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RÉSUMÉ DE LA THÈSE EN FRANÇAIS 

 

INTRODUCTION  

La transcription est une des étapes clés de l’expression des gènes d’une cellule. Elle 

nécessite le recrutement au niveau du promoteur d’un gène activé de l’ARN polymérase II (Pol 

II), des facteurs généraux de transcription (TFIIA, -B, -D, -E, -F, -H), du Médiateur, de co-

activateurs, de protéines de remodelage de la chromatine et de facteurs de réparation de l’ADN 

(Compe and Egly, 2012). Une meilleure compréhension des mécanismes de régulation de 

l’expression des gènes passe donc par l’étude des différents complexes participant à la 

transcription. Notre intérêt s’est porté sur le Médiateur, complexe qui interagit avec le facteur 

général de transcription et de réparation TFIIH, facteur étudié en détail dans notre laboratoire.  

Le Médiateur (MED) est un complexe multi-protéique conservé au cours de l’évolution 

et constitué de 25 sous-unités chez la levure et de 30 ou plus chez les organismes supérieurs. 

Les sous-unités sont organisées en trois modules principaux (la Tête, le Milieu et la Queue) et 

un module dissociable, le module Kinase (Figure 1). La principale fonction du Médiateur est de 

transmettre à la machinerie basale de transcription les différents signaux fournis par les 

facteurs fixés sur des séquences d’ADN spécifique (Poss et al., 2013). Cependant, le Médiateur 

ne régule pas seulement l’initiation de la transcription mais aussi l’élongation, la terminaison, 

ainsi que le remodelage de la chromatine (Zhu et al., 2011; Conaway and Conaway, 2013; 

Mukundan and Ansari, 2013; Whyte et al., 2013).  

Ces dernières années, de nombreux travaux ont montré que des mutations dans 

certaines sous-unités du MED ou dans ses partenaires sont à l’origine de diverses pathologies 

telles que des malformations congénitales, des troubles neurodéveloppementaux ou parfois 

des cancers (Spaeth et al., 2011).  
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Figure 1 : Organisation du complexe Médiateur humain et des maladies génétiques associées à une 
mutation dans une de ses sous-unités.  
Cette figure sert d’illustration et est basée sur les différentes données d’interactions et de structures 
connues (Tsai et al., 2014). Dans ce plan 2D, une partie de la localisation, des interactions et de la taille 
des sous-unités n’a pas pu être respectée. Les maladies génétiques associées à une mutation dans 
certaines sous-unités du Médiateur sont également indiquées.  

 

Afin de mieux comprendre l’étiologie des ces maladies, nous nous sommes intéressés 

aux sous-unités MED12 et MED17 du Médiateur. Des mutations dans le gène MED12, localisé 

sur le chromosome X, sont à l’origine de divers syndromes caractérisés par une déficience 

intellectuelle : le syndrome d’Opitz-Kaveggia (p.G958E, p.R961W) (Risheg et al., 2007; Rump et 

al., 2011), le syndrome de Lujan-Fryns (p.N1007S) (Schwartz et al., 2007), le syndrome d’Ohdo 

(p.R1148H, p.S1165P, p.H1729N) (Vulto-van Silfhout et al., 2013), une profonde déficience 

intellectuelle non syndromique (p.S1967Qfsx84) (Lesca et al., 2013) et des pathologies en cours 

d’identification clinique (p.R206Q, p.N898D et p.R1295H) (Figure 2).De même, une mutation 

homozygote faux-sens dans MED17 (p.L371P) a été découverte chez des patients présentant 

une atrophie cérébrale et cérébelleuse avec un sévère défaut de myélinisation (Kaufmann et 

al., 2010). Nous nous sommes également intéressés à un des partenaires du Médiateur, le 

facteur NIPBL, du complexe cohésine. Ce facteur contribue à la régulation de l’expression des 

gènes en facilitant, entre autres, la formation de boucles d’ADN entre l’enhancers et le 

promoteur d’un gène (Kagey et al., 2010; Muto et al., 2014). Par ailleurs, le gène NIPBL est 
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retrouvé muté chez environ 50% des patients avec un syndrome Cornelia de Lange (CdLS), 

maladie qui se caractérise par une malformation du visage, associée à un retard de croissance 

et à une déficience intellectuelle (Liu and Krantz, 2009). Bien que certains symptômes soient 

communs, chaque syndrome a ses propres caractéristiques cliniques.  

 

 
 

Figure 2 : Représentation schématique de la protéine MED12 et des mutations associées.  
Les différents domaines de MED12 sont indiqués : le domaine PQL (riche en Proline, Glutamine et 
Leucine) impliqué dans les interactions protéiques et le domaine OPA (riche en Glutamine). Les 
modifications d’acides aminés conduisant à diverses maladies avec une déficience intellectuelle sont 
présentées.  

 

 

Ainsi, outre une meilleure compréhension de l’étiologie de ces maladies, le but de ma 

thèse est de mieux appréhender le rôle des diverses sous-unités du MED et de ses partenaires 

lors de la transcription des gènes. 

 

 

RESULTATS 

Maladies associées à une mutation dans MED12 ou MED17 

Nous avons pu obtenir des cellules lymphoblastoïdes provenant de patients mâles 

portant chacun une mutation différente (R206Q, N898D, R961W, N1007S, R1148H, S1165P ou 

R1295H) dans le gène MED12, ainsi que d’un patient portant la mutation homozygote dans le 

gène MED17 (L371P). Nous avons également reçu des fibroblastes (cellules plus aisées à 

étudier) provenant d’un patient mâle et de sa mère portant la mutation MED12/R1295H, 

respectivement à l’état hémi- et hétérozygote. Lors de la vérification de la présence de la 

mutation, le séquençage par la méthode de Sanger a révélé que 80% des cellules de la mère 

expriment l’allèle MED12 muté.  

Dans un premier temps, j’ai évalué l’influence des mutations dans MED12 ou MED17 (i) 

sur le taux d’expression d’ARN messager (ARNm) des sous-unités du Médiateur par reverse-
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transcription quantitative PCR (RT-qPCR) des ARN extraits des cellules de patients ; (ii) sur la 

stabilité de la protéine mutée par western blot (WB) en utilisant des extraits cellulaires de 

patients et (iii) sur l’architecture du complexe par co-immunoprécipitation en utilisant un 

anticorps dirigé contre une des sous-unités du complexe et révélée par WB. La mutation 

n’affecte ni le taux d’expression d’ARNm, ni la synthèse de la protéine mutée, ni celle des 

autres sous-unités du Médiateur. De même, elle ne modifie pas la composition du complexe 

Médiateur.  

 

Dans un second temps, j’ai étudié l’effet des mutations sur l’activation de la 

transcription de certains gènes par RT-qPCR. Certaines caractéristiques cliniques des patients, 

telles que les malformations congénitales, peuvent être causées par une dérégulation 

hormonale de différentes voies de développement. Par conséquence, je me suis d’abord 

intéressée à l’expression des gènes connus pour être sous le contrôle de l’acide rétinoïque (tRA) 

(gènes RARβ, PDK4 et TMG2) et de la vitamine D (vitD) (gènes CYP24 et OSTÉOPONTINE). J’ai 

également analysé l’expression des gènes à réponse précoce (IEGs), tel que JUN, FOS et EGR1, 

dont l’expression peut être induite par irradiation des cellules aux UV ou par l’ajout de sérum 

dans des cultures cellulaires préalablement privées en sérum. Notre laboratoire a montré une 

dérégulation des IEGs, induits en réponse au sérum, dans les cellules d’un patient atteint d’une 

déficience intellectuelle non syndromique, maladie associée à une mutation dans MED23 

(R617Q) (Hashimoto et al., 2011). Or, le symptôme commun à tous les patients portant une 

mutation dans MED12 ou MED17 est une déficience intellectuelle, ce qui oriente mes travaux 

dans cette même direction.  

Après traitement des cellules à tRA, à la VitD, au sérum ou UV, j’ai observé une 

altération du niveau d’expression des gènes étudiés, altération différente en fonction de la 

localisation de la mutation et de la nature de l’activation (UV ou sérum).  

 

Finalement, l’effet de la mutation sur le recrutement des facteurs impliqués dans la 

formation du complexe de transcription au niveau du promoteur des gènes dérégulés a été 

analysé par des expériences d’immunoprécipitation de la chromatine (ChIP) avec des anticorps 

dirigés contre ces facteurs. La modification du niveau d’expression des gènes observée dans les 

cellules de patients est la conséquence d’un défaut de recrutement de certains composants de 

la machinerie de transcription, ainsi que d’une perturbation des différentes modifications post-
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traductionnelles des histones nécessaires à l’activation de la transcription (Li et al., 2007; 

Bannister and Kouzarides, 2011). 

Ces résultats suggèrent que chaque mutation dans le gène MED12 ou MED17 provoque 

un dysfonctionnement spécifique de certains processus de régulation de l’expression des 

gènes, conduisant donc au développement de différentes pathologies. 

 

 

Syndrome Cornelia de Lange associé à une mutation dans NIPBL : 

J’ai également travaillé sur des fibroblastes d’un patient avec le syndrome Cornelia de 

Lange (CdLS), hétérozygote pour la mutation c.6516-6517insA dans le gène NIPBL. Cette 

mutation a pour conséquence l’expression d’une protéine tronquée. J’ai observé une réduction 

d’environ 30-40% du niveau d’expression du gène NIPBL dans les cellules mutées comparé aux 

cellules contrôles, alors que l'expression de ses interactants (sous-unités du complexe 

Médiateur et cohésines) est inchangée. Par contre, le niveau d’expression de la protéine NIPBL 

n’a pas pu être analysé, et ce dû à l’absence d’anticorps contre cette protéine. Les résultats 

préliminaires de ChIP ont révélés un plus faible recrutement de NIPBL, ainsi que de l’ARN 

polymérase II, au niveau du promoteur du gène NIPBL dans les cellules mutées comparées aux 

cellules contrôles. Ces résultats suggèrent une autorégulation de NIPBL. 

 

La mutation n’a pas d’effet sur la transcription des gènes CYP24 et OSTÉOPONTINE 

induits par la VitD ou des gènes JUN, FOS et EGR1 induits par l’ajout de sérum. Par contre, après 

traitement des cellules à tRA, j’ai observé 50 fois plus d’induction du gène RARβ dans les 

cellules mutées par rapport aux cellules contrôles. Néanmoins, avant traitement, ce gène est 

beaucoup plus faiblement exprimé dans les cellules mutées que dans les cellules contrôles. Les 

résultats préliminaires de ChIP montrent un défaut de recrutement du complexe de 

transcription sur le promoteur du gène RARβ dans les conditions physiologiques. L’analyse de 

l’expression d’autres gènes cibles de tRA (PDK4, NRIP1, TMG2, SMAD3 et RARα) ne montre 

aucune dérégulation aussi importante que celle de RARβ dans les cellules CdLS comparé aux 

cellules contrôles.  

Ces résultats démontrent un rôle de NIPBL dans la régulation transcriptionnelle de 

certains gènes, et plus particulièrement dans l’expression de RARβ, basale ou induite. 
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Modèles murins des maladies associées à une mutation dans le Médiateur : 

Afin d'acquérir une meilleure compréhension des mécanismes physiopathologiques 

impliqués dans les maladies associées à une mutation dans une des sous-unités du Médiateur, 

nous avons essayé de générer, en collaboration avec l’Institut Clinique de la Souris et dans le 

cadre du projet GENCODYS, des souris, portant soit la mutation MED12/p.R961W, 

MED17/p.L371P ou MED23/p.R617Q à l’état homozygote. Ces mutations provoquent 

respectivement chez l’homme le syndrome d’Opitz-Kaveggia (Risheg et al., 2007), une atrophie 

cérébrale et cérébelleuse infantile (Kaufmann et al., 2010) et une déficience intellectuelle non 

syndromique (Hashimoto et al., 2011).  

Pour Med12, nous n’avons pas pu obtenir des souris chimères, c’est-à-dire des souris 

provenant d’embryons auxquels on a injecté au stade blastocytes des cellules souches 

embryonnaires portant la mutation. Nous avons donc essayé de générer des souris arborant un 

knock-out conditionnel (cKO) pour le gène Med12 et ce fût encore une fois un échec.  

Les souris homozygotes Med23/R617Q meurent au cours du développement 

embryonnaires, tandis que les souris homozygotes Med17/L371P ne survivent que jusqu’à 7-8 

semaines après la naissance. Un suivi du développement de ces dernières (taille, masse et 

température corporelle, réflexe de redressement …etc.) est actuellement en cours, ainsi qu’une 

analyse par microarray de l’expression des gènes dans différentes régions du cerveau. Nous 

avons également isolé des fibroblastes embryonnaires de souris (MEF) à partir des embryons 

homozygotes pour la mutation MED17/p.L371P. Les résultats préliminaires montrent que la 

mutation perturbe la composition du complexe Médiateur et l’expression de certains gènes. 

 

 

PERSPECTIVES 

Mon travail permet ainsi de définir les prochains axes de recherche sur le Médiateur et 

ses partenaires. Des expériences de microarrays pourront être réalisées afin de mieux évaluer 

la spécificité des diverses mutations de MED12 et MED17 sur l’expression des gènes en réponse 

à certaines activations. De plus, les expériences sur les modèles murins seront poursuivies afin 

de mieux comprendre l’effet des mutations sur le développement d’un organisme.  

Notre laboratoire a montré que la formation d’une boucle d’ADN entre le promoteur et 

le terminateur du gène RARβ est nécessaire pour la synthèse optimale de son ARNm (Le May et 

al., 2012). De plus, Kagey et al. ont montré que le complexe cohésine, composé de NIPBL, 

interagit avec le Médiateur afin de faciliter la formation de ces boucles d’ADN (Kagey et al., 
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2010). Des expériences de q3C (quantitative Chromatin Conformation Capture) devront être 

entreprises afin d’analyser l’organisation spatiale du gène RARβ dans les cellules du patient 

atteint du syndrome Cornelia de Lange. 

Nous pourrons ainsi mieux percevoir comment chaque mutation dans MED12, MED17 

ou NIPBL affectent l’expression de certains gènes et ainsi être à même d’expliquer certains 

phénotypes. 

 

 

CONCLUSION 

Mes travaux de thèse ont permis de mieux comprendre certains des mécanismes 

moléculaires des maladies associées à une mutation dans les sous-unités MED12 ou MED17 du 

Médiateur ou dans son partenaire, NIPBL. J’ai pu montrer que chaque mutation dans MED12 ou 

MED17 conduit à une dérégulation spécifique de l’expression des gènes, expliquant ainsi qu’en 

fonction de la position de la mutation dans le gène MED12, la pathologie associée est 

différente. Dans un même temps, cette étude a également permis de mieux appréhender 

l’action des sous-unités MED12 et MED17 du complexe Médiateur et de son partenaire NIPBL 

lors de la transcription.   
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INTRODUCTION 

There is nearly half a century that DNA has been described as the molecule that encodes 

the genetic instruction of all living organisms. Cells use two processes in series to convert the 

coded information inside the DNA into proteins. In the first, called transcription, the coding 

region of a gene is copied into RNA molecule. The second process called translation allows the 

production of proteins from RNA molecules. Proteins are essential for the development and the 

functioning of cells life. 

 

I. Transcription of class II genes 

The process of DNA transcription is carried out almost exclusively by multisubunit DNA-

dependent RNA polymerase (Pol). To date, four different RNA polymerases (Pol I or A, Pol II or 

B, Pol III or C and Pol IV) have been identified in higher eukaryotes, whereas only one is found 

in prokaryotes and archaea (Roeder and Rutter, 1969). Pol I are responsible for the synthesis of 

major ribosomal RNA (rRNA, excepted 5S rRNA), whereas Pol III are implicated in the 

transcription of small RNAs (including 5S rRNA and transfer RNA). Pol IV, identified only in 

plants, is involved in RNA-directed DNA methylation, transcriptional silencing and formation of 

heterochromatin (Herr et al., 2005; Kanno et al., 2005; Onodera et al., 2005). Finally, Pol II 

catalyzes the formation of messenger RNA (mRNA) allowing proteins synthesis. In this 

manuscript, I will detail RNA polymerase II machinery, which is the most intricate, consisting of 

more than 60 polypeptides.  

A. RNA polymerase II 

RNA polymerase II is the core of the transcription machinery. On its own, it can 

polymerize RNA and proofread the nascent transcript.  

A.1. Subunit composition 

RNA polymerase II contains 12 subunits, designated RPB1 to RPB12 (RNA Polymerase B 

1-12), which represented a total mass of >0,5MD (Young, 1991). In general, the 12 subunits of 

Pol II are highly conserved in sequence, function and architecture between human, bacteria 
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and yeast. Indeed, RPB1, RPB2, RPB3, RPB6 and RPB11 are related respectively to β’, β, α, ω  

and α subunits of bacterial RNA polymerase (Tan et al., 2000; Minakhin et al., 2001) (Table 1). 

Moreover, 5 subunits of Pol II (RPB5, RPB6, RPB8, RPB10 and RPB12) are commonly shared 

between Pol I, Pol II and Pol III, whereas 4 subunits (RPB1, RPB2, RPB3 and RPB11) have 

sequence-homology counterparts in Pol I and Pol III (Woychik and Young, 1990; Hampsey, 

1998).  

A.2. Structure of Pol II 

The resolution of Pol II structure by X-ray crystallography has allowed a better 

understanding of its organization (Armache et al., 2003, 2005; Bushnell and Kornberg, 2003). 

We can distinguish two main parts: the core formed by 10 subunits and the stalk composed by 

the heterodimer RPB4 and RPB7 (Table 1). This heterodimer is important for transcription 

initiation but not for elongation. The two largest subunits RPB1 and 2 created a positively 

charged cleft in which the DNA enters in order to be transcribed (Cramer, 2000, 2001; Gnatt et 

al., 2001). The other subunits (RPB3, 6, 10, 11 and 12) will be assembled around to maintain the 

structure. 

 
Pol II 

subunits 

Size 

(kDa) 

Orthologs 

in E. Coli 
Notes 

C
o

re
 

RPB1 220 β’ 
Contains CTD 

involved in the selection of the initiation and elongation site 

RPB2 140 β 
contains the active site 

involved in the selection of the initiation and elongation site 

RPB3 33 α  

RPB5 25  Common to all Pol 

RPB6 14.5 ω Common to all Pol 

RPB8 17.1  Common to all Pol 

RPB9 14.4  involved in the selection of the initiation site 

RPB10 7.6  Common to all Pol 

RPB11 13.2 α  

RPB12 7  Common to all Pol 

St
al

k RPB4 16.2  Involved in the initiation, form a subcomplex with RPB7 

RPB7 19.2  Involved in the initiation, form a subcomplex with RPB4 

Table 1: Composition of RNA polymerase II and function of the different subunits.  
Presentation of the 12 Pol II subunits and their functions 
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A.3. CTD and its modifications 

The RPB1 subunit of Pol II contains a unique structural element, not found anywhere 

else: the C-terminal domain (CTD), which is very important in the regulation of Pol II. The CTD 

consist of a tandem repeat of heptapeptide: Tyr-Ser-Pro-Thr-Ser-Pro-Ser (Y1S2P3T4S5P6S7). The 

number of repeats is depending upon the species: 52 times in humans, 42 times in Drosophila 

and 26 to 29 times in yeast. CTD is an essential element for life. Indeed, cells containing a Pol II 

with partial truncation of the repeat structure are not viable (Nonet and Young, 1989). 

However, the CTD is not necessary for in vitro transcription (Zehring et al., 1988).  

CTD is a substrate for different post-translational modifications that contribute to the 

regulation of Pol II activity. Indeed, CTD is subject to a cycle of phosphorylation and 

dephosphorylation, throughout the transcriptional process (Dahmus, 1995). By consequence, 

depending on the phosphorylation state, two form of human Pol II (IIO and IIA) can be 

distinguished. The IIA form has a hypo- or unphosphorylated CTD and is normally involved in 

the assembly of the preinitiation complex. The IIO form is highly phosphorylated, mainly at 

serine residues 2, 5 and 7 and is implicated in transcription steps occurring after preinitiation 

complex assembly.  

B. Regulatory sequence in the heart of DNA 

The promoters of Pol II transcribed genes have a great variability (Gershenzon and 

Ioshikhes, 2005). Eukaryotic promoters can be divided into core and regulatory elements. Core 

promoter elements define the site for assembly and orientation of the main transcription 

proteins along with Pol II itself and encompass the transcription start site (TSS). In contrast, 

regulatory elements are gene-specific sequences that are located usually upstream of the core 

promoter and control the rate of transcription initiation. Both elements are reviewed below.  

B.1. The core promoter 

The core promoter spans about 40 base pairs (pb) up- and downstream of the TSS. 

Studies on eukaryotic promoters have thus far identified eight core promoter elements (Figure 

3). However, there are no universal core promoter elements. 
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B.1.a. The TATA-box 

The TATA-box was the first core promoter motif that was discovered. The metazoan 

TATA box contains the consensus sequence TATA(A/T)A(A/T)(A/G), located approximately 25 to 

30 nucleotides upstream of the TSS in human. It is recognized by the TBP subunit of the TFIID 

complex which is responsible for the positioning of the other transcription factors on the 

promoter. Interestingly, although TATA box is a well known core promoter motif, it is present in 

only 10-20 % of the mammalian core promoters (Kim et al., 2005; Carninci et al., 2006; Cooper 

et al., 2006).  

B.1.b. The initiator element (Inr) 

The initiator (Inr) contains a pyrimidine-rich sequence (C/T)(C/T)AN(T/A)(C/T)(C/T), 

surrounding the transcription start site (Corden et al., 1980; Javahery et al., 1994). The first A 

nucleotide usually becomes the first transcribed nucleotide. Inr is sufficient for (i) determining 

the start site location in a promoter that lacks a TATA box and (ii) enhancing the strength of a 

promoter that contains a TATA box. TAF1/TAF2 components of TFIID have been implicated in 

Inr recognition (Chalkley and Verrijzer, 1999). 

B.1.c. The TFIIB recognition element (BREu and BREd) 

The TFIIB recognition element (BRE) is a disjoint binding element of TFIIB transcription 

factor. It consists of two sequences: BREu and BREd, located respectively upstream and 

downstream of the TATA box (Lagrange et al., 1998; Deng and Roberts, 2005). Both the BREu 

and BREd function in conjunction with a TATA box and can have positive or negative effects on 

transcription depending of the promoter(Evans, 2001; Deng et al., 2009). 

B.1.d. The Downstream promoter element (DPE) 

The DPE is a core promoter element located downstream (+28 to +33) of the Inr (Burke 

and Kadonaga, 1996). The DPE consensus sequence in Drosophila is (A/G)G(A/T)CGTG while the 

DPE consensus in humans has yet to be determined. It is recognized by TAF6 and TAF9 subunit 

of TFIID complex and functions cooperatively with the Inr (Burke and Kadonaga, 1997). The 

spacing between the Inr and DPE is important for the optimal transcription (Kutach and 

Kadonaga, 2000).  
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B.1.e. The Motif ten element (MTE)  

The MTE is another core promoter element situated downstream of the TSS. It contains 

the consensus sequence C(G/C)A(A/G)C(G/C)(G/C)AACG(G/C) and is located immediately 

upstream of the DPE (+18 to +27) (Lim et al., 2004). Both MTE and DPE may work in synergy 

with each other and with Inr.  

B.1.f. The downstream core element (DCE) 

In contrast to the sequence continuity seen with other core promoter elements, DCE 

contains three discontinuous subelements: SI, SII and SIII. TAF1 component of TFIID is 

implicated in their recognition. The presence of DCE and DPE seems to be mutually exclusive 

(Lee et al., 2005). 

B.1.g. The X core promoter element 1 (XCPE1) 

The XCPE1 is a rare promoter element that encompasses the TSS (Tokusumi et al., 

2007). It has a consensus sequence of (G/A/T)(G/C)G(T/C)GG(G/A)A(G/C)(A/C) and is present in 

about 1% of human core promoters, most of which are TATA-less. The factor that recognises 

this element has not been identified. XCPE1 do not act by itself. Instead, it acts in conjunction 

with some sequence-specific activators, such as NRF1, NF-1, and Sp1. 

B.2. Regulatory response element 

Although all cells of an organism have the same genetic information, the expression 

level of a given gene is not similar in each differentiated tissues. By consequence, genes possess 

regulatory sequences which allow the control of transcriptional level. There are two types of 

regulatory elements, classified according to their distance from the TSS: the proximal 

sequences and the distal sequences (Figure 3). 

The proximal sequences are located between 40 and 200 pb upstream of the TSS. It is 

recognized by sequence-specific binding proteins that activate or inhibit transcription.  

Distal regulatory elements are located several thousand base pairs upstream or 

downstream of the TSS. They are named “enhancer” when they activate transcription or 

“silencer” when they repress it. These elements will interact with the promoter thanks to the 

formation of a DNA loop (Cook, 2003; Saiz et al., 2005). Enhancers could act either in cis 
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(promoter and enhancer on the same DNA molecule) or in trans (promoter and enhancer on 

separate chromosome) (Goldsborough and Kornberg, 1996). 

 

Figure 3: Eukaryotic promoter motifs.  
This diagram shows some promoter elements, their respective consensus sequences, their position from 
the transcription start site and the factors implicated in their recognition. The following elements can be 
found in a core promoter: the TATA box (TATA), the initiator (Inr), the TFIIB recognition element located 
either upstream (BREu) or downstream (BREd) of the TATA box, the motif ten element (MTE), the 
downstream promoter element (DPE) and the downstream core element (DCE). It is likely that additional 
core promoter motifs remain to be discovered. This diagram is roughly to scale. (S=C/G; W = A/T; Y=C/T; 
R=A/G; M=C/A; K=T/G; D=T/G/A; N=A/C/G/T) 
Figure adapted from Juven-Gershon and Kadonaga, 2010 

C. General transcription factors 

Purified RNA polymerase II can synthesize RNA from a DNA template but is not able to 

recognize the core promoter (Weil et al., 1979). This process requires additional factors (TFIIA, 

TFIIB, TFIID, TFIIE, TFIIF and TFIIH) that are called general transcription factors (GTFs) (Table 2). 

They were named using the following nomenclature: TF represents Transcription Factor, the 

Roman numeral II indicates Pol II-driven transcription, and the “letter” generally corresponds to 

which chromatographic fraction the specific GTF was isolated from (Matsui et al., 1980; 

Samuels et al., 1982). 

Mediator (MED) complex is not considered as GTFs but essential for transcription. It will 

be extensively presented in Chapter II, since Mediator is a major subject of my thesis. 
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Factor 
Protein 

composition 

Size 

(kDa) 
Function in Pol II transcription References 

TFIIA 

α 35 Antirepression 

Stabilizes TBP-TATA complex 

Coactivation 

(Merino et al., 1993; Ge and Roeder, 1994) 

(Buratowski et al., 1989; Lee et al., 1992) 

(Shykind et al., 1995) 

β 19 

γ 12 

TFIIB  33 

Selects TSS 

Stabilizes TBP-TATA complex 

Recruits Pol II/TFIIF 

(Li et al., 1994) 

(Maldonado et al., 1990) 

(Ha et al., 1993) 

TFIID 

TBP 38 
Binds Core promoter 

Coactivation  

Protein kinase activity 

Ubiquitin-activating/conjugating activity 

Histone acetyltransferase activity 

(Sawadogo and Roeder, 1985) 

(Lavigne et al., 1999) 

(Dikstein et al., 1996) 

(Pham and Sauer, 2000) 

(Mizzen et al., 1996) 

TAF1-14 
15-

250 

TFIIE 

  α 56 
Recruits and regulates TFIIH 

Facilitates formation of an initiation-

competent Pol II 

Involved in promoter clearance 

(Ohkuma and Roeder, 1994; Okuda et al., 

2004) 

(Holstege et al., 1996) 

(Maxon et al., 1994; Watanabe et al., 2003) 
β 35 

TFIIF 

2 x RAP30 30 
Recruits Pol II to the promoter 

Recruits TFIIE and TFIIH 

Selects TSS 

Facilitates Pol II promoter escape 

Increase elongation efficiency 

(Flores et al., 1991) 

(Buratowski et al., 1989) 

(Killeen et al., 1992; Ghazy et al., 2004) 

(Yan et al., 1999) 

(Zhang and Burton, 2004) 

2 x RAP74 74 

TFIIH 

C
o

re
 

XPB 89 

ATPase activity for transcription 

initiation and promoter clearance 

Helicase activity for promoter opening 

Kinase activity for phosphorylation of 

Pol II CTD and nuclear receptors 

Nucleotide Excision repair 

(Goodrich and Tjian, 1994; Dvir et al., 1997; 

Kumar et al., 1998) 

(Holstege et al., 1996; Tirode et al., 1999) 

(Lu et al., 1992; Rochette-Egly et al., 1997; 

Drané et al., 2004) 

(Schaeffer et al., 1993; Compe and Egly, 2012) 

p62 62 

p52 52 

p44 44 

p34 34 

p8/TTDA 8 

XPD 80 

C
A

K
 

CDK7 39 

Cyclin H 37 

MAT1 35 

MED 
MED1-31, 

CDK8, CycC 

15-

250 
See chapter II (Poss et al., 2013) 

Table 2: General transcription factors.  
Presentation of the GTFs, their composition and their functions. 
Table adapted from Thomas and Chiang, 2006. 
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D. The transcription cycle 

Eukaryotic transcription is a precisely timed event, which can be divided into a number 

of distinct steps: promoter binding and pre-initiation complex assembly, initiation and 

promoter clearance, elongation and finally termination (Shandilya and Roberts, 2012).  

D.1. Promoter binding 

The first step of RNA polymerase II (Pol II) transcription is the binding around the 

transcription initiation site of the transcription pre-initiation complex (PIC) that includes the 

general transcription factors and RNA polymerase II. PIC formation may occur by two different 

pathways: the sequential assembly pathway or Pol II holoenzyme pathway (Figure 4).  

The sequential assembly start from the binding of TFIID to the promoter. It is followed 

by the entry of TFIIA and TFIIB that stabilise promoter-bound TFIID. Then, Pol II, together with 

TFIIF is recruited. This drives the association of TFIIE and the subsequent entry of TFIIH 

(Buratowski et al., 1989; He et al., 2013).  

In Pol II holoenzyme pathway, a preassembled complex containing Pol II and Mediator 

complex with GTFs (excepted TFIID and TFIIA) is recruited in one step to the promoter. 

Holoenzyme complexes of different compositions have been reported (Kim et al., 1994; 

Ossipow et al., 1995; Maldonado et al., 1996). Although both pathways were identified in vitro, 

it is likely that both exist in vivo.  

D.2. Initiation and promoter clearance 

To progress further, DNA strands must be separated around the TSS. This promoter 

opening occurs due to the ATP-dependent helicase activity of XPB, a TFIIH subunit (Holstege et 

al., 1996; Coin et al., 1999). The template strand is then placed in the active site of Pol II (Figure 

5B). Usually, the transcription starts from several abortive runs and transcripts of less than 10 

nucleotides are released (Goldman et al., 2009). However, once RNA products are longer than 

10 nucleotides, Pol II can clear the promoter. This step requires the phosphorylation of serine 5 

of Pol II CTD by CDK7 subunit of TFIIH (Ohkuma and Roeder, 1994). The phosphorylated Ser5 

CTD repeat is further recognized by the capping enzyme, which then catalyze the addition of a 

methylguanosine cap to the 5′ end of nascent mRNA. It is a signal for productive transcription 

initiation (Komarnitsky, 2000). 
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Figure 4: Pre-initiation complex assembly. 
PIC formation may occur by stepwise recruitment of the general transcription machinery (left panel, the 
sequential assembly pathway) or by recruitment of a preassembled Pol II holoenzyme and TFIID 
complexes (right panel, the Pol II holoenzyme pathway).  
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Following promoter clearance, Pol II proceeds for elongating the transcript while a part 

of the PIC components remains associated at the promoter, forming a re-initiation scaffold 

complex. This complex consists at least of TFIIA, TFIID, TFIIE and TFIIH and the Mediator. TFIIF is 

the only factor staying with Pol II (Bengal et al., 1991; Lei et al., 1999). 

D.3. Proximal pausing and elongation 

Successful initiation does not guarantee productive elongation. Immediately following 

initiation, Pol II soon enters transcriptional arrest and if nothing else happens, terminates the 

transcription. This arrest is mediated by DSIF (DRB Sensitivity Inducing Factor) and NELF 

(Negative elongation factor), which bind Pol II and inhibit its function. Their negative effect can 

be relieved by the positive transcription elongation factor, P-TEFb (Yamaguchi et al., 1999). The 

kinase subunit of P-TEFb, CDK9, phosphorylates DSIF and NELF, as well as the serine 2 of Pol II 

CTD (Marshall et al., 1996) (Figure 5D). This event allows the transition of Pol II from promoter 

proximal pausing to productive elongation for efficient full-length mRNA synthesis (Cheng and 

Price, 2007). Recent studies suggest that stable pausing of polymerase provide a temporal 

window of opportunity for recruitment of factors to modulate gene expression (Henriques et 

al., 2013; Buckley et al., 2014).  

As the Pol II progresses towards the 3’ of the gene, there is an increase in the 

phosphorylation status of Ser2 and gradual loss of Ser5 phosphorylation of the CTD repeats 

(Komarnitsky, 2000). Besides P-TEFb, Pol II is further assisted by elongation factors like TFIIS, 

the ELL phosphatase, Elongin, histone chaperone complex FACT and histone deacetylases 

(HDACs). The two last factors are required for Pol II progression through nucleosomes. In 

addition, the elongation complexes serve as a platform for downstream RNA processing (Zhou 

et al., 2012).  

D.4. Termination 

Termination is the last step of transcription cycle, which allows the release of the 

transcript and Pol II dissociation. This step is one of the least understood processes in gene 

expression. There are two known mechanisms that are linked to processing of the transcript: 

poly(A)-dependent pathway and Sen1-dependent pathway (Birse et al., 1998). The choice of the 

pathways depends on the RNA 3′-end processing signals and the termination factors that are 

present at the end of a gene. 
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Transcripts of most protein-coding genes are polyadenylated. The gene itself has a 

highly conserved poly (A) signal, 5′-AAUAAA-3′ which is followed by a G/U-rich sequence 

towards the 3′ end. During transcription, the Ser2-phosphorylated CTD repeats recruit several 

factors required for the termination (McCracken et al., 1997; Ahn et al., 2004). The first 

recruited factor is the cleavage and polyadenylation specificity factor (CPSF), which bind to the 

poly(A) signal (Nag et al., 2007) (Figure 5E). This binding reduces the rate of Pol II progress and 

causes its pausing. Another factor called the cleavage stimulatory factor (CstF) binds to the 

downstream GU-rich signal. Interaction between CPSF and CstF leads to the RNA cleavage 

between poly(A) signal and GU-rich region. This cleavage is then followed by the 

polyadenylation of the upstream cleavage product, the degradation of the downstream 

cleavage product by XRN2 and release of the Pol II. Finally, RNA is spliced by the spliceosome to 

be translated into protein.  

For genes that do not contain poly(A) signal, the termination mechanism is via the Sen1-

dependent pathway. In this case, the Senatoxin protein is responsible for the unwinding of the 

RNA-DNA hybrid inside the active site of Pol II and thus transcription termination (Steinmetz et 

al., 2001, 2006). 

D.5. Re-initiation and gene looping 

There is a body of evidence for a physical interaction between the terminal and 

promoter regions of active genes. This interaction involves chromosome looping and facilitates 

transcription reinitiation by the same Pol II complex (O’Sullivan et al., 2004; Ansari and 

Hampsey, 2005). Release of Pol II at the end of transcription requires a dynamic reversal of the 

associated covalent marks on the CTD repeats. This will bring Pol II to its original hypo-

phosphorylated state for a subsequent round of transcription. Indeed, the remaining promoter 

bound GTFs form a scaffold that allows reinitiation (Yudkovsky et al., 2000). Moreover, 

transcription activator has been shown to be involved in transcription reinitiation by facilitating 

promoter-terminator association (El Kaderi et al., 2009). TFIIB directs the assembly of such 

reinitiation by interacting with the transcription termination complexes CPSF and CstF (Singh 

and Hampsey, 2007). This interaction is regulated by the phosphorylation of TFIIB (Wang et al., 

2010) (Figure 5F). 
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Figure 5: RNA polymerase II transcription cycle 
(A) The stability of an assembled PIC is characterized by the presence of essential GTFs, Pol II and the 
mediator complex at the promoter. (B) The ATPase-dependent helicase activity of XPB within TFIIH 
allows promoter opening. The cyclin dependent kinase 7 (CDK7) subunit of TFIIH phosphorylates Ser5-
CTD. (C) The Ser5-CTD phosphorylation recruits capping enzyme to the 5′ region of nascent mRNA which 
triggers Pol II-escape from the promoter. Presence of negative factors such as NELF and DSIF inhibits 
productive transcription resulting in paused transcription. The kinase activity of the CDK9 subunit of the 
pTEFb complex alleviates this repression via phosphorylation of NELF and DSIF which results in their 
dissociation. Following promoter clearance, Pol II proceeds for elongating the transcript while a part of 
the PIC components remains associated at the promoter forming a reinitiation scaffold. The CTD repeat 
of the elongating Pol II is progressively phosphorylated at serine 2 by CDK9, while the Ser5-CTD 
phosphorylation is removed. Ser2-CTD phosphorylation recruits mRNA splicing complex for co-
transcriptional splicing of nascent mRNA. (D) Once Pol II reaches a pause signal (poly A) at the gene 
terminal, 3′ end processing and termination specific complexes such as CPSF and CstF are recruited. (E) 
TFIIB, in the reinitiation scaffold complex, interacts with Pol II and the termination complexes CPSF and 
CstF. It mediates promoter–terminator contacts known as gene looping and thereby increases the 
efficiency of reinitiation by Pol II. 

 

 

 

 

Transcription is a process even more complex than what I have described. Lately, 

multiple roles of the ubiquitin-proteasome system in transcription regulation have emerged 

(Geng et al., 2012). Moreover, chromatin structure (histone modifications, chromatin 

remodeling, histone variant incorporation…etc) is also important in gene expression (Li et al., 

2007). These two subjects are too vast to be discussed in this manuscript.  
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E. The activated transcription 

During the development and life of an organism, several genes are required for the 

maintenance of basic cellular function, and thus they are expressed in all cells under normal 

and patho-physiological conditions. These genes are called housekeeping genes (for example: 

GAPDH, β-actin...). However, a large number of genes are regulated by endogenous or 

exogenous stimulus (cellular differentiation, stress response), for example immediate early 

genes and nuclear receptors regulated genes.  

E.1. Immediate early response genes 

Immediate early genes (IEGs) are genes which are activated transiently and rapidly in 

response to a wide variety of cellular stimuli. The term IEG was originally created in reference 

to viral genes that were rapidly transcribed following invasion of a host (Clements et al., 1977). 

IEGs have important roles in processes such as brain development, learning, and responses to 

drug abuse (Pérez-Cadahía et al., 2011). They represent the first round of response to stimuli 

and thus are rapidly expressed without new protein synthesis. They encode different factors 

that act in a combinatorial fashion to differentially affect a distinct second wave of genes 

expression.  

About 40 cellular IEGs have been identified so far. The earliest known and best 

characterized IEGs include C-FOS, EGR1, and C-JUN. The regulation of IEGs is a complex affair. 

Indeed, multiple signals and intracellular pathways can influence IEG-mediated transcription 

activation. For example, JUN can be activated by cellular stress, such as UV, heat or serum but 

depending on the stress, its activation pathway will be different. 

E.2. Nuclear receptors regulated genes 

Nuclear receptors are one of the most abundant classes of transcriptional regulators in 

animals. Humans have 48 different nuclear receptors, which regulate diverse functions, such as 

homeostasis, reproduction, development and metabolism. Nuclear receptors function as 

ligand-activated transcription factors and thus provide a direct link between signalling 

molecules that control these processes and transcriptional responses (Olefsky, 2001). 
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E.2.a. Nuclear receptors structure 

Nuclear receptors share a common structural organization (Figure 6) containing five 

functional regions: 

(A/B) N-terminal regulatory domain (NTD). This region is highly variable and contains at 

least one ligand-independent transactivation domain (AF-1) and several autonomous 

transactivation domains (AD), necessary for recruiting transcriptional co-activators 

(C) DNA-binding domain (DBD). This highly conserved domain contains two zing fingers that 

recognize specific NR-responsive elements. It is also involved in dimerization of nuclear 

receptors including homodimers as well as heterodimers. 

(D) Hinge region. Between the DNA-binding domain and ligand-binding domain, this less 

conserved region, behaves as a flexible hinge and contains the nuclear localization signal (NLS). 

(E) Ligand binding domain (LBD). This domain plays a crucial role in ligand-mediated nuclear 

receptor. The secondary structure of 12 α-helixes is better conserved than the primary 

sequence. LBD is responsible for many functions, such as the ligand-regulated transcriptional 

activation function (AF-2), a strong dimerization interface, another NLS, and often a repression 

function. 

(F) C-terminal domain (CTD): This domain is not always present. Its structure and function 

are vaguely known and its sequence is extremely variable. 

 

Figure 6: structural organization of Nuclear Receptors 
The six domains (A–F) of nuclear receptors: the N-terminal domain (NTD), the DNA binding domain (DBD) 
and the ligand binding domain (LDB), plus the hinge region and the C-terminal domain.  
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E.2.b. Nuclear receptor classification 

The nuclear receptor superfamily is divided into four classes based on the nature of the 

ligand and on their dimerization and DNA binding properties (Mangelsdorf et al., 1995) (Figure 

7). Class I receptors include the steroid receptor which function as ligand induced homodimers 

and bind to DNA half-sites organized as inverted repeats. It includes the progesterone receptor 

(PR), the estrogen receptor (ER), the glucocorticoid receptor (GR) or the androgen receptor 

(AR). Class II receptors heterodimerize with RXR and characteristically bind to direct repeats. It 

includes the thyroid receptor (TR), vitamin D receptor (VDR), the retinoic acid receptor (RAR) 

and the peroxisome proliferator-activated receptor (PPAR). Class III receptors bind primarily to 

direct repeats as homodimers. Class IV receptors typically bind to extended care sites as 

monomers. Most of the orphan receptors (no ligand identified yet) fail into the last two classes.  

 

 

Figure 7: Classification of Nuclear Receptors 
Nuclear receptors can be grouped into four classes according to their ligand binding, DNA binding and 
dimerization properties. Shown are representative receptors for each group.  

E.2.c. Retinoic acids receptors 

Nuclear retinoic acid receptors (RARs) are transcriptional regulators controlling the 

expression of specific subsets of genes, in a ligand-dependent manner. RARs consist of three 
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subtypes (RARα, RARβ, RARγ) encoded by separate genes. They heterodimerize with retinoid X 

receptors (RXRs), which also exist as three subtypes (RXRα, RXRβ, RXRγ). 

Compounds that bind RARs and modulate their activity are referred to as retinoids. 

Retinoids includes both natural and synthetic derivatives of vitamin A (Sporn et al., 1976). They 

are hydrophobic, lipid-soluble and small molecules that can easily cross the lipid bi-layer of cell 

membranes. Vitamin A regulates a wide variety of essential biological processes, such as 

embryonic morphogenesis and organogenesis, cell growth arrest, differentiation and apoptosis. 

By consequence, deficiency in Vitamin A can leads to neonatal growth retardation and a large 

number of congenital malformations (Sommer, 2008).  

E.2.d. Transcription of RAR target genes 

The transcriptional regulation of retinoic acid (RA) target genes involves several 

dynamic, sequential, and coordinated steps (Dilworth and Chambon, 2001). In the absence of 

ligand, RAR/RXR heterodimers binds to retinoic acid response elements (RAREs), located in the 

regulatory region of the target gene. Classical RAREs are composed of two direct repeats of a 

core hexameric motif, PuG(G/T)TCA separated by 5 base pairs (Leid et al., 1992). The 

heterodimer RXR/RAR is associated, via the helix H12 of the RAR LBD, with co-repressors 

complexes, such as NCoR (Nuclear receptor corepressor) and SMRT (silencing mediator of 

retinoic acid and thyroid hormone). These co-repressors serve as a platform for the recruitment 

of the histone deacetylases (HDAC) which deacetylate the lysine of histones, thus maintaining 

the repressed chromatin state (Perissi et al., 2010). 

Upon ligand binding, RAR undergoes conformational changes which results in H12 helix 

reorientation. This induces co-repressors dissociation and co-activators recruitment. In turn, co-

activators facilities the recruitment of several other complexes implicated in chromatin 

remodeling, such as histone acetyl-transferases (HAT) or histone methyl-transferase (HMT). 

These complexes further allow the histone modifications leading to chromatin decompaction, 

for example H3K4 methylation and H3K9 acetylation. Once activated, RAR then recruits the 

transcriptional machinery which includes Mediator complex, RNA polymerase II, general 

transcription factors to start the transcription of the target gene (Figure 8).  
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Figure 8: Classical model of the activation of retinoic acid target genes 
In the absence of ligand, RAR / RXR heterodimer is present on the DNA and associated with corepressor 
complexes, thus repressing gene expression. The RA binding induces the dissociation of corepressors and 
the recruitment of coactivators. Mediator, general transcription factor (GTFs), NER factors and Pol II are 
recruited and the chromatin is unpacked, thus allowing the initiation of transcription. 
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Our group recently demonstrated that NER (Nucleotide Excision Repair) factors, initially 

characterized as part of DNA repair, are also recruited together with transcriptional apparatus 

on the promoter of nuclear receptor target genes. These factors are sequentially recruited in 

the following order: CSB/XPC, XPA/RPA, XPG and XPF/ERCC1 (Le May et al., 2010). They are 

required for optimal chromatin remodeling including histone posttranslational modifications 

(PTMs) as well as DNA demethylation and chromatin looping (Schmitz et al., 2009; Le May et 

al., 2012). 

 

In addition to the above classical genomic effects, RA also has a number of nongenomic 

effects through the activation of several kinase cascades (Al Tanoury et al., 2013). Indeed, in 

response to RA, p38MAPK is activated, then translocates into the nucleus and phosphorylates 

MSK1. Activated MSK1 phosphorylates RARα at a serine located in the LBD and phosphorylation 

of this residue induces a structural conformation change of RARα. Subsequently, the Cyclin H 

subunit of TFIIH is recruited, allowing the phosphorylation of the NTD by the CDK7 kinase 

(Bastien et al., 2000; Gaillard et al., 2006; Bruck et al., 2009). This phosphorylation cascade is 

followed by the phosphorylation of H3 at serine 10 by MSK1. Consequently, the chromatin is 

reorganised, allowing the recruitment of phosphorylated RARα to response elements located in 

the promoter of target genes (Figure 9). 

 

 

 

Figure 9: Recapitulation of the 
phosphorylation cascade induced 
by RA. 
In response to RA, p38MAPK (a) 
and the downstream protein 
kinase MSK1 (b) are activated. 
MSK1 phosphorylates histones H3 
at Serine 10 (c) as well as RARα at 
a serine located in the LBD (d). 
Subsequently, the cyclin H subunit 
of the CAK subcomplex of TFIIH is 
recruited to an adjacent domain 
(e), allowing the formation of a 
RARα/TFIIH complex and the 
phosphorylation of the NTD by the 
CDK77 kinase (f). Finally, RARα 
phosphorylated and associated 
with TFIIH is recruited to response 
elements located in the promoter 
of target genes (g). 
Figure from Duong and Rochette-
Egly, 2011 
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E.2.e.Vitamin D receptors 

Vitamin D is important in a variety of biological processes such as calcium homeostasis, 

cell proliferation and cell differentiation (Gonzalez-Parra et al., 2012; Goltzman et al., 2014). By 

consequence, vitamin D deficiency causes rickets and is associated with cardiovascular 

mortality, hypertension and immunity disorders. Vitamin D can be ingested from the diet as 

vitamin D3 from animal or as vitamin D2 from plants. It can also be produced from cholesterol 

by UV light on the skin (MacLaughlin et al., 1982). Vitamin D is then converted to its active form 

1,25-dihydroxyvitamin D [1,25(OH)2D] through a series of metabolic transformations. 

The biological actions of vitamin D are exerted through the nuclear vitamin D receptor 

(VDR), a ligand-regulated transcription factor. VDR forms heterodimers with RXR which bind to 

vitamin D response elements (VDRE). Nuclear receptors from the same class have a similar 

mode of action and both RARs and VDRs belongs to RXR heterodimers class. Therefore, the 

classical genomic mechanism describe for RARs can also be applied to VDRs. 
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ABSTRACT  

Mediator is an evolutionary conserved multi-subunit complex that plays a central role in 

the regulation of RNA polymerase II transcribed genes. One important function of the MED is to 

convey essential information from DNA-bound transcription factors to the basal RNA 

polymerase II transcriptional machineries. This last decade, numerous studies have shown that 

genetic mutations in Mediator subunits or its partners cause various diseases, such as 

congenital malformations or neurodevelopmental disorders. After a brief description of the 

basic features of Mediator complex (discovery, structure and function in transcription 

initiation), we recapitulate the current body of knowledge concerning association of Mediator 

or its partner with specific genetic disorders. In some particular cases, the molecular etiologies 

underlying genotype-phenotype correlations are addressed.  
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INTRODUCTION 

Mediator (MED) is an evolutionarily conserved multi-protein complex that is a key 

regulator of protein-coding genes. MED contain 25 subunits in yeast and 30 or more in higher 

organisms. They are organized into three core modules (Head, Middle and Tail) and a 

dissociable Kinase module (Figure 1). MED regulate not only transcription initiation but also 

elongation [1], termination [2], mRNA processing [3] as well as chromatin remodeling [4,5]. In 

this review, we begin with a brief description of the discovery and structure of Mediator. We 

also summarize well-studied examples of Mediator interactions, outlining its function in 

transcription initiation. We then highlight examples in which genetic mutations of human 

Mediator subunits and its partners have been linked to specific pathological disorders. 

 

 

THE MEDIATOR COMPLEX 

Discovery of the Mediator complex 

In the early 1990s, biochemical and genetic studies in S. cerevisiae led to the discovery 

of the MED complex [6]. The term ‘‘Mediator’’ was first proposed for its requirement in 

transcriptional activation of a reconstituted system [7]. Further studies demonstrated a general 

role in both basal and regulated transcription and, in the latter case, in both coactivation and 

corepression. After the first description in yeast, counterparts in other organisms, including 

mammals, have been identified. The first mammalian MED complex isolated was the human 

TRAP (Thyroid hormone Receptor-Associated Protein) complex. It was purified from HeLa cells 

as a protein complex that associates with the Thyroid hormone Receptor α (TR α) in a ligand-

dependent manner, and able to potentiate TR α -mediated transcription in vitro [8]. This was 

followed by isolation of other Mediator-like complexes [9–13]. Later, a proteomic analysis using 

Multidimensional Protein Identification Technology (MudPIT) showed all of these Mediator-like 

complex as representative of the same complex [14] and thus led to a unified nomenclature for 

MED subunits [15]. 

 

Composition and structure of the Mediator complex 

Comprehension of the mechanisms by which MED regulates transcription requires the 

understanding of its conformational behaviour. However, given its size, intrinsic flexibility, and 

composition heterogeneity, the high-resolution structure of the complete MED is still a 

challenge. Nonetheless, a number of structures of single MED subunits or subunit segments 
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have been resolved [16–19]. Moreover, a partial model of S. cerevisiae Middle module has been 

obtained by combining protein cross-linking information with partial crystal structures [20]. 

Until recently, the largest MED subcomplex characterized with high resolution was the yeast 

head module, which includes seven MED proteins [21,22].  

Lately, an accurate electron microscopy (EM) map of the yeast MED (yMED) has been 

obtained [23]. The authors optimize specimen preparation and image analysis protocol to 

eliminate the problem of heterogeneity in MED conformation and/or composition. In addition, 

the localization of all yMED subunits into the EM map has been determined. Using similar 

approaches, they also calculate a precise EM map of human Mediator, which includes a number 

of subunit not found in yMED. Interestingly, the overall structure of MED appears to be largely 

conserved between yeast and human, and probably across eukaryotes. 

 

MEDIATOR COMPLEX IN TRANSCRIPTION INITIATION 

Mediator complex interact with diverse components of the transcription machinery 

including several transcription factors (TFs), the RNA Polymerase II (Pol II) and the General 

Transcription Factors (GTFs) [24]. These interactions ultimately allow the MED to deliver 

outputs that range from maximal activation of genes to modulation of basal transcription. 

 

Pol II 

Early work shows that the yMED associates closely with Pol II in an assembled complex 

termed Pol II holoenzyme [25–27]. EM studies then suggest that several subunits of Pol II, 

including Rpb1, Rpb2, Rpb3, Rpb6, and Rpb11, contact the middle or head module of MED [28]. 

Recently, an in vivo photo-crosslinking approach complemented by genetic analysis has 

identified a direct contact between Rpb3 and Med17, interaction essential for genome-wide Pol 

II recruitment [29]. Consistent with these findings, MED loss-of-function mutants have been 

found to compromise Pol II loading on the promoters of both induced and constitutively active 

genes [30,31]. 

 

TFIIA, TFIIB and TFIID.  

The first functional synergy between MED and TFIID in transcriptional activation was 

demonstrated in the early 2000s by Roeder lab [32,33]. Later, using immobilized template 

assays and extract depleted or supplemented with purified factors, MED was revealed to 

coordinate TFIID binding to promoter [34,35]. Similar experiments showed that TFIIB 
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recruitment is MED-dependent but this can be overcome by high level of TFIIB [36]. Moreover, 

Carey lab demonstrated that purified TFIIA/TFIID/MED bounded to promoter DNA generates a 

platform that supports active levels of PIC assembly and transcription, regardless of the 

presence of an activator [37]. A direct interaction between TFIID and MED26 was identified 

using a combination of biochemical and proteomics experiments. Interestingly, this interaction 

was not essential for TFIID recruitment, but rather appeared to regulate the timing of MED26 

interaction with elongation factors [38]. 

 

TFIIE and TFIIH.  

Mediator was shown to enhance the phosphorylation of the Pol II CTD by TFIIH in a 

yeast reconstituted transcription system, containing Pol II and basal factors [26]. This activity 

was later established to be a key event for promoter clearance and disruption of MED-Pol II 

interaction [39]. Interactions of MED with TFIIE and TFIIH have been revealed in yeast by two 

different reports. The first study demonstrated that the tail module subunit Med15 (Gal11) of 

Mediator complex binds stably to TFIIE and TFIIH [40,41], whereas the second study found a 

direct interaction between Med11 subunit and the Rad3 subunit of TFIIH [42]. 

 

TFIIF.  

To this day, no direct interaction between MED and TFIIF has been convincingly 

demonstrated. However, the head module of yMED stably associates with a Pol II-TFIIF 

complex, but not with the polymerase or TFIIF alone [43]. Moreover, a cryo-EM analysis 

showed that both the presence of TFIIF and an activator-bound Mediator are required for a 

stable orientation of Pol II within a MED–Pol II–TFIIF assembly [44,45]. Recently, two reports 

revealed that MED can overcome the repressive effect of Pol II(G) complex, a distinct form of 

Pol II containing an additional tightly associated polypeptide called Gdown1 [46,47]. Pol II(G), 

unlike the normal Pol II, fails to activate transcription in the absence of MED [48]. The two 

reports differ in some important aspects [49], but both agree that Gdown1 represses 

transcription by inhibiting TFIIF functions and this effect is overcome by recruitment of 

activator-bound Mediator. 

 

Transcription factors (TFs).  

EM studies of human Mediator complexes revealed that the structure of the MED 

change markedly upon TFs binding. The structural comparison of complexes purified using 
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either a FLAG-tagged MED26 Mediator subunit, the VP16 activation domain or the SREBP-1a 

activator showed substantial differences in size and shape between complexes [50]. A recent 

study extend these finding by showing that two domains of p53, the C-terminus and the 

activation domain, interact with different MED subunits and thus the Mediator structure is 

differentially affected. Only the p53 activation domain elicit the conformation able to activate 

the stalled Pol II into a productive elongating state [51]. In addition, MED association with co-

regulatory factors may diverge depending on the activator bound [52]. 

Besides, different Mediator subunits can work in synergy to regulate some genes. For 

example, the glucocorticoid receptor (GR) has been reported to use its ligand-dependent 

activation domain to target MED1, while its ligand-independent N-terminal activation domain 

targets MED14. By consequence, the expression of some GR-target genes requires MED14 but 

not MED1, while expression of other genes requires both MED1 and MED14 [53]. Similarly, 

MED23 is essential for expression of Egr1 (Early Growth Response protein 1) gene in mES 

(mouse Embryonic Stems) cells, but is dispensable for its expression in MEF (Mouse Embryonic 

Fibroblast) cells [54]. 

 

Others Mediator functions in transcription regulation 

In addition to play a central role in PIC assembly, MED contributes to others steps of 

transcription. An in vitro study demonstrated that purified Mediator complex could stimulate 

transcription elongation by overcoming the block imposed by DSIF, a negative transcription 

elongation factor [55]. Furthermore, MED26 interacts first with TFIID in Pol II initiation complex 

and then exchanges TFIID for elongation complexes containing ELL/EAF and P-TEFb, in order to 

facilitate transition of Pol II from a stalled state into an elongation state [38].  

MED seems to function as a “molecular bridge” that conveys essential information from 

transcription factors bound at upstream responsive elements to Pol II transcription machinery, 

suggesting a role in gene loop formation. The Young lab show that Mediator interacts with 

NIPBL and cohesin complex to facilitate enhancer-promoter loops [4]. This interaction is 

important for cell-type-specific chromosome structure and gene expression [56]. The role of 

MED in gene looping has been further confirmed with the discovery of super-enhancers, which 

consist of clusters of enhancers. These domains depend upon MED and other transcription 

factors to control mammalian cell identity [57]. In addition to cohesin, MED can interact with 

ncRNA-a (non-coding RNA-activating) to regulate local gene expression and chromatin looping 

[58].  
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Mediator has also been reported to be important for transcription termination. 

Mukunda and Ansari demonstrated that Srb5/Med18 facilitate the recruitment of cleavage 

factor 1 (CF1) complex at the 3′ end of genes and thus the depletion of this MED subunit leads 

to an accumulation of Pol II near the 3’ end of genes [2]. These results indicate that MED is 

needed for termination of transcription through both the recruitment of termination factors 

and the release of Pol II. Consequently, as Med18 subunit was found at both the 5’ and 3’ ends 

of genes, it was postulated a role for MED as a bridge between the promoter and terminator 

region. 

Finally, the Wang lab reported an association between MED23 and the RNA binding 

splicing regulator hnRNP L using a combination of affinity purification and mass spectrometry 

analysis [3]. The authors demonstrated that MED23 is involved in the regulation of a subset of 

hnRNP L-dependent alternative splicing events. 

All these results showed that MED is an essential part of the transcription machinery, 

playing role in every step from loading of the PIC to the termination of transcription and 

splicing of mRNA. 

 

 

GENETIC DISORDERS ASSOCIATED WITH MEDIATOR 

This last year, more and more studies have shown that mutations in MED subunit are 

associated with a wide range of human genetic disorders leading to congenital malformation 

and/or intellectual disability (Figure 1) [59–68]. 

 

Med17 and infantile cerebral and cerebellar atrophy. 

Microcephaly is defined as a small cranium with a significant reduction of the occipital-

frontal head circumference compared with age, sex and ethnicity matched controls. 

Microcephaly can be present at birth or may appear later, in the first years of life (source: 

National Institutes of Neurological Disorders and Stroke). Few years ago, a specific form of 

microcephaly within the Caucasus Jewish community has been associated with mutation in 

MED17 [64]. This association was discovered through the study of five infants from four 

unrelated families who manifested shortly after birth progressive microcephaly, spasticity, 

epilepsy and severe developmental retardation. Brain scans revealed cerebral and cerebellar 

atrophy with severe myelination defect, small thalami and a thin brainstem. By genetic analysis, 
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a homozygous missense mutation in MED17 (p.L371P) was found to segregate with the disease 

state. 

MED17, a head module’s Mediator subunit, has a central role in Mediator architecture 

and function. It is critical for head module assembly [21,43] and overall Mediator integrity by 

forming the largest contact between the Head and the rest of Mediator [23]. Moreover, as 

described in introduction, the interaction of Med17 with Rpb3 Pol II subunit of S. Cerevisiae is 

essential for genome-wide Pol II recruitment in vivo [29]. This may explain transcription 

impairment and lethality of Med17 inactivation in yeast and Drosophila [69–71]. Additionally, 

MED17 is an established physical target of the transcription factors p53 and NF-κB [72,73] and 

also of the DNA repair proteins Rad2/XPG [74]. 

Further studies will be required to understand how Med17 mutation might impact these 

critical functions and lead to infantile cerebral and cerebellar atrophy. Considering the normal 

prenatal development of patient and postnatal white matter deficiency, L371P missense 

mutation is speculate to disrupt a critical function of MED17 in controlling genes important for 

oligodendrocyte development, a process beginning only after birth in human. 

 

Med23 and nonsyndromic intellectual disability. 

Intellectual disability (ID) is defined as a significantly reduced ability to understand new 

or complex information and to learn and apply new skills. It begins before adulthood and 

results in a reduced ability to cope independently (world health organization definition). The 

majority of patient with ID have no other clinical abnormality. To date, only 15% of ID can be 

attributed to environmental factor and only 30-35% to known genetic abnormalities. A recent 

work in our lab has uncovered a direct link between a nonsyndromic intellectual disability and 

MED23, one of the tail module’s MED subunits [66]. This link was established through genetic 

analysis of an Algerian family where five of eight children, born to healthy consanguineous 

parents, exhibited inability to read or to write but no malformations and normal metabolic 

screening. The variation c.1850 G>A (p.R617Q) in MED23 gene was revealed to cosegregate 

perfectly with the disease and was not found in control chromosomes. A second family in 

United States with a pair of brother affected by ID was recently discovered to have also a 

MED23 gene defect (Children’s Neurological Solutions Foundation). 

Med23 was originally identified as a genetic suppressor of a hyperactive ras phenotype 

in C. Elegans [75] and mediates the response of EGR1 gene, an immediate early gene (IEG), to 

serum mitogens [54,76–78]. In line with such a function, our group found that the mutation 
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p.R617Q in MED23 alters the interaction between enhancer-bound transcription factors and 

MED, leading to transcriptional dysregulation of mitogen-responsive IEGs. These genes are 

important for brain development and functioning. However, further characterization of the 

serum response pathway will be required to understand the precise mechanism of MED23 

induced nonsyndromic intellectual disability. 

 

Med25 and Charcot–Marie–Tooth disease. 

Charcot-Marie-Tooth (CMT) disease, also known as hereditary motor and sensory 

neuropathy, encompasses a group of clinically and genetically related disorders, affecting the 

peripheral nervous system. This disease, one of the most common inherited neurological 

disorders, is characterized by muscle wasting, weakness and sensory loss across various parts of 

the body [79]. CMT, first described in 1886, was named after the three physicians who first 

identified it (Jean-Martin Charcot and his pupil Pierre Marie in France, and Howard Henry Tooth 

in England) [80,81]. Two major CMT forms are distinguishable based on electrophysiological 

and pathological criteria: the demyelinating (CMT1) and the axonal (CMT2) type. Among all 

forms of CMT, the autosomal recessive axonal is very rare (ARCMT2) and at this time three 

causative genes have been identified: Lamin A/C, GDAP1 and MED25. The association of the 

MED subunit with ARCMT2 was established through investigation of an extended Costa Rican 

family with Spanish and Amerindian ancestor [63]. Affected members presented chronic 

symmetric sensory-motor neuropathy and primary axonal degenerative process with mild 

myelin impairment. A homozygous missense mutation (c.1004C>T, p.A335V) in MED25 gene 

was identified as the cause of the disease.  

MED25 contains several notable domains: a von Willebrand factor type A domain (VWA, 

residues 1–228), a conserved region containing a prostate tumour over-expressed protein 1 

domain (PTOV, residues 395–545) and a NR box (LXXLL motif, residues 646–650). These 

domains allow MED25 to interact with multiple proteins, such as the histone acetyltransferase 

CBP through the PTOV domain and RAR (retinoic acid receptor) in a ligand-dependent manner 

through the NR box. These both interactions are important for recruitment of MED complex to 

retinoic acid (RA)-responsive genes [82]. The p.A335V mutation probably alters the structure of 

the protein and could maybe compromise this process. Consequently, considering that RA is 

involved in the maintenance of adult neurons [83], the axonal degeneration symptom observed 

in CMT disease could be explained by a dysregulation of RA-target genes. But evidence to 
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support this hypothesis is currently lacking. The molecular basis underlying the appearance of 

ARCMT2 caused by the p.A335V mutation in MED25 thus remains to be established. 

 

MED12 AND X-LINKED MENTAL RETARDATION 

MED12, a 230kDa Mediator subunit located at Xq13.1, belongs to the kinase module, 

also composed of MED13, CDK8 and Cyclin C (CycC). By consequence, RNAi-mediated MED12 

depletion in HeLa cells lead to a corresponding reduction in the steady-state levels of CDK8 and 

CycC proteins as well as their stable incorporation into Mediator [84]. At this time, the structure 

of MED12 protein is not solved but the amino acid sequence reveals two different domains in 

its C-terminal part: the PQL domain, a domain rich in proline, glutamine and leucine, which is 

involved in proteins interaction and an OPA domain, a domain rich in glutamine. Mutations in 

MED12 gene have been found to cause various disorders (Figure 2). 

 

Opitz-Kaveggia and Lujan-Fryns syndrome 

Opitz-Kaveggia syndrome (also known as FG syndrome; MIM #305450) was initially 

described in 1974 by Opitz and Kaveggia in a family of five males affected by intellectual 

disability (ID), macrocephaly, imperforate anus and hypotonia [85]. This syndrome has been 

linked to a recurrent missense mutation (c.2881C>T, p.R961W) in MED12 gene [61]. Currently, 

this mutation has been found in 10 families with FG syndrome, including the original family 

(leading to a total of 23 affected males) [86]. Another MED12 missense mutation (c.2873G>A, 

p.G958E) has been reported in a family with three cousins affected by Opitz-Kaveggia syndrome 

[67]. 

Few years later, Lujan and Fryns independently described a X-linked mental retardation 

syndrome (commonly called Lujan-Fryns or Lujan syndrome, NIM #309520) characterized by 

intellectual disability, dysgenesis of the corpus callosum, macrocephaly, hypotonia and 

behavioural disturbance [87,88]. Later on, Schwartz et al. discovered a different sequence 

alteration (c.3020A>G, p.N1007S) in MED12 gene as causing Lujan syndrome [62].  

Although both FG and Lujan syndrome are allelic and share several overlapping clinical 

manifestation, neither syndrome was originally considered in the differential diagnosis of the 

other (Table 1). 

 

Ohdo syndrome 
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Ohdo syndrome (NIM #300895) comprises a heterogeneous group of disorders 

characterized by intellectual disability and typical facial feature, including narrowing of the eye 

opening (blepharophimosis) [89]. The Maat-Kievit-Brunner type (OSMKB or X-linked Ohdo 

syndrome) was initially distinguished from the other type of Ohdo syndrome due to its X-linked 

inheritance [90]. The facial characteristics are prominent cheeks, nose with a rounded tip and a 

narrow mouth. As people with the condition get older, these characteristics become more 

pronounced and the face becomes more triangular (Table 1). Exome sequencing was performed 

in two families with the OSMKB type. In these two families, two different MED12 missense 

mutations (c.3443G>A, p.R1148H, or c.3493T>C p.S1165P) segregated with the phenotype. 

Subsequent analysis of a cohort of nine males with Ohdo syndrome, revealed another de novo 

missense mutation (c.5185C>A p.H1729N) in MED12 [68]. 

 

Other MED12 disorders 

Recently, sequencing of all X-chromosome exons identified a novel mutation in MED12 

(c.5898insC frameshift, p.S1967Qfsx84) in a large family with profound X-linked intellectual 

disability (10 males and 1 female affected) [91]. Dysmorphic features common to most affected 

males were long narrow face, high forehead, short philtrum and absent or severely-limited 

language (Table 1). Unlike the other MED12-related syndromes previously described, variable 

cognitive impairment was noted in the heterozygous females. The truncating mutation in this 

family seems to have a more severe effect on MED12 function than previous missense 

mutations. 

An increased risk of schizophrenia in people with northern European ancestry has been 

associated with a particular polymorphism in the MED12 gene, known as the HOPA(12bp) 

polymorphism. This variation is an insertion of four additional amino acid residues (QQHQ) in 

the OPA domain of MED12 [92,93]. Further analyses revealed a second, rare deletion 

polymorphism within the MED12 OPA domain (HOPA−15 bp) that appears also to be related 

with psychosis [94].  

Finally, our lab is currently studying three new missense mutations (c.617G>A, p.R206Q; 

c.2692A>G, p.N898D and c.3884G>A, p.R1295H), which have been found in patients with X-

linked mental retardation (paper under submission). Although individuals share some 

symptoms with previously described syndromes, they cannot be associated with one of them 

(Table 1). 
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How mutations of the same gene but at different position can lead to different disorders 

with overlapping symptoms? 

 

 

 

MED12 functions  

The etiological basis of Med12 associated disorders, while not fully resolved, is 

nonetheless suggested by studies that implicate MED12 in critical aspects of development. 

MED12 has been linked biochemically and genetically with the Notch, Wnt, and Sonic hedgehog 

signalling pathways that control key aspects of brain development and function, from initial 

patterning to neuronal plasticity [95–97]. Furthermore, Med12-deficient zebrafish embryos 

show defects in the development of brain, neural crest and ear, among other organs [98–100]. 

In these models, Med12 has been shown to play an important role in the production of mono-

aminergic neurons and cranial sensory ganglia through selective regulation of neuronal gene 

expression [100]. This may produce some explanations to the neurological features observed in 

the MED12-related patients. Another work has also identified a role for Med12 during 

endoderm development. Defects occurring during this step of development may lead to the 

craniofacial characteristics and the digestive system defects observed in Med12-patients [101]. 

Mediator was shown to be involved in a protein network required for extraneuronal 

gene silencing. Indeed, MED12 within the Mediator have been demonstrated to link REST (RE1-

silencing transcription factor) with the enzymatically active form of G9a in order to silence 

REST-target genes, in non-neuronal cells. G9a is a histone methyltransferase, which catalyzes 

histone H3K9 mono- and di-methylation [102]. Previous reports showed this modification as a 

platform for HP1 (Heterochromatin Protein 1) protein arrival. This event in turn induces the 

recruitment of the DNA-methylating enzyme DNMT1, leading through its activity, dimethylation 

of H3K9 histone, to long-term epigenetic gene silencing. Boyer lab has demonstrated that 

MED12 mutations (FG/p.R961W, Lujan/p.N100S and Ohdo/p. R1148H, /p.S1165P) 

compromised the ability of MED12 to mediate REST-direct recruitment of G9a and the 

imposition of the transcriptionnally repressive histone mark H3K9me². This deficiency is not 

due to a lower interaction between MED12 and G9a, but to impaired Mediator recruitment to 

REST-target genes [68,102].  

In parallel, MED12 have been shown to interact via its PQL domain with AICD (Amyloid 

Precursor Protein Intracellular Domain) [103]. AICD translocate into the nucleus and activate 
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different genes implicated in cellular processes relevant to Alzheimer disease. AICD was shown 

to recruit the Mediator complex through MED12 interaction on AICD-responsive promoters. 

This suggests a role of MED12 in neuron maintenance. 

Med12 modulates also Gli3-dependent Sonic hedgehog (SHH) signalling [104]. Mediator 

complex constraints the transcription of Shh target genes. Shh-induced Gli3 interacts with 

MED12, via its PQL domain, within the Mediator, resulting in the suppression of Mediator-

constraint. Later, Zhou et al. found that the FG and Lujan MED12 mutations disrupt this 

constraint, thereby leading to enhanced Sonic hedgehog pathway activation [105]. 

 

 

TRANSCRIPTION COMPLEX ASSOCIATED DISORDERS  

A new set of evidences imputes a number of human diseases to genetic defects in 

Mediator binding partners. In this section, we will focus on disorders associated with mutations 

in the general transcription factor TFIIH, cohesin complex and transcription factors TCF4 or 

SOX9 (Figure 3 and Table 2). Although mutations arise in diverse genes of the transcription 

machinery, they lead to some common symptoms, suggesting that they have, at least partially, 

a similar effect on gene transcription. 

 

Disorders associated with mutation in TFIIH and NER factors. 

As described at the beginning of this review, multiple studies have demonstrated 

interaction between Mediator and TFIIH [26,41,42]. Recently, a direct interaction between 

Med17 and XPG, a Nucleotide Excision Repair (NER) factor, has also been discovered [74]. NER 

factors were initially described to be involved in DNA repair. Mutations in TFIIH or NER factors 

lead to the autosomal recessive disorders Xeroderma Pigmentosum (XP), Trichothiodystrophy 

(TTD) or Cockayne Syndrome (CS). Xeroderma Pigmentosum is characterized by 

photosensitivity, premature skin aging, pigmentary changes and increased risk of skin cancers. 

In addition, patients with XP syndrome can develop progressive neurological degeneration, 

immature sexual development and dwarfism [106]. The clinical symptoms of Cockayne 

Syndrome are growth failure, impaired development of the nervous system and sun-sensitivity. 

CS is also characterized by a typical faces, ophthalmic and auditory disorders [107]. Patients 

with Trichothiodystrophy typically have dry and easily brittle hair and develop sterility, short 

stature and various neurological defects, including mental retardation [108]. 
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For many years, XP, CS and TTD diseases were defined as DNA repair syndrome, as the 

NER pathway is reduced or sometimes absent in cells isolated from patients. However, some of 

the clinical features (including neurological and developmental defects) are difficult to explain 

as only DNA repair related disorders. The transcription factor TFIIH is a ten-subunit complex 

that has a fundamental role during the DNA nucleotide excision repair pathway as well as in 

transcription [109]. In addition, our team recently demonstrates that NER factors are also 

involved in active forms of transcription [110–112], forcing us to reconsider these diseases as 

both DNA repair and transcription related diseases. 

 

Cohesin complex and Cornelia de Lange syndrome. 

Cohesin complex, together with Mediator, facilitates DNA looping [4,113]. Mutations in 

cohesin complex are responsible for the rare developmental disorder Cornelia de Lange 

syndrome (CdLS), also known as Brachmann-de Lange syndrome. This syndrome is 

characterized by typical facial features, growth and mental retardation, upper limb defects, 

hirsutism and gastrointestinal dysfunction [114]. The first description have been made in 1849 

by Vrolik, followed by Brachmann in 1916, but the diagnostic criteria were established by de 

Lange in 1933 [115–117]. More than half of individuals with CdLS present heterozygous 

mutations in the gene encoding the cohesin loader NIPBL [118,119]. However, mutations in the 

core structural components of the cohesin complex, SMC1 and SMC3 subunits, were also found 

at lower frequency (~5% and ~1% respectively) [120,121]. More recently, mutations in HDAC8, 

a SMC3 deacetylase, have been identified in six CdLS probands [122]. The mutations cause loss 

of HDAC8 activity, leading to SMC3 hyperacetylation and inefficient released of the cohesin 

complex from chromatin. 

Cohesin is a dynamic multiprotein complex, which was identified for its role in the 

regulation of sister chromatids segregation, during both mitosis and meiosis. Recently, cohesin 

has also been demonstrated to play a critical role in DNA repair and gene expression [123]. In 

mammals, experiments of chromatin immunoprecipitation followed by high-throughput 

sequencing (ChIP-seq) reveal that a significant number of cohesin binding sites overlap with cell 

type-specific transcription factors binding sites and/or sites for CTCF (CCCTC-binding factor), a 

protein which help the formation of chromatin 3D structure during transcription [124–127].  

Cells from CdLS individuals do not display sister chromatid cohesion defects, but present 

an increased DNA damage sensitivity [128] and a dysregulated gene expression [129,130]. 

Indeed, genome-wide assessment of transcription revealed a specific set of dysregulated genes 
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that correlates with disease severity. This dysregulation appear to be due to significantly 

decreased binding of cohesin on the promoter region [130]. These studies confirm the role of 

cohesin complex in gene expression and associate CdLS to transcription related diseases. 

 

 

 

TCF4 and Pitt-Hopkins syndrome. 

In our hands, Mediator was showed to interact with TCF4 [66]. De novo mutations 

(deletions, frameshift, nonsense, splice site or missense mutations) of TFC4 coding gene caused 

Pitt-Hopkins syndrome (PTHS, MIM # 610954), an autosomal dominant disorder characterized 

by severe intellectual disability, distinctive facial features and breathing anomalies. In addition, 

half of PTHS patients develop a postnatal microcephaly [131].  

Transcription factor TFC4 (alias ITF2, SEF2 or E2-2) is a member of the basic Helix-Loop-

Helix (bHLH) protein family that binds DNA at E-box motif CANNTG. It has important roles in 

number of developmental processes [132]. Although widely expressed, TCF4 is particularly high 

in the brain [133,134]. It was demonstrated to dimerize with several proneural transcription 

factors, such as MATH1 (also called Atoh1), ASCL1, NEUROD1 (alias BETA2) and NEUROD2 (alias 

NDRF) [135–137]. Proneural factors play important roles in the development of the nervous 

system by coordinating neuronal differentiation programs. As an illustration, homozygous Tcf4 

knockout (Tcf4−/−) mice have reduced number of neurons forming the pontine nucleus [138]. 

Moreover, TCF4 is responsible for transcription regulation of IEGs, which are dysregulated in 

different Mediator related neurological disorder ([66], and paper under submission). 

 

SOX9 and campomelic dysplasia 

A recent study demonstrated that Med25 interact with Sox9 and this interaction 

augments Sox9 transcriptional activity [139]. Mutations in or near the SOX9 gene cause 

Campomelic Dysplasia (CMD), a severe disorder that affects development of the skeleton and 

reproductive system [140]. The name is derived from the Greek root ‘campo’ (or campto) 

meaning bent and ‘melia’ meaning limb. It is frequently lethal in the neonatal period due to 

respiratory insufficiency. Affected individuals have bowed lower limbs, external genitalia and 

distinctive facial features. Among survivors of CMD, neurological defects, including intellectual 

disability, are often seen [141].  
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SOX9 is a transcription factors that plays a pivotal role in the development of the 

skeleton and reproductive organs [142,143]. In addition, a recent study established a central 

role for SOX9 in neural stem cells specification and maintenance [144]. Further works will be 

required to better understand the diverse functions of SOX9 and thus improved our 

comprehension of CMD disorders etiology. 

 

 

CONCLUSION 

Although a number of studies have greatly expanded our knowledge of Mediator 

complex, we are only beginning to understand the diversity of its role on transcription process. 

By consequence, further characterization of Mediator and its different binding partners would 

be necessary to improve our comprehension of the complex mechanisms that regulate the 

expression of protein coding genes at the right time and right amount in each cell types. 

Considering the number of neurological and neurodevelopmental disorder related to its 

subunits or its interacting partners, we could consider the Mediator as an essential player of 

the brain development. Advancing our knowledge on gene expression will then be a 

prerequisite to provide explanations for the phenotypes of patients baring mutations in the 

components of the transcription machinery. 
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FIGURE 1 
 

 

 

 

 

 

Figure 1: Modular structure of human Mediator and genetic disorders related to mutation in 

MED subunits 

A composite depiction of the subunit structure of the human Mediator complex is 

shown. Note that the relative placement of the subunits in the subcomplexes is based on 

published binary interaction and partial structural data [23]. It is primarily for illustration; in this 

2D plan, some of the localization, interaction and size of proteins can not be respect. Genetic 

disorders associated with mutation in some Mediators subunits are also indicated. 
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FIGURE 2 
 

 

 

 

 

 

Figure 2: Schematic overview of MED12 proteins and associated mutations. 

The different domains of MED12 are indicated: the PQL (proline-, glutamine- and 

leucine-rich) domain, which is involved in proteins interaction, and the OPA (glutamine-rich) 

domain. The identified amino acid changes leading to X-linked mental retardation syndrome 

are showed. 
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FIGURE 3 
 

 

 

 

 

 

 

Figure 3: Transcription factors interacting with Mediator and their associated genetic 

disorders 

A schematic representation of transcription machinery including Mediator complex, Pol 

II, the General Transcription Factor (IIA-F), NER factors, the cohesin complex and the 

transcription factor TCF4. Genetic disorders associated with mutations in the transcription 

machinery are indicated, as well as the known interaction between some MED subunits and 

transcription machinery.  
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TABLE 1 

 
Table 1: Comparison of Clinical Finding in Med12-associated disorders 

 ? ? FG Lujan Ohdo ?  

 R206Q N898D 
G958E 
R961W 

N1007S 
R1148H 
S1165P 
H1729N 

R1295H 
p.S1967Q

fsx84 

Growth        
Tall Stature   - + - +  
Macrocephaly + + + + -  - 

Neurological        
Intellectual disability + + + + + + + 
Agenesis of corpus callosum   + + -  - 
Hypotonia  + + + +  - 
Behavioural disturbance +  + + +  + 
Speech abnormalities   - - +  + 

Craniofacial        
Long narrow face   - + -  + 
Tall prominent forehead  + + + + + + 
Triangular face   - - +  - 
Blepharophimosis   - - +  - 
Downslanting palpebrae   + + +  - 
Strabismus +  + + +  - 
Hypertelorim   + - -  - 
Small ears  + + - +  - 
Philtrum    short long   

Maxillary hypoplasia   + + - + + 
Micrognathia   + + +  - 
High narrow palate   + + + + - 
Open mouth   + + +  + 
Dental anomalies   + + -  - 

Extremity        
Foetal finger pads   + - -  - 
Syndactyly   + - -  - 
Broad thumbs  + + + -  - 
Horizontal palmar crease   + - -  - 
Long hyperextensible digits   - + +  - 

Cardiovascular        

Congenital heart defect 
Left 

ventricular 
hypertrophy 

 - - -   

Gastrointestinal        
Constipation   + - +  - 
Anal anomalies   + - -  - 

Genitourinary        
Genital anomalies   + - + +  

Others 
Extra 

Nipples 
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Table 2: Principal clinical features of transcription machinery disorders 
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MED12 XLID + - + +/- +/- - - 
MED17 + - - - - - - 
MED23 + - - - - - - 

MED25 CMT - - - - - - - 
CdLS + + + + + - +/- 

TCF4 PTHS + + + + +/- - + 
SOX9 CMD + + + - - - + 

XP +/- - + - - + - 
CS + + - - + + - 

TTD + + - - - +/- - 
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III. Supplemental information 

Discovery of the Mediator complex 

Several Mediator-like complexes were identified in transcription systems derived from 

fly, worm, mouse, rat and human cells. Each complex was named according to how it was 

discovered: TRAP (Thyroid hormone Receptor-Associated Protein) (Fondell et al., 1996), ARC 

(Activator Recruited Factor) (Näär et al., 1999), DRIP (vitamin D receptor interacting protein) 

(Rachez et al., 1998), CRSP (Cofactor Required for Sp1 activation) (Ryu et al., 1999), PC2 

(Positive Cofactor) (Malik et al., 2000) and NAT (Negative regulator of Activated Transcription) 

(Sun et al., 1998). The unified nomenclature proposed by Bourbon et al. (2004) is showed in 

Table 3. 

 

Composition and structure of the Mediator complex 

The Figure 10 represent a data collection of the accurate EM map of the yeast and 

human obtained by Tsai et al.  

 

The Mediator complex: a general transcription factor 

The first definition of general transcription factors is their aptitude to induce in vitro 

basal transcription by Pol II. Mediator was first discovered based on its ability to increase basal 

transcription in the presence of activators, and therefore fails to satisfy this definition of a GTF. 

However, another definition of GTFs is their requirement for (almost) all mRNA transcription in 

vivo. A genome-wide expression analysis using temperature-sensitive mutants show that, like 

Pol II and TFIIH, the Mediator controls the transcription of almost all genes of S. cerevisiae 

(Holstege et al., 1998). This is satisfying the second definition of GTF.  

However, contrary to other GTFs, Mediator has a highly structural flexibility and a 

variable subunit composition. It may be better to recognize the Mediator not as a GTFs but 

instead as a nearly universally required coactivator that contributes to transcriptional activation 

through a variety of mechanisms (Ansari and Morse, 2013). 
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New Name S. cerevisiae C. elegans D. melanogaster H.sapiens 

MED1 Med1 MDT-1.1 (SOP-3) Trap220 TRAP220 ARC/DRIP205 CRSP200 

MED2 Med2 MDT-1.2     

MED3 Pgd1/Hrs1/Med3      

MED4 Med4 MDT-4 Trap36 TRAP36 ARC/DRIP36  

MED5/24 Nut1  Trap100 TRAP100 ARC/DRIP100 CRSP100 

MED6 Med6 MDT-6 (LET-425) Med6 hMed6 ARC/DRIP33  

MED7 Med7 MDT-7 (LET-49) Med7 hMed7 ARC/DRIP34 CRSP33 

MED8 Med8 MDT-8 Arc32  ARC32  

MED9 Cse2/Med9  CG5134    

MED10 Nut2/Med10 MDT-10 Nut2 hNut2 hMed10  

MED11 Med11 MDT-11 Med21    

MED12 Srb8 MDT-12 (DPY-22/SOP-1) Kto TRAP230 ARC/DRIP240  

MED12L       

MED13 Ssn2/Srb9 MDT-13 (LET-19) Skd/Pap/Bli TRAP240 ARC/DRIP250  

MED13L    PROSIT240   

MED14 Rgr1 MDT-14 Trap170 TRAP170 ARC/DRIP150 CRSP150 

MED15 Gal11 MDT-15 Arc105 PCQAP ARC105  

MED16 Sin4  Trap95 TRAP95 DRIP92  

MED17 Srb4 MDT-17 Trap80 TRAP80 ARC/DRIP77 CRSP77 

MED18 Srb5 MDT-18 p28/CG14802    

MED19 Rox3 MDT-19 CG5546    

MED20 Srb2 MDT-20 Trfp hTRFP   

MED21 Srb7 MDT-21 Trap19 hSrb7 hSrb7  

MED22 Srb6 MDT-22 Med24    

MED23  MDT-23 Trap150b Trap150b ARC/DRIP130 CRSP130 

MED25   Arc92  ARC92  

MED26   Arc70  ARC70 CRSP70 

MED27  MDT-27 Trap37 TRAP37  CRSP34 

MED28  MDT-28 Med23    

MED29  MDT-29 Intersex    

MED30   Trap25 TRAP25   

MED31 Soh1 MDT-31 Trap18 hSoh1   

CDK8 Srb10/Ssn3/Ume5  Cdk8 hSrb10 CDK8  

CycC Srb11/Ssn8/Ume3 CIC-1 CycC hSrb11 CycC  

Table 3: Mediator subunits found in different organisms 
Table adapted from Bourbon et al., 2004. 



INTRODUCTION: The Mediator complex 
 

66 

 

Figure 10: Modular and subunit organization of yeast Mediator and comparison with human Mediator  
(A) Subunit organizations of yeast and human Mediators (25 and 30 different protein components, 
respectively). (B) Position and relative arrangement of all 25 yMED subunits (including those in the 
dissociable Kinase module). Available X-ray structures are shown docked into the yMED cryo-EM map. (C) 
Comparing the structures of yeast and human Mediator (hMED) highlights a similarity between them 
and can be used to tentatively identify modules and module boundaries in hMED. The overall structure 
and interactions of the Head, Middle, and Tail modules appear to be conserved between yeast and 
human Mediators.  
Figure from Tsai et al., 2014. 

 

 

Cohesin complex 

Four evolutionarily conserved subunits form the core structural components of the 

cohesin complex: SMC1, SMC3, RAD21 and SA1/SA2. SMC1 and SMC3 belong to the structural 

maintenance of chromosomes (SMC) family which is conserved from yeast to human. SMC1 

and SMC3 interact through their central hinge regions, while their respective paired amino- and 

carboxyl-terminal globular domains are further bridged by RAD21 (Figure 11). High-resolution 

microscopy and biochemical studies revealed that cohesin form a ring structure that 

topologically encircles DNA (Anderson, 2002; Haering et al., 2002; Gruber et al., 2003). Human 
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cohesin requires NIPBL (Nipped-B-like or Delangin) and its partner MAU2 for chromatin loading 

(Seitan et al., 2006; Watrin et al., 2006). 

 

 

 

 

 

 

Figure 11: The cohesin complex and its 
regulators 
Ring model of cohesin complex formed by four 
subunits SMC1, SMC3, RAD21 and SA1/SA2. The 
NIPBL/MAU2 dimer loads cohesin onto DNA. 

 

Recently, cohesin has been demonstrated to play a critical role in gene expression. In 

yeast, cohesin contributes to this process by facilitating the subnuclear organization of 

chromatin, such as nucleolar morphology or clustering of tRNA genes (Gard et al., 2009). In S. 

pombe, it also regulates termination of transcription (Gullerova and Proudfoot, 2008).  

In Drosophila, cohesin and its loader, Nipbl, binds preferentially transcribed regions 

where it colocolizes with Pol II (Misulovin et al., 2008). More recently, cohesin appears to both 

positively and negatively affect the transition from paused RNA polymerase to transcription 

elongation (Fay et al., 2011; Schaaf et al., 2013). 

In mammals, experiments of chromatin immunoprecipitation followed by high-

throughput sequencing (ChIP-seq) demonstrates that NIPBL binding site do not overlap with 

cohesin-binding site, but colocalize with specific transcription factors at active promoter (Zuin 

et al., 2014). These observations suggest a cohesin-independent role of NIPBL for transcription. 

In mouse embryonic stem cells, cohesin and MED facilitate DNA looping between the 

enhancers and promoters of genes required to maintain pluripotency (Kagey et al., 2010). In 

addition, a recent paper demonstrates a crucial role for Nipbl, together with Mediator, on 

regulation of long-range chromosomal interaction, necessary for zebrafish and mice limb 

development (Muto et al., 2014). Thus, cohesin is probably a novel kind of coactivator that 

contributes to the three-dimensional organization of active genes. 
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Cornelia de Lange Syndrome (CdLS) 

The prevalence of CdLS has been estimated between 1:50 000 and 1:100 000 births 

(Barisic et al., 2008). Almost all cases are sporadic and dominant. Mutations in NIPBL, HDAC8, 

SMC1A and SMC3 may explain approximately 65% of CdLS patients but the cause of the 

remaining 35% remains unclear.  

Haploinsufficient NIPBL mutations (protein truncating mutations, i.e. frameshift or 

nonsense mutations) often exhibit more severe phenotype compared to missense mutations 

(Gillis et al., 2004). For SMC1 or SMC3, no truncating mutations were identified and patients 

often show mental retardation, with other abnormalities being fewer and/or milder. Recently, 

mutations in RAD21 were found in patient with a CdLS-like disorder (Deardorff et al., 2012). 

Unlike patient with mutations in NIPBL, SMC1, or SMC3, these individuals have much milder 

cognitive impairment. 

Nipbl heterozygous mutant (Nipbl+/-) mice which recapitulate several features of CdLS 

have a significant transcriptional dysregulation of many genes (Kawauchi et al., 2009). 

Surprisingly, Nipbl transcript levels in CdLs mice are decreased of only 25-30%, suggesting 

compensatory upregulation of the intact allele. Consistent with this, a 15% decrease in NIPBL 

expression was observed in a mild form of CdLS, whereas a more important decrease was 

observed in severe forms of CdLS (Borck et al., 2006; Liu et al., 2009). These observations 

indicate the importance of Nipbl dosage for proper development. 
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MATERIALS & METHODS 

Cells culture 

Human primary fibroblasts isolated from patients with MED12 mutation were grown in 

Dulbecco’s modified Eagle’s medium (DMEM) and Ham's F-10 Nutrient Mix, supplemented with 

12% fetal calf serum (FCS) and penicillin-streptomycin. The patient was followed at CHU 

Clermont Ferrant by Dr Christine FRANCANNET. Human primary fibroblasts isolated from 

patients with NIPBL mutation were grown in DMEM (1g/l Glucose) supplemented with 10% FCS 

and gentamicine. The patient was followed at Hôpital Necker Enfants Malades, Paris by Dr 

Valérie CORMIER-DAIRE. 

Lymphoblastoïdes cells were generated by Epstein-Barr Virus (EBV) transformation of 

the peripheral blood lymphocytes from patients. Cells were provided by Dr Charles SCHWARTZ 

from Greenwood Genetic Center, USA, excepted cells with Ohdo syndrome provided by Dr 

Hans BRUNNER and Dr Arjan BROUWER from Nijmegen, the Netherlands. Cells were grown in 

RPMI without Hepes supplemented with 15% FCS and gentamicine.  

All the cells were maintained at 37°C in 5% CO2 environment. 

 

 Mutation Cell 

Ly
m

p
h

o
b

la
st

o
id

 c
el

ls
 

WT 2184 

MED12/R206Q cms2458 

MED12/N898D cms13404 

MED12/R961W cms14176 

MED12/N1007S 7439 

MED12/R1148H MED12 R1148H son 

Mother of patient MED12/R1148 MED12 R1148H mother 

MED12/S1165P MED12 S1165P 

MED17/L371P MED17 L371P 

Fi
b

ro
b

la
st

s 

WT FB789 

MED12/R1295H MED12 R1295H (2) 

Mother of patient MED12/R1295H MED12 / R1295H mère 

NIPBL CdL - NIPBL1 

M
EF

s WT MEF WT2 (CLT M17L371P) 

Med17/L371P MEF M17L371P 
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Isolation of mouse embryonic fibroblasts 

Embryos around 11 days of gestation were dissected from the uterus and separated 

from its placenta and surrounding membranes. The head were removed and used for 

genotyping. Dark red organs were also cut away and the remainder embryo was carefully 

washed with PBS and then transferred in 1ml of MEFs medium (DMEM containing 4,5g/l 

glucose supplemented with GLUTAMAX-I, 10% FCS and gentamicine). The embryo carcass was 

pipette up and down several times with a syringe fitted with an 18G needle to break up tissue 

chucks and get cells into suspension. Tissues debris was removed using a 40µm cell strainer and 

then uniform single-cell suspension was plated in 35mm dishes. 

 

Treatments 

For treatment by all-trans retinoic acid (tRA; Biomol) or 1α,25-Dihydroxyvitamin D3 

(VitD; Sigma-Aldrich), cells were incubated in red phenol-free medium containing charcoal 

treated FCS and antibotics during 12 hr prior to the treatment. The induction start with 

replacement of this medium by the same medium containing 10µM of tRA or 100nM of VitD 

For serum treatment, cells were incubated in medium without serum and red phenol for 

24h. Then, cells were treated by addition of serum (20% final concentration) directly into the 

medium.  

For RNA experiment, we used around 15.104 fibroblasts per 35-mm dishes and, for ChIP 

experiment, we used around 250.104 fibroblasts per 150-mm dish. 

For UV irradiation, lymphoblastoid cells were quickly rinsed with PBS. For each point, 4 

millions of cells were resuspended in 2 ml of PBS and spread on a 10-cm dish, forming a small 

layer. Cells were then exposed to UV irradiation with a Philips TUV lamp (predominantly 254 

nm) at a dose of 20 J/m2. Subsequently, the medium was added back, and cells were returned 

to culture conditions for definite times. 

 

RNA extraction, reverse transcription and real-time qPCR 

Total RNA was extracted with RNAeasy mini kit (QIAgen) and reverse transcribed with 

poly-dT or hexamer primer using Superscript II reverse transcriptase (Invitrogen). Real-time 

quantitative PCR was carried out on the Lightcycler 480 using SYBR Green I Master (Roche). The 

primer sequences are provided in the table below. mRNA levels represent the ratio between 
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values obtained from treated cells compared to untreated cells after normalization against the 

housekeeping GAPDH or 18S mRNA. 

 

Chromatin Immunoprecipitation (ChIP) 

After treatment, cells were subjected to crosslinking at room temperature for 15 min 

with 1% formaldehyde, followed by addition of glycine to terminate crosslinking reactions. Cells 

were lysed in shearing buffer (50 mM Tris-HCl pH8, 10mM EDTA, 1% SDS) with PIC at 4°C for 15 

min. Nucleus were pelleted and resuspended in sonication buffer (50mM Hepes pH7.6, 140mM 

NaCl, 1mM EDTA, 1% TritonX, 0.1% Na-deoxycholate, 0.1% SDS) with PIC. Chromatin was 

sheared using 800R sonicator (Qsonica). Samples were incubated with corresponfing antibodies 

at 4°C overnight. Immune complexes were precipitated with a pre-blocked mix of protein G- 

and A-Sepharose beads (GE Healthcare Life Sciences) for 3h at 4°C. Bound complexes were 

sequentially washed with sonication buffer, high salt buffer (50mM Hepes pH7.6, 500mM NaCl, 

1mM EDTA, 1% TritonX, 0.1% Na-deoxycholate, 0.1% SDS) and TE buffer (10mM Tris, 1mM 

EDTA). Protein-DNA complexes were recovered in elution buffer (100mM NaHCO3, 1%SDS) and 

the cross-linking was reversed by overnight incubation at 65°C. DNA fragments were treated 

with proteinase K for 2h at 42°C and purified using PCR purification kit (QIAGEN). Quantitative 

PCR was performed as described above using sets of primers provided in the table below. All 

the results are presented as ‘fold recruitment’ and represent the ratio of input percentage 

between treated and non-treated cells.  

 

Western blot and co-immunoprecipitation 

Patients’ cells were harvest in RIPA buffer (20mM Tris HCl pH7.5, 120mM NaCl, 1mM 

EDTA, 1% NP-40, 0.1% SDS, 0.5% Na-deoxycholate and PIC). Lysate were separated by SDS-

PAGE, transferred to nitrocellulose membrane and revealed by immunoblotting using the ECL 

Western blotting detection system (GE Healthcare). 

For co-immunoprecipitation, cells were harvest in lysis buffer (50mM Tris HCl pH7.5, 

1mM EDTA, 1% Triton and PIC). 10µl of protein G magnetic bead (dynabead, invitrogen) were 

used par IP. 2µg of antibodies were bound to the beads in PBS with BSA (5mg/ml) during 2h at 

4°C with rotation. 200µg of whole cell extract were then incubated with beads-antibodies 

complex for 2h at 4°C with rotation. After 2 washes at 100mM salt, 2 washes at 300mM and 1 
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wash at 100mM, beads were boiled in Laemmli buffer and proteins were separated by SDS-

PAGE, transferred to nitrocellulose membrane and probed with antibodies. 

 

Antibodies 

For Western blot, the following antibodies were used: MED6 (santacruz, sc-9434, 1:500), 

MED12 (Béthyl, A300-774A, 1:2000), MED16 (abcam, AB28520, 1:5000), MED17 (santacruz, sc-

48777, 1:500), MED22 (santacruz, sc-393738, 1:500), MED23 (BD Pharmingen, 550429, 1:2000), 

CDK8 (abcam, ab64940, 1:1000), Cyclin C (santacruz, sc-1061, 1:500), β-tubulin (millipore, 

MAB3408, 1:5000) and TBP (IGBMC, 3TF1-3G3, 1:10000). 

For immunoprecipitation, the following antibodies were used: monoclonal antibodies 

against RNA polymerase II (IGBMC, 1BP 7C2), RARα (IGBMC, 9α9A6), ELK3 (IGBMC, 5NE 2F3A2), 

and polyclonal antibodies against BSA (santacruz, sc50528), TCF4 (santacruz, sc13027), ELK1-P 

(santacruz, sc8406), TFIIB (santacruz, sc-225), MED1 (santacruz, sc-8998), MED6 (santacruz, sc-

9434), MED12 (Béthyl, A300-774A), NIPBL (Béthyl, A301-779A), SMC1 (Béthyl, A300-055A), 

H3K9ac (cell signaling, #9671) and H3K9me² (cell signaling, #9753). 

 

Primers 

HUMAN 

mRNA primers Forward Reverse 

GAPDH TCGACAGTCAGCCGCATCTTCTTT ACCAAATCCGTTGACTCCGACCTT 

RARβ CCAGCAAGCCTCACATGTTTCCAA TACACGCTCTGCACCTTTAGCACT 

TMG2 GCCACTTCATTTTGCTCTTCAA TCCTCTTCCGAGTCCAGGTACA 

RARα GAAGATTACTGACCTGCGAAGC CCCTCTGAGTTCTCCAACATTTC 

PDK4 ACCCAAGCCACATTGGAAGCA AACTGTTGCCCGCATTGCATT 

SMAD3 TTGTCCAGTCTCCCAACTGTAAC GTCAACTGGTAGACAGCCTCAAA 

NRIP1 GTGGAACAAAGGTCATGAGTGA CTCGAGAATACTGCTGCAAATG 

MED12 GCAGAAGAGCATGTCCCTATT TGGCTGTAGAGGGAGGTAAG 

MED17 AGTCCAGTGAAGGGCTTCTGGAAA CGGCTTGCTAAGCTGTCAATGGTT 

MED23 AATGCGCTATGAATGCACGA GTTTGGAAAGGGACCAGGAGA 

CDK8 GGGATCTCTATGTCGGCATGTAG AAATGACGTTTGGATGCTTAAGC 

NIPBL GAACTACAGTTGTGTGCCATTAAG TCCTCTTGCTGGTTGGTAATC 

SMC1A TGCCTTGGATAACACCAACA CAGTCCCCTTGCTCAGGATA 

SMC3 TGGCACGATCAGAAGATTTGGA TCAATAGCATGCCTTGCCGA 

RAD21 GGAAAGGAGGAGAGGCAGATAA GCGGCTTGGCTCTTCAATAA 

HDAC8 CAAACGGGCCAGTATGGT ATGGAGGCCACTTTAGGCTT 

OSTEOPONTIN TATGATGGCCGAGGTGATAG AGGTGATGTCCTCGTCTGTA 
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CYP24 TCTTGACAAGGCAACAGTTC AAGCCAACGTTCAGGTCTAA 

EGR1 AGCACCTGACCGCAGAGTCTTT CACCAGCACCTTCTCGTTGTT 

FOS CAAGCGGAGACAGACCAACT AGTCAGATCAAGGGAAGCCA 

JUN AGCGCCTGATAATCCAGTCC CTGCTCATCTGTCACGTTCTTG 

GADD45 TCAACGTCGACCCCGATAAC TCGGTCTCCAAGAGCAGGAG 

   

ChIP primers Forward Reverse 

JUN proximal CCAGAGAAGAATCTTCTAGG CCCCAAGGCCTTCCCATTGG 

JUN distal CCGTCTCACTCTCTTGCTCTTC CAACTGGACAAAATGGCTCTG 

FOS promoter GAGCAGTTCCCGTCAATCC GCATTTCGCAGTTCCTGTCT 

EGR1 promoter CTGCCATATTAGGGCTTCCTGCTT TATTTGAAGGGTCTGGAACGGCAC 

NIPBL promoter GGGTGGTTGTTAGTGTTTGG TCTCTCTCGTTCCGTCTCT 

RARβ promoter TGGTGATGTCAGACTAGTTGGGTC GCTCACTTCCTACTACTTCTGTCAC 

 

MICE 

mRNA primers Forward Reverse 

18S TCAACTTTCGATGGTAGTCGCCGT TCCTTGGATGTGGTAGCCGTTTCT 

Med1 TGGAGGGCATCAGCATTTGG GCCCAGTCCATTCTGTCTGG 

Med6 GACAGCGTGTGGATGCTTTAC GCTTTTCTCCAGACTTTTGCTGA 

Med12 GTTGGAATCCGGTCCTCCTG TAGCTCCGCATCTCCGAGTA 

Med17 GCGAAGTGCCCTTACAGAGA GAGATCAGCTGCAGCGTTTG 

Med22 CGAGATCATCAAGACCGCCA CTCACCAGCTCGAACGATGT 

Med23 CCGCAGACTGCTTTGTTGAG GCTGCTTGTGCTGCTTATTT 

Egr1 CGGCTGCCTCTTCACTCTCT GCAGGAGATGGGTAGGTGGA 

Fos CAGCTATCTCCTGAAGAGGAAG CTTCTCATCTTCAAGTTGAT 

Jun CCTTCTACGACGATGCCCTC GGTTCAAGGTCATGCTCTGTTT 

Cyp24 GACCCCTCGTGGCTTTAGAC GCTGCAAGGTGCAGTTGTTT 

Osteopontin CTGGCAGCTCAGAGGAGAAG TTCTGTGGCGCAAGGAGATT 

 

Sequences alignment 

Sequences alignment was performed with BioEdit software (open source). The following 

sequence has been used:  

 MED12 MED17 MED23 

Homo sapiens NP_005111.2 NP_004259.3 NP_004821.2 

Mus musculus NP_067496.2 NP_659182.1 NP_081623.3 

Rattus norvegicus NP_001180221.1 NP_001100271.1   NP_001263983.1 

Bos Taurus XP_005228076.1 NP_001029902.2 NP_001192691.1 

Pongo abelii NP_001124553.2 XP_002822403.1 XP_009240531.1 

Pan troglodytes NP_001009019.1 XP_009422274.1 XP_009450287.1 

Danio rerio NP_001034550.1 NP_001071042.1 NP_001003990.1 

Xenopus tropicalis XP_002934949.2 NP_001016974.1 XP_002936354.2 
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Plasmids: 

MED12 expression plasmid was obtained using the Gateway Invitrogen cloning method. 

Wild-type MED12 was amplified from a cDNA bank of control lymphoblastoid cells and cloned 

into pDONR207 (Invitrogen) using standard BP reaction. The cloned sequence was then 

transferred by LR reaction into pSG5 puro B10 tag vector (N-terminal fusion of the epitope B of 

the human estrogen receptor). This vector was constructed by inserting the attL1 and attL2 

Gateway linkers (Invitrogen) into the pSG5 vector backbone. PCR-based mutagenesis was 

performed using Phusion High-Fidelity DNA Polymerase (NEB) with primer bearing a point 

mutation for the amino changes R206Q, N898D, R961W, N1007S and R1295H.  

MED12 expression plasmid was transfected using Jet PEI (Polyplus) in HeLa cells, 48h 

before the experiments. 
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INTRODUCTION 

Mammalian Mediator (MED) is an evolutionary conserved multi-protein complex that is 

a key regulator of gene expression involved in cell growth, homeostasis, development and 

differentiation (Conaway et al., 2005; Kornberg, 2005; Malik and Roeder, 2010; Poss et al., 

2013). Mediator is composed of more than 30 subunits, arranged in four different modules 

named Head, Middle, Tail and Kinase (Figure 1A). To convey essential information from 

transcription factors bound at DNA responsive elements to the basal transcription machineries, 

MED physically interact with a collection of transcriptional regulatory proteins, including RNA 

polymerase II (Pol II) (Whyte et al., 2013; Zhu et al., 2011). 

Dysfunction of transcriptional machinery has been shown to elicit broad effects on cell 

states (proliferation or differentiation) giving rise to diverse pathologies, including cancers (Lee 

and Young, 2013). Mutations in MED subunits are associated with a wide range of genetic 

disorders, such as Infantile cerebral and cerebellar atrophy (MED17; (Kaufmann et al., 2010), 

non-syndromic mental retardation (MED23, (Hashimoto et al., 2011), Charcot-Marie Tooth 

disease (MED25, (Leal et al., 2009); most of them exhibiting neurological defects. We here 

focused on MED12 in which mutations are linked with a broad spectrum of genetic disorders 

with X-linked intellectual disability (Graham and Schwartz, 2013), such as Opitz-Kaveggia 

syndrome (p.R961W, (Risheg et al., 2007) and p.N898D, (Rump et al., 2011)), Lujan syndrome 

(p.N1007S, (Schwartz et al., 2007)), Ohdo syndrome (p.S1165P, p.R1248H and H1729N, (Vulto-

van Silfhout et al., 2013)) or non-syndromic profound X-linked intellectual disability 

(p.S1967Qfsx84; (Lesca et al., 2013). However, the underlying basis by which different genetic 

disruption of MED12 elicits separate and phenotypically distinct syndromes remains unclear.  

MED12 is located at Xq13.1, and belongs together with MED13, CDK8 and Cyclin C (CyC) 

to the Kinase module, that exists in variable association with Mediator. MED12 is required for 

stable incorporation of CDK8/CyC into Mediator and appear to activate the kinase activity of 

the CDK8 module (Kim et al., 2006; Knuesel et al., 2009). Depending on the context, the Kinase 

module can regulate negatively or positively the transcription (Nemet et al., 2014). For 

example, it functions as a positive regulator at specific p53-regulated genes such as p21 

(Donner et al., 2007). In contrast, Cdk8, as part of the kinase module, phosphorylates Pol II 

leading to disruption of Mediator–Pol II interaction and transcription inhibition (Hengartner et 

al., 1998). Similarly, the kinase phosphorylates Cyclin H, a subunit of the transcription/DNA 

repair factor TFIIH, and thus represses the ability of TFIIH to activate transcription and its CTD 

kinase activity (Akoulitchev et al., 2000). Moreover, MED12 has been linked biochemically and 
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genetically with the Notch, Wnt, and Sonic hedgehog signalling pathways that control key 

aspects of brain development and function, from initial patterning to neuronal plasticity 

(Moghal, 2003; Rau et al., 2006; Treisman, 2001; Yoda, 2005; Zhou et al., 2006).  

We report three new MED12 missense mutations (p.R206Q, p.N898D and p.R1295H) 

which cause clinical features that cannot be ascribed to previously described MED12 

syndromes. To provide explanations to the pathogenicity of MED12-related disorders, we have 

investigated the effect of mutations (p.R206Q, p.N898D, p.R961W, p.N1007S, p.R1148H, 

p.S1165P and p.R1295H) found in MED12 on the transcriptional activation of some given genes. 

We found that gene expression in patient’s cell lines varies depending on the position of the 

mutation and the way they are activated. For example, the expression of JUN, FOS and EGR1 

immediate early genes (IEGs) is impaired after serum addition to serum-starved patient cells 

compared to control cells. Chromatin immunoprecipitation experiments next showed that the 

recruitment of some transcription machinery components (including DNA binding transcription 

factors) at the promoter of activated genes is altered. We also observed that the transition 

from a closed to an open chromatin state is disturbed. 

This study sheds light on how different mutations in MED12 gene causes distinct 

expression of activated genes giving rise to different disorders that share some overlapping 

clinical features.  
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RESULTS 

Discovery of new mutations in MED12 gene 

In addition to the already identified MED12 mutations associated with Opitz-Kaveggia 

(p.R961W), Lujan (p.N1007S) and Ohdo (p.R1148H and p.S1165P) syndromes, we ascertain 

three additional mutations, recently discovered (Figure 1B). Genetic analyses identified these 

p.R206Q, p.N898D and p.R1295H mutations within MED12 (Figure 1C). Aside, the R206, N898, 

R961, N1007, R1148, S1165 and R1295 residues are absolutely conserved across all MED12 

orthologs, from Xenopus to human (Supplemental Figure 1). These patients were not diagnosed 

a priori as having MED12-related syndrome although they share some common clinical features 

(Table 1).  

Here half page of patients description will be filled by Dr C. Schwartz. The differences 

suggesting that they cannot all of them be classify as Opitz and/or Lujan and/or Ohdo 

syndromes will be underlined. Some pictures of the patients would also be great if ethically 

possible. The Table 1 (adapted from (Graham and Schwartz, 2013)) is a draft that should be 

clearer with the clinician appreciation.  

Using EBV-immortalized lymphoblastoid cells from patients, we showed, by reverse 

transcription-quantitative polymerase chain reaction (RT-qPCR) of total RNA, that the 

mutations MED12/R206Q, /N898D, /R961W, /N1007S and /R1295H do not affect mRNA 

expression level of MED12, as well as CDK8, MED17 and MED23 (Figure 1D). Western Blot 

analysis of whole cell extract reveal that the quantity of MED12 protein, as well as Mediator 

subunits belonging either to the Kinase, Head or Tail modules, is not significantly different in 

the five mutated and control (WT) cells (Figure 1E, left panel). Immunoprecipitation (IP) 

experiments using antibodies directed towards MED6 or MED12 reveal that MED12 mutations 

do not change the overall composition of the Mediator when compared to WT cells (Figure 1E). 

 

 

MED12 mutated cells respond differently to external stimuli 

Considering certain symptoms of patients, we investigated the effect of MED12 

mutations on the expression of some nuclear receptors dependent genes, which play essential 

roles in development, differentiation, and metabolism (Belakavadi and Fondell, 2006). We first 

considered CYP24 gene that is under the control of Vitamin D (VitD) and has a role in 

maintenance of calcium homeostasis and skeleton architecture. We observed a similar 

expression of CYP24 gene in WT, MED12/R206Q, /N1007S and /R1295H cells, whereas in 
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MED12/N898D and /R961W cells, the gene is up-regulated (Figure 2A, lane 3 and 4). Next we 

investigated RARβ gene induced by trans retinoic acid (tRA), the biologically active form of 

vitamin A that mediates cellular signalling in embryonic morphogenesis, cell growth and 

differentiation. Every tRA treated lymphoblastoid cell lines, except MED12/N1007S, accumulate 

RARβ mRNA (Figure 2B lane 5). In this cells line, we repeatedly observed no RARβ activation 

over a 24h induction period (data not shown). We also considered the effect of MED12 

mutation on expression of genes induced by environmental stress, such UV irradiation. We 

found that the expression of GADD45 is down-regulated in both MED12/R206Q and /N898D 

cells compared to WT, MED12/R961W, /N1007S and /R1295H cells (Figure 2C, lane 2 and 3).  

All together, the above data underline how each MED12 mutation specifically disrupts 

the expression of certain genes in response to different induction. 

 

 

MED12 mutations impair PIC formation 

Mediator being known to mediate the response of Immediate Early Genes (IEGs) to 

serum mitogens stress (Hashimoto et al., 2011; Stevens, 2002), we next measured the 

expression of three IEGs, JUN, FOS and EGR1, after serum addition to serum-starved control 

and patients cells. We observed a dysregulation of those genes that depend firstly on MED12 

mutation and secondly on the activated gene (Figure 2 D1, E1 and F1). Indeed, expression of 

JUN is down-regulated in MED12/R206Q, /R961W and /N1007S cells compared to WT, 

MED12/N898D and /R1295H cells (Figure 2 D1, lanes 2, 4 and 5). In contrast, we observed a 

similar induction of FOS gene after serum addition in WT, MED12/R206Q and /N898D cells, 

whereas in MED12/R961W, /N1007S and /R1295H cells, FOS is up-regulated (Figure 2 E1, lanes 

4, 5 and 6). In addition, EGR1 expression is down-regulated in both MED12/R206Q and /N898D 

cells compared to WT, MED12/R961W, N1007S and /R1295H cells (Figure 2 F1, lanes 2 and 3) 

To determine whether the dysregulation of IEGs expression after serum mitogens in 

MED12 deficient cells resulted from defective preinitiation complex (PIC) formation (the first 

step of RNA synthesis), we next monitored the recruitment of the transcriptional machinery to 

their promoters by using Chromatin Immunoprecipitation (ChIP) coupled to qPCR. We observed 

a parallel between the expression of JUN, FOS and EGR1 and the recruitment of Pol II and 

MED12 at their respective promoter. In MED12/R206Q, /R961W and /N1007S cells, the down-

regulation of JUN correlates with a defective recruitment of Pol II and MED12 (Figure 2, 

compare panel D1, with panels D2 and D3, lanes 2, 4 and 5). In WT, MED12/R961W, /N1007S 
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and /R1295H cells, the expression of FOS parallels the recruitment of Pol II and MED12 

(compare panels E1 with panel E2 and E3, lanes 4-6). EGR1 down-regulation properly matches 

with a failure of Pol II and MED12 recruitment in MED12/R206Q and /N898D cells (compare 

panels F1 with panel F2 and F3, lanes 2 and 3). 

We next investigated the effect of the MED12 mutation on the recruitment of DNA 

binding transcription factors involved in JUN, FOS and EGR1 regulation. JUN is regulated by 

several responsive elements, including one that could be targeted by TCF4 (Hazzalin and 

Mahadevan, 2002; Nateri et al., 2005), a factor mutated in Pitt-Hopkins disorder (Peippo and 

Ignatius, 2012). We observed that the recruitment of TCF4 at its distal element as well as at the 

promoter, is impaired when Pol II and MED12 binding is defective (Figure 2 D4 and D5, lane 2, 4 

and 5). 

FOS and EGR1 expression is regulated by cooperative binding of ELK1, ELK3 (SPA1) and 

ELK4 (NET) to serum response elements (SREs) (Figure 2, upper schemes) (Buchwalter et al., 

2004). In MED12/R961W, /N1007S and /R1295H cells, the up-regulation of FOS parallels a 

reduced binding of the phosphorylated form of ELK1 (ELK1-P) that is compensated by an 

increase binding of its related paralog ELK3 on the SRE element (Figure 2, panels E4 and E5, 

lanes 4, 5 and 6). On the contrary, in MED12/R206Q cells, we observed a higher binding of 

ELK1-P and a lower binding of ELK3 at FOS promoter when compared to WT cells (Panels E4, 

lane 2). In MED12/N898D cells, neither ELK1-P nor ELK3 are detected at SRE (Panels E4 and E5, 

lane 3). However, in these two cells lines, FOS seems to be normally expressed (Panels E1, lanes 

2 and 3). In both MED12/R206Q and /N898D cells in which EGR1 is down regulated neither 

ELK1-P nor ELK3 are recruited at its promoter (Panels F4 and F5, lanes 2 and 3), while in the 

three other MED12 deficient cells as well as in WT cells, we observed ELK1-P recruitment (lanes 

4-6). 

Knowing that each gene can be under the control of different stimuli, we next 

investigated the behavior of JUN and FOS when the five MED12 deficient cells were submitted 

to UV irradiation. In such case, contrary to what was observed above (Figure 2 D1), JUN is not 

down-regulated but even seems to be up-regulated in some of the MED12 cells lines. 

Moreover, over-expression of FOS after UV exposure is observed in different MED12 mutated 

cells than after serum treatment (Supplemental Figure 2). 

Taken together, our results (performed with lymphoblastoid cells) demonstrate how 

each MED12 mutation differently disturbs the expression of IEGs by altering the formation of 
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the pre-initiation complex at their respective promoters. Moreover our data showed that the 

defect for a given gene depends also on the nature of the activation. 

 

 

MED12 mutation also impaired gene expression in heterozygous female 

We further focus on another MED12 patient and his heterozygous mother from whom it 

was possible to obtain fibroblasts, much easier to handle than lymphoblastoid cells. Patients 

description, comparing with other patients described on Table 1, will be filled be Dr C. 

Francannet. 

Patient (R1295Hson) and his mother carried a G-to-A transition at nucleotide position 

c.3884 resulting in Arginine to Histidine amino acid modification. Sanger sequencing revealed 

that ~80% of mother fibroblasts express the mutant allele (Figure 3A). We proceeded as before 

and found that upon serum induction, JUN activation is deficient in both R1295Hson and 

mother cells while FOS and EGR1 are expressed similarly to control (WT) cells (Figure 3 B1, C1 

and D1).  

ChIP experiments next show that the defective recruitment of Pol II, the general 

transcription factor TFIIB, MED12, as well as TCF4 at JUN promoter correlates with the absence 

of JUN induction (Panels B2-B5). In contrast, the high recruitment of Pol II, TFIIB, MED12 and 

ELK1 parallels the high level of FOS and EGR1 expression (Panels C2-C5 and D2-D5).   

Gene activation is accompanied by important chromatin remodeling resulting from 

histone modifications. Euchromatin, which allows transcription, is characterized by acetylation 

of H3K9 (H3K9ac) while heterochromatin, which inhibits RNA synthesis, is characterized by a 

different set of chromatin marks such as dimethylation of H3K9 (H3K9me2) (Bannister and 

Kouzarides, 2011; Li et al., 2007). We here observed around FOS and EGR1 promoter an 

increase of H3K9 acetylation concomitantly to a decrease of H3K9 dimethylation in response to 

serum (Figure 3 C6-D6 and C7-D7). In contrast, JUN promoter is in a heterochromatin state in 

both son and mother cells compared to WT cells, as shown by the absence of H3K9 acetylation 

(Panel B6). 

 

Following treatment by tRA treatment, we observed a strong over-expression of 

RARβ and PDK4 (to a lower extend) in R1295Hson and mother cells compared to control (Figure 

3 E and F). Apart of this, in absence of any treatment, we also found an important difference in 

basal expression of RARβ in R1295Hson and mother cells compared to WT cells, while PDK4 
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basal expression is similar between the three cell lines (Supplemental Figure 3A and B). CYP24 

response to VitD treatment is altered in son fibroblasts while its expression in WT and mother 

cells occurs similarly (Figure 3G). However, OSTEOPONTIN gene is similarly activated in the 

three cell lines (Figure 3H). 

The above data (performed on fibroblasts) does not allow to discriminate between the 

mother and the son, both exhibit strong dysregulation in the expression of some genes 

compared to control cells. 
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DISCUSSION 

Our work revealed that each MED12 mutations disrupt differently the expression of 

activated genes, thus giving rise to different disorders (Table 2). EM studies show that Mediator 

complex undergoes distinct structural shift depending on the activator (Meyer et al., 2010; 

Taatjes et al., 2002). We could speculate that each mutation compromise differently the MED 

structure, without modifying its composition, and consequently the interaction of Mediator 

with some transcriptional factors could be altered.  

We shown that MED12 mutations impaired the response of JUN, FOS and EGR1 

immediate early genes (IEGs) to serum mitogens by altering the transactivation complex 

formation, as well as chromatin remodeling. It is well known that IEGs expression affects brain 

development and plasticity (Pérez-Cadahía et al., 2011). We previously proposed that altered 

IEGs expression might provide a molecular signature for cognitive deficits (Hashimoto et al., 

2011). Our results seem to confirm this hypothesis as all MED12 patients have intellectual 

disability and dysregulated IEGs expression in their cells.  

MED12 is located on chromosome X and thus in females one of its two alleles is 

inactivated. Moreover, X-inactivation occurs randomly during early embryo development on a 

cellular level, resulting in a mosaic expression, in which patches of cells have a normal allele of 

MED12, while other patches have a mutated allele. We have observed that most of 

heterozygous fibroblasts from a patient’s mother express the mutated allele. Consequently, 

both mother and son fibroblasts exhibit dysregulation of some genes expression.  

At this date, eight missense mutations have been described within MED12 gene in 

patients with cognitive deficit and dysmorphic features, but it is likely that more mutations in 

this gene will be detected in sporadic patients with similar clinical features.  
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MATERIALS AND METHODS 

Subjects:(to be filled by the doctors of patients) 

Physical examination 

Genotyping analysis 

Mutation screening of the MED12 gene 

Informed consent was obtained from each patients ???? 

 

Cell culture: 

Human primary fibroblasts were isolated from patients and grown in Dulbecco’s 

modified Eagle’s medium and Ham's F-10 Nutrient Mix, supplemented with 12% fetal calf 

serum (FCS) and penicillin-streptomycin. Lymphoblastoïdes cells were generated by Epstein-

Barr Virus (EBV) transformation of the peripheral blood lymphocytes from patients. They were 

grown in RPMI without Hepes supplemented with 15% FCS and gentamycin. All the cells were 

maintained at 37°C in 5% CO2 environment. 

 

Sequences alignment 

Sequences alignment was performed with BioEdit software (open source). The following 

sequence has been used: Homo sapiens (NP_005111.2), Mus musculus (NP_067496.2), Rattus 

norvegicus (NP_001180221.1), Bos Taurus (XP_005228076.1), Pongo abelii (NP_001124553.2), 

Pan troglodytes (NP_001009019.1), Danio rerio (NP_001034550.1), Xenopus tropicalis 

(XP_002934949.2).  

 

Coimmunoprecipitation assays. 

Lymphoblastoid cells were harvest in lysis buffer (50mM Tris HCl pH7.5, 150 mM NaCl, 

1mM EDTA, 1% Triton) with protease inhibitor Cocktail (cOmplete, ROCHE). 200µg of whole cell 

extract were incubated with protein G magnetic bead (dynabead, invitrogen) and 2µg of 

corresponding antibodies (MED6, MED12 or BSA). After washes at 300mM salt, beads were 

boiled in Laemmli buffer and proteins were separated by SDS-PAGE, transferred to 

nitrocellulose membrane and probed with antibodies.  

 

Treatments: 

For treatment by all-trans retinoic acid (tRA; Biomol) or 1α,25-Dihydroxyvitamin D3 

(VitD; Sigma-Aldrich), cells were incubated in red phenol-free medium containing charcoal 

treated FCS and antibotics during 12 hr prior to the treatment. The induction start with 

replacement of this medium by the same medium containing 10µM of tRA or 100nM of VitD 

For serum treatment, cells were incubated in medium without serum and red phenol for 

24h. Then, cells were treated by addition of serum (20% final concentration) directly into the 

medium.  

For UV irradiation, lymphoblastoid cells were quickly rinsed with PBS. For each point, 4 

millions of cells were resuspended in 2 ml of PBS and spread on a 10-cm dish, forming a small 

layer. Cells were then exposed to UV irradiation with a Philips TUV lamp (predominantly 254 
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nm) at a dose of 20 J/m2. Subsequently, the medium was added back, and cells were returned 

to culture conditions for definite times. 

 

RNA extraction, reverse transcription and real-time qPCR: 

Total RNA was extracted with RNAeasy mini kit (QIAgen) and reverse transcribed with 

poly-dT primer using Superscript II reverse transcriptase (Invitrogen). Real-time quantitative 

PCR was carried out on the Lightcycler 480 using SYBR Green I Master (Roche). All the primers 

are available upon request. mRNA levels represent the ratio between values obtained from 

treated cells compared to untreated cells normalized against the housekeeping GAPDH mRNA. 

 

Chromatin Immunoprecipitation (ChIP): 

After treatment, cells were subjected to crosslinking at room temperature for 15 min 

with 1% formaldehyde, followed by addition of glycine to terminate crosslinking reactions. Cells 

were lysed in shearing buffer (50 mM Tris-HCl pH8, 10mM EDTA, 1% SDS) with PIC at 4°C for 15 

min. Nucleus were pelleted and resuspended in sonication buffer (50mM Hepes pH7.6, 140mM 

NaCl, 1mM EDTA, 1% TritonX, 0.1% Na-deoxycholate, 0.1% SDS) with PIC. Chromatin was 

sheared using 800R sonicator (Qsonica). Samples were incubated with corresponfing antibodies 

at 4°C overnight. Immune complexes were precipitated with a pre-blocked mix of protein G- 

and A-Sepharose beads (GE Healthcare Life Sciences) for 3h at 4°C. Bound complexes were 

sequentially washed with sonication buffer, high salt buffer (50mM Hepes pH7.6, 500mM NaCl, 

1mM EDTA, 1% TritonX, 0.1% Na-deoxycholate, 0.1% SDS) and TE buffer (10mM Tris, 1mM 

EDTA). Protein-DNA complexes were recovered in elution buffer (100mM NaHCO3, 1%SDS) and 

the cross-linking was reversed by overnight incubation at 65°C. DNA fragments were treated 

with proteinase K for 2h at 42°C and purified using PCR purification kit (QIAGEN). Quantitative 

PCR was performed as described above using sets of primers available upon request. All the 

results are presented as ‘fold recruitment’ and represent the ratio of input percentage between 

treated and non-treated cells.  

 

Antibodies: 

For Western blot, the following antibodies were used: MED6 (santacruz, sc-9434), 

MED12 (Béthyl, A300-774A), MED22 (santacruz, sc-393738), MED23 (BD Pharmingen, 550429), 

CyclinC (santacruz, sc-1061) and β-tubulin (millipore, MAB3408). 

For immunoprecipitation, the following antibodies were used: monoclonal antibodies 

against RNA polymerase II (IGBMC, 1BP 7C2), ELK3 (IGBMC, 5NE 2F3A2), and polyclonal 

antibodies against BSA (santacruz, sc50528), MED6 (santacruz, sc-9434), MED12 (Béthyl, A300-

774A), TFIIB (santacruz, sc-225), TCF4 (santacruz, sc13027), ELK1-P (santacruz, sc8406) and 

H3K9ac (cell signaling, #9671) and H3K9me² (cell signaling, #9753). 
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Figure 1: Effect of mutations on MED12 gene expression and Mediator complex composition. 

(A) A composite depiction of the global structure of the human Mediator complex.  

(B) Schematic overview of MED12 protein, including the PQL (proline-, glutamine- and leucine-

rich) and the OPA (glutamine-rich) domain. The three recently identified amino acid changes 

are indicated (bottom), as well as previously published amino acid (top) changes leading to X-

linked mental retardation including Opitz-Kaveggia, Lujan syndrome, the Maat–Kievit–Brunner 

type of Ohdo syndrome and non-syndromic profound X-linked intellectual disability (NSXID).  

(C) Electropherograms showing the new discovered mutation (in bold) of affected individuals 

(bottom) and healthy control (top). 

(D) Expression of MED12, MED17, MED23 and CDK8 genes in normal (WT) and mutant 

lymphoblastoïd cells. The values were normalized relatively to GAPDH gene expression. Error 

bars represent the standard deviation of at least three independent experiments. 

(E) Analysis of MED complex composition by immunoprecipitation (IP) of MED6, MED12 or a 

control (BSA). Bound proteins were revealed by Western blot using antibodies against Cyclin C 

(CycC), MED6, MED12, MED22 and MED23. INPUT corresponds to 20% of the lysate used for IP 

reactions.  
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Figure 2: Dysregulation of gene expression in MED12 lymphoblastoid cells.  

Relative mRNA expression of CYP24 gene after 9h VitD(10 µM) treatment (A), RARβ gene after 

6h tRA (10 µM) treatment (B), GADD45 genes after 8h of UV-irradiation (20 J/m²) (C), and JUN 

(D1), FOS (E1) and EGR1 (F1) genes 30min after serum addition to serum-starved control (WT) 

or patients lymphoblastoid cells. In this and subsequent figure, values of mRNA expression after 

induction, represent at least three different experiments. Results are presented as fold 

induction, meaning the ratio of treated cells relative to non-treated cells, after normalization 

against GAPDH. 

Schematic representations of JUN, FOS and EGR1 genes are indicated with the designed PCR 

amplicons. ChIP monitoring of the serum-dependent recruitment of Pol II (D2, E2, F2), MED12 

(D3, E3, F3), TCF4 (D4, D5), ELK1-P (E4, F4) or ELK3 (E5, F5) on the IEGs promoter was 

performed on chromatin fraction from WT or patients cells with serum for 10min. In this and 

subsequent figure, each series of ChIP are representative of at least two independent 

experiments. Values are expressed as fold enrichment, which represent the ratio of the INPUT 

percentage between treated and non-treated cells. 
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FIGURE 3 
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Figure 3: Dysregulation of gene expression in MED12 fibroblasts.  

(A) Electropherograms showing the nucleotide variation c.3884 G>A of the MED12 sequence in 

the son (middle), the mother (bottom) and a healthy control (top) fibroblasts. 

The fibroblasts were treated with serum after serum starvation (20%, 30min) (B, C, D), with 

retinoic acid (10µM; 8h) (E, F) or with Vitamin D (100nM; 8h) (G, H,) and relative mRNA 

expression of different responsive genes were monitored by RT-qPCR. (*, P<0.05; **, P<0.01, 

Student’s t-test) 

ChIP monitoring the serum-dependent recruitment of Pol II (B2, D2, C2), TFIIB (B3, D3, C3), 

MED12 (B4, C4, D4), TCF4 (B5), ELK1-P (C5, D5), acetylated H3K9 (B6, C6, D6) and dimethylated 

H3K9 (B7, C7, D7) on the IEGs promoter are performed on the chromatin fraction from WT or 

patients cells treated with serum. 
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TABLE 1 
 

Table 1: Comparison of Clinical Features in Med12-associated disorders  

 ? ? FG Lujan Ohdo ? 

 R206Q N898D 
R961W 
G958E 

N1007S 
R1148H 
S1165P 

R1295H 

Growth       

Tall Stature   - + - + 

Macrocephaly + + + + -  

Neurological       

Intellectual disability + + + + + + 

Agenesis of corpus callosum   + + -  

Hypotonia  + + + +  

Behavioural disturbance +  + + +  

Speech abnormalities   - - +  

Craniofacial       

Long narrow face   - + -  

Tall prominent forehead  + + + + + 

Triangular face   - - +  

Blepharophimosis   - - +  

Downslanting palpebrae   + + +  

Strabismus +  + + +  

Hypertelorim   + - -  

Small ears  + + - +  

Philtrum    short long  

Maxillary hypoplasia   + + - + 

Micrognathia   + + +  

High narrow palate   + + + + 

Open mouth   + + +  

Dental anomalies   + + -  

Extremity       

Foetal finger pads   + - -  

Syndactyly   + - -  

Broad thumbs  + + + -  

Horizontal palmar crease   + - -  

Long hyperextensible digits   - + +  

Cardiovascular       

Congenital heart defect 
Left 

ventricular 
hypertrophy 

 - - -  

Gastrointestinal       

Constipation   + - +  

Anal anomalies   + - -  

Genitourinary       

Genital anomalies   + - + + 

Others Extra Nipples      



RESULTS: MED12 

 

97 

 

 

 

TABLE 2 
 
 
 
 

Table 2: Comparison of genes response in the different MED12 mutated lymphoblastoid cells.  

 VitD tRA Serum UV 

 CYP24 RARββββ JUN FOS EGR1 JUN FOS GADD45 

MED12/R206Q = = - = - + + - 
             /N898D + = = = - = = - 
             /R961W + = - + = = + = 
             /N1007S = - - + = = = = 
             /R1148H n.d. n.d. n.d. = = n.d. n.d. n.d. 

             /S1165P n.d. n.d. n.d. = - n.d. n.d. n.d. 

             /R1295H = = = + = = + = 

 
+ : upregulated; 
= : similar; 
- : downregulated compared to WT.  
n.d.=no data 
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FIGURE S1 
 

 

 
 

Figure S1: MED12 sequence conservation 

Amino acid conservation between species at and around the residues R206 (A), N898 (B), R961 

(C), N1007 (D) R1148 and S1165 (E) and R1295 (F) in MED12 (residue highlighted in grey). 
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FIGURE S2 
 
 

 
Figure S2: Dysregulation of gene expression in MED12 lymphoblastoid cells after UV 

irradiation. 

Relative mRNA expression of JUN (A) and FOS (B) genes after 2h and 1h respectively of UV-

irradiation (20 J/m²) in WT or patients lymphoblastoid cells. The values from three different 

experiments are presented in fold induction which means the ratio of treated cells relative to 

non-treated cells after normalization against GAPDH. 

 

 

 

 
 

FIGURE S3 
 

 

 
Figure S3: R1295H mutation in MED12 impairs RARββββ basal expression. 

Relative mRNA-expression of RARβ and PDK4 in physiological condition. The results are the 

mean of three independent experiments and represent the relative expression level of the gene 

versus GAPDH. 
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FIGURE S4 
 
 

 
Figure S4: Effect of MED12 mutations associated with Ohdo syndrome on FOS and EGR1 

expression 

(A) Electropherograms showing mutation (in bold) of an affected individual (bottom) and his 

mother expressing the WT allele (top). 

mRNA expression level of FOS (B) and EGR1 (C) genes 30min after serum addition to serum-

starved control (WT) or patients lymphoblastoid cells. The values from three different 

experiments are presented in fold induction which means the ratio of treated cells relative to 

non-treated cells after normalization against GAPDH. 
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PERSPECTIVES 

As indicated in the figures, some ChIP experiments are missing and are currently in 

progress. We also plan to analyze the effect of MED12/R1295H mutation on the binding of Pol 

II and MED12 genome-wide by ChIP-sequencing experiment.  

To verify that genes expression alteration observed in patients fibroblasts is due to 

MED12/R1295H mutation, cells were transfected with a plasmid engineering to express wild-

type MED12 protein. Unfortunately, transfection by its-self affects genes expression. We thus 

changed our approach. Indeed, mother fibroblasts are composed of two different cells: ~¾ of 

cells express the mutant allele of MED12, while ~¼ the WT allele. I presently perform a clonal 

selection of these cells in order to separate the two populations. Later, transcriptional 

activation of some given genes will be analyzed and compared with previous results.  

 

To generate more proper and robust cellular models for MED12, we are applying 

CRISPR/Cas9 system to knock-out MED12 gene in HeLa, neuroblastoma (IMR32, BE(2), Lan1) 

and oligodendroglioma (HOG), the cellular types affected in patients carrying MED12 

mutations. MED12 expression will further be restored via stable transfection of plasmid 

engineering to express WT or mutated form of MED12 protein fused to a tag B10. This system 

will allow to study the effect of each MED12 mutation on genes expression in different cell 

types.  

In order to reveal the effect mechanism of MED12 dysfunction during diseases 

development and progression, we have reprogrammed the fibroblasts (R1295Hson, mother and 

WT) into Induced Pluripotent Stem cells (hIPSc). We also planned to generated hiPSc from the 

EBV-immortalized lymphoblastoid cell lines carrying the different MED12 mutations (R206Q, 

N898D, R961W, N1007S, R1148H, S1165P and R1295H) (Rajesh et al., 2011). Considering the 

clinical features observed in MED12 patients, the hiPSc will further be differentiated in various 

cells types (neurons, ...etc) and the effect of MED12 mutations on gene expression and on 

differentiation efficiency will be analyzed. 
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MED17 PROJECT: 

Infantile Cerebral and Cerebellar Atrophy  

and mutation p.L371P in MED17 
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INTRODUCTION 

Besides MED12 subunit, we are also interested in MED17, which belongs to the Head 

module. A homozygous missense mutation in MED17 (p.L371P) is associated with Infantile 

cerebral and cerebellar atrophy (Kaufmann et al., 2010). In addition to better understand the 

etiology of this disease, my thesis project was also focused in having a better comprehension of 

MED17 role in gene regulation. Using two cells models, patients lymphoblastoid cells and 

transgenic mice embryonic fibroblasts, our preliminary results show that the mutation does not 

affect the mRNA expression of Mediator subunits, as well as the stability of those proteins. 

Interestingly, the composition of Mediator complex seems to be affected in mutated cells from 

mice but not from human. Moreover, MED17/L371P mutation disturbs the expression of 

Immediate Early Genes (IEGs) in response to serum mitogens by altering transactivation 

complex formation. It also impairs the response of genes activated by UV irradiation or nuclear 

hormone receptors.  

 

 

 

RESULTS & DISCUSSION 

Two cells models 

We obtained lymphoblastoid cells (LCs) from a patient carrying the homozygous 

mutation p.L371P (c.1112 T>C) in MED17 gene (Figure 12). In order to have a second cellular 

model, we also isolated MEFs (Mouse Embryonic Fibroblasts) from homozygous Med17/L371P 

mouse embryos which have been generated in collaboration with the Mouse Clinical Institute 

through GENCODYS project (see Mice models project). MEFs are easier to handle than 

lymphoblastoid cells and allow to have a control with the same genetic background, i.e. MEFs 

from the same litter of animals.  

 

 

Figure 12: MED17/L371P mutation.  
Electrophoregrams showing the mutation c.1112 T>C in 
MED17 sequence of an individual with Infantile cerebral and 
cerebellar atrophy (bottom) and in comparison with the WT 
sequence (top).  
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MED17/L371P mutation does not change MED subunits gene expression and protein stability 

As previously done for MED12 mutations, I first evaluated the impact of MED17/L371P 

mutation on expression of the corresponding transcript and protein product in both cell 

models, LCs and MEFs. In normal (WT) and mutated (MED17/L371P) cells, RT-qPCR shows 

similar expression of MED17 gene, as well as of subunits belonging either to the Kinase, Middle 

or Tail module (Figure 13A and B). Western-blot analysis performed on whole cell extracts 

reveals comparable amount of MED17 protein in WT and MED17/L371P cells (Figure 13C and 

D). A similar result is observed for other Mediator subunits from the Head (MED6), Tail (MED16 

and MED23) and Kinase (MED12, CDK8 and CYCLIN C (CCNC)) modules. Consequently, the 

mutation does not affect the mRNA expression of Mediator subunits, as well as the stability of 

those proteins.  

 

 
 

Figure 13: Effect of Med17/L371P 
mutation on MED17 expression and 
protein stability. 
(A-B) Expression of Med17, as well as 
other MED subunits belonging to the 
Head, Middle, Tail and Kinase modules, 
in control (WT) and mutant cells 
(MED17L371P). Values are normalized 
relatively to housekeeping gene (GAPDH 
gene for LCs and 18S gene for MEFs). 
Error bars represent the standard 
deviation of at least three independent 
experiments.  
(C-D). Immunoblot analysis of MED17 
and six other Mediator subunits from the 
Head, Tail and Kinase modules in WT and 
mutated cells. The blots represent at 
least two independent experiments. 
Experiments was performed both in 
Lymphoblastoids cells (LCs) (A-C) and in 
Mouse Embryonic Fibroblasts (MEFs) (B-
D) 

 

 

Different effect of MED17/L371P on MED composition between human and mouse 

MED17 is a central component of Mediator architecture, playing a critical role in 

assembly of the Head module (Takagi et al., 2006; Imasaki et al., 2011; Tsai et al., 2014). 

Considering the well-defined Head module structure of yeast and the functional homology 

around the L371 residues between yeast and human, it seems that the α-helix of Med17, 
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containing disease mutation, interacts with Med11 and Med22 subunits (Figure 14A and B). 

Moreover, 2D structure prediction of the L371P substitution shows that the mutation inhibits 

helix formation (Figure 14C) (Petersen et al., 2009). Altogether, these data suggest that the 

mutation could disrupt module assembly.  

 

 

Figure 14: Predicted effect of MED17/L371P mutation. 

A. Overall structure of the yeast Mediator head module (adapted from Imasaki et al., 2011). The α-helix 
of Med17 (residue 500 to 523) containing disease mutation are colored in yellow. Magnified window 
shows the atoms which are less than 10Å away from Med17 helix. 
B Sequence alignment of the human and yeast Med17 corresponding to the α-helix which contains the 
residue L371 in human.  
C. The probability of α-helix folding is predicted for human MED17 sequence from residue 365 to 385, as 
well as the consequence of the substitution of Leucine with Proline at position 371. 

 

 

I thus investigated Mediator architecture by performing Immuno-precipitation (IP) 

experiment using an antibody against one of the MED subunits. In MEFs, this analysis, carried 

out by means of Med6-specific antibodies, reveals less precipitation of Med22 subunit in 

Med17/L371P cells compared to WT cells (Figure 15A). In comparison, Med6, Med17 and 

Med22 subunits are precipitated with a similar fashion in both cells (Figure 15A). These results 

were observed two times. However, in LCs, a first experiment shows a similar pattern of 
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precipitation between control and mutant cells for MED17, as well as MED12, MED22 and 

MED23, by using antibodies against MED1 and MED6 (Figure 15B).  

 

 

Figure 15: Effect of 
Med17/L371P mutation on MED 
composition 
MED complex organization was 
analyzed in both MEFs (A) and 
LCs (B) by immune-precipitation 
(IP) against MED6, MED1 or a 
control (BSA). The bound 
proteins were revealed by 
Western blot (WB) using 
antibodies against MED6, 
MED12, MED17, MED22 and 
MED23. Input, 20% of the lysate 
used for IP reactions. 

 

Although overall Mediator architecture seems to be conserved across eukaryotes, our 

data reveal that the mutation MED17/L371P affects MED composition in mice but not in human 

(Tsai et al., 2014). However, this difference could be attributed to the different cell lines used, 

i.e. lymphoblastoid cell in human and fibroblast in mice. 

 

MED17 mutated cells respond differently to external stimuli 

I proceeded as before and analyzed the effect of MED17/L371 mutations on gene 

expression induced by treatment of cells with serum, UV-irradiation or hormones. In LCs, we 

found that, upon serum induction, JUN and EGR1 expression is down-regulated, while 

expression of FOS remains unchanged in MED17/L371P cells compared to control (Figure 16 A1, 

B1 and C1). We observed a parallel between the expression of IEGs and the recruitment of Pol II 

at their respective promoter (Figure 16 A2, B2 and C2). Indeed, JUN and EGR1 down-regulation 

matches with a failure in Pol II recruitment (compare panels A1 with A2 and B1 with B3). By 

contrast, recruitment of Pol II at FOS promoter is similar in both WT and MED17/L371P cells 

(panel C2).  

We observed that the recruitment of the transcription factor TCF4 at JUN promoter is 

impaired when Pol II binding is defective (Figure 16 A3). In mutated cells, ELK1 recruitment on 

FOS promoter is increased whereas the recruitment of its paralog ELK3 is reduced compared to 
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WT cells; suggesting that the mutation altered the constitution of what nonetheless remains a 

functional PIC.  

Our results demonstrate that in LCs the mutation MED17/L371P disturbs the expression 

of Immediate Early Genes (JUN, FOS and EGR1 genes) by altering pre-initiation complex 

formation at their promoters. This seems to confirm our previous hypothesis that intellectual 

disability observed in patients with mutations in Mediator or TFIIH could be the result of 

impaired fine-tuning of IEGs expression during development (Hashimoto et al., 2011).  

 

Unexpectedly, in control and mutated MEFs, we observed similar expression of Jun, Fos 

and Egr1 gene upon serum induction (Figure 16 H, I and J). However, a previous study showed 

that loss of MED23 severely affect Egr1 expression  in mouse Embryonic Stems cells, but only 

modestly in MEFs cells (Balamotis et al., 2009). ChIP experiments revealed that the difference 

between the two cells types is due to change in the relative amount of three related 

transcription factors at Egr1 promoter. A similar process could explain our difference in LCs and 

MEFs for Jun, Fos and Egr1 gene expression. 

 

Knowing that some genes can be under the control of different stimuli, I next 

investigated the behavior of JUN and FOS genes, as well as GADD45 gene, in response to UV 

irradiation in LCs. We observed a similar expression of FOS and GADD45 genes in both cells 

(Figure 16 E and F). Interestingly, exposure to UV leads to an over-expression of JUN in 

MED17/L371P compared to control (panel D), rather than to its down-regulation, as it was 

expected. (panel D). Our data show that the mutation affects differently the expression of JUN 

gene depending on the nature of the stimulus (serum vs. UV).  

 

The L371P mutation has no effect on RARβ expression induced by tRA treatment in LCs 

(Figure 16 G). In contrast, following VitD induction in MEFs, Cyp24 gene is up-regulated, 

whereas Osteopontin gene is down-regulated in mutated cells compared to control (Figure 16 K 

and L). Interestingly, we also observed up-regulation of CYP24 gene in fibroblasts baring 

R1295H mutation in MED12 (see MED12 results), which suggest a similar effect on PIC 

formation of both MED12/R1295H and MED17/L371P mutations.  

Altogether, the above data show a specific involvement of MED17 in the expression of 

genes regulated by different stimuli.  
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Figure 16: Dysregulation of gene expression in MED17/L371P cells after various stimuli. 
The mRNA expression of JUN (A1-D), FOS (B1-E) and EGR1 (C1-F) genes 30min after serum addition to 
serum-starved cells is monitored, as well as of JUN (G), FOS (H) and GADD45 (I) genes after 2h, 1h or 8h 
respectively of UV-irradiation (20 J/m²). The mRNA expression of RARβ gene (J) 6h after tRA (10 µM) 
addition is also examined, as well as Cyp24 (K) and Osteopontine (L) genes after 8h of VitD (100 nM) 
treatment. The values from at least two different experiments are presented in fold induction, meaning 
the ratio of treated cells relative to non-treated cells after normalization against housekeeping gene 
(GAPDH gene for LCs and 18S gene for MEFs).  
ChIP monitoring the serum-dependent recruitment of Pol II (A2, B2, C2), TCF4 (A3), ELK1-P (B3) and ELK3 
(B4, C4) on the promoter of the three IEGs in LCs. Values are expressed as fold enrichment, which 
represent the ratio of the INPUT percentage between treated and non-treated cells. n.d.=no data 

 

 

PERSPECTIVES 

Most of the results are still preliminary and should be confirmed. In addition, ChIP 

experiments will be pursued to study the composition of the transcription machinery at the 
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promoter of dysregulated genes in mutated cells. We will also analyze the histone post-

translational modifications necessary for chromatin remodeling (methylation of H3K4 and H3K9 

and acetylation of H3K9). 
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NIPBL PROJECT: 

Cornelia de Lange syndrome and NIPBL mutation 
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INTRODUCTION 

Cohesin complex is a dynamic multiprotein complex, which works cooperatively with 

Mediator complex to facilitate the formation of specific chromatin structure (Kagey et al., 2010; 

Muto et al., 2014). The core of the cohesin complex is made up of four subunits: SMC1, SCM3, 

RAD21 and SA1/SA2. In addition, this core requires NIPBL (Nipped-B-like) and its partner MAU2 

for its loading on chromatin. Mutations in cohesin complex are responsible for Cornelia de 

Lange Syndrome (CdLS), in which a number of characteristics are common with MED12-related 

disorders, such as intellectual disability. We thus decided to study the role of NIPBL during 

transcription process and thus gain a better comprehension of the etiology of CdLS. Using 

fibroblasts from patient carrying a mutation in NIPBL, I demonstrated an autoregulation of 

NIPBL and preliminary results suggest a role of this protein in the basal expression of RARβ 

gene. 

 

 

RESULTS & DISCUSSION 

NIPBL regulates its own expression 

We obtained fibroblasts from an individual with Cornelia de Lange syndrome (CdLS). 

This patient has a heterozygous mutation c.6516-6517insA in NIPBL gene, mutation leading to 

the expression of a truncated protein (Figure 17A). The consequence of this mutation on NIPBL 

RNA expression was assessed by RT-qPCR. I observed a significant decrease of NIPBL mRNA 

levels in CdLS NIPBL cells compared to control cells, whereas the expression of its interactants 

(Mediator and cohesin subunits) remains unchanged (Figure 17B). Similar reductions of NIPBL 

mRNA have been reported in other cell lines derived from individuals with CdLS (Borck et al., 

2006; Liu et al., 2009). I could not check whether transcript reduction results also in protein 

reduction, due to the absence of a good antibody against NIPBL.  

In order to understand the decrease of NIPBL mRNA expression, I next analysed, by ChIP 

experiments, the recruitment of transcriptional factors on NIPBL promoter. Preliminary results 

reveal less occupancy of Pol II, NIPBL and SMC1 at NIPBL promoter in CdLS cells compared to 

WT, while TFIIB occupancy remains unchanged (Figure 17C). Altogether these data suggest that 

NIPBL regulates its own expression. This explanation is favoured by previous studies showing 

that both Nipbl+/- Drosophila and mice exhibit only a 25-30% drop in transcript levels, rather 

than an expected decrease of 50% (Rollins et al., 2004; Kawauchi et al., 2009). 
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Figure 17: Effect of NIPBL mutation on its gene expression. 
A. Electrophoregrams showing the mutation c.6516-6517insA in NIPBL sequence of an individual with 
Cornelia de Lange syndrome (bottom) and the WT sequence (top).  
B. Expression of NIPBL gene, as well as genes of cohesin and Mediator complex in WT and CdLS NIPBL 
cells. The values are normalized relative to GAPDH gene and expressed relative to mRNA levels in control 
cells, which are arbitrarily assigned a value of 1. In this and subsequent figures, error bars represent the 
standard deviation of at least three independent experiments.  
C. ChIP monitoring the occupancy of Pol II, NIPBL, SMC1 and TFIIB at NIPBL promoter. The level of 
occupancy for each protein is expressed relative to its level of occupancy in control cells, which are 
arbitrarily assigned a value of 1. Error bars represent the standard deviation of at least two independent 
experiments. 
Asterisks denote statistically significant values relative to control (Student’s t test, *p < 0.05, **p < 0.01). 
 

 

NIPBL mutation does not affect IEGs expression 

We previously hypothesized in our group that intellectual disabilities (ID) linked to 

mutations in Mediator and TFIIH could be associated with altered expression of the Immediate 

Early Genes (IEGs) JUN, FOS and EGR1 ((Hashimoto et al., 2011). Considering that ID is one of 

the clinical features of CdLS and that cohesin complex interact with Mediator, I next evaluated 

by RT-qPCR the effect of NIPBL mutation on the expression of these three IEGs after serum 

addition to serum-starved cells. Contrary to what is expected, expression of JUN, FOS and EGR1 

is similar in WT and CdLS NIPBL cells (Figure 18).  

 

 

Figure 18: Effect of NIPBL mutation on the expression of IEGs. 
The fibroblasts were treated 30min with serum (20%) after serum 
starvation and relative mRNA expression of JUN, FOS and EGR1 genes 
were monitored by RT-qPCR. The values are presented in fold 
induction, meaning the ratio of treated cells relative to non-treated 
cells after normalization against GAPDH.  
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However, about 40 cellular IEGs have been identified so far. It is possible that IEGs other 

than the three studied are deregulated. Gene expression analysis by microarray experiments 

after serum addition to serum-starved fibroblasts should be performed to identify the altered 

Immediate Early Genes. 

 

NIPBL mutation impairs only a subset of genes 

Considering the dysmorphic features of patients, we also analyzed the effect of NIPBL 

mutation in the expression of genes induced by hormones, such as Vitamin D (VitD) and all 

trans retinoic acid (tRA). Expression of CYP24 and OSTEOPONTIN are unchanged after VitD 

treatment in both control and CdLS NIPBL cells (Figure 19).  

 

 

Figure 19: Effect of NIPBL mutation on the expression of VitD 
response genes. 
The fibroblasts were treated 8h with Vitamin D (100nM) and 
relative mRNA expression of CYP24 and OSTEOPONTIN genes were 
monitored by RT-qPCR. The values are presented in fold induction.  

 

In contrast, after tRA treatment, RARβ gene is overexpressed 50 times more in mutated 

cells compared to controls (Figure 20A). Analysis of other tRA-target genes (TMG2, RARα, 

NRIP1, SMAD3 and PDK4) shows no dysregulation as important as observed for RARβ. Indeed, 

TMG2 and RARα expression is up-regulated only 2 times more in CdLS NIPBL cells compared to 

WT cells (Figure 20B and C), while expression of SMAD3 genes remains unchanged (Figure 20D). 

Furthermore, in response to tRA treatment, NRIP1 is slightly down regulated while the 

induction of PDK4 is delayed in time in mutated cells (Figure 20E and F). These results 

demonstrate a role of NIPBL in transcriptional regulation of only a subset of genes. 

Interestingly, as observed in fibroblast carrying MED12 mutation, the basal level of RARβ 

expression is reduced several-fold in CdLS NIPBL cells, while it is not the case of other RA-target 

genes (Figure 20, time 0). ChIP experiments reveal less occupancy on RARβ promoter of the 

transcription machinery (Pol II, RARα and MED1), as well as of the cohesin complex (NIPBL and 

SMC1) in CdLS cells compared to WT (Figure 21). We also observed a reduction of the histone 
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mark associated with active transcription, i.e. acetylation of histone H3 at lysine 9 (H3K9ac). 

These results reveal a role of NIPBL on RARβ basal expression. 

 

 

Figure 20: Effect of NIPBL mutation on the expression of RA-target genes. 

Time-course analysis of RARβ (A), TMG2 (B), RARα (C), SMAD3 (D), NRIP1 (E) and PDK4 (F) after all-trans 
retinoic acids treatment (10µM) to wild-type (WT) and CdLS NIPBL cells. The values are normalized to the 
housekeeping GAPDH gene. The fold induction values are indicated above each bar. 

 

 

Retinoic acid (RA) is involved in pleiotropic functions during vertebrate embryogenesis, 

such as brain or limb developement (Rhinn and Dolle, 2012). By consequence, dysregulation of 

RA-responsive gene and more particularly of RARβ gene observed in cells from patients could 

possibly contribute to some characteristics of Cornelia de Lange Syndrome, like intellectual 

disability and upper limb abnormalities. 
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Figure 21: Binding of transcriptional factors at RARββββ 
promoter in physiological condition. 

ChIP monitoring the occupancy of Pol II, RARα, MED1, NIPBL, 
SMC1 and H3K9ac on RARβ promoter. The level of occupancy 
for each protein is expressed relative to its level of occupancy 
in control cells, which are arbitrarily assigned a value of 1. 
Error bars represent the standard deviation of at least two 
independent experiments.  
Schematic representation of RARβ gene with the indicated 
amplicons.  
Asterisks denote statistically significant values relative to 
control (Student’s t test, *p < 0.05, **p < 0.01). 

 

 

 

PERSPECTIVES 

Considering the above data, a microarrays experiment will be conducted to examine the 

effect of NIPBL mutation on genes expression after retinoic acid treatment. Moreover, our 

laboratory has shown that the formation of a DNA loop between the promoter and the 

terminator of RARβ gene is required for its optimal expression (Le May et al., 2012). In addition, 

NIPBL, together with Mediator, facilitates the formation of these chromatin loops (Kagey et al., 

2010; Muto et al., 2014). Consequently, q3C (quantitative Chromatin Conformation Capture) 

experiment will be undertaken to analyze the spatial organization of RARβ gene in the cells 

from CdLS patients before and after tRA treatment. Later, Hi-C experiment could perhaps be 

considered in order to analyze the effect of NIPBL mutation on the three-dimensional 

architecture of whole genomes (Lieberman-Aiden et al., 2009). 

 

 



RESULTS: MICE 

 

116 

 

 

 

 

 

 

 

MICE PROJECT: 

Mice with 

MED12/R961W, MED17/L371P or MED23/R617Q 

mutation  
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INTRODUCTION 

As already mentioned in this manuscript, Opitz-Kaveggia syndrome, Infantile cerebral 

and cerebellar atrophy and non-syndromic mental retardation are caused by the mutation 

MED12/R961W, MED17/L371P and MED23/R617Q respectively (Risheg et al., 2007; Kaufmann 

et al., 2010; Hashimoto et al., 2011). Global alignment between homo sapiens and mus 

musculus sequences indicates that the protein MED12, MED17 and MED23 are highly 

conserved (data not shown). Moreover, the mutated residues are preserved across most 

orthologs, from Xenopus to human (Figure 22). We thus decided to generate, in collaboration 

with the Mouse Clinical Institute through GENCODYS project, homozygous mice carrying the 

MED12/R961W, MED17/L371P or MED23/R617Q mutation.  

 

 

Figure 22: Partial protein sequence alignment among multiple species around the residues 
MED12/R961, MED17/L371 and MED23/R617. 
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RESULTS & PERSPECTIVES 

Previous studies showed that mice with an expression of Med12 drastically reduced or 

in a mosaic fashion, fail to develop beyond embryonic day 10 (Rocha et al., 2010a, 2010b). In 

our case, it was impossible to obtain chimera mice, i.e. mice mice developed from an embryo 

injected at blastocyst stage with embryonic stem cells carrying the mutation Med12/R961W. 

We thus tried to generate mice with a conditional knockout (cKO) of Med12 gene and once 

again with no success. All these data underline the essential role of Med12 during early mouse 

development. 

 

Unlike patients, Med23/R617Q homozygous mice die during embryonic development 

(Figure 23). We thus created mice with a cKO of Med23 gene. These mice will be crossed with 

heterozygous Med23/R617Q mice to obtain Med23cKO/R617Q transgenic mice. This will allow us 

to study the effect of Med23 missense mutation in different tissues. 

 

 

Figure 23: embryos from a cross between Med23 
heterozygous mice (+/R617Q). 
Two different sizes of embryos are found from the 
same uterine horn after cross between Med23 
heterozygous mice (+/R617Q).  

 

Unexpectedly, Med17/L371P homozygous mice die 6-8 weeks after birth with no reason 

known at this time. Monitoring of animal development (body temperature, weight, righting 

reflex ...etc) is currently underway. We will next analyze genes expression (Immediate Early 

Genes, Nuclear receptor target genes...etc) in different tissues by in situ hybridization, RT-qPCR, 

microarrays or RNAseq. Indeed, some MED subunits seem to specifically regulate certain 

developmental pathways (Yin and Wang, 2014). As a consequence, mutation in a MED subunit 

will probably not have the same effect on gene expression depending on the cells type.  

 

We will also study the phenotype of heterozygous Med17/L371P and Med23/R206Q 

mice, taking into account the one developed by patients. Various behavioural tests (rotarod 
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test, different maze tests, fear conditioning...etc) will be performed to provide some 

information on the motor and learning ability of animals.  

In parallel, we will also isolate mouse embryonic stem cells carrying the mutation to 

realize experiments of differentiation in various cell types (neurons, adipocytes, ... etc.) and 

thus analyze gene expression at different stages of differentiation (Martin, 1981). 
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The ultimate goal of research on transcription is a complete understanding of gene 

expression regulation. By consequence, the structures, interaction networks and functions of all 

the proteins composing the transcription initiation complex have to be determined. Mediator 

(MED) was discovered two decades ago as one of many transcription factors of RNA 

polymerase II which played a particular role in transcription process (Flanagan et al., 1991). 

Since then our understanding of its importance only grew wider.  

Few years ago, we decided to focus on this complex as it interacts with the general 

transcription and repair factor TFIIH, which has been studied in detail in our laboratory (Sakurai 

and Fukasawa, 1997; Akoulitchev et al., 2000; Esnault et al., 2008). We chose to work also on 

the cohesin loader, NIPBL, a partner of Mediator complex (Kagey et al., 2010; Muto et al., 

2014). Historically, cohesin complex has mainly been studied for its role in chromosome 

segregation. However, during the last decade cohesin has been assigned with additional roles in 

DNA repair, as well as in regulation of gene expression.  

This last year, an expanding list of human pathologies has been linked to genetic 

variations of Mediator subunits or its partners. Our comprehension of genotype-phenotype 

relations is still far to be complete. Nevertheless, it is important to understand the pathologies 

at the molecular and cellular level as it contributes to a better comprehension of biological 

processes, such as transcription.  

The experiments detailed in this thesis gives an overview that how a subtle defect in 

MED subunit MED12 or MED17 or its partner NIPBL can lead to transcription dysregulation, 

further giving rise to diseases. It also underscores that each mutation is specific and thus give 

rise to different disorders although sharing some overlapping clinical features. Moreover, the 

use of different cellular models (fibroblasts or lymphoblastoid cells from human or mice) and 

comparisons between these models has provided informations which also contributed to our 

knowledge on gene expression. Indeed, it is becoming clear that Mediator activities are 

controlled differently depending on the tissues, the genes and the co-regulatory factors. 

In conclusion, Mediator is a marvelous and fundamentally important protein complex. 

Its multifunctionality in transcription does not cease to astonish researchers throughout the 

last decade. And yet, new unexpected details of its cellular life are discovered and upgrade it on 

an even more important position among cellular machines. Despite all these new functional 

details, further studies are required to elucidate the etiology of phenotypes associated with 

mutations in Mediator complex and its partners, so that one day it will be possible to develop 

treatments to these disorders. 
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 Lise-Marie DONNIO  

Étude transcriptionnelle des mutations dans le Médiateur ou 

dans son partenaire NIPBL à l’origine de maladies génétiques 

Résumé en Français 

Le Médiateur (MED) est un complexe multi-protéique dont le principal rôle est de 

transmettre les différents signaux fournis par les facteurs fixés sur des séquences d’ADN 

spécifique à la machinerie transcriptionnelle de base, permettant ainsi une régulation fine de 

l’expression des gènes. Des mutations dans le MED ou ses partenaires, comme NIPBL, sont à 

l’origine de diverses maladies telles que des malformations congénitales, des troubles 

neurodéveloppementaux ou des cancers. A partir de cellules provenant de patients portant 

différentes mutations dans les sous-unités MED12 ou MED17 du MED ou dans NIPBL, nous 

avons observé une altération du niveau d’expression de certains gènes qui dépend de la 

localisation de la mutation et de la nature de leur activation. Ces variations de l’expression des 

gènes sont la conséquence d’un défaut dans la formation du complexe de transcription et du 

remodelage de la chromatine (modifications post-traductionnelles des histones). Outre une 

meilleure appréhension du rôle des sous-unités MED12 et MED17 du MED ainsi que NIPBL, sur 

la transcription des gènes, ma thèse a permis de mieux comprendre l’étiologies des maladies 

associées à une mutation dans ces protéines.  

 

Mots-clé : le complexe Médiateur, Maladies génétiques, Transcription, Déficiences 

intellectuelles lié à l’X, MED12, MED17, NIPBL. 

 

English abstract 

Mediator (MED) is a multi-protein complex whose main role is to convey the different 

signals from factors bound at specific DNA sequences to basal transcriptional machinery, 

allowing thus a fine regulation of gene expression. Mutations in MED or its partners, like NIPBL, 

cause various diseases, such as congenital malformations, neurodevelopmental disorders or 

cancers. Using cells from patients carrying different mutations in the MED subunits MED12 or 

MED17 or in NIPBL, we observed an alteration of the expression of studied genes which depend 

on the position of the mutation and on the nature of the activation. These variations of gene 

expression are the consequence of a defect in transcription complex formation, as well as in 

chromatin remodeling (histones post-translational modifications). In addition to better 

comprehend the role of the MED subunits MED12 and MED17, and of NIPBL on gene 

transcription, my thesis helped to better understand the ethiology of the disorders associated 

with mutations in these proteins.  

 

Key words: Mediator complex, genetic disorders, Transcription, X-linked intellectual disabilities, 

MED12, MED17, NIPBL. 


