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Resume of the thesis in English

Involvement of TFIIH in NER factor mediated chromatin remodeling

TFIIH: a dynamic complex

TFIIH is a multi-subunit complex, first characterized and purified as a general transcription
factor of RNA polymerase II (RNA pol II). Originally TFIIH was thought to be exclusively a
basal transcriptional factor but later it was found to be involved in DNA repair and possibly in
cell cycle regulation as one of the major component essential for the life of the cell. It consists of
two sub-complexes: core complex and cyclin-activating kinase (CAK). The core complex
consists of six subunits: XPB, p62, p52, p44, p34 and p8/TTD-A), (Hoeijmakers 2001). CAK is
composed of the three subunits: CDK7, cyclin H and MAT1. The core and the CAK are held
together by the XPD, subunit. TFIIH possesses several enzymatic activities which are

indispensable for nucleotide excision repair (NER) and transcription.
TFIIH during NER

Living organisms are continuously exposed to damaging agents such as UV-rays, X-rays which
creates DNA damage, CPD- photoproducts in the genome. To maintain genomic stability these
DNA lesions are removed by several DNA repair pathways. NER pathway is one of them and
subdivided into global genome repair (GGR) pathway and the transcription-coupled repair
(TCR) pathway. TFIIH functions after a DNA lesion has been recognized by either the GGR
pathway or the TCR pathway of NER. In GGR pathways the DNA damage is recognized by
XPC/HR23B complex while in TCR the stalled RNA pol II stalled in front of the DNA lesions on
the transcribed DNA strand initiates the recruitment of the CSA and CSB. TFIIH then unwinds
the DNA around the lesions via its 3’-5" helicase/ATPase activity of XPB and 5’- 3’ helicase
activity by XPD. Opening of the bubble around the damage is maintained by the arrival of XPA
and RPA. Finally the damaged DNA is removed by XPG and XPF endonucleases which creates

cut at 3" and 5" respectively.
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TFIIH in transcription

Eukaryotic gene expression is driven by a complex series of events that starts with the
recruitment of basal transcription factors (TFIIF, TFIIB, TFIID and TFIIE) to the promoter
region. Following addition of TFIIH, promoter melting and the open complex formation take
place, leading to promoter escape, a transition away from promoter into elongation complex. In
particular, the XPB enzymatic activity plays an important role in the promoter escape during
transcription initiation by RNA pol II (Bradsher, Coin et al. 2000). The XPB activity inside of
TFIIH is highly regulated by others TFIIH subunits, such as directly by p52(Lee, Park et al.
2004), or indirectly by p8/TTD-A through p52 (Kim, Patel et al. 1995). Another subunit cdk?
mediates the phosphorylation of the carboxyl terminal domain (CTD) of the largest subunit of
the RNA pol II. It also mediates the phosphorylation of some other transcription factors and
nuclear receptors and regulates basal as well as activated transcription. It has been recently
revealed that NER factors (XPC, CSB, XPA, XPG and XPF) along with TFIIH shares the dual
activity in DNA repair and transcription. Indeed, they are recruited at active promoters and
participate in the regulation of gene expression in the absence of genotoxic attack(Le May,
Mota-Fernandes et al. 2010). These NER factors contribute to achieve chromatin remodeling
including histones post-translational modifications (PTMs), DNA breaks, DNA demethylation

and gene looping which allows accurate and optimal transcription (Le May, Fradin et al. 2012).

Mutation in XPB, XPD and p8/TTD-A subunit of TFIIH and NER factors (XPA-G, ERCC1, TTD-
A, CSA, and CSB), have been associated with the human genetic disorders such as Xeroderma
pigmentosum (XP), trichothiodystrophy (TTD), cockayne syndrome (CS), and cerebro-oculo-
facio-skeletal syndrome (COFS). These patients show a perplexing clinical heterogeneity
ranging from 1,000-fold increased frequency of skin cancers (Kraemer, Lee et al. 1987; Kraemer,
Levy et al. 1994), short stature to neurological problems and premature aging. The clinical
features are now being attributed to the combined effect of DNA repair deficiency and
transcriptional dysregulation. Studies of TFIIH have demonstrated a connection between
transcription and DNA repair and have opened a new field of transcription diseases. It have

been shown that mutations in the C-terminal domain of the XPD subunit disturbs the
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architecture of TFIIH and its molecular communication with the retinoic acid receptor a (RAR«)
(Keriel, Stary et al. 2002), PPARs (Compe, Drane et al. 2005), the estrogen receptor (Chen, Riedl
et al. 2000), the thyroid hormone receptors(Compe, Malerba et al. 2007) and the androgen
receptor (Chymkowitch, Le May et al. 2011) leading to the dysregulation of cdk7-related

phosphorylation and consequently the transactivation of nuclear receptor- targeted genes.

During my thesis I investigated deeper molecular intricacies of TFIIH particularly, the roles of
XPB, XPD, and p8/TTD-A subunit of TFIIH during transcription that could finally lead to better
comprehension of the etiology of the clinical features and the underlying molecular
mechanisms associated with distinct mutations in TFIIH found in XP, XP/CS, or TTD patients.
Using fibroblasts cell lines derived from XP, XP/CS and TTD patients harboring the
corresponding mutations in respective subunits of TFIIH, I studied different mutations in XPB
(F99S and T119P), XPD (R112H, G602D, R683W, R722W) and p8/TTD-A (L21P, R56stop)
subunit of TFIIH. As a model, one of the nuclear receptor responsive genes RARB2 which is
targeted and activated by the retinoic acid receptor (RAR) upon treatment with all-trans retinoic
acid (RA) was used. Transactivation of RARB2 was thus analyzed during time course, which
showed significant disturbance in mRNA expression profile of RARB2 in XPB, XPD and
p8/TTD-A mutant cell lines compared to their respective wild type cell line. Further, we
investigated the recruitment of the basal transcriptional machinery and NER factors along the
promoter and the terminator region of RARP2 by Chromatin Immunoprecipitation (ChIP)
assay. In wild type (WT) cell lines we observed the recruitment of the basal transcriptional
machinery (RNA pol II, TFIIB and TFIIH) together with the NER factors (XPA, CSB, XPG, and
XPF) at a specific time point which coincides with the RARBP2 mRNA expression peak.
Although each XPB and XPD mutations led to different and specific dysregulation in the
formation of the transactivation complex, but taken together it suggests a disturbed recruitment
of the transcriptional machinery, TFIIH complex and the NER factors at the active promoter.
Such observations suggested a link between the formation of TFIIH complex upon initiation
and the concomitant recruitment of the NER factors. The recruitment of the NER factors are
shown to be prerequisite for the chromatin remodeling events which includes histone PTMs,

DNA breaks and active DNA demethylation at the promoter. We here showed that histone
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PTMs in XPBwt, XPDwt, p8/TTD-Awt displayed a clear enrichment in the di-methyl of histone
H3K4 and acetylation of H3K9 with a simultaneous decrease in di-methyl of H3K9 marks which
coincides with mRNA expression of RAR{2, transcription machinery, NER factors. The histone
landmarks linked to the active transcription were significantly disturbed in all the XPB, XPD

and p8/TTD-A mutant cell lines.

Considering the role of XPG and XPF endonucleases in DNA break formation and DNA
demethylation which eventually stabilizes the chromatin looping between the promoter and
terminator region of RARB2, we analyzed association of these chromatin remodeling events
with TFIIH. We thus showed the presence of DNA breaks both at the promoter and the
terminator of XPBwt, XPDwt and p8/TTD-Awt cells upon ATRA treatment with concomitant
recruitment of XPG and XPF at respective regions. In all the mutant cells, we observed a
disturbed correlation between the XPG/ XPF endonucleases with the DNA breaks at both

promoter and terminator regions.

Such DNA break formations by XPG at promoter and by XPF at terminator have eventually
been correlated with the achievement of active DNA demethylation at promoter. We thus next
analyzed the implication of TFIIH in DNA demethylation process. Using Un-methyl IP
approach, we observed that active DNA demethylation is significantly disturbed at the
promoter of RARB2 in all the XPB, XPD and p8/TTD-A mutant cell lines. Presence of all the
components, the basal transcriptional machinery, NER factors, CTCF, DNA break and DNA
demethylation together have been correlated for the presence of chromatin looping between
promoter and terminator. Furthermore using 3C (Chromosome confirmation capture) technique
we demonstrated that TFIIH mutations disturb the CTCF dependent gene looping between
promoter and terminator region of RARB2 in the XPB, XPD and p8/TTD-A cells.
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Conclusion

As a general conclusion, my results strongly supported an involvement of TFIIH in the
recruitment of the NER factors at active promoter and consequently in their roles in the
chromatin remodeling including PTMs of histones, active DNA demethylation, DNA breaks
induction and CTCF-dependent gene looping of RAR/2. Significantly my work has contributed
to unveil key roles of TFIIH in transcription, thereby providing a step forward towards the

understanding of transcriptional diseases: XP, XP/CS and TTD.
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Résume de la thése de doctorant en francais
Contribution de TFIIH dans le remodelage de la chromatine dépendant des

facteurs NER lors de la transcription

TFIIH: un complexe dynamique

TFIIH est un complexe a plusieurs sous-unités, caractérisé et purifié en tant que facteur de
transcription générale de I’ARN polymérase II (Conaway and Conaway 1989; Gerard, Fischer et
al. 1991). Ultérieurement il a été démontré qu’il s’agissait d'un facteur multifonctionnel
impliqué dans plusieurs processus cellulaires tels que la réparation de ’ADN par excision de
nucléotides (NER) et la régulation du cycle cellulaire. Il comprend deux sous-complexes, le core
constitué de six sous-unités : XPB, p62, p52, p44, p34 et p8/TTDA(Keeney, Chang et al. 1993;
Scrima, Konickova et al. 2008) et le CAK (Cyclin-activating kinase) composé de trois sous-
unités: CDK7, cycline H and MATI. La sous unité XPD permet de relier le core et le CAK. TFIIH
posseéde plusieurs activités enzymatiques indispensables pour la réparation par excision de

nucléotides (NER) et pour la transcription (Figure a).

Cdk Activating Kinase
(CAK)

ATPase/Helicase 5'>3’

Phosphorylates - Repair

» interacts with XPD and

. 5 i
ATPase/Helicase 3'>5 act as regulatory subunit

-Transcription
- Repair

Stimulates
ATPase activity of XPB

Core TFIIH

Figure a. Sous-unités de TFIIH
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TFIIH dans la réparation NER

Les organismes vivants sont constamment exposés a des agents endommageant I’ADN,
provenant de I'environnement tels que les rayons UV ou résultant du métabolisme cellulaire tel
que le stress oxydatif. Afin de maintenir l'intégrité du génome il existe plusieurs systemes de
réparation qui permettent d’éliminer ces dommages de I’ADN. Parmi ces systemes de
réparation, la voie NER cible les lésions induisant une distorsion de la double hélice de I'ADN;
elle est subdivisée en deux voies la GGR (global génome repair) et la TCR (transcription
coupled repair). Dans la voie GGR, la Iésion est reconnue par le complexe XPC/hHR23B alors
que dans la voie TCR c’est I’ARN polymérase II bloquée en cours de transcription par la lésion
qui permet d’initier la réparation en recrutant les facteurs CSA et CSB. Cette étape de
reconnaissance est suivie par le recrutement de TFIIH dont le rdle est I'ouverture de 'ADN
autour de la lésion grace a l'activité ATPase de la sous unité XPB et I'activité hélicase de XPD.
Ensuite il y a recrutement des autres facteurs XPA, RPA, les endonucléases XPF/ERCC1 et XPG
qui induisent une double incision du brin contenant la lésion, et enfin la machinerie de

resynthese et ligation.
TFIIH dans la transcription

La transcription des genes de classe II implique une série d’évenements et est initiée par le
recrutement des facteurs généraux de transcription (TFIID, TFIIB, TFIIE TFIIF et TFIIH) sur le
promoteur; l'arrivée de TFIIH permet l'ouverture de I’ADN, l'échappée du promoteur et
I'initiation de l’élongation. L’activité enzymatique de XPB joue un rdle important dans
I'échappée du promoteur durant I'initiation de la transcription par ’ARN pol II (Bradsher, Coin
et al. 2000). Cette activité est régulée par d’autres sous unités de TFIIH, directement par p52
(Takedachi, Saijo et al. 2010), ou indirectement par p8/TTDA a travers son interaction avec p52
(Sugasawa, Okuda et al. 2005). Cdk7 une autre sous unité de TFIIH assure la phosphorylation
du domaine C-terminal de la plus grande sous unité de 'ARN pol II ; elle permet aussi la
phosphorylation d’autres facteurs de transcription incluant notamment la famille des récepteurs

nucléaires.
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Récemment, il a été démontré que les facteurs NER (XPC, CSB, XPA, XPG and XPF) tout comme
TFIIH partagent une double activité dans la réparation de I'ADN et la transcription(Le May,
Mota-Fernandes et al. 2010). En effet, ils sont recrutés au niveau des promoteurs de genes
induits ciblés et activés par des récepteurs nucléaires et participent a la régulation de la
transcription en absence de dommages de I’ADN. Ces facteurs NER contribuent au remodelage
de la chromatine constitué par des modifications post traductionnelles (PTMs) d’histones, des
cassures de I’ADN au niveau du promoteur, la demethylation active de ’ADN et la formation

de réarrangement chromatinien, permettent une transcription précise et optimale (Le May,

Fradin et al. 2012).

Les mutations dans les sous-unités XPB, XPD et p8/TTDA de TFIIH, et des autres facteurs NER,
ont été associ€es avec des maladies génétiques rares telles que le Xeroderma pigmentosum (XP), la
trichothiodystrophie (TTD), le syndrome de cockayne (CS), et le syndrome cérébro-oculo-facio-
squeletique (COEFS). Ces patients montrent une hétérogénéité clinique allant d’une tres forte
prédisposition a développer des cancers de la peau(Kraemer, Lee et al. 1987; Kraemer, Levy et
al. 1994) a des problemes neurologiques ou un vieillissement prématuré. Ces symptomes
cliniques sont attribués a l'effet combiné d'un défaut de la réparation NER et d'une

dérégulation de la transcription.

L’étude du complexe TFIIH a démontré la présence d'un lien entre la transcription et la
réparation de ’ADN et a ouvert un nouveau concept de maladies de la transcription. Il a été
démontré que les mutations au domaine C-terminal de la sous unité XPD perturbaient
I'architecture du TFIIH et son interaction moléculaire avec plusieurs récepteur nucléaires,
comme le récepteur de l'acide rétinoique (RAR) (Keriel, Stary et al. 2002), les récepteurs
peroxisome proliferator-activated (PPARs) (Compe, Drane et al. 2005), le récepteur d’cestrogene
(ER) (Chen, Riedl et al. 2000), le récepteurs de 'hormone thyroidienne (TRs) (Compe, Malerba
et al. 2007), les récepteurs de 'hormone androgene (Chymkowitch, Le May et al. 2011), résultant
souvent d'une dérégulation dans le mécanisme de phosphorylation par cdk? ; il en résulte un

défaut de transactivation des genes ciblés par ces récepteurs nucléaires.
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Durant ma these, je me suis intéressée aux interactions moléculaires de TFIIH, et
particulierement aux roles des sous unités XPB, XPD et p8/TTDA durant la transcription, afin
de mieux comprendre les mécanismes moléculaires sous-jacents associés aux mutations
concernant ces protéines, ce qui permettrait de mieux expliquer les symptomes cliniques

observés chez les patients XP, XP/CS, et TTD.
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R56Stop
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Figure b. Mutations étudiées dans XPB, XPD et p8 / TTD-A sous-unités de TFIIH

Nous avons utilisé des fibroblastes provenant des patients cites ci-dessus, pour étudier 'effet de
différentes mutations des sous unités concernées de TFIIH: XPB (F99S and T119P), XPD (R112H,
G602D, R683W, R722W) et p8/TTD-A (L21P, R56stop). Notre modele consistait en 1'évaluation
de la transactivation d'un gene cible du récepteur nucléaire RARB2 apres traitement des cellules
en culture par l'acide rétinoique. Nous avons observé une perturbation significative du profil
d’expression de '’ARNm de RARPB2 dans les cellules mutantes pour XPB, XPD et p8/TTDA en
comparaison avec la lignée sauvage. Ensuite nous avons étudié par ChIP (Immunoprécipiation
de la chromatine) le recrutement de la machinerie de transcription et des facteurs NER sur le
promoteur et le terminateur du gene RARB2. Dans la lignée sauvage, nous avons observé que le
temps de recrutement de ’ARN pol II, des facteurs de transcription TFIIB et TFIIH ainsi que les
facteurs NER (XPA, CSB, XPG et XPF) coincidait avec le pic d’expression de ’ARNm de RARP2.

Au contraire dans les lignées mutantes pour XPB et XPD, il y avait un défaut de recrutement de

19



ces différents facteurs sur le promoteur actif qui variait selon le type de géne et la position de la
mutation. Ces observations suggerent un lien entre TFIIH et le recrutement concomitant des
facteurs NER lors de l'initiation de la transcription. D’autant plus qu’il a été démontré que ce
recrutement des facteurs NER lors de la transcription en absence de dommages de I’ADN était
une condition préalable aux événements de remodelage chromatinien incluant les modifications
d’histones, les cassures d’ADN et la déméthylation active au niveau du promoteur. Nous avons
ici montré que dans les cellules sauvages il y avait une augmentation des modifications
d’histones H3K4me2 et H3K9ac avec une réduction de H3K9me simultanément au pic
d’expression de ’ARNm de RARP2, du recrutement des facteurs de transcription et des facteurs
NER. Ces différentes modifications d’histones caractéristiques de la transcription active ont été

significativement perturbées dans les lignées de cellules mutantes pour XPB, XPD et p8/TTDA.

Prenant en considération le role des endonucléases XPG et XPF dans la formation des cassures
d’ADN et la déméthylation qui permettrait de stabiliser la formation de structures en boucles
(gene looping) entre le promoteur et le terminateur du gene RARP2, nous avons analysé
I’association entre ces événements de remodelage chromatinien et I'état de TFIIH. Nous avons
ainsi observé en plus du recrutement de XPG et XPF, la présence de cassures d’ADN autant tant
au niveau du promoteur qu’au niveau du terminateur suite au traitement par 1'acide rétinoique
dans les cellules WT, alors que dans les cellules mutantes, cette corrélation entre les deux

endonucléases et les cassures d’ADN était perturbée.

Il a été montré que les cassures de I’ADN induites par XPG au niveau du promoteur, et par XPF
au niveau du terminateur, étaient corrélées au processus de déméthylation active, ces
évenements sont hautement coordonnés afin de permettre une transcription optimale. Nous
avons analysé I'implication de TFIIH dans ce processus en utilisant I'approche Unmethyl-IP.
Nous avons ainsi observé que dans les cellules mutantes, la déméthylation active au niveau du
promoteur de RARP2 était significativement perturbée. Nous avons aussi démontré par la
technique 3C (Chromosome conformation capture) que ces mutations de TFIIH altéraient la
formation des boucles de chromatine entre le promoteur et le terminateur du RARB2 aidée par

'organisateur de la chromatine CTCEF.
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Conclusion

Mes résultats suggerent fortement une implication de TFIIH dans le recrutement des facteurs

NER sur le promoteur actif ainsi que pour leurs rdles lors du remodelage de la chromatine

incluant les modifications des histones, la déméthylation active de I’ADN, l'induction des

cassures d’ADN et la formation des boucles dépendante de CTCF.

Chaque mutation dans TFIIH ici étudiée présente une dérégulation spécifique illustrant la

complexité des défauts transcriptionnels observés chez les patients XP, TTD et CS issus de la

combinaison des fonctions enzymatiques de TFIIH et les étapes de remodelage de la

chromatine dans la cascade des évenements qui constituent la régulation de l'expression des

genes. .
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INTRODUCTION

Transcription is a fundamental process that plays an important role in development and
cellular responses. It is defined as the synthesis of RNA from a DNA template. In
bacteria and archaea, transcription of all genes is catalyzed by a single RNA
polymerase, but in eukaryotic genome the different RNA polymerases pol I, pol II, and
pol III transcribe different classes of genes which were discovered during 1965-1970
(Roeder and Rutter 1970). RNA pol I synthesize the 25S rRNA precursors and pol III
synthesize the 55 rRNA and transfer RNAs (tRNAs). By contrast RNA pol II is
responsible for the transcription of mRNAs and several small nuclear RNAs and does
so using protein machinery comprising approximately 60 polypeptides. In this thesis

detailed description of RNA pol II machinery is particularly discussed.

I. The transcription mechanism

The regulation of transcription is intricate, often involving interplay between promoters
and various regulatory elements. A prerequisite for understanding the mechanisms and
principles of this process requires identification of these elements and their
relationships with several general transcription factors (GTFs). These elements include
the core promoter, additional cis-acting DNA sequences such as proximal promoter

elements, enhancers, silencers, and insulators.

A. The promoter elements and transcription components

A.1 The core promoter

The RNA pol II core promoter lies at the center of the transcription process. The core
promoter serves as the base for the assembly of RNA pol II and all the stimulatory and
repressive protein factors that are involved in the regulation of transcriptional activity.

It is defined as the DNA sequence which directs the initiation of the transcription by
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Figure 1. Core promoter motifs for transcription by RNA polymerase II.

These motifs are typically found in focused core promoters. This diagram is roughly to scale and

adapted from (Tokusumi, Ma et al. 2007; Juven-Gershon and Kadonaga 2010)

Elements Position Consensus sequence Binding factors
BREu -38to -32 SSGRCGCC TFIIB
TATA -31/30 to -24 TATAWAWR TBP
BREd -23to-17 RTDKKKK TFIIB
XPCE1 -8 to +2 DSGYGGRASM Unknown
(human)
Inr -2to+4 TCAKTY (Drosophila) TAF1/TAF2
YYANWYY (human)
TCT -2to +6 YYCTTTYY Unknown
MTE +18 to +27 CSARCSSAACGS TFIID
DPE +28 to +33 RGWCGTG TAF6/TAF9
DCE SI +6 to +11 CTTC
Sl +16 to +21 CTGT TAF1
St +30to +34 AGC

Table 1. Consensus sequence and position of the different core promoter elements.

(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). Adapted from

(Juven-Gershon and Kadonaga 2010).
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RNA pol II. It comprises of the transcription start site (TSS) and can extend ~ 40 bp
upstream and /or downstream of the +1 position. Previously it was thought that the
core promoter is a simple and a single motif but now it is clear that there is considerable
diversity in the core promoter and structure. There are two kind of promoters; focused
and dispersed (Smale and Kadonaga 2003). Focused promoters contains either single
TSS or distinct clusters of short region over several nucleotides, whereas dispersed
promoters holds number of TSS distributed over a broad region of 50 to 100 bp and
typically resides in the CpG islands in vertebrates. The focused core promoters are more
ancient and widespread throughout the nature than the dispersed promoter. However
in vertebrates, dispersed promoters are more common than the focused promoters. The
core promoter elements such as the TATA box, BREu (the upstream TFIIB recognition
element), INr (initiator), DPE (downstream promoter element), MTE (motif ten element),
DCE (downstream core element), TCT motif (polypyrimidine initiator motif) and XCPE
1 (X core promoter element 1) are all found to be the part of focused promoter. In
contrast, dispersed core promoter generally lacks the above mentioned elements
(Carninci, Sandelin et al. 2006). There are however no universal core promoter elements.
The elements described below are in context of focused core promoter [Figure 1 and

Table 1, adapted from (Juven-Gershon and Kadonaga 2010)]

1.1 The TATA box

This sequence element was the first core promoter motif that was discovered and called
as the Hogness box in old literatures. The motif has a consensus sequence TATATAA
and is located 25- 30 bp upstream of the TSS. The TATA box is recognized and bound
by the TATA-binding protein (TBP), subunit of the TFIID complex. Although TATA
box was the first known core promoter element, it is present only in 10-15 % of the
mammalian core promoters (Carninci, Sandelin et al. 2006). Most of the housekeeping

genes, oncogenes, growth factors, and TFs are often TATA-less.
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1.2 The Initiator element (Inr)

The initiator is the most commonly occurring motif in the focused core promoter and
covers the TSS (+1). The function of Inr as different core promoter element was first
observed by Smale et al. (Smale and Baltimore 1989). TFIID has been found to interact
best with the Inr via its TBP- associated factors (TAFs). The functional analyses of
mammalian promoters have shown a broader mammalian consensus YR (where R is +1)
(Carninci, Sandelin et al. 2006) which is different from the classical Inr consensus
sequence YYANWYY. In Drosophila the Inr consensus is TCAKTY, while in rice and

Arabidopsis, a YR Inr motif (where R is +1) is observed (Yamamoto, Ichida et al. 2007).

1.3 The TFIIB recognition elements (BREu and BREd)

The TFIIB recognition element was identified as TFIIB binding sequence by Elbright
and colleagues (Lagrange, Kapanidis et al. 1998). This region was initially identified as
upstream of the TATA box and hence named BREu. The other sequence identified as
downstream TFIIB recognition element is named as BREd. Both BREu and BREd
regulate the level of basal transcription in conjunction with the TATA-box. However,
BREu and BREd can have positive and negative effects on the transcription in a

promoter context dependent manner (Deng, Malecova et al. 2009).

1.4 The Downstream promoter element (DPE)

The DPE is a core promoter element located downstream (+28 to +33) to A+1 in the Inr
(Kadonaga 2002). It is recognized by TAF6 and TAF9 subunit of TFIID complex and is
conserved from Drosophila to humans. The DPE consensus in Drosophila is RGWYVT,
while in humans it has yet to be determined. DPE functions in cooperation with the Inr

and the spacing between the DPE and Inr is important for the optimal transcription.
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1.5 The Motif ten element (MTE)

The MTE is another functionally active core promoter element. It is located upstream of
the DPE from +18 to +27 relative to the TSS and is conserved from Drosophila to humans.
Like DPE, MTE is also a recognition site for TFIID. MTE and DPE can work in synergy

but MTE can also function in cooperation with Inr independent of DPE and TATA box.

1.6 The downstream core element (DCE)

The DCE was first found in human p-globin promoter (Lewis, Kim et al. 2000). It occurs
mutually exclusive of DPE. The DCE consists of three short sub elements namely SI

(CTTC) from +6 to +11, SII (CTGT) from +16 to +21 and SIII (AGC) from +30 to +34.

1.7 The TCT motif (polypyrimidine initiator motif)

The TCT motif encompasses the transcription start site of nearly all ribosomal protein
gene promoters in Drosophila and mammals. It is similar to the initiator (Inr), but is not
recognized by the canonical TFIID complex (which binds to the Inr) and cannot
function in lieu of an Inr. However a single T-to-A nucleotide substitution converts the
TCT element into a functionally active Inr (Kadonaga 2012). TCT motif spans from -2 to
+6 relative to TSS, pyrimidine nucleotide encompass the C+1 start site which is different

from the canonical A/G + 1 start sites.

1.8 The X core promoter element 1 (XCPE 1)

The XCPE 1 is a rare element of promoter located from -8 to +2 relative to TSS. The
sequence of XPCE1 is DSGYGGRASM (Tokusumi, Ma et al. 2007) and is present in only
1% of the human core promoters, most of which are devoid of TATA-box. It does not
function by itself, instead requires the sequence specific activators such as NRF1, NF-1

and Sp1.
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1.9 TATA- less promoters

Although early work suggested that TATA-box is a ubiquitous feature of RNA Pol II
promoters, recent genome wide studies shows that indeed more than 80% of the
mammalian promoters are TATA-less (Sandelin, Carninci et al. 2007). The majority of
the eukaryotic housekeeping genes contain the promoters characterized by the CpG
islands. These promoters typically lack the canonical TATA-boxes, DPEs and the Inr
motifs. Bioinformatics analysis suggests that BRE elements are frequently found in the
CpG+ DNA than in the CpG- DNA (Gershenzon and loshikhes 2005). These CpG
islands have multiple binding sites for the transcription factor Spl and its binding

further recruits the TFIID, TFIIB, RNA pol II and other basal transcription factors.

A.2 RNA polymerase II and Transcription Machinery

Transcription by RNA pol II is highly complex and tightly regulated process. RNA pol
IT requires several transcription factors to recognize, bind and clear the core promoters
of the genes (Figure 2). These transcription factors (TFIIA, TFIIB, TFIID, TFIIE, TFIIF
and TFIIH) are called general transcription factors (GTFs) and were named according to
the subsequent protein fractions obtained during nuclear extract (Sawadogo and
Sentenac 1990; Conaway, Hanley et al. 1991; Gerard, Fischer et al. 1991; Flores, Lu et al.
1992). The TF represents the Transcription factors, the Roman numeral indicates the
RNA pol II driven transcription and the letters represents the chromatographic fraction

of the specific GTFs.

2.1 RNA polymerase Il and CTD modifications

Out of the three RNA polymerases, RNA pol II is the most extensively studied. RNA
pol II consists of a 10-polypeptide catalytic core and the heterodimeric Rpb4/7 complex,
total of 513 KDa listed in Table 2. The subunits are called Rpb1 to Rpb12, Rpb stands for

RNA polymerase B, as another nomenclature system referred RNA polymerase by A, B
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Sub Eu- Archaeal Bacterial Features Size(KDa)
structures karyotes
Core Rpb1 Rpb1 Rpol B’ Phosphorylation site 191.6
(Unique to pol II)
Subassembly Rpb5 Rpo5 - Common in pol |, pol I, 25.1
pol Ill
Rpb6 Rpo6 Q Common in pol I, pol Il, 17.9
pol Ill
Rpb8 Rpo8 - Common in pol I, pol Il, 16.5
pol Ill
Rpb2 Rpb2 Rpo2 B NTP binding site 138.8
Subassembly Rpb9 - - 14.3
Rpb3 Rpb3 Rpo3 A Promoter recognition 35.3
Subassembly Rpb10 Rpo10 A Common in pol |, pol I, 8.3
pol I
Rpb11 Rpol1l - 13.6
Rpb12 Rpol2 - Common in pol |, pol I, 7.7
pol Ill
Stalk Rpb4 Rpo4 - 25.4
Rpb7 Rpo7 - Unique to pol Il 19.1

Table 2. Different subunits of RNA polymerase Il in eukaryotes, archaea, bacteria and their

Adapted from (Thomas and Chiang 2006; Wild and Cramer 2012)

features.

32




and C instead of I, II and III. Five subunits of RNA pol II are common to all the RNA
polymerases. Furthermore Rpbl, 2, 3/11, 4 and 6 in yeast are conserved as subunits 3/,

, aa homodimer, o and w respectively in bacteria.

The assembly of RNA pol II occurs in a specific order which has been demonstrated in
yeast and bacteria (Cramer, Armache et al. 2008; Decker and Hinton 2013). These
studies show that the general architecture of the RNA pol II is based on the core
subunits. The two large subunits Rpbl/ ” and Rpb2/ 3, form the central mass of the
enzyme and lie on the opposite side of a positively charged cleft. These large subunits
are stabilized by the Rpb3- Rpb11 heterodimer in yeast and aa homodimer in bacteria.
Rpb6/w, Rpb10 and Rpb12 further stabilize the large subunits (Armache, Kettenberger
et al. 2003; Wild and Cramer 2012). The assembly of RNA pol II is done fully in
cytoplasm before it gets imported to the nucleus (Boulon, Pradet-Balade et al. 2010).
Later dissociation and recycling of the factors occurs as their function is completed in

nucleus.

The C-terminal domain (CTD) of Rpbl is a unique feature of RNA pol II (Corden,
Cadena et al. 1985) which is not present in any other RNA polymerase. The CTD
consists of tandem heptad repeats with a consensus sequence of Tyr-Ser-Pro-Thr-Ser-
Pro-Ser (Y'S?’P3T*5°P¢S’). The number of repeats is species-dependent and generally
reflects the complexity of the organism ranging from 26 in yeast, 45 in flies to 52 in
vertebrates. This domain is important for the processing of mRNA (Proudfoot, Furger
et al. 2002), for response of RNA pol II with the enhancers (Scafe, Chao et al. 1990;
Gerber, Hagmann et al. 1995) and for the organization of transcription foci in the
nucleus (Misteli 2000). Accordingly, CTD modifications can undergo dramatic changes
during transcription to recruit factors needed in different phases of the transcription
cycle. Out of seven amino acids, five of the hydroxylated amino acids are the potential

target for the phosphorylation by several CTD kinases and CTD phosphatases [Listed in
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CTD modifications Function

Mammals

Yeast

Ser2 Kinases Cdk9(P-TEFb), Cdk12/13 for subset Cdk9, Lsk1, Burl, Ctkl
of genes

Phosphatase Fcpl, Cdcl4 Fcpl

Ser5 Kinase Cdk7, Cdk8 Kin28, Cdk8, Mcs6
Phosphatase RPAP2,Scp1,Ssu72 Rtrl, Ssu72

Ser 7 Kinase Cdk7, Cdk9 Kin28
Phosphatase Ssu72 Ssu72, Burl

Tyrl Kinase cAbl Unknown kinase in

yeast
Thr4 Kinase Polo-like kinase, Cdk9(not very well Not defined

defined)

Table 3. CTD kinases and Phosphatase in mammals and in yeast.

Adapted from (Egloff, Dienstbier et al. 2012; Hsin, Xiang et al. 2014)
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Table 3 (Egloff, Dienstbier et al. 2012; Hsin, Xiang et al. 2014)]. Based on the
phosphorylation state, RNA pol II can exist in a highly phosphorylated CTD (Ilo) form
and in a non-phosphorylated CTD (Ila) form. This phosphorylation occurs principally
on serine 2, 5 and 7 of the CTD of the RNA pol II which is established by intricate
interplay between CTD kinases and CTD phosphatases as RNA pol II moves along the
genes. Analyses from a number of protein-coding genes have indicated that the CTD
phosphorylation pattern changes as the transcription progresses. In fact,
phosphorylated Ser5 on RNA pol Il is found near the 5" end of genes and it accumulates
phosphorylated Ser2/7 towards the end of the transcription unit (Buratowski 2009). Ser5
and Ser2 phosphorylation appears to be required for all gene types, while the Ser7
phosphorylation displays gene-specific function. Other modifications include
glycosylation of the serines and phosphorylation of Tyrl, however exact role of these

modifications is not yet known.

2.2 TFIIA

TFIIA was originally referred to as AB or STF and was discovered as an interaction
partner of TFIID (Lindahl 1974; Samuels, Fire et al. 1982). Yeast TFIIA consists of two
subunits, the large subunit TOA1 and the small subunit TOA2, whereas in humans
there are three subunits, TFIIAx, TFIIAPB and TFIIAy. Previous studies shows that
TFIIA was essential for in-vitro transcription (Reinberg and Roeder 1987), while later in-
vitro studies shows that TFIIA was dispensable for basal level transcription (Van Dyke,
Roeder et al. 1988). Some studies also show that TFIIA stimulates basal and activated
transcription in-vitro, generally by substituting TBP with intact TFIID complex
(Caldecott, McKeown et al. 1994; Hampsey 1998). Later some studies showed that TFIIA
was not required for either basal or activated transcription (Petermann, Ziegler et al.

2003).
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Factors

TFIA

TFIIB

TFIID

TFIIE

TFIIF

TFIIH

Mediator

Proteins composition

TFIlAa, TFIAB, TFIIAy

TBP, TAF1-TAF14

TFIIEa, TFIIER

RAP30, RAP74

XPB, XPD, p62, p52, p44,
p34, p8, Cdk7, Cyclin H,
Matl

Med1-Med31, Cdk8, cyclin
C (Variable composition)

Functions in RNA pol Il transcription

Antirepression, stabilization of TATA-TBP complex,
coactivation

Selection of TSS, stabilization of TATA-TBP complex,
recruitment of RNA pol Il/TFIIF

Core promoter binding, coactivator, protein kinase, ubiquitin
activating/conjugation activity, histone acetyl-transferase
activity

Recruitment of TFIIH to the promoter, promoter escape and
clearance

Selection of TSS, Recruitment of RNA pol II, TFIIE, TFIIH to the
promoter, promoter escape, elongation

ATPase and helicase activity for promoter opening and
clearance. Kinase activity for CTD of RNA pol Il and nuclear
receptors

Cooperative binding with RNA pol Il, kinase and acetyl-
transferase activity, controls basal and activated transcription

Table 4. General transcription factors of RNA polymerase II.

Adapted from(Thomas and Chiang 2006)
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Nevertheless TFIIA indeed become essential for the transcription in a reconstituted
system which contains partially purified fractions. Together, these studies suggest that
TFIIA has stimulatory effects probably by reversing the inhibitory effects of the
negative co-factors like NC1, Dr1/NC2, Dr2/NC2, and HMGI1. TFIIA stimulates
transcription by stabilizing TBP binding to TATA box and is essential for the pre-
initiation complex (PIC) assembly (Buratowski, Hahn et al. 1989). It becomes essential
in case of TATA-less promoters in-vitro. Depletion of TFIIA has been shown to decrease
the RNA pol II transcription both in TATA-containing and TATA-less promoters (Kang,
Auble et al. 1995). TFIIA also communicates with several factors including TFIID,

SAGA components and coactivators.

2.3 TFIIB

TFIIB was first characterized by Reinberg and Roeder in 1987. In humans, TFIIB is
composed of 316 amino acids and exists as a single 33-KDa polypeptide which shares
sequence homology with Drosophila and yeast. TFIIB consists of two domains, C-
terminal domain, referred also as the core domain (TFIIBc) and N-terminal domain
(TFIIBn). The C-terminal domain interacts with both the TBP and DNA encompassing
the major grove upstream and the minor groove downstream to the TATA box. The N-
terminal domain contains a zinc ribbon motif which interacts with the Rpb1 and Rpb2
subunits of RNA pol II and with RAP30 (RNA polymerase II associating protein 30)
subunit of TFIIF. The C and N- terminal domain are connected with flexible loop which
is highly conserved region called charged cluster domain (CCD) or B-finger. The B-
finger is believed to regulate the conformational change of TFIIB when it interacts with
DNA or activators and hence modulate its function. B-finger regulates the function of
TFIIB in promoter recognition by interacting with TBP, plays an important role in

recruiting RNA pol II/TFIIF at the TSS in transcription activation and hence has a
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crucial role in the assembly of PIC (Orphanides, Lagrange et al. 1996, Hampsey 1998;
Hahn 2004; Thomas and Chiang 2006). TFIIB can also auto acetylate itself and this
modification stabilizes interaction of TFIIB and TFIIF and activates transcription both
in-vitro and in vivo. TFIIB also modulates transcription after the PIC assembly through
its B-finger by blocking the extension of newly synthesized RNA transcript (Bushnell,
Westover et al. 2004).

2.4 TFIID

Transcription factor II D (TFIID) complex has been studied over for more than 20 years.
In early literatures it was also called as DB, BTF1 and D (Matsui, Segall et al. 1980;
Samuels, Fire et al. 1982). It consists of TATA-binding protein (TBP) (Hahn, Buratowski
et al. 1989; Horikoshi, Yamamoto et al. 1990) and around 14 TBP-associated factors
(TAFs). The TFIID complex is well conserved between different species ranging from
human to yeast. It consists of three lobes, forming a horse-shoe structure, with TFIIA
and TFIIB on the opposite sides of the central cavity. The TBP and some TAF
components of TFIID bind different core promoter elements which classifies TFIID as a
core promoter-binding factor (mentioned in Tablel). The function of TBP subunit of
TFIID is to contact the TATA box allowing the TFIID to recognize TATA-containing
promoters. Furthermore, the interaction between TAFs and different core promoter
elements (TAF-Inr, TAF-DPE, and TAF-DCE) also confer TFIID the ability to recognize
TATA-less promoters. TAFs play a vital role in the selection of the promoter and co-
activate the basal transcription process through recognition and binding to core
promoter motifs(Burley and Roeder 1996). TAF1 and TAF2 that can bind Inr directly
(Chalkley and Verrijzer 1999) and other two TAFs; TAF6 and TAF9 were reported to
interact with DPE. Some complexes other than TFIID containing TAFs such as TFTC,
SAGA, STAGA and PCAF have also been reported (Brand, Leurent et al. 1999).

Moreover, the structure of TAF 6, 9 and 12 has many similarities with that of histone
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H3, H2B and H4 suggesting the existence of an octamer structure which is similar to

nucleosomes [Table 4, (Thomas and Chiang 2006)].

2.5 TFIIE

TFIIE structurally consists of two subunits, a and 3, which form a a232 heterotetramer
(Ohkuma et al., 1991). From the functional point of view TFIIE plays an essential role in
the initiation of transcription by interacting directly with TFIIF, TFIIB, RNA pol II,
promoter DNA and helps further to recruit the TFIIH (Maxon, Goodrich et al. 1994).
TFIIE can stimulate the ATPase, the kinase and the helicase activities of the TFIIH
facilitating the formation of initiation-competent RNA pol II complex (Ohkuma and
Roeder 1994). TFIIE binds from -10 to +10 regions on the promoter DNA, thus initiating
the promoter melting around the TSS to create a transcription bubble. Specifically, the
N-terminal half of TFIIEx interacts with the TFIIE and RNA pol II via non-overlapping
regions which results in CTD phosphorylation thus facilitating transition from initiation
to elongation in basal transcription. The C-terminal region of TFIIEx interacts with p62
subunit of TFIIH (Okuda, Tanaka et al. 2004) and facilitates the entry of TFIIH in PIC
assembly. Similar to TFIIEa, the N-terminal of TFIIEB enhances the TFIIH- mediated
CTD phosphorylation while the C-terminal domain is involved in the transition from

transcription initiation to elongation by RNA pol II.

2.6 TFIIF

TFIIF was identified based on its strong, physical interaction with RNA pol II(Burton,
Killeen et al. 1988). TFIIF is hetero-tetramer consisting of the repetition of two subunits:
RAP30 (26 kDa) and RAP74 (58kDa). RAP30 subunit of human TFIIF is capable of
interacting with the RNA pol II, DNA and subunit RAP74. RAP74 has three functional
domains capable of interacting with RAP30, the TAF1 subunit of TFIID, TFIIB, RNA pol
IT and FCP1 phosphatase (Ruppert and Tjian 1995). In particular, RAP74 interact with
the Rpb9 subunit of RNA pol II, which facilitates the recruitment of RNA pol II to the
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promoter complex/TFIID/TFIIB (Flores, Lu et al. 1991). Furthermore, TFIIF contributes
to open complex formation by enabling entry of TFIIE and TFIIH to the scaffold
(Maxon, Goodrich et al. 1994; Tirode, Busso et al. 1999). TFIIF remains bound to RNA
pol II during RNA elongation, enhancing its processivity and the polymerization rate
(Lei, Ren et al. 1999; Yan, Moreland et al. 1999). Besides, TFIIF can be phosphorylated
by protein kinase CK2 and stimulate elongation (Ujvari, Pal et al. 2011). TFIIF is also
implicated in the process of RNA pol II reinitiation by recruiting and enhancing the
activity of phosphatase FCP1, which is required for dephosphorylation of the CTD of
RNA pol IT and is a prerequisite for the next round of transcription (Archambault, Pan

et al. 1998).

2.7 TFIIH

TFIIH will be extensively presented in Chapter II, since the TFIIH is a major subject of

the thesis and requires further discussion.

2.8 Mediator

Mediator is a large complex composed of 25-30 protein arranged in structural modules
that is thought to act as a molecular bridge between DNA binding transcription factor
and RNA pol II. The Mediator was discovered and first purified from Saccharomyces
cerevisinze and is organized in four subcomplexes, the head, middle, tail, and Cdk8
modules (Poss, Ebmeier et al. 2013). Mediator also shows significant evolutionary
conservation ranging from yeast to human (Malik and Roeder, 2000), but the subunit
composition of mediator from different species can vary depending on the organism
and the stage of cell cycle. Association of mediator with RNA pol II is inhibited strongly
in-vitro by phosphorylation of the CTD by Kin28 which suggests that mediator is a
component of the PIC and that its phosphorylation is linked to promoter escape (Guidi,
Bjornsdottir et al. 2004). The mediator not only binds to RNA pol II but also binds to the

transactivation domain of the large number of the transcription factors and to many
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GTFs. Through these interactions, mediator is capable of promoting transcription
initiation by RNA pol II and facilitates the assembly of functional PIC. The Cdk8 kinase
module of mediator has also been shown to regulate transcription by targeting the
CDK7/cyclin H subunits of TFIIH, thus modulating the transition from initiation to

elongation by stimulating the CTD kinase activity of TFIIH (Kim et al., 1994).

Whole genome ChIP analysis has shown that mediator can bind to the enhancer region
and at the promoter region, where it colocalizes with the RNA pol II (Andrau, van de
Pasch et al. 2006). Mediator was also shown to be implicated in transactivation of RNA
pol II (G) which is a distinct form of RNA pol II that contains the tightly associated
Gdownl polypeptide (encoded by POLR2M) (Jishage, Malik et al. 2012). Mediator is
also involved in DNA looping resulting from the mediator- cohesin interaction which
provides the chromosomal architecture required for the gene transcription (Kagey,

Newman et al. 2010; Poss, Ebmeier et al. 2013).

Mutation in mediator lead to disorders which shows clinical features very similar to
those found in TFIIH-related disease like XP, TTD and CS (Mention in Chapter III in
detail)
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B. The transcription cycle

Eukaryotic transcription is a precisely timed event, which can be divided into number
of distinct steps: Promoter binding and preinitiation complex assembly, open complex
formation, initiation, promoter clearance, elongation and termination (Hahn 2004;

Laugel, Dalloz et al. 2010; Shandilya and Roberts 2012), (Figure 3).

B.1 Preinitiation complex assembly, open complex formation and initiation.

The first step in the RNA pol II mediated transcription is the binding of the gene
specific regulatory factors around the transcription initiation site. These factors either
can act directly by interacting with components of the transcription machinery or
indirectly by recruiting chromatin modifying proteins on the transcription machinery.
This assembly of the factors occurs at the core promoter via two different mechanisms;
by sequential assembly pathway/the stepwise model or by the holoenzyme pathway. In
stepwise model, pre- initiation complex (PIC) assembly formation occurs in sequential
manner. It starts with the recognition of the TATA-flanking region by TBP and its
associated factors; TFIID and then the factors such as TFIIA, TFIIB contribute to the
ternary complex formation at the promoter. TFIIF, RNA pol I, further joins this ternary
complex which allows the recruitment of TFIIE and TFIIH on the promoter to form a
complex which is competent for transcription. Whereas, in holoenzyme pathway, the
assembly of a preinitiation complex might happen in a single concerted ‘recruitment
step” which brings a large preassembled RNA pol II holoenzyme containing the

mediator complex and most, if not all, of the GTFs to the promoter.

In the complete PIC, RNA pol II is intertwined by many interactions. TFIIB interact via
its B-finger/reader segment with the RNA pol II that will ultimately provide the exit
path of the nascent RNA. TFIIB also contacts other portions of RNA pol II as well as the

upstream promoter DNA (Kostrewa, Zeller et al. 2009; Liu, Bushnell et al. 2010). TFIIF
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Figure 3. RNA polymerase Il transcription cycle.

Adapted from (Hahn 2004; Shandilya and Roberts 2012)
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and TFIIE further bind to polymerase on either side of the central cleft in which the
template will ultimately reside (Lu, Zawel et al. 1992) (Ohkuma and Roeder 1994).
TFIIH interact with DNA downstream of transcription start (Wang, Spangler et al.
2003). Before the promoter clearance these interactions must be lost to allow the smooth

release of RNA pol IL

B.2 Promoter clearance

Once the PIC assembly is complete, TFIIH controls the ATP-dependent transition of
RNA pol II from closed to open PIC in which the melted single-stranded DNA is
inserted into the active site. Recent study from Eva Nogales labs show that this
transition is catalyzed probably by the XPB translocase activity of TFIIH (He, Fang et al.
2013). According to this study, XPB docked directly on the downstream DNA path,
between +10 and +20-bp position relative to the TSS resulting in the formation of 11-15

bp bubble around the TSS which is required for the productive transcription initiation.

B.3 Proximal pausing and elongation

Though formation of PIC is foremost importance for successful initiation, assembly of
PIC at the promoter does not necessarily assure about the productive transcription.
Transcripts of less than 5 nucleotides are unstable and hence results in a high abortive
initiation. However, a 10 nucleotide transcript favors the promoter escape over abortive
initiation and if transcript length reaches around 25 nucleotides successful initiation is
achieved. Once this 25 nucleotide of nascent mRNA is synthesized, the cap structure is
attached to its 5’end. The phosphorylated Ser5 of CTD of RNA pol II is further
recognized by the capping enzyme which then catalyzes the addition of a
methylguanosine cap to 5 end of the nascent mRNA and productive initiation is
accomplished. The CTD modification of RNA pol II and the N-terminal histone tails of

the nucleosome are crucial for an active chromatin environment of a productive
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initiation and mediate the elongation. CTD is phosphorylated primarily at Ser5 by Cdk7
subunit of TFIIH during transcription initiation. Before entering the elongation, RNA

pol II is paused by DRB Sensitivity Inducing Factor (DSIF) and negative elongation
factor (NELF), which binds to RNA pol II and inhibits its function. This negative effect
can be relieved by the phosphorylation of Spt5 (largest subunit of DSIF) and NELF by
Cdk9 associated with p-TEFb (Yamada, Yamaguchi et al. 2006). As the RNA pol II
proceeds towards the 3’ of the gene, dephosphorylation of Ser5 occurs by Rtrl with the
simultaneous increase in Ser2 phosphorylation by Cdk9. RNA pol II is further assisted
by elongation factors TFIIS, the ELL phosphatase, elongin, histone chaperone complex
(FACT), histone deacetylases (HDACs). These factors remains associated with the
elongating RNA pol II and maintain the 8 - 9 nucleotides RNA: DNA hybrid which is

critical determinant of the processivity of the RNA pol II during the elongation.

B.4 Termination and reinitiation

Termination is the last step in the series of events of transcription cycle. This event also
serves as a junction for the reloading of RNA pol II to the promoter for another round of
transcription. There are two known pathways for the transcription termination; the poly
(A) dependent pathway and the Senl-dependent pathway (Kuehner, Pearson et al.
2011). 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. In eukaryotes, most of the
protein coding mRNA precursors contain poly (A) signal, 5'-AAUAAA-3" which is then
followed by A/U rich sequence at the 3’-end of the gene. During this process, CTD acts
as a scaffold for the recruitment of the several factors required for the termination. Poly
(A) signal is recognized by cleavage and polyadenylation specificity factor (CPSF)
which interacts with the CTD and induces pausing of elongating RNA pol II. Another
factor called cleavage stimulatory factor (CstF) binds to the downstream GU-rich region

and interaction between these two factors brings the endoribonucleolytic cleavage of
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the nascent transcript. This cleavage is then followed by the polyadenylation of the
upstream cleavage product, degradation of the downstream cleavage product by XRN2

and release of the paused RNA pol IL.

Senl-dependent pathway was first discovered in the yeast S. cerevisiae and interestingly
now it has been shown that the termination of the several long non-coding RNAs which
are classified as cryptic unstable transcripts (CUTs) and stable uncharacterized
transcripts (SUTs) which do not possess poly (A) utilizes the Senl-dependent pathway.
The transduction and termination of the transcript is achieved by a distinct set of factors
which include RNA-binding proteins Nrdl, nuclear polyadenylated RNA-binding3
protein (Nab3) and the putative RNA and DNA helicase Senl.

It would not be wrong to say that “the end is a new beginning”. Being at two distal
positions from one another the transcriptional phenomenon that takes place at the
beginning and the end of the gene are often studied as two separate processes.
However several studies have shown that the RNA pol II machinery at promoter and
terminator are entangled together (Hampsey, Singh et al. 2011) . Indeed, the release of
the RNA pol II requires the reversal of the associated covalent marks on the CTD
repeats which will bring RNA pol II to its original hypo phosphorylated state for a
subsequent round of reinitiation. The released RNA pol II is competent for a fresh
round of transcription. However, sometimes several GTFs remain associated to
promoter and act as the scaffold for the reinitiation. The activator dependent interaction
of the promoter and terminator region has been shown to be involved in transcription
re-initiation via gene looping (El Kaderi, Medler et al. 2009). TFIIB directs the assembly
of such reinitiation scaffold to the promoter by interacting with CPSF and Cstf
complexes. This interaction is conserved in mammalian system and is regulated by the
phosphorylation of the TFIIB (Wang, Fairley et al. 2010). An essential role for the TFIIH

kinase subunit, Cdk7 in the formation of gene loops has also emerged. Cdk7 is known
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to regulate phosphorylation of Ser5 and Ser7 of CTD of RNA pol II. While phospho-
Ser5 CTD is required for transcription initiation, phospho-Ser7 has been linked with
termination and 3' processing and also with promoter-bound paused RNA pol IL
Inhibition of Ser7 phosphorylation resulted in the loss of RNA pol II pausing, both at
the promoter and termination sites suggesting the implication of Cdk7 in gene looping
(Glover-Cutter, Larochelle et al. 2009). In addition to TFIIB, TFIIH and PC4 (positive
cofactor 4) are the some other factor known to promote reinitiation via gene looping

through its interaction with 3’end of the gene (Shandilya and Roberts 2012).

C. The activated transcription

During the development of an organism there are several proteins which are required
for the basic cell maintenance and thus they are expected to be expressed in all cells of
an organism under normal conditions, irrespective of tissue type, developmental stage,
cell cycle state and external signal. These genes are called as housekeeping genes.
However, there are large numbers of genes whose expression is required only at
specific time and hence they are regulated by certain endogenous or exogenous
stimulus (such as cellular differentiation and stress response). Hormones are one such
example of a stimulus which interact with the specific nuclear receptor and further

regulate the expression of nuclear receptor targeted genes.

C.1 Overview of the nuclear receptor families

Nuclear receptors (NRs) are the most abundant class of transcription factors that
regulate diverse biological functions such as homeostasis, reproduction, or
development. They function as a ligand- activated transcription factors, and thus
provide a link between the signaling molecules which control these processes and the
transcriptional responses. NRs share a common structural organization, usually consists

of five functional regions: the A/B region that contains an N-terminal activation
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function-1 domain (NTD), the central C region that contains a DNA-binding domain
(DBD), the C-terminal E region that contains a ligand-binding domain (LBD), and the D
hinge region that connects the DBD and the LBD. NTD is a highly variable region which
contains at least one constitutionally active transactivation region (AF-1) and several
autonomous transactivation domains (AD). DBD is highly conserved region containing
the two zinc fingers that recognizes specific NR- responsive elements on the regulatory
region of the target genes. Whereas, LBD plays a crucial role in ligand-mediated nuclear
receptor activity. Besides, its role in ligand recognition, the LBD also contains an
activation function-2 (AF-2) domain, whose action is highly dependent on the bound
ligand.(Mangelsdorf, Thummel et al. 1995). The hinge D, together with C-terminal E
region, is less conserved and show distinct structural features among different nuclear

receptors.

Depending on the nature of the ligand they bind, the nuclear receptor superfamily is
divided into three classes (i) Class I include receptors for steroid hormones in the DNA-
binding homo-dimeric form and often located in cytosol. Once they bind to the ligand
they are translocated to the nucleus. It includes the glucocorticoid receptor (GR),
estrogen (ER) or progesterone (PR). (ii) Class II receptor binds mostly as heterodimers
with RXR to DNA and are usually located in the nucleus. They include mainly RXR
receptors (X receptor with retinoic acid), the thyroid hormone receptor (TR), retinoic
acid (RAR) and vitamin D (VDR). (iii) Receptors of class III includes family of orphan
receptors for which ligands are still not very well known. The members of this group
include the liver receptor homologue-1 (LRH1), reverse ERBA-a/-3, chicken ovalbumin

upstream transcription factors (COUP-TFs), receptors SF-1.

C.2 Retinoic acid receptor

Nuclear retinoic acid receptors (RARs) are transcriptional regulators which controls the

expression of specific subsets of genes in a ligand-dependent manner. The compounds
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Figure 4. Structure of retinoic acid receptor

Adapted from (Al Tanoury, Piskunov et al. 2013)

(A) RARs depict a domain organization with an unstructured NTD and two well-structured
domains: a central DBD and a C-terminal LBD. The phosphorylation sites located in the NTD and
the LBD are shown. (B) Structural changes induced upon RA binding. The crystal structures of the
unliganded RXRa and liganded RARy LBDs are shown. Helices are represented as ribbons and
labeled from H1 to H12. The binding domains for corepressors/coactivators and for cyclin H are

shown.
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that activate the RARs are referred to as retinoids. Retinoids are small size lipid soluble,
hydrophobic molecules that can easily cross the lipid- bilayer of the cell membranes.
Retinoids includes both compounds which are structurally related to vitamin A, as well
as compounds that exhibit biological vitamin A activity. Vitamin A is an essential
component for human life cycle, starting from embryonic development, organogenesis
to immune functions and reproduction. Indeed deficiency of Vitamin A can lead to
neonatal growth retardation and a large number of congenital malformations (Samarut
and Rochette-Egly 2012). Natural retinoids, such as all-trans retinoic acid (All t-RA), are
produced in vivo from oxidation of vitamin A (Chambon 2005). This newly synthesized
retinoic acid then binds to cytosolic cellular retinoic acid-binding proteins; CRABP-I
and CRABP-II to enter the nucleus (Delva, Bastie et al. 1999; Budhu and Noy 2002).
Subsequently it regulates the gene expression by activating the nuclear receptor RAR
which exists in three subtypes : a (NR1B1), 3(NR1B2) and Y(NR1B3) (Chambon 1996)
encoded by three separate genes. For each subtypes there are at least two isoforms
which are generated by differential promoter usage and alternative splicing leading to
the difference only in their N-terminal ends (Germain, Staels et al. 2006) . In vivo, RAR
transduce RA signal as heterodimer together with RXR which also exist as three
subtypes: a (NR2B1), 8 (NR2B2) and Y (NR2B3) and are involved in regulating genes

implicated in cell differentiation, proliferation and in apoptosis.

RARs and RXRs have a well-defined domain organization and structure. It consist
mainly of a variable N-terminal domain (NTD) and two highly conserved domains, a
central DNA-binding domain (DBD) and a C-terminal ligand-binding domain (LBD)

bridged by a flexible hinge peptide [Figure 4, (Al Tanoury, Piskunov et al. 2013) ].

DBD binds to the DNA in a sequence specific manner and is composed of two zinc-
finger domains, two a-helices and a COOH-terminal extension (CTE)(Zechel, Shen et al.

1994; Smale and Kadonaga 2003). DBD includes several highly-conserved sequence
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elements, referred to as P, D, T and A boxes which contribute to the specificity of the
response elements and to a dimerization interface which is involved in binding with the
DNA backbone (Germain, Staels et al. 2006). RARs and RXRs form an asymmetric
heterodimer which binds to the RA response elements (RAREs).The RAREs are located
in the regulatory region of the target gene and are composed of two direct repeats of
core hexameric motif PuG (G/T) TCA(Mangelsdorf and Evans 1995). A classical RARE
is a Sbp-spaced direct repeat (referred to as DR5), but RAREs with direct repeats
separated by 1bp (DR1) or 2bp (DR2) are also found. Nevertheless, RXR homodimers
can also bind to DRI.

The LBD is composed of 12 conserved a-helices and a [-turn which is separated by the
loops and folded into a three layered, parallel helical sandwich. The LBD is functionally
very complex as it contains ligand binding pocket which binds to the ligands and is
involved in dimerization and interaction with several other co-regulators. The ligand
binding pocket contains hydrophobic residues mainly in helices H3, H5, H11 and §-
hairpin (Bourguet, Andry et al. 2000). The LBD also contains a flexible C-terminal helix
H12 which can change its conformation after the ligand binding depending on one to
other subtypes. Moreover, cyclin H, a subunit of CAK subcomplex of TFIIH is also
known to bind to the AF-2 domain of LBD and directs the phosphorylation of AF-1
domain (Yamamoto, Ichida et al. 2007), (Figure 4).

Unlike DBD and LBD, NTD is highly variable and is not conserved even between the
different subtypes and the forms of RARs and RXRs. Structural algorithms prediction
suggest that the NTDs of RARs and from other NRs family have naturally disordered
structure(Warnmark, Treuter et al. 2003) which provides flexibility perhaps required for
the kinases and ubiquitin-ligases (Dyson and Wright 2005). In addition, NTDs of RARs

and RXRs also contain phosphorylation sites which are conserved between the RARs.

51



C.3 Transcription of retinoic acid receptor target genes

The mechanism of transcriptional regulation of RA-target genes is a sequential process
and completely relies on the binding of RARs to the RAREs. RARs can control
transcription both by repression and activation which depends on the association and
dissociation of certain corepressors or coactivators interacting with the hydrophobic
surface of the LBD generated by the H3, H4 and H12 helices. According to the canonical
transactivation model for RA- targeted genes (Dilworth and Chambon 2001), the RAREs
are occupied by a RAR/RXR heterodimer in an unliganded state, which maintains the
chromatin in a condensed or a repressed state (Figure 5). In an unliganded state the
hydrophobic surface of RAR interacts with the corepressors [such as nuclear receptor
corepressor (NCoR) and silencing mediator of retinoic acid and thyroid hormone
(SMRT)]. The RAR and corepressor SMRT interaction occurs between the LBD of RAR
and the receptor interaction domains (RID) of SMRT. These corepressors serve as a
platform for the recruitment of the histone deacetylases (HDAC) which deacetylate the
lysine of histones, thus maintaining the repressed chromatin state. Polycomb group of
proteins are also known to interact with RAR/RXR heterodimers and act as a corpressor
(Gillespie and Gudas 2007). Transcription is turned on upon ligand addition which
induces the release of the corepressor and subsequently facilitate the binding of the
coactivator to the RAR/RXR heterodimer which in turn allows the recruitment of
several other complexes such as histone methyl transferases (HMT), histone acetyl
transferases (HAT), histone demethylases and DNA-dependent ATPases and other
chromatin remodelers (Perissi, Jepsen et al. 2010). These complexes further allow the
histone modifications leading to the chromatin decompaction. These activated RARs
then recruit the transcriptional machinery which includes mediator, RNA pol II, GTFs
and also the NER factors to achieve chromatin remodeling for the optimal RNA

synthesis (Le May, Mota-Fernandes et al. 2010; Le May, Fradin et al. 2012).
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Figure 5. Coregulator exchange at RXR/RAR heterodimers.

(A) In the absence of ligand, RARa/RXR heterodimers bound to DNA are associated with
corepressor complexes. Upon ligand binding, the corepressors dissociate, allowing the recruitment
of coactivators and large complexes with enzymatic activities that decompact repressive
chromatin. (B) When chromatin is decompacted, the transcriptional machinery, consisting of the
Mediator, RNA pol 1, the general transcription factors (GTF), and the nuclear excision repair (NER)
factors, is recruited to the promoter, resulting in the initiation of transcription. (C) Transcription
ends with the recruitment of nonconventional coactivators, such as RIP140, associated to large
complexes with chromatin-repressing activity and/or through the degradation of RARs by the

ubiquitin-proteasome system. Adapted from (Al Tanoury, Piskunov et al. 2013).
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However, the importance of NER factors at promoter is still not very well understood.
It remains to be investigated that how these NER factor contribute to chromatin
remodeling, do they interacts with the GTFs, how they regulate the histone

modifications or the DNA methylation on NRs targeted genes.

At the end of transcription, the liganded RARs recruit unconventional coregulators
such as RIP60 (receptor interacting protein) and PRAME (preferentially expressed
antigen in melanoma). These coregulators inhibit the transcriptional activity by further
allowing the recruitment of HDACs and PcG proteins and hence limit the RAR activity
through a functional feedback mechanism (Figure 5). In addition to direct effects, RA
also targets number of signaling cascades. RA activates several kinase cascades such as
p38 mitogen-activated kinase in fibroblasts, mouse embryo carcinoma cells, mammary
breast tumor cells, and leukemia cells. It also activates p42/44 extracellular signal
regulates kinases (Erk) in neurons, Sertoli cells and in embryonic stem cells. It also
activates phosphoinositide 3-kinase (PI3K) and/or protein kinase B (PKB)/Akt pathway.
RARs and RXRs are also known as phosphoproteins (Al Tanoury, Piskunov et al. 2013).
RARs are phosphorylated at serine 369 in LBD probably by c-AMP dependent kinase or
MSKT1 and at serine 77 in NTD by cdk?7 subunit of TFIIH.

Besides, phosphorylation of RARs and RXRs, signaling pathways activated by the RA
are known to phosphorylate other factors involved in the gene regulation, which may
not be the RAR targets [very well reviewed in (Keriel, Stary et al. 2002; Rochette-Egly
2014)], (Figure 6). As an example, upon recruitment to RARa target promoters MSK1
and phosphorylates histones H3. Based on the studies of several reports, histone
phosphorylation could contribute to transcription as a chromatin mark responsible for,
in cooperation with other histone modifications, chromatin remodeling and promoter
recruitment of RXR/RAR heterodimers and the transcriptional machinery (Figure 6). At

the end of the RA signal, phosphorylation of RARs controls the recruitment of
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In response to RA, p38MAPK is activated (a), and then translocates into the nucleus and
phosphorylates MSK1 (b). Activated MSK1 phosphorylates histones (c) and RARa at a serine
located in the LBD (d). Subsequent to conformational changes, the cyclin H subunit of the CAK
subcomplex of TFIIH is recruited to an adjacent domain (e), allowing the formation of a
RARa/TFIIH complex and the phosphorylation of the NTD by the cdk7 kinase (f). In the case of the
RARYy subtype, phosphorylation of the NTD promotes the dissociation of coregulators, such as
vinexinf$ (g). Finally, phosphorylated RARa is recruited to response elements located in the
promoter of target genes (h)

Adapted from (Al Tanoury, Piskunov et al. 2013)
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ubiquitin-proteasome system. It can be mediated through several factors such as such
Pin1, SRC-3. At the end RA can also activate PPAR[3/d. There are evidences which also
retinols activate JAKs-STAT pathway to regulate the expression of target genes such as

the suppressor of cytokine signaling 3 (SOCS3) and PPAR Y.
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D. Chromatin and gene regulation

In a cell genetic information is encoded by DNA, which is packaged into hierarchically
organized complex structure called chromatin. Chromatin is composed of DNA,
histone and non-histone proteins. The genome undergoes several level of compaction to
fold two meters of DNA into a nucleus with a diameter of around six micrometers. It
may seem contradictory that proteins are added to DNA to make it more compact but
chromatin can be packaged into a much smaller volume than DNA alone. This is
achieved as the histones are positively charged and DNA is negatively charged thus
this electrostatic interaction provides energy to fold the DNA which can then fit into the
nucleus. The first level of compaction consists of DNA coiled around a core of histone
proteins creating a fundamental unit called nucleosome. Nucleosome is composed of an
octamer of the four core histones (H3, H4, H2A, H2B) around which 147 base pairs of
DNA are wrapped. The packaging of DNA into nucleosomes shortens the fiber length
about sevenfold which resembles string of beads. The DNA is then subjected to a
second degree of folding which further compact the chromatin into 30 nm solenoid
structure (Woodcock and Dimitrov 2001). Histone H1 which forms the linker is very
important for stabilizing the higher order chromatin structure (Figure 7). Fundamental
processes such as transcription, repair and replication occur with the separation of two
DNA strands and hence hindered by nucleosomes, chromatin folding and compaction.
Therefore, it becomes essential for the cell to modify or remove these nucleosomes
transiently to allow transcription and replication to progress. Depending on the
compaction level chromatin can be categorized as euchromatin and heterochromatin.
The euchromatin is typically enriched in acetylated histones (for example and H3K9Ac,
H4K16Ac) and also shows the histone H3K4 methylation (H3K4Me) (Grunstein 1997;
Bannister and Kouzarides 2011). Instead, heterochromatin is defined as a more

condensed structure, inaccessible to transcription factors. It is characterized by hypo-
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Figure 7. Nucleosome organization.

The nucleosome is the basic unit of chromatin, and consists of a protein octamer containing two

molecules each of histones H2A, H2B, H3, and H4, around which 147 base pairs of nuclear DNA is
wrapped. Courtesy http://bscb.org
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histone acetylation and methylation of histones some specific (eg H3K9Me) (Rea,

Eisenhaber et al. 2000; Jenuwein and Allis 2001)

D.1 Epigenetic modification of chromatin

Epigenetics is defined as heritable changes in gene expression that occur without a
change in DNA sequence. Epigenetics is recognized as key determining factor in
normal development and differentiation, and epigenetic abnormalities are relevant in
many diseases, including various types of neurological disorders and cancers. Key
components in the processes of epigenetic transcription regulation are DNA
methylation, histone modifications and variants, non-histone chromatin proteins, small
interfering RNA (siRNA) and micro RNA (miRNA). Post-translational modifications

(PTMs) of histones and DNA methylation are discussed in details in this manuscript.

1.1 Post-translational modification of histones

The transition from transcriptionally silent heterochromatin to gene expressing
euchromatin is mediated by distinct histone variants and the posttranslational
modifications of histones at their N-terminal tails. These covalent modifications of
histones are referred to as “histone code”. These modifications include acetylation of
lysines, methylation of lysines and arginines, phosphorylation of serines and
threonines, ADP-ribosylation of glutamic acids, and ubiquitinylation and SUMOylation
of lysine residues (Some important histone PTMs are shown in figure 8). These
modifications are controlled by balance of the enzymatic activities of various proteins
which add (“writers”) or remove (“erasers”) a specific PTM (Ruthenburg, Allis et al.
2007; Thompson, Guppy et al. 2013), while readers recognizes specific modifications
resulting in the recruitment of the transcriptional machinery. Regulation of

transcription by each histone modification is discussed in more detail below.
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1.1.a. Regulation by histone lysine acetylation and deacetylation.

The first covalent modification discovered was the acetylation of lysine(lys or K)
(Allfrey and Mirsky 1964), regulated by writers of acetylation, the histone
acetyletransferases (HATs) and the erasers of acetylation, the histone deacetylases
(HDAGs). The HATs utilize acetyl CoA as cofactor and catalyzes the transfer of an
acetyl group to the e-amino group of lysine side chains and hence neutralizes the
positive charge of Lys (K), leading to the weakening of the DN A-histone interaction and
subsequent activation of transcription. In addition, acetyl lysine recruits other
chromatin modifiers containing a bromodomain that recognizes an acetyl lysine to
activate transcription (Dhalluin, Carlson et al. 1999). Major acetylation sites on histone
H3 include K9, K14, K18, K23 and K27, and on H4 include K5, K8, and K12 (Kouzarides
2007; Bannister and Kouzarides 2011). All acetylation marks are essentially correlated
with transcriptional activation which is localized to TSS and/or enhancers of potentially
actively transcribed genes. Indeed, the transcriptionally active regions are rich in
acetylated histones, while their hypo-acetylation is found in heterochromatin. The
HATs are usually classified into two groups: Type A and type B. These include
enzymes such as GCN5, PCAF or HAT1, CBP/p300 etc. These enzymes are often found
as a part of multi-protein complex interacting with several transcription factors and
hence affect the gene regulation. For example, GCN5/PCAF HATs are responsible H3K9
acetylation, and CPB/p300 are responsible for H3K18/27 in nuclear receptors mediated

transcription (Jin, Yu et al. 2011).

The HDACs works in contrast to the HATs and reverse the acetylation of histones by
restoring back the positive charge on the lysine residues. HDACs are also classified into
4 classes designated as HDAC, II, II and IV. Class I, includes HDACI, 2, 3 and §; class
II, includes HDAC 4, 5, 6, 7, 9 and 10; class IV as HDAC11 and class III contains the
NAD+ dependent Sir2-like deacetylases or sirtuins. Except HDAC 8, rest all HDACs
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exist in high molecular weight multi-protein complexes. HDACs activity is tightly
regulated with the other protein partners and histone PTMs. Dysfunction of these HATs
and HDACs enzymes is often associated with diseases, ranging from

neurodegenerative disorders to cancer (Rothbart and Strahl 2014).
1.1.b. Regulation by histone lysine/arginine methylation and demethylation

Similar to acetylation several lysine residues of histones can also be mono, di or tri-
methylated. The level and the location of histone modification further add complexity
in gene regulation during different processes such as transcription, DNA repair,
replication and recombination. Unlike the acetylation and phosphorylation, histone
methylation does not alter the charge of the histone proteins; however it does affect the
hydrophobic and steric properties. Histone methylation can be implicated both in
transcriptional activation and repression, in contrast to the acetylation which is
associated with activation only. Histone H3 can be methylated at various positions such
as methylation of K4 and K36 which is associated with activation (H3K4me and
H3K36me) and at K9 and K27 which is linked with repression (H3K9 and H3K27) of
transcription (Zentner and Henikoff 2013). However, some of the developmental genes
resides in bivalent chromatin regions and contains both repressive H3K27me3 and
active H3K4me3 marks. The enzymes that catalyze the transfer of methyl group from S-
adenosylmethionine (SAM) to a lysine’s e-amino group are known as histone
methyltransferases. The first histone lysine methyltransferase (HKMT) identified was
SUV39H1 and it targets H3K9 methylation (Rea, Eisenhaber et al. 2000). Methylation of
H3K4 is catalyzed by SET domain of KMT2A (K-specific methyltransferase 2A,
commonly called MLL), whereas H3K27 is methylated by PRC2 (polycomb repressive
complex 2). Regulation of transcriptional activation or repression by H3K4 or H3K27 is
still obscure. It has been shown that H3K4 methylation recruits the BAF chromatin

remodeling complex wvia its chromodomain to activate transcription, similarly
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trimethylated H3K27 recruits PRC- complex via the chromodomain-containing protein
CBX1 (chromobox homolog 1) and induces the compaction of chromatin, resulting in
transcriptional repression (Wysocka, Swigut et al. 2006; Simon and Kingston 2013). Like
addition, removal of histones methylation is also a highly regulated event and catalyzed
by several histone Lys-specific demethylases (KDMs). H3K4 is demethylated by KDM1
(commonly known as LSD1) and KDM5B (JARID1), while H3K27 is demethylated by
KDM6A (UTX) and KDM6B (JM]JD3)(Black, Van Rechem et al. 2012).

In addition to lysine, arginine residues of histones can also be methylated. Arginine
methylation is catalyzed by a group of proteins known as Arginine methyltransferases
(PRMTs). The PRMTs transfer a methyl group from SAM to the w-guanidino group of

arginine within a variety of substrates.
1.1.c. Regulation by other histone modifications

The dictionary of the histone PTMs has expanded vastly since it was first identified by
Vincent Allfrey. Besides, well known acetylation and methylation of the histones there
are several other modifications which include phosphorylation, ubiquitylation,
glycosylation, ADP-ribosylation, carbonylation, SUMOylation, citrullination and many
others. The later mentioned PTMs are low in abundance as compared to the more well-
studies modifications suggesting that their roles in physical and functional cross-talks
may be subtle. Histone phosphorylation which occurs on serine (H3510) and threonine
residues can influence transcription, chromosome condensation, DNA repair and
apoptosis. The level of the modification is controlled by the kinases and the
phosphatases that add and remove the phosphate group from ATP to the hydroxyl
group of the target amino-acid side chain. Ubiquitination is another histone
modification which results in a much larger covalent modifications compared to the
relatively small molecular change to amino acids side chains. Ubiquitin functions by

attaching itself to the lysine via sequential action of the three enzymes, ie. El-
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activating, E2-conjugating and E3-ligating enzymes. Ubiquitination is highly dynamic
and the degree of ubiquitination can vary depending on the substrate specificity. Recent
advances have defined critical roles of histone ubiquitination in transcriptional
regulation and DNA repair. The writers, erasers, and readers of histone ubiquitination
have also been linked to cancer development. Mono-ubiquitination of K119 on H2A is
known to be involved in gene silencing while mono- ubiquitination of K123 on H2B
plays a crucial role in transcriptional initiation and elongation. In addition to H2A and
H2B, core histones H3, H4, and linker histone H1 have also been reported to be
modified by ubiquitin. For example, H3 and H4 were polyubiquitinated in vivo by
CUL4-DDB-RBX1 ubiquitin ligase complex after UV irradiation (Cao and Yan 2012).
SUMOylation is a modification similar to ubiquitination and involves the histones
lysines via E1, E2 and E3 enzymes. It can be detected in all the four core histones and
functions seemingly in opposite to the acetylation and ubiquitination. Glutamate and
the arginine residues of histones are also subjected to either mono or poly-ADP
ribosylation. It is mediated by poly-ADP ribose polymerase (PARP) family of proteins
and reversed by the poly-ADP-ribose-glycohydrolase (PARG) family of proteins. With
the knowledge of all these histones PTMs it has become increasingly apparent that the
chromatin- associated factors harbors multiple histone binding domains. This further
provides a varied and exciting probability for multivalent histone engagements which

adds a layer of specificity to histone PTM recognition.

1.2 DNA methylation

DNA methylation is a common epigenetic mark which is conserved in many eukaryotes
and prokaryotes. In the lower forms and plants, methylation can occur in the context of
adenine and cytosine, however in eukaryotes it occurs primarily at the 5-position of the
cytosine residues (5mC) in the context of CpG dinucleotides. The main function of DNA

methylation in bacteria is to provide a protection mechanism, through which it
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discriminates between the endogenous and foreign DNA introduction (Hemavathy and
Nagaraja 1995). In mammals the DNA methylation pattern is established during
embryonic development by de novo DNA methyltransferase (Dnmt), Dnmt3a and
Dnmt3b (Okano, Bell et al. 1999; Li and Zhang 2014). Further, this methylation pattern
is maintained through the Dnmtl-mediated copying mechanism during the cell
division. The regions of the genome with higher number of methylated cytosine usually
lead to the reduction of gene expression, so called gene silencing. Methylation serves
primarily as a platform for the recruitment of many enzymes. Indeed, the change is
recognized by MBP (methyl binding protein), such as MeCP2, MBP2 MBP3 or which
will bind at the methylated CpG, and thus cause the recruitment of histone modifying
enzymes, such as histone deacetylases (HDAC) (Nan, Ng et al. 1998) or
methyltransferases (Fuks, Hurd et al. 2003). These enzymes can alter the structure of

chromatin (heterochromatin) to consolidate the repression of transcription.

The absence of DNA methylation is prerequisite for the active transcription. CpG
dinucleotides are distributed unevenly throughout the genome. In general, CpGs are
under-represented in mammals, likely due to the mutagenic properties of 5mC.
However, some regions of genome have high density of CpG dinucleotides which are
referred as CpG islands and these islands are DNA methylation free. Certain
transcription factors such as Cfpl and Kdm2b which contains CXXC domain binds
specifically to the unmethylated CpGs within these islands (Deaton and Bird 2011)
providing an understanding about the contribution of unmethylated DNA in
transcriptional regulation. In fact, 60-70% of annotated gene promoters are associated
with a CpG island, including most of the housekeeping genes, developmental genes as

well as tissue-specific genes.
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Figure 9. DNA demethylation Pathway.

Cytosine (C) is converted to 5-methyicytosine (5mC) by action of endogenous DNA
methyltransferases (green pathway). Several mechanisms for DNA demethylation have been
proposed.  Horizontal arrows represent oxidation-based pathways performed by
Tet proteins: methyl group of 5mC is consecutively oxidized to hydroxymethyl, formyl and carboxyl
groups forming 5-hydroxymethylcytosine (hmC(), 5-formylcytosine (fC) and 5-
carboxycytosine (caC), respectively. Bent plain arrows show deamination-based pathways where
hmC is deaminated to 5-hydroxymethyluracil (hmU) in the presence of AID/APOBEC family
deaminases, and direct base excision repair (BER) pathways involving TDG, MBD4 and SMUG1
glycosylases, which all lead to transient formation of apyrimidinic (AP) sites in DNA. Dashed
arrows denote the newly discovered hydroxymethylation and dehydroxymethylation reactions
performed by cytosine-5 methyltransferases in-vitro and putative enzymes (deformylase and
decarboxylase) which could directly remove the formyl and carboxyl groups from fC and caC,

respectively. Adapted from (Kriukiene, Liutkeviciute et al. 2012)
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Although this epigenetic mark can be transmitted to several generations, but they are
not permanent. Indeed, studies have shown that methylation pattern can be altered
throughout the life in response to the environmental changes or due to pathological
processes such as oncogenic transformation or cellular ageing. DNA methylation marks
can be removed or reprogrammed during early development by two ways. It can be
either removed passively as during cell division by inhibition of the maintenance
methyltransferase, Dnmtl or by an active demethylation mechanism which involves
removal of the methyl-group from 5mC by a family of DNA hydroxylases called Tet
proteins (ten eleven translocation), that exist in three isoforms: TET 1, 2 and 3. Passive
methylation is well understood and accepted while the molecular mechanism behind
active DNA demethylation is beginning to be understood and there appears multiple
modes through which it can occur. The mechanisms by which active DNA
demethylation occurs can be broadly classified under two categories i.e. oxidative and
repair based DNA demethylation [Figure9, (Kriukiene, Liutkeviciute et al. 2012)]. The
oxidative mechanism includes the enzymatic oxidation 5mC to the 5-hydroxymethyl-2’-
deoxycytidine (5hmC), which can be further oxidized to 5-formycytocise (5fC) or 5-
carboxy-cytosine (5caC) (Tahiliani, Koh et al. 2009; Ito, Shen et al. 2011; Maiti and
Drohat 2011). The transition from 5fC and 5caC to cytosine is done by thymidine DNA
glycosylase, TDG. In particular TET1 and TET3 exhibit a CXXC domain, a binding
domain CpG, which they utilize for the conversion of 5mC to the alternative form of
cytosine. The other mechanisms which involve DNA repair has been proposed as an
alternative to the oxidative demethylation. These includes base excision repair (BER)
through direct excision of 5mC, deamination of 5mC to T followed by BER and through
nucleotide excision repair (NER). The deamination based pathway, in particular uses
AID cytosine deaminases (activation induced cytidine deaminase)/ APOBEC which

deaminate hmC to 5-hydroxymethyluracil (hmU). This step is followed by the TDG,
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MBD4 and SMUGI glycosylases, which all lead to transient formation of apyrimidinic
(AP) sites in DNA and direct base excision repair (BER) pathways (Figure 9).

The DNA damage-associated protein Gadd45a was also described to participate in
selective demethylation at the promoters of target genes through recruitment of the
DNA repair machinery (Barreto, Schafer et al. 2007; Schmitz, Schmitt et al. 2009), but
how it was targeted to specific sites remained unknown. Recently, Schafer et al. showed
the implication of the tumor suppressor Ingl —which contains a PHD finger domain
that specifically binds H3K4me3—in DNA demethylation by recruiting Gadd45a to
H3K4me3 sites (Schafer, Karaulanov et al. 2013). In addition NER factors; XPG and XPF
have also been shown to be involved in DNA demethylation (Le May, Fradin et al.
2012).

D.2 Chromatin rearrangement

Regulation of gene expression can occur locally or over a large genomic distance via
various regulatory elements located far upstream or downstream of the gene and can
also control expression of the genes which are present on other chromosomes. Such
long-range control of gene expression occurs through a process referred as chromatin
looping. The first example of the chromatin loops was shown by the interaction of locus
control region (LCR) of the [-globin gene with the embryonic and the adult type (-
globin promoters at the appropriate time of development (Carter, Chakalova et al.
2002). Chromatin loops have been also described in numerous genes, as a general
organization of the chromatin fiber, associated with the activation of transcription
(Spilianakis and Flavell 2004) (Vernimmen, De Gobbi et al. 2007). Different regions of
the genes have been shown to be involved in forming chromatin loops. It could be

between enhancers and the promoter (Krivega and Dean 2012) or between the promoter
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and terminator genes (Laine, Singh et al. 2009). Dynamic promoter—terminator loops
have also been described for the breast cancer BRCAI gene (Tan-Wong, French et al.
2008) and at the gene encoding the immune-histological marker CD68 in mammalian
cells (O'Reilly and Greaves 2007). The above two studies, by Liane and Ta-Wang shows
that the promoter and terminator interaction persist following a cycle of transcriptional
activation and repression and this phenomenon is referred to as transcription memory.
Hence, higher order chromatin organization can contribute to physiological roles such

transcription memory facilitating the rapid re-expression of the gene.

Chromatin loops are stabilized by number of proteins such as tissue specific
transcription factors EKLF, GAT-1 and Ldb1 at the murine (3-globin locus. One of the
most studied proteins in chromatin loop formation is CCCTC- binding factor, CTCF. It
is ubiquitous and has very diverse function, including enhancer-blocking, X-
chromosome inactivation, genome imprinting, gene activation or repression. Genome
wide studies shows that CTCF binds to tens of thousands of genomic sites and almost
14000 genomic regions are flanked by CTCF on both sides referred as CTCF-pair-
defined domains (CPD) of average size 210 kb. The CTCF has been found to be linked
to the methylated DNA sequence (Wang, Maurano et al. 2012). It can bind to
methylated DNA sequences in-vitro but preferentially binds to the unmethylated
sequences as observed in the H19-Igf2 locus. CTCF sites are associated with frequently
flanking the lamina-associated domains (LADs) and found enriched between the active
chromatin (high in H2K5Ac) and inactive chromatin domains (high in H3K27me3).
Furthermore, CTCF can form complex with PARP1 and DNMT1 and thus influence the
DNA methylation. CTCF activates PARP1, which then can add ADP-ribose groups to
DNMTT1 to inactivate this enzyme, with maintenance of methyl-free CpGs as the result
(Yu, Ginjala et al. 2004). Another well studied model for gene expression which is

mediated by chromatin looping involves the Polycomb groups (PcG) and the trithorax
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group (trxG) regulatory system. They were initially discovered in Drosophila and are
known to maintain the repressed state of the targeted gene. Polycomb repressive
elements (PREs) containing Fab7 elements controls the bithorax gene cluster in

Drosophila by contacting its promoter.

The most widely used method to determine the genomic loops is chromosome
conformation capture (3C), originally developed by Job Dekker in 2002 (Dekker, Rippe
et al. 2002). Several 3C based approaches which include 4C, 5C, Hi-C and ChIA-PET
allows genome-wide identification and analysis of sequences involved in the three

dimensional organization of the full genome (Montavon and Duboule 2012).
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II.

The TFIIH and NER factors in transcription
A. TFIIH: A multifunctional Complex

TFIIH was first characterized as a general transcription factor of RNA pol II in 1989. It
was initially purified from the rat liver (Conaway and Conaway 1989), from HeLa cells
as basic transcription factor 2 (Gerard, Fischer et al. 1991). From yeast, it was isolated as
RNA pol II transcription factor b (Feaver, Gileadi et al. 1991) by conventional column
chromatography and later purified by a single step immunoaffinity purification method
(Kershnar, Wu et al. 1998). After the homology of all these factors was identified, the
universal nomenclature for transcription factors was proposed and it was designated as
TFIIH. Originally TFIIH was thought to be exclusively a basal transcriptional factor but

later it was found to be involved in DNA repair and possibly in cell cycle regulation.

A.1 Composition of TFIIH

Transcription factor II H is a multifunctional complex of proteins which consists of two
sub-complexes: a core complex and a Cdk activating kinase (CAK) (See Figures 8, Table
4). The core complex consists of six subunits: Xeroderma pigmentosum B (XPB; p89), p62,
P52, p44, p34 and trichothiodystrophy A (TTD-A; p8) (Serizawa, Conaway et al. 1993).
CAK is composed of the three subunits: CDK7 (p40), cyclin (p34) and “ménage a trios”
(MAT1; p32). The core and the CAK are held together by the Xeroderma pigmentosum D
(XPD; p80), subunit. Electron microscopy shows that TFIIH is organized into a ring like
core structure from which globular CAK sub-complex protrudes out (Schultz, Fribourg
et al. 2000) (Figure 10, Table 5). TFIIH has importantly three enzymatic activities: DNA-
dependent ATPase (XPB and XPD), ATP dependent helicase (XPD and XPB), and CTD
kinase (Cdk?7). In addition, it also contains Ubiquitin ligase activity displayed by p44
and MAT1 (Compe and Egly 2012). All the components of TFIIH are not found in

complex form. CAK can be found independently (Rossignol, Kolb-Cheynel et al. 1997).
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Figure 10. Structure of TFIIH

(A) Schematic representation with core in red and CAK in blow, XPD in green. (B) Electron
microscopy view (Adapted from (Compe and Egly 2012)
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Sub-complex

Associated genetic

Human Yeast Function .
TFIIH diseases
Core XPB Ssl2 3’-5’ ATPase TTD and XPC/CS
p62 Tfb1 Structural function, interacts with
transcription and NER factors
p52 Tfb2 Regulates the ATPase activity of
XPB
p4a Ssl2 E3 ubiquitin ligase (in yeast)
p34 Tfb4 Structural function and interacts
with p44
p8 /TTD-A Tfb5 Regulates the ATPase activity of  TTD
XPB
XPD XPD Rad3 ATP dependent 5’-3’ helicase TTD, XP and XP/CS
activity and links the core to CAK
CAK CDK7 Kin28 Kinase
. Modulates the CDK7 kinase
Cyclin H Ccll .
activity

MAT1

Stabilize the CAK

Table 5. TFIIH components and their functions

Adapted from (Compe and Egly 2012)
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Remarkably, the free CAK and the CAK interacting with the core TFIIH have
significantly different substrate specificity. Free CAK acts as Cdk-activating kinase and
can phosphorylates number of substrates which include Cdk1, Cdk2, Cdk4, and Cdké6
involved in the cell cycle progression. When it is in complex with TFIIH it preferentially
phosphorylates the CTD of RNA pol II. In addition to that, TFIIH also phosphorylates
the NRs during transcription. The CAK is released by the core during the NER and
reappears after DNA repair for the resumption of the transcription (Coin, Oksenych et
al. 2008). p8/TTD-A subunit of the core also exists in the cell in dimeric form separately
from TFIIH.

1.1 XPB

XPB (ERCC3; Ssl2; Rad25) is the largest member of TFIIH. The ERCC3 gene (excision
repair cross-complementing group 3) was initially characterized as a gene correcting a
DNA repair deficiency in XPB cells from patient suffering from a severe genetic
syndrome (Xeroderma pigmentosum) (Weeda, van Ham et al. 1990) (Weeda, van Ham et
al. 1990). The gene was cloned after transfection of human chromosomal DNA to the
UV-sensitive, incision-defective Chinese hamster ovary (CHO) mutant 27-1. It was
observed, that ERCC3 specifically corrects the defects in an early step of DNA excision
repair pathway of UV-sensitive rodent mutants of complementation group 3.
Structurally, ERCC3 is 782 amino acids protein possessing putative nucleotide binding
domain, chromatin binding domain, helix-turn-helix DNA binding domain and seven
consecutive motifs. XPB belongs to the SF2 superfamily of ATP-dependent DNA or
RNA helicases (Weeda, van Ham et al. 1990). It is essential for both initiation of
transcription by RNA polymerase II and nucleotide excision repair. Its function is

evolutionarily conserved among eukaryotes.
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Crystal structure of XPB homolog from Archaeoglobus fulgidus (AfXPB) revealed that
XPB consists of two Rec-A like helicase domains (HD1land HD2) connected by a flexible
hinge, a DNA damage recognition domain (DRD), a unique RED motif and a flexible
thumb motif (ThM), (Fan, Arvai et al. 2006). The positively charged Thumb-like domain
and an RED motif have been shown to be implicated in XPB specific activities
(Oksenych, Bernardes de Jesus et al. 2009). HD1 and HD?2 are packaged opposite to each
other and form a cleft that brings I, II, V and VI (Figure 9a) to form a composite ATP-
binding site [Figure 11, (Fuss and Tainer 2011)]. Homologue of human XPB can be
found in a number of bacteria i.e., Mycobacterium tuberculosis and Kineococcus
radiotolerans (Biswas, Pero et al. 2009). Sulfolobus solfataricus and related archaea have
two homologues of the XPB protein, XPB1 (S5s00959) and XPB2 (Sso0473) which binds to
single stranded DNA and have DNA-dependent ATPase activity, but neither of them
work as helicase against a range of damaged and undamaged DNA substrates in-vitro.
The enzymatic activity of XPB activity is highly regulated by other TFIIH subunits. p52
interacts with XPB directly and stimulates its ATPase activity (Merino, Madden et al.
1993; Jawhari, Laine et al. 2002) while, p8/TTD-A stimulates indirectly by interacting
with p52. In addition, the NER damage recognition factor XPC-HR23B also stimulates
the ATPase activity of XPB and facilitates DNA opening around the lesion (Ge and
Roeder 1994).

Mutations in XPB gene lead to the rare human genetic disorders; Xeroderma
pigmentosum (XP), cokayne syndrome (CS) and trichothiodystrohy (TTD) (Phenotypic
characters are discussed in Chapter III). Up to now, only six mutations in six families
are reported (Shykind, Kim et al. 1995). The two mutations in N-terminal domain, F99S
and T119P are the most studied (See Result section, Manuscript Figure 1). These two

mutations have been shown to show less RNA synthesis in in-vitro transcription assay
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1 FeS Arch 762
HD1 HD2

Figure 11. Linear schematics of XPB and XPD helicases.

The seven helicase motifs HD1 and HD2 are common to both XPB and XPD. The for helicase motifs
in HD1 (1, Ia, 11, IlI) are indicated in red and three (1V, V, VI) in HD2 are indicated in green, A)
Damage recognition domain, DRD domain N-terminal close to HD1 is colored pink, dark red and
blue represents the R-E-D and thumb domain respectively, B) FeS domain in XPD in orange and

Arch is in purple. Adapted from (Fuss and Tainer 2011).
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while two other nonsense mutations reported by Oh. SK et.al lead to premature

termination of the protein (Kang, Auble et al. 1995).

1.2 XPD

XPD/Rad3/ERCC2 is a member of SF2 helicase family and the second largest member of
TFIIH. It is ATP dependent 5-3" helicase of TFIIH. XPD is highly conserved in archea
and eukaryotes. The closest homologue of XPD is the bacterial damage-inducible G
(Din G). In addition it has several paralogues such as regular telomere length (RTEI1),
Fanconi’s anemia complementation group (Fanc]) and Chll. All of these proteins shares
conserved Fe-S cluster binding domain and functions as helicases in different
recombination and repair processes (Liu, Rudolf et al. 2008). Crystal structure of archael
XPD has revealed that apart from two canonical helicase domains; HD1 and HD2, XPD
is composed of 4 Fe-S cluster domains involved in DNA damage recognition and an
Arch domain (Figure 11). Together, the Arch and iron-sulfur domains form a channel
through which single-strand DNA is dragged by the action of the motor domains in a
cyclical ATP-dependent reaction. This Arch domain has been recently shown to act as a
platform to recruit the CAK, both in transcription and DNA repair (Abdulrahman, Iltis
et al. 2013). Furthermore Qi et.al, has shown that monomeric XPD unwinds the duplex
DNA in 1-bp steps, yet it exhibits frequent backsteps and undergoes conformational
transitions manifested in 5-bp backward and forwards steps. These all mechanisms
depends on the availability of ATP and finally the single-base pair stepping in forward
direction give rise to the unwinding of the duplex DNA (Qi 2013).

XPD has very important role in the structural organization of TFIIH, acting as a bridge
between the core and the CAK. It interacts with Matl of the CAK sub-complex
(Lagrange, Kapanidis et al. 1998). The helicase activity of XPD which is dispensable for
transcription is absolutely required for DNA unwinding during the NER. XPD helicase

activity is further stimulated by p44 through its association with carboxyl-terminal
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Figure 12. XPD and its interactions

Adapted from PubMed Gene ID: 2068
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domain of XPD (Coin, Oksenych et al. 2007). XPD also interact with several other
proteins and can be found in complex with other protein (Figure 12). Several mutations
in the XPD gene are reported till date which gives rise to XP, TID, CS and XP/CS

phenotype (Mutation studied in present study are discussed in detail in Chapter III)

1.3 p62

p62/Ttb1 is the structural component of TFIIH core, highly conserved during evolution
and first cloned in 1992 by Fisher et.al (Laurent Fischer 1992). p62/Tfb1 facilitates the
recruitment of TFIIH to the transcription preinitiation complex through an interaction
between its amino-terminal PH domain and the acidic carboxyl terminus of TFIIEx
(TFIIEa336—-439) (Xiao, Pearson et al. 1994). This interaction markedly stimulates TFIIH-
dependent phosphorylation of the C-terminal domain of RNA pol II. In addition, the
p62/Tfb1 subunit has been shown to interact with p53 through its acidic transactivation
domains 2 (TAD2). The interaction between p53 TAD2 and p62/Tfbl is enhanced by
phosphorylation of Ser-46 and Thr-55 of p53. This interaction is thought to be important
for regulation of selected p53-regulated genes that require p53 TAD2, such as MDM2,
PUMA, WAF1, and BAX1 (Zurita and Merino 2003). NMR studies have shown that
the acidic TAD of EBNA2 (Epstein—Barr virus nuclear antigen 2) (residues 431-487)
interact with the Tfb1/p62 subunit of TFIIH and is required for the transactivation
(Chabot, Raiola et al. 2014). Point mutations in the acidic TAD of VP16 that reduce its
transactivation activity also weaken its binding to TFIIH while mutation in TAD of E2F-
1 leads to the loss of TFIIH binding via p62 and hence results in 60-65% reduction in
transactivation. In addition, p62/Tfb1 directly interacts with thyroid hormone receptor,
enhancing T3-mediated transcription (Burley and Roeder 1996). In DNA repair,
p62/Ttb1l interacts with damage recognition complex XPC/Rad4, as well as with
structure-specific endonuclease XPG/Rad2 that cleaves DNA at the 3’ end of the lesion,

(Iyer, Reagan et al. 1996; Yokoi, Masutani et al. 2000). In particular, Rad4 binds with the
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PH domain of p62/Tfb1 to form Rad4-Tfb1PH complex which has interface similar as to
one used by Rad2 to bind Tfb1PH. So, Rad4 competes with Rad2 for binding to the Tfb1
subunit of TFIIH in NER (Lafrance-Vanasse, Arseneault et al. 2013). There are no
described mutations in human p62 that leads to any DNA repair disorders, however the
correlation between p62 single nucleotide polymorphisms (SNP) and the lung cancer

risk have been reported (Wu, Liu et al. 2009).

1.4 p52

p52/Tfb2 is a non-enzymatic component of TFIIH and first co-purified and co-
precipitated as fifth subunit with eight other TFIIH subunits (Xie, Kokubo et al. 1996).
p52/Tfb2 protein physically interacts with XPB and stimulates its ATPase activity
during transcription and DNA repair. The complex p34/p44/p62 (Ttb4/Ssl1/Ttb1) does
not interact with XPB in the absence of p52 (Tfb2) and the depletion of p52 leads to
defect in DNA opening during transcription initiation (Orphanides, Lagrange et al.
1996; Feaver, Henry et al. 1997; Jawhari, Laine et al. 2002). Till date, no human genetic
disorders are known due to the mutation in p52 gene. However, mutation in
p52/Dmp52 in Drosophila is reported which is known to cause neurological defects, UV-
sensitivity and features similar to TTD patients (Fregoso, Laine et al. 2007). These
mutation more likely impaired p52-p8/TTD-A interaction, as overexpression of p8/TTD-
A enhances UV-irradiation resistance and suppresses TFIIH mutations in a Drosophila
TTD model (Aguilar-Fuentes, Fregoso et al. 2008). Furthermore, p52 has been shown to
be a transient component of the catalytic site of human mitochondrial RNA polymerase

(mitoRNAP) and also implicated in promoter melting (Sologub, Litonin et al. 2009).

1.5 p44

The gene encoding p44 is a human counterpart of Ssll in yeast and has a RING finger
domain which is highly conserved and interacts with XPD upon DNA binding. This

binding stimulates the helicase activity of XPD in-vitro (Flores, Ha et al. 1990; Tanaka,
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Watanabe et al. 2009). The NMR structure of p44 RING finger domain (residues 321 to
395) shows two zinc binding sites coordinated by eight cysteine residues (Kellenberger,
Dominguez et al. 2005). Interestingly these conserved cysteine residues are also found
in the RING finger domain of Ssll and are critical for the E3 ligase activity in yeast.
Mutation in the first two cysteine residues in yeast (C403A and C406A) abolishes Ssl1
enzymatic activity in an in-vitro polyubiquitination assay performed in the presence of
El and E2 (Ubc4) enzymes and further reduced the yeast survival rate following UV
irradiation or methyl methanesulfonate (MMS) treatment. The E3 ubiquitin ligase
activity is further enhanced by another subunit p34 of TFIIH. Amino acid residues from
66 to 200 are involved in the interaction with XPD, since mutations between this region
have been shown to decrease the helicase activity and further leads to the defect in the
first step of the transcription reaction, i.e. the first phosphodiester bond formation and
promoter clearance (Seroz, Perez et al. 2000). The p44 mRNA has been shown to be
regulated by microRNA, miR-27a. Moreover, miR-27a destabilizes the p44 subunit of
the TFIIH complex during the G2-M phase, thus modulating the transcriptional
shutdown observed during this transition (Portal 2011). p44 gene has been described in
context to the spinal cord muscular atrophies. p44 gene is part of the 500 kb inverted
duplication on chromosome 5q13. One copy of p44 gene is within the telomeric region
while the other resides in the centromeric region. Deletion of this gene in telomeric
region sometimes accompanies deletion of the neighboring SMN1 gene resulting in the
spinal muscular atrophy (SMA) phenotype but it is unclear if deletion of p44 gene
contributes to the SMA phenotype (Archambault, Pan et al. 1998).

1.6 p34

p34 of human TFIIH is homologous to Tfb4 of yeast and contains a zinc finger domain
similar to p44 (Yonaha, Tsuchiya et al. 1997). It has been shown to be important for both

transcription and DNA repair, though it is not known for any enzymatic activity
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(Feaver, Henry et al. 1997). Recently, the crystal structure of the p34 subunit of the
TFIIH complex from the eukaryotic thermophilic fungus Chaetomium thermophilum has
been revealed (Schmitt, Kuper et al. 2014). It shows that p34 contains a von Willebrand
Factor A (vVWA) like fold which is generally known to be involved in protein-protein
interactions. Within TFIIH p34 strongly interacts with p44, a positive regulator of the
helicase XPD.

1.7 Cdk7

Cdk/7MO15/Kin 28 is a catalytic subunit of CAK and is a member of Serine/threonine
protein kinase family. CDK 7 can execute dual function by recognizing different classes
of substrate. In metazoans, CDK7 was initially identified as the CDK-activating kinase
CAK, which phosphorylates cell-cycle CDKs within the activation segment (T-loop). It
forms a heterotrimeric complex with the ring finger protein Matl within the multi-
complex TFIIH and also phosphorylates the CTD of the largest subunit of RNA pol II.
The difference between CTD-like and T-loop substrates is also seen in the ability of
Cdk7 to phosphorylate peptides in solution. CTD peptides are effective substrates for
Cdk7, whereas T-loop substrates are not. Human Cdk7 can phosphorylates the Ser 5
and it was first shown by Roy et al. that mammalian Cdk7 can phosphorylates a peptide
with Alanine2 substitution, while it cannot phosphorylates a similar peptide with
Alanine (Roy, Adamczewski et al. 1994). Cdk7 kinase activity is required for the
transcription initiation (Akoulitchev, Makela et al. 1995) and this kinase activity is
stimulated by the mediator complex that binds to the unphosphorylated form of the
CTID and helps to recruit RNA pol II to the preinitiation complex (PIC).
Phosphorylation of Ser5 and Ser7 residues in the CTD disrupts this interaction
permitting promoter escape and entry into the elongation phase of the transcription
cycle (Kim, Suh et al. 2009). However, recently it has been shown in yeast that the Kin28

(CdK7 homologue in yeast), is important for promoter escape but not for elongation.
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Phosphorylation of CTD causes dissociation of mediator and subsequently promoter
escape, whereas its depletion dramatically increases mediator occupancy at the core
promoter (Wong, Jin et al. 2014). Although Cdk?7 is known to control the organismal
viability, dissecting its physiological role in transcription and cell cycle control seems to
be tough. For example, loss of Cdk7 effects both transcription and mitosis in C. elegans
(Luse, Spangler et al. 2011), while adults Drosophila with homozygous mutation in Cdk7
are viable for over 40 days at the non-permissive temperature arguing against an
essential role in transcription. It has been shown that the effect on RNA pol II
transcription is miniscule even though mice homozygous for a Cdk7 deletion die early
in embryogenesis (Ganuza 2012). Tissue specific knockouts of Cdk7 in adult mice cause
the loss of proliferating cells but little change in non-proliferating cells. This result
argues that TFIIH kinase is not required for transcription in post-mitotic cells. All
together these studies indicate that Cdk7 is not essential for transcription in all the cells
is observed. In support of this hypothesis we can assume that there might be other

CDKs which can provide the missing CTD kinase activity.

1.8 CylinH

Cyclins are the conserved proteins and abundant during the cell cycle. They function as
the regulators of CDKs and functions during two processes, transcription and cell cycle.
Cyclin H forms a complex with CDK7 kinase and ring finger protein MAT1. Cyclin-
CDK association enables substrate phosphorylation. Furthermore, cyclin H has an
essential function in promoting the self-renewal of the pluripotent stem cells of
blastocyst stage embryos suggesting the role of cyclin H in maintaining ES cell identity
and in early embryonic development (Patel and Simon 2010). Also the TFIIH kinase
activity is affected by the interaction of the Ul snRNA and the cyclin H (Buratowski,
Hahn et al. 1989). Cyclin H is also phosphorylated by the Cdk8 subunit of the mediator
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complex (Akoulitchev, Chuikov et al. 2000). This phosphorylation represses both the

ability of TFIIH to activate transcription and its CTD kinase activity.

1.9 Mat1

The MAT1/Tfb3 protein stands for “ménage a trois” is a third component of CAK. This
is a RING finger containing protein and plays a structural role in stabilizing the
complex. The core of the molecule consists of two repeats containing five helices each
and forming the canonical cyclin folds similar to TFIIB. Out of these five two helices
define specificity of the cyclin H molecule. These two long helices extends the cyclin
fold at its N- and C-termini and pack together against the first repeat on the side
opposite to the kinase. Deletion mutants show that these terminal helices are required
for a functionally active cyclin H (Kraemer, Ranallo et al. 2001). The coiled-coil and the
hydrophobic domains of MAT1 interact with the N-terminal domain of XPD and
prevent its helicase activity, although this inhibition in the helicase activity is overcome

by XPD when p44 binds to it (Sandrock and Egly 2001).

1.10 p8/TTD-A

p8/TTD-A/ Tfb5 is a 71 amino acids small, a3 protein built around an antiparallel (3-
sheet that forms a homodimer with an extended interface (Roeder 1996). It presents
unusual stretches of conserved and hydrophobic residues and is almost conserved
among all eukaryotic genomes from human to yeast. Initially, it was shown to be a bona
fide component of RNA pol II preinitiation complex and a component of TFIIH which is
required for efficient transcription both in vitro and in vivo (Ranish, Hahn et al. 2004).
Later it was shown to be a DNA repair specific factor (Chao, Gadbois et al. 1996).
Further, it was shown to be a NER-dedicated subunit of TFIIH by Giglia-Mari et al. in
fibroblast cells (Giglia-Mari, Miquel et al. 2006). It stimulates the ATPase activity of XPB
together with the p52 and NER factor XPC-HR23B. It interacts with the hydrophobic

surface of p52 and seemingly protects p52 from solvents. Structural studies on yeast
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p8/TTD-A and p52 have shown that the C-terminal of p52 anchors p8/TTD-A and forms
a heterodimer (Coin, Bergmann et al. 1999; Kainov, Cura et al. 2010). The p8/TTDA-p52
interaction was further confirmed in-vivo (Nonnekens, Cabantous et al. 2013). This
interaction subsequently allows the NER factors to localize to the damage (Theil,

Nonnekens et al. 2011).

Mutation in p8/TTD-A subunit gives rise to rare form of TTD phenotype. The first
report of a TTD patients due to mutation in TTD was made long back in 1993 and it was
thought to be TTD phenotype due to a new excision-repair complementation group
(Stefanini, Vermeulen et al. 1993). After several years it was shown that the protein

causing the rare form of TTD is indeed p8/TTD-A (Shilatifard, Conaway et al. 2003).
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B. NER Factors

The NER factors are the group of proteins which are known to be involved not only in
NER pathways but also in several DNA repair pathways. Mutation in 13 genes out of
30, which carry out the nucleotide excision repair process, causes human genetic
disorders like Xeroderma pigmentosum, Cockayne syndrome and trichothiodystrophy.
These proteins include the xeroderma pigmentosum complementation group proteins;
the XP proteins (XPA — XPG), XP protein variant XPV, p8/TTD-A, CSA and CSB. Based
on their functional aspects in the NER process, XP proteins implicated in NER
pathways can be broadly divided into three groups. XPA, XPC, XPE, CSA and CSB are
the initial proteins that are required for sensing DNA damage and initiating the repair
process. XPB and XPD are responsible for the opening of the DNA strand surrounding
DNA lesions during NER. XPG and XPF are the endonucleases that perform the dual
incisions to release the damaged strand and allow resynthesis using the nondamaged
strand as a template (their role in NER pathways is described in detail in next section).
The sequential assembly of these proteins on the damaged DNA was very well studied
by Riedl et al (Riedl 2003). Their roles in NER pathway have been very well accepted.
However, these proteins are not only required in DNA repair, they have indeed many
overlapping roles in DNA metabolic processes, cell cycle regulation and transcription
(Table 6). Their existence in transcription was put forward precisely in 2009 (Barreto,
Schafer et al. 2007; Schmitz, Schmitt et al. 2009; Le May, Mota-Fernandes et al. 2010) and
their advent in transcription was shown to be a paradigm shift in the understanding of
the human genetic disorders like XP, CS and TTD. These studies have clearly shown
that the NER factors are recruited sequentially on the promoter of active gene. XPC
seems to be the first NER factor to bind to active promoter similar to its recruitment in
NER and then allows the recruitment of other NER factors such as CSB, RPA, XPA,

XPG and XPF during transcription. During NER, XPC function as the damage sensor
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and allows TFIIH to come at the damage site once it recognizes the lesion, followed by
other NER factors which complete the DNA repair process. During transcription, XPG
and XPF are shown to be required for the DNA break formation at the active promoter,
further allowing chromatin remodeling to occur and ensure accurate transcription.
Other NER proteins such as CSB and CSA are also known to function as chromatin
remodelers (Fousteri, Vermeulen et al. 2006). In particular CSB regulates the
transcriptional program after UV irradiation (Proietti-De-Santis, Drane et al. 2006).
However, there is a need to be explored more in order to fully understand the role of all
the NER factors during transcription. Table 6, represents the interacting partners of all

the NER factors in many processes other than transcription and DNA repair.
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Protein Functions Interacting partners Process of Involvement
XPA Damage ATR Nuclear import of XPA in response to UV
sensor RPA, XPF, TFIIH NER
XAB1 Modulate the nuclear import of XPA
XAB2 Scaffold protein in transcription and cell cycle
DDB2 DDB-mediated NER
XPB 3'-5" ATP PP2A-related kinase Phosphorylates XPB
dependent P53 Reduce the rate of apoptosis
helicase SUG1 Modulates the degradation of RAD4
TFIIE Transcription
XPC, XPG } Transcription and NER
p62, p52, p8
XPC Damage ATM Cell cycle control and remove lesions
sensor Centrin2 Damage recognition
SUMO, XPB, p62, XPE, NER
XPG
TDG BER
S5a-26 proteasome Degradation by the 26S proteasome post UV
complex
XPD 5’- 3'ATP hMMS19, p44, MAT1 NER
dependent p53 Reduce the rate of apoptosis
helicase MMXD Chromosome segregation
XPE Damage c-ABL tyrosine kinase Degradation by the 26S proteasome post UV
sensor Cul4-COP9 Transcriptional repression
XPC NER
STAGA , CBP/p300 Chromatin remodeling for DNA repair
E2F1 Cell cycle arrest
XPF Endo- aSPlle ,FANC-A,Msh2 Mismatch repair
nuclease RAD51/52
RPA Inter-cross linked repair
XPA/ERCC4 NER
TRF Forms a ternary complex during NER
TFIID Regulates telomere integrity
Transcription (a)
XPG Endo- Nthl BER
nuclease PCNA DNA replication
RNA pol Il, RPA/XPA Transcription, NER
XPB, p62 }
XPV Y-family DNA  PCNA, Rad18, Rev1 Allow trans-lesion synthesis past the damage
polymerase Rad51 Recombination and double strand break repair
CSA Ubiquitin XAB2 TCR and transcription
ligase RNA pol II, CSB TCR
pP44 Transcription by RNA pol I and Il
DDB1, Cul4A, Ubiquitin ligase complex component, responds to UV
Roc1,COP9 }

Topoisomerase |

Assist in dsDNA unwinding by cutting one strand and
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later reannealing
CSB DNA- CSA TCR
dependent XPB and XPD Transcription by RNA pol I, Il and NER, helicase activity
ATPase of p44 and p62 Transcription by RNA pol |, Il and NER
SWI/SNF RNA pol Il Transcription of mRNA
family RNA pol |, IlI Transcription of rRNA
0GG1 In BER
PARP-1 Maintain heterochromatin and repair oxidative
damage
p53 Cell cycle control, G1-arrest, NER and apoptosis
XPG NER, BER
XPA NER
p8/TTD-A Implicated in  XPB, p52 NER
NER

Table 6. NER factors and their interaction partners [Adapted from book chapters by Shell M et al.
2008 and Sun G et al. 2009, (Hirose and Manley 2000) ]

C. TFIIH: Bridging transcription and repair

TFIIH has been first identified and characterized as an essential component of RNA pol
IT mediated transcription machinery, (Conaway and Conaway 1989; Gerard, Fischer et
al. 1991). Later in 2002, it was shown to be involved in the transcription of rRNA by
RNA pol I (Hoogstraten, Nigg et al. 2002) and subsequently in the transcription of
noncoding RNAs by RNA pol III (Wrange, Okret et al. 1984). Nonetheless, most of the
studies on the role of TFIIH in transcription were focused on RNA pol II system. TFIIH
is the last factor recruited in the sequential assembly of PIC at a core promoter. Once the
PIC is established, the ATPase activity of XPB is necessary to open the DNA around the
transcription start site. In this process, XPB probably walks on the DNA helix which
generates a supertwist, downstream of a fixed RNA pol II-promoter complex
promoting the melting of DNA. The activity of XPB is regulated by p52 in transcription
and NER but by p8/TTD-A only in NER. XPB ATPase activity is also regulated by other
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transcription factors. During the transcription of MYC gene, XPB ATPase activity is
stimulated by FBP (FUSE-binding protein) and inhibited by FIR (FBP interacting
repressor). Open complex formation subsequently initiates the transcription which is
dependent on the phosphorylation of CTD on Ser5 by Cdk7. The CTD Ser 5
phosphorylation is also modulated by the MAT1 and Cyclin H subunits within TFIITH.
Whereas, Cyclin H is phosphorylated by Cdk8 kinase of the mediator which negatively
regulate the TFIIH by inhibiting the Cdk7 activity (Akoulitchev, Chuikov et al. 2000).
Depending on its phosphorylation state, CTD attracts mRNA and histone modifying
enzymes. At the completion of the transcription cycle Cdk7 also phosphorylates the
Ser7 of the RNA pol II CTD (Described in detail in section I.A.2.1). Besides its role in the
basal transcription, TFIIH can also controls the regulation of several transcription
factors, such as p53, Epstein Barr nuclear antigen 2 (EBN2), hepatitis B virus (HBV) X
Protein (HPX), Herpes simplex virion protein VP16 and nuclear receptors (NRs)
(Mangelsdorf, Thummel et al. 1995). Phosphorylation of NRs by Cdk7 of TFIIH can
occur within their A/B domain. This phosphorylation can occur either without the
ligand as in RARal, RARY, androgen receptors (AR), the peroxisome proliferator
receptors-a, PPARY1, PPARY2 and thyroid hormone receptor-al or in response to

hormone like oestrogen receptor-a and thyroid hormone receptor-f3.

In addition to its role in transcription, TFIIH participates in the Nucleotide excision
repair (NER) process. On the basis of the recognition procedure, NER pathway can be
subdivided into two subpathways: the global genome repair (GGR) and the
transcription coupled repair (TCR). In GGR subpathway, the damage is sensed by XPC-
RAD23 complex and centrin 2 (CETN2). Upon correct binding of the XPC to the
damaged DNA, the C-terminal domain of XPC forms the three-dimensional structure.
In TCR subpathway, damage is indirectly recognized during transcript elongation by

the stalling of RNA pol II at a lesion by the action of Cockayne syndrome WD repeat
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protein CSA and CSB. After damage recognition, TFIIH is recruited to the lesion in both
GGR and TCR pathways. In GGR, p62 subunit of TFIIH interacts both with the C-
terminal and the amino terminal domain of XPC, whereas XPB interacts only with the
C-terminal region of XPC. In TCR, the CSB binds to the stalled RNA pol II and allows
the recruitment of TFIIH. Upon binding of TFIIH to the damaged DNA, the CAK
subcomplex dissociates from the core TFIIH complex and this dissociation of CAK from
core is essential for the unwinding of the DNA (Mangelsdorf, Thummel et al. 1995). The
helicase activity of TFIIH further opens the double helix around the lesion which is
further stabilized by XPA and the single-stranded DNA binding replication protein A
(RPA). RPA binds to the single-stranded, chemically altered nucleotides and coats the
undamaged strand. XPA recruits structure specific endonuclease, XPF-ERCC1
heterodimer, which create an incision 5 to the lesion. This concomitantly allows the
recruitments of XPG which cuts the damaged strand at 3’ to the lesion allowing the
excision of the 22-30 nucleotide-long damaged strand. The trimeric proliferating cell
nuclear antigen (PCNA) ring, which is directly loaded after the 5" incision by XPF-
ERCC1, recruits DNA Pol o, DNA Pol k or DNA Pol ¢ for gap-filling DNA synthesis.
The NER reaction is completed once the final nick is filled by DNA ligase 1(FEN1) or
DNA ligase III (XRCC1) (Marteijn, Lans et al. 2014). Besides TFIIH acting both in
transcription and NER, the involvement of NER factors in transcription have also been
debated since long back when DNA-repair proteins; XPG, XPF and XPC were found to
interact with RNA pol II (Maldonado, Shiekhattar et al. 1996). Later several studies

came which suggested the involvement of these NER factors in transcription.
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ITI.

Human disorders associated with mutation in TFIIH and
NER factors

Xeroderma Pigmentosum (XP), Trichothiodystrophy (TTD) and Cockayne Syndrome (CS)
are rare, recessive disorders caused by mutation in TFIIH and NER factors. To date, a
multitude of mutations in the TFIIH and NER factors have been described which give
rise to transcriptional dysregulation and defective NER pathway. According to the early
cell fusion studies the NER diseases are categorized into multiple complementation
groups and each group subsequently corresponds to patients with mutations in
individual genes (De Weerd-Kastelein, Keijzer et al. 1972). For instance eight
complementation groups comes under the XP phenotype (XP-A to G and XP-V), two in
CS (CS-A and CS-B) and four in TTD (XP-B, XP-D, TTD-A, TTDN1) phenotype.
Mutations in the genes of these complementation groups cause a wide range of clinical
symptoms, from mild photosensitivity to severe skin cancers, developmental disorders
and neurodegeneration. Sometimes mutations in same gene can give rise to different
diseases or a variation in the degrees of severity. Genetic studies have shown that
mutation in XPB, XPD and XPG give rise to XP or a combination of XP and CS (referred
as XP/CS in the rest of the text), TTD is usually caused by mutation of XPD, rarely of
XPB, p8/TTD-A and TTDNI. Figure 13 shows the overlapping genotype-phenotype
complexities among different disorders (Kraemer, Patronas et al. 2007; DiGiovanna and

Kraemer 2012; Sarasin 2012).

During my PhD, I particularly studied the XP, XP/CS and TTD phenotype caused by
different mutations in XPB, XPD and p8/TTD-A gene (Table 7). Each of the mutation

and the phenotype is explained in detail below.
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Xeroderma
Pigmentosum

Phenotypes XPB XPD TTD-A

XP R683W

XP/CS F99S G602D

TTD T119pP R112H L21P/R56stop
R722W

Table 7. Mutation in XPB, XPD and TTD-A gene studied during PhD

[ Clinical disorders } And Molecular defects

Xeroderma Pigmentosum/
Cackayne syndrome

OFS
Syndrome

Xeroderma
Pigmentosum

Syndrome
with neurological
Abnormalities

@ Trichothiodystrophy @

4

Cockayne

Figure 13. Relationship of genetic disorders to molecular defects.

The genetic diseases (represented in cyan rectangles) induced by different TFIIH and NER factors
(represented in dark blue). Different mutations in one gene may result in several different clinical

features (Adapted from (Kraemer, Patronas et al. 2007; DiGiovanna and Kraemer 2012; Sarasin
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A. Xeroderma pigmentosum

Xeroderma pigmentosum (XP) was first described in 1874 by Hebra and Kaposi (Hebra
and Kaposi 1874). In 1882, Kaposi coined the term xeroderma pigmentosum for the
condition, referring to its characteristic dry, pigmented skin or “parchment skin”. XP is
a rare autosomal recessive disorder, characterized by photosensitivity, premature skin
aging, pigmentary changes, and malignant tumor development. Compared to the
general population, XP patients can develop hundreds of skin cancers. XP patients
under age of 20 years have a 10,000- fold increase in the frequency of non- melanoma
skin cancer (NMSC), 2000- fold increase in melanomas. They also have 1000-fold high
frequency of getting cancer on sun exposed tissues of the eye and 100,000-fold increase
on the tongue (Kraemer, Lee et al. 1994; Bradford, Goldstein et al. 2011). XP patients
under age of 20 years have an approximately 50-fold increase in cancers of the brain
and other central nervous system (Mangelsdorf and Evans 1995) i.e almost 18% of these
patients under age 20 are reported to have neurological symptomatology (referred as
XP-ND in rest of the text) (Rapin 2013). XP patients with defects in complementation
groups A, B, D and G are very likely to have blistering burns on minimal sun exposure;
while those having defect in complementation groups C, E and variant-V do not show
such sun burns. In XP-V it is not the NER but the post-replication repair is defective
because of the Pol H gene. XPA and XPD are the main genes responsible for XP-ND;
XPG is the infrequent cause of the XP-ND but the phenotype might be severe. However,

all are at high risk to develop early onset freckling, lentigines and skin cancers.

R683W is one of the mutations in XPD gene which I studied. It gives rise to the XP
phenotype and is located in C-terminal region of the XPD gene. It has been described
extensively in so many studies as this mutation is a hotspot for the XP phenotype (Table
7) and is found as a heterozygous mutation in >80% of XP-D patients (Taylor,

Broughton et al. 1997; Renaud and Moras 2000; Kobayashi, Uchiyama et al. 2002).

94



Curiously, the clinical manifestations of patients are compound heterozygotes for XPD/
R683W, where a second mutation includes patients with or without skin cancers and
patients with or without severe neurological impairments. The patient XP135LO is 16-
year-old male with R683W mutation and exhibited photosensitivity, multiple cancers
and mild neurological abnormalities. The patient cell line for the first time was used to
analyze the effect of mutation on the somatic hypermutation which was thought to be
affected by impaired DNA repair process (le Maire, Teyssier et al. 2010). Later in 1997,
Taylor et al. performed genotype phenotype analyses and showed that it belongs to XP-

D complementation group. (Taylor, Broughton et al. 1997).

B. Cockyane Syndrome

Cockayne syndrome was first described by a London physician, Edward Alfred
Cockayne in 1936 in two siblings as a syndrome of “dwarfism, retinal atrophy and
deafness”. Since then, more than 180 cases of Cockayne syndrome (CS) have been
reported in the literature. CS, an autosomal recessive disorder, has no apparent gender
or ethnic predilection. The clinical symptoms may be present at birth and typically
develop by age two. Patients usually do not survive to adulthood. Besides, growth and
developmental delay, affected children have a typical faces, ophthalmic and auditory
disorders and sun-sensitivity. CS severely affects the nervous system, resulting in
profound neurodevelopmental impairment such as microcephaly and mental
retardation and developmental delay. There are five known complementation groups in
CS: CSA, CSB, CS/XPB, CS/XPD and CS/XPG. Mutations in the CSA gene are
responsible for the clinical phenotype of CS Type I, the classic form and are present in
approximately 25% of CS patients. In contrast mutations in CSB manifest in variable
phenotypic expressions. For example, Cerebro-Oculo-Facial-Skeletal syndrome (COFS)
or Pena-Shokeir-II syndromes are recognized as a form of CS Type II. CS Type III

symptoms are milder than Type I, manifesting later and with slower disease
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progression. Another variant of CS is Xeroderma Pigmentosum-Cockayne syndrome
which contains mixed symptoms of both the phenotypes (XP-CS which is explained in a

detail in next section).

CSA and CSB proteins indeed interact with several other proteins and are also
implicated in a number of cellular processes other than DNA repair (Table5). There are
now several evidences which shows that CSB is implicated in transcription and
chromatin remodeling (Vélez-Cruz and Egly 2013). One recent study in fact shows that
CSB functions in co-operation with c-Jun and regulate the transcription and chromatin

structure (Lake, Boetefuer et al. 2014).

C. Xeroderma Pigmentosum/Cockyane Syndrome

Xeroderma pigmentosum/cockayne syndrome (XP/CS) is a rare phenotype with
classical clinical features of XP and CS phenotypes (Lindenbaum, Dickson et al. 2001).
In addition to mental retardation, spasticity, hypogonadism and short stature, affected
patients have the typical facial freckling and skin cancer predisposition characteristic of

patients with XP. Their genotype is XPB, -D, or -G, not CS.

In the course of my thesis, I analyzed the two different XP/CS mutations, one in XPB
and other in XPD. Mutation in XPB, F99S was reported by Scott et al. (Scott, Itin et al.
1993). This mutation was detected in one of the two sibling patients with XP/CS
phenotypes showing the CS neurologic disease and not the XP neurologic disease. At
the age of 6 weeks he developed severe sunburn. He walked at 1 year and spoke his
first word at 2 years of age. He developed some hearing difficulties at the age of four
years. His skin was dry and parchment-like with numerous freckle-like
hyperpigmented macules, especially in sun-exposed areas however had no evidence of
any malignancy. With age the patient developed several neurological anomalies such as

increase in hydrocephalus with pronounced atrophy of cerebellum and an enlarged
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fourth ventricle, an increase in the density of the spongiosa, sclerosis of sutures,
demyelinating neuropathy and many more. He also developed several sexual

abnormalities with increasing age.

Another analyzed mutation with XP/CS phenotype was G602D, a substitution in XPD
gene and the patient was called XPCS-2. This mutation was first reported by Moshell et
al, under XP-H complementation group. Later it was reassigned in XP-D
complementation group (Robbins 1991; Vermeulen, Stefanini et al. 1991). Patient XPCS-
2 showed symptoms of both CS and XP, included neurological symptoms which was
associated with CS rather than with XP. He had early acute sun sensitivity, was
freckled, and developed skin cancer at age 2. He also had mental and growth

retardation, and died at age 13 from cancer (Takayama, Salazar et al. 1995).

D. Trichothiodystrophy

TTD is a rare autosomal recessive disorder first described by Pollitt et al (Pollitt, Jenner
et al. 1968) and termed by Price et al. (Price, Odom et al. 1980). Clinical features of TTD
are highly variable in expression, described by the acronyms, PIBIDS, IBIDS and BIDS
which represent the Photosensitivity, Icthyosis, Brittle hair and nails, Intellectual
impairment, Decreased fertility and Short stature (Itin, Sarasin et al. 2001).
Photosensitive form of TTD is caused by the mutation in XPB, XPD and p8/TTD-A
subunit of TFIIH. Cellular studies have shown that the photosensitive form normally
occurs because of defective NER similar to XP and CS, however non-photosensitive
TTD display a normal NER capacity (Stefanini, Lagomarsini et al. 1986). Ten percentage
of all the non-photosensitive form of TTD patients are known to have mutation in
TTDN1 gene, function of which is not very clear yet. According to a new Clinico-genetic
classification, TTD can be classified into three categories i.e. (i) a group with DNA

repair anomalies, (ii) a group without DNA repair defect and with TTDN1 mutation,
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and (iii) a group without DNA repair defect and without identified genetic basis
(Morice-Picard, Cario-André et al. 2009). Study done on the basis of this new
classification shows that the frequency of congenital ichthyosis, colloidion baby type

was significantly higher in TFIIH mutated group.

I analyzed four different mutations in XPB, XPD and p8/TTD-A subunits leading to
TTD phenotype (Table 7). T119P mutation in XPB gene with TTD phenotype was first
reported by Weeda et al (Weeda, Eveno et al. 1997). The patient was male and was
examined first at birth with congenital ichthyosis (collodion baby). The skin condition
improved within 3 weeks, leaving a mild ichthyosis of the trunk. TTD was suspected at
the age of 3, on the basis of mild ichthyosis of the trunk, which involves the scalp,
palms, and soles, mild photosensitivity, lack of second upper incisor, and hair growing
normally but coarse with a tiger-tail pattern under polarized light. A diagnosis of TTD
was further confirmed by hair microscopy and biochemical analysis showing low

cysteine content.

Mutations R112H and R722W are located in N and C-terminal of XPD gene,
respectively. The R112H was reported in an Italian male patient TTD8PV by Stefanini et
al. (Han and Grunstein 1988). He was diagnosed at the age of one. At preschool level he
showed poor mental development, axial hypotonia and reduced motor coordination.
He showed delayed puberty, has short stature and showed moderate UV
photosensitivity (Knezetic and Luse 1986). Mutation R722W was diagnosed in a 3 year
old male child TTD1BEL from United Kingdom, who died at the age of 3 years. Clinical
symptoms of the patient was reported by Stefanini (Stefanini, Lagomarsini et al. 1993),
while the detailed biochemical analysis on the patient cells was performed by
Broughton et al (Broughton, Steingrimsdottir et al. 1994) which showed a much reduced

level of UV- sensitivity.
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Features Xeroderma XP with Trichothio- Cockayne XP/CS
Pigmentosum  neurological dystrophy Syndrome
(XP) abnormalities (TTD) (CS)
(XP-ND)

Skin
Skin sun sensitivity yes Severe Yes/no yes Yes
Lentiginous skin pigmentation yes yes no no Yes
Sunlight induced skin cancer yes yes no no Yes
Eyes
Photophobia yes yes yes/no yes Yes
Cancer(anterior eye/lids) yes yes no no Not reported
Congenital cataracts no no yes yes No
Pigmentary Retinal degeneration no no no yes Yes
Somatic
Short stature no yes/no yes yes Yes
Immature sexual development no no yes/no yes Yes
Nervous system
Progressive sensorineural deafness no yes no yes Yes
Developmental delay no yes yes yes Yes
Dysmyelination of brain no no yes yes Yes
Progressive neurological degeneration no yes unknown yes Yes
Primary neuronal degeneration no yes no no No
Atrophy no yes yes/no yes Yes
Calcification no no yes/no yes Yes
Disease mechanism
NER defect yes yes yes yes Yes
Reaction to exogenous and

. Yes-severe Yes-severe no yes Yes
endogenous DNA damaging agents
Molecular Defects XP A-G XPA, XPB, XPD,  XPB, XPD, CSA, CSB XPB, XPD,

XPV (PolH) XPF, XPG TTD, TTDN1 XPG

Table 8. Comparison of features of XP, XP-ND, TTD, CS and XP/CS

Adapted from (DiGiovanna and Kraemer 2012; Rapin 2013)
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Another patient TTD1Br, a 16-year-old English boy with a severe deficiency in excision
repair, represented a new excision-repair complementation group which showed
mutation in p8/TTD-A and gives rise to photosensitive form of TTD (Stefanini,
Vermeulen et al. 1993; Grunstein, Hecht et al. 1995). Table 8, represents the summary of
the clinical features associated to XP, XP-ND, TTTD, CS and XP/CS phenotypes.

These cell lines obtained from the patients has benefited us immensely in knowing the
molecular mechanism behind the phenotype they represent. Several studies on TFIIH
and NER has shown that in fact, these factors play a crucial role in transcription and the
clinical features manifested by the patients are more related to transcriptional
dyregulation. During my Phd, several questions came to mind. I particularly got
interested in understanding the role of TFIIH in transcription and how it affects the
interplay between TFIIH and NER factors during transcription. Does TFIIH promote
the positioning of the downstream NER factors? Are NER factors also parts of PIC?
Does the function of XPG and XPF endonucleases are influenced by TFIIH? How the
DNA demethylation which also involves XPG and XPF does get affected by TFIIH?
Does the DNA demethyation and histone PTMs regulated by NER factors? How is the
CTCF dependent chromatin looping is affected by TFIIH and NER factors? Does DNA
demethylation is required for the promoter opening? Answers to these questions could
help us to define a hallmark associated for each phenotype and I tried to answer them

during my PhD research.
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Results

A.Involvement of TFIIH in NER factors dependent chromatin
remodeling

Manuscript in preparation
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Abstract:

Fidelity in transcription of the gene requires a congregation of set of proteins around
the promoter, upon gene activation. The TFIIH complex is central among these proteins
and plays a key role through its enzymatic subunits. Mutations in TFIIH subunits XPB,
XPD and p8/TTD-A leads to three distinct autosomal recessive disorders: xeroderma
pigmentosum (XP) sometimes associated with Cockayne’s syndrome (XP/CS) and
trichothiodystrophy (TTD). By studying the different mutation in these three subunits
of TFIIH from mentioned genetic disease models, we have shown that each mutation
analyzed led to a specific transcriptional dysregulation of the RAR-target gene RARC2.
The architectural and enzymatic integrity of TFIIH condition the appropriate
recruitment of TFIIH complex and further the arrival of the Nucleotide Excision Repair
(NER) factors. By disturbing their recruitment, mutated TFIIH consequently
compromised the chromatin remodeling mediated by NER factors such as histones
post-translational modifications (PTMs), DNA breaks induction, DNA demethylation
and gene looping. Hence it can be concluded that in addition to its enzymatic activities,
TFIIH provide a platform to recruit the NER factors and orchestrates the related
functions in transcription. Such varying penetrance among mutants gives rise to a

phenotype gradient as observed in TTD, XP or XP/CS patients.
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Introduction

TFIIH, a well-conserved transcription factor during evolution plays a key role in
maintaining the genome stability as well as in transferring the genetic information.
Mammalian TFIIH includes a core, (containing the six subunits XPB, p62, p52, p44, p34,
and p8/TTD-A) bridged by XPD to the cdk-activating kinase module (CAK, composed
of the three subunits cdk7, cyclin H, and MAT1) (Figure 1A). In addition to its function
in the RNA polymerases transcription, TFIIH is also involved in nucleotide excision
repair (NER) pathway, thus illustrating the important interplay existing between both
so disparate processes (Feaver, Svejstrup et al. 1993; Schaeffer, Roy et al. 1993; Drapkin,
Reardon et al. 1994). NER, that is responsible for the removal of a variety of bulky DNA
adducts, such as those induced by UV irradiation, is subdivided into two sub pathways:
the Global Genome Repair (GGR) is responsible for the removal of DNA lesions from
the whole genome and Transcription Coupled Repair (TCR) is responsible for the
accelerated removal of lesions located on the transcribed strand of active genes (Mellon,
Spivak et al. 1987). In GGR, the XPC-hHR23B complex recognizes the damage-induced
DNA distortion, while in TCR the RNA polymerase II (pol II) stalled in front of a lesion
promotes the recruitment of the TCR-specific proteins CSB and CSA (Kamiuchi, Saijo et
al. 2002). Both NER sub-pathways then funnel through the action of TFIIH that
unwinds the DNA via the ATPases/helicases activities of XPB and XPD regulated by
p52/p8-TTD-a and p44 respectively. This event favors the recruitment of XPA and RPA
assisting in the expansion of the DNA bubble around the damage and the arrival of
XPG and XPF endonucleases. XPG and XPF then generate cuts in the 3" and 5" sides of
the lesion respectively, thereby removing the damaged oligonucleotide before the re-
synthesis machinery fills the DNA gap. In protein coding genes transcription, XPB is
involved in the opening of the promoter while the cdk7 kinase of TFIIH phosphorylates
the serine 5 of the carboxy-terminal domain (CTD) of pol II as well as the activators.
Interestingly, NER factors were found to be associated and participate to the regulation

of gene expression (Barreto, Schafer et al. 2007; Schmitz, Schmitt et al. 2009; Le May,
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Mota-Fernandes et al. 2010). It remains to be established whether TFIIH influences the
recruitment and the function of the NER factors at the promoter of activated genes to
achieve chromatin remodeling required for accurate transcription.

The importance of TFIIH and its relationship with the other NER factors is put
forward by the existence of human genetic disorders with a broad range of clinical
features (Tablel). Indeed, mutations in the XPB, XPD and p8/TTD-A subunits of TFIIH
originate three distinct autosomal recessive disorders: xeroderma pigmentosum (XP),
sometimes associated with Cockayne’s syndrome (XP/CS) and trichothiodystrophy
(TTD) (de Boer and Hoeijmakers 2000; Kraemer, Patronas et al. 2007; Cleaver, Lam et al.
2009). XP is characterized by numerous skin abnormalities ranging from excessive
freckling, ichtyosis to multiple skin cancers, the frequency of which is about 2000-fold
greater than in normal individuals. In addition to a hyper-photosensitivity to sunlight,
XP patients display a progressive neurological degeneration (Kraemer, Lee et al. 1987;
Lehmann, McGibbon et al. 2011). Although XP can be discriminated from CS phenotype
there are rare cases of individuals with the combined symptoms of XP and CS (XP/CS).
XP/CS patients display a combination of the cutaneous abnormalities from XP with the
severe neonatal later onset of neurological and developmental anomalies typical of CS.
The typical hallmark of TTD is sulphur-deficient brittle hair, caused by a greatly
reduced content of cysteine-rich matrix proteins in the hair shafts. Mental retardation
and ichthyosis also characterize TTD patients (Sarasin A 1992; Itin, Sarasin et al.
2001).Some TTD patients are sensitive to sunlight without any unusual pigmentation
changes and severe skin lesions or cancer (Stefanini, Lagomarsini et al. 1993).

Accumulating evidences suggest that the clinical features of these three disorders
due to mutations in all the NER factors including TFIIH cannot be exclusively explained
on the basis of DNA repair defects but also involve transcription deficiencies (Evans,
Moggs et al. 1997; Keriel, Stary et al. 2002; Dubaele, Proietti De Santis et al. 2003; Coin,
Oksenych et al. 2007) (Table 1). In this study, we intend to understand how mutations
in XPB, XPD and p8/TTD-A result in impairment of gene expression. Knowing the

close connections between TFIIH and NER factors in the removal of DNA damage
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(Zurita and Merino 2003; Scharer 2008; Compe and Egly 2012), we have investigated the
consequences of mutations found on three of the TFIIH subunits on the recruitment of
the NER factors and the roles of the later in the various steps that lead to accurate RNA
synthesis including histones post-translational modifications (PTMs), DNA breaks,
DNA demethylation and gene looping. In addition to improve our understanding of
gene expression regulation, such systematic approach could help to determine

transcriptional default hallmarks to molecularly define the different genetic disorders.

Results:
Mutations in TFIIH subunits compromise the formation of the transactivation
complex

To further determine the transcriptional defects due to the mutations in XPB, XPD
and p8/TTD-A subunits of TFIIH, we analyzed cells derived from XP, XP/CS and TTD
patients bearing mutations as indicated (Table 1 and figure 1). To investigate the
transcriptional process, we focused on the Retinoic Acid Receptor gene RARA2 as a
model. Few hours post all-trans retinoic acid (t-RA) treatment of the TFIIH mutated
cells (Materials and Methods), we observed different patterns in the RARS2 mRNA
synthesis compared to their respective XPBwt, XPDwt and the rescued p8/TTD-Awt
cells (Figure 2A1, B1 to J1). The synthesis of RARS2 mRNA was significantly lower for
XPB/F99S and XPB/T119P compared to XPBwt that peaked at 8 h post-treatment
(Figure 2A1, B1 and C1). In the four XPD mutated cells, the inductions of RARS2 were
similarly reduced compared, to the cells rescued with an XPDwt (Figure 2F1 to J1). We
did not notice any reduction in the RARAS2 mRNA level between p8/TTD-A and its
rescued (Figure 2D1 and E1).

We next evaluated the dynamic recruitment of pol II partners at the RAR/A2
promoter, using chromatin immunoprecipitation (ChIP) overtime. ChIP analyzed by
quantitative PCR showed a concomitant recruitment of the retinoic acid receptor (RAR),
pol II and the general transcription factor TFIIB at 6/8h post t-RA treatment in XPBwt,
XPDwt and p8/TTD-Awt (Figure 2A2, D2 and F2 respectively). At this time, TFIIH was
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also recruited as visualized by the presence of its XPB, XPD, p44 and cdk? subunits
(Figure 2A3, D3 and F3). We also detected the simultaneous presence of the XPA, XPG
and XPF NER factors (Figure 2A4, D4 and F4).

Our analysis next indicated that each mutation in the XPB, XPD and TTD-A/p8
subunit of TFIIH led to different and specific deregulations in the recruitment of the
components of the transactivation complex. In XPB/F99S RAR was detected at early
time, whereas pol II and TFIIB accumulated at the promoter after 1h post t-RA
induction (Figure 2B2). We also noticed a non-concomitant recruitment of the TFIIH
subunits and the NER factors. In XPB/F99S cells, while XPG was recruited at 3h, XPA
and XPF were not detected until 12h (Figure 2B4). The XPB/F99S mutation prevents the
accurate opening of the promoter and consequently the recruitment of the NER factors
within the transcription complex (Coin, Bergmann et al. 1999; Coin, Oksenych et al.
2007). In XPB/T119P cells, RAR, pol II and TFIIB were detected at the promoter around
3h (Figure 2C2). The XPB subunit was found at the promoter at 1h while XPD, p44 and
cdk? subunits were detected later (Figure 2C3). Similarly the XPA arrival at 1h precedes
XPG (at 6h), whereas XPF is not detected (Figure 2C4). It therefore appeared that the
recruitment and the formation of TFIIH complex could be initiated at the promoter
upon gene induction.

In p8/TTDA deficient cells, we repeatedly observed a synchronized recruitment of
TFIIH subunits and NER factors with the transcriptional machinery at 8h post t-RA
treatment that is similar to what was observed with the corresponding rescued wild
type cell (Figure 2E2 to E4 and D2 to D4).

We next focused on the XPD mutations resulting in three different patient
phenotypes (Table 1). In XPD/R112H cells, the transcription and NER factors are
recruited in a cyclic and synchronized manner. All these factors were found in a second
cycle of recruitment that peaked at 8h, remained present until 12h post t-RA treatment
and paralleled the RARA mRNA induction (Figure 2G1 and G2-G4). In the
XPD/G602D cells, the recruitment pattern at 1 h and 6 h post tRA-treatment of pol I,
TFIIB, TFIIH as well as the NER factors at the promoter was similar to XPDwt cells

108



(Figure 2H2-H4). The XPD/G602D mutation that affects the helicase motif V does not
seem to disturb the TFIIH architecture (Dubaele, Proietti De Santis et al. 2003). In
XPD/R683W, the recruitment of TFIIH and the NER factors was highly deregulated at
early time post t-RA treatment (Figure 212-14). At 8h only pol II, TFIIB and XPA were
detected (Figure 212 and 214). In XPD/R722W in which the mutation is located in the C-
terminal unfolded domain, we observed the recruitment of both transcription and NER
factors at 8h (Figure 2J2-J4); a continuous accumulation of pol II, TFIIB as well as some
of TFIIH subunits was also visible at 12h. In these cells, the R683W and R722W
mutations in XPD are known to weaken the interaction with the p44 subunit and
consequently destabilize the architecture of TFIIH (Botta, Nardo et al. 2002; Keriel, Stary
et al. 2002), see discussion.

Altogether, our data suggested that XPB and XPD mutations disturbed the
RAR/R2-gene activation by impeding the formation of the pre-initiation complex at the
promoter of activated genes. Although each dysregulation is mutation-specific, we
noticed a compromised integrity of TFIIH complex and in some cases the absence of
NER factors at the promoter. Such observations suggested a link between the presence
of an accurate TFIIH complex at the promoter of activated genes and the concomitant

recruitment of the NER factors.

Impaired chromatin remodeling reveals the implication of TFIIH

Previous works have underlined the sequential recruitment of the transcription
and the NER components at the promoter of activated gene and their role in
conditioning the chromatin modifications e.g. histone post-translational modifications
(PTMs), DNA breaks and DNA demethylation (Le May, 2010, 2012, Schmitz, 2009,
Barreto, 2006): Euchromatin is characterized by acetylated (H3K9-Ac and H4K16-Ac)
and methylated (H3K4me3, and H3K79me2) histone H3 and H4 and allows
transcription while heterochromatin that inhibits RNA synthesis is characterized by
chromatin marks such as di- and trimethylated H3K9 (H3K9me2-3) and H3K27
(H3K27me2) (Bannister and Kouzarides 2011)
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In t-RA treated XPBwt and XPDwt cells, we observed upon ChIP analysis, the
characteristic histones PTMs signature (increase of H3K9ac and H3K4me2
concomitantly to a decrease H3K9me2, Figure 3A1 and F1, coincided with the RAR/2
mRNA induction peak) at 8h. In p8/TTD-A wt cells, the H3K9me2 is not detectable
(Figure 3D1). The typical histone signature observed in wild type cells at the promoter
of activated RAR/2 is not observed in all the mutated cells tested so far (Figures 3B1,
C1, E1, G1, H1, I1 and J1) indicating a persistence of active histones PTMs around the
RARB2-promoter. As an example, in XPD/R112H cells in which the transcription and
the NER factors were shown to be recruited at the promoter 8h post-treatment, H3K9
was not demethylated, while we noticed a high acetylation of H3K9 and methylation of
H3K4 (Figure 3G1).

Knowing how crucial was the presence of NER factors, and particularly of XPG
and XPF endonucleases in RAR/2 expression, we next evaluated the formation of
transient DNA breaks in its promoter surrounding (Ju, Lunyak et al. 2006; Le May,
Fradin et al. 2012). Using a BioChIP assay that measures the incorporation of
biotinylated dUTP within broken DNA; we observed a concomitant increase of DNA
cleavage at both promoter and terminator of all the wild type cells upon t-RA activation
(Figure 3A2, D2, F2 and supplemental figure S2). In these cells, we noticed a parallel
between the presence of XPG and XPF at both the promoter and the terminator and the
DNA breaks. Except in the XPD/R112H and XPD/R722W in which we noticed the
recruitment of XPG and XPF together with the presence of some DNA breaks (Figure
3G2 and 3J2), in all the other mutated cell lines we did not observed any significant
formation of DNA breaks nearby the RAR/2 promoter (Figure 3B2, E2, H2 and 12). We
also noticed some DNA breaks (although to a much lower extent) at the RARS2
promoters in XPB/T119P (Figure 3C2). Surprisingly, there was no detectable presence
of DNA breaks in p8/TTD-A cells (Figure 3E2), whereas all the NER factors are present
together with the transcriptional machinery both at promoter and at terminator
(Figure3 E2-E4 and Supplemental figure S2). It has to be noticed that the DNA breaks

were observed around the terminator of RARB2 in wild type cells, whereas in all the
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other mutated cell lines, no DNA breaks were detected (Supplemental figure S2).

Several studies have documented a relationship between XPG and DNA
demethylation upon transcription (Barreto, Schafer et al. 2007; Le May, Fradin et al.
2012) Using an unmethylated DNA immuno-precipitation (unMeDIP) approach, we
measured the removal of the 5-methylcytosine (5mC) at RARS2 promoter. We found
that DNA demethylation occurred at the promoter at 8 h post t-RA in the three wild
type cells and perfectly paralleled the recruitment of the entire transcription machinery
(Figures 3A3, D3 and F3). On the contrary, there was a complete lack of DNA
demethylation in all the XPB and XPD cells (Figures 3B3, C3, and G3-]J3) except in the
p8/TTD-A cells (Figure 3E3 and Supplemental figure 2).

The above data strongly supported an involvement of TFIIH in the recruitment of
the entire transcription machinery, in the chromatin remodeling including the histone

PTMs, the formation of DNA breaks and active DNA demethylation.

Chromatin looping is perturbed without proper assembly of TFIITH and NER factors
The detection of the basal transcription machinery together with the NER factors
at both RAR/2 promoter and terminator is correlated with the formation of a chromatin
loop mediated by the CCCTC- binding factor (CTCF) chromatin organizer (Splinter,
Heath et al. 2006; Le May, Fradin et al. 2012). Such gene looping was shown to parallel
DNA demethylation and DNA breaks at both regions. Quantitative chromatin
conformation capture assays (q3C) were performed to analyze the interactions between
-65 kb, promoter (Pro), terminator (Ter), or +323 kb as well as an intronic region (M1) of
the RARS2 locus (Figure 4, upper scheme). Using Ter and M1 as a bait, we observed
that Pro could specifically and significantly interact with Ter at 8 h in t-RA-treated wild
type cells, (Figure 4A, D and F), paralleling the recruitment of the entire transcriptional
apparatus on both regions (Figure 1 and Supplemental Figure S1). By contrast, in all the
mutated TFIIH cells, no increase in the interaction/ frequency between Ter and Pro was
revealed from t=0 to T= 6/8h post t-RA induction (Figure 4B, C, E, G-]). It is worthwhile

to notice that the lack in loop formation between Pro and Ter could be related to defect
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in the recruitment of some of the transcription and NER factors at Pro and Ter in most
of the mutated cells (Figure 2 and Supplemental figure S1). In addition, we also
observed that in these cells CTCF was either undetectable or delayed in its recruitment
at both Pro and Ter of RARP2 (Figure 2B4, C4, G4, H4, J4). As controls, no specific
interactions were observed between the intronic M1 bait and Pro or between all the
other analyzed fragments upon t-RA treatment (Supplemental figure S3).

By impeding the accurate recruitment of NER factors at the activated RAR/2
promoter, TFIIH further disturbed the gene looping conformation required for optimal

gene expression.

Mutations in TFIIH impair some of its enzymatic activities

We next addressed the contribution of XPB and XPD activities to the formation of
an accurate transcription initiation complex, a prerequisite for optimal RNA synthesis.
We first generated recombinant rIIH6 (the core TFIIH containing p62, p52, p44, p34, p8
and either XPBwt or XPBmut), XPDwt or XPD mut and CAK. These rIIH6 sub-
complexes were added to an in vitro transcription assay containing, in addition to the
adenoviral major late promoter (MLP, run-off of 309nt long), all the basal transcription
factors and pol II (Gerard, Fischer et al. 1991) and when indicated, CAK and XPD either
alone or in combination.

When added to the transcription assay that contains all the factors including the
XPD/CAK sub-complex, rIIH6-XPB/F99S exhibits a much weaker basal transcription
activity than the wild type and rIIH/XPB/T119P (Figure 5A). Addition of CAK together
with XPDwt and rIIH6-XPB/F99S did not improve its transcriptional activity (lanes 5-7)
contrary to what occurs with rIlIH6-XPBwt and -XPB/F119P that requires absolutely its
CAK sub-complex for optimal RNA synthesis (lanes 1-3 and 8-10). Since XPB/F99S
mutation weakens the contact with the p52 regulatory subunit within TFIIH (Coin,
2007), it results in a defect in the unwinding of the RARA2 promoter by XPB and a

defect in RNA synthesis. Interestingly, we also noticed that the absence of XPDwt
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results in a very weak RNA synthesis (Figure 5A, lane 4 and Figure 5B, lanes 1 and2).
Knowing that the XPD-p44 interaction, conditions the anchoring of CAK to the core
TFIIH (Coin, Oksenych et al. 2007), we next investigated the transcription activity of
XPD mutated TFIIHs. Addition of CAK and increasing amount of XPDwt to our
transcription assay that already contained rIIH6wt stimulated RNA synthesis (lanes 3-4)
as also observed in the presence of XPD/R112H or XPD/G602D (lanes 5-8). On the
contrary, when either XPD/R683W or XPD/R722W was added instead, there was no
significant increase of RNA synthesis (lanes 9-12). In these latter cases, XPD/R683W
and XPD/R722W mutations prevented a contact with p44 and consequently impeded
the anchoring of CAK to the core TFIIH to exploit its kinase activity towards pol II
(Coin, Oksenych et al. 2007). CAK was shown to phosphorylate the serine 5 of the
carboxy- terminal domain (CTD) of the largest subunit of pol II, and allow promoter
escape (Lu, Zawel et al. 1992; Bensaude, Bonnet et al. 1999).

We then investigate the impact of CAK on the phosphorylation status of pol II. pol
IT phosphorylation status was carried out following a classical run-off transcription
experiment (Materials and Methods). Using antibody directed against the CTD, we
observed that the hyper-phosphorylated form of pol II (Ilo) was prevalent in the
presence of XPD wt, XPD/R112H or XPD/G602D (Figure 5C, lanes 2-7) and paralleled
the increase in RNA synthesis (Figure 5B, lanes 3-8). On the contrary, in the presence of
XPD/R683W and XPD/R722W which were deficient in stimulating RNA synthesis
(Figure 5A, lanes 9-12), pol II was not hyper-phosphorylated (Figure 5C, lanes 8-11).
Moreover ChIP experiments further demonstrated the presence of phosphorylation of
Serineb of pol II CTD in XPB/T119P, XPD/R112H, XPD/G602D as in the wild type
cells, at RAR/A2 promoter (Figure 5D). In all the other XPD, XPB cell lines, we did not
detect phosphorylated pol II (Figure 4E).

Altogether the above data suggest that the gene expression dysregulation
observed in some XPB and XPD cells might results at least in part from a defect in

phosphorylating pol II at the transcription initiation level.
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Discussion

The present study underline the key role of TFIIH in (i) the synchronized
recruitment of the NER factors, (ii) the histones modifications, (iii) the DNA breaks and
DNA demethylation as well as (iv) gene looping, four crucial steps in transcription.
Each mutation that affects one of the TFIIH subunits specifically disturbs the

transcription process of activated genes.

TFIIH integrity and enzymatic activities

Although in wild type cells, we observed upon t-RA induction a concomitant
and synchronized recruitment of all the TFIIH subunits at the RARP2 promoter (Figure
2), in XPB and XPD cells, TFIIH subunits recruitment is rather dispersed. Indeed, in
XPB/F99S cells, XPD subunit is found late at the RARB2 promoter than the other TFIIH
subunits (Figure 2B3), while in XPB/T119P cells, XPB is recruited at 1h while the other
TFIIH subunits are detected at 6h (Figure 2C3). Similarly in XPD/R683W only subunits
XPD and Cdk7 are the detected at early time, whereas in XPD/R722W cells, the arrival
of TFIIH subunits at the promoter occurred over a much larger period of time in an
unsynchronized way (Figure 213, J3).

In Rift Valley Fever Virus infected cells, p44 as well as XPB subunits of TFIIH
were found in the nucleus, while XPD was maintained in the cytoplasm (Le May et al.,
2004; Kainulainen et al., 2014). As a consequence we observed a transcriptional defect
not only due to the trapping of some of the subunits as a filament but also for the
absence of others such as XPD that could not enter in the nucleus. All these
observations suggest that the formation of TFIIH occurs at the promoter upon gene
induction to initiate RNA synthesis.

Any mutation on XPB, XPD and p8/TTD-A that would prevent the accurate
recruitment of and/or the interaction network between the TFIIH subunits, would
disturb transcription. The XPB/F99S mutation weakens its interaction with p52;

consequently p52 could no more up-regulates XPB to unwind the activated
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promoter(Coin, Oksenych et al. 2007). Similarly the XPD/R683W and XPD/R722W
mutations that weaken the contact with the p44 subunit and consequently the
anchoring of CAK to the core TFIIH are detrimental for both in vivo and in vitro
transcription (Figures 2 and 5). In absence of accurate phosphorylation by CAK, pol II
cannot be used as a docking site for enzymes required for PTMs of histones such as
H3K4me3 and the un-phosphorylated nuclear receptors will be defective in regulating
their responsive genes. In these cases, the transcription inhibition results from defect in
phosphorylation by CAK with some consequences in chromatin modification (Figure 5)
rather than defect in XPD helicase regulation by p44. This demonstrates once more that
the XPD helicase activity is not crucial for transcription. It however remains that the
gene expression defects could not be exclusively explained by a lack of the enzymatic
activities of the mutated TFIIH. Indeed, we observed that the XPB/T119P, XPD/R112H
and XPD/G602D mutations did not inhibit the in vitro transcription activity of the
corresponding TFIIHs whereas mRNA induction of RAR[B2 is defective in vivo (Figure 5
and Figure 2).

TFIIH a platform for recruiting NER factors

It seems that the TFIIH mutations might disturb either directly or indirectly the
accurate positioning of the various components around the transcription initiation.
Indeed close physical connections between TFIIH and transcription and NER factors are
required for accurate RNA synthesis. We show here that the XPD/R7222W mutation
impedes the recruitment of TFIIB, TFIIE and TFIIF at RARP2 promoter (Figure 2 &
supplemental figure). By stabilizing TFIIH architecture through interaction with XPB
and XPD, XPG regulates the expression of certain nuclear receptor responsive genes
(Ito, Kuraoka et al. 2007). It is also likely that mutations in TFIIH could disturb its
interaction with RPA, XPA (Coin, Oksenych et al. 2007), or XPF (Coin, Auriol et al.
2004) as already highlighted for NER. Here we observed that each TFIIH mutation
specifically disturbs the sequential recruitment of the NER factors. The XPB/F99S

mutation affects the recruitment of XPA and XPG (Figure 1B4), a point that was also
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observed in NER (Coin, Oksenych et al. 2008) . In XPB/T119P, XPA and XPF
recruitment does not parallel the one for TFIIH and XPG (Figure C3 and C4). In
XPD/R602D cells, XPF is not detected at the RARP2 promoter. Altogether, our results
strongly suggest a role of TFIIH as a platform to recruit the NER factors and organize

the transactivation complex.

TFIIH orchestrates the chromatin remodeling

One of the crucial question concerns the interplay between TFIIH and the NER
factors in the cascade of events that lead to the formation of a chromatin environment
suitable for gene expression. For all the TFIIH mutations we observed a misregulation
of H3K4me2, H3K9%ac and H3K9me2 histone modification state around the RARpS2
promoter that could consequently prevent the establishment of a permissive
environment for transcription. The defective histone modifications would therefore
disturb the DNA methylation (D'Alessio, Weaver et al. 2007) and probably DNA breaks
formation (Figure 3). Several studies have documented a relationship between DNA
demethylation and DNA repair mechanisms upon transcription (Barreto, Schafer et al.
2007; Wossidlo 2010; Le May, Fradin et al. 2012). The DNA breaks surrounding the
RARP2 promoter that are visible in all the wild type cells, were not detected in mutated
cells except in the XPD/R112H, XPD/R722W and to a lower extend in XPB/T119P cells
(Figure 3). In these cells as well as in wild type ones, XPG and XPF are present at both
promoter and terminator of RARP2 (Figure3) suggesting a relationship between the
presence of those endonucleases and DNA breaks formation (Ju, Lunyak et al. 2006; Le
May, Fradin et al. 2012). How DNA breaks and DNA demethylation are connected is
unclear since in XPD/R112H and XPD/R722W cells there are DNA breaks and no
detectable DNA demethylation while in p8/TT-DA we observed the inverse situation
(Figure 4).

In the p8/TTD-A cells, we did not observe any default in the recruitment of the

transcriptional machinery, TFIIH subunits and NER factors, the typical histones PTMs
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signature for active transcription, DNA demethylation. Surprisingly, no DNA breaks
induction and gene looping were detected. This allows us to suggest that the DNA
methylation is unrelated to DNA breaks formation and such DNA modification is
important to avoid temporal aberrant chromatin rearrangement but is not obligatory for
mRNA synthesis. Another hypothesis would propose that p8/TDD-A besides
mediating the DNA unwinding in NER might also regulate either directly or indirectly
some DNA breaks.

Altogether our data underline the key role of TFIIH in the transcription process,
in which it will combine its primary enzymatic activities together with the recruited
NER factors and to further orchestrate the downstream events such as histones PTMs,
DNA breaks and DNA methylation. All the cells bearing the mutations on XPB, XPD
and p8/TTD-A that derived from XP, XP/CS, TTD patients, present a common
transcriptional defect but a specific (and unique) pattern of dysregulation with
hallmarks that are not suitable for the gene expression. As a function of the location of
the mutation, we observed that the heterochromatin to euchromatin transition is rather
incomplete. These subtle transcriptional differences that varies among mutants seems
gives rise to a phenotype gradient as observed on these XP, XP/CS, TTD patients, in
addition to some specific DNA repair deficiencies that could also have indirect effect in

gene expression.
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Material and Methods:

Cell Lines, culture conditions and transfection.

XPB wt, XPB/F99S and XPB/T119P are SV40-transformed human fibroblasts
(XPCS2BASV) expressing His-ERCC3-HA(Winkler, Vermeulen et al. 1998), XPB-T296C
(ClL. 14, XPB/F99S) and XPB-A355C (Cl. 5, XPB/T119P) respectively (Riou, Zeng et al.
1999). p8TTDA cells are SV40-transformed human fibroblasts (TTD1Br-SV) bearing the
TTDA L21P and R565tp mutations(Stefanini, Vermeulen et al. 1993). The pSTTDA wt
(TTD1Br-SV + TTDA-GFP) cells are rescued TTDBrl with pEGFP-N1-TTDA vector
stably expressing TTDA-GFP(Giglia-Mari, Miquel et al. 2006). XPD wt (GM637) cells are
SV40-transformed human fibroblasts from a normal 18-year-old female. XPD/G602D
(XPCS2) (Takayama, Salazar et al. 1995), XPD/R112H (TTD8PV) (Stefanini, Giliani et al.
1992), XPD/R683W (XP135LO) (Taylor, Broughton et al. 1997) and XPD/R722W
(TTD1BEL) (Broughton, Steingrimsdottir et al. 1994) are human primary fibroblasts. All
cells were cultured in appropriate medium. Cells were incubated with red phenol-free
medium containing charcoal-treated fetal calf serum (FCS) and 40mg/ml gentamycin.
Cells were treated with 10uM of all-trans retinoic acid (t-RA, MP biomedicals) into the
same medium. XPD/R112H, XPD/G602D, XPD/R683W and XPD/R722W cells were
transiently transfected 48 h before the t-RA treatment with pEGFP-XPD WT using the
X-tremeGENE HP DNA transfection reagent (Roche).

Antibodies.

Mouse monoclonal antibodies towards XPB (1B3), XPD (2F6), p44 (1H5), RAR (9A6),
XPA (1E11), XPG (1B5), RNA pol II (7C2) were from IGBMC antibody facility. Cdk7 (C-
19), TFIIB (C-18), XPF (H-300), Biotin (33) antibodies were obtained from Santa-Cruz
Biotechnology. CTCF (ab70303) and RNA pol II ser5P (61085) antibodies were obtained
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from Abcam and Active Motif respectively. H3K4me2 (#9726), H3K9me2 (#9753),
H3K9Ac (#9671) antibodies were purchased from Cell signaling technology.

Reverse transcriptase and quantitative PCR.

Total RNA was isolated using a GenElute Mammalian Total RNA Miniprep kit (Sigma)
and reverse transcribed with SuperScript II reverse transcriptase (Invitrogen). The
quantitative PCR was performed using the QuantiTect SYBR Green PCR kit (Qiagen)
and the Lightcycler 480 (Roche). The primer sequences for Retinoic Acid Receptor
isoform P2 (RARA2) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) genes
used in real-time qPCR are listed (see Table in supplemental data). RARS2 mRNA levels
were normalized against the GAPDH mRNA.

Chromatin Immunoprecipitation (ChIP) and Biotin-ChIP

Cells were cross-linked at room temperature (RT) for 10 min with 1% formaldehyde.
Chromatin was prepared and sonicated on ice for 30 min using a Bioruptor (Diagenode)
as previously described (Le May et al., 2010). Samples were immunoprecipitated with
antibodies at 4°C overnight, and protein G Sepharose beads (Upstate) were added,
incubated for 4 hr at 4°C, and sequentially washed. Protein-DNA complexes were
eluted, and DNA fragments were purified using QIAquick PCR purification kit
(QIAGEN) and analyzed by quantitative PCR using a set of primers targeting the
promoter and terminator regions of RARS2 (see Table 2 in supplemental data).
Cross-linked cells prepared as described above were permeabilized with cytonin
(Gentaur biologique) for 30 min at RT. After extensive washes with phosphate buffer
salt (PBS), terminal deoxynucleotidyl transferase (TdT) reaction was performed using
Biotin-16-dUTP (Roche) and 60 units of recombinant enzyme rTdT (Promega). TdT
reaction was stopped with specific stop buffer for 15 min at RT. After extensive washes
with PBS, the resulting samples were sonicated on ice for 20 min (40 cycles, pulse 10 s,

pause 20 s) using a Bioruptor (Diagenode) and immunoprecipitated using anti-Biotin
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antibodies and treated as described in the ChIP assay. The purified DNA fragments

were analyzed by quantitative PCR using a similar set of primers described above.

Unmethylated DNA immunoprecipitation

Genomic DNA was extracted using GenElute Mammalian Genomic DNA Mini-prep Kit
(Sigma). Unmethylation of 5mC on the promoter and terminator regions of RARS2 was
measured by digesting 2 mg genomic DNA with 10 units of Msel (Fermentas) and by
using the UnMethylcollector kit (Active Motif). Unmethylated DNA
Immunoprecipitation Kit (UnMeDIP) is based on the affinity of the three zinc
coordinating CXXC domains that specifically bind nonmethylated CpG sites. The
resulting samples were selected using magnetic beads conjugated with CXXC domains,

extensively washed, and analyzed by quantitative PCR.

Quantitative chromosome conformation capture (q3C).
The quantitative chromosome conformation capture (q3C) assay was performed as

previously described (Vernimmen, De Gobbi et al. 2007; Le May, Fradin et al. 2012).

Construction of baculoviruses and purification of complexes

Baculoviruses over-expressing XPB, XPD, p62, p52, p44, p34, cdk7, cyclin H, MAT1, and
p8 in sf21 cells were produced as previously described (Dubaele et al., 2003; Coin et al.,
2007). For expression of recombinant mutated Flag-XPB and Flag-XPD, the cDNA
encoding XPB and Flag-XPD cloned in pSK278 and PVL1392 vectors respectively were
used for PCR site-directed mutagenesis. The resulting vectors were recombined with
baculoviruses DNA (BaculoGold; PharMingen). The recombinant viruses were purified
from isolated plaques and viral stocks were prepared by three-step growth
amplification.

Sf21 insect cells were infected with WT or mutated Flag-XPB, WT or mutated Flag-XPD,
p62, p52, p44, p34, Flag-cdk?, cyclin H, Matl and p8 baculoviruses allowing the

preparation of core-IIH, CAK, and XPD separately. The whole-cell extracts were
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initially incubated 4 h, with agarose beads bound to anti-M2-Flag antibody at 4°C.
After washing with a buffer containing, 50 mM Tris/HCI (pH 7.9), 20% glycerol, and 50
mM KCl, rIIH9 complexes were eluted for 8-12 h with the same buffer containing 0.2
mg/ml of the epitope peptide (Jawhari et al., 2002). For the core-IIH, the eluted fraction
was then incubated with anti-p44 (1H5) antibody in a buffer containing 50 mM
Tris/HCI (pH 7.9), 20% glycerol, and either 50 or 150 mM KCl. The immunoprecipitated
fraction was then either boiled or eluted with a synthetic peptide recognized by Ab-p44.
The recombinant TFIIH was made by mixing purified core-IIH, CAK, and XPD
allowing the preparation of the different XPD and XPB variants.

In-vitro assays

Run-off transcription assays were performed using recombinant TFIIB, TFIIE, TFIIF,
TBP, endogenous RNA pol II, and the different TFIIH (rIIHs), as previously described
(Gerard et al., 1991).

RNA Pol II phosphorylation was carried out as a classical run-off transcription assay as
previously described (Ueda et al, 2009). Hypophosphorylated (IIA) and hyper
phosphorylated (IIO) forms of RNA Pol II were resolved by SDS/PAGE and detected
using the monoclonal antibody (7C2) directed against the CTD.
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Figure 1
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Figure 1. Schematic representation of TFIIH: The CAK sub-complex (in blue) is
bridged to the core TFIIH (in red) by the XPD helicase (in green). Mutations in the XPB,
XPD and p8/TTD-A subunits as well as the XP, XP/CS and/or the TTD are indicated.
Black squares indicate the helicase motifs (I, Ia, II, II, IV, V, and VI); NTD: N-Terminal

domain.
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Figure 2
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Figure 2. RARB2 mRNA expression profile and ChIP on the RARB2 promoter

Relative RARf2 mRNA expression monitored by qPCR overtime from t-RA-treated
XPBwt, XPB/F99S, XPB/T119P, p8/TTD-A wt, p8/TTD-A, XPDwt, XPD/R112H,
XPD/G602D, XPD/R683W and XPD/R722W cells (A1-J1). Red curves show the mRNA
expression of RARP2 in the relative XPD mutant cell lines; blue and dotted blue curves
show mRNA expression of RARP2 in wild type cells and transfected cells respectively
as indicated in each panel. Error bars represent the standard deviation of three
independent experiments. ChIP monitoring the t-RA-dependent recruitment of RAR,
pol 1I, TFIIB (panels A2-]2), XPB, XPD, p44, Cdk7 subunits of TFIIH (panels A3-]J3) and
XPA, XPG, XPF, CTCF (panels A4-J4) on the RARP2 promoter; Each series of ChIP is
representative of at least two independent experiments as indicated by standard

deviation. Values are expressed as percentage of the input.
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Figure 3. Histone PTMs, DNA breaks and active DNA demethylation

ChIP monitoring the t-RA dependent occupancy of H3K4me2, H3K9me2 and H3K9ac
(panels A1-]J1) on the RARS2 promoter overtime in all the cell lines as mentioned above
and figure 2. Each series of ChIP is representative of at least two independent
experiments. Detection of DNA breaks at RARP2 promoter at 0, 3 and 6/8 hour post t-
RA treatment depending on the peak formation corresponding to RNA expression
profile (A2-]2). DNA breaks are detected through the incorporation of Biotin-dUTP via
a terminal deoxynucleotidyl-transferase (TdT) reaction. DNA fragments containing
DNA breaks are immuno selected by Biotin antibodies (BioChIP) and analyzed by
qPCR. Each series of BioChlIP is representative of three independent experiments as
indicated by standard deviation, and values are expressed as percentage of the input.
UnMedIP was performed using the UnMethyl-Collector kit (Active Motif) at the
indicated time (panels A3-]J3). Samples containing unmethylated DNA were analyzed
by qPCR on the RARB2 promoter. Each series of UnMedIP is representative of two
independent experiments as indicated by standard deviation, and values are expressed

as percentage of the input.
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Figure.4. TFIIH is involved in RARP2 looping

Schematic representation of the quantitative chromatin conformation capture (q3C)
(Upper panel). One probe was designed at Ter of RARB2 to investigate the associations
between the different elements including upstream (-65 kb), Pro, intronic (M1), and
downstream (+323 kb) regions as indicated by the black arrows. q3C assays were
performed using crosslinked and HindlIll-digested chromatin from all the cells as
indicated above the A-J panels at 0, 3, and 6/8 hr post-t-RA treatment. The bar chart (y
axis) shows the enrichment of PCR product (%) normalized to the enrichment within
the human XPB (=100%). Each PCR was performed at least three times and averaged as
indicated by standard deviation. Signals were normalized to the total amount of DNA
used, estimated with an amplicon located within a HindIII fragment in RARP2 (see the

Experimental Procedures).
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Figure 5. In vitro RNA synthesis and RNA pol II phosphorylation in TFIIH deficient
cells

In vitro transcription activity of recombinant IIH6 XPBwt, XPB/F99S or XPB/T119P
either alone or in combination with XPD and/or CAK (A) and of rIIH6 in addition to
either XPD wt, XPD/R112H, XPD/G602D, XPD/R683W or XPD/R722W (B) in the
presence or absence of CAK as indicated. Size (309 nt) of the transcript is indicated on
the right side of each panel. (C) In vitro phosphorylation of pol II when added in the
reconstituted transcription assay as described in panel B. Arrows indicate hypo (Ila)
and hyper (Ilo) phosphorylated forms of RNA pol II. (D) ChIP monitoring the t-RA
dependent occupancy of the serine 5 phosphorylated pol II on the RARB2 promoter

from wild type and mutated cells

130



XPB wt

41 A1

0
- % Igput
Q
o
~
N
o
®
>
™)

4, A2

% Input
2

o
~
IS
o
®
3
]

4.A3

% Input
o
S

02468 1012
Time(h)

XPD wt

% Input
o N S
E 5 I

o
N
IS
o
o
5
S

% Input
o N »
N ul
N

S
~
IS
o
@
5
IN]

% Input
N £
=
w
¥

S
~
IS
o
®
3
IN]

Time(h)

XPB/ F99S
(XP/CS)

0.4/B1

0. %

0

02468 101

024681012

]

=

4.B3

0.2 H 5{
0

02468 1012
Time(h)

XPD/R112H
(TTD)
4G1

<
=

024681012

0
0246 8 1012

4G3

Figure S1

XPB/T119P
(TTD)
4C1
02
0
02468 1012

04/C2

0.2

=

0
0246 8 1012

4C3

0.2

F

0
02468 1012
Time(h)

XPD/ G602D
(XP/CS)

024681012

2H2

0
0246 8 1012

2H3

» ®
[ (v}

= J

o 2468 1012
Time(h)

02468 1012
Time(h)

p8/TTD-A wt

2,D1

2 46 8 1012

024681012

%3568 to12
Time(h)

XPD/ R683W
(XP)

©

IS

024681012

812

-

0024681012

B 2E 8 012
Time(h)

p8/TTD-A
(TTD)

2- E1

0
0246 8 1012

2, E2

0
0246 8 1012

, E3

0
02468 1012
Time(h)
XPD/R722W

(TTD)
10J1

0024681012

101J2

0024681012

101J3

02468 1012
Time(h)

-~ RAR
o= POl
== TFIIB

o= XPD
XPB

o= P44

o= Cdk7

«o- XPA
- XPG
«o- XPF
== CTCF

-o- RAR
o= POIII
=o- TFIIB

«o= XPD
XPB

o= P44

o= Cdk7

«o» XPA
«o= XPG
o= XPF
«o= CTCF

131



Figure S1. ChIP on the terminator region of RARP2

ChIP monitoring the t-RA-dependent occupancy of RAR, pol II, TFIIB on the terminator region
or RARP2 during a 12 hour time course in XPBwt, XPB/F99S, XPB/T119P p8/TTD-Awt,
p8/TTD-A, XPDwt, XPD/R112H, XPD/G602D, XPD/R683W and XPD/R722W cells (Al- J1)
and and TFIIH (XPB, XPD, p44, CDK7) (A2- J2). Presence of NER factors XPA, XPG, XPF
and chromatin organizer CTCF on RAR[2 terminator region in XPBwt, XPB/F99S, XPB/T119P
p8/TTD-Awt, p8/TTD-A, XPDwt, XPD/R112H, XPD/G602D, XPD/R683W and XPD/R722W
cells (A3- J3). Each series of ChIP is representative of at least two independent experiments as

indicated by standard deviation, and values are expressed as percentage of the input.
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DNA break at terminator region

Figure S2
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Figure S2: DNA Breaks at terminator region of RARB2

BioChIP shows the presence of DNA breaks on the terminator region of RARS2 without t-RA
and with t-RA treatment either at 6 hour or at 8 hour depending on the peak formation
corresponding to RNA expression profile in XPBwt, XPB/F99S, XPB/T119P p8/TTD-Awt,
p8/TTD-A (A to E) and in XPDwt, XPD/R112H, XPD/G602D, XPD/R683W and XPD/R722W
cells (F to J).
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Figure S3: Chromatin looping between intronic region M1 and other regions of RARf2

Chromatin looping was analyzed at upstream/downstream elements of RARS2 using intronic
region M1 bait. q3C assays were performed using crosslinked, HindIIl-digested chromatin
without t-RA and with t-RA treatment either at 6 hour or at 8 hour in XPBwt, XPB/F99S,
XPB/T119P p8/TTD-Awt, p8/TTD-A (A to E) and in XPDwt, XPD/R112H, XPD/G602D,
XPD/R683W and XPD/R722W cells (F to J). These independent graphs represent a measure of
the association between the upstream —65 kb; Pro; ter and the downstream +323 kb regions
along the gene using M1 as bait (M1 Probe). Each PCR was performed at least three times and
averaged as indicated by standard deviation. Signals were normalized to the total amount of

DNA used, estimated with an amplicon located within a HindIII fragment in RARB2 gene.
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Table 1

Mutations Syndrome  Clinical features References
XPB/F99S XP/CS - Moderate skin photosensitivity, skin cancer Scott et al., (1993)
- Moderate physical and mental retardation Vermeulen et al.(1994)
XPB/T119P TTD - Moderate skin photosensitivity, skin cancer Weeda et al., (1997)
- Mild learning disability
XPD/R112H TTD - High skin photosensitivity, no skin cancer Stefanini et al., (1992)
- Sulfur-deficient brittle hair and nail
- Moderate physical and mental retardation
XPD/G602D XP/CS - high skin photosensitivity, skin cancer Takayama et al., (1995)
- Progeroid features
XPD/R683W XP - High skin photosensitivity, skin cancer Tyalor et al., (1997)
- Mental retardation
XPD/R722W TTD - High skin photosensitivity, no skin cancer Stefanini et al., (1993)
- Sulfur deficient brittle hair and nail Broughton et al., (1994)
- Severe physical and mental retardation
p8/L21P TTD - Moderate skin photosensitivity, no skin cancer  Stefanini et al., (1993)
R56Stp - Developmental delay, short stature Giglia-Mari et al., (2004)

- Mental retardation

Tablel. Mutations in XPB, XPD and p8-TTDA subunits and the clinical phenotypes

associated with the patients bearing the same mutation.

137



Table 2

Primers Forward Reverse

Primers for mRNA

GAPDH AGCTCACTGGCATGGCCTTC ACGCCTGCTTCACCACCTTC
RARB2 CCAGCAAGCCTCCATGTTC TACACGCTCTGCACCTTTAGC

Primers for RARB2 for
ChIP/BioChIP/Unmethyl

Promoter (Pro)

TGGTGATGTCAGACTAGTTGGGTC

GCTCACTTCCTACTACTTCTGTCAC

Terminator (Ter)

TGTTTGTGCTCTTTGGGCACT

CGGTCGGGCTAGGAAACAAGTAAA

3C primers

-65 CCTGGCAATTGAAACATGAAAGT

Pro TCCAAAGATGCCTATTAAGTTGTAAGAG

M1 AGCAGCAAAATGCAGGCTTTA TGACACCAGTGAAAAGGAAGCA

Ter AAGATGCAGTTTGAGAGCATC CTGGGCAACATGAAATAAAAGATG
323 CCAAACAATTTTCTTCATGGTCATT

RARPB2 promoter CAGACTAGTTGGGTCATTTGAAGGT TTGAATTGCCTAATATATGCGAGTGA
XPB CGGTGAGGTGAGTTTGTGGAAT AGGATCTCTGTTTAATGGAAAAGCTT
3C Probes

Ter probe 6[FAM]TTGCTCTTTCTGATGCTCTCAAA[TAM]

M1 probe 6[FAM]CAGTACAGTCAAGGTGGCCCGTCT[TAM]

RARB2 promoter probe

6[FAM]JAGCCCGGGTAGGGTTCACCGAAAG[TAM]

XPB probe

6[FAM]JAAGGATGAAGGCGTGATCCGACTCTG[TAM]

Table 2. List of Primers
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B. Enzymatic activity of TFIIH

Thus far role of TFIIH in transcription has been shown in several studies. The previous
section of the results added some more information to our knowledge, showing that
mutation in one or the other subunit of TFIIH influenced different events in chromatin
remodeling during transcription. To provide an explanation of some clinical features
observed within the XP, XP/CS and TTD patients due to mutation in XPB, XPD and
p8/TTD-A subunits and to further define their role in transcription, I have examined
two defined enzymatic activities (ATPase and helicase) and have characterized these
pathogenic mutations with respect to their deficiencies in each. The Cdk7 kinase
activity was already shown in the previous section. Since, p8/TTD-A subunit has not
been known to have any enzymatic activity, only TFIIH composition analysis in

p8/TTD-Awt and mutant cell line was performed.

B.1 Subunit composition of TFITH

To provide further insights into the role of XPB and XPD, whole cell extract (WCE) was
prepared from the XP-B and XP-D patients carrying either XPB or XPD mutation (as
shown in Table 7 and in the manuscript of the paper). Western blot and Co-
immunoprecipiation (Co-IP) analysis reveals a similar concentration and subunit
composition of the immunopurified TFIIH in XPBwt, XPB/F99S, and XPB/T119P
complexes (Figure 14, western; lane 2-4, Co-IP; lane 5-7). Similarly, western and Co-IP
was performed using WCE from XPDwt, XPD/R112H, XPD/G602D, XPD/R683W,
XPD/R722W, p8/TTD-Awt and p8/L21P-R56Stp (Figure 15, western; lane 1-7, Co-IP;
lane 9-15). TFIIH concentration was observed to be significantly low in XPD/R683W and
XPD/R722W, but in XPD/R112H and XPD/G602D it was comparable to XPDwt.
Moreover there was a remarkable disturbance in the integrity of TFIIH in XPD/R683W
and XPD/R722W (Figure 15, lane 12-13). These mutations are located in C-terminal
domain of XPD and lead to the dissociation of the CAK with Core TFIIH. However
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Figure 14. TFIIH subunits in XPBwt and XPB mutant cell lines.

20 ug of WCE from Hela cells, XPBwt, XPB/F99S, and XPB/T119P were used to analyze the TFIIH
subunits (lane 1-4 respectively). Co-IP was performed using the 200 ug of WCE in XPBwt, XP/F99S,
and XPB/T119P (lane 5-7 respectively).
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Figure 15. TFIIH subunits in XPDwt, XPD mutant, p8/TTD-Awt and p8/TTD-A mutant cell line.

20 ug of WCE from XPDwt, XPD/R112H, XPD/G602D, XPD/R683W, and XPD/R722W, p8/TTD-Awt
and p8/L21P-R56Stp were used to analyze the TFIIH subunits (lane 1-7 respectively). Co-IP was
performed using the 200 ug of WCE in XPDwt, XPD/R112H, XPD/G602D, XPD/R683W, and
XPD/R722W, p8/TTD-Awt and p8/L21P-R56Stp (lane 9-15 respectively). WCE from hela cells
shows the TFIIH control (lane 8)
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p8/TTD-A mutation showed very insignificant reduction in the concentration of TFIIH
(Figure 15, lane 6-7), but the integrity of TFIIH in p8/L21P-R565tp seems to be disturbed
when compared to the p8/TTD-Awt (Figure 15, lane 14-15). It is important to note that
TFIIH from p8/TTD-Awt and mutant fibroblast cell lines showed similar recruitment
pattern of all the transcription machinery including TFIIH subunits (Results shown in

manuscript of the paper).

B.2 ATPase and helicase activity of TFIIH

To observe the importance of enzymatic activity in transcriptional dysregulation in all
the XPB and XPD mutant cells, ATPase and helicase assay was performed. Purified
extracts from baculovirus-infected insect cells overexpressing either wild type XPB or
mutant XPB, p52 and p8/TTD-A (p8 in figure) were used in an in-vitro ATPase assay to

measure the ATPase activity of XPB.

ATPase activity was estimated as a function of the hydrolyzed phosphates (Pi). XPBwt
clearly shows a very high ATPase activity (Figure 16A lane 2-3) and addition of p52 and
subsequently p8/TTD-A further enhanced the signal for ATPase activity (Figure 16.A
lane 6-7 and lane 12-13), also shown by some previous studies (Jawhari, Laine et al.
2002; Coin, Oksenych et al. 2007). When focusing on XPB/F99S and XPB/T119P, a
significant decrease in the ATPase activity was observed (Figure 16B). Another
mutation XPB/K346R, in ATPase A Walker motif I, which was known to completely
disrupt the ATPase activity of XPB was used as a control. The graph represents the
densitometry analysis in terms of the percentage of phosphate released (Pi/ [ATP+Pi])

from two independent experiments.

Previous studies have shown that XPD is dispensable for transcription but required for
NER (Coin, Oksenych et al. 2007). The removal of lesions in NER depends on the

opening of the DNA around the damaged site. Mutations in XPD proteins can disable
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Figure 16. ATPase activity of XPB

A. Purified XPBwt in increasing amount was tested in an ATPase assay either alone (lanes 2-3) or in
the presence of 50 and 100 ng of purified p52 (lanes 6 and 7), 10 and 20 ng of purified p8/TTDA
(lanes 10-13) subunits of TFIIH.

B. Similarly, purified XPBwt, XPB/F99S, XPB/T119P and XPB/K346R were tested either alone
(lane2,5,8 and 11 respectively) or in presence of increasing p52 (lanes 3-4, 6-7, 9-10, 12-13). The
graph represents the percentage of phosphate released (Pi/[ATP+Pi]) from two independent

experiments.
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DNA opening by impeding both its ATPase and Helicase activity in NER. Curiously, in-
vivo studies from patients cell lines as shown in the manuscript shows strong
transcription dysregulation arguing further investigation about the involvement of XPD
during transcription as well. It also raises the question if ATPase activity is required as a
provider of energy for its helicase activity during promoter opening or it has distinct
function. Purified extracts from baculovirus-infected insect cells overexpressing XPDwt,
XPD/R112H, XPD/G602D, XPD/R683W and XPD/R722W were used for the estimation
of the ATPase activity. ATPase activities of XPD/G602D and XPD/R683W mutants
(Figure 17, lane 8-13) were reduced while other two; XPD/R112H and XPD/R722W are
comparable to the XPDwt (Compare Figure 17 lane 5-7 and 14-16 to lane 2-4). Despite of
the very strong dysregulation in the transcription and chromatin remodeling events in

all the XPD mutant patient cell lines, the ATPase activity is not impeded that strongly.

Next, I analyzed the helicase activity of XPD in all the XPD mutatnts. Purified extracts
obtained from the baculoviruses infected insect cells overexpressing XPDwt,
XPD/R112H, XPD/G602D, XPD/R683W and XPD/R722W were used in increasing
amount. p44 is the regulatory subunit of TFIIH, it interacts with XPD and hence
enhance its helicase activity, also shown previously (Dubaele, Proietti De Santis et al.
2003; Coin, Oksenych et al. 2007). XPDwt alone without p44 shows the minimal signal
which is nearly equivalent to the non-denatured probe (Compare Figure 18 Lane 12 to
lane 13). The helicase activity increases significantly when p44 interacts with XPDwt
(Figure 18 Lane 3) but there was no helicase activity observed in XPD/R112H,
XPD/R683W and XPD/R722W except XPD/G602D which shows slightly reduced but

noticeable signal for the displaced helicase probe.
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Figure 17. ATPase activity of XPD

Increasing amount of purified XPDwt, XPD/R112H, XPD/G602D, XPD/R683W and XPD/R722W
extract tested in an ATPase assay. The graph represents the percentage of phosphate released

(Pi/[ATP+Pi]) from two independent experiments.
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Figure 18. Helicase activity of XPD

Increasing amount of purified XPDwt, XPD/R112H, XPD/G602D, XPD/R683W and XPD/R722W
extract tested in Helicase assay. The graph represents the percentage of displaced oligonucleotide

by the XPD from two independent experiments.
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B.3 Experimental procedures:

This part of the experimental procedure covers only the details of the experiments done

in this section such as western, Co-IP, ATPase assay and Helicase assay.

Western and Co-IP:

Whole cell extract was prepared using RIPA buffer (25 mM Tris-HCl, pH 7.6, 150 mM
NaCl, 1% Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS, and protease inhibitor
mixture). Immunoprecipitation was carried out with 200 ug of WCE, overnight using
antibody against p62 (Santa Cruz Biotechnology) and dynabeads Protein-G
(Invitrogen). After several washes with PBST (1X PBS+ 0.05 % tween), the protein was
eluted and loaded on 10% SDS/PAGE, transferred to nitrocellulose membrane and
probed with XPB (1B3), XPD (2F6), p52 (1D11), p44 (1H5), Cyc H (2D4), which were
from IGBMC antibody facility and Cdk7 (C-19) (Santa Cruz Biotechnology). Tubulin

was used as a loading control.

ATPase assay:

Protein fractions were incubated for 2 hr at 30°C in the presence of 1 uCi [y-32P] ATP
(7000 Ci/mmol, Hartmann Analytic) in a 20 pl reaction volume in 20 mM Tris-HCI (pH
7.9), 4 mM MgCl2, 1 mM DTT, 50 mg/ml BSA, with 120 ng of supercoiled double strand
DNA (pSK). Reactions were stopped by adding EDTA to 50mM and SDS to 1% (w/w).
The reactions were then diluted 5-fold, spotted onto polyethylenimine (PEI) TLC plates
(Merck), run in 0.5 M LiCl/1 M formic acid, and autoradiographed.

Helicase assay:

Helicase probe is constructed from the single-stranded M13 phage which is a
hybridized oligonucleotide complementary to the region 6218-6251. Once labeled the
ends, the probe is placed on a column of Sepharose CL-4B gel filtration (Pharmaciaa).

The opening of DNA is demonstrated by the displacement of the oligonucleotides
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separated on non-denaturing gel. The fractions containing the purified factor TFIIH is
incubated 45 minutes at 37°C in the presence of helicase probe ( 30000-40000 cpm ; 1 - 3
ng DNA ) in 20 mM Tris - HCl, pH 7.9, 1 mM DTT, 4 mM MgCl 2 and 4 mM ATP,
containing 100 ug/ml BSA, to a final volume of 25 ul . The reaction is stopped by adding
10 of 60 ul mM EDTA, 50% glycerol, 0.75% SDS and 0.1 % bromophenol blue. Samples
are run on a 10% polyacrylamide gel. The gel was fixed for 10 minutes in 10% acetic

acid, 10 % methanol and autoradiography 6 to 12 hours at -80 ° C.
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Discussion
A. TFIIH, NER factors and chromatin remodeling

TFIIH came into existence in 1989, as one of the GTFs implicated in transcription by
RNA pol II (Conaway and Conaway 1989). The understanding of the TFIIH became
more captivating and intricate when, several studies confirmed its role in the
maintaining genome stability by its participation in DNA nucleotide excision repair
(Schaeffer, Roy et al. 1993; Schaeffer, Moncollin et al. 1994). In transcription, TFIIH
functions as the basal factor working at initiation, promoter scape and early elongation
steps and also in transcription re-initiation after RNA pol II pausing. XPB and Cdk7 are
the two enzymatic subunits which modulates these transcriptional events. Contrary to
this, XPB and XPD are the two key helicases subunits which participate in NER
pathways. A recent development which demonstrate that NER factors localize to the
promoter of the activated gene without any DNA damage and further contribute in
chromatin remodeling events have strengthen the idea of the interplay between
transcription and NER (Schmitz, Schmitt et al. 2009; Le May, Mota-Fernandes et al.
2010; Le May, Fradin et al. 2012).

A.1 Biochemistry of TFIIH and the overlapping genetics of diseases

Being right at the epicenter of the transcription and DNA repair, the detailed
understanding of how TFIIH functions to co-ordinate these two processes could further
provide an explanation for the phenotypes observed in the patients bearing mutation in
XPB, XPD and p8/TTD-A subunits of TFIIH. The overlapping clinical features of these
patients (Figure 13) further hammer the notion of interrelationship of TFIIH with NER

factors in transcription and NER.
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The present study clearly underlines the functional relationship between TFIIH and
NER factor in transcription. Here we demonstrated that presence of TFIIH is an
essential criterion for the synchronized recruitment of NER factors. Any mutation in
XPB and XPD subunits prevents the proper association of all the TFIIH components at
the promoter which could further thwart the transcriptional network downstream. For
instance XPB/F99S mutation weakens its interaction with p52, which reduces XPB
ATPase activity required during transcription (Result B.2, Figure 16). However,
XPB/T119P which shows in-vitro transcription comparable to XPBwt, also shows much
reduced RNA synthesis of RARB2 (Manuscript Figure 2 and Figure 5). Similarly,
XPD/R683W and XPD/R722W mutations impair the ATPase and helicase activity of
XPD (Result B.2, Figure 17, 18). Although, till now XPD has been shown to be
dispensable for transcription, knowing the complicated network of interaction of TFIIH
with several proteins, it cannot be denied for indirectly regulating the transcription.
Moreover, these two XPD mutations are known to disrupt the XPD-p44 interaction and
consequently cause the dissociation of CAK from the core. As a result of this
dissociation the phosphorylation of CTD of RNA pol II by CAK is hampered leading to
impairment in RNA synthesis in-vitro (Manuscript Figure 5 C). In addition to
phosphorylating RNA pol II, CAK also phosphorylates the nuclear receptor (NR) and
mutation in C-terminal domain of XPD disturbs thus disrupt the phosphorylation
resulting in the transcription dysregulation of the NR responsive genes (Rochette-Egly,
Adam et al. 1997; Compe, Drane et al. 2005). Furthermore, ChIP results showed that the
phosphorylation status of Ser5 of CTD of RNA pol II is weakened in these two XPD
mutations compared to the XPDwt cells (Manuscript Figure 5 C and D). This shows a
correlation with a much reduced RNA expression of RARS2 in these XPD mutant cells
compared to their respective XPDwt overexpressed controls (Manuscript Figure 2).
Conversely, our understanding for some mutations like XPB/T119P, XPD/R112H and

XPD/G602D needed more investigation as the defect in enzymatic activity solely cannot
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explain the contradiction about the perfect in-vitro transcription and much reduced

gene expression in cells (Manuscript Figure 2, Figure 5).

A.2 TFIIH deploys the recruitment of NER factors and chromatin

remodeling events

All the cellular process is cascade of events and disturbance in any of the events might
disturb the pathway locally and on whole genome. The sequential assembly of NER
factors in NER and in transcription has been illustrated by Mocquet et al., and Le May
et al, respectively (Mocquet, Laine et al. 2008; Le May, Mota-Fernandes et al. 2010). Such
sequential assembly of proteins could be required for the protein-protein interaction
that mediates the progression of the NER pathways (Table 6). The functional link of
TFIIH and NER factors in DNA repair has been quested over several years and is now
well accepted but our understanding of their relations remains far from complete in

transcription.

The ChIP data analysis revealed that TFIIH, in fact is acting like a platform for the
recruitment of the NER factors during the transactivation of RAR(32, as mutation in XPB
and XPD subunits of TFIIH significantly disturbs the recruitment of the NER factors at
the promoter. Nevertheless, mutation in p8/TTD-A does not impair the recruitment of
NER factors which coordinates with the previous studies showing p8/TTD-A is an
essential component for NER but not for transcription (Coin, De Santis et al. 2006). The
presence of the NER factors at the promoter is perhaps required for the establishment of
the appropriate chromatin state around the promoter for accurate and optimal gene
expression (Barreto, Schafer et al. 2007; Le May, Mota-Fernandes et al. 2010). The
investigation of the chromatin status around the promoter revealed a signature mark
with the enrichment of the di-methylation of H3K4, acetylation of H3K9 and decrease of
di-methylation of H3K9, which creates open or active chromatin milieu around the

promoter for the transcription (Manuscript Figure 3). Silencing of XPC, XPA and
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ERCC1 and mutation in XPC, XPA, ERCC1, XPG and XPF showed the disturbance in
the pattern of enrichment of these histone modifications(Le May, Mota-Fernandes et al.
2010). Besides playing a role in establishing histone PTMs, it has become increasingly
apparent that the recruitment of the NER factors on the active promoters of RNA pol I
and pol II genes can induce DNA demethylation around the promoter. It was shown
that knockdown of Gadd45a, XPA, XPG, XPF, or TAF12 or treatment with drugs that
inhibit NER causes hypermethylation of rDNA, establishes heterochromatic histone

marks, and impairs transcription (Schmitz, Schmitt et al. 2009).

In fact, NER factors such as endonucleases XPG, XPF and TFIIH have been proposed
several year before to be involved in DNA demethylation through NER pathway (Chu
and Mayne 1996). Since NER pathway is preferentially involved in the repair of bulky
lesions and a methyl group is not at all bulky, it is hard to conceive that the methyl
cytosine is recognized as such and that the NER factors functions in transcriptional
regulation irrespective of DNA demethylation. Supporting the same concept, our
UnMeDIP data shows that TFIIH is possibly engaged in DNA demethylation. Mutation
in XPB and XPD subunits clearly disrupts the DNA demethylation leaving the
promoter in hypermethylated state, while p8/TTD-A mutation does not affect the
process. A failure to demethylate the DNA and activate the gene could bring
transcriptional dysregulation per se in the cell. The DNA demethylation following gene
activation is normally observed in the close proximity to the regions where DNA breaks
occurs. The DNA breaks are formed by the endonuclease XPG at the promoter and XPF
at promoter as observed in XPBwt, XPDwt and p8/TTD-Awt (Manuscript, Figure 2).
The formation of DNA breaks was not consistent with the presence of XPG and XPF at
promoter and terminator respectively, which was logical in all of the mutant cell line.
Enigmatically, despite of the presence of all the GTFs, TFIIH subunits and NER factors,
DNA demethylation, there was no DNA break in p8/TTD-A cells. The significance of
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the DNA break formation is still elusive; possibly it could be required for the
nucleosome rearrangement and chromatin relaxation, required for the formation of
chromatin looping. Also, it is known that TFIIH interacts physically with XPG during
transcription as well as in NER during the formation of pre-incision complex. In fact,
XPG was also considered to be the eleventh subunit of TFIIH (Ito, Kuraoka et al. 2007;
Scharer 2008). Mutation in TFIIH might disturb the structural association of TFIIH and
XPG which could possibly alter the endonuclease activity of XPG, thus hindering the
formation of DNA breaks. It could also be possible that XPG function as a regulator for

TFIIH, stabilizing the association between core-TFIIH, CAD and XPD.

Control of gene expression by formation of chromatin loops between multiple
regulatory elements located over large genomic distances has been documented in
several studies. Such physical interactions among regulatory elements are aided by
chromatin organizers such as cohesion and CTCF. Since our ChIP data shows the
presence of all the GTFs, TFIIH and NER factors specifically at two region; promoter
and terminator (Manuscript Figure 2, Supplementary Figure 1), we analyzed the
chromatin loop formation between promoter and terminator. We observed three
conditions; formation of chromatin looping (as in XPBwt, XPDwt and p8/TTD-Awt), no
chromatin looping (as in XPB/F99S, XPD/R112H, XPD/R683W and XPD/R722W) and a
persistent chromatin looping (as in XPB/T119P, XPD/G602D and p8/TTD-A). Absence
and presence of chromatin looping is very much understandable but the presence of
consistent loop is a matter of further investigation. Presence of persistent chromatin

looping might also serve to inhibit gene expression.

Altogether, this study has underscored the functions of TFIIH deeper, which suggest
that each mutation in TFIIH is specific. Each of the mutations studied represents
transcriptional dysregulation whether it is XPB and XPD mutants where it is affecting

right at the level of recruitment of NER and then further downstream or p8/TTD-A
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Mutations XPB/F99S XPB/T119P XPD/R112H XPD/G602D XPD/R683W XPD/R722W p8/L21P
R56Stp
TFIIH Conserved in Conserved in  Lower TFIIH Lower TFIIH Lower TFIIH LowerTFIIH Lower TFIIH
composition cells’ cellsfandin con- con- concentration concentration Con-
and Weak in- vitro centration®" centration' and disturbs and disturbs centration®'
interaction interaction of binding Interaction of  Interaction of
(from XPB with p52 assayb’ XPD with XPD with
respective by in-vitro p44b' f p44b' f
cell line) binding assay b
Helicase Not disturbed” Not Completely Much Completely Completely NA
(in-vitro) disturbed” disrupts reduced disrupts disrupts
helicase helicase helicase helicase
activityf activityf activityf activityf
ATPase Reduced ATPase Reduced Not Reduced Reduced Not NA
(in-vitro) activityf ATPase disturbed’ ATPase ATPase disturbed’
activityf activityf activityf
Phos- Disturbed" Not Not Not Hypo- Disturbed" Not disturbed’
phorylation disturbed" disturbed" disturbed" phosphorylati
on of NR®
Not
disturbed'
RNA Reduced Not Not Not Reduced Reduced Not distubed®
synthesis RNA synthesisf disturbed’ disturbed" disturbed’ RNA RNA synthesisf
(in-vitro) synthesisf
Promoter Disturbed” Not NA NA Impede Impede NA
opening disturbed” Promoter Promoter
(in-vitro) openingb openingb
DNA repair CPD repair Not Complete Complete  Low level of Low level of Low level of
(in-vitro) deficiency” disturbed” NER NER NER activity®"  NER activity”" NER activity®

deficiency®’

deficiency®’

Table 9. Functions of TFIIH

NR- Nuclear receptor, NER- Nucleotide excision repair, NA- Not available

a-(Coin, De Santis et al. 2006), b-(Coin, Oksenych et al. 2007), c- (Dubaele, Proietti De

Santis et al. 2003), d- (Keriel, Stary et al. 2002), e-(Botta, Nardo et al. 2002), f-(analyzed

in present study)
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mutant where it is disturbing more at the level of chromatin remodeling. These subtle
defects at transcriptional level restrict us from giving a coherent explanation for such
complex molecular manifestation of these syndromes. However, at the same time
suggest that the varying range of clinical features in the XP, XP/CS and TTD patients
could arise from these subtle defects in transcription. Table 9, represent the conclusion

of the analysis obtained in the present study as well as from previous related studies.

B. Future direction for TFIIH and NER factors

Transcriptional regulation can occur at two interconnected levels: the first involves
transcription factors and the transcription apparatus, and the second involves
chromatin structure and its regulators. In former gene regulation typically occurs when
transcription factors binds to cofactors such as coactivators and corepressors during
initiation or elongation, while in later regulation occurs by chromatin remodelers and
proteins that bind and modify the histones (Described in Chapter 1.D). The transcription
factor, cofactors and chromatin regulators are requirement for all the cell types and

misregulation of these factors can cause a broad range of disease.

The present study gives an overview that how a subtle defect in any transcription factor
can lead to the transcription dysregulation, further giving rise to diseases like XP, TTD,
CS and XP/CS. Using such disease model, this study has provided information which
definitely contributed to our knowledge of gene expression. Our observation suggests
an implication of TFIIH in the active DNA demethylation associated to histone PTMs
argues further investigation. The question arises is that; Does TFIIH affects a set of
genes only or it influences the active DNA demethylation globally throughout the
genome, is still a matter of investigation. TFIIH also interacts with XPG, XPF and XPC
which are debated to be involved in DNA demethylation through BER and NER.

Understanding the coordination of these transcription and NER factors, particularly
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their link to the DNA methylation and demethylation machineries will show that if and
how the chromatin directs DNA methyltransferase or demethylase. This could shed

some light on the cause of several diseases including those discussed in present study.

Moreover active DNA demethylation is associated with the DNA conformation; R-loop,
formed at the site of transcription bubble. One key factor which gives rise to the R-loop
is the GC skew, which is measure of the distribution of guanine (G) and cytosine (C)
residues across the two DNA strands. During transcription, it is thought that the newly
synthesized RNA strand, upon leaving the RNA exit channel of the migrating RNA
polymerase, can compete with the non-template DNA strand for re-annealing to the
template DNA strand. (Ginno, Lott et al. 2012). It could be possible that R-loops may
also signal the recruitment of DNA demethylating complexes to CG promoters and the
unwinding of the DNA related to the TFIIH helicases is requires for the formation of R-

loop and consequently the DNA demethylation.

Formation of RNA:DNA hybrids is also dependent on the stability of the resulting
RNA:DNA hybrid and the exposed stretch of ssDNA. Clusters of G tracts on the non-
template strand can fold into a stable G-quadruplex structure, which may help to
stabilize the exposed ssDNA region of the R-loop. It is important to note that XPB and
XPD helicase are shown to be recruited at the site of G-quadruplexes structure (Gray,
Vallur et al. 2014). These studies again suggest that TFIIH holds some more functions

and to delve deep certainly more investigations are required.

Another important aspect which contributes to the gene regulation is the structural
organization of the genome. It will therefore not be surprising if the defects in the
higher order chromatin structure and chromosome structure can cause diseases.
However, it is often not very clear that the phenotype of disease observed is because of

the changes brought up by local histone modifications resulting in altered gene-
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expression or because of structural chromatin defects. There are several architectural
proteins, like heterochromatin protein 1 (HP1) decorating the chromatin fibers, or CTCF
and cohesin which are involved in the formation of chromatin loops, have been
implicated in disease. CTCF also plays a role in stabilizing the higher order chromatin
structure and has been suggested to play a role in human developmental disorders like
Silver-Russell and Beckwith-Wiedeman Syndrome. Cohesin along with mediator is
another protein known for its role in chromatin looping. It would not be a surprise, if
these architectural proteins work together in a combinatorial manner in the gene

regulation.

The TFIIH was also found to be interacting with mediator complex and the mediator
complex connects the DNA binding proteins to the basal transcription machinery (Poss,
Ebmeier et al. 2013). Also mutation in mediator gives rise to syndromes exhibiting very
much similar clinical phenotypes. Studies based on the function and structural
characterization of TFIIH and mediator during different transcription event could
further provide knowledge of gene expression. Understanding the cellular molecular
mechanism behind transcriptional regulation in XP, TTD, XP/CS patients could
definitely help us to develop better diagnostic tools and therapeutic strategies for the

complex diseases in future.
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Conclusion

The present study underscores the functions of TFIIH in transcription. Understanding
the relationship of TFIIH to NER factors in transcription could give an insight on the

wide range of the clinical features shown by the XP, TTD, XP/CS patients.

e Mutations in XPB and XPD subunits lead to the disturbance in the enzymatic
activities of TFIIH. These activities are required during the transcription and
during the NER.

e Presence of functional TFIIH is essential condition for the recruitment of NER
factors. TFIIH acts as the platform for the assembly of the NER factors. Mutations
in XPB and XPD hampered the proper association of the TFIIH components at
the promoter, which thwart the transcriptional network downstream.

e The chromatin remodeling associated with NER factors seems to be thwarted by
the damaged TFIIH. The patterns of the histone modification and DNA
demethylation were rather altered in all the XP, TTD and XP/CS cells.

e The TFIIH show its importance in DNA breaks associated with XPG and XPF at
promoter and terminator and further aid the CTCF mediated chromatin looping
between these two regions.

e p8/TTD-A cells, however shows no disturbance in NER factors recruitment and
only affect DNA break and chromatin looping. This suggests a function
association of p8/TTD-A with XPG or XPF directly or via some other subunit
within TFIIH.
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Résumé en Francais

La transcription fidéle d’'un géne lors de son activation nécessite 'assemblage d’'un ensemble
de protéines autour du promoteur. Parmi ces protéines, le complexe TFIIH joue un réle central
et important au travers de ses sous-unités enzymatiques. Des mutations dans les sous-unités
XPB, XPD et p8/TTD-A de TFIIH conduisent a trois maladies autosomiques récessives
distinctes : xeroderma pigmentosum (XP), parfois associés avec le syndrome de Cockayne
(XP/CS) et la trichothiodystrophie (TTD). En étudiant différentes mutations dans ces trois sous-
unités de TFIIH, nous avons montré que chaque mutation analysée conduit a une dérégulation
transcriptionnelle spécifique du géne RARB2, géne cible des RAR. L’intégrité architecturale et
enzymatique de TFIIH conditionne le bon recrutement du complexe TFIIH et également des
facteurs de réparation par excision de nucléotides (NER). TFIIH muté perturbe leur recrutement
et par conséquence compromet le remodelage de la chromatine médiée par les facteurs NER
tels que les modifications post-traductionnelles (PTMs) des histones, l'induction des cassures
de 'ADN, la déméthylation de I’ADN et les boucles de chromatine. Par conséquence, en plus
de ses activités enzymatiques, TFIIH forme une plate-forme afin de recruter les facteurs NER et
orchestres les fonctions connexes de la transcription. Cette pénétrance variable parmi les
mutants donne lieu a un gradient de phénotype observé chez les patients TTD, XP ou XP/CS.
Mot-clés : TFIIH, NER, transcription, chromatine

Résumé en anglais

Fidelity in transcription of the gene requires assembly of set of proteins around the promoter,
upon gene activation. The TFIIH complex is central among these proteins and plays a key role
through its enzymatic subunits. Mutations in TFIIH subunits XPB, XPD and p8/TTD-A leads to
three distinct autosomal recessive disorders: xeroderma pigmentosum (XP), sometimes
associated with Cockayne’s syndrome (XP/CS) and trichothiodystrophy (TTD). By studying the
different mutation in these three subunits of TFIIH from mentioned genetic disease models, we
have shown that each mutation analyzed led to a specific transcriptional dysregulation of the
RAR-target gene RARM2. The architectural and enzymatic integrity of TFIIH condition the
appropriate recruitment of TFIIH complex and further the arrival of the Nucleotide Excision
Repair (NER) factors. By disturbing their recruitment, mutated TFIIH consequently
compromised the chromatin remodeling mediated by NER factors such as histones post-
translational modifications (PTMs), DNA breaks induction, DNA demethylation and gene
looping. Hence it can be concluded that in addition to its enzymatic activities, TFIIH provide a
platform to recruit the NER factors and orchestrates the related functions in transcription. Such
varying penetrance among mutants gives rise to a phenotype gradient as observed in TTD, XP
or XP/CS patients. Keywords: TFIIH, NER, transcription, chromatin.
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