showed that TBPL1 is not associated with 

either TFIIA or TFIID in mESCs. The importance of TBPL1 in RNA pol II transcription remains to be 

further investigated. 

Finally, although a cellular phenotype is visible after almost complete loss of TFIID, this does not affect 
the level of phosphorylation of RNA polymerase II or the level of active transcription. Thus, in the early 
stages of TFIID loss, transcription is not completely abrogated but may only be disrupted at the levels 
of particular genes and/or at particular stages of transcription initiation. Analysis of the TBP ChIP-seq, 
TT-seq data will provide a better understanding of the importance of TFIID in transcription initiation 
and how partial TFIID complexes may or may not maintain this activity. Cap Analysis of Gene 
Expression (CAGE) (Shiraki et al., 2003) will also be performed to determine the transcription start site 
at the level of the whole transcriptome. This will reveal whether, in these different mutant cell lines, 
transcription is initiated at the appropriate sites, and therefore whether the fundamental role of TFIID is 
not to initiate transcription but to initiate it specifically at the right site.
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Table 1 : Récapitulatif de quelques techniques associées au séquençage permettant d’analyser le transcriptome naissant. caRNA- seq, 
chromatin- associated RNA sequencing; CoPRO, coordinated precision run- on and sequencing; eRNA enhancer RNA; mNET- seq, 
mammalian native elongating transcript sequencing; NET- seq, native elongating transcript sequencing; PRO- cap, precision run-on with 
cap selection; PRO- seq, precision run- on sequencing; SLAM- seq, thiol (SH)-linked alkylation for the metabolic sequencing of RNA ; SMIT- 
seq, single- molecule intron tracking sequencing; TT- seq, transient transcriptome sequencing. Issu de (Wissink et al., 2019). 
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Figure 30 : Arbres phylogénétiques récapitulant l’évolution des TAFs au cours des âges géologiques. En bleu sont les TAFs connus 
comme spécifiques de TFIID, en orange ceux spécifiques de SAGA, en noir ceux communs aux deux sous-unités. Il est important de 
noter que la présence de chacune des TAFs dans TFIID et/ou SAGA n’a pas été vérifiée pour chacun des clades. Ainsi la répartition 
des TAFs dans l’un ou l’autre des complexes (tableaux à gauche) sont des hypothèses qui reposent sur nos connaissance de la 
composition de TFIID et de SAGA dans S.cerevisiae, D.melanogaster et les modèles mammifères.   
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Figure 31 : Récapitulatif des domaines présents au niveau de chaque TAFs présent dans TFIID chez les métazoaires. Les TAFs 
de même couleur s’associe via les HFD pour former des hétérodimères. Adapté de Müller et al. 2010. 

Figure 32 : Le lobe B (A) et B (A) et l’octamer d’histone présentent des similitudes structurales. Le cercle en pointillé montre 
une des différences entre ces trois structures. Issu de Patel et al. 2018. 
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Le lobe A et B sont liés via les deux domaines HEAT de chaque TAF6 qui les compose (HEATTAF6.A 

issu de TAF6 du lobe A et HEATTAF6.B issu du TAF6 du lobe B) (Chen et al., 2021a; Kolesnikova et al., 

2018; Louder et al., 2016; Patel et al., 2018) (Figure 33 C et E). Ces HEAT dimérisés sont stabilisés par 

TAF8 et TAF1 (Chen et al., 2021a; Patel et al., 2018) (Figure 33 E). TAF8 a une expansion qui va le 

long des domaines HEAT dimérisés (Chen et al., 2021a; Louder et al., 2016) (Figure 33 C et E). Son 

extrémité C-terminal est associée à TAF2 présent dans le lobe C (Chen et al., 2021a; Louder et al., 2016; 

Patel et al., 2018; Trowitzsch et al., 2015) (Figure 33 D et E). TAF1 contacte les deux domaines HEAT 

via trois motifs de liaison à TAF6 (TAF6-binding motifs, T6BMs) (Figure 33 E) (Chen et al., 2021a). 

TAF1 contacte par ailleurs TBP via ses domaines TAND1 et 2 (Anandapadamanaban et al., 2013; Liu 

et al., 1998) et avec TAF7 via son domaine DU3591 (Bhattacharya et al., 2014; Wang et al., 2014) 

Figure 33 : Vue d’ensemble de la structure de TFIID. A-D) Structure de TFIID immunoprécipité à partir de cellules HeLa 
et résolue par Cryo-EM. En (A) est illustré la mobilité du lobe A par rapport au lobe B et C. (D) est une vue à 90° dans le 
sens indiqué par la flèche de (C). Issu de Patel et al. 2018. E) Représentation de l’ensemble des intéractions au sein de 
TFIID. Issu de Chen et al. 2021. 
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Figure 37 Schéma expliquant le recrutement de TFIID au niveau des promoteurs, le chargement de 
TBP dans l’ADN et le recrutement des premiers GTFs en fonction du modèle de Nogales (A) ou de Xu 
(B, C et D). Adaptés de Patel et al. 2018 et Chen et al. 2021. 
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1. Abstract 

 RNA polymerase II (Pol II) transcription initiation starts with the assembly of the 

preinitiation complex (PIC) on core promoters. The PIC is composed of six general 

transcription factors (GTFs). The recognition of the core promoter sequences by the TFIID GTF 

complex is the first step of the PIC assembly. In metazoans, TFIID is composed of the TATA 

binding protein (TBP) and of 13 TBP associated factors (TAFs). Genetic depletion of different 

murine TAFs have shown that TAFs such as TAF7 or TAF10, can be either absolutely required, 

or dispensable for Pol II transcription, depending on the cellular contexts. In this report, we 

depleted TAF7 and/or TAF10 in the same cellular system. According to the step-wise assembly 

model of TFIID, the absence of TAF10 should lead to the arrest of TFIID assembly at an early 

stage, while absence of TAF7 should have more limited effects. Our immunoprecipitation 

coupled to mass spectrometry-based analyses indeed indicated that TAF10 depletion results in 

TFIID disassembly in to building blocks, while the lack of TAF7 results in a TAF7-less TFIID. 

As TAF10 is also a subunit of the transcriptional co-activator Spt-Ada-Gcn5 acetyl transferase 

(SAGA), the more severe phenotype in Taf10 mutant cells could have been the consequence of 

additional TFIID and SAGA defects. However, this is not the case as depletion of a crucial 

SAGA-specific structural subunit, SUPT7L, does not further increase the severity of TAF7 

depletion. Thus, the difference in phenotype severity correlates with the degree of TFIID 

disassembly. Surprisingly however, when Pol II transcription activity changes have been 

evaluated, no major global changes could be observed in the absence of either TAF7 and/or 

TAF10. Our data suggest that the inducible loss of fully assembled canonical TFIID does not 

correlate with the lack of global Pol II transcription activity changes suggesting that partially 

assembled TFIID complexes can participate in Pol II transcription initiation, but might impact 

the efficacy of Pol II transcription leading the observed phentoypes.  
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2. Introduction 

 

RNA polymerase II (Pol II) is responsible for the transcription of all protein coding 

genes, as well as long non coding RNA and some short non coding RNA (for a review, see 

(Roeder, 2019)). Pol II transcription is finely regulated, allowing gene by gene variable levels 

of expression depending on the cellular context. As a result, dysfunction in Pol II transcription 

is associated with a wide range of pathologies such as cancer, metabolic or neural diseases. Pol 

II transcription is first regulated by the binding of specific transcription factors to enhancers 

[for a review, see (Zabidi and Stark, 2016)]. These transcription factors are able to recruit 

different classes of transcriptional co-activator complexes that modify the structure of the 

chromatin: i) ATP-dependent remodeling chromatin factors that mobilize nucleosomes 

allowing the accessibility of the promoter region and ii) histone modifying complexes that 

catalyze different reactions such as acetylation or methylation on the histones leading to 

chromatin opening (for a review, see (Zabidi and Stark, 2016)). The action of these co-

activators is crucial to create a favorable context for transcription initiation. Transcription 

initiation is the obligatory step of Pol II recruitment via the formation of the pre-initiation 

complex on the promoter.  

The pre-initiation complex (PIC) is composed of 6 factors, called general transcription 

factors (GTFs); TFIIA, TFIIB, TFIID, TFIIE, TFIIF and TFIIH, and Pol II (for a review, see 

(Roeder, 2019)). TFIID is the first GTF to bind to the promoter, initiating the nucleation of the 

PIC. In metazoans, TFIID is composed of the TATA-binding protein (TBP) and of 13 TBP-

associated factors (TAFs), among which 6 are present in 2 copies (Bieniossek et al., 2013; Patel 

et al., 2018). The TAF proteins are important for PIC assembly (Chen et al., 2021) and can also 

serve as interfaces to interact with transcription factors for activator-dependent transcription 

[for a review, see (Bhuiyan and Timmers, 2019))].  
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In TFIID, nine of the TAFs share a conserved histone fold (HF) domain that allows the 

formation of specific heterodimers. TFIID is composed of three lobes, called A, B and C. Lobes 

A contains a histone octamer-like structure composed of TAF4/TAF12, TAF6/TAF9, 

TAF11/13 and TAF3/TAF10 HF pairs and lobe B a histone hexamer containing histone 

TAF4/TAF12, TAF6/TAF9 and TAF8/TAF10 HF pairs associated with TAF5. Lobe A and B 

differ by the presence of the TAF10/TAF8 (in B) or TAF10/TAF3 (in A) HF heterodimers and 

the presence of the TAF11/TAF13 HF pair as well as TBP in the lobe A (Chen et al., 2021; 

Patel et al., 2018). The HEAT domains of the 2 copies of TAF6 connect these two lobes and, 

in association with TAF1, TAF7 and TAF2, constitutes the lobe C (Chen et al., 2021; Patel et 

al., 2018). It has been proposed that TFIID assembly is sequential, via the interaction with 

different submodules (Bieniossek et al., 2013; Gupta et al., 2017; Trowitzsch et al., 2015). The 

first step is the formation of the core-TFIID (TAF4/TAF12/TAF6/TA9/TAF5) (Bieniossek et 

al., 2013). The core-TFIID has an axial symmetry that is then broken by the addition of the HF 

pair TAF8/TAF10 coupled to TAF2, forming the 8TAF complex, or lobe B (Trowitzsch et al., 

2015)The next steps of TFIID assembly are not yet elucidated, but it is known that TAF1 can 

interact with TAF7 and TBP and that the HF pairs TAF11/TAF13 can interact with TBP 

(Anandapadamanaban et al., 2013; Bhattacharya et al., 2014; Gupta et al., 2017; Wang et al., 

2014a). An interaction between TAF7 and TAF11/TAF13 has been identified in the cytoplasm 

and it was proposed to be an intermediate toward a TAF1/TAF7/TAF11/TAF13/TBP 

submodule also called S-TAF could integrate the 8TAF complex to form the holo-TFIID(Gupta 

et al., 2017). Among the HF-containing TAFs, TAF9, TAF10 and TAF12 are also part of the 

nucleosome-like core structure described in the transcription co-activator Supt-Ada-Gcn5-

acetyl transferase (SAGA) (Fischer et al., 2019; Helmlinger and Tora, 2017; Herbst et al.). 

Remarkably, TAF10 nuclear importation depends on its interaction with its HF partners, either 

TAF8 or TAF3 in TFIID or SUPT7L in SAGA (Soutoglou et al., 2005). 
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TFIID composition is actually more complex in higher eukaryotes [for a review, see 

(Levine et al., 2014)]. First, incomplete TFIID complexes have been characterized as TAF2- 

and TAF10-lacking TFIID complexes have been described in yeast, Drosophila and human 

cells (Jacq et al., 1994; Kaufmann et al., 1996; Martin et al., 1999; Papai et al., 2009). Second, 

some TAFs have paralogs (Levine et al., 2014): drosophila testis specific TAF4 (Nht), TAF5 

(Can), TAF6 (Mia), TAF8 (Sa) and TAF12 (Rye) (Hiller et al., 2004, 2001), vertebrates TAF4B 

(Freiman et al., 2001), TAF7L (Pointud et al., 2003) and TAF9B (Chen and Manley, 2003; 

Frontini et al., 2005), and primate specific TAF1L (Wang and Page, 2002). In the mouse, 

TAF4B, TAF9B and TAF7L are associated with cell-specific functions [for a review, see 

(Levine et al., 2014)] however, they are co-expressed with their relative paralogs (Gura et al., 

2020; Herrera et al., 2014; Langer et al., 2016) and Taf4 and Taf4b may have partial overlapping 

functions (Langer et al., 2016). TAF4B and TAF9B are part of TFIID (Bardot et al., 2017; Liu 

et al., 2008) and TAF4 and TAF9 are present in 2 copies in TFIID (Bieniossek et al., 2013). 

However, it remains to be determined whether the core-TFIID contains only one paralog or 

both. Three TBP paralogs have also been identified in metazoans by their high homology with 

the characteristic horse-saddle C-terminal DNA binding domain of TBP (Hernandez, 1993): the 

insect-specific TBP-related factor 1 (TRF1) (Hansen et al., 1997), the metazoan-specific TBP-

like 1 (TBPL1/TRF2/TLF/TLP) (Dantonel et al., 2000; Kaltenbach et al., 2000; Ohbayashi et 

al., 1999a, 1999b; Rabenstein et al., 1999; Teichmann et al., 1999) and the vertebrate-specific 

TBPL2 (also called TBP2/TRF3) (Bártfai et al., 2004; Jallow et al., 2004; Persengiev et al., 

2003). TRF1 is not a component of TFIID as it does not interact with core TAFs (Hansen et al., 

1997) and is primarily associated with Pol I transcription (Takada et al., 2000). In the mouse, 

TBPL1 (also called TRF2) is the most distant of the TBP paralogs and it does not bind to the 

TATA box (Ohbayashi et al., 1999a) but is able to interact with the TCT polypyrimidine 

initiator motif associated in most ribosomal protein gene promoters (Wang et al., 2014b). 
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TBPL1 is required for spermatogenesis (Martianov et al., 2001, 2016; Zhang et al., 2001; Zhou 

et al., 2013) but it is not part of TFIID but is a germ-cell specific subunit of TFIIA, co-recruited 

with TFIID (Martianov et al., 2016). In the mouse, TBPL2 (also called TRF3/TBP2) is only 

expressed in growing oocytes (Gazdag et al., 2007; Xiao et al., 2006) and is important for oocyte 

growth (Gazdag et al., 2009). In growing oocytes, TBPL2 does not integrate a TFIID complex 

but rather strongly interacts with TFIIA without any TAFs (Yu et al., 2020). Overall, these data 

indicate that despite of the potential diversity in TBP paralogs, the TFIID complex is only 

assembled with TBP. 

 TFIID is important in vivo as mutations in Taf7, Taf8 and Taf10 lead to peri-implantation 

lethality in the mouse (Gegonne et al., 2012; Mohan et al., 2003; Voss et al., 2000). 

Interestingly, in both Taf8-/- and Taf10-/- blastocysts, inner cell masses fail to outgrowth in vitro 

while mutant trophoectoderm is not affected (Mohan et al., 2003; Voss et al., 2000), indicating 

that TAF8 and TAF10 requirement depends on the cellular context. This hypothesis was been 

further supported by conditional deletion of Taf7 or Taf10 in different cell types. While TAF7 

is important for early thymocytes proliferation and differentiation, it is not required for the final 

step of thymocyte differentiation (Gegonne et al., 2012). Similarly, conditional deletion of 

Taf10 in keratinocytes, liver cells and embryonic mesoderm has different effects depending on 

the developmental stage and on the cell types (Bardot et al., 2017; Indra et al., 2005; Tatarakis 

et al., 2008). Conditional deletion of Taf10 in the early mesoderm leads to the absence of 

developing limb buds and to a growth arrest in the trunk region around E10 (Bardot et al., 2017). 

Remarkably, cyclic transcription involved in the elongation of the embryo [for a review, see 

(Hubaud and Pourquié, 2014)] is still active in the absence of TAF10 protein at E9.5, prior to 

the growth arrest, suggesting that active Pol II transcription does not rely on primarily on 

TAF10 in this context (Bardot et al., 2017). Depletion of TAF10 affects the assembly of TFIID 
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(Bardot et al., 2017; Mohan et al., 2003; Tatarakis et al., 2008), whereas TAF7 depletion does 

not (Gegonne et al., 2012).   

 Overall, it is established that TFIID composition and cellular requirement are variable 

depending on the context, however as the available data have been gathered from different 

systems it is not possible to draw comparative conclusions about the function of partial and/or 

holo-TFIID in cellular homeostasis. In this study, we analyzed the phenotype of the loss of Taf7 

and Taf10 in comparable conditions, i.e., in the embryo and in mouse embryonic stem cells 

(mESCs) as well as the consequences in the assembly of TFIID and in Pol II transcription in 

order to test whether partial TFIID complexes are able to sustain Pol II transcription. Our data 

show that loss of Taf7 has a less severe phenotype than the loss of Taf10. While TAF7 depletion 

leads to the assembly of a TAF7-less TFIID, TAF10 depletion strongly affects TFIID assembly, 

leading to only presence of the core-TFIID. However, in both situations, Pol II transcription is 

still active, strongly supporting the idea that partial TFIID modules are able to support 

transcription in the absence of holo-TFIID.  

 

3. Results 

Deletion of Taf7 and Taf10 in the same embryonic context induces similar yet different 

phenotypes 

To be able to compare the conditional deletion of Taf10 in the early mesoderm (Bardot 

et al., 2017), we conditionally deleted Taf7 using the same T-Cre transgenic line (Perantoni et 

al., 2005). Efficiency of TAF7 depletion was assessed by immunofluorescence (Sup. Fig. 1). 

As expected from the recombination pattern of the T-Cre line, the structures above the heart are 

not targeted and therefore normal (Perantoni et al., 2005). Tg(T-Cre/+);Taf7f/f and Tg(T-

Cre/+);Taf10f/f mutant embryos (hereafter called TCre;Taf7 and TCre;Taf10, respectively) are  
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Fig. 1: Conditional deletion of Taf7 or Taf10 in the early mesoderm results in similar yet different 
phenotypes. Tg(T-Cre/+);Taf7f/f and Tg(T-Cre/+);Taf10f/f embryos display different phenotypes. (A-I) 
Wholemount view of wild-type (A, D, G), Tg(T-Cre/+);Taf7f/f mutant (B, E, H) and Tg(T-Cre/+);Taf10f/f 
mutant (C, F, I) embryos at E9.5(A-C, n>4), E10.5 (E-F, n>4), and E12.5 (G, H, n>2). As no Tg(T-
Cre/+);Taf10f/f mutant embryos could be recovered at E12.5, a E11.5 Tg(T-Cre/+);Taf10f/f mutant 
embryo is shown (I). White arrowheads (A-C) and dashed lines (G, H) indicate the limb buds. White 
arrows (D-F) indicate the tail and plain white arrow (D-F) the heart. (J-L) Wholemount views of wild-
type (J), Tg(T-Cre/+);Taf7f/f (K) and Tg(T-Cre/+);Taf10f/f (L) yolk sacs embryos are showed (n>3). 
Black arrows indicate the presence of blood cells. Scale bars:1 mm. 
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similar at embryonic day (E) 9.5. The only visible difference that we could detect was that no 

limb buds are present in TCre;Taf10 mutant embryos, while TCre;Taf7 embryos displayed 

forelimb buds although smaller when compared to the control (Fig. 1B compared to 1A, C, 

white arrowhead). At E10.5, both TCre;Taf10 and TCre;Taf7 mutant embryos display a growth 

arrest in the trunk and tail regions (Fig. 1E, F compared to D, white arrow). After E10.5, in 

addition to the presence of limb buds in the TCre;Taf7 embryos, more differences could be 

observed between the two mutants. First, enlarged pericardia are observed in all the TCre;Taf7 

mutant embryos (Fig. 1E, white arrow) suggesting that Taf7 deletion leads to cardiovascular 

defects not observed in TCre;Taf10 mutant embryos (Fig. 1F, plain white arrow). Second, while 

TCre;Taf10 mutants could not be retrieved after E11.5 due to placenta and allantois 

degeneration (Bardot et al., 2017), TCre;Taf7 mutant embryos could be still detected at E12.5 

characterized by hypotrophied limb buds, trunk and tail regions (Fig. 1H). Third, presence of 

blood cells was obvious in the vasculature of controls and TCre;Taf7 mutant embryos (Fig. 1J, 

K, black arrowhead), but not of TCre;Taf10 mutant embryos (Fig. 1L, black arrowhead). 

Altogether, these data indicate that conditional deletion of Taf7 or Taf10 in the same genetic 

context leads to a similar growth arrest phenotype, but different outcomes. Taf10 conditional 

deletion leads to a more severe phenotype, while Taf7 conditional deletion leads to a milder 

phenotype and is associated with specific cardiovascular defects.  

 

Deletion of Taf7 and Taf10 in mESCs recapitulate the difference in the severity of the 

phenotype observed in the mutant embryos 

In order to get more insight into the molecular consequences of the deletion of Taf7 or 

Taf10, we derived mESC from blastocysts carrying the inducible ubiquitously expressed 

R26CreERT2 allele (Ventura et al., 2007) associated with the Taf7f, Taf10f, or Taf7 f as well as 
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Taf10f alleles (R26CreERT2/+;Taf7f/f, R26CreERT2/+;Taf10f/f and R26CreERT2/+;Taf7f/f;Taf10f/f). 

Hereafter the R26CreERT2/+, Taf7f/f line will be called RT7; R26CreERT2/+, the Taf10f/f line will be 

called RT10 and the R26CreERT2/+;Taf7f/f;Taf10f/f line will be called RT710. The Cre recombinase 

induced deletion of the floxed alleles of Taf7 f/f and/or Taf10 f/f can be induced by addition of 4-

hydroxy tamoxifen (4-OHT) in the culture medium (day 0) to activate CreERT2 (Fig 2A, 

hereafter called mutant RT7, mutant RT10 and mutant RT710). Efficiency of the deletion was 

monitored at days 2 and 4 by western blot analyses (Fig. 2B). No depletion was observed in the 

presence of the vehicle (ethanol), confirming the specificity of the induction of the deletion 

(Fig. 2B, left panel). However, in the presence of 4-OHT, depletion of TAF7 protein in RT7 

and RT710 mESCs can be observed as early as day 2 and is almost complete at day 4 (Fig. 2B, 

middle and right panels). Similarly, depletion of TAF10 protein in RT10 and RT710 mESCs 

can be observed as early as day 2 and the corresponding TAF proteins are not detectable at day 

4 (Fig. 2B, day 2 middle and day 4 right panels). The depletion of TAF7 and TAF10 proteins 

is homogenous within the cellular population as shown by immunolocalization (Sup. Fig. 2A, 

B). Depletion of the protein of interest does not affect the expression of the tested TA4, TAF5, 

TAF6 and TAF12 TFIID subunits, and in agreement with our earlier studies, depletion of 

TAF10 lead to the destabilization of its HF partner TAF8 (Bardot et al., 2017; Kamenova et al., 

2019) (Fig. 2B). Altogether, these data indicate that we have established an efficient cellular 

model to study the effects of the depletion of TAF7 and/or TAF10 proteins.  

Next, we investigated the effect of the 4-OHT treatment on cell proliferation and 

viability at day 2, 4 and 6. In culture, mutant RT7, RT10 and RT710 cells form smaller colonies 

compared to the control cells (Sup Fig. 3A, B). Moreover, when the mutant cells were split at 

day 4 and analyzed 2 days after (D4+2), their capacity to form colonies was severely impaired, 

especially for the mutant RT10 and RT710 cells (Sup Fig. 3A, B), indicating that both TAF7 

and TAF10 are required for mESC maintenance. These data are in agreement with the incapaci- 
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Fig. 2: Conditional depletion of either TAF7 or TAF10, or both, in mESC induces different 
phenotypes. (A) Strategy to induce the depletion of the protein of interest in R26CreERT2/+;Taf7f/f (RT7), 
R26CreERT2/+;Taf10f/f (RT10), R26CreERT2/+;Taf7f/f;Taf10f/f (RT710) mESCs. (B) Western blot analysis of 
TAF4, TAF5, TAF6, TAF7, TAF8, TAF10 and TAF12 expression in EtOH (control) or 4-OHT (mutant) 
treated RT7, RT10 and RT710 at day 2 and day 4. The Ponceau staining is displayed at the bottom of the 
panel. (C-D) Log2 relative total cell number (C), log2 relative living cell proportion (D) and percentage 
of apoptotic cells (E) in control and mutant RT7, RT10 and RT710 mESCs at day 2, 4 and 6. The black 
lines indicate the median. n indicates the number of replicates (n≥4 biological replicates). Kruskal-
Wallis test with Benjamini Hochberg post-hoc test. ns; not significant, * <0.05; **<0.005; *** <0.0005; 
**** <0.00005. RT7; R26CreERT2/+;Taf7f/f, RT10; R26CreERT2/+;Taf10f/f, RT710; R26CreERT2/+;Taf7f/f;Taf10f/f, 
4-OHT; 4-hydroxy tamoxifen. 
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-ty of Taf7-/- null and Taf10-/- null inner cell masses to grow in vitro (Gegonne et al., 2012; 

Mohan et al., 2003).  

We then quantified the evolution of the number of cells in each mESC clones, under 

control and mutant conditions. After two days of 4-OHT addition there were no detectable 

differences in cell numbers between the control and mutant cells (Fig. 2C). While depletion of 

TAF7 has a limited effect at all tested days (days 2, 4 and 6), depletion of TAF10 had a minor 

effect at day 4, but a strong reduction in cell number was observed at day 6 (Fig. 2C). 

Interestingly, the combination of TAF7 and TAF10 depletion induces a more severe reduction 

of cell number already at day 4 (Fig. 2C).  

We then investigated the evolution of the cell viability (Fig. 2D). No differences 

between the control and the mutant cells could be observed at day 2 and day 4. However, at day 

6, while depletion of TAF7 did not have any significant effect, depletion of TAF10 or combined 

depletion of TAF7 and TAF10 reduce the viability about a 2-fold in mutant RT10 and mutant 

RT710 cells. Analysis of apoptosis by quantification of Annexin V signal showed that the 

percentage of apoptotic cells ranged from 10 to 25% from day 2 to day 6, in control and mutant 

RT7 cells (Fig. 2E) indicating that TAF7 depletion does not induce apoptosis. To the contrary, 

although at days 2 and 4 no significant increase in apoptosis could be observed in mutant RT10 

and mutant RT710 cells, at day 6, the apoptosis rate increased 3-fold in the absence of TAF10 

and 5-fold in the combined absence of TAF7 and TAF10 when compared to control conditions 

(Fig. 2E). This indicates that TAF10 is important for the survival of the mESCs, as already 

suggested by the increased apoptosis observed in the inner cell mass of Taf10-/- mutant 

blastocysts (Metzger et al., 1999; Mohan et al., 2003). To the contrary, TAF7 is not essential 

for the survival of the mESCs: this is in agreement with the observation that Taf7-/- blastocyst 

can survive until hatching at E4.5 (Gegonne et al., 2012). 
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Altogether, these data indicate that the depletion of TAF10 in growing mESCs has a 

much more pronounced effect that the depletion of TAF7. TAF10 is absolutely required for the 

growth and survival of the mESCs. TAF7 depletion does not obviously affect mESCs growth 

and survival. This is not the consequence of the expression of TAF7 paralogs as they are not 

expressed in the controls nor in the mutant cells (Sup. Fig. 4A-B). However, combined 

depletion of TAF7 and TAF10 induces a much more severe phenotype than the single 

depletions, suggesting that TAF7 and TAF10 are involved in different aspects cellular 

homeostasis regulated by TFIID-mediated transcription.  

 

The severity of the TAF10 depletion phenotype is not caused by defects in SAGA assembly 

 TAF10 is a shared subunit between TFIID and the SAGA coactivator complex, whereas 

TAF7 is a TFIID specific subunit (Helmlinger and Tora, 2017). SAGA assembly is defective 

in E9.5 Taf10 conditional mutant embryos (Bardot et al., 2017). Therefore, we hypothesized 

that the difference in phenotype severity between mutant RT7 and RT10 mESCs could be 

associated with a combined impairment of TFIID and SAGA function in RT10. To test this 

hypothesis, we decided to affect SAGA assembly in the context of the RT7 line and to compare 

the phenotypic consequence to the phenotype of mutant RT7 and mutant RT10 mESCs. 

SUPT7L is the partner of TAF10 within SAGA and is important for SAGA integrity (Fischer 

et al., 2021). In Supt7l-/- mESCs, SAGA assembly is disrupted but this is not associated with a 

strong phenotype when cultured in the presence of LIF and 2i inhibitors, the cell culture 

conditions we used in this study (Fischer et al., 2021). For these reasons, we engineered a Supt7l 

homozygous mutation in the RT7 line (hereafter called RT7;Supt7l-/-) using the same 

CRISPR/Cas9 strategy as in (Fischer et al., 2021), in order to be able to deplete TAF7 in a 

context where SUPT7L is missing and SAGA assembly is seriously impaired. Absence of 

SUPT7L and TAF7, after 4-OHT treatment of RT7;Supt7l-/- cells, was validated by western blot  
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Fig. 3: SUPT7L and TAF10 depletions in mESCs similarly impair SAGA assembly but do not 
have the same cellular phenotype. (A) Western blot analysis of SUPT7L, TAF7, TAF8, TAF10 and 
TBP expression in control (EtOH) and mutant (4-OHT) RT7 and RT10 mESC at day 3. (B) Western blot 
analysis of SUPT7L, TAF7, TAF10 and TBP in control (EtOH) and mutant (4-OHT) RT7;Supt7l-/- 
mESCs at days 2, 4 and 6 compared to control (EtOH) RT7 mESC at day 6. (C) Relative normalized 
XIC values for detected SAGA subunits after anti-SUPTH20 immunoprecipitation coupled to mass 
spectrometry analysis (IP-MS) from mutant versus control RT10 mESCs at day 3 and 4, and Supt7l-/- 
versus day 4 control RT7 mESCs nuclear enriched cell lysates. The color legend is indicated at the 
bottom of the panel. (n=1 biological x 3 technical replicates) (D) Summary of the expected state of 
TFIID and SAGA complexes assembly in the different mESCs. (E-G) Log2 relative total cell number 
(E), log2 relative living cell number (F) and percentage of apoptotic cells (G) in control and mutant RT7, 
RT10 and RT710 mESCs at day 4 and 6. The black lines indicate the median. n indicates the number of 
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replicates (n ≥ 4 biological replicates). Kruskal-Wallis test with Benjamini Hochberg post-hoc test. ns; 
not significant, * <0.05; **<0.005; *** <0.0005; **** <0.00005. RT7; R26CreERT2/+;Taf7f/f, RT10; 
R26CreERT2/+;Taf10f/f, RT710; R26CreERT2/+;Taf7f/f;Taf10f/f, 4-OHT; 4-hydroxy tamoxifen. 
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(Fig. 3A). Interestingly, SUPT7L protein expression in mutant RT10 cells indicated that 

SUPT7L protein is lost in absence of TAF10 (Fig. 3B). This shows that in RT10 cells TAF10 

is also required for the stability of SUPT7L. We confirmed by immunoprecipitation coupled 

with mass spectrometry (IP-MS) using antibodies against SUPT20H, a main protein of SAGA, 

that SAGA is not assembled in absence of TAF10 and/or SUPT7L (Fig. 3C) as already reported 

(Bardot et al., 2017; Fischer et al., 2021). 

 Our different cellular measurements indicated the growth and survival of RT7;Supt7l-/- 

mESCs are not affected (Fig. 3D-G). After 4-OHT induction of TAF7 depletion in the same 

cellular background, cell number (Fig. 3E), cell viability (Fig. 3F) and apoptosis (Fig. 3G) 

measurements indicate that the absence of SUPT7L does not increase the severity of the 

phenotype of TAF7 depletion alone. Therefore, SAGA disruption does not aggravate the 

phenotype of TAF7 loss, strongly suggesting that the difference in severity between mutant 

RT7 and mutant RT10 mESCs is not caused by the lack of SAGA in mutant RT10, but by the 

different molecular consequences associated to the loss of TAF7 or TAF10 in TFIID. 

 

Depletion of TAF7 or TAF10 leads to the formation of different partial TFIID complexes 

 In order to get more insight into the status of TFIID complex in the mutant mESCs, we 

performed immunoprecipitation-coupled mass spectrometric (IP-MS) using anti-TAF12 and 

anti-TBP antibodies on nuclear enriched whole cell extracts (NWCE) at day 2 and 3. Depletion 

of TAF7 or/and TAF10 in the NWCE was checked by immunolocalization and western blot. 

While depletion was not complete at day2, at day 3, only traces of TAF7 or/and TAF10 could 

be detected (Sup Fig. 2A-B, Sup Fig. 6A-D, “In” lanes). As TAF12 is part of the core-TFIID 

and TBP only part of the canonical TFIID complex, these 2 types of IPs allow to discriminate 

between the different partial or complete TFIID complexes. TBP is also part of the SL1 and 
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TFIIIB complexes that are involved in Pol I and Pol III transcription initiation, respectively 

(Vannini and Cramer, 2012). TAF12 is also a subunit of SAGA, but the used anti-TAF12 does 

not IP SAGA (data not shown). We validated that the lack of TAF7 or TAF10 did not interfere 

with the interaction between TBP and SL1 subunits TAF1A, TAF1B, TAF1C and TAF1D as 

well as with TFIIIB subunit BRF1 (Sup Fig. 5), confirming the TAF7 and TAF10 depletion did 

not result in non-specific effects. Remarkably, as already observed in the TCre;Taf10 mutant 

embryos (Bardot et al., 2017), TAF10 depletion resulted in increased interaction between TBP 

and its non-TFIID partners, indicating that TBP is relocated to these complexes under these 

conditions suggesting that TFIID assembly is indeed affected following TAF10 deletion (Sup 

Fig. 5).  

TAF7 depletion did not induce significant changes in the TFIID partners of TBP (Fig. 

4A, lanes 1 and 4, Sup Fig. 6A, C) and of TAF12 (Fig. 4B, lanes 1 and 4, Sup Fig. 6B, D), 

except for the loss of TAF7 itself. This indicates that the absence of TAF7 has a very limited 

effect on TFIID assembly, resulting in some TAF7-less TFIID complex (Fig. 4F). On the other 

hand, depletion of TAF10 caused a more severe impairment of TFIID assembly. First, anti-TBP 

IP-MS indicated that TBP incorporation in TFIID is severely impaired, as we observed a strong 

decrease in the interaction between TBP and all other TFIID subunits (Fig. 4A lanes 2 and 5, 

Sup. Fig. 6A, C). Second, anti-TAF12 IP-MS showed that in absence of TAF10, TAF12 

maintains the interactions with TAF5, TAF6, TAF9/9B and TAF4/4B core-TFIID units, but 

interactions with the other TAFs or TBP were severely decreased (Fig. 4B, lanes 2 and 5, Sup. 

Fig. 6B, D). This indicates that the core-TFIID is the main partial TFIID complex present in the 

TAF10 depleted cells (Fig. 4F). The IP-MS results obtained on cell in which both TAF7 and 

TAF10 was depleted led to a TFIID dissociation similar to that obtained in TAF10 depleted 

cells, suggesting that in cells where TAF10 is depleted, the 5-subunit containing core-TFIID 

complex might be the most dominant partial TFIID complex present (Fig. 4A, B, F). However, 
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Fig. 4: Conditional depletion of TAF7 or/and TAF10 differentially affects TFIID assembly. (A-B) 

Relative normalized XIC values for TFIID subunits anti-TBP IP (A) or anti-TAF12 (B) 

immunoprecipitation coupled to mass spectrometry analyses (IP-MS) from mutant versus control RT7, 

RT10 and RT710 nuclear enriched cell lysates at day 2 and 3. The color legend is indicated at the bottom 

of the panels (n=1 biological x 3 technical replicates) (C-E) Gel filtration coupled to western blot 

analysis of TAF4, TAF5, TAF6, TAF7, TAF10 and TBP expression from control (EtOH)  RT10 (C), 

and mutant (4-OHT) RT7 and RT10 (E) at day 3. The number on the top correspond of the different 

fractions analyzed. The molecular weight of the 13 and 14 fractions is indicated at the bottom of the 

panel (n=1 biological x 2 technical replicates). (F) Summary of TFIID and partial TFIID complexes in 

wild-type cells and in absence of TAF7 or/and TAF10 proteins. RT7; R26CreERT2/+;Taf7f/f, RT10; 

R26CreERT2/+;Taf10f/f, RT710; R26CreERT2/+;Taf7f/f;Taf10f/f, 4-OHT; 4-hydroxy tamoxifen. 
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in the mutant RT10 cells, TBP interactions with TAF1 and TAF7 were decreased in the anti-

TBP IP, but much less compared to the other non-core-TFIID TAFs (Fig. 4A, lanes 2 and 5, 

arrowheads). Similarly, in the anti-TAF12 IP, TBP was still interacting with TAF1 (Fig. 4B, 

lanes 2 and 5, arrowhead). Interestingly, these interactions were no longer observed in the 

absence of both TAF7 and TAF10 (Fig. 4A-B, lanes 3 and 6, arrowheads) suggesting that 

TAF10 is stabilizing these interactions. As TAF1 is interacting with TAF7 but also with TAF6 

in TFIID (Chen et al., 2021), this suggests that some core-TFIID complexes may be associated 

to TAF1, TAF7 and TBP (Fig. 4F). Finally, some TAF7 and TAF10 peptides were still detected 

in the mutant conditions at day 2 (Fig. 4A-B, lanes 1-3) and even less at day 3 (Fig. 4A-B, lanes 

1-3), suggesting that a minor proportion of some very stable TFIID might still be present despite 

the efficient depletion at day 3 in the mutant cells. 

In order to get more insight into the molecular consequences of the depletion of TAF7 

and TAF10 on TFIID assembly, we performed gel filtration coupled to western blot analyses 

RT7 or RT10 mESCs NWCEs collected at day 3, in control and mutant conditions. In control 

cells (RT10 without 4-OHT), the TFIID complex is collected in fractions 4-5 (Fig. 4C, F, blue 

box) as suggested by the molecular weight and the co-localization of TBP and all tested TAFs. 

In mutant RT7 extracts, the profile is very similar to the control lysates, except for the absence 

of TAF7, strongly suggesting that a TFIID complex without TAF7 is present in these cells (Fig. 

4D, F). In mutant RT10 cells however, very little high molecular weight complex could be 

detected lacking TBP, and TAF4, TAF5 and TAF6 proteins were localized in lower molecular 

weight fractions peaking at 13-14 (Fig. 4E, F, grey box), indicating that the core-TFIID 

submodule is dominant in absence of TAF10 in these cells. 

 Altogether, these data demonstrate that TFIID assembly is differentially affected by the 

depletion in TAF7 and TAF10, and while an almost complete TFIID complex lacking TAF7 

seem to persist in mutant RT7 cells, in the mutant RT10 and RT710 cells, the canonical TFIID 
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complex is not detected and only partial submodules such as the core-TFIID complex remain 

the dominant TAF complex (Fig. 4F).  

 

Active Pol II transcription in absence of holo-TFIID 

 According to the test book view, TFIID is the first GTF to recognize the promoters and 

to start the formation of the PIC, we investigated the Pol II activity of by analyzing the 

phosphorylation status of C-terminal domain (CTD) of the Pol II subunit RPB1 in mutant RT7, 

RT10 and RT710 cells at day 3 and day 4 using immunofluorescence (IF) staining on fixed 

ESCs. Phosphorylation of the biggest Pol II subunit RBP1 on Serine 5 and Serine 2 is associated 

with the initiation and the elongation status of Pol II, respectively [for a review (Harlen and 

Churchman, 2017)]. Using this method, no difference in RPB1pSer2 and in RPB1pSer5 

phosphorylation signal could be observed between control and mutant RT7 cells (Fig. 5A-C, B-

D) indicating that Pol II transcription initiation and elongation is active in the absence of TAF7. 

Surprisingly, similarly, no significant differences could be observed between control and 

mutant RT10 and RT710 cell lines (Fig. 5A-D) also suggesting that in the absence of TAF10, 

or TAF7 and TAF10 the global Pol II transcription initiation and/or elongation is not affected. 

Altogether, these data suggest that the absence of canonical TFIID does not impair global Pol 

II transcription activity. 

 To further verify that Pol II is actively transcribing in our mutant cell lines, we analyzed 

the incorporation of 5-ethynyl uridine (EU) after one hour of incubation in the culture medium. 

To control the metabolic RNA labeling efficiency, we pre-incubated control cells with two 

different transcription inhibitors triptolide (transcription initiation inhibitor) or flavopiridol 

(transcription elongation inhibitor). As expected EU incorporation was readily detected in non-

treated cells, and abolished in the triptolide or flavopiridol treated cells (Fig. 6A). Experiment  
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Fig. 5: Active Pol II transcription in absence of canonical TFIID. (A-D) Representative views of 

immunofluorescence using anti-RPB1pSer5 (A, C) and anti-RPB1pSer2 (B, D) antibodies on control (EtOH) 

and mutant (4-OHT) RT7, RT10 and RT710 mESCs at day 3 and 4. Color scale (Green Fire Blue LUT 

scale) is indicated at the bottom of the panel (B), scale bar: 50 µm. (C-D) Quantification of RPB1pSer5 

(C) and RPB1pSer2 (D) nuclear signal. The black lines indicate the median (n=1 biological replicate). 

Wilcoxon rank sum test: ns; not significant, * <0.05; **<0.005; *** <0.0005; **** <0.00005. RT7; 
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R26CreERT2/+;Taf7f/f, RT10; R26CreERT2/+;Taf10f/f, RT710; R26CreERT2/+;Taf7f/f;Taf10f/f, 4-OHT; 4-hydroxy 

tamoxifen. 
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Fig. 6: Active RNA synthesis in absence of canonical TFIID. (A, B) Control confocal imaging of 5-

ethynyl uridine (EU) incorporation on control RT7 and RT10 mESCs in presence of 300 nM flavopiridol 

(Flavo) (RT7) or 500 nM triptolide (Trd) (RT10) (A) or in control (EtOH) and mutant (4-OHT) RT7, 

RT10 and RT710 mESCs at day 3 and 4 (B). In (B), panels m- r correspond to magnifications of 

representative nuclei highlighted in white squares in g-l, respectively. Color scale (Green Fire Blue LUT 

scale) is indicated at the bottom of the panels (C, D) Nuclear quantification of EU signal from (A, B). 

The black lines indicate the median. (n=1 biological replicate). Kruskal-Wallis test with Benjamini 

Hochberg post-hoc test. ns; not significant, * <0.05; **<0.005; *** <0.0005; **** <0.00005. RT7; 
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R26CreERT2/+;Taf7f/f, RT10; R26CreERT2/+;Taf10f/f, RT710; R26CreERT2/+;Taf7f/f;Taf10f/f, 4-OHT; 4-hydroxy 

tamoxifen.  
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was performed after 3 and 4 days of 4-OHT treatment (Fig. 6B). At day 3, EU incorporation is 

similar between all the control and mutant cell lines (Fig. 6B a-f, C). At day 4, no differences 

were observed between control and mutant RT7 and RT10 cells (Fig. 6B g-j, D). In mutant 

RT710 cells, however, EU incorporation was significantly decreased and residual strong signal 

(Fig. 6B k, l, D) was restricted to some nuclear spots (Fig 6, r compared to m-q), indicating that 

in these mutant cells, Pol II transcription activity was reduced, despite the fact that no 

significant difference was observed in RPB1pSer2 and RPB1pSer5 levels (Fig. 5B, C). 

Altogether, these data may suggest that despite the absence of canonical TFIID, Pol II 

transcription initiation and elongation is still active. Surprisingly, no obvious difference could 

be observed between RT7 and RT10 mutant cells despite the fact that TFIID assembly is much 

more perturbed in the absence of TAF10 than in the absence of TAF7.  

 

4. Discussion 

In this study we have analyzed the depletion of two different TFIID subunits; TAF7 and 

TAF10 in the same cellular context. We showed that in the embryo and in mESCs, deletion of 

TAF7 is less severe than that of TAF10. As TAF10 is a shared subunit with the SAGA complex, 

we excluded the hypothesis that the increased severity in the Taf10 loss of function phenotype 

is associated with a SAGA defect as loss of an essential SAGA protein; SUPT7L, does not 

aggravate the phenotype of the TAF7 depletion. Analysis of TFIID assembly by IP-MS 

indicates that TAF10 depletion has a more pronounced disassembly effect on TFIID assembly 

than TAF7 depletion. Indeed, while in the absence of TAF7, an almost fully assembled TAF7-

less TFIID complex can be detected, in the absence of TAF10, an uncomplete TFIID complex 

mainly composed of the 5 TAF-containing (5TAF) core-TFIID, eventually associated partially 
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with TAF1/ TAF7 heterodimer, can be detected in the corresponding ESC extracts. 

Remarkably, combination of both TAF7 and TAF10 depletion in 

mESCs leads to a more severe phenotype and only the core-TFIID is detected. Surprisingly, 

activity of Pol II transcription assessed by RBP1pSer2 and RBP1pSer5 immunolocalization or by 

EU incorporation in nascent transcripts is not perturbed, except in ESCs where both TAF7 and 

TAF10 are depleted, correlating with a decreased Pol II activity. Altogether, our data suggest 

that Pol II transcription still occurs in the absence of fully assembled canonical TFIID. We 

propose that canonical TFIID can be replaced by TFIID submodules to promote transcription 

initiation. However, as suggested by the different phenotypes observed, Pol II transcription is 

not be optimal in absence of canonical TFIID.  

Recent structural studies have proposed that TFIID is playing a major role in PIC 

assembly and deposition of TBP on core promoters (Chen et al., 2021; Patel et al., 2018). While 

TBP has been initially characterized as the TATA-box binding protein (Hernandez, 1993), only 

a minority of mammalian promoters have a TATA box (Yang et al., 2007). TFIID is able to 

deposit TBP on TATA box-containing or TATA-less promoters, leading to a similar bending 

of the DNA (Chen et al., 2021). As a scaffold, TFIID is also offering several interaction 

interfaces with transcription factors via its different TAFs: for example, TAF10 has been shown 

to interact with the estrogen receptor as well as GATA1 (Jacq et al., 1994; Papadopoulos et al., 

2015). Therefore, TFIID appears central to the process of Pol II transcription initiation. In all 

our mutant mESCs, TFIID assembly is affected but the structure of the TFIID scaffold is 

differentially perturbed. The loss of TAF7 has only limited effect as both anti-TBP and anti-

TAF12 IPs indicate that a TAF7-less TFIID still containing TBP is formed. The loss of TAF10, 

however, has a much stronger effect as the core-TFIID submodule is the most advanced 

complex detected. Interestingly, we also observed a sub stoichiometric interaction with TAF1 

and TAF7. TAF1 and TBP co-translationally assemble (Kamenova et al., 2019) via TAF1’s 
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TAND domain (Kokubo et al., 1994; Nishikawa et al., 1997). TAF1 also interact with TAF7 

via its DU3591 central domain (Bhattacharya et al., 2014; Wang et al., 2014a) and with the 

core-TFIID via its 3 TAF6-binding motifs (Chen et al., 2021). This could suggest the existence 

of an incomplete TFIID complex containing the core-TFIID associated with TAF1, TAF7 and 

TBP. Interestingly, it has been recently shown that an in vitro assembled lobe C-like single TAF 

(S-TAF) complex composed of TAF1, TAF7, TAF11, TAF13 and TBP is able to promote in 

vitro transcription and pausing from the HSPA1B human promoter in presence of purified PIC 

components (Fant et al., 2020). There is no evidence that support the existence of the S-TAF 

complex in vivo and in the RT10 mutant cells, the anti-TBP IP did not show strong interaction 

with TAF11 and TAF13. Although it is not clear how the association between core-TFIID, 

TAF1 and TAF7 could be assembled, TAF7 appears to be important as in mutant RT710 cells 

depleted in both TAF10 and TAF7, no such sub stoichiometric interactions are observed and 

only the 5TAF core-complex is detected.  

Interestingly, our data indicate that Pol II transcription is still active despite the absence 

of TAF7 or TAF10 proteins. Only when the two proteins are depleted in mutant RT710 cells, a 

significant decrease in global nascent RNA production was observed. Several non-mutually 

exclusive hypotheses can be proposed to explain the absence of effect on Pol II activity. A first 

hypothesis is that the residual low abundant canonical TFIID complexes, which are detected in 

the mutant mESCs despite the efficient depletion in TAF7 or TAF10 proteins, might be 

responsible for the maintenance of active transcription. Such stable TFIID complexes have 

already been observed in Taf10 conditional E9.5 mouse mutants (Bardot 2017). Although we 

cannot exclude this hypothesis, it is unlikely to be the main reason as i) we did not detect a 

decrease in global Pol II activity in the mutant RT7 and RT10 cells, and ii) despite the 

maintenance of Pol II activity, there is a strong phenotype associated with the depletion of 

TAF10. A second hypothesis is that a full TFIID containing TAF10 is not required to maintain 
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active transcription as proposed in (Tatarakis et al., 2008). After initiation of transcription, 

TFIID and some GTFs remain bound to the promoter while other PIC components are released, 

forming a scaffold that facilitates the recruitment of new Pol II (Hawley and Roeder, 1987; 

Zawel et al., 1995). The minor proportion of canonical TFIID complexes that we detected in 

our mutant cells could be already stably interacting with the promoters of actively transcribed 

Pol II genes. Analysis of the distribution of TAF7 and TAF10 proteins on the chromatin of the 

mutant RT7, RT10 and RT710 cells would allow to test this hypothesis. A third interesting 

hypothesis is that the TAF7-less TFIID complex and the core-TFIID complex, eventually 

associated with TAF7 and TAF1, are able to support efficiently Pol II transcription activity in 

the RT7 and RT10 mutant cells in the absence of canonical TFIID although the molecular 

mechanisms of Pol II recruitment and transcription initiation are not clear. Our data are in the 

same line as several evidences in the literature that point out that Pol II transcription does not 

always rely on canonical TFIID nor TBP. First, alternative complexes to TFIID support Pol II 

transcription in specific conditions. It has been shown that the TFTC complex that contains 

some TAFs but not TBP is able to initiate transcription in vitro on TATA- containing and 

TATA-less promoters (Wieczorek et al., 1998). Ribosomal protein coding genes transcription 

initiation is controlled by a non-TFIID complex containing the TBP paralog TBPL1 (Baumann 

and Gilmour, 2017; Parry et al., 2010; Wang et al., 2014b) and active transcription during 

oocyte growth is mediated by an oocyte-specific complex lacking TBP and TAFs (Yu et al., 

2020). Second, conditional deletions of Taf7 or Taf10 have shown that the requirement for these 

subunits is not absolute and is dependent on the cellular context (Bardot et al., 2017; Gegonne 

et al., 2012; Indra et al., 2005; Mohan et al., 2003; Tatarakis et al., 2008). In these analyses, 

however, the effect of the mutation on Pol II transcriptional activity has not been directly 

studied except in (Bardot et al., 2017) where it was shown that cyclic transcription waves that 

control somitogenesis (Hubaud and Pourquié, 2014), are still active in the absence of TAF10, 
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strongly supporting the fact that transcription initiation can occur without TAF10 and canonical 

TFIID in this particular context.  

A striking observation is that the severity of the phenotypes associated with the 

depletion of TAF7 or TAF10 does not correlate with the global Pol II nascent transcription 

activity while it correlates with the degree of TFIID assembly defects. Indeed, mutant RT7 cells 

which have TAF7-less TFIID complex have a much milder phenotype compared to mutant 

RT10 cells, in which the core-TFIID, weakly associated with TAF1 and TAF7, is the most 

advanced assembled TFIID submodule. Our data show that the phenotype observed in mutant 

RT10 cells is not associated with a SAGA complex defect as mutation in Supt7l coding for a 

protein important for SAGA assembly does not have an effect in this context (Fischer et al., 

2021). Remarkably, mutant RT710 cells that are devoid of TAF7 and TAF10 and mainly contain 

the core-TFIID have the most severe phenotype. These data suggest that TAF7 and TAF10 

absence does not affect Pol II transcription similarly. The increased severity in phenotype 

suggests that there is an additive effect of the absence of TAF7 and TAF10 although we cannot 

exclude some indirect effects leading to an overall transcription defect as suggested by the 

decreased TBP – Pol I SL1 complex at day 3 and the strong reduction in EU incorporation. 

Nevertheless, it is tempting to speculate that TAF7 and TAF10 are associated with specific 

transcription programs. Analysis of nascent transcripts in the mutant RT7, RT10 and RT710 

cells will be important to analyze precisely the effect on active transcription but analysis of the 

phenotype of the mutant embryos support this hypothesis. Using the embryonic mesoderm as a 

common same genetic context, conditional deletion of Taf7 leads to a growth arrest in the 

trunk/tail region also reported for the deletion of Taf10 in the same context (Bardot et al., 2017), 

however, while TCre;Taf10 mutant embryos are resorbed at E11.5, TCre;Taf7 mutant embryos 

are still developing at E12.5. Specific differences were also observed. On one hand, TCre;Taf10 

mutant embryos lack limb buds and are devoid of red blood cells. This latter phenotype is a 
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consequence of the specific interaction between TAF10 and GATA1 during erythropoiesis 

(Papadopoulos et al., 2015) and this is presumably the main reason for the more precocious 

lethality, in addition to placental and allantois defects (Bardot et al., 2017). On the other hand, 

TCre;Taf7 mutant embryos have hypotrophied limb buds and enlarged pericardium suggesting 

that these mutant embryos also have cardiovascular defects. Altogether, these specific 

differences are in favor of specific transcription regulation mediated via TFIID. 

Another non-exclusive hypothesis is that in the absence of a fully assembled TFIID, the 

precision of Pol II transcription initiation is affected. Two types of Pol II initiation have been 

described: i) promoters of highly active and tissue specific genes are associated with TSS 

concentrated on a very narrow region (sharp TSS usage) and the presence of TATA-box, ii) 

promoters of ubiquitously expressed genes but also developmental genes are associated with 

numerous TSS occupying a larger region (broad TSS usage) (Carninci et al., 2006). Moreover, 

during oocyte growth and during early development, a change in the TSS usage, associated with 

a shift in the transcriptional machinery has been described (Cvetesic et al., 2020; Haberle et al., 

2014; Yu et al., 2020). In particular it was shown that the TBPL2/TFIIA oocyte-specific 

transcription initiation machinery has a specific sharp TSS signature coupled with the 

association with TATA-like containing promoter sequences, while the canonical TFIID PIC 

has a broad TSS signature associated with GC-rich sequences (Yu et al., 2020). These data 

indicate that TFIID is associated with specific core promoter recognition. It is possible that in 

the absence of fully assembled holo TFIID, especially in the situation where only a very 

primitive complex is present, Pol II is still recruited on the DNA to potentially cryptic initiation 

sites, not in known promoter-independent manner and less efficiently. This could explain the 

intriguing observation that no effect on Pol II CTD phosphorylation not EU incorporation could 

be observed in the absence of TAF7 or TAF10 while strong phenotypic differences are present. 
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Analysis of the distribution of Pol II on the chromatin as well as Cap Analysis of gene 

Expression would allow to get more insight into this interesting hypothesis. 

Material and methods 

See supplementary data. 

Data availability 

Proteomic data data have been deposited in the proteomics identification database 

(ProteomeXchange PRIDE database, accession code: PXDxxxxx). 
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5. Supplementary figures 

 

Sup Fig. 1: Efficient TAF7 depletion in the paraxial mesoderm of embryonic day (E) 9.5 Tg(T-
Cre/+);Taf7f/f mutant embryo. DAPI counterstained anti-TAF7 immunofluorescence on sagittal 
section from wild-type (left panel) and Tg(T-Cre/+);Taf7f/f E9.5 mutant (right panel) embryos. In Tg(T-
Cre/+) embryos, Cre is active in progeniors that contribute to mesoderm cells posterior to the heart 
(white arrow), including the paraxial mesoderm (unsegmented presomitic mesoderm and somites 
(arrowhead)) but not in the neural tube (NT). Color scale (Green Fire Blue LUT scale) is indicated at 
the bottom (n=2). 
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Sup Fig. 2: Homogenous TAF7 or/and TAF10 depletion in mutant RT7, RT10 and RT710 mESCs. 
(A) DAPI counterstained anti-TAF7 and anti-TAF10 immunofluorescence on control (EtOH) RT10 and 
mutant (4-OHT) RT7, RT10 and RT710 mESCs at day 3. Color scale (Green Fire Blue LUT scale) is 
indicated at the bottom. (B) Nuclear quantification of anti-TAF7 and anti-TAF10 immunofluorescence 
assay in (A). The black lines indicate the median (n=1 replicate, except control and mutant RT7 n=2 
biological replicates). Wilcoxon rank sum test: *****; <0.000005. RT7; R26CreERT2/+;Taf7f/f, RT10; 
R26CreERT2/+;Taf10f/f, RT710; R26CreERT2/+;Taf7f/f;Taf10f/f, 4-OHT; 4-hydroxy tamoxifen. 
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Sup Fig. 3: Absence of TAF7 and/or TAF10 impact RT7, RT10 and RT710 mESC clonal growth 
after replating. (A) Crystal violet-stained wells of control (EtOH) and mutant (4-OHT) RT7, RT10 and 
RT710 mESCs at day 3, day 4 and day 6, and 2 days after replating at day 4 (D4+2). The timing of the 
experiment is indicated at the bottom. (B) relative quantification of the total surface covered by the 
colonies from (A). The black lines indicate the median. n indicated the number of replicates (n≥2 
biological replicates). Wilcoxon rank sum test done on mutant versus control for each clone. ns; not 
significant, * <0.05; **<0.005; *** <0.0005. RT7; R26CreERT2/+;Taf7f/f, RT10; R26CreERT2/+;Taf10f/f, 
RT710; R26CreERT2/+;Taf7f/f;Taf10f/f, 4-OHT; 4-hydroxy tamoxifen. 
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Sup Fig. 4: Taf7 paralogues do not rescue the TAF7 depletion in RT7 and RT710 mESCs. (A) RT-

qPCR analysis of Taf10, Taf7, Taf7l and Taf7l2 expression from control (EtOH) and mutant (4-OHT) 

RT7 and RT710 mESCs RNA at day 4. The RNA polymerase III transcribed gene Rn7sk was used as 

reference gene. n=2 biological x 2 technical replicates, except for testis; n= 2 technical replicates. 

Wilcoxon rank sum test: ns; not significant, * <0.05; **<0.005. (B) Western blot analysis of TAF7L, 

TAF7 and TBP expression at day 4 from control (EtOH) and mutant (4-OHT) mESCs nuclear enriched 

cell lysates and testis whole cell lysate (n=3). RT7; R26CreERT2/+;Taf7f/f, RT710; 

R26CreERT2/+;Taf7f/f;Taf10f/f. 
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Sup Fig. 5: Redistribution of TBP to SL1 and TFIIIB complexes upon TAF10 depletion. Relative 
normalized XIC values for SL1 complex subunits (TAF1A, TAF1B, TAF1C and TAF1D) and TFIIIB 
subunit BRF1 from anti-TBP immunoprecipitation coupled to mass spectrometry analysis (IP-MS) from 
mutant versus control RT7, RT10 and RT710 mESCs nuclear enriched cell lysates at day 2 and 3. The 
color legend is indicated at the bottom of the panel (n= 3 technical replicates). 
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Sup Fig. 6: Analysis of TFIID assembly in absence of TAF7 and/or TAF10 by 
immunoprecipitation coupled to western blot analyses. (A-D) Western blot analysis of mock anti-
GST immunoprecipitation (IP) (A-D), anti-TBP IP (A, C) and anti-TAF12 IP (B, D) on control (EtOH) 
and mutant (4-OHT) RT7, RT10 and RT710 mESCs at day 2 (A, B) and day 3 (C, D). The proteins 
analyzed are indicated on the left of each panel. In; input, Sn; supernatant, El; elution.  
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7. Material & Method:  

Mice  

Animal experimentation was carried out according to animal welfare regulation and guidelines of the 

French Ministry of Agriculture and Ministry of Higher Education, Research and Innovation. The 

original mouse lines (Taf7f, Taf10f, R26CreERT2, Tg(T-Cre)) have all been described (Supplementary 

Table 1). The day of vaginal plug was scored as embryonic day (E) 0.5. Embryo were imaged with an 

macroscope Leica MZ16 coupled with a camera CoolSnap-Procf color (RS Photometrics). 

Embryo section and immunolocalization 

Embryos were fixed in 4% paraformaldehyde (PFA) for 1 hour at 4°C under agitation, rinsed three times 

in PBS, equilibrated first in 15% sucrose/PBS (overnight, 4°C), then in 30% sucrose/PBS (3 h, 4°C) and 

finally in 15% sucrose/50% Cryomatrix/PBS (1hour, 4°C). Embryos were embedded in Cryomatrix in 

liquid nitrogen vapors and stored at -80°C. Fifteen micrometers-sections were obtained on a Leica 

cryostat. 

Sections were rehydrated twice in PBS, 30 min each time, at room temperature (RT), permeabilized in 

0.5% Triton X-100/PBS (Sigma-Aldrich) 40 min at RT, blocked in AB buffer (3% Bovine Serum 

Albumin (BSA), 1% goat serum, 0.1% Tween 20 in PBS) 40 min at RT and rewashed in 0.1% Triton 

X-100/PBS. Primary antibodies (Supplementary Table 2) were diluted 1/1000 in AB buffer and 

incubated overnight at 4°C in a humid atmosphere. Sections were then washed 3 times in 0.1% Triton 

X-100/PBS 40 min each. Secondary antibody (Goat anti-mouse or anti-rabbit, conjugated to Alexa 488 

nm or 594 nm, see Supplementary Table 1) was diluted 1/1000 in 1 µg/mL DAPI (4′,6-diamidino-2-

phenylindole dihydrochloride)/AB buffer and incubated 1 h at RT. The sections were then washed in 

0.1%Triton X-100/PBS 5 times 10 min each at RT. The slides were mounted in Vectashield® and sealed 

with nail polish. They were imaged with a LSM 510 laser-scanning microscope (20x Plan APO 

objective). The pictures are shown with the LUT “Green Fire Blue” scale. 

Generation and maintenance of mESCs  

E3.5 Blastocysts were collected from R26CreERT2/+;Taf7f/f x Taf7f/f R26CreERT2/+;Taf10f/f x Taf10f/f or 

R26CreERT2/+;Taf7f/f;Taf10f/f x Taf7f/f;Taf10f/f breedings. The uterus were dissected in PBS (37°C) and 

flushed with M2 medium (37°C) to collect the embryos using a insulin syringe. Single blastocysts were 

placed in a 96 well plate coated with mouse embryonic fibroblast (MEF) feeders and grown in 2i+LIF 

medium (DMEM medium supplemented with 15% fetal calf serum ES-tested, 2 mM L-glutamine, 0.1% 

ß-mercaptoethanol, 100 UI/ ml penicillin and 100 mg/ml streptomycin, 0.1 mM non-essential amino 

acids, 100 µL/50 mL of leukemia inhibitory factor (LIF), 3 µM CHIR99021 and 1 mM PD0325901) at 

37°C under 5% CO2. After amplification, clones were frozen in 30% fetal calf serum, 20% DMSO in 

DMEM medium. Genotype of each clone was checked by PCR (see protocol thereafter, primers in 
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(Roche). Cells were then lysed by 10 gently strokes with a B pestle in a glass dounce grinder (Kimble). 

After 10 min centrifugation at 9000g, the pellet, which contains the nuclei, was resuspended in 1 mL/g 

of cells of ice-cold High Salt Buffer (20 mM Tris pH8, 1.5 mM MgCl2, 450 mM NaCl, 0.2 mM EDTA, 

25% glycerol, 0.5% NP40, supplemented with cOmplete protease inhibitor mix 1x). Nuclei were lysed 

by 10 gently strokes and incubated in ice 30 min. After 10 min centrifugation at 9000 g, the supernatant 

was recovered as nuclear enriched whole cell extract. 

Immunoprecipitation (IP) 

One mg of NWCE was first incubated 1 h with 120 µL of Protein-G Sepharose beads slurry (GE 

healthcare) in 1 mL of IP100 buffer (25 mM Tris HCl pH7.9, 10% Glycerol, 0.1% NP40, 5 mM MgCl2, 

100 mM KCl, 1X cOmplete) at 4°C under gently agitation. Then 10 to 30 µL of antibodies were 

incubated with the NWCE during 2 hours at 4°C under gently agitation. Finally, the mix NWCE plus 

antibodies was incubated with fresh 120µL of Protein-G sepharose beads slurry overnight at 4°C under 

gently agitation. Beads were then washed at 4°C twice with IP500 Buffer (25 mM Tris HCl pH7.9, 10% 

Glycerol, 0.1% NP40, 5 mM MgCl2, 500 mM KCl, 1X cOmplete) under gentle agitation and then three 

times with IP100 buffer. Immunoprecipitated proteins were eluted in 50 µL Glycine buffer (0.1 M 

glycine pH2.8) and neutralized with 10 mM Tris HCl pH8. 

Mass spectrometry 

Liquid digestion 

Protein mixtures were TCA-precipitated overnight at 4°C. Samples were then centrifuged at 14000 rpm 

for 30 minutes at 4°C. Pellet were washed twice with 500 µL cold acetone and centrifuged at 14000 rpm 

for 10 minutes at 4°C. Washed pellet were then urea-denatured with 8 M urea in Tris-HCl 0.1 mM, 

reduced with 5 mM TCEP for 30 minutes, and then alkylated with 10 mM iodoacetamide for 30 minutes 

in the dark. Both reduction and alkylation were performed at room temperature and under agitation (850 

rpm). Double digestion was performed with endoproteinase Lys-C (Wako) at a ratio 1/100 

(enzyme/proteins) in 8 M urea for 4h, followed by an overnight modified trypsin digestion (Promega) 

at a ratio 1/100 (enzyme/proteins) in 2 M urea. Both LysC and Trypsin digestions were performed at 

37°C. Peptide mixtures were then desalted on C18 spin-column and dried on Speed-Vacuum before LC-

MS/MS analysis. 

LC-MS/MS analysis 

Samples were analyzed using an Ultimate 3000 nano-RSLC (Thermo Scientific, San Jose California) 

coupled in line with a LTQ-Orbitrap ELITE mass spectrometer via a nano-electrospray ionization source 

(Thermo Scientific, San Jose California).  

Peptide mixtures were loaded on a C18 Acclaim PepMap100 trap-column (75 µm ID x 2 cm, 3 µm, 

100Å, Thermo Fisher Scientific) for 3.5 minutes at 5 µL/min with 2% ACN, 0.1% FA in H2O and then 
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separated on a C18 Accucore nano-column (75 µm ID x 50 cm, 2.6 µm, 150Å, Thermo Fisher Scientific) 

with a 100 minutes linear gradient from 5% to 50% buffer B (A: 0.1% FA in H2O / B: 99% ACN, 0.1% 

FA in H2O), then a 20 minutes linear gradient from 50% to 70% buffer B, followed with 10 min at 99% 

B and 10 minutes of regeneration at 5% B. The total duration was set to 140 minutes at a flow rate of 

200nL/min. The oven temperature was kept constant at 40°C. 

The mass spectrometer was operated in positive ionization mode, in data-dependent mode with survey 

scans from m/z 300-1600 acquired in the Orbitrap at a resolution of 240,000 at m/z 400. The 20 most 

intense peaks (TOP20) from survey scans were selected for further fragmentation in the Linear Ion Trap 

with an isolation window of 2.0 Da and were fragmented by CID with normalized collision energy of 

35%. Unassigned and single charged states were rejected.  

The Ion Target Value for the survey scans (in the Orbitrap) and the MS2 mode (in the Linear Ion Trap) 

were set to 1E6 and 5E3 respectively and the maximum injection time was set to 100 ms for both scan 

modes. Dynamic exclusion was used. Exclusion duration was set to 30 s, repeat count was set to 1 and 

exclusion mass width was ± 10 ppm. 

Data Analysis 

Proteins were identified by database searching using SequestHT (Thermo Fisher Scientific) with 

Proteome Discoverer 2.2 software (Thermo Fisher Scientific) on Mus musculus database (Swissprot, 

non-reviewed, release 2019_08_07, 55121 entries). 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) at 1%, rank 1 and proteins were identified with 1 unique peptide. 

Fold change quantification 

Fold change value were quantified from XIC value using custom R scripts available on demand (R 

software version 4.0.2). Only peptides with at least two XIC values greater than the average of XIC 

value of the mock IP were conserved. The XIC values of all peptides of a protein were summed for each 

replicate and each condition. These summed XIC values were then divided by the average of summed 

XIC values of the bait protein. These normalized XIC values were then averaged between replicates of 

the same condition. Fold change value for a specific protein corresponds to the Log2 of the averaged 

XIC values from the mutant (4-OHT) condition divided by the averaged XIC values from the wild-type 

(EtOH) condition. 

Gel Filtration (GF) 

One mg of NWCE were diluted twice in the GF buffer (20 mM Tris pH8, 1.5 mM MgCl2, 450 mM 

NaCl, 0.2 mM EDTA,10% glycerol, 0.5% NP40). Then they were passed through a Superose 6 GL 
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Supplementary Table 1: Biological Resources 

 

Mouse lines References 

Tg(T-Cre)  (Perantoni et al., 2005) 

R26CreERT2 (Ventura et al., 2007) 

Taf10f/f  (Mohan II et al., 2003) 

Taf7f (Gegonne et al., 2012) 

Tg(T-Cre/+);Taf7f/f This study 

Tg(T-Cre/+);Taf7f/f;Taf10f/f This study 

Tg(T-Cre/+);Taf10f/f (Bardot et al., 2017) 

  

Cell lines References 

R26CreERT2/+;Taf7f/f This study 

R26CreERT2/+;Taf10f/f (Bardot et al., 2017) 

R26CreERT2/+;Taf7f/f;Taf10f/f This study 

R26CreERT2/+;Taf7f/f;Sup7l-/- This study 

Feeder CD1 WT 
Routinely generated at 

IGBMC cell culture platform 
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Supplementary Table 2: List of antibodies used in this study 

 

Name Company name Use Reference 

anti-TAF4 antibody (monoclonal mouse) IGBMC antibody service (32TA-2B9) WB 
(Mohan II et 

al., 2003) 

anti-TAF5 antibody (monoclonal mouse)  IGBMC antibody service (1TA-1C2) WB 
(Jacq et al., 

1994) 

anti-TAF6 antibody (monoclonal mouse)  IGBMC antibody service (25TA-2G7) WB 
(Langer et 

al., 2016) 

anti-TAF7 antibody (monoclonal mouse)  IGBMC antibody service (19TA-2C7) WB 
(Langer et 

al., 2016) 

anti-TAF7 antibody (polyclonal rabbit) IGBMC antibody service (3475) WB + IF This study 

anti-TAF7L antibody (monoclonal mouse)  IGBMC antibody service (46TA-2D5) WB 
(Martianov 

et al., 2016) 

anti-TAF8 antibody (polyclonal rabbit) IGBMC antibody service (3478) WB 
(Kamenova 

et al., 2019) 

anti-TAF10 antibody (monoclonal mouse) IGBMC antibody service (6TA-2B11) WB + IF 
(Bardot et 

al., 2017) 

anti-TAF12 antibody (monoclonal mouse) IGBMC antibody service (22TA-2A1) WB + IP 
(Langer et 

al., 2016) 

anti-TBP antibody (monoclonal mouse) IGBMC antibody service (3TF1-3G3) WB + IP 
(Brou et al., 

1993) 

anti-SUPT7L antibody (monoclonal 

mouse) 
Bethyl laboratories (A302-803A) WB 

(Kamenova 

et al., 2019) 

anti-RPB1pSer5 antibody (monoclonal 

rat) 
GmbH antibody service (CTD4-3E8) IF 

(Chapman et 

al., 2007) 

anti-RPB1pSer2 antibody (monoclonal 

rat) 
GmbH antibody service (CTD7-3E10) IF 

(Chapman et 

al., 2007) 

anti-GST antibody (monoclonal mouse) 
IGBMC antibody service (15TF2-

1D10) 
IP 

(Kamenova 

et al., 2019) 

anti-Rabbit IgG, Alexa Fluor® 488 

conjugate  

(goat polyclonal) 

Life technology (A-11008) IF   
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anti-Mouse IgG Alexa Fluor® 546 

conjugate 

(goat polyclonal) 

Life technology (A-11003) IF   

anti-Rat IgG, Alexa Fluor® 488 conjugate 

(goat polyclonal) 
Life technology (A-11006) IF   

anti-Rabbit IgG Peroxydase conjugate 

(goat polyclonal) 

Jackson ImmunoResearch (111-035- 

144) 
WB   

anti-Mouse IgG Peroxydase conjugate 

(goat polyclonal) 

Jackson ImmunoResearch (111-036- 

071) 
WB   

WB; western blot, IP; immunpoprecipitation, IF; immunofluorescence 

  



Résultats 
Validation de l’anticorps anti-TAF12 pour l’étude de l’assemblage de TFIID 

   

142 
 

Supplementary Table 3: List of PCR and qPCR primers 

 

Species Gene Forward Reverse Usage 

mouse Taf7 
GTATGAAAACCTGTGTCCTGG 

TCTG 

GAAGGCAAGTTCTCAATGAA 

AGGG 
PCR 

mouse Taf10 GTAGTGTCCAGCACACCTCT CAGTCTAACCTGCTCCGAGT PCR 

mouse Cre TGATGGACATGTTCAGGGATC CAGCCACCAGCTTGCATGA PCR 

mouse Rosa-Wt AAAGTCGCTCTGAGTTGTTAT CCTGATCCTGGCAATTTCG PCR 

mouse Rosa-Cre GGAGCGGGAGAAATGGATATG CCTGATCCTGGCAATTTCG PCR 

mouse Supt7l-exon1-2 ATTGTGGCGACTGCTTGATAG ACCCAGAGAGTGACTTTTACCG PCR 

mouse Supt7l-5'UTR GCAGTTCCCACATAAGAAGCA AGCCGCGTATACCACTCCT PCR 

mouse Rn7sk 
CCATTGTAGGAGAACGTAGGG 

TAGTCAAGC 
CCACATGCAGCGCCTCATT  qPCR 

mouse Taf7 AATATGCCGCTACGGTGAGG TCAGGTTGACATGCCCAGAC qPCR 

mouse Taf7L CCTGAGAAACATCCGCGGTC AGACAACGTCTCACTGCCTG qPCR 

mouse Taf7L2 GCAACGGAACGTGTGAAGTG CCGATGGGAAGTCGTTGTTG qPCR 

mouse Taf10 GAGGGGGCAATGTCTAACGG CGCGGTTCAGGTAGTAACCA qPCR 
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Supplementary Table 4: List of sgRNAs used to generate the R26CreERT2/+;Taf7f/f;Sup7l-/- mouse ES 

cell lines (RT7;Sup7l-/-) 

 

Name Sequence PAM Reference 

mSupt7l-3 ACCATCTCCCTCGCCCCG AGG (Fischer et al., 

2021b) mSupt7l-4 ACCAGTACGTATTCAGAG TGG 
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Supplementary Table 5: Reagents 

 

Reagent Company name Catalogue # 

4′,6-diamidino-2-phenylindole 

dihydrochloride (DAPI) 
Molecular Probes D1306 

4-OHT Sigma Aldrich H7904 

Acetonitrile MS grade Sigma Aldrich 1207802 

Acrylamide:Bisacrylamide 29:1 Euromedex EU0077-B 

Albumine, Bovine, Fraction V (BSA) MP Biomedicals 160069 

Ammonium peroxydisulfate (APS) Euromedex 1012010500 

BlueTrypan Staining 0,4%  Invitrogen  T10288 

Bromophenol Blue Serva 15375 

CHIR99021 axon medchem 1386 

Chloroform Carlo Erba  438603 

Click-it RNA Imaging Kits  Invitrogen  2192300 

Complete Protease Inhibitor  

Cocktail (cOmplete), EDTA free 
Roche 11873580001 

Cristal Violet  Sigma Aldrich C3886-100g 

Cryomatrix Thermo Scientific 6769006 

Dimethy sulfoxid (DMSO) Sigma Aldrich 1.02931.1000 

DMEM (4,5g/L glucose) ThermoFisher Scientific 41966-029 

DTT (Dithiothreitol) Euromedex EU0006 

EDTA Euromedex EU0007 

Endoproteinase Lys-C Wako 125-05061 

Ethanol VWR 83813360 

FITC Annexin V Apoptosis  

Detection Kit with PI 
Biolegend 640914 

Flavropiridol Sigma Aldrich F3055-1mg 

Foetal calf serum Sigma Aldrich F7524 

Foetal calf serum ES-tested ThermoFisher Scientific 10270-10 
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Formic acid Sigma Aldrich 94318 

Gelatine solution  PAN BIOTECH P06-20410 

Glycerol PanReacAppliChem A0970.5000 

Glycine Sigma Aldrich G8898 

Goat Serum  Sigma Aldrich G9023 

HCl 37%  VWR 20252.290 

Hepes pH 6 Sigma Aldrich H3375-1KG 

Iodoacetamide Sigma Aldrich I1149 

Isopropanol VWR 20842330 

KCl Sigma Aldrich P9333-1KG   

KOH VWR 26668.296 

L-glutamine ThermoFisher Scientific 25030-024 

LightCycler® 480 SYBR® Green  

2x PCR Master Mix I 
Roche 4887352001 

Lipofectamine2000 Thermo Scientific 11668019 

M2 medium  Sigma Aldrich M7167 

MgCl2 hexahydrate Sigma Aldrich 63068-25G 

Nonfat Dry Milk Régilait   

N,N,N',N'-Tetramethyl-ethylenediamine 

(TEMED) 
Serva 35930 

NaCl Carlo Erba  479687 

Nitrocellulose membrane  Protran, Amersham 10600033 

Non-essential amino acids ThermoFisher Scientific 11140-035 

NP40 (IGEPAL CA-630) Sigma Aldrich I-3021 

Paraformaldehyde (PFA) Electron Microscopy Sciences 15710 

PBS Sigma Aldrich D5652 

PD0325901 Axon Medchem 1408 

Penicillin and streptomycin ThermoFisher Scientific 15140-122 

Pierce™ ECL Western Blotting 

Substrate ThermoFisher Scientific 
32109 
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Protein G Sepharose GE healthcare 17-0618-05 

Proteinase K Thermo Scientific EO0491 

QuantiTect Reverse Transcription Kit Qiagen 205311 

RNase-free water Sigma Aldrich 95284 

Sucrose Euromedex 200-301-B 

Taq DNA polymerase, dNTPack Roche 4728858001 

TRI® Reagent (Trizol) Molecular Research Center Inc. TR 188 

Trichloroacetic acid Sigma Aldrich T0699 

Triptolide Sigma Aldrich T3652-1mg 

Tris(2-carboxyethyl)phosphine (TCEP) X   

Triton X-100 Sigma Aldrich T8787 

Trizma base  Sigma Aldrich T1503-1Kg 

Trypsine Promega V5111 

Trypsine-EDTA Invitrogen  25200-072 

Tween 20 Sigma Aldrich P2287 

Urea Sigma Aldrich U0631 

VECTASHIELD® Mounting  

Media without DAPI 
VectorLabs H-1000 

β-mercaptoethanol ThermoFisher Scientific 31350-010 







Résultats 
Validation de l’anticorps anti-TAF12 pour l’étude de l’assemblage de TFIID 

   

149 
 

Table 2 : Liste des anticorps utilisés. - : ne fonctionne pas, +/- : Ip peu efficace ou n’IP pas le complexe TFIID entier. + et ++ 
fonction relativement bien et très bien. 

Nom Cible Type  Fournisseur Expérience Référence  

15TF2-
1D10 GST monoclonal de souris IGBMC IP Nagy et al., 2010 

3006 SUPT20H polyclonal de lapin IGBMC IP (+/-)  (Krebs et al., 2011) 

3TF1-3G3 TBP monoclonal de souris IGBMC 
IP (++) et 
WB (Brou et al., 1993) 

1727 TBPL1 polyclonal de lapin IGBMC WB 
(Martianov et al., 
2016) 

1TRF-2D5 TBPL1 monoclonal de souris IGBMC WB / 

1TRF-2D7 TBPL1 monoclonal de souris IGBMC WB / 

3TRF-2A1 TBPL1 monoclonal de souris IGBMC WB 
(Martianov et al., 
2001) 

J17 TFIIA-α polyclonal de lapin cadeau de  
HG Stunnberg WB (Yu et al., 2020a) 

42TA-1A2 TAF3 monoclonal de souris IGBMC IP (+/-) / 

39TA-2B1 TAF3 monoclonal de souris IGBMC IP (-) / 

39TA-2F5 TAF3 monoclonal de souris IGBMC IP (-) / 

20TA-1B12 TAF4 monoclonal de souris IGBMC IP (-) / 

32TA-2B9 TAF4 monoclonal de souris IGBMC IP (+) et WB (Perletti et al., 2001) 

1TA-1C2 TAF5 monoclonal de souris IGBMC IP (+/-) (Jacq et al., 1994) 

15TA-2D2 TAF5 monoclonal de souris IGBMC IP (-) / 

25TA-2G7 TAF6 monoclonal de souris IGBMC IP et WB 
(Dantonel et al., 
1997) 

37TA-1C2 TAF6 monoclonal de souris IGBMC IP et WB Jacq et al., 1994 

33TA-1H7 TAF7 monoclonal de souris IGBMC IP (-) / 

19TA-2C7 TAF7 monoclonal de souris IGBMC IP et WB (Lavigne et al., 1996) 

3475 TAF7 polyclonal de lapin IGBMC WB (Bardot et al., 2017) 

37TA-2C12 TAF7 monoclonal de souris IGBMC IP (+/-) / 

1FR-1A2 TAF8 monoclonal de souris IGBMC IP (-) 
(Mohan II et al., 
2003) 

1FR-1B6 TAF8 monoclonal de souris IGBMC IP (-) 
Kamenova et al., 
2019 

3478 TAF8 polyclonal de lapin IGBMC WB 
Kamenova et al., 
2019 

53TA-1H1 TAF9 monoclonal de souris IGBMC IP (-) / 

49TA-2B6 TAF9B monoclonal de souris IGBMC IP (-) / 

6TA-2B11 TAF10 monoclonal de souris IGBMC IP(++) et WB 
(Mohan II et al., 
2003) 
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23TA-1H8 TAF10 monoclonal de souris IGBMC IP(++) 
(Wieczorek et al., 
1998) 

15TA-2B4 TAF11 monoclonal de souris IGBMC IP (-) (Mengus et al., 1995) 

35TA TAF11 monoclonal de souris IGBMC IP (-) / 

22TA-2A1 TAF12 monoclonal de souris IGBMC 
IP (++) et 
WB (Jacq et al., 1994) 

16TA-3C12 TAF13 monoclonal de souris IGBMC IP (-) (Mengus et al., 1995) 

 
Figure 42 : Validation par western blot d’anticorps ciblant des protéines de TFIID. Au-dessus de chaque panel est indiquée la 
protéine TAF immunoprécipitée et au-dessus de chaque membrane le nom de l’anticorps utilisé. A gauche de chaque membrane 
sont indiquées les sous-unités de TFIID révélées. IP GST sert d’IP mock prouvant la spécificité des bandes observées. IN : 
input, SN, surnageant, El, élution, Bds : billes. Pour l’IP TAF7 utilisant l’anticorps 37TA-2C12, le nombre total de PSM pour 
chaque sous-unité TFIID observées dans les mesures de spectrométrie de masse, réalisé en tripliqua, sont données dans le 
tableau. Pour comparer, le nombre total de PSM obtenu à partir d’une élution d’IP anti-GST est également indiqué. 
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Figure 43 : Anticorps non-validés pour immunoprécipiter TFIID. Au-dessus de chaque panel est indiquée la protéine TAF 
immunoprécipitée et au-dessus de chaque membrane le nom de l’anticorps utilisé. A gauche de chaque membrane sont 
indiquées les sous-unités de TFIID révélées. IP anti-GST sert d’IP mock prouvant la spécificité des bandes observées. IN : 
input, SN, surnageant, El, élution, Bds : billes. 
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Newly transcribed RNA labelling and isolation 
(From Fischer V, optimized and clarified for some points) 

 
 

Specific material / solution we need along the protocol:  

• 4-Thiouridine (4sU) from Glentham Life Sciences1 [Ref: GN6085-100MG]. 
For 100mM stock solution: 100mg of powder are diluted in 3.84mL of DMSO. 

• Tri Reagent (Trizol) from MRC2 [Ref: TR 118]. 
• RiboPure – Yeast kit from Invitrogen1 [Ref: AM1926]. 
• RNasin (40U/µL) from Promega2. 
• Turbo DNA-free kit from Invitrogen2 [Ref: AM1907]. 
• SnapCap tubes3 (Covaris). 
• µMACS Streptavidin Kit2 [Ref: 130-074-101]. 
• EZ-Link™ HPDP-Biotin from Thermo Scientific1 [Ref: 21341]. 

For 1mg/mL stock solution: 50mg of powder are diluted in 50mL of DMSO 

• SuperScript IV Reverse Transcriptase from Invitrogen2 [Ref: 18090050]. 
• Random hexamer primer from Thermo Scientific2 [Ref: So142]. 
• dNTPs (10mM) from Roche2 [Ref: 42793424]. 
• LightCycler 480 SYBR Green I Master from Roche2 [Ref: 04707516001]. 

1Purchased externally  
2Purchased from the “petit produit” facility 
3Purchased from the sequencing facility 

Solution :  

10X biotinylation buffer Conc.init (mM) Conc.final (mM) Volume (mL) 

Tris-HCl (pH7.5) 1000 100 5 

EDTA 500 10 1 

DEPC-treated water     44 

  Volume total 50 

 

RT washing buffer  Conc.init (mM) Conc.final (mM) Volume (mL) 

Tris-Hcl (pH7.5) 1000 100 20 

EDTA 500 10 4 

NaCl 5000 1 40 

Tween20 100% 0.10% 0.2 

DEPC-treated water     135.8 

  Volume total 200 

 

  

Stored at RT°C 

Stored at RT°C 



Résultats 
Matériels et méthodes 

   

163 
 

4sU-labelling in mouse ES E14 cells 
Material to prepare for day 3 to do the experiment with one clone and two conditions of 
treatment:  

o 24 mL of Trizol (3mL/P150) 
o 24 x 1.5 mL tube well annotated for a one condition 
o Cold PBS  
o 100mL of pre-warmed (37°C) of 500 µM of 4sU in 2i+lif for  

Protocol 
1) Day -1: The morning of the day before the day on which the treatment begins: 

• For a single condition, 10 P100 plates previously gelatinized are seeded with 

0.8 x 106 cell per plate. 5 will be treated with 4-OHT and the other one with 

EtOH. 

• The same day prepare the 2i+lif medium for the day after + gelatinized for 10 

P150 plates 

2) Day 0: On the morning of the treatment day: 

• Treat cells with either 1/1000 EtOH or 100nM 4-OHT (1/1000 from 100 µM 4-

OHT stock) diluted in 2i+lif. 

3) Day 2: After two days of treatment, during the afternoon 

• 107 cells are trypsined and seeded again in P150 plates. For each condition 

(EtOH or 4-OHT), 5 P150 plate have to be plated, so a minimum of 5x107 cell 

are needed. 

4) Day 3: On the morning of the third day of treatment, beginning of the morning  

Ø 8 plates will be treated with 4sU to label newly synthetized RNA.  

• Prepare 100 mL of preheated (37°C) 500µM 4sU/2i+lif to treat 8 plates (4 from 

4-OHT condition and 4 from EtOH condition). This corresponds to 250 µL of 

100 mM 4sU in 100 mL 2i+lif. 

• Remove culture medium  

• Treat cells with 10 mL of preheated (37°C) 4sU/2i+lif medium per P150  

• Incubate for 15 minutes in incubator  

• Remove medium  

• Wash with ice cold 1x PBS 

Under the hood 

• For one condition, add 3 ml of Trizol reagent per 15 cm plate, rinse the plates 

with the Trizol to collect all cells. 

• Distribute the volume obtained in 12 x 1.5 mL tubes and freeze then in liquid 

nitrogen. 

If other cell / other condition has to be labelled, the 15 mL tube can be store for one hour on 

ice. 

Frozen samples can be stored at -80°C for several months. 
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Ø From the two plates left (one EtOH treated, the other one 4-OHT treated), cells 

are collected, counted and then used to check the depletion of the protein(s) of 

interest by western blot. 

S2 cell culturing + 4sU labeling 
• Culture S2 cells in Schneider medium with 10% FCS 98i + 0.5% PenStrep at ~ 27°C 

(S2 cells don’t need special CO2 levels and can also be grown at room temperature) 

NOTE: S2 cells attach to plate until they get confluent, then they also start to grow in 
suspension 

• For labelling:   

o Do some up and down with the medium to get cell attached on the plate. 

o Transfer medium containing cells in a 50 mL tube protected from light, measure the 
volume and add an appropriate volume of 4sU (same procedure as for mES cells)  

NOTE: For instance, from 3 x 75 mm flask, about 43 mL of cell suspension were collected in 
which 215µL of 100 mM 4sU were added.   

o For the labelling, S2 cells should be kept under cover (aluminium) at RT under 
toggle for 15min. 

• Pellet the cells (centrifugation at 1000 g for 5 min) 
• Wash with PBS 
• Resuspend in 12 mL Trizol / ~50 mL of cell suspension 
• Spread in 12 tubes (1mL/tube) and freeze then in liquid nitrogen. 
• Do RNA extraction as done for mESC. 

 
S.ceverisiae culturing  

• Yeasts are grown in YPD medium for several hours until the Do595nm reaches 1. 
• RNAs are then extracted using the kit “RiboPureTM – Yeast” 
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RNA extraction (mESC and S2) 
Material to prepare to do the experiment with one clone and two conditions of treatment: 

o 24 x 1.5 mL tube to recover aqueous phase (12 for each condition) 
o 6 x 1.5 mL tube to pull resuspended RNA (3 for each condition) 
o Chloroform 
o Isopropanol 
o 75% EtOH (diluted with DEPC-treated water) 
o DEPC-treated water 

 
ü Keep RNA in the dark as much as possible 
ü Use an odd number of tubes, and no more than 24 tubes, because the centrifuge 

can only hold 24 tubes.  
 
Protocol 

• Tube are defreeze by incubating them during 5-10 minutes at 37°C tubes. This permits 
complete dissociation of the nucleoprotein complex  

• Add 0.2 mL of chloroform 

• Shake tube vigorously by hand for 15 seconds  

• Incubate for 2-3 minutes at RT  

• Centrifuge the sample at 14,000 g (small centrifuge) for 15 minutes at 4°C  
 
NOTE: the mixture separates into a lower red phenol-chloroform phase, an interphase, and a 
colorless upper aqueous phase. RNA remains exclusively in the aqueous phase. The upper 
aqueous phase is ~50% of the total volume  
 

• Recover ~700 to 900 µL of aqueous phase in a new clean tube. 

NOTE: To do that, use the P200 with filter tips. 

• Add 0.7 mL of 100% isopropanol to the aqueous phase 

• Shake tube vigorously by hand for 15 seconds and incubate at RT for 10 minutes  

• Centrifuge the sample at 14,000 g (small centrifuge) for 15 minutes at 4°C. 
•  
• Pour the supernatant from tube, leaving the RNA pellet  

• Wash the pellet with 1 mL of 75% ethanol/DEPC-treated water 

• Centrifuge the sample at 14,000 g (small centrifuge) for 5 minutes at 4°C 
 

• Pour the supernatant and dry the wall of the tube with clean paper 

• Air dry the RNA pellet for 5 minutes at RT°C, in the dark 
 

• Prepare 1250 µL of DEPC-treated water in which 3 µL of RNAse inhibitor will be added. 
 

• Resuspend the RNA pellet in 50 µL RNase-free water. 

• Incubate in a heat block set at 55-60°C, 450 rpm, for 10-15 minutes  

• Pool several tubes of the same condition in a 1,5 mL tube up to have 200 µL per tube. 

• Proceed to DNase treatment or freeze sample in liquid nitrogen and store them at -
80°C.  



o
o

•

•

•

•

•
•

•

•
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For one condition, in a clean tube, mix about 200µg of total labeled mESC RNA with 25 µg of 
total labeled S2 RNA and 25 µg of total non-labeled RNA. 

 
Precipitation 
 
Material to prepare:  

o 5M NaCl 
o Isopropanol 
o 75% ethanol/DEPC-treated water 
o RNase-free water 
o RNAse inhibitor 

 
• Add 0.1 volume of 5M NaCl 

• Mix 

• Add 1 volume of isopropanol 

• Centrifuge at 14,000 g (small centrifuge) for 15 minutes at 4°C 

• Wash the pellet with 1 mL of 75% ethanol/DEPC-treated water 

• Centrifuge at 14,000 g (small centrifuge) for 5 minutes at 4°C 

• Pour the wash 

• Dry the wall of the tube with clean paper 

• Air dry the RNA pellet for 5 minutes at RT°C, in the dark 

• Resuspend the RNA pellet in 130 µL RNase-free water 

• Incubate the RNA 15 min at 60°C and 750 rpm.   
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Fragmentation 
 
Material to prepare:  

o Prepare two 1.5 mL tubes per RNA sample 
o Prepare one 2 mL tube per RNA sample 
o Prepare one Snap Cap tubes per RNA sample 
o Prepare 1% agarose gel with clean TAE 
o Clean the migration tank and fill it with clean TAE 
o DNA loading buffer and DNA ladder 

 
ü The fragmentation is carried out with a Covaris E220. The sonication is done inside the 

bath. I figured out the level of water can influence the efficiency of the sonication. For 
all my experiments, the level of water was at 10 for the rule “Fill” and 5 on the rule “Run” 
when the platform containing the tube is in “start position”, meaning on the water. In 
any case, fragmentation must be checked each time before starting the 
purification! 

ü Keep RNA in the dark as much as possible 
 
Protocol 

• In a new 1.5 mL tube, keep 1 µL of RNA in 9 µL of H2O RNase-free water (tube A). Mix, 

and again collect 1µL from tube A and put it in tube B containing 25 µL of RNase-free 

water. These two tubes could be used to check the quality of the RNA after making the 

spik-in and the precipitation. The tube A will be used to check the quality on 1% agarose 

gel and the tube B will be used on the bioanalyzer. 

• Open the Snap Cap tubes and put the ~129 µL of RNA (containing ~250 µg of RNA) in 

the Snap Cap tubes. 

• Covaris E220 settings: 1% duty factor, 100 W, 200 cycles per burst, 80 sec. Don’t forget 

to put "concentrator" 

• Open the Snap Cap tubes and recover the RNA in a 2mL tube. 

• In a new 1.5 mL tube, procced as the first bullet point. This will be used to check if the 

fragmentation worked.  

• Migrate in 1% agarose gel RNA 

NOTE: Fragmented RNA is supposed to be in a range between 10 kb and above 200 bp 

(average of >1.5 kb).  

Figure 52 : RNA before and after sonication. RNAs were analyzed on 1% 
agarose gel (A) or with the bioanalyzer (B).  
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Newly transcribed RNA extraction  
 
Material to prepare:  

o Biotinylation buffer 
o DMSO from cell culture 
o DEPC-treated water 
o Biotin-HPDP (of 1 mg/mL stock, in DMSO, store at -20°C, light-sensitive, 

wrap in aluminium) → defreeze it at 37°C in water bath 
o 0.1M DTT prepared with DEPC-treated water 
o Chloroform 
o Isopropanol 

 
ü Keep RNA in the dark as much as possible until 4sU-labbeled RNA are purified. 

 
 
Protocol 

• Heat RNA for 10 minutes at 60°C and immediately chill it on ice for 2 minutes  

• In ~130 µL of fragmented RNA, add in order:  

o 200 µL of 1mg/mL Biotin 

o 100 µL of 10X biotinylation buffer 

o 200 µL of DMSO 

o 370 µL of DEPC-treated water. 

• Incubate at RT (= 24°C) and protected from light for 3 hours with gentle agitation 
(thermomixer, 550 rpm, covered by aluminum) 

ü During this time, prepare for one sample 

v 2 x 2 mL tubes to recover upper phase 

v 3 x 1.5 mL tubes to recover FT (tube 1, 2 et 3) 

v 1 x 1.5 mL tube to recover 4-sU RNA purified  

• Add approximately 1 mL of chloroform to the tubes 

NOTE: that correspond to add 1 volume of chloroform for 1 volume of RNA  

• Mix vigorously  

• Spin at 16,000 g for 5 minutes, at 4°C  

NOTE: This step allows to remove biotin that did not biotinylate the RNA 
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• Carefully transfer only upper phase into new 2 mL tubes (already prepared) 

NOTE: Introduce unbound biotin will reduce the efficiency of labelled RNA purification.  

• Add 80 µL of 5 M NaCl (1/10 of volume)  

• Mix 

• Add 800 µL of isopropanol (one volume)  

• Mix and spin at 16,000 g for at least 15 minutes, at 4°C  

• Pour the supernatant and add 1 mL of 75% ethanol  

• Spin at 16,000 rpm for 10 minutes, at 4°C  

• Pour supernatant, dry the wall of the tube with paper. 

• Resuspend RNA in 100 μL RNase-free water  

• Heat biotinylated RNA for 10 minutes (thermomixer, 65°C and 750rpm) 

• Chill the samples on ice for 5 minutes  

• Add 100 µL of magnetic streptavidin beads (μMACS Streptavidin beads and kit, 
Miltenyi, stored at +4°C) to biotinylated RNA (final volume of 200 μl)  

• Incubate with slight shaking for 90 minutes, at RT (thermomixer, 24°C, 550 rpm, in 2 
mL tubes)  

ü During this time, 

o Put 100% EtOH at -20°C 

o Prepare 0.1M DTT in DEPC-water. 

• Place μMACS columns in the magnetic stand (one 
column/sample, Miltenyi)  

• Add 900 μL of RT washing buffer to columns (for pre-run 
and equilibration) 

• Apply beads/RNA mix (200 μL) to the columns 

• Collect flow-through in 1.5 mL tubes (tube 1)  

and apply it to the column again to collect it in tube 2  

and again, to collect it in tube 3. If the beads are bound to 
the column, the solution collected should be transparent. 

The tube 3 is kept on ice and contains normally unlabeled 
RNA. 

• Wash columns 5 times with 600, 700, 800, 900 and 1000 
μl of washing buffer  

• Elute RNA in new 1.5 mL Eppendorf tubes:  

o First 200µL of 0.1 M DTT 

o Wait 5 min 

o Do a second elution with 200 µL of 0.1 M DTT 

Figure 53 : Pictures to show how to use 
the µMACS columns in the magnetic 
stand. The top picture is when the 
columns are washed. The bottom 
picture is when the flowthrough is 
collected.  
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• To elute purified RNA, add:  

o 2 μl of 20 mg/mL glycogen (RNA grade) and mix 

o 40µL of 3 M NaOAc (pH 5.2, 0.1 volume) and mix 

o 1200µL of ice cold 100% ethanol (3 volumes) and mix 

• To elute RNA from the flow through, add:  

o 1 μL of 20 mg/mL glycogen (RNA grade) and mix 

o 20 µL of 3M NaOAc (pH 5.2, 0.1 volume) and mix 

o 600 µL of ice cold 100% ethanol (3 volumes) and mix 

• Let RNA precipitate overnight, at -20 °C  

• Recover RNA by centrifugation (13,500 g for 10-30 minutes, at 4°C)  

• Wash with 75% EtOH 

• Let dry the pellet 

• Resuspend  

o Purified RNA in 15 μL DEPC-treated water and incubate 15 min at 60°C under 

agitation → 2 µL are diluted in 12 µL of DEPC-treated water and will be used 

for the RT-qPCR 

o RNA from flowthrough in 150 µL DEPC-treated water and incubate 15 min at 

60°C under agitation → 7.5 µL are diluted in 2.5 µL of DEPC-treated water and 

will be used for the RT-qPCR. 

RT-qPCR 
The enrichment in labelled newly synthetized RNA can be verified by RT-qPCR. About 10 

genes can be checked in duplicate, bellow the table of primer used for the qPCR. 

RT is realized with Superscript IV with the thermomixer and qPCR with 480 Sybr Green I 

Master. 

qPCR program used in the Light Cycler 480 machine. 

 Pre-incubation : 95°C – 5min – 4.8°C/sec 

 Amplification : 95°C – 10sec – 4.8°C/sec 

   60°C – 10sec – 4.8°C/sec 

   72°C – 10sec – 4.8°C/sec 

  

45X 
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S.cerevisiae 

PMA1 
PMA1 - O53F CTCATCAGCCAACTCAAGAAA 

Check that  
unlabbeled RNA  

are not 
in purified fraction 

PMA1 - O124R CGTCATCGTCAGAAGATTCA 

PRPS3 
RPS3 - F ATTGTTGAACGGTTTGGC 

RPS3 - R CCCTTAGCACCAGATTCCATA 

Drosophile 

Rpl12 
dRpl12_F AAGGGAACCTGCAAGGAAGT 

Check that  
labbeled RNA  
are enriched  

in purified fraction 

dRpl12_R CCCTCGTTCAGTTCGTCAATA 

Tubuline 
alphaTub84B_Forward GCTTCCTCATCTTCCACTCG 

alphaTub84B_Reverse GCTTGGACTTCTTGCCGTAG 

Mouse 

Tpt1 
mTpt1 Int forward TTAAGCACATCCTTGCTAATTTCA 

To check 
intronic 

enrichment  

mTpt1 Int reverse TGTACGAGACAGCAAACAGACTTT 

Clf1 
mCLF1 Intron_forward TATGAGACCAAGGAGAGCAAGAA 

mCLF1 Intron_forward GTTAAGCTCTGAGAAAGGGAACC 

mTaf7 
qVH054 AATATGCCGCTACGGTGAGG 

To check 
deletion 

qVH055 TCAGGTTGACATGCCCAGAC 

mTaf10 

qVH062 GAGGGGGCAATGTCTAACGG 

qVH063 CGCGGTTCAGGTAGTAACCA 

qVH041 CCACATGCAGCGCCTCATT  
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Figure 56 : Modèle du rôle de TFIID dans l’activation et la répression de la transcription ainsi que dans la régulation du 
couplage entre assemblage du PIC, initiation et élongation de la transcription.
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TBPL2/TFIIA complex establishes the maternal
transcriptome through oocyte-specific promoter
usage
Changwei Yu 1,2,3,4, Nevena Cvetesic 5, Vincent Hisler 1,2,3,4, Kapil Gupta 6, Tao Ye 1,2,3,4,

Emese Gazdag 1,2,3,4, Luc Negroni 1,2,3,4, Petra Hajkova5, Imre Berger 6, Boris Lenhard 5,

Ferenc Müller 7, Stéphane D. Vincent 1,2,3,4,8✉ & László Tora 1,2,3,4,8✉

During oocyte growth, transcription is required to create RNA and protein reserves to achieve

maternal competence. During this period, the general transcription factor TATA binding

protein (TBP) is replaced by its paralogue, TBPL2 (TBP2 or TRF3), which is essential for RNA

polymerase II transcription. We show that in oocytes TBPL2 does not assemble into a

canonical TFIID complex. Our transcript analyses demonstrate that TBPL2 mediates tran-

scription of oocyte-expressed genes, including mRNA survey genes, as well as specific

endogenous retroviral elements. Transcription start site (TSS) mapping indicates that TBPL2

has a strong preference for TATA-like motif in core promoters driving sharp TSS selection, in

contrast with canonical TBP/TFIID-driven TATA-less promoters that have broader TSS

architecture. Thus, we show a role for the TBPL2/TFIIA complex in the establishment of the

oocyte transcriptome by using a specific TSS recognition code.
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Regulation of transcription initiation by RNA polymerase II
(Pol II) is central to all developmental processes. Pol II
transcription requires the stepwise assembly of multi-

protein complexes called general transcription factors (GTFs)
and Pol II1. The evolutionary conserved TFIID complex plays a
major role in transcription initiation as it is the first GTF to
initiate the assembly of the pre-initiation complex (PIC) by
recognising the core promoter2. TFIID is a large multiprotein
complex composed of the TATA box-binding protein (TBP) and
13 TBP-associated factors (TAFs) in metazoa3. The model sug-
gesting that transcription is always regulated by the same tran-
scription complexes has been challenged in metazoans by the
discovery of cell-type-specific complexes containing specialised
GTF-, TBP- or TAF-paralogs4. Two TBP paralogues have been
described in vertebrates: TBPL1 (TBP-like factor; TLF, also
known as TRF2) has been identified in all metazoan species5–10,
while TBPL2 (also known as TRF3 or TBP2) has only been
described in vertebrates11,12. Remarkably, while Tbpl1 and Tbpl2
mutants display embryonic phenotypes in non-mammalian
species7–10,12,13, Tbpl1 and Tbpl2 loss of function in mouse
results in male and female sterility, respectively14–16, suggesting
that in mammals, these two TBP-like proteins are involved in
cell-specific transcription. While TBPL2 shares a high degree of
identity (92%) within the conserved saddle-shaped C-terminal
DNA-binding core domain of TBP17, the C-terminus of TBPL1 is
more distant with only 42% identity12. As a consequence TBPL2,
but not TBPL1, is able to bind canonical TATA box sequences
in vitro5,12,18. The N-terminal domains of the three vertebrate
TBP-related factors do not show any conservation. All three
vertebrate TBP-related factors can interact with the GTFs TFIIA
and TFIIB, and can mediate Pol II transcription initiation
in vitro12,13,18–20. However, how alternative initiation complexes
form, how they regulate cell-type-specific transcription and how
they recognise promoter sequences remain unknown.

Mapping of the transcription start sites (TSSs), at single
nucleotide by Cap Analysis of Gene Expression (CAGE) revealed
two main modes for transcription start site (TSS) usage21.
Transcription initiation within a narrow region, called “sharp” (or
focused) TSS-type, is common in highly active, tissue-specific
gene promoters containing TATA boxes. While transcription
initiation with multiple initiation positions within an about 100
bp region, called “broad” TSS promoter architecture21, is more
characteristic to ubiquitously expressed and developmentally
regulated genes (reviewed in ref. 22). During zebrafish maternal to
zygotic transition, it was described that two TSS-defining gram-
mars coexist, in core promoters of constitutively expressed genes
to enable their expression in the two regulatory environments23.
Maternally active promoters in zebrafish tend to be sharp, with
TATA-like, AT-rich (W-box) upstream elements guiding TSS
selection, while embryonically active broad promoter archi-
tectures of the same genes appear to be regulated by nucleosome
positioning. Although a number of germ cell-specific, as well as
somatic transcriptional regulators, have been well characterised
during folliculogenesis (reviewed in ref. 24), the exact actors and
mechanisms required for setting up the oocyte-specific tran-
scriptome have not yet been identified in vertebrates.

Female germ cells develop during oogenesis leading to the
formation of a highly differentiated and specialised cell, the
oocyte. In females, oocytes enter meiosis during embryonic life.
Quiescent primordial follicles composed of meiotically arrested
oocytes at the late diplotene stage and surrounded by granulosa
cells are formed perinatally in mice (reviewed in ref. 24). Shortly
after birth, some primordial follicles enter folliculogenesis and
undertake a growth phase during which a specific oocyte-specific
transcriptome is set up, and oocytes increase their size until the
pre-antral follicular stage25. A remarkable feature of oocytes is the

very high expression of retrotransposons driven by Pol II tran-
scription. These elements are interspersed with repetitive ele-
ments that can be mobile in the genome. One of the three major
classes of retrotransposons in mammals is the long terminal
repeat (LTR) retrotransposons derived from retroviruses, also
known as endogenous retroviruses (ERVs) that is subdivided in
three sub-classes: ERV1, ERVK and endogenous retrovirus-like
ERVL-MaLR (mammalian apparent LTR retrotransposons)
(reviewed in ref. 26). Transcription of mobile elements in specific
cell types depends on the presence of a competent promoter
recognition transcription machinery and/or the epigenetic status
of the loci where these elements have been incorporated.
Remarkably, MaLRs encode no known proteins, but MaLR-
dependent transcription is key in initiating synchronous devel-
opmentally regulated transcription to reprogramme the oocyte
genome during growth27.

Remarkably, during oocyte growth, TBP protein is absent and
replaced by TBPL228. Indeed, TBP is only expressed up to the
primordial follicular oocytes and becomes undetectable at all
subsequent stages during oocyte growth. In contrast, TBPL2 is
highly expressed in the growing oocytes, suggesting that TBPL2 is
replacing TBP for its transcription initiating functions during
folliculogenesis28. In agreement with its oocyte-specific expres-
sion, a crucial role of TBPL2 for oogenesis was demonstrated in
Tbpl2−/− females, which show sterility due to defect in secondary
follicle production16,29. In the absence of TBPL2, immuno-
fluorescent staining experiments showed that elongating Pol II
and histone H3K4me3 methylation signals were abolished
between the primary and secondary follicle stage oocytes, sug-
gesting that Pol II transcription was impaired16. Initially, TBPL2/
TRF3 was suggested to be expressed during muscle differentia-
tion30, but this observation was later invalidated16,29. Altogether,
the available data suggested that TBPL2 is playing a specialised
role during mouse oocyte development. However, how does
TBPL2 regulate oocyte-specific transcription and what is the
composition of the associated transcription machinery, remained
unknown.

Here, we demonstrate that in oocytes TBPL2 does not assemble
into a canonical TFIID complex, while it stably associates with
TFIIA. The observation that the oocyte-specific deletion of Taf7, a
TFIID-specific TAF, does not influence oocyte growth and
maturation, corroborates the lack of TFIID in growing oocytes.
Our transcriptomics analyses in wild-type and Tbpl2−/− oocytes
show that TBPL2 mediates transcription of oocyte-expressed
genes, including mRNA destabilisation factor genes, as well as
MaLR ERVs. Our transcription start site (TSS) mapping from
wild-type and Tbpl2−/− growing oocytes demonstrates that
TBPL2 has a strong preference for TATA-like motif in gene core
promoters driving specific sharp TSS selection. This is in marked
contrast with TBP/TFIID-driven TATA-less gene promoters in
preceding stages that have broad TSS architecture. Our results
show a role for the TBPL2-TFIIA transcription machinery in a
major transition of the oocyte transcriptome mirroring the
maternal to zygotic transition that occurs after fertilisation,
completing a full germline cycle.

Results
Oocyte-specific TBPL2/TFIIA complex distinct from TFIID.
To characterise TBPL2-containing transcription complexes, we
prepared whole-cell extracts (WCE) from 14 days postnatal (P14)
mouse ovaries and analysed TBPL2-associated proteins by anti-
mTBPL2 immunoprecipitation (IP) coupled to label-free mass
spectrometry (Fig. 1a and Supplementary Fig. 1a, b). To deter-
mine the stoichiometry of the composition of the immunopre-
cipitated complexes, normalised spectral abundance factor
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Fig. 1 TBPL2 does not assemble in a TFIID-like complex in growing oocytes. a Anti-TBPL2 immunoprecipitation followed by mass spectrometry (IP-MS)
analysis from three biological replicates of mouse ovarian whole-cell extracts (WCE). The colour code for the different proteins or complexes is indicated
on the right. NSAF; normalised spectral abundance factor. b Anti-TBP IP-MS from ovarian WCE (three technical triplicates). The colour code is the same as
in (a). c–f Sequential IP-MS experiment from ovarian WCE (three technical triplicates). The strategy of the sequential immunoprecipitation (c), anti-TAF7
IP-MS (d), followed by an anti-TAF10 IP-MS (e) and then an anti-TBPL2 IP-MS (f). The colour code is the same as in (a). g, h Representative views of
haematoxylin and eosin-stained ovaries sections from control (g) and oocyte-specific Taf7mutant (Tg(Zp3-Cre/+);Taf7flox/Δ, h) ovaries (analyses of three
sections from three biological replicates). The presence of antral follicles is indicated by an asterisk. Scale bars: 500 μm. In (a, b, d–f) grey dots indicate
replicates and error bars, +/− standard error of the mean.
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(NSAF) values were calculated31. In the anti-TBPL2 IPs, we
identified TFIIA-αβ and TFIIA-γ subunits as unique GTF sub-
units associated with TBPL2 (Fig. 1a and Supplementary Data 1).
As ovaries contain many other non-oocyte cell types that express
TBP, in parallel from the same extracts we carried out an anti-
TBP IP. The mass spectrometry of the anti-TBP IP indicated that
TBP assembles into the canonical TFIID complex in non-oocyte
cells (Fig. 1b and Supplementary Data 2). As growing oocytes
represent only a tiny minority of ovary cells, we further tested the
TBPL2-TFIIA interaction by a triple IP strategy (Fig. 1c): first, we
depleted TAF7-containing TFIID complexes with an anti-TAF7
IP; second, the remaining TFIID and SAGA complexes, which
contain also shared TAFs32, were depleted with an anti-TAF10 IP
using the anti-TAF7 IP flow-through as input; third, we per-
formed an anti-TBPL2 IP on the anti-TAF7/anti-TAF10 flow-
through fraction (Fig. 1d–f and Supplementary Data 3). The
analysis of this third consecutive IP further demonstrated that
TBPL2 forms a unique complex with TFIIA-αβ, and TFIIFA-γ,
but without any TFIID subunits.

To further analyse the requirement of TFIID during oocyte
growth, we carried out a conditional depletion of the TFIID-
specific Taf7 gene during oocyte growth using the Zp3-Cre
transgenic line33 (Supplementary Fig. 1c–g). Remarkably, TAF7 is
only detected in the cytoplasm of growing oocytes (Supplemen-
tary Fig. 1c). The oocyte-specific deletion of Taf7 did not affect
the presence of secondary and antral follicles and the numbers of
collected mature oocytes after superovulation (Fig. 1g, h and
Supplementary Fig. 1f). The lack of phenotype is not due to an
inefficient deletion of Taf7, as TAF7 immunolocalization is
impaired (Supplementary Fig. 1d, e), and as oocyte-specific Taf7
mutant females are severely hypofertile (Supplementary Fig. 1g).
The observations that TBP is not expressed in growing oocytes,
and that the oocyte-specific deletion of Taf7 abolishes the
cytoplasmic localisation of TAF7, but does not influence oocyte
growth, show that canonical TFIID does not assemble in the
nuclei of growing oocytes. Thus, our results together demonstrate
that during oocyte growth a stable TBPL2-TFIIA complex forms,
and may function differently from TBP/TFIID.

In order to further characterise the composition of the TBPL2-
TFIIA complex, we took advantage of NIH3T3 cells artificially
overexpressing TBPL2 (NIH3T3-II10 cells28). In this context
where TBP and TAFs are present, TFIID is efficiently pulled
down by an anti-TBP IP, but no interaction with TFIIA could be
detected (Fig. 2b). Interestingly, the anti-TBPL2 IP showed that
the artificially expressed TBPL2 can incorporate in TFIID-like
complexes as TAFs were co-IP-ed (Fig. 2a); however, with much
lower stoichiometry (NSAF values) than that of TBP (Fig. 2b). In
contrast, strong interaction with TFIIA-αβ and TFIIFA-γ were
detected, suggesting that the TBPL2-TFIIA complex can be
formed in the NIH3T3-II10 cells and that TBPL2, to the contrary
to TBP has the intrinsic ability to interact with TFIIA.
Remarkably, in spite of the high similarity between the core
domains of TBP and TBPL2, no interaction with Pol I-
associated SL1 (TAF1A-D) and Pol III-associated TFIIIB
(BRF1) complexes34 could be detected in the anti-TBPL2 IPs
either in NIH3T3-II10 cells or in ovary WCEs (Fig. 2a and
Supplementary Data 1). In contrary, in the same extracts TBP
associates with these Pol I and Pol III complexes (Fig. 2b and
Supplementary Data 2), suggesting that TBPL2 is not involved in
Pol I and Pol III transcription initiation in the growing oocytes.

To analyse whether TBPL2 associates with TFIID TAFs and
TFIIA in the same complex, we performed a gel filtration analysis
of NIH3T3-II10 WCE. The profile indicated that most of the
TBPL2 and TFIIA could be found in the same fractions (22–26)
eluting around 150–200 kDa, while TBPL2 protein was below the
detection threshold of the western blot assay in the TAF6-

containing fractions 9–15 (Fig. 2c). To verify that TBPL2 and
TFIIA are part of the same complex in fractions 22–26, we IP-ed
TBPL2 from these pooled fractions and subjected them to mass
spectrometric analysis. Our data confirmed that in these fractions
eluting around 170 kDa, TBPL2 and TFIIA form a stable complex
that does not contain any TAFs (Fig. 2d and Supplementary
Data 4). Thus, all these experiments together demonstrate that
TBPL2/TFIIA form a stable complex in oocytes, where TBP is not
expressed and TBPL2/TFIIA is the only promoter recognising
transcription complex that could direct Pol II transcription
initiation (see the summary of all the IPs in Fig. 2e).

TBPL2-dependent oocyte transcriptome. To characterise the
growing oocyte-specific transcriptome and its dependence on
TBPL2, we have performed a transcriptomic analysis of wild-type
(WT) and Tbpl2−/− oocytes isolated from primary (P7) and
secondary (P14) follicles (Figs. 3, 4 and Supplementary Fig. 2,
Supplementary Data 5). We observed the downregulation of a
high number of oocyte-specific genes, out of which Bmp15 and
Gdf9 served as internal controls35,36, as they were already
described to be regulated by TBPL216 (Fig. 3a, b and Supple-
mentary Fig. 2a). The principal component analysis showed that
the four distinct RNA samples clustered in individual groups and
that the main explanation for the variance is the genotype, and
then the stage (Supplementary Fig. 2b). Comparison of the RNA-
level fold changes between mutant and WT oocytes showed that
in Tbpl2−/−, there is a massive downregulation of the most highly
expressed transcripts, both at P7 and P14 (Supplementary
Fig. 2c). The Pearson correlation between the P7 and P14 fold
change datasets for transcripts expressed above 100 normalised
reads was close to 0.8 (Supplementary Fig. 2c), indicating that
Tbpl2 loss of function similarly altered RNA levels at P7 and
P14 stages. We, therefore, focused on the P14 stage for the rest of
the study.

In WT P14 oocytes transcripts corresponding to 10791 genes
were detected. Importantly, many of these detected transcripts
have been transcribed at earlier stages and are stored in growing
oocytes37. As there is no Pol II transcription in Tbpl2−/− growing
oocytes16, RNAs detected in the Tbpl2−/− mutant oocytes
represent mRNAs transcribed by a TBP/TFIID-dependent
mechanism and deposited into the growing oocytes indepen-
dently of TBPL2 activity at earlier stages, i.e., at the primordial
follicular stage, where TBP is still expressed. The proportion of
genes (1396) upregulated following Tbpl2 deletion (Fig. 3c) can be
explained by two mutually not exclusive ways: (i) the conse-
quence of the normalisation to the library size resulting in a slight
overestimation of upregulated transcripts, and underestimation of
downregulated transcripts and/or (ii) by transcript buffering
mechanisms due to mRNA stabilisation38. Validation of the
upregulation of some candidate transcripts levels (Supplementary
Fig. 2d, e) strongly supports the latter hypothesis (but see also the
next paragraph).

Nevertheless, we detected 1802 significantly downregulated
transcripts in the Tbpl2−/− oocytes (Fig. 3c). The downregulation
of key genes known to be expressed during oocyte growth, such as
Bmp15, Eloc, Fgf8, Gdf9 and Zar135,36,39, were confirmed by RT-
qPCR (Supplementary Fig. 2f, g). These results suggest that
TBPL2 has an important role in gene expression in the growing
oocytes. Gene Ontology (GO) analyses of the biological process of
the identified downregulated categories of genes (Supplementary
Data 6) indicated that many genes, involved in meiosis II and
distinct cell cycle processes, were significantly downregulated
(Supplementary Fig. 2h). The most enriched molecular function
GO category was “poly(A)-specific ribonuclease activity” contain-
ing many genes coding for factors or subunits of complexes
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contributing to deadenylation/decapping/decay activity in eukar-
yotes (Fig. 3d) (i.e., CCR4-NOT, PAN2/PAN340; DCP1A/DCP241

or BTG439). In good agreement with the transcriptome analyses,
transcripts coding for these “poly(A)-specific ribonuclease
activity” factors were significantly downregulated in Tbpl2−/−

mutant P14 oocytes when tested by RT-qPCR (Fig. 3e and
Supplementary Fig. 2i). Thus, in P14 oocytes TBPL2 is regulating
the transcription of many genes coding for factors, which are in
turn crucial in regulating the stability and translation of the
mRNA stock deposited during early oogenesis, as well as
transcription of meiosis II- and cell cycle-related genes to prepare
the growing oocytes for the upcoming meiotic cell division.

A remarkable feature of oocytes is the very high expression of
retrotransposons driven by Pol II transcription (see “Introduc-
tion”). As expected, in WT P7 and P14 oocytes, the expression of

ERVs was found to be the most abundant27,42 (Supplementary
Fig. 3a–c). Importantly, the transcription of the vast majority of
MaLR elements was the most affected in Tbpl2−/− mutant
oocytes at P7 and P14 (Fig. 4). Among them, three highly
expressed members, MT-int, MTA_Mm and MTA_Mm-int, were
dramatically downregulated in P7 and P14 Tbpl2−/− mutant
oocytes (Supplementary Fig. 3d, e). As in P14 oocytes, TBPL2
depletion is reducing transcription more than fourfold from
MaLR ERVs, which often serve as promoters for neighbouring
genes27,42, TBPL2 could seriously deregulate oocyte-specific
transcription and consequent genome activation.

This demonstrates that TBPL2 is orchestrating the de novo
restructuration of the maternal transcriptome and that TBPL2 is
crucial for indirectly silencing the translation of the earlier
deposited TBP-dependent transcripts.
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Fig. 2 TBPL2 assembles into a TBPL2/TFIIA and TFIID-like complexes in NIH3T3 cells overexpressing TBPL2. a Anti-TBPL2 immunoprecipitation
followed by mass spectrometry (IP-MS) analysis (three technical replicates) of NIH3T3 overexpressing TBPL2 (NIH3T3-II10) whole-cell extracts (WCE).
The colour code for the different proteins or complexes is indicated on the right. b Anti-TBP IP-MS analysis (three technical replicates) of NIH3T3-II10
WCE. Colour legend for the different proteins is the same as in (a). c Western blot of a Superose 6 gel filtration analysis of NIH3T3-II10 WCE probed with
anti-TAF6 (top panel), anti-TBPL2 and anti-TFIIA-α (middle panels) and anti-TBP (bottom panel) antibodies. Fraction numbers are shown above each lane,
and the elution of known molecular mass markers is indicated above the panels. The pooled fractions used for mass spectrometry analysis are indicated in
red. d Anti-TBPL2 IP-MS analysis (three technical replicates) of the gel filtration fraction indicated in (c). The colour code for the different proteins or
complexes is indicated on the right. NSAF normalised spectral abundance factor. e Schematic representation of the fundamental differences existing
between TBPL2- and TBP-containing complexes in growing oocytes and NIH3T3-II10 cells. In (a, b, and d) grey dots indicate replicates and error bars, +/−
standard error of the mean.
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TBPL2-driven promoters contain TATA box and are sharp.
The promoter usage changes during zebrafish maternal to
zygotic transition revealing different rules of transcriptional
initiation in oocyte and in embryo, driven by independent and
often overlapping sets of promoter “codes”23. Importantly, this
switch has not yet been demonstrated in mammals and the role
of TBPL2 in this switch during oogenesis remained to be
investigated. To this end, we mapped the TSS usage by carrying
out super-low input carrier-CAGE (SLIC-CAGE)43 from WT
and Tbpl2−/− P14 oocytes. To characterise only the TBPL2-
driven promoters, we removed the CAGE tags present in the
Tbpl2−/− dataset from the WT P14 dataset, to eliminate tran-
scripts that have been deposited at earlier stages (hereafter

called “TBPL2-dependent”). Conversely, the Tbpl2−/− dataset
corresponds to the TBP/TFIID-dependent, or TBPL2-
independent TSSs (hereafter called “TBPL2-independent”).

Next, we analysed the genome-wide enrichment of T- and/or
A-rich (WW) dinucleotide motifs within the −250/+250 region
centred on the dominant TSSs of the TBPL2-dependent and
TBPL2-independent oocyte TSS clusters (Fig. 5a, b). TBPL2-
dependent TSS clusters are strongly enriched in a well-defined
WWmotif around their −30 bp region (Fig. 5a, red arrowhead)44.
In contrast, only about 1/3rd of the TBPL2-independent TSS
clusters contained WW-enriched motifs at a similar position
(Fig. 5b, red arrowhead), as would be expected from promoters
that lack maternal promoter code determinants23,44. As canonical

a

b

c

e

d

Cnot8
Cnot3
Pan2
Cnot7
Dis3l
Atp2c1
Zfp36l1
Pan3
Ern1
Cnot6l
Patl2
Btg4
Dcp1a
Zfp36
Dcp2
Cnot6
Hnrnpdl
Exosc3
Lsm8
Hnrnpd
Xnr1
Cnot1
Xnr2
Dis3
Khsrp
Exosc10
Dcps
Dcp1b
Exosc8
Exosc4
Exosc7
Exosc1
Lsm3
Parn
Cnot4
Smg6
Elavl1
Patl1
Nudt16l1
Lsm6
Exosc9
Exosc5
Lsm5
Lsm4
Lsm2
Exosc2
Lsm1
Lsm7
Zfp36l2
Nudt16
Zc3h12a

P14 WT oocytes P14 Tbpl2-/- oocytes

3

4

2

lo
g

1
0

(e
x
p

re
s
s
io

n
 W

T
)

log2(fold change)
-4 -2 20 4

poly(A)−specific 
ribonuclease activity

ubiquitin protein ligase activity

ubiquitin−like protein
ligase activity

histone binding

RNA polymerase II−specific DNA- 
binding transcription factor binding

ATPase activity, coupled

ubiquitin−protein
transferase activity

ubiquitin−lkie protein
transferase activity

enzyme activator activity

ATPase activity

FDR

MF

fold enrichment
0 2 4 6

0.05

0.04

0.03

0.02

0.01

0.00

1802 genes
downregulated

1396 genes
upregulated

10-1

10-1

100

100

101

101

102

102

103

103

104

104

105

105

106

106

P14 WT expression (normalized reads))

P
14

 K
O

 e
xp

re
ss

io
n 

(n
or

m
al

iz
ed

 r
ea

ds
)

non significant

adjusted p.value ≤ 0.05

adjusted p.value ≤ 0.05

|log2(fold change)| > 1

Tbpl2-/-

WT

Tbpl2-/-

WT

P14

P7

Refseq Gdf9Uqcrq

Tbpl2-/-

WT

Tbpl2-/-

WT

P14

P7

Refseq Bmp15

Fig. 3 Expression of genes related to the mRNA deadenylation/decapping/decay pathways in growing Tbpl2−/− mutant oocytes. a, b Normalised
Integrative Genomic Viewer (IGV) snapshots of Bmp15 (a) and Gdf9 (b) loci. Exons and introns are indicated. c Expression comparison between wild-type
(WT) and Tbpl2−/− mutant postnatal day 14 (P14) oocytes (biological triplicates). Expression was normalised to the median size of the transcripts in kb.
Grey dots correspond to non-significant genes and genes with high Cook’s distance, light-blue dots to significant genes for an adjusted P value ≤ 0.05 and
dark-blue dots to significant genes for an adjusted P value ≤ 0.05 and an absolute log2 fold change > 1, after two-sided Wald test and Benjamini–Hochberg
correction for multiple comparisons. The number of up- or downregulated genes is indicated on the graph. d Downregulated genes GO category analyses
for the molecular functions (MF). The top ten most enriched significant GO categories for a FDR≤ 0.05 are represented. e Heatmap of selected genes
involved in mRNA decay, decapping or deadenylation pathways. Expression levels in fold change (compared to the mean of WT) of three biological
replicates of P14 WT and P14 Tbpl2−/− mutant oocytes are indicated. The fold change colour legend is indicated at the bottom. The first column on the left
corresponds to the log10 of expression, scale on the left.

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-20239-4

6 NATURE COMMUNICATIONS | (2020)11:6439 | https://doi.org/10.1038/s41467-020-20239-4 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


TATA boxes are often associated with tissue-specific gene
promoters, we investigated whether the above observed WW
motif densities correspond to TATA boxes using the TBP
position weight matrix (PWM) from the JASPAR database as a
reference. To this end, the presence of TATA boxes was analysed
in the TSS clusters of the two datasets and revealed that TBPL2-
dependent TSS clusters were enriched in high-quality TATA
boxes, including a clear increase in the proportion of canonical
TATA boxes, when compared to TBPL2-independent TSS
clusters (Fig. 5c). Genome browser view snapshots indicate that
TSS clusters in P14 WT oocytes tend to be sharp and are
associated with TATA-like motifs (Supplementary Fig. 4a, b).
Analysis of the global distribution of the number of TSSs and of
the width of the TSS clusters in the above-defined two categories
confirmed that TBPL2-dependent TSS are sharper compared to
the TBPL2-independent TSS clusters (Supplementary Fig. 4c, d).

In order to test whether TBPL2 controls transcription initiation
from maternal promoter code determinants, we grouped the
expression profiles corresponding to each consensus TSS clusters,
to characterise promoter activity profiles among datasets by
performing self-organising maps (SOMs)45 (Supplementary
Fig. 4e). We then focussed on the two most distinct SOM
groups: the downregulated promoters (blue group, containing
9442 consensus TSS clusters) (Fig. 5d) and the upregulated
promoters (red group, with 6900 consensus TSS clusters) (Fig. 5e).
Motif analyses of these two categories of promoters in their −35/
+5 regions relative to the different dominant TSSs indicated that
only the core promoters associated with TBPL2-dependent
dominant TSSs belonging to the downregulated gene promoters
contain a well-defined 7 bp long TATA box-like motif (W-box) in
their −31 to −24 regions (Fig. 5f, g and Supplementary Fig. 4f–i).
Importantly, W-box-associated TSSs architecture usage distribu-
tion for these TBPL2-dependent dominant TSSs was sharp
(Supplementary Fig. 4j, l), as expected for motif-dependent
transcriptional initiation23,44. In contrast, TBPL2-independent
TSSs belonging to the upregulated promoters exert a much

broader TSS pattern (Supplementary Fig. 4k, m). Interestingly,
GO analyses of the genes associated with the downregulated
promoters revealed a strong association with deadenylation/
decapping/decay activity (Supplementary Fig. 4n–p, Supplemen-
tary Data 7), further confirming our initial RNA-seq analysis
observations (Fig. 3).

Importantly, TSS architecture analyses of the TBPL2-
dependent MaLR ERV TSSs indicated that the majority of
MaLR core promoters contain high-quality TATA box motif
(median of the TATA box PWM match is 85%, Fig. 5h–j).
These observations together demonstrate that the TBPL2/
TFIIA complex drives transcription initiation primarily from
core promoters that contain a TATA box-like motif in their
core promoter and directs sharp transcription initiation from
the corresponding promoter regions to overhaul the growing
oocyte transcriptome.

In addition, we observed that TSS usage can shift within the
promoter of individual genes depending on the genetic back-
ground (Supplementary Fig. 4b). To get more insights into these
promoter architecture differences, we identified genome-wide
6429 shifting promoters by comparing either TBPL2-dependent
to TBPL2-independent TSS data. These results are consistent with
TSS shifts between TBP/TFIID-dependent somatic-like and
maternal promoter codes occurring either in 5′ or 3′ directions
(Fig. 6a and Supplementary Fig. 4q)44. WW motif analysis
indicated that on each shifting promoter, TBPL2-dependent
dominant TSSs are associated with WW motifs, while TBPL2-
independent dominant TSSs are not (Fig. 6b). In addition, the
TATA box PWM match analyses indicated that these WW motifs
are enriched in TATA box-like elements compared to the
corresponding TBPL2-independent shifting TSSs (Fig. 6c). Thus,
our experiments provide a direct demonstration that TBP/TFIID
and TBPL2/TFIIA machineries recognise two distinct sequences
co-existing in promoters of the same genes with TBPL2 directing
a stronger WW/TATA box-dependent sharp TSS selection in
them.
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Discussion
In this study, we show that a unique basal transcription
machinery composed of TBPL2 associated with TFIIA is con-
trolling transcription initiation during oocyte growth, orches-
trating a transcriptome change prior to fertilisation using an
oocyte-specific TTS usage.

TBPL2 expression in mice is limited to the oocytes and in its
absence, oocytes fail to grow and Tbpl2−/− mouse females are
sterile16,28. In a mirroring situation, TBPL1 (TRF2) expression is
enriched during spermatogenesis, and male germ cells lacking
TBPL1 are blocked between the transition from late-round
spermatids to early elongating spermatids14,15. An interesting

a b c

d e g

h ji

f

MaLR
TBPL2-independent TSS

(1333 sequences)

0.00

0.25

0.50

0.75

1.00

1.25

−35 −30 −25 −20 −15 −10 −5 +1 +5

in
fo

rm
at

io
n 

co
nt

en
t (

bi
ts

)

MaLR
TBPL2-dependent TSS

(2565 sequences)

0.00

0.25

0.50

0.75

1.00

1.25

−35 −30 −25 −20 −15 −10 −5 +1 +5

in
fo

rm
at

io
n 

co
nt

en
t (

bi
ts

)

TBPL2-independent TSS

TBPL2-dependent TSS

30

31

32

33

0

5

10

15

0 10 20 30 40 50 60 70 80 90 100
TATA box PWM match (%)

pe
rc

en
ta

ge

p value < 2.2 10-16

TBPL2-indendent TSS
of the

up-regulated promoters
(6900 sequences)

0.0

0.2

0.4

0.6

−35 −30 −25 −20 −15 −10 −5 +1 +5

in
fo

rm
at

io
n 

co
nt

en
t (

bi
ts

)TBPL2-dependent TSS
of the

down-regulated promoters

(9442 sequences)

0.0

0.2

0.4

0.6

−35 −30 −25 −20 −15 −10 −5 +1 +5

in
fo

rm
at

io
n 

co
nt

en
t (

bi
ts

)
up-regulated promoters

TBPL2
dependent

TSS

TBPL2
independent

TSS

TBPL2
dependent

TSS

TBPL2
independent

TSS

down-regulated promoters

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

0 10 20 30 40 50 60 70 80 90 100
TATA box PWM match (%)

pe
rc

en
ta

ge

p value < 2.2 10-16

TBPL2-independent TSS

TBPL2-dependent TSS

TBPL2-independent TSS

-250 +1 +250

0.68

0.22

0.03

0.00

WW

-250 +1 +250

TBPL2-dependent TSS

0.65

0.21

0.03

0.00

WW

se
qu

en
ce

s 
(3

24
48

)

se
qu

en
ce

s 
(2

38
86

)

Fig. 5 Core promoter regions of TBPL2-specific transcription units in postnatal day 14 oocytes are enriched in TATA-like elements and are sharp. a, b
Genome-wide A/T-rich dinucleotide (WW) motif analyses of −250/+250 sequences centred on the dominant transcription start sites (TSS, position +1,
dashed red line) of TBPL2-dependent (a n= 32,448) and TBPL2-independent (b n= 23,886) TSS clusters. Sequences have been ordered by increasing size
of the interquantile width of each. The red arrowheads indicate the WW enrichment at position −30 in the TBPL2-dependent TSS clusters (a) and the
equivalent position in the TBPL2-independent TSS clusters (b). The number of TSS clusters is indicated in brackets. c Distribution of the best TATA box
position weight matrix (PWM) matches within a −35 to −20 region upstream of the dominant TSSs (+1) of TBPL2-dependent (blue) compared to the
TBPL2-independent (orange) TSS clusters. The dashed lines indicate the median of the TATA box PWM matches for the TBPL2-dependent (blue) and the
TBPL2-independent (orange) TSS clusters (P value after a two-tailed Wilcoxon rank-sum test). d, e Two selected self-organising map (SOM) groups of the
consensus TSS clusters: the downregulated promoters (blue, d) and the upregulated promoters (red, e) groups. f, g Sequence logos of the −35/
+5 sequence of the TBPL2-dependent dominant TSSs from the downregulated promoters (f) and of the TBPL2-independent dominant TSSs from the
upregulated promoters (g). h, i Sequence logo of the −35/+5 sequence of the MaLR ERVs TBPL2-dependent (h) and TBPL2-independent (i) dominant
TSSs. j Distribution of the best TATA box PWM matches within a −35 to −20 region upstream of the TBPL2-dependent (blue) and TBPL2-independent
(orange) mammalian apparent LTR retrotransposons (MaLR) endogenous retroviral elements (ERV) dominant TSS. The dashed lines indicate the median
of the TATA box PWM matches for the TBPL2-dependent (blue) and the TBPL2-independent (orange) TSS clusters (P value after a two-tailed Wilcoxon
rank-sum test).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-20239-4

8 NATURE COMMUNICATIONS | (2020)11:6439 | https://doi.org/10.1038/s41467-020-20239-4 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


parallel between TBPL2 and TBPL1 is that both TBP-type factors
form endogenous stable complexes with TFIIA. The beginning of
TBPL2 accumulation in the oocyte nuclei or TBPL1 accumulation
in male germ cell nuclei coincides with the phase of meiosis
I15,28,46. It is thus conceivable that TBPL2-TFIIA in oocytes or
TBPL1-TFIIA during spermatogenesis are involved in the control
of gene expression in a meiotic context to set up the corre-
sponding transcriptome. Interestingly, both transcription com-
plexes seem to function in a compacted chromatin environment
in which TBP/TFIID probably cannot. However, while TBPL2
and TBP show contrasting expression patterns in the oocytes28,
TBPL1 and TBP are co-expressed in spermatids46,47 and it has
been suggested that TBPL1 is a testis-specific subunit of TFIIA
that is recruited to PIC containing TFIID and might not primarily
act independently of TFIID/TBP to control gene expression in
round spermatids48. While TBPL1 forms a complex also with the
TFIIA-αβ paralogue, ALF, in testis48–50, TBPL2 does not stably
associate with ALF, in spite of the fact that it is expressed in
oocytes50.

TBP-like factors are bipartite proteins with variable N-terminal
domains and relatively well-conserved shared C-terminal
domains (core domains) forming a saddle-like structure with a
concave surface that is known to bind to DNA17. Interestingly,
TBPL1 has a very short N-terminal domain5,18, suggesting that it
lost some abilities to interact with partners. Our data suggest that
despite their very high similarity (92% identity between the core
domains of TBP and TBPL2; reviewed in ref. 51), TBP and TBPL2
display different properties as they seem to recognise different
DNA sequences to regulate gene promoters with different pro-
moter architectures. Our IP-MS analyses from ovary WCE indi-
cate that contrary to TBP, TBPL2 does not interact with TAFs in
growing oocytes. Our analyses in the NIH3T3-II10 cells that
overexpress TBPL2 showed that TBPL2 can interact with TAFs in
this artificial situation, albeit with less affinity compared to TFIIA,
or TBP-TAFs interactions. Our transcriptomic data indicate that
all Taf mRNAs, except Taf7l, are detected in growing oocytes
(Supplementary Data 5). However, whether they are also
expressed in oocytes at the protein level is not yet known, except
for TAF4B that has been detected in female neonate oocytes52.

Nevertheless, our data suggest that TAF7 is expressed, but loca-
lised to the cytoplasm. It is conceivable that, similarly to Tbp
mRNA that is transcribed, but not translated in oocytes53, Taf
mRNA translations (other than Taf7) are also inhibited and thus,
the canonical TFIID, or its building blocks, cannot be assembled,
and as a result, the canonical TFIID is not present in the nuclei of
growing oocytes. Another reason why TBPL2 does not interact
with TAFs or ALF, but rather interacts with TFIIA could be its N-
terminal domain that is very different from that of TBP (only 23%
identity51).

TBPL2 proteins from different vertebrates show a high degree
of similarity in their C-terminal core domains amongst them-
selves, but display very little conservation in their N-terminal
domains12. It is interesting to note that TBPL2 deficiency leads to
embryonic phenotypes in Xenopus13 and zebrafish12, because,
contrary to the mouse, TBPL2 is still present in the embryo after
fertilisation and thus may act in parallel with TBP in the tran-
scription of specific embryonic genes10,54. The molecular
mechanism by which TBPL2 controls the transcription of these
specific sets of genes in frogs and in fish has not been studied. On
the contrary, TBPL2 in mammals is only expressed in growing
oocytes and the only phenotype that can be observed in mammals
is female sterility16,29.

LTR retrotransposons, also known as ERVs, constitute ~10% of
the mouse genome (reviewed in ref. 55). While their expression is
generally suppressed by DNA methylation and/or repressive
histone modifications, a subset of ERV subfamilies retains tran-
scriptional activity in specific cell types56. ERVs are especially
active in germ cells and early embryos (reviewed in ref. 26).
Indeed, many genome-wide transcripts are initiated in LTRs, such
as for example of MaLRs in mouse oocytes, which constitute ~5%
of the genome57. Members of the MT subfamily of MaLRs are
particularly active in oocytes and hundreds of MT LTRs have
been co-opted as oocyte-specific gene promoters27,58. As LTR-
initiated transcription units shape also the oocyte methylome, it
will be important to analyse also how TBPL2 influences DNA
methylation in oocytes.

Oocytes display remarkable post-transcriptional regulatory
mechanisms that control mRNA stability and translation. During
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oogenesis, the oocyte genome is transcriptionally active, and the
newly synthesised maternal mRNAs are either translated or
stored in a dormant form (reviewed in ref. 37). The newly syn-
thesised transcripts receive a long poly(A) tail and subsequently
undergo poly(A) shortening in the oocyte cytoplasm, preventing
translation. Until resumption of meiosis, mRNAs with a short
poly(A) tail are stored in the cytoplasm in a dormant form (for a
review, see ref. 59). Thus, poly(A) tail deadenylation, amongst
other activities, coordinates post-transcriptional regulation of the
oocyte mRNA pool. Interestingly, TBPL2 is regulating the
activity of several deadenylation/decapping/decay complexes and
in the absence of TBPL2, we observed apparent stabilisation of a
significant number of transcripts, suggesting that in wild-type
oocytes TBPL2 is indirectly inhibiting the translation of mRNAs,
and/or inducing the degradation of the mRNAs, previously
transcribed by TFIID/TBP-driven Pol II and deposited in the
primordial follicular oocytes (Fig. 7). To put in place the growing
oocyte-specific maternal transcriptome TBPL2 is controlling the
production of new mRNAs using a maternal-specific TSS
grammar, as most of these transcripts will remain in the oocyte
after transcriptional quiescence. Remarkably, as TBPL2 does not
interact with Pol I and Pol III transcription machineries in the
growing oocytes, this strongly suggest that rRNA and tRNA are
deposited very early during oogenesis in amounts sufficient for
the initiation of development.

Therefore, it seems that TBPL2 contributes to establish a novel
TBPL2-dependent growing oocyte transcriptome and consequent
proteome required for further development and oocyte compe-
tence for fertilisation (Fig. 7). The indirect regulation of pre-
viously deposited mRNAs by a global transcription regulator
resembles the well-characterised maternal to zygotic transition
(MZT), during which clearance of inherited transcriptome is
mediated by de novo gene products generated by newly activated
transcription machinery (reviewed in ref. 59). At hundreds of gene
promoters, two distinct TSS-defining “grammars” coexist in close
proximity genome-wide and are differentially utilised either
by TBPL2/TFIIA in primary/secondary follicular oocytes, or by
TBP/TFIID in primordial follicular oocytes or in the fertilised

embryo. This again shows a striking parallel to MZT23, where
multiple layers of information are embedded in the same pro-
moter sequence, each representing a different type of regulatory
grammar interpreted by dedicated transcription machinery
depending on the cellular environment.

Methods
Cell lines and cell culture. The NIH3T3-II10 line overexpressing TBPL2 and the
control NIH3T3-K2 have already been described28 and were maintained in high
glucose DMEM supplemented with 10% of new-born calf serum at 37 °C in 5% CO2.

Whole-cell extracts. NIH3T3-II10 and NIH3T3-K2 cells cultured in 15-cm dish
were washed twice with 1× PBS, subsequently harvested by scrapping on ice.
Harvested cells were centrifuged 1000 × g at 4 °C for 5 min and then resuspended
in one packed cell volume of whole-cell extraction buffer (20 mM Tris-HCl pH 7.5,
2 mM DTT, 20% glycerol, 400 mM KCl, 1× protease inhibitor cocktail (PIC,
Roche)). Cell lysates were frozen in liquid nitrogen and thawed on ice three times,
followed by centrifugation at 20,817 × g, at 4 °C for 15 min. The supernatant was
collected, and protein concentration was measured by Bradford protein assay (Bio-
Rad). The cell extracts were used directly for immunoprecipitation and western
blot, or stored at −80 °C.

Ovaries collected from postnatal day 14 (P14) CD1 and C57BL/6N female mice
were homogenised in whole-cell extraction buffer [20 mM Tris-HCl pH 7.5, 2 mM
DTT, 20% glycerol, 400 mM KCl, 5× PIC (Roche)]. Cell lysates were frozen in
liquid nitrogen and thawed on ice for three times, followed by centrifugation at
20,817 × g, at 4 °C for 15 min. The supernatant extracts were used directly for
immunoprecipitation.

Antibodies and antibody purification. The antibodies are listed in Supplementary
Table 1. The IGBMC antibody facility raised the anti-TBPL2 polyclonal
3024 serum against the CPDEHGSELNLNSNSSPDPQ peptide (amino acids
111–129) coupled to ovalbumin and injected into one 2-month-old female New-
Zeland rabbit. The resulting serum was affinity purified by using the Sulfolink
Coupling Gel (Pierce) following the manufacturer’s recommendations.

Immunoprecipitation. Ovary extract were incubated with anti-GST (10 μg per IP),
anti-TBP (10 μg per IP), anti-TBPL2 (3024, 12 μg (36 μg for gel filtration) per IP),
anti-TAF7 (10 μg per IP), or anti-TAF10 (10 μg per IP)-coated Dynabeads (Invi-
trogen) at 4 °C overnight. After incubation, beads were washed 3 × 5 min at 4 °C
with 500 mM KCl buffer [25 mM Tris-HCl (pH 7.9), 5 mM MgCl2, 10% glycerol,
0.1% NP40, 2 mM DTT, 500 mM KCl and 1× PIC (Roche)], then washed 3 × 5min
at 4 °C with 100 mM KCl buffer (25 mM Tris-HCl pH 7.9, 5 mM MgCl2, 10%
glycerol, 0.1% NP40, 2 mM DTT, 100 mM KCl and 1×). Immunoprecipitated
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Fig. 7 Transcriptome overhaul controlled by TBPL2/TFIIA during oocyte growth. At the beginning of oocyte growth, the transcriptome in primordial and
early primary follicles (blue cell) depends on TFIID/TBP (blue complex) transcription from broad promoters (blue line). As TBP protein disappears, Pol II
transcription initiation is mediated (red line) only by the oocyte-specific TFIIA/TBPL2 complex (red complex) from sharp promoters. At the growing oocyte
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proteins were eluted with 0.1 M glycine pH 2.8 and neutralised with 1.5 M Tris-
HCl pH 8.8.

Immunoprecipitation performed from whole-cell extracts of NIH3T3-II10 and
NIH3T3-K2 cells were following the same procedures with protein G Sepharose beads
(GE Healthcare): 18 μg of rabbit anti-TBPL2 (3024) and 15 μg anti-TBP per IP.

Western blot analyses. Protein samples (15–25 μg of cell extracts or 15 μL of IP
elution) were mixed with 1/4th volume of loading buffer (100 mM Tris-HCl pH
6.8, 30% glycerol, 4% SDS, 0.2% bromophenol blue and freshly added 100 mM
DTT) and boiled for 10 min. Samples were then resolved on a 10% SDS-PAGE and
transferred to a nitrocellulose membrane (Protran, Amersham). Membranes were
blocked in 3% non-fat milk in 1× PBS at room temperature (RT) for 30 min, and
subsequently incubated with the primary antibody overnight at 4 °C (dilution 1/
1000). Membranes were washed three times (10 min each) with 1× PBS—0.05%
Tween-20. Membranes were then incubated with HRP-coupled goat anti-mouse Ig
(Jackson ImmunoResearch, #115-036-071, dilution 1/10,000) or HRP-coupled goat
anti-rabbit Ig (Jackson ImmunoResearch, #115-035-144, dilution 1/10,000) for 1 h
at RT, followed by ECL detection (Thermo Fisher). The signal was acquired with
the ChemiDoc imaging system (Bio-Rad).

Mass spectrometry analyzes and NSAF calculations. Samples were TCA pre-
cipitated, reduced, alkylated, and digested with LysC and Trypsin at 37 °C over-
night. After C18 desalting, samples were analysed using an Ultimate 3000 nano-
RSLC (Thermo Scientific, San Jose, CA) coupled in line with a linear trap Quad-
rupole (LTQ)-Orbitrap ELITE mass spectrometer via a nano-electrospray ionisa-
tion source (Thermo Scientific). Peptide mixtures were loaded on a C18 Acclaim
PepMap100 trap column (75-μm inner diameter × 2 cm, 3 μm, 100 Å; Thermo
Fisher Scientific) for 3.5 min at 5 μL/min with 2% acetonitrile (ACN), 0.1% formic
acid in H2O and then separated on a C18 Accucore nano-column (75-μm inner
diameter × 50 cm, 2.6 μm, 150 Å; Thermo Fisher Scientific) with a 240-min linear
gradient from 5% to 50% buffer B (A: 0.1% FA in H2O/B: 80% ACN, 0.08% FA in
H2O) followed with 10 min at 99% B. The total duration was set to 280 min at a
flow rate of 200 nL/min.

Proteins were identified by database searching using SequestHT with Proteome
Discoverer 1.4 software (Thermo Fisher Scientific) a combined Mus musculus
database generated using Uniprot [https://www.uniprot.org/uniprot/?
query=proteome:UP000000589&sort=score] (Swissprot, release 2015_11, 16730
entries) where five interesting proteins sequences (TrEMBL entries: TAF4,
ATXN7L2, TADA2B, BTAF1 and SUPT3) were added. Precursor and fragment
mass tolerances were set at 7 ppm and 0.5 Da, respectively, and up to two missed
cleavages were allowed. Oxidation (M) was set as variable modification and
Carbamidomethylation© as fixed modification. Peptides were filtered with a false
discovery rate (FDR) at 5%, rank 1 and proteins were identified with one unique
peptide. Normalised spectral abundance factor (NSAF)31 were calculated using
custom R scripts (R software version 3.5.3). Only proteins detected in at least two
out of three of the technical or biological replicates were considered for further
analyses.

Gel filtration. A Superose 6 (10/300) column was equilibrated with buffer con-
sisting of 25 mM Tris-HCl pH 7.9, 5 mM MgCl2, 150 mM KCl, 5% Glycerol, 1 mM
DTT and 1× PIC (Roche). Five hundred μL of whole-cell extracts containing ∼5
mg of protein were injected in an ÄKTA avant chromatography system (Cytiva)
and run at 0.4 mL/min. Protein detection was performed by absorbance at 280 nm
and 260 nm. Five hundred μL fractions were collected and analysed by western blot
and IP-MS.

Animal experimentation. Animal experimentations were carried out according to
animal welfare regulations and guidelines of the French Ministry of Agriculture,
and procedures were approved by the French Ministry for Higher Education and
Research ethical committee C2EA-17 (project n°2018031209153651). The Tg(Zp3-
Cre), Taf7flox and Tbpl2- mouse lines have already been described16,33,60.

Histology analyses of ovaries. Ovaries were collected from 6-week-old Tg(Zp3-
Cre/+);Taf7flox/+ and Tg(Zp3-Cre/+);Taf7flox/Δ oocyte-specific mutant females,
fixed in 4% paraformaldehyde (Electron Microscopy Sciences) overnight at 4 °C,
washed three times in PBS at room temperature and embedded in paraffin. Five
micrometre-thick sections were stained with haematoxylin and eosin, and images
were acquired using a slide scanner Nanozoomer 2.0HT (Hamamatsu Photonics).

Immunolocalization of TAF7 in the oocytes. Ovaries were dissected in PBS, fixed
overnight in 4% PFA/PBS at 4 °C, rinsed three times in PBS, equilibrated in 30%
sucrose/PBS, and embedded in Cryomatrix (Thermo Scientific) in liquid nitrogen
vapour. Fifteen micrometre-thick sections were obtained on a Leica cryostat and
stored at −80 °C. Sections were rehydrated in TBS (50 mM Tris, 150 mM NaCl, pH
7.5), and permeabilized with 0.5% Triton-X-100 (Sigma) and rinsed twice again in
TBS before blocking in 3% BSA, 1% goat serum, 0.1% Tween-20 (Sigma).
Immunolabeling was then performed using M.O.M® Immunodetection Kit, Basic
(Vector Laboratories, BMK-2202). Purified anti-TAF7 rabbit polyclonal antibody

(dilution 1/300) was revealed using an Alexa Fluor 488 goat anti-rabbit IgG
(Invitrogen #A-11108, dilution 1/1000). Sections were counterstained with DAPI
(4′,6-diamidino-2-phenylindole dihydrochloride; Molecular Probes). Pictures were
taken using a TCS SP5 Inverted confocal (Leica) with a ×40 Plan APO objective
(CX PL APO 40x/1.25-0.75 OIL CS) and analysed using Fiji 2.0.

Superovulation. Five units of pregnant mare serum (PMS) was injected intra-
peritoneally in 4-week-old female mice between 2 and 4 pm. After 44–46 h, GV
oocytes were collected from the ovaries by puncturing with needles.

Oocytes collection. After dissection, ovaries were freed from adhering tissues in
1× PBS. Series of six ovaries were digested in 500 μL of 2 mg/mL Collagenase
(SIGMA), 0.025% trypsin (SIGMA) and 0.5 mg/mL type IV-S hyaluronidase
(SIGMA), on a ThermoMixer (Eppendorf) with gentle agitation for 20 min. The
digestion was then stopped by the addition of 1 mL of 37 °C pre-warmed αMEM
−5% FBS. The oocytes were then size-selected under a binocular.

RNA preparation. Pool of 100–200 oocytes collected were washed through several
M2 drops, and total RNA was isolated using NucleoSpin RNAXS kit (Macherey-
Nagel) according to the user manual. RNA quality and quantity were evaluated
using a Bioanalyzer. Between 5 and 10 ng of RNA was obtained from each pool of
oocytes.

RNA-seq analyses. PolyA+ RNA-seq libraries were prepared using the SMART-
Seq v4 UltraLow Input RNA kit (Clonetch) followed by the Nextera XT DNA
library Prep kit (Illumina) according to the manufacturer recommendations from
three biological replicates for each condition (P7 wild-type (WT), P7 Tbpl2−/−

mutant, P14 WT and P14 Tbpl2−/− mutant oocytes) and sequenced 50 pb single
end using an Illumina HiSeq 4000 (GenomEast platform, IGBMC).

Reads were preprocessed in order to remove the adapter, poly(A) and low-
quality sequences (Phred quality score below 20). After this preprocessing, reads
shorter than 40 bases were discarded for further analysis. These preprocessing steps
were performed using cutadapt version 1.1061. Reads were mapped to spike
sequences using bowtie version 2.2.862, and reads mapping to spike sequences were
removed for further analysis. Reads were then mapped onto the mm10 assembly of
Mus musculus genome using STAR version 2.7.0f63. Gene expression quantification
was performed from uniquely aligned reads using htseq-count version 0.9.164, with
annotations from Ensembl version 96 and “union” mode. Read counts were
normalised across samples with the median-of-ratios method to make these counts
comparable between samples, and differential gene analysis was performed using
the DESeq2 version 1.22.265. All the figures were generated using R software
version 3.5.3.

RT-qPCR. Complementary DNA was prepared using random hexamer oligonu-
cleotides and SuperScript IV Reverse Transcriptase (Invitrogen) and amplified
using LightCycler® 480 SYBR Green I Master (Roche) on a LightCycler® 480 II
(Roche). Primers used for qPCR analysis are listed in Supplementary Table 2.

Repeat element analyses. Data were processed as already described66 using
Bowtie1 (version 1.2.2)67 instead of Maq. The repeatMasker annotation was used to
identify the different types of repeat elements (Smit, AFA, Hubley, R & Green, P.
RepeatMasker Open-4.0. 2013-2015 http://www.repeatmasker.org). Differential
expression analyses were performed using DESeq2 (version 1.22.2)65. All the fig-
ures were generated using R custom scripts (version 3.5.3).

SLIC-CAGE analyses. Twenty-eight and 13 ng of total RNA isolated from P14
oocytes (biological replicate 1 and replicate 2, ~500–1000 oocytes pooled for each
replicate) and 15 ng of the total RNA isolated from P14 Tbpl2−/− mutant oocytes
(approximately 550 pooled oocytes) were used for SLIC-CAGE TSS mapping43.
Briefly, 5 μg of the carrier RNA mix were added to each sample prior to reverse
transcription, followed by the cap-trapping steps designed to isolate capped RNA
polymerase II transcripts. The carrier was degraded from the final library prior to
sequencing using homing endonucleases. The target library derived from the
oocyte RNA polymerase II transcripts was PCR-amplified (15 cycles for P14 WT,
16 cycles for P14 Tbpl2−/− mutant) and purified using AMPure beads (Beckman
Coulter) to remove short PCR artifacts (<200 bp, size selection using 0.8× AMPure
beads to sample ratio). The libraries were sequenced using HiSeq2500 Illumina
platform in single-end, 50 bp mode (Genomics Facility, MRC, LMS).

Sequenced SLIC-CAGE reads were mapped to the reference M. musculus
genome (mm10 assembly) using Bowtie262 with parameters that allow zero
mismatches per seed sequence (22 nucleotides). Uniquely mapped reads were kept
for downstream analyses using CAGEr Bioconductor package (version 1.20.0)68

and custom R/Bioconductor scripts. Bam files were imported into R using the
CAGEr package, where the mismatching additional G, if added through the
template-free activity of the reverse transcriptase, was removed. Same samples
sequenced on different lanes and biological replicates were merged prior to final
analyses.
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Promoter analyses. In order to consider only the CAGE TSS dependent only on
TBPL2, we removed all the P14 WT CAGE tags at the position where CAGE tags
were also present in the P14 Tbpl2−/− mutant CAGE tags dataset: for the rest of the
analysis, this dataset was called “TBPL2-dependent” and we compared it to the P14
Tbpl2−/− mutant CAGE data (hereafter called “TBPL2-independent”). Briefly, a
CAGE set object was created from the TBPL2-dependent and TBPL2-independent
CTSS files using CAGEr Bioconductor package (version 1.20.0)68, data were nor-
malised using normalizeTagCount (fitInRange= c(5,1000), alpha= 1.53, T= 1e6)
and the powerLaw option. Cluster of CTSS were collected using clusterCTSS
(threshold= 1, thresholdIsTpm= TRUE, nrPassThreshold= 1, method= “dis-
tclu”, maxDist= 20, removeSingletons= TRUE, keepSingletonsAbove= 5). Width
of the TSS regions was calculated using cumulativeCTSSdistribution and quanti-
lePositions (clusters= “tagClusters”, qLow= 0.1, qUp= 0.9): interquantile width
corresponds to the 10th–90th percentile of the total tag cluster signal. In order to
compare the different samples, consensus promoters were computed using
aggregateTagCluster (tpmThreshold= 3, qLow= 0.1, qUp= 0.9, maxDist= 100).
Self-organising map (SOM) expression profiling was performed using getEx-
pressionProfiles using a tpmThrshold of 3, the method “som”, xDim= 3 and
yDim= 2. Shifting TSS were obtained after calculation of the cumulative dis-
tribution along the consensus clusters using cumulativeCTSSdistribution and cal-
culation of the shift score using scoreShift with the Kolmogorov–Smirnov test.
Shifting promoters were extracted using getShiftingPromoters (tpmThreshold= 3,
scoreThreshold= -Inf, fdrThreshold= 0.01).

TSSs corresponding to the MaLR ERVS were identified after annotation using
HOMER (version 4.10)69.

Sequence analyses were performed using Bioconductor R seqPattern (version 1.14)
and R custom scripts. WW dinucleotides enrichment was computed using
plotPatternDensityMap on−250/+250 regions centred on the dominant TSSs. TATA
box position weight matrix (PWM) matches analyses were performed using the
MotifScanScores function applied on the −35/−20 sequences centred on the
dominant TSSs, using the TBP PWM provided in the SeqPattern package (derived
from the JASPAR database). The distribution of the best match for each sequence was
then plotted. Sequence Logo was created using Bioconductor R package SeqLogo.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The datasets generated during the current study are available in different repositories:
proteomic data; ProteomeXchange PRIDE database with accession PXD0316347, RNA-
seq data; Gene Expression Omnibus database GSE140090 and SLIC-CAGE data;
ArrayExpress E-MTAB-8866. Source data are provided with this paper.

Code availability
RNA-seq data were analysed using Bioconductor package DESeq2, SLIC-CAGE data
were analysed using Bioconductor package CAGEr. All custom codes are available upon
request.
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Abstract 

Coactivator complexes regulate chromatin accessibility and transcription. SAGA 

(Spt-Ada-Gcn5 Acetyltransferase) is an evolutionary conserved coactivator complex. 

The core module scaffolds the entire SAGA complex and adopts a histone octamer-

like structure, which consists of six histone fold domain (HFD)-containing proteins 

forming three histone fold (HF) pairs, to which the double HFD-containing SUPT3H 

adds an HF pair. Spt3, the yeast ortholog of SUPT3H, interacts genetically and 

biochemically with the TATA binding protein (TBP) and contributes to global RNA 

polymerase II (Pol II) transcription. Here we demonstrate that i) SAGA purified from 

human U2OS or mouse embryonic stem cells (mESC) can assemble without SUPT3H; 

ii) SUPT3H is not essential for mESC survival, iii) SUPT3H is required for mESC 

growth and self-renewal, and iv) the loss of SUPT3H from mammalian cells affects the 

transcription of only a specific subset of genes. Accordingly, in the absence of SUPT3H 

no major change in TBP accumulation at gene promoters was observed. Thus, 

SUPT3H is not required for the assembly of SAGA, TBP recruitment, or overall Pol II 

transcription, but plays a role in mESC growth and self-renewal. Our data further 

suggest that yeast and mammalian SAGA complexes contribute to transcription 

regulation by distinct mechanisms. 
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Introduction 

Formation of the transcription preinitiation complex (PIC), containing RNA 

polymerase II (Pol II) and six general transcription factors (GTFs), is a major regulatory 

step in eukaryotic gene expression (1,2). PIC formation is mediated by TFIID and the 

accessibility of the transcription machinery to template DNA is controlled by co-

activator complexes. The SAGA complex (Spt-Ada-Gcn5 acetyltransferase) is an 

evolutionary conserved, multifunctional co-activator composed of about 18-20 subunits 

(3,4). Early genetic studies, predominantly performed in yeast, have established that 

SAGA is organized into distinct functional and structural entities, now called modules. 

These modules comprise a structural core, histone acetyltransferase (HAT), histone 

deubiquitinase (DUB), TBP-binding, and transcription factor (TF)-binding activities (5). 

Saccharomyces cerevisiae (y) SPT3 was isolated as an allele-specific 

suppressor of mutation in TBP coding for the TATA binding protein (TBP), suggesting 

that Spt3 may play a role in recruiting yeast SAGA (ySAGA) to promoters (6-8). The 

TBP-binding module of ySAGA comprises Spt3 and Spt8, which both interact with TBP 

directly (9,10). Recent high resolution cryo-electron microscopy (cryo-EM) structures 

of ySAGA complexes indicated that the core structural module contains a histone 

octamer like structure consisting of seven histone fold domain (HFD)-containing 

proteins, including Ada1/Taf12, Taf6/Taf9 and Taf10/Spt7, which form three HF pairs, 

and Spt3, which harbours two HF domains forming an intramolecular HF pair (10-12). 

Interestingly, Spt3 is homologous to the corresponding Taf11/Taf13 HF heterodimer in 

TFIID, and Spt3 of ySAGA binds the same side of TBP as does the Taf11/Taf13 HF 

pair (12-16). Purified recombinant TBP binds to the histone octamer-like structure of 

ySAGA through Spt3 and Spt8 (10,14), further arguing that yeast SAGA contributes to 

TBP delivery to core promoters. Indeed, structural and biochemical evidence suggest 
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a model by which Spt3 prevents spurious TBP binding to DNA through steric 

hindrance, which is relieved by the synergistic binding of TFIIA and a cognate TATA 

element to TBP (10). In agreement, transcription of stress-inducible genes containing 

a TATA box in their promoters is more sensitive to SAGA subunit mutations, than to 

TFIID subunit mutations (17). However, recent analyses in yeast based on 

quantification of newly synthetized mRNA, demonstrated that both TFIID and SAGA 

are required for the transcription of almost all Pol II genes, although each subunit may 

act through different mechanisms and thus to different extent (18-20). 

The modular organization of mammalian SAGA complexes is very similar to that 

of their yeast counterparts (4). For example, their histone octamer-like structure is built 

up by three homologous histone fold pairs, TADA1/TAF12, TAF6L/TAF9/9b, and 

TAF10/SUPT7L, and SUPT3H, the mammalian homologue of ySpt3 (21,22). However, 

metazoan SAGA complexes are lacking a Spt8 homologue (4), suggesting that TBP 

interactions with mammalian SAGA complexes may be different from that of yeast 

SAGA. In addition, fly and mammalian SAGA complexes contain also a splicing 

module (4,22,23). 

Here we investigated the role of SUPT3H in SAGA complex assembly, Pol II 

transcription regulation and TBP recruitment to target gene promoters in human U2OS 

and mouse embryonic stem cells (ESCs). Our results indicate that, in both cell types, 

SAGA subunit composition is not affected by the absence of SUPT3H, similar to yeast 

(9,24,25). In contrast, we observed a striking divergence between ySpt3 and 

mammalian SUPT3H orthologues in their regulatory roles. While we previously showed 

that yeast Spt3 contributes to global Pol II transcription (18), we show here that 

SUPT3H is required only for the expression of a limited number of genes in both cell 

types. TBP recruitment experiments further show that absence of SUPT3H does not 
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affect TBP binding to selected gene promoters. Despite these limited regulatory roles, 

we found that Supt3 gene inactivation in mESCs affects growth and self-renewal. 

Together these data suggest that the role of SUPT3H in gene transcription diverged 

substantially between yeast and mammals, suggesting that mammalian SAGA 

complexes contribute to transcription regulation by distinct mechanism, or that SAGA-

dependent TBP delivery to promoters requires other subunits. 
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Materials and Methods 

Reagents 

Reagents are described in Supplementary Table S1. 

Biological Resources 

Biological resources are described in Supplementary Table S2, and see below: 

a) Generation of stable Flag-SUPT3H overexpressing U2OS cell lines 

The coding region (CDS) of the human SUPT3H gene was PCR amplified from 

the pREV-SUPT3H vector (26) using HA 13662980/1 primers described in 

Supplementary Table S3, and Phusion™ High Fidelity polymerase (Thermo Fisher 

Scientific, Cat# F-530), following manufacturer’s instruction. This first PCR product was 

purified on gel using NucleoSpin Gel and PCR Clean-up, Mini kit for gel extraction and 

PCR clean up (Machery-Nagel, Cat# 740609.50). A second round of PCR was 

performed to amplify this first obtained PCR product and eliminate pREV-SUPT3H 

matrix, using the same primers. Final product was purified on gel. This cDNA was 

cloned into pSG5-puro A frame expression vector (27). First the SUPT3H PCR product 

was digested with Xho I and Sma I type II restriction enzymes from New England 

Biolabs, and purified using Nucleospin® PCR clean-up kit (Machery Nagel Cat# 

740609.50). Then ligated into the XhoI and SmaI fragment of the pSG5-puro expression 

vector from an SV40 promoter, digested and purified same way as described above, 

using T4 DNA ligase (Biolabs, Cat# M0202). This product was transformed in 

competent DH5α and ampicillin resistant colonies were selected after. Final plasmid 

constructs were verified by sequencing using. 

To obtain a U2OS cell line stably expressing the SUPT3H protein, U2OS cells 

were transfected with 5 µg of circular pSG5puro-hSUPT3H plasmid, using 

Lipofectamine2000 following manufacturer’s instruction (ThermoFisher Scientific, Cat# 
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11668019). One single cell per well was seeded in 96-well plates using the BD 

Biosciences FACSAria II (BD Biosciences) apparatus. After a 10-days puromycin 

selection, positive cell clones were selected by western blot analysis using the anti-Flag 

and anti-SUPT3H antibody. 

b) Generation of Supt3-/- mutant mESC lines 

Mouse E14 ESCs were transfected with a  plasmid construct encoding for two 

sgRNAs (sequences in Supplementary Table S4) as well as a Cas9-GFP fusion protein 

at a confluency of 70-80% using Lipofectamine2000 (ThermoFisher Scientific, Cat# 

11668019) following manufacturer’s instruction. Two days after transfection, cells were 

selected for expression of the Cas9-GFP fusion protein by fluorescence activated 

sorting (FACS). Five 96-well plates were seeded with one GFP positive cell per well 

using the BD FACSAriaTM II (BD Biosciences) apparatus. Clones were amplified, 

genomic DNA extracted and knockout clones were selected by PCR, using the Phire 

direct PCR kit (Thermo Scientific, Cat# F-1265) following manufacturer’s instructions. 

Primer sequences for PCR are shown in Supplementary Table S3. Homozygous mutant 

clones were sequenced using primers spanning the deletion site (Supplementary Table 

S3). 

Cell culture conditions 

Human U2OS osteosarcoma cells (HTB-96; ATCC) and U2OS-Fl-SUPT3H cells 

were cultured using DMEM medium supplemented with 10% foetal calf serum (Sigma 

Aldrich, Cat# F7524) and 40 µg/ml gentamycin (KALYS, Cat# G0124-25). Cells were 

grown at 37°C with 5% CO2 levels. 

Mouse ES E14 cells were cultured on plates coated with 0.1% gelatin solution in 

1x PBS (Dutcher, Cat# P06-20410) using DMEM medium supplemented with 15% 

foetal calf serum ES-tested (ThermoFisher Scientific, Cat# 10270-106), 2 mM ʟ-
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glutamine (ThermoFisher Scientific, Cat# 25030-024), 0.1% β-mercaptoethanol 

(ThermoFisher Scientific, Cat# 31350-010), 100 UI/ml penicillin and 100 μg/ml 

streptomycin (ThermoFisher Scientific, Cat# 15140-122), 0.1 mM non-essential amino 

acids (ThermoFisher Scientific, Cat# 11140-035) and 1,500 U/ml leukaemia inhibitory 

factor (home-made). For medium described as FCS+LIF+2i medium, 3 μM CHIR99021 

(Axon Medchem, Cat# 1386) and 1 μM PD0325901 (Axon Medchem, Cat# 1408) were 

added freshly to the medium. Cells were grown at 37°C with 5% CO2 levels.  

Schizosaccharomyces pombe cells were grown in autoclaved YES medium (yeast 

extract, adenine, histidine, uracil, leucine, lysine, 3% glucose) at 32°C. 

Clonal assays of mouse ESCs 

For clonal assay analyses, 1500 to 3000 cells, which had been adapted to the 

respective media through at least three passages, were plated in wells of 6-well plates. 

Medium was changed every other day. On the sixth day, colonies were washed twice 

with 1x PBS before fixation with 4% Paraformaldehyde (Electron Microscopy Sciences, 

Cat# 15710, 16% solution) for 30 minutes followed by two washes with 1x PBS. To 

assess the alkaline phosphatase (AP) activity of mouse ESC colonies, Alkaline 

Phosphatase Kit (Vector Laboratories, Cat# SK-5100) was used following 

manufacturer’s instructions. Colonies were stained with AP for 5-10 minutes. For clonal 

assay analyses in FCS+LIF medium, an additional staining with crystal violet was 

performed after AP staining. Colonies were stained with 0.1% crystal violet solution for 

at least 30 minutes. 

Quantification of clonal assays  

For clonal assay analyses in FCS+LIF+2i medium, colony areas were 

measured automatically using ImageJ software. For clonal assay analyses in FCS+LIF 

medium, the colonies were counted manually using the ImageJ interface. We 
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considered colonies as AP+ colonies if they either stained entirely red or if they 

possessed a center of red cells surrounded by unstained cells. The total number of 

colonies as assessed by crystal violet staining was used for normalization between 

replicates. 

Metabolic labelling 

Metabolic labelling of newly synthesized RNA was adapted from previously 

described protocols (28-30). In brief, the nucleoside analogue 4-thiouridine (4sU) 

(Glentham Life Sciences, Cat# GN6085) was added to the cell culture medium at a 

final concentration of 500 μM for a 20-minute pulse for mouse ES E14, human U2OS 

cells or Schneider S2 cells. After the labelling period, the medium containing 4sU was 

removed, the cells were washed with ice cold 1x PBS and immediately lysed using 

TRI® Reagent (Molecular Research Center Inc., Cat# TR 188). 

S. pombe cultures were grown to an OD600 of 0.8. 4-thiouracil (Sigma Aldrich, 

Cat# 440736) was freshly dissolved in DMSO and added to the cultures at a final 

concentration of 1 mM. Labelling was performed for 6 minutes. After this time period, 

yeast cells were pelleted, washed with ice-cold 1x PBS and aliquoted before being 

flash frozen and stored at -80°C. 

Total RNA extraction 

Total RNA was extracted following TRI® Reagent (Molecular Research Center 

Inc., Cat# TR 188) manufacturer’s instruction. To remove any potential genomic DNA 

contamination from the total RNA extracts, the TURBO DNA-freeTM Kit (ThermoFisher 

Scientific, Cat# AM1907) was used following manufacturer’s instructions for rigorous 

DNase treatment.  

For total RNA extraction of yeast cells, the RiboPureTM RNA Purification Kit 

(ThermoFisher Scientific, Cat# AM1926) was used following manufacturer’s instruction. 
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Reverse Transcription 

Reverse Transcription (RT) was performed with 2 μg total RNA and using 3.2 μg 

random hexamer primers (ThermoFisher Scientific, Cat# SO142) and Transcriptor 

Reverse Transcriptase (Roche, Cat# 03531287001) following manufacturer’s 

instruction.  

qPCR 

For qPCR, the cDNA samples were amplified using LightCycler® 480 SYBR® 

Green 2x PCR Master Mix I (Roche, Cat# 04887352001) and 0.3 or 0.6 μM of forward 

and reverse primer respectively. The primer pairs used for qPCR are listed in 

Supplementary Table S3. The qPCR was conducted using a LightCycler® 480 

(Roche). For the assessment of mRNA levels, the obtained threshold-values were used 

to calculate the relative gene expression using the 2-ΔΔCT method and considering the 

individual primer pair efficiencies (31). For TBP ChIP-qPCR, the percentage of input 

was calculated. 

Newly synthesized RNA purification 

The purification of newly synthesized RNA was based on previously described 

protocols (28-30). As spike-in, labelled S. pombe total RNA was added to labelled 

mouse ESC total RNA preparations in a ratio 1:10; or labelled S. pombe total RNA was 

added to labelled U2OS total RNA preparations in a ratio of 1:25 respectively, to a 

final amount of 200 μg of total RNA prior to newly synthesized RNA purification. The 

RNA was precipitated and resuspended in 130 µL RNase-free water (Sigma Aldrich, 

Cat# 95284) and sonicated using the following settings on a Covaris E220 instrument: 

1 % duty factor, 100 W, 200 cycles per burst, 80 seconds. Fragment size ranged from 

10 kb to 200 bp. For purification, the fragmented total RNA was incubated for 10 

minutes at 60°C and immediately chilled on ice for 2 minutes to open secondary RNA 
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structures. The 4sU-labelled RNA was thiol-specific biotinylated by addition of 200 μg 

EZ-link HPDP-biotin (ThermoFisher Scientific, Cat# 21341), biotinylation buffer (10 mM 

Hepes-KOH pH 7.5 and 1 mM EDTA) and 20% DMSO (Sigma Aldrich, Cat# D8418). 

Biotinylation was carried out for 3 hours at 24°C in the dark and with gentle agitations. 

After incubation, excess biotin was removed by adding an equal volume of chloroform 

and centrifugation at 16,000 g for 5 minutes at 4°C. RNA was precipitated from the 

aqueous phase by adding 0.1 volumes of 5 M NaCl and an equal volume of 100% 

isopropanol followed by centrifugation at 16,000 g for 30 minutes at 4°C. After washing 

with 75% ethanol the RNA pellet was resuspended in 100 µL of RNase-free water and 

denatured for 10 minutes at 65°C followed by immediate chilling on ice for 5 minutes. 

The samples were incubated with 100 µL of streptavidin-coated μMACS magnetic 

beads (Miltenyi Biotec, Cat# 130-074-101) for 90 minutes at 24°C under gentle 

agitations. The μMACS columns (Miltenyi Biotec, Cat# 130-074-101) were placed on 

a MACS MultiStand (Miltenyi Biotec) and equilibrated with washing buffer (100 mM 

Tris-HCl pH 7.5, 10 mM EDTA, 1 M NaCl, 0.1% Tween20) before applying the samples 

twice to the columns. The columns were then washed one time with 600 µL, 700 µL, 

800 µL, 900 µL and 1 ml washing buffer before eluting the newly synthesized RNA with 

two washes of 100 µL 0.1M DTT. The isolated newly synthesized RNA was recovered 

either using RNeasy MinElute Cleanup Kit (Qiagen, Cat# 74204) following 

manufacturer’s instruction or by precipitation. Libraries were prepared and sequenced 

with 1x 50 base pairs on a HiSeq4000 machine (Illumina). 

Library preparation of 4sU RNA-seq 

For U2OS cells, 4sU RNA-Seq libraries were generated from 15 ng of purified, 

newly synthesized RNA using Illumina Stranded Total RNA Prep, Ligation with Ribo-

Zero Plus kit and IDT for Illumina RNA UD Indexes, Ligation (Illumina, San Diego, USA, 



 12 

Cat# 20040525 and 20040553/4, respectively), according to manufacturer's 

instructions. Briefly, abundant ribosomal RNAs were depleted by hybridization to 

specific DNA probes and enzymatic digestion. The depleted RNAs were purified and 

fragmented using divalent cations at 94°C for 2 minutes. After random hexamers 

annealing, fragmented RNAs were then reverse transcribed into first strand 

complementary DNA (cDNA). Second strand cDNA synthesis further generated blunt-

ended double-stranded cDNA and incorporated dTTP in place of dUTP to achieve 

strand specificity by quenching the second strand during amplification. Following A-

tailing of DNA fragments and ligation of pre-index anchors, PCR amplification was 

used to add indexes and primer sequences and to enrich DNA libraries (30 sec at 

98°C; [10 sec at 98°C, 30 sec at 60°C, 30 sec at 72°C] x 12 cycles; 5 min at 72°C). 

Surplus PCR primers were further removed by purification using SPRIselect beads 

(Beckman-Coulter, Villepinte, France, Cat# B23319) and the libraries were 

sequenced with 1x 50 base pairs on a HiSeq4000 machine (Illumina). 

For mESCs, 4sU RNA-seq libraries were generated from 15 to 50 ng of purified, 

newly synthesized RNA using TruSeq Stranded Total RNA LT Sample Prep Kit with 

Ribo-Zero Gold (Illumina, San Diego, CA, Cat# RS-122-2301) according to the Illumina 

protocol with the following modifications. 4sU-labelled RNA was cleaned up using 1.8X 

RNAClean XP beads and fragmented using divalent cations at 94oC for 1 minutes 

without depletion of rRNA. While, double stranded cDNA synthesis and adapter 

ligation were performed according to manufacturer instructions, the number of PCR 

cycles for library amplification was reduced to 10 cycles. After purification using 

SPRIselect beads (Beckman-Coulter, Villepinte, France, Cat# B23319), the libraries 

were sequenced with 1x 50 base pairs on a HiSeq4000 machine (Illumina). 

Data analysis of 4sU RNA-seq 
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Reads were preprocessed using CUTADAPT 1.10 (32) in order to remove 

adaptors and low-quality sequences and reads shorter than 40 bp were removed for 

further analysis. rRNA sequences were removed for further analysis. For mESC 

samples VQFR25, VQFR26, VQFR29, VQFR30, remaining reads were aligned to a 

hybrid genome composed of mm10 and ASM294v2 assemblies of M. musculus and 

S. pombe genomes respectively with STAR 2.5.3a (33). For samples VQFR188, 

VQFR189, VQFR191, VQFR192, the hybrid genome was composed of hg38 and 

ASM294v2 assemblies of H. sapiens and S. pombe genomes respectively. Gene 

quantification was performed with htseq-count 0.6.1p1 (34), using “union” mode and 

Ensembl 93 annotations for all organisms except for S. pombe where Ensembl 

Fungi 41 annotations were used. For 4sU-seq data, “type” option was set to “gene” in 

order to take also into account reads aligned onto introns. Differential gene expression 

analysis was performed using DESeq2 1.16.1 (35) Bioconductor R package on H. 

sapiens or M. musculus counts normalized with size factors computed by the median-

of-ratios method proposed by Anders and Huber (36) based on the spike-in counts 

(using the following options: cooksCutoff=TRUE, independentFiltering=TRUE, 

alpha=0.05). P-values were adjusted for multiple testing using the Benjamini and 

Hochberg method (37). For subsequent data analyses and visualization, only protein-

coding genes were considered. Further, a threshold of 100 or 50 reads was used to 

define expressed genes in the U2OS or mESC datasets respectively.  

For TATA-less and TATA-box promoter analysis (violin plots in Fig. 2D and Fig. 

5D), TATA-box containing promoters were extracted for the human (hg38) and mouse 

(mm10) genomes using the Eukaryotic Promoter Database (EPD, 

https://epd.epfl.ch//index.php, (38)). 

Whole cell extract preparation from U2OS cells 
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The required number of cells were trypsinized, transferred into 1.5 ml Eppendorf 

tubes, centrifuged 600 g 4°C for 2 min, and washed twice with 1ml 1x PBS. Pellets 

were resuspended in 1 packed cells volume (PCV) extraction buffer (400 mM KCl, 20 

mM Tris-HCl pH 7.5, 20% glycerol, 2 mM DTT, 1x protease inhibitor cocktail). Tubes 

were frozen and thawed subsequently 4 times (from liquid nitrogen to ice) and 

centrifuged at 14,000 g 4°C for 10 min. The supernatant was stored at -80°C.  

Human cell nuclear extract preparation  

To enrich extracts for nuclear proteins, cells were harvested and washed twice 

with 1x PBS. Cell pellets were resuspended in 4 times PCV of hypotonic buffer (50 mM 

Tris pH 7.9, 1 mM EDTA, 1 mM DTT and 1x protein inhibitor cocktail), left to swell for 

30 minutes on ice, then dounced 10 times using a B dounce homogenizer to break 

cytoplasmic membrane. After a 10 minutes centrifugation at 1,000-1,800 g, 4°C, 

supernatant was removed and the pellet resuspended in a high salt buffer (50 mM Tris 

pH 7.9, 25 % glycerol, 500 mM NaCl, 0.5 mM EDTA, 1 mM DTT and 1x protein inhibitor 

cocktail). To break the nuclear membranes, suspension was homogenized by douncing 

20 times using a B dounce, then incubated at 4°C (under stirring), for 30 minutes prior 

to centrifugation at 10,000 g for 20 minutes at 4°C. The supernatant was dialyzed o/n 

at 4°C against an isotonic salt buffer (50 mM Tris pH 7.9, 20 % glycerol, 5 mM MgCl2, 

100 mM KCl, 1 mM DTT and 1x protein inhibitor cocktail). The dialyzed fraction was 

kept as nuclear extract. 

Mouse ESC nuclear extract preparation 

To enrich extracts for nuclear proteins, cells were harvested and washed twice 

with 1x PBS. Cell pellet was resuspended in hypotonic buffer (10 mM Tris-HCl pH 8.0, 

1.5 mM MgCl2, 10 mM KCl and 1x protein inhibitor cocktail) and dounced 10 to 20 times 

using a B dounce homogenizer to isolate the nuclei. After centrifugation at 10,000 g for 
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10 minutes at 4°C, supernatant was removed and pellet resuspended in high salt buffer 

(20 mM Tris-HCl pH 8.0, 25% glycerol, 1.5 mM MgCl2, 0.2 mM EDTA, 450 mM NaCl, 

0.1% NP40 and 1x protein inhibitor cocktail). Suspension was homogenized by 

douncing as described before prior to centrifugation at 10,000 g for 10 minutes at 4°C. 

The supernatant was kept at -80°C as nuclear extract. 

Antibodies 

The list of antibodies used in this study is shown in Supplementary Table S5. Anti-

TADA2B (3122) polyclonal antibody (pAb) was obtained by immunization of rabbits with 

the C-terminal region (amino acids 221-420) of hTADA2B (Q86TJ2). For this, the 

TADA2b cDNA fragment was PCR amplified and cloned in pET15b vector (Novagen) 

using Nde I and Bam HI sites. The 6xHis-TADA2B protein fragment was expressed in 

E. coli (BL21), centrifuged, lysed in a buffer L, containing 50 mM Tris-HCl pH 7.5, 400 

mM NaCl, 10% glycerol, 1 mM DTT and 1x protein inhibitor cocktail. Recombinant 

proteins were in inclusion bodies, which were solubilized in buffer L containing 8 M urea. 

Proteins were purified under denaturing conditions using a Ni2+-NTA column, eluted 

with 300 mM imidazole and dialyzed in 1x PBS. Rabbits were immunized with the 

purified proteins for 6 weeks as described in (39). The obtained crude rabbit sera were 

then purified on an Affigel column on which the purified protein fragment was 

immobilized. Then the column was extensively washed with 1x PBS, pAb3122 eluted 

with 0.1 M glycine pH 2.5 buffer and immediately neutralized with 2 M Tris pH 8.8. 

Immunoprecipitation protocol from human cell extracts 

Prior to immunoprecipitation, protein-A sepharose and ANTI-FLAG® M2 Affinity 

Gel beads (Sigma Aldrich, Cat# A2220) were washed three times with 1x PBS and two 

times with IP100 buffer (25 mM Tris-HCl 7.5, 5 mM MgCl2, 10 % glycerol, 0,1 % NP40, 

100 mM KCl, 2 mM DTT and 1x protein inhibitor cocktail), prior to use. Nuclear extracts 
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were pre-cleared with 1/10 volume of packed bead volume for 1 hours at 4°C with 

agitation. For antibody binding, packed bead volume corresponding to 1/10 volume of 

input extract was incubated with the respective antibodies for 1 hours at room 

temperature, with agitation. Protein-A antibody bound sepharose beads were washed 

twice with IP500 (25 mM Tris-HCl 7.5, 5 mM MgCl2, 10% glycerol, 0,1% NP40, 500 

mM KCl, 2 mM DTT and 1x protein inhibitor cocktail) buffer and then with IP100 buffer. 

Pre-cleared extracts were then incubated overnight with washed protein-A antibody 

bound sepharose beads at 4°C. Protein complex bound beads were washed twice with 

IP500 buffer and twice with IP100 buffer. Complexes were subsequently eluted twice 

with one bead volume of 0.1 M glycine pH 2.8 buffer at room temperature and with 

agitation. Eluates were immediately neutralized to pH7.5 by adding the required 

quantity of Tris-HCl pH 8.8 buffer. Eluates were characterized by western blot or mass 

spectrometry analyses. 

Immunoprecipitation protocol for mESC nuclear extracts 

Prior to immunoprecipitations, Protein-A or Protein-G Sepharose beads were washed 

three times with filtered 1x PBS and two times with IP100 buffer (25 mM Tris-HCl 7.5, 

5 mM MgCl2, 10% glycerol, 0,1% NP40, 100 mM KCl, 2 mM DTT and 1x protein 

inhibitor cocktail). Nuclear extracts were pre-cleared with 1/5 of 50% bead slurry for 2 

hours at 4°C with agitation. For antibody binding, the 50% bead slurry was incubated 

with 5-8 µg of the respective antibodies for 2 hours at 4°C with agitation. After 

incubation, beads were washed three times with IP500 buffer and twice with IP100 

buffer before addition of 1/5 volume of the 50% antibody-bead slurry to the pre-cleared 

nuclear extracts. Nuclear extracts were incubated with beads overnight at 4°C with 

agitation. After incubation, resins were washed three times with IP500 buffer and twice 

with IP100 buffer. Complexes were eluted from the beads using two subsequent 0.1 M 
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glycine pH 2.8 elutions at room temperature and with agitation. Importantly, prior to 

anti-TAF10 IPs in mESC, nuclear extracts were depleted for TFIID by overnight 

incubation with beads coated with antibodies targeting the TFIID-specific subunit 

TAF7. This allowed to increase the purification efficiency for SAGA in anti-TAF10 IPs 

given that TAF10 is shared between the SAGA and TFIID complexes. All other IPs 

have been performed without pre-depletion. Eluates were then characterized by 

western blot or mass spectrometry analyses. 

Mass spectrometry 

Protein mixtures were Trichloroacetic acid (Sigma Aldrich, Cat# T0699) -

precipitated overnight at 4°C. Samples were then centrifuged at 14000 rpm for 30 

minutes at 4°C. Pellet were washed twice with 1 ml cold acetone and centrifuged at 

16000 g rpm for 10 minutes at 4°C. Washed pellet were then urea-denatured with 8 M 

urea (Sigma Aldrich, Cat# U0631) in Tris-HCl 0.1 mM, reduced with 5 mM TCEP (tris(2-

carboxyethyl)phosphine) for 30 minutes, and then alkylated with 10 mM iodoacetamide 

(Sigma Aldrich, Cat# I1149) for 30 minutes in the dark. Both reduction and alkylation 

were performed at room temperature and under agitation (850 rpm). Double digestion 

was performed with endoproteinase Lys-C (Wako, Cat# 125-05061) at a ratio 1/100 

(enzyme/proteins) in 8 M urea for 4h, followed by an overnight modified trypsin 

digestion (Promega, Cat# V5111) at a ratio 1/100 (enzyme/proteins) in 2 M urea. Both 

Lys-C and Trypsin digestions were performed at 37°C. Peptide mixtures were then 

desalted on C18 spin-column and dried on Speed-Vacuum before LC-MS/MS analysis. 

Samples were analyzed using an Ultimate 3000 nano-RSLC (Thermo Scientific, San 

Jose California) coupled in line with a LTQ-Orbitrap ELITE mass spectrometer via a 

nano-electrospray ionization source (Thermo Scientific, San Jose California). Peptide 

mixtures were loaded on a C18 Acclaim PepMap100 trap-column (75 µm ID x 2 cm, 3 
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µm, 100Å, Thermo Fisher Scientific) for 3.5 minutes at 5 µL/min with 2% Acetonitrile 

MS grade (Sigma Aldrich, Cat# 1207802), 0.1% formic acid (FA, Sigma Aldrich, Cat# 

94318)in H2O and then separated on a C18 Accucore nano-column (75 µm ID x 50 

cm, 2.6 µm, 150Å, Thermo Fisher Scientific) with a 90 minutes linear gradient from 5% 

to 35% buffer B (A: 0.1% FA in H2O / B: 99% Acetonitrile MS grade, 0.1% FA in H2O), 

then a 20 minutes linear gradient from 35% to 80% buffer B, followed with 5 min at 

99% B and 5 minutes of regeneration at 5% B. The total duration was set to 120 

minutes at a flow rate of 220 nL/min. The oven temperature was kept constant at 38°C. 

The mass spectrometer was operated in positive ionization mode, in data-dependent 

mode with survey scans from m/z 350-1500 acquired in the Orbitrap at a resolution of 

120,000 at m/z 400. The 20 most intense peaks (TOP20) from survey scans were 

selected for further fragmentation in the Linear Ion Trap with an isolation window of 2.0 

Da and were fragmented by CID with normalized collision energy of 35%. Unassigned 

and single charged states were rejected. The Ion Target Value for the survey scans (in 

the Orbitrap) and the MS2 mode (in the Linear Ion Trap) were set to 1E6 and 5E3 

respectively and the maximum injection time was set to 100 ms for both scan modes. 

Dynamic exclusion was used. Exclusion duration was set to 20 s, repeat count was set 

to 1 and exclusion mass width was ± 10 ppm. Proteins were identified by database 

searching using SequestHT (Thermo Fisher Scientific) with Proteome Discoverer 2.4 

software (PD2.4, Thermo Fisher Scientific) on Homo sapiens database (UniProt, 

reviewed, release 2020_11_27, 20309 entries) and Mus musculus database (UniProt, 

non-reviewed, release 2020_07_13, 55428 entries). Precursor and fragment mass 

tolerances were set at 10 ppm and 0.6 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 



 19 

discovery rate (FDR) at 1%, rank 1 and proteins were identified with 1 unique peptide. 

Normalized spectral abundance factors (NSAF) were calculated for each protein as 

described earlier (40,41). First to obtain spectral abundance factors (SAF), spectral 

counts identifying a protein were divided by the protein length represented by the 

number of amino acids. Then to calculate NSAF values, the SAF values of each 

protein were divided by the sum of SAF values of all detected proteins. 

Anti-TBP chromatin immunoprecipitation (ChIP) 

Cells were washed with 1x PBS, fixed at room temperature with 1% 

paraformaldehyde in 1x PBS for 20 minutes. Fixation was stopped by adding glycine 

to a final concentration of 125 mM for 10 minutes at room temperature. Cells were 

washed twice with ice-cold 1x PBS and collected by scrapping. Cells were centrifuged 

at 2000 g for 5 minutes at 4°C and washed once with ice-cold 1x PBS. Cells were lysed 

in L1 buffer (50 mM Tris-HCl pH 8.0, 2 mM EDTA, 0.1% NP40, 10% glycerol and 

protease inhibitory cocktail) and incubated on ice for 10 minutes before centrifugation 

at 2000g for 10 minutes at 4°C. Nuclei were resuspended in L2 buffer (0.5% SDS, 10 

mM EDTA ph 8.0, 50 mM Tris-HCl pH 8.0 and protease inhibitory cocktail) and 

sonicated using a Covaris E210 sonicator to on average 300 bp fragments. Protein-G 

sepharose beads were washed twice with TE buffer (10 mM Tris-HCl pH 7.5, 1 mM 

EDTA) and blocked for three hours with 1 µg/µL denatured yeast tRNA and 1,5% fish-

skin gelatine. Beads were washed twice with TE buffer and stored at 4°C. For ChIP, 

50 µg of chromatin was diluted with chromatin dilution buffer (0.01% SDS, 1.1% Triton-

X 100, 1.2 mM EDTA, 167 mM NaCl, 16.7 mM Tris-HCl pH 8.0 and protease inhibitory 

cocktail) to a volume of 800 µL and incubated with 30 µL of blocked bead slurry for 1 

hour at 4°C for preclearing. Five µg of anti-TBP antibody (Abcam, cat # ab51841) was 

added to precleared chromatin and incubated overnight at 4°C. 50 µL of bead slurry 
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was added to samples and incubated for two to four hours at 4°C with overhead 

shaking. After centrifugation for 2 minutes at 1000 g, beads were washed two times 

with Low salt washing buffer (0.1% SDS, 1% Triton-X 100, 2 mM EDTA, 150 mM NaCl, 

20 mM Tris HCl pH 8.0 and protease inhibitory cocktail) for 10 minutes, two times with 

high salt washing buffer (0.1% SDS, 1% Triton-X 100, 2 mM EDTA, 500 mM NaCl, 20 

mM Tris HCl pH 8.0 and protease inhibitory cocktail) for 10 minutes, two times with 

LiCl washing buffer (250 mM LiCl, 1% NP40, 1% sodium deoxycholate, 1 mM EDTA, 

10 mM Tris-HCl pH 8.0 and protease inhibitory cocktail) for 10 minutes and two times 

with TE buffer for 10 minutes. Bound fragments were eluted using with freshly prepared 

elution buffer (1% SDS and 0.1 M sodium bicarbonate) at room temperature. 

Chromatin was reverse crosslinked by addition of 0.2 M NaCl and 50 µg/mL RNase A. 

Samples were incubated at 37°C for one hour. 20 µg of Proteinase K was added and 

samples were incubated at 65°C overnight in a thermomixer. DNA was isolated by 

Phenol-chloroform purification and resuspended in water. 

Statistical analysis 

All statistical tests were performed using either R (version 3.6.0). Two-sided 

Welch's t-test were performed to compare colony areas after quantification with 

ImageJ between WT and mutant mESCs. Two-sided Wilcoxon rank-sum test was used 

to compare two means in all the other indicated comparisons. The statistical details for 

individual experiments can be found in the figure legends or Results section. This 

includes number of replicates and statistical tests performed. The statistical threshold 

was defined with a p-value of less than 0.05. 

Data availability  

The 4sU-seq data discussed in this publication have been deposited in NCBI's 

Gene Expression Omnibus (42) and are accessible through GEO Series accession 
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numbers GSE175901. The mass spectrometry proteomics data have been deposited 

to the ProteomeXchange Consortium via the PRIDE (43) partner repository with the 

dataset identifier PXD026991. 

 

Results 

Human U2OS cells do not express the SUPT3H subunit of the SAGA 

complex 

When analyzing RNA-sequencing data from the Human Protein Atlas (HPA) for 

mRNAs expressing different SAGA subunits in a panel of 64 human cell lines, we 

noticed that SUPT3H is not expressed in U2OS cells, a human osteosarcoma cell line, 

unlike the majority of other cell lines tested (Supplementary Figure S1A). To verify this 

observation, we designed primer pairs to amplify the whole coding sequence (CDS) of 

SUPT3H from cDNA prepared from U2OS and HeLa cells (Figure 1A, Supplementary 

Figure S1B). As an additional control, we generated an U2OS cell line stably 

expressing Flag-tagged wild type (WT) SUPT3H, which we refer to as U2OS-Fl-

SUPT3H. In agreement with the HPA data, we could not detect the SUPT3H mRNA in 

U2OS cells, while it was clearly detectable in HeLa and U2OS-Fl-SUPT3H cells. 

Similar results were obtained when amplifying smaller fragments of the SUPT3H 

mRNA (Supplementary Figure S1D, scheme of primer positions Supplementary Figure 

S1B). Together these data indicate that the human U2OS osteosarcoma cell line does 

not express the SAGA subunit SUPT3H. Importantly, we could not detect major 

differences in the promoter sequence of the SUPT3H gene when comparing U2OS 

and HeLa cells, suggesting that the loss of SUPT3H expression is not caused by 

changes in the tested promoter sequence (Suppl. Fig. S1E). In addition, growth curve 
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analyses revealed that U2OS-Fl-SUPT3H cells proliferate at a comparable rate than 

the parental U2OS cells (Supplementary Figure S1C). 

Absence of SUPT3H does not affect human SAGA complex composition 

As SUPT3H is a subunit of the core module of the SAGA complex interacting with 

several subunits of the complex, we were wondering if, and to which extent, SAGA is 

assembled in U2OS osteosarcoma cells lacking SUPT3H. To this end we prepared 

nuclear extracts from U2OS cells and carried out immunoprecipitation (IP) coupled to 

mass spectrometry using antibodies raised against SUPT20H (a core module subunit), 

TADA2B and TADA3 (two HAT module subunits). As a positive control we used human 

HeLa cell nuclear extracts (NEs) for IPs with the same antibodies. Quantitative mass 

spectrometry analyses of anti-SUPT20H, -TADA2B and -TADA3 affinity purifications 

showed that the three antibodies purified all SAGA subunits except SUPT3H from 

U2OS NEs, and all SAGA subunits from HeLa NEs (Figure 1B and 1C). Thus, the 

absence of SUPT3H does not affect the overall subunit composition of human SAGA. 

Importantly, anti-SUPT20H and anti-Flag IPs performed using nuclear extracts from 

U2OS-Fl-SUPT3H cells revealed that SUPT3H, when exogenously expressed, can 

incorporate in the SAGA complex in the U2OS nucleus (Figure 1C, 1D and 

Supplementary Figure S1F), indicating that the other subunits of the module are able 

to incorporate SUPT3H. To conclude, the absence of SUPT3H expression in U2OS 

cells allowed us to demonstrate that this subunit is dispensable for SAGA assembly. 

Restoring SUPT3H expression modifies RNA polymerase II transcription at 

a subset of genes in U2OS cells 

The ability of SUPT3H to reconstitute an intact SAGA complex in U2OS-Fl-

SUPT3H allowed us to test the role of SUPT3H in Pol II transcription in human cells. 

For this, we performed 4-thiouridine (4sU) labelling of nascent RNA coupled with 
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sequencing of the labelled RNA (4sU-seq) (28-30), comparing two independent U2OS-

Fl-SUPT3H clones with parental U2OS control cells (Supplementary Figure 2A). We 

observed a very similar enrichment in intronic reads in all samples (Figure 2A), 

confirming a reproducible enrichment of newly synthesized RNAs genome-wide. 

Differential expression analyses revealed that restoring SUPT3H expression has only 

a limited effect on nascent transcript levels (Figure 2C, 2D, Supplementary Figure 

S2B). Specifically, 176 genes were significantly deregulated in WT U2OS cells lacking 

SUPT3H compared to U2OS-Fl-SUPT3H cells at a threshold of 0.5 absolute log2 fold 

change and an adjusted p-value of 0.05, including 80 genes downregulated and 96 

genes upregulated (Figure 2C, Supplementary Figure S2B). Only 33 and 37 genes are 

down-and upregulated, respectively, more than two-fold. Overall, no GO categories 

were significantly enriched amongst genes deregulated by SUPT3H overexpression 

and only very few genes are responsive to the re-expression of SUPT3H in U2OS 

cells. 

Earlier studies suggested that ySAGA predominantly regulates TATA-box 

containing genes, presumably through Spt3 (7,44,45). We therefore compared 

expression changes between U2OS and U2OS-Fl-SUPT3H for genes with either a 

TATA-less or a TATA-box in their promoters, as defined by the Eukaryotic Promoter 

Database (Material and Methods) (Figure 2D). We observed no difference between the 

two gene classes, suggesting that TATA-box containing gene promoters do not show 

a stronger sensitivity to SUPT3H re-expression than TATA-less promoters in human 

U2OS cells. In conclusion, SUPT3H appears to regulate the transcription of only a few 

genes in osteosarcoma U2OS cells, independently of the presence a TATA-box 

element in their promoter. This observation is in marked contrast with the strong, global 

decrease of nascent transcript levels observed upon deletion of SPT3 in S. cerevisiae. 
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Loss of mouse Supt3 does not affect SAGA subunit composition in mouse 

embryonic stem cells 

Our results so far indicate that the function of ySpt3 in RNA Pol II transcription 

has diverged substantially between yeast and humans. To explore this further, we next 

turned to non-cancerous diploid mammalian cells and used CRISPR/Cas9 genome 

editing to inactivate the Supt3 gene in mouse E14 ESCs. We obtained two individual 

clones with a homozygous deletion of exon 3 from the Supt3 gene (Figure 3A), 

resulting in an out of frame stop codon. RT-qPCR analyses confirmed the deletion of 

the exon and the resulting decrease of remaining Supt3 mRNA, presumably through 

non-sense decay (Figure 3B). Western blot analyses confirmed the deletion as 

SUPT3H is not detectable in extracts from knock-out mESCs (Figure 3C). To 

determine the role of SUPT3H on mouse SAGA assembly, we purified SAGA using 

anti-SUPT20H or anti-TAF10 antibodies from WT and Supt3-/- ESCs nuclear-enriched 

cell extracts and analyzed their composition by mass spectrometry and western blot 

analyses. Both immune-purifications coupled to mass spectrometry analyses from 

Supt3-/- cells identified all core, HAT and TF-binding SAGA subunits, with the exception 

of SUPT3H, indicating that mouse SAGA can also assemble without SUPT3H (Figure 

3D). We note that the association of the DUB complex with SAGA was weaker in both 

anti-SUPT20H or anti-TAF10 IPs, but independently of the genotype of mESCs. These 

results confirm that, as observed in human U2OS cells, mouse SUPT3H has no major 

role in SAGA integrity in ESCs. Thus, SAGA central core can assemble without the 

intramolecular HF pair of SUPT3H, suggesting the SAGA can assemble around an 

hexameric core structure. 

Supt3 is required for mouse ESC growth and self-renewal 
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The obtention of two independent Supt3-/- mouse ESC lines indicates that Supt3 

is not essential for mouse ESC viability when cultured in medium containing foetal calf 

serum (FCS), leukemia inhibitory factor (LIF) and two small molecules that maintain 

efficient mouse ESC self-renewal (hereafter called FCS+LIF+2i medium). However, 

we observed in clonal assays that Supt3-/- cells formed significantly smaller colonies 

compared to wildtype cells revealing that SUPT3H loss impairs mouse ESC growth 

(Figure 4A). In agreement, growth curve analyses revealed decreased proliferation of 

Supt3-/- cells as compared to wildtype ESCs (Figure 4B). 

To assess the importance of SUPT3H for the self-renewal capacities of ESCs, 

we performed clonal assays in medium without 2i (hereafter referred to as FCS+LIF 

medium) and observed about a 4-fold decrease in colony numbers in Supt3-/- ESCs 

grown in FCS+LIF medium, as compared to WT cells (Figure 4C). As a read-out of the 

self-renewal capacities of ESCs, we measured the proportion of alkaline phosphatase 

positive (AP+) colonies. When compared to WT ESCs, the Supt3-/- cells produced 

about 3-fold less AP+ colonies (Figure 4D), demonstrating that SUPT3H loss has a 

major impact on the self-renewal capacities of mouse ESCs. 

The loss of SUPT3H in mouse ESCs has no major effect on Pol II 

transcription  

To determine the impact of SAGA lacking SUPT3H on Pol II transcription in 

mouse ESCs, we analyzed nascent RNA by 4sU-seq in FCS+LIF+2i medium in which 

Supt3-/- ESCs can maintain their self-renewal capacities (as assessed by AP staining, 

Figure 4A). We could observe a similar enrichment of intronic reads in all samples (Fig. 

5A). We observed that only a few genes, about 100, are differentially expressed 

between Supt3-/- and WT ESCs (Fig. 5B, 5C and Supplementary Figure S2B). 

Specifically, the newly synthesized levels of about 40 transcripts were significantly 
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decreased when applying a threshold of 0.5 log2 fold change and an adjusted p-value 

of 0.05. Conversely, the nascent levels of 60 transcripts increased in Supt3-/- cells 

using the same thresholds (Supplementary Table 6). We could not find specific GO 

categories to be affected among the differentially expressed genes, however, the 

deregulation of some of these genes may explain the growth and self-renewal defects 

observed in Supt3-/- mESCs. 

Finally, we compared transcription changes between genes possessing TATA-

less and TATA-box containing promoters (Fig. 5D). We observed no difference 

between the two gene classes suggesting that TATA-box containing promoters do not 

show a stronger sensitivity to the loss of Supt3 than TATA-less promoters in mouse 

ESCs (Fig. 2D). These data together suggest that mouse SAGA complexes lacking 

Supt3, as observed in human U2OS cells, affect the expression of a small subset of 

genes in FCS+LIF+2i medium. 

Loss of SUPT3H in human U2OS cells or mouse ESCs does not significantly 

affect TBP binding 

Genetic, biochemical and cryo-EM studies of ySAGA indicate that the Spt3 and 

Spt8 subunits bind to TBP and are involved in delivering TBP at specific promoters 

(6,7,10,11,46,47). We therefore wanted to assess whether SUPT3H has a role in 

recruiting TBP to mammalian gene promoters. Therefore, we performed TBP 

chromatin immunoprecipitation (ChIP)-coupled-qPCR experiments at selected gene 

promoters, in both U2OS and mESC cell lines (Figure 6A and 6B). We observed no 

difference in TBP occupancy at the tested gene promoters when comparing cells with 

and without SUPT3H. This suggests that TBP binding at these promoters does not 

require SUPT3H in human and mouse cells. 
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Discussion 

Previous SAGA subunit deletion and purification studies in S. cerevisiae 

demonstrated that Spt3 is not essential for viability and that ySAGA can assemble in 

the absence of Spt3, and in the absence of the Spt3/Spt8 TBP interacting module 

(9,24,25). However, constitutive deletion of SPT3 has a global effect on Pol II 

transcription, which decreases the expression of the majority of genes (18). 

In our present study we show that SUPT3H is not required for human U2OS cell 

survival, that mammalian SAGA complexes lacking SUPT3H can stably assemble, and 

that TBP recruitment at several TATA-containing and TATA-less promoters is not 

influenced by the absence of SUPT3H in mammalian SAGA. Nevertheless, mouse 

ESCs lacking SUPT3H show impaired self-renewal capacities and growth potential. 

Our experiments further show that constitutive loss of SUPT3H in both human U2OS 

and mouse ESCs grown in FCS+LIF+2i medium affects only a small subset of genes.  

Some genes transcriptionally deregulated may play important roles in the cellular 

homestasis of either U2OS or ESCs lacking SUPT3H: i.e. several histone genes of the 

HIST1 cluster, PAX7 and JAK3 in U2OS cells), or Sall1 and Pclaf in mESCs 

(Supplementary Table 6). Further studies will be necessary to identify which effects 

are directly caused by the loss of SUPT3H and how these changes contribute for 

example to the growth and self-renewal defects observed in mESCs. 

Importantly, Supt3 deletion in mice indicated that SUPT3H is important for mouse 

embryogenesis, but not for early development, as embryos die between E9.5 and 

E14.5 (48). This observation suggests that SUPT3H is not essential for early mouse 

development, similarly to other SAGA subunits, such as GCN5, PCAF, SUPT20H, 

USP22 and ATXN7L3 (49-54).  
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Cryo-EM structural studies suggested that yeast Spt3, or human SUPT3H, 

maybe an important structural subunit of SAGA, as both double HF-containing proteins 

assemble with three pairs of other HFD-containing SAGA subunits to form a deformed 

histone octamer-like structure (10,11,22). Importantly, it has been described in ySAGA 

that while the six histone-fold pairs in the histone-fold octamer-like structure are 

oriented similarly as in the canonical nucleosome, the intramolecular HF pair of Spt3 

is tilted by 20 degrees compared with its analogous nucleosome histone H2A–H2B 

histone pair (10). This tilt therefore could almost completely free Spt3 from its 

association with the histone-fold octamer. However, ySAGA subunit composition is not 

affected by the loss of Spt3 (9,24,25), which we confirmed in both human and mouse 

cells. Interestingly, plants are probably also lacking a Spt3 orthologue (5,55). Thus, we 

speculate that the flexibility of Spt3 may be important for TBP binding and release and 

perhaps to couple its delivery with other SAGA regulatory activities through an 

allosteric mechanism.  

Moreover, no ortholog of ySpt8 was detected in mammalian SAGA (5), 

suggesting that the TBP-interacting module described in yeast SAGA, would be 

affected in mammalian cells lacking SUPT3H. We were therefore surprised that the 

absence of SUPT3H has a minimal impact on Pol II transcription and TBP recruitment. 

It is thus conceivable that in mammalian cells the TBP promoter delivery mechanism 

is less, or not at all, dependent on SUPT3H. Alternatively, other SAGA subunits or 

TFIID may be able to compensate the constitutive loss of SUPT3H, masking the true 

in vivo contribution of SAGA to TBP delivery. Finally, it is conceivable that SUPT3H 

may be important for TBP delivery and transcription of genes that are induced in 

response to specific developmental and/or environmental signals. 
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Figure 1: Absence of the SAGA subunit SUPT3H in human U2OS cells does 

not hinder formation of the SAGA complex. (A) PCR of the coding sequence (CDS) 

of SUPT3H using cDNA obtained from HeLa cells, U2OS cells or U2OS cells re-

expressing Flag-SUPT3H (Fl-SUPT3H). Low and high exposures (exp.) are shown. 

Gapdh expression serves as loading control. n = 3 technical replicates. (B) Log10-

transformed bait-normalized NSAF (Normalized Spectral Abundance Factor) values of 

mass spectrometry results from anti-TADA2B and anti-TADA3 immunoprecipitations 

(IP) of the SAGA complex from HeLa and U2OS nuclear extracts. n = 3 technical 

replicates in each IPs. (C) Log10-transformed bait-normalized NSAF values of mass 

spectrometry results from SUPT20H immunoprecipitations (IP) of the SAGA complex 
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from HeLa, U2OS and U2OS Fl-SUPT3H nuclear extracts. n = 3 technical replicates. 

(D) Log10-transformed bait-normalized NSAF values of mass spectrometry results 

from Flag IPs shown in (Supplementary Figure S1F). n = 3 technical replicates. In (B, 

C, D) star (*) indicates the bait proteins. The distinct SAGA modules are indicated as 

HAT = histone acetyltransferase; TF-int = transcription factor-interacting; DUB = 

deubiquitylation. ND = not detected. 
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Figure 2: Only a small subset of Pol II-transcribed genes is responsive to 

the re-expression of SUPT3H in human U2OS cells. (A) Proportion of reads per 

genomic element for 4sU-seq experiments for two independent U2OS and Fl-SUPT3H 

clones. Exon = reads aligning to exons; Intron = reads aligning to introns, Others = 

reads aligning to intergenic regions, exon-intergenic junctions and exon-intron 

junctions. (B) UCSC genome browser views of 4sU-seq experiments on two 

differentially expressed genes (SCARA3 and EPHA4) between U2OS Fl-SUPT3H and 

U2OS cells. Forward and reverse strands are shown. Arrows indicate direction of 
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transcription. (C) Volcano plot representation of 4sU-seq with significantly down- or 

upregulated genes shown in dark blue and dark yellow respectively with numbers 

indicated on the top, using two independent U2OS and Fl-SUPT3H clones. A threshold 

of 100 reads was used to define expressed genes. The position of the two genes 

shown in (B) are indicated by circles. (D) Violin plot representation comparing the 

distribution of the log2 fold changes between TATA-less and TATA-box containing 

gene classes. The number of genes per category are indicated at the bottom. The 

statistical test performed is two-sided Welch's t-test. Statistical significance (p<0.05) 

was not reached. 
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Figure 3: Loss of Supt3 does not impair mouse ESC survival or formation 

of the SAGA complex. (A) Top, schematic representation of the mouse Supt3 locus. 

The insert shows the position of the two gRNAs used to generate the Supt3-/- cell lines. 
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Bottom, table showing the number of clones screened, the percentage of heterozygous 

clones (+/-) and the number of homozygous (-/-) clones obtained as well as the deletion 

size. (B) Validation of Supt3-/- cell lines by RT-qPCR revealing the absence of the 

targeted, out-of-frame exon and overall reduced levels of the exon-deleted Supt3 

mRNA. Error bars show mean ± standard deviation (SD) of two independent clones, 

with each assessment of the cell lines being based on the mean of three technical RT-

qPCR replicates. (C) Western blot analysis of input and elution fractions of TAF10 

immunoprecipitations (IP) from wildtype (WT mESCs) and Supt3-/- mESCs. M = 

molecular weight markers (in kDa). (D) Log10-transformed bait-normalized NSAF 

values of mass spectrometry results from TAF10 IPs shown in (C) and SUPT20H IPs. 

n = three technical replicates each. Star (*) indicates the bait proteins. The distinct 

SAGA modules are indicated as HAT = histone acetyltransferase; TF-int = transcription 

factor-interacting; DUB = deubiquitylation. ND = not detected. 
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Figure 4: SUPT3H is required for mouse ESC growth and efficient self-

renewal. (A) Clonal assays in FCS+LIF+2i medium comparing WT and Supt3-/- mouse 

ESCs. Colonies were stained with alkaline phosphatase. Left, representative images; 

Right, quantification of colony areas using ImageJ. The statistical test performed is 

two-sided Welch’s t-test. Error bars show mean ± standard deviation (SD) of four 

replicates from two biological replicates, with two independent clones each. p value is 
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indicated on the graph. (B) Growth curve analysis of viable cells comparing WT and 

Supt3-/- mouse ESCs grown in FCS+LIF+2i medium for five days. Error bars show 

mean ± standard deviation (SD) of two biological replicates using two independent 

clones. (C) Clonal assays in FCS+LIF medium comparing WT and Supt3-/- cells. 

Colonies were stained with crystal violet. Left, representative images; Right, 

quantification of colony numbers relative to WT cells. The statistical test performed is 

two-sided Wilcoxon rank-sum test. Error bars show mean ± standard deviation (SD) of 

four replicates from two biological replicates, with two independent clones each. p 

value is indicated on the graph. (D) Quantification of the number of colonies staining 

positive for alkaline phosphatase (AP+) in FCS+LIF medium normalized relative to WT 

cells. The statistical test performed is two-sided Wilcoxon rank-sum test. Error bars 

show mean ± standard deviation (SD) of four replicates from two biological replicates, 

with two independent clones each. p value is indicated on the graph. (E) Relative 

mRNA levels of pluripotency transcription factors (as indicated) comparing WT and 

Supt3-/- mouse ESCs grown in FCS+LIF medium. Expression was normalized to RNA 

polymerase III transcribed genes (Rn7sk and Rpph1) as well as to WT cells. Error bars 

show mean ± standard deviation (SD) of at least 7 biological replicates (mean of three 

technical RT-qPCR replicates) using two independent clones each. Statistical test 

performed is two-sided Wilcoxon rank-sum test. Only statistically significant p values 

(p<0.05) are indicated. 
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Figure 5: Loss of Supt3 in mouse ESC has no major effect on Pol II 

transcription regulation in FCS+LIF+2i medium. (A) Proportion of reads per 

genomic element for 4sU-seq experiments in two independent wildtype (WT) and 

Supt3-/- mouse ESC clones. Exon = reads aligning to exons; Intron = reads aligning to 

introns, Others = reads aligning to intergenic regions, exon-intergenic junctions and 

exon-intron junctions. (B) UCSC genome browser views of 4sU-seq experiments on 

two differentially expressed genes (Atxn1 and Reep1) between WT and Supt3-/- mouse 

ESCs. Forward and reverse strands are shown. Arrows indicate direction of 

transcription. (C) Volcano plot representation of 4sU-seq experiments with significantly 
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down- or upregulated genes shown in light blue or yellow respectively with numbers 

indicated on the top, in two independent wildtype (WT) and Supt3-/- mouse ESC clones. 

A threshold of 50 reads was used to define expressed genes. The position of the two 

differentially expressed genes shown in (B) are indicated by white circles with black 

border. (D) Violin plot representation comparing the distribution of the log2 fold 

changes between TATA-less and TATA-box containing genes. The number of genes 

per category are indicated at the bottom. The statistical test performed is two-sided 

Welch’s t-test. 
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Figure 6: Loss of SUPT3H in human U2OS cells or mouse ESCs does not 

significantly affect TBP binding at promoters. Quantification of TBP ChIP-qPCR 

experiments in U2OS and U2OS Fl-SUPT3H cells (A) or in WT and Supt3-/- mouse 

ESCs (B) at promoters of selected genes (as indicated) and at two independent 

intergenic regions. (A and B) TATA-less and TATA-box-containing promoters are 

indicated. ChIP-qPCR experiments without antibody were used as negative control 

(neg.). Error bars show mean ± standard deviation (SD) of at four and three biological 

replicates using two independent clones for human and mouse data, respectively, in 

each sample the mean shows at least four technical RT-qPCR replicates. Statistical 
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test performed is two-sided Wilcoxon rank-sum test. Statistical significance (p<0.05) 

was not reached. 



 

Vincent Hisler 
Etude du rôle de TFIID 

et de ses complexes partiels  
dans l’initiation de la transcription 

 

Résumé 
L'ARN polymérase II lit les gènes pour synthétiser des molécules appelées ARN. Ce processus est appelé 
transcription. Ces ARN peuvent jouer une fonction directe ou sont utilisés pour produire des protéines. TFIID 
est un autre complexe protéique qui recrute l'ARN polymérase II aux promoteurs pour initier la transcription. 
La régulation de la transcription est l'ensemble des processus conduisant à l'expression d'un ensemble 
spécifique de gènes dans la cellule. Le corps humain compte environ 200 types de cellules qui contiennent le 
même ensemble de gènes. Elles ne diffèrent que par le pool de gènes qu'elles expriment et donc par le pool de 
protéines. Cela rend la cellule spécialisée pour une fonction spécifique dans le corps. Dans le cas de maladies, 
la régulation de la transcription est souvent modifiée et les cellules ne peuvent donc pas assurer leur fonction, 
ce qui entraîne l'apparition de la maladie.   
Le TFIID joue un rôle majeur dans la régulation de la transcription. En effet, selon le type de cellule, sa 
composition est modifiée entraînant le recrutement de l'ARN polymérase II vers des gènes spécifiques. De 
manière intéressante, dans certains contextes cellulaires spécifiques, même si la perte d'une sous-unité de 
TFIID altère l'assemblage de la TFIID, cela a un impact mineur sur la transcription des gènes. Il a été proposé 
qu’il existe au sein des cellules d’autres complexes dont la composition est proche de celle de TFIID et qui 
pourraient compenser la perte de TFIID. Cependant la composition et la fonction de ces complexes n’a pas été 
élucidées. Dans le cancer, il semble qu'une modification anormale de la composition de TFIID pourrait être 
impliquée dans la formation d'un nouveau programme d’expression génétique impliqué dans le 
développement des cancers. La mutation de certaines sous-unités de TFIID entraîne des maladies 
neurodégénératives. Mais là encore, aucune étude n'a expliqué la manière dont la variation de la composition 
de TFIID modifie la régulation de la transcription. Ma thèse porte sur cette question : comment la variabilité de 
la composition des TFIID contrôle l'expression des gènes. 
Mots clés : Transcription - TFIID - TAFs - mESC - développement de la souris - SAGA 

 

Résumé en anglais 
RNA polymerase II reads genes to synthesize molecules called RNA. This process is called transcription. These 
RNAs can have a direct function or are used to produce proteins. TFIID is another protein complex that recruits 
RNA polymerase II to promoters to initiate transcription. Transcription regulation is the set of processes leading 
to the expression of a specific set of genes in the cell. The human body has about 200 cell types that contain 
the same set of genes. They differ only in the pool of genes they express and thus in the pool of proteins. This 
makes the cell specialized for a specific function in the body. In the case of diseases, the regulation of 
transcription is often altered and the cells are therefore unable to perform their function, which leads to the 
development of the disease. TFIID plays a major role in the regulation of transcription. Depending on the cell 
type, its composition is altered, resulting in the recruitment of RNA polymerase II to specific genes. 
Interestingly, in some specific cellular contexts, although the loss of a TFIID subunit alters TFIID assembly, this 
has a minor impact on gene transcription. It has been proposed that there are other complexes within cells 
with a composition close to that of TFIID that could compensate for the loss of TFIID. However, the composition 
and function of these complexes has not been elucidated. In cancer, it appears that an abnormal change in the 
composition of TFIID may be involved in the formation of a new gene expression program involved in the 
development of cancers. Mutation of certain TFIID subunits leads to neurodegenerative diseases. But again, no 
study has explained how variation in TFIID composition alters transcriptional regulation. My thesis addresses 
this question: how variability in TFIID composition controls gene expression. 
Keywords: Transcription - TFIID - TAFs - mESC - mouse development - SAGA 
 


