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Résumé de la these de doctorat en
francais

Le complexe TFIIH dans la transcription effectuée par
Pol Il et Pol Il

Dans 'organisme des mammiferes, il existe trois ARN polymérases ADN-
dépendantes principales designées comme Pol I, Pol II et Pol III. La
premiere transcrit la plupart des genes de ’ARNr, la deuxieme est re-
sponsable de la transcription des genes codant les protéines et de cer-
tains genes de ’ARN non codant, et la troisieme est nécessaire pour la
synthese de 'ARNr 5S, des ARNt et quelques autres petits ARN non
codants. Les genes eux-mémes sont groupés dans un classe I, classe 11
ou classe III selon la polymérase qui les transcrit. Le TFIIH est un
complexe proteique qui, au début, a été caractérisé comme un facteur
général de transcription de Pol II. Plus tard, il a été montré participer
au mécanisme de réparation par excision de nucléotides (NER), ainsi
qu’étre un facteur transcriptionnel de Pol T [44]. Il est constitué d’un
coeur contenant les sous-unités XPB, p62, p52, p44, p34, p8, qui est
relié par la sous-unité XPD au sous-complexe CAK composé de CDK?7,
cycline H et MAT1. Certaines mutations des protéines de TFIIH provo-
quent des maladies génétiques rares avec un risque 1000 fois plus élevé
que la normale de développer un cancer (zeroderma pigmentosum ou
XP) ou/et des anomalies sévéres du développement (le syndrome de
Cockayne ou CS, la trichothiodystrophie, le syndrome COFS). Un pe-
tit nombre de mutations spécifiques dans les génes XPB et XPD cause
le phénotype combiné XP/CS [@, 9, 26, 82]. La sévérité du XP/CS
est déterminée par le lien inhérent entre la transcription et la NER.
XPB et XPD sont deux hélicases du complexe TFIIH, et leur activité
(a différents degrés) est nécessaire pour la fusion de 'ADN au cours de
la NER et pour l'ouverture du promoteur dans la transcription de Pol I
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et de Pol II. Bien que la contribution de la carence de la réparation de
I’ADN au phénotype du XP/CS soit irréfutable, ces mutations causent
la dérégulation de plusieurs voies transcriptionnelles. Au niveau cellu-
laire, les cellules XP/CS partagent le méme arrét global transcriptionnel
soutenu apres l'irradiation UV [9]. Pour les cellules CS, il a été démontré
que cet arret provenait d’un probléme de remodélisation de la chroma-
tine [I8, 69, 27].

Partie |. L’'analyse moléculaire des mutations dans le XPD liées au
phénotype XP-D/CS

L’objectif de ces recherches fit de mieux comprendre comment les cel-
lules réinitient la transcription apres une irradiation UV, et d’étudier
le mécanisme de l'arrét global dans les cellules avec les mutations
spécifiques dans le gene XPD provoquant le phénotype XP-D/CS. En
utilisant la méthode de transcription inverse suivie d’'une PCR quanti-
tative, nous avons montré que les cellules XP-D/CS ne pouvaient pas
ré-initient la transcription des génes constitutifs tels que DHFR ou
GAPDH, apres une irradiation UV. D’autre part, les cellules de type
sauvage (WT) et les cellules NER-défectueuses possédant seulement les
traits du XP étaient capables de le faire. Nous avons aussi observé
que les cellules XP-D/CS étaient incapables de transactiver les genes
induits par les récepteurs nucléaires (NR) aprés une irradiation UV,
alors que les autres cellules NER-défectueuses transactivaient les mémes
genes dans les mémes conditions. Par contre, la transcription du gene
GADD45a (pb3-dépendant), ainsi que d’autres genes induits par le stress
(ATF3, p21, et MDMZ2), n’est pas inhibée dans les cellules XP-D/CS.
Cette conclusion était confirmée a partir de séquencage haut débit de
transcriptome (RNA-seq). Tandis que les cellules WT, 24 heures apres
une irradiation UV, recouvraient presque entierement le profil initial de
transcription, et un mutant XPD possédant seulement les traits XP fai-
sait cela d'une facon moins effective, la transcription dans les cellules
XP-D/CS restait completement déréglée avec une partie considérable de
genes dont 'expression était élevée. Nos résultats indiquent que 'arrét
transcriptionnel des genes constitutifs dans le phénotype XP-D/CS peut
étre non seulement un sous-produit de I’absence de réparation de ’ADN
mais aussi une conséquence du blocage de I’ARN pol II par les lésions
de TADN comme cela était supposé auparavant.

A cet effet, nous étions intéressés a savoir comment les mutations
dans XPD perturbaient la formation du complexe transcriptionnel. Pour
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cela, nous avons étudié le recrutement des facteurs de transcription sur le
promoteur DHFR, en utilisant la technique d’'immunoprécipitation de la
chromatine (ChIP) suivie d’'une PCR quantitative. Dans les cellules WT,
Pol IT et tous les facteurs basals se dissocient rapidement du promoteur
apres irradiation et sont de nouveau recrutés 6 heures apres l'irradiation
UV. Dans les cellules XP-D/CS, la présence de Pol II sur le promoteur
DHFR atteint 30% de celle initiale aprés 12 heures, et ne retrouve pas
un niveau normal meéme 24 heures apres irradiation. Cela nous a in-
cité a examiner les changements dans les modifications de chromatine
sur les promoteurs des genes constitutifs dans les cellules XP-D/CS.
L’analyse par ChIP des cellules WT nous a permis de découvrir que
le promoteur DHFR accumulait les modifications H3K9ac, H4K16ac,
H3K4me3 et H3K79me2 apres irradiation. Ces marques positives de
transcription sont en accord avec la présence de Pol II sur ces genes.
Au contraire, le promoteur DHFR dans les cellules XP-D/CS possede
un niveau bas de certaines de ces marques chromatiniennes a mettre en
parallele avec I'absence Pol II et le niveau faible ’ARNm. De la méme
facon, nous avons détecté ’accumulation de marques d’hétérochromatine
comme H3K9me2 et I'histone H1 sur le promoteur DHFR apres I'UV,
alors que dans les cellules WT, leur niveau ne soit pas élevé.

Puisque H3K9ac et H4K16ac sont des substrats pour la déacétylase
SIRT1 [83], nous avons étudié sa présence sur le promoteur DHFR
par ChIP. Nous avons détecté un niveau élevé de SIRT1 sur ce pro-
moteur dans les cellules XP-D/CS aprs 'UV, alors que dans les cel-
lules WT, I'enrichissement de la SIRT1 était insignifiant. L’inhibition
de la déacétylase Sirtl (a l'aide de différents inhibiteurs chimiques et
de T'extinction du gene SIRT'1) a permis de recouvrer l'expression de
’ARNm du gene DHFR apres I’'UV a un niveau comparable a celui des
cellules WT. De plus, 'analyse ChIP a montré que l'inhibition de la
SIRT1 dans les cellules XP-D/CS conduisait a 'augmentation du niveau
des marques d’euchromatine H4K16ac et H3K79me2, par rapport aux
cellules non inhibées. L’inhibition de la SIRT1 dans les cellules XP-D /CS
conduisait aussi au rétablissement du niveau de Pol II sur ce promoteur
apres I’UV. L’analyse RNA-seq a démontré d’une facon indépendante le
recouvrement de la transcription du DHFR 24 heures apres irradiation
dans les cellules XP-D/CS; ainsi que le recouvrement de ’expression de
400 autres genes environ (a différents degrés).

L’ensemble de ces résultats nous a permis d’émettre 'hypothese que
SIRT1 était responsable de la génération d’hétérochromatine sur les pro-
moteurs des genes constitutifs dans les cellules XP-D/CS apres irradia-
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tion. Le lien entre SIRT1 et les mutations XP-D/CS a des implications
importantes. Les homologues de SIRT1 dans les levures, les vers et les
mouches régulent différents processus cellulaires ; sa surexpression est
associée a une durée de vie prolongée chez les souris, alors que son in-
suffisance augmente I'instabilité génomique et réduit la durée de vie [24].
Par conséquent, la dérégulation de la fonction normale de SIRT1 peut
contribuer a la progéria sévere, aux anomalies métaboliques et a d’autres
manifestations cliniques des patients XP-D/CS, qui ne pourraient pas
etre expliquées par le défaut de la réparation de ’ADN.

Partie Il. Le complexe TFIIH et la transcription par Pol 11l

La TBP caractérisée au début comme un composant du complexe tran-
scriptionnel de Pol II, a été aussi montrée participer a la transcription
par Pol I et Pol IIT [22]. Récemment, il a été démontré que le TFIIH
jouait un role essentiel a la transcription par Pol 1 [44]. De tels exem-
ples de facteurs communs entre les différents ARN polymérases nous ont
incités a étudier la participation du TFIIH a la transcription dans tout
le génome. De plus, nous voulions discriminer les genes potentiellement
existants dont la transcription n’exige pas l'activité de la kinase CDKT.
Il est connu que cette kinase phosphoryle le domaine CTD de Pol II (qui
n’est pas présent dans Pol I et Pol III) et certains NRs.

Pour cela, nous avons effectué un séquencage haut débit des
échantillons de ChIP (ChIP-seq) contre le cocur et la partie CAK du
TFIIH dans les fibroblastes normales humains. Il était inattendu pour
nous de détecter que la partie de génome la plus occupée par le cceur était
représentée par les genes de classe III, incluant une fraction considérable
des génes ARNt, un pseudogene putatif, RNU6, RN7SK, RNY1, RNY3,
ainsi que certains locus non annotés mais évolutionnellement conservés
et analogues a ceux du profil ChIP-seq. En fait, de 512 genes de ’ARNt
listés dans la base de données GtRNAdb pour Homo sapiens [I'l] au
moins 174 sont associés a au niveau élevé d’enrichissement par le coeur
de TFIIH.

Par contre, les composants du CAK et la forme phosphorylée de
Pol II n’ont pas été détectés sur ces sites. D’autres équipes [5, [/0]
ont réussi a identifier par ChIP-seq la présence de Pol II sur certains
genes de classe III, ainsi que certains autres facteurs transcriptionnels et
des modifications d’histones associées aux sites de transcription active.
Cependant, il n’était pas clair si TFIIH était lié d'une certaine maniére
avec l'activité de Pol III, ou si tout la machinerie de Pol II participait a
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la régulation de la transcription des génes de classe III.

Par I’analyse ChIP-seq contre Pol III, nous avons détecté que TFIIH
et Pol III co-occupaient les meémes genes de classe III. Pour valider ces
résultats, nous avons effectué un ChIP conventionnel suivie d’'une PCR
quantitative pour quelques génes d’ARNt sélectionnés. L’occupation de
ces genes a été confirmée pour les sous-unités du cceeur (p44, ph2, p62
et XPB), mais nous n’avons pas réussi a détecter CDK7. En méme
temps, Pol III a été clairement démontrés étre présents sur ces sites. En
ce qui concerne Pol II, sa présence sur les genes de ’ARNt n’a pas été
confirmée avec I'anticorps qui ne distinguait pas les formes phosphorylée
et non phosphorylée, alors qu’elle a été détectée sur le promoteur du gene
constitutifs GAPDH. Ces données montrent que la présence du coeur de
TFIIH sur les genes de 'ARNt est indépendante de Pol II et couplée a
la transcription par Pol III.

Les recherches in vitro offrent plus de flexibilité que le ChIP qui
d’habitude, ne montre que les associations. Pour étudier de maniere plus
profonde le lien entre TFIIH et la transcription par Pol I1I, nous avons
réalisé une série des transcriptions in vitro avec un extrait nucléaire de
HeLa. L’efficacité de la transcription a été évaluée par autoradiographie
des produits ARN. En utilisant le gene RNA VAI de I'adénovirus humain,
nous avons réussi a détecter une réduction du taux de sa transcription
dans 'extrait nucléaire immuno-déplété par les anticorps contre p44 et
p62 en comparaison de celui non déplété. L’addition du coeur purifié
de TFIIH a l'extrait déplété a presque completement recouvré le taux
initial de la transcription. Nos données indiquent que TFIIH, quoiqu’il
ne soit pas essentiel, participe a la transcription des genes de classe III.

Puisque la présence de Pol II sur les genes de ’ARNt était incer-
taine lors de la comparaison de nos résultats avec ceux précédemment
obtenus [B, [0], sa vérification in witro était trés souhaitable.
L’explication possible de cette présence pouvait étre la participation de
Pol II a la transcription des genes de classe III, alors que le TFIIH était
recruté sur ces genes comme une partie de la machinerie transcriptionnel
de Pol II. Pour élucider ce point, nous avons d’abord effectué la tran-
scription in witro sur le gene VAI et sur un promoteur spécifique pour
Pol II. L’immuno-déplétion de Pol II n’a pas influé sur la production de
I’ARN VAI Par conséquent, au moins dans ce systeme modele, Pol II
n’était ni nécessaire, ni participante a I’expression des genes de classe I11.

Au total, ces données nous conduisent a penser que le TFIIH in-
flue sur la transcription des genes de classe III indépendamment de
la machinerie transcriptionnelle de Pol II, en démontrant la participa-
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tion directe du TFIIH au processus transcriptionnel effectué par Pol III.
La transcription des genes de classe III est strictement controlée parce
qu’elle influe directement sur la synthese des protéines et la croissance
cellulaire. Puisqu’il est connu que la perturbation de cette régulation
est un trait principal de plusieurs transformations oncologiques, nous
espérons que nos résultats permettront de mieux élucider le lien entre
les différentes mutations dans les sous-unités du complexe TFIIH et un
vaste spectre de leurs manifestations phénotypiques.

Conclusion

En conclusion générale, notre compréhension du role du complexe
TFIIH en transcription a subi d’importants changements ces dernieres
années. D’abord identifié comme un des facteurs transcriptionnels es-
sentiel de Pol II, ce complexe est reconnu a présent comme un ac-
teur essentiel du systeme NER et comme un facteur transcriptionnel
de Pol I. Nos recherches ont élargit notre connaissance, en montrant
premierement le lien entre TFIIH et SIRT1 pouvant conduire a une
régulation différentielle de la transcription au niveau de la chromatine, et
en deuxieme lieu, en démontrant la participation du coeur de TFIIH dans
la transcription des genes de classe III, ce qui rend ce facteur universel
parmi toutes les trois ARN polymérases principales de mammiferes.



Introduction

In eukaryotic organisms, the process of DNA transcription is carried out
almost exclusively by three primary multisubunit DNA-dependent RNA
polymerases, viz. Pol I, Pol IT and Pol III. Although they have similari-
ties in structure and share some subunits, all three complexes transcribe
different classes of genes, require different set of additional transcription
factors to work and are regulated by a variety of polymerase and gene
specific mechanisms. Respective to the polymerase that processes them,
all genes are subdivided into three classes. Class I genes (templates for
Pol I) and include most of rDNA. Class II genes (templates for Pol IT) are
represented by all protein coding genes and a growing number of genes
for non-coding RNA. Finally, class III genes (templates for Pol III) en-
compass all tDNA, 5S rDNA and some other small non-coding RNA
genes.

Pol II transcription is regulated in the most complex and the most
studied way. For its function it requires not only a great number of es-
sential transcription factors, but also the correct interplay with a vast
array of DNA binding proteins, chromatin modifications, chromatin re-
modellers, DNA methylation, specialised genomic elements (flexible and
variable promoter composition, enhancers, binding sites of nuclear re-
ceptors and other non-essential transcription factors). This versatility
allows differential regulation of protein expression. The other two RNA
polymerases mostly produce RNA for protein synthesis machinery. This
task requires exclusively high yield but not so elaborate regulation. As
a consequence, the structure of promoters, known transcriptional ma-
chinery composition and variety of additional transcriptional factors for
Pol I and Pol III are less complex than for Pol II. At the same time the
mechanism of their regulation is studied in lesser extend.

TFIIH is a multisubunit complex that was first characterised as an
essential transcription factor of Pol II (hence the name). Later it was
shown to participate in nucleotide excision pathway of DNA damage



INTRODUCTION 2

repair. More recently it has been demonstrated to participate in Pol I
transcription as well. A number of mutations in different subunits of
TFIIH are known to be associated with specific genetic diseases with
1000-fold increased risk for skin cancer development comparing to nor-
mal state (xzeroderma pigmentosum) or/and severe developmental de-
fects (Cockayne syndrome, trichothiodystrophy, COFS syndrome). Pre-
viously these abnormalities were linked solely to the disruption of the
function of TFIIH in DNA repair or in Pol II transcription.

In the course of this work specific mutations in one of the subunits
of this complex, that led to the manifestation of a combined zeroderma
pigmentosum /Cockayne syndrome phenotype, have been shown to cause
inability to restart the transcription of housekeeping genes after geno-
toxic stress. Furthermore, that effect has been demonstrated to originate
from faulty chromatin remodelling at the promoters of the genes, and not
only from defects in DNA repair. At the same time the transcriptional
arrest was not global, since there were a lot of up-regulated genes under
the same conditions. This gene specific reaction on a mutated TFIITH
provoked a whole genome wide survey of the localisation of the complex
and its connection to the transcription. Surprisingly, that study ended
up in a discovery of the fact, that TFIIH was strongly associated with
class III genes.

The main goals of this work were to study the mechanism of gene
specific response to genotoxic stress in cells with mutation in TFIIH
mentioned above, and to investigate the involvement of TFIIH into the
transcription of class III genes.

To achieve the first goal the following tasks were needed to be solved:

e to prove the case of differential transcriptional arrest;

e to investigate its connection to chromatin state of the affected
genes;

e to identify a potential mechanism behind this process;

e to draw the link between this mechanism and the phenotypical
manifestations of the responsible mutation in TFIIH.

To achieve the second goal the following questions were put forward:

e whether the observed association of TFIIH with class III genes
were not an artifact;
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e whether TFIIH resides on class III genes independent of the Pol II
machinery;

e how does TFIIH interact with transcription process, mediated by
Pol III7?

The work is organised into two parts. The first part consists of the
common literature review. The second part is dedicated to the stated
goals with their own results and discussion in form of publishable articles.
The obtained results and their implications are then summarised and
conclusion is derived.



Part 1

Literature Review



Chapter 1

Transcription by Pol Il

1.1 DNA-directed RNA polymerase ||

In eukaryotes, DNA-directed RNA polymerase II is the main enzyme
responsible for transcription of all protein-coding genes. Although it is
the smallest (in terms of the number of subunits) polymerase of the three
main ones, its transcription machinery is the most intricate, consisting of
more than 60 polypeptides, and has no match in Pol I or Pol III systems
in complexity. Pol II is composed of 12 subunits that are designated
RPB1 to RPB12 in order of the decrease of the mass of their yeast
homologues (see Tab. ).

Pol 11 Mass, Accession  Orthologs Orthologs Notes

subunits kDa  number in E. coli in S. solfataricus

RPB1 220 NP_000928 p’ A+ A" Contains CTD
RPB2 140 NP_000929 S B

RPB3 33 NP_116558 « D

RPB4 16.2  NP_004796 F

RPB5 25 NP_004796 H Common to all Pols
RPB6 14.5 NP_068809 w K Common to all Pols
RPB7 19.2  NP_002687 E’

RPBS 17.1 NP_006223 Common to all Pols
RPB9 14.4  NP_006224

RPB10 7.6 NP_066951 N Common to all Pols
RPB11 132 NP_006225 « L

RPB12 7.0 NP_005025 P Common to all Pols

Table 1.1: Subunits of Homo sapiens Pol II and their relation to RNA
polymerases of Escherichia coli and Sulfolobus solfataricus. Based on
[R9, &1, 46, 41].
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Five subunits of Pol II (RPB5, RPB6, RPB8, RPB10, and RPB12)
are commonly shared between all three main RNA polymerases. The
other subunits have sequence and structural homology with subunits of
Pol T and Pol III. All the subunits, except PRB8 and RPB9, have their
counterparts in archaeal RNA polymerase, and Pol 1I itself is very close
to it from the structural point of view. Moreover, RPB1, RPB2, RPB3,
RPB6, and RPB11 are related respectively to 8/, 3, o, w, and « sub-
units of bacterial RNA polymerase (where RPB3 occupies the position
of ar and RPB11 occupies the position of aqr of the ay dimer). Although
RPB1 is homologous to the largest subunits of all other mentioned RNA
polymerases, it, nevertheless, contains a unique structural element, not
found anywhere else: the so called C-terminal domain or CTD, which
is very important in the regulation of Pol II and will be described later.
RPB1 and RPB2 are the core of Pol II and are responsible for the phos-
phodiester bond formation [41, 46, &1].

CTD and its modifications

This part of Pol II is flexible and free. In Homo sapiens, it is composed of
52 tandem repeats of a peptidic sequence Tyr-Ser-Pro-Thr-Ser-Pro-Ser
(YSPTSPS). CTD is a substrate for different post-translational modifi-
cations that contribute to the regulation of Pol II activity.

The main type of CTD post-translational modifications is the phos-
phorylation of its various residues. Depending on the level of phospho-
rylation, human Pol II can be separated into two forms: IIO and ITA.
They alter between each other in course of transcriptional cycle. The ITA
from has a hypo- or non-phosphorylated CTD and is normally involved
in the assembly of the pre-initiation complex and transciption initiation.
The IIO form is highly phosphorylated, primarily at Ser2 and Serb of
the heptapeptide (numbering according the position of the residue in the
YSPTSPS sequence). It is implicated in the promoter clearance and the
elongation steps of the transcription. The IIB form of Pol II can also be
separated from the nuclear extract. This form does not have CTD due
to proteolytic degradation. Its importance and implication in transcrip-
tion are not fully understood, however, it is transcriptionally active in
vitro for the adenovirus major late promoter (AdMLP) and some nuclear
genes [81]).

In H. sapiens, there have been several protein kinases identified to

which CTD is a substrate. The most important are cyclin-dependent
kinases (CDK): CDK7 (phosphorylates Serb), CDK8 (phosphorylates
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Ser5), and CDK9 (phosphorylates Ser2). All of them are parts of Pol 11
transcription machinery. The activity of these kinases is regulated by
cyclins associated with them. CDKYT is controlled by cyclin H, CDK8 —
by cyclin C, and CDK9 — by cyclin T. There are also other kinases that
are able to phosphorylate CTD, but their impact and implication in the
Pol II transcription is poorly understood [&1].

Several protein phosphotases responsible for the dephosphorylation
of Ser2 and Serb have been identified. In vitro, small CTD phosphotase 1
(SCP1) protein is able to remove the phosphate group from Ser5, while
CTD phosphotase 1 (FCP1, a part of Pol II transcriptional machinery)
mediates the removal of Ser2. The stimulation of the activity of the
latter phosphotase increases the rate of transcription re-initiation [1].

In addition to the phosphorylation, CTD is also a subject to gly-
cosylation via the covalent binding of N-acetylglucosamine to hydroxyl
group of Ser of Thr residues. Interestingly, only the ITA form of Pol II
may be glycosylated. The role of the glycosylation is probable to block
the affected residues from the phosphorylation. Alternatively, it may
have some impact on the structure of CTD. The exact role of CTD
glycosylation is to be clarified in the future studies [X1].

1.2 Promoters of class Il genes

The promoters of Pol II transcribed genes have great variability. The
crucial element of promoter that is absolutely needed for minimal non-
regulated or basal transcription is the core promoter region (or simply the
core promoter). It is the core promoter that serves as a base for the as-
sembly of the main transcription proteins along with Pol II itself. It also
specifies the transcription starting site (T'SS) and spans about 30 base
pairs (bp) up- and downstream it [37]. In addition to the core promoter
the whole promoter complex usually contains different cis-regulatory el-
ements. They include CpG-islands, that can span 0.5-2 kb (kilo bp) and
are associated with roughly half of promoter of protein-coding genes [[/Y]
as well as stretches of binding sites of additional activating or repressing
transcription factors that may be 0.2-3 kb long and contain clusters of
up to 50 transcription factor recognition elements [64]. In mammals,
most core promoters a compact and are able to initiate transcription
only from a single T'SS or from a closely spaced (usually within a short
region of several nucleotides) clusters of alternative TSS. Such core pro-
moters are generally referred to as focused. Recent genome-wide studies
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have revealed a different type of core promoters with a number of TSS
spread over a region of 50-100 bp. These disperse core promoters are
not to be confused with alternative promoters. Although alternative
promoters are separated by hundreds to thousands of bp, their architec-
ture may conform with the focused type. The well characterised core
promoter elements that are listed below (see Tab. [[2) are typical only
for focused core promoters, while the sequences and factors responsible
for the initiation from disperse promoters are not well understood [47].

Element Position Consensus sequence | Bound by
(TSS =0) 5 — 3
BRE" —38...—32 SSRCGCC TFIIB
TATA —31...—24 TATAWAWR TBP
BRE? —23...—17 RTDKKKK TFIIB
XCPE1 —8...+1 DSGYGGRASM
Inr —2...+4 YYANWYY TAF1/TAF2
MTE +17...+28 | CSARCSSAACGS
DPE +27...+33 RGWCGTG TAF6/TAF9
St | +5...4+10 CTTC
DCE S| +15...+ 20 CTGT TAF1
Sz | +29...4+ 33 AGC

Table 1.2: Consequence sequence and typical positions of a focused core
promoter elements. The binding transcription factors are described in
sectionC3. S=CorGGW=AorT;Y=CorT; R=AorGM=C
or A; K=TorG;D=Tor Gor A; N= A or C or G or T. Based
on [47, 81I.

TATA-box

The first historically recognised core promoter element was the TATA-
box which is an A/T-rich region situated 25-30 bp upstream the TSS.
It is bound by a special TATA-binding protein (TBP) [81]. Interest-
ingly, TATA-box was first though to be a universal core promoter ele-
ment for all Pol IT dependant genes, however, recent genome-wide stud-
ies have demonstrated that only a small fraction of mammalian genes
(10-20%; 22% in human genome) contain it. The majority of consti-
tutively transcribed genes (so called housekeeping genes) posses TATA-
less promoters, whereas TATA-containing genes are often activated in a
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tissue-specific manner. However, it should be noted that the fraction of
TATA-less promoters is identified in silico and the final result depends
on an assumption of the consensus sequence. More direct methods are
required to unambiguously determine whether or not these promoters
have elements functionally equivalent to TATA-boxes [[73].

Inr

The initiator element (Inr) is a seven nucleotide motif. If it is present,
it encompasses the TSS. The first A nucleotide usually becomes the first
transcribed nucleotide. In focused promoters, Inr is the most commonly
found motif in focused core promoters. The genome-wide computational
analysis of thousand of mammalian genes showed that Inr-less genes
nevertheless have a consensus sequence YR at their TSS [@7]. In H.
sapiens, Inr belongs to 62% of TATA-containing promoters and to 45%
of TATA-less promoters [1].

BRE" and BRE*

BRE (TFIIB recognition element) is a disjoint binding element of TFIIB
transcription factor. It consists of two sequences: BRE" and BREY.
The former is located upstream the TATA-box and the latter is situated
immediately downstream it. BRE elements are also found on TATA-less
promoters according to bioinformatical studies. In H. sapiens, 12% of
TATA-containing promoters also contain BRE", whereas for TATA-less
promoters this fraction is 28% [47, 81].

Downstream core promoter elements DPE, MTE, and
DCE

Not all core promoter elements are located upstream the TSS. The
downstream promoter element (DPE) is an example of such regulat-
ing sequence. DPE cooperates with Inr and must be downstream of
it at a specific distance to work properly [A7]. Another downstream
common downstream element is the motif ten element (MTE). It is sit-
uated closer to the TSS that DPE ans as the latter must be strictly
positioned relative to Inr. Both mentioned downstream elements may
work in synergy with each other and with Inr, but can be found to be
present independently. The binding protein for MTE is not known. Un-
like MTE, the third known downstream element of the core promoter,
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the downstream core element (DCE), is mutually exclusive with DPE.
It consists of three short disjoint sequences designated Sy, Sy;, and Syyr.
In human genome, DPE is found in 24% of TATA-containing promoters
and in 25% of TATA-less promoters [&1].

XCPE1

The X core promoter element 1 (XCPEL) is a rare promoter element
that encompasses the T'SS. It is found only in 1% of human promoters
that most often also contain the TATA-box. The factor that recognises
this element has not been identified. XCPE1l do not act by itself. In-
stead, it works together with some sequence-specific activation factors,
such as NF-1, NRF1, or Spl.

1.3 General transcription factors

Several accessory factors needed for the basal transcription of class II
genes were identified biochemically. They are called general transcription
factors (or GTFs) and are named according to the historical names of
protein fractions separated from the transcriptionally able Pol IT machin-
ery with TFII prefix (which stands for transcription factor of Pol II).
Six such factors were initially identified: TFIIA, TFIIB, TFIID, TFIIE,
TFIIF, and TFIIH (see Tab. [3).

Not considered as GTF's but essential for the activated transcription
are large multisubunit complexes Mediator and SAGA. They both fa-
cilitated preinitiation complex (PIC — the association of Pol I and its
GTFs on the core promoter) formation, directly interacting with some
GTFs during this process. In the case of an activation, when activators
bind upstream control elements, SAGA and Mediator physically inter-
act both with the activators and with PIC, mediating the activation
signal [37, b7]. Mediator is a very large structure. The full Mediator is
greater in geometrical size than the complete PIC. The composition of
the Mediator complex is not unique. In H. sapiens, at least two different
forms exist. They are though to interact with different activators. Its
multiple subunits are thought to be targets of different regulatory fac-
tors [37, B1]. The link between activators and PIC is not the only role
of SAGA and Mediator (see section [H).
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Factor

Protein composition

Function in Pol II transcription

TFIIA

TFIIB

TFIID

TFIIE

TFIIF

TFIIH

Mediator

SAGA

p35(a), p19(f),
p12(7)

p33

TBP, TAF1-TAF14

p56(a), p34(5)

RAP30, RAP74

XPB, XPD, p62,
p52, p34, p8, CDKT,
MAT1I, cyclin H

MED1-MED31,
CDKS, cyclin C,
variable composition

5 TAFs, 2 STPs,
2 ADAs, 2 STAFs,
GCNb5, TRRAP,
SGF29, USP22,

2 ATXNs, ENY2

Antirepression, stabilisation of TATA-TBP com-
plex, coactivation

Selection of TSS, stabilisation of TATA-TBP
complex, recruitment of Pol IT/TFIIF

Binding core promoter, coactivation, protein
kinase activity, ubiquitin-activating/conjugating
activity, histone acetyltransferase activity

Recruitment of TFIIH, initiation, promoter clear-
ance

Recruitment of Pol II to the promoter, recruit-
ment of TFIIE and TFIIH, selection of TSS,
promoter escape, increase of elongation efficiency

ATPase activity for transcription initiation and
promoter clearance, helicase activity for promoter
opening, kinase activity for phosphorylation of
Pol IT CTD and nuclear receptors

Cooperative binding with Pol 1II, kinase and
acetylthransferase activity, stimulation of basal
transcription, mediation of activated transcription

Coactivation, histone acetyl transferase activity,
ubiquitin protease activity

Table 1.3: General transcription factors and coactivators of H. sapiens
Pol II. Based on [51, 74, K.

1.4 Pol Il transcription cycle

Promoter binding

The first step of Pol II transcription is the binding of gene-specific reg-

ulatory factors around the site of the transcription start.

These fac-

tors either directly further interact with the transcription machinery, or
prepare the future transcription site by recruiting chromatin modifying

proteins.

PIC is formed on the core promoter.

At this stage Pol 11

with the general factors bind the promoter together but this complex is
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not is not able to start transcription due to a different conformational
state. PIC formation may happen in two different pathways: the se-
quential assembly pathway and the holoenzyme pathway. Both of them
were identified in vitro and both are likely to exist in vivo as well. The
sequential assembly starts from the promoter binding by TFIID. It is
followed by TFIIA and TFIIB that stabilise TFIID on the promoter.
Than the TFIIF-Pol IT complex is recruited. After the stabilisation of
this DNA-TFIID-TFIIA-TFIIB-TFIIF-Pol II complex the recruitment
of TFIIE occurs. TFIIH is recruited at the very last step. The alter-
native pathway starts from the aggregation in solution of GTF's and
other factor with Pol II to form a so called Pol II holoenzyme complex.
Than it binds the promoter and forms PIC. Holoenzemes of different
compositions have been reported [38, K1l].

Initiation and promoter clearance

To progress further, strands of DNA must be separated around the TSS.
This promoter melting occurs by the formation of a 11-15 bp long tran-
scription bubble. The template strand is then placed in the active site
of Pol II. From this point the transcription initiation starts. Usually, the
transcription starts from several abortive runs, when short (shorter than
12 bp) RNA products are synthesised. At this stage Pol II stays bound
to PIC. For successful initiation the phosphorylation of CTD is required
at Serd residues of CTD. This releases Pol II from PIC. Upon release of
Pol II, the scaffold complex is left on the core promoter. This complex
consists at least of TFIIA, TFIID, TFIIE, TFIIH, and the Mediator. The
scaffold complex is important for the transcription re-initiation [37]. In
case of the induced transcription, promoter clearance is preceded by se-

quential binding of nuclear excision repair factors to the PIC in the order:
XPC, XPA, RPA, XPG, and XPF-ERCC1 (see section 223) [21], b5].

Proximal pausing and elongation

Successful initiation does not guarantee productive elongation. Without
further modification, travelling Pol II soon enters transcriptional arrest
and, if nothing else happens, terminates the transcription. The length of
the synthesised transcript before pausing is gene-specific. This arrest is
mediated by factors DSIF and NELF and involves their interaction with
the nascent RNA product. An action of the P-TEFD factor is needed to
escape this pausing. One of modifications it performs is the change of
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the phosphorylation status of Pol II. After the promoter clearance Pol I1
CTD is phosphorylated primarily at Serb as a consequence of the action
of CDKT during transcription initiation. CDK9, which is a subunit of
P-TEFb, phosphorylates Ser2 residues of CTD [62, 68, [/6]. Due to the
constant action of phosphotases the phosphorylation at Serb is being
progressively removed during elongation, while the phosphorylation at
Ser2 lingers and even increases, since P-TEFD travels along with Pol IT in
a so called elongation complex. This is reflected in the fact that close to
the promoter Pol II is phosphorylated mostly at Ser5 while approaching
the terminator it is phosphorylated almost exclusively at Ser2 [68, [/6].
Besides P-TEFD, Pol II is accompanied by elongation factors, the main
of which are: TFIIS (it cleaves RNA transcript to release Pol 1T from oc-
casional DSIF- and NEFL-independent pauses), TFIIF (the latter leaves
PIC with Pol IT), the ELL phosphotase, Elongin. This elongation com-
plex also contains different chromatin interacting proteins, the FACT
(contains chromatin remodellers) and the Elongator (contains a HAT)
complexes being examples. They do not affect transcription on a naked
DNA but are required for the Pol II progress through nucleosomes. In
addition to this, the elongation complex serves as a platform for down-
stream RNA processing [76].

Termination and reinitiation

Unlike termination mechanisms of other RNA polymerases, termina-
tion of Pol II transcription is still poorly understood. If for Pol I and
Pol III it is enough to encounter a simple termination sequence to re-
lease the transcript and to dissociate from the template, for Pol II such
simple mechanism is not known. Instead, there are two known termina-
tion mechanisms that are linked to processing of the transcript 3’ end:
poly(A)-dependent and Senataxin-dependent [62].

Transcripts of most protein-coding genes (with exception of genes
coding histones) and of many non-coding genes are polyadenylated. The
gene itself contains the poly(A) signal AATAAA 10-50 bp donwstream
followe by GT-rich region. During trascription the corresponding RNA
sequence (AAUAAA) is recognised by Pol II associated RNA processing
factor CPSF. This binding reduces the rate of Pol II progress and then
causes its pausing. CstF, another factors associated with the elongation
complex, binds to the downstream GU-rich signal. Interaction between
CPSF and CstF leads to the RNA cleavage between poly(A) signal and
GU-rich region. XRN2 exonuclease disintegrates the protruding 5 end
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left after the cleavage. After that Pol II is released from the template.
The Pol II stalling is crucial for termination but not sufficient. Poly-
merase pauses do not automatically lead to its dissociation from DNA.
The physical interaction of XRN2 that is able to keep up with stopped or
retarded Pol II is though to dislodge the polymerase. There is a body of
evidence for a physical interaction between the scaffold complex on the
promoter and Pol II during termination. This interaction involves chro-
mosome looping and facilitates transcription reinitiation by the same
Pol IT complex [52].

For genes that do not contain poly(A) signal (most non-coding genes
and histone genes) the termination mechanism is different. In this case
the Senotaxin protein is responsible for the unwinding of the RNA-DNA
hybrid inside the active site of Pol 11, reminiscent of the action of p-factor
in bacteria.

1.5 Chromatin and Pol Il transcription

Early detailed knowledge on Pol II transcription was primarily derived
from in vitro transcription of selected genes from naked DNA templates.
In the nucleus, DNA is compactified in nucleosomes that are spaced in
a more or less regular fashion with mean period of about 200 bp (146—
147 bp are wrapped on a nucleosome, plus a short spacer DNA). The
core of a nucleosome is composed of eight histone proteins (the so called
histone octamer that consists of two histones H2A, two H2B, two H3
and two H4 or their variants). Histones bear a significant positive elec-
trical charge in physiological conditions (more than 4100 elementary
charges), while DNA is negatively charged. The electrostatic interaction
is the main reason for DNA wrapping around the octamer. Order of
magnitude estimate for the binding energy of one nucleosome is from
—1071 to —107!® J depending on the estimation method [33, b3, 87].
This energy is rather high. For comparison, the characteristic thermal
energy at temperature 7' = 300 K equals kT ~ 4 -1072' J, while the
Gibbs free energy released in ATP hydrolysis is about 7 - 10720 J per
molecule under physiological conditions [2]. So even reading through a
gene requires some additional activity from the transcription machinery,
since nucleosomes positioned along the gene must be at the very least
somehow overcome by Pol II. This cannot be done by mere sliding down-
stream due to the great length of most of class II genes. Histones may
appear an obstacle on promoters as well hindering the initiation pro-
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cess by screening binding sites of transcription factors. It implies that
chromatin is one of key players in transcription in vivo.

Chromatin is not homogeneous. The most obvious difference in chro-
matin status is the distinction between euchromatin and heterochro-
matin. These two states were identified very early in the history of
chromatin study. They reflect difference in structure. Euchromatin rep-
resents the so called beads-on-a-string structure when individual nucle-
osomes do not interact and are restricted only by DNA linkers between
them. Transcription occurs only in euchromatic regions, though not
all genes in euchromatin are necessarily expressed. Heterochromatin is
silent in terms of transcription. Nucleosomes in it are though to form the
so called 30 nm fibre. In this form they are much more closely spaced and
bound to each other, so heterochromatin is more compact that euchro-
matin. The exact structure of the fibre is not known exactly. Different
models are proposed for the winding of chromatin as well as for the forces
that keep the fibre assembled, but the real ones are yet to be experimen-
tally verified. 30 nm fibre is often associated with the linker histone H1
which supplies additional binding between nucleosomes, though it is not
necessary for its formation per se. It should be noted that the existence
of this 30 nm fibre in vivo was not unambiguously proven so far. Het-
erochromatin is expected to form higher orders of condensed structure
than mere 30 nm fibre but the existence of such structures in vivo is
even more elusive [35].

Nucleosomes are not identical throughout the whole genome. His-
tone proteins possess long loosely structured N-terminal domains some-
times referred to as tails. These histone tails are subjected to numerous
porstranslational modifications: acetylation, methylation, phosphoryla-
tion, ubiquitination, ADP-ribosylation, and SUMOylation. Multiple hi-
stone variants exist as well. Genome-wide studies have revealed that
some these “chromatin marks” correlate positively or negatively with
active transcription (with different degree of certainty) [67].

Physical basis for transcription regulation by chromatin

There are two approaches to understanding the meaning of chromatin
modifications and their link to transcription. One of them looks for the
physically (or physical chemically) sound and well understood basis for
this connection. One of successful examples of this approach is the study
of the effect of histone acetylation. Acetylation of histone tails is known
to be associated with promoter regions of actively transcribed genes.
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Transcription starts from the binding of some factors somewhere in this
region. Every acetyl group added to a histone neutralises some of its
excess positive charge, reducing thus histone-DNA binding energy [10].
This may dramatically change the equilibrium of wrapped-unwrapped
nucleosome transition especially if the 147 bp nucleosome occupied part
of DNA contains several binding sites for one o different factors. This
mechanism is known as the cooperative nucleosome eviction model. It
also explains why there is almost no order in the position of genomic
elements for transcription activators and why these elements are often
found in groups [[4, 63, 64]. The acetylation of histones also prevents
in vitro condensation of nucleosomes to the 30 nm fibre [b8]. Other
modification, with exception of methylation, change the net charge too.

Other chromatin marks, such as methylation of certain lysine residues
of certain histones, which are known to be associated with the elongation
regions of transcribed genes, may contribute in the chromatin opening
(. e. its accessibility to transcription) in a different way. During elon-
gation, nucleosomes, obviously, do not constitute a serious obstacle for
the elongation complex. Chromatin remodelling factors that accompany
Pol II are apparently able to easily deal with them. Pol II is propelled
forward in an active process using energy of hydrolysed nucleosides tri-
phosphated. So the binding energy of DNA-octamer complex may not
be of such importance here as in case of the initiation. The compacti-
fication of chromatin though may be a serious block. The idea is that
theses special methylation of histones prevents nucleosome-nucleosome
interaction, while the absence of acetylation, and hence high binding en-
ergy prevents non specific binding of different DN A-interacting proteins
to some weak sites that happen to be in the region of elongation and,
thus, inhibits cryptic transcription initiation.

Nucleosome positioning along DNA double strand may also depend
on the local sequence. The rigidity of DNA double helix against me-
chanical deformations (twist, bend, stretch, slide, shift) is different for
different nucleotide compositions. Because nucleosome wrapping induces
substantial deformation in DNA structure, the net energy change in the
transition form unbound to bound nucleosome differs for different ge-
nomic regions. Models, that take into account only the energetics of
two adjacent stacked bases, are able to accurately explain and predict
nucleosomal occupation preferences. For example, sequences rich in re-
peats of 3’—AT—5" dinucleotides are the most rigid and often represent
nucleosome-free regions. In contrast, 3'—AT—5" and 3'—CA/TG—5 din-
ucleotides rich regions are easily wrapped around the octamer and are
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able to define strict positioning of a nucleosome. Such sequences can
usually be found around promoters of genes with high basal transcrip-
tion level (housekeeping genes). In this case the region upstream the core
promoter is nucleosome-free, while a downstream nucleosome is strictly
positioned. Interestingly, TATA-boxes differ in nucleosome binding ca-
pacity depending on their sequence. For instance, TATAAAAA TATA-
box easily accommodate a nucleosome, whereas a nucleosome is easily
displaced from TATATATA TATA-box only by competition with TBP
binding. However, large portion of genomic sequence (95% in yeast)
does not have any preferences in nucleosome positioning. Nucleosomes
there are placed stochastically conserving only the internucleosomal dis-
tance which is determined by steric restriction or close-range attractive
nucleosome-nucleosome interaction [65].

Unfortunately, for many modifications no physical mechanism of its
correlation with transcription is known.

Histone code hypothesis

A different point of view focuses on the details and complexity of the
chromatin marks themselves. The histone code hypothesis is proposed.
It states that individual marks are recognised by specific factors which
then recruit to chromatin other proteins and complexes that provide
further regulation. In the scope of this paradigm associations of certain
histone modifications with transcription level are investigated. Indeed,
a number of proteins and specialised domains are found that are likely
to specifically recognise some chromatin marks. A lot of correlation
data is collected for different modifications and transcription activity
(see Tab. [4).

This approach is very popular at present time. In this domain of re-
search the terminology may slightly differ from the one used in structural
or physical approaches to chromatin. For example, modifications that
correlate with active transcription, such as acetylation (ac) of histones
H3 and H4 or mono-, di-, or trimethylation of Lys4 residue of histone
H3 (designated respectively H3K4me, H3K4me2, H3K4me3), are called
euchromatin modifications. Modifications that are associated with non-
transcribed genes, such as H3K9me or H3K27me, are commonly referred
to as heterochromatin modifications. Chromatin immunoprecipitation
analysis (ChIP) is usually applied to study these associations. The lo-
calisation of many modifications seems to follow its distinct pattern on
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Modification Position | Enzymes Recognition Associated
domain with
(or protein)
Methylation H3K4 MLL, ALL-1, PHD, Activation
Set9/7, ALR-1/2, Chromodomain,
ALR, Setl WD-40
H3K9 Suv39h, G9a, Chromodomain | Repression,
Eu-HMTase I, (HP1) activation
ESET, SETBO1
H3K27 E(Z) Ezh2, G9a Repression
H3K36 HYPB, Smyd2, Chromodomain, | Repression of
NSD1 JMJD internal
initiation
H3K79 Dot1L Tudor Activation
H4K20 PR-Set7, SETS Tudor Silencing
H3R2 CARM1 Activation
H3R17 CARM1 Activation
H3R26 CARM1 Activation
H4R3 PRMT1 (p300) Activation
Phosphorylatoin | H3510 (GCNb) Activation
Ubiquitination | H2BK120 | UbcH6 (COMPASS) Activation
H2BK123 | UbcH6 (COMPASS) Activation
H2AK119 | PRCIL Repression
Acetylation H3K56 (SWI/SNF) Activation
H4K16 MOF Bromodomain | Activation
Htz1K14 Activation

Table 1.4: Histone modifications associated with transcription in Homo
sapiens. Based on [A7].

upstream promoter region, the core promoter, and the open reading
frame (ORF). Some of these patterns are shown in Tab. [C3 [57)].
Histone acetylation is catalysed by different histone acetyltransferase
enzymes (HATs). In the context of histone code hypothesis, distinct
functions are proposed for different patterns of lysine acetylation. How-
ever, acetylation is often carried out in a non-specific manner with one
probable exception of H4K16ac. In contrast, for other types of cova-
lent modifications specific enzymes are often known that take care of
specific residues. Such modifications are suggested to provide unique
functions in terms of regulation. In addition to HATSs, histone methy-
lases, and histone kinases, proteins maintaining the opposite reactions
are known (histone deacetylases or HDACs, histone phosphotases and
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Modification or | Localisation Correlation with
histone variant transcription rate
H2A.Z Promoter —/+
H3ac Promoter +
H4ac Promoter +
H3K4mel 3" end of ORF —/+
H3K4me2 ORF +
H3K4me3 Core promoter and -+

5" end of ORF
H3K36me2 ORF —/+
H3K36me3 ORF +
H3K79me ORF —/+
H3K9me? ORF +
H3K9me?® Promoter —
H3K27me? Core promoter —
H2BUb1? Entire gene +
H2AUb12 Distal elements —

and core promoter
Histone Entire gene —
SUMO?

Table 1.5: Patterns of histone modifications in transcriptional context
as deduced from genome-wide studies. *These data are based on a small
number of genes. Based on [07].

demythelases) [57].

Not only the covalent modifications of histone tails are known to be
associated with certain states of chromatin, but also nucleosomes may
contain non-conventional variants of histones themselves. Several sup-
posedly regulating variants of histones are known. Histone H3.3 and
H2ABbd are associated with transcription activation. Histone variant
H2A X is associated with repressive chromatin. Histone macroH2A plays
special role being involved in X chromosome inactivation. Histone vari-
ant H2A.Z is usually positioned at promoter-heterochromain boundary
and its function is ambiguous since it is found to be associated both with
active and inactive genes [07].
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Though histone modifications are often portrayed as being involved in
regulation and certain functions are asserted to them (such as activation
or repression), one should not forget that the only information known
so far is related almost exclusively to associations and correlations. Due
to experimental challenge no cause-and-effect link has ever been demon-
strated for any of chromatin mark. For instance, a chromatin mark,
that is known to be associated with active transcription, may cause this
transcription, it may facilitate further transcription, or it may be a con-
sequence of the transcription itself not actually activating it.



Chapter 2

TFIIH — a multifunctional complex

TFIIH was first characterised as a general transcription factor of Pol 11
in 1989. At first it was purified form rat liver as transcription factor-o.
In HeL.a, it was known as basic transcription factor 2. In yeast it was iso-
lated as Pol II transcription factor b. Later, when homology of all these
factors was revealed and the universal nomenclature for transcription fac-
tors names was proposed, it received designation TFIIH. It was shown to
be absolutely required for transcription in vitro. TFIIH appeared to be
a multisubunit complex of 10 polypeptides. At least four of them have
catalytic activity. Surprisingly, TFIIH, as a transcription factor, was
found to contain DNA repair proteins as its parts. ERCC2 (excision
repair cross complementing 2, also known as XPD) and ERCC3 (also
known as XPB) were detected among its subunits. Later TFIIH has
been recognised as a central player in nucleotide excision repair (NER).
Furthermore, cyclin H is also a part of a subcomplex of TFIIH, that has
been suggested to regulate cell cycle during the transition form G2 phase
to M phase [21]. TFIIH is also known to be absolutely required for Pol I
transcription [44]. There are several mutations in TFIIH subunits that
induce rare genetic disease and are naturally found in H. sapiens. They
are quite different in phenotypical manifestations, presumably reflecting
the diversity of functions of this important complex.

2.1 The composition of TFIIH

Ten polypeptides are know to comprise the maximal TFIIH complex.
They are organised in two relatively stable subcomplexes: the core

TFIIH and the CAK. The core consists of six subunits: p8, p34, p44,
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p52, p62, and XPB. Two of them are known to have catalytic activity
(XPB is a DNA-dependent ATPase/ATP-dependent helicase, p44 is a
ubiquitin ligase in yeast), whereas the other four proteins play structural
role or mediate interaction with other factors. The core is connected via
XPD subunit (the second DNA-dependent ATPase/ATP-dependent he-
licase of TFIIH) with the CAK subcomplex. In its turn, the CAK is
composed of three units: CDKT7 kinase, cyclin H, and MAT1. CDKT is
the fourth catalytic subunit of TFIIH. Tab. 21 summarises the compo-
sition of human TFIIH. Cryo-electron microscopy shows that in the full
10-subunit complex the core with XPD form a ring-like structure and
the CAK is attached to its edge (through XPD) [21]. The components
of TFIIH are not always found in the full complex form. In solution, the
CAK subcomplex may be found independently [[/2]. The core may re-
lease the CAK when bound to DNA during NER [20]. p8 subunit of the
core also exists in the cell in dimeric form separately from TFITH [21].

XPB

XPB is the largest subunit of TFIIH. It is a part of the core. Its gene
(also known as FRCCS3) was first characterised as DNA-repair factor.
The product of this genes was demonstrated to correct ultraviolet (UV)
sensitivity in complementation group 3 DNA repair-deficient rodent mu-
tants. FRCC3-dependent repair deficiency in rodents resembled human
repair disorder zeroderma pigmentosum group B (or XP-B). The homo-
logue of FRCCS3 in H. sapiens received the name XPDB, since it too was
able to correct the repair defect [84].

Structurally, human XPB protein contains putative nucleotide bind-
ing domain, chromatin binding domain, helix-turn-helix DNA binding
domain and seven motifs found in DNA and RNA helicases [84]. It is a
member of SF2 superfamily of monomeric helicases and is evolutionary
conserved among eukaryotes. Homologues of human XPB exist also in
bacteria [[1]. XPB demonstrates two enzymatic activities: 3’ to 5’ heli-
case activity and DNA-dependent ATPase activity. Both helicase and
ATPase activities of XPB are strictly required for the promoter opening
and promoter escape by Pol IT during transcription initiation. Interest-
ingly, the helicase activities of XPB is dispensable in NER, [21].

A number of mutations in XPB leading to genetic disorders are
found in human population. Patients with mutated XPB exhibit sur-
prisingly different clinical phenotypes: mild zeroderma pigmentosum,
xzeroderma pigmentosum combined with Cockayne syndrome as well as
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Subcomplex | Subunit | Function Known associated genetic
disorders
Core XPB 3’ to 5 ATP-dependent he- | Trichothiodystrophy, com-
licase bined zeroderma pigmen-
tosum and Cockayne syn-
drome
p62 Structural subunit, interac-
tion with transcription and
NER factors
po2 Regulation of XPB ATPase
activity
p44 E3 ubiquitin ligase (in
yeast)
p34 Structural subunit, inter-
acts with p44
ps Regulation of XPB ATPase | Trichothiodystrophy
activity, interacts with p52
XPD 5 to 3’ ATP-dependent he- | Trichothiodystrophy, zero-
licase, bridge between the | derma pigmentosum, com-
core and the CAK bined zeroderma pigmen-
tosum and Cockayne syn-
drome, cerebro-oculo-facio-
skeletal syndrome
CAK CDK7 kinase
cyclin H | Modulation of CDK7 activ-
it
MAT1 S’Zabilisation of the CAK

Table 2.1: The composition of TFIIH complex in H. sapiens. Repro-
duced from [21].

trichothiodystrophy (their phenotypical features are described in sec-
tion 224) [21].

p62

The core subunit p62 is a structural component of TFIIH that lack
any known enzymatic activities. It is highly evolutionary conserved in
metazoa [I5]. It plays a central role in structure maintaining of TFIIH
and has multiple contacts with other subunits of the complex. In Pol 11
transcription, p62 directly interacts with the a-subunit of TFIIE during
recruitment of TFIIH to the core promoter. Moreover, via p62 TFIIH
binds transcription activators and the tumour suppressor p53. The latter
provide the way for p53-dependent transcription regulation [90].

No naturally occurring mutations in p62 that lead disorders are de-
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scribed.

p52

Another non-enzymatic component of TFIIH was first characterised by
co-purification and co-precipitation with the complex. Antibodies against
p52 suppressed Pol 11 in wvitro transcription and NER [61]. The primary
role of p52 is to anchor XPB inside TFIIH. The depletion of p52 leads
to DNA opening defect during transcription initiation [45].

No human genetic disorders are known to be associated with natural
mutations in p52. Perhaps, due to the abolishing of the promoter open-
ing that is with high probability lethal. However, mutants of Drosophila
melanogaster has been described. The mutations in p52 in flies induce
neurological defects, UV-sensitivity, cuticle defects, and the reduced level
of TFIIH in cells. These mutations most likely impaired p52-p8 connec-
tion [1].

p44

The p44 subunit in the core TFIIH is a RING finger domain containing
protein. Inside the TFIIH complex, p44 is in contact with XPD, p62,
and p34. XPD contacts the RING finger which suggests that, upon
DNA binding, p44 modulates enzymatic activity of XPD. Indeed, p44
was shown to stimulate XPD in vitro [19].

Interestingly, a yeast homologue of p44 (Ssll) is a E3 ubiquitin lig-
ase. It contains RING finger domain at its C-terminus which is critical
for this activity. In human p44 this domain is highly conserved [R0].
In H. sapiens, this region of the protein has been demonstrated to be
important for the TFIIH complex integrity. However, no direct evidence
of ubiquitin ligase activity is known for the human protein [21].

p44 has been suggested to be related to spinal muscular atrophies
of type I. The gene resides in the spinal muscular atrophy region of
chromosome 5. This region exists in two repeats: the telomeric and the
centromeric ones. The telomeric copy derived protein differs by three
amino acids. Both copies are expressed. In 15% of spinal muscular
atrophy cases the telomeric copy is lost. However, this deletion does not
affect either transcription or repair activities of TFIIH [IT]. It is possible
that the disorder originates from the deletion of the whole region but not
only of p44 per se, since the region contains SMN gene, mutations in
which are related to the disease. From the other hand, the duplication of
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p44 may explain the absence of known repair of transcription disorders
originating from its mutation despite its importance in the regulation of
the XPD subunit.

p34

This core TFIIH subunit also contains zinc finger domain. However,
no enzymatic or DNA binding activity is known for this protein. It is
essential for both transcription and NER, though the exact role of p34
yet is to be revealed. It appears, that the primarily function of this
subunit is to structurally stabilise the whole complex [80].

pd

For the long time the smallest subunit (with mass of only 8 kDa) of
the entire TFIIH remained elusive. p8 (also known as TTD or TFB5)
was the last identified subunit of the complex, detected as such only
in 2004. This part of the core was demonstrated to be required for
transcription both in vitro and in vivo. With no p8 TFIIH fails to bind
the core promoter in vitro. Furthermore, the level of TFIIH complex is
dramatically reduced in human cells deficient in p8 [7T]. As it has already
been mentioned, inside TFIIH p8 is conneted to p52. The structure of
p8-p52 complex has been solved. It shows that p8 binds a hydrophobic
surface of p52, presumably protecting it from solvent [48].

There are known mutations in p8 that cause human genetic disease
trichothiodistrophy. Most likely, this happens because the loss of pro-
tection of p52 that leads to TFIIH instability [48].

XPD

XPD (or ERCC2; as it was first described in DNA repair) is the second
largest subunit of TFIIH (after XPB). It is also the third polypeptide of
the complex with proven enzymatic activity in H. sapiens. XPD is the
second ATP-dependent helicase of TFIITH. Unlike XPB, XPD is a 5’ to 3
helicase, contains iron-sulfur-cluster-binding domain, and is a member of
superfamily 2 of DNA helicases. In addition to this domain, the protein
contains two canonical helicase motor domains and the Arch domain.
Homologues of XPD in eukaryotes and archaea are highly evolutionary
conserved [H9].
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XPD is not a component of the core or CAK but rather a bounding
structural bridge between these two subcomplexes of TFIIH. However, it
may also be found in a separate XPD-CAK complex. In CAK it interacts
with MAT1, while in the core it is attached to p44 and XPB. The former
is known to stimulate the enzymatic activity of XPD [19, 21].

Interestingly, the helicase activity is dispensable in transcription and
is absolutely required for NER, as demonstrated in vitro [21]. Neverthe-
less, several known mutations in human XPD provoke not only clearly
repair-related disorders but also genetic diseases that are hard to ex-
plain only by deficiency in NER. The manifestations of these mutations
are diverse and include zerodemra pigmentosum, trichothiodystrophy,
combined zeroderma pigmentosum with Cockayne syndorm, and UV-
sensitive Cerebro-oculo-facio-skeletal syndrome [21], 34].

CAK

This subcomplex of TFIIH is less evolutionary conserved than the core.
In the beginning the whole subcomplex was isolated and characterised
as the CDK-activating kinase (hence the name CAK). CAK carries out
phosphorylation of CDKs in CDK-cyclin pairs and this modification is
required for the cell cycle progression [29]. Separated from the core
TFIIH, CAK phosphorylates different CDKs, while in the large complex
it changes the substrate specificity and phosphorylates different parts of
transcription machinery.

CDKY

This kinase is the catalytic subunit of CAK. As the other CDKs, CDK?7
is a member of the serine/threonine protein kinase family. It is unique
in its dual role. While the other CDKs are involved either in cell cy-
cle regulation (CDK1, CKD2, CDK4, and CDKG6) or in transcription
(CDKS8 and CDK9), CDKT is required for both [40]. In contrast to the
conservation of the core TFIIH subunits, the CDK7 homologue in S.
cerevisiae does not show the functional diversity of its human counter-
part and is implicated only in transcription. Yeast CAK consists of a
single polypeptide that is only distantly related to CDKs [8g].



CHAPTER 2. TFIIH — A MULTIFUNCTIONAL COMPLEX 27

Cyclin H

Cyclin-depending kinases are called so, because they are regulated by
cyclins. Cyclin-CDK association enables substrate phosphorylation. For
CDKYT this regulation is carried out by cyclin H. This cyclin is also
a subunit of CAK. Cyclin H provides another means of regulation of
CAK activity. Ul snRNA binds this protein and affects TFIIH kinase
activity [66].

MAT1

MATT1 is an acronym for french “ménage a trois” named so as the third
CAK subunits. This RING finger containing protein plays structural role
in the complex, stabilising it. MAT1 is capable of individual binding ei-
ther CDK7 or Cyclin H as well. This protein serves as an anchoring
platform in the core TFIIH-CAK association, where XPD directly in-
teracts with MAT1. The RING finger motif is not important for the
formation of CAK or TFIIH but is essential for CTD phosphorylation
and transcription [I2].

2.2 TFIIH in transcription

TFIIH was initially characterised as a transcription factor of Pol IT ma-
chinery. Later, it was shown to be involved in the production of rRNA
by Pol I. However, most of studies on the role of TFIIH in transcription
were focused on Pol II system. TFIIH is the last factor recruited in the
sequential assembly of PIC at a core promoter. After the PIC formation
XPB ATP-dependent helicase activity is responsible for promoter open-
ing and promoter escape by Pol II. The activity of XPB is regulated by
transcription factors. During the transcription of MYC gene, FBP fac-
tor has been demonstrated to stimulate XPB helicase activity, whereas
FIR factor inhibits it in the same system [21].

As it has been already mentioned, promoter opening is not the only
role of TFIIH during the initiation. CDK7 must phosphorylate CTD at
Ser5 positions (and in lesser extent at Ser7 positions) for Pol II to enter
productive elongation. Cyclin H is a target for the phosphorylation by
Mediator subunit CDKS8. Phosphorylated cyclin H in its turn represses
CDKY7. Some non-coding RNA, for example B2 RNA, can interfere with
the phosphorylation of CTD [21]].
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In addition to these functions in basal transcription, TFIIH is in-
volved in phosphorylation of other transcription factors that provide
regulation of transcription. Among the targets of TFIIH are pb3 tu-
mour suppressor protein and FIR factor. Being a regulator of CDKT7
activity, the latter closes the feedback loop of regulation. A vast group of
TFIIH targets consists of different nuclear receptors (NR). DNA bound
NRs are phosphorylated in their specific ways, so the substrates for
CDKYT are either ligand bound or ligand free NRs. Phosphorylation
without a ligand was reported for retinoic acid receptor-al (RARal),
RAR?y, peroxisome proliferator activated receptor-a (PPAR«a), PPARS,
PPAR~1, PPAR~2, androgen receptor, and thyroid hormone receptor-
al. Oestrogen receptor-a and thyroid hormone receptor-3 are phospho-
rylated in response to their ligand binding. The role of this phosphory-
lation is not always known, but CDK?7 is shown to be necessary for the
normal activation of transcription. In case of RAR~y the phosphorylation
disrupts its interaction with vinexin- which prevents normal function
of this NR. TFITH-mediated phosphorylation is also known to facilitate
NR turnover by ubiquitin-proteasome machinery [21].

Different distinct roles of TFIIH in Pol II transcription and its inter-
action with numerous factors provides different ways for transcription
regulation via this complex.

2.3 TFIH in NER

The nucleotide excision repair pathway (or NER) is one of cellular mech-
anisms to deal with DNA lesions and to maintain genomic integrity. This
particular process removes large DNA adducts that greatly disturb base
pairing. UV-induced photochemical products of bases, such as cyclobu-
tane pyrimidine dimers or 6-4 photoproducts (the most frequent covalent
rearrangements in the cell), or cis-platin adducts are repaired though
this pathway. The name “nucleotide excision” reflects the fact that in
NER the lesion, along with 30 nucleotide around it, is excised from the
damaged DNA strand. This gap is then filled by polymerisation with
the undamaged strand as a template. TFIIH complex plays central role
in this pathway [21]].

NER is subdivide into two subpathways according to the initial dam-
age recognition procedure: the global genome repair (GGR) and the
transcription coupled repair (TCR). In GGR lesions are detected through-
out the whole genome regardless of the local transcription (though the
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efficiency of detection may differ for eu- and heterochromatin). In TCR,
lesion detection is induced by Pol II stalling on the damaged cite during
transcription, so TCR is limited only to ORF's of active genes [21].

GGR starts from lesion recognition and binding by XPC repair factor
in complex with RAD23B. This may be accompanied with the binding of
XPE-DDBI1 complex to the same site. After the detection, the assembled
platform of factors recruits the full 10 subunit TFIIH complex. At this
step TFIIH unwinds DNA strands around the damaged site. Unlike in
transcription, in NER DNA opening is carried out by helicase activity of
XPD, while only ATPase activity of XPB is required. After DNA bubble
formation, XPA is recruited to the site. XPA promotes dissociation
of CAK from TFIIH and its departure from the lesion site. At the
same time, XPA binding induces recruitment of RPA that binds single
stranded DNA. CAK dissociation is essential for further DNA unwinding
and the ability to accommodate the other repair factors. It also enables
recruitment of two nuclease: XPF-ERCC1 complex and XPG. Upon
their binding XPC-RAD23B complex is also released from DNA. XPG
performs incision at the 3" end of the affected strand. XPF incises at the
5" end. This double incision cuts out DNA stretch of about 30 nucleotides
including the damaged site. TFIIH dissociates from DNA following the
release of this oligonucleotide fragment. From now on TFIIH does not
take part in the downstream gap healing. The missing strand is rebuilt
by DNA polymerase § (polymerase € and polymerase 3¢ can be involved
too) using the healthy strand as a template, and then ligation completes
the repair [21].

The molecular mechanism and sequence of events in TCR is known
with less confidence. Although this pathway is well characterised in
bacteria, there is lack of full validation of TCR in vivo in eukaryotes.
The main difference between TCR and GGR is in the lesion detection.
While GGR requires XPC and other factors to detect alteration of DNA
structure caused by its modification, TCR pathway utilises Pol II stalling
on the obstruction as a signal for the repair. It is believed, that the main
role in repair initiation is played by CSB protein. This protein travels
along the ORF with the elongation complex of Pol II. CSB belongs to a
family of SWI2/SNF2 chromatin remodellers and is capable of wrapping
the double helix in ATP-dependent manner [6]. Though, its role in TCR
is supposed to be the detection of Pol II stalling and the recruitment of
downstream factors. When stalling happens, CSB tightly binds to Pol II.
This recruits TFIIH, XPA and RPA to the damaged region. The repair
mechanism then converges with the one in GGR. XPC, XPE and their
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companions are not required. Such factors as CSA, TFIIS, XAB2 (XPA
binding protein 2), HMGN1, and p300 have been shown to participate
in TCR by ChIP analysis [39]. HMGN1 and p300 are though to clear
the repair site removing surrounding nucleosomes. TFIIS is required to
release Pol II by inducing RNA cleavage. The recent discovery of the
presence of repair factors (XPA, XPF, XPG, and TFIIH itself) in the
Pol II elongation complex may challenge this model [21].

2.4 Human disorders induced by mutations in
XPD gene

XPD is one of the three subunits in TFIIH with known naturally oc-
curring mutations that lead to human diseases. Different mutations in
XPD gene induce a surprisingly broad variety of phenotypes. At least
three distinct types of disorders are linked to XPD protein: zeroderma
pigmentosum (XP), XP combined with Cockayne syndrome (XP/CS),
and trichothiodystrophy (TTD) [b6].

XP phenotype

XPD is not the only gene that induces XP phenotype. With different
severeness it is also induced by some mutations in XPB, another TFIIH
related gene, as well as in NER related genes XPA, XPC, XPE, XPF,
and XPG. They are named after the disorder: first two letters in gene
names are derived from initial letters of zeroderma pigmentosum [3].

Patients with XP are UV light sensitive. Usually, first signs of sun-
light intolerance becomes evident at age of about 2 years with the ap-
pearance of intense freckling and heavy sunburn. Eye tissues are often
affected. UV-induced skin cancer risk is very high in such conditions.
It is more than 1000-fold higher that in the wild type. However, tu-
mours rarely form metastases. UV-sensitivity is evident at the cellular
level too. The complex of phenotypical features along with the NER
specificity of majority of mutated proteins led to conclusion that XP is
a manifestation of a simple repair defect. In case of XPD mutatins, it is
in accordance with the crucial role of the enzymatic activity of XPD in
NER and its inessentiality in Pol II transcription [3].
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TTD phenotype

This phenotype is induced by distinct mutations in genes coding XPB,
XPD, and p8 subunits of TFIIH. The clinical manifestations include
progeroid features, such as neurological and skeletal degeneration, brittle
hair and nails, ichthyosis, cachexia [[75]. In this regard the mutation effect
is close to Cockayne syndrome (CS) than to XP [54]. Unlike CS, however,
these patients demonstrate additional kerotene related problems. The
characteristic features of T'TD, in addition to mentioned brittle nails and
heir, is hyperkeratosis. Molecular basis for TTD development is poorly
understood. It cannot be explained by GGR deficiency and must involve
either TCR defect or/and transcription regulation problems [3].

XP/CS phenotype

This rare phenotype may be induced by specific mutations in XPB, XPD,
and XPG. Only two XP/CS related mutations are known in XPD. Both
of them are single amino acid change: Glycine 602 to Aspartic acid
(G602D) and Glycine 675 to Arginine (G675R). G602 is located in the
helicase motif V, whereas G675 is situated near helicase motif VI [56].
Both phenotypes express XP features like UV-sensitivity, skin pigmen-
tation, multiple skin tumours (not observed in G675R, probably due to
early death). In addition, typical CS features are also observed: devel-
opmental delay, mental retardation, microcephaly, cachectic dwarfism,
retinal degradation, demyelinating neuropathy [3, 9, b4].

Although XP features indicate on GGR deficiency, it cannot explain
the phenotype completely. Furthermore, NER is not entirely abolished
in XPD derived XP/CS (XP-D/CS) cells. The repair synthesis in these
cells is about 30% of normal [9]. The genotype-phenotype relation for
XP-D/CS mutations is still poorly understood. One of strange obser-
vations is that mutations in very close positions may lead to drastically
different phenotypes. For instance, mutation of an amino acid R601W
just one position upstream of G602D is associated with pure XP, and
mutation of close A594P gives rise to TTD. All of them are in the helicase
motif V [b6].
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SIRT1 histone deacetylase

SIRT1 is a histone deacetylase (HDAC). It is a human homologue of
yeast Sir2 (silent information regulator 2), initially isolated as a silencing
factor. All HDACs are classified into three groups: group I, group II,
and group III. Group I and II HDAC enzymatic activity is inhibited by
trichostatin, whereas group III HDACs are not sensitive to it. HDACs
from group III are unique in the usage of NAD™ as a cofactor in their
deacetylase activity. As a consequence, enzymatic reaction by SIRT1
also turns NAD™ into nicotinamide (NAM) [23].

SIRT1 specifically deacetylases H4K16ac and H3K9ac, but some acety-
lated non-histone proteins are also in the list of its substrates. These in-
clude transcription factors p53, MyoD, FOXO3, PPAR~, NFxB, E2F1,
and transcription coactivators PGC-1a and p300, as well as coenzyme A
synthetase AceCS [23, 28, B6].

NAD"-dependence of SIRT1 suggests coupling of its activity to the
cellular energy metabolism. However, the direct regulation has not been
yet demonstrated in vivo. Conversely, the interaction of SIRT1 with
PGC-1a and PPAR~y suggests its important role in the regulation of
glucose homeostasis at the organism level and mitochondria generation
at the cellular level. The other SIRT1 targets imply its potential in-
volvement in adipogenesis, vascular tissue development, neuronal devel-
opment, and cell fate determination [28].

Interestingly, SIRT'1 homologues in lower organisms are know to reg-
ulate lifespan. In yeast, calorie restriction increases lifespan, but this
effect requires Sir2 activity. Sir2 is probably stimulated by the shift in
NAD*/NADH ratio. Surprisingly, SIRT1 homologue in Caenorhabditis
elegans has also been shown to determine the lifespan of the worm. Anal-



CHAPTER 3. SIRT1 HISTONE DEACETYLASE 33

ogous observation has been made on Drosophila melanogaster, where
calorie restriction also increases lifespan, and SIRT1 homologue is in-
volved in the process. A similar connection between SIRT1 and ageing
is expected in mammals [8, 24].
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Transcription by Pol Il

4.1 DNA-directed RNA polymerase IlI

Pol IIT is one of three main nuclear DNA-directed RNA polymerases in
eukaryotes. It is the largest RNA polymerase and, like the other two,
is composed of multiple polypeptides. Complete characterisation of the
human Pol III complex identified 17 distinct subunits. Five subunits
are unique to Pol III and do not have any parologues (subunits RPC3—
RPC7), five subunits are unique to Pol III but are parologues of sub-
units of Pol IT (RPC1, RPC2, RPC8-RPC10), two subunits are shared
between Pol I and Pol III (RPAC1/RPA5, RPAC2/RPA9), and the rest
five subunits are shared between all three polymerases (RPABC1/RPBS5,
RPABC2/RPB6, RPABC3/RPB8, RPABC4/RPB12, RPABC5/RPB10).
In addition to this, RPC1, RPC2, RPAC1, RPAC2 and RPABC2 are or-
thologues to subunits of bacterial and archaeal RNA polymerases (see
Tab. E1) [30, 43].

4.2 Genes transcribed by Pol Il

Pol III transcribed genes are represented by short non-coding sequences.
In mammalian genomes the most abundant Pol III targets are situated
in numerous Alu repeats. The second most abundant are tRNA genes
which comprise about 80% of non-Alu associated class III genes in hu-
man genome. Other Pol III dependent genes are responsible for the
production of different short RNA of various function. These include
5S rRNA, 7SL RNA (a precursor of Alu associated genes), 7SK RNA,
U6 snRNA, vault RNA, Y RNAs, Hl RNA (RNA part of RNase P),
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Pol 111 Mass, Accession  Paralogs Identical Orthologs Orthologs

subunits kDa  number in PolII PolI & PolIT in E. coli in S. solfataricus
subunits

RPC1 156 AAB86536 RPB1 i A

RPC2 128 AY092084 RPB2 I6] B

RPC3 62 NP_006459

RPC4 23 AY 092086

RPC5H 80 AY092085

RPC6 39 NP_006457

RPC7 32 NP_006458

RPC8 23 NP 612211 RPB7 E
RPC9 16.7  NP_055293 RPB4 F
RPC10 12.3  NP_057394 RPB9

RPAC1 40 NP 976035 RPB3 RPA5 o D
RPAC2 152 NP.057056 RPB11 RPA9 o) L
RPABC1 25 NP _004796 RPB5 H
RPABC2 14.5  NP_068809 RPB6 w K
RPABC3 17.1  NP_006223 RPB8

RPABC4 7.0 NP_005025 RPB12 P
RPABC5 7.6 NP_066951 RPB10 N

Table 4.1: Subunits of Homo sapiens Pol III and their relation to sub-
units of H. sapeins Pol II and Pol I and RNA polymerases of Escherichia
coli and Sulfolobus solfataricus. Based on [41, 43, 46].

MRP RNA (RNA part of RNase MRP). Pol III is also responsible for
the transcription of human adenoviral VAI and VAII RNAs as well as
Epstein-Barr virus small RNAs EBER I and EBER II. There has been
recent reports on the involvement of Pol III in transcription of a small
number of miRNA. However this requires additional study [31, 67, &6.

4.3 Promoter elements of class Il genes

A special feature or Pol I1I transcribed genes is that some of them contain
internal promoters which completely reside in the transcribed region.
All promoters of known class III genes are subdivided into three types
according to the composition of promoter elements and mechanism of
their recognition. Type 1 and type 2 promoters are internal (also called
internal control regions or ICRs, sometimes name ICR is reserved only
for type 1 promoters) while type 3 promoters are situated up-stream the
gene itself like in usual genes of other polymerases. 5S rRNA genes are
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the only known genes with type 1 internal promoters. Typical genes
with type 2 internal promoters are tRNA genes. U6 snRNA genes are
the most studied examples of type 3 promoter containing genes. Our
knowledge on the structure and the function of Pol III promoters comes
primarily form biochemical study of three model genes: human 5S rRNA
gene (type 1), adenoviral VAI RNA gene (type 2) and human U6 snRNA

gene (type 3) [30].

Type 1 promoters

Mutation analysis of a Xenopus 5S rRNA gene type 1 promoter couples
with in vitro transcription showed that its ICR spans from bp 50 to 97
counted from TSS. It is not a continuous structure but consists of several
nucleotide blocks or boxes, viz. A-box, IE (intermediate element) and
C-box. A-box stretches from bp 50 to bp 60 from TSS, the IE occupies
region from bp 67 to bp 72 from TSS and C-box constitutes an interval
bp 80-97. These elements are in fact binding sites of basal transcription
factors of Pol III. During the initiation they are bound by TFIITA (see
below in BH). Changing of the sequence in the spacers between these
elements but preserving their length does not affect the transcription
efficiency. In contrast, changes of the spacing distance between promoter
elements attenuates or completely blocks transcriptional activity. In
budding yeast, the deletion of A-box does not completely suppress the
transcription [31].

Type 2 promoters

Like type 1 promoters, type 2 promoters contain multiple ICRs sepa-
rated by nucleotide sequence that does not affect transcription. In this
case there are only two elements: A-box and B-box. During transcrip-
tion initiation they are bound by TFIIIC factor (see below in BH). In
this case the spacing distance is not of great importance. In naturally
occurring promoters it varies greatly. A-boxes of type 1 and type 2
promoters are structurally similar. However, this similarity apparently
comes from structural constrains on RNA itself rather than from a con-
served function of promoters. As it has been already mentioned, they are
recognised by different transcription factors. A- and B-boxes are very
well conserved in tRNA genes, but this is probably due to structural
constrains on viable tRNA. A-box corresponds to D-loop and B-box en-
codes T-loop of a mature tRNA. A-box of VAI RNA gene differs in more
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degree from its tRNA counterparts than they differ from each other. In
tRNA, A-box spans from bp 20 to bp 30 from TSS and B-box is usually
situated from bp 80 to bp 90, though as it has already been stated, the
distance from A-box may be different. It is A-box that determines T'SS
itself. Some genes contain a pseudo-A-box which can start transcription
in case of mutationally inactivated primary A-box. At the same time,
truncated tRNA genes with no B-box are able to initiate transcription
in vivo, though its efficiency is attenuated [31, [74].

Type 3 promoters

Type 3 promoters are completely different and do not incorporate any
ICRs. Instead they are composed of a proximal sequence element (PSE)
followed by a TATA-box. The former is also a core promoter of Pol II
transcribed snRNA genes. The latter is the same as in Pol II promoters
(not snRNA genes). Interestingly, deletion of TATA-box switches tran-
scription specificity from Pol III to Pol II. Human U6 RNA genes also
have an upstream distal sequence element (DSE) which is important for
transcription activation [31, [74].

4.4 Termination of class 1l gene transcription

For Pol III to terminate transcription it is enough to encounter a cluster
of four or more T residues in CG-rich surroundings. This is the case
of 5S rRNA genes and of most eukaryotic tRNA genes. However, some
natural tRNA genes contain more Ts at the end. Deletions of extra T's
results in significant increase of read-through rate. In wvitro Pol III de-
pendent transcription also terminates within a cluster of 23 A residues of
a mouse 5S RNA gene. In Alu repeats termination happens at a stretch
of As preceded by an imperfect hairpin. The two last cases resemble
prokaryotic p-dependent transcription termination sites. No subunit of
Pol IIT has been identified to be responsible for its termination activity:.
Presumably, the termination process relies on a transcriptional arrest
that is followed by separation of newly synthesised RNA from enzyme-
DNA complex and returning Pol III machinery to a state that permit
re-initiation. The two latter step may depend on additional factors. At
least four factors have been found by biochemical studies to be implicated
in efficient termination of Pol I1I: La protein, NF'1, DNA topoisomerase I
and PC4. La was found to bind poly(U) end of transcripts, and its de-
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pletion from nuclear extract greatly reduced efficiency of multiple round
in vitro transcription of class III genes. NF1 was shown, to be a part
of TFIIIC transcription factor, and to bind DNA a consensus sequence
5-YTGGCANNNTGCCAR-3'. This sequence is found downstream VAI
RNA gene poly(T), however, it is not found anywhere near many other
class III gene terminators. For DNA topoisomerase I and PC4 no di-
rect mechanism has been identified. It should be noted that absolute
necessity of any of these factors for the termination in vivo has not been
demonstrated [31, [74].

4.5 Transcription factors

Early works on fractionation of a HeLa extract aimed for Pol III tran-
scription factors characterisation identified three fractions called fraction
A, B and C. It was found that transcription from type 1 promoters re-
quired all three fractions, whereas type 2 promoters could initiate with
only B and C fractions. Later these fractions were identified with multi-
subunit complexes designated respectively TFIITA, TFIIIB, and TFIIIC.
An overview of their composition and function is outlined in Tab. E2.
TFIIIB is absolutely required for Pol III transcription from any gene,
albeit in different composition. The other two are initiation factors and
are required to recruit TFIIIB in a gene specific manner. TFIITA recog-
nises type 1 promoters while TFIIIC is needed to start transcription
from both type 1 and type 2 promoters. Type 3 promoters are bound
directly by TFIIIB but their transcription relies on some additional fac-
tors mentioned below [30, [74].

Recruitment factor TFIIIA

TFIIIA is a founding member of the family of Cisy-Hiss zinc finger DNA-
binding proteins and contains 9 zinc fingers. Its only known role is to
recognise ICR of 5S rRNA genes and to recruit TFIIIC factor to the pro-
moter through protein-protein interaction. In Saccharomyces cerevisiae,
strains lacking TFIITA are viable if 5S rRNA gene is designed to start
its transcription form a type 2 promoter [I3]. In addition to its role in
transcription, TFIIIA also binds mature 5S rRNA. The TFIIIA-RNA
complex constitutes 7S storage ribonucleoprotein particle. This interac-
tion is believed to serve an additional role of a negative feedback in 5S
rRNA genes regulation, allowing the RNA-product to sequestrate the
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Factor = Component Alternative names Notes
TFIITA TFIITA 9 zinc fingers, binds ICR of type 1
genes
TFIIIB TBP Binds TATA-box of type 3 promot-
ers, required for all promoters
Brfl TFIIIB90 Required for transcription of type 1
and 2 promoters, mutually exclusive
with Brf2
Brf2 BrfU, TFIIIB50 Required for transcription of type 3
promoters, mutually exclusive with
Brfl
Bdpl B”, TFIIIB150 Contains SANT domain

TFIIIC GTF3C1 TFIIIC220, TFIIICa Binds B-box, histone acetyltrans-
ferase (HAT)

GTF3C2 TFIIIC110, TFIIICS HAT

GTF3C3 TFIIIC102, TFIIICy Contains TPR repeats
GTF3C4 TFIIIC90, TFIIICs  HAT

GTF3C5 TFIIIC63, TFIIICe  Binds A-box

TFIIIC1 4 uncharacterised polypeptides with
masses of 70, 50, 45 and 40 kDa

TFIICU Enhances U6 RNA genes transcrip-
tion

NF1 Polypeptides that regulate termina-
tion

Table 4.2: Components of the human Pol III core transcription factors.

factor needed for its production. At least in wvitro, the transcription of
5S rRNA gene is inhibited by 5S rRNA through a competitive binding.
It also has been suggested that competition of TFIIIA and ribosomal
proteins for 5S rRNA may couple 5S rRNA transcription to ribosomal
synthesis. In S. cerevisiae, 5S TRNA production rapidly responses to
amino acid deprivation [31), [74].
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Recruitment factor TFIIIC

TFIIIC is capable to bind class III genes promoters in two ways: recog-
nising TFIITA-ICR complex on type 1 promoters or directly binding A-
and B-boxes of type 2 promoters. The means by which TFIIIC is re-
cruited by TFIIIA are not well characterised so far. Structural analysis
and electron microscopy studies on type 2 promoters suggest that it con-
sists of two DNA-binding modules (A- and B-box specific) joined by a
flexible linker capable of fitting to various spacing distances between the
two promoter elements.

The human TFIIIC fraction separates into two distinct complexes:
TFIIIC1 and TFIIIC2. It appears that, unlike TFIIIC2, TFIIIC1 com-
plex is required for transcription of all three types of promoters. It also
strengthens DNA-dinging of TFIIIC2. This fraction contains of four
poorly characterised proteins and the TFIIICU factor that enhances hu-
man U6 snRNA gene transcription. In addition to TFIIIC1/TFIIIC2
complex, TFIIIC fraction also contains NF1 polypeptides. Their role in
Pol III transcription is thought to be the regulation of termination, as
described in section B4. Substoichiometric levels of topoisomerse I and
Pol II co-activator PC4 can be purified from immunoprecipitated TFIIIC
assemblies from human cells producing a tagged TFIIIC subunit. They
are also suggested to participate in the termination process. However,
as it has been already mentioned, no direct mechanism is found for their
action [74].

TFIIIC2 is better characterised and contains polypeptides GTF3C1-
GTF3C5 (see Tab. B2). The largest subunit GTF3C1 is responsible for
the binding to the B-box. Relatively small GTF3C5 subunit effectuates
A-box binding. GTF3C3 contains TPR domains. They mediate binding
to Brfl subunits of TFIIIB. Interestingly, human TFIIIC2 subunits, that
are the most diverged from their yeast counterparts (GTF3C1, GTF3C2,
GTF3C4), are histone acetyltransferases. This is in striking difference
with fungi where no HAT activity has been detected for TFIIIC. Human
TFIIIC2 is an uncommon case of a complex with three separate HAT'Ss.
The role of this chromatin modifying activity is to be revealed. There is
no doubt that the state of chromatin is important for the transcription
by Pol I11, and its transcription sites are marked by specific set of histone
modifications, but no direct involvement of TFIIIC has yet been demon-
strated in this process [30, 86]. The interplay between chromatin state
and Pol III transcription will be reviewed in chapter B. GTF3C4 is a
key holding scaffold for the whole TFIIIC2: through its interaction with
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GTF3C2 and GTF3C5 it binds together A- and B-box specific aggre-
gates (GTF3C1-GTF3C2 and GTF3C3-GTF3C5). The way by which
TFIIIC1 and TFIIIC2 are connected is not yet known [30].

Transcriptional factor TFIIIB

The composition of this factor varies depending on the promoter type. It
is always composed of three subunits. On type 1 and 2 promoters TFIIIB
is represented by a complex TBP-Brfl-Bdpl. Contrary, to type 3 pro-
moters it binds as TBP-Brf2-Bdpl. In yeast, there is only one Brf. In
human, the two forms are closely related. They show some homology to
the Pol II transcription factor TFIIB, hence the name (Brf stands for
TFIIB related factor) [30]. TBP is the TATA-binding protein, initially
described as part of Pol II transcription initiation machinery as a subunit
of TFIID transcription factor. It was shown to participate in Pol I and
Pol III mediated transcription [24, 60]. It is through TBP that TFIIIB
directly binds TATA-box of type 3 promoters. For the recruitment to
other promoters it requires the interaction with TFIIIC. This is achieved
via connection of Bfrl and Bdpl with GTF3C3. Brfl and 2 subunits
contain zinc ribbons. Bdpl contains the specific SANT domain (identi-
fied in SWI/SNF and ADA complexes, the transcriptional corepressor
N-Cor, and yeast TFIIIB Bdpl). The SANT domain is absolutely re-
quired for Pol III transcription which is TFIIIC dependent [30, [74].

One of the expected roles of TFIIIB is the binding to the TATA-box
of type 3 promoters. It seems that the factor does not exist in its full
composition in solution. H. sapiens, Brfl was shown to be tightly as-
sociated with TBP in solution. On the other hand, Bdpl association
with TBP-Brfl is weak and can be detected only with GST pull-down
assays. Interestingly, Brf2 is also only weakly associated with TBP in
HeLa cells. It suggests that TFIIIB complex assembles to its final forms
only on DNA. Because of this, type 3 promoter binding stats from the
direct association of the free TBP with the TATA-box. Bfr2 then recog-
nises the TATA-box-TPB complex, like TFIIB. It has been shown in
vitro that Bdpl assembles on a complete TATA-box-TBP-Brf2 comples,
although not very efficiently [[74].

Another role of TFIIIB is to recruit Pol III onto bound genes. There
is a number of protein-protein contacts known to exist between the factor
and the polymerase. Firstly, TBP directly binds RPC6 subunit of Pol I11.
Secondly, Brfl binds both RPC6 and RPC9. It is not known how Brf2
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contacts Pol III. No data exist on contacts between Bdpl and Pol III
either.

Unlike Pol IT machinery, where helicase activity of TFIIH factor is re-
sponsible for promoter opening in ATP-dependent manner, no ATPase-
helicase subunit in any of Pol III factors or in Pol III itself has been
described. However, it has been shown that DNA bubble forms in ATP-
independent manner if a promoter is bound by TFIIIB and Pol III is
added. It was demonstrated in yeast on SUP4 tRNAD gene and on a
yeast specific B-box containing U6 snRNA gene. In case of SUP/, the
promoter opening was shown to be non-coordinated and temperature
dependent. The sequential promoter binding by TFIIIC, TFIIIB and
Pol IIT happened normally at temperatures from 0 to 40°C. In contrast,
the DNA strand separation did not happen at low temperatures. Very
restricted or no bubble formation was observed at temperatures below
10°C, while its degree steadily grew throughout the wide range (up to
the maximal temperature used in the experiment). It was demonstrated
that some mutations in Brfl homologue cease the full promoter opening
at 20°C and thus deny transcription initiation. Such mutations can be
circumvented by an artificial bubble formation at the appropriate site.
This indicates that TFIIIB indeed has a role that extends beyond the
recruitment of Pol III and is linked to the promoter opening [49, b].
If this thermodynamical promoter opening is the only and the primary
way of transcription initiation for Pol III is no very clear though. Such
point of view seems not to agree well with the ability of S. cerevisiae to
sustain cell growth at temperatures below 10°C [42, [7]].

Additional recruitment factors

As it has been written, type 3 promoters do not normally contain any
ICR, but rely on upstream elements. In addition to TATA-box, they in-
clude core element PSE and more distant DSE (see section B=3). These
two special elements are found not only in U6 snRNA genes and other
Pol III dependent genes with type 3 promoters, but also in snRNA genes
transcribed by Pol II. This specific promoter structure indicates on the
involvement of additional factors that are common to Pol IT and Pol III.
Indeed, such factors have been identified. PSE is bound by the so called
snRNA activator protein complex (SNAP.). This multisubunit com-
plex contains five polypeptides (SNAP190, SNAP50, SNAP45, SNAP43,
and SNAP19 named according to their molecular mass in kDa). SNAP,
specifically binds PSE primarily via four and a half repeats of an unusual
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Myb domain in SNAP190. Immunodepletion of SNAP. from transcrip-
tion extracts destroys Ul and U6 snRNA genes transcription while the
addition of highly purified recombinant SNAP, restores it. The human
DSE is a binding site of Oct-1 and STAF proteins. Oct-1 is a mem-
ber of POU-homeodomain protein family, whereas STAF is a Ciso-His,
zinc finger protein. Oct-1 and SNAP, bind to DSE and PSE coopera-
tively. The interaction between Oct-1 and DSE is relatively weak, but
it is stabilised by interaction with DNA-bound SNAP.. From the other
hand, the conformational changes cased by protein-protein interactions
of SNAP. with Oct-1 open DNA-binding part of SNAP190 for the con-
tact with DNA. The interaction of SNAP. with STAF has not yet been
reported. Interestingly, protein-protein interaction between SNAP. and
Oct-1 requires a formation of DNA loop, which is presumably achieved
through the wrapping of the spacer between PSE and DSE around a
properly positioned histone octamer [30, [74].

4.6 Regulation of Pol Il activity

In the cell, the activity of Pol III is tightly regulated. Normally it strictly
follows the cell cycle, since the main products of class III genes are in-
volved in protein biosynthesis (a part of splicosome, a part of ribosome,
a part of signal peptide recognition particle, tRNAs) and, hence, their
turnover must response adequately to cell growth. In many oncogenically
transformed cell Pol III activity is considerably up-regulated. Recent
chromatin immunoprecipitation studies coupled with high throughput
sequencing (ChIP-seq) showed that in human genome, in contrast to
yeast, only a fraction of tRNA genes are occupied by Pol III. Further-
more, this fraction is cell line specific [67, 86]. For primate genomes, it
is also important to inhibit parasitic transcription from Alu repeats. In-
deed, only a very small fraction of all Alu-associated class I1I promoters
are bound by Pol III under normal conditions [67]. There are several
known ways of the direct non-specific regulation of Pol III transcription.
All of them focus on the interaction with TFIIIB — the central tran-
scription factor for all promoters types. The direct regulation via TFIIIB
has been demonstrated for four proteins. Two of them are tumour sup-
pressors, viz. pb3 and the retinoblastoma protein (RB). Both proteins
bind TFIIIB, preventing its interaction with TFIIIC2 and Pol III. Being
naturally ubiquitous in the cell, normally they sequestrate this factor in
an inactive form. There is also a strictly Pol III specific factor Mafl that
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acts in the same way. By the nature of the influence on Pol III, all this
regulation is assumed to be general. The proto-oncogene c-Myc has also
been shown to interact with TFIIIB. In contrast to the previous cases,
this stimulates the recruitment of Pol III. There has been some evidence
that DNA sequence upstream the promoter may influence the response
on c-Myec. Interestingly, c-Myc is able to recruit TRRAP protein which
in turn recruits GCN5 HAT to class III genes promoters. TFIIIB is also
phosphorylated by several kinases, though the relevance of this for the
transcription regulation has not been demonstrated in vivo [85, 86].
With advent of ChIP-seq, the growing body of data indicating on
the potential involvement of chromatin modifications in the regulation of
class III genes transcription. These findings will be reviewed in chapter B.



Chapter 5

Interplay between Pol Il and Pol Il
transcription machinery

The presence of three distinct transcriptional enzymes in eukarytic nu-
cleus (particularly in vertebrates) had been first demonstrated by bio-
chemical studies using ion exchange column fractionating, polyacrylamide
gel electrophoresis, immunological assays and by the difference in sen-
sitivity to amanitin. At that early stage of eukaryotic transcription re-
search some similarities in polymerase composition had already been no-
ticed. Polyacrylamide gel electrophoresis showed a subset of putatively
common peptides for all three polymerases. That was also supported
by immunological precipitation and inhibition of the transcriptional ac-
tivity, where antiserum crossreactivity between the three enzymes was
observed. All that allowed to suggest some degree of structural sim-
ilarity [16]. Indeed, Pol I, Pol II, and Pol III later appeared to be
structurally related. Not only they are composed of evolutionary re-
lated polypeptides but some of subunits are universal among all three
polymerases (see Tab. El). Such similarity could imply other shared
parts of transcriptional machinery. Meanwhile, the sets of discovered
additional transcription factors stayed different and polymerase specific
for some time. Nevertheless, the point of view that each polymerase has
its unique factors and regulation patterns began to change.

5.1 TBP as a universal transcription factor

The first transcription factor to be identified as common to Pol II and
Pol I1I was TPB: the TATA binding protein, initially characterised as a
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subunit of Pol II TFIID factor. It was separated by fractioning from a
partially purified TFIIIB capable of transcription initiation on S. cere-
wistae U6 TRNA gene. TBP was demonstrated to be absolutely required
for Pol III transcription in vitro [60]. Latter it was shown to be tightly
bound by Brfl, a part of TFIIIB that is a homologue of Pol II factor
TFIIB [74]. Interestingly, earlier TBP had been shown to be an essential
transcription factor for Pol I as a part of TIF-IB general transcription
factor. This makes TPB the first discovered truly universal essential
transcription protein for all eukaryotic polymerases [25].

5.2 Pol Il, its factors and chromatin marks
near class lll genes

In recent years, several ChIP-seq based studies of class III genes revealed
unexpected data. Four such works have been published so far. Unfor-
tunately, they are not completely mutually corroborative and contain
some partially contradicting details. Because of this, the articles will be
reviewed separately one by one.

Article by Raha et al. [0]

In this work two immortalised cancerous human cell lines were used:
K562 erythroleukaemic cells and GM12878 lymphoblastomic cells. The
authors found close association of the hyperphosphorylated form of Pol I1
with Pol III bound class III genes. In total, from 60% (K562) to 25%
(GM12878) of Pol III bound genes contained a nearby Pol IT enrichment
peaks. These peaks were generally shifted to 5" end of a gene with a high
fraction of peaks centring at about —200 bp relative to T'SS. However,
this distance was not totally universal. Likewise, the association of Pol II
factors c-Myec, c-Fos, and c-Jun was observed with near 70% to 80% of
Pol III occupied class III genes in K562. The authors hypothesise that
Pol IT might help to open chromatin and to allow Pol III and its factors
to access their targets.

Article by Oler et al. [67]

This work was performed on two other cancerous human cells: HeLa
and lymphomic Jurkat T cell lines. The authors report that Pol III
occupied tRNA genes were often (about 20% for HeLa cells) situated
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2 kb (most often 300-900 bp) upstream to Pol II transcribed genes T'SS.
They also analysed ChIP-seq data for HeLa cells from public databases.
And though 80% of occupied Pol III genes are situated outside anno-
tated class Il genes, they were associated with overlapping or closely
spaced peaks of high levels of Pol IT and marks of active chromatin,
viz. histone H3 Lys4 monomethylation (H3K4mel), H3 Lys4 trimethy-
lation (H3K4me3), H2A.Z histone variant, H3.3 histone variant were
found close to top 50 the most highly Pol IIT occupied tRNA genes. The
same analysis of published data for Jurkat cells revealed that top 50 the
most highly Pol III enriched tRNA genes were associated with elevated
levels of H3K9 acetylation (H3K9ac), H3K27ac, H3K18ac, H2BKb5ac,
H2BK20ac, H2BK120ac, H4K91ac, H3K36ac, H3K4mel (usually with a
rather large offset of -1 kb), H3K4me2, H3K4me3, H3K79me3, H3K9mel,
and H2A.Z. In contrast to HeLa, Pol III occupied tRNA genes did not
correlate well with Pol IT peaks. In HeLa, H3K27me3 has been found to
overlap with bottom 50 tRNA genes ranged by the level of Pol III en-
richment. In Jurkat cells, this was the case for H3K27me3, H3K36me3,
and H4K20me3. Overall, actively transcribed tRNA genes (detected by
Pol III enrichment) seem to be generally closely associated (in a range of
2 kb) with pormoter of Pol II transcribed genes or with enchancer-like
regions with marks of active chromatin.

Article by Barski et al. [5]

This work was done on human CD4" T and HeLa cells and was pub-
lished jointly with the previous paper. The authors reported that Pol 111
enriched and actively transcribed (judged by RNA products) tRNA
(302 analysed genes) and other class III genes are generally associated
with enrichment by H3K4mel, H3K4me2, H3K4me3, H3K9ac, H3K23ac,
H3K27ac, H3K36¢, and H2A.Z, whereas H3K27me3 correlated with non-
transcribed tRNA genes. These chromaitn marks are similar to those on
the sites actively transcribed by Pol II. The difference was in the lack of
H3K79me2 and H3K36me3, normally found associated with Pol II tran-
scription. They also located Pol IT near some active class I1I genes. Pol I1
enrichment was shown for a Pol II with unspecified phosphorylation sta-
tus, for the unphosphorylated form of Pol II, for the Serb phosphorylated
form, and for the Ser2 phosphorylated form. If Pol II was found to be
associated with a class III gene, the maximum enrichment was generally
observed at the 200 bp offset.
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Article by Carriere at al. [14]

The work was performed on mouse embryonic stem cells. Active chro-
matin marks (H3K4mel, H3K4me2, H3K4me3, H3K9me3) and hete-
rochromatic mark H3K27me3 were studied. Like in the previously re-
viewed studies, the association of Pol III bound class III genes with up-
and downstream (400 bp) enrichment of H3K4me3 has been observed,
while the TSS of that genes was free of those marks. On the contrary,
the heterocromatic H3K27me3 was completely absent on these genes.
H3K9me3 were slightly enriched around these genes, but not very signif-
icantly. Enrichment levels of H3K4mel, H3K4me2 were not significant.
In contrast to the earlier works, no significant enrichment of phosphory-
lated Pol IT (Ser2, Ser5, and Ser7) near tRNA genes was observed. Only
a very low level of hypophosphorylated Pol II form was found upstream
of these genes. Serb and Ser7 phosphorylated and hypophosphorylated
Pol IT enrichment was observed upstream type 3 promoters. Interest-
ingly, Pol II transcription factor TFIIS was observed to be bound to
about 60% of tRNA genes and 50% of type 3 promoter genes (from
Pol IIT bound fraction). It should be noted, that the genome-wide co-
localisation of TFIIS and Pol III had already been reported for budding
yeast [32].
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Abstract (247)

Specific mutations in the XPD subunit of TFIIH result in combined xeroderma
pigmentosum/Cockayne syndrome (XP-D/CS), a severe DNA repair disorder
characterized at the cellular level by a transcriptional arrest following UV. This
transcriptional arrest has always been thought to be the result of faulty transcription-
coupled repair. In the current study we showed that following UV irradiation XP-D/CS
cells displayed a gross transcriptional dysregulation when compared to a “pure” XP-D
cells or WT cells. Furthermore, global RNA-seq analysis showed that XP-D/CS cells
repressed the majority of genes after UV, while “pure” XP-D cells did not. Using
housekeeping genes as a model we demonstrated that XP-D/CS cells were unable to
re-assemble these gene promoters and thus to re-start transcription after UV.
Furthermore, we found that the repression of these promoters in XP-D/CS cells was not
a simple consequence of deficient repair but rather an active heterochromatinization
process mediated by the histone deacetylase Sirt1. Indeed, RNA-seq analysis showed
that inhibition of and/or silencing of Sirt1 changed the chromatin environment at these
promoters and restored the transcription of a large portion of the repressed genes in XP-
D/CS cells after UV. Our work demonstrates that a significant part of the transcriptional
arrest displayed by XP-D/CS cells arises due to an active repression process and not
simply due to a DNA repair deficiency. This dysregulation of Sirt1 function that results in
transcriptional repression may be behind the various severe clinical features in XP/CS

patients that cannot be explained by a DNA repair defect.
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Introduction

The human genome is exposed to a variety of endogenous and exogenous
insults that can alter the genetic information and physically interfere with critical cellular
processes such as DNA replication and transcription (1, 2). The inability to remove these
DNA alterations can lead to mutations or the halt of transcription and/or DNA replication.
Mutations can ultimately cause cancers and the arrest of cellular processes can induce
cell death, which can result in premature aging (3, 4).

The Nucleotide Excision Repair (NER) pathway is responsible for the removal of
a variety of bulky DNA lesions, such as those induced by UV, and is subdivided into two
sub-pathways. Global genome repair (GGR) is responsible for the removal of adducts
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 (5, 6).
While GGR is initiated by the damage-recognition proteins XPC-RAD23B, TCR is
initiated by an RNA polymerase Il (Pol Il) stalled in front of a blocking lesion, and does
not require XPC-RAD23B. Upon the stalled Pol Il, the TCR-specific factors CSA and
CSB are recruited to the site and recruit other chromatin remodeling factors (7, 8). The
remaining steps of these mechanisms are thought to be identical for both sub-pathways
(9, 10).

The absence of these repair mechanisms leads to severe genetic disorders such
as: xeroderma pigmentosum (XP), trichothyodystrophy (TTD) and Cockayne syndrome
(CS), which present an array of clinical symptoms including segmental progeria (Table
1) (3, 11-13). CS patients particularly, display a complex list of clinical features that are
hard to reconcile with a sole defect in DNA repair, and argues for the involvement of

CSA and CSB proteins in other cellular processes, such as transcription.
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A limited number of specific mutations in NER genes (XPB, XPD, and XPG) have
resulted in patients with a combined XP/CS phenotype (14-18). The clinical severity of
combined XP/CS patients probably arises due to an inherent link between transcription
and NER. For instance, XPB and XPD are both helicase subunits of the
transcription/repair factor TFIIH (19). Furthermore, XPG was recently identified as a
protein required for maintaining the integrity of the TFIIH complex and therefore also
engaged in the transcription process (20). Even though the contribution of the DNA
repair deficiency to the clinical features of XP, CS, and XP/CS patients is irrefutable,
studies have shown a clear dysregulation of a variety of transcriptional pathways, which
may also contribute to the clinical phenotype of these patients (21-27). Interestingly, at
the cellular level, XP/CS cells share with CS cells a sustained global transcriptional
arrest after UV, which has been always explained by the inability of these cells to
perform TCR (17, 28). The fact that the so called global transcriptional arrest displayed
by XP/CS and CS cells excludes genes that are activated upon DNA damage, such as
p53-dependent genes, suggest that there must be an active transcriptional repression
process, rather than a physical blocking of transcription. In this regard, CSB and other
NER factors have been shown to affect chromatin remodeling for optimal transcription
initiation (24, 29-31).

In the current study we showed that XP-D/CS cells display a gross transcriptional
dysregulation upon UV, whereas WT and XP-D cells displayed no and a mild
dysregulation, respectively. XP-D/CS cells (XPD-G675R and XPD-G602D) were never
able to re-start transcription of housekeeping (HK) genes after UV, identical to the CS
phenotype. We showed that the histone deacetylase (HDAC) Sirt1 was responsible for

the establishment of a heterochromatin environment at these promoters after UV.
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Treatment of XP-D/CS cells with a Sirt1-specific inhibitor or downregulation of Sirt1 by
siRNA resulted in the restoration of the expression of a large proportion of the repressed
genes in these cells. Many of the genes whose expression was restored play a role in
multiple pathways including DNA repair and genomic stability and may help explain the

severe phenotype of XP-D/CS cells.

Results
XP-D/CS cells display a global transcriptional dysregulation after UV irradiation

The inability to re-start transcription after UV (measured by [°*H] uridine
incorporation) is the hallmark characteristic of CS cells (28). However, rRNA synthesis
(which is rather high in growing cells) represents a large fraction of the incorporated [°H]
uridine in these studies and thus results may not be representative of global transcription
of type Il genes (32). Furthermore, a more recent analysis showed HK genes were
repressed after UV in CS-B cells, while p53-inducible genes were not (24). XP-D/CS
cells also displayed a global transcriptional arrest after UV, importantly, this
transcriptional arrest is not observed in “pure” XP cells (17).

In order to study the global transcriptional response of XP-D/CS cells upon UV,
we first performed RNA-Seq analysis in wild type (WT), XP-D/CS (XPD-G675R), and a
‘pure” XP-D (XPD-R683W) primary fibroblasts untreated and 24h after UV (10
J/Im?)(Figure 1A-C). The scatter plots and correlation analysis in WT cells showed that at
24h after UV this cells had re-established overall transcriptional equilibrium (i.e., the
expression of most genes had returned to basal levels, note the close distribution of the
genes along the black diagonal line). On the other hand, XP-D/CS cells display a gross

transcriptional dysregulation after UV (Figure 1B, note the spread of all the data points
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away from the black diagonal). The UV treatment in XP-D/CS cells resulted in a total of
~2,000 genes whose expression changed more than 3-fold and was reproducible and
statistically significant. The majority of the genes that changed in XP-D/CS cells were
repressed (70%, dots below the black diagonal line Figure 1B), however, ~30% of the
genes were overexpressed at 24h post-UV (~600 genes, dots above the black diagonal
line, Figure 1B), thus challenging the global transcriptional arrest described for XP-D/CS.
Interestingly, the same analysis on XPD-R683W fibroblasts resulted in a scatter plot that
resembles more that of the WT cells (Figure 1C). Additionally, XP-D cells only repressed
26% of genes (compared to 70% repressed in XP-D/CS cells). XP-D/CS patients display
a variety of severe clinical features associated with XP and CS phenotypes, while the
“‘pure” XP patient displayed only UV hypersensitivity (Table 1 and 2). Interestingly,
these differences in transcriptional dysregulation parallel the clinical severity of the XP-

D/CS vs. XP-D patients thus underscoring their importance (Table 1) (13, 17, 33, 34).

XP-D/CS cells cannot re-start transcription of housekeeping genes after UV

In order to further dissect the mechanism by which XP-D/CS (XPD-G675R and
XPD-G602D) cells repress transcription after UV irradiation we used HK genes as a
model. WT cells displayed a slight decrease followed by the re-establishment of the
MRNA levels of the HK gene Dihydrofolate reductase (DHFR, which was identified in our
RNA-seq analysis) upon UV (Figure 2A). On the contrary, upon UV both XP-D/CS
fibroblasts displayed a progressive decrease in the mRNA levels of DHFR (Figure 2B-
C). Interestingly, UV irradiation of XPD-R683W cells displayed an initial decrease in the
MRNA of this HK gene, followed by an increase in transcription (Figure 2D). These

results are in agreement with our RNA-seq results where WT and XP-D recovered the
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expression of many genes (97% for WT and 74% genes for XP-D) whereas XP-D/CS
cells did not (see Figure 1A-C black dot for DHFR). Additionally, XP-C cells (devoid of
GGR) displayed a decrease in the mRNA levels of DHFR upon UV irradiation (10J/m?),
which was recovered within 12h (Figure 2E). Finally, XP-A cells (devoid of NER)
displayed also a decrease in the levels of DHFR mRNA after UV, which slowly
recovered by 24h (Figure 2F). Similar results were observed for the Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) HK gene (Figure S1A-F).

We next monitored the recruitment of the transcriptional machinery to the DHFR
promoter using Chromatin Immuno-precipitation (ChlIP) coupled to real time PCR. In WT
cells, the transcriptional machinery re-assembled on the promoter of the DHFR gene at
6h as shown by the enrichment of Pol Il and the transcription initiation factor 11B (TFIIB)
(Figure 2G). Furthermore, we also observed at this time, the presence of the TFIIH
transcription/repair factor, and the TCR factor CSB, which is recruited and required for
the re-assembly of the transcriptional machinery at the promoters of activated genes
(24). In WT cells, we observed agreement between the recruitment of Pol II, TFIIB,
TFIIH, and CSB, i.e., the re-assembly of the promoter 6h after UV irradiation (Figure 2G
and M), which correlated with the restoration of the mRNA levels.

When we monitored the re-assembly of the DHFR promoter in XPD-G675R and
XPD-G602D cells, neither of the two cell lines was able to re-assemble the
transcriptional machinery at this promoter (Figure 2H-I, N-O). The amount of Pol Il at the
DHFR promoter decreased progressively to less than 30% of the initial amount at 12h
for both XP-D/CS cells, and did not recover even 12h after UV. Furthermore, none of the
transcription initiation factors, including TFIIB, or the repair factor CSB, were recruited to

a significant extent or with a particular profile/pattern to these promoters (Figure 2H-I, N-
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O). Importantly, the basal protein levels of these transcription and repair factors are
similar between the different cell lines (Figure S10). Interestingly, and in agreement with
the mRNA expression data (Figure 2D) and RNA-seq data (Figure 1C), cells from a pure
XP-D patient were able to re-assemble the promoters of HK after UV irradiation (Figure
2D, J, P). Thus, mutations in XPD that result in XP-D/CS do not allow the re-assembly of
the transcriptional machinery on the DHFR promoter after UV, in agreement with the
decreased mRNA levels of this gene after UV (Figure 2B-C). These results show that
XP-D/CS cells, as CS-B cells, are unable to re-assemble the promoters of HK genes
after UV (24). Furthermore, the re-assembly of the HK gene promoters after UV seems
to differentiate an XP-D from an XP-D/CS phenotype.

We next asked whether proficient NER was required for the reassembly of the
transcriptional machinery on the promoters of HK genes. XP-C cells recovered basal
levels of Pol Il at the DHFR promoter starting at 12h after UV. The recruitment of Pol I
was concomitant with the recruitment of the CSB protein and TFIIH (Figure 2K and Q).
Finally, in XP-A cells we also observed the recruitment of the CSB protein and Pol Il on
the promoter of this gene (Figure 2F, L, R). Additionally, very similar results were
observed for the GAPDH HK gene (Figure S1E-F, K-L). It is important to note that in XP-
C and XP-A cells we observed a statistically significant (p < 0.05) progressive increase
in the levels of MRNA of these HK genes as well as the levels of Pol Il recruited at these
promoters, in complete contrast to what we observed with XP-D/CS cells, which was a
progressive decrease of mMRNA and Pol Il at these promoters (compare panels in Figure
2 and also Figure S1A-F, M and N). While the removal of the DNA lesions per se may
not be required for the re-assembly of the transcriptional machinery on these promoters,

the presence of functional NER seems to aide the process.
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XP-D/CS cells elicit a transcriptional stress-response upon UV irradiation

Since XP-D/CS cells were unable to re-assemble the promoters of HK genes
after UV, we investigated whether these cells were able to launch a p53-induced
transcriptional response upon DNA damage. WT, both XP-D/CS, and XP-D cells
displayed an accumulation of the p53 protein as soon as 1h post-UV (Figure 3A-D). We
analyzed the transcriptional response of the p53-inducible growth arrest and DNA
damage inducible-alpha (GADD45a) gene upon UV. In agreement with the increasing
p53 protein levels observed for all four cells lines, we observed an accumulation of the
GADD45a mRNA immediately after UV (Figure 3E-H). ChIP analysis on the promoter of
the GADD45a gene showed increased levels of the transcriptional machinery, Pol II,
TFIIH, and p53 (Figure 3I-L). In addition to GADD45a, other DNA damage-inducible
genes were also transcribed (Figure S1P-S). Taken together the above results
demonstrate that both XP-D/CS cell lines are capable of launching a transcriptional
response upon UV irradiation in the presence of these mutated TFIIH, and thus
establishes different requirements for the re-assembly of promoters of these two gene
families (HK and stress-induced genes). Finally, it is clear that the “global” transcriptional

arrest does not include DNA damage-inducible genes.

XP-D/CS cells acquire heterochromatin marks on housekeeping genes
Euchromatin allows transcription and is characterized by acetylated (H3K9-Ac

and H4K16-Ac), and methylated (H3K4me3, and H3K79me2) histone H3 and H4 (35-

(35). Heterochromatin, on the other hand, inhibits RNA synthesis and is characterized by

a different set of chromatin marks such as di- and tri-methylated H3K9 (H3K9me2-3)
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and H3K27 (H3K27me2), the recruitment of histone H1, in addition to the loss of
euchromatic acetylation and methylation marks (36-39). XP-D/CS cells were unable to
re-start the transcription of HK genes after UV, we thus monitored these promoters at
the chromatin level.

ChIP analysis of WT cells revealed that the DHFR promoter displayed increased
levels of H3K9-Ac, H4K16-Ac, H3K4me3 and H3K79m2 upon UV (Figure 4A, E, |, and
M). In striking difference, the DHFR promoter in both XPD-G675R and XPD-G602D cells
displayed no significant increase in H3K9-Ac, H4K16-Ac, H3K4me3 or H3K79me2, but
rather a decrease in some of these chromatin marks (Figure 4B-C, F-G, J-K, N-O).
Furthermore, we observed a remarkable agreement between the lower levels of these
euchromatic marks and the repression of these promoters (i.e., the decreasing levels of
MRNA, absence of Pol Il, TFIIH, and CSB at this promoter, see Figure 2B-C, H-l, N-O)
therefore suggesting the establishment of facultative heterochromatin. Interestingly, in
XPD-R683W cells we observed the maintenance of euchromatic marks on the DHFR
promoter (Figure 4D, H, L, P), in agreement with the presence of the transcription
machinery, and the resumption of mRNA synthesis after UV shown by RNA-seq and
gPCR analysis (see Figure 1C and 2D, respectively).

Since we observed a marked decrease in the amount of H3K9-Ac and H4K16-Ac,
both of which are substrates for the type Ill family of HDACs known as sirtuins, we
decided to determine whether Sirt1, a member of the sirtuin family and responsible for
the formation of facultative heterochromatin, was recruited to these promoters (38, 40).
While we only detected background levels of Sirt1 on this promoter in WT and XP-D
cells, XP-D/CS cells displayed increased levels of Sirt1 recruited to these promoters

(Figure 4Q-T). Furthermore, when we looked at other marks of facultative
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heterochromatin such as histone H1 and H3K9me2 we found that, just like Sirt1, they
were absent in WT and XP-D cells but they were present in XP-D/CS cells (Figure 4U-
Z3) therefore confirming the existence of facultative heterochromatin on these
promoters. Interestingly, the lack of active chromatin marks of transcription and the
appearance of heterochromatin marks on HK genes was in agreement with the inability
of the XP-D/CS cells to recruit the transcriptional machinery to these loci (see Figure 2H-
[, N-O). Importantly, these differences in the recruitment of Sirt1 did not arise due to a
different expression of this protein in different cell lines, since the basal levels of Sirt1
are very similar among the cell lines studied (Figure S10). In addition to the DHFR
gene, we observed a very similar pattern of heterochromatin formation and Sirt1
recruitment on the GAPDH HK gene (Figure S1G-J).

Altogether our results show that in XP-D/CS cells HK genes, such as DHFR and
GAPDH, acquire specific heterochromatic marks, while in WT and XP-D cells these
genes maintain euchromatic marks and are expressed. Moreover, this UV-induced
transcriptional repression is not global, since p53-inducible genes, such as GADD45aq,

are expressed after UV in all cells studied (Figure 3).

Sirt1 mediates repression of housekeeping genes in XP-D/CS cells after UV

Since histone acetylation seems to be important for re-starting transcription after
UV in XP-D/CS cells, we reasoned that inhibition of HDACs might relieve the
transcriptional repression of these genes. Pre-treatment of XP-D/CS cells with N-
butyrate (NaBut), which inhibits type I, Il, and IV HDACs did not relieve the progressive
decrease in DHFR mRNA upon UV of XP-D/CS cells (Figure S2A-C). To further confirm

the involvement of Sirt1, a type Ill HDAC, in the transcriptional regulation of HK genes

11
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after UV, we first used a pan-inhibitor for all sirtuins, nicotinamide (NAM). Pre-treatment
of XP-D/CS cells with NAM resulted in the re-establishment of the mRNA levels of
DHFR, while it had no effect in WT cells (Figure 5A-B). Furthermore, ChIP analysis
showed that NAM pre-treatment in XP-D/CS cells resulted in the recovery of the
recruitment of Pol Il and H4K16-Ac levels on the DHFR promoter, while no significant
changes were observed in WT cells (Figure 5G-H, M-N), further supporting the idea that
a member of the type Ill HDAC family plays a role in the repression of HK genes after
UV in XP-D/CS cells. Similar effects were observed with the GAPDH gene (Figure S3)

Since NAM inhibits all sirtuins and also other enzymes such as Poly(ADP-ribose)
polymerases (PARPs), we used a Sirt1-specific inhibitor EX-527 (41, 42). Pre-treatment
of XP-D/CS cells with EX-527 also resulted in the restoring of the transcription of DHFR
in these cells (Figure 5C-D). Importantly, EX-527 pre-treatment also resulted in
increased levels of Pol Il and H4K16-Ac on the DHFR promoter, once again supporting
the idea that Sirt1 mediates the repression of HK genes upon UV in XP-D/CS cells. No
significant changes were observed in WT cells (Figure 5C-D, I-J, O-P).

Finally, in order to confirm that Sirt1 is responsible for the repression of DHFR
upon UV in XP-D/CS cells we depleted cells of Sirt1 by transfecting them with siRNA
targeting Sirt1 or a non-specific control. At 72h after siSIRT1 transfection Sirt1 levels
were undetectable by Western blot (see WB panel Figure 5E-F). While XP-D/CS cells
transfected with the non-specific control displayed the progressive decrease in DHFR
mRNA upon UV, cells transfected with siSIRT1 restored the transcription of DHFR
(Figure 5E-F). Importantly, XP-D/CS cells transfected with siSIRT1 also displayed re-
established levels of Pol Il and H4K16-Ac thus confirming that Sirt1 is responsible for the

repression of DHFR in XP-D/CS cells after UV (Figure 5K-L, Q-U). It is important to note

12
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that neither the inhibitors nor the siSIRT1 affected the basal expression of neither DHFR
nor GAPDH in the absence of UV, thus suggesting that under normal conditions these
genes are not under the regulation of Sirt1.

Most importantly, our RNA-seq analysis showed that pre-treatment of XP-D/CS
cells with the Sirt1 inhibitor EX-527 significantly ameliorated the transcriptional
dysregulation of these cells after UV. Out of the 1,400 genes downregulated more than
3-fold upon UV in XP-D/CS cells, 2h pre-treatment of cells with 50 uM of the Sirt1-
specific inhibitor re-established the transcription of 484 genes in these cells (thus ~35%
of the genes, see Figure 1B, D, red dots). This amelioration can be easily appreciated by
comparing the slope of the red line (k values) for these genes (k=0.12 vs. k=0.49, non-
treated vs. EX-527 treated XP-D/CS cells). This effect was not observed XP-D cells (see
Figure 1C, E). Our results thus demonstrate that Sirt1 is responsible for the
transcriptional repression of a significant number of the genes repressed upon UV in XP-

D/CS cells.

Discussion
Discriminated transcription after UV irradiation in XP-D/CS

XP-D/CS cells cannot re-assemble the promoters or re-start transcription of HK
genes, such as DHFR or GAPDH, after UV irradiation, (Figure 1 and 2) similar to CS-B
cells (24). It is important to note that through all our studies we have not observed
significant differences between the two XP-D/CS cells we studied (XPD-G675R and
XPD-G602D). On the other hand, repair-deficient cells (XP-C, XP-A, and XP-D) were
able to slowly re-assemble the transcriptional machinery and re-start transcription of

these genes after UV (Figure 2). In the unlikely case that there were lesions in every HK
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gene promoter, our results thus suggest that the re-initiation of transcription after UV
does not depend (exclusively) on the removal of DNA lesion.

The reassembly of HK gene promoters did seem to occur concomitant with the
recruitment of the CSB chromatin-remodeling factor (24). This SWI2/SNF2 ATPase is
involved in transcription elongation, and chromatin remodeling after UV irradiation. The
absence of CSB at the HK gene promoters in XP-D/CS cells (even though this protein
was expressed Figure S10), suggests that the XP-D/CS mutations do not support the
recruitment and/or the function(s) of CSB. The potential modulation of the function(s) of
CSB by TFIIH pinpoints the importance of CSB in transcription initiation, and may be the
reason behind the inability of XP-D/CS cells to reassemble the promoters of HK genes
after UV.

Interestingly, we also observed that XP-D/CS cells were unable to transactivate
NR-inducible genes after UV irradiation (Figure S4), while other repair-deficient cells
transactivated NR-genes under the same conditions. A deficiency in NR-transactivation
could be explained by the weakened interaction between XPD and p44 that results from
the XPD-G675R and XPD-R683W mutations, but not for the XPD-G602D, thus it is likely
that the inability to re-start the transcription of HK and NR genes stems from another
problem (25). In stark contrast with the transcription of HK and NR-inducible genes, the
transcription of the p53-inducible GADD45a gene, as well as of other stress-inducible
genes (such as ATF3 and p27), was not impaired in XP-D/CS cells even though these
genes may have also been damaged (Figure 3 and S1P-S). Previous work showed that
the transcription of these genes does not require CSB (24). The difference between

these gene families may lie in the fact that stress-response gene promoters are pre-
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assembled awaiting for a stimulus to start elongation, while NR-inducible and HK genes
must undergo cycles or assembly and disassembly (24, 29, 30, 43-45).

Finally, our study unveils a difference between the cellular XP, CS, and XP-D/CS
phenotypes. It seems that the inability to re-start the transcription of HK genes after UV
is strongly linked to the CS phenotype, while the exact mechanisms or reason for the

repression mechanism for these genes may be different (Table 3).

Sirt1-mediated heterochromatinization of housekeeping genes

CS-B cells displayed impaired recruitment of the histone acetyl transferase (HAT)
p300 and thus lower levels of H3K9-Ac, which caused impaired recruitment of the
transcriptional machinery and transcription of the promoters of HK genes upon UV (24,
46, 47). We tested whether the mechanism behind the transcriptional repression in CS-B
cells was the same as the one we report here for XP-D/CS cells, but it was not the case.
While we did observe lower levels of euchromatin marks (H3K9-Ac, H4K16-Ac,
H3K4me3) at the promoters of HK genes in CS-B cells after UV, we did not observe
marks of facultative heterochromatin, and in agreement with this, pre-treatment of cells
with HDACi NaBut or NAM (or EX-527) did not restore the transcriptional of HK genes in
CS-B cells (see Figure S2D). Our results therefore suggest that histone acetylation at
these promoters is very important for the re-start of transcription after UV and thus faulty
histone acetylation (either impaired HAT recruitment for CS-B cells or uncontrolled
HDAC recruitment for XP-D/CS cells, or a combination of both) can lead to
transcriptional dysregulation and the inability of cells to re-start transcription after UV. It
is possible that no one single chromatin modification may be responsible for the inability

of CS and XP/CS cells to re-start transcription, but rather a combination of several
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deficiencies may create a “perfect storm” for the subsequent heterochromatinization of
these promoters. It is not surprising that XPD mutations result in a chromatin
dysregulation since more recent studies place NER factors at the intersection between
transcription and repair by regulating chromatin structure (24, 29-31).

The impact that the inhibition of Sirt1 had on the chromatin modifications of the
promoters of HK genes strongly suggest that Sirt1 is directly changing the chromatin
environment at these promoters and not repair indirectly through the deacetylation of
another factor (48).

Why is Sirt1 mediating the heterochromatinization of HK genes? Interestingly,
upon DNA damage and during normal aging, Sirt1 undergoes a re-distribution, thus
abandoning (and thereby allowing the transcription of) typically repressed loci, and
regulating another set of genes. This shift was named redistribution of chromatin
modifiers (RCM) response and had been observed for oxidative damage and DNA
double strand breaks (DSBs) (49-51). The type of DNA damage may be what finally sets
apart XP-D/CS from other types of combined XP/CS cells and even CS cells, since XP-
D/CS are the only type of XP/CS cells that have been shown to induce DSBs upon UV
(18) (Table 3). We propose that the RCM response is also responsible for the repression
of constitutively expressed loci, such as those of HK genes in XP-D/CS cells after UV. In
support of this model, our RNA-seq analysis showed that pre-treatment with the Sirt1-
specific inhibitor EX-527 corrected the expression of a large fraction (~35%, at least) of
the genes downregulated in XP-D/CS cells upon UV (Figure 1B, D). Which factor(s) is
responsible for the recruitment of Sirt1 to specific genes is unclear. The fact that the
promoters that we studied became rather depleted from general transcription factors,

including Pol I, TFIIH and CSB, made it difficult to identify a factor that recruits Sirt1 (we
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did not detect any interactions between these factors and Sirt1 either) to these
promoters and suggest that maybe the substrates for this enzyme (H3K9-Ac, H4K16-Ac,
etc.) and the absence of chromatin modifications that would normally block Sirt1
recruitment such as the H3K79me2 (52-54) contribute to the recruitment of Sirt1 to these

promoters.

XP-D/CS phenotype and Sirt1

XP-D/CS cells display genomic instability and higher cancer incidence, and a list
of severe clinical features (Table 2) (14, 17, 34, 55). Although it would be unthinkable to
try and explain all the different clinical features of these patients, studying the list of
genes that are repressed upon UV we observed many genes involved in DNA repair
(FANCA, FANCI, RAD51L1, RADS4L, POLQ), cell cycle control (RB1), neuronal
development (OPTN, BDNF), among others (Table S1) that could potentially be
responsible for these features. Importantly, the expression of these genes is restored
when cells are treated with the Sirt1 inhibitor EX-527, thus opening the door for potential
therapeutic avenues. Furthermore, in our study, inhibition of Sirt1 had a modest
enhancement of the survival of XP-D/CS upon UV (Figure S3P-R), thus suggesting that
the silencing of HK genes may thwart the ability of these cells to cope with DNA
damage. Finally, the link between Sirt1 and XP-D/CS mutations has important
implications, since this dysregulation of Sirt1 may contribute to the severe early onset
progeria, metabolic problems, and other clinical features observed in these patients that

cannot be explained by a DNA repair defect (Table 2).

Materials and Methods
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Cell culture

Human primary fibroblasts WT, XP-D/CS (XP8BR, G675R and XPCS2, G602D), XP-D
(XP34BE), CS-B (CS1PV), XP-C (GM11847), XP-A (XP390S) were cultured under
standard conditions. Experiments with sirtuin inhibitor nicotinamide (NAM, Sigma) cells
were pre-treated with NAM (15mM) for 12h before the experiment (56, 57), UV
irradiatied and incubated again with media containing 15mM NAM. Similarly,
experiments with EX-527 (Sigma) were conducted by incubating cells with 50uM EX-527
for 2h, irradiating cells (UV-C, 254nm) and incubations cells again with media containing
EX-527 (41).

mRNA expression

MRNA extracted using the GeneElute Kit (Sigma). The reverse transcription reaction
was done with random primers and Superscript Il (Invitrogen) followed by gPCR (Qiagen
Syber Green) for the indicated genes. The gene expression was normalized to that of
18S. Primer sequences are available upon request. For the RNA-seq analysis Tag
library preparation and high throughput sequencing were conducted on lllumina
Genome Analyzer Il sequencing system with sequencing depth of 72 nt. Image analysis
and base calling were done with CASAVA 1.8.2 (lllumina). Tags alignment, transcript
assembly, differential expression analysis and statistical significance calculation were
performed in the Galaxy web-based environment using a pipeline TopHat -> Cufflinks ->
Cuffdiff with hg19 human genome, FDR = 0.05 and minimal alignment count of 1000 (-c

parameter for Cuffdiff).

Chromatin Immunoprecipitation (ChlP)

Experiments were carried out as previously described (29), (24). Briefly, cells were
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crosslinked with 1% formaldehyde for 10 min at room temperature, rinsed with 200mM
glycine, and cold PBS with protease inhibitors and harvested. Nuclear extracts were
sonicated (Diagenode Bioruptor). Chromatin Immuno-precipitation (ChIP) experiments
were performed with the indicated antibodies: RNA pol Il, XPB, XPD, CSB (IGBMC
antibody facility, 7C2, 1B3, 1B5, 1A11/3H8, respectively), TFIIB, p53, Sirt1 (Santa Cruz
Biotechnology), H3K9-Ac, H3K9me2, H3K4me3, H3K79me2 (Cell Signaling), H4K16-Ac
(Epigenetek), H1 (Millipore) followed by gPCR on the indicated gene promoters. Primer
sequences are available upon request. All the results are presented as “fold recruitment”
and represent the ratio of the % of input each time point relative to the non-irradiated
cells (Oh). Each point represents the average of three real time PCR reactions of three
independent ChIP experiments. Statistical significance was determined by the student ¢

test.

Immuno blots

Cells were UV irradiated (10 J/m?), harvested at the indicated times in RIPA buffer
(25mM Tris-HCI pH 7.6, 150 mM NaCl, 1% NP-40, 1% Sodium deoxycholate, 0.1%
SDS, and proteases inhibitors cocktail), and whole cell lysates were sonicated. Lysate
were separated by SDS-PAGE, transferred to nitrocellulose membrane, and probed with
the indicated antibodies: p53, CSB (Santa Cruz Biotechnology), Tubulin a (Abcam), Sirt1
(Upstate). Tubulin was used as a loading control. A representative blot of three
independent experiments is shown.

siRNA transfections

Cells were plated at 30% confluence 24h before transfection. Cells were transfected with

50nM non-targeting siCTRL or siSIRT1 using Lipofectamine 2000 (Invitrogen) and OPTI-
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MEM media for 24h. After 24h regular media containing FCS was added to cells and
incubated for additional 48h before exposing cells to UV irradiation.
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Figure 1: XP-D/CS cells display a gross gene dysregulation after UV. RNA-sequencing
analysis scatter plots show the transcription of all genes read at 24h after 10J/m2 UV-C
vs. untreated conditions for (A) WT, (B) XP-D/CS (XPD-G675R) and (C) XP-D (XPD-R683W).
Each grey dot represents a gene. The black dot represents DHFR. (D) XP-D/CS and (E)
XP-D cells pre-treated with the Sirt1-specific inhibitor EX-527 (50uM) for 2h before UV.
The red dots represent the 484 genes that were repressed > 3-fold in XP-D/CS cells and
whose expression was restored by the Sirt1-specific inhibitor EX-527. Red line represents
the best linear fit for the genes in red. k is the slope for the red line. Axes presented as
reads frame per kilobase per million (FPKM). Treatment of XP-D/CS cells resulted in the
significant change in expression (statistically significant + 3-fold change) of 2,024 genes
(600 genes overexpressed and 1424 genes repressed).
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Figure 2: XP-D/CS cells cannot re-start transcription of housekeeping genes after UV. (A-F)
Relative mRNA expression of DHFR after UV irradiation (10J/m2). DHFR mRNA was normal-
ized to the amount of 18S rRNA and results are presented as “fold expression” which repre-
sents the ratio of each time point relative to the non-irradiated cells. Error bars represent
the SEM of three independent experiments. (G-L) ChIP monitoring the occupancy of gen-
eral transcription factor TFIIB, RNA pol Il (Pol II), vitamin D receptor (VDR, as a negative
control), (M-R) TFIIH subunits XPB and XPD, and the TCR factor CSB, at the promoter of the
DHFR gene in WT and XP-D/CS (G675R and G602D), XP-D (R683W), XP-C, and XP-A cells. All
the results are presented as “fold recruitment” which represents the ratio of the % input of
each time point relative to that of the non-irradiated cells (t = Oh). Each point represents the
average of three real time PCR reactions of three independent experiments and error bars
represent SEM.
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Figure 3:XP-D/CS cells transcribe GADD45a after UV irradiation. (A-D) p53 protein accumulates
upon UV irradiation (10 J/m2) in WT, XP-D/CS (G675R and G602D), and XP-D (R683W) cells.
Fifty micrograms of whole cell extracts were separated by SDS-PAGE, transferred to nitrocellu-
lose membrane, and probed with the indicated antibodies. Tubulina was used as a loading
control. A representative blot of three independent experiments is shown. (E-H) GADD45a
MRNA is expressed upon UV irradiation (10 J/m2). GADD45a mRNA was normalized to the
amount of 18S rRNA and results are presented as “fold expression” as previously described.
Error bars represent the SEM of three independent experiments. (I-L) ChIP monitoring the
occupancy of RNA pol I, XPD, and p53 at the promoter of the GADD45a gene of WT, XP-D/CS
(G675R and G602D) and XP-D (R683W) cells. All the results are presented as “fold recruitment”
as previously described. Each point represents the average of three real time PCR reactions of
three independent experiments and error bars represent SEM.
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Figure 4
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Figure 4:XP-D/CS cells loose euchromatin marks and acquire heterochromatin marks
on the promoter of DHFR after UV. ChIP monitoring the occupancy of (A-D) H3K9-Ac,
(E-H) H4K16-Ac, (I-L) H3K4me3, (M-P) H3K79me2, (Q-T) Sirt1, (U-Y) H1, (Z-Z3) H3K9me2
on the promoter of the DHFR gene in WT, XP-D/CS (G675R and G602D), and XP-D
(R683W) cells. All the results are presented as “fold recruitment”as previously described.
Each point represents the average of three real time PCR reactions of at three indepen-
dent ChIP experiments and error bars represent SEM.
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Figure 5:Inhibition of Sirt1 restores transcription of housekeeping genes in XP-D/CS cells.
DHFR mRNA expression at the indicated times after UV irradiation (10J/m2) of WT of
XP-D/CS (G675R) cells (A-B) pre-treated for 12h with 15 mM nicotinamide (NAM), (C-D)
pre-treated for 2h with 50 uM EX-527, (E-F) previously transfected with siRNA targeting
SIRT1 (siSIRT1) or a non-targeting control (siCTRL). The expression levels of the Sirt1 protein
are shown on the immuno blot insert at the top of panels (E-F). ChIP monitoring the occu-
pancy of (G-L) RNA pol II, (M-U) H4K16-Ac on the promoter of the DHFR gene in WT and
XP-D/CS cells pre-treated with NAM, EX-527, or siSIRT1. All the results are presented as “fold
recruitment”as previously described. Each point represents the average of three real time
PCR reactions of three independent ChIP experiments and error bars represent SEM.The *
denotes statistical significance (* = p < 0.05, ** = p < 0.01) calculated by student t test.
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Table 1: Clinical Features of XP, TTD, CS, and XP/CS patients.

Genetic
Syndrome

Clinical Features

Mutated Genes

XP

TTD

CS

XP/CS

Sun hypersensitivity
> 1,000-fold cancer
susceptibility
Abnormal skin
pigmentation

Brittle hair

Mental retardation
Ataxia

Tremors

Sun hypersensitivity
Cachectic dwarfism
Severe mental retardation
Skeletal and retinal
abnormalities

Segmental progeria

Extreme sun
hypersensitivity

Hair thinning and freckling
Neurological development
abnormalities

Severe mental retardation
Abnormal skin
pigmentation

High cancer proneness
Segmental progeria

XPA-G and XP-V

TTDA, XPD

CSA, CSB

XPB, XPD, XPG
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Table 2: Clinical and Molecular features of XP-D/CS patients and proteins

Mutation Patient clinical symptoms Molecular defects of XPD
XP8BR Developmental retardation Weakened interaction

Neurological development delay between p44 and XPD
-G675R Failure to thrive

-fs669 (likely to
inactivate XPD)

Skin pigmentation abnormalities
Freckling

Thin hair

Sensitivity to sun light

Died at age 2.5 y.o.

Very low helicase activity

XPCS2

-G602D

-second allele not
expressed

Growth and mental retardation
Neurological development delay
Acute sun sensitivity

Freckled skin

Skin cancers

Died at 13 y.o.

No helicase activity

No NER activity
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Table 3: Different characteristics of NER-deficient cells.

WT XP-A CS-B XP- XP-D
D/CS
Housekeeping genes + + - - +
(DHFR, GAPDH) after UV
p53-inducible genes + + + + +
(GADD45a, p21, MDM?2)
Nuclear receptor genes + + +/- - -
(RARDb2) after UV
Recruitment of CSB to + + - - +
HK gene promoters
Histone acetylation + + - - +
(H3K9-Ac, H4K16-Ac)
Heterochromatinization - - - + -
(Sirt1-mediated)
Transcriptional arrest - - + + -
after UV
Correction of the N/A N/A - + N/A

transcriptional arrest by
NAM, EX-527, siSIRT1
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Supplementary Figure S1 GAPDH
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Supplementary Figure $1: XP-D/CS cells cannot re-start transcription of the GAPDH gene
after UV. (A-F) GAPDH mRNA expression of cells after UV (10J/m2). GAPDH mRNA was
normalized to the amount of 18S rRNA and results are presented as “fold expression” which
represents the ratio of each time point relative to the non-irradiated cells. Error bars repre-
sent the SEM of three independent experiments. (G-L) ChIP monitoring the occupancy of
RNA pol Il (pol Il), H4K16-Ac and Sirt1 on the promoter of the GAPDH gene in WT, XP-D/CS
(G675R and G602D), XP-D (R683W), XP-C, and XP-A cells. ChIP results are presented as “fold
recruitment”which represents the ratio of the % input of each time point relative to that of
the non-irradiated cells (t = Oh). Each point represents the average of three real time PCR
reactions of three independent ChIP experiments. (M-N) mRNA expression of DHFR and
GAPDH genes at different time points for different cell lines showing the statistical signifi-
cance.The * denotes statistical significance (* = p < 0.05, ** = p < 0.01) calculated by student
t test. (O) Western blots showing protein levels of CSB, Sirt1,and XPB. (P-S) Expression of
stress-response genes (p21 and ATF3) upon UV (10 J/m2). mRNA levels were normalized to
the amount of 18S rRNA and results are presented as “fold expression” which represents the
ratio of each time point relative to the non-irradiated cells. Error bars represent the SEM of
three independent experiments.



CHAPTER 6. PUBLICATION 1

Supplementary Figure S2
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Supplementary Figure S2: Inhibition of type |, I, and IV HDACs do not restore transcription of
DHFR in XP-D/CS cells (A-C) WT and XP-D/CS cells were pre-treated with 15 mM Sodium
butyrate (NaBut) for 12h and then irradiated with UV (10 J/m2) and mRNA was extracted at
the indicated times. (D) CS-B cells were pre-treated with 15mM nicotinamide (NAM) for 12h
and then irradiated with UV (10J/m2). DHFR mRNA was normalized to the amount of 185
rRNA and results are presented as “fold expression” which represents the ratio of each time
point relative to the non-irradiated cells. Error bars represent the SEM of three independent

experiments.
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Supplementary Figure S3: Inhibition or downregulation of Sirt1 restores transcription of HK gene
GAPDH after UV irradiation in XP-D/CS cells. (A-C) Relative GAPDH expression of cells pre-treated
with nicotinamide (NAM, 0 or 15 mM) for 12h before UV irradiation (10J/m2). (D-F) Relative GAPDH
mMRNA expression after UV irradiation (10J/m2) of cells previously transfected with siRNA targeting
SIRT1 (siSIRT1) or a non-targeting control (siCTRL). On both cases GAPDH mRNA was normalized to
the amount of 18S rRNA and results are presented as “fold expression” which represents the ratio of
each time point relative to the non-irradiated cells. Error bars represent the SEM of three indepen-
dent experiments. (G-X) ChIP monitoring the occupancy of (G-1) RNA pol Il, (J-L) H4K16-Ac, and
(M-O) H3K79me?2 at the promoter of the DHFR gene in WT and XP-D/CS (G675R and G602D) cells
pre-treated with 0 (-NAM) or 15 mM (+NAM) nicotinamide (NAM). All the results are presented as
“fold recruitment” which represents the ratio of the % input of each time point relative to that of the
non-irradiated cells (t = Oh). Each point represents the average of three real time PCR reactions of at
least two independent ChIP experiments. The * denotes statistical significance (* = p < 0.05, ** =p <
0.01) calculated by student t test. Inhibition of Sirt1 enhances survival of XP-D/CS cells upon UV.
(A-C) WT, XPD-G675R, XPD-G602D cells were transfected with siCTRL, siSirt1 for 72h or pre-treated
for 12h with 15 mM NAM prior to increasing doses of UV (254nm) and incubated with fresh media
for 72h before measuring survival spectrophotometrically (595 nm) with crystal violet. Error bars
represent the SEM of three independent experiments.
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Supplementary Figure S4

mRNA
RARB2
c A WT B XPD-G675R Cc XPD-G602D D XPD-R683W
o —e—t-RA —e—t-RA —e—t-RA —e—t-RA
» —A—UV+-RA —A—UV+t-RA —A—UV+-RA —A—UV+-RA
31 —=—Uuv 1 Sy 11 —=uwv 1] —=uwv
s
i
PR 5 5 5
2
&
20 0 ~—s 0 0
x 0 8 16 24 0 8 16 24 0 8 16 24 0 8 16 24
Time (h) Time (h) Time (h) Time (h)
mRNA
RARB2

m

WT G675R  G602D Cs-B XP-A R683W

-

[

]
UV +UV UV +UV UV #UV UV +UV WUV #UV WUV HUV

Relative expression
2]

o

mRNA
RARa2

XPD-G675R H XPD-G602D ! XPD-R683W

—=—uv 1 —=—uv

—e—t-RA
—A—UV+-RA

Relative Expression

8 16 24 0 16 24
Time (h) Time (h)

Figure S4: UV ablates NR-transactivation in XP-D/CS cells. (A-D) RARB2 mRNA expression upon
trans retinoic acid (tRA, 10 uM, black lines) treatment, UV irradiation (10J/m2, blue lines) or
simultaneous t-RA and UV treatments (red lines). RARB2 mRNA was normalized to the
amount of 18S rRNA and results are presented as “fold expression” which represents the ratio
of each time point relative to the non-irradiated cells. Error bars represent the SEM of three
independent experiments. (E) Cells (WT, XP-D/CS, CS-B, XP-A, and XP-D (R683W) were treated
with tRA (10uM) or tRA and UV (10J/m2) for 12h. (F-I) RARa2 mRNA expression upon trans
retinoic acid (tRA, 10 uM) treatment. RARa2 mRNA was normalized to the amount of 18S rRNA
and results are presented as “fold expression” which represents the ratio of each time point
relative to the non-irradiated cells. Error bars represent the SEM of three independent experi-

ments.
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Table S1:. Selected genes that were repressed upon UV in XP-D/CS and their
expression was restored upon EX-527 treatment.

Gene Gene function

MCC candidate colorectal tumor suppressor gene that is thought to negatively regulate cell cycle
progression.

MET Proto-oncogene hepatocyte growth factor receptor and encodes tyrosine-kinase activity

FANCA Fanconi anemia is a genetically heterogeneous recessive disorder characterized by

cytogenetic instability, hypersensitivity to DNA crosslinking agents, increased chromosomal
breakage, and defective DNA repair. Assembly into a common nuclear protein complex.
Mutations in this gene are the most common cause of Fanconi anemia.

FANCI Required for maintenance of chromosomal stability. Involved in the repair of DNA double-
strand breaks by homologous recombination and in the repair of DNA cross-links. Participates
in S phase and G2 phase checkpoint activation upon DNA damage. Promotes FANCD2
ubiquitination and recruitment to DNA repair sites

TRRAP Adapter protein found in various multiprotein chromatin complexes with HAT activity.
Component of the NuA4 HAT complex which is responsible for acetylation of nucleosomal
histones H4 and H2A.

RAD51L1 Involved in the homologous recombination repair (HRR) pathway of double-stranded DNA
breaks arising during DNA replication or induced by DNA-damaging agents.
RAD54L Involved in DNA repair and mitotic recombination. Functions in the recombinational DNA repair

(RAD52) pathway. Dissociates RAD51 from nucleoprotein filaments formed on dsDNA. Could
be involved in the turnover of RAD51 protein-dsDNA filaments (By similarity). May play also an
essential role in telomere length maintenance and telomere capping in mammalian cells

ATRX belongs to the SWI/SNF family of chromatin remodeling proteins. The mutations of this gene
are associated with an X-linked mental retardation (XLMR) syndrome most often accompanied
by alpha-thalassemia (ATRX) syndrome.

POLQ DNA polymerase on nicked double-stranded DNA and on a singly primed DNA template. The
enzyme activity is resistant to aphidicolin, and inhibited by dideoxynucleotides. Exhibits a
single-stranded DNA-dependent ATPase activity. Could be involved in the repair of interstrand

cross-links

FOXO3 Transcriptional activator which triggers apoptosis in the absence of survival factors, including
neuronal cell death upon oxidative stress.

OXR1 May be involved in protection from oxidative damage

USP9X Deubiquitinase involved both in the processing of ubiquitin precursors and of ubiquitinated

proteins. Regulates chromosome alignment and segregation in mitosis by regulating the
localization of BIRC5/survivin to mitotic centromeres.

OPTN Plays an important role in the maintenance of the Golgi complex, in membrane trafficking, in
exocytosis, through its interaction with myosin VI and Rab8. Neuroprotective role in the eye
and optic nerve.

UBE3A E3 ubiquitin-protein ligase for RAD23A and RAD23B, MCM?7 (which is involved in DNA
replication), annexin A1, the PML tumor suppressor, and the cell cycle regulator CDKN1B.

DHFR required for the de novo synthesis of purines, thymidylic acid, and certain amino acids. Its
deficiency has been linked to megaloblastic anemia.

BDNF The protein encoded by this gene is a member of the nerve growth factor family. It is induced

by cortical neurons, and is necessary for survival of striatal neurons in the brain. Expression of
this gene is reduced in both Alzheimer's and Huntington disease patients. This gene may play
a role in the regulation of stress response and in the biology of mood disorders.

RSF1 Required for assembly of regular nucleosome arrays by the RSF chromatin-remodeling
complex.

MYST3 Histone acetyltransferase which may be involved in transcriptional activation. May influence the
function of ATM

RB1 Key regulator of cell division that acts as a tumor suppressor. Promotes G0-G1 transition when

phosphorylated by CDK3/cyclin-C. Acts as a transcription repressor of E2F1 target genes.
Directly involved in heterochromatin formation by maintaining overall chromatin structure and,
in particular, that of constitutive heterochromatin by stabilizing histone methylation.
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TFIIH multisubunit complex was long recognized as an RNA polymerase II (Pol II) tran-
scription factor and a an essential factor of nucleotide excision DNA repair. It also has been
shown to participate in the transcription mediated by Pol I. The complex consists of two sub-
complexes: the core and the CAK. In this study we investigated genome-wide localization of
both subcomplexes of TFIIH, Pol II and Pol III in human primary fibroblasts. We found that
the core TFIIH is strongly associated with Pol III transcribed genes, whereas they are free
from the CAK and Pol II. In vitro transcription with a nuclear extract depleted of the core
TFIIH and subsequent addition of the purified complex demonstrated the direct involvement
of this factor in transcription mediated by Pol IIl. This unexpected finding reveals TFIIH as

a truly universal factor for all three main eukaryotic RNA polymerases.
Introduction

In mammalians, there are three principal nuclear DNA-directed RNA polymerases (Pol), that take
care of the RNA production. Pol I is responsible for transcription of most rRNA genes (class |

genes). Pol II produces all mRNAs and a variety of non-coding RNAs such as majority of snR-
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NAs and miRNAs (class II). Pol III is required for the transcription of a distinct group of short
non-coding genes with specialised function (class III genes). Class III genes products include
5S rRNA, all tRNAs, U6 snRNA, 7SK RNA (a regulator of Pol II transcription), 7SL. RNA, Y
RNAs, RNA parts of RNase P and RNase MRP and some others!. All three polymerases have
common evolutionary origin and share five core subunits>. Despite this, they require different sets
of additional transcription factors. This difference is partially due to inability of a polymerase to
recognize its promoter and to directly initiate its own transcription. Thus, the recruitment of tran-
scription machinery to the transcription starting site is carried out by additional factors. They also
determine the promoter specificity of a given polymerase and give means for regulation of genetic

expression at transcription level.

Pol III promoters are subdivided into three types. Type 1 and type 2 promoters reside inside
the transcribed portion of the genome. 5S RNA genes contain type 1 promoter, while transcription
of almost all other class III genes (including tRNA genes) starts from type 2 promoters. In contrast,
type 3 promoters, such as promoters of U6 RNA genes, are external and are situated upstream to
the transcription starting site like promoters of other polymerases. Unlike for Pol II, there have
been only few basal transcription factors identified for Pol III. The transcription regulation is still
poorly understood, though it is clear that Pol III transcription is controlled. This follows from the
fact that only a portion of tRNA genes are active in mammalian genome and the set of active tRNA
genes is cell line specific. From the other hand, in many cancer cells Pol III transcription activity

is significantly elevated'.
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TFIIH is a general transcription factor of Pol II that is also a key factor in nucleotide excision
repair. Mammalian TFIIH is a ten subunit complex that contains two functional subcomplexes: the
core TFIIH that consists of XPB helicase, p62, pS2, p44, p34 and p8 subunits; and the CAK sub-
complex consisting of CDK?7 kinase, cyclin H and MAT 1. These two parts are connected via XPD
helicase. The role of TFIIH in Pol II transcription initiation is thought to be the promoter open-
ing with XPB helicase activity and the phosphorylation of Pol II and various transcription factors
with CDK7 kinase. Mutations in XPB, XPD and p8 subunits are know to cause unusually wide
spectrum of disorders, including xeroderma pigmentosum, trichothiodystrophy, or the combined

xeroderma pigmetosum with Cockayne syndrome®.

Recently, there have been reports of close association of Pol II, some its auxiliary transcrip-
tion factors and active chromatin marks with a fraction of Pol III bound class III genes in some
cancerous and immortalized human cell lines* > ®. A similar study on mouse embryonic stem cells,
supporting peculiarities of chromatin, could not detect Pol II. Instead, the general transcription fac-

tor TFIIS was found to enrich Pol III transcribed genes’.

Here we report that in normal human fibroblasts the core TFIIH is associated with active
class III genes, as demonstrated by genome-wide study. This association is independent of Pol II.
In vitro experiments show that it appears to be caused by the direct involvement of TFIIH in Pol III

mediated transcription.
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Results

Core TFIIH is enriched on Pol III occupied genes. We examined genome-wide co-occurrence
of Pol IT (RPB1 subunit), Pol III (RPC7 subunit), core TFIIH (p62 subunit) and the CAK subcom-
plex (CDK?7 kinase) in normal lung foetal fibroblasts (MRC-5 cell line) by chromatin immuno-
precipitation followed by high throughput parallel sequencing (ChIP-seq). To identify actively
transcribed genes we used an antibody directed towards the phosphorylated form of the carboxy-
terminal domain of Pol II. To our surprise, the visual examination of the obtained ChIP-seq pro-
files in UCSC genome browser® revealed high enrichment of the core TFIIH (visualized by p62)
on some Pol III transcribed genes. ChIP-seq analysis showed a co-occupancy of class III genes
by p62 and Pol III (Fig. 1a). We noticed that enrichment peaks were higher for p62 on class III
genes, than for p62 on class II genes. For example, we observed the co-occupancy of p62 and
Pol IIT on a cluster of tRNA genes on chromosome 6 and on RNU6-1, RN7SK, RNY1, three Pol 111
transcribed genes. Interestingly, neither Pol II nor Ckd7 were visibly present on those genes (Fig.
la, see green marks). At the same time, on class II genes such as HISTIH4H and RNU5A-1, we
observed an enrichment of CDK7, p62 and Pol II (Fig. 1a in blue for an overview of a cluster of

histone coding genes and for these two genes).

To further have a quantitative evaluation of the visually observed co-localization of TFIIH
and Pol III we used MACS software’. This tool is optimized for finding distinct more or less
identical short peaks of enrichment in ChIP-seq which is particularly useful for peak detection

on class III genes due to their short length. We selected only peaks with the false detection rate
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(FDR) lower than 5%. Such strict selection disregarded the majority of TFIIH peaks (both p62 and
CDK7) associated with Pol II due to their low height and varying shapes, but retained many peaks
of Pol III on tDNA. Under those conditions, from overall 218 (107 + 89 + 22) detected p62 peaks
only 20 (8 + 7+ 5) overlapped with the peaks for Pol II. Nevertheless, more than a half (107 + 5) of
p62 peaks still overlapped with Pol III enrichment peaks (Fig. 1b). A substantial number (143) of
tRNA genes listed in GtRNAdb database'® overlapped with these p62-Pol III peaks. With no FDR
filtration this number increased to 166. Peaks on some other non tRNA class III genes were also
detected (see Supplementary Table S1). The number of tRNA genes is greater than the number of
peaks because a single identified region of enrichment often covered two or more closely spaced
genes as it was the case for tRNA128 and tRNA129 on chromosome 6 (see Fig. 1a). It should
be noted that under such conditions, no significant enrichment of Pol II on Pol III occupied genes
was detected. In fact, high stringency peak calling found only 5 loci commonly bound by p62 and
Pol III to be associated with Pol II, and 3 additional peaks, common to Pol II and Pol III only
(Fig. 1b). The visual examination of enrichment profile showed very slight enrichment of Pol II
on some class III genes along with p62, but the proportion of their peak heights was far from that
on actively expressed class II genes (Fig. 1a). No CDK?7 peaks were significantly associated with

Pol II1.

We next performed a conventional chromatin immunoprecipitation (ChIP) analysis with an-
tibodies against p62, CDK?7, Pol I1I, and Pol II; we chose a Pol II antibody that did not discriminate
between phosphorylated and non-phosphorylated forms. ChIP followed by gPCR show that Pol II

as well as p62 and CDK7 subunits of TFIIH were recruited at the promoter of glyceraldehyde-
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3-phosphate dehydrogenase (GAPDH), a class 1I gene (Fig. 1c). Interestingly at the tRNA128
class III gene on chromosome 6, only p62 (but not CDK7) together with Pol III were recruited;
this was in agreement with ChIP-seq data (Fig. 1a). As a control locus we used a geneless genomic
region close to tRNA128 on chromosome 6 that was not enriched by any protein used in ChIP-seq.
Further ChIP-qPCR assays demonstrated that XPB, p44, p62 (an alternative antibody as additional
control) and p52 all of them being subunits of the core TFIIH were found on class III genes such
as tRNA128 on chromosome 6, tRNA27 on chromosome 16, tRNA27 on crhomosome 17, tRNAS
on chromosome 2 and tRNA62 on chromosome 6 (Fig. 1d). As a negative control we used the
same geneless locus as earlier. This analysis consistently showed strong association of different

subunits of the core TFIIH with class III genes (Fig. 1d).

The core TFIIH is required for VAI transcription To first eliminate the possibility that Pol II
might participate in some class III genes transcription we conducted in vitro assays using HelLa
nuclear extracts (NE) and either the adenoviral major late promoter (AdMLP, run-off of 309 nt
long) for class II transcription or the adenoviral VAI gene (VAI RNA, 130 nt long) that contains the
same type of Pol III promoter as tRNA genes. Under those conditions, we observed transcription
of both templates (Fig. 2a, lanes 1 and 7). To rule out the participation of Pol II in class III gene
transcription we depleted the HeL.a nuclear extract with an antibody against Pol II. That completely
blocked transcription of the AAMLP and did not affect VAI (Fig. 2, lane 2). Immunodepletion of
the HeLLa NE with a non-specific antibody did not affect transcription of the class II and III genes
(Fig. 2, lane 3). To next investigate if core TFIIH is directly involved in the transcription of class III

genes, we immunodepleted HeLLa NE with antibodies against either p44 or p62 subunits of the core
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TFIIH. Such extracts were unable to allow class I and class III gene transcription when compared
with extracts treated with a non-specific antibody as a control (Ab-Ctrl) (Fig. 2, compare lanes
5 and 8 with lanes 6 and 9 respectively). Addition of the recombinant core TFIIH to the Ab-p62
depleted HeLLa NE restored transcription of both the AAMLP and VAI templates demonstrating that
TFIIH is involved in both class II and class IIT RNA synthesis (Fig. 2, compare lane 11 and lane

12).

Previously uncharacterized candidates to class III genes Our ChIP-seq analysis revealed five
novel genomic regions highly enriched with Pol III. They do not correspond to any previously
characterized class III gene. These locations are described in Supplementary Table S2. One such
region resides in a low complexity repeat region of (TG), family 2 kb upstream the promoter
of FAIM3 gene. Another one is marked by high level of DNAse I hypersensitivity, according to
UCSC Genomebrowser®, and is adjacent to an Alu element situated 1.5 kb upstream SLC7A2 gene
promoter (this region has been already mentioned as Pol III enriched in another genome-wide
study). One of the Pol III enriched regions resides inside a cluster of immunoglobulin genes. The
two other potential class III genes are linked to class II genes. One of them resides in an intronic
part of TBCID16 gene. The last Pol III enrichment peak overlaps with the promoter region of
FEMIA gene. Interestingly, no TFIIH was detected on any of these regions. This may imply that

the potential genes are not actively transcribed.

In addition to this, we observed high enrichment of Pol III on four tRNA pseudo-genes two

of which were also bound by the core TFIIH (see Supplementary Table S2 for more information).
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Discussion

Despite the common evolutionary origin, structural similarity and shared subunits, biochemical
studies on a small number of model genes for a long time supported the point of view that three
eukaryotic RNA polymerases have completely different set of factors and recognize completely
different classes of genes. The first transcription factor found to be common to Pol II and Pol III
was TBP!!. Interestingly, TPB appeared to be an essential factor also for Pol I'?, which made it
a truly universal in transcription. Later, TFIIH was recognized as an essential transcription factor
not only for Pol II but also for Pol I'?. In this light, it is not entirely unexpected to find TFIIH to

be involved in Pol III transcription as well.

456 and on mouse ES cells'!

Previous studies on cancerous or immortalized human cells
have found that only about a half of all tRNA genes were bound by Pol III. We observed the same
pattern in normal human fibroblasts. In our study we observed that only 44% of tRNA genes found
in human genome were enriched by Pol III. The core TFIIH was detected only on 28% of tRNA
genes (omitting of FDR filtration increased this fraction to 33%) which constituted only about a
half of Pol III bound genes. This might be a consequence of the fact that the presence of Pol IIl on a
class III gene does not necessarily mean expression of the gene, and even such transcription factor
as TFIIIB and TFIIC that are absolutely required in vitro for Pol III transcription from type 2

promoters are not necessarily associated with all Pol III bound tRNA genes genome-wide> 7 14,

The earlier reported strong association of Ser5 phosphorylated form of Pol II with actively

transcribed class III genes® was not observed in our study. Pol II in other phosphorylation state
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could still be there. However, that could not be the reason of the presence of TFIIH on that
promoters. As our in vitro experiments demonstrated, TFIIH is required even in the context of

type 2 promoter transcription from naked DNA, while the presence of Pol II is irrelevant.

The function of TFIIH in Pol III transcription has still to be clarified. Our experiments do
not allow to identify it. The full TFIIH complex contains three ATP-dependent enzymes (XPD
and XPB helicases and CDK?7 kinase) that are involved in Pol II transcription and DNA repair.
However, the fact that CDK7 is not found to be bound to class III genes may indicate that Pol III
does not rely on phosphorylation by TFIIH. Indeed, RPC1 (the Pol IIT homologue of RPB1 subunit
of Pol II) does not have a special C-terminal domain (CTD) which is usually phosphorylated in
Pol II during transcription initiation and elongation. Nor any nuclear receptors, the other targets of
CDK7, are known to regulate the transcription of class III genes. It is also known that TFIIH may
not always operate as a complex with fixed composition during nucleotide excision repair'>, where
the CAK subcomplex dissociates from the core. We observed that in our in vitro experiments
where depletion of the nuclear extract with the antibody against p62 left CDK7 level unchanged
(see Supplementary Fig. S1). From the other hand, the helicase activity of TFIIH is responsible for
the promoter opening during Pol II transcription initiation. No subunit with helicase activity exist
in Pol IIT or any of its general transcription factors. And though, in yeast, the promoter opening

1617 in vitro,

has shown to be possible via ATP-independent thermodynamically driven mechanism
its relevance and sufficiency in vivo is not known. Furthermore, this unaided promoter melting is

temperature dependent, and the temperature of significant opening does not agree well with the

ability of yeast to grow at even lower temperatures. This may imply that other mechanism may
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facilitate DNA strand separation in energy dependent manner. TFIIH is a good candidate for this

role.

Almost all class III genes products are important for protein biosynthesis, and hence, for
cell growth. The involvement of TFIIH in their transcription may shed more light on the severity
of some phenotypes induced by mutations in subunits of this complex. For example, the mixed
xeroderma pigmentosum/Cockayne syndrome phenotype, induced by specific mutations in XPB
or XPD, is characterized by developmental abnormalities, dwarfism, and premature aging. Such
mutations compromise the function of TFIIH in DNA repair, but this alone cannot explain all
the effects. If these mutations alter the expression profile of Pol III as well, this would add new

dimension into the understanding of their manifestations.

Methods

Cells and Cell Culture For ChIP-seq and ChIP studies MRC-5 primary fibroblast were used (foetal lung
non-transformed fibroblasts, obtained from Dr J. Hoeijmakers, Erasmus University, Rotterdam). The cells
were cultured with the medium [DMEM(1 g/ glucose) + 10% foetal calf serum + Gentamicine (40 pg/ml)]

at 37°C and 5% COs. Experiments were conducted with about 80% confluent cells in growing state.

ChIP-qPCR Plated cells were treated with 1% (mass fraction) formaldehyde directly in the culture medium
for 10 minutes at room temperature, followed by quenching the excess of the cross-linker with 180 mM
glycine for 2 minutes at room temperature. Cells then were rinsed three times with ice-cold PBS and

collected by scraping with a rubber policeman in PBS supplemented with protease inhibitors cocktail (PIC,

10
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Roche). Collected cells were swollen at 0°C for 15 minutes by 9 fold excess (compared to cell pack volume)
of solution with composition: 25 mM HEPES pH 7.6, 1.5 mM MgCls,, 10 mM KCl, 0.5% v/v NP-40, 1 mM
DTT, PIC. Then nuclei were pelleted and resuspended in approximately 1:10 proportion in the sonication
solution (50 mM HEPES pH 7.6, 140 mM NacCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na-deoxycholate,
0.1% SDS, PIC). The chromatin was sonicated with Bioruptor sonicator (Diagenode) to obtain fragments
in 200-500 bp range. Chromatin amount containing 50 ug of DNA was incubated overnight with an anti-
body at —20°C. The following antibodies were used: CDK7, p69 (C-19 and Q-19 respectively, Santa Cruz
Biotechnology), Pol II, XPB, p44, p62, pS2 (7C2, 1B3, 1H5, 3C9, 5D6 respectively, IGBMC facility), and
Pol III (RPC7/RPC32 subunit, H-136, Santa Cruz Biotechnology). Immunoprecipitation with 20 ul (packed
volume) of sepharose beads coupled to protein G was performed during 3h at —20°C with subsequent wash-
ing 2 times with the sonication solution, 2 times with the high salt sonication solution (500 mM NaCl), and
2 time with Tris-EDTA (50 mM and 1 mM respectively). Elution was done by the same Tris-EDTA solution
supplemented with 1% SDS 2 times at 65°C for 10 min. The precipitated chromatin was then decross-linked
(overnight at 65°C with RNAse A and 200 mM NaCl) and treated with proteinase K for 2h at 42°C and re-
leased DNA was purified with QIAquick PCR purification kit (QIAgen). DNA was then subjected to qPCR
analysis. The following primers were used:

GAPDH promoter

forward 5’ —GTCCCAGAGATGCCAGGAG—3', reverse 5’ —CTCAGGCAAAGGCCTAGGAG—3/;
geneless region

forward 5’ —GGTCTCCTGACAGGCAACATA -3, reverse 5'—CCCAACATGGTGGATCTTAAA-3';
tRNA128 chromosome 6

forward 5’ —TAAAACGTCATCGTTGCATTG—-3', reverse 5’ —CGACAAGGCTTCTTTTGTACG—-3';

tRNA27 chromosome 16

11
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forward 5'— ATCGAAATGACTGGAGCCTAAAT -3/, reverse 5’ —GACAGCGGTTCTATATTGAGCAT—3/;
tRNA27 chromosome 17
forward 5'—GTGCGGGAACTCTTTAGAGGA -3/, reverse 5’ —AGGGAAAATGAAGACCACACC-3';
tRNAS chromosome 2
forward 5'—ACAGCAGTACATGCAGAGCAAT-3/, reverse 5’ —AGACTCCTTACTTCTGGCAACG—3';
tRNA62 chromosome 6

forward 5’ —GTTGTTGATTCTTTGTGTGACGA—3/, reverse 5’ —TTGCCAAATAAAGTGCTTACCAT-3'.

ChIP-seq Chromatin immunoprecipitation was performed with sepharose beads as described in ??. At
the step of immunoprecipitation the following antibodies were used: Ser-5 phosphorylated Pol II (H-
14, Covance), CDK7 (C-19, Santa Cruz Biotechnology), p62 (Q-19, Santa Cruz Biotechnology), Pol III
(RPC7/RPC32 subunit, H-136, Santa Cruz Biotechnology). DNA purification after protease A treatment
step was performed using phenol-chloroform extraction and ethanol precipitation to increase the yield and
to concentrate samples. An additional INPUT sample was used as a negative control. Magnetic beads
coupled to protein G (Dynabeads, Invitrogen) were used instead of sepharose ones. High throughput se-
quencing was performed by IGBMC Microarray and Sequencing Platform using Illumina Genome Ana-
lyzer II accroding to manufacturer specifications. The sequencing depth was 36 cycles. Images analysis
and base calling was performed using Illumina Pipeline software. The reads were aligned to GRCh37/h19
human genome assembly. Peak calling for the obtained files with tags in the interval format (.bed) was
performed with Linux based MACS ° software using the following additional parameters for CDK7, p62
and Pol Il samples: ——tsize=36 --bw=300 —--pvalue=le-5 --nomodel --shiftsize=90;
and using the following additional parameters for Pol IIl: ——tsize=36 —--bw=300 —--pvalue=le-5

--mfold=6. High stringency peak calling implied selection of the peaks with false detection rate (FDR)

12
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lower than 5%. No FDR filtration is referred to as low stringency peak calling. Peak intersection analysis
was done with simple Linux shell scripts. WIG-files were generated using MACS with 50 nucleotide bins
for all the samples except Pol III, where 25 nucleotide bins were used. These files were utilised for the

visual inspection in the UCSC Genome browser .

In vitro transcription In vitro transcription was carried out in the following mix: 10 mM Tris pH 8.0, 0.1
mM EDTA, 10 % (v/v) glycerol, 50 mM KCI, 1 mM DTT, 5 mM MgCls, 0.2 mM of each ATP, GTP and
UTP, 10 M CTP, 5-10 pCi of a3?P-CTP, 8 units of HeLa nuclear extract (depleted or native, HeLaScribe,
Promega), 2 - 10~% mol of DNA template. The template for Pol IT was 600 bp linear fragment with AAMLP
and capable of producing run-off transcript of 309 nt. Pol III template was VAI gene incorporated into
pVAI circular plasmid of 3,000 bp, no run-off was necessary due to easy termination by Pol III, and the
length of the transcript was 130 nt. Reaction volume was 25 pl. First pre-incubation was carried out with
no CTP in solution (at 25°C for 10 min.). Transcription was performed for 30 min. at 25°C and then
stopped by stop solution (0.5% SDS, 50 mM CH3COONa, 50 mg/l yeast tRNA). RNA was then extracted
by phenol-chloroform and ethanol-precipitated. The transcription efficiency was evaluated by acrylamide
(8%) gel electrophoresis and radioautography (4h for Pol III product and overnight for Pol II product).
Immunodepletion of HeLLa nuclear extract (NE) was performed using protein G magnetic beads (Dynabeads,
Invitrogen). 10 ug of an antibody was incubated with agitation for 0.5h at 4°C with amount of beads
corresponding to 100 ul of their initial suspension in 200 pl of the following solution: 10 mM Tris pH 8.0,
0.1 mM EDTA, 10 % (v/v) glycerol, 50 mM KCI, 1 mM DTT, 0.01% NP-40. Then the liquid was discarded
and 100 pl of NE was added to antibody coupled beads with addition of NP-40 (0.01% final concentration).
The suspension was incubated with agitation for 0.5h at 4°C. Then NE was separated and added to a new

portion of antibody coupled beads, the incubation was repeated. At the last step NE was separated and

13
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incubated with antibody free beads (to remove the excess of the antibody). The following antibodies were
used: Pol II (7C2, IGBMC facility), p44 (1HS, IGBMC facility), p62 (Q-19, Santa Cruz Biotechnology).
The efficiency of depletion was tested by immuno blot followed SDS-PAGE. Staining was performed by
antibodies against XPB (1B3, IGBMC facility), GTF3C4 (TFIIC component, abcam), RPC7/RPC3 (Pol III

subunit, H-136, Santa Cruz Biotechnology), and CDK7 (2F8, IGBMC facility).
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Figure 1: ChIP-seq analysis for CAK-subcomplex of TFIIH (CDK7), core TFIIH (p62), Pol II and Pol III. a

— an overview of enrichment profile for a portion of chromosome 6, that contains a cluster of tRNA genes next
to a cluster of actively transcribed protein coding genes (various histone genes) and enrichment profiles for some
slected class I1I and class II genes (ChIP-seq data visualized using UCSC Genome browser). b — Euler diagram,
showing intersections of the detected peaks of enrichment for all four proteins. ¢ — ChIP-qPCR enrichment of a
tRNA gene 128 on a chromosome 6, a geneless region and GAPDH housekeeping gene promoter by Pol II, p62
and CDKY7; the same antibodies as for ChIP-seq except the antibody against Pol II, which does not differentiate
between phosphorylated and non-phosphorylated forms. d — ChIP-qPCR enrichment of different tRNA genes

by different subunits of core TFIIH; the antybody for p62 is different from the one, used in ChIP-seq. (In ¢ and
d numbers represent the percentage of the INPUT, error bars show the standard deviation of the mean.)
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Figure 2

Figure 2: In vitro transcription experiments with class II and class III genes. Immunodepletion of HeLa nuclear
extract with antibodies against Pol II (lanes 1-3) or against different subunits of TFIIH: 4-6 — anti-p44; 7-9 —
anti-p62; 10-12 — anti-p62 with transcription recovery by purified core TFIIH.
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Supplementary Data

Supplementary Table S1. Class III genes bound by Pol III and the core TFITH.

number  of
number
genes bound
number  of number  of of genes | L T
Promoter gene  cate- | predicted bound by | Y40
. genes bound and TFIIH
type gory genes in hu- Pol III and ,
by Pol II1 . with no
man genome TFIIH with fltration fo
ration for
<
FDR<5% FDR
Type 1 5S rRNA 17 12 0 0
Type 2 tRNA 513 224 143 166
pseudo tRNA 111 4 1 1
7SL 2 1 0 1
Vault 4 4 3 3
Y 4 4 0 2
Alu 11,081,124 52 1 2
Type 3 7SK 1 1 1 1
RNAse P 1 1 1 1
RNAse MRP 1 1 1 1
U6 9 4 3 3
UGATAC 1 1 0 0
tRNASeC 2 1 0 0

#We used ChIP-seq tags with unique alignment.
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Supplementary Table S2. Novel candidates for class III genes defined as uncharacterized genomic
regions enriched by Pol ITII (FDR < 5%).

| chromosome [ begining | end | p62 (FDR < 5%) | notes

chromosome 1 | 207,097,120 | 207,098,104 — (TG),, family repeat, 2 kb up-
stream FAIMS gene promoter

chromosome 8 | 17,352,403 | 17,353,040 — DNAse I  hypersensitive
region, 1.5 kb upstream
SLC7A2 gene promoter®

chromosome 14 | 106,035,313 | 106,037,431 — Resides between inm-
munoglobulin genes

chromosome 17 | 77,998,007 | 77,998,808 — Resides inside an intron of
TBC1D16 gene

chromosome 19 | 4,791,293 4,791,964 — Overlaps with the promoter
of FEM1A gene (class II)

chromosome 1 149,680,280 | 149,680,210 — tRNA pseudogene”

chromosome 6 27,261,671 27,261,744 — tRNA pseudogene”

chromosome 11 | 68,227,616 | 68,227,687 + tRNA pseudogene®

chromosome 16 | 3,202,680 3,202,609 + tRNA pseudogene”

*Previously identified as Pol III enriched region. "Listed in GtRNAdb. °Not listed in GtRNAdb, ENSEMBLE
name AP000807.3-201.

native NE
Ab-p62

XPB (core TFIIH)
- "ﬁ GTF3C4 (TFIIC)
== = CDK7 (CAK)
- = RPC7 (Pol Il

1 2

Supplementary Figure S1. Immuno blot analysis for nuclear extract validation after depletion with
antibody against p62. These extracts were used in recombinant TFIIH supplementation experiment.
Lane 1 and lane 2 corresond to the native extract and immuno depleted extract respectively. The core
TFIIH is represented by XPB, the CAK is represented by CDK?7, Pol III machinery is represented by
RPC7 subunit of Pol IIT and GTF3C4 subunit of TFIIIC factor. Note that although the core is depleted,
CAK stays in the extract. Pol III machinery is not depleted.



Summary

The deeper we study TFIIH complex, the more intricate its story be-
comes. It entered our field of view as one of many transcription factors
of Pol II which played a particular role in transcription initiation. Since
then our understanding of its importance only grew wider. Not only it
appeared to be a central participant in NER, a process very distant from
transcription, but also to be involved in Pol I transcription and to take
an active part in transcription regulation. Such broad functionality,
of course, was expected from the manifold of phenotypical manifesta-
tions of mutations in subunits of TFIIH. However, our understanding of
genotype-phenotype relations in these cases is still far from complete.

Mutations in XPD subunit and protein codding
gene regulation

This study has broadened the known field of responsibility of TFIIH
even wider. The extensive transcriptome analysis of two XP/CS mu-
tations in XPD subunit of TFIIH has demonstrated their effect to be
gene-specific. Cells with XP-D/CS mutations are clearly deficient in
NER. Such cells are known to lower their global transcription intensity
(reflected in overall RNA production) in response to UV-induced DNA
damage. That observation allowed to suggest a global transcriptional ar-
rest induced by unrepaired DNA blocking the way of RNA polymerases,
directly hindering their elongation. Using RNA-seq technique, we were
able to demonstrate that, despite the presence of a great fraction of
genes, expression level of which was much lover even 24h post UV irra-
diation, than it was before the treatment, a substantial number of protein
codding genes was significantly overexpressed in comparison with the ini-
tial state. In fact, with the statistical criteria that we had chosen, more
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than 30% of statistically well represented genes experienced upregula-
tion even 24h post-UV. Our finding, hence, challenged the hypothesis
of the global transcription arrest by Pol II stalling. What is evident,
is that XP-D/CS cells lose their ability to maintain homeostasis after
UV-irradiation, since the overall transcription profile looks completely
dysregulated especially when compared with the wild type cells. Even
cell with mutation in the same gene but that displays only XP features,
i. e. where exclusively repair function of TFIIH is affected, do not show
transcriptional dysregulation of that extent. All this together with the
low dosage used in the experiment (which means low probability of a
lesion occurring in a given ORF) advocates for transcription regulation
defect, where unrepaired damage sites only play a role of a trigger.

The investigation of the chromatin status on promoters of selected
model housekeeping genes revealed the association of this downregula-
tion with the activity of SIRT1 histone deacetylase. What is more im-
portant, both non-specific and specific inhibitions of enzymatic activity
of SIRT1 and the silencing of SIRT1 gene proved to be enough for the
model genes to recover their transcription after UV. We also identified
about 400 genes, expression response to UV of which is more or less
restored with inhibition of SIRT1.

Why some genes are sustainably repressed while others are induced
and well expressed after UV in XPD/CS mutants is yet to be understood.
Our main hypothesis implies the relation of the silencing susceptibility to
the nature of gene expression, 7. e. if a gene is constitutively expressed
(a housekeeping gene), or if its transcription must be activated or the
initiation is stochastic. However, retinoic acid receptor regulated genes
seem to complicate this simple picture. Indeed, their activation potential
by retinoic acid is completely abolished by UV treatment in XP-D/CS
mutants (Publication 1, Supplementary Figure S4). Yet, in normal con-
ditions they are not expressed. Perhaps the structure of promoters or
some other genomic structural information may provide a hint on why
there is such striking difference between genes. All this is also to be
investigated. This intriguing task is feasible now, when our research has
yielded an extensive database of genes with relation to their reaction to
UV damage in one of XP-D/CS mutants. The genes that are rescued by
the inhibition of SIRT1 are of special interest, because SIRT1-dependent
silencing is a unique feature of XP/CS related mutations in XPD and is
not observed neither in the wild type, nor in pure XP mutants.

The crosstalk between TFIIH and SIRT1 mediated heterochromatisa-
tion may prove to be of great practical importance. XPD/CS mutations
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leads to premature ageing phenotype. From the other hand, SIRT'1 ho-
mologues are known to be implicated in the regulation of the processes
that change longevity in some organisms, though it is not yet proven
for mammals. In this regard, SIRT1 may represent a potential molecu-
lar target for therapy, that could, at least partially, soften the onset of
malignant phenotypic manifestations of such mutations.

TFIIH and transcription by Pol Il

The other unexpected finding related to TFIIH was the discovery of the
genome-wide association of this factor with active Pol III transcribed
genes. Because previously researches already reported putative associa-
tion of Pol II machinery with active Pol III genes, the most obvious expla-
nation to this fact (apart from mere coincidental antibody ill-specificity
which was ruled out by the use of different antibodies for different com-
ponents of the core TFIIH) would be involvement of Pol II in some
class III related activity. In this scenario TFIIH would be brought to
Pol III transcribed genes as one of Pol II factors, associated with it. In
this work we clearly demonstrated that it is not the case.

First, we was unable to detect substantial enrichment of the elon-
gation form of Pol II on class III genes. Conventional ChIP did not
detect unphosphorylated Pol II either on a selected tRNA gene, previ-
ously identified as enriched by Pol III and the core TFIIH. Second, a
nuclear extract depleted of Pol II retained its full capacity for the in
vitro transcription of a class III VAI gene. The same experiment but
with depletion of the core TFIIH significantly reduced the production of
Pol III transcribed RNA. Of course, despite our precautions and test of
depleted extracts on non-specific depletion of parts of Pol III machinery
along with TFIIH, this still could be an explanation for the observed
effect. We were physically unable to measure level of every singly Pol III
subunit or of its transcription factors. The case of such mistake was ruled
out when we added back recombinant TFIIH factor. That addition re-
stored normal transcription by Pol III. We, hence, demonstrated the
direct involvement of the core TFIIH in transcription of class III genes
by Pol III. Furthermore, the role of TFIIH appeared to be stimulatory.

Even if Pol II is required for class III gene transcription in vivo for
chromatin state modulation, TFIIH interacts with Pol III independent
of it. Interestingly, we did not detect the CAK subcomplex on class 111
genes. Nevertheless, it is expected, since the role of the CAK is naturally
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limited to Pol II transcription. Not only the other polymerases do not
have CTD, but Pol III transcription is also not known to be regulated by
transcription factors that may become a substrate for CKD7. Of course,
the role of the core TFIIH is to be clarified in the future research.

Interesting observation is that the core TFIIH is not found on 5S
RNA genes (with type 1 promoters). However, we were able to find
only one 5S RNA gene enriched by Pol III itself. The problem with
these genes is in their highly repetitious nature, since they originated
initially by multiple duplications. Such loci are not suitable for ChIP-
seq analysis. The length of DNA fragments, generated by ChIP, is not
enough to uniquely map them. We opted for disregarding such regions
and that meant the majority of 5S RNA genes. The only one, that
could be unequivocally mapped with DNA fragments from ChIP against
Pol I1I, was not enriched with TFIIH.

The interaction between TFIIH and class III transcription is very
intriguing. It renders TFITH a universal factor among three main DNA-
directed RNA polymerases. Although in our case this discovery was
accidental, it is not entirely unexpected. Indeed, all three polymerases
are evolutionary and structurally related. Many factors and subunits
are functional homologues between three of them, and some proteins,
like five core subunits of polymerases or TBP, are the same. TFIIH is
already known to be a transcription factor of Pol II and Pol I, but before
now no counterpart has been found for it in Pol III system.

The involvement of TFITH in Pol III transcription may contribute to
the severity of disorders caused by some mutations in subunits of TFIIH.
Almost all class IIT genes (not counting Alu associated ones) are impli-
cated in translation (tRNAs, 7SL RNA, 5S RNA) or gene expression
(RNA part of RNase P, 7SK RNA, U6 and UGATAC snRNAs). Disrup-
tion of TFIIH-Pol III interaction and dysregulation of their expression
may have very serious consequences. Furthermore, TFIIH may serve
as additional means of regulation of Pol III transcription, which is now
poorly understood.



Conclusion

In this work, two TFIIH-related phenomena were investigated: 1) the
influence of specific mutations in TFIIH XPD subunits on the tran-
scriptional response of housekeeping genes on UV irradiation and 2) the
interaction between TFIIH and transcription of class III genes.

e For the first time the detailed investigation of transcriptome dy-
namics was carried out for the response of XP-D/CS mutant hu-
man cells to UV-irradiation.

e The transcription regulation nature of the observed selective gene
expression dysregulation was clearly observed. Its relation to fail-
ure of transcription re-initiation and consequent heterochromati-
sation was demonstrated.

e SIRT1 histone deacetylase was identified as the main driver of
the repressive chromatin establishment on the housekeeping genes
upon UV. Inhibition of SIRT1 was found to recover normal expres-
sion of substantial number of affected genes.

e SIRT1 mediated mechanism was shown to be XP-D/CS specific. A
potential link between this longevity related protein and progeria
features of XP-D/CS mutants was hypothesised.

e Genome-wide study of the involvement of the core TFIIH in tran-
scription revealed its association with active class III genes, not
described previously.

e This association was demonstrated to be Pol II-independent.

e The core TFIIH was shown to be directly involved in Pol III me-
diated transcription in vitro.
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TFIIH is a marvellous and fundamentally important protein complex.
Its multifunctionality does not cease to astonish researches throughout
decades. And yet, new unexpected details of its cellular life are discov-
ered that may put it on even more important position among cellular
molecular machines.
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7 Le complexe TFIIH dans la
transcription eféctuée par I'ARN
polymérase Il et 'ARN polymérase lll

Résumeé

Deux phénoménes liés au TFIIH ont été étudiés : l'influence des mutations spécifiques dans la
sous-unité XPD de TFIIH sur la réponse transcriptionnelle de certains génes apres I'UV, et
l'interaction entre le TFIIH et la transcription des génes de classe lll.

Pour la réponse des cellules humaines XP-D/CS a I'UV, une analyse détaillée de la dynamique du
transcriptome a été effectuée. La dysrégulation sélective observée de I'expression des génes était
liée a l'incapacité pour la ré-initiation transcriptionnelle et a I'hétérochromatinisation, ou I'histone
désacétylase SIRT1 a été identifite comme le principal facteur. Son inhibition a permis de
recouvrer I'expression normale d'un nombre substantiel des génes affectés.

Une étude de la participation pangénomique de TFIIH dans la transcription a découvert son
association avec les génes de classe lll. Elle a été démontrée étre indépendante de Pol Il. TFIIH a
été montré participer directement a la transcription effectuée in vitro par Pol lll.

Mots-clés : TFIIH ; transcription ; chromatine ; stress UV ; Xeroderma pigmentosum/ Syndrome de
Cockayne (XP/CS) ; SIRT1 ; 'ARN polymérase Ill ; RNA-seq ; ChIP-seq.

Résumé en anglais

Two TFlIH-related phenomena were investigated: the influence of specific mutations in TFIIH XPD
subunits on the transcriptional response of certain genes on UV irradiation and the interaction
between TFIIH and transcription of class Ill genes.

For the first time, the detailed analysis of transcriptome dynamics was carried out for the response
of XP-D/CS mutant human cells to UV. The observed selective gene expression dysregulation was
demonstrated to be related to failure of transcription re-initiation and consequent
heterochromatisation, where SIRT1 histone deacetylase was identified as the main driver. Its
inhibition recovered normal expression of substantial number of affected genes.

Genome-wide study of the involvement of the core TFIIH in transcription revealed its association
with active class Il genes, not described previously. This association was demonstrated to be
Pol ll-independent. The core TFIIH was shown to be directly involved in Pol IlI mediated
transcription in vitro.

Keywords: TFIIH; transcription; chromatin; UV-stress; Xeroderma pigmentosum/Cockayne
syndrome (XP/CS); SIRT1; RNA polymerase lll; RNA-seq; ChlP-seq.
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