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Résumé de these

Analyse sur ’'ensemble du génome de la dynamique de ’ARN polymérase Il lors de la

terminaison de la transcription et en réponse a un stress aux UV-B.

Introduction:

Les cellules vivantes sont en permanence soumises a des signaux internes (processus
métaboliques de base) et externes (stress environnementaux). En réponse a ces stimuli les
cellules disposent de mécanismes tres précisément contrélés afin d’accéder et de transcrire
les informations génétiques contenues dans I’ADN permettant ainsi de maintenir I'état
physiologique des cellules. Ceci est réalisé chez les eucaryotes par la machinerie de
transcription associée a I’ARN polymérase Il qui permet |'expression des genes codant pour

les protéines et pour certains ARNs régulateurs non-codants.

La transcription par I’ARN polymérase Il (Pol Il) est un mécanisme régulé de facon
extrémement fine nécessitant I'action séquentielle d’'un grand nombre de complexes
protéiques. Chaque cycle de transcription peut étre divisé en trois phases principales :
initiation, élongation et terminaison. Chacune de ces phases peut également étre divisée en
plusieurs étapes correspondant chacune a des possibilités de régulation pour I'expression
des genes et la synthese d’ARNm.

La transition entre les phases d’initiation et d’élongation de la transcription est une
étape limitante au cours de laquelle la Pol Il s’arréte (pause) en aval du site d’initiation apres
la synthése des 25-50 premiers nucléotides. Cette pause de la polymérase a d’abord été
décrite comme une étape limitante entre initiation et élongation précoce lors de la
transcription de certains genes de choc thermique chez la drosophile. Plus récemment des
études sur I’'ensemble du génome ont montré que ce phénoméne de pause de la Pol Il a
proximité du promoteur constitue un mécanisme de régulation qui est conservé et observé
sur un tres grand nombre de promoteurs chez les eucaryotes supérieurs. Une pause ou un
ralentissement de ’ARN Pol Il a également été découvert en aval de la fin des génes annotés

(end of annotated genes : EAGs) mais cette observation n’a jamais été analysée de fagon
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globale par des études sur l'ensemble du génome qui se sont concentrées sur la
caractérisation des pauses de la Pol Il a proximité du promoteur. Ainsi, une caractérisation
détaillée des génes potentiellement régulés par une pause de la polymérase en aval des
EAGs n’a pas été réalisée sur I'ensemble du génome. Il reste donc a démontrer si ce
phénoméne est mécanisme général observé sur I’'ensemble des génes chez les mammiféres.

La terminaison de la transcription correspond a I'arrét de la synthése de I’ARN par la
Pol Il et au relargage de la molécule d’ARNm et de la Pol Il de la matrice d’ADN. La
terminaison de la transcription est cruciale pour la physiologie de la cellule. En effet, elle
empéche une interférence entre la Pol Il et des éléments fonctionnels de séquence d’ADN
comme les promoteurs évitant ainsi que la Pol Il n’initie la transcription d’un gene voisin. La
terminaison de la transcription est également liée au clivage et a la polyadénylation du
transcrit natif d’ARN. Il a été montré que le ralentissement de la Pol Il au site de terminaison
permet au domaine C-terminal (C-terminal domain: CTD) de la Pol Il de recruter et
d’augmenter la concentration locale des facteurs de maturation de I’extrémité 3’ et de servir
de plateforme pour I'assemblage des complexes de clivage de I’ARNm.

La terminaison de la transcription n’a pas lieu sur des sites conservés ou a une
distance constante de l'extrémité 3’ des ARNm matures. Chez les mammiferes, la
terminaison peut se situer a une distance tres variable de I'extrémité 3’ des ARNm, de
quelques paires de bases a plusieurs kb. En effet des analyses par ChIP ont montré sur
plusieurs genes modeles, des densités de Pol Il plus élevées en aval des extrémités 3’ des
geénes (EAG) que sur I’ensemble de la séquence transcrite. Cependant il reste a déterminer ci
cet enrichissement correspond a une pause, un arrét ou un ralentissement de la polymérase.
En effet, il a été montré que le signal de polyadénylation mais également des éléments de

séquence en aval peuvent ralentir la progression de la Pol Il en aval.

’

Durant ma these jai réalisé deux projets utilisant des techniques
d’'immunoprécipitation de la chromatine associées a des méthodes de séquengage a haut

débit (ChIP-seq) afin d’analyser la distribution de I’ARN polymérase Il dans deux conditions :

D’une part j’ai caractérisé sur I'ensemble du génome les pauses de la Pol |l en aval du

site EAG des unités de transcription dans les cellules humaines.
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D’autre part, jai étudié les effets de stress génotoxiques sur la machinerie de
transcription associée a la Pol Il en analysant les modifications de profils de distribution de la

Pol 1.

Résultats 1.: Caractérisation des pauses de |la Pol Il en aval de la fin des unités de

transcription

Afin de caractériser les profils de distribution de I’ARN Pol Il en aval des EAGs, j'ai
réalisé des expériences de ChIP-seq en utilisant un anticorps reconnaissant toutes les formes
d’ARN Pol Il humaine. J’ai analysé les profils de Pol Il en aval de 13787 génes qui n’ont pas de
géne flanquant a +/- 4kb en amont ou en aval. Nos résultats ont été analysés en
comparaison avec des données disponibles de séquencage a haut débit d’ARN naissants
(Global Run On assay coupled sequencing : GRO-seq). Nos résultats montrent qu’un
enrichissement de la Pol Il en aval de l'extrémité des unités de transcription est une
caractéristique partagée par tous les génes exprimés et reflete la présence d’ARN Pol Il
active. Des analyses bioinformatiques (K-means clustering) m’ont permis de distinguer
quatre groupes de génes : le premier groupe (H) est caractérisé par un profil de pause étroit
alors que les trois autres groupes (PA1-PA3) montrent un profil large ou trés large, pouvant
aller jusqu’a 6kb en aval des EAGs. Des analyses d’annotations (Gene Ontology) révelent que
le groupe H contient pratiquement exclusivement des génes d’histones qui ne contiennent
pas d’intron et dont les transcrits ne sont pas polyadénylés. A I'inverse, les groupes PA1-PA3
contiennent des génes codant pour des transcrits polyadénylés. J'ai confirmé par des
expériences de ChIP couplées a une analyse par gPCR les différents types de profils de
distribution de Pol Il décrits par analyse bioinformatique. Nos résultats sont en accord avec
d’autres publications et suggérent un lien entre le profil de distribution de la Pol Il a
I'extrémité 3’ des génes histones et les mécanismes particuliers de maturation de I’extrémité
3’ de ces transcrits. Cette idée est renforcée par nos analyses fonctionnelles montrant que
I'inhibition des mécanismes de polyadénylation augment la présence de I’ARN Pol Il en 3’
des EAGs pour les genes codant pour des transcrits polyadénylés. A I'inverse, cette inhibition
ne change pas la distribution de la Pol Il sur les genes d’histones dont les transcrits ne sont

pas polyadénylés. L'ensemble de ces résultats suggére un mécanisme qui augmenterait le
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temps de résidence de la Pol Il en aval de I'extrémité 3’ des génes en cas de défaut de

polyadénylation.

L'analyse des profils de distribution de ’ARN Pol Il en aval des unités de transcription
sur I'ensemble du génome, nous ont permis de montrer que le phénomene de pause de la
Pol Il est un mécanisme général retrouvé pour tous les génes exprimés et qui parait conservé
chez les vertébrés. Sur les génes histones qui ne contiennent pas d’introns et dont les
transcrits ne sont pas polyadénylés, le profil d’enrichissement de la Pol Il en aval de
I'extrémité 3’ est étroit et pourrait correspondre a des mécanismes tres particuliers de

maturation de I'extrémité 3’ de ces ARNm.

Résultats 2.: Analyse de la dynamique de I’ARN polymérase Il au cours du stress par les

UV-B.

Afin d’étudier les effets de stress génotoxiques sur la dynamique de I’ARN Pol I, j'ai
utilisé une approche ChIP-seq en utilisant un anticorps reconnaissant toutes les formes de
Pol Il sur des chromatines préparées a partir de lignées de cellules humaines a différents

temps apreés traitement par les UV-B.

L’analyse bioinformatique des résultats de distribution de la Pol Il sur 'ensemble du
génome m’a permis de montrer que des doses sub-létales d’UV-B induisent temporairement
un arrét global de la transcription. J’ai pu monter qu’un traitement par les UV-B entraine une
perte progressive et majeure du signal Pol Il des promoteurs des génes exprimés. Cette
perte de signal s’étend ensuite sur I'ensemble de I'unité de transcription jusqu’a quatre
heures apres irradiation. Cependant, la densité du signal Pol Il en aval des EAGs n’est que
tres faiblement diminuée apres irradiation. Des analyses par western blot utilisant différents
anticorps reconnaissant spécifiguement les différentes formes de phosphorylation du CTD
de I’ARN Pol Il m’ont permis de montrer que les niveaux de ces différentes formes de Pol Il
ne sont pas affectées excluant un mécanisme actif de dégradation. Nous avons également
identifié un groupe de génes caractérisés par une augmentation du signal Pol Il aprés
irradiation par les UV-B. Ces génes correspondent a des génes de réponses aux dommages

de I’ADN.
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L’'ensemble de nos résultats sont en accord avec des observations montrant qu’apres
irradiation par les UV-B I'arrét temporaire de la transcription est nécessaire pour la mise en
place de la réparation couplée a la transcription (transcription-coupled repair: TCR). Nous
avons également observé que, six heures aprés traitement par les UV-B, les génes
initialement réprimés montrent ensuite une augmentation du recrutement de I’ARN Pol I
par rapport au controle. Cette observation suggere que la machinerie transcriptionnelle de
I’ARN Pol Il pourrait compenser la réduction initiale de I'expression de ces geénes lors des

étapes de réparation TCR.
Conclusions:

La transcription par ’ARN polymérase Il a été étudiée en détail au cours des derniéres
décennies mais de nombreux mécanismes sont encore mal compris, empéchant ainsi de
décrire un modeéle décrivant tous les mécanismes de régulation de I’expression des génes.
Les projets que j’ai abordés pendant ma thése nous ont permis d’élargir nos connaissances a
propos de la transcription par la Pol Il. Nous avons tout d’abord caractérisé sur I'ensemble
du génome I'accumulation de la Pol Il atour de I'extrémité 3’ des génes. Nous avons observé
qu’une augmentation de la présence de la Pol Il en aval des génes exprimés est une
caractéristique générale conservée chez les mammiféres. Nous avons également montré que
les profils de distribution de la Pol Il sur les génes des histones canoniques sont différents ce
qui pourrait correspondre a des mécanismes spécifiques de maturation des extrémités 3’
des ARNm correspondants. Nos études fonctionnelles renforcent I’'hypothese d’un lien entre
augmentation de la densité de Pol Il en aval des unités de transcription et terminaison de la

transcription ainsi qu’avec la maturation de I'extrémité 3’ des ARNm.

L'étude des effets de stress génotoxiques sur la distribution de I’ARN Pol Il sur
I’ensemble du génome, nous a permis de montrer que des doses sub-létales d’UV-B alterent
de facon globale la machinerie de transcription. Nos résultats confirment d’autres
observations suggérant que les complexes Pol Il sont enlevés a la fois des sites de Iésion de
I’ADN mais également des promoteurs des génes afin d’inhiber la transcription pendant les
étapes de TCR. De plus, des modeéles récents suggérent qu’en présence de lésions
persistantes de 'ADN qui seront lentement réparées, des sous-unités de I’ARN Pol Il seront

poly-ubiquitinées et dégradées pour permettre I'accés des facteurs de réparation sur ces
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lésions et afin d’inhiber de nouveaux cycles de transcription. A l'inverse, nos résultats
montrent une absence de dégradation de la Pol Il apres traitement avec des doses sub-
létales d’UV-B ce qui pourrait s’expliquer par un mécanisme permettant une dissociation
temporaire de la Pol Il des promoteurs sans dégradation. Cette observation suggére que
différents mécanismes pourraient étre mis en jeu pour enlever la Pol Il des unités de
transcription pendant la réparation des lésions. L'activation de l'un ou l'autre de ces
mécanismes d’éviction de la Pol Il dépendrait du type de lésion impliquée et de leur

persistance dans le temps.

14



ENGLISH VERSION

Genome-wide characterization of RNA polymerase Il behavior during transcription

termination and upon UVB stress
Summary of Thesis
Introduction:

Living cells are continuously exposed to stimuli from internal (basic metabolic
processes) and external (environmental or chemical stress) sources. Therefore a very
accurate and tightly regulated cellular process is needed to access and express the DNA-
encoded information in order to maintain the normal physiological state of a cell. In
eukaryotes this is carried out by the RNA polymerase Il (Pol Il) machinery, which is
responsible for the expression of thousands of genes coding for proteins and non-coding

regulatory RNAs.

RNA Polymerase Il based transcription is one of the most highly regulated cellular
process, which requires a well orchestrated, sequential action of multiple different protein
complexes. Transcription cycle can be divided into three main phases: initiation, elongation
and termination, however these phases are also built up from multiple sub-steps, which all
represent a checkpoint and a regulatory possibility for proper mRNA synthesis and gene
expression.

The transition from transcription initiation into elongation is an inefficient process,
where Pol Il shows tendency to stop (pause) after transcribing the first 25-50 nucleotides.
This polymerase pause was first described as a rate limiting regulatory step between
initiation and early elongation at the promoters of certain Drosophila heat shock genes.
Recently, genome-wide studies demonstrated that promoter proximal Pol Il pausing is a
conserved regulatory step that is present at almost every promoters in higher eukaryotes.
Surprisingly, paused or slowed down polymerases were also discovered downstream from
end of genes (EAGs) however, in mammalian systems, the main focus of genome-wide study
with respect to Pol Il pausing was only promoter proximal pausing. Therefore the full

spectrum of genes regulated by pausing downstream of EAGs has not yet been investigated
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at a genome-wide level. Thus, it was not clear whether this phenomenon is commonly

occurring among mammalian genes.

Transcription termination occurs when Pol |l ceases RNA synthesis and both Pol Il and
the RNA molecule are released from the DNA template. Termination serves many vital
functions in the cell. It prevents Pol |l from interfering with downstream DNA elements, such
as promoters and thus, Pol Il will not enter into an unnecessary transcription of a neighbour
gene. In addition, termination is functionally linked to the cleavage and polyadenylation of
the nascent RNA transcript. It has been shown that the terminating or slowed down Pol Il C-
terminal domain (CTD) raises the local concentration of 3’ end processing factors near the
nascent transcript and also serves as a platform for the assembly of the cleavage complexes.

Termination does not occur at a conserved site or constant distance from the 3’ end
of the mature mRNAs. In mammals, termination can occur anywhere from a few base pairs
to several kb downstream from the 3’ end of mRNA. Indeed, ChIP assays showed higher Pol
Il densities downstream from 3’ end of genes (EAG) than throughout the gene body on
several model genes, however, it is uncertain, whether it indicates pausing, arrested or
slowed down polymerases. In turn, it is known that the polyadenylation signal and certain
downstream sequence elements can further negatively influence Pol Il progression

downstream of genes.

During my Ph.D. | carried out projects using chromatin immunoprecipitation assay
coupled to high-throughput sequencing techniques (ChIP-seq) to analyse genome-wide Pol Il

behaviour in two aspects:

First, we characterized Pol Il pausing downstream of the EAG of the transcription units

in human cells genome-wide, by using high-resolution occupancy profiling.

Second, we investigated the effect of genotoxic stress on the Pol Il transcription

machinery by following the global alteration of Pol Il occupancy profiles.
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Results 1.: Characterization Pol Il pausing downstream of the end of transcription units

In order to characterize Pol Il occupancy profiles downstream of EAGs, we carried out
ChIP-seq technique with an antibody, which recognizes all forms of human Pol Il. We
analyzed Pol Il occupancy profiles downstream of 13787 genes which have no neighboring
genes +/- 4kb up and downstream. Our results together with a Global Run on assay coupled
sequencing (GRO-seq) data show that Pol Il occupancy downstream of 3’ end of transcription
units is a common feature of expressed genes and reflects transcriptionally active Pol lls. We
subdivided the expressed genes by K-means clustering and distinguished four main clusters,
where cluster one (H) showed narrow pause profile, the rest (PA1-PA3) showed broad and
very broad sometimes up to 6 kb long Pol Il profiles downstream of their EAG. Gene
ontology analyses showed that genes in cluster H are almost exclusively core histone genes,
which are intronless and code for non-polyadenylated transcripts. The PA1-PA3 clusters
represent genes coding for polyadenylated transcripts. We validated the bioinformatically
isolated Pol Il pause patterns with ChIP followed by qPCR detection. Our results are in good
agreement with previous studies and may suggest a link between the Pol Il occupancy
profiles 3’ from histone genes and the different 3’ end processing mechanisms of the
corresponding transcripts. This idea was corroborated by the functional studies, which
showed that inhibition of polyadenylation increased Pol Il occupancy 3’ of the EAGs of genes
with polyadenylated transcripts, while it had no significant effect on Pol Il drop at the 3’ end
of the core histone genes. In addition these results suggest a mechanism, which increases

the residency time of Pol |l downstream of genes upon defective polyadenylation.

By characterizing Pol Il occupancy profiles downstream from transcription units, we
found that Pol Il pausing is a genome-wide feature of expressed genes and it is conserved in
mammals. On histone genes, which are coding for intronless and non polyadenylated
transcripts, the Pol Il occupancy profile is narrow, which may reflect the different mRNA 3’

end processing mechanism.

Results 2.: Investigation of RNA polymerase Il behavior upon UVB stress.

To study the effect of genotoxic stress on the Pol Il transcription machinery, we
carried out ChIP-seq technique with an antibody which recognizes all form of Pol Il on

human cells in different time points after UVB treatment.
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By generating heat maps from the global Pol Il occupancy datasets, we found that a sub-
lethal dose of UVB can temporary interrupt transcription genome-wide. Following UVB
treatment we observed a progressive and massive Pol Il signal loss from the promoters of
expressed genes, which will then extend through the entire transcription unit, up to four
hours after irradiation. Surprisingly, Pol |l tag densities downstream from EAGs showed only
a slightly decrease upon irradiation. To determine whether Pol Il is degraded upon UVB
treatment, we carried out western blot analyses with antibodies which recognize different
phosphorylated forms of Pol Il. Surprisingly we did not detect any decrease in the global
level of Pol Il. In addition, we found a subset of genes with increased Pol Il signal upon
irradiation, which were identified as DNA damage response genes. Our results are in good
agreement with the observation that after UV irradiation transcription is arrested during the
period of transcription-coupled repair (TCR). Interestingly, six hours after UVB treatment,
genes that were negatively influenced, showed increased Pol Il signal compared to the
control state, suggesting that the Pol Il transcription apparatus may compensate for the

reduced gene expression associated with TCR.

Conclusions:

RNA polymerase Il transcription has been extensively studied in the past decades, but
lots of details are still missing to establish a model, which covers every regulatory
mechanism during gene expression. With my Ph.D. projects, we managed to expand the
current knowledge about Pol Il transcription machinery. First we characterized the Pol Il
accumulation around the 3’ end of genes that was not yet investigated at a genome wide
level. We found that increased Pol Il occupancy downstream from expressed genes is a
general feature that is conserved in mammalians. We also reported that Pol Il profiles at
core histone genes are different, which can be due to their unique mRNA 3’ end processing
mechanism. With our functional study, we further support the link between the increased
Pol Il presence downstream from transcription units, transcription termination and 3’ end
processing of mRNA. We also uncovered a possible regulatory mechanism which negatively

influences transcription initiation upon defective polyadenylation.

By studying the effect of genotoxic stress on Pol Il mediated transcription genome-

wide, we show that a sublethal dose of UVB can disturb the global transcription machinery.
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Our results are in good agreement with studies suggesting that Pol Il complexes are removed
not only from the DNA lesion site, but also from promoters to prevent further transcription
initiation during TCR. Moreover, recent models suggest that in the presence of persistent
DNA lesions, which are repaired slowly, Pol lls can be polyubiquitinated and degraded to
provide access for the repair factors to the lesion and to prevent new transcription cycles. In
contrast, we did not detect Pol Il degradation upon sublethal dose of UVB, which might
reflect the activity of a mechanism that may facilitate the temporary dissociation of Pol Il
complexes from the promoters of expressed genes without degradation. This idea further
suggests that different mechanisms may exist to remove Pol Il from the transcriptional units
during the DNA repair processes and their activation depends on the persistency and types

of DNA lesions.
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Chapter one: RNA polymerase I1
regulation and pause during
transcription

I. The expression of genetic information

The genetic information carried by DNA macromolecules, resides in the linear order
(sequence) of nucleotides along a strand and divided into functional units (genes). Every
cellular function and events require the access and activation of only a small subset of genes
out of the whole genome. Eukaryotic genomes are complex (up to 25000 genetic loci in
human) and organized within compact nucleoprotein (chromatin) structures. Therefore,
transcription has a tightly regulated spatiotemporal control, which requires a well
orchestrated recruitment of multiple protein complexes at a precise location in the nucleus
in order to express the encoded information in the genome.

Living cells are constantly exposed to different intrinsic and extrinsic stimuli coming
from the basic metabolic and cellular processes or from external environmental sources. In
order to maintain the normal physiological state, cells have to access their DNA-encoded
instructions and transcribe RNA molecules from particular genes. Most of these RNAs are
processed and are translated during protein synthesis or they can act as regulators during
different biochemical processes, which are required for normal cell functions such as

development, differentiation and homeostasis in eukaryotic cells.

1. DNA dependent RNA polymerases

In prokaryotes, one DNA-dependent RNA polymerase is sufficient to transcribe genes
into RNA molecules required by the cell. In eukaryotes, expression of genes is shared by
three distinct multi-subunit enzymes, each of which is dedicated to transcribe specific gene
types. In eukaryotes RNA polymerase (Pol) | transcribes genes encoding 18S, 28S and 5.8S
ribosomal RNAs (rRNAs). RNA Polymerase Il is responsible for the transcription of genes

coding for tRNAs 5S RNA and other small RNAs found in the nucleus and cytosol. RNA
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Polymerase Il is responsible for the transcription of all the protein-coding genes which
constitute the largest group of distinct individual genes in the eukaryotic genome. In
addition, it also transcribes genes coding for small non-coding RNAs, like micro RNAs
(miRNAs), spliceosomal RNAs, small nucleolar RNA (snoRNAs) and a yet still unidentified
fraction of intergenic or non-coding transcripts. These polymerases are the products of 31

genes: Pol | contains 14, Pol 1l 17 and Pol Il has 12 subunits.

Figure 1: RNA polymerase Il structure. Ribbon diagram shows two standard views front (/eft) and top
(right). The 12 subunits Rpb1-Rpb12 are colored according to the key (middle) between the views. Dashed lines
represent disordered loops. Eight zinc ions and the active site magnesium ion are depicted as cyan spheres and
a pink sphere, respectively. The full CTD tail is not presented here. Figure adopted from (Armache et al, 2005).

Yeast and human Pol Il both contain 12 subunits, (RPB1 to RPB12, with a total mass
of > 0.5 MD) by decreasing order of their molecular mass (Figure 1) (Young, 1991). The 12
subunits of Pol Il are highly conserved in sequence, architecture, and function thus, seven
subunits of human Pol Il can either partially (RPB4, RPB7, and RPB9) or completely (RPB6,
RPB8, RPB10, and RPB12) substitute for the their yeast homologues. Five subunits (RPB5,
RPB6, RPB8, RPB10, and RPB12) are shared between the three polymerases. The largest
catalytic subunits of these polymerases (RPB1, RPB2, RPB3, and RPB6) share homology with
each other and with the largest subunit of bacterial RNA poly merase subunits B-, B, & and w,
respectively. The similar sequences between RPB1 and B- as well as between RPB2 and B
also refer to functional similarity: RPB1 and B-are involved in DNA binding, while RPB2 and
bind nucleotide substrates (Hampsey, 1998; Lee & Young, 2000). RPB1 and RPB2 are

responsible for most of the catalytic activity of polymerase and are essential for
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phosphodiester bond formation. Only RPB4, RPB7, RPB9 and the Carboxyl-Terminal Domain
(CTD) of RPB1 are unique to Pol Il (Minakhin et al, 2001; Mitsuzawa & Ishihama, 2004; Wild
& Cramer, 2012).

A. Structure of Pol Il

In the past twenty years, the structure of eukaryotic Pol Il has been studied
intensively and a wealth of structural information is provided by photocrosslinking, X-ray
crystallography, NMR, and cryo-electron microscopy. These structure studies showed that
the yeast Pol Il easily dissociates into a 10-subunit catalytic core and a heterodimer of RPB4
and RPB7 subunits. The RPB4/RPB7 heterodimer is not essential for RNA chain elongation,
although it is required for Pre-Initiation Complex (PIC) formation and mRNA maturation
(Pankotai et al, 2010). [Also reviewed by (Cramer, 2004a; Cramer, 2004b; Hampsey, 1998;
Lee & Young, 2000)] The two large polymerase subunits in Pol Il (Rpbl and Rpb2) form the
opposite sides of the active centre. The small core subunits RPB5, RPB6 and RPB8 can bind to
RPB1, RPB9 binds to RPB2 and the remaining subunits (RPB3, RPB10, RPB11 and RPB12)
form a distinct subassembly that bridges between RPB1 and RPB2. Therefore, the
polymerase core may be divided into three interacting subassemblies, which we refer to as
RPB1 (composed of RPB1, RPB5, RPB6 and RPB8), RPB2 (consisting of RPB2 and RPB9) and
RPB3 (RPB3, RPB10, RPB11 and RPB12) subassemblies, respectively (Figure 1). The central
mass formed by RPB1 and RPB2 can be subdivided into four mobile elements, termed
“core”, “clamp”, “shelf” and “jaw” lobe which bunk up around a positively charged “cleft”
(Figure 2). The active center is buried at the base of the “cleft”. A “pore” beneath the active
centre widens towards the outside, creating an inverted “funnel” through RPB1. DNA is
suggested to enter at the “cleft” down the middle of the enzyme, passing between the
mobile “jaws”. Beyond the active site, the DNA path is blocked by a protein “wall”. DNA-RNA
hybrid formed in the active site would have to pass up the wall, at nearly right angles to the
incoming DNA in the cleft. Both DNA and RNA are held in place by a massive “clamp”
swinging over the cleft and active-center region. A hole in the floor of the cleft below the
active site (“pore”) would allow entry of substrate nucleoside triphosphates and would also

allow exit of RNA during retrograde movement of the polymerase on the DNA.
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The location of RPB4/RPB7 was found close to the RNA exit channel and an additional
role in transcriptional initiation was suggested (Armache et al, 2003; Boeger et al, 2005;

Bushnell & Kornberg, 2003).
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Figure 2: Structure of Rpb1. (A) Domains and domain like regions of Rpb1. The amino acid residue numbers at
the domain boundaries are indicated. (B) Ribbon diagrams, showing the location of Rpb1 within Pol Il (“front”
and "top” views of the enzyme) and Rpb1 alone. Locations of NH2- and COOH-termini are indicated. Color-
coding as in (A). Figure adopted from (Cramer et al, 2001).

The CTD is an unstructured extension from the catalytic core of Pol Il. It is flexibly
linked via an 80-residue linker to the close proximity of the RNA exit channel and provides an
exposed surface to interact with proteins involved in 5’ capping, mRNA splicing, termination

and 3’-end processing (Meinhart et al, 2005).

B. Carboxyl-terminal domain of Pol Il

Compared to the other DNA-dependent RNA polymerases, the eukaryotic Pol Il has
an unusual structure what is uniquely found at the C terminus of the largest subunit (RPB1).
This carboxyl-terminal domain is evolutionarily conserved in eukaryotes even as distant as
yeast and humans. CTD comprises multiple tandem repeat of heptapeptides with the
consensus sequence Tyr-Ser-Pro-Thr-Ser-Pro-Ser (Y1S,P3T4SsP¢S7), with up to 52 repeats in
the mammalian proteins (Figure 3). Deletion of the CTD in mouse, Drosophila or yeast is

lethal, demonstrating that this structure is essential for living cells.
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4 YSPTSPS 21 YSPTSPS 38 YIPTSPK 1970) varies mainly at position 7 in the heptad motif

S YSPTSPS 22 YSPTSPN 39 YSPTSPK in the distal (C-terminal) section of CTD. Amino acid

6 YSPTSPN 23 YSPTSPN 40 YSPTSPK residues that vary from the consensus motif are

7 YSPTSPS 24 YTPTSPS 41 YSPTSPY . .

8 YSPTSPS 25 YSPTSPS 42 YSPTTPK depicted in red. The number of repeats as well as

9 YSPTSPS 26 YSPTSPN 43 YSPTSPT the amino acid sequence is 100% conserved in
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onsensus.

Tyr, Ser, Pro, Thr, Serg Prog Ser,

Interestingly, transcription, in some conditions can proceed without the CTD (Corden,
1990; McCracken et al, 1997), pointing to an ancillary, rather than fundamental role for this
structure. It is also important that the heptads have to be in tandem: insertion of an alanine
residue between heptads is lethal in yeast, whereas insertion of an alanine between “heptad
pairs” can be tolerated (Stiller & Cook, 2004). While the CTD is essential for life, it is
frequently not required for General Transcription Factor (GTF)-mediated initiation and RNA
synthesis in vitro (Buratowski & Sharp, 1990; Zehring et al, 1988). This suggested that CTD
tail of the RPB1 does not form part of the catalytic essence of Pol Il, thus it may have
important regulatory roles. Later, it became clear, that CTD serves as a scaffold for the
interaction of a wide range of nuclear factors and plays a major role in transcription and co-
transcriptional RNA processing of protein-coding genes, mammalian snRNA genes and yeast
snoRNA genes (Gudipati et al, 2008). The CTD extends from the Pol Il core enzyme close to
the RNA exit channel, and this localization makes it capable for direct or indirect interaction

with components of the RNA processing machinery.

C. Posttranslational modifications of CTD

Phosphorylation of the heptapeptide residues is the best-studied CTD modification.
RPB1 can exist in two forms that can be distinguished on SDS PAGE: Pol lla, when the CTD is
hypophosphorylated and Pol llo with hyperphosphorylated CTD. Pol lla was shown to

associate with the PIC at the promoter, and any phosphorylation of the CTD before this point
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will prevent incorporation in the PIC and initiation. Transcription elongation and 3’
processing require sequential phosphorylation of Pol Il. The CTD is the site of
phosphorylations, with up to five potential phosphorylation sites on the tandem
heptapeptide (Y1, Sy, T4, Ss, S7) (Baskaran et al, 1993) (Figure 3). /n vivo phosphorylation
occurs mainly on serine residues (Zhang & Corden, 1991).

Proline-directed serine kinases are creating the characteristic pattern of Ser2 and
Ser5 phosphorylation, which correlates with the phase of transcription on protein-coding
genes in yeast and mammals (Figure 4 and 5) (Phatnani & Greenleaf, 2006). Phosphorylation
of Ser5 is carried out by Cyclin-Dependent Kinase (CDK7) subunit of the TFIIH complex (see
section E). Ser5 phosphorylation is needed for the recruitment of enzymes (Cegl1 and Abd1
in yeast) that will add the methyl guanosine cap to the nascent RNAs (Komarnitsky et al,
2000; Schroeder et al, 2000). Phosphorylation level of Ser5 is enriched at the promoter and
decrease successively towards the 3’ end of genes. Ser5-P is dephosphorylated by Ssu72
phosphatase around 3’ end of genes which is essential for 3’ end processing of mRNAs
(Steinmetz & Brow, 2003).

Phosphorylation of Ser2 is mediated by CDK9, which is the catalytic subunit of the
Positive Transcription Elongation factor b (P-TEFb) complex (see section K/d). Ser2
phosphorylation increases on the elongating Pol Il toward the 3’ end of genes (Figure 4 and
5) (Peterlin & Price, 2006). Ser2 phosphorylation plays an important role in the transition
from early elongation block into a productive elongating form. In addition, in vitro it was
shown that splicing and polyadenylation is activated by Ser2 and Ser5 phosphorylated CTD
(Hirose & Manley, 1998; Hirose et al, 1999). In higher eukaryotes, inhibition of Ser2
phosphorylation will end up in biased elongation, splicing and polyadenylation (Bird et al,
2004). However, Ser2 phosphorylation seems to play little part in the elongation of
transcription of mammalian snRNA and replication-activated histone genes, (encoding
relatively short RNAs) which are neither spliced nor polyadenylated (Medlin et al, 2005). In
addition, the mammalian p21 protein-coding gene does not require P-TEFb activity for either
elongation or RNA processing (Gomes et al, 2006), indicating that the requirement for Ser2
phosphorylation can be bypassed. Histone mRNA 3’ end formation is directed by the
specialized, replication-activated histone mRNA processing signal and seems to be phospho-
Ser2 (Ser2-P) independent (Discussed in section 7). In contrast, 3’ processing of snRNA genes

require Ser2-P. Ser2 and Ser5 can also be phosphorylated by CDK8 and Cell Division Cycle 2
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protein (CDC2). These kinases create the highly phosphorylated Pol Illo and Pol IIm forms
that are thought to be transcriptionally inactive (Palancade & Bensaude, 2003). Dynamic
dephosphorylation of Ser2 and Ser5 by CTD-specific phosphatases during the transcription
cycle is essential for recycling Pol Il. Two evolutionary conserved proteins (FCP1 and SSU72)
dephosphorylate phospho-Ser2 and Ser5 respectively (Meinhart et al, 2005). RPAP2 (RNA
Polymerase ll-associated protein) also can dephosphorylate CTD-Ser5 and creates
heptapeptides with phospho-Ser7, which facilitate the recruitment of P-TEFb and the
subsequent phosphorylation of Ser2 (Czudnochowski et al, 2012; St Amour et al, 2012).

Ser7 is also a target of dynamic phosphorylation during the Pol Il transcription cycle
in eukaryotic cells (Akhtar et al, 2009; Chapman et al, 2007). Phosphorylated Ser7 is detected
at the Transcription Start Site (TSS) and its levels remain high close to the 3’ end of Pol Il
genes (Brookes et al, 2012; Kim et al, 2010; Mavyer et al, 2010) (Figure 5). Substitution of
Ser7 to alanine is not lethal in yeast, but impairs viability of human cells by affecting the
processing of snRNAs (Egloff et al, 2007; Schwer & Shuman, 2011). For the recruitment of
the functional Integrator complex [a multi-subunit complex responsible for snRNA 3’
processing (Baillat et al, 2005)] two adjacent Ser7-P and Ser2-P marks are needed (Egloff et
al, 2010). Ser7-P is further known to be a gene-specific “CTD-code” for its role in the
expression and processing of snRNAs, although this mark is also present in protein-coding
genes, where the Ser7-P is placed early in transcription, similar to Ser5-P, but its levels
remain stable until the transcription termination site. Recent studies demonstrated that
CDK7 is also the primary kinase for Ser7 phosphorylation in human and yeast cells (Boeing et
al, 2010; Glover-Cutter et al, 2009; Kim et al, 2009). In the later phases of the transcription,
the role of CDK7 is taken over by BUR1 a kinase which travels with the elongating Pol Il
placing phospho-Ser7 marks on its CTD. Although high levels of CTD Ser7-P correlate with
high transcription rates (Bataille et al, 2012; Tietjen et al, 2010), the exact function of this
CTD mark in transcription of protein coding genes is still unclear. Nevertheless, there might
be a strong connection between Ser5 and Ser7 phosphorylation, which is suggested by data
showing that CDK7 and Ssu72 act as a common kinase/phosphatase for both residues. Ssu72
removes Ser7-P immediately after cleavage and polyadenylation and thereby contributes to
the reconstitution of the hypophosphorylated state of Pol Il (Bataille et al, 2012; Zhang et al,
2012a).
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Figure 4: Pol Il CTD phosphorylations during
transcription. (A)The CTD of Pol Il which is recruited by
the PIC at the promoter is unphosphorylated. (B)
Phosphorylation of Ser5 and Ser7 by the CDK7 subunit of
TFIIH just after initiation helps to recruit and activate
enzymes that add a methylguanosine cap (green filled
circle) to the 5’ end of the nascent RNA. (C) Subsequent
phosphorylation of Ser2 by CDK9 subunit of P-TEFb
activates elongation and RNA processing.
Phosphorylation of Tyrl prevents the binding of
termination factors to the CTD. Ser5 is dephosphorylated
toward the 3’ end of the transcription unit by SSU72. (D)
As Pol Il reaches the termination site, the Tyr1-P signal
weakens, but Thr4 is phosphorylated by PLK3 in humans
and facilitates recruitment of termination factors. (E)
After cleavage and polyadenylation of the 3’ end of the
pre-mRNA, dephosphorylation of the CTD may help Pol II
to disengage and to be recruited for another round of
transcription.

Recent studies revealed that CTD threonine 4 is phosphorylated in yeast and higher

eukaryotes. In humans Thr4 is phosphorylated by PLK3, but so far in yeast, no specific kinase

was identified (Hsin et al, 2011) (Hintermair et al, 2012; Mayer et al, 2012). The replacement

of Thr4 to alanine is not lethal in yeast (Stiller et al, 2000) however, the presence of Thr4 is

essential for viability in human cells (Hintermair et al, 2012). Chromatin immunoprecipitation

assay coupled sequencing (Chip-seq) datasets in yeast revealed that Thr4-P can be found

mainly on the body region of genes and shows a low profile at the polyadenylation site

(Mayer et al, 2012), while in human cells, phospho-Thr4 is enriched in the 3’ region of genes

(Figure 5). Experiments demonstrated that Thr4 phosphorylation may have a role in the

recruitment of termination factors like PCF11 (Meinhart & Cramer, 2004). When Thr4 was
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changed into valine in chicken cells, biased processing of core histone mRNA was observed,
while the basal transcription was not affected (Hsin et al, 2011).

Phosphorylation of CTD-Tyr1 was reported on human Pol Il almost two decades ago
(Baskaran et al, 1993), but its functional role was unknown. Genome-wide occupancy
profiling revealed that this modification is associated with active genes (Mayer et al, 2012).
The distribution profile correlates with the genome-wide phospho-Ser2 Pol Il profile: Tyr-1
occupancy is low at promoters, then increases on the gene bodies and drops before reaching
the polyadenylation site (Figure 5). This is in good agreement with experiments which
demonstrated that Tyr1-P prevents CTD binding to the conserved CTD-interacting domain of
termination factors. In contrast, Tyr1-P does not impair CTD binding to the distinct CTD-
binding domain of elongation factor SPT6, consistent with SPT6 occupancy within the Tyrl-
phosphorylated region of genes (Mayer et al, 2012). Therefore studies about phospho-Tyrl
mark explain how termination factor activities are restricted to the late phases of the Pol Il
transcription.

Each CTD repeat contains two prolines, embedded between phosphorylation sites.
The two prolines at positions 3 and 6 of the CTD heptads can undergo conformational
changes mediated by peptidyl—prolyl cis/trans-isomerases (PIN1) (Egloff & Murphy, 2008).
Proline isomerization is also part of the “CTD code” which creates various binding scaffolds
for other CTD associating factors. For example the cleavage and polyadenylation factor
PCF11 is recruited to Ser2-P modified CTD repeats (Licatalosi et al, 2002) in combination with
the relevant prolines in the energetically favored trans conformation (Meinhart & Cramer,
2004; Noble et al, 2005). Thus, the isomerization status of prolines can greatly influence the
CTD phosphorylation pattern.

Serine and threonine residues can carry O-linked N-acetylglycosamine (O-GIcNAc),
which is mutually exclusive with phosphorylation, meaning that this mark may be important
to prevent CTD phosphorylation (Comer & Hart, 2001). Current studies propose that
glycosylation of CTD Ser5 and Ser7 is carried out by O-GIcNAc transferase (OGT) and O-
GIlcNAc aminidase (OGA) during assembly of PIC (Ranuncolo et al, 2012).

The distal part of the Pol Il tail comprises largely non-canonical CTD heptads with
aberrations mainly occurring at position 7 (Chapman et al, 2008). Experiments showed that
lysines at position 7 of the heptads and arginine 1810 of CTD repeat 31 can be specifically

methylated by coactivator-associated arginine methyl-transferase 1 (CARM1) (Sims et al,
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2011). This CTD mark can be found in hyperphosphorylated CTD in vivo. The enzymatic
activity of CARM1 toward Arg1810 is repressed by phospho-Ser5 and Ser2 residues in vitro,
meaning that the methylation is placed before early initiation but is still present during

transcription (Sims et al, 2011).

Figure 5: Average profile of CTD
phosphorylation marks in genes.
Schematic representation of genome-
wide occupancy profiles for all CTD
phosphorylation marks. Tyrl-P, Ser2-P,
Thr4-P, Ser5-P and Ser7-P show similar
distribution of the modified Pol Il along
certain gene regions. While Ser5-P and
Ser7-P peak at the transcription start site
(TSS) of genes, Tyr1-P, Ser2-P and Thr4-P
signals increase toward the 3’ end and
polyadenylation site. Adopted from
(Heidemann et al, 2012)

ChIP Enrichment

CTD residue Type of modification = Modification added by Removed by Localization
Serine / O-linked . 0-GlcNAc transferase O—(?Ic.NAc Pre\{ent CTD phosphorylatlon Promoters
Threonine N-acetylglycosamine aminidase during PIC formation
Serine 2 Phosphorylation CDK9 /CDK8 / CDC2  FCP1 Promotes elongation / Gene body /
3' end processing End of genes
. . SCP1/PRAP2  Recruits RNA-capping enzymes /
Serine 5 Phosphorylation CDK7 / CDK8 / CDC2 /55072 Promoter clearance Promoters
. . . Promoter /
Serine 7 Phosphorylation CDK7 / BUR1 SCP1 snRNA processing Gene body
Tyrosine 1 Phosphorylation c-Abl proto-oncogene Prevents termination Gene body /
Y phory P g factor binding to CTD End of genes
Threonine 4  Phosphorylation PLK3 / CDK9? Rec“,“ts 3 -end processing / End of genes
termination factors
Proline 3/6 Isomerization PIN1 RecrL.uts 3 -end processing / End of genes
termination factors

Table 1.: Posttranslational modifications of RNA Polymerase Il C-terminal domain
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II. RNA polymerase Il transcription cycle

Transcription of genes is the most highly regulated process in eukaryotic gene
expression. Transcription cycle of Pol Il can be divided into three phases: initiation, when the
polymerase is recruited at a promoter with the help of a set of DNA binding proteins and
begins to synthesize RNA, elongation, when Pol Il extends the RNA transcript and

termination when the polymerase and the RNA product disengage from the template.

2. Transcription initiation

Transcription initiation starts with the recognition of a promoter region, which will
serve as a platform for the assembly of the transcription factors and indicates the starting

site of the transcription.

D. Core promoter elements

The Pol Il core promoters contain special, evolutionally conserved sequence motifs,
which are extended approximately 70 nucleotides around the Transcription Start Site (TSS)
and direct the initiation of the transcription. A core promoter could be as simple as a single
motif that serves as a universal transcription start site, or as complex as having a unique
combination of a set of sequence instructions for each promoter (Figure 6).

We can distinguish focused promoters, where there is either a single transcription
start site or a distinct cluster of start sites in a relatively short region and dispersed
promoters, in which there are a number of transcription start sites distributed over a broad
region with a range from up to 100 nucleotides. Some other genes might have alternate
promoter sites, which are distinct and sometimes involve different type of regulation. These
promoters are typically located hundreds or thousands of nucleotides apart.

In vertebrates, only about one-third of core promoters are focused core promoters,
whereas the vast majority of genes contain dispersed core promoters (Juven-Gershon et al,

2008).
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The presence of core promoters is necessary for accurate transcription initiation.

These regions and their combination of short sequence elements represent an ancient and

the most basic level of transcription regulation.

A core promoter can be built up from the following elements:

TATA box was the first eukaryotic promoter element to be identified. It is the most
ancient and the most widely-used core promoter motif in nature. It has an A/T-rich
consensus sequence [TATA(A/T)A(A/T)(A/G)], which is located approximately 20-30
nucleotides (nt) upstream of TSS in humans. The upstream T nucleotide is commonly
located at -31 or -30 relative the Inr (Initiator). TATA box is present in less than 10%
of human promoters. Surprisingly a wide range of A/T-rich sequences are capable of
functioning as TATA boxes, consistent with the fact that TATA-Binding Protein (TBP)
recognizes DNA through sequence-independent minor groove contacts. Many
promoters do not contain consensus TATA boxes, or even non-consensus TATA
boxes. Some TATA-less promoters retain the ability to direct transcription initiation
from a specific nucleotide, whereas others can direct transcription initiation from

multiple start sites (Smale, 1997; Smale & Kadonaga, 2003).

The initiator (Inr) is generally a pyrimidine-rich sequence around the TSS,
PyPyA+1N(T/A)PyPy, (from nucleotide -6 to +11). In mammalians, computational
analysis of thousands of transcription start sites suggests that the mammalian Inr
consensus is YR, where R corresponds to the +1 start site (Carninci et al, 2006). The
Inr is necessary in vitro and in vivo for a low level of accurate transcription by RNA
polymerase Il. Inr is capable to direct accurate transcription initiation either alone or
with additional core promoter elements. These characteristics make Inr and TATA
box functionally similar in two respects: both direct accurate transcription initiation
by Pol Il in the absence of other control elements, and both direct a high level of
accurately-initiated transcription when stimulated by an upstream activator (Concino
et al, 1984). The Inr is probably the most commonly occurring sequence motif in

focused core promoters and it is a recognition site for a number of proteins.

32



The downstream promoter element (DPE) can be mainly found at TATA-less
promoters, precisely +28 to +32 nt from TSS. It has a consensus sequence of
(A/G)G(A/T)CGTG what was shown to be bound by Transcription Factor Il D (TFIID).
DPE is functionally dependent on Inr, therefore either promoter features a DPE
sequence, it also has an Inr. TFIID binds cooperatively to DPE and Inr, therefore any
mutation in either motif or alteration of the spacer region will lead to diminished
level of basal transcription (Kutach & Kadonaga, 2000). Photocrosslinking studies
revealed that the DPE is in close proximity to the TFIID subunits TAF6 and TAF9 (TAF
stands for: TBP Associated Factor). Both contain histone fold motifs, thus it is possible
that these subunits of TFIID interact with the DPE in a manner that is similar to

binding of histones H3-H4 to DNA in nucleosomes (Shao et al, 2005).

Motif Ten Element (MTE) with a consensus sequence
C(G/C)A(A/G)C(G/C)(G/C)AACG(G/C) can be found between +18 to +29 from TSS. It
can also functionally substitute the loss of the TATA box and in addition, with the
TATA box and DPE in proximity, it enhances the promoter activity in an Inr-

dependent manner.

Downstream Core Element (DCE) consists of three sub-elements: SI, Sll, and Slll, with
a core sequence of CTTC, CTGT, and AGC, respectively. DCE occurs frequently with
the TATA box, and appears to be distinct from the DPE. In a photo-crosslinking

experiment TAF1 was shown to bind specifically the DCE.

XCPE1 (X core promoter element 1) motif is located from -8 to +2 relative to the +1
start site. It is present in about 1% of human core promoters, most of which are
TATA-less. XCPE1 exhibits little activity by itself. [Reviewed in (Juven-Gershon et al,
2008)]

TFlIB-recognition element (BRE) with its (G/C)(G/C)(G/A)CGCC consensus sequence,
can be found immediately upstream of the TATA box of 12% eukaryotic TATA-

promoters. As it is in the name, TFIIB recognizes and binds BRE and its presence can
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both negatively and positively influence basal promoter strength (Deng & Roberts,

2007).

Core Promoter Elements

40 +1 +40

| | > |

-1 {1 T —

BREY TATA BREY Inr MTE DPE
XCPE1 DCE

Figure 6: Location of core promoter motifs. Each of these elements is found in only a fraction of all core
promoters. The Inr is probably the most commonly occurring core promoter motif. TATA box, MTE, DPE, DCE
are recognition sites for TFIID. BREu and BREd interact with TFIIB. Figure adopted from (Juven-Gershon et al,
2008).

Large majority of the mammalian promoters, 60% of the human protein coding genes
have multiple alternative start sites spread across a region. The advantage of this alternative
promoter usage is that in one cell, different proteins can be generated from the same locus
for different requirements.

The presence and combination of these sequence elements 5 of transcription units
determines not only the start site of transcription, but influences the promoter strength,
direction of transcription, and may indicate functional differences between genes with

different promoter architecture.

E. General transcription factors

The RNA polymerase enzymes do share a common property in transcribing DNA
sequences, although they lack sequence-specific recognition ability to correctly specify the
transcription start site unique to each gene. For site-specific initiation, additional proteins
are necessary to form an initiation competent RNA polymerase complex. These essential
accessory factors were collectively defined as general transcription factors (GTFs). Namely
TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH (TF means transcription factor, Il indicates Pol Il

driven transcription).
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TFIID was first identified as a multiprotein complex which contains TBP and another
13 TBP-associated factors (TAFs) which support the promoter recognitions by binding
to different promoter elements around the TSS (Fire et al, 1984; Young, 1991). Later,
biochemical experiments demonstrated that the TFIID subunit composition can be
different in cells at certain stages of development to provide different gene
expression patterns (Muller et al, 2010). It is known that TAFs bind to the Inr, DPE,
and DCE element, which allow TFIID to recognize TATA-less promoters. TBP exhibit
nonspecific DNA-binding activity, which can lead to the formation of nonproductive
transcription complexes. Thus, to prevent false initialization, TBP is affected by
multiple negative regulations such as: TBP homodimer formation, inhibition by TAF1,
BTAF1, Negative Cofactor2 (NC2) and nucleosome barrier (Goppelt et al, 1996; Kim &
Burley, 1994; Kokubo et al, 1993; Nikolov & Burley, 1994; Timmers et al, 1992). The
promoter recognition and TBP-TATA complex formation is positively regulated by

TFIIA and TFIIB complex.

TFIIA is a complex of three proteins (a, B, y subunit), which are encoded by two genes
in higher eukaryotes. TFIIA increases the precise promoter recognition of TBP via
promotion of the dissociation of TBP dimers. Furthermore, TFIIA stabilizes the
forming PIC by competing with the TAF1/BTAF1 inhibition (Auble & Hahn, 1993;

Coleman et al, 1999).

TFIIB is a single, 316 amino acid long polypeptide, which stabilizes the promoter
bound TBP by competing with NC2 and it has also an important role in the
recruitment of Pol II/TFIIF (Goppelt et al, 1996). TFIIB was further shown to recognize
BREu element in a TBP independent manner via a non-conserved helix-turn-helix

motif (Evans et al, 2001).

TFIIF is a heterodimer comprising two subunits, each of RAP30 and RAP74 (RNA Pol Il
Associated Proteins). It has multiple essential roles during the PIC formation process.
Once it is bound to Pol Il, it will facilitate its recruitment to the promoters and will
further increase the TBP-TATA-TFIIB complex stability. As for the next step in the PIC

formation it will facilitate the recruitment of TFIIE/TFIIH complexes. Later, it is
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required for TSS selection, Pol Il promoter escape and in transcription elongation

(Flores et al, 1990; Yan et al, 1999).

e TFIIE contains two subunits, a and B, which form a heterotetramer. TFIIE interacts
with TFIIF, TFIIB, Pol Il and promoter DNA. TFIIE’s a subunit is needed for the
interaction with Pol Il and binds close to the active center. TFIIE helps to recruit TFIIH,
while it stimulates the helicase activities and the CDK7-mediated phosphorylation of

the Pol I CTD (Ohkuma & Roeder, 1994; Watanabe et al, 2003).

e TFIIH complex is composed of ten subunits: p89/XPB, p80/XPD, p62, p52, pa4,
p40/CDK7, p38/Cyclin H, p34, p8 and p32/MAT1 (Compe & Egly, 2012; Conaway &
Conaway, 1989). The whole complex can be divided into two functional
subcomplexes: a Cyclin-Activating Kinase complex (CAK) and a core complex. TFIIH
has multiple roles during transcription: First, the core complex (XPB which is a
helicase, p62, p52, p44, p34 and p8) is responsible for a DNA dependent ATPase
activity. This activity is required for stable promoter opening and for the first
phosphodiester bond formation which will further catalyze promoter clearance of Pol
[l(Kumar et al, 1998). Second, CAK subcomplex (CDK7, Cyclin H, MAT1) can
phosphorylate Pol Il CTD through CDK7 (Lu et al, 1992). This phosphorylation step
mediates the transition from initiation to elongation phase. Third, the XPB and XPD
subunits have ATP-dependent helicase activity, which is essential for promoter
clearance and has an important role in DNA-damage repair too (Schaeffer et al,
1994). Fourth, E3 ubiquitin ligase activity of p44 subunit was also detected during

DNA damage response (Takagi et al, 2005).

F. Sequential assembly of the PIC complex

The stepwise assembly of these GTFs at the recognized promoter will lead to a
formation of a transcriptionally productive PIC. According to the sequential assembly model
(Buratowski et al, 1989), first, the TATA-element is recognized and bound by TBP and the
TFIID complex. Then the entry of TFIIA and TFIIB further stabilize the TBP—TFIID complex at
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the promoter and provide a platform for the integration of the TFIIF bound Pol || complex.
This promoter bound TFIID-TFIIA-TFIIB-TFIIF/Pol Il pre-PIC complex shows resistance to any
negative regulatory events, which target the promoter recognition and PIC assembly, and
also supports the recruitment of TFIIE. TFIIE binds close to the Pol Il active center and once it
is present, it recruits TFIIH. TFIIH facilitates the melting of the double stranded DNA into a
single stranded bubble, which establishes an open promoter complex. Transcription
initiation occurs upon incorporation of the two initiating nucleotides dictated by the

template and formation of the first phosphodiester bond.

G. Activation dependent transcription and coactivators

Some eukaryotic genes expression is regulated by promoter and gene-specific
activators and transcription factors. The activators contain DNA binding and activator type
domains that are required for stimulating transcription. In addition, a set of proteins called
“coactivators” are needed for activator-dependent initiation. The coactivators facilitate the
communication between gene-specific transcription factors and the components of the GTFs

(Figure 7).

a) Mediator complex

Mediator (MED) was first identified in yeast and found to consist of approximately 21
polypeptides which can form different sub-complexes. Eleven of the MED subunits are
essential for yeast viability. In mammals, the first Mediator-related complex was the human
TRAP (Thyroid hormone Receptor-Associated Protein) complex as it has been initially
identified as a group of protein associated to thyroid hormone receptor. Later,
approximately 30 MED subunits were identified which can form multiple metazoan
Mediator-related complexes. The term ‘“Mediator” was first proposed for its role as an
adaptor between transcription factors bound at regulatory elements, and Pol Il to activate
transcription in a reconstituted system. Detailed mechanisms of how MED participates in
transcription have not been fully determined. However, Mediator is believed to act mainly

during PIC assembly, either by increasing the efficiency and rate of PIC assembly, or by
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affecting the recruitment of Pol Il and other general initiation factors (Kornberg, 2005;

Takagi & Kornberg, 2006) (Figure 7).

b) Upstream stimulatory activity (USA)

The USA (upstream stimulatory activity) was initially defined as a set of proteins
which are able to stimulate activator-dependent transcription. Later USA was further
purified and a series of positive cofactors (PC1, PC2, PC3 and PC4) and a negative cofactor
(NC1) were identified [PC2 is an active form of MED (Chen & Roeder, 2011)]. Interestingly,
these USA-derived cofactors have dual roles: to function as stimulators during activator-
dependent transcription and also as a repressor to inhibit basal transcription, when specific

activators are absent (Kaiser & Meisterernst, 1996).
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Figure 7: Model for activated transcription. Transcriptional activators bind to their target sites [upstream
activating sequence (UAS)] and recruit the intact form of Mediator. (1). The Mediator facilitates the
recruitment of Pol Il into the nascent PIC (2). This might cause the loss of certain MED subunits (yellow
bubbles). The remaining MED complex is the activated, PC2-like form. Figure adopted from: (Malik & Roeder,
2005).

c) Chromatin remodeling and modifications

Once activators bind to the promoter, they trigger a cascade of recruitment of factors
such as chromatin-remodeling complexes and histone-modification enzymes. These factors
not only facilitate stronger binding of activators to DNA, but also make nucleosomal DNA
elements more accessible to GTFs.

Nucleosomes appear to affect all stages of transcription. A nucleosome is composed

of 147 bp of DNA wrapped 1.65 turns around the histone octamer (a dimer of Histone H2A,
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H2B H3 and H4). Beside the packaging function, nucleosomes possess dynamic properties
that are tightly regulated by various protein complexes.

Both histone tails and globular domains are subject to various posttranslational
modifications like: methylation of arginine residues; methylation, acetylation, ubiquitination,
ADP-ribosylation, sumoylation of lysines (K); phosphorylation of serines and threonines, etc.

Increased histone acetylation at the promoter region has been linked to active
transcription (Workman & Kingston, 1998). Studies demonstrated that acetylation of H3 and
H4 peaks sharply at active promoters. In addition, it has been shown that HATs such as p300,
SAGA and ATAC (depends on the target genes and the state of differentiation etc.) are
recruited to the promoters and histone acetylation occurs prior to PIC formation (Bhaumik,
2011; Bhaumik & Green, 2001; Nagy et al, 2010).

Typically, histone acetylation occurs at multiple lysine residues and is usually carried
out by a variety of HATs (Brown et al, 2000). Some modifications can directly influence
higher-order chromatin structure. For instance, acetylation of H4 K16 inhibits the formation
of compact 30 nm fibers (Shogren-Knaak et al, 2006). With the exception of methylation,
histone modifications result in a change in the net charge of nucleosomes, which could
loosen histone-DNA interactions.

To make DNA more accessible, promoter-bound activators also target a set of protein
complexes that utilize ATP hydrolysis to transiently unwrap the DNA from histone octamers,
to form DNA loop, or moving nucleosomes to different positions. These complexes are called
ATP-dependent chromatin remodelers. Not only individual histone subunits can be moved or
evicted, but also histone dimers, and even entire octamers can be temporary removed
(Workman, 2006).

The mechanisms of histone eviction involve numerous activities. Studies suggest that
cooperative binding and action of transcription factors, chromatin-remodeling complexes
such as Swi/Snf and RSC, and actively transcribing Pol Il can all mediate histone
displacement. To prevent removed histones to rebind to the same DNA molecule, the
presence of histone chaperones like ASF1, NAP1, and nucleophosmin are necessary. On
active genes different histone variants H2A.Z (Htz1) or H3.3 can be enriched (Guillemette et
al, 2005; Schwartz & Ahmad, 2005). High-resolution mapping revealed that Htz1-containing
nucleosomes flank a 200 bp nucleosome-free region at promoters (Raisner et al, 2005) and

these Htzl-containing nucleosomes are resistant to remodeling (Li et al, 2005). In yeast,
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upon transcription activation, Htz1 is rapidly evicted from the promoter, and its loss is
required for full transcription (Zanton & Pugh, 2006; Zhang et al, 2005). However, it should
be noted that although there is solid evidence for histone loss, the promoter is not
completely nucleosome free. Acetylated histones H3 and H4 continue to accumulate during

gene activation (Pokholok et al, 2005).

3. Promoter escape

Once PIC formed, the polymerase begins the synthesis of the nascent mRNA chain
and it enters a critical stage referred to as promoter escape, which is characterized by
physical and functional instability of the transcription complex. Before entering into a
productive elongation, initiating Pol Il must undergo structural and functional maturation.

Promoter escape begins with the onset of transcription initiation at which point the
transcription complex is called: initially transcribing complex (ITC). Promoter escape is
considered complete when the nascent RNA associates stably with the transcription
complex. The transcription complex is then called an early elongation complex (EEC),
however, it is still different than the fully functional elongation complex.

After transcribing the first 4 nt, the Pol Il complex takes a ‘““committed” conformation
with the interaction of TFIIB, however transcription complex still remains physically and
functionally unstable until the nascent transcripts are 10 nt or longer (Kugel & Goodrich,
1998; Kugel & Goodrich, 2002). At this phase, ITC can undergo upstream transcript slippage,
which means that the initial RNA transcript unpairs from the DNA template and rehybridizes
upstream (Pal & Luse, 2003).

The polymerase complex becomes further stabilized through RNA—protein contacts in
the exit channel. 9-10 nt long RNA transcript can begin to form contacts with several protein
loops that both stabilize the transcription complex and separate the RNA transcript from the
DNA template, causing conformational changes within the polymerase that converts Pol Il to
the EEC.(Dvir et al, 1997).

At the same time, with the 3’-5’ helicase activity, XPB subunit of TFIIH continues
unwinding the promoter region in an ATP-dependent manner (Moreland et al, 1999). Due to

this helicase activity, the downstream edge of the transcription bubble moves together with
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transcription. Collapse of the upstream portion of the transcription bubble produces a
transcription bubble that is more characteristic of a productively elongating polymerase.
TFIIE was shown to follow the early elongating complex, until the 10" nt, where it
dissociates from the complex. TFIIH might escort the Pol Il complex longer approximately
until the 25™ or 30" nt. The TFIID and the other PIC components remain stably bound to the
promoter (Dvir, 2002). [Initiation and promoter escape are very similar, and perhaps even

indistinguishable processes]

4. Early elongation

The transition from initiation to early elongation requires a tightly controlled
exchange of factors bound to the promoter region. These changes around the PIC are
orchestrated in part through phosphorylation of the Pol Il CTD. As it was discussed above,
CTD is mostly unphosphorylated during the recruitment into the PIC, which favors
interactions between PIC stabilizing factors, like coactivators. Pol Il is then phosphorylated at
Serine-5 by CDK7, which is thought to destabilize the interactions between Pol Il and
promoter-bound factors, helping the promoter escape. Phospo-Ser5 is targeted by a number
of factors involved in early elongation and modification of promoter proximal histones.
When the nascent transcript reaches ~20 nucleotides, its 5’-end is modified with a 7-methyl-
guanosine cap (Rasmussen & Lis, 1993). This modification is critical for RNA stability, further
RNA processing, export from the nucleus and protein translation (Proudfoot et al, 2002). The
co-transcriptional capping appears to be stimulated by Serine-5-phosphorylation. In
addition, RNA capping may also be facilitated by inefficient early elongation, which could
provide enough time for this step to take place (Pei et al, 2003).

Early elongation is a slow, inefficient process in vitro. The early elongation complex
shows tendency to pause, arrest and terminate transcription (abortive transcription), with
the presence of initiated Pol Il complexes failing to generate full-length RNA (Marshall &
Price, 1992). The slow characteristic of early elongation can be due to the appearance of
negative elongation factors that inhibit synthesis through the promoter-proximal region. In
addition, the early elongation complex needs time for the final conformational changes to

become fully stable and enable for transcription.
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5. Pol Il pause

In addition, detailed in vitro and in vivo analyses proved that Pol Il can pause during
early elongation. This phenomenon was first documented at the Drosophila heat shock
genes, where Pol Il synthesizes a 25-50 nt RNA before pausing in elongation (Rougvie & Lis,
1988). This paused elongation complex is phosphorylated at Serine-5 and the nascent RNA is
capped (Boehm et al, 2003). Pol Il pausing at hsp70 gene is rate-limiting for gene expression,
with release of polymerase into the gene approximately once every 10 minutes prior to heat
shock (Lis, 1998).

Later, by the spreading of the genome-wide techniques, evidences proved that
pausing is a widespread post-recruitment regulation of transcription in metazoans (Guenther

et al, 2007) (Figure 8).
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Figure 8: RNA polymerase Il ChIP seq data visualization. Human Pol Il ChIP-seq data was uploaded
and visualized in UCSC genome browser. The antibody recognizes all forms of Pol Il (N20). (A) Pol Il peaks (black
bars) are visible at almost all genes (blue blocks). The randomly selected genomic interval on chromosome 6 is
approx. 14mb long. (B) Pol Il occupancy profile on an average polyadenylated gene from the selected genomic
interval. The black and sharp peak (left) represent the promoter proximal pause. The Pol Il signal is weak on the
gene body. Downstream of the End of Annotated Gene (EAG) a wide-spreading medium strength Pol Il density
can be observed.

The Pol Il pause has become a target of intensive investigation in the recent years,
although, there is still no common agreement about its exact role in transcription regulation.

In addition, different status of promoter-proximal Pol Il pause can be described. For
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example, recruited polymerase can fail to initiate RNA synthesis and can be trapped as a PIC.
This would involve substantially different mechanisms for release than in a case when Pol Il
is blocked after synthesizing a short transcript. Moreover, early elongation complexes that
accumulate downstream of promoters can be present in several conformations that are not
all competent to resume RNA synthesis. These observations led to the introduction of
different terms, which all refer to the same Pol Il, which does not efficiently transcribe into
the gene but they are used to describe the different mechanistic background.

We can distinguish poised, paused, backtracked, arrested and stalled form of Pol I
pause. All of these terms have been used to describe Pol Il enrichment at promoters or at
different regions of a gene (Figure 9).

Poised Pol Il can be detected at promoters without distinguishable PIC or elongation
complexes. This term is used when the data comes from ChIP assays, which cannot
determine whether Pol Il is engaged in transcription.

Paused Pol Il can be found in elongation complexes that have halted transcription
temporarily, but remain competent to resume transcription.

Backtracked Pol Il elongation complexes halted synthesis and moved backward
several nucleotides to displace the growing 3’-end of the nascent RNA from the active
center.

Arrested Pol lIs are basically referred to backtracked Pol Il complexes which cannot
spontaneously restart transcription in the absence of factors that induce cleavage of the
RNA. Formation of a new RNA 3’-end in the active center allows resumption of transcription,
but these elongation complexes can further pause before synthesis.

The term stalled Pol Il refers to elongation complexes which stopped RNA synthesis,
but the exact mechanistic background is unknown, thus the term stalled may also refer to
Pol lls which are paused, backtracked, arrested or undergoing termination. Stalled Pol lIs can
be detected also at DNA lesions caused by genotoxic stress.

In most cases, paused Pol Il can be induced to restart transcription. Arrested or
terminating elongation complexes cannot be restarted and require either rescue or

reinitiation to generate a productive transcript.
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Figure 9: Terms used to describe promoter proximal Pol Il complexes. The Pol Il (red) is recruited by the GTFs
(grey) to the promoter. The pause-inducing factors are: NELF (orange), DSIF (purple) and TFIIS (green). The
nascent RNA is shown in blue, and a bracket indicates the pausing region, usually 20—-60 nucleotides
downstream from the TSS. Pre-initiation complex: Pol Il is bound to the TSS, but has not yet initiated RNA
synthesis. Paused Pol Il: an early elongation complex which transiently halted RNA synthesis. Paused
polymerase is fully competent to resume elongation. Two protein complexes, DSIF and NELF, reduce the rate of
elongation and facilitate the establishment of the stably paused state. Arrested Pol Il: a stably engaged but
backtracked elongation complex. In this case the RNA 3' end might be displaced from the active site. Restart of
an arrested complex usually requires TFIIS. Terminating Pol Il: an unstable elongation complex that is in the
process of dissociating from the DNA template and releasing the nascent RNA. Poised Pol Il: describes a Pol Il
which is located near the TSS, but does not specify anything about its transcriptional status. Stalled Pol II:
indicates a transcriptionally engaged Pol Il but makes no assumptions about its ability to resume synthesis.
Figure, adopted from (Adelman & Lis, 2012).

H. Factors contributing in Pol Il pause establishment

Factors were later identified at promoters, which can facilitate Pol Il pausing. The first
factor is a heterodimeric complex called DRB Sensitivity-Inducing Factor (DSIF), which
comprises the homologues of the yeast Spt4 and Spt5 proteins (Wada et al, 1998). Second is
the Negative ELongation Factor (NELF) complex (Yamaguchi et al, 1999). It is known that DSIF
and NELF together are required to inhibit and/or regulate transcription elongation (Renner

et al, 2001) (Figure 9; 10).
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Figure 10: Promoter-proximal pausing and escape to productive elongation. (A) TFIIH-mediated
phosphorylation of Ser5 of Pol Il CTD occurs before promoter-proximal pausing. DSIF and NELF facilitate Pol Il
pausing. TFIIS stimulates the intrinsic RNA-cleavage activity of Pol Il to create a new RNA 3’ end in the Pol Il
active site after backtracking. Capping enzyme associates with the Ser5-P CTD and the nascent RNA becomes
capped. (b) P-TEFb mediates phosphorylation of DSIF, NELF and Ser2 of the Pol Il CTD, which stimulates
productive elongation. TFIIS facilitates efficient release of Pol Il from the pause site by aiding the escape of
backtracked transcription complexes NELF dissociates from the transcription complex and DSIF, TFIIS and P-
TEFb moves together with Pol Il along the gene. In addition, TFIIF, ELL, and elongin, will further stimulate Pol Il
elongation activity. Figure adopted from: (Saunders et al, 2006).

NELF is a complex of four subunits, NELF-A, B, C or D and E, that is conserved in
higher eukaryotes. (Narita et al, 2003). The mammalian NELF-A protein, also called WHSC2,
helps to anchor the NELF complex to the polymerase (Yamaguchi et al, 2001). The NELF-B
subunit, also known as COfactor of BRCA1 (COBRA-1), can bind to several other transcription
factors at promoters (Aiyar et al, 2004; Zhong et al, 2004). NELF C and D are translation
variants of the same mRNA, and their function is unknown. NELF-E subunit contains RNA
recognition motif, which through NELF may inhibit elongation by interacting with certain
structures in the nascent RNA (Narita et al, 2003). It is in good agreement with the
observation that NELF is able to inhibit transcription only after the RNA is sufficiently long to
emerge from Pol Il. In addition, nascent RNA is also necessary for the association of DSIF

with Pol I, which make uncertain if DSIF, or NELF, recognizes the transcript (Cheng & Price,
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2008; Missra & Gilmour, 2010). Roles of DSIF and NELF have been shown also in RNA
processing of short, non-polyadenylated histone transcripts (Narita et al, 2007). ChIP-chip
technique was carried out in both Drosophila and mammalian cells, which indicated that
NELF generally occupies Pol ll-bound genes. Indeed, ChIP-chip analysis of Pol Il after RNA
interference (RNAIi) treatment against NELF revealed that loss of NELF reduces Pol Il
promoter occupancy at most promoters (Muse et al, 2007), supporting the idea that NELF
mediates inhibition of early elongation. ChIP assays show that NELF is present only around
promoters, but does not advance into the gene with the elongating Pol Il, thus dissociation
of NELF accompanies pause release (Core et al, 2008; Rahl et al, 2010; Wu et al, 2003). In
contrast, DSIF remains with polymerase during elongation, eliciting both negative and
positive effects on transcription (Andrulis et al, 2000; Kaplan et al, 2000). DSIF complex is
present in all eukaryotes, thus, DSIF is likely to be fundamental for Pol Il transcription and to
serve as a general platform for regulatory factors. Taken together DSIF and NELF may play a
role in establishing pausing during early elongation specifically in metazoans (Figure 10).

Histones and nucleosome occupancy pattern may also play a supplementary role in
Pol 1l pausing and backtracking. Nucleosomes can be highly phased upstream and
downstream of promoters. This organization leaves the promoter open and facilitates
transcription initiation (Mavrich et al, 2008; Schones et al, 2008). Pol Il must go through the
+1 nucleosome for successful transcription. The +1 nucleosome can retard Pol Il progression
and is linked to polymerase pausing or backtracking (Margaritis & Holstege, 2008). In the
review of (Taft et al, 2009)), a model was proposed that Pol Il generates a short nascent RNA
and proceeds to the 5' border of the +1 nucleosome. Then elongation is retarded by the +1
nucleosome, or by contact with other polymerases paused there, and backtracks ~18 nt,
which displaces the 3' end of the nascent RNA from the Pol Il active site. TFIIS (an important
elongation factor) cleaves the nascent transcript to generate a new 3' end, positioned
properly in the Pol Il active site for further synthesis. The 3' ~18 nt of the nascent transcript
fragment is released (tiRNA biogenesis), and the elongation eventually proceeding through
the +1 nucleosome from the point of cleavage. This sequence may be repeated until Pol Il is
able to bypass the nucleosomal barrier.

Pausing might involve the cooperation between DNA sequences and the pause-
enhancing factors. Sequences are known to influence elongation in two aspects: first, the

thermodynamic stability of the 9 nucleotide long RNA-DNA hybrid, formed by nascent RNA
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and the DNA template. Weaker hybrids (more A+T) increase the likelihood of pausing.
Second, structures formed by the nascent RNA facilitate pausing by displacing the 3’-end of
RNA from the polymerase catalytic site (Artsimovitch & Landick, 2000; Landick, 2006).

So far, no general sequence motif is identified that specifically influences Pol Il pausing.
However, DPE and Pause button motifs [Pause button motif is a CG rich sequence element
that is over-represented at stalled gene promoters in Drosophila (Hendrix et al, 2008)] are
clearly enriched at genes where Pol Il pausing is prominent. These G+C-rich sequences are
preferentially located between positions +26 and +33 with respect to the TSS, precisely
aligned with the peak of Pol Il pausing. Downstream of this G+C-rich region, the sequence of
paused genes is characterized by stretches of A+T, leading to the suggestion that the initially
transcribed sequence contains a signal that specifies pausing and backtracking to Pol II.
According to this model, promoter-proximal pausing comprises two stages: first, an initial
halt in transcription is induced by an A+T-rich, weak RNA-DNA hybrid; and second, the
polymerase backtracks to reach the more thermodynamically stable, G+C-rich sequence
upstream, which coincides with the DPE or pause button motif. Therefore, the intrinsic
inefficiency of early elongation and the tendency of Pol Il to undergo backtracking at these
genes provide a kinetic window of opportunity for the binding of NELF and DSIF, and the

establishment of a stably paused state (Hendrix et al, 2008; Nechaev et al, 2010).

I. Possible roles of Pol Il pause

As every step during transcription, pausing also represents an additional regulatory
opportunity during transcription cycle. Accordingly, this could allow activators that influence
pause release to work together with factors that stimulate recruitment in a combinatorial
manner. Therefore Pol Il pause is a checkpoint for elongation and RNA processing with the
possibility of post-initiation regulation. (Mandal et al, 2004; Moore & Proudfoot, 2009;
Nechaev & Adelman, 2008).

In metazoans, non-expressed genes that exhibit pausing are enriched in signal-
responsive pathways, including development, cell proliferation and stress or damage
responses. However, it is important to note that the prevalence of pausing Pol Il on

promoters can greatly vary by using different methods and different statistical criteria.
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Investigating Pol Il enrichment in pluripotent cells, such as ESCs, has suggested that
pausing might have a role in cell differentiation (Guenther et al, 2007). Genomic analysis of
Pol Il distribution also indicates that pausing occurs at genes across the range of expression
levels (Gilchrist et al, 2010; Nechaev et al, 2010). In fact, recent global analyses of Pol Il
distribution by Global Run-On assay coupled sequencing (GRO-seq) indicate that few paused
genes are transcriptionally inactive (<1%) (Core et al, 2008). This argues against the idea,
that Pol Il pausing is predominantly a mechanism to silence gene expression (Hargreaves et
al, 2009). Data show that all of the traditionally defined paused genes (such as Drosophila
Hsp genes and mammalian Myc and Fos) exhibit considerable basal expression. In addition,
the Drosophila Hsp genes continue to undergo pausing during activation. On the basis of
these data, Pol Il pausing is rather a mechanism for tuning expression of active genes and
perhaps for poising them for future changes in expression (Lis, 1998).

Pol Il can also reduce its elongation speed and can pause during productive
elongation. In this case, the factors involved and the mechanisms that govern pausing within
the gene are different from those that regulate promoter-proximal Pol Il pausing (Peterlin &
Price, 2006). Pausing within the gene body has been reported, to be coupled to splicing and
elongation rates can have an impact on alternative splicing (de la Mata et al, 2003).

Pausing Pol Il was also shown to play a role in establishing permissive chromatin.
Wrapping promoter DNA around histone proteins to form nucleosomes can present a barrier
to transcription by rendering crucial recognition sequences inaccessible. Therefore Pol Il
pause at promoters could help to maintain an open and accessible promoter structure to
facilitate binding of transcription factors. The link between paused Pol Il and maintenance of
a nucleosome-deprived promoter has been demonstrated at a genome-wide level in
Drosophila (Gilchrist et al, 2010). Genes with paused polymerase were globally shown to
possess low levels of promoter nucleosome occupancy, which was dependent on the
presence of promoter-associated Pol Il. This result may indicate that highly regulated
promoters, with paused Pol Il, have evolved DNA sequences that enable a dynamic
competition between Pol Il pause and nucleosomes (Gilchrist & Adelman, 2012). This idea
raised a model, describing that the presence of paused Pol Il poises genes in ESCs for
expression during development, in part by altering promoter chromatin. As such, the loss of
paused Pol Il later in development could permit nucleosome occlusion and permanent gene

repression (Guenther et al, 2007). With the chromatin-opening function, paused Pol Il can
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allow genes that are transcribed at lower basal levels to be continually accessible and primed

for bursts of transcription activation.

J. Promoter associated RNAs

Promoter-associated RNAs (PARs) are defined as short transcripts localizing around
the TSSs. PARs have been described in all major eukaryotic organisms (Taft et al, 2009). PAR
density and position may be related to the widespread, and bidirectional, activity of Pol Il. A
recent genome-wide study has shown that transcript initiation occurs at almost all genes,
regardless of their expression levels, yielding small transcripts at least 70 nt long coincident
with the 5' ends of protein-coding genes (Davis & Ares, 2006).

Three classes of PARs have been described to date in animals:

Promoter-associated small RNAs, are generally 20—200 nt long, capped, with 5' ends
that coincide with the TSSs of protein- and non-coding genes (Fejes-Toth et al, (2009;
Kapranov et al, 2007).

Second, a similar and perhaps overlapping class of small RNAs, transcription start site
associated RNAs, are 20-90 nt long and localized within -250 to +50 around of TSSs (Seila et
al, 2008).

A third class, transcription initiation RNA (tiRNA), has been identified in human,
mouse, chicken and Drosophila. These species are predominantly 18 nt in length, have their
highest density just downstream of TSSs, and show patterns of positional conservation. All
three classes are strongly associated with highly expressed genes (Seila et al, 2008).

It is possible that tiRNAs and other PARs have evolved to serve an active role in the
regulation of transcription, or in the communication between the different steps of
transcription to regulate other processes associated with it. However, the overall function

and evolution of PARs is still unclear.
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6. Transcription elongation

Once Pol Il is released from the promoter proximal pause, it travels into the coding
region. As Pol Il advances on the gene, it creates a transcription bubble, where the DNA
template forms a hybrid duplex with the nascent pre-mRNA. To maintain the movement of
the transcription bubble, the RNA polymerization and the mRNA processing, the assembly of
a productive Elongation complex is essential. In addition, efficient elongation must overcome
several blocks that are present naturally, coming from Pol Il catalytic activity and from the
chromatinized DNA template. During elongation Pol |l has to face transcriptional pause,
arrest, and termination (Shilatifard et al, 2003; Uptain et al, 1997). Transcriptional pausing
occurs when the RNA polymerase stops the addition of NTPs to the nascent transcript for a
time, then it resumes productive elongation on its own. Transcriptional arrest can be defined
as an irreversible halt to RNA synthesis, when RNA polymerase cannot resume productive
elongation without the help of other factors. During termination, the RNA polymerase and
RNA transcript are released from the DNA, ending the elongation stage of transcription.
Transcriptional pause and arrest in vivo are most likely caused by a combination of DNA
sequences, protein factors, and the nascent transcript. The cells exploit a very sophisticated
array of factors, which follow the traversing Pol Il, control the chromatin architecture and
diminish the pausing of the elongation. In the next paragraphs | will describe these

important factors:

K. Factors to diminish Pol Il pause during elongation

d P-TEFb and DSIF

The transition from pause to early elongation requires the change of transcription
factors binding to the promoter. One of the most important elongation factors is P-TEFb,
which helps to reverse the effects of the negative elongation factors and allow Pol Il to enter
into productive elongation (Price, 2000). P-TEFb is a heterodimer of the CDK9 kinase and

CyclinT, and localized in the nucleus (Peterlin & Price, 2006). P-TEFb is an essential kinase,
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which was found in eukaryotes from yeast to humans. In metazoans it is regulated by an
unusual mechanism involving reversible association with a small nuclear ribonucleoprotein
(snRNP) complex (Diribarne & Bensaude, 2009).

The amount and availability of active P-TEFb in the cell is controlled through
sequestering of P-TEFb into an inactive complex with 7SK RNA and HEXIM protein (Diribarne
& Bensaude, 2009). Activation events lead to the release of P-TEFb from this inactive
complex, resulting in a rapid increase in P-TEFb activity. Beside this regulation, general P-
TEFb inhibitors can be present in certain cell types (like germ lines in Drosophila), suggesting
that blocking P-TEFb function may broadly suppress germ line transcription prior to the
appropriate developmental stage (Hanyu-Nakamura et al, 2008).

P-TEFb phosphorylates the Pol Il CTD at Ser2 residues, which cancels inhibition of
early elongation (Cheng & Price, 2007; Marshall & Price, 1995). In addition, Ser2-P will then
provide a platform for assembly of complexes that travel with the polymerase through the
gene. This includes factors that regulate transcription elongation, RNA processing and
termination (Peterlin & Price, 2006), as well as the modification and remodeling of histones
(Li et al, 2007) (Figure 10).

As mentioned above, in addition to its role in phosphorylation of Ser2, P-TEFb has
also been shown to phosphorylate NELF and DSIF, which facilitates the release of NELF.
Accordingly, in vitro transcription systems indicate that the kinase activity of P-TEFb cancels
the repressive effect of NELF (Peterlin & Price, 2006). Without NELF, DSIF converts from a
negative to a positive elongation factor (lvanov et al, 2000; Kim & Sharp, 2001). DSIF will
then interact with factors implicated in mRNA maturation and surveillance through its SPT5
subunit (Lindstrom et al, 2003; Pei & Shuman, 2002).

P-TEFb can be directly recruited to genes by transcription activators like NF-kB and c-
myc (Barboric et al, 2001; Eberhardy & Farnham, 2002). Moreover, artificial recruitment of
P-TEFb enhanced transcription from the Drosophila hsp70 gene, suggesting that delivery of
P-TEFb to promoters may be a key role of transcription activators (Lis et al, 2000). Recently,
a Super Elongation Complex has been described, which contains P-TEFb together with
elongation factors like ELL and a number of chromatin remodeling factors, like PAF1 (Lin et
al, 2010; Sobhian et al, 2010). These studies suggest that P-TEFb may be often associated

with the elongating polymerase as part of a large, multi-protein complex.
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Once phosphorylation of DSIF by P-TEFb removes NELF from the elongation complex,
other factors will be recruited to Pol Il which will provide the ability to elongate with
approximately ~3.8 kb/min rate (Singh & Padgett, 2009). After transition to productive
elongation, the Pol Il complex is very stable, and can transcribe tens, or even hundreds of kb

without dissociating from the DNA template (Singh & Padgett, 2009).

e) TFIIS

In most cases, a transcriptionally arrested Pol Il cannot resume elongation without
help. Transcription arrests result from the Pol Il “backtracking”. During backtracking, Pol Il
moves backward relative to the DNA template, which results in misalignment of the catalytic
active site and 3’ end of the nascent RNA transcript. This pause turns gradually into arrest in
a time-dependent fashion (Gu & Reines, 1995). Arrested Pol Il complexes resume productive
elongation via the elongation factor TFIIS. This eukaryotic factor promotes Pol Il readthrough
at transcriptional arrest sites (Conaway et al, 2003; Fish & Kane, 2002). TFIIS was initially
identified by its ability to stimulate transcription in vitro, and was shown to function after
transcription initiation, as well as to stimulate elongation by reducing Pol Il pausing (Bengal
et al, 1991; Sluder et al, 1989) (Figure 10).

Studies further demonstrated that TFIIS stimulates RNA polymerase-mediated
transcript cleavage. The cleavage reaction is intrinsic to the RNA polymerase itself, but is
enhanced in the presence of accessory factors, such as TFIIS (Orlova et al, 1995; Rudd et al,
1994). The generation of a new 3’ end for the nascent RNA will position the transcript
properly in the catalytic site (Fish & Kane, 2002). The active site of Pol Il undergoes extensive
structural changes during TFIIS binding, and these structural changes are consistent with a
realignment of the RNA in the active center. TFIIS was observed to extend along the surface
of Pol Il, insert into a pore, and reach the active site from the bottom face of Pol I
(Kettenberger et al, 2003).

In general, TFIIS localizes to the coding regions of genes as shown by ChIP and physically
interacts with the Spt5 subunit of DSIF (Lindstrom et al, 2003; Pokholok et al, 2002). In
addition, TFIIS is expected to play a critical role also in promoting the activity of early

elongation complexes at promoters. Indeed, global analysis of paused genes in Drosophila
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reveals that Pol Il backtracking and TFIIS induced transcript cleavage are common amongst
early elongation complexes (Nechaev et al, 2010). RNAi mediated depletion of TFIIS delays
the induction of heat-shock genes; but surprisingly, global gene expression profiles are not

significantly affected (Adelman et al, 2005).

f) TFIIF

Additionally to its important role in PIC formation, TFIIF reduces the time Pol Il is
paused and stimulates the rate of elongation. Both subunits of TFIIF contribute to
transcription initiation and elongation (Bengal et al, 1991; Izban & Luse, 1992; Tan et al,
1994). Following its release from the PIC complex, TFIIF associates with the elongation
complex, in particular when the Pol Il complex has stalled. Consistent with this finding, TFIIF
has the ability to associate with both the Pol lla present in initiation complexes, and the Pol
llo found in the elongation complex (Zawel et al, 1995) (Figure 10). TFIIF localizes
predominantly near the promoter region, not uniformly throughout the coding region, and it
appears also at 3’untranslated region (Krogan et al, 2002; Pokholok et al, 2002). These
findings are in agreement with mechanistic studies demonstrating that TFIIF does not travel

with Pol I, but re-associates with those which encounter a block to elongation.

g) Elongin complex

The complex has three subunits: the transcriptionally active elongin A, the regulatory
B and C proteins. Similar to TFIIF, elongin A stimulates the rate of Pol Il transcription but it is
not required for PIC formation or initiation (Takagi et al, 1996)(Figure 10).

Elongin B is a member of the ubiquitin homology gene family, and elongin C contains
homology to a subunit of the yeast SCF complex that targets proteins for polyubiquitination
(lvan & Kaelin, 2001). Therefore, it was previously speculated that elongin may facilitate the
ubiquitination of Pol Il or other transcriptional cofactors (Shilatifard et al, 2003). The large
subunit of Pol Il becomes ubiquitinated upon Ultraviolet (UV) radiation, or other DNA
damaging agents in a manner dependent on CTD phosphorylation (see section 12). It is

contradictory but possible, that the function of elongin in vivo is related to the disassembly
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of the Pol Il elongation complex that encounters blocks to elongation, such as lesions on the
DNA. Elongin may associate with stalled Pol Il and promote its degradation, allowing the
repair machinery to gain access and subsequently repair the DNA. However, a link between
the elongin complex and specific ubiquitination events remains to be elucidated (Mitsui &

Sharp, 1999; Ratner et al, 1998).

h) The ELL family

ELL is functionally analogous to TFIIF and Elongin. It suppresses Pol Il pause, and

stimulates the transcriptional rate. It was shown that ELL associates with active sites of
transcription following heat shock and co-localizes with the elongation-competent form of
Pol Il in Drosophila (Gerber et al, 2001; Shilatifard et al, 1996).
The ELL family contains ELL1, ELL2 and ELL3. ELL1 directly increases the catalytic rate of Pol I
by suppressing transient pausing of Pol Il along the DNA template (Shilatifard et al, 1996).
ELL1 had been also identified as a fusion partner of the mixed lineage leukemia (MLL)
protein (Thirman et al, 1994). MLL plays an important role in maintaining the appropriate
expression of the Hox gene loci in hematopoietic cells and is a key regulator of
hematopoietic stem cell development (Smith et al, 2011a). ELL2 and ELL3 were identified
and shown to have similar elongation stimulatory activity (Miller et al, 2000).

In Drosophila, there is only one ELL that is colocalizing with Pol Il at heat-shock gene
loci upon heat shock (Gerber et al, 2001).

The ELL family members ELL1-2-3, together with:

the MLL translocation partners AF4/ FMR2 family member 1 and4 (AFF1, AFF4),

eleven-nineteen leukemia (ENL)

ALL1-fused gene from chromosome 9 (AF9)

and the Pol Il elongation factor P-TEFb

can form a Super elongation complex (SEC) following translocation of MLL to any of the
genes encoding SEC components (Smith et al, 2011a).

SEC was first found to be required for the aberrant activation of MLL chimera target genes
through misregulation of transcription elongation checkpoint control (TECC), which supports

a role for abnormal transcription elongation control during leukemogenesis. SEC also has a
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major role in the regulated release of paused Pol Il and gene activation in normal physiology

(Luo et al, 2012).

ELL can be a part of a second complex named little elongation complex (LEC), which different
subunit composition: LEC contains ICE1 (interacts with the C terminus ELL subunit 1) and ICE2 (also
known as NARG2) LEC might have a role in the expression of Pol Il transcribed snRNA genes (Smith et

al, 2011b).

i) CSB

CSB (Cockayne Syndrome) is a DNA-dependent ATPase that has been linked to
transcriptional elongation. CSB gene was shown to stimulate the rate of elongation in vitro,
to directly bind Pol Il, and to affect the activity of TFIIS. Aside from transcriptional
elongation, CSB has a role in transcription-coupled nucleotide repair and base excision
repair. Patients with CS exhibit defects in nucleotide excision repair (discussed at section

10/U.) (Licht et al, 2003).

L. Elongation factors with chromatin remodeling ability

In addition to the transcriptional pause and arrest, the requirement of Pol Il to pass
through a nucleosome represents a major block to transcriptional elongation. It is known
that the chromatin structure within active genes is altered to increase DNA accessibility.
Later, it became clear that there are histone modifiers which support Pol Il transcription on

chromatin templates in a reversible manner.

i) SWI/SNF

SWI/SNF (homothallic switching deficient/sucrose non-fermenting) is an ATP-
dependent chromatin-remodeling complex. SWI/SNF can be recruited to a gene via

interaction with a transcriptional activator (Narlikar et al, 2002).
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It has been shown that SWI/SNF has a role in releasing promoter proximal paused Pol Il in
vitro, moreover SWI/SNF components were found in the body of transcribed genes, not only
in the promoter regions (Armstrong et al, 2002; Subtil-Rodriguez & Reyes, 2010).

Based on these observations, it has been proposed that SWI/SNF is required to help RNAPII
overcome a nucleosomal barrier in the body of the genes, in vivo. According to a recently
established model, SWI/SNF is recruited to the arrested Pol Il, and then the translocase
activity of the complex might draw DNA into the nucleosome from one side, creating a loop
that traverses or evicts the nucleosome. The transient destabilization of the interactions
(pass of the loop) around the dyad would facilitate progression of RNAPII across this region

and across the nucleosome (Subtil-Rodriguez & Reyes, 2011; Zhang et al, 2006).

k) Chd1

The ATPase CHD1 (chromo-ATPase/helicase-DNA binding domain) remodels
nucleosomes in vitro and appears to function in both elongation and termination. Studies
performed on polytene chromosomes in flies revealed that Chdl associates with highly
active sites of transcription (Stokes et al, 1996; Tran et al, 2000). Moreover, Chd1 physically
associates with PAF, DSIF and FACT complex. A recent model proposes that Chd1 to regulate
chromatin structure by preventing trans-histone exchange from taking place over coding

regions (Smolle et al, 2012).

1) FACT and Spt6

There are two well known factors, FACT and Spt6 which are central to regulating
chromatin structure during elongation. FACT and Spt6 have been shown experimentally to
be important in maintaining chromatin structure disrupted by active transcription (Mason &
Struhl, 2003).

The FACT (facilitates chromatin transcription) complex is a heterodimer comprised of
hSpt16 and the HMG-box protein SSRP1 (Orphanides et al, 1999). During transcription FACT
destabilizes the nucleosome by selectively removing one H2A/H2B dimer, thereby allowing

Pol Il to traverse a nucleosome.
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Spté promotes nucleosome assembly in vitro and interacts with histones,
preferentially histone H3. Spt6 specifically co-localizes to actively transcribed regions

together with the elongating form of Pol Il (Bortvin & Winston, 1996; Kaplan et al, 2000).

M. Elongation factors which maintain histone modifications

PAF complex was identified by its ability to associate with Pol Il in yeast. It has five
subunits: Pafl (RNA polymerase-associated factor 1), Ctr9, Cdc73, Rtfl, and Leol (Krogan et
al, 2002; Squazzo et al, 2002). The PAF complex has been demonstrated to cross-link
throughout the entire length of genes, consistent with its functioning as an elongation factor
(Krogan et al, 2002; Pokholok et al, 2002). PAF is central to maintain histone
posttranslational modifications during transcription.

PAF is required for the recruitment of Set2 (Histone methyltransferase) to coding
regions, which results in H3K36 methylation. It associates with the Setl histone
methyltransferase. Additionally, histone methylation at H3K4 and H3K79 depends on the
PAF complex.

Components of PAF are also required for histone H2B monoubiquitination, a histone
modification shown to be a prerequisite for H3K4 and H3K79 methylation (Briggs et al, 2002;
Krogan et al, 2003; Wood et al, 2003).

H2B is deubiquitinated by Ubp8 component of SAGA complex therefore it attracts
SAGA together with Elongator acetyltransferase complex, they may responsible for the
permissive acetylation mark through the gene body (Rodriguez-Navarro, 2009; Wittschieben

et al, 2000).

7. Transcription termination and 3’ end processing

Transcription termination occurs when the transcribing Pol Il releases the DNA
template and the nascent RNA. Termination by Pol Il does not occur at a certain conserved
sequence or constant distance from the 3’-end of mature RNAs. In mammals, termination
can occur within, and up to several kilobases downstream from the ORF (Proudfoot, 1989). It

is long known that Pol Il transcription termination is coupled to 3’-end processing of the
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nascent RNA, and that an intact polyadenylation (poly(A)) signal is necessary for
transcription termination of protein-coding genes in human and yeast cells (Buratowski,
2005; Connelly & Manley, 1988). Transcription termination serves many vital functions in
gene expression. For example, as Pol Il continues transcription after completing the pre-
mRNA, termination prevents Pol Il from interfering with downstream DNA elements, such as
promoters, and promotes Pol Il recycling. Biased termination leads to decreased splicing,

increased rate of RNA degradation and reduced initiation at the promoter of the given gene.

N. 3’ end processing of pre-mRNA

In mammals, cleavage and polyadenylation occur around 10—-30 nt downstream from
a conserved sequence: AAUAAA, and 30 nt upstream of a less conserved U- or GU-rich
region. Once Pol Il transcribes the AAUAAA signal, Pol Il pauses and the poly(A) signal is
recognized by the cleavage and polyadenylation specificity factors (CPSF), together with
Cleavage stimulation factors (CstF).

CPSF contains five subunits: CPSF30, CPSF73, CPSF100, CPSF160, and Fipl. CstF
contains three subunits: CstF50, CstF77, and CstF64 which directly recognizes the U/GU-rich
element.

The endonucleolytic cleavage that precedes polyadenylation is carried out by CPSF-73
(Mandel et al, 2006). In addition, CPSF-73 is also likely responsible for cleavage of non-
polyadenylated histone pre-mRNAs (Yang et al, 2009). CPSF160 directly recognizes AAUAAA,
binds to and delivers CPSF-100, CstF-77, poly(A) polymerase (PAP), and Fipl to the poly(a)
signal (Kaufmann et al, 2004)(Figure 11).

The cleavage complex contains additional factors, like CFl (cleavage factor), which
responsible for the regulation of poly(A) site selection and 3’ end processing, CFll which
mediates RNA kinase activity and symplekin which is a scaffold-like protein(de Vries et al,
2000; Takagaki & Manley, 2000). Once the poly(A) is enough long, it is bound by PABP
(poly(A)-binding protein) which is required for correct poly(A) tail synthesis and protects the

pre-mRNA from exonuclease degradation (Minvielle-Sebastia et al, 1997).
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O. Different 3’ end processing and termination pathway on short,
none-polyadenylated transcripts

Mammalian replication-dependent histone proteins are encoded by mRNAs that do
not possess a poly(A) tail at their 3’-end, but rather a stem loop structure. The 3’-ends of
histone mRNAs are generated by endonucleolytic cleavage 3’ to a dinucleotide CA,
positioned downstream from a conserved stem—loop and upstream of a purine-rich histone
downstream element (HDE). The conserved stem-loop is recognized and bound by SLBP
protein (stem-loop binding protein), while HDE is recognized by the 5’-end of the U7 snRNA
(Marzluff et al, 2008). The 3’ cleavage is most likely performed by CPSF-73. In addition to
these, another factor is required for histone pre-mRNA processing (Figure 11). It is called
Heat-Labile Factor (HLF), which is required for histone pre-mRNA cleavage and was found to
contain polyadenylation factors, including CPSF subunits. Histone transcription continues
only a few hundred nucleotides past the 3’-end of the mRNA and the termination of
transcription is, like other protein-coding genes, dependent on 3’-end processing (Chodchoy
et al, 1991).

Mammalian spliceosomal snRNAs (U1, U2, U4, and U5) are also intronless and non-
polyadenylated RNAs. Formation of their 3’-ends depends on specific ShnRNA promoters but
does not require a poly(A) site or HDE, but rather a 3’-box element located 9-19 nt
downstream from the mature 3’-end of snRNAs. After endonucleolytic cleavage downstream
from the 3’-box, snRNAs carry an extended 3’-end that is trimmed after their export to the

cytoplasm (Egloff et al, 2008).
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Figure 11: Comparing the mechanism of 3’-end formation polyadenylated mRNA versus none-polyadenylated
histone mRNA. (RNA is in red, and DNA is in black). For poly(A)" mRNA, only factors conserved with histone
pre-mRNA processing are shown. The rest of the poly(A) complex is depicted by a large grey shadow. Pol Il (in
light blue) is depicted with striped CTD, and the position of the ssDNA bubble is depicted with associated
nascent RNA. Histone 3’ processing factors are indicated. The cap at the 5’ end of mRNA is depicted as a red
ball. The histone mRNA 3’ hairpin is shown, as is the U7 RNA hairpin and the interaction with the histone
downstream element (HDE). Positions of cis RNA 3’-end processing sequence elements are shown in white
boxes. mRNA products of poly(A)" and histone pre-mRNA 3’-end processing are shown (in boxes), as is the
subsequent coupled termination of Pol Il by Xrn2-mediated torpedo effects [established for poly(A)" genes, but
only inferred for histone genes]. (I adopted the figure together with the complete figure legend from
(Proudfoot, 2011) without any modification, as the legend is essential to fully understand the illustrated
models).

P. Transcription termination I: Torpedo model

The role of 3’ end processing in transcription termination was explained by several
different models. One of the oldest, but strongly supported model is the “torpedo model”.
According to this theory, the cleavage after the poly(A) site creates an uncapped 5’
monophosphate, which is an entry site for a 5'—3’ exonuclease. This exonuclease (Ratl in
yeast/Xrn2 in mammals) follows Pol Il and degrades the unnecessary RNA product (Figure
12). According to this model, it promotes Pol Il release when it catches up and collides Pol I

destabilizing the elongation complex (Connelly & Manley, 1988).
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The torpedo model is supported by studies that demonstrated the role for the 5’3’
exonuclease in Pol Il termination. These studies showed that inactivation of the exonuclease
resulted in defects in termination, as measured by ChIP and/or nuclear run-on experiments
(Kim et al, 2004; West et al, 2004).

XRN2 activity is likely not sufficient to force RNA and Pol Il release from the template.
Depletion of XRN2/Ratl inhibits but does not abolish termination, and digestion of
polymerase-associated RNA is not sufficient to disassemble the elongation complex in vitro
(Kim et al, 2004; Kireeva et al, 2000). Therefore transcription termination may occur due to
the combination of the mentioned model and additional events mentioned in a second

proposed model, called allosteric/anti-terminator model.

Q. Transcription termination Il: Allosteric/anti-terminator model

The allosteric model proposes that transcription through the poly(A) site triggers
conformational changes and/or factor changes in the productive elongation complex, which
facilitates its release from the DNA template. For example, by recruitment of the 3’
processing factors, and/or negative elongation factors, or release of an anti-termination
factor. The following changes would destabilize the complex, resulting in termination (Logan
et al, 1987)(Figure 12).

Termination induced by conformational change in the elongation complex after the

poly(A) signal might be mediated by the CTD of Pol Il (Rosonina et al, 2006).
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Figure 12: Comparing the (A) Allosteric/Anti-terminator model with the (B) Torpedo model. (A) The
transcription through the poly(A) signal causes conformational changes and/or factor changes in the elongation
complex (EC). Positive elongation factors may dissociate and termination factors/negative elongation factors
may be recruited, which will facilitate the release of EC/Pol Il from the DNA template. (B) Cleavage of the
nascent transcript generates a new, uncapped 5’ end that is targeted and degraded by Ratl/XRN2 nuclease.
XRN2 follows the EC and upon “collision” EC releases the template DNA.

R. Chromatin remodeling factors at the 3’ end of genes

Chromatin architecture plays an important role in gene expression. Chromatin
remodeling coordinates elongation with termination and 3’-end processing. Most
commonly, chromatin remodeling occurs via histone modifications or via the action of ATP-
dependent remodeling complexes. ATP-dependent remodelers like SWI/SNF play crucial
roles in transcription initiation and recently, evidence has accumulated which showing that
these factors may also function in transcription termination. Yeast Chd1l was identified as a
termination as deletion caused alterations in chromatin structure at the 3’-end of genes.

ChIP analysis confirmed the presence of the CHD/Mi2 and ISWI complexes at the
terminator regions of yeast protein-coding genes. Additionally, an ATPase-deficient version
of Iswl resulted in a termination defect at the 3’-end of protein-coding genes (Alen et al,

2002; Morillon et al, 2003).
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These data show that chromatin remodeling is important for termination and suggest

that Pol Il pause and termination requires presence of remodelers.

8. Pol Il pause downstream from 3’-end of genes

ChIP and genome-wide analyzes of human genes frequently shows a high density of
Pol Il at promoter regions that decreases throughout the gene body and increases
downstream from the poly(A) site (Glover-Cutter et al. 2008). This increased Pol Il density at
the 3’-end may reflect pausing or slowed down Pol Il that undergoes termination. These
long, sometimes up to 6 kb long Pol Il pauses were first suggested to be due to transcription
pause sites located downstream from poly(A) sites, which appear to play a role in Pol Il 3’-
end processing and termination, at least in some mammalian genes (Enriquez-Harriset al.
1991; Plant et al. 2005). These pause sites might be G-rich sequences like the MAZ element
(G5AG5), which was identified downstream from the poly(A) site of the liver-specific C2
complement gene (Ashfield et al. 1994; Yonaha and Proudfoot 1999, 2000). This sequence is
a potential binding site for the transcription factor MAZ (MYC-associated zinc-finger protein)
that was suggested to promote poly(A)-dependent termination. Additionally, it has been
suggested that the poly(A) signal itself can direct Pol Il pausing that is mediated by CPSF, and
the strength of the poly(A) site correlates with the efficiency of pausing-dependent
termination (Plant et al. 2005; Gromak et al. 2006).

These observations, combined with the two termination model (torpedo/allosteric)
raised a new model (Figure 13) which suggest that the poly(A) signal promotes Pol Il pause
by turning CPSF ,into a negative elongation factor. CPSF might travel with Pol Il as a part of
the elongation complex (Calvo & Manley, 2003; Dantonel et al, 1997), or can be recruited
upon the AAUAAA sequence. Then, on the slowed down/paused Pol Il, CPSF would recruit
CstF in the presence of Ser-2 phosphorylated CTD. Binding of CstF is followed by the
appearance of CFll. Once the cleavage apparatus is mature enough, it will cut the 3’ end of
the nascent mRNA. The upstream RNA product will be polyadelyated and the downstream
RNA with uncapped 5’ terminus will be an entry point for the XRN2 exonuclease. XRN2
degrades the unnecessary RNA product and follows Pol Il that is slowed down by the

cleavage factors and the G-rich sequences until they collide. Upon collision (which is rather
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stochastic, and explains the long Pol Il densities), the unstable Pol Il will release the template

and the nascent mRNA (Nag et al, 2006; Nag et al, 2007).
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Figure 13: Suggested model for Pol Il transcription termination on polyadenylated genes. When a(A) Pol Il

elongation complex with decreased Ser5-P and increased Ser2-P signal on its CTD transcribes the poly(A) signal
(PA). (B) The exposed AAUAAA sequence and the Pol Il body is bound by CSPF and slows down Pol Il as a
negative elongation factor. (C) CPSF recruits CstF and CFll with the help of Ser2-P CTD of Pol Il. Upon exposure
of the GU-rich binding site, CstF dislodges CPSF which cuts the nascent RNA between AAUAAA and the GU-rich
sequence (red X). Following cleavage, (D) XRN2 degrades the downstream RNA products, and upon “collision”
with Pol Il it may facilitate transcription termination.-

Pol Il terminates differently on genes coding for small non-coding transcripts and non
polyadenylated transcripts which can be due to the different 3’ end processes. In yeast the
Pol Il termination on these short transcripts is suggested to be mediated on the R-loops
formed during transcription by the cooperative function of Nab3 (nuclear polyadenylated
RNA-binding 3) Sen1 (putative RNA and DNA helicase) and Nrd1(RNA-binding protein). In this
model instead of Ratl collision, Senl mediates termination by unwinding the RNA-DNA

hybrid in the active center of Pol Il (Kuehner et al, 2011).
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RESULTS L.

III. Genome-wide characterization of Pol II pause
downstream from 3’ end of genes

As illustrated above, many efforts have been made to fully understand Pol Il
transcription termination however, there are still many missing details to build a final model,
which explains how Pol Il finish transcription. It seems that transcription termination cannot
be handled as an individual and independent process as more and more evidence links it to
other nuclear processes. Furthermore, the diversity of transcripts that Pol Il synthesizes and
the continuous need for re-initiation have probably placed a significant pressure on the cell
to evolve alternative and redundant termination mechanisms as it is the case for short non-
coding transcripts. This idea, together with the powerful evidences showing links between
Pol Il pause, pre-mRNA 3’ end processing and termination urge the genome wide
investigations of transcriptional events downstream from 3’ end of genes.

Genome wide studies in mammalian systems were mainly focusing on early
transcriptional activities, such as initiation and promoter proximal pausing. Therefore to
better understand the Pol Il behavior during termination, | carried out a genome wide
project to characterize Pol Il pause genome wide downstream of 3’end of genes.

The results of these studies are presented and discussed in the two following

publications:
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Abstract

Recent genome-wide chromatin immunoprecipitation coupled high throughput sequencing (ChIP-seq) analyses performed
in various eukaryotic organisms, analysed RNA Polymerase Il (Pol Il) pausing around the transcription start sites of genes. In
this study we have further investigated genome-wide binding of Pol Il downstream of the 3’ end of the annotated genes
(EAGS) by ChIP-seq in human cells. At almost all expressed genes we observed Pol Il occupancy downstream of the EAGs
suggesting that Pol Il pausing 3’ from the transcription units is a rather common phenomenon. Downstream of EAGs Pol Il
transcripts can also be detected by global run-on and sequencing, suggesting the presence of functionally active Pol II.
Based on Pol Il occupancy downstream of EAGs we could distinguish distinct clusters of Pol Il pause patterns. On core
histone genes, coding for non-polyadenylated transcripts, Pol Il occupancy is quickly dropping after the EAG. In contrast, on
genes, whose transcripts undergo polyA tail addition [poly(A)'], Pol Il occupancy downstream of the EAGs can be detected
up to 4-6 kb. Inhibition of polyadenylation significantly increased Pol Il occupancy downstream of EAGs at poly(A)* genes,
but not at the EAGs of core histone genes. The differential genome-wide Pol Il occupancy profiles 3’ of the EAGs have also
been confirmed in mouse embryonic stem (mES) cells, indicating that Pol Il pauses genome-wide downstream of the EAGs
in mammalian cells. Moreover, in mES cells the sharp drop of Pol Il signal at the EAG of core histone genes seems to be
independent of the phosphorylation status of the C-terminal domain of the large subunit of Pol Il. Thus, our study uncovers
a potential link between different mRNA 3’ end processing mechanisms and consequent Pol Il transcription termination
processes.

Citation: Anamika K, Gyenis A, Poidevin L, Poch O, Tora L (2012) RNA Polymerase Il Pausing Downstream of Core Histone Genes Is Different from Genes
Producing Polyadenylated Transcripts. PLoS ONE 7(6): €38769. doi:10.1371/journal.pone.0038769

Editor: Nicholas S. Foulkes, Karlsruhe Institute of Technology, Germany
Received December 13, 2011; Accepted May 13, 2012; Published June 11, 2012

Copyright: © 2012 Anamika et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: AG is supported by a fellowship from Fondation pour la Recherche Médicale (FRM) France. This work was supported by grants from the EU (European
Transcriptome Regulome & Cellular Commitment Consortium EUTRACC, LSHG-CT-2007-037445 and EPIDIACAN), SkinChroma-CNRS and the Institut National du
Cancer (INCA; 2008 Ubican) to LT and Agence nationale de la recherche (ANR-09-BLAN-0266) to LT and OP. The funders had no role in study design, data
collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.
* E-mail: laszlo@igbmc.fr

® These authors contributed equally to this work.

Introduction microarrays (ChIP-chip) or to high throughput sequencing
(ChIP-seq). These reports uncovered a significant fraction of
genes that have high levels of Pol II density at or around their
TSSs when compared to the transcribed region of the genes
[4,5,6,7,8,9,10]. Many of these genome-wide experiments dem-
onstrated that these high peaks, reflecting Pol II binding
accumulation at promoters, were centered around a region 20—
50 nucleotides downstream of the TSSs of the genes. Thus, it is
now accepted that these high Pol II densities or occupancy signals
reflect Pol II pausing at promoter-proximal sites of many
transcribed, but also non-transcribed, genes in different organisms.
Promoter proximal pausing (PPP) of Pol II was first described at
transcription factors (GTFs) on the promoter [1]. Recruitment of ;¢ Drosophila heat shock gene (HSP70) promoters, and shown that
Pol II' to eukaryotic gene promoters by specific transcription Pol II stalls 20-50 nucleotides downstream from the T'SS [11,12].
factors is a key regulatory step in transcription initiation [2,3]. PPP was once considered a rare phenomenon, but the recent

Several studies analysed Pol Il binding at the promoter and its genome-wide reports have demonstrated that it is a common and
entry in transcription genome-wide by using chromatin immuno- widespread regulatory step in eukaryotic Pol II transcription
precipitation (ChIP) assay coupled either to genomic DNA [6,7,8,9,13]. In some of these earlier analyses, Pol II pausing has

RNA polymerase II (Pol II) transcription is a highly regulated
process that requires coordinated action of numerous transcription
factors. It can be divided into initiation, promoter escape,
elongation and termination phases. Transcription initiation is a
complex series of ordered multistep process that involves the
recruitment of Pol II to a promoter, local melting of the DNA
around the transcription start site (T'SS), and formation of the first
few phosphodiester bonds of mRNA. Recognition of promoters
begins with the assembly of a large protein complex, called the
preinitiation complex (PIC), containing Pol I and multiple general
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been observed at the 3" end of the genes however none of these
genome-wide Pol II binding studies analysed and characterized in
details Pol II binding and pausing around the 3’ of the
transcription units.

It is long established that 3'-end processing is absolutely
required for transcription termination [14]. Transcription termi-
nation is defined as the cessation of RNA synthesis and release of
Pol IT from its DNA template [15]. The analysis of transcription
termination event carried out on few model genes showed that
termination is dependent on polyadenylation (polyA) signals and
downstream terminator sequences [16]. Pol II has been suggested
to terminate transcription at sites positioned between 100 bp and
several kbps downstream of the 3’ end of the annotated genes
(EAGs) [17,18,19,20,21]. Downstream of the EAGs two classes of
terminator sequences have been identified in human genes: G-rich
transcription pause sites and co-transcriptionally cleaved (CoTC)
RNA sequences [16,21,22,23]. Earlier reports suggest a link
between transcription termination and 3" end processing of Pol II
transcripts in which two general models were put forward: the
“allosteric” or “anti-terminator”” model and the “torpedo” model
[24,25]. The allosteric model proposes that the presence of a
polyadenylation sequence on the RNA triggers a change in the
factors associated with the polymerase [26]. In this model, binding
of the cleavage and polyadenylation specificity factors (CPSFs) and
the cleavage stimulation factors (CstFs) to the AAUAAA polyad-
enylation signal on the nascent pre-mRNA favors transcription
termination by displacing elongation factors and consequently
rendering Pol II less processive [24,27,28,29]. In the torpedo
model, the cleavage event at the polyadenylation site generates a
new 5" end [30]. Unlike the capped 5" end of the pre-mRNA, this
extremity could act as an entry point for an activity (such as Xrn2
exonuclease or a helicase) that would track along the RNA and
dissociate the polymerase from the DNA template. A recent work
has shown that the 5'-3" exonuclease Xrn2 in human and Ratl in
yeast are required for efficient termination [31,32]. The 3'-end
processing coupled termination of Pol II by Xrn2-mediated
torpedo effects are established for poly(A)* genes, but only inferred
for histone genes [14]. However, Luo et al. (2006) reported that
neither the “anti-terminator” nor the “torpedo” model is sufficient
to cause Pol II termination, instead a termination mechanism,
which is a hybrid of the two models, may exist [33].

Besides the existence of a link between pre-mRNA 3’ end
processing and termination, Pol II pausing has also been
implicated in promoting transcription termination. Studies in
mammalian cells indicate that termination can be separated into
two steps: pausing and polymerase release [34]. Recently, a study
performed on the B-globin/B-actin reporter gene suggested that
R-loops formed by DNA/RNA hybrids near G-rich pause sites,
downstream of polyA signals may be involved in transcription
termination [35]. In contrast, other studies argue that Pol II
pausing is exclusively a function of polyadenylation signals and
does not require any additional elements or pausing sites in the
DNA sequence [36,37,38,39]. In mammalian systems, the main
focus of genome-wide study with respect to pausing was PPP and
pause/stalling at or 3’ of EAGs has been studied just for few
individual genes [40,41]. However, the full spectrum of genes
regulated by pausing and different pausing profiles at or
downstream of EAG has not yet been investigated at a genome-
wide level. Thus, it is not clear whether this phenomenon is
commonly occurring among mammalian genes.

To characterize Pol II pausing downstream of the EAG of the
transcription units in human MCF7 cells genome-wide, we used
high-resolution occupancy profiling by ChIP-seq of Pol II in
human cells. Comparison of our ChlIP-seq results with (i) recently
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published Gro-seq data [42], where the authors mapped genome-
wide the position, amount, and orientation of transcriptionally
engaged Pol II in MCF?7 cells, and (ii) published ChIP-seq data
from mouse embryonic stem cell (ESCs) with several different
forms of Pol II [5,43] indicates that active Pol II pauses genome-
wide downstream of the EAGs in mammalian cells. Interestingly,
Pol II occupancy downstream of the EAGs can be detected up to
6 kb from the EAGs, but core histone genes, which encode non-
polyadenylated transcripts, show a very narrow Pol II pause
downstream of their EAGs.

Results

The accumulation of both Pol Il and the corresponding
transcripts downstream of the EAGs is a genome-wide
feature of Pol Il transcription

To better understand Pol II behavior at the 3’ end of the
transcription units and in transcription termination, we have
analysed the patterns and profiles of Pol II binding downstream of
EAGs in differentiated human cells. To this end, we have
generated ChIP-seq data for Pol II from the MCF7 human breast
cancer cell line (GSE34001) by using an antibody that binds to the
N-terminus of the largest subunit of Pol II (N-20; Santa Cruz, H-
224X). This antibody allows the detection of Pol II independently
of the phosphorylation status of the C-terminal domain (CTD) of
its largest subunit. To test for non-specific binding, we carried out
a control ChIP-seq using an antibody raised against a yeast factor
that does not recognize any human proteins (Mock; GSE34001).
Sequencing reads were mapped to human genome, and uniquely
mapped reads were considered for further analyses. To avoid the
overlapping of Pol II occupancy signals downstream from the
EAGs with signals coming from neighboring transcription units,
only those human refseq genes (13787 genes) were analysed, which
were at least 4 kb away from the neighboring transcription units.
Pol II tag density —/+4 kb around the gene body and in the
transcribed regions was then calculated. The average tag density
calculated on 13787 genes, which do not have genes in —/+4 kb
neighboring region, shows that Pol II binding profiles are relatively
low in the transcribed regions, but higher at both, around the
TSSs and 3’ from the EAGs (Figure 1A). These data suggest that
genome-wide Pol II pauses not only at the TSSs, as previously
reported [40], but also downstream of the EAGs (Figure 1A).
Furthermore, a comparison of the Pol II ChIP-seq data with
publicly available Gro-seq data demonstrates that transcriptionally
engaged Pol II is present not only in the transcription units [42],
but also downstream of the EAGs (Figure 1B). The genome-wide
comparison of both, the Pol II occupancy and the corresponding
transcript production mapped by Gro-seq around the EAGs
(—500 bp to +4 kb from EAG; Figure 1C) of 500 highly expressed
genes (Table S1) shows that indeed transcriptionally active Pol II is
bound in the regions downstream from the EAGs. Interestingly, in
these regions all the transcripts identified by Gro-seq are mapping
in the sense orientation 3’ from the EAGs suggesting that they are
produced by Pol II molecules that have been transcribing pre-
mRNAs. As observed previously, by analyzing the transcription-
ally engaged Pol II obtained by Gro-seq [44], we did not detect
any significant antisense transcription 3’ from the EAGs of the
genes. Taken together our analysis, in good agreement with
previous studies [5,9,44], suggests that the accumulation of Pol II
downstream of the EAGs is a genome-wide feature of Pol II
transcription.
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Figure 1. Pol Il pausing and the corresponding transcripts
downstream of the EAGs are genome-wide features of Pol Il
transcription termination. Chip-seq data using an anti-Pol Il
antibody (N-20, our study) and Gro-seq [42] was carried out using
human MCF7 cells. A) Mean tag densities of ChIP-seq data of Mock
(Blue) and Pol Il (Pink) in average genes and —/+4 kb around them are
represented. Pol Il enrichment density of 13787 “non-overlapping and
isolated” refseq genes were calculated. TSS: transcription start site; EAG:
end of annotated gene. B) Mean tag densities of Mock (Blue) and Pol Il
ChIP-seq (Pink) and Gro-seq (Green) data on average 13787 “non-
overlapping and isolated” refseq genes, and —/+4 kb upstream and
downstream are represented. C) Mean Pol Il tag density from the ChlIP-
seq of Mock and Pol Il (Blue and Pink, respectively) and Gro-seq (Green)
data in the region —500 bp to +4 kb around the EAG of 500 highly
expressed genes (Table S1). Note that all the Gro-seq RNA reads map in
the sense orientation when compared to the pre-mRNA.
doi:10.1371/journal.pone.0038769.g001
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Different patterns of genome-wide Pol Il pausing
downstream of the EAGs

As in our initial analysis (Figure 1A and B), both expressed and
non-expressed genes were analysed to characterize Pol II pausing,
we next subdivided the non-neighboring 13787 isolated genes
relative to their i) 3’ Pol I pause densities and ii) expression. Pol IT
enrichment signals —/+4 kb around the EAGs were used for K-
means clustering (Figure S1A) [45]. Average Pol II tag density —/
+4 kb of EAGs was calculated (Figure S1B) and average gene
density profiles, considering regions —/+4 kb upstream and
downstream of the transcription unit were also generated (Figure
S1C). The identified Pol II enrichment patterns in combination
with gene expression data allowed us to subdivide the non-
neighboring 13787 refseq genes in two clusters (Figure SIA).
These data together with the analysis of the expression of the genes
in the two clusters show that genes in Cluster 2 are not or very
weakly expressed as compared to genes in the Cluster 1 (Figure
S1D). Thus, in order to study Pol II occupancy only at transcribed
genes we analysed the 3495 expressed genes (Cluster 1 in Figure
S1) by re-clustering them (Figure 2). Using K-means clustering and
seqMINER, a ChIP-seq data interpretation platform [45], four
new clusters based upon Pol II tag densities and patterns were
generated. Distinct patterns of Pol II binding profiles downstream
of the EAGs can be divided as follows: narrow (Cluster H), very
broad (Cluster PA1) and broad pause (Cluster PA2) (Figure 2A and
B). Interestingly, gene ontology (GO) analyses of members in these
categories indicated that genes in the narrow cluster are almost
exclusively core histone genes, which are intronless, code for non-
polyadenylated transcripts and involved in replication-dependent
nucleosomal assembly (Table 1), hereafter called Cluster H. Note
that the other three categories contained genes coding principally
for polyadenylated (PA) transcripts, thus these clusters are called
PA1-3. In the narrow peak-containing Cluster H, Pol II occupancy
signals decrease very rapidly after the EAG. In contrast, in Cluster
PA1 and PA2, Pol II occupancy is quite widespread and can be
detected until 4-6 kb downstream from the EAGs (Figure 2B).
The difference between PA1 and PA2 seems to be related to gene
expression as genes belonging to Cluster PA1 are higher expressed
than those belonging to Cluster PA2 (Figure 2C) which is in good
agreement with their higher Pol II occupancy downstream of the
EAGs (Figure 2B). Genes in the Cluster PA3, which have less (or
very less) Pol II enrichment, also show detectable Pol II occupancy
downstream of the EAGs (Figure 2B).

To validate the bioinformatically isolated Pol II pause patterns
downstream of the EAG (shown in Figure 2A and B), we have
carried out ChIP followed by quantitative PCR detection (ChIP-
gPCR). To this end we have randomly chosen two genes from
each cluster and designed primer pairs to detect Pol II occupancy
downstream from their EAGs (Figure 2D and E). For Cluster H,
which contains mainly histone genes, primers were designed about
100-300 bps and 1.5-2 kb downstream from EAGs (I and II in
Figure 2D, upper most panel; Figure 2E left panel). For Clusters
PA1-3 primer pairs were chosen on the selected genes to detect
peaks in regions approximately 0.5-1 kb, 2-3 kb and 4-5 kb
downstream of the EAGs (see I, II and III respectively in
Figure 2D; Figure 2E right panel). These validation experiments
confirmed the bioinformatically defined Pol II occupancy patterns
in each of the four clusters. Further in good agreement with the
bioinformatics analysis of ChIP-seq, on the narrow peak contain-
ing histone cluster (Cluster H), ChIP-qPCR using primer pair II
(situated 1.5-2 kb from EAG) did not amplify any significant
product, indicating that Pol II occupancy is rapidly dropping after
the 3’end of histone genes. In contrast, on the other three clusters,
ChIP-qPCR confirmed that Pol II occupancy downstream of the
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Figure 2. Genome-wide Pol Il pauses with different patterns downstream of the EAGs. Clustering of genes, which have relatively high Pol
Il enrichment 3’ of their EAGs and high microarray expression value (considering genes from Cluster 1 of Figure S1) generates four clusters: H, PAT,
PA2 and PA3. Total number of non-redundant refseq genes is 3495. Number of genes (or n) in each cluster is: Cluster H, n=39; Cluster PA1, n=74;
Cluster PA2, n=492 and Cluster PA3, n=2890. A) Heatmap generated after K-means clustering of Mock and Pol Il reads in the regions —/+4 kb
upstream and downstream of the EAG. Color scale indicates the level of enrichment. B) Mean tag densities of Mock (Blue) and Pol Il (Pink) on genes
—/+4 kb upstream and downstream of the EAG in each cluster. C) The distribution of the expression levels of genes belonging to the H, PA1, PA2 and
PA3 clusters (see A and B) is displayed by Whisker plot. The plots represent relative mRNA expression level of each cluster. The median is indicated
with a horizontal line in each box showing that genes in Cluster PA1 have higher relative mRNA expression level than Cluster PA2 and PA3. D) ChIP-
qPCR validation of the ChIP-seq data on two randomly selected genes (refseq ids and gene names are given) from each cluster. Pol Il occupancy (Pink
bars) compared to the mock (Blue bars) at different distances downstream from the EAGs are represented in input %. Distances from EAGs on the
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indicated genes: Cluster H: I: +0.1-0.3 kb, II: +1.5-2 kb; Cluster PA 1-3: I: +0.5-1 kb, Il: +2-3 kb, Ill: +4-5 kb. Error bars represent +/— standard
deviations. E) The locations of oligonucleotides, which were used to validate Pol Il pause profiles, are represented schematically.

doi:10.1371/journal.pone.0038769.9002

EAG in general could be detected on a large region, often covering
4-6 kb downstream of the EAGs. Thus, similarly to PPP (see
Introduction), we interpret these relatively high Pol II binding
signals downstream of genes as Pol II pausing. Moreover, these
experiments suggest that Pol II pausing 3’ from genes is different
on genes from which the transcribed pre-mRNA is polyadenylated
(Clusters PA1l to 3), or not (Cluster H). This genome-wide
observation is in good agreement with previous suggestions based
on single gene analyses [40] and may suggest a possible link
between Pol II pausing and the 3’ end processing of the
corresponding transcripts.

Pol Il pausing downstream from the EAGs on highly

expressed genes

Next we analysed Pol II occupancy on 100 highly expressed
poly(A)* genes (HEPA), independently from the distance of the
next neighboring gene(s), and found that on the majority of highly
expressed genes Pol II pausing downstream of the EAG sites is
similar to that described above in Cluster PAl (see Cluster
HEPAL, Figure 3A and B). However, a small subset of highly
expressed genes (about 10%) have high Pol II enrichment at their
TSSs, but no or very little Pol II occupancy downstream of their
EAGs (Cluster HEPA2 of Figure 3A and B).

To validate Pol II occupancy on genes in Cluster HEPA1 and
HEPA2 we have carried out ChIP-gPCR. To this end we have
compared Pol II occupancy downstream of the EAGs on two
randomly chosen highly expressed genes with high 3" peak with
those which have no or only very low 3" peaks (Figure 3C and D).
For genes belonging to each cluster, primer pairs were chosen to
detect peaks both at their T'SSs and in regions approximately 0.5—
1 kb, 2-3 kb and 4-5 kb downstream of the EAGs (I, II and III,
respectively in  Figure 3E). These ChIP-qPCR experiments
confirmed the absence of significant Pol II occupancy downstream
of the EAGs in a small fraction of the highly expressed genes
suggesting that on a smaller subset of genes Pol II pausing at the 3’
end of the genes might be differentially regulated.

Pol Il pausing downstream from the EAGs of core histone
genes is different from those transcription units

producing polyadenylated transcripts

Replication dependent core histone genes are intronless and
coding for mRNAs that have a different 3’ processing mechanism
than mRNAs transcribed from poly(A)* genes. Instead of polyA

tail addition, the cleavage-only mRNA 3’-end formation of core
histone genes involves stem-loop formation, the U7 snRNP,
hairpin-binding protein and specific components of the cleavage/
poly(A) complex [46,47,48,49,50]. As described in our above
analysis, looking for genes that have no neighboring genes in the
4 kb vicinity, the narrow Pol II peak-containing Cluster H
contained mainly core histone genes, prompted us to map Pol II
profile in and around all the known histone genes from the human
genome. As core histone genes are often found in clusters we have
analysed Pol II occupancy only —/+1 kb upstream and down-
stream of histone genes. These new K-means clustering and
profiling analyses of Pol II 1 kb around all histone genes show a
high Pol II enrichment throughout the gene body and a sharp
drop in the Pol IT occupancy 3" of the EAGs of core histone genes
(Cluster H1 of Figure 4A, B). In contrast, Pol II occupancy on
genes encoding non-replication dependent histone variants (which
generally have introns, are weaker expressed than core histone
genes and their transcripts undergo polyadenylation) is different
from the core histone genes (Cluster H2 of Figure 4A, B). On the
variant histone genes we did not observe the sharp drop of Pol II
occupancy downstream of the EAGs (Figure 4B) as in the core
histone genes, suggesting that 3" end processing on core histone
genes involving stem-loop formation may be in favor of a rapid Pol
II release. Moreover, our results further suggest that the
polyadenylation of variant histone transcripts may participate in
Pol II pausing on the corresponding variant histone genes before
transcription termination may occur.

As core histone genes are intronless, we have analysed Pol II
occupancy on all intronless genes from the human genome to test
whether the narrow Pol II pause profile downstream of the EAG
was characteristic of core histone genes or, rather, a common
feature of genes producing transcripts that do not undergo
splicing. Interestingly, the sharp drop of Pol II occupancy occurred
only downstream of EAGs of core histone genes suggesting that
the narrow Pol II pausing pattern 3" of EAGs is the characteristic
of core histone genes (Figure 5). Taken together these results with
the above qPCR validation results, suggest that Pol II pausing
downstream from the EAGs of core histone genes is different from
those transcription units producing polyadenylated transcripts.

@ PLoS ONE | www.plosone.org

Table 1. Gene Ontology (GO) terms (at significant P-values), associated with the clusters represented in Figure 2.
Cluster Number of genes Top GO biological process P-value
Cluster H 39 Nucleosome assembly 1.48E-012
Cluster PA1 74 Structural constituent of cytoskeleton 6.90E-003

Translational elongation 4.68E-002

Cell morphogenesis involved in neuron differentiation 4.68E-002
Cluster PA2 492 Translational elongation 6.15E-032
Cluster PA3 2890 Modification dependent protein catabolic process 5.10E-010

Chromatin modification 2.01E-009
doi:10.1371/journal.pone.0038769.t001
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MCF7 cells (for exact gene names see Table S2) mainly generated two distinct clusters in terms of Pol Il occupancy at the corresponding EAGs. A)
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Figure 4. On core histone genes Pol Il occupancy downstream of the EAGs is quickly dropping. Clustering of reads obtained following
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and —/+1 kb upstream and downstream of the genes.
doi:10.1371/journal.pone.0038769.9004

Differential Pol Il pausing downstream from the EAGs of
core histone genes and poly(A)" genes is conserved
between mouse and human cells and seems to be

independent from the developmental stage of the cells

In order to further investigate the differential pattern observed
for Pol II occupancy downstream of the EAGs on core histone and
poly(A)" genes in differentiated human cells and to analyse the
state of the phosphorylation of the C-terminal domain (C'TD) of
the largest subunit of Pol II, we analysed four different published
Pol II ChIP-seq data sets from pluripotent mouse embryonic stem
cells (mESs) [5,43]. In one of these studies, genome-wide Pol II
occupancy was investigated by using the antibody, which can
recognize the N-terminus of the largest subunit of Pol II (as above
for human MCF7 cells), allowing monitoring Pol IT independent of
the phosphorylation status of its CTD (see also ““T'otal Pol II”

@ PLoS ONE | www.plosone.org

Figure 6A). In addition, ChIP-seq data were also available for the
Ser2, Serd and Ser7 phosphorylated form of CTD of Pol II from
mES cells [5,43]. Using these data sets, we created two categories
of genes for each form of Pol II: actively transcribed poly(A)* genes
and core histone genes (Figure 6). In mES cells, similarly to human
cells, we observed (i) a differential Pol II pausing downstream from
the EAGs (Figure 6A, ““Total Pol II) and (i1) that “total” Pol 1I
pausing at the 3’ end of histone genes is narrow as compared to
the broad pause observed downstream of the expressed poly(A)*
genes (Figure 6A). We also investigated which form of Pol II is
recruited to the 3’ end of core histone genes (Figure 6B, C and D).
Our analyses show that Pol II occupancy profiles 3’ from the
EAGs are very comparable between differentiated human and
pluripotent mouse cells (compare Figure 1 and 2 to Figure 6A).
Moreover, we find that Ser2, Ser5 and Ser7 phosphorylated forms

June 2012 | Volume 7 | Issue 6 | e38769
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doi:10.1371/journal.pone.0038769.g005

of Pol II are present, but drop rapidly at the 3" end of the core
histone genes (Figure 6C and D). In contrast, but in good
agreement with previous studies [5,43], Ser2 phopshorylated form
of Pol I is mainly present in the gene body and peaks downstream
of the EAGs of poly(A)" genes (Figure 6B). Taken together these
results suggest that differential Pol II pausing downstream of the
EAGs of either core histone or poly(A)" genes is conserved in
vertebrate cells and seems to be independent from the develop-
mental stage of the cells. The observed conservation of the distinct
Pol II pausing downstream from the EAGs between core histone
and poly(A)* genes further suggest a possible differential link
between Pol II pausing and the 3’ end processing of the
corresponding transcripts.

@ PLoS ONE | www.plosone.org

Inhibition of polyadenylation increases Pol Il occupancy
downstream of the EAGs on poly(A)" genes, but not on
core histone genes

To test whether there is a functional link between Pol II
occupancy downstream of the EAGs and the 3’ end processing of
the corresponding transcripts we have inhibited poladenylation
using cordycepin ([51] and refs therein), and tested by ChIP-qPCR
whether we can observe a change in Pol II occupancy downstream
of the EAGs on poly(A)" genes when compared to core histone
genes. To test the effect of polyadenylation inhibition, MCF7 cells
were either not treated, or treated for 3 hours with cordycepin, as

described earlier [51]. Following the treatment, cells were
subjected to ChIP-qPCR analysis as described above. We
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Figure 6. Differential Pol Il pausing downstream from the EAGs is conserved between mouse and human cells and seems to be
independent from the developmental stage of the cells. A-D) Four different published Pol Il ChIP-seq data sets from mES cells [5,43] were
used to generate average gene profiles for different forms of Pol Il (Total, Ser2, Ser5 and Ser7 phosphorylated form of the CTD of the largest subunit
of Pol lI) for Poly(A)* and core Histone genes, as indicated on the top of the figure and on the left of the panels. Y-axis represents mean tag densities.
doi:10.1371/journal.pone.0038769.g006

observed that on the tested poly(A)* genes inhibition of polyad- the Pol II signal at the 3'end of the EAG (Figure 7 D). These
enylation increased Pol II occupancy downstream of the EAGs observations show that on poly(A)" genes there is a link between
(Figure 7 A, B and C; right panels). In contrast, on the tested core polyadenylation and the broad Pol II pausing downstream of the
histone gene the cordycepin treatment had no significant effect on EAGs and further suggest that Pol II pausing 3" of the EAGs, and
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Figure 7. Inhibition of polyadenylation increases Pol Il occupancy downstream of the EAGs on poly(A)" genes, but not on core
histone genes. ChIP-qPCR validation of Pol Il occupancy following cordycepin treatment on poly(A)" genes (A-C) and histone gene (D). Pol II
occupancy (Pink bars) is compared at promoters and at different distances downstream from the EAGs before and after cordycepin treatment. Values
are normalized to mock controls (Blue bars) and represented as relative signal intensity values. Distances: A, B, C: +0.5-1 kb, II: +2-3 kb, Ill: +4-5 kb
from EAGs of the indicated poly(A)" genes; D: I: +0.1-0.3 kb, II: +1.5-2 kb from EAG the indicated core histone gene. Error bars represent +/—

standard deviations.
doi:10.1371/journal.pone.0038769.g007

consequent termination, may undergo different types of regulation
depending on the 3’ end processing mechanisms of the transcripts.

Interestingly, the inhibition of polyadenylation by cordycepin
not only increased Pol II occupancy downstream of the EAGs of
poly(A)" genes, but reduced Pol II occupancy at the TSSs of the
genes tested (Figure 7A, B and C; left panels). This observation is
in good agreement with previous findings suggesting a functional
link between transcription initiation and termination by Pol II
[52]. Note that at the TSSs of core histone genes the g-PCR
reactions could not be carried out because the sonicated and
ChIP-ed DNA fragments are longer (500-1500 bps) than the
distance would be between the TSS of core histone genes and their
EAGs (300-500 bp), where the first -PCR primer pair has been
designed (see Figure 7D).

Discussion

Pol Il pausing on long regions downstream of the EAGs is
a common feature of genes producing polyadenylated

transcripts

Various RNA-processing events have been shown to occur
cotranscriptionally (reviewed in [14,24,28,53,54]). Despite its
apparent simplicity, the mechanism of Pol II termination is not
yet well understood. Moreover, different terminator sequences in
the downstream regions of EAGs and different transcription
termination mechanisms coupling 3’ end processing and termi-
nation exists (see Introduction). However, in the case of core
histone genes the link between the lack of Pol II pausing and pre-
mRNA 3’ end processing is less well characterized.

By analyzing genome-wide Pol II occupancy together with Gro-
seq data [42] in human MCF7 cells and Pol II occupancy in
mouse ES cells we report that on most of the expressed human and
mouse poly(A)* genes transcriptionally active Pol II pausing
downstream of EAGs is a common event. On these genes, Pol II
occupancy often covers a very long region, as ChIP signals can be
mapped up to 4-6 kb downstream of the EAGs. The fact that
majority of the expressed poly(A)* genes have significant Pol 1I
occupancy throughout a long region after the 3’ of the genes and
that core histone genes have a very sharp drop of Pol II occupancy
at 3’ of their EAGs, suggests that the different 3’ processing
regulatory mechanisms influence the residency time of Pol II
downstream of the EAGs. These differential Pol II occupancy
mechanisms 3’ of the distinct gene categories seem to be conserved
in vertebrates and not influenced by the differentiation state of the
cells.

According to a recent report, expressed genes are linked to
different specialized transcriptional factories and the size of the
“factory” depend on the strength of the expression of the genes
connected to these sites of transcription [55]. Thus, it is
conceivable that different transcription factories might have a link
with the different pause patterns observed in this analysis. In
agreement, poly (A)* genes belonging to the broad category are
higher expressed than those belonging to the very broad category
(Figure 2). Note, however, that in terms of DNA sequence,
amongst the downstream regions of poly(A)" genes belonging to
the very broad and broad categories we could not identify any

@ PLoS ONE | www.plosone.org
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significant differences and we do not know whether “allosteric-/
anti-terminator” or “torpedo” model type termination mecha-
nisms, or a hybrid of the two mechanisms, would play a role.

Our genome-wide results also suggest that the pausing step
downstream of the EAGs reflects a slowing down of the Pol II
elongation complex. It seems that on genes that produce
polyadenylated transcripts Pol II binding downstream of EAGs
is in general different than during transcription in the gene body in
terms of detectable Pol II occupancy. Moreover, in most of the
cases after the cleavage event at the polyadenylation site,
transcriptionally active Pol II can be detected for a long time
and distance on the DNA template. In good agreement, all the
transcripts identified by Gro-seq are mapping in the sense
orientation 3’ from the EAGs, suggesting that they are produced
by Pol II molecules that continue to transcribe after having
finished the pre-mRNAs. In this respect it is interesting that
mhibition of polyadenylation increased Pol 1I occupancy down-
stream of EAGs on poly(A)" genes suggesting that defective
polyadenylation can signal to the terminating Pol II, to slow down.
Such a signaling may be necessary to reduce transcription on
poly(A)* genes, where polyadenylation would be defective. The
increase of Pol II residency time 3’ of poly(A)* genes in turn may
reduce the amount of Pol II that can be released from each gene to
enter in a new reinitiation cycle. This hypothesis is in good
agreement with our findings showing that inhibition of polyade-
nylation reduces Pol II occupancy at the TSSs of the tested genes
(Figure 7). Thus, Pol II pausing downstream of the EAGs may be
implicated in a feedback regulation of 3" processing of the nascent
transcripts, where Pol II 3’ pausing would be controlled by the
completeness of the polyadenylation of the pre-mRNA and thus,
may prevent immediate Pol II release from the gene [16,25,56].
Consequently, longer Pol II pausing in regions downstream of the
EAGs may play a role in the establishment of nuclear pools of Pol
II that can be engaged in new rounds of transcription. These
observations further point towards a link between transcription
initiation and termination as previously suggested [57,58]. In
agreement with this hypothesis, several general transcription
factors, such as TFIIB, TFIID, TFIIH and the Mediator complex,
have been described in linking transcription initiation and Pol 1I
termination [59,60,61,62,63]. Moreover, these studies also hy-
pothesized that on actively transcribed genes looping may occur
[57,58,64]. The finding that a small subset of highly expressed
poly(A)" genes exist with no, or weak, Pol II pause downstream of
the EAGs may suggest that on these genes transcription initiation
and termination are not linked or that on these subset of highly
expressed (often ribosomal protein coding) genes a very efficient
Pol II recycling is required.

On core histone genes Pol Il occupancy is dropping
sharply downstream of the EAGs

Core histone genes are generally small in size, intronless and
encoding for transcripts that do not undergo polyadenylation. The
3" end of core histone mRNAs is formed by a cleavage reaction
between the stem—loop and the purine-rich sequence [65], with
transcription continuing for at least a few hundred nucleotide past
the 3’ end of the mRNA [66]. In contrast to poly(A)* genes, at core
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histone genes Pol II occupancy downstream of the EAGs quickly
declines (Figure 2 and 4). Such short Pol II pause may be of high
importance since often core histone genes can be found in clusters,
separated by only short distances (i.e. 0.8-1 kb) and thus, Pol 1I
occupancy has to decline rapidly to prevent Pol II from running
into the neighboring gene in the cluster. Our observations suggest
that in spite the fact that also common core cleavage factors are
required for processing of core histone and polyadenylated pre-
mRNAs [67], there are important differences remaining in the
way how Pol II is released from the different templates coding for
the two types of transcripts during transcription termination. Thus,
as the 3’ processing of core histone transcripts are carried out by a
distinct machinery than those transcripts generated from poly(A)*
genes, it is conceivable that the differential Pol II pause profiles
observed on core histone genes versus poly(A)* genes represents a
differential interaction between Pol II and the two different 3’
processing machineries. This idea is also corroborated by the
functional studies, which showed that inhibition of polyadenyla-
tion increased Pol I occupancy 3’ of the EAGs of poly(A)* genes,
while it had no significant effect on Pol IT drop at the 3" end of the
core histone genes.

Our findings are in good agreement with previous reports
describing a connection between polyadenylation and Pol II pause
followed by transcription termination (reviewed in [24,39]) and in
addition suggests that this connection is differently regulated on
core histone genes, where 3’ processing of the transcripts is distinct
from other protein coding genes. It seems that Pol II release on
histone genes is an actively regulated and quick event. It may be in
relation with the high transcription rate and the possible recycling
of Poll II on these genes for quick transcription re-initiation.
Interestingly, histone variant genes which are different from core
histone genes, because they contain introns and their encoded
transcripts are polyadenylated, show extended Pol II pause
downstream of their EAGs in contrast to core histone genes,
further suggesting that polyadenylation might have a role in the
Pol II slow down and hence a longer pause.

Taken together, our study suggests that in mammalian cells Pol
II pausing downstream of the EAGs and mRNA 3’ processing are
not independent, but linked. Thus, it seems that pausing of Pol II
3’ from the EAG is part of transcription regulatory mechanisms at
different type of genes.

Materials and Methods

Chromatin immunoprecipitation

Human MCEF7 cells (obtained from American Type Culture
Collection; ATCC; reference number HTB-22) were grown up to
85-90% confluence, washed with PBS, and cross-linked with 1%
formaldehyde for 20 min at room temperature. The reaction was
stopped with 0.5 M glycine, and cells were washed three times
with ice-cold PBS supplemented with 0.5 mM phenylmethylsulfo-
nyl fluoride (PMSF), scraped, and resuspended in swelling buffer
(25 mM HEPES, pH 7.8, 1.5 mM MgCl,, 10 mM KCI, 0.1%
NP-40, 1 mM dithiothreitol [DTT], 0.5 mM PMSF, protease
inhibitor cocktail [PIC], Amersham). Cells were broken with a
Dounce homogenizer, and the nuclear fraction was resuspended in
sonication buffer (50 mM HEPES, pH 7.8, 140 mM NaCl, 1 mM
EDTA, 1% Triton X-100, 0.1% Na-deoxycholate, 1% sodium
dodecyl sulfate [SDS], 0.5 mM PMSF, PIC). The chromatin was
sonicated with a Bioruptor (Diagenode) sonicator into 100-500-bp
fragments and centrifuged to avoid any remaining cell debris.

From the supernatant, 30 pg chromatin diluted with sonication
buffer (without SDS) up to 1 ml (0.05% SDS concentration) was
used for one IP. For ChIP-seq 5 samples were added together.
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Protein G Sepharose beads were washed and blocked with
sonication buffer containing cold-water fish skin gelatin (SIGMA)
and yeast tRNA. Chromatin samples were pre-cleared with
unblocked beads at 4°C, for 2 hours. The precleared chromatin
samples were rotated overnight at 4°C with the Pol II antibody
(Santa Cruz, H-224X), and then blocked beads were added for
2 hours to the samples to pull down specific protein-DNA
complexes. After immunoprecipitation, samples were washed
two times at 4°C with the following buffers: twice with Sonication
buffer (without SDS), twice with buffer A (50 mM HEPES,
pH 7.8, 500 mM NaCl, | mM EDTA, 1% Triton X-100, 0.1%
Na-deoxycholate, 0.1% SDS, 0.5 mM PMSF, PIC), twice with
buffer B (20 mM Tris, pH 8, 1 mM EDTA, 250 mM LiCl, 0.5%
NP-40, 0.5% Na-deoxycholate, 0.5 mM PMSF, PIC), and finally
twice with Tris-EDTA buffer (10 mM Tris, pH 8, 1 mM EDTA).
Bound fraction of the chromatin was eluted with 2x100 ul of
elution buffer (50 mM Tris, pH 8, 1 mM EDTA, 1% SDS) at
65°C for 2x10 min and elutions were pooled. RNase A treatment
(5 ug/ml), and reverse cross-linking (125 mM NaCl) was carried
out at 65°C overnight. Elutions were finally incubated with
proteinase K. DNA was phenol-chloroform extracted and
precipitated by ethanol. Validation of the ChIP was performed
by quantitative PCR (qPCR) analysis using a Roche LightCycler
480 with Sybr green (Roche) master mix.

As a negative control, we immunoprecipitated the cross-linked
material with a yeast antibody. The ChIP experiments were
repeated at least twice, and all the qPCR reactions were done in
triplicates.

To inhibit polyadenylation human MCF7 cells were grown up
to 85-90% confluence and the medium was changed with fresh
one containing cordycepin (Sigma, 50 pg/ml final concentration)
[51]. After three hours of treatment, ChIP was carried out as
described above.

Solexa high throughput sequencing

Sample preparation was performed as described by the
manufacturer. The 32 base pair tags generated from Illumina/
Solexa were mapped to the human genome Build 36.1 (UCSC
hg18) using the eland program allowing two mismatches. Only
sequences that mapped uniquely to the genome with maximum of
two mismatches were used for further analysis. We obtained 10.9
and 4.5 millions uniquely mapped reads for Pol II and Mock,
respectively. Using the liftover tool from UCSC (www.ucsc.org),
tags were mapped onto the human genome hgl9. The obtained
Pol I ChIP-seq data from human MCF7 cells was deposited in
GEO under GSE34001number.

Validation of ChIP-Seq by comparison to real-time PCR

qPCR was performed by Roche LightCycler 480 with Sybr
green (Roche) master mix. The sequences of the oligonucleotides
are available upon request.

Genome Annotations

Genome annotations were downloaded from the UCSC
Genome Browser (www.ucsc.org), human genome Build 37
(hgl9 assembly). Gene definitions were given by the refseq genes
[68] track. For the analysis mentioned in the paper, we have
considered only those refseq genes which are reviewed and
validated.

Heatmap and Clustering of Pol Il patterns
For all the refseq genes, which were analysed, we extracted the
tag density in a 4 kb windows surrounding the EAG and
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surrounding the gene body using the program seqMINER which
generates heatmap as well as the profiles [45]. The sequenced
ChIP-seq reads represent only the end of each immunoprecipi-
tated fragments instead of the precise protein-DNA binding sites.
To illustrate the entire DNA fragment, basically before analysis, 3’
end of each ChIP-seq read was extended to 200 bp in the direction
of the reads. In order to get an average gene profile of ChIP-seq
tags, genes from its start (5’ end) to end (3’ end) [according to
refseq annotation] were averaged in a 50 bp window. While doing
this analysis, the strand orientation is taken in account in order to
orientate all analysed features in the same direction. Pol II tag
densities were subjected to K-means clustering in order to
organize or cluster genes in a same group based upon similar
tag enrichment within a defined region. In K-means clustering,
number of clusters is fixed a priori and hence we define the
number of clusters based upon the tag enrichment and patterns of
Pol II.

Microarray Expression Data

Cel files of MCF7 cells were downloaded from Gene Expression
Omnibus (GSE18912; http://www.nchinlm.nih.gov/geo/). In
this experiment, MCF7 cells were tested as five replicates using
Affymetrix U133 Plus 2.0 arrays. The cel files were normalized by
gcrma method [69], and calculations were performed using R
(http://www.r-project.org/). The expression level for each
probeset was calculated as the mean of the five replicates. While
processing the data, we applied the following filters. Firstly, we
excluded probesets assigned to several genes localized on different
places on the genome to avoid annotation artifacts. Secondly, we
eliminated all low intensity probesets where signal cannot be
distinguished from noise. These filters allowed us to obtain curated
list of expressed probesets. A single relative expression value was
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computed for each gene and based upon relative expression values
we selected lists of highly expressed genes.

Gene Ontology

Enrichment of GO categories was determined using WebGes-
talt software [70] and functional categories with stringent p-value
(p-value<<0.01) have been considered for the analysis.
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ukaryotic genes are transcribed

by RNA polymerase II (RNAP II)
through cycles of initiation, elongation
and termination. Termination remains
the least understood stage of transcrip-
tion. Here we discuss the role of RNAP
IT occupancy downstream of the 3' ends
of genes and its links with termination
and mRNA 3' processing,.

Introduction

RNA polymerase II (RNAP II) transcrip-
tion is a highly regulated process that
requires coordinated action of numerous
transcription factors. It can be divided
into initiation, promoter escape, elonga-
tion and termination phases.

Several studies analyzed RNAP II
binding at promoters genome-wide (GW)
by using chromatin immunoprecipitation
(ChIP) assays coupled to high-throughput
sequencing (ChIP-seq). These reports
revealed that thousands of transcribed
genes in many different metazoans dis-
play accumulation of RNAP IT just down-
stream of their promoters.® Many of these
GW experiments demonstrated that these
high and narrow RNAP II occupancy
peaks, probably reflecting a static RNAP
II binding at promoters, were centered
on regions 50 nucleotides downstream of
the transcription start sites (TSSs) of the
genes. It is now accepted that these high
RNAP II occupancy signals reflect RNAP
II pausing at promoter-proximal sites of
virtually all transcribed genes in various
organisms and, thus, may be considered
a general feature of RNAP II behavior
in preinitiation complexes formed at the

Transcription

5" end of transcribed genes. Moreover, it
seems that maintaining a static RNAP
IT in the scaffold of general transcription
factors associated with the promoter is
important to establish an open chroma-
tin conformation that facilitates RNA
synthesis.®

In most of the GW analyses, a higher
RNAP II occupancy profile has also been
observed at the 3' end of the genes; how-
ever, none of the studies analyzed and
characterized RNAP II binding down-
stream of the 3' end of annotated genes
(EAGs) in detail. Here, we will discuss
advances in our understanding of RNAP
II occupancy downstream of EAGs
and its possible link with 3" process-
ing mechanisms and with transcription
termination.

RNAP Il occupancy increases
downstream of transcribed genes
genome-wide

To better understand RNAP II behav-
ior at the 3" ends of transcription units
and in transcription termination, in our
recent study we analyzed different GW
data sets representing RNAP II bind-
ing downstream of EAGs in pluripotent
mouse embryonic stem cells and differ-
entiated mammalian cells.” Our analyses
in both cell types demonstrated that, in
general, RNAP II detectability by ChIP-
seq increases downstream of the EAGs.
According to the definition, the 3' end of
a gene (EAG) terminates at the 3' end of
its 3' untranslated region. Interestingly,
our analyses showed that downstream
of genes producing polyadenylated
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Figure 1. RNAP Il occupancy at the TSS, gene body and downstream of EAG under normal and polyadenylation inhibition conditions. (A) and (B)

RNAP Il profile on poly(A)* genes and core histone genes. Examples of RNAP Il occupancy profiles are shown as custom tracks from the UCSC genome
browser for (A) poly(A)* genes and (B) core histone genes. (A) For poly(A)* genes one highly expressed (ACTB), two medium expressed (FUS and SF3B7)
and one weakly expressed (ZNF137) genes are shown as examples. (B) For core histone genes an individual histone gene and a histone gene cluster is
represented. In each panel on the y-axis RNAP Il ChIP tag density is represented; on the top of the panels the corresponding distances are labeled in
kb-s as horizontal bars. Arrows show the direction of the transcription of each transcription unit. Gene names are represented in capital letters. Gene
structures are shown. Thick boxes represent exons, medium thick boxes untranslated regions, thin lines introns. (C) and (D) Extrapolation of RNAP II
occupancy at the TSS, gene body and downstream of EAG under normal and polyadenylation inhibition conditions based on our ChIP-PCR results.® (C)
RNAP Il occupancy profile on average poly(A)* genes: in the wild type conditions, RNAP Il occupancy shows a high narrow peak at transcription start
sites (TSSs), often low occupancy throughout the gene body, and a broad enrichment 3' of the end of annotated genes (EAGs), which can extend up to
4-6 kb from the EAG (black line). According to the used definition 3' end of a gene (EAG) finishes at the 3' end of its 3' untranslated region. Upon inhibi-
tion of polyadenylation by cordycepin there is an increase in the RNAP Il occupancy downstream of the EAGs and a parallel decrease at the TSSs (red
line). (D) RNAP Il occupancy profile on core histone genes: high RNAP Il occupancy can be seen at the TSS and throughout the gene body and RNAP

Il occupancy declines rapidly 3' from the EAG. In wild type and cordycepin treated conditions there is no change in the RNAP Il occupancy. Wild type
and cordycepin treated conditions are represented in black and red lines, respectively.

transcripts [poly(A)* genes], RNAP 1I
occupancy is often quite extensive and
can be detected up to 4—6 kb downstream
from the EAGs (Fig. 1A and 1C).° A
possibility is that RNAP II slows down
once it reaches the 3" end of a poly(A)*
gene and therefore may be more likely to
cross-link to its given genomic position

during the ChIP procedure (Fig. 2A).
Consequently, several RNAP II molecules
may accumulate in these regions (Fig.
2A). Nevertheless, it is not clear what the
broad RNAP II enrichment represents
in the regions between the EAG and the

termination site of a transcribed poly(A)*
gene. Is it the sum of arrested RNAP II

Transcription

molecules at various locations in different
cells of the population used for the ChIP
or the RNAP II population that is tran-
scribing with a reduced speed, compared
with RNAP IIs in the gene body, in every
cell? However, neither scenario accounts
exactly for the observed distribution of
RNAP II downstream of the EAGs often
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Figure 2. Model representing the dynamic behavior of RNAP Il during different phases of transcription on poly(A)* genes (A) and replication-activated
core histone genes (B). The traffic men represent different forms of the RNAP Il during the transcription cycle. The red “traffic light men” represent
static polymerases, yellow “traffic light men” represent slow motion polymerases waiting for a putative signal and green “traffic light men” repre-

sent polymerase molecules that move with full speed. Upper panels show RNAP Il molecules (green traffic light men) before or when they reach the
processing sites, more “green traffic light men” mean higher gene expression. Lower panels show the genes with RNAP Il throughout the gene bodies
and those that reach the termination sites or signals. Transcription start sites (TSSs, are represented by an arrow head), average gene bodies, and 3' of
the end of annotated genes (EAGs) are shown. Strings with a red balloon represent 5' capped nascent mRNAs synthesized by the polymerases. mRNAs
transcribed from poly(A)* genes get either polyadenylated (AAA) [shown in (A)] or when transcribed from core histone genes form a 3' hairpin [shown
in (B)]. Transcription termination sites are represented with a stop sign. For core histone genes the TSSs of a second histone gene are also repre-
sented depicting that core histone genes are often found in clusters. The main factors involved in cotranscriptional 3'-end formation of mammalian
polyadenylated mRNA vs. non-polyadenylated core histone mRNA are reviewed in.” Short black sticks in the hands of the traffic men represent short
non-coding transcripts mapped by Gro-seq either to the TSSs of the genes or to the regions downstream of the EAGs. The dotted arrows represent the

dano et al., 2010).232

hypothetic (question mark) recycling of the terminating RNAP Il to the TSSs of the genes (in good agreement with our experiments and with Mapen-

showing such broad occupancy peaks.
Further experiments will be necessary to
measure RNAP II transcription speed
in these 4—6 kb regions downstream of
EAGs to better understand RNAP II
behavior in the termination phase. Thus,
at present it is probably not accurate to
call the increased RNAP II occupancy 3'
of the genes “RNAP II pausing.”

A comparison of the RNAP II ChIP-
seq and Gro-seq data demonstrated that
RNAP II is transcriptionally engaged
downstream of the EAGs.”" Interestingly,
in these regions all the transcripts identi-
fied by Gro-seq'® map in the sense orien-
tation 3' from the EAGs, suggesting that
they are produced by RNAP II molecules
that have transcribed the pre-mRNAs
previously. Moreover, no significant anti-
sense transcription 3' from the EAGs was
detected.

www.landesbioscience.com

These observations further suggest that
in most cases after synthesis and cleavage
of the pre-mRNA the transcriptionally
engaged RNAP II remains on the DNA
template for a long distance (4—6 kb), as
if it has difficulties in leaving or being
released from the DNA template (Fig. 1A,
1C and 2A). The increased occupancy of
RNAP Il in these long non-coding regions
downstream of the EAG of poly(A)* genes
suggests that RNAP II might be waiting
for a signal that would help to close the
transcription bubble and result in RNAP
II dissociation from the DNA template.
In this respect, it is interesting to note
that we were able to separate two clus-
ters of RNAP II patterns (broad and very
broad) probably representing two differ-
ential modes of RNAP II termination and
release. Moreover, our analyses did not
reveal any correlation between the number

Transcription

of alternative polyA sites present in a given
gene and the broadness of RNAP II occu-
pancy (our unpublished data). In conclu-
sion, from our analyses, it seems that the
accumulation of RNAP II downstream of
the EAGs of transcribed poly(A)* genes is
rather a genome-wide feature of RNAP
II transcription, independent of the cell
type.

Another recent study using different
bioinformatics tools employing a combi-
nation of three peak calling methods con-
cluded that accumulation of RNAP II at
the 3" ends of genes is not a global char-
acteristic of RNAP II transcription, but
rather occurs on a subset of actively tran-
scribed genes."! However, using peak call-
ing algorithms (such as MACS, QuEST
and SISSR) may not be the most accurate
method to detect very broad and diffuse
enrichment peaks (4—6 kb, Figure 1A and
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C). Nevertheless, Grosso et al.'! suggest
that the formation of 3' peaks is depen-
dent on the transcription rate of the given
gene, with highly expressed genes having
3' peaks more often, and that dynamic
transitions exist in the relative enrich-
ment of RNAP II at the 3" ends of the
genes. Note, however, that this study did
not analyze the highly expressed core his-
tone genes, producing non-polyadenylated
transcripts, separately (see below).

RNAP Il occupancy downstream
from the EAGs of core histone
genes is different from those
producing polyadenylated
transcripts

Replication-dependent core histone genes
differ from poly(A)* genes in terms of gene
structure and the 3' processing mecha-
nism. Core histone genes lack introns
and their transcripts are not polyadenyl-
ated. Instead the 3' end formation of core
histone gene mRNAs involves stem-loop
formation, and includes the U7 snRNP,
hairpin-binding  protein

and  specific

components of the cleavage and polyad-
enylation specificity factor complex.!*1¢
During our GW data analyses, based
upon RNAP II occupancy profiles down-
stream of the EAGs, we identified distinct
patterns of RNAP II binding profiles. One
of these clusters showed a rapid drop in
RNAP II occupancy after the EAGs (Fig.
1B and 1D). Interestingly, gene ontol-
ogy analyses indicated that this cluster
contains almost exclusively core histone
genes. As core histone genes are often
found in clusters, we tested RNAP II
occupancy -/+ 1 kb downstream of histone
genes and observed that all core histone
genes showed high RNAP II enrichment
throughout the gene body and a relatively
sharp drop in RNAP II occupancy 3' of
the EAGs (Fig. 1B).” These rapidly dimin-
ishing RNAP II occupancy signals are in
contrast to the broad RNAP II peaks seen
in the majority of expressed poly(A)* genes
(Fig. 1). Taken together, our results show
that RNAP II occupancy downstream of
the EAGs of core histone genes is different
from those transcription units producing
polyadenylated transcripts (Figs. 1 and 2).

At EAGs of core histone genes quickly
dropping RNAP II occupancy signals may

be of significance since core histone genes
are often found in clusters, separated by
only short distances (i.e., 0.8-1 kb) (Fig.
1B and 2B); thus, RNAP II occupancy
may have to decline rapidly to prevent
RNAP II from running into the neigh-
boring gene in the cluster. In agreement
with the fact that core histone mRNAs
have a different 3' processing mecha-
nism than polyadenylated mRNAs, our
observations suggest that the two distinct
mRNA 3' end-processing machineries dif-
ferentially influence RNAP II termination
on the two types of templates. Thus, it is
conceivable that the differential RNAP II
occupancy profiles observed on core his-
tone genes vs. poly(A)* genes is a result of
differential interactions between RNADP 11
and the two 3' processing machineries. In
addition, it is possible that the efficiency of
RNA processing of the core histone genes
also plays an important role in regulat-
ing RNAP II occupancy once it has tran-
scribed the processing site.

Inhibition of polyadenylation in-
creases RNAP Il occupancy down-
stream of the EAGs on poly(A)*
genes, but not on core histone
genes

It has long been established that intricate
connections exist between pre-mRNA 3'
end processing and transcription termina-
tion (reviewed in Richard and Manley).”
According to the current views, at least
two distinct mechanisms seem to con-
tribute to transcription termination.'s
The first involves conformational changes
in the RNAP II complex caused by dis-
sociation of elongation factors and/
or association of termination factors as
the polymerase transcribes through the
poly(A) site. The second, called the “tor-
pedo” model, involves rapid exonuclease-
mediated degradation of the 5" uncapped
RNA produced by RNAP II after cleav-
age at the poly(A) site. A hybrid of the two
models has also been suggested for effi-
cient transcription termination.”'

Based on these models, we tested
whether inhibition of polyadenylation
by cordycepin would affecc RNAP II
occupancy downstream of the EAGs.?
Cordycepin (3' deoxyadenosine) is an ana-
log of adenosine lacking the 3'-OH, thus
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preventing further elongation when incor-
porated into a growing RNA polyA tail,
and producing a prematurely-terminated
RNA molecule. Interestingly, inhibition
of polyadenylation increased RNAP II
occupancy downstream of the EAGs of
poly(A)* genes (Fig. 1C). In contrast, on
the tested core histone genes, inhibition of
polyadenylation had no significant effect
on the RNAP II signal at the 3" end of
the EAG (Fig. 1D). These experiments
show that for poly(A)* genes there is a link
between polyadenylation and the broad
RNAP II occupancy downstream of the
EAGs. Thus, our observations further
substantiate the link between polyad-
enylation and RNAP II transcription ter-
mination and suggest that transcription
termination by RNAP II may undergo
different types of regulation depending
on the 3' end processing mechanisms of
the transcripts.

These observations establish a new
type of communication between the poly-
adenylation machinery and the termi-
nating RNAP II that remains associated
with the DNA template downstream of
the EAGs. Following inhibition of poly-
adenylation, the increased RNAP II occu-
pancy downstream of EAGs on poly(A)*
genes suggests that defective polyadenyl-
ation can signal to the terminating RNAP
II to slow it down or to make it pause more
often. Such signaling may be necessary
to delay termination on poly(A)* genes,
where polyadenylation would be defec-
tive. Under normal conditions, RNAP II
occupancy 3' of poly(A)* genes may be
necessary to receive the green light from
the polyadenylation machinery indicating
that the 3' end processing of the nascent
transcript is correct (Figs. 1 and 2). Thus,
RNAP II deceleration downstream of
the EAGs may be implicated in the feed-
back regulation of 3' processing of the
nascent transcripts, where RNAP II 3'
occupancy is controlled by the complete-
ness of the polyadenylation reaction and
thus, may act as a regulator of RNAP II
termination.>!>?*2>2 In agreement with
this hypothesis, poly(A) signal-dependent
pausing as a checkpoint for coupling 3'
processing and termination has previously
been suggested.” Thus, sustained commu-
nication of the poly(A) signal to the poly-
merase over long distances downstream
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may be required to trigger and/or control

polymerase release.®®

Additional features influencing
RNAP Il accumulation 3' of EAGs

Poly(A) signals, terminator sequences
and R-loops. Efficient RNAP II termina-
tion is supposed to be dependent on both a
functional poly(A) signal and a terminator
sequence situated downstream of EAGs.
Moreover, two terminator-type sequences,
which aid in the termination process, have
been described: co-transcriptional cleav-
age (CoT'C) sequences, and transcription
pause sites and G-rich MAZ termination
elements.””?3> While analyzing the signif-
icance of the poly(A) signal in the 3' end
peak formation of RNAP II, Grosso et al."!
found that for genes with similar expres-
sion levels, the presence of the canoni-
cal poly(A) signal appears to promote
RNAP IT accumulation, whereas the pres-
ence of variant hexamers is more frequently
associated with the lack of accumulation.
This suggests that DNA sequences can
also contribute to the process of RNAP II
enrichment 3' of the EAGs. Recently, it
was also suggested that R-loops formed
by DNA/RNA hybrids near G-rich pause
sites, downstream of poly(A) signals, may
be involved in transcription termination.?
Nevertheless, further studies are required
to investigate whether R-loop formation
participates GW in RNAP II termination
and/or whether R-loops are involved in
the formation of RNAP II peaks 3" of the
EAGs.

Gene loops and transcription “facto-
ries”. Several general transcription factors
have been described linking transcription
initiation and RNAP II termination.”?
Gene looping and communication
between the TSS and the 3' end of tran-
scribed genes has also been described.!*%
Thus, it is plausible that for poly(A)* genes
the longer time RNAP I molecules spend
downstream of the genes to go from the
EAGs to the termination sites, the lesser
amount of RNAP II is released from each
gene to enter a new transcription reinitia-
tion cycle on the same gene. This hypoth-
esis is in good agreement with our findings
that inhibition of polyadenylation not
only results in increased RNAP II occu-
pancy 3' of poly(A)* genes, but also in
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reduced RNAP II occupancy at the TSSs
of the tested genes (Fig. 2). Consequently,
longer RNAP II pausing in regions down-
stream of the EAGs may play a role in the
establishment of nuclear pools of RNAP
IT that can be engaged in new rounds of
transcription. In line with this hypothesis,
the finding that for a subset of expressed
poly(A)* genes, no increase of RNAP II
occupancy downstream of EAGs can be
detected,”"! suggest that rapid RNAP II
recycling may be required for this subset
of genes.

Recently, it has been described that
active genes are linked to different spe-
cialized transcription “factories,” or foci,
in the cell nucleus and the size of a “fac-
tory” depends on the level of expression
of the genes transcribed in a given “fac-
tory.”** Thus, it is possible that different
transcription “factories” might be linked
with the different RNAP II pause patterns
observed downstream of the EAGs.’

Chromatin. To determine whether
interfere with RNAP I
occupancy downstream of the 3' ends of

nucleosomes

genes, nucleosome organization in genes
with and without 3' peaks were com-
pared." The results show that nucleosome
occupancy in the region downstream from
the poly(A) site is significantly higher in
genes with 3' RNAP II peaks than in
genes devoid of RNAP II occupancy.
Furthermore, in genes with 3' RNAP
IT peaks, nucleosomes align at regular
intervals from the poly(A) site, whereas
nucleosome alignment is much less obvi-
ous in genes devoid of detectable RNAP
II downstream of the EAGs. Thus, the
presence of nucleosomes after the poly(A)
site might contribute to RNAP II decel-
eration, leading to its higher occupancy in
these regions. Conversely, it is conceivable
that RNAP II moving slowly downstream
from the EAGs does not disturb nucleo-
some occupancy, while quickly moving
RNAP II on 3' peaks lacking poly(A) sites
does disrupt nucleosome occupancy.

The complex network of interactions
between mRNA 3' processing factors,
elongation factors, chromatin remodel-
ing complexes, histone chaperones, ter-
mination factors, DNA elements and
possibly still uncharacterized factors pro-
vide numerous nodes for the regulation of
RNAP II transcription termination. Many

Transcription

connections have already been established
between RNAP II and the 3" processing
and termination machineries, but there
are still many open questions about tran-
scription termination. As more systems
are developed to study these fascinating
processes, we expect and look forward to
the discovery of additional interactions
and/or activities participating in RNAP II
termination.
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VI. DISCUSSION L

Additional discussion for Publication I.: RNA Polymerase |l Pausing Downstream of Core

Histone Genes Is Different from Genes Producing Polyadenylated Transcripts

RNA Polymerase Il driven transcription is one of the most highly regulated cellular
process, which requires a well orchestrated, sequential action of multiple different protein
complexes. Transcription cycle can be divided into three main phases: initiation, elongation
and termination, however these phases are also built up from multiple sub-steps, which all
represent a checkpoint and a regulatory possibility for proper mRNA synthesis and gene
expression.

The transition from transcription initiation into elongation is an inefficient process,
where Pol Il shows tendency to stop (or pause) after transcribing the first 25-50 nucleotides.
This polymerase pause was first described as a rate limiting regulatory step between
initiation and early elongation at the promoters of certain Drosophila heat shock genes.
Recently, genome-wide studies demonstrated that promoter proximal Pol Il pausing is a
conserved regulatory step that is present at almost every transcribed gene promoters in
higher eukaryotes. Surprisingly, paused or slowed down polymerases were also discovered
downstream from EAGs. However, in mammalian systems, the genome-wide Pol Il studies
were mainly focusing on promoter proximal pausing and on investigations of different CTD-
phosphorylation patterns on genes. Therefore the full spectrum of genes regulated by
pausing downstream of EAGs has not yet been investigated at a genome-wide level. Thus, it
was not clear whether this phenomenon is commonly occurring among mammalian genes.

Transcription termination occurs when Pol Il ceases RNA synthesis and both Pol Il and
the RNA molecule are released from the DNA template. Termination serves many vital
functions in the cell. It prevents Pol Il from interfering with downstream DNA elements, such
as promoters and other terminating Pol lls. In addition, termination can influence the rate of
Pol Il recycling. Finally, termination is functionally linked to the cleavage and polyadenylation
of the nascent RNA transcript. It has been shown that the terminating or slowed down Pol Il
CTD raises the local concentration of 3’ end processing factors near the nascent transcript

and also serves as a platform for the assembly of the processing complexes.
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Termination does not occur at a conserved site or constant distance from the 3’ end
of the mature mRNAs. In mammals, termination can occur anywhere from a few base pairs
to several kb downstream from the 3’ end of mRNA. Indeed, ChIP assays showed higher Pol
Il densities downstream from 3’ end of genes than throughout the gene body on several
model genes, however, it is uncertain, whether it indicates pausing, arrested or slowed
down polymerases. In turn, it is known that the polyadenylation signal is essential for
termination and certain downstream sequence elements (GU-rich region, MAZ element)

further decrease the speed of Pol Il downstream of genes.

By analyzing genome wide Pol Il occupancy together with gene expression data and
Gro-seq data in human cells, we reported that downstream from most of the expressed
genes increased presence of transcriptionally active Pol Il is a common event. Interestingly,
while promoter proximal Pol Il pauses show similar profile on single genes (mainly sharp
peaks), Pol Il densities downstream from genes show often 4-6kb long, moderately dense,
non-uniform profiles. This characteristic of Pol Il can make the analyses of Pol Il behavior
downstream of 3’ end of genes difficult. The results coming from high-throughput
sequencing techniques can be controversial depending on the chosen bioinformatical
approach. Most of the publicly available ChIP-seq data analysis softwares are designed to
detect and analyze static DNA binding proteins, which give narrow and sharp peaks or

Ill

histone marks, which show strong, widespread signals. As Pol Il “pauses” downstream from
EAGs do not form distinct peaks, “peak-finder” algorithms might exclude a large proportion
of positive signals and pause sites, therefore using these tools might lead to biased results
(Grosso et al, 2012). Currently, there is no appropriate “peak-finder” algorithm, which
identifies broad Pol Il signals downstream from genes. Therefore it is not advised to involve
“peak finding” step during the analysis of 3’ end Pol Il pauses. By using cluster generating
tools together with manually selected genes and regions, one can receive more reliable
results. Four our analyses, we selected every gene, which has no neighboring gene in a +/-

4kb distance together with K-mean clustering method to characterize Pol Il occupancy

profiles downstream from EAGs.

When we subdivided these genes into clusters based on Pol Il tag densities and

patterns, we found that, Pol Il occupancy is a general feature downstream from 3’ end of
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expressed genes, and can cover a very long region, as ChlIP signals can be mapped up to 6 kb
downstream of the EAGs. However, by subdividing the expressed genes into additional
clusters, we discovered one cluster, showing a narrow Pol Il profile at 3’ of a set of genes
(few hundred bp long Pol Il signal). Gene ontology analysis identified the member of this
cluster (cluster H) as almost exclusively, replication dependent, intronless, core histone
genes. The remaining clusters (PA1, PA2 and PA3) contained genes coding for
polyadenylated transcripts [poly(A)" genes] with broad and very broad Pol Il occupancy
profiles at their EAG (Figure 2A and B from publ. 1).

The observation that the expressed poly(A)" genes have a widespread Pol II
occupancy profile after the 3’ of the genes and that core histone genes have a very sharp
drop of Pol Il occupancy at 3’ of their EAGs, suggested that the different 3’ processing
regulatory mechanisms (described in section 7) may differently influence the residency time
and the termination of Pol Il downstream of the EAGs. When we extended our analyses to
datasets coming from mouse ES cells, we found that the mechanism responsible for the
differential Pol Il occupancy profiles 3’ of the distinct gene categories seems to be conserved
in vertebrates.

The 3’ end formation of the mRNA of poly(A)* genes is carried out by the cooperative
action of cleavage factors at the poly A site followed by the polyadenylation step. In
contrast, the 3’ end of core histone mRNA is formed by a cleavage reaction between the
stem—loop and the purine-rich sequence, and does not undergo polyadenylation. By taking
this fact into consideration, the widespread Pol Il profiles downstream from poly(A)* genes
can be explained by the presence of the polyadenylation step, which might be the reason for
the increased residency time of Pol Il before termination. It is also corroborated by our
functional studies, which showed that inhibition of polyadenylation increased Pol I
occupancy 3’ of the EAGs of poly(A)” genes, while it had no significant effect on Pol Il drop at
the 3’ end of the core histone genes. This observation suggests that the polyadenylation step
is also linked to transcription termination, and a defective polyadenylation step can further
increase the residency time of Pol Il downstream from EAGs. The postponed polyadenylation
and termination can decrease the number of released and reinitiated Pol Il. Such a feedback
control might be necessary to reduce a transcription on a gene with defective

polyadenylation. Our observation is in good agreement with this idea, since we detected
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decreased Pol Il occupancy on promoters of poly(A)" genes upon polyadenylation inhibition,
but not on histone gene promoters.

The narrow Pol Il profiles downstream from core histone genes might also reflect a
more effective termination process. Since core histone genes can often be found in clusters,
separated by only short distances (i.e. 0.8—1 kb) and thus, Pol Il has to terminate rapidly to
prevent Pol Il from running into the neighboring gene in the cluster.

Rapid termination can be also characteristics of highly expressed genes with quick
rounds of reinitiating Pol Il. This idea is supported by our findings, when we characterized
the 3’ end Pol Il occupancy profile on the most highly expressed genes, we found a subset of
genes which have no or very little detectable Pol Il sighal downstream from their EAGs
(Figure 3 from publ. 1). Therefore transcription termination and 3’ end processing
downstream from this subset of genes might be different and more effective which
facilitates a quick round of Pol Il recycle at promoters. Another explanation could be that
these genes might have shorter poly(A) tail (Meijer et al, 2007), therefore long Pol Il
residency time is not needed downstream from these genes.

Active poly(A)" genes (from PA1, PA2 and PA3 clusters) have broad often 6kb long Pol
Il density profile downstream from their EAGs. The three cluster show difference with
respect to Pol Il occupancy profile downstream from EAG: PA1 has broad profile (~2-3 kb
long), PA2 and PA3 have very broad profile (~4-6kb long) however, PA3 has less mean tag
density (Figure 2A and B from publ. 1). Gro-seq data suggest that like on the gene body, the
Pol Il complexes are also transcriptionally active downstream from EAGs too, however, the
accumulation of short transcripts suggest a slowed down and very inefficient elongation and
transcription during 3’ end formation and termination (Figure 1 from publ.1). Comparing our
GW results with gene expression data, we found that genes from PA1-PA3 having shorter Pol
Il occupancy profiles show higher expression level. This observation also suggests that highly
expressed genes must have more efficient termination processes with shorter Pol I
residency time downstream from their EAGs (Figure 2C from publ. 1). However, from these
genome-wide dataset, we could not distinguish whether one gene has “allosteric” or
“torpedo model” type of transcription termination (see section 7).

According to a recent publication, highly expressed genes are transcribed by
specialized transcriptional factories, which consist of multiple active Pol Il complexes (Eskiw

& Fraser, 2011). Thus, it is conceivable that the Pol Il accumulation downstream from EAGs
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could be a part of these “factories”. In addition Pol IIs downstream from genes might be
stably associated to the DNA in order to keep the open chromatin for further rounds of

transcription.

In summary, our study was the first to characterize genome-wide the increased Pol Il
occupancy downstream from 3’ end of genes. Our findings further support that Pol Il does
not release immediately the DNA template during transcription termination and 3’ end
processing. However, additional investigations are needed to decide whether slowed down
or arrested Pol Il complexes are composing the broad occupancy profiles. A study reported
that a subset of genes accumulate Ser5-P Pol Il at their 3’ end (Grosso et al, 2012). The
authors suggest that these genes are the most highly expressed genes, and the Ser5-P
accumulation 3’ is due to gene-looping as they also detected TBP and NELF 3’ of these genes.
The authors also suggest that higher histone occupancy contributes to increased Pol I
signals at EAGs. However, these observations are not complete, since the authors used
“peak finder” tools prior the analyses, thus they excluded a set of potential genes. Therefore
it is advised to carry out the same analyses on every non-neighboring expressed gene.
Further GW analyses, such as comparing our Pol Il results with distribution of elongation
factors, nucleosomes, histone-variants and 3’ processing factors might give a better
understanding of the mechanism responsible for the increased Pol Il residency time

downstream from EAGs of expressed genes.
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Chapter two: The fate of RNA polymerase
Il transcription upon UVB irradiation

VII. Transcription is blocked by alterations in the DNA
structure

Transcription of DNA encoded instructions results in proteins and regulatory RNAs
which coordinate a myriad of chemical reactions. These processes can be threatened by
alterations in the DNA structure that interfere with both transcription and DNA replication.
DNA damage arises from both environmental and endogenous sources, including genotoxic
chemicals, radiation and reactive oxygen species. In addition, DNA molecule has an intrinsic
instability. These naturally occurring altered DNA structures can block replication and
transcription, giving rise to gross chromosomal aberrations and mutations.

Even at the most basic biochemical level, transcript elongation by Pol Il does not
occur in a smooth, continuous process. During elongation, several factors such as TFIIS,
Elongin, TFIIF, and ELL have to function to reduce transcriptional pausing or to reverse
poised Pol Il.

Transcription elongation can be disturbed in several ways (Svejstrup, 2007). At the
most basic level, it is well known that certain DNA sequences are more difficult to transcribe
than others (such as GC rich regions). Moreover, the DNA template is packed into chromatin,
and passing through these obstacles creates a new set of challenges for Pol Il. In addition,
other DNA-binding proteins represent potential obstacles for efficient transcription
elongation. Finally, a variety of DNA lesions are known to bias transcription. For example,
UV-induced DNA lesions can completely prevent, or reduce, transcription elongation by Pol |

both in vivo and in vitro.
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9. Ultraviolet light

The natural source of UV light is the electromagnetic radiation coming from the Sun.
As well as other electromagnetic radiations the UV light can be characterized by its
wavelength, frequency, and energy (Figure 14). Based on the wavelength, the UV light can
be divided into UVA (315400 nm), UVB (280-315 nm) and UVC (<280 nm). The energy and
frequency are inversely proportional to the wavelength, therefore UV light carries more
energy than visible light (400 nm-700 nm spectrum). UV light can ionize molecules and
induce chemical reactions, hence it is a strong environmental mutagen, which can cause
immune-mediated diseases and cancer in humans. Fortunately the majority of the
extraterrestrial UV radiation is absorbed by the Earth’s atmosphere. The ozone layer (03),
oxygen molecules (02) and water vapor selectively filter out both UVC and UVB radiation.
Due to this, almost no UVC radiation penetrates the atmosphere, approximately 90% of the
UVB is absorbed, and therefore UVA makes up about 95% of the UV radiation that reaches
the Earth. (The mentioned ratios are depending on geographic locations and the time of
day.)

In the last 50 years due to the increased amount atmospheric pollutants such as
halogens, chlorofluorocarbons, organobromides and chloro-carbons, the ozone layer is
continuously depleted which will give less protection against the harmful radiation. By time,
more UVB and even some UVC radiation will penetrate the atmosphere, which will result in

the increase of UV radiation incidence on the Earth’s surface.
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Figure 14: Electro-magnetic spectrum. (Figure adopted from: http://quarknet.fnal.gov/fnal-uc/quarknet-
summer-research/QNET2010/Astronomy/)

S. UV-induced DNA damage

The ionizing energy of UV radiation can be absorbed by a variety of molecules in the
cells, one of them is the DNA itself.

Despite the fact that relatively little UVB radiation reaches the Earth’s surface, and a
great proportion is absorbed superficially in the epidermis, it is still more genotoxic than
UVA. The reason is that UVB’s wavelength can be absorbed by the native DNA. However,
UVA can penetrate deeper into the dermis due to its longer wavelength.

UVA has indirect harmful effect on cells. It creates reactive oxygen species (ROS) in
the cell by activating some small molecules such as riboflavin, tryptophan and porphyrin.
ROS then attacks DNA causing strand breaks or producing oxidative base damage like 8-
hydroxyguanine in the DNA (lkehata & Ono, 2011). ROS also attacks cellular nucleotide
pools, producing oxidized nucleotides, which can still be used as nucleotide precursors for
DNA synthesis.

These types of oxidative DNA and nucleotide damage are known to be mutagenic. It
is also known that at high concentration, ROS can induce damage to cell structure, lipids and
membranes, as well as proteins and result in oxidative stress which has been implicated in a

number of human diseases (Sekiguchi & Tsuzuki, 2002).

75



UVB is directly absorbed by the DNA and can cause three major classes of lesions:
cyclobutane pyrimidine dimers (CPDs), pyrimidine 6-4 pyrimidone photoproducts (6-4PPs),
and their Dewar isomers (Rastogi et al, 2010)(Figure 15).

During CPD formation a four-member ring structure is generated between the
neighboring bases involving their C5 and C6. 6-4PPs are formed by a non-cyclic bond
between C6 (of the 5’-end) and C4 (of the 3’-end) of the involved pyrimidines. In addition, 6-
4PPs show tendency to convert into their less stable Dewar isomers. It has been found that
T-T and T-C sequences are more photo-reactive than C-T and C-C sequences. However, both

thymidines and cytosines are considered as mutation hotspots of UVB and UVC radiations.
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Figure 15: Structures of two main photoproducts. (A) Normal adjacent thymine residues in DNA (without UV).
(B) Cyclobutane pyrimidine dimer between adjacent thymine bases in the DNA (in “cis-syn” form). (C)
Cyclobutane pyrimidine dimer between adjacent thymine bases in the DNA (in “trans-syn” form). (D)
Pyrimidine [6-4] pyrimidine photoproduct between adjacent thymine bases in the DNA. Figure adopted from
(Tuteja et al, 2009)

Although pyrimidine photoproducts are the most frequent outcome of UVB radiation,
the biological importance of UV-induced modifications of purine bases has also been
recognized. Upon exposure to UVB radiation, photoproducts may appear, that involve, at
least, one adenine residue that undergoes photocyclo-addition reactions with contiguous
adenine or thymine (Koning et al, 1990). Overall, CPDs, 6-4PPs, strand breaks, and oxidative

products are the predominant and most persistent lesions.
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UVC has higher energy level than UVA and UVB due to its shorter wavelength, and
can cause all of the above mentioned lesions. However as it is mentioned above, UVC is fully
absorbed by the ozone layer, therefore UV related lesions in living organisms are induced by

only UVA and UVB.

T. DNA double strand breaks

DNA double strand breaks (DSB) are observed in cells under UVC and UVB irradiation.
UV-induced ROS as well as CPD and 6-4 PPs lesions may cause primary, as well as secondary
breaks, respectively. These lesions can cause transcription and replication blockage that may
lead to production of DSBs due to collapsed replication forks at the CPDs-lesion sites (Limoli
et al, 2002). It has been also observed, that UVC-induced DNA DSBs, arising from replication
of damaged DNA. Interestingly, a significantly low amount of DSBs was found in the cell
where replication was inhibited. It gave the idea that initial photoproducts are converted
into DSBs during DNA replication. Experiments showed that increased number of DSBs was
observed in DNA damage repair deficient cells in comparison to wild type cells. These results
further supported the idea that DSBs are produced during the replication of unrepaired DNA
lesions (Dunkern & Kaina, 2002). Overall, it seems that UV-irradiation does not directly
produce DSBs, but rather produces pyrimidine dimers and photoproducts which will lead to
replication arrest and DSBs.

Several pathways have been considered for the formation of DSBs at a stalled
replication fork. It was shown that when the DNA replication machinery encounters a lesion
which block replication, DNA polymerase (DP) enzyme is stalled at the blocked site resulting
in the formation of a Y shaped DNA structure. This structure is recognized by a specific
endonuclease, which makes a nick in the template strand resulting in the induction of a DSB
close to the replication-blocking lesion. In addition, replication stress and ROS may trap
topoisomerase | and Il (Topl, 2) cleavage complexes leading to generation of DSBs by
preventing DNA re-ligation processes (Ohnishi et al, 2009). However, the exact DSB
generation process is not entirely known and more scientific evidences are needed.

The mentioned lesions above are the predominant and most persistent lesions in the

genome. The lack of an adequate repair mechanism and the subsequent accumulation of
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lesions will cause severe structural distortions in the DNA molecule, thereby affecting the

important cellular processes such as DNA replication and transcription.

10. Persistent blocks initiate transcription coupled

repair processes

The UV-induced transcription-blocking lesions cause a particularly challenging
problem. In this situation, the action of elongation factors, such as TFIIS is futile, because re-
activation of Pol Il does not enable it to bypass the damage. Instead, cells have evolved
specialized mechanisms that enable lesions encountered by Pol Il to be repaired.

U. Nucleotide excision repair (NER)

NER removes the lesions that distort the DNA double helix, interfere in base pairing
and block DNA replication and transcription. It can recognize and remove CPDs and 6-4PPs
besides several kinds of bulky adducts induced by chemical agents. In eukaryotes, most of
NER studies were performed with cells mutated at different steps of the pathway, including
cells from human patients with genetic syndromes directly related to DNA repair, such as
xeroderma pigmentosum (XP), Cockayne’s syndrome (CS) and trichothiodystrophy (TTD).
Seven complementation groups were identified for XP syndrome (XPA—XPG) and two for CS
(CSA and CSB) (Berneburg & Lehmann, 2001; Lehmann, 2003) (Figure 16).

The basic NER mechanisms have been strongly conserved throughout evolution,
although the factors involved differ from prokaryotes to eukaryotes. During NER, after DNA
damage recognition, the sequential action of helicases and endonucleases open the DNA
helix and cleaves the damaged around the lesion. This is followed by the removal of the DNA
segment containing the lesion and gap polymerization using the intact strand as template
(Compe & Egly, 2012; Costa et al, 2003).

The damage-stalled Pol Il molecule is the initiator of the transcription coupled NER, (TC-
NER, a subpathway of NER) in which two additional proteins CSA and CSB play an essential

role.
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m) CSB is a key element of TCR / damage recognition

The CSB (ERCC6) protein plays a crucial role in TCR as the transcription-repair
coupling factor. CSB contains seven conserved helicase-like ATPase motifs, which are a
feature of the SWI2/SNF2 family of ATP-dependent chromatin remodelers. It has been
shown that CSB has intrinsic chromatin remodeling activities in vitro that require the
hydrolysis of ATP and can directly interact with core histones. The ability of CSB protein to
alter chromatin structure could result in disruption of DNA-protein interactions. Based on
this, an ATP-dependent chromatin remodeling function of CSB makes it as an ideal
elongation factor as well as an important factor in TCR since the stalled Pol Il might prevent
the assembly of repair machinery at the lesion site (Beerens et al, 2005; Citterio et al, 1998).

When Pol Il encounters a DNA lesion, a stable Pol II/CSB complex is formed which
indicates the damage-site. CSB promotes the recruitment of NER pre-incision factors. This
pre-incision TCNER complex creates a stable bubble structure surrounding the lesion and
excises the damaged DNA fragment. CSB is also required for the recruitment of the p300
HAT and the CSA containing E3-ubiquitin (UB) ligase complex to the UV-lesion site (Figure
16).

Assembly of the CSA complex is needed to recruit additional TC-NER specific factors:
the nucleosomal binding protein HMGN1, TFIIS and the pre-mRNA splicing factor XAB2 to
the vicinity of the blocked Pol 1I/CSB complex. Recruitment of p300 and HMGN1 might
facilitate chromatin remodeling and reverse translocation of Pol Il allowing the removal of
the blocking lesion by the repair machinery and resumption of transcription (Fousteri et al,
2006; Hanawalt & Spivak, 2008) (Figure 16).

In vitro studies show that dephosphorylation of CSB in response to UV-irradiation
results in increased ATPase activity, indicating a phosphorylation-controlled mechanism of
CSB function (Christiansen et al, 2003). After UV-irradiation CSB protein becomes more
stably associated with chromatin, but might undergo degradation (Groisman et al, 2006).
Interestingly, CSA and proteasome-dependent ubiquitination and degradation of the CSB
protein was observed within 4 h after treatment of cells with high UV doses. These results
might mean that CSB has to be removed from the DNA template in order to facilitate repair

or to allow transcription to resume at a normal rate. However, another study reveals that
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under the conditions of high UV dose CSB re-localizes from the chromatin to the soluble

fraction (Lake et al, 2010)

n) TCR factor recruitment / damage verification

When a stable Pol 11/CSB complex is formed, CSB promotes the recruitment of NER

pre-incision factors: CSA, XPA-binding protein-2 (XAb2), TFIIS, high-mobility group

nucleosome-binding domain-containing protein-1 (HmGN1), p300, XPG, replication protein A

(RPA) and finally TFIIH (Figure 16).

As mentioned above, CSA is part of a multiprotein complex with E3 UB-ligase activity
(Kamiuchi et al, 2002).

XAb2 seems to have a pivotal role in mRNA splicing and in TCR by its specific
interaction with XPA. XPA is a protein which is essential for both Global Genome
Repair (GGR, second subpathway of NER) and TCR, suggesting that it might be the
key protein at the junction of these two subpathways.(Kuraoka et al, 2007).

TFIIS might be an important player in TCR, as it activates the cryptic nuclease activity
of Pol Il that cleaves the nascent transcript after backtracking and allows resumed
transcription (Lagerwerf et al, 2011).

HmGN1 is a nucleosome binding protein. During TCR HmGN1 is recruited to the
lesion site and facilitates the recruitment of p300, which will increase the acetylation
level of residue lys14 in histone H3 and reduces compaction of chromatin (Lagerwerf
et al, 2011). HmMGN1 might also function to displace nucleosomes that have become
re-established behind the Pol I, providing a way for backtracking (Lim et al, 2005).
p300 is implicated in chromatin remodeling during transcription and repair (Cazzalini
et al, 2008).

RPA binds to single stranded DNA and prevents renaturation of the DNA strands if

the transcription bubble collapses.

ATP-dependent remodeling of the arrested Pol Il can occur in association with the

recruitment of XPG, together with TFIIH and XPF (ERCC1), making the damaged DNA
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template accessible to nicking by XPG and XPF-complex. Both XPF and XPG are structure-

specific endonucleases (Sarker et al, 2005).

o) Role of TFIIH complex in TCR

The main role of TFIIH in NER is damage verification and opening the DNA around the
lesion, which also allows the excision of the damaged oligonucleotide and its replacement by
a new DNA fragment.

When bound to the damage-site, two TFIIH subunits XPB and XPD helicases act on
both sides of the lesion to unwind the damaged DNA. The two helicases might move on
individual DNA strands, so that blockage of either helicase could discriminate between the
damaged strand and the undamaged strand (Bootsma & Hoeijmakers, 1993). In a model,
XPB-mediated opening of the damaged DNA would allow the binding of XPD to the DNA, and
XPD would then utilize its helicase activity to verify the DNA damage and ensure that the
backbone distortion is not the result of an unusual DNA sequence (Mathieu et al, 2010). This
process is called “enzymatic proofreading”. This model suggests that XPD carries out the
verification of DNA damage through its helicase activity. XPB’s additional role in the NER
pathway is anchoring TFIIH to the damaged chromatin. XPB ATPase activity is regulated by
p8 and p52 subunit of TFIIH (Coin et al, 2006; Reardon & Sancar, 2003).

After verification step, the dual incision around a lesion site is mediated by XPF and
XPG. These endonucleases show opposite polarities of substrate specificity: XPF and XPG
make incisions 5" and 3’ to the lesion respectively. The relative cleavage sites vary depending
on the lesion type, the length of excised nucleotides is rather constant (24-29 nt). After
incision 5’ of the damage-site, XPA and TFIIH are released from the DNA template and

recycled, making space for the subsequent DNA synthesis step.

p) Late steps of TCR / DNA synthesis

Following the removal of the damage-containing section, the single-stranded gap left
behind is filled by DNA repair synthesis. This step depends on the presence of proliferating

cell nuclear antigen (PCNA). PCNA is a homotrimeric clap which is a processivity factor for
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eukaryotic DNA polymerases. It is loaded onto the DNA primer end with the help of
replication factor-C that is a DNA-dependent ATPase complex. Then, the DNA-gap is filled by
DNA polymerase k and the remaining nick is rejoined by DNA ligase | or lll (Araujo et al,

2000; Ogi & Lehmann, 2006) (Figure 16).

V. Global genome repair (GGR)

GGR is the second subpathway of the NER process. While TCR removes lesions
specifically from ORFs during transcription, GGR operates through the entire genome. GGR
differs from TCR only in the damage recognition processes. In GGR the damage recognition
complex is formed by XPC, centrin-2 and RAD23B/hHR23B protein. The XPC-hHR23B
complex has affinity for a variety of lesions however, it shows lower affinity towards CPDs
(Kusumoto et al, 2001). Damage recognition of the XPC complex is enhanced by the activity
of UV-Damaged DNA binding protein complex (UV-DDB) which contains DDB1 and DDB2
(Figure16) (Sugasawa, 2010)

After recognition and binding of XPC-DDB complex to the lesion both TCR and GGR
pathways utilize identical components for the assembly of the repair complex. As in TCR, the
removal of the damage is accomplished by excising a short DNA fragment encompassing the
lesion. Then the remaining gap is filled by DNA repair patch synthesis using the undamaged
strand as template. It has been reported that the repair of heterocromatin and/or non-

coding regions are less efficient that the repair of coding region (Lagerwerf et al, 2011).
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Figure 16: Sequence of events in mammalian TCR and GGR. Lesions are recognized, either
by an arrested Pol II/CSB complex (for TCR, left) or through the lesion sensor DNA damage-
binding-2 (DDB2) which forms a heterodimer with DDB1 to constitute the DDB complex
and/or XPC in complex with RAD23B and centrin-2 (CEN2) (for global genomic repair (for
GGR, right). The subpathways converge at the step when TFIIH is recruited with XPG.
Replication protein A (RPA) and XPA might be present before and/or after the appearance of
TFIIH. The XPF-ERCC1 endonuclease complex is recruited and incises the damaged DNA
strand at the 5’ of the bubble, whereas XPG incises on the 3’ side. Replication factor C loads
PCNA to accommodate DNA polymerase k that will complete the single stranded template.
The remaining gap is filled by a DNA ligase. Figure adopted from (Hanawalt & Spivak, 2008).
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A. Single strand break repair

As it was discussed in section 9/S, one of the most common sources of single strand

breaks (SSB) is oxidative attack by endogenous reactive oxygen species.
SSBs are primarily detected by PARP1 that rapidly binds to and is activated by DNA strand
breaks. This step is followed by the binding of Poly(ADP-ribose) glycohydrolase (PARG),
which restores PARP1 to its pre-activated state in preparation for subsequent rounds of SSB
detection. The presence of PARP1 and PARG will facilitate the recruitment of the DNA end
processing factors (Gao et al, 2007).

The 3'- and/or 5'-termini of SSBs must be restored to conventional 3'-hydroxyl and 5'-
phosphate termini for gap filling and DNA ligation. As a wide variety of damaged termini that
can arise, this is the most enzymatically diverse step of SSBR, as indicated by the large
number of enzymes that are available for this process. The enzymes to repair the damaged
termini can be: apurinic—apyrimidinic endonuclease | (APE1), tyrosyl-DNA phosphodiesterase
1 (TDP1), polynucleotide kinase 3'-phosphatase (PNKP), Pol B, aprataxin APTX, and flap
endonuclease 1 (FEN1) (Caldecott, 2008). Additionally, XRCC1 binds to and stimulates the
end repair enzymes. After the damaged 3'-termini at SSBs have been restored one of the
DNA polymerases Pol B, Pol §, or Pol € carries out the gap filling process (Caldecott, 2007).
The last step of SSB repair is the DNA ligation step, which is carried out by DNA ligases LIG1

and/or LIG3a and its mitochondrial isoform (Cotner-Gohara et al, 2008).

B. Repair of double strand breaks

In addition to transcriptional arrest, when DSBs are not repaired, they can cause a
plethora of chromosomal aberrations that often result in cell death or mutations that can
lead to cancer phenotypes.

In eukaryotic cells there are two major repair pathways, which are activated upon
DSBs: non-homologous end-joining (NHEJ) and homologous recombination (HR).

During NHEJ, the key proteins are the Ku70-Ku80 heterodimer that binds to DNA
ends with high affinity, as well as XRCC4-like factor (XLF)/Cernunnos and DNA ligase IV (Lees-
Miller & Meek, 2003). DNA ends are recognized and brought together by Ku70—-Ku80. The Ku
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heterodimer recruits a plethora of factors, like nucleases: Artemis with DNA-dependent
protein kinase catalytic subunit (DNA-PKcs), polymerases: p and A, and the ligase complex
(XLF with DNA ligase IV). After end processing by the nucleases and polymerases, the ends
are directly ligated (Lieber, 2008; Pitcher et al, 2005). NHEJ is highly efficient however its
imprecise nature makes it prone to mutations.

HR initiates when the MRN complex recognizes and binds the DNA end. MRN
complex consist of Mrel1, Rad50 and Nbs1/Xrs2 factors. The DNA ends on both sides of the
DSB undergo 5'-3’ resection. RPA binds the resulting overhanging 3’ single-stranded DNA
which can be recognized by RAD51 The Rad51-covered filament initiates the homology
search and catalyses strand exchange. This allows the priming of DNA replication to repair
the DSB. HR is considered to be an error-free pathway, as it mainly uses the homologous
sequence of the sister chromatid as a template for repair (Langerak & Russell, 2011).

NHEJ act mainly in G1 phase and HR in S and G2 phases. This implies that the modes
of DSB repair are regulated during the cell cycle. At the same time, cell cycle checkpoints

play a critical role in delaying the onset of mitosis until DNA repair is complete.

11. DNA damage signaling

Recognition of non-canonical DNA structures by cellular surveillance proteins initiates
DNA damage signaling. As it takes time to repair damaged DNA, it is essential that cell cycle
progression can be temporarily stalled. Therefore cells have evolved surveillance
mechanisms that are capable of delaying the cell cycle in the presence of DNA damage.
These mechanisms, “checkpoints” acts at Gapl/Synthesis, during synthesis (intra-S) and at
Gap2/Mitotic phase of cell cycle.

Two kinases, ATR (Rad3) together with ATM (Ataxia-telangiectasia-mutated) are
considered to be the key proteins that orchestrate DNA damage signaling and the different
repair processes, and each is activated by a distinct DNA structure (Shiloh, 2003). ATR is
activated by single strand breaks, forms ATR/ATRIP complex and can bind to RPA-coated
ssDNA, thus initiating damage signaling. ATM is activated by the appearance of double
strand breaks. ATR and ATM activate additional downstream checkpoint kinases such as

Chkl and Chk2. These kinases can phosphorylate p53 tumor suppressor protein and/or
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further regulate cell cycle through cyclin-dependent kinase-cyclin complexes (Poehlmann &
Roessner, 2010).

It is long known that p53 phosphorylated at Ser15 rapidly accumulates in response to
DNA damaging agents such as UV-light. In addition, it was also shown that the presence of
arrested Pol Il also positively influences the p53 level (Ljungman et al, 2001). p53 can act as a
transcription factor, which up and/or downregulates hundreds of UV-responsive genes.
Furthermore, p53 will decide the fate of the cells (inhibit cell cycle, or trigger apoptosis) in a
dose dependent manner (Koch-Paiz et al, 2004).

Around the lesion-site DNA-damage specific histone variants (H2AX) and marks will
appear. H2AX phosphorylation (yH2AX) at Ser-139 is mediated by ATR, ATM and DNAPKcs
kinases. Ubiquitination of histone H2A as well as H2AX is carried out by E3 ligase RNF8
(Bergink et al, 2006; Higashi et al, 2010; Matsumoto et al, 2007). These modifications
generate repressive chromatin state, which might silence transcription until the repair is

finished.

12. Fate of arrested Pol Il transcription

C. Transcriptional pause

A number of possible events can follow arrested Pol Il and the binding of CSB. The
half-life of an arrested Pol Il at a CPD in vitro can be ~20 hours, and it extends 10 nt
upstream of the CPD and 25 nt downstream (Selby et al, 1997; Tornaletti & Hanawalt, 1999).
This creates a roadblock not only for all the transcription on the given ORF, even the blocking
lesion cannot be accessed by repair factors. Persistent Pol Il arrest, and subsequent
transcriptional arrest can initiate checkpoint signaling which can lead to cellular apoptosis
(Ljungman & Zhang, 1996). It has been shown, that DNA damage on ORFs leads to
transiently repressed transcription. This transcription block is partly mediated by the ATM
and DNAPKcs-dependent signaling and by the spreading of the repressive histone marks

around the lesion. In addition, Poly (ADP-ribose) polymerase 1 (PARP1) was shown to play a
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role in removing nascent RNA and elongating Pol Il from the damage-site, by further

generating repressive chromatin landscape (Chou et al, 2010; Pankotai et al, 2012).

D. Fate of Pol Il during TCR

Pol Il stalled at helix-distorting DNA damage is dangerous, because it blocks access of
the nucleotide excision repair factors to the lesion (Donahue et al, 1994). Cells have evolved
several solutions to deal with persistently stopped Pol Il.

For example, Pol Il as a damage sensor initiates TCR. During TCR factor assembly, Pol
Il can backtrack to provide access to the lesion.

When the TCR pathway is unable to allow continued transcription, an alternative pathway is
required to remove the stalled Pol Il and allow repair factors access to the lesion.

There are several proposed model to describe the different mechanisms which might
displace Pol Il from the lesion site:

- One mechanism might be for Pol Il to bypass the lesions, but this process is slow and
extremely inefficient (Walmacq et al, 2012).

- CSB and the TCR factors might cause conformational changes of the Pol Il that might
be required to allow accessibility to repair proteins.

- CSB might remove Pol Il from the lesion site through its Swi/Snf-like activity
(Svejstrup, 2002).

- Backtracking of Pol Il might be another key mechanism to allow repair and/or
transcription restart. Pol Il and the transcription-associated DNA bubble might shift
backward/backtrack along the RNA from the lesion. The restart of transcription
depends on the cleavage and reposition the 3’ end of the RNA to the active center of
Pol 1l, which might me mediated by TFIIS. Indeed, there are several evidences
showing that TFIIS can stimulate the cleavage activity of Pol Il during TCR (Kalogeraki
et al, 2005).

However, a second school of thoughts suggest that removal of Pol Il is not necessary

for TCR (Lagerwerf et al, 2011).
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Persistent DNA damage can also result in the poly-ubiquitination and degradation of
the largest subunit of Pol Il. Such removal would allow repair processes at the lesion. It has
been suggested that Pol Il degradation pathway is activated when the blocked Pol Il cannot
be restored, and this pathway is an alternative to TC-NER. Accordingly, TCR impairment can
lead to increased Rpbl poly-ubiquitination and degradation (Chen et al, 2007; Woudstra et
al, 2002).

E. Ubiquitination of Pol I

In general, protein ubiquitination was originally discovered as a signal for the
degradation of proteins, but it has later revealed that it is a multi-functional post-
translational modification (lkeda & Dikic, 2008). The substrate of ubiquitination becomes
conjugated on a lysine, via a triple enzyme cascade (E1: activating, E2: conjugating, E3:
ligating). Ubiquitin itself can be extended to create chains of differing topology and
promoting different outcomes. Only lysine-48 linked chains targeting proteins directly to the
proteasome for degradation.

Mono-ubiquitinated Rpbl can be found at low levels even in unstressed cell
(Harreman et al, 2009). One possibility is that this modification shows stalling Pol I
complexes or arrested ones during normal elongation, without always being degraded.
When transcriptional arrest is permanent, poly-ubiquitination of the stopped Pol Il can occur
if needed. However, it is also possible that Pol Il mono-ubiquitination has an additional and
separate functional role during transcription, many different ubiquitination sites have been
identified on Rpb1 (Beltrao et al, 2012; Wagner et al, 2011).

In mammalian cells, several distinct UB ligases can mediate Pol Il ubiquitination and
degradation. CSA, BRCA1-BARD1, and NEDD4 were shown to mediate mono-ubiquitination
of Rpb1 (Anindya et al, 2007; Starita et al, 2005). To generate Pol Il poly-ubiquitination,
cooperative action of the mammalian Elongin complex together with NEDD4 and an
additional UB ligase Cul5/Rbx2 is needed (Kamura et al, 2001).

Ubiquitinated Pol Il can be removed from the DNA by Cdc48 ATPase and/or degraded by the

26S proteasome (Verma et al, 2011).
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While TCR is the preferred pathway to handle persistently blocked Pol lIs, and Pol Il
degradation is an independent pathway, they might be interconnected. However, the

“decision mechanism” which activates either TCR or degradation is not clear.
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RESULTS II.

VII. Genome-wide characterization of RNA polymerase
Il behavior upon UVB stress (Manuscript under
preparation)

Introduction of the scientific question

The elongating Pol Il is very stably associated to the DNA template due to its
structural characteristics and the associated elongation factors. However, transcription is not
a smooth and continuous process, Pol Il frequently pauses and even backtracks, which can
cause temporary or persistent transcriptional arrest. Conditions leading to arrested Pol Il can
be special sequences, non-canonical DNA structures, topological constrains and DNA lesions.

UV light is one of the strongest naturally occurring genotoxic agents. The different
wavelengths of UV radiation produce a wide range of DNA lesions (see section 9), which can
block DNA-dependent nuclear processes such as replication and transcription. Upon UV-
irradiation even double strand breaks will appear throughout the entire genome.

Therefore cells have evolved a large number of factors and mechanisms to maintain
and restore genome integrity upon genotoxic stress. These repair pathways can be induced
by persistently blocked Pol Il elongation complexes on the transcriptional units.

As it takes time to repair damaged DNA, it is essential that the cell cycle progression
and transcription are temporary stalled. Mammalian cells have three major DNA repair
checkpoints (see section 11), which can arrest cell cycle by the activation of different groups
of proteins. These groups of proteins are damage sensors, signal mediators, signal
transducers and effectors. The cell cycle can be arrested by the activities of downstream
effector kinases: checkpoint kinase 1 and 2 (Chk1, 2; in yeast: Chkl and Cds1). Studies in
yeast showed that Cdc25 is a key target for Chk1l. Phosphorylation of active Cdc25 by Cdsl
and Chkl was shown to inhibit Cdc25 activity, which is needed to remove the inhibitory
phosphorylation from Cdc2, which leads to arrested cell cycle (Furnari et al, 1999; Sancar et

al, 2004).
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In addition, Chk2 can phosphorylate p53, thereby inhibiting the binding of Mdm2 to p53 and
as a result, p53 protein is not targeted for degradation and is therefore stabilized (Bartek &
Lukas, 2003). Arrested Pol Il and transcription can invoke checkpoint signaling, which can
end up in apoptosis, if transcription is not resumed quickly (Ljungman et al, 1999).

When transcription faces a persistent DNA lesion, Pol Il can also be polyubiquitinated
and therefore removed from the DNA template in order to provide access for the repair
factors to the lesion (Wilson et al, 2012). During the repair process it is also essential to
arrest the new rounds of transcriptions until the lesion is removed and the template strand
is restored. It was reported that during repair, transcription is blocked on the corresponding
ORF by the spreading of repressive chromatin marks together with PARP1 and DNAPKcs
activity at the promoter (Pankotai et al, 2012). However, the exact mechanisms which
remove Pol Il from the template strand and temporary turn off transcription is not fully
understood. In addition, most of the studies, which characterized the repair processes and
the subsequent transcriptional events, investigated only a handful of model genes.
Therefore, it is not known how cells maintain Pol Il transcription when multiple genes are
affected by DNA damage and subsequent repair process.

In order to investigate the Pol Il transcription machinery and its regulation during
DNA damage repair, | carried out a genome wide analysis using ChIP-seq technique on UVB
irradiated cells.

By following Pol Il redistribution genome-wide after UVB irradiation over time, we
wanted to see how Pol Il transcription alters in single and multiple gene contexts, when DNA
lesions appear throughout the entire genome. Our additional goal was to determine the

mechanism used by the cell to maintain and to recover Pol Il transcription following TCR.
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IX. UNPUBLISHED RESULTS

13. Low dose of UVB is sufficient to induce DNA damage

response, but is not lethal for cells

F. Testing cell lethality

For our experiments MCF7 human cell line was chosen, because it has wild type (wt)
p53, therefore it shows wt stress-induced cell cycle checkpoint activation, and proficient
DNA repair (Koch-Paiz et al, 2004). It is known that upon high dose of UVB and UVC
irradiation, cells induce apoptosis and degradation of Pol Il (Anindya et al, 2007; Koch-Paiz et
al, 2004). Four our experiments we had to find a condition, which induces TCR and
transcriptional block, but not lethal for cells. Based on the mentioned publications we have
chosen and tested the effects of 55 J/m? dose of UVB.

In order to test whether the chosen 55 J/m? dose of UVB is lethal for cells, | carried

out Crystal violet (CV) based survival assay. CV is used as nontoxic DNA stain to indicate
living cells.

120«

100 4

% Survived

Control UV Treated
Figure 17: 55 J/m? UVB dose is not lethal for cells. Crystal violet survival assay was carried out to determine

whether the selected low dose of UVB is lethal for cells. Percentage of survived cells are calculated from the
measured DNA content, from control (left bar) and UV-treated (right bar) sample.

UVB treated cells and untreated cells were incubated for seven days to form colonies, then

their DNA content was stained with CV and quantified with spectrophotometer.
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The results (Figure 17) show that approximately 95% of the UV treated initial cells
survived the selected dose, which also suggests that the DNA damage signaling was not

inducing apoptotic processes upon this sub-lethal dose.

G. Detection of DNA lesions

To demonstrate the genotoxicity and to quantify the DNA lesions caused by UVB, |
used Slot-blot coupled Western blot technique with anti-CPD antibody which recognizes
thymine dimers. Human MCF7 cells were treated with 55 J/m? of UVB irradiation, and then
DNA was extracted at different time points: immediately, 2 hours, 4hrs, 6hrs, 8hrs, 16hrs and

24hrs after treatment.

Control I. I, 0 2 4 6 8 16 24  Hours after UVB

Figure 18: CPDs are formed upon 55j/m? dose of UVB. Slot blot coupled western blot analysis to detect CPDs
formed upon 55J/m? UVB treatment. With a CPD specific antibody (TDM-2), we detected a massive

accumulation of DNA lesions in the DNA of the treated cells. CPDs are still present 24 hours after irradiation.

The results (Figure 18) show that compared to the untreated controls, there is an
accumulation of lesions in the genome of the UVB treated cells. Interestingly, the CPD
lesions are still present in the genome 24 hours after the irradiation. Compared with the
survival assay, it is surprising that cells are still viable with a massive accumulation of CPDs in
their genome, which might suggest a difference in the speed of the repair processes on
transcriptional units, on coding strands and on intergenic regions. However, this technique is

able to detect only CPDs, and other type of DNA lesions might be present as well.
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H. Activated DNA damage signaling

To test whether 55 J/m? dose is sufficient to initiate DNA damage signaling, | carried
out Western blot analyses to detect if the levels of phosphorylated Chkl and p53 are

increased. For this, | used specific antibodies recognizing phospho-p53 and phospho-Chk1.

p-Chk1
p-p53

Tubulin

Control 1h 2h 3h 4h 5h 6h

Figure 19: DNA damage signaling is activated. Western blots show that upon low dose of UVB irradiation the
level of activated Chk1 (first row) together with phospho-p53 (second row) are increased. Chk1 shows a quick
upregulation (maximum at 1h), which slowly diminishes. p53 is activated later, showing a maximum level at 4h.
Both proteins are close to the non-treated level at 6h. Tubulin  was used as a loading control.

Our results show that even 55 J/m? dose UVB irradiation is enough to activate the
checkpoint signaling (Figure 19). Following UVB irradiation, the level of phospho-Chk1l
increases rapidly, showing a maximum level at 1h, and then it slowly diminishes. The
activation of p53 is slightly slower, it shows increased levels at 2h after treatment, a
maximum at 4h and a fast decrease from 5h. The phosphorylation levels of both proteins are

restored to normal at 6h.

I. Detection of p21 activation (l.)

CDKN1a/p21 protein is a cyclin-dependent kinase inhibitor which is also UV and p53-
responsive gene. The expression of p21 is tightly controlled by p53. p21 binds to and inhibits
the activity of CDK2 and thus functions as a regulator of cell cycle progression.

To test whether DNA damage signaling is activated by p53, | carried out ChIP qPCR
assays at different time-points (4h and 8h after UVB) to follow the binding of p53 to its
responsive element upstream from p21 TSS.

Our ChIP carried out with p53 AB, shows increased p53 occupancy at the upstream
p21-p53 responsive element 4 hours after UVB treatment compared to the control, which
declines at 8h time point (Figure 20). On the negative control region, as expected, we could

not see increased p53 binding.
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Figure 20: p53 binds and activates p21. ChIP was carried out with p53 AB (blue bars) and with No antibody
control (red bars) at 4h and 8h after UVB treatment. p53 occupancy compared to the No AB negative control at
different time points are represented in input%. 4 hours after irradiation p53 is bound to the upstream p21-p53
responsive element (upper panel). On the Intergenic region, which is a negative control region, there is no
increased occupancy of p53 as it is shown by the low input % (lower panel).

J. Detection of p21 activation (ll.)

CDKN1a/p21 is one of the best studied UV responsive model genes. It shows an
increased mRNA level in response to irradiation with any wavelength of UV (Koch-Paiz et al,
2004).

To follow the mRNA changes of p21 gene, | carried out reverse transcription coupled
guantitative PCR (RT-gPCR). Oligo pairs were designed to measure both pre- and total mRNA
level. By measuring pre-mRNA amounts of given transcripts, we can gain information
whether the transcription is active at the investigated time-point. RNA samples were
extracted in every hour up to six hours after treatment. Our results show that 55 J/m? UVB
induces the level of both pre and total p21 mRNAs. Interestingly the p21 pre-mRNA has a
maximum at 3h time-point then rapidly decreases and normalizes at 6h. In contrast, the
total mRNA level of p21 shows a slow increase until 4h then slowly decreases (Figure 21).
This suggests that p21 transcription is active only for a short period of time and peaks at
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3hours and the increased total-mRNA level at 4h is due to mRNA stabilization and not to

active transcription.

w= Total mMRNA
=8~ Pre-mRNA

5 4 p21 mRNA level

Fold Increase
w

Control 1 2 3 - 5 6 Hours after UVB

Figure 21 Transcription of p21 gene is active only for a short period. Pre- (red line) and total-mRNA (blue line)
level of CDKN1a/p21 was measured with RT-QPCR at the indicated time-points after UVB treatment. Pre-mRNA
of p21 shows constant increase until 3hours after irradiation then rapidly declines, showing a short period of
active transcription. Total-mRNA has a maximum at 4h time-point and declines slowly which can be due to
increased RNA stability.

14. Genome-wide analysis of Pol II behavior upon UVB

irradiation

We have demonstrated that 55 J/m? UVB can induce DNA damage and the
subsequent signaling response. In order to investigate the effect of sublethal dose of UVB on
the global Pol Il transcription machinery, | carried out ChIP-seq analyses at different time
points after UVB treatment. ChIP was carried out on a non-treated sample and on samples
treated with UVB and incubated for 1h, 2h, 3h, 4h, 5h and 6h with an antibody which
recognizes the N-terminal end of human RPB1 subunit of Pol Il (N-20; Santa Cruz, H-224X).
This antibody allows the detection of Pol Il independently of the phosphorylation status of
the CTD. To test for non-specific binding, we carried out a control ChIP-seq using an antibody
raised against a yeast factor that does not recognize any human proteins.

The high throughput sequencing of the precipitated DNA samples was done by Hi-
Seq2000 platform.

ChlP-seq experiment can be divided in to the following steps:

1) ChIp;
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2) Library preparation from chipped DNA fragments (end repair; addition of an ‘A’ base
to the 3’-end of DNA fragments and ligation of adapters to DNA fragments)
3) Amplification of adapter-modified DNA fragments and gel purification
4) Library sequencing with Hi-seq 2000 platform
From the sequencing results identical reads were removed to avoid artificial signals
(that may come from the library preparation step). This was done by mapping the sequences
to the human genome (version hgl9). Only uniquely mapped reads were considered for

further analyses (Table 2).

Sample Total number of unique
reads
Control 119,548,359
1h 135,240,416
2h 131,965,772
3h 117,791,061
4h 109,408,317
5h 127,410,622
6h 129,616,209

Table 2.: List of samples/datasets and the number of uniquely mapped reads.

For the comparative analyses, the samples/datasets were normalized based on the
tag densities on the intergenic region (see Materials and Methods). To generate average
profiles, annotated genomic regions (reported and validated gene coordinates) and

coordinates were extracted from the refseq genome database.
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K. Genome-wide average Pol Il occupancy profile

Pol Il tag densities were collected and counted for every human refseq annotated
gene (43070 annotated ORFs). Occupancy profiles were calculated from -2kb upstream from

TSS until EAG+4kb around the genes (Figure 22).
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Figure 22: Mean Pol Il profile for every refseq genes. Chip-seq data using an anti-Pol Il antibody (N-20) was
carried out in human MCF7 cell line at the indicated time points after UVB treatment. Pol Il tags were
calculated from ChIP-seq datasets in every time points on every annotated gene (43070 human ORFs) from -
2kb from TSS through the gene body until EAG+4kb region.

Interestingly, the mean occupancy profiles show a massive Pol Il clearance from the
promoters in the 2h, 3h and 4h samples. Pol Il occupancy starts to recover in the 5h sample
and seems to be fully recovered in the 6h sample. On the gene body and downstream from
EAG we found only a slightly Pol Il clearance. The loss of Pol Il from promoters in the 2h, 3h
and 4h samples suggests that upon UVB irradiation Pol Il reinitiation rate is slowed down or
blocked.

The datasets from the different samples were also uploaded to the UCSC genome
browser to visualize them (Figure 23 and supplementary Figure 1). By selecting randomly a

genomic region we observed the same Pol Il signal clearance from promoters.
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Figure 23: Pol Il clearance from promoters. The ChIP-seq datasets are visualized by UCSC genome browser. Pol
Il signals are represented as black bars for every time point (Control - 6H). The ORFs and their location are
represented as blue boxes.
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L. Average Pol Il occupancy profile of 4500 expressed genes

As it was discussed earlier (see section 12) during TCR, the new rounds of
transcription can be blocked. To investigate the effect of UVB treatment on the active
transcription, Pol Il tag densities were extracted from the datasets from the following
regions: TSS (+/- 300bp around TSS), on the gene body (-100bp from TSS until EAG) and
downstream from EAG (from EAG to EAG+4kb (genomic regions are shown on Figure 24) of

4500 expressed genes.

TS5 EAG
1 | Gene body I 1
| |
-Akb +4kb

Figure 24: Schematic representation of a coding region.

From the collected tag numbers heat map and mean density profiles were generated
to visualize and follow the changes Pol Il distribution on expressed genes in time upon UVB
treatment (Figure 25 and 26 respectively). The genes on figure 25 are organized according
to their expression level.

Our results show that the UVB treatment has a dramatic effect on the transcription of
active genes. Compared to the control sample, we observed a gradual decrease of Pol Il
occupancy from the TSSs of genes up to 3h time point. Pol Il occupancy slowly regenerates
from 4h up to 6h time point. Interestingly, on the gene body, at the 1h time point there is a
slight increase in the Pol Il density. These observations suggest a quick rearrangement of
factors bound to promoters, which might end up in transcription inhibition. The increased
Pol Il density on the gene body at the 1h time point might suggest that the “last” initiating
Pol Il molecules move into the coding region (before the complete block of transcription).
Later at 3h and 4h the Pol Il signal also decreases from the gene body, then normalizes at 5h
and even increases at 6h. The increased Pol Il occupancy on the gene bodies at 6h suggests
that the transcription apparatus might compensate for the reduced gene expression
associated with TCR. This idea is supported by the alterations of Pol Il signal downstream
from EAGs. The slow and minor Pol Il clearance from the gene bodies at 3-4h suggests a

decrease in the number of terminating Pol lls. This is followed by a strong increase of Pol Il
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density at 5-6h which might be a signal of increased transcription. Interestingly, the gene

expression level does not influence the speed of Pol Il clearance and regeneration.

After K-mean clustering analyses (which sorted the genes into distinct groups based
on Pol Il occupancy pattern and density), we found a set of genes which do not show
dramatic Pol Il loss upon UVB treatment. Moreover, they seem to be upregulated as they
have increased Pol Il densities on their ORF and downstream from their EAG (Figure 27,
indicated clusters, the list of genes can be found in Supplement results section).
Interestingly, Gene Ontology analyses suggest that these genes are involved in DNA damage

response and signaling (Table 3).

Transcription factor binding 1.3E9
DNA damage response, signal transduction by p53 class mediator 6.3E-7

Regulation of cell cycle 8.7E-6
DNA damage response, signal transduction 4.6E-6
DNA integrity checkpoint 1.5E4
G1 DNA damage checkpoint 2.2E4
Response to UV 9.5E-6

Table 3.: The identified biological processes (at significant P-values) by the Gene Ontology analyses of the
detected upregulated clusters.
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4500 expressed genes
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Figure 25: Pol Il density changes in time on 4500 expressed genes after UVB irradiation I. Heat map was
generated to follow Pol Il behavior in time on 4500 expressed genes at different genomic regions after UVB
treatment. Tag numbers were calculated around the TSS (+/- 300bp around TSS), on the gene body (-100bp
from TSS until EAG) and downstream from EAG (from EAG to EAG+4kb). Each line represents one gene. Color
code represent fold change (red shows increase; green shows decrease, black is the control).
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Figure 26: Pol Il density changes in time on 4500 expressed genes after UVB irradiation | Mean Pol Il density
profile was generated for the top 4500 expressed genes at different genomic regions after UVB treatment. Tag
numbers were calculated around the (A) TSS (+/- 300bp around TSS), (B) on the gene body (-100bp from TSS
until EAG) (C) and downstream from EAG (from EAG to EAG+4kb).
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Figure 27: A set of genes show increased Pol Il density at the TSS, on the gene body and downstream
from the 3’ ends upon UVB irradiation. Heat map was generated from the ChlIP seq results of 4500 expressed
genes after K-mean cluster generation. Tag numbers were calculated as described at figure 25. Each line
represents one gene. Color code represent fold change (red shows increase; green shows decrease, black is the
control). The identified clusters are indicated as “Upregulated clusters”.
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To validate the bioinformatically detected Pol Il clearance from promoters, | carried
out ChIP coupled gPCR detection. ChIP was carried out with Pol Il and NELF-A (as it is an
indicator of paused Pol II; see section 5) antibodies in non-treated samples and in samples
incubated for 3h and 6h after 55 J/m? UVB irradiation. Oligos were designed to amplify Pol Il
and NELF-A signals on the promoters of three randomly selected genes from the list of the
previously used 4500 expressed genes. To have a negative/mock control, ChIP was carried
out with empty G Sepharose beads (NoAb), and for a control region, additional oligos were

designed, which target an intergenic region (Figure 28).
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Figure 28: ChIP-qPCR validation of Pol Il clearance from promoters. ChIP was carried out with Pol Il, NELF-A
antibodies and with empty G Sepharose beads. Pol Il occupancy (Blue bars) and NELF-A occupancy (Yellow
bars) compared to the No-antibody control (Red bars) at the promoters of randomly selected genes are
represented in input %. Error bars represent +/- standard deviations. (Gene codes: Ubc/NM_021009,
Pou2f3/NM_001244682 and Rplp1/NM_001003)

These validation experiments confirmed the detected Pol Il clearance from the
promoters of expressed genes. All three candidate genes show decreased Pol Il occupancy in
the 3h sample compared to the control. As expected, all candidate genes show an increased

Pol Il occupancy on their promoter region in the 6h sample. These results are in good
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agreement with our bioinformatical results. Interestingly, NELF-A shows same changes in its
occupancy profile as Pol Il at the promoters. This observation suggests a rearrangement
and/or dissociation of transcription factors from promoters and the lack of promoter

proximal pause of Pol Il.

Global level of Pol I

To test whether the Pol Il promoter clearance at 3-4h time points is due to Pol Il
degradation (discussed in section 12) and/or different Pol Il CTD phosphorylation status, |
carried out western blot analyses to measure the global level of Pol Il (RPB1) and the
different phosphorylated forms of Pol Il CTD. | used antibodies specifically recognizing Ser2-
P, Ser5-P and Ser7-P. To measure the total level of Pol Il (Pol lla and Pol llo together) | used

the N-terminal specific antibody. Tubulin-f was used as loading control (Figure 29).
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Figure 29: Global level of Pol Il and PIC subunits after UVB treatment. Western blots for different Pol Il
phospho-CTD forms (Ser2, 5, 7-P and total Pol Il), PIC subunits (TFIIH/p62, TFIIB and TBP), and negative
elongation factor (NELF-A) at different time points after 55 J/m? UVB irradiation. Tubulin was used as a loading
control.
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The analyses with the N-terminal specific AB [1** panel] suggest that upon UVB
irradiation, the level of the Pol llo form immediately increases compared to control
[compare lane 1 to 2 and 3 (1h, 2h)]. Later (5h-6h, lane 6 and 7) the level of the Pol llo
decreased and the level of the two form is balanced. This result is in good agreement with
previous studies showing that upon DNA damage Pol Il is hyperphosphorylated (Munoz et al,
2009). However, the Ser2-P of Pol Il CTD does not show any alteration upon UVB irradiation
[2" panel]. Phosphorylated Ser5 residue of Pol Il CTD [3" panel] shows a slight increase
immediately after UV irradiation (lane 2 and 3) which might be due the increased level of Pol
llo form. Surprisingly, we detected decrease (from 2h time point) in the level of phospho-
Ser7 signal upon UV treatment (4 panel] which reappears at the 6h time point. Ser7-P CTD
mark was suggested to be a marker of highly expressed genes (Egloff et al, 2007). Taking this
into consideration together with the WB results, we suggest that upon low dose of UVB
irradiation the loss of Pol Il from promoters might be facilitated by hyperphosphorylation
(reduction in the number of Pol IlIs capable to reinitiate) and not by RPB1 degradation. Our
results show that the increased level of Pol llo [1° panel, at 2-3h in] might be related to the
increased Ser5-P [3rd panel, 1-2h](Figure 29). Moreover, Ser7-P mark is indeed an indicator
of active transcription, and its decreased level (from 2h up to 5h) upon DNA damage reflects

the transcriptional pause during DNA repair.

To test whether the degradation of certain PIC subunits facilitates the Pol Il clearance
from the promoters upon UVB irradiation, | tested the global protein level of p62 that is a
TFIIH subunit, TBP and TFIIB. Our results do not show changes in the levels of the indicated
proteins. In addition, we did not see changes in the level of NELF-A upon UV treatment
either. These results suggest that the loss of Pol Il signal from promoters might be due to the

depletion of Pol lla form that is capable to incorporate into the PIC.
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X. DISCUSSION II.

The elongating Pol Il can be arrested by special sequences, non-canonical DNA
structures, topological constrain and DNA lesions, which can be caused by the UV irradiation
(Svejstrup, 2007). Cells have developed several DNA damage and repair pathways, which can
be induced by persistently blocked Pol Il elongation complexes on the transcriptional units. It
has been shown, that cotemporary with the DNA repair process on ORF, the new round of
transcription is also blocked (Pankotai et al, 2012). However our knowledge about Pol Il
transcription inhibition after UV irradiation is based only on a few model genes and
conditions, therefore it is not known how the global transcription is affected upon UV
irradiation.

To investigate the fate of Pol Il transcription machinery during DNA repair processes
at the global level, | carried out ChIP-seq experiment following UV treated human MCF7 cells
to follow the alteration of Pol Il occupancy patterns over time. Our aim was to study the fate
of Pol Il transcription in a condition, when cells are able to repair the DNA and rescue
transcription, without inducing apoptosis. Therefore, | used low dose of UVB (55 J/m?)
irradiation to generate DNA lesions genome wide. This dose was not lethal for the cells
(Figure 18), however, it caused a massive accumulation of CPDs in the genome (Figure 19).
The comparison of our CPD-slot blot results with the survival assay further support the idea
that the coding regions are repaired faster than the heterocromatin, as we detected CPDs 24
hours after UV irradiation (Lagerwerf et al, 2011).

By mapping the sequencing tags from the ChlIP-seq experiments to the annotated
genomic regions, we were able to generate average Pol |l occupancy profiles for every Pol Il
transcribed gene. Surprisingly, the generated average Pol Il profiles showed a gradual Pol Il
clearance from promoters over time after UVB irradiation (Figure 22, 23). This observation
let us to propose the existence of a coordinated genome-wide mechanism to remove Pol lls

from coding regions, mainly from promoters upon DNA damage.

To follow the Pol Il behavior on active genes after UV irradiation, | generated a heat
map showing Pol Il density changes over time on the TSS, the gene body and 3’ end region of
4500 expressed genes. Our results show a massive Pol Il clearance from promoters at 3-4h

time points independently from gene expression level (Figure 25), and a slow regeneration
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at 5-6h time points. These observations propose that almost every expressed gene is
targeted by a mechanism to remove Pol Il from promoters during the DNA repair processes,
which acts at the same time on every promoter. The detected synchronized Pol I
regeneration on the TSSs at 6h time point further supports this idea. Interestingly, we also
detected a set of genes, which show increased Pol Il density throughout their ORF after UVB
irradiation (Figure 27). Gene Ontology analyses suggested that these genes are participating
in stress response processes (Table 3). However, the identified stress responsive genes,
which show increased Pol |l tag density upon UVB treatment, suggest that these genes might
undergo a different regulation than the majority of genes that show Pol Il clearance during

DNA repair.

Interestingly, we observed an increase of Pol Il occupancy at 1h on the gene body of
those genes, which show Pol Il clearance from their promoters. This increased Pol Il
presence might reflect “the last” round of transcription, which got arrested by lesions. In
general, the Pol Il residency time on the gene body and downstream from EAGs does not
show notable decrease at 3-4h time points. Nevertheless at 5h and 6h time points we
detected a gradual increase of Pol Il presence on the coding regions, most of all on the gene
bodies and downstream from EAGs, suggesting that the transcriptional machinery tries to

compensate for the loss of transcription during the repair processes.

We carried out western blot analyses to determine whether Pol Il degradation or CTD
hyperphosphorylation (Pol llo form) would contribute to the Pol Il clearance from promoters
(Figure 29). We detected a slight shift from Pol lla to Pol llo form together with increased
level of CTD Ser5 phosphorylation at 1-2h time point, which suggests the depletion of
initiation-competent Pol Il. Surprisingly, we detected a quick drop in the Ser7 CTD
phosphorylation cotemporary with the promoter clearance of Pol Il. The loss of the CTD
Ser7-P mark might reflect the transcriptional gap, and further supports the idea, that Ser7-P
is required for gene expression (Egloff et al, 2007). Nevertheless, we did not detect changes
in the global level of Pol Il with the N-terminal specific AB, which suggest that the Pol Il

clearance from promoters is not mediated by degradation.

To test whether PIC subunits are degraded as a mechanism to facilitate the detected

Pol Il clearance from promoters, we also analyzed the protein levels of p62/TFIIH, TFIIB and
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TBP (Figure 29). Additionally, we tested the level of NELF-A. As we did not detect any
changes in the global level of these transcription factors, we suggest that PIC formation
might be also blocked by the spreading of yH2AX and/or other repressive chromatin marks
and altered nuclear architecture due to the interplay of DNA damage signaling factors

(Banath et al, 2009; Misteli & Soutoglou, 2009; Pankotai et al, 2012).

Our study is the first genome-wide characterization of the effect of UVB irradiation

on the Pol Il transcription machinery. The results within raise additional questions:

1: What is the mechanism of Pol Il clearance from promoters?

It is known that the formation of DNA damage on ORFs will silence the corresponding
genes (Lagerwerf et al, 2011). This transcription repression is due to cooperative actions of
multiple factors. For example ATM kinase phosphorylates H2AX and mediates the
ubiquitination of H2A. These repressive chromatin marks can spread through thousands of
base pairs (Massip et al, 2010). Additionally PARP1 was shown to play a role in removing pre-
mMRNAs and Pol Ils from DNA damage sites (Chou et al, 2010). Moreover, HP1 that promotes
chromatin compaction was also reported to associate with DNA damage sites (Baldeyron et
al, 2011). However, most of these observations were done during the examinations of
double strand beak repair processes. As the mechanism of SSB repair, TC-NER and the DSB
repair differs, it is uncertain whether we can apply these models to explain the Pol Il loss
from the promoters upon UVB irradiation in our case. Therefore, experiments are needed to
investigate the genome-wide appearance and localization of yH2AX and UB-H2A, and/or the
binding site of ATM kinase, HP1 and PARP1 upon UVB irradiation, whether they show
colocalization with the genes showing Pol Il clearance.

An additional explanation for the Pol Il clearance from promoters could be that the
number of initiation-competent Pol lla is decreased upon UVB irradiation, as it is suggested
by our results (Figure 29). Thus it is possible, that the activity of certain kinases which might
be activated during DNA damage signaling, increase the phosphorylation level of CTD
residues, such as Ser5 Tyrl and Thr4. DNAPKcs, Chkl, Chk2 and ATM kinase are promising
candidate kinases (see section 11), which might contribute to the CTD phosphorylation. An

important experiment would be the individual knock-down of these kinases that is followed
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by western blot analyses to detect whether Pol llo form is increased after UV irradiation.
Also, in vitro kinase assay could determine whether these kinases target Po Il CTD.
Additionally, during the repair processes phosphatases have to be deactivated to
maintain the increased level of Pol llo form. Therefore the western blot analyses of FCP1,
SCP1, PRAP2 and Ssu72 (which target Pol Il CTD, see table 1 in section 1) could give a hint,
whether the expression of these phosphatases are downregulated after UVB irradiation.
Finally experiments should be carried out to analyze whether the PIC composition is

changed or certain subunits are modified or degraded upon UVB irradiation.

2; Is Pol Il clearance from promoters governed by a global mechanism?

A study demonstrated that, when only one gene is targeted by a double strand break,
the following transcriptional silencing affects the expression of the targeted gene only (Kim
et al, 2007).

This observation is contradictory with our idea that suggest the existence of a global
mechanism responsible to remove Pol Il from promoters. Probably, there is “decision
mechanism”, which chooses between local and global gene silencing and it is influenced by
the number of genes with arrested Pol I, or the dose of UV irradiation. In the future,
different doses of UVB should be tested to see if the hypothetical global machinery is

activated in a dose-dependent manner.

3; Is Pol Il clearance from promoters also representing silenced transcription?

A study proposed that the increased Pol Il occupancy on the gene body reflects
increased/activated transcription (Welboren et al, 2009). Additionally, we detected a
decreased level of phospho-Ser7 residue of Pol Il CTD that is suggested to be a mark of active
transcription (Egloff et al, 2007). By taking these observations into consideration, we assume
that the Pol Il clearance from promoters and from gene bodies will be linked to transcription
arrest, while the increased Pol Il signal on the identified stress responsive genes might
reflect increased transcription. To further support this idea, a detailed gene expression
analysis upon UVB treatment (which identifies nascent transcripts, such as GRO-seq) is

needed.
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4: Are arrested Pol lIs removed from the DNA template during the repair processes?

There are several models, which describe the possible mechanism, which displace
arrested Pol Ils during DNA repair (see section 12/bb): 1) Pol Il might bypass the lesions
(Walmacq et al, 2012), 2) CSB and other TCR factors might cause conformational changes of
the Pol Il, which would facilitate its dissociation (Svejstrup, 2002), 3) Pol Il might backtrack
from the lesion with the help of TFIIS (Kalogeraki et al, 2005) and finally 5) Pol Il can be
polyubiquitinated and degraded from the template (Wilson et al, 2012). However, a second
school of thoughts suggest that Pol Il is not removed during TCR (Fousteri et al, 2006).

In our study, the observed Pol Il accumulation on the gene bodies at the 1h time
point might reflect Pol lls arrested by DNA lesions. The subsequent slight Pol Il signal loss at
2h-3h-4h time points might represent the dissociation of Pol Il from the template. As our WB
analyses did not show decrease in the global level of Pol Il, we assume that in our conditions,
Pol Il is not degraded after UVB irradiation. However, our study did not allow us to
determine how Pol Il is removed from the template.

An additional candidate, which might remove arrested Pol Il could be the repair
factor UVSSA (UV-stimulated scaffold protein A, (Zhang et al, 2012b) which was recently

found to be associated with the ubiquitinated Pol Il during TCR .

5: Why the identified stress genes do not undergo Pol Il clearance?

A study demonstrated that UV responsive genes are short genes in general, and
because of the short size, the chance to acquire lesion during UV irradiation is decreased
(McKay et al, 2004).

An additional explanation could be that these genes might have special PIC
composition and/or promoter architecture, which facilitates a quick repair and activation, or
simply these genes are repaired prior to the “housekeeping genes” during the DNA damage
repair process. Another possibility is that these genes might have different Pol Il elongation
complexes which can transcribe through certain DNA lesions (i.e. CPDs).

However, further investigations are needed to determine the reason why the
identified stress response genes do not show Pol Il clearance from promoters upon UVB
irradiation. | would test, whether these genes have special promoter architecture,
nucleosome composition, and/or a special transcription activator which facilitates a rapid

activation.
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XI. Materials and methods

Cell culture

The MCF7 human breast cancer cell line (obtained from American Type Culture
Collection; ATCC; reference number HTB-22) was grown in Dulbecco’s Modified Eagle
Medium (DMEM, Invitrogen) supplemented with 10% foetal calf serum (FCS). The medium

contained insulin (0.6pug/ml) and gentamicin (40ug/ml).

UV-B treatment

55 Joules /m? were used for each experiment. For the UV treatment Vilber T-15M
lamp and Bioblock UV-radiometer device was used to measure the UV-B dose at the 312nm
wavelength. For every experiment, majority of the medium was removed before UV-
treatment. Around 5% medium was left on the cells to prevent them from drying out during
irradiation. After treatment, fresh and pre-warmed medium was added for the incubation

period.

Crystal-violet survival assay

MCF7 cell lines were plate into a 6 well plate (300 cells / well) one day prior to UV
treatment. In the following days, the survived cells will form colonies. 7 days after UV
irradiation, the cells were washed with PBS then stained with Crystal violet solution (0.2%
crystal violet, 2% ethanol). The staining was removed from the cells with 1% sodium dodecyl
sulfate (SDS) containing MQ water. The crystal violet amount in both UV treated and in
control samples were measured with spectrophotometer at 595nm. Results were calculated

from biological triplicates.

Slot-blot technique to detect DNA-lesions

Cells were plated in 6 cm plates and UV-treated at 80-90% confluence. After

incubation for 1min, 2, 4, 6, 8, 16, 24 hours DNA was extracted from samples as well as from
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non-treated control with SIGMA GenElute Mammalian Genomic DNA Miniprep Kit. DNA
content was quantified with Nanodrop. 250ng of DNA was diluted in 2x SSC (0.3M NaCl,
0.03M Sodium citrate, pH: 7) buffer from each sample and was transferred to Amersham
Hybond-N+ membrane with Slot-blot vacuum chamber. The membrane was treated with
Denaturizing buffer (0.5M NaOH, 1.5M NaCl) then Neutralizing buffer (0.5M Tris-HCI, 1.5M
NaCl). The membrane was then treated according to Western blot protocol: blocked with
PBS + 2% milk, and then incubated with mouse IgG monoclonal anti-CPD (TDM2) (MBL

international corp.) primary antibody overnight in 4 °C.

Measurement of gene expression

MCF7 cell lines were plated in 6cm plates prior treatment. At 80-90% confluence, cell
were irradiated then Tri-reagent was used to extract total RNA after 1, 2, 3, 4, 5, 6, hours of
incubation and from non-treated control as well. Immediately after RNA extraction, DNase |
treatment was carried out on the samples to fully reduce DNA contamination (DNase I,
ROCHE). Phenol (pH: 4.5)-chloroform RNA extraction was performed to remove DNase. RNA
samples were resuspended in MQ containing RNazin then quantified by Nanodrop. Reverse-
transcription from 3000ng of each RNA samples was carried out with SuperScript Il
(Invitrogen) on the same day with the RNA extraction. Oligo pairs were designed to quantify

total mRNA (intron-intron border) and pre-mRNA (first intron-exon border) levels.

Measurement of protein levels

MCF7 cell lines were plated in 6cm plates prior treatment. At 80-90% confluence,
cells were irradiated. The irradiated and control cells 1, 2, 3, 4, 5, 6, hours later after
incubation were washed twice with ice-cold PBS containing complete protease inhibitor
cocktail (PIC) (1x), phenylmethylsulfonyl fluoride (PMFS)(0.5mM), PB-glycerophosphate
(10mM), sodium orthovanadate (1ImM), sodium fluoride (20mM) inhibitors. Cells were
scraped in PBS + inhibitors and frozen-thawed three times. Before loading on 6-10% SDS-
PAGE samples were sonicated for 10 cycles (30 second ON, 30 seconds OFF) (Bioruptor) then

boiled for 5 min. The samples were transferred on Whatman Nitrocellulose Transfer
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Membrane, and then blocked in PBS + 3% milk for 1 hour on room Temperature. The
following antibodies were used:

Phospho-p53 (Serl5) Antibody #9284 (Cell Signaling Technology)
Phospho-Chk1 (Ser345) (133D3) #2348 (Cell Signaling Technology)
RNA polymerase Il N-terminal H-224n (Santa Cruz),

Pol Il Ser2, AB: Covance, (MMS-129R)

Pol Il Ser5 AB: Abcam, (ab5131)

Pol Il Ser 7 AB: (Chapman et al, 2007)

NELF-A: sc-23599 (Santa Cruz)

TBP: 3G3 (Lescure et al, 1994)

TFIIH subunit (p62): 3C9MAB (Marinoni et al, 1997)

TFIIB: (Moncollin et al, 1992)

Tubulin-B: (D-10): sc-5274 (Santa Cruz)

Chromatin Immunoprecipitation and QPCR

MCF7 cells were plated in 15cm dishes. At 80-90% confluence cells were UV treated.
After 1, 2, 3, 4, 5, 6 hours of incubation the cells were washed with PBS, and cross-linked
with 1% formaldehyde for 20 minutes at room temperature. The reaction was stopped with
0.5 M glycine, and cells were washed three times with ice-cold PBS supplemented with 0.5
mM PMSF, scraped, and resuspended in swelling buffer (25 mM HEPES, pH 7.8, 1.5 mM
MgCl,, 10 mM KCI, 0.1% NP-40, 1 mM dithiothreitol (DTT), 0.5 mM PMSF, PIC. Cells were
broken with a Dounce homogenizer, and the nuclear fraction was resuspended in sonication
buffer (50 mM HEPES, pH 7.8, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na-
deoxycholate, 1% SDS, 0.5 mM PMSF, PIC). The chromatin was sonicated with Covaris
sonicator into 100-300-bp fragments and centrifuged to avoid any remaining cell
debris.From the supernatant, 30 pug chromatin diluted with sonication buffer (without SDS)
up to 1 ml (0.05% SDS concentration) was used for one IP. Protein G Sepharose beads were
washed and blocked with sonication buffer containing cold-water fish skin gelatin (SIGMA)
and yeast tRNA. Chromatin samples were pre-cleared with unblocked beads at 4°C, for 2
hours. The precleared chromatin samples were rotated overnight at 4°C with the Pol Il

antibody (Santa Cruz, H-224X ), p53 antibody (clone DO-7, Abcam) or with NELF-A antibody
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(A-20, sc-23599). The blocked beads were added for 2 hours to the samples to pull down
specific protein-DNA complexes. After immunoprecipitation, samples were washed two
times at 4°C with the following buffers: twice with Sonication buffer (without SDS), twice
with buffer A (50 mM HEPES, pH 7.8, 500 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na-
deoxycholate, 0.1% SDS, 0.5 mM PMSF, PIC), twice with buffer B (20 mM Tris, pH 8, 1 mM
EDTA, 250 mM LiCl, 0.5% NP-40, 0.5% Na-deoxycholate, 0.5 mM PMSF, PIC), and finally twice
with Tris-EDTA buffer (10 mM Tris, pH 8, 1 mM EDTA). Bound fraction of the chromatin was
eluted with 2x100 pl of elution buffer (50 mM Tris, pH 8, 1 mM EDTA, 1% SDS) at 65°C for
2x10 min and elutions were pooled. RNase A treatment (5 ug/ml), and reverse cross-linking
(125 mM NaCl) was carried out at 65°C overnight. Elutions were finally incubated with
proteinase K. DNA was phenol-chloroform extracted and precipitated by ethanol.

Validation of the ChIP was performed by quantitative PCR (gqPCR) analysis using a Roche
LightCycler 480 with Sybr green (Roche) master mix. Oligos were designed to amplify the
promoter regions of the human Ubc/NM_021009, Pou2f3/NM_001244682 and
Rplpl/NM_001003 genes. Intergenic region was selected as a negative control region. The
ChIP experiments were repeated at least twice, and all the qPCR reactions were done in

triplicates.

High throughput sequencing with Hi-seq 2000

The sample preparation for ChIP-seq was the same as described above. To have
enough material for sequencing, 5 ChIP samples were added together per time points.

Library preparation for sequencing was performed as described by the manufacturer.
The 32 base pair tags generated from Hi-seq 2000 were mapped to the human genome Build
36.1 (UCSC hg18) using the eland program allowing two mismatches. Only sequences that
mapped uniquely to the genome with maximum of two mismatches were used for further
analysis. Using the liftover tool from UCSC (www.ucsc.org), tags were mapped onto the
human genome hg19.

To have a negative control, we carried out ChlIP-seq with a non-specific yeast

antibody.
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Genome Annotations

Genome annotations were downloaded from the UCSC Genome Browser
(www.ucsc.org), human genome Build 37 (hgl19 assembly). Gene definitions were given by

the refseq genes track (Pruitt et al, 2009).

Bioinformatic tools and data-analysis methods

Intergenic regions were selected that are far away from the genes about 20kb
(around 8000 regions) and tag numbers were counted on 2kb interval in the middle of them
for all the 7 samples. These values were used as an input for DESeq Bioconductor package,
which normalizes the samples based on their median values.
(http://www.bioconductor.org/packages/2.9/bioc/vignettes/DESeq/inst/doc/DESeq.pdf)

We carried out analyses on all genes found in the refseq database and on 4500
expressed genes which were selected randomly, from a recently published RNA-seq dataset
for MCF-7 cell line (Kamieniarz et al, 2012).

The sequenced ChIP-seq reads represent only 36 base pair fragments instead of the
precise protein-DNA binding sites. To illustrate the entire DNA fragment bound to Pol II,
basically before analysis, 3’ end of each ChlIP-seq read was extended to 200 bp in the

direction of the reads.

To generate an average gene profile from ChIP-seq results, Pol Il tags were counted
on the selected genes with segMINER software (Ye et al, 2011) from their -1000bp from TSS
until EAG +4000 bp. Pol Il tags were averaged in a 50 bp window by the software. While
doing this analysis, the strand orientation is taken in account in order to orientate all

analyzed features in the same direction.

For heat map generation, Pol |l read/tag numbers for the 4500 expressed genes were
counted from the seven datasets around the promoter (+/-300 bp around TSS), on the
annotated gene body (TSS+100 until the EAG) and downstream of EAG (EAG+4000bp).
During heat map generation, Pol |l tag densities were subjected to K-means clustering in

order to organize or cluster genes in a same group based upon similar tag enrichment within
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a defined region. In K-means clustering, number of clusters is fixed and hence the samples
are sorted in the clusters based upon the tag enrichment and patterns of Pol Il.

Cluster and heat map generation was carried out with FLORA, Cluster 3 and TREEview
softwares.

Flora: http://www-microarrays.u-strasbg.fr/base.php?page=dataAnalysisClusterE.php
Cluster 3: http://bonsai.hgc.jp/~mdehoon/software/cluster/manual/index.html#Top

Treeview: http://sourceforge.net/projects/jtreeview/

Gene ontology (GO) analyses and Gene hame conversion

GO analyses and gene ID conversion were carried out by DAVID Bioinformatics Resources 6.7.
(http://david.abcc.ncifcrf.gov/home.jsp) During the analyses only the GO categories with the lowest
P-Values (p-value < 0.01) were considered as positive results.
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Supplementary figure 1: Pol Il promoter clearance on the human RPLP1 gene. ChlIP-seq datasets were
visualized in UCSC genome browser. Gene is indicated in blue. Pol Il density is black. (The sharp peak on the left
represents Pol Il on the TSS)
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List of “upregulated genes” after UVB treatment based on the clustering results from the

list of 4500 expressed genes:

NM_052988
NM_001014431
NM_017514
NM_001145145
NM_001014432
NM_001924
NM_006483
NM_213595
NM_006484
NM_007056
NM_052987
NM_000366
NM_078480
NM_138373
NM_032527
NM_032525
NM_002391
NM_005343
NM_001130107
NM_006341

NM_001004431

NM_001004431
NM_015898
NM_080861
NM_005481
NM_001099784
NM_007346
NM_080670
NM_001916
NM_004907
NM_001135054
NM_001145138
NM_016547
NM_001913
NM_017528
NM_001040146
NM_024098
NM_007040
NM_024881
NM_001008709
NM_013403
NM_175875
NM_004357
NM_001136033
NM_016454
NM_078467
NM_004356
NM_004359
NM_006332
NM_001919
NM_001130702
NM_000389
NM_016024
NM_001033549

cdk10
aktl
Plxna3
SLC1AS
aktl
GADDA45A
DYRK1B
iscU
DYRK1B
SFRS16
cdk10
TPM1
PUF60
Myadm
zgpat
TUBB6
Mdk
hras
KLC1
mad2I2

metrnl

LOC653506
ZBTB7A
Spsb3
Med16
fbxI19
Ogfr
SLC35A4
cycl
ier2
SIGIRR
relA
SDF4
CUX1
Whbscr22
chtf8
CCDC86
HNRNPUL1
SLC35E1
Ppplca
STRN4
SIX5
cd151
PUF60
TMEMS85
CDKN1A
CD81
CDC34
ifi30

dci
BSCL2
CDKN1A
Rbmx2
c190rf62

cyclin-dependent kinase 10

v-akt murine thymoma viral oncogene homolog 1

plexin A3

solute carrier family 1 (neutral amino acid transporter), member 5
v-akt murine thymoma viral oncogene homolog 1

growth arrest and DNA-damage-inducible, alpha

dual-specificity tyrosine-(Y)-phosphorylation regulated kinase 1B
iron-sulfur cluster scaffold homolog (E. coli)

dual-specificity tyrosine-(Y)-phosphorylation regulated kinase 1B
splicing factor, arginine/serine-rich 16

cyclin-dependent kinase 10

tropomyosin 1 (alpha)

poly-U binding splicing factor 60KDa

myeloid-associated differentiation marker

zinc finger, CCCH-type with G patch domain

tubulin, beta 6

midkine (neurite growth-promoting factor 2)

v-Ha-ras Harvey rat sarcoma viral oncogene homolog

kinesin light chain 1

MAD2 mitotic arrest deficient-like 2 (yeast)

meteorin, glial cell differentiation regulator-like; similar to meteorin, glial cell differentiation
regulator-like

meteorin, glial cell differentiation regulator-like; similar to meteorin, glial cell differentiation
regulator-like

zinc finger and BTB domain containing 7A

splA/ryanodine receptor domain and SOCS box containing 3
mediator complex subunit 16

F-box and leucine-rich repeat protein 19

opioid growth factor receptor

solute carrier family 35, member A4

cytochrome c-1

immediate early response 2

single immunoglobulin and toll-interleukin 1 receptor (TIR) domain
v-rel reticuloendotheliosis viral oncogene homolog A (avian)
stromal cell derived factor 4

cut-like homeobox 1

Williams Beuren syndrome chromosome region 22

CTF8, chromosome transmission fidelity factor 8 homolog (S. cerevisiae)
coiled-coil domain containing 86

heterogeneous nuclear ribonucleoprotein U-like 1

solute carrier family 35, member E1

protein phosphatase 1, catalytic subunit, alpha isoform
striatin, calmodulin binding protein 4

SIX homeobox 5

CD151 molecule (Raph blood group)

poly-U binding splicing factor 60KDa

transmembrane protein 85

cyclin-dependent kinase inhibitor 1A (p21, Cip1)

CD81 molecule

cell division cycle 34 homolog (S. cerevisiae)

interferon, gamma-inducible protein 30
dodecenoyl-Coenzyme A delta isomerase (3,2 trans-enoyl-Coenzyme A isomerase)
Bernardinelli-Seip congenital lipodystrophy 2 (seipin)
cyclin-dependent kinase inhibitor 1A (p21, Cip1)

RNA binding motif protein, X-linked 2

chromosome 19 open reading frame 62
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NM_004324
NM_016639
NM_181442
NM_024845
NM_001080453
NM_182958
NM_016823
NM_015584
NM_000107
NM_175847
NM_001009
NM_080796
NM_006494
NM_005796
NM_025082
NM_000113
NM_016399
NM_024757
NM_012401
NM_015659
NM_001005920
NM_016047
NM_013433
NM_180982
NM_005762
NM_006443
NM_001136203
NM_005861
NM_182972
NM_001120
NM_007103
NM_013333
NM_004309
NM_153200
NM_007215
NM_017432
NM_016172
NM_015666
NM_001081560
NM_016175
NM_005870
NM_016176
NM_001081562
NM_016368
NM_001081563
NM_173853

NM_001135700

NM_001135701
NM_001081559
NM_005189
NM_006428
NM_006429
NM_004317
NM_000152
NM_001040664
NM_007221
NM_007221
NM_033375

NM_016069

BAX BCL2-associated X protein

TNFRSF12A tumor necrosis factor receptor superfamily, member 12A
ADNP activity-dependent neuroprotector homeobox
NAT15 N-acetyltransferase 15 (GCN5-related, putative)
INTS1 integrator complex subunit 1

Mystl MYST histone acetyltransferase 1

crk v-crk sarcoma virus CT10 oncogene homolog (avian)
POLDIP2 polymerase (DNA-directed), delta interacting protein 2
DDB2 damage-specific DNA binding protein 2, 48kDa
Ptbpl polypyrimidine tract binding protein 1

Rps5 ribosomal protein S5

DIDO1 death inducer-obliterator 1

erF Ets2 repressor factor

NUTF2 nuclear transport factor 2

CENPT centromere protein T

TOR1A torsin family 1, member A (torsin A)

TRIAP1 TP53 regulated inhibitor of apoptosis 1

EHMT1 euchromatic histone-lysine N-methyltransferase 1
plxnb2 plexin B2

Rsl1d1 ribosomal L1 domain containing 1

JMJD8 jumonji domain containing 8

SF3B14 splicing factor 3B, 14 kDa subunit

Tnpo2 transportin 2

mrpl52 mitochondrial ribosomal protein L52

TRIM28 tripartite motif-containing 28

C6orf108 chromosome 6 open reading frame 108

CCDC124 coiled-coil domain containing 124

STUB1 STIP1 homology and U-box containing protein 1
IRF2BP2 interferon regulatory factor 2 binding protein 2
MFSD10 major facilitator superfamily domain containing 10
Ndufvl NADH dehydrogenase (ubiquinone) flavoprotein 1, 51kDa
epnl epsin 1

ARHGDIA Rho GDP dissociation inhibitor (GDI) alpha

EDF1 endothelial differentiation-related factor 1

POLG2 polymerase (DNA directed), gamma 2, accessory subunit
PTOV1 prostate tumor overexpressed 1

ubacl UBA domain containing 1

GTPBP5 GTP binding protein 5 (putative)

DMPK dystrophia myotonica-protein kinase

C5orfa5 chromosome 5 open reading frame 45

SAP18 Sin3A-associated protein, 18kDa

SDF4 stromal cell derived factor 4

DMPK dystrophia myotonica-protein kinase

isynal inositol-3-phosphate synthase 1

DMPK dystrophia myotonica-protein kinase

KRTCAP3 keratinocyte associated protein 3

tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta
YWHAZ polypeptide

tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta
YWHAZ polypeptide

CPSF4 cleavage and polyadenylation specific factor 4, 30kDa

cbx2 chromobox homolog 2 (Pc class homolog, Drosophila)

mrpl28 mitochondrial ribosomal protein L28

Cct7 chaperonin containing TCP1, subunit 7 (eta)

Asnal arsA arsenite transporter, ATP-binding, homolog 1 (bacterial)

GAA glucosidase, alpha; acid

PPAN-P2RY11 PPAN-P2RY11 readthrough transcript

BGLAP bone gamma-carboxyglutamate (gla) protein; polyamine-modulated factor 1
pmfl bone gamma-carboxyglutamate (gla) protein; polyamine-modulated factor 1
Myo1C myosin IC

mitochondria-associated protein involved in granulocyte-macrophage colony-stimulating

TIMM16 factor signal transduction
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NM_001080950 Myo1C myosin IC

NM_017798 YTHDF1 YTH domain family, member 1
NM_176818 gatC glutamyl-tRNA(GIn) amidotransferase, subunit C homolog (bacterial)
NM_007033 RER1 RER1 retention in endoplasmic reticulum 1 homolog (S. cerevisiae)
NM_212492 GPS1 G protein pathway suppressor 1
NM_015537 nelf nasal embryonic LHRH factor
NM_006462 RBCK1 RanBP-type and C3HC4-type zinc finger containing 1
NM_001135040 DCTN1 dynactin 1 (p150, glued homolog, Drosophila)
NM_001135041 DCTN1 dynactin 1 (p150, glued homolog, Drosophila)
NM_030629 cmip c-Maf-inducing protein
NM_001083600 NAT15 N-acetyltransferase 15 (GCN5-related, putative)
NM_001076684 UBTF upstream binding transcription factor, RNA polymerase |
NM_006266 RALGDS ral guanine nucleotide dissociation stimulator
NM_181485 zgpat zinc finger, CCCH-type with G patch domain
NM_001083113 zgpat zinc finger, CCCH-type with G patch domain
NM_080881 DBN1 drebrin 1
NM_006367 CAP1 CAP, adenylate cyclase-associated protein 1 (yeast)
NM_016400 SERF2 chromosome 15 open reading frame 63; small EDRK-rich factor 2
NM_016400 cl50rf63 chromosome 15 open reading frame 63; small EDRK-rich factor 2
NM_001142285 RPS24 ribosomal protein S24
NM_032885 atgadd ATG4 autophagy related 4 homolog D (S. cerevisiae)
NM_001020819 Myadm myeloid-associated differentiation marker
NM_001020818 Myadm myeloid-associated differentiation marker
NM_001136018 ephX1 epoxide hydrolase 1, microsomal (xenobiotic)
NM_006349 Znhitl zinc finger, HIT type 1
NM_181358 hipkl homeodomain interacting protein kinase 1
NM_001134473 KIAA0182 KIAA0182
ST6 (alpha-N-acetyl-neuraminyl-2,3-beta-galactosyl-1,3)-N-acetylgalactosaminide alpha-2,6-
NM_006456 Stégalnac2 sialyltransferase 2
NM_017503 SURF2 surfeit 2
NM_006454 MXD4 MAX dimerization protein 4
NM_016151 taok2 TAO kinase 2
NM_001076674 tmub2 transmembrane and ubiquitin-like domain containing 2
NM_020719 PRR12 proline rich 12
NM_001032367 Spintl serine peptidase inhibitor, Kunitz type 1
NM_001145527 EHMT1 euchromatic histone-lysine N-methyltransferase 1
NM_001101 ACTB actin, beta
NM_001020821 Myadm myeloid-associated differentiation marker
NM_001005271 chd3 chromodomain helicase DNA binding protein 3
NM_001040456 RHBDD2 rhomboid domain containing 2
NM_001040457 RHBDD2 rhomboid domain containing 2
NM_001020820 Myadm myeloid-associated differentiation marker
NM_005745 BCAP31 B-cell receptor-associated protein 31
NM_024718 C90rf86 chromosome 9 open reading frame 86
NM_001042470 sumf2 sulfatase modifying factor 2
NM_001141936 C4orfa8 chromosome 4 open reading frame 48
NM_199290 NACA2 nascent polypeptide-associated complex alpha subunit 2
NM_000169 Gla galactosidase, alpha
NM_199002 Arhgefl Rho guanine nucleotide exchange factor (GEF) 1
NM_139029 cd151 CD151 molecule (Raph blood group)
NM_019096 gtpbp2 GTP binding protein 2
NM_014727 MLL4 myeloid/lymphoid or mixed-lineage leukemia 4
NM_002116 HLA-A major histocompatibility complex, class I, A
NM_002201 1SG20 interferon stimulated exonuclease gene 20kDa
NM_022489 INF2 inverted formin, FH2 and WH2 domain containing
NM_006284 taf10 TAF10 RNA polymerase I, TATA box binding protein (TBP)-associated factor, 30kDa
NM_139030 cd151 CD151 molecule (Raph blood group)
NM_001862 COX5B cytochrome c oxidase subunit Vb
NM_013379 dpp?7 dipeptidyl-peptidase 7
NM_002708 Ppplca protein phosphatase 1, catalytic subunit, alpha isoform
NM_015516 TSKU tsukushin
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NM_000071
NM_020243
NM_001144945
NM_002406
NM_001144944
NM_138462
NM_199287
NM_032268
NM_014730
NM_198799
NM_001042483
NM_000177
NM_054013
NM_198155
NM_019082
NM_138570
NM_001130442
NM_015523
NM_015414
NM_015414
NM_013387
NM_015629
NM_015411
NM_152832
NM_144772
NM_001098833
NM_018715
NM_138471
NM_001012300
NM_001008897
NM_001008897
NM_033251
NM_033251
NM_178511
NM_005273
NM_001037984
NM_001077397
NM_033250
NM_033250
NM_138439
NM_019070
NM_001134423
NM_032188
NM_181307
NM_181500
NM_181304
NM_058190
NM_058190
NM_058190
NM_181306
NM_181305
NM_022156
NM_032389
NM_018067
NM_006693
NM_001105079
NM_033244
NM_033244
NM_001144925
NM_007263
NM_002824

Cbs
Tomm?22
MYL12B
Mgatl
MYL12B
zmynd19
Ccdcl37
znrfl
Mlec
BCAS4
nuprl
Gsn
MGAT4B
C21orf33
ddx56
SLC38A10
hras
Rexo2
RPL36P14
rpl36
Uqcerl0
PRPF31
sumf2
FAM89B
APOA1BP
ATXN7L3
RCC2
Cllorf84
MCRS1
TCP1
TCP1P3
RPL13
RPL13P12
Prr24
gnb2
SLC38A10
IRF2BP2
LOC652346
PML
FLYWCH2
DDX49
CDV3
Mystl
mrpl52
CUX1
mrpl52
c21orf70
LOC729774
LOC729535
mrpl52
mrpl52
DUS1L
ARFGAP2
MAP7D1
CPSF4
FBRS
LOC652346
PML

mx1

cope
PTMS

cystathionine-beta-synthase

translocase of outer mitochondrial membrane 22 homolog (yeast)

myosin, light chain 12B, regulatory

mannosyl (alpha-1,3-)-glycoprotein beta-1,2-N-acetylglucosaminyltransferase
myosin, light chain 12B, regulatory

zinc finger, MYND-type containing 19

coiled-coil domain containing 137

zinc and ring finger 1

malectin

breast carcinoma amplified sequence 4

nuclear protein, transcriptional regulator, 1

gelsolin (amyloidosis, Finnish type)

mannosyl (alpha-1,3-)-glycoprotein beta-1,4-N-acetylglucosaminyltransferase, isozyme B
chromosome 21 open reading frame 33

DEAD (Asp-Glu-Ala-Asp) box polypeptide 56

solute carrier family 38, member 10

v-Ha-ras Harvey rat sarcoma viral oncogene homolog

REX2, RNA exonuclease 2 homolog (S. cerevisiae)

ribosomal protein L36; ribosomal protein L36 pseudogene 14

ribosomal protein L36; ribosomal protein L36 pseudogene 14
ubiquinol-cytochrome c reductase complex (7.2 kD)

PRP31 pre-mRNA processing factor 31 homolog (S. cerevisiae)

sulfatase modifying factor 2

family with sequence similarity 89, member B

apolipoprotein A-l binding protein

ataxin 7-like 3

regulator of chromosome condensation 2

chromosome 11 open reading frame 84

microspherule protein 1

hypothetical gene supported by BCO00665; t-complex 1

hypothetical gene supported by BCO0O0665; t-complex 1

ribosomal protein L13 pseudogene 12; ribosomal protein L13

ribosomal protein L13 pseudogene 12; ribosomal protein L13

hypothetical protein LOC255783

guanine nucleotide binding protein (G protein), beta polypeptide 2

solute carrier family 38, member 10

interferon regulatory factor 2 binding protein 2

promyelocytic leukemia; similar to promyelocytic leukemia protein isoform 1
promyelocytic leukemia; similar to promyelocytic leukemia protein isoform 1
FLYWCH family member 2

DEAD (Asp-Glu-Ala-Asp) box polypeptide 49

CDV3 homolog (mouse)

MYST histone acetyltransferase 1

mitochondrial ribosomal protein L52

cut-like homeobox 1

mitochondrial ribosomal protein L52

chromosome 21 open reading frame 70; hypothetical LOC729774; hypothetical LOC729535
chromosome 21 open reading frame 70; hypothetical LOC729774; hypothetical LOC729535
chromosome 21 open reading frame 70; hypothetical LOC729774; hypothetical LOC729535
mitochondrial ribosomal protein L52

mitochondrial ribosomal protein L52

dihydrouridine synthase 1-like (S. cerevisiae)

ADP-ribosylation factor GTPase activating protein 2

MAP7 domain containing 1

cleavage and polyadenylation specific factor 4, 30kDa

fibrosin

promyelocytic leukemia; similar to promyelocytic leukemia protein isoform 1
promyelocytic leukemia; similar to promyelocytic leukemia protein isoform 1
myxovirus (influenza virus) resistance 1, interferon-inducible protein p78 (mouse)
coatomer protein complex, subunit epsilon

parathymosin
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NM_033249
NM_033249
NM_001283
NM_000455
NM_033247
NM_033247
NM_033246
NM_033246
NM_002931
NM_002335
NM_001287
NM_033240
NM_033240
NM_005262
NM_006396
NM_000593
NM_199184
NM_005163

NM_001018137
NM_001018137

NM_001018137
NM_014615
NM_001018020
NM_013365
NM_033239
NM_033239
NM_178863
NM_020132
NM_032595
NM_021806
NM_001086521
NM_007278
NM_002342
NM_001878
NM_002730
NM_005112
NM_001037335
NM_001145303
NM_020385
NM_014064
NM_002949
NM_001085454
NM_005253
NM_001022
NM_001022
NM_058246
NM_001012334
NM_199054
NM_001964
NM_001012333
NM_002067
NM_007285
NM_001102564
NM_001960
NM_080822
NM_014866
NM_181527
NM_018045
NM_032667

LOC652346
PML

AP1S1
STK11
LOC652346
PML
LOC652346
PML

RING1
LRP5
CLCN7
LOC652346
PML

Gfer
SSSCA1
tapl
C6orf108
aktl

NME2
NME1-NME2

Nmel
KIAA0182
TPM1
GGAl
LOC652346
PML
Kctd13
AGPAT3
Ppp1r9b
FAM3A
C170rf89
GABARAP
LTBR
crabp2
PRKACA
wdrl
PRIC285
TMC4
rexo4
mettllla
mRplL12
GIT1
Fosl2
rps19
RPS19P3
DNAJB6
Mdk
MKNK2
Egrl

Mdk
GNA11
GABARAPL2
cl4orf179
EEF1D
ovca2
SEC16A
naa20
BSDC1
BSCL2

promyelocytic leukemia; similar to promyelocytic leukemia protein isoform 1
promyelocytic leukemia; similar to promyelocytic leukemia protein isoform 1
adaptor-related protein complex 1, sigma 1 subunit

serine/threonine kinase 11

promyelocytic leukemia; similar to promyelocytic leukemia protein isoform 1
promyelocytic leukemia; similar to promyelocytic leukemia protein isoform 1
promyelocytic leukemia; similar to promyelocytic leukemia protein isoform 1
promyelocytic leukemia; similar to promyelocytic leukemia protein isoform 1
ring finger protein 1

low density lipoprotein receptor-related protein 5

chloride channel 7

promyelocytic leukemia; similar to promyelocytic leukemia protein isoform 1
promyelocytic leukemia; similar to promyelocytic leukemia protein isoform 1
growth factor, augmenter of liver regeneration

Sjogren syndrome/scleroderma autoantigen 1

transporter 1, ATP-binding cassette, sub-family B (MDR/TAP)

chromosome 6 open reading frame 108

v-akt murine thymoma viral oncogene homolog 1

non-metastatic cells 1, protein (NM23A) expressed in; NME1-NME2 readthrough transcript;
non-metastatic cells 2, protein (NM23B) expressed in

non-metastatic cells 1, protein (NM23A) expressed in; NME1-NME2 readthrough transcript;
non-metastatic cells 2, protein (NM23B) expressed in

non-metastatic cells 1, protein (NM23A) expressed in; NME1-NME2 readthrough transcript;
non-metastatic cells 2, protein (NM23B) expressed in

KIAA0182

tropomyosin 1 (alpha)

golgi associated, gamma adaptin ear containing, ARF binding protein 1
promyelocytic leukemia; similar to promyelocytic leukemia protein isoform 1
promyelocytic leukemia; similar to promyelocytic leukemia protein isoform 1
potassium channel tetramerisation domain containing 13
1-acylglycerol-3-phosphate O-acyltransferase 3

protein phosphatase 1, regulatory (inhibitor) subunit 9B

family with sequence similarity 3, member A

chromosome 17 open reading frame 89

GABA(A) receptor-associated protein

lymphotoxin beta receptor (TNFR superfamily, member 3)

cellular retinoic acid binding protein 2

protein kinase, cAMP-dependent, catalytic, alpha

WD repeat domain 1

peroxisomal proliferator-activated receptor A interacting complex 285
transmembrane channel-like 4

REX4, RNA exonuclease 4 homolog (S. cerevisiae)

methyltransferase like 11A

mitochondrial ribosomal protein L12

G protein-coupled receptor kinase interacting ArfGAP 1

FOS-like antigen 2

ribosomal protein S19 pseudogene 3; ribosomal protein S19
ribosomal protein S19 pseudogene 3; ribosomal protein S19

Dnal (Hsp40) homolog, subfamily B, member 6

midkine (neurite growth-promoting factor 2)

MAP kinase interacting serine/threonine kinase 2

early growth response 1

midkine (neurite growth-promoting factor 2)

guanine nucleotide binding protein (G protein), alpha 11 (Gq class)
GABA(A) receptor-associated protein-like 2

chromosome 14 open reading frame 179

eukaryotic translation elongation factor 1 delta (guanine nucleotide exchange protein)
candidate tumor suppressor in ovarian cancer 2

SEC16 homolog A (S. cerevisiae)

N-acetyltransferase 5 (GCN5-related, putative)

BSD domain containing 1

Bernardinelli-Seip congenital lipodystrophy 2 (seipin)
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NM_005101
NM_015037
NM_080426
NM_001018004
NM_001018005
NM_003195
NM_003290
NM_002462
NM_001103175
NM_032038
NM_032039
NM_032960
NM_002819
NM_015356
NM_003915
NM_003915
NM_001950
NM_032673
NM_003917
NM_005967
NM_014780
NM_003959
NM_031297
NM_001018008
NM_001018007
NM_001018006
NM_020218
NM_003910
NM_001810
NM_001040100
NM_003952
NM_014047
NM_031946
NM_001114331
NM_001081492
NM_001127664
NM_194460
NM_001127663
NM_001142499
NM_001127662
NM_005234
NM_198976
NM_001142350
NM_002038
NM_005028
NM_001131018
NM_001131017
NM_002566
NM_003801
NM_001127667
NM_001127665
NM_176795
NM_001127666
NM_001131016
NM_007165
NM_022117

NM_001009184

NM_145685
NM_005803
NM_005125

ISG15
KIAA0913
Gnas
TPM1
TPM1
tcea2
TPM4
mx1
ccdc64b
spnsl
ITFG3
MAPKAPK2
Ptbpl
scrib
Rbm12
CPNE1
e2f4
PCGF1
aplg2
NAB2
CcuL7
Hiplr
RNF208
TPM1
TPM1
TPM1
ATXN7L3
bud31
Cenpb
C3orf57
RPS6KB2
C19orf53
AGAP3
CLCN7
KRT80
Gsn
RNF126
Gsn
FLYWCH2
Gsn
NR2F6
Thil
THOC6
IFI6
PIP4K2A
Cizl
Cizl
P2RY11
gpaal
Gsn

Gsn
hras
Gsn
Cizl
SF3A2
TSPYL2

grina

BRF1
flotl
Ccs

1SG15 ubiquitin-like modifier

KIAA0913

GNAS complex locus

tropomyosin 1 (alpha)

tropomyosin 1 (alpha)

transcription elongation factor A (Sll), 2

tropomyosin 4

myxovirus (influenza virus) resistance 1, interferon-inducible protein p78 (mouse)
coiled-coil domain containing 64B

spinster homolog 1 (Drosophila)

integrin alpha FG-GAP repeat containing 3
mitogen-activated protein kinase-activated protein kinase 2
polypyrimidine tract binding protein 1

scribbled homolog (Drosophila)

RNA binding motif protein 12; copine |

RNA binding motif protein 12; copine |

E2F transcription factor 4, p107/p130-binding

polycomb group ring finger 1

adaptor-related protein complex 1, gamma 2 subunit
NGFI-A binding protein 2 (EGR1 binding protein 2)
cullin 7

huntingtin interacting protein 1 related

ring finger protein 208

tropomyosin 1 (alpha)

tropomyosin 1 (alpha)

tropomyosin 1 (alpha)

ataxin 7-like 3

BUD31 homolog (S. cerevisiae)
centromere protein B, 80kDa

chromosome 3 open reading frame 57

ribosomal protein S6 kinase, 70kDa, polypeptide 2
chromosome 19 open reading frame 53

ArfGAP with GTPase domain, ankyrin repeat and PH domain 3
chloride channel 7

keratin 80

gelsolin (amyloidosis, Finnish type)

ring finger protein 126

gelsolin (amyloidosis, Finnish type)

FLYWCH family member 2

gelsolin (amyloidosis, Finnish type)

nuclear receptor subfamily 2, group F, member 6
TH1-like (Drosophila)

THO complex 6 homolog (Drosophila)

interferon, alpha-inducible protein 6
phosphatidylinositol-5-phosphate 4-kinase, type I, alpha
CDKN1A interacting zinc finger protein 1

CDKN1A interacting zinc finger protein 1

purinergic receptor P2Y, G-protein coupled, 11
glycosylphosphatidylinositol anchor attachment protein 1 homolog (yeast)
gelsolin (amyloidosis, Finnish type)

gelsolin (amyloidosis, Finnish type)

v-Ha-ras Harvey rat sarcoma viral oncogene homolog
gelsolin (amyloidosis, Finnish type)

CDKN1A interacting zinc finger protein 1

splicing factor 3a, subunit 2, 66kDa

TSPY-like 2

glutamate receptor, ionotropic, N-methyl D-aspartate-associated protein 1 (glutamate
binding)

BRF1 homolog, subunit of RNA polymerase Ill transcription initiation factor I11B (S.
cerevisiae)

flotillin 1

copper chaperone for superoxide dismutase
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NM_152285
NM_020376
NM_001042469
NM_181552
NM_014077
NM_020378
NM_032940
NM_001005619
NM_000683
NM_007371
NM_014173
NM_002970
NM_080548
NM_182923

NM_201380

NM_201380
NM_001042368

NM_201381

NM_201381
NM_013993
NM_007173
NM_138496
NM_013994
NM_015339
NM_198576

NM_201384

NM_201384
NM_015335
NM_002435
NM_005115

NM_001933

NM_001933
NM_001077489
NM_014856
NM_001077488
NM_001130524
NM_002434
NM_001005336
NM_003977
NM_017702
NM_138769
NM_001142646
NM_001142641
NM_002191
NM_002675
NM_002675
NM_006099
NM_014417
NM_001009996
NM_017900
NM_021259
NM_006736
NM_001139457
NM_001142449

Arrdcl
PNPLA2
sumf2
CUX1
Fam32a
natl4
Polr2c
ITGB4
ADRA2C
BRD3
c19orf62
Satl
PTPN6
KLC1

LOC652460

PLEC
RALGDS

LOC652460

PLEC
DDR1
prss23
CYHR1
DDR1
ADNP
AGRN

LOC652460

PLEC
Med13|
MPI
MVP

DLST

DLSTP1
Gnas
dennd4b
Gnas
aplml
mpg
DNM1
aip
DEF8
RHOT2
tpral
FBRSL1
inhA
LOC652346
PML
PIAS3
BBC3
dalrd3
AURKAIP1
tmem8a
Dnajb2
BCAP31
spnsl

arrestin domain containing 1

patatin-like phospholipase domain containing 2

sulfatase modifying factor 2

cut-like homeobox 1

family with sequence similarity 32, member A

N-acetyltransferase 14 (GCN5-related, putative)

polymerase (RNA) Il (DNA directed) polypeptide C, 33kDa

integrin, beta 4

adrenergic, alpha-2C-, receptor

bromodomain containing 3

chromosome 19 open reading frame 62

spermidine/spermine N1-acetyltransferase 1

protein tyrosine phosphatase, non-receptor type 6

kinesin light chain 1

similar to Plectin 1 (PLTN) (PCN) (Hemidesmosomal protein 1) (HD1); plectin 1, intermediate
filament binding protein 500kDa

similar to Plectin 1 (PLTN) (PCN) (Hemidesmosomal protein 1) (HD1); plectin 1, intermediate
filament binding protein 500kDa

ral guanine nucleotide dissociation stimulator

similar to Plectin 1 (PLTN) (PCN) (Hemidesmosomal protein 1) (HD1); plectin 1, intermediate
filament binding protein 500kDa

similar to Plectin 1 (PLTN) (PCN) (Hemidesmosomal protein 1) (HD1); plectin 1, intermediate
filament binding protein 500kDa

discoidin domain receptor tyrosine kinase 1

protease, serine, 23

cysteine/histidine-rich 1

discoidin domain receptor tyrosine kinase 1

activity-dependent neuroprotector homeobox

agrin

similar to Plectin 1 (PLTN) (PCN) (Hemidesmosomal protein 1) (HD1); plectin 1, intermediate
filament binding protein 500kDa

similar to Plectin 1 (PLTN) (PCN) (Hemidesmosomal protein 1) (HD1); plectin 1, intermediate
filament binding protein 500kDa

mediator complex subunit 13-like

mannose phosphate isomerase

major vault protein

dihydrolipoamide S-succinyltransferase (E2 component of 2-oxo-glutarate complex);
dihydrolipoamide S-succinyltransferase pseudogene (E2 component of 2-oxo-glutarate
complex)

dihydrolipoamide S-succinyltransferase (E2 component of 2-oxo-glutarate complex);
dihydrolipoamide S-succinyltransferase pseudogene (E2 component of 2-oxo-glutarate
complex)

GNAS complex locus

DENN/MADD domain containing 4B

GNAS complex locus

adaptor-related protein complex 1, mu 1 subunit
N-methylpurine-DNA glycosylase

dynamin 1

aryl hydrocarbon receptor interacting protein
differentially expressed in FDCP 8 homolog (mouse)
ras homolog gene family, member T2

G protein-coupled receptor 175

fibrosin-like 1

inhibin, alpha

promyelocytic leukemia; similar to promyelocytic leukemia protein isoform 1
promyelocytic leukemia; similar to promyelocytic leukemia protein isoform 1
protein inhibitor of activated STAT, 3

BCL2 binding component 3

DALR anticodon binding domain containing 3
aurora kinase A interacting protein 1
transmembrane protein 8A

DnalJ (Hsp40) homolog, subfamily B, member 2
B-cell receptor-associated protein 31

spinster homolog 1 (Drosophila)
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NM_001142448
NM_173211
NM_000516
NM_014941
NM_198488
NM_032304
NM_001015881
NM_001015881
NM_201525
NM_005206
NM_201524
NM_006869
NM_021174
NM_153824
NM_001129995
NM_014405
NM_001142451
NM_014161
NM_001142450
NM_001129994
NM_021168
NM_001114619
NM_001142554
NM_198205
NM_015005
NM_198204
NM_014931
NM_203352
NM_182706
NM_002798
NM_001079803
NM_001079804
NM_018270
NM_003124
NM_003470
NM_015379
NM_015379
NM_001033026
NM_014935
NM_006899
NM_004714
NM_001142421
NM_001114620
NM_001142420
NM_006612
NM_021134
NM_001142422
NM_182507
NM_203346
NM_003655
NM_013291
NM_018683
NM_001142427
NM_002997
NM_000964
NM_001142428
NM_032902
NM_031459
NM_001122955
NM_014030
NM_138778

spnsl
Tgifl
Gnas
MORC2
Fam83h
haghl
TSC22D3
GRAMD4
GPR56
crk
GPR56
ADAP1
KIAA1967
Pycrl
KCTD15
Cacngd
spnsl
MRPL18
spnsl
KCTD15
RAB40C
Mgatl
Trmtl
MLX
kiaa0284
MLX
SAPS1
Pdlim7
scrib
PSMB6
GAA
GAA
c200rf20
spr

Usp7
BRI3P1
Bri3
c19orfé
PLEKHA6
IDH3B
DYRK1B
Morf4l2
Mgatl
Morf4l2
Kiflc
MRPL23
Morf4l2
KRT80
HDLBP
cbx4
CPSF1
RNF114
Morfal2
sdcl
rarA
Morfal2
PPP1R16A
SESN2
BSCL2
GIT1
WDR85

spinster homolog 1 (Drosophila)

TGFB-induced factor homeobox 1

GNAS complex locus

MORC family CW-type zinc finger 2

family with sequence similarity 83, member H
hydroxyacylglutathione hydrolase-like

TSC22 domain family, member 3; GRAM domain containing 4
TSC22 domain family, member 3; GRAM domain containing 4
G protein-coupled receptor 56

v-crk sarcoma virus CT10 oncogene homolog (avian)

G protein-coupled receptor 56

ArfGAP with dual PH domains 1

KIAA1967

pyrroline-5-carboxylate reductase 1

potassium channel tetramerisation domain containing 15
calcium channel, voltage-dependent, gamma subunit 4
spinster homolog 1 (Drosophila)

mitochondrial ribosomal protein L18

spinster homolog 1 (Drosophila)

potassium channel tetramerisation domain containing 15
RAB40C, member RAS oncogene family

mannosyl (alpha-1,3-)-glycoprotein beta-1,2-N-acetylglucosaminyltransferase
TRM1 tRNA methyltransferase 1 homolog (S. cerevisiae)
MAX-like protein X

KIAA0284

MAX-like protein X

SAPS domain family, member 1

PDZ and LIM domain 7 (enigma)

scribbled homolog (Drosophila)

proteasome (prosome, macropain) subunit, beta type, 6
glucosidase, alpha; acid

glucosidase, alpha; acid

chromosome 20 open reading frame 20

sepiapterin reductase (7,8-dihydrobiopterin:NADP+ oxidoreductase)
ubiquitin specific peptidase 7 (herpes virus-associated)
brain protein I3; brain protein 13 pseudogene 1

brain protein 13; brain protein I3 pseudogene 1
chromosome 19 open reading frame 6

pleckstrin homology domain containing, family A member 6
isocitrate dehydrogenase 3 (NAD+) beta

dual-specificity tyrosine-(Y)-phosphorylation regulated kinase 1B
mortality factor 4 like 2

mannosyl (alpha-1,3-)-glycoprotein beta-1,2-N-acetylglucosaminyltransferase
mortality factor 4 like 2

kinesin family member 1C

mitochondrial ribosomal protein L23

mortality factor 4 like 2

keratin 80

high density lipoprotein binding protein

chromobox homolog 4 (Pc class homolog, Drosophila)
cleavage and polyadenylation specific factor 1, 160kDa

ring finger protein 114

mortality factor 4 like 2

syndecan 1

retinoic acid receptor, alpha

mortality factor 4 like 2

protein phosphatase 1, regulatory (inhibitor) subunit 16A
sestrin 2

Bernardinelli-Seip congenital lipodystrophy 2 (seipin)

G protein-coupled receptor kinase interacting ArfGAP 1

WD repeat domain 85
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NM_001031714
NM_024339
NM_031991
NM_031990
NM_021975
NM_206873
NM_003461
NM_002882
NM_002882
NM_002882
NM_022450
NM_001042679
NM_174855
NM_001042678
NM_006086
NM_006086
NM_032125
NM_001142432
NM_000977
NM_000977
NM_001142431
NM_006602
NM_001001560
NM_201555
NM_020963
NM_198335
NM_198334
NM_003779
NM_001010972
NM_032353
NM_001010974
NM_015260
NM_177441
NM_001002018
NM_012396
NM_172195
NM_012394
NM_001130969
NM_001002017
NM_001105530
NM_024107
NM_001017987
NM_013274
NM_022574
NM_001142500
NM_020184
NM_014811
NM_017949
NM_003780
NM_178167
NM_021959
NM_003486
NM_004628
NM_001383
NM_001130971
NM_001130970
NM_001127190
NM_001110556
NM_001077350
NM_018890
NM_014301

INF2
THOC6
Ptbpl
Ptbpl
relA
Ppplca
ZYX
RanBP1
LOC389842
LOC727803
Rhbdfl
RHOC
IDH3B
RHOC
MCI1R
tubb3
TMEM222
Morf4l2
RPL13
RPL13P12
Morf4l2
TcfIS
GGA1l
FHL2
MOV10
GANAB
GANAB
B4AGALT3
ZYX
vps25
BCAS4
Sin3b
tmub2
HCFC1R1
Phlda3
EIF2B4
PFDN2
nelf
HCFC1R1
CAP1
tmub2
C5orf45
Poll
gigyfl
FLYWCH2
Cnnm4
KIAA0649
CUEDC1
b4galt2
ZNF598
ppplrll
SLC7A5
XPC
DPH1
nelf

nelf

CSK
FLNA
NPRL3
racl
iscU

inverted formin, FH2 and WH2 domain containing

THO complex 6 homolog (Drosophila)

polypyrimidine tract binding protein 1

polypyrimidine tract binding protein 1

v-rel reticuloendotheliosis viral oncogene homolog A (avian)
protein phosphatase 1, catalytic subunit, alpha isoform

zyxin

similar to RAN binding protein 1; RAN binding protein 1

similar to RAN binding protein 1; RAN binding protein 1

similar to RAN binding protein 1; RAN binding protein 1

rhomboid 5 homolog 1 (Drosophila)

ras homolog gene family, member C

isocitrate dehydrogenase 3 (NAD+) beta

ras homolog gene family, member C

tubulin, beta 3; melanocortin 1 receptor (alpha melanocyte stimulating hormone receptor)
tubulin, beta 3; melanocortin 1 receptor (alpha melanocyte stimulating hormone receptor)
transmembrane protein 222

mortality factor 4 like 2

ribosomal protein L13 pseudogene 12; ribosomal protein L13
ribosomal protein L13 pseudogene 12; ribosomal protein L13
mortality factor 4 like 2

transcription factor-like 5 (basic helix-loop-helix)

golgi associated, gamma adaptin ear containing, ARF binding protein 1
four and a half LIM domains 2

Mov10, Moloney leukemia virus 10, homolog (mouse)

glucosidase, alpha; neutral AB

glucosidase, alpha; neutral AB

UDP-Gal:betaGIcNAc beta 1,4- galactosyltransferase, polypeptide 3
zyxin

vacuolar protein sorting 25 homolog (S. cerevisiae)

breast carcinoma amplified sequence 4

SIN3 homolog B, transcription regulator (yeast)

transmembrane and ubiquitin-like domain containing 2

host cell factor C1 regulator 1 (XPO1 dependent)

pleckstrin homology-like domain, family A, member 3

eukaryotic translation initiation factor 2B, subunit 4 delta, 67kDa
prefoldin subunit 2

nasal embryonic LHRH factor

host cell factor C1 regulator 1 (XPO1 dependent)

CAP, adenylate cyclase-associated protein 1 (yeast)
transmembrane and ubiquitin-like domain containing 2
chromosome 5 open reading frame 45

polymerase (DNA directed), lambda

GRB10 interacting GYF protein 1

FLYWCH family member 2

cyclin M4

KIAA0649

CUE domain containing 1

UDP-Gal:betaGIcNAc beta 1,4- galactosyltransferase, polypeptide 2
zinc finger protein 598

protein phosphatase 1, regulatory (inhibitor) subunit 11

solute carrier family 7 (cationic amino acid transporter, y+ system), member 5
xeroderma pigmentosum, complementation group C

DPH1 homolog (S. cerevisiae)

nasal embryonic LHRH factor

nasal embryonic LHRH factor

c-src tyrosine kinase

filamin A, alpha (actin binding protein 280)

chromosome 16 open reading frame 35

ras-related C3 botulinum toxin substrate 1 (rho family, small GTP binding protein Racl)
iron-sulfur cluster scaffold homolog (E. coli)
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NM_198252
NM_001003684
NM_015276
NM_001142419
NM_001025243
NM_001025242
NM_032493
NM_024112
NM_001143944
NM_001098785
NM_003792
NM_001098784
NM_006830
NM_001035235
NM_053056
NM_003755
NM_032378
NM_004759
NM_003897
NM_021035
NM_013245
NM_006763
NM_181715
NM_020062
NM_022552
NM_006755
NM_001014841
NM_013974
NM_003367
NM_006035
NM_015963
NM_015920
NM_004761
NM_144686
NM_004604
NM_178582
NM_031229
NM_012473
NM_006753
NM_003620
NM_198269
NM_145030
NM_006187
NM_000875
NM_020686
NM_001014839
NM_033643
NM_033643
NM_001348
NM_001006946
NM_017896
NM_213636
NM_006014
NM_004168
NM_025157
NM_006526
NM_019034
NM_012245
NM_023019
NM_001130079
NM_013232

Gsn
Uqcrl0
uspP22
Morf4l2
Irakl
Irakl
aplml
C9orfl16
LEMD2
FAM89B
EDF1
FAM89B
Uqcerll
Sral
CCND1
eif3g
EEF1D
MAPKAPK2
ler3
Znfx1
vpsda
BTG2
CRTC2
SLC2A4RG
DNMT3A
taldol
Ncdn
ddah2
USF2
CDC42BPB
THAP4
Rps27|
Rgl2
TMC4
STX4
hm13
RBCK1
TXN2
SURF6
PPM1D
hipkl
C7orf47
Oas3
IGF1R
ABAT
Ncdn
RPL36P14
rpl36
dapk3
sdcl
c20orf11
Pdlim7
Lage3
SDHA
PXN
ZNF217
Rhof
SNW1
DCTN1
MOV10
pdcd6

gelsolin (amyloidosis, Finnish type)
ubiquinol-cytochrome c reductase complex (7.2 kD)
ubiquitin specific peptidase 22

mortality factor 4 like 2

interleukin-1 receptor-associated kinase 1
interleukin-1 receptor-associated kinase 1
adaptor-related protein complex 1, mu 1 subunit
chromosome 9 open reading frame 16

LEM domain containing 2

family with sequence similarity 89, member B
endothelial differentiation-related factor 1

family with sequence similarity 89, member B
ubiquinol-cytochrome c reductase, 6.4kDa subunit
steroid receptor RNA activator 1

cyclin D1

eukaryotic translation initiation factor 3, subunit G

eukaryotic translation elongation factor 1 delta (guanine nucleotide exchange protein)

mitogen-activated protein kinase-activated protein kinase 2
immediate early response 3

zinc finger, NFX1-type containing 1

vacuolar protein sorting 4 homolog A (S. cerevisiae)

BTG family, member 2

CREB regulated transcription coactivator 2

SLC2A4 regulator

DNA (cytosine-5-)-methyltransferase 3 alpha

transaldolase 1

neurochondrin

dimethylarginine dimethylaminohydrolase 2

upstream transcription factor 2, c-fos interacting

CDC42 binding protein kinase beta (DMPK-like)

THAP domain containing 4

ribosomal protein S27-like

ral guanine nucleotide dissociation stimulator-like 2
transmembrane channel-like 4

syntaxin 4

histocompatibility (minor) 13

RanBP-type and C3HC4-type zinc finger containing 1
thioredoxin 2

surfeit 6

protein phosphatase 1D magnesium-dependent, delta isoform
homeodomain interacting protein kinase 1

chromosome 7 open reading frame 47

2'-5'-oligoadenylate synthetase 3, 100kDa

insulin-like growth factor 1 receptor

4-aminobutyrate aminotransferase

neurochondrin

ribosomal protein L36; ribosomal protein L36 pseudogene 14
ribosomal protein L36; ribosomal protein L36 pseudogene 14
death-associated protein kinase 3

syndecan 1

chromosome 20 open reading frame 11

PDZ and LIM domain 7 (enigma)

L antigen family, member 3

succinate dehydrogenase complex, subunit A, flavoprotein (Fp)
paxillin

zinc finger protein 217

ras homolog gene family, member F (in filopodia)

SNW domain containing 1

dynactin 1 (p150, glued homolog, Drosophila)

Mov10, Moloney leukemia virus 10, homolog (mouse)
aryl-hydrocarbon receptor repressor; programmed cell death 6
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NM_013232
NM_000709
NM_001130072
NM_133436
NM_001039476
NM_030978
NM_145905
NM_145905
NM_004864
NM_004584
NM_004862
NM_001110792
NM_001079863
NM_139315
NM_030973
NM_005533
NM_017885
NM_175744
NM_017458
NM_004152
NM_016201
NM_001042610
NM_213646
NM_001130069
NM_001010938
NM_006122
NM_207291
NM_001098533
NM_001673
NM_018321
NM_031206
NM_001537
NM_006400
NM_031209
NM_133328
NM_175609
NM_207115
NM_004295
NM_001539
NM_004148
NM_012264
NM_001143889
NM_024407
NM_001143888
NM_017877
NM_004766
NM_019058
NM_178336
NM_004146
NM_001572
NM_012225
NM_001130053
NM_001130055
NM_004047
NM_001130056
NM_017770
NM_014335
NM_001039492
NM_001143890
NM_030818
NM_016208

AHRR
BCKDHA
epnl
asnS
NPRL3
ARPC5L
LOC100130009
HMGA1
Gdf15
RAD9A
LITAF
mecp2
DBI
TAF6
MED25
IFI35
HCFC1R1
RHOC
MVP
oazl
Amotl2
Dbndd1
wars
sumf2
TNK2
MAN2A2
USF2
cdk10
asnS
BRIX1
LAS1L
hsbpl
DCTN2
Qtrtl
DEDD2
ARFGAP1
ZNF580
TRAF4
Dnajal
Ninj1
TMEM184B
BSDC1
NDUFS7
BSDC1
C20rf18
copb2
ddit4
mrpl52
Ndufb?7
IRF7
NUBP2
EEF1D
EEF1D
Atp6v0b
EEF1D
ElovI2
EID1
FHL2
BSDC1
CCDC130
VPS28

aryl-hydrocarbon receptor repressor; programmed cell death 6

branched chain keto acid dehydrogenase E1, alpha polypeptide

epsin 1

asparagine synthetase

chromosome 16 open reading frame 35

actin related protein 2/3 complex, subunit 5-like

hypothetical LOC100130009; high mobility group AT-hook 1

hypothetical LOC100130009; high mobility group AT-hook 1

growth differentiation factor 15

RAD9 homolog A (S. pombe)

lipopolysaccharide-induced TNF factor

methyl CpG binding protein 2 (Rett syndrome)

diazepam binding inhibitor (GABA receptor modulator, acyl-Coenzyme A binding protein)
TAF6 RNA polymerase Il, TATA box binding protein (TBP)-associated factor, 80kDa
mediator complex subunit 25

interferon-induced protein 35

host cell factor C1 regulator 1 (XPO1 dependent)

ras homolog gene family, member C

major vault protein

ornithine decarboxylase antizyme 1

angiomotin like 2

dysbindin (dystrobrevin binding protein 1) domain containing 1
tryptophanyl-tRNA synthetase

sulfatase modifying factor 2

tyrosine kinase, non-receptor, 2

mannosidase, alpha, class 2A, member 2

upstream transcription factor 2, c-fos interacting
cyclin-dependent kinase 10

asparagine synthetase

brix domain containing 2

LAS1-like (S. cerevisiae)

heat shock factor binding protein 1

dynactin 2 (p50)

queuine tRNA-ribosyltransferase 1

death effector domain containing 2

ADP-ribosylation factor GTPase activating protein 1

zinc finger protein 580

TNF receptor-associated factor 4

Dnal (Hsp40) homolog, subfamily A, member 1

ninjurin 1

transmembrane protein 184B

BSD domain containing 1

NADH dehydrogenase (ubiquinone) Fe-S protein 7, 20kDa (NADH-coenzyme Q reductase)
BSD domain containing 1

chromosome 2 open reading frame 18

coatomer protein complex, subunit beta 2 (beta prime)
DNA-damage-inducible transcript 4

mitochondrial ribosomal protein L52

NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 7, 18kDa

interferon regulatory factor 7

nucleotide binding protein 2 (MinD homolog, E. coli)

eukaryotic translation elongation factor 1 delta (guanine nucleotide exchange protein)
eukaryotic translation elongation factor 1 delta (guanine nucleotide exchange protein)
ATPase, H+ transporting, lysosomal 21kDa, VO subunit b

eukaryotic translation elongation factor 1 delta (guanine nucleotide exchange protein)
elongation of very long chain fatty acids (FEN1/Elo2, SUR4/Elo3, yeast)-like 2
EP300 interacting inhibitor of differentiation 1

four and a half LIM domains 2

BSD domain containing 1

coiled-coil domain containing 130

vacuolar protein sorting 28 homolog (S. cerevisiae)
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NM_006813
NM_183425
NM_001039490
NM_001002249
NM_000435
NM_001569
NM_014235
NM_004860
NM_006513
NM_014233
NM_183057

NM_000837
NM_178150
NM_005558
NM_024036
NM_001456
NM_030665
NM_004031
NM_023008
NM_175629
NM_033557
NM_012385
NM_004649
NM_004029
NM_052848
NM_001112726
NM_001015052
NM_004642
NM_030981
NM_001042728
NM_030980
NM_014329
NM_006907

NM_001128848
NM_006908
NM_004785
NM_024043

NM_001128846
NM_016219
NM_024042

NM_001128847
NM_178148

NM_001128845
NM_012242
NM_006801
NM_198426
NM_004127
NM_183356

NM_202001
NM_004435
NM_016491
NM_005452
NM_024653
NM_005451
NM_017572
NM_022767
NM_207346

PNRC1
rbm38
cd151
anapcll
NOTCH3
Irakl
UBL4A
FXR2
SARS
UBTF
VPS28

grina
FBXO18
LAD1
LRFN4
FLNA
RAI1
IRF7
KRI1
DNMT3A
YIF1B
nuprl
C21orf33
IRF7
ccdc97
kiaa0284
mpg
Cdk2ap1
RAB1B
rarg
1SG20L2
EDC4
Pycrl

SMARCA4
racl
slc9a3r2
Dbndd1

SMARCA4
Man1lbl
metrn

SMARCA4
SLC35B2

SMARCA4
DKK1
KDELR1
CHMP2A
GPS1
asnS

Erccl
endog
MRPL37
wdr46
prkripl
Pdlim7
MKNK2
AEN
TSEN54

proline-rich nuclear receptor coactivator 1

RNA binding motif protein 38

CD151 molecule (Raph blood group)

anaphase promoting complex subunit 11

Notch homolog 3 (Drosophila)

interleukin-1 receptor-associated kinase 1

ubiquitin-like 4A

fragile X mental retardation, autosomal homolog 2

seryl-tRNA synthetase

upstream binding transcription factor, RNA polymerase |

vacuolar protein sorting 28 homolog (S. cerevisiae)

glutamate receptor, ionotropic, N-methyl D-aspartate-associated protein 1 (glutamate
binding)

F-box protein, helicase, 18

ladinin 1

leucine rich repeat and fibronectin type Il domain containing 4

filamin A, alpha (actin binding protein 280)

retinoic acid induced 1

interferon regulatory factor 7

KRI1 homolog (S. cerevisiae)

DNA (cytosine-5-)-methyltransferase 3 alpha

Yip1 interacting factor homolog B (S. cerevisiae)

nuclear protein, transcriptional regulator, 1

chromosome 21 open reading frame 33

interferon regulatory factor 7

coiled-coil domain containing 97

KIAA0284

N-methylpurine-DNA glycosylase

cyclin-dependent kinase 2 associated protein 1

RAB1B, member RAS oncogene family

retinoic acid receptor, gamma

interferon stimulated exonuclease gene 20kDa-like 2

enhancer of mRNA decapping 4

pyrroline-5-carboxylate reductase 1

SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily a,
member 4

ras-related C3 botulinum toxin substrate 1 (rho family, small GTP binding protein Racl)
solute carrier family 9 (sodium/hydrogen exchanger), member 3 regulator 2

dysbindin (dystrobrevin binding protein 1) domain containing 1
SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily a,
member 4

mannosidase, alpha, class 1B, member 1

meteorin, glial cell differentiation regulator
SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily a,
member 4

solute carrier family 35, member B2
SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily a,
member 4

dickkopf homolog 1 (Xenopus laevis)

KDEL (Lys-Asp-Glu-Leu) endoplasmic reticulum protein retention receptor 1
chromatin modifying protein 2A

G protein pathway suppressor 1

asparagine synthetase

excision repair cross-complementing rodent repair deficiency, complementation group 1
(includes overlapping antisense sequence)

endonuclease G

mitochondrial ribosomal protein L37

WD repeat domain 46

PRKR interacting protein 1 (IL11 inducible)

PDZ and LIM domain 7 (enigma)

MAP kinase interacting serine/threonine kinase 2

apoptosis enhancing nuclease

tRNA splicing endonuclease 54 homolog (S. cerevisiae)
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NM_003403
NM_003575
NM_024798
NM_180990
NM_014260
NM_018209
NM_030937
NM_030937
NM_001039577
NM_001039577
NM_016494
NM_030935
NM_052873
NM_017843
NM_001128631
NM_001098208
NM_003683
NM_033405
NM_001450
NM_001134231
NM_052876
NM_022872
NM_031449
NM_004424
NM_022873
NM_005632
NM_025128
NM_133373
NM_001017917
NM_012212
NM_030928
NM_022772
NM_004395
NM_024067
NM_014453
NM_001009552
NM_005641
NM_004390
NM_001039457
NM_001130012
NM_030752
NM_030752
NM_005526
NM_004082
NM_022744
NM_014281
NM_017590
NM_004184
NM_199444
NM_033420
NM_018426
NM_001039550
NM_199442
NM_017729
NM_004383
NM_017495
NM_004380
NM_001039877
NM_017491
NM_001079846
NM_004699

YY1
ZNF282
Snx22
ZACN
pfdn6é
ARFGAP1
CCR6
Ccenl2
CCR6
Cenl2
Rnf181
TSC22D4
cl4orfl79
BCAS4
Dcakd
HNRNPF
rrpl
PRIC285
FHL2
NT5DC2
Naccl
IFI6
Zmiz2
E4F1
IFI6
SOLH
MUS81
PLCD3
CYB561
PTGR1
Cdt1
EPS8L2
DBN1
C7orf26
CHMP2A
PPP2CB
TAF6
CTSH
Atp6v0b
slc9a3r2
TCP1
TCP1P3
hsfl
DCTN1
Cl60rf58
PUF60
ZC3H7B
wars
cope
c19orf6
Tmem63b
Dnajb2
cope
EPS8L1
CSK
rbm38
CREBBP
STRN4
wdrl
CREBBP
Fam50a

YY1 transcription factor

zinc finger protein 282

sorting nexin 22

zinc activated ligand-gated ion channel

prefoldin subunit 6

ADP-ribosylation factor GTPase activating protein 1
cyclin L2; chemokine (C-C motif) receptor 6

cyclin L2; chemokine (C-C motif) receptor 6

cyclin L2; chemokine (C-C motif) receptor 6

cyclin L2; chemokine (C-C motif) receptor 6

ring finger protein 181

TSC22 domain family, member 4

chromosome 14 open reading frame 179

breast carcinoma amplified sequence 4
dephospho-CoA kinase domain containing
heterogeneous nuclear ribonucleoprotein F

ribosomal RNA processing 1 homolog (S. cerevisiae)
peroxisomal proliferator-activated receptor A interacting complex 285
four and a half LIM domains 2

5'-nucleotidase domain containing 2

nucleus accumbens associated 1, BEN and BTB (POZ) domain containing
interferon, alpha-inducible protein 6

zinc finger, MIZ-type containing 2

E4F transcription factor 1

interferon, alpha-inducible protein 6

small optic lobes homolog (Drosophila)

MUS81 endonuclease homolog (S. cerevisiae)
phospholipase C, delta 3

cytochrome b-561

prostaglandin reductase 1

chromatin licensing and DNA replication factor 1
EPS8-like 2

drebrin 1

chromosome 7 open reading frame 26

chromatin modifying protein 2A

protein phosphatase 2 (formerly 2A), catalytic subunit, beta isoform
TAF6 RNA polymerase Il, TATA box binding protein (TBP)-associated factor, 80kDa
cathepsin H

ATPase, H+ transporting, lysosomal 21kDa, VO subunit b
solute carrier family 9 (sodium/hydrogen exchanger), member 3 regulator 2
hypothetical gene supported by BCO00665; t-complex 1
hypothetical gene supported by BCO00665; t-complex 1
heat shock transcription factor 1

dynactin 1 (p150, glued homolog, Drosophila)
chromosome 16 open reading frame 58

poly-U binding splicing factor 60KDa

zinc finger CCCH-type containing 7B
tryptophanyl-tRNA synthetase

coatomer protein complex, subunit epsilon
chromosome 19 open reading frame 6

transmembrane protein 63B

DnalJ (Hsp40) homolog, subfamily B, member 2
coatomer protein complex, subunit epsilon

EPS8-like 1

c-src tyrosine kinase

RNA binding motif protein 38

CREB binding protein

striatin, calmodulin binding protein 4

WD repeat domain 1

CREB binding protein

family with sequence similarity 50, member A
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NM_017722
NM_001136473
NM_001136472
NM_012140
NM_014567
NM_014567
NM_017582
NM_017588
NM_004078
NM_018337
NM_024663
NM_000937

NM_001007074
NM_001007074

NM_001007074
NM_004409

NM_004547

NM_004547
NM_004408
NM_024571
NM_001009570
NM_170607
NM_004373
NM_004553
NM_001139441
NM_004953
NM_032807

Trmtl
LITAF
LITAF
slc25a10
LOC646079
bcarl
Ube2ql
WDR5
CSRP1
ZNF444
npepll
POLR2A

SNORA7B
rpl32

Snora7a
DMPK

LOC402175

Ndufb4
DNM1
SNRNP25
Cct7

MLX
Cox6al
NDUFS6
BCAP31
Eifagl
FBXO18

TRM1 tRNA methyltransferase 1 homolog (S. cerevisiae)

lipopolysaccharide-induced TNF factor

lipopolysaccharide-induced TNF factor

solute carrier family 25 (mitochondrial carrier; dicarboxylate transporter), member 10
similar to breast cancer anti-estrogen resistance 1; breast cancer anti-estrogen resistance 1
similar to breast cancer anti-estrogen resistance 1; breast cancer anti-estrogen resistance 1
ubiquitin-conjugating enzyme E2Q family member 1

WD repeat domain 5

cysteine and glycine-rich protein 1

zinc finger protein 444

aminopeptidase-like 1

polymerase (RNA) Il (DNA directed) polypeptide A, 220kDa

small nucleolar RNA, H/ACA box 7A; small nucleolar RNA, H/ACA box 7B; ribosomal protein
L32

small nucleolar RNA, H/ACA box 7A; small nucleolar RNA, H/ACA box 7B; ribosomal protein
L32

small nucleolar RNA, H/ACA box 7A; small nucleolar RNA, H/ACA box 7B; ribosomal protein
L32

dystrophia myotonica-protein kinase

hypothetical gene supported by AF044957; NM_004547; NADH dehydrogenase
(ubiquinone) 1 beta subcomplex, 4, 15kDa

hypothetical gene supported by AF044957; NM_004547; NADH dehydrogenase
(ubiquinone) 1 beta subcomplex, 4, 15kDa

dynamin 1

small nuclear ribonucleoprotein 25kDa (U11/U12)

chaperonin containing TCP1, subunit 7 (eta)

MAX-like protein X

cytochrome c oxidase subunit Vla polypeptide 1

NADH dehydrogenase (ubiquinone) Fe-S protein 6, 13kDa (NADH-coenzyme Q reductase)
B-cell receptor-associated protein 31

eukaryotic translation initiation factor 4 gamma, 1

F-box protein, helicase, 18
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Summary:

Living cells are continuously exposed to stimuli from internal (basic metabolic processes) and
external (environmental or chemical stress) sources. Therefore a very accurate and tightly regulated
cellular process is needed to access and express the DNA-encoded information in order to maintain
the normal physiological state of a cell. In eukaryotes this is carried out by the RNA polymerase Il (Pol
[I) machinery, which is responsible for the expression of thousands of genes coding for proteins and
non-coding regulatory RNAs. The Pol Il transcription cycle can be divided into three main phases:
transcription initiation, elongation and termination. Each phase requires sequential activities of
different protein complexes, which independently represent a possibility for the regulation of gene
expression. Polymerase Il pause was first described as a regulatory step between initiation and early
elongation at the promoters of certain heat shock genes. Recently, genome-wide studies
demonstrated that Pol Il pausing is an important regulatory step that is present at almost every
eukaryotic Pol Il promoter. Surprisingly, paused or slowed down polymerases were also discovered
downstream of 3’ end of genes, of which the exact role is still not fully understood.

During my Ph.D. | carried out projects using chromatin immunoprecipitation assay coupled to
high-throughput sequencing techniques to analyse genome-wide Pol Il behaviour in two aspects:

First, we analysed Pol Il occupancy downstream of 3’ end of transcription units. Our analyses
suggest that accumulation of Pol Il downstream of genes is a genome-wide feature of active
transcription. We found broad, often up to 6kb long Pol Il occupancy signals at genes coding for
polyadenylated transcripts. In contrast, Pol Il occupancy shows a narrow profile at the annotated end
of core histone genes. We also found a link between RNA 3’ end processing and Pol Il accumulation
at the end of transcription units.

Second, we were following the genome-wide response and alteration of Pol Il transcription
upon genotoxic stress. We found that even a sub-lethal dose of ultraviolet light (UV-B) can temporary
interrupt transcription genome-wide. Following UV-B treatment we observed a progressive and
massive Pol Il signal loss from the promoters of expressed genes, which will then extend through the
entire transcription unit, up to four hours after irradiation. In contrast, we found a subset of genes
with increased Pol Il signal upon irradiation, which were identified as DNA damage response genes.
This is in good agreement with the observation that after UV irradiation transcription is arrested
during the period of transcription-coupled repair (TCR). Interestingly, six hours after UV-B treatment,
genes that were negatively influenced, showed increased Pol Il signal compared to the control state,
suggesting that the Pol Il transcription apparatus may compensate for the reduced gene expression
associated with TCR.

RNA polymerase Il transcription has been extensively studied in the past decades, but lots of
details are still missing to establish a model, which covers every regulatory mechanism during gene
expression. With my Ph.D. projects, we managed to expand the current knowledge about Pol Il
transcription machinery. First we characterized the Pol Il accumulation around the 3’ end of genes
that was not yet investigated at a genome wide level. By studying the effect of genotoxic stress on
Pol Il mediated transcription genome-wide, we describe a global mechanism that may facilitate the
dissociation of Pol Il complex from the promoters of expressed genes.
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