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-DNA damage response

-nucleotide excision repair

-short interfering/silencing RNA

-global genome repair

-transcription-coupled repair
-pyrimidine-(6-4)-pyrimidone photoproducts
-cyclobutane pyrimidine dimers

-xeroderma pigmentosum
-trichothiodystrophy

-Cockayne syndrome

-ultraviolet light (400 - 315 /315 - 280 /280 - 100 nm)

-fluorescence recovery after photobleaching

-mouse embryonic fibroblasts

-transcription factor II H, multisubunit complex
TFIIH core subunits:

-General transcription factor IIH subunit 1
-General transcription factor IIH subunit 4
-General transcription factor IIH subunit 2
-General transcription factor IIH subunit 3
-General transcription factor IIH subunit 5
-ERCC3, ATP dependent human DNA helicase
-ERCC2, ATP dependent human DNA helicase
-cyclin activating kinase-subcomplex of TFIIH
-Cell division protein kinase 7

-CDK-activating kinase assembly factor

-RNA polymerase II

-carboxy-terminal domain

-DOT1-like, histone H3 lysine 79 methyltransferase



RESUME DE LA THESE DOCTORAT

NOUVEAUX ACTEURS A' 'INTERFACE DE LA TRANSCRIPTION ET DE LA
REPARATION

INTRODUCTION

Les dommages a I'ADN proviennent de sources environnementales (irradiations UV ou
X, polluants de I'atmosphere) ou endogénes (radicaux libres oxygénés, instabilité
intrinseque de la molécule d'ADN). Les lésions interférent avec la progression des ADN
ou ARN polymérases, et compromettent ainsi la fidélité de la réplication et de la
transcription[1,6]. Ainsi, la prévention et la réparation des dommages de I'ADN sont
essentielles pour la survie des cellules. La plupart des voies de réparation de I’ADN
englobe un méme ensemble de processus étroitement coordonnés: la détection des
lésions de I'ADN, I'accumulation des facteurs de réparation sur le site de dommages et
enfin I’élimination de la 1ésion[2,4]. Parmi les voies de réparation, la réparation par
excision de nucléotides (NER) est la voie la plus polyvalente en réparant des 1ésions aussi
variées que les 1ésions UV ou les 1ésions chimiques encombrantes. Alors que les bactéries
n'ont besoin que de trois protéines pour compléter 1'étape d’incision de la NER, les
eucaryotes utilisent environ 30 protéines pour mener a bien cette étape. La réparation
de I'ADN dans les cellules eucaryotes est compliquée par le fait que 'ADN génomique est
intégré dans une structure chromatinienne le rendant inaccessibles. Les cellules utilisent
des modifications post-traductionnelles des histones et le remodelage de la chromatine
dépendant de I’ATP afin de moduler la structure de la chromatine et d’augmenter
'accessibilité de la machinerie de réparation aux lésions[3,5].

L'avenement de la technique d'interférence a 'ARN (ARNi) a permis de développer
des outils de choix, les banques de siARN, afin d’identifier de nouveaux régulateurs de
voies cellulaires fondamentales. Bien que les facteurs de base de la NER ont été identifiés
et que le systeme ait été reconstitué sur de I'ADN nu "in vitro", il reste encore beaucoup a
comprendre sur la régulation de cette voie de réparation fondamentale "in vivo", sur de
la chromatine. Dans ce contexte, nous avons initié un criblage siARN basé sur le suivi de

I'efficacité de réparation des lésions UV-induites 6-4 photoproduits (6-4PPs). Le but de
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ce screening était de mettre en évidence de nouvelles enzymes impliquées dans la
réponse aux dommages d'ADN et le maintien de l'intégrité du génome par la voie NER.
D’autre part, nous nous sommes également concentrés sur DOT1L, une histone-
méthyltransférase impliquée dans la régulation du silencing télomérique, dans le
contrdle du cycle cellulaire et dans I'étape d’élongation de la transcription. Nous avons
montré que I'absence de DOT1L dans des fibroblastes embryonnaires de souris
(MEF™™) conduit a une sensibilité de ces cellules aux irradiations UV.
Enfin, lors d’un travail en collaboration avec un thésard du laboratoire, nous avons
étudié le role des sous-unités XPB et XPD de TFIIH, gardiennes essentielles du génome,

dans la réparation par excision de nucléotides.

RESULTAS

Les résultats du criblage siRNA destiné a identifiés de nouveaux acteurs de la NER,
sont en court d’exploitation mais nous mettons déja en évidence le rdle de certains genes
impliqués dans la biochimie des ARNm comme ceux empéchant la formation des
hybrides ARN/ADN dans I'efficacité de réparation des 1ésions UV.

En étudiant le role de la methyltransférase DOT1L, nous avons montré que son
absence dans des fibroblastes embryonnaires de souris (MEF POTILY conduit a une
sensibilité de ces cellules aux irradiations UV alors que la réparation des lésions
produites par cette irradiation est intacte. L’absence de DOT1L conduit en réalité a une
inhibition de I'initiation de la transcription des genes apres irradiation. Au niveau
mécanistique, des expériences de STRIP-FRAP ont établit que DOT1L assurait
I'association de I'ARN polymérase II a la chromatine apres irradiation UV. Dans une
analyse plus détaillée, nous avons montré que DOT1L favorisait la formation du
complexe de pré-initiation au niveau du promoteur des génes de ménage ainsi que
|'apparition de marques d’euchromatine transcriptionnellement actives. Bien que
'expression des gene de ménage soit inhibée, une analyse transcriptomique montre que

DOT1L aprés

les génes pro-apoptotiques sont fortement transactivés chez les MEF
irradiation. Le traitement a la trichostatine A, qui relaxe la chromatine, diminue la
transactivation des genes apoptotiques et restore 'initiation de la transcription et la

survie aux UV.



Pour comprendre la fonction de XPB et XPD, nous avons étudié des lignées cellulaires
exprimant des formes mutées de ces protéines dans 'activité ATPasique. Nous avons
montré l'implication de XPB, mais pas d’XPD, dans le recrutement de TFIIH sur des sites
d’ADN endommagé. Le recrutement de TFIIH se produit indépendamment de I'activité
hélicase d’XPB, mais nécessite deux nouveaux motifs récemment identifiés, une boucle
« R-E-D » et un motif « thumb ». Par ailleurs, nous montrons que ces motifs sont
spécifiquement impliqués dans la stimulation de 'activité ATPase de XPB qui a lieu en

présence de I'ADN.

CONCLUSION

Le criblage d’'une banque de siRNA s’est révélé un outil précieux dans l'identification
de nouveaux acteurs de la NER. Faute de temps nous n’avons pas encore pu aller en
profondeur dans I’étude du rdle précis de ces génes mais nous reviendrons dans le
manuscrit sur les premieres conclusions de notre étude.

L’Histone methyltransférase DOT1L permet la restauration de l'initiation de la
transcription apres une attaque génotoxique. Nous proposons que DOT1L permette la
présence d’une structure ouverte de la chromatine afin de réactiver l'initiation de la
transcription des génes de ménage suite a un stress génotoxique.

Nous avons étudié les détails moléculaires du recrutement de TFIIH aux sites d’ADN
endommagé. L'ensemble de nos données montre que le recrutement de TFIIH aux sites
de dommages est un processus actif, sous le controle de 'activité ATPasique de XPB. Nos
résultats suggerent également que XPB fonctionne comme un crochet ATP dépendant

servant a stabiliser la liaison de TFIIH avec 'ADN endommagé.
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FOREWORD

The problem, often not discovered until late in life, is that when you look for
things like love, meaning, motivation, it implies they are sitting behind a tree or under
a rock. The most successful people recognize, that in life they create their own love,

they manufacture their own meaning, they generate their own motivation.

Comment on "l am Neil deGrasse Tyson - AMA" (March 01, 2012).
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INTRODUCTION

PART I - ANEW LOOK AT A VERY OLD COMPLEX

TFIIH COMPLEXES IN TRANSCRIPTION AND DNA REPAIR

Our genome is vulnerable to an array of DNA-damaging agents that affect
fundamental cellular processes, such as DNA replication and transcription. To counteract
the deleterious effects of these agents, cells are armed with several DNA repair pathways
that protect us from cancer and accelerated aging[1]. Each of these DNA repair pathways
removes structure-specific DNA lesions.

The nucleotide excision repair (NER) pathway removes bulky adducts, including
cisplatin lesions and 6-4 photoproducts generated by UV light, through two related
subpathways|[2].

The general global genome repair (GGR) removes DNA damage from the entire
genome, while the transcription-coupled repair (TCR) corrects lesions located on
actively transcribed genes[3]. The importance of DNA repair mechanisms in genome
stability is emphasized by the existence of several repair-deficient disorders. Deficiency
in NER results in three rare genetic diseases: xeroderma pigmentosum (XP),
trichothiodystrophy (TTD), and Cockayne syndrome (CS)[4]. XP patients are highly
photosensitive and display a 1000-fold increased risk of developing skin cancers[4]. TTD
patients are mildly photosensitive, but present neurological disorders and sulfur-
deficient brittle hair and nails caused by the reduced level of cysteine-rich matrix
proteins[5]. CS patients are also mildly photosensitive, but harbor neurological
problems, growth failure, and premature aging[6]. XP and TTD patients are deficient
both in GGR and TCR (with the exception of XP-C patients who are only deficient in GGR,
(see below). Pure CS patients are deficient only in TCR. GGR is then fully functional in
persons with this syndrome, but they die prematurely from progeria. This leads to the
hypothesis that the low level of residual lesions that block transcription in CS cells
promotes apoptosis. This premature cell death would protect CS patients from cancer at
the expense of aging.

In GGR, XPC-HR23B detects the damage-induced DNA distortion in the genome,
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followed by the opening of the DNA by the XPB and XPD ATPases/helicases of the
transcription/repair factor TFIIH[7]. XPA and RPA are then recruited to the repair
complex and assist in the expansion of the DNA bubble around the damage[8,9]. Next,
the endonucleases XPG and XPF generate cuts in the 3’ and 5’ sides of the lesion,
respectively[10,11], thereby causing the removal of a 27-nts(+2)-long damaged
oligonucleotide[12,13]. Finally, the resynthesis machinery fills the DNA gap[14]. In TCR,
blockage of transcribing RNA polymerase II (RNPII) on the damaged DNA template is
thought to initiate the repair reaction in a process that requires, in addition to TFIIH,
XPA, XPG and XPF, the TCR-specific proteins CSB and CSA[2].

The transcription-coupled NER pathway is independent from the XPC-HR23B
complex, thereby explaining the strict GGR defect harbored by the XP-C patients. Among
the NER factors, TFIIH has attracted the most interest, owing to its additional roles in

several fundamental cellular processes.

TFIIH: AMULTISUBUNIT FACTOR WITH SEVERAL CELLULAR TASKS

TFIIH is a ten-subunit complex[15,16], essential for the transcription of RNAI-
and II-dependent genes and for the NER pathway[17,18]. The TFIIH complex can be
divided into two subcomplexes: the core and the CAK. The core TFIIH includes XPB, p62,
p52, p44, p34, and the repair-specific TTDA subunit. XPD links the core to the Cdk-
activating kinase (CAK) module composed of Cdk7 (cyclin-dependent kinase), cyclin H,
and MAT1 (ménage a trois) (Figure 1).

Mutations in three TFIIH subunits give rise to XP, TTD, or CS; mutations in XPB
are associated with a combined XP-CS phenotype or with TTD; mutations in XPD are
associated with XP, XP-CS, or TTD; and mutations in TTDA are associated only with
TTD[4]. In RNPII transcription, TFIIH joins the preinitiation complex composed of RNPII
and the general transcription factors TFIIA, TFIIB, TFIID, TFIIE, and TFIIF (Figure 1).
There, TFIIH is involved in several processes ranging from initiation, promoter escape,
and early elongation stages[19], to transcription reinitiation[20] and formation of gene
loops[21]. Besides its roles in RNPII transcription, TFIIH is also involved in the
transcription of ribosomal genes by RNPIL The reconstituted "in vitro” RNPI

transcription
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Figure 1. A multisubunit and tasks complex, TFIIH is a ten-subunit complex composed of a core (in red;
XPB, p62, p52, p44, p34, and TTDA) associated to the CAK (in blue; Cdk7, CycH, and MAT1) through
MAT1 and the XPD subunit (in green). Four enzymatic activities are found in TFIIH: XPB and XPD are 3’
to 5" and 5’ to 3’ helicases, Cdk7 is a kinase, and p44 has been described as an E3 ubiquitin ligase in
yeast. The complex is involved both in RNPI- and II-dependant transcription and in nucleotide excision
repair. The role of TFIIH in RNPI transcription in unknown. In RNPII-dependant transcription, TFIIH
opens DNA around the promoter in the preinitiation complex (-8 to +2 relatively to the transcription
start site +1) and phosphorylates the carboxyl terminal domain of the RNPII (purple) to license
transcription. In NER, TFIIH opens DNA around the lesion (-22 to +5 relatively to the lesion in blue
square) and assists ERCC1-XPF for the 5’ incision[77].

system requires TFIIH[18] and the complex localizes in the nucleolus at sites of active
ribosomal gene transcription[22]. TFIIH was also reported to be part of a complex
containing RNPI and the NER factors CSB and XPG[23], but the precise role of TFIIH
during RNPI transcription yet remains unknown. In NER, TFIIH belongs to the dual
incision complex composed of XPC-HR23B, XPA, RPA, XPG, and ERCC1-XPF, and is
involved in the opening of the DNA around the damage (Figure 1). Four TFIIH subunits
harbor enzymatic activities required for transcription and DNA repair (Figure 1). Cdk7

phosphorylates RNPII and certain nuclear receptors, and thereby regulates basal and
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activated transcription[24,25]. XPB and XPD are ATPases/helicases involved in DNA
opening[7]. The ATPase activity of XPB is required for anchoring TFIIH to the damaged
DNA[26,27], while the helicase activity of XPD opens DNA around the lesion[28]. The
enzymatic activity of XPD is not required for RNPII transcription and this subunit is
therefore believed merely to act as a structural component of the TFIIH complex and to
regulate the kinase activity of Cdk7[29,30]. Finally, p44 was described as an E3 ubiquitin
ligase in yeast[31]. This activity is suggested to be important for the survival of cells after
exposure to UV light or methyl methanesulfonate (MMS).

The enzymatic activities of TFIIH are highly regulated either by members of the
complex or by DNA repair factors (Table 1). The p52 subunit of TFIIH stimulates the
ATPase activity of XPB[28]. TTDA is a NER-specific factor that is recruited to the TFIIH

complex after a genotoxic attack[32,33].
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Table 1. TFIIH enzymatic activities, their functions, and their regulators.

During NER, TTDA stimulates the ATPase activity of XPB through a direct interaction
with p52[34]. The TTDA-interacting domain of p52 also binds DNA, and the addition of
TTDA triggers dissociation of p52 from DNA. We hypothesize that the recruitment of
TTDA to TFIIH provokes a conformational change of the complex that leads to a "bona
fide" interaction between p52 and XPB, and to the stimulation of its ATPase activity[35].
The repair factor XPC also regulates the ATPase activity of XPB[36]. On the other hand,
p44 stimulates XPD helicase activity, required to unwind DNA around the damage[37].
The MAT1 protein of the CAK module has been shown to inhibit XPD helicase and this
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negative effect might be compensated by p44 stimulation[38]. The importance of these
regulations is pointed out by the existence of mutations in XP patients that impair the

XPB-p52[28] or XPD-p44[37,39] interactions, leading to cancers and premature aging.

THE CAK COMPLEX: THE DOUBLE LIFE OF A KINASE

The CAK complex is composed of Cdk7, cyclin H, and MAT1[40] associated with
U1 snRNA[41]. Cdk7 can be found in three different complexes: in CAK alone (50% of
Cdk7), in CAK together with core TFIIH (40% of Cdk7), or in CAK with XPD alone (10%
of Cdk7) (Figure 2). Several factors, including cyclin H, MAT1, TFIIE, the Mediator[42],
XPD[43], and U1 snRNA[44], regulate the activity of Cdk7. Phosphorylation of Cdk7 at
threonine 170 is required for the CAK activity[45], while phosphorylation of serine 164
by Cdk1 and Cdk2 inhibits Cdk7 activity in cell cycle progression[46]. MAT1 interacts
with both Cdk7 and cyclin H, and thereby stabilizes the assembly of the CAK
complex[47,48]. Surprisingly, free CAK and CAK interacting with core TFIIH have
significantly different substrate specificity. Free CAK acts as a Cdk-activating kinase and
phosphorylates Cdkl, Cdk2, Cdk4, and Cdké involved in cell cycle
progression[49,50,51,52]. When it interacts with the core, CAK preferentially
phosphorylates the carboxy-terminal domain (CTD) of the RNPII large subunit
rpb1[53,54]. The CTD consists of multiple repeats of the conserved sequence YSPTSPS,
which attract both mRNA- and histone-modifying enzymes, depending on their
phosphorylation state[55]. Whereas the serine 5 of the CTD is phosphorylated by TFIIH
during transcription initiation, Rtrl phosphatase removes it during elongation[56].
Recently, another Cdk7-dependent phosphorylation was demonstrated on serine 7 of the
CTD in both yeast and mammalian cells[57,58,59]. As a component of TFIIH, CAK also
phosphorylates nuclear receptors, including the retinoic acid receptors a and y, the
estrogen receptor a[25,60,61], the peroxysome proliferator-activated receptor[62], and
the thyroid receptor[63], thereby supporting the transcription of the nuclear receptor-
dependent genes. Cdk7 also activates the vitamin D receptor indirectly by
phosphorylating the Ets1 coactivator[64]. The role of the CAK-XPD complex is more
elusive, but it seems to represent an inactive version of the CAK complex. Indeed,

evidence points to a negative regulation of CAK activity by XPD. By this means, XPD
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would regulate the progression of the cell cycle at the mitotic phase[65]. While the

function of CAK in transcription is well documented, its role in NER is contradictory.

TFIIH [40%) CAK [50%)

!

Transcription r Cell cycle
Figure 2. Three Cdk7-containing complexes. Cdk7 kinase can be found in three different complexes,
TFIIH, CAK-XPD, and CAK, that represent 40, 10, and 50% of the Cdk7-containing complexes (personal
data), respectively. When Cdk?7 is in TFIIH, it functions in transcription, while it functions in cell cycle

progression when it is in CAK alone or associated with XPD.

Microinjection of anti-Cdk7 immunoglobulins into human fibroblasts affects both
transcription and NER[66], but dual incision assay can be reconstituted without the CAK
complex. These data suggest that the TFIIH core is sufficient to perform excision of the
damaged DNA "in vitro"[67]. Indeed, when Cdk7 expression is knocked down using
siRNA, fully functional repair of UV lesions is maintained, whereas transcription
activation of UV-inducible genes is significantly inhibited[68]. Also, the kinase activity of
CAK is detrimental to the dual incision assay efficiency[67], but UV irradiation affects
this activity[48]. In yeast, two TFIIH complexes can be purified in undamaged cells: a
core TFIIH associated with repair factors that is active in NER and a CAK-associated
TFIIH complex that is active in transcription[69]. Do these two TFIIH complexes coexist
in mammalian cells? Is the CAK module physically engaged in NER? How does a single

TFIIH complex face the task of participating in both transcription and NER?
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To understand how the ten subunits that constitute the TFIIH complex participate
in repair and/or transcription processes, we utilized an original approach combining
chromatin immunoprecipitation and western blotting (ChIP-Western)[70]. With this
technique, we were able to analyze the composition of TFIIH on the chromatin before or
after UV irradiation. Surprisingly, we observed a dynamic dissociation/reassociation of
the CAK complex onto the core TFIIH that correlates with the recruitment/release of the
repair factors during the DNA repair reaction[68] (Figure 3). In the absence of
formaldehyde cross-linking, the dissociation of CAK is still observed in the soluble cell
fractions, but the UV dose required to dissociate CAK from the core under this condition
is much higher than the dose needed to detect the dissociation by ChIP-Western. Also,
while repair factors accumulate on the core TFIIH by ChIP, no accumulation was
observed on TFIIH in the soluble fraction after UV. These observations advantageously
reconcile the yeast and human models by showing that in humans, the free core TFIIH is
transient and exists only in the chromatin, during the short period of DNA repair, while
in yeast, it exists in the soluble fraction and in absence of DNA damage. In both cases, it is
the core TFIIH that participates in DNA repair, in the absence of CAK. Fifteen minutes
after 20J]/m2 UV-C irradiation, CAK bound to the TFIIH core reaches a minimum level,
impaired in XP-C cells, in which TFIIH is not recruited to the damaged DNA[71], suggests
that the change in TFIIH subunit composition is due to its participation in the removal of
the 6-4PP lesions that are eliminated in the first hours after UV irradiation[72]. After the
removal of the 6-4PP lesions (6-8 h post irradiation), we observed the dissociation of
the repair factors from the core and the return of the CAK. We noticed that mutations in
NER proteins, as found in XP patients, cause an accumulation of intermediate repair
complexes that can persist for several hours on the chromatin (Figure 3) whereas the
recruitment of repair factors to the TFIIH core reaches its maximum level. At that
specific time point, about 70% of TFIIH is involved in DNA repair and does not contain
CAK. This early event, together with the fact that the release of CAK is the persistence of
these intermediate poised complexes may potentially cause prolonged transcription and

replication arrests, and their impact on cell survival should be investigated.
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Figure 3. Dynamic composition of the TFIIH complex. When TFIIH functions in transcription, it
contains ten subunits, including the CAK module. When it functions in repair, it does not contain the
CAK module, but associates with various DNA repair factors, including XPA, RPA, XPG, and ERCC1-XPF.
In a wild-type cell, the transcription complexes are present without DNA damage. The repair complexes
appear following the generation of damage on the DNA and persist until the lesions are removed (6-8
h). Mutations in NER proteins, as found in XP patients (here XP-F), cause an accumulation of

intermediate poised repair complexes that can persist in the chromatin.
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Figure 4. Nucleotide excision repair pathway. Following exposure to genotoxic agents (e.g., sunlight), a

lesion (blue square) is created on the DNA. Then, the damage recognition factor XPC-HR23B interacts
with the damaged DNA structure on the opposite strand of the lesion. TFIIH joins XPC-HR23B on the
damaged DNA. In the presence of ATP, XPB, and XPD, helicases in TFIIH are involved in the opening of
the DNA, allowing the stable association of XPA and RPA, which help to enlarge the opened structure
and drive the dissociation of the CAK complex from TFIIH. This dissociation is a prerequisite for the
enlargement of the DNA opening that favors the arrival of XPG, mediating the release of XPC-HR23B.
The recruitment of XPF-ERCC1 triggers dual incision and excision of the protein-free damaged

oligonucleotide. The resynthesis machinery fills the gap and seals the DNA extremities.

The question remains on how and when the CAK is released from the core TFIIH. We
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reconstituted the dissociation of the CAK from the core TFIIH in vitro and provided
evidence that the transformation is catalyzed by the presence of XPA, in an ATP-
dependent manner. XPA is known as a scaffold protein without enzymatic activity that
nevertheless shows preferential association to damaged DNA and is indispensable for
DNA incision[73,74]. Our "in vitro" system demonstrated that the release of CAK by XPA
is required to trigger the dual incision of the damaged DNA. The recruitment of XPA and
the dissociation of CAK may then constitute a major checkpoint in NER that will elicit the
removal of lesions (Figure 4). Consistent with this model, CAK inhibits the helicase
activity of XPD[38]. In addition, the recruitment of XPA to the XPC/TFIIH intermediate
preincision complex promotes the opening of the damaged DNA[75]. In light of our latest
discoveries about CAK release during DNA repair, we propose that detachment of CAK
from the core by the damage verification factor XPA will stimulate the helicase/ATPase
activities of TFIIH that will lead to opened DNA structures, thereby facilitating DNA

repair.

CONCLUSION

Altogether, our results dispel a broadly accepted idea that large nuclear
complexes are stable and do not experience large-scale alterations in composition when
switching between different cellular processes or different cellular conditions[22]. The
flexibility of the TFIIH complex makes it able to participate in various distinct cellular
processes. Based on our discovery, we propose that the core TFIIH is involved in the
various functions of the complex. The association of the core with different modules
enables its engagement in different functions, such as transcription or repair. The two
modules, CAK for transcription and TTDA for repair, confer to the core TFIIH and to its
helicases the capacity to open unrelated DNA structures, such as promoters or damaged
DNA, respectively (Figure 5). The CAK and the TTDA modules seem to coexist in the
same TFIIH complex, but how one negatively influences the activity of the other is not
known (Figure 5). Whether or not the flexibility in the composition of TFIIH is a more
general aspect of its biology that may explain some aspects of the spatial and selective
deregulation of nuclear receptor target genes in specific organs[63], or the lesion-

specific DNA repair defect observed in XP, TTD, or CS patients[76], merits further
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Figure 5. CAK and TTDA modules engage the core TFIIH in different cellular pathways. TFIIH is
composed of a core that associates with different modules to enable its engagement in different
cellular processes. The presence of CAK in TFIIH engages the core in transcription[29], while the
presence of TTDA engages the core in DNA repair[33]. The CAK and the TTDA modules coexist in the

same TFIIH complex[33], but the negative influence of one module on the other is not known.
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PART II - DNA REPAIRIN VIVO

CHROMATIN REMODELLING

Chromatin is an ensemble of genomic DNA and DNA binding proteins, primary
histones, that package it into a smaller volume. Upon DNA damage the highly condensed
state of chromatin is an obstacle for DNA repair machinery that have to promptly detect
and remove lesion hidden among billions base pairs. Thus it is not surprisingly that
eukaryotic cells possess specialized proteins that rearrange nucleosomes and modify
histones tails alleviating access to DNA for DNA repair proteins[1].

Nucleosome rearrangement and subsequent chromatin reorganization induced
by DNA damage involve recycling of parental histones and incorporation of new
histones. H3.1 histones, the good illustration of this process, get incorporated “in vivo”
at repair sites and the deposition depends on nucleotide excision repair occurring at the
post repair stage. Histone chaperone chromatin assembly factor 1 (CAF-1) is tightly
involved in that histone deposition process and shows distinct localization to the
damage sites there CAF-1 associates with several NER factors: TFIIH, PCNA and RPA in
chromatin[2,3]. The RPA, particularly N-terminal domain of the RPA 70-kDa subunit
(RPA70N), physically interacts with another chromatin remodeler - human DNA helicase
B. Similarly to CAF-1, exposure to UV radiation induces accumulation of the HELB on
chromatin in a dose - and time - dependent manner([4].

CAF-1 and HELB are not the only proteins that change chromatin structure and
interact with NER proteins upon DNA damage. A large group of SWI/SNF chromatin
remodelers, ISWI, INO80, CHD proteins are shown to have role in DDR and DNA repair.
Thus in nematode, C. elegans, four SWI/SNF and four ISWI/Cohesin family chromatin
remodeling factors are known to be implicated in the UV damage response[8].

In yeast, S. cerevisiae, NER damage-recognition heterodimer RAD4-RAD23
copurifies with the SNF5 and SNF6, subunits of the SWI/SNF chromatin-remodeling
complex. And the interaction between SWI/SNF and RAD4-RAD23 is stimulated by the
UV radiation. When SWI/SNF is inactivated, NER and UV - induced nucleosome
rearrangement at the silent HML locus, region of condensed chromatin, is markedly

attenuated[5]. Human SWI/SNFO, particularly its SNF5 component, also interacts with
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UV damage recognition factor XPC (RAD4 in yeast) and colocalizes with it at the damage
sites where SNF5 facilitates the access of ATM, which in turn promotes H2AX and BRCA1
phosphorylation[6]. Moreover, in mammalian cells, knockdown of BRG1, the ATPase
subunit of SWI/SNF, negatively affects the elimination of CPD following UV
irradiation[7].

In yeast, RAD4-RAD23 interacts with chromatin-remodeling complex INO80. And
INOSO is recruited to the chromatin by RAD4 in a UV damage-dependent manner.
Remarkably, INO80 mutant cells have a defect in restoration of nucleosome structure
after the finishing of DNA repair[10]. Also mammalian INO80 alongside with ARP5 are
enriched to UV-damaged DNA. Deletion of these two core components of INO80 complex,
INO80 and ARP5,  significantly hampers cellular removal of UV-induced photo
lesions[11].

Some experiments show ISWI and CHD proteins to play a role in DNA repair.
Human ISWI proteins, SNF2H and SNF2L ISWI proteins as well as ACF1 accumulate at
UV-induced DNA damage sites within tens of seconds[9]. Uncertainty exists for NER role
of CHD family chromatin remodelers - based on the analogy to DSB repair, it is expected
that these complexes are involved in NER[13]. Thus chromodomain helicase DNA-
binding protein CHD2 mutant cells are defective in their ability to repair DNA damage
induced by ionizing and ultraviolet radiation[12].

Summarizing the foregoing data biologists start to compile molecular model of
action for SWI/SNF and INO80 remodeling complexes(Figure 6). However the role of
other complexes, such as ISWI and CHD, needs more attention. Although possible
vagueness, itis certainly known that chromatin remodeling is an essential part of
proper DDR(Table2). Chromatin remodelers are indispensable for repair machinery to
access and correct DNA lesions at damage sites. Once the repair processes are finished
chromatin remodelers reestablish chromatin structure at these sites restarting normal

cellular transcription and replication.
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CHROMATIN MODIFICATIONS

Probably, the very first histone modification induced by DNA damage,

phosphorylation of the histone H2A variant, H2AX, at Serine 139 to generate y-H2AX,

was discovered in 1998[15,16]. Since that time much of our present understanding of
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nucleotide excision repair mechanism has been obtained from biochemical
investigations “in vitro”. Biochemical reaction, as it occurs on naked DNA substrate, is
significantly distinctive from that on DNA heavily loaded with proteins as it is presented
“in vivo” in the nucleus of living cell. Therefore “in vitro” studies generally miss histone
modifications and modifications of other chromatin-associated proteins. And
notwithstanding great advancement in comprehension of NER in recent years we are

still lacking the information about DNA repair in context of chromatin[17,18].
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Table2. SNF2-protein complexes involved in DDR. Adapted from [14].

DNA damage response is associated with such modifications of histones and
histone - binding proteins as poly(ADP-rybosyl)ation, phosphorylation, acetylation,
methylation, ubiquitination and SUMOylation. They all are typical chromatin
modifications that could be found at sites of DNA damage(Figure 7, Figure 8).

In yeast, importance of histone modifications for NER is demonstrated by histone
H3K4R and H3K79R modification sites mutants. These mutants show decreased UV
survival and impaired NER at the transcriptionally silent HML locus, maintaining normal
NER in the constitutively expressed RPB2 gene. They have normal repair of UV lesions by
photolyase and nucleotide excision repair in minichromosomes and slightly enhanced
repair in the subtelomeric region. H3K79 methylation is shown to participate in GGR in
both nucleosomal core regions and internucleosomal linker DNA playing no role in TCR.

More precisely, H3K79 trimethylation contributes to but is not absolutely
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Figure 7. Chromatin responses to DNA damage are orchestrated by a series of post-translational

modifications. These include (a) poly(ADP-ribosyl)ation, (b) phosphorylation and (c) acetylation. Left

panels depict the key protein complexes involved in a given modification together with the mechanisms

regulating their recruitment to the sites of DNA damage. Right panels indicate the impact of a given

modification on chromatin restructuring and/ or recruitment of proteins to this compartment. Grey;

poly(ADP-ribosyl)ation. Red; phosphorylation (MDC1 is depicted in dark red to highlight its central

coordinating role in most steps of DNA-damage-induced chromatin development). Green; activities that

alter chromatin compaction or topology. The activities that reverse a given modification are highlighted

in black at the transition between left and right panels. Adapted from [19].
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Figure 8. Post-translational modifications that affect chromatin organization and recruit additional

genome caretakers to promote repair and suppress transcription in the vicinity of DNA lesions. (a)

Ubiquitylation with SUMOylation. (b) Methylation. Yellow; enzymes involved in ubiquitylation and

SUMOylation. Pink; enzymes involved in methylation. Adapted from [19].

required for GGR and may serve as an additional docking site for the GGR machinery on

the chromatin[20-22].

Acetylation of histone H3 and histone H4 is also important for NER. It is

significantly more efficient in the non-repressed subtelomere regions where UV
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radiation stimulates both histones H3 and H4 acetylation. Particularly, in response to UV
radiation-induced DNA damage, increased histone H3 acetylation at lysine 9 and 14
correlates with changes in chromatin structure and efficiency of GGR in yeast, and
depends on the presence of the RAD16 and GCN5 proteins[23-24]. Beside the GCN5,
molecular mechanism of histone acetylation involves E2F1 protein that accumulates at
sites of both DNA double-strand breaks and UV radiation-induced damage. Moreover, it
is E2F1 that associates with the GCN5 acetyltransferase in response to UV radiation and
recruits GCN5 to sites of damage[25]. Acetylation is equivalently important for non -
histone proteins. Cell-cycle arrest, apoptosis, senescence- they all are widely accepted as
the major mechanisms by which p53 inhibits tumor formation. Study in mice bearing

lysine to arginine mutations at one p53 *'’® or three p53 **(K117R+K161R+K162R) of

p53 acetylation sites shows that although p53 K117R/KI17R cells are competent for p53-
mediated cell-cycle arrest and senescence, but not apoptosis, all three of these processes

3KR/3KR

are ablated in p53 cells. Surprisingly, unlike p53 null mice, which rapidly

succumb to spontaneous thymic lymphomas, early-onset tumor formation does not

3 K117R/K117R 3 3KR/3KR 3 3KR

occur in either p5 or p5 animals. Notably, p5 retains the
ability to regulate energy metabolism and reactive oxygen species production[26]. Thus
acetylation modulates activities of p53 protein as well as other non - histone and histone

proteins in response to DNA damage.

Chromatin phosphorylation involves action of different DNA-dependent protein
kinase complexes(DNA-PKcs) and their subunits during DDR. Depletion of DNA-PKcs
mediated by siRNA significantly decreases the TCR capacity of repairing the UV-induced
CPDs damage in DHFR gene in HeLa cells, indicating that DNA-PKcs may also be involved
in the TCR pathway of DNA damage repair. Probable mechanisms are not clear but the
presence of DSB at a human RNAPII - transcribed gene leads to inhibition of
transcription elongation and reinitiation. Upon inhibition of DNAPK, RNAPII bypasses
the break and continues transcription elongation, suggesting that role of DNAPK is
inhibition of RNAPII processivity[28-29]. Phosphorylation by p38 MAPK is also required
for the prompt repair of UV-induced DNA damage CPD. Moreover p38 MAPK mediates
UV-induced histone H3 acetylation, chromatin relaxation, UV-induced DDB2

ubiquitylation and degradation via phosphorylation of the target protein. p38 MAPK is
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required for the recruitment of NER factors XPC and TFIIH to UV-induced DNA damage

sites showing great importance of phosphorylation for proper coordination of DDR[27].

Another type of DDR linked modifications mentioned above is poly(ADP-
ribosyl)ation. In mammalian cells, it rapidly appears in response to ultraviolet radiation.
UV activates a nuclear enzyme poly(ADP-ribose) polymerase-1. And human fibroblasts
depleted of PARP show a decreased UV survival. That depletion of PARP in NER-
proficient human fibroblasts also decreases the host cell reactivation of UVB - or UVC-
damaged reporter gene to a level closer to that in the XP-C and CS-B cell lines, which are
deficient in the lesion recognition steps of the global genome repair and transcription-

coupled repair sub-pathways of NER, respectively[30].

Ubiquitin and ubiquitin - like modifiers such as SUMO are as important for DDR
and DNA repair as other modifications. They mediate signal transduction through post -
translational modification of substrate proteins in pathways that control differentiation,
apoptosis, cell cycle and responses to stress. In yeast, two SUMO E3 ligases SIZ1 and SIZ2
are responsible for the vast majority of SUMOylation and siz1A siz2A mutants are
sensitive to ultraviolet light and are deficient in repair of both the transcribed and non-
transcribed strands of the DNA. Mechanism of this deficiency is unclear but several
factors that participate in NER are SUMOylated, including RAD4, RAD16, RAD7, RAD1,
RAD10, SSL2, RAD3, and RPB4. And SUMO attachment to most of these NER factors is
significantly increased by DNA damage[33]. Additionally, In yeast, the proliferating cell
nuclear antigen PCNA is modified by ubiquitin and by SUMO. Ub-PCNA signal for
recruitment of translesion DNA polymerases and SUMO-PCNA signals for recruitment of
the anti-recombinogenic DNA helicase SRS2[31]. Ub-PCNA is also specifically recognized
by Spartan that is recruited to sites of UV damage in a manner dependent upon the PCNA
ubiquitylation. Spartan colocalizes and interacts with RAD18, the E3 ubiquitin ligase that
modifies PCNA. Knockdown of Spartan compromises chromatin association of RAD18,
monoubiquitylation of PCNA, and localization of Pol n to UV damage. Thus, a “reader” of
ubiquitylated PCNA, Spartan creates a feed-forward loop to enhance PCNA ubiquitylation
and translesion DNA synthesis[32].

UV induces modifications of histones and histone - associated proteins.

Methylation, acetylation, phosphorylation, poly(ADP-rybosyl)ation, ubiquitination and
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SUMOylation are just on top of iceberg of many unstudied and even undiscovered types
of protein modifications that mediate DDR. They helps DNA repair machinery to access
DNA preserved in high-order chromatin structures and remove lesions. Modifications
serve as dynamic instructions that insure proper coordination of different signaling

pathways acting in DDR.

RNA IN DAMAGE RESPONSE

DDR involves a complex network of processes that detect and repair DNA
damage, in which miRNAs, siRNAs and other classes of regulatory RNAs, could play
intriguing roles. There is very little known about whether and how miRNA expression is
regulated in the DNA damage response(Figure 9)[34]. Thus Piwil2-deficient mouse
embryonic fibroblasts are defective in cyclobutane pyrimidine dimers repair after UV
treatment[35]. Also some striking results were shown for~21-nucleotide small RNAs
that are produced from the sequences in the vicinity of DSB sites in Arabidopsis and in
human cells. Biogenesis of these RNAs, in Arabidopsis, requires the PI3 kinase ATR, RNA
polymerase IV (Pol IV), and Dicer-like proteins. Mutations in these proteins as well as in
Pol V cause significant reduction in DSB repair efficiency. In Arabidopsis, these RNAs are
recruited by Argonaute 2 (AGO2) to mediate DSB repair. Knock down of Dicer or AgoZ2 in
human cells also reduces DSB repair. Therefore small RNAs may function as guide
molecules directing chromatin modifications or the recruitment of protein complexes to
DSB sites to facilitate repair[36]. In human, mouse and zebrafish, DICER and DROSHA,
but not downstream elements of the RNAi pathway, are necessary to activate the DDR
upon exogenous DNA damage and oncogene-induced genotoxic stress, as studied by
DDR foci formation and by checkpoint assays. DDR foci are sensitive to RNase A
treatment, and DICER- and DROSHA - dependent RNA products are required to restore
DDR foci in RNase A - treated cells. RNA deep sequencing and the study of DDR
activation at a single inducible DNA double-strand break, demonstrate that DDR foci
formation requires site-specific DICER- and DROSHA-dependent small RNAs, named
DDRNAs, which actin a MRE11-RAD50-NBS1-complex-dependent manner (MRE11 also
known as MRE11A; NBS1 also known as NBN). DDRNAs, either chemically synthesized

or in vitro generated by DICER cleavage, are sufficient to restore the DDR in RNase A-
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treated cells, also in the absence of other cellular RNAs. These results describe an
unanticipated direct role of a novel class of ncRNAs in the control of DDR activation at
sites of DNA damage[55]. And probably one day, based on the analogy to DSB repair,
RNAs will be found to play a role in NER as well.

NEW ELEMENTS FIT NER JIGSAW PUZZLE

Eukaryotic cells harbor a large complex of molecules to identify lesions and to
launch a cascade of reactions in order to perform adaptive response to the DNA damage
(Table 3). Among these enzymes recently discovered UV - DDB proteins, CENTRINZ, and
well-known XPC - HHR23B have a very specific role in lesion detection.

Damage-specific DNA binding protein 1 (DDB1) was first isolated as a subunit of a
heterodimeric complex that recognizes the UV-induced DNA lesions in the nucleotide
excision repair pathway. DDB1 and CULLIN 4A (DDB2) form a complex that promotes
the global genome repair, whereas DDB1 and Cockayne syndrome group A protein form
a complex that contributes to the transcription-coupled repair pathway. DDB1, as a
component of an ubiquitin-E3 ligase complex, functions as substrate or adapter protein
between DDB2 and CUL4 - associated factors to target substrates for ubiquitination. This
CUL4 - DDB1 - E3 - ligase complex regulates the selective proteolysis of key proteins in
DNA repair, replication and transcription, thus DDB1 plays a role in transcriptional
regulation of UV-induced genes[39]. Mechanistically, CUL4B-DDB1 E3 ligase specifically
binds to mononucleosomes assembled with human recombinant histone octamers and
nucleosome - positioning DNA containing CPD or 6-4PP photolesions. Subsequent
ubiquitination of H2A Lys119/Lys120 is a necessary step for destabilization of
nucleosomes and concomitant release of CUL4B-DDB1 from photolesion - containing
DNA[37]. Additional regulation of this step is offered by CSN protein, a negative
regulator of cullin-based ubiquitin ligases, that dissociates from the DDB2 complex when
the complex binds to damaged DNA as well as XPC and Ku that oppositely regulate the
ubiquitin ligase activity, especially around damaged sites[38]. The structures of the fully
assembled DDB1-DDB2-CUL4A/B-RBX1 ligases also reveal that the mobility of the
ligase arm creates a defined ubiquitination zone around the damage, which precludes

direct ligase activation by DNA lesions.
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Figure 9. miRNA biogenesis in the DNA damage response. (a) miRNA biogenesis without DNA damage

stress. Intergenic miRNA genes are transcribed by RNA polymerase 1I/III (Pol II/1II) into pri-miRNAs,

whereas intronic miRNAs are transcribed together with their host genes. The Drosha-DGCR8 complex

recognizes and cleaves pri-miRNAs into pre-miRNAs in the nucleus. Pre-miRNA is exported to the

cytoplasm by exportin-5 in a RanGTP-dependent manner, and then is further processed by the Dicer-

TRBP complex into the mature miRNA duplex. The mature miRNA incorporates into the Ago2 complex

to repress gene expression. (b) p53 transcriptionally activates miRNA genes after DNA damage. (c)

ATM-induced p53 promotes the post-transcriptional processing of pri-miRNAs via p68 and p72 after

DNA damage. (d) The ATM kinase upregulates miRNA maturation by phosphorylating and activating

KSRP. ATM-mediated phosphorylation of KSRP enhances the activity of KSRP in the processing of

miRNAs by the Drosha and Dicer complexes. Adapted from [34].
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Table 3. Complexes are indicated by the same adjacent background colors. Other gene products, such as

FEN1, MMS19L and p53, might participate in NER or induce expression of NER genes. $Genetic and

functional homologues. Although only XPB and XPD (and TTDA, which is not listed) have NER functions,

all ten TFIIH subunits are essential for NER. ||There are no mammalian homologues of UvrD; its role in

removing the damaged oligonucleotide might be carried out by DNA polymerases. ERCC, excision repair

cross-complementing; CDC, cell-division cycle; GGR, global genomic repair; NER, nucleotide excision

repair; PCNA, proliferating cell nuclear antigen; Pol, polymerase; Ssb, single-stranded DNA-binding

protein; ssDNA, single-stranded DNA; RF, replication factor; RNAP, RNA polymerase; RPA, replication

protein A; TCR, transcription-coupled repair; TF, transcription factor; XAB2, XPA-binding protein-2; XP,

xeroderma pigmentosum. Adapted from [39].
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The COP9 signalosome (CSN) mediates the DDB2 inhibition in a CSN5 independent, non-
enzymatic, fashion. In turn, CSN inhibition is relieved upon DNA damage binding to the
DDB2 module within CSN-DDB2. The Cockayne syndrome A DCAF complex crystal
structure shows that DCAF(WD40) ligases share common architectural features. Indeed
ligase activation is induced by CSN displacement from DCAF on substrate binding to the
DCAF[40]. Also, in plants, DET1, component of the E3 ubiquitin ligase DCX DET1-COP1
complex, acts with CULLIN4-based ubiquitin E3 ligase, and appropriate dosage of DET1
protein is necessary for efficient removal of UV photoproducts through the NER pathway.
DET1 is required for CULLIN4-dependent targeted degradation of the UV-lesion
recognition factor DDB2. Finally, DET1 protein is degraded concomitantly with DDB2
upon UV irradiation in a CUL4-dependent mechanism. Thus DET1, as well as other
regulators of E3 ligase activity and DDB2 cooperate during the excision repair
process[41]. Proteins that recognize DNA lesions continuously probe DNA strands.
Photobleaching experiments show that XPC constantly associates with and dissociates
from chromatin in the absence of DNA damage. To avoid excessive DNA probing by the
low specificity of the protein, that could interfere with transcription and replication, the
steady-state level in the nucleus is controlled by nucleus-cytoplasm shuttling, allowing
temporally higher concentrations of XPC in the nucleus under genotoxic stress
conditions[47]. And probably it is UV-DDB that adopts a ubiquitin - independent
function as it is evidenced by domain mapping and “in situ” protein dynamics studies,
revealing direct but transient interactions that promote a thermodynamically
unfavorable -hairpin insertion of XPC into substrate DNA[48]. The (-hairpin is so far
one of the most commonly used feature in damage detection and verification in NER.
UvrB, XPC, XPA and DDB2 all contain at least one {3 -hairpin structure that could be or
has been shown to be involved in critical interactions with the site of damage (Figure 10)
[49]. Subsequently, CENTRIN2 is recruited onto nuclear damaged areas quickly after
irradiation. And XPC plays an important role during its internalization into the nucleus
of human cells[50]. UV - induced modification of RAD4, yeast form of XPC, is strongly
increased in cells deleted for RAD33. The predicted structure of RAD33 shows
resemblance to the CENTRIN homologue CDC31. In human cells, CENTRINZ binds to XPC
and is involved in NER. In yeast, RAD4 binds RAD33 directly and via the same conserved
amino acids required for the interaction of XPC with CENTRINZ2. Disruption of the RAD4-
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RAD33 interaction is sufficient to enhance the modification of RAD4 and results in a
repair defect similar to that of a RAD33 mutant. Thus role of RAD33 in the RAD4-RAD23
complex has parallels with the role of CENTRIN2 in the XPC-HHR23B complex[52].
Going deeper inside yeast-mammalian parallels, another yeast protein ELC1, the
homologue of the mammalian elongation factor Elongin C, has been shown to be a
component of a ubiquitin ligase complex that contains RAD7 and RAD16, two factors
that are specifically required for GGR. ELC1 has also been suggested to be present in
another ubiquitin ligase complex that lacks RAD7 and RAD16 and is involved in UV-
induced ubiquitylation and subsequent degradation of RNA polymerase II. Cells deleted
for ELC1 show normal NER in the transcribed strand of an active gene but have no
detectable NER in the non-transcribed strand[52]. Therefore ELC1 and autonomously
replicating sequence-binding factor 1, another protein that forms a stable complex with

RAD7 and RAD16 proteins, promote efficient GGR in yeast[53].

Taorend Dpsisdon in Rlnedue-l Sidogy

Figure 10. -hairpin (in green) structures of XPC (a) and DDB2 (b) bound to DNA. Adapted from[49].

Thereafter we should also mention UVSSA, a newly discovered part of a UV-
induced ubiquitinated protein complex. Knockdown of UVSSA results in TC-NER
deficiency. UVSSA protein interacts with elongating RNA polymerase 1], localizes
specifically to UV - induced lesions, resides in chromatin-associated TC-NER complexes

and is implicated in stabilizing the TC-NER master organizing protein CSB by delivering
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the deubiquitinating enzyme USP7 to TC-NER complexes[43]. TC-NER regulation also
involves indirect mechanism of up-regulation in gene expression of CSA and HR23A in a
stress - induced transcription manner that occurs through a p53 independent
mechanism and is coordinated by USF-1 which loss was shown to compromise DNA
repair[44]. On other hand, TCR-NER p53-dependent mechanisms acts through CSB
regulation. It includes interaction of p53 and CSB there both proteins are implicated in
overlapping biological processes, such as DNA repair and aging. Interaction of CSB with
the C-terminal region of p53 facilitates the sequence-independent association of p53
with chromatin when p53 concentrations are low. p53 protein prevents CSB from
binding to nucleosomes when p53 concentrations are elevated excluding CSB from
nucleosomes by occluding a nucleosome interaction surface on CSB[42].

Efficient DDR and DNA repair critically depends on numerous links between
various signaling pathways. Recently Cep164, a chromatin binding mediator protein that
functions in ATR - mediated checkpoint activation upon UV damage, was shown to
localizes to cyclobutane pyrimidine dimers. Recruitment of Cep164 to CPD sites or
photoproduct formation region requires a XPA, showing an important juncture between
checkpoint pathways and repair systems on chromatin[45]. RPA protein also acts on
crossroad of checkpoint and DNA repair. As a regulator of the transition from dual
incision to repair-synthesis in UV-irradiated non-cycling cells, RPA averts the generation
of unprocessed repair intermediates. These intermediates could lead to recombinogenic
events and trigger a persistent ATR - dependent checkpoint signaling due to the
formation of endonuclease APE1-mediated DNA strand breaks in addition to the strong
DNA damage signaling leading to cell cycle arrest, apoptosis and increased mutagenesis
from stalled RNA polymerase [1[46]. An finally, exonuclease 1 (EXO1), a highly conserved
from yeast to human protein, that is implicated in numerous DNA metabolic pathways,
including repair, recombination, replication, telomere maintenance, cellular response to
UV irradiation in human cells. Thus after local UV irradiation, fluorescent-tagged hEXO1
localizes, together with NER factors, at the sites of damage. hEXO1 accumulation
requires XPF - dependent processing of UV-induced lesions and is enhanced by
inhibition of DNA repair synthesis. Depletion of hEXO1 impairs activation of the

checkpoint signal transduction cascade in response to UV damage[54].
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CONCLUSION

Molecular details of NER and DDR obtained from investigations “in vivo” show
that in the chromatin context plausible mechanisms are significantly different from the
models based exclusively on experimental results obtained for naked DNA substrates.
Upon DNA damage chromatin is dynamically modified favoring DNA repair and serving
as platform for the cooperation of various signaling pathways induced by UV radiation.
Chromatin remodelers orchestrate numerous NER - associated enzymes to properly
organize damage detection and repair in space and time. After all DNA lesions were
repaired they restore perturbed epigenetic landscape subsequently changing marks for

switch from DDR and DNA repair to normal programs of cellular growth and division.
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XPBandXPDsubunitsofTFlIHarecentralgenomecare-
takers involved innucleotide excisionrepair (NER),
althoughtheir respectiverolewithinthis  DNArepair
pathwayremainsdifficulttodelineate. Toobtaininsight
intothefunctionof XPBandXPD, westudiedcell lines
expressingXPBorXPDATPase-deficient complexesWe
showtheinvolvementofXPB, butnotXPD, intheaccu-
mulationofTFlIHtositesofDNAdamage.Recruitmentof
TFlIHoccursindependentlyofthehelicaseactivityofXPB,
butrequirestworecentlyidentifiedmotifs,aR-E-Dresidue
loopandaThumb-likedomain.  Furthermore,weshow
that thesemotifsarespecificallyinvolvedintheDNA-
induced stimulation of the ATPase activity of XPB.
Together,ourdatademonstratethat therecruitment of
TFlIHtositesof damageisanactiveprocess, underthe
controloftheATPasemotifsofXPBandsuggestthatthis
subunitfunctionsasanATP-drivenhooktostabilizethe
bindingoftheTFlIHtodamagedDNA.
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doi:10.1038/emb0j.2009.230
SubjectCategoriegenomestability&dynamics
KeywordsDNArepair;helicase; TFIIH;XPB; XPD

Introduction

DNAandRNAhelicasesareaubiquitous,yetdiverse,group
of enzymespreseninviruses, prokaryotesandeukaryotes
(DelagoutteandvonHippel,2003).Theyconvertchemical
energyofnucleosidetriphosphatehydrolysistothemechan-
ical energynecessarytotransientlyseparatethestrandsof
duplexnucleicacids(TutejaandTuteja,2004).Bythismean,
theyprovidethesingle-strandedDNAorRNAintermediates
necessaryfor replication,transcriptionrecombinationor
repair.Furthermoreit hasbeenshownthat helicasescan
alsoeffectivelydisplaceboundproteinsfromDNAorRNA
(vonHippel,2004).Thereareseveralknownhumandiseases
causedbydefectivehelicases (Ellis, 1997). Amongthese
disordersthecancer-proneXerodermapigmentosum(XP),
aloneorincombinationwiththeCockaynesyndrome(CS),

*Correspondingauthors.)-MEglyorFCoin,DepartmentofFunctional
Genomics, InstitutdeGréiqueetdeBiologieMoléulaireetCellulaire,
CNRS/INSERM/ULP,BP163, llIkirchGraffenstaden,Cedex67404,
France.Tel.:p 33388653449;Fax: p 33388653200;E-mails:
egly@igbmc.u-strasbg.frorfredr@igbmc.u-strasbg.fr

Received:25March2009;accepted:17july2009

&2009EuropeanMolecularBiologyOrganization

andtheTrichothiodystrophy(TTD)arenoteworthyasthey
entailmutationsintheXPBandXPDsuperfamily2helicases.
BothofthesehelicasesarepartofthesameTFlIHcomplex.
TFlIHiscomposedofaseven-subunitcore(XPB,XPD,p62,
p52, p44, p34andp8/TTD-A) associatedwiththeCAK
subcomplex(Cdk7¢yclinH, andMAT1)(Giglia-Mari etal,
2004;Ranishetal,2004).TFlIHfunctionsinbothtranscrip-
tioninitiationsofmRNAandrRNA(Ibenetal,2002),aswell
asinnucleotideexcisionrepair(NER)(Schaefferetal,1993).
XPBandXPDpatientsarephotosensitiveanddisplaya
1000-foldincreaseinmelanomariskbecauseofdefectsinthe
NERfunctionof TFIIH(Lehmann, 2003).NERremovesa
broadspectrumof DNAlesionsincludingUV-inducedpyr-
imidinedimersandbulky,helix-distortingadductscausedby
toxicchemicalssuchastheanticancerdrugcisplatin(Sancar,
1996).Inmammaliancells, theproteinsnecessaryforthe
incisionreactionincludeXPC-HR23bTFIIH, XPA, RPAand
thenucleasesXPGandERCC1-XPF(Araujoetal,2000).The
removalof lesionsrequirestheirrecognitionbytherepair
factorXPC-HR23bandthesubsequenbpeningoftheDNA
duplexbyTFIIH.Thesingle-strandedstructureisthenstabi-
lizedbyXPAandRPA,andthemarginsoftheresultingDNA
bubble are recognizedbyXPGandERCC1-XPF, thereby
generating3ands®incisionsrelativetothedamage,respec-
tively(O’Donnovanetal,1994;Sijbersetal,1996).
AsXPBandXPDhelicasesarebothintegralpartsofTFIIH,
theirindividual molecularrolesinNERremaindifficult to
delineate As XPBandXPDare helicaseswithopposite
polaritiesjtwasoriginallysuggestedthattheycouldcoop-
eratetoopenDNAonthe5  © and3° sides of alesion,
respectively(Schaefferetal,1994)ndeed,mutationofthe
ATPaseactivityofeitherXPBorXPDresultsintheinabilityto
removeDNAlesions(Sungetal,1988;Guzderetal,1994).
Refiningtheseproposals,recentdatabringintoquestionthe
direct role of the helicaseactivityof XPBinNERand
transcriptionandsuggestthat onlytheATPaseactivityis
required(Linet al, 2005;Coinet al, 2007;Richardsetal,
2008).Supportingtheprimeroleof theATPaseactivityof
XPBinTFIIHfunctions,werecentlyshowedthatthisactivity
wasregulatedbythep52subunitofTFIIH(Coinetal,2007)
andbythedamagerecognitionfactor XPC(Bernardesde
Jesusetal, 2008).ContrarytoXPB, thehelicaseactivityof
XPD, whichisregulatedbythep44subunitof TFIIH(Coin
et al, 1998),isrequiredfor efficientopeningof theDNA
aroundthe damage,but is dispensablefor transcription
(Tirodeetal,1999;Coinetal,2007).
Tofurtherourunderstandingofthemechanisticdetailsof
XPBandXPDfunction,weanalysedthebehaviourofATPase-
deficientTFlIHcomplexesinvivo. Wefoundthat aTFIIH
complexdeficientintheATPaseofXPBwasnotrecruitedto
sitesof DNAdamage, whereasacomplexdeficientinthe
ATPaseofXPDdid.Moresurprisingly,wediscoveredthatthe
recruitmentof TFlIHtothesesites does not requirethe
helicaseactivityofXPBbutdependsontwomotifs,aR-E-D
residueloopandapositivelychargedflexibleThumb(ThM)
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motifthatwereidentifiedinahomologueofXPBfromthe
thermophilicorganismArchaeoglobusilgidus (Fanet al,
2006).WeanalysedthemoleculardetailsofR-E-DandThM
impactonXPBactivitiesandfoundthattheywererequiredto
stimulateATPhydrolysisinthepresenceofDNA.Wepropose
amechanisminwhichXPBfunctionsasanATP-dependent
hookthatusestheATPase,R-E-DandThMmotifstoanchor
TFlIHtothesitesofDNAdamageduringDNArepair.

Results

TheATPaseactivityofXPBanchorsTFllHtothesites

ofDNAdamageinvivo
TofunctionallydiscriminatebetweentheATPaseactivitiesof

XPBandXPD,weproducedrecombinantTFIIH/XPD(K48R)
andTFIIH/XPB(K346R)inbaculovirus-infectedcells(Tirode
etal,1999)andtestedtheminDNArepairandtranscription
assays.ThesecomplexesaremutatedintheATPaseWalkerA
motifofXPDandXPB,respectively.Whenincubatedinthe
presenceofrecombinantTBP, TFIIA, TFIIB, TFIIEandTFIIF
transcriptionfactorsinadditiontopurifiedRNApolymerase
IlandalinearizedDNAtemplatecontainingtheadenovirus
majorlatepromoter(Tirodeetal,1999), TFIIH/XPD(K48R)
supportedtranscription,contrary to TFIIH/XPB(K346R),
whichwastotallyinactive(FigurelA,upperpanel).Totest
therepaircapacityofthedifferentTFlIIHcomplexes,weused
areconstituteddualincisionassaycomposedoftherecombi-
nantXPC-HR23b,XPA,RPA,XPG,ERCC1-XPFfactorsanda
closed-circulaplasmid(Pt-DNA) containingasinglel,3-
intra-strandd(GpTpG)cisplatin-DNAcrosslinkasatemplate
(Araujoetal,2000).Noneofthemutatedcomplexeswasable
toexcisethedamagedoligonucleotide(FigurelA, lower
panel).Inapermanganatefootprintingassaythatmeasures
theopeningoftheDNAaroundthelesion(Tapiasetal,2004),
additionof TFIIH(WT)inducedanincreasedsensitivityof
nucleotidesatpositionsTp 5, Tp 6, T-4, T-5, and, toa
lesserextent, T-7andT-10(FigurelB,lane2),indicativeof
DNAopening. Incontrast, neitherTFIIH/XPB(K346R)nor
TFIIH/XPD(K48R)wereabletoopendamagedDNA(com-
parelanes3-4withlane2).
ToanalysethebehaviourofATP-deficientTFIIHcomplexes
invivo,weusedastablytransfectedChinesehamsterovary
(CHO)-UV5celllineexpressinganHA-taggedversionofthe
humanXPD(K48R)protein(Winkleretal, 2000).Usingthe
CHO-27-1cellsmutatedinthehamsterhomologueof XPB
(Maetal,1994),wealsogeneratedastablytransfectedcell
lineexpressingaC-terminallyGFP-taggedversionof the
humanXPBWTorkK346Rprotein(seealsoFigure2B).The
functionalityofanXPB-GFPfusionconstructwasestablished
earlier(Hoogstratenetal,2002)(seealsoFigure2).Weused
immunofluorescentbellingafter local UVirradiationof
stablytransfectedcells(Volkeret al, 2001)toassess the
nuclear distribution pattern of XPB and XPD.
Immunostainingwithantibodiesagainstcyclobutanepyrimi-
dinedimers(CPDs)showedthatUVdamageswerelocatedin
discretelocalspotsinthenucleus(FigurelC,panelsa,e,i,
m). Both, humanwild-typeXPBandXPDproteinscoloca-
lizedwithCPDspots, indicatingthatTFlIHwasefficiently
recruitedtothedamagedsites inthesecells (FigurelC,
panels a-d and i-l). Surprisingly,although signals of
XPD(K48R)colocalizedwithCPDspotsinCHO-UV5cells
(panelsm-p), signalsof XPB(K346R)showedanhomoge-
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nousdistributionpatternthroughthenucleus(panelse-h),
indicatingthatTFIIH/XPB(K346R)complexwasnotrecruited
tothedamagedsites(FigurelD).Thesedatasuggestthatthe
accumulationofTFlIHtositesofDNAdamagetakesplacein
theabsenceofanactiveXPDproteinbutrequiresfunctional
XPB.

NewmotifsinXPBrequiredfortheactivityof TFIIH
inNER

Byintroducingmutationsinsomeof thesevencanonical
helicasemotifsof XPB, wedemonstratedrecentlythatits
helicaseactivitywasnotrequiredforTFIIHrepairfunction
(Coinet al, 2007).Recentlythreeadditionalmotifswere
identifiedinahomologueof XPBfromthethermophilic
organismArchaeoglobusfulgidus(Fanetal,2006).Todeter-
minewhetherthesenewlyidentifiedmotifshaveafunction
intheactivitiesofthehumanTFIIHcomplexintranscription
andrepair,wedesignedfourmutants(E253A,E253A/R283A,
E473AandD516-526)depictedinFigure3.Weintroducedan
E253Asubstitutionlocatedattheendofthefirgkstrandthat
wascombined, whenindicated, withanR283Amutation
locatedatthebeginningofthea-helixofaputativedamage
recognitiondomain(DRD). We alsodesignedanE473A
substitutionin the R-E-Dresidue loop to changethe
local negativechargeof the motif, andwe deletedthe
positivelychargedThMdomainfromaminoacid516t0526
(D516-526).

ToinvestigatetheimportanceoftheDRD,R-E-DandThM
motifs of XPBintherepair functionof TFIIH, wefirst
performeda host-cellreactivationassay(Carreauet al,
1995).AUVdamagedreporterconstruct,carryingaluciferase
gene(pLuc)wastransientlytransfectedintoCHO-27-1cells,
togetherwithvectors codingfor b-galactosidaseandfor
humanXPBproteins. TransfectionofeitherXPB(E253A)or
XPB(E253A/R283A) restored luciferase expression that
reachedthelevelobservedwithXPB(WT)(Figure2A,lanes
1-5). Inmarkedcontrast,XPB(E473A)andXPB(D516-526)
werenotabletorestoreluciferaseexpression(lanes7-8),a
defectalsoobservedwithXPB(K346R)(lane6).Thevarious
XPBwereexpressedatasimilarlevelwiththeexceptionof
XPB(D516-526)whoseexpressionwasslightlyreducedcom-
paredwiththewildtype(Figure2A,WB).

Next, wecarriedout aUV-survival assayandfor that
purposeweestablishedCHO-27-1cells stablyexpressing
thenewXPB-GFPmutant proteins.Immunoprecipitations
usingarabbitpolyclonalantibodyrecognizingthehamster
homologueofthecoreTFlIHsubunitp62,demonstratedthat
thevariousXPBwereefficientlyincorporatedintotheham-
ster TFlIIHcomplex (Figure 2B). The stably transfected
CHO-27-1cellswereUVirradiatedat differentdoses(3, 6
and9)/m ?)andtheirsurvivalwasmeasured.Expressionof
XPB(WT), XPB(E253A)andXPB(E253A/R283A)induceda
substantiatescueoftheUVsurvival oftheCHO-27-1cells
comparedwithnontransfectedcontrdqFigure2C). Onthe
other hand, the UV-survival curve of XPB(E473A)and
XPB([D516-526)transfectedcellsfelintotherangeof both
thenontransfectedparent@HO-27-1cellsandthosetrans-
fectedwiththeNER-deficient XPB(K346R)control. These
dataindicatethattheR-E-DandThMdomainsof XPBare
crucialfortherepairactivityofTFIIH,whiletheputativeDRD
isdispensable.
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FigurelTheATPaseactivityofXPBisrequiredtoanchorTFlIHtodamagedchromatin.(A)Ameasureof25,50and100ngofTFIIH(WT),

TFIIH/XPD(K48R)orTFIIH/XPB(K346R)weretestedeitherinareconstitutedtranscriptionassay(Tx,upperpanel)orinadualincisionassay
(NER,lowerpanel)asdescribed(Coinetal,2004).Thesizesoftheincisionandtranscriptionproductsareindicated.(B) TFIIH(WT), TFIIH/
XPD(K48R)orTFIIH/XPB(K346R)(100ng)wereincubatedwitharadio-labelledlinearDNAfragmentfromthePt-DNAplasmidand40ngof
XPC-HR23b25ngof XPA, 50ngof RPAand150ngof XPGinaKMnO 4 footprintingassaylLanel; Pt-DNAwithBSAonly. Residuesare
numberedwiththecentralthymineofthecrosslinkedGTGsequencedesignatedTO.ArrowsindicateKMrs@nsitivesites.Adductedstrand
residuestothe3and5%ofTOaredenotedbypositiveandnegativeintegefs(N,-N),respectively.(C)StablytransfectedCHO-27-1expressing
aGFP-taggedversionofthehumanWTorkK346RXPBproteins(upperpanel)andstablytransfectedCHO-UV5cellsexpressinganHA-tagged
versionofthehumanWTork48RXPDproteins(bottompanel)(Winkleretal,2000)wereUVirradiatedat100J/m ? throughthe3mmpore
filterandfixed30minlater.Immunofluorescentlabellingwasperformedusingarabbitpolyclonalanti-GFP(panelsbandf),aratmonoclonal
anti-HA(panelsjandn)oramousemonoclonalanti-CPD(panelsa,e,i,m).NucleiwerecounterstainedwithDAPI(panelsc,g,k,0),and
slidesweremerged(panelsd,h,l,p).(D)QuantitativeanalysisoftherecruitmentofTFlIHtositesofDNAdamageintransfectedcells.Values

representaveragés.d.(n ¥%100sitesofDNAdamage)fromthreeindependentexperiments.

R-E-DandThMmotifsareneededforanoptimalATPase
activityofXPB
Todecipherthemoleculardetailsoftherepairdefectgener-
atedbytheE473Aand D516-526mutationsyeproduced
recombinant TFIIH complexes in baculovirus-infected
cells containingthecorrespondingmutatedXPBsubunits
(Tirodeetal,1999).Westernblotanalysisoftherecombinant
TFIIH/XPB(E253A), XPB(E253A/R283A) XPB(E473A)and
XPB(D516-526)complexesrevealedasimilarsubunitom-
positioncomparedwiththeTFIIH(WT)complex(datanot
shown). Whentestedineither adual incisionor ina
transcriptionassays,TFIIH/XPB(E253A) andXPB(E253A/
R283A)wereasactiveasTFIIH(WT)inexcisingdamaged
DNA(Figured4A,upperpanel,comparelanes5-8withlanes
3-4)orsynthesizingRNA(lowerpanel).Incontrast, TFIIH/
XPB(E473A)andXPB(D516-526)wereinactiveinrepairing
damagedDNAandinsynthesizingRNA(Figure4A,compare
lanesll-12and13-14withlanes3-4), similarlytoTFIIH/
XPB(K346R)(lanes9-10).
Inapermanganatefootprintassay, TFIIH/XPB(E473A)and
XPB(D516-526)wereunabletoopenthedamagedDNA
(Figure 4B, lanes 5-6), comparedwith TFIIH(WT) or
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XPB(E253A/R283A)(lanes2-3)Altogethertheabovedata
drewourattentiontothecriticalroleofboththeR-E-Dand
ThMmotifsofXPBindamagedDNAopening.

R-E-DandThMmotifsareneededfortheanchoring

of TFlIHtothesitesofDNAdamage

Wenext measuredtherecruitmentf theTFlIIHcomplexes
carryingmutationsinthenewlyidentifiedmotifstositesof
DNAdamageinvivo. XPB(E253A/R283A)colocalizedwith
CPDspots(Figure5, panelse-h),indicatingthatthecorre-
spondingTFlIIHcomplexestranslocatedtothesitesofDNA
photolesions XPB(E473A) andXPB( D516-526),however,
displayedahomogeneousdistributionpatternthroughthe
nucleus(panelsi-I andm-p), whichparallelsthepattern
observedinFigurelCwithXPB(K346R). Thishomogenous
distributioncontrastedwiththelocal accumulationtothe
damagedsitesofaTFIIH/XPB(T469A)complex(panelsq-t)
containingamutationthathasbeenshowntoimpedethe
helicaseactivityofXPBbut not theNERfunctionof TFIIH
(Coinetal,2007).WeconcludefromthesedatathattheR-E-D
andThMmotifsarerequired, togetherwiththeWalkerA
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Figure2AnalysisofthefunctionofthenewmotifsinNERinvivo.(A)CHO-27-1cellsweretransfectedwithUV-irradiatedpLucplasmid
expressingtheluciferasegene(lanes2-8)incombinationwithvectorexpressingeitherXPB(WT)(lane3),XPB(E253A)(lane4),XPB(E253A/
R283A)(lane5), XPB(K346R)(lane6), XPB(E473A)(lane7) or XPB(D516-526)lane8). Theluciferaseactivityincell lysates(48h
posttranfection),normalizedwiththeinterndl-galactosidasestandard,assessesrepaircomplementation.Resultsareexpressedasrelative
luciferaseactivity.Valuesrepresentaveraged.fromthreeindependentexperiments.Ameasureofbfoftotalextractwereresolvedby
SDS-PAGEandwesternblotted(WB)withamouseanti-humanXPBantibody(Coinetal,2004).NotethatXPBD516-526)migratesslightly
lowerthantheothersbecauseofthedeletion.(B)TFlIIHfrom100ngofextractspreparedfromuntransfectedCHO-27-1(lanel)orCHO-27-1
stablyexpressingXPB(lanes2-6)wasimmunoprecipitatedwithapolyclonalantibodyagainstthep62subunitofTFIIHandresolvedbySDS-
PAGE, followedbyWesternblottingwithamouseanti-humanXPBandamouseanti-p62antibody. LC; light chainof theantibody.
(C)QuantitativeUV-survivalanalysisoftransfectedCHO-27-1celllines.Resultsareexpressedasaratiobetweenthecellsthatsurvivedafter
irradiationandthecellsthatsurvivedwithouttreatment.Valuesrepresentaverdges.fromthreeindependentexperiments.

motif, fortherecruitmentof theTFlIHcomplextositesof identifiedmotifsofXPBanditsATPaseactivity.Toassessthe
DNAdamage. contributionsofthesemotifsonthehydrolysisof ATPby
XPB, weperformedATPaseassay Ourdatashowthat the
R-E-DandThMmotifsstimulatetheDNA-dependent TFIIH/XPB(E473A) and TFIIH/XPB(D516-526) displayed
TFIIHATPaseactivity about 40%of residual ATPase activity comparedwith

Dataaboveshowcommonbiochemicalandbiologicaldefects TFIIH(WT)(Figure6A, comparelanesl-3with10-12and
forTFIIHcomplexesmutatedeitherintheATPase,R-E-Dor 13-15).TFIIH/XPB(E253A)orTFIIH/XPB(E253A/R283A)ex-
ThMmotifsof XPBandsuggest alinkbetweenthenewly hibitedthesameactivityasTFIIH(WT)(lanes1l-6anddata
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Figure3XPBconservedsequences,motifsandstructuralarchitecturgA)Upperpanel showsthelocationof thehumanXPBstructural
domains:thefourclassicalhelicasemotifs(l,la,llandlll)ofthefirsthelicasemodule(HD1)areindicatedinblue.Thethreehelicasemotifs
(IV,VandVl)ofthesecondhelicasemodule(HD2)areindicatedingreen.Theputativedamagerecognition(DRD),R-E-DandThumb(ThM)
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respectivelyinlightblue,redandpurple.ThemutationsE253A,R283A, K346R,E473Aand D516-526areannotated.Lowerpanadhows
thesequenceconservationoftheDRDandR-E-Dmotifsbetweenhuman(h)andArchaeoglobusfulgidus(Af)XPBproteins.Theb-strands
(S1-4)andthea-helix(H1)areindicated.ldenticalresiduesaremarkedinboldletters. Theconservedhelicasemotiflllindicatedbyablue
squareislogategslosgtotheR-E-Dmotifindicatedbyaredopenedsquare.ThethreehairpinloopspotentiallyinvolvedinDNAbindingare
indicated( 1, 2, 3).Residuesmutatedinthisstudyaremarkedinred.(B)ViewoftheribbonrepresentationofAfXPB.TheHD1is
indicatedinblue,HD2ingreen.TheputativeDRD, R-E-DandThMdomainsareindicatedinlightblue,redandpurple,respectively. The
positionsofthenewmutationsareindicated.

not shown). TFIIH/XPB(K346R)showedonly20%residual
ATPaseactivity(correspondingtothatof XPD(Coinet al,
2006)), comparedwithTFIIH(WT) (comparelanes 1-3
with7-9).

XPBandXPDareDNA-dependent ATPases(Royet al,
1994).TheATPaseactivityof TFIIH(WT),lowintheabsence
of DNA, isstimulatedbydouble-strandedDNA(Figure6B,
comparelanesl-2with7-8).Incontrast, TFIIH/XPB(E473A)

&2009EuropeanMolecularBiologyOrganization

showed almost no DNA-induced ATPase stimulation
(Figure6B, comparelanes5-6with11-12). Moreimpor-

tantly,intheabsenceofDNA, TFIIH/XPB(WT)andTFIIH/

XPB(E473A) displayedsimilar specific ATPase activities
(Figure6B, comparelanesl-2and5-6)that wereslightly
higherthantheTFIIH/XPB(K346R)activity(comparelanes
1-2,5-6and3-4).Similarobservationswereobtainedwith
TFIIH/XPB(D516-526)Supplementarydatal).Altogether,
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thesedataindicatethattheR-E-DandThMmotifsdonot
affectthebasal intrinsicATPaseactivityof XPBbut are
requiredforthestimulationofthisactivitybyDNA.

Discussion

Toefficientlyprotectthegenome,cellsneedtodetectalltypes
ofDNAstructuralalterationsembeddedinbillionsofnormal
basepairs. Theidentificationof thevariousproteinsthat
executeNERwasdonethroughextensivestudiesofhuman
cellsdeficientinthisrepairpathway(Maillardetal, 2007).
BothinvivoandinvitroexperimentsidentifiedXPCasthe
first factorthat bindsthedamagedDNA(Sugasawaet al,
1998;Volkeretal,2001;Riedletal,2003).TFlIHisrecruited
tothelesionimmediatelyafterXPC(Yokoietal,2000;Ried|
etal,2003),presumablythroughdirectprotein-proteininter-
action(Bernardesde)esusetal,2008).TheroleofTFIIHis
devotedtotheopeningoftheDNAaroundthedamagedsite,
buttheindividualfunctionofitshelicasesubunitsinthisstep
remainsdifficulttodelineate.
Earlierstudiesfromourlaboratoryhaveshownthatmuta-
tionsinthehelicasemotifsll(T469A)orVI(Q638A),which
impairedthehelicaseactivityof theXPBsubunit, didnot
inhibit theNERactivityof TFIIH(Coinet al, 2007),thus
raisingthequestionof theroleof XPBIinNER. Here,we
showedthatTFlIHcontainingmutationinthemotiflllofXPB
isrecruitedtotheDNArepair  sitesafterUVirradiation.
However,amutationinthehelicasemotifla,whichabolishes
theATPaseactivityof XPB, thwartstheaccumulationof
TFlIHtothesesites. Thisimpliesthat therecruitmentof
TFlIHtositesof damageisanactiveprocessthatrequires
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ATPhydrolysis.Incontrast,theATPaseactivityofXPD,the
secondhelicaseof TFIIH,isnotrequiredtorecruitTFlIHto
thedamagesites,althoughitisneededforDNArepair.
InadditiontotheaforementionedATPasemotif,wefound
thattwoadditional motifs,theR-E-DandThMmotifs, are
implicatedintherecruitment of TFlIHtosites of DNA
damageThesetwodomains, highlyconservedinhuman
XPB, wereidentifiedinanhomologueof = XPBfromthe
thermophilicorganismArchaeoglobusfulgidusandweresug-
gestedtobeinvolvedinTFlIHfunctions(Fanet al, 2006).
MutationsintheR-E-DandThMmotifsmimickedthebio-
chemicalandbiologicaldefectsobtainedwithamutationin
theATPasemotif.ThissuggeststhattheATPaseR-E-Dand
ThMmotifsworktogethertoensureacorrectrecruitmentof
TFlIHtothedamagedsitesbeforetheopeninganddual
incisionstepstakeplaceduringNER. HowtheR-E-Dand
ThMmotifsparticipatetotheanchoringofTFIIH?TheThM
domainhasnotbeenfoundinotherhelicases,includingXPD
(Bienstocketal,2002;Fanetal,2008;Liuetal,2008;Wolski
etal, 2008),but asimilarhelical protrusionhasbeenob-
servedinDNApolymerases(Doublieet al, 1998)andin
SulfolobussolfataricusSWI2/SNF2ATPaseRad54(Durretal,
2005),inwhichitisexpectedtogripdouble-strandedDNA
fromtheminorgroove.ThestructureofXPBsuggeststhatthe
energyfurnishedbytheATPhydrolysisisusedtoinducea
flipof170 1 oftheHD2domainafterthebindingofXPBto
DNA(Fanetal,2006)(Figure7).TheR-E-D(presentinHD1)
andtheThM(presentinHD2)aretheninclosevicinityand
areusedtostabilizeTFlIIHontheDNAbyintroducinga
wedge (the E473residue) inthe double-strandedDNA,
grippedbytheThMmotif.Toobtainexperimentalevidence
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sitesof DNAdamage. (Left panel)CHO-27-1cellswerestablytransfectedwithpEGFPplasmids

expressingvariousformsofGFP-taggedXPBproteins.ThesecellswereirradiatedwithUVIight(100J/Mthroughthe3-nmporefilterand
fixed30minlater. Immunofluorescenabellingwasperformedusingeitheramousemonoclonal anti-CPD(panelsA, E, I, M, Q)ora
rabbitpolyclonalanti-GFP(panelsB,F,],N,R).NucleiwerecounterstainedwithDAPI(panelsC,G,K,0,S),andslidesweremerged(panels
D,H,L,P,T).(Rightpanel)QuantitativeanalysisoftherecruitmentofTFlIHtositesofDNAdamageintransfectedcells.Valuesrepresent
averagess.d.(n ¥2100sitesofDNAdamage)fromthreeindependentexperiments.

forthismodel,wecomparedtheATPaseactivitiesoftheWT
andmutatedcomplexeswithorwithout DNA. Indeed like
most SFlandSF2members, DNAstimulatestheATPase
activityofTFIIH(Royetal,1994).InthepresenceofDNA,
mutationsintheR-E-DandThMmotifsinduces60%inhibi-
tionoftheATPaseactivitycomparewithTFIIH(WT).Inthe
absenceof DNA, thethreeATPaseactivities arestrictly
identicalandareslightlyhigherthantheATPaseactivityof
theTFlIHcomplexmutatedintheATP-bindingsiteofXPB.
Thesedatafurthersupportthemodel of theconformation
changeproposedaboveasit demonstratesthaR-E-Dand
ThMareusedtostabilizethebindingof XPBtoDNA.
Furthermorethe fact that these mutationsinhibit both,
TFlIHtranscriptionandrepairactivities,suggestsacommon
modeof recruitmendf TFIIHtothepromotersandtothe
damagesites.
TherecruitmentofTFlIHthroughtheactionoftheATPase
activityof XPBmayalsoinduceareorganizationof the
protein-DNAcomplexesintranscriptionandrepairthatwill
allownewprotein-proteinorprotein-DNAcontacts.Indeed,
usingphotocrosslinkexperiments,wehaveshownthataddi-
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tionofATPinNERinducedare-positioningofXPConthe
damagedDNA, whichdependentonTFIlIH(Tapiaset al,
2004).AftertherecruitmentofTFIIHtothedamagedDNA
throughtheenergyfurnishedbytheATPaseactivityofXPB,
theDNAwouldbeopenedbyXPD, whichhasaprocessive
androbusthelicaseactivitystimulatedbythep44subunitof
thecoreTFlIH(Coinet al, 1998).Here,amutationinthe
ATPaseactivityof XPDstill allowedTFlIHtobindthe
damagedsitesinvivobut wasunabletoopentheDNA
aroundthelesion. Altogetherpurdatabringsanewcon-
ceptualviewoftherolesofXPBandXPDinNERbyrevealing
their different molecular functions within this genome
caretakingevent.

Materialsandmethods

Celllines

CHO-27-lisaCHOmutantcell linebelongingtothethirdrodent [6E
complementationgroup(thehamsterERCC3geneisthehomologue
ofthehumanXPBgene)(Halletal,2005).CHO-UV5belongstothe
secondrodentcomplementationgroup(thehamsterERCC2isthe
homologueofthehumanXPDgene)(Winkleretal,2000).
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XPB(E253A),XPB(K346R),XPB(E473A)orXPEI516-526)weretestedinanATPaseassayinthepresenceof200ngofdouble-strandcircular
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with(lanes7-12)200ngof double-strandcircularDNA.Theaveragepercentades.d. of phosphatereleased(Pi/(ATP Pi))fromthree

independentexperimentsisrepresentedinthegraph.

Constructionoftheplasmids
Baculovirus allowing the expressionof mutated XPB were

constructedintheFLAGtagpSK278vector(BDBiosciences).XPB
wasinsertedattheBamHI/EcoRlsite,infusionwiththeFLAGtagat
its5%side.Themutantswereobtainedbysite-directedmutagenesis
(Quickchange,Stratagene).Theresultingvectorswererecombined
withbaculovirusDNA(BaculoGoldDNA,PharMingen)inSpodop-
terafrugiperda9(Sf9)cells. Invivoexperimentswerecarriedout
withthepEGFP-N1plasmid(Clontech)containingtheXPBcDNA
insertedinframewiththegreenfluorescentproteintag(Hoogstra-
tenetal,2002).

Stablecelllines
CHO-27-1cells( 16)weretra nsfectedwith2ngyofpEGFP-N1/XPB

plasmidinl0cmPetri dishesusinglipofectamine(Invitrogen).
Fortyhoursaftertransfection,thefluorescentcellsweresortedon
the FACS DIVa (BD; Becton, Dickinsonand Company).The
cellswiththehighestleveloffluorescence(about5%oftotalcells)
weremaintainedintheselectivemediumwithG418(Geniticin,

800ny/ml),expandedandanalysedforXPBexpression.

DamagedDNAsubstrates
Covalentlyclosedcircular Pt-DNAcontainingasinglel,3-intra-

strandd(GpTpG) cisplatin-DNAcrosslinkwas preparedas de-
scribed(Fritetal,2002).

Dualincisionassay ) ) )
Dualincisionassaywascarriedoutin25ntofRepairbuffer(45mM

Hepes-KOH(pH7.8),5mMMgCI2,1mMDTT,0.3mMEDTA,10%
glycerol,2.5ngBSA, 50mMKCl)supplementedwith2mMATP.
Eachreactioncontained5ngofXPG,15ngofXPF/ERCC1,10ngof
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XPC-HR23b50ngof RPAand25ngof XPA. Afterpre-incubation
10minat 301C, 30ngof Pt-DNAwas addedandreactionwas
continuedfor90minat3QC.Theexcisedfragmentwasdetectedon
ald4%urea-acrylamideafterannealingwith9ngof thecomple-
mentaryoligonucleotideandadditionoffourradiolabelleddCHP
P*2 (300€Ci/mmol)residuesbySequenaseV2.1(USB).

KMnO: footprintassay
ThedamagedstrandprobewasobtainedonAgel/Aseldigestionof

thePt-DNAandradiolabellingatthe®ndinaKlenowreaction,the
Ptadductislocatedat156bpfromthelabelledend.Theresulting
fragmentwas purifiedbythe ‘crushandsoak’ methodafter
migrationina5%nondenaturatingPAGE. Reactions(75h)were
carriedoutin20 nh ofRepairbuffer( p 2mMATP)containingthe
labelledcisplatinatedprobe(40fmol) and40ngof XPC-HR23b,
25ngofXPA,50ngofRPAand150ngofXPG.Afterincubationat
301Cforl5min,3 nhofl20mMKMnO 4 wasadded,andoxidation
was allowedtoproceedfor 3minat roomtemperaturebefore
reductionbyaddingbniofl4.6M b-mercaptoethanolforSminon
ice.Afterorganicextractionandethanolprecipitation,driedpellets
wereresuspendedinlOfofasolutioncontaininglMpiperidine,
1mMEDTAand1mMEGTAandincubatedat 901Cfor25min.
Sampleswerenext ethanolprecipitatedandfinal pelletswere
recoveredinlOofloadingbufferandanalysedin8%ureaPAGE.

ATPaseassay ) )
Proteinfractionswereincubatedfor2hat301Cinthepresenceof

1n€i [g-32P]ATP(7000Ci/mmolICNPharmaceuticals)ina20 nh
reactionvolumein20mMTris-HCI pH7.9, 4mMMgCl ;,1mM
DTT, 50ny/ml BSAandwhenindicated200ngof double-strand
DNA(pcDNA3 b ). Reactionswerestoppedbyadditionof EDTA
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Figure7Proposedstructure-basedmechanismforbindingofXPBtoDNA.Inthismodel,adaptedfromFanetal(2006),XPBisinanopened
conformationintheabsenceof DNA.WhenXPBbindstoDNA,therotation(17f)ofthesecondhelicasedomain(HD2)togetherwiththeThM
domain,facilitatedbyHD1-mediatedATPhydrolysis,formstheclosedandstableXPB-DNAcomplex.

(50mM)andSDS(1%(w/w)). Thereactionswerethendiluted
five-fold,spottedontopolyethylenimine(PEI)TLCplates(Merck),
runin0.5MLiCl/1Mformicacidandautoradiographed.

LocalUVirradiationandimmunofluorescence
Thecells wererinsedwithPBSandcoveredwithanisopore

polycarbonatefilter with pores of 3nmmdiameter (Millipore,
Badford,MA). CellswerethenexposedtoUVirradiationwitha
PhilipsTUVIamp(predominantly254nm)at adoseof 1OOJ/m
(Volkeret al, 2001).Subsequentlythefilter wasremoved, the
mediumwasaddedbacktothecells, andtheywerereturnedto
culture conditionsfor 30min. Then, cells were fixedin2%
formaldehydeforl5minat roomtemperatureandpermeabilized
withPBS/0.5%TritonX-100for5min. AfterwashingwithPBS-
Tween(0.05%),theslideswereincubatedforlhwiththeindicated
antibodies After extensivewashingwithPBS-Tween,theywere
incubatedforlhwithCy3-conjugateddonkeyanti-rabbitlgG,goat
anti-mouseAlexa488lgGorgoatanti-ratAlexa488lgG(Jackson
Laboratories)diluted1:400inPBS-Tween/0.5%FoetalCalfSerum.
Theslideswerecounterstainedfor DNAwithDAPI  preparedin
Vectashieldmountingmedium(Vector lab). All imageswere
collectedusingaleicaConfocalTCS4Dmicroscopeequippedwith
bothUVlaserandanArgon/Kriptonlaser, andstandardfiltersto
allowcollectionofthedataat488and568nm.ThesoftwareTCSTK
was used for three-colourreconstructionsand figures were
generatedusingthePLCHTKsoftware.

Host-cellreactivationassay
ThepGL3vectorexpressmgPhotlnuspyralls(ﬁreﬂy)luuferasewas
purchasedfromPromegaandthepCH110vectorexpressingthe
galactosidasefrominvitrogen.ThepGL3vectorwasUVirradiated
(254nm,1000)/nf)ataconcentrationoflmg/mlin10mMTris-
HCI(pH8.0)and1mMEDTA.CHO-27-1cellsweretransfectedina
six-well plateat aconfluenceof 95%usingLipofectaminePlus
(Invitrogen) Eachtransfectionmixturecontained500ngopGL3
(UVp /A), 100ngof pCH110(nonirradiatedpnd10ngof the
variouspcDNAXPBplasmids.After4hofincubation,thetransfec-

&2009EuropeanMolecularBiologyOrganization

tionreagentswerereplacedbymedium.Cellswerelysedafter24h
tomeasureluciferaseactivityonamicrotiterplateluminometer
(Dynex).All results(meanvaluesof at leastfivemeasurements)
werenormalizedbycalculatingtheratiosbetweenluciferaseand
galactosidaseactivities.

UV-suryivalassay
Cells(1G)wereplatedper6cmpetridishes, culturedovermghtand

UVirradiatedat 254nmat variousdoses(0.5)/m ?/s). After 14
days,thecellsarestainedbytrypanblueandcounted.

Antibodies . . .
MousemonoclonalantibodiestowardsTFIIHsubunitswereusedas

described(Coinetal,2007).Primaryantibodies(thefinaldilutions
areindicatedinparentheses)usedinfluorescent labellingwere
purifiedrabbit anti-GFP(TorreyPinesBiolabs, Inc)(1:1000), rat
monoclonal anti-HA3F10 (Roche) (1:1000)and mouse IgG
monoclonalanti-ThymineDimer(H3)(1:2000)(Abcam).
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Summary

UV-induced DNA damage  invokes repression of RNA synthesis. Following DNA damage
removal, transcription recovery operates through a process that is not understood yet. Here we
show that knocking-out of the histone methyltransferase DOT1L in mouse embryonic fibroblasts
(MEFP°™) leads to a high UV sensitivity coupled to a deficient recovery of transcription initiation
after UV irradiation. However DOT1L is not implicated in the removal of the UV-induced DNA
damage by the nucleotide excision repair pathway. Vice, using strip-FRAP and ChIP
experiments we established that DOT1L promotes the formation of the pre-initiation complex to
the promoter of a housekeeping gene and the appearance of transcriptionally active chromatin
marks there. Treatment with Trichostatin A, which merely relaxes chromatin, recovers
transcription initiation and restores normal UV sensitivity in MEF  °°""cells. Our data suggest
that DOT1L secures an open chromatin structure in order to reactivate RNA Pol Il transcription

initiation after the genotoxic stress.



Introduction

Short-wave UV light may serve as a significant source of mutagenic and cytotoxic DNA
damage. UV irradiation induces two major types of DNA lesions; the cis-syn cyclobutane-
pyrimidine dimers (CPD) and the pyrimidine (6-4) pyrimidone photoproducts (6-4PP) {Friedberg,
2006 #969} . Through the deformation of the DNA structure, these lesions implement repressive
effect on various nuclear processes including replication and transcription. As a matter of fact,
the removal of these lesions is a priority for the cell and takes place at the expense of
fundamental cellular processes that are paused to circumvent the risks of mutations or aberrant
gene products. The molecular mechanism underlying transcription inhibition and recovery is not
understood yet but it includes proteins such as CSB, a member of the SWI2/SNF2 family of
chromatin remodeling proteins, which promote transcription re-initiation at the promoters of
housekeeping genes {Citterio, 2000 #980 ; Proietti-De-Santis, 2006 #1}.

UV lesions are removed from DNA by the nucleotide excision repair (NER) mechanism
through two sub-pathways. A general global genome repair (GG-NER) removes DNA damage
from the entire genome, while a transcription-coupled repair (TC-NER) corrects lesions located
on the actively transcribed genes {Hanawalt, 2002 #95}. In the TC-NER, an elongating RNA
polymerase Il (RNA Pol Il) stalled by a lesion triggers efficient repair of the cytotoxic damage
that block transcription while lesion anywhere else in the genome are detected by the
XPC/hHR23B complex for the GG-NER {Fousteri, 2008 #52} . Then, both sub-pathways funnel
into a common process involving XPA, RPA, TFIIH, XPG and XPF-ERCC1 to excise damaged
oligonucleotides from DNA.

Post-translational histone modifications modulate promoter activity. Histone acetylation,
phosphorylation, ubiquitination, and methylation dictate the transcriptional fate of any given
locus {Shilatifard, 2006 #11}. Inactive chromatin is associated with high levels of methylation at
H3K9, H3K27, and H4K20 lysine residues and low levels of histone acetylation, while actively
transcribed chromatin shows a high level of acetylation of H4K16 and H4K20 and methylation of

H3K4, H3K36, and H3K79 residues {Kouzarides, 2007 #13;Campos, 2009 #12}.



The dot1  gene (disruptor of telomeric silencing-1), also called kmt4 (lysine
methyltransferase-4), encodes a protein that exclusively methylates lysine 79 of histone H3
(H3K79) {Feng, 2002 #55;Lacoste, 2002 #237;van Leeuwen, 2002 #31}. Unlike most modified
histone residues that are located within the N-terminal tail, H3K79 is found within the globular
core of the histone octamer {Luger, 1997 #39}. The DOT1 protein is the only histone lysine
methyltransferase that does not contain the conserved SET domain but exhibits a
methyltransferase fold that is responsible for its activity {Min, 2003 #40;Sawada, 2004 #41}.

Several lines of evidence suggest that DOT1 plays an important role in genomic stability.
DOT1L has been reported to favor the recruitment of double strand breaks sensor 53BP1 to
DNA lesions {Huyen, 2004 #989}. DOT1 is also required for the activation of the RAD9/RAD53
checkpoint function by UV and  Bkadiation {Giannattasio, 2005 #42;Wysocki, 2005 #43;Toh,
2006 #44}. DOT1 plays also a role in the yeast cellular response to UV damage but its specific
function in this mechanism is unclear {Bostelman, 2007 #45}.

Here, we provide evidence that the mammalian DOT1L (DOT1-like) protein is required to
re-initiate transcription after UV irradiation. Knocking-out of DOT1L results in high sensitivity to
UV irradiation in mouse embryonic fibroblasts (MEF  °°™'- ), however preserves an accurate
repair of the two main types of UV-induced DNA damage. Instead, MEF P°™"" cells are unable to
recover transcription of constitutively expressed genes after UV irradiation. Using fluorescence
recovery after photobleaching (FRAP), we have shown that DOT1L regulates the recruitment of
RNA Pol Il to chromatin after UV irradiation. Applying chromatin immunoprecipitation assay, we
additionally revealed that DOT1L triggers the formation of the pre-initiation complex to the
promoters of housekeeping genes after UV irradiation, as well as the appearance of active
transcriptional marks on histones. Altogether, our results highlight a new role for DOT1L in the
protection of an open chromatin structure in order to reactivate the formation of the pre-initiation

complex (PIC) on the promoter of constitutive genes after a genotoxic stress.



Results
DOT1L deficient mammalian cells are UV-sensitive.

To investigate the role of DOT1L in the repair of UV-induced DNA damage, we used
knocked-out MEFP°™" cells carrying a homozygous gene trap insertion in Dot1/ {Steger, 2008
#46}. Together with a decrease in Dot1/ expression to the background level, the mono- and tri-
methylation of H3K79 was abolished in MEF  P°T'" cells(Figure 1A). In a UV survival assay,
MEFP°™" cells were more sensitive to UV irradiation as compared to MEF "' cells but less than
MEF*"Ccells , that were knocked-out for the NER factor XPG and deficient both for GG- and TC-
NER {Shiomi, 2005 #148} (Figure 1B, in black&white two squares looks odd, maybe circle will
do better). However, MEF P°™'" cells showed UV sensitivity similar to that achieved in cells with
knock-out of the CSB protein (MEF®S8), which were deficient in TC-NER.

We further investigated whether DOT 1L affected UV survival by sustaining the repair of
UV-induced DNA damage. We performed unscheduled DNA synthesis assay (UDS), which was
mainly a measure of the GG-NER efficiency {Stefanini, 1992 #97}. The UDS of MEF °°™ cells
was identical to that of the MEF "' cells(Figure 2A what is a unit in y-axis ?). We also used an
assay based on immunofluorescence coupled to quantification of DNA lesions directly in the cell
nucleus to measure repair of the main type of UV-induced DNA damage (see experimental
procedures). MEF*© cells showed higher level of (6-4)PPs in the genomic DNA along the time
course of repair, compared to MEF "™ or MEF “*® cells in which lesions were gradually removed
(Figures 2B). When measured in MEF  P°T't cells, the removal rate of (6-4)PP lesions was
identical to that of MEF T cells(Figures 2B), which implied that the absence of DOT1L did not
impair the GG-NER.

To determine whether MEFP°™" cells were able to perform the TC-NER, we measured cell
survival following incubation with Ecteinascidin 743 (et743), an anti-tumor drug that was shown
to be highly cytotoxic only for TC-NER proficient cells {Takebayashi, 2001 #104}. Indeed, in our
experimental conditions, cells with knock-out of the TC-NER factor CSB demonstrated higher

et743 tolerance(Figure 2C). In contrast, MEF  P°T'" cells showed sensitivity to et743 which



wasequivalent to that of MEF "7 cells (Figure 2C). Overall, these results indicated that the
absence of DOT1L induced sensitivity to UV irradiation that was not the consequence of the

defects in GG- and TC-NER.

DOT1L promotes transcription recovery after UV irradiation.

To further investigate the role of DOT1L in cell survival, we analyzed whether DOT1L was
involved in the recovery of RNA synthesis (RRS) after UV irradiation. Cells were UV-irradiated
and their ability to synthesize RNA was monitored by incubation with radioactive [ *Hluridine
during a 30 minutes pulse performed 1, 8 and 24 hours after exposure to UV-C light (20J/m  ?)
{Stefanini, 1992 #47}. RNA synthesis was depressed in MEF WT cells immediately after UV
irradiation to a level 80% of that in mock-treated cells (Figure 3A). Over the next 8 hours, RNA
synthesis recovered completely. In contrast, the RNA synthesis in irradiated MEF POTIL cells
progressively decreased to a level 50% of that in mock-treated cells and did not recover
significantly with time (Figure 3A). To demonstrate visual data, we measured RNA synthesis by
autoradiography following incubation with radioactive uridine {Stefanini, 1992 #47}. Mock-

treated MEF " and MEF P°™ cells showed similar levels of RNA synthesis, visualized by

equivalent number of black dots in their nuclei ( ~100 dots/nucleus, Figure 3B, graph and
autoradiography, compare panels a and c). In contrast, we observed a marked deficiency of
RNA synthesis in MEF P°'‘cells , 24 hours after UV treatment, as compared with MEF wr
cells(Figure 3B, graph and autoradiography, compare panels b and d). We estimated the
residual transcription activity in the MEFP°™" cells to a level of 30% of that in mock-treated cells,

24 hours after irradiation with 20J/m?.

DOT1L ensures RNA Pol Il binding to chromatin after UV irradiation.
To determine the molecular mechanisms that led to the inhibition of transcription in

MEFP°™" cells after UV irradiation, we examined live-cell protein mobility of RNA Pol Il by



fluorescence recovery after photobleaching (strip-FRAP). In brief, a small region in the middle of
the nucleus was bleached and the subsequent fluorescence recovery was measured in time
(Figure 4A). For that purpose, the largest RNA Pol Il subunit RPB1 was fused with GFP and
expressed either in MEF T or MEF P°T'‘cells . In these conditions, we found an equivalent
mobility of RNA Pol Il in mock-treated and UV-irradiated (16J/m %) MEF T cells(Figure 4B). In

DOT1L

marked contrast, strip-FRAP analysis of UV-damaged MEF cells revealed a significant
increase in the amount of fluorescence recovery when compared to mock-treated cells (Figure
4C), indicating that a fraction of RNA Pol || became mobile in the absence of DOT1L, after UV

irradiation.

Defect in transcription initiation after UV irradiation in cells depleted of DOT1L.

We next wondered whether DOT1L was required to mobilize RNA pol Il either during the
initiation or elongation steps of transcription. For this purpose, we examined the step of
transition from initiation to elongation by the RNA Pol Il in vivo on an endogenous mouse gene.
Briefly, we reversibly blocked gene transcription in cells by incubation with the P-TEFb inhibitor
DRB (5,6-dichloro-1- ¥-D-ribobenzimidazole), which inhibited the transition from initiation to
elongation but did not block elongation of ongoing mRNA transcripts allowing RNA Pol Il and
splicing machinery to finish initiated RNA synthesis and excise introns from all remaining
unmature transcripts{Singh, 2009 #151} (Figure 5A). Following the removal of DRB, RNA Pol I
was released from promoter-proximal regions and the level of newly synthesized pre-mRNA had
been measured owing to the presence of introns. As we measured the transition from initiation
to elongation on the Utrophin gene that possessed a very short Exon1 (170bp) andsince ~1
transcription blocking (6-4)PP lesion was created per 30kb of DNA at 20J/m?{Coin, 2008 #153},
less than 5% of cells had the UV-lesion in this exon following a used dose of 15J/m 2 of UV-C.
Therefore, any significant inhibition of transcription initiation couldn't be explained by the

blockage of RNA Pol Il in front of a lesion in the Exon 1.



We treated MEF cells for 3 hours with DRB and extracted RNA at 10 minutes intervals
after removal of the drug (Figure 5B). Next, we performed RT-PCR using primers spanning
Exon1-Intron1 junctions to detect newly synthesized pre-mRNA of Utrophin gene. In the
absence of genotoxic stress, MEF"" and MEF"°™" cells were able to recover transcription of the
Exon1 region within 10 to 20 minutes after the DRB removal (Figure 5C), indicating that the
transcriptional initiation rate in MEF T and MEF P°™'" cells was identical, in the absence of the
genotoxic attack. Then, we irradiated MEF cells with UV-C (15J/m  ?) after the DRB treatment
(Figure 5B). In these experimental conditions, MEF VT cells were able to recover transcription of
the Exon1 within 60 minutes after the removal of DRB and UV-treatment, while MEF  °°™"- cells
showed no recovery of the Exon1 transcription throughout the entire time course (Figure 5D).

Since DOT1L was shown to be involved in the chromatin remodeling, we tested whether a
chromatin relaxation could overcome the absence of DOT1L. For that purpose, we treated
MEFP°™" cells with Trichostatin A (TSA, 20nM), a class | HDAC inhibitor that relaxed chromatin
nonspecifically (Figure 5B). Following the TSA treatment, we observed a recovery of the Exon1
pre-mRNA expression in MEF P°™‘cells, which peaked between 30 to 40 minutes after UV
irradiation (Figure 5E) and paralleled the transcription of the Exon1in MEF "7 cells. Together
with the recovery of rhe Exon 1 expression, pre-treatment of MEF  P°™ cells with TSA (10nM)
also induced a potent recovery of their UV survival (Figure 5F) suggesting that transcription
inhibition in MEFP°™" cells was indeed responsible for the UV-sensitivity which was observed in
these cells. Altogether, our data suggested that DOT1L relaxed chromatin and allowed RNA Pol

Il transcription re-initiation after UV irradiation.

Repressive chromatin marks in cells depleted of DOT1L after UV irradiation.

The above data prompted us to perform a detailed analysis of PIC formation on the
promoter of housekeeping genes throughout the time, after UV irradiation. We studied the
promoter of DHFR gene that was commonly used in many laboratories as well as in our group

as a model system for studying the assembly/disassembly of the PIC after UV-irradiation



{Proietti-De-Santis, 2006 #1}. Using chromatin immunoprecipitation (ChlP), we observed a slight
decrease in RNA Pol Il and TFIIB occupancy at the DHFR promoter in UV-irradiated MEF""cells
, 2 hours post-UV irradiation (Figures 6B and 6C). The transcription machinery started to re-
assemble on the promoter between 6 and 10 hours after UV irradiation (Figures 6B and 6C) and
the steady state level of DHFR mRNA did not varied significantly with time in UV-irradiated
MEF"cells ,(Figure 6A). In contrast, RNA Pol Il and TFIIB were not back to the housekeeping
gene promoter throughout the entire time course in MEF P°™ cells (Figures 6B and 6C), while
the steady state level of DHFR mRNA decreased with time after UV irradiation to a level 40% of
that of the mock-treated MEF"°™" cells (Figure 6A), in agreement with results obtained in Figure
3 where we measured global transcription.

We then analyzed chromatin modifications associated with active or inactive chromatin in
the promoter region of the DHFR gene. We observed that accumulation of acetylated histone
H4, an active mark of transcription, followed the dynamic of the RNA Pol Il, with the first phase
of decrease 2 hours post-UV, and the phase of increase from 6 to 24 hours (Figure 6D). In
contrast, no phase of recovery was observed in MEF  P°™ cells (Figure 6D). Di-methylation of
H3KQ residue, a mark of inactive transcription, was stable in MEF T cells throughout the time
course after UV-treatment, while it increased just after UV irradiation in MEF  °°™" cells (Figure
6E). Finally, di-methylation of H3K79, performed by DOT1L, was observed transiently in the
promoter region of DHFR and peaked at 6 hours after UV irradiation(Figure 6F), when RNA Pol
Il and TFIIB started to come back to the DHFR promoter in MEF " cells. Altogether these data
suggested that DOT1L was required to drive the recovery of PIC formation at the promoters of

housekeeping genes after UV irradiation.



DiscussionTranscription inhibition and its subsequent recovery that operate after the genotoxic attack
are thought to limit the risks that lesions represent for the cell and its genome. Molecular mechanisms
which are responsible for the turn-off/turn-on switch of transcription after the DNA damage are not
understood well. Here we show that the methyltransferase DOT1L is required for the re-initiation of
transcription after UV-irradiation supporting the re-formation of the PIC. Our data supports the hypothesis
that transcription recovery after a genotoxic attack is an active cellular process which involves specific
chromatin remodelers, the actors which insure not only the repair of the DNA but also the recovery of

fundamental cellular processes such as transcription.

DOT1L participates to UV-survival but not to DNA repair.

Our study demonstrates that the knock-out of DOT1L causes hypersensitivity to UV
irradiation in mammalian cells. There are several plausiible mechanisms that could explain the
increased sensitivity to UV irradiation conferred by DOT1L depletion. If DOT1L is directly
involved in the DNA repair, its absence may results in the increased level of DNA damage
leading to cellular apoptosis. A function for yeast Dot1 in GG-NER has been described recently
{Tatum, 2011 #987}. However, we don’t find any DNA repair defect associated with the absence
of DOT1l in mammalian cells. Indeed, MEF cells depleted of DOT1L exhibit normal UDS
efficiency, in assay that mainly measure GG-NER. Furthermore, these cells repair (6-4)PPs, the
main UV-induced NER substrate, at the same rate that wild-type cells do. MEF P°™' Indeed are
also proficient in TC-NER, we show it via sensitivity of the cells towards the drug et743, a
natural marine product isolated from the Caribbean see squirt. Antiproliferative activity of et743
is shown to be dependent on active TC-NER {Takebayashi, 2001 #104}. In our experimental
conditions, we observe that MEF cells with knock-out of CSB, one of the two TC-NER specific
factors, exhibit a higher resistance to et743 treatment than MEF “'cells do , confirming previous
observation obtained with patient cells {Takebayashi, 2001 #104}. Using et743 on MEF °°™"" we
show that these cells are as sensitive to treatment as MEF "7 cells and we conclude that it is

unlikely that high sensitivity to UV irradiation in DOT1L-deficient mammalian cells is due to a



GG-NER or TC-NER defects.

DOT1L controls transcription recovery after UV irradiation.

Alternatively, DOT1L may serve in reactivation ofmRNA synthesis after UV irradiation.
Transcriptional arrest has been shown to lead to a highly cytotoxic cellular response to stress
{Fousteri, 2008 #52}. This response has multiple causes and is likely not only the result of DNA
lesions that block RNA Pol Il in elongation. Previous studies have challenged the relationship
between efficient repair of a lesion in the transcribed strand of active genes and the recovery of
transcription inhibited by DNA damage . For instance, cells carrying mutations in the Cockayne
syndrome B protein (CSB) were unable to recover lesion-inhibited transcription while they
efficiently repaired acetylaminofluorene lesions in transcriptionally active genes {van Oosterwijk,
1996 #53}. In addition, CSB was shown to accumulate to the promoters of housekeeping genes
after UV irradiation, where it stimulated the recovery of inhibited transcription independently of
the presence of lesions {Proietti-De-Santis, 2006 #1}. This finding led to the hypothesis that
removal of transcription blocking lesions was insufficient to restore transcription after DNA
damage and that in addition, chromatin changes in the promoters of housekeeping genes could
be required. In our study we, using RRS assay, show the inhibition of global gene expression in
cells which are depleted of DOT1L. We detect only30% of residual transcription there 24 hours
post UV irradiation (20J/m 2). This inhibition is confirmed at the single gene level since DHFR
show the similar level of inhibition at the same time point. Furthermore, transcription inhibition
does not depend on the cell cycle since no difference in the distribution of the phases is

observed between MEF"™ and MEF"°™""cells before or after UV irradiation (Unpublished Data).

DOT1L allow PIC formation on housekeeping gene promoters after UV irradiation.
Early steps of mMRNA expression include formation of PIC, transcription initiation and
escape of RNA Pol Il form the promoter at the elongation step. Using the DRB assay that

measure the expression of newly synthetized first short exon of Utrophin gene in vivo, we



demonstrate that the transition from initiation to elongation iq deficient in the absence of DOT1L
after UV. We further analyse both the transcription machinery occupancy and the chromatin
modifications on the promoter of the housekeeping gene, DHFR, with time after UV irradiation
and we show that this promoter is temporally depleted of basal transcription factors in the first
hours after irradiation in wild-type cells. Aand we demonstate that recovery of occupancy after
DNA repair take place, 6-10 hours after UV irradiation. However in the absence of DOT1L, RNA
Pol Il and TFIIB, basal transcription factor, do not come back to the promoter of DHFR gene ,
Moreover increase in heterochromatin mark such as methylation of H3K9 residue appears on
this promoter. Using GFP-tagged RPB1 subunit of RNA Pol Il in strip-FRAP experiment we
show that a fraction of RNA Pol Il becomes mobile after UV-irradiation in the absence of
DOT1L, indicating that dissociation of RNA Pol Il from promoters of housekeeping gene after
UV irradiation in the absence of RNA Pol |l is a broad phenomenon.

Altogether, these data suggest that DOT1L favors an open chromatin structure around
the promoter in housekeeping genes allowing efficient transcription re-initiation. In line with this
hypothesis, H3K79me2, the mark of DOT1L activity, peaks transiently on the promoters of
housekeeping genes in wild-type cells after UV irradiation, keeping the open chromatin. In
addition, the absence of DOT1L can be bypassed by the class | HDAC inhibitor TSA which
barely relaxes chromatin. TSA restores both transcription initiation and normal UVsensitivity in
MEFP°™" cells, creating thus a link between these two events.

Among the sites of histone H3 methylation, H3K79 is unique as it is not located within
the H3 N-terminal tail domain but is found in the core region. Specifically, this methylation
occurs on the surface of the nucleosome and may serve as a platform to recruit additional
chromatin modifiers and DNA damage response factors {Luger, 1997 #39}. On the other hand,
regions of chromatin where transcription is repressed are depleted of H3K79 methylation,
indicating that silencing of chromatin probably requires hypomethylation of H3K79 {van
Leeuwen, 2002 #31;Ng, 2003 #54}. The mechanism that links euchromatin to H3K79

methylation is not fully understood but it is believed that in addition to recruiting chromatin



modifiers, this histone mark plays an important role in confining the Sir proteins to
heterochromatic regions {Ng, 2002 #56;van Leeuwen, 2002 #31}. In yeast, Sir3 binds to
nucleosomes containing deacetylated histone H4K16 and promotes spreading of
heterochromatin along the chromatin {Johnson, 2009 #57}. Based on these observations and
our data, we propose that RNA Pol Il re-accumulation at promoters of housekeeping genes after
UV irradiation depends on the chromatin changes orchestrated by DOT1L, including the
emergence of active chromatin transcription marks around the promoters of these genes. In the
absence of DOT1L, facultative heterochromatin marks such as H3K9me2 appear and RNA Pol
Il does not get to the promoters. Through the recruitment of chromatin modifiers and
subsequent histone modifications, DOT1L serves to limit the spreading of heterochromatin to
housekeeping genes immediately after UV irradiation and allowing re-association of the basal
transcription machinery to the promoters of these genes and re-activation of their transcription.
We also believe that our observation will lead to the identification of additional factors
relevant for the regulation and timing of transcription recovery of housekeeping genes after DNA

damage that appears more complicated than anticipated.
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Experimental Procedures
Cell lines. MEF cells were cultured at 37°C in the presence of 5% CO2 in Dulbecco’s modified

medium supplemented with 10% FCS.

Quantitative UV survival analysis. Ten thousand cells were plated on a 3.5 cm Petri dish,
cultured overnight and UV-irradiated with UV-C light (254nm) at various doses (0.5J/m?/s). After
4 days, cells were dried and stained by crystal violet, then lysed and quantified by spectrometry
at 570nm wavelength. When indicated, MEF cells were incubated with TSA (10nM final
concentration) for 3 hours before UV irradiation and during the 4 days of the post-irradiation

period.

Immunofluorescent-based DNA lesion quantification. Five thousand MEF cells were plated
in 96 well plates (OptiPlates-96, Perkin Elmer). Twenty-four hours later, cells were UV-irradiated
with UV-C lamp (10J/m 2) and recovered in fresh medium for the indicated period of time at
37°C, 5% CO2. Immuno-labeling of (6-4)PP was performed using mouse 64M-2 antibodies
respectively. For this, cells were treated as described below but prior to labeling, DNA was
denatured with 2M HCI for 30 minutes at room temperature (RT) and blocked in 10% BSA in
PBS for 15 minutes. (6-4)PP lesions were quantified using an INCell Analyser 1000 imaging
system (GE Healthcare) and the percentage of (6-4)PP removal was determined (100%

represents the amount of lesions determined just after UV irradiation).

Unscheduled DNA synthesis (UDS) and Transcription recovery after UV irradiation (RRS).
UDS was determined by counting the number of grains on at least 50 non-S-phase cells in
autoradiographic preparations of cultures incubated for 3 h after UV-irradiation in medium
containing *H-thymidine (*H-TdR, Amersham, specific activity 25 Ci/mmol) {Stefanini, 1992 #97}.
In RRS, cells were incubated in the presence of 20uCi/ml [ "C]thymidine (PerkinElmer Life and

Analytical Sciences, Boston MA 02118 USA) for 2 days to uniformly label the DNA. The UV-



irradiated cells (10J/m 2) were pulse labeled with 5uCi/ml of [ *H]uridine (PerkinElmer Life and
Analytical Sciences, Boston MA 02118 USA) for 30 minutes at different time points. The cells
were collected and washed once with ice-cold PBS and lysed in buffer containing 0.5% SDS
and 100 </ml proteinase K for 2 hours at 37°C. After trichloroacetic acid precipitation (10%
TCA), the samples were spotted onto glass fiber discs (Whatman; Maidstone, Kent, UK); the
filters were next sequentially washed in 5% TCA, 70% ethanol/acetone, and counted for their

radioactivity. The *H/'C ratio was taken as a measure of RNA synthesis.

Fluorescence recovery after photobleaching (FRAP). Cell lines stably expressing GFP-
RPB1 ™R were generated by transfection of MEF"" or MEFP°™" cells with 1 ug of pAT7h1 ™@maR
{Nguyen, 1996 #208} using FUGENG6 (Roche Diagnostics, Mannheim, Germany). One day after
transfection, cells expressing GFP-RPB1 “#™R were selected by overnight incubation with 20
ug/ml of alpha-amanitin. Three days prior to microscopy experiments, cells were seeded onto
24 mm diameter coverslips. Imaging and FRAP were performed on a Zeiss LSM 710 meta
confocal laser scanning microscope (Zeiss, Oberkochen, FRG).

FRAP analysis was performed at high time resolution as previously described {Giglia-
Mari, 2006 #207}. Briefly, a strip spanning the nucleus was photo-bleached for 20ms at 100%
laser intensity (laser current set at 6.1A). We monitored the recovery of fluorescence in the strip
every 20 msec for 20 sec at 0.5% of laser intensity. Twenty independent measurements were
performed and the average values were used for every mobility curve. Mobility curves are
plotted as relative fluorescence (fluorescence post-bleach divided by fluorescence pre-bleach)
measured against time. Error bars included in all the plotted FRAP data represent the SEM.
Whenever two distinct FRAP curves were not easily dissociable, the statistical significance of
their difference was checked by using Student’s t-test (two-sample, two-tailed) within an
appropriate time window: right after the photobleaching when evaluating mobility differences or

after complete recovery when immobile fractions were being evaluated.



Initiation-Elongation transition assay in vivo(DRB assay). We grew cells overnight on 60mm
plates to 70-80% confluency and treated them with 100 M of 5,6-Dichlorobenzimidazole 1- ¥-D-
ribofuranoside (DRB) (Sigma) in culture medium for 3 hours. The cells were washed twice with
PBS and incubated in fresh medium for various periods of time and RNA was extracted.
Trichostatin A (TSA) (Sigma) was used at a concentration of 20nM and was added 12 hours
before treatment with DRB and maintained during the time of the experiment. When indicated,

cells were UV-irradiated (15J/m?) after the DRB treatment.

Reverse Transcription and Real-Time Quantitative PCR. cDNA synthesis was performed
using hexamere and AMV reverse transcriptase (Sigma; St. Louis, MO). Real-time quantitative
PCR was done with the FastStart DNA Master SYBR Green kit and the Lightcycler apparatus

(Roche Diagnostic; Basel, Switzerland). Primer sequences are available upon request.

Chromatin Immunoprecipitation (ChIP). Cells were crosslinked with a 1% formaldehyde
solution for 10 minutes at RT. Crosslinking was stopped by addition of glycine at 125mM final
concentration for 5 minutes at RT. Samples were sonicated to generate 500bp DNA fragments.
For immunoprecipitations, 100 - of protein extract was pre-cleared for 2 hours with 50 Jof
protein G-sepharose before addition of the indicated antibodies. Then, 2 < of antibody was
added to the reactions and incubated over night at 4°C in the presence of 50 J of protein A/G
beads. After serial washings, the immunocomplexes were eluted twice for 10 minutes at 65°C
and crosslinking was reversed by adjusting to 200mM NaCl and incubating 5 hours at 65°C.
Further proteinase-K digestion was performed for 2 hours at 42°C. DNA was purified using
Quiagen columns (QlAquick PCR Purification Kit). Immunoprecipitated DNA was quantified by

real-time PCR. Primer sequences are available upon request.

Antibodies. Primary antibodies (the final dilutions are indicated in parentheses) used were



mouse monoclonal anti-6—4PP (Cosmobio; 64M-2, dilution 1/500), ,anti-TFIIB C-18 (Santa Cruz,
sc-225), anti-H3K79me1 (Cell Signaling, 9757S) (1/1.000), anti-H3K79me3 (Abcam, ab2621)
(1/1.000) and anti Histone H3 (Abcam, ab1791). Anti-Acetylated H4 is a mouse monoclonal

antibodies produced at the IGBMC.
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Figure legends

Figure 1. DOT1L is involved in UV-survival in mammalian cells.

(A) Left panel: Relative quantification of DOT1L mRNA in MEF T and MEF °°™"". Right Panel:
Histone acid-extraction was performed on MEF "™ or MEFP°™" cells followed by SDS-PAGE and
Western-blotting of H3, H3K79me1 or H3K79me3.

(B) MEF T, MEF P°T'" MEF **¢ and MEF “*® cells were assayed in a UV-survival assay. Cells
were treated with increasing dose of UV-C and cell survival was determined 96 hours later, as
detailed in the Experimental Procedures. Data were normalized to the mock treatment controls

(as value of 1). The values are the means of three independent experiments (+ SD).

Figure 2. DNA repair takes place in the absence of DOT1L.
(A) Unscheduled DNA synthesis (UDS) assay. Left panel; UDS expressed as mean number of
autoradiographic grains/nucleus. UDS was measured by incubating MEF T or MEF P°™'" cells
with radioactive [ *H]thymidine before treatment with increasing doses of UV-C light and
autoradiography {Stefanini, 1992 #97}. The values are the means of two independent
experiments +/-SEM. Right Panel; Auto-radiography of an UDS experiment (20J/n?).
(B) (6-4)PP removal was carried out in MEF "', MEF®°™, MEF**® and MEF “*®cells, harvested
at different time points after UV irradiation at 20J/m 2. Cells were labeled with an anti-(6-4)PP
antibody and signals were measured using IN Cell 1000 analyzer (GE Healthcare). Graph
represents the % of lesions that remains in the genome at different time points. The values are
the means of three independent experiments (+ SD). For each time point, a mean of 4000 cells
has been analysed.

(C) MEFYT, MEFP°™ MEF**® and MEF ©*® cells were treated with increasing concentration of
et743 and cell survival was determined 96 hours later, as detailed in the Experimental
Procedures. Data were normalized to the mock treatment controls (as value of 1). The values

are the means of three independent experiments (+ SD).



Figure 3. Deficient transcription recovery after UV irradiation in the absence of DOT1L.
(A) Recovery of RNA synthesis assay (RRS). After pre-labeling with [ "*C]thymidine for 2 days,
mock treated or UV-C (10 J/m?) irradiated cells were pulse labeled for 30 minutes with
[*H]uridine at different incubation times after irradiation, and the acid-insoluble radioactivity was
determined. The *H/™C ratio was taken as a measure of RNA synthesis. The values are the
means of three independent experiments (x SD).

(B) Top, Graph of the RRS experiment. The mean numbers of auto-radiographic grains per
nucleus of mock treated or UV-irradiated cells (10 or 20J/m?) from two independent experiments
are expressed (+ SEM, measured on at least 150 cells). Below the graph, the results are
expressed as percentage of grains per nucleus relative to mock treated cells. Bottom, Auto-
radiography of an RRS experiment. Twenty four hours after UV irradiation (20J/m 2), MEF"T or

MEFP°T': cells were pulse labeled 30 minutes with [*H]uridine followed by autoradiography.

Figure 4. DOT1L ensures binding of RNA Pol Il to chromatin after UV irradiation

(A) Schematic diagram showing the strip-FRAP assay. Cells were transfected with a GFP-RNA
Pol Il construct (on RPB1). A small region in the middle of the nucleus was bleached and the
subsequent fluorescence recovery was followed in time. When indicated, cells were UV-
irradiated, 1 hour before the photobleaching.

(B-C) Strip-FRAP curves of RNA Pol II-GFP protein stably expressed in either MEF T (B) or
MEFP°™" (C) untreated (green) or treated (red) with UV (16J/m?), 1 hour before photobleaching.
Cells were photobleached with a 488 nm laser at maximum power 4 sec after the beginning of
the acquisition. One image per 20 msec was taken during 20 sec in the photobleached area.

Error bars represent the SEM obtained from more than 10 cells.

Figure 5. Inhibition of the initiation-to-elongation transition phase in the absence of
DOT1L, after UV irradiation.

(A) Measure of the rate of initiation-to-elongation transition phase by RNA Pol Il transcription in



vivo on endogenous genes. We reversibly blocked gene transcription by incubating cells with
DRB. Cells are depleted of their pre-mRNA pool within few hours of incubation with the drug
{Singh, 2009 #151}. Following the chase of DRB, RNA Pol Il is released from promoter-proximal
regions and newly synthesized pre-mRNA appear; the level of pre-mRNA is measured using
oligonucleotides targeting respectively the exon/intron junctions of the gene.

(B) Schematic diagram showing the experimental approach used to measured the rate of
initiation-to-elongation transition phase by RNA Pol Il after UV irradiation. MEF cells were
treated with DRB for 3 hours before chase and addition of fresh medium at t=0 hour. When
indicated, cells were UV irradiated at t=0 hour, before the addition of fresh medium or treated
with TSA for 12 hours before the addition of DRB.

WT and

(C) Expression levels of the newly synthesized Exon1 of the Utfrophin gene in MEF
MEFP°™ cells treated with 100 M of DRB for 3 hours before the addition of fresh medium. The
cells were harvest at intervals of 10 minutes for RNA isolation and gRT-PCR was performed
using oligonucleotides targeting respectively the Exon1 and Intron1 of the gene. The expression
values are plotted relatively to the expression level of mock treated cells that is set to 1 in all
experiments (xSD).

(D) Expression levels of the newly synthesized Exon1 of the Utrophin gene in either MEF "™ or
MEFPC™" cells irradiated with UV-C (15J/m?) after treatment as in (C).

(E) Expression levels of the newly synthesized Exon1 of the Utrophin gene in either MEF T or
MEFPC™" cells treated with TSA (20nM) for 12 hours before addition of DRB for 3 hours and UV-
C irradiation (15J/m 2). TSA was maintained in the medium during DRB treatment and time
course.

(F) MEF"" and MEF P°™" cells were irradiated with increasing doses of UV-C light. Cell survival
was determined 96 hours later, as detailed in the Experimental Procedures. Data were
normalized to the mock treatment controls (as value of 1). The values are the means of three

independent experiments (£ SD). When indicated, cells were treated with TSA (10nM), 12 hours

before UV irradiation, and TSA was maintained for the time of the experiment.



Figure 6. Pre-initiation complex assembly and chromatin modification after UV
irradiation.

(A) Relative mRNA expression of DHFR gene in MEF "™ and MEFP°™"" cells after UV irradiation
(10J/m?). The values are the means of three independent experiments (+ SD).

(B-F) Time-dependent occupancy of RNA Pol Il (B), TFIIB (C), H4Ac (D), H3K9me2 (E) and
H3K79me2 (F) at the promoter of the DHFR gene following UV irradiation (10J/m %). Soluble
chromatin was prepared from MEF T and MEF P°™' cells at indicated time points after UV-C
treatment and subjected to ChIP assay using the indicated antibodies. Real-time PCR using
specific primers was performed to test the relative enrichment at the proximal promoter of the
DHFR gene. The results are expressed as folds of enrichment relative to the untreated cells.

The values are the means of a triplicate experiment (£ SD).
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*Correspondence: fredr@igbmc.fr

SUMMARY

DNA replication and transcription are under constant pressure of numerous
environmental factors that damage DNA and could lead to cell death or cancer
transformation. And we address our siRNA screening, based on monitoring of efficient
nucleotide excision repair (NER) of UV light - induced 6-4 photoproducts (6-4PPs), to get
insight into complicated universe of enzymes involved in DNA damage response (DDR)
and maintenance of genome integrity by NER pathway. Groups of genes, whose
downregulation led to defect in repair of 6-4PPs after UV irradiation, demonstrate
plausible links between numerous biochemical cellular pathways and DDR. We
demonstrate that many previously unrelated to TFIIH or NER genes modulate both
directly and indirectly DDR and efficient photodamage removal. We highlight the role of
gene networks presenting the STAT3, histone acetylation and mRNA - processing
associated genes in preventing excessive DNA damage, which in some cases could be due
to preventing of abnormal RNA:DNA hybrids formation, ribonucleotides incorporation
or damage signaling regulation. Our results clearly show that DDR and NER are more
complicated due to chromatin context than it is appreciated from “in vitro” experiments

and they are intimately linked to basics of cellular metabolism.

INTRODUCTION

Damage to DNA arises from environmental and endogenous sources, including
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genotoxic chemicals, radiation, reactive oxygen species and the intrinsic instability of the
DNA molecule. DNA lesions can trigger histone alterations, nucleosome repositioning
and changes in higher-order folding of the chromatin fiber. These processes interfere
with the progression of DNA and RNA polymerases, and compromise the fidelity of
replication and transcription[1,2]. Prevention and repair of DNA damage are essential
for cell survival and DDR pathways insure this encompassing a similar set of tightly
coordinated processes: namely the detection of DNA damage, the accumulation of DNA
repair factors at the site of damage and finally the physical repair of the
lesion[3,4]. Among them NER is the most versatile DNA repair pathway in all organisms.
While bacteria require only three proteins to complete the incision step of NER,
eukaryotes employ about 30 proteins to complete the same step. Efficient DNA repair in
eukaryotic cells is complicated by the packaging of genomic DNA into a condensed, often
inaccessible structure of chromatin. Cells widely utilize post-translational histone
modifications and ATP-dependent chromatin remodeling to modulate chromatin
structure and increase the accessibility of the repair machinery to lesions embedded in
chromatin[5,6].

Hereafter, trying to reveal the intrinsic mechanism of these modifications, we
report the results of the screening on chromatin remodelers, kinases and phosphatases
in HeLa cells using 6-4PPs as a sensor of efficient DDR and NER. Loss-function study for
these genes shows that set of triggers that compromise DDR and NER is not restricted to
canonical NER or other DNA damage sensing proteins. But notably, most of well-known
enzymes engaged in NER/DDR, that contemporaneously served as quality control, are
present in genes selected with screening. Beside these hits, cells are no longer able to
deal with UV - induced lesions in a proper way due to malfunctioning of genes that
previously were unlinked to DDR or NER. Thus our results show a plausible way for
prediction and explanation of pathological conditions that cause cellular death,
senescence and cancer transformation as well as we could employ these findings to

promote developing of new therapy and drugs against these mortal diseases.

RESULTS AND DISCUSSION

We performed siRNA screening using the QIAGEN siLibrary (Figure 1a). The library

59



Etuwctum of 5iENA libmry

Marnbiome ot prokin Lris
Temedn 1 avaus Pl - Zond oo rd wyelh e
a I komaaic
Erazelyor maine Croparers
Sl il rlllilrla_”'ri_ll—l ||| |||—|al|--|u-|.-|.|.
Drabiaruiaa s b v nl.'lrr.dﬂ'\.
1 — fyrs
Sl ey ooy
Temolairm —
Cpbnishdd oty =—

8 — ModscbooFacdin odon faed

ol R W L s

b) c)

siCTRL sikPA
Biapeminnael i-1PF% dynul rdensil on Tee cardie b

aiETRL aind - bunalocs) Hiclo cella
T
[
I i [ =  Heqadew
E | i | T |

DAPI

£ £ 4= L
] 5
B f |
b T oA | \
Hom Iy
5 e 5
) - 1 1 .-\.1
%ﬂ u _-I .,
g E __I T
il [ AN Ty EITE
d IR ueed BHA denrmepe (B-AP Pl repai inooells wilb
:I wifHA knockoo e of kireeses ane phasphabasss gemes

s

LSRN TURETE PR TR

Ll FTILEN
L = FiLay

Figure 1. a) siRNA library structure. b) Negative control, nonsense siRNA transsfected HeLa celss
(siCTRL) and positive control, HeLa cells transfected with siRNA against NER factor XPA (siXPA)
were transfected for 24 hours prior to irradiation with 20]/M? of UVC, and subsequently fixed 2
hours after UV treatment, stained with DAPI(blue) and antibodies against 6-4PPs(green). c)
Distributions of 6-4PPs signals in siCTRL(red) and siXPA(green) transfected cells, cutoff
line(blue) that divide positive(more likely to be damaged) cells from negative(more likely to be
undamaged) cells. d) UVB and UVC data plot for double positive kinase and phosphatase genes
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targets about 1800 genes by pools of four individual siRNA duplexes per gene. Cells
were stained with antibodies against 6-4PPs to measure DNA damage induced by UV
irradiation, 20 ]/M? - 254nm wavelength. Experiment was triplicated on independent
plates for each gene with a non - targeting siRNA pool as the negative control and siRNA
pool targeting the NER factor XPA as a positive control (Figure 1b). Data concerning the
efficiency of DNA repair were obtained using a INCELL1000, laser-scanning microscopy
platform, allowing analysis of cell number and quantification of 6-4PPs intensity with a
single cell resolution. A Mann-Whitney test was performed to check how different
positive and negative controls are (Figure 1c). Cutoff line was determined in each plate
for subsequent estimation of the positive cell portion for every siRNA. Pools were used at
20nM total siRNA concentration to minimize off-target effects. Additionally part of the
library representing the kinases and phosphatases was tested with 200]/M? dose and
312nm wavelength to verify the hypothesis of non-equivalent activation of DDR

pathways depending on the energy of UV light(Figure 1d).

UVC and UVB induce DDR via kinases and phosphatases in ways different from

direct 6-4PPs or CPD sensing

We found that transient perturbations in cellular homeostasis raised by siRNA
knockdown lead to compromised repair of UV induced lesions making cells more
sensitive to UV radiation. Kinases and phosphatases are involved in amino acid, lipid,
carbohydrate metabolism and processing of nucleobases, and they are indispensable for
efficient DDR. Impaired production of nitric oxide, reactive oxygen species alongside
with inhibition of ERK/MAPK signaling, that is involved in cell cycle transition,
apoptosis, gene expression, respond to proinflammatory cytokines, osmotic and heat
shock, are the molecular keys that result in repair deficiency both upon UVC and UVB.
We found that UV induces DDR via NFkB pathway and oxidative stress response(Table
1a) regardless the wavelength. And genes like GK2 or OXSR1 are equivalently important
for proper DDR both in UVC or UVB experiments. Meanwhile knockdown of certain
genes: DGUOK, RIPK3 or PNCK, ACP5 gives repair deficiency in test with a particular
source of UV damage, UVB or UVC respectively(Table 1b, Figure 1d).

Discussing these findings we have to remember that for a long time DNA has been
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regarded as the only molecular target for UV. However, ultraviolet light can also affect

cytoplasmic and membrane structures. And particularly UV radiation can directly affect

cytoplasmically located transcription factors, kinases closely located to the cellular

membrane and membrane receptors interfering with cytokine signaling and inducing

apoptosis via direct activation of apoptosis - related surface receptors[7]. We generally

assume this idea that we tested using UVB radiation and kinome - phosphatome part of

the library. Our findings support data published by other researches. And speaking about

cytoplasmic and membrane effects of UVB we can mention that exposure to UVB

radiation is shown to cause inflammatory tissue damage and skin cancer. A plausible

molecular link between inflammation and cancer is the NF - kB (Figure 2).
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Figure 2. Ingenuity kinome&phosphatome gene network analysis for UVB and UVC screening.

UV radiation results in increased degradation of IkBa, nuclear translocation of p65 and
p50, and the DNA binding by NF - kB which regulates expression of pro-inflammatory
genes including inducible nitric oxide synthase (iNOS).[9]. Three types of UV: UVA, UVB
and UVC all induce a dose- and time-dependent phosphorylation of e[F2a-Ser. But they
act through distinct signaling mechanisms. Thus UVA - induced elF2a phosphorylation
occurs through MAPKs, including ERKs, JNKs and p38 kinase, and phosphatidylinositol
(PI)-3 kinase. UVB - induced elF2a phosphorylation is through JNKs and p38 kinase, but
not ERKs or PI-3 kinase. And UVC stimulates elF2a phosphorylation via JNKs alone. ATM

is involved in induction of the intracellular responses to UVA and UVB, rather than UVC.
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Wavelength-specific UV irradiation activates differential response signaling pathways
converged on the el[F2a phosphorylation. Direct elF2a kinase PKR is activated though
phosphorylation by either RSK1 or MSK1, two downstream kinases of MAPKs/PI-3
kinase - mediated signaling pathways[11]. Additional complexity arises with idea that
carcinogenic and mutagenic sunlight effects depend not only on cyclobutane pyrimidine
dimers and 6-4PPs but also on another types of UV-induced lesions. All three kinds of
UV: UVA, UVB and UVC are known to increase the mutation frequency of purified single-
stranded phage DNA and cellular DNA in human cells showing that even UVA exposure,
lowest energy wavelength, may induce mutation probably via non - dipyrimidine lesion
in DNA[8,37]. Apoptosis could be logical a consequence of both inflammation and
unrepaired DNA damage and its induction in keratinocytes by ultraviolet irradiation is
considered to be a protective function against skin cancer. UV-induced apoptosis is a
crucial event both for UVB and UVC. However there are some specific features that rise
again for each UV wavelength. Thus caspase-8 activation occurs only in UVB - irradiated
cells. The activation of caspase-8 cannot be inhibited by caspases-9 and -3 specific
tetrapeptide inhibitors, indicating that the caspase-8 cleavage is not due to feedback
from activation of caspases-9 and -3. Thus, despite the lower production of
photoproducts in DNA by UVB irradiation, UVB irradiation could induce apoptosis
through both mitochondrial (intrinsic) and caspase-8 activation (extrinsic) pathways,
while UVC induces apoptosis only via the intrinsic pathway[10]. When apoptosis is
compromised UV radiation could strongly induce cancer, as UV is also linked to the
activation of putative cancer genes like PPP2R2A, MTAP and MAP2K4[12].

DDR is also mediated through cellular metabolism. Mammalian transcription
factors of the AP-1 family are activated by either stress signals such as UV radiation, or
mitogenic signals such as growth factors. A similar situation exists in the yeast
Saccharomyces cerevisiae, there AP-1 transcriptional activator GCN4, known to be
activated by stress signals such as UV radiation and amino acids starvation and is also
induced by growth stimulation such as glucose. Glucose-dependent GCN4 activation is
mediated through the Ras/cAMP pathway. This pathway is also responsible for UV-
dependent GCN4 activation but is not involved in GCN4 activation by amino acid
starvation. The finding that GCN4 is activated in response to glucose via the Ras/cAMP

pathway suggests that this cascade coordinates glucose metabolism with amino acids
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and purine biosynthesis and thereby ensures availability of both energy and essential
building blocks for continuation of the cell cycle[13]. There is a link to metabolism for a
most studied UV-DDR player, p53 protein. LPIN1 is a p53-responsive gene that is
induced in response to DNA damage and glucose deprivation. It is essential for adipocyte
development and fat metabolism. p53 and LPIN1 regulate fatty acid oxidation in mouse.
LPIN1 expression in response to nutritional stress is controlled through the ROS-ATM-
p53 pathway and is conserved in human cells. LPIN1 could provide a link between p53
and metabolism that may be an important component in mediating the tumor
suppressor function of p53 in DDR(Figure2)[14,15].

In conclusion, we demonstrated plausible links of UV radiation to inflammation
and cancer via certain kinases and phosphatases. Moreover, we proposed how kinases
and phosphatases could act in DDR and NER through regulation of cellular metabolism
in a wavelength specific ways. Therefore,we could assume that all previous and future
experimental data concerning the role of cytoplasmic proteins in DDR and NER should

be discussed with respect to specific features of DDR activation by UVB and UVC.

DDR acts via chromatin remodelers

Ingenuity and STRING-DB analysis tools reveal that our findings are well -
correlated with results of other teams that studied DDR using models different from UV
and 6-4PPs detection. We detected most of well - known DDR and NER proteins
presented in siRNA library, and regardless any possible flows of our experimental design
or procedures, we rested in perfect accordance with broadly accepted UV - DDR and DNA
repair models validating that the screening found the genes it was aimed to find.
Therefore we show new potentially important proteins in TFIIH gene network and
highlight genes in new promising networks like regulation of histone acetylation that
could act in genotoxic stress response(Figure 3, Figure 4). We would like to specially
concentrate on groups that correspond to STAT3 and RNA - processing associated gene
networks(Figure 4a). Role of these nets as well as role of RNA:DNA hybrids in NER and
R-loops in transcription will be discussed hereafter. Role of well-known groups like
TFIIH network, histone modifications network (Figure 3) which were also detected in

screening needs further investigation but not an additional discussion as long as they
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have been noted to directly participate in NER and discussed for a long time as well as

perfectly reviewed in number of specialized publications[16-18].
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Figure 4. a)Ingenuity gene network analysis (continiue). b) Ingenuity gene functions and pathways
analysis for chromatin remodelers. c) Control genes and top 40 chromatin remodelers associated with

6-4 PPs repair. Score, 0 to 1, shows portion of "positive" XPA-like cells.

In the following discussion we will have a closer look on less popular but very
intriguing STAT3 protein and RNA - splicing associated events and their possible
contribution to NER and DDR.

STATS3 is a prosurvival protein, that responds to cytokines and growth factors.
Constitutive activation of NF-kB and STAT3 depends on upstream signaling through

PI3K, and is important for cell survival and proliferation, as well as for maintaining the
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level of Myc[19]. Disruption of the STAT3 pathway abolishes the apoptosis resistance
against UVC and MMCJ[20]. Cells lacking STAT3 are also more sensitive to oxidative stress
and are less efficient in repairing damaged DNA. Moreover, STAT3 deficient cells show
reduced activity of the ATM-Chk2 and ATR-Chk1 pathways, both important pathways in
sensing DNA damage. MD(C1, a regulator of the ATM-Chk2 pathway and facilitator of the
DNA damage response, is modulated by STAT3 at the transcriptional level. Thus
importance of STAT3 for efficient repair of damaged DNA could be partly explained by
modulating the ATM-Chk2 and ATR-Chk1 pathways. On other hand there are some facts
that STAT3 could acts in different ways. Generally, UV-induced STAT3 activation is
mediated by both reactive oxygen species and DNA damage. In human epidermal
keratinocytes and dermal fibroblasts dominancy of ROS and DNA damage to activate
STAT3 depended on the wavelength of UV. And UVB activates STAT3 via both ROS and
DNA damage, while UVC does so mainly via DNA damage[21]. Thus STAT3 is a promising
target for further studies of DDR in its UV - wavelength dependent modes.

Plausible roles of RNA, RNA splicing and spliceosome proteins in DDR and NER
are extremely intriguing. Notably, we observe that loss function for almost every RNA
processing gene leads to deficient 6-4PPs repair. And analysis with STRING-DB tools
shows the splicing proteins are as important for NER as TFIIH and histone
modifications(Figure 4a, Figure 5). And it could be even a direct role of RNAs in DNA
repair and maintenance of genome stability. Probably one of the most exciting
opportunities to exploit is a role of RNA in DNA repair. Thus repair of double-strand
breaks (DSBs) in Arabidopsis thaliana is shown to involve small RNAs of ~21 nucleotides
in length, derived from both sense and antisense sequences flanking DSBs, that are
upregulated following DNA damage. Their production depends on the kinase ATR, which
promotes DNA repair in response to single-stranded DNA, and RNA polymerase IV, which
transcribes siRNAs in plants. RNA-dependent RNA polymerases that produce double-
stranded RNA (dsRNA) from single-stranded RNA are also necessary for diRNA
production, as are Dicer - like proteins, which cleave dsRNAs into shorter fragments.
Argonaute 2 (AGO2), a component of the RNA-induced silencing complex, binds mature
diRNAs, and loss of AGO2 significantly reduces diRNA levels and impedes DSB repair.
However, diRNA expression does not affect RNA-directed DNA methylation, histone
H2AX phosphorylation, or the levels of key DNA repair proteins, so the mechanism
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Figure 5. STRING-DB analysis for chromatin remodelers.

for their effects on DNA repair is still unclear. But importantly, diRNAs are also detected
in human cells, where DSB repair depends on DICER and AGO2. This suggests that
diRNAs have an evolutionarily conserved role in DNA repair, and may recruit specific
repair factors [22]. In human, mouse and zebrafish, DICER and DROSHA, but not
downstream elements of the RNAi pathway, are necessary to activate the DDR upon
exogenous DNA damage and oncogene-induced genotoxic stress, as studied by DDR foci
formation and by checkpoint assays. DDR foci are sensitive to RNase A treatment, and
DICER- and DROSHA-dependent RNA products are required to restore DDR foci in
RNase-A-treated cells. RNA deep sequencing and the study of DDR activation at a single

inducible DNA double-strand break, demonstrate that DDR foci formation requires site-
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specific DICER - and DROSHA - dependent small RNAs, named DDRNAs, which act in a
MRE11-RAD50-NBS1-complex-dependent manner (MRE11 also known as MRE11A;
NBS1 also known as NBN). DDRNAs, either chemically synthesized or in vitro generated
by DICER cleavage, are sufficient to restore the DDR in RNase-A-treated cells, also in the
absence of other cellular RNAs. These results describe an unanticipated direct role of a
novel class of ncRNAs in the control of DDR activation at sites of DNA damage[36]. And
based on analogy for proteins that are involved both in UV damage and ionizing damage
response we could expect to find small RNAs acting in NER pathway in the near future.

Genome instability, a hallmark of cancer progression and another action point for
RNA processing genes, often arises through DSBs. A mechanism proposed by studies in
yeast and mammalian cells shows that DSBs and instability can occur through RNA:DNA
hybrids generated by defects in RNA elongation and splicing. Yeast RNA:DNA hybrids
naturally form at many loci in wild-type cells, likely due to transcriptional errors, but are
removed by two evolutionarily conserved RNase H enzymes. Mutants defective in
transcriptional repression, RNA export and RNA degradation show increased hybrid
formation and associated genome instability[23]. Studies in mutants with chromosome
instability identify seven essential subunits of the mRNA cleavage and polyadenylation
machinery. RNA:DNA hybrid formation is also directly detected in polyadenylation
machinery mutants. And chromosome instability is suppressed by expression of the R-
loop-degrading enzyme RnaseH[24]. On other side, it is generally assumed that, the
direct presence of ribonucleotides in genomic DNA is undesirable given their increased
susceptibility to hydrolysis. Therefore there is no surprise that RNase H enzymes that
recognize and process such embedded ribonucleotides are present in all domains of life.
Indeed, in humans, RNase H2 hypomorphic mutations cause the neuroinflammatory
disorder Aicardi-Goutieres syndrome. In mice, RNase H2 is an essential enzyme required
for embryonic growth from gastrulation onward. RNase H2 null embryos accumulate
large numbers of single (or di-) ribonucleotides embedded in their genomic DNA
(>1,000,000 per cell), resulting in genome instability and a p53-dependent DNA-damage
response. Thus these results indicate that RNase H2 is a key mammalian genome
surveillance enzyme required for ribonucleotide removal and also that ribonucleotides
are the most commonly occurring endogenous nucleotide base lesion in replicating

cells[25].
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Besides the genome instability and direct involvement in DDR or DNA repair
RNA:DNA hybrids participate in pausing of transcription, an important regulation step of
gene expression in bacteria and eukaryotes. Mechanism of transcription pausing is
determined by the ability of the elongating RNA polymerase to recognize the sequence of
the RNA-DNA hybrid. RNA polymerase directly 'senses’ the shape and/or identity of base
pairs of the RNA-DNA hybrid. Recognition of the RNA-DNA hybrid sequence delays
translocation by RNA polymerase, and thus slows down the nucleotide addition cycle
through 'in pathway' mechanism. This phenomenon is conserved among bacterial and
eukaryotic RNA polymerases, and is involved in regulatory pauses, such as a pause
regulating the production of virulence factors in some bacteria and a pause regulating
transcription/replication of HIV-1[26].  Additional point for RNA:DNA acting in
transcription is methylation regulation of CpG islands (CGIs) that function as promoters
for approximately 60% of human genes. Most of these elements remain protected from
CpG methylation, a prevalent epigenetic modification associated with transcriptional
silencing. Methylation - resistant CGI promoters are characterized by significant strand
asymmetry in the distribution of guanines and cytosines (GC skew) immediately
downstream from their transcription start sites. Transcription through regions of GC
skew leads to the formation of long RNA:DNA loop structures. And loop formation
protects from DNMT3B1, the primary de novo DNA methyltransferase in early
development[27]. On contrary, certain ncRNAs are implicated in the regulation of RNAi-
directed heterochromatin in fission yeast. ncRNAs transcribed from heterochromatin are
thought to recruit the RNAi machinery to chromatin for the formation of
heterochromatin. Heterochromatic ncRNA associates with chromatin via the formation
of a RNA:DNA hybrid and bound to the RNA-induced transcriptional silencing (RITS)
complex. Over-expression and depletion of RNase H in vivo decreased and increased the
amount of DNA-RNA hybrid formed, respectively, and both disturbed heterochromatin.
[28]. Transcription of NER factors is also under control of RNA:DNA loops and RNAi
mechanisms we discussed above but additionally it is regulated via proper splicing. Thus
XPG gene contains multiple splice sites with low information content which are
components of the minor (U12) spliceosome in association with multiple alternatively
spliced isoforms of XPG mRNA. Missense mutations in XPG, human endonuclease that

cuts 3' to DNA lesions during nucleotide excision repair, can lead to xeroderma
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pigmentosum, whereas truncated or unstable XPG proteins cause Cockayne syndrome,
normally yielding life spans of <7 years[30,31]. Mutations in intron 3 of the XPC DNA
repair gene affect pre-mRNA splicing in association with xeroderma pigmentosum with
many skin cancers (XP101TMA) or no skin cancer (XP72TMA), respectively. These
mutations disrupt U2 snRNP-BPS interaction and lead to abnormal pre-mRNA splicing
and reduced XPC protein. At the cellular level these changes were associated with
features of reduced DNA repair including diminished NER protein recruitment, reduced
post-UV  survival and impaired photoproduct removal[32]. Some xeroderma
pigmentosum patients exhibit a new G—C homozygous substitution at 3'-end of XPC
intron 12 leading to the abolition of an acceptor splicing site and the absence of the XPC
protein. [33]. Loss of this 42-bp splicing variant of ERCC1 sequence also changes its
expression and is associated with increased ERCC1 mRNA expression, in an assessment
of ovarian cancer specimens[34]. A regulation mechanism through direct interference of
NER and splicing proteins probably could exist. Thus conditionally-lethal pso4-1 mutant
targets allele of the spliceosomal - associated PRP19 gene. RAD2 encodes an
endonuclease indispensable for nucleotide excision repair, RLF2 encodes the major
subunit of the chromatin assembly factor I, whose deletion results in sensitivity to UVC
radiation, while DBR1 encodes the lariat RNA splicing debranching enzyme, which
degrades intron lariat structures during splicing. And characterization of mutagen-
sensitive phenotypes of rad2Delta, rlf2Delta and pso4-1 single and double mutant
strains showed enhanced sensitivity for the rad2Delta pso4-1 and rif2Delta pso4-1
double mutants, suggesting a functional interference of these proteins in DNA repair
processes in S. cerevisiae[35]. Additionally, XPA binding protein - XAB2, that interacts
with Cockayne syndrome group A and B proteins and RNA polymerase II, as well as XPA,
and is involved in TCR and transcription, purifies as a multimeric protein complex
consisting of hAquarius, XAB2, hPRP19, CCDC16, hISY1, and PPIE, which are involved in
pre - mRNA splicing. Enhanced interaction of XAB2 with RNA polymerase Ilo or XPA was
observed in cells treated with DNA-damaging agents. And knockdown of XAB2 with
small interfering RNA in HeLa cells results in a hypersensitivity to killing by UV light and
a decreases recovery of RNA synthesis after UV irradiation and regular RNA synthesis.
[29]. Therefore we see that RNA itself, RNA:DNA hybrids and splicing proteins could act

in DDR mechanism in a various ways modulating DNA damage signaling and repair,

72



transcription and splicing both directly and indirectly.

In conclusion, we demonstrated that our loss-function study highlighted
regulation networks that corresponded to THIIH, histone modification, RB1, STAT3 and
spliceosome related genes. We linked our results with available research data
concerning the DDR and NER and assumed that all studies of cytoplasmic part of DDR
should be concerned with respect to UV wavelength. Further peer investigation of these
gene clews will provide us new important details of intrinsic mechanism cells engage to
withstand mutagenic and carcinogenic effects of UV radiation. These studies will fructify
with new approaches and therapeutic targets concerning the treatment of aging - related

diseases and cancer as these pathologies so often arise from compromised DNA repair.

PERSPECTIVE

Altogether, results of our study indicate that pathways and processes affecting
genome stability have more regulation nodes, involve more proteins and different
cellular pathways are connected much broader to favor proficient DNA repair and
adaptive DDR than it was previously anticipated from “in vitro” experiments. Our data
provide links between the maintenance of genome stability and metabolic homeostasis
as well as highlight intriguing role in XPC regulation for RB1, UV specific DDR for STAT3
pathway, plausible direct involvement of small RNAs in DDR and NER, role of RNA:DNA
hybrids and spliceosome complex proteins in maintenance of genome integrity and
transcription under the UV radiation. We enthusiastically expect that soon we will
achieve a great advance in understanding regulation of UV induced DNA damage

response and nucleotide excision repair in chromatin context.

EXPERIMENTAL PROCEDURES

siRNA screening
The siRNA screening was performed using the QIAGEN siLibrary. HeLa cells were
transfected using Lipofectamin2000 reagent. After 24 hours, cells were irradiated and 2

hours after fixed and stained with 6-4PPs antibody and DAPI. Cells were imaged on
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INCELL 1000 laser scanning platform. The total fluorescence intensity of each cell was
calculated for both channels by integrating the pixel values associated with the cell and

subtracting the average background intensity of the well.

Data analysis and Statistical Analysis

Genome data were analyzed and normalized to account for two sources of
variability in the data: cell-to-cell and plate-to-plate variations. A statistical analysis was
carried out to estimate the significance of a given result. A Mann-Whitney test was
performed to check how different positive and negative controls are. We expect to see a
shift to the right when compare positive and negative controls distribution. The p-Value
should be at most 0.01 depending on the sample size. Cutoff line was determined for
each plate for estimation of siRNA - induced gene silencing effect on efficiency of 6-4PPs
repair. Cell which 6-4PPs signal was located after the cutoff line were concerned as
positive(damaged) and a portion of these cells gave the score to the certain gene. siRNAs
that induced cell death prior to UV-irradiation were not used for the subsequent

analysis.

Bioinformatics
Functional classification was determined using Ingenuity pathway analysis on
those genes whose 6-4PPs signal scored with highest significance. Enriched groups were
then put into String database analyzer for protein-protein interaction network

identification. Gene functions were assigned using resources from above programs.
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DISCUSSION AND CONCLUSION

To protect their genomes efficiently, cells need to detect all types of DNA
structural alterations embedded in billions of normal base pairs. The identification of the
various proteins that execute NER was done through extensive studies of human cells
deficient in this repair pathway|[1]. We performed a loss-function screening on
chromatin remodelers, kinases and phosphatases discovering new genes involved in
DDR and NER. First, we found that UVC and UVB induced DDR via kinases and
phosphatases in different ways as cytoplasmic proteins were activated independently
from sensing of 6-4PPs or CPD in the nucleus. We showed that genes involved in amino
acids, lipids, carbohydrates metabolism and processing of nucleobases, were
indispensable for efficient DDR. We discovered that impaired production of nitric oxide
or reactive oxygen species resulted in repair deficiency both upon UVB and UVC.
Particularly, while studying knockdown of genes like DGUOK, DUSP15 or PNCK, ACP5 we
demonstrated that repair deficiency appeared in test with a particular source of UV
damage, UVB or UVC respectively. Meanwhile other genes in our study, e.g. GK2 and
OXSR1, were equivalently important for proper 6-4PPs repair regardless UV wavelength.

Discussing our findings, we should mention that UV directly affects
cytoplasmatically located transcription factors, kinases closely located to the cellular
membrane and membrane receptors interfering with cytokine signaling and inducing
apoptosis via direct activation of apoptosis - related surface receptors[2]. Thus UVB
radiation is shown to cause inflammatory tissue damage and skin cancer and NF-«kB
could be a plausible molecular link, which regulates expression of pro-inflammatory
genes including inducible nitric oxide synthase (iNOS)[3]. Also even lowest energy UV
radiation - UVA is able to induce mutations via non- CPD or 6-4PPs dipyrimidine lesions
in DNA and that could give additional signals for DDR[8]. Moreover, DDR signaling is
linked to cellular metabolism. Thus AP-1 transcriptional activator Gen4 that is shown to
be activated by stress signals such as UV radiation is also induced by amino acids
starvation and growth stimulation such as glucose[4]. Similar findings exists for well-
known in DDR pathway p53 protein. Lpinl, a p53-responsive gene, is known to be

induced in response to DNA damage and glucose deprivation. Lpin1 expression in
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response to nutritional stress is controlled through the ROS-ATM-p53 pathway and is
conserved in human cells. Lpin1 provides a bridge between p53 and metabolism that
could be an important component in mediating the tumor suppressor function of
p53[5,6].

We showed that DDR acted via certain chromatin modifying enzymes. We found
new DDR related genes that corresponded to RB1, STAT3 gene interaction networks and
RNA splicing - associated enzymes as well as we also found new nodes in networks that
corresponded to TFIIH complex and histones modifications related genes.

We anticipate to verify in further experiments role of RB1 protein in XPC
regulation and reparation of both cyclobutane pyrimidine dimers and 6-4
photoproducts[7-8]. We expect to test findings on STAT3 dependent apoptosis resistance
against UVC, MMC and oxidative stress and also findings that indicate impaired activity
of the ATM-Chk2 and ATR-Chk1 pathways in STAT3 deficient cells. We would like to
investigate in details mechanisms of UVB and UVC activation of STAT3[9-11]. Our results
concerning the plausible link of RNA-processing genes to DDR and NER are supported by
recently published studies that showed role of RNAs in DNA repair, genome instability
and transcription[12-14] as well as importance of RNA processing proteins in splicing
and transcription of NER genes[15-19].

Next, we investigated the recruitment of TFIIH to the lesion, that occurred
immediately after XPC and supposedly via direct protein-protein interaction[20,21]. The
role of this factor was devoted to the opening of the DNA around the damaged site but
the individual function of its helicases subunits in this step remained difficult to
delineate. Previous studies from our lab showed that mutations in the helicase motifs III
(T469A) or VI (Q638A) that impaired the helicase activity of the XPB subunit, did not
inhibit the NER activity of TFIIH[22], raising the question of the role of XPB in NER. We
showed that TFIIH containing mutation in the motif III was recruited to the DNA repair
sites after UV irradiation and mutation in helicase motif Ia that abolished ATPase activity
of XPB, thwarted the accumulation of TFIIH to these sites. We implied that the
recruitment of TFIIH to sites of damage was an active process that required ATP
hydrolysis. We showed that ATPase activity of XPD, the second helicase of TFIIH, was not
required to recruit TFIIH to the damage sites, although it was needed for DNA repair. In

addition to the aforementioned ATPase motif, we found that two additional motifs were
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implicated in the recruitment of TFIIH to sites of DNA damage. Mutations in the R-E-D
and ThM motifs fully mimicked the biochemical and biological defects obtained with a
mutation in the ATPase motif. We suggested that the ATPase, R-E-D and ThM motifs
worked together to ensure a correct recruitment of TFIIH to the damaged sites before
the opening and dual incision steps take place. ThM domain was not found in other
helicases, including XPD[23-26], but a similar helical protrusion was observed in DNA
polymerases[27] and in Sulfolobus solfataricus SWI2/SNF2 ATPase Rad54[28] where it
was expected to grip double-stranded DNA from the minor groove. The structure of XPB
suggested that the energy furnished by the ATP hydrolysis could be used to induce a flip
of 170° of the HD2 domain following the binding of XPB to DNA[29]. The R-E-D (present
in HD1) and the ThM (present in HD2) were then in close vicinity and were used to
stabilize TFIIH on the DNA by introducing a wedge (the E473 residue) in the double
stranded DNA, gripped by the ThM motif. To obtain experimental evidences for this
model, we compared the ATPase activities of the WT and mutated complexes with or
without DNA. Indeed, like most SF1 and SF2 members, the ATPase activity of TFIIH was
stimulated by DNA[30]. In the presence of DNA, mutations in the R-E-D and ThM maotifs
induced 50% inhibition of the ATPase activity compare to TFIIH(WT). In the absence of
DNA, the three ATPase activities were strictly identical and were still slightly higher than
the ATPase activity of the TFIIH complex mutated in the ATP binding site. These data
accredited the model of the conformation change proposed above since they
demonstrated that R-E-D and ThM were mainly used to stabilize the binding of XPB to
DNA. Furthermore, that these mutations inhibited both TFIIH transcription and repair
activities suggested a common mode of recruitment of TFIIH to the promoters and to the
damage. The recruitment of TFIIH through the action of the ATPase activity of XPB could
also induce a reorganization of the protein-DNA complexes in transcription and repair
that could allow new protein-protein or protein-DNA contacts. Indeed, using photo -
crosslink experiments, we showed that addition of ATP in NER induced a re-positioning
of XPC on the damaged DNA that was dependent on TFIIH[31]. Following the
recruitment of TFIIH to the damaged DNA through the energy furnished by the ATPase
activity of XPB, the DNA would be opened by XPD, which had a processive and robust
helicase activity stimulated by the p44 subunit of the core TFIIH[32]. Here, a mutation in
the ATPase activity of XPD still allowed TFIIH to bind the damaged sites “in vivo” but was
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unable to open the DNA around the lesion. Altogether, our data gave a new view of the
roles of XPB and XPD in NER by revealing their different molecular functions within this
event.

Finally, we studied DOT1L, a chromatin modifying enzyme with histone
methyltransferase activity that was only one known protein responsible for methylation
of histone 3 at lysine 79. We showed that disruption of DOT1L caused hypersensitivity to
UV-irradiation in mammalian cells. Applying assays either for unscheduled DNA
synthesis or direct measurement of lesion removal, we demonstrated that cells depleted
of DOT1L repaired (6-4)PP or CPD at the same rate that wild-type cells, arguing that GG-
NER was not deficient in these cells. To show that MEF °°™" were also proficient in TC-
NER we used the sensitivity of cells towards the drug et743. Indeed, it was shown that
cells with defect in TC-NER were resistant to treatment with the drug et743[33].
However, MEFP°T!t were as sensitive to treatment with et743 as MEF WT 1t was then
unlikely that UV irradiation sensitivity in DOT1L-deficient mammalian cells was due to a
GG-NER or TC-NER defect. DOT1L could serve to reactivate mRNA synthesis after UV-
irradiation. Transcriptional arrest was shown to lead to a highly cytotoxic cellular
response to stress[34]. This response had multiple causes and was likely not only the
result of DNA lesions that block RNA Pol Il in elongation. Previous studies challenged the
relationship between efficient repair of a lesion in the transcribed strand of active genes
and the restoration of DNA damage inhibited transcription. For instance, cells carrying
mutations in the Cockayne syndrome B protein (CSB) were unable to recover lesion-
inhibited transcription while they efficiently repaired acetylaminofluorene lesions in
transcriptionally active genes. In addition, CSB was shown to accumulate on the
promoters of housekeeping genes after UV-irradiation, where it stimulated the recovery
of inhibited transcription[35, 36]. This finding led to the hypothesis that removal of
transcription blocking lesions was insufficient to restore transcription after DNA damage
and that in addition, chromatin changes in the promoters of housekeeping genes could
be required. Our studies showed that expression of housekeeping genes was deficient in
cells depleted of DOT1L. This inhibition did not depend on the cell cycle since no
difference in the distribution of the phases was observed between MEF "' and MEF """
when compared before or after UV-irradiation. Using a transcription initiation “in vivo”

assay, we demonstrated that transcription re-initiation of constitutively expressed genes
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was deficient in the absence of DOT1L. Further we analyzed both the occupancy and the
chromatin modifications at the corresponding promoters with time after UV-irradiation
and showed that these promoters were temporally depleted of basal transcription
factors in the first hours after irradiation in wild-type cells and showed recovery of
occupancy after DNA repair took place, 6-10 hours after UV-irradiation. In the absence of
DOT1L, we observed a lost of basal transcription factor occupancy and increased
heterochromatin marks such as methylation of H3K9 residue at the promoters of
constitutively expressed genes, even 24 hours after UV-irradiation. These data suggested
that DOT1L favored an opened chromatin structure around the promoter of
housekeeping genes to allow transcription re-initiation. In line with this hypothesis, we
observed that H3K79me2, the mark of DOT1L activity, was found transiently on the
promoters of housekeeping genes in wild-type cells after UV-irradiation, to keep the
chromatin opened. In addition, the absence of DOT1L could be circumvented by the class
[ HDAC inhibitor TSA that relaxed chromatin. TSA restored both the transcription

initiation of housekeeping genes and the UV-survival of MEF """

cells, creating thus a
link between these two events. Among the sites of histone methylation, H3K79 was
unique as it was not located within the H3 N-terminal tail domain but in the core region.
Specifically, this methylation occurred on the surface of the nucleosome and could serve
as a platform to recruit additional chromatin modifiers and DNA damage response
factors[37]. On the other hand, regions of chromatin where transcription was repressed
were depleted of H3K79 methylation, indicating that silencing of chromatin probably
required hypomethylation of H3K79. The mechanism that links euchromatin to H3K79
methylation was not fully understood but it was believed that in addition to recruiting
chromatin modifiers, this histone mark played an important role in confining the Sir
proteins to heterochromatic regions[38-40].  In yeast, Sir3 bound to nucleosomes
containing deacetylated histone H4K16 and promoted spreading of heterochromatin
along the chromatin[41]. Based on these observations and our data, we proposed that
RNA Pol I re-accumulation at promoters of housekeeping genes after UV-irradiation
depended on the chromatin changes orchestrated by DOT1L, including the emergence of
active chromatin transcription marks around the promoters of these genes. In the
absence of DOT1L, facultative heterochromatin marks such as H3K9me2 appeared and

RNA Pol II did not get to the promoters. Through the recruitment of chromatin modifiers
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and subsequent histone modifications, DOT1L served to limit the spreading of
heterochromatin to housekeeping genes immediately after UV-irradiation and to allow
re-association of the basal transcription machinery to the promoters of these genes to
re-activate their transcription. This model was supported by the results obtained with
the STRIP - FRAP experiments. [t demonstrated that a fraction of RNA Pol Il became
mobile in the nucleus in the absence of DOT1L after UV-irradiation. This indicated that
the binding of RNA Pol II to the chromatin and as thus, its re - engagement in
transcription after UV-irradiation depended on DOT1L. It should be mentioned that the
behavior of RNA Pol Il in the absence of DOT1L after UV-irradiation mimicked the
behavior of basal transcription factors such as TFIIH when cells were treated with the
transcription inhibitor DRB that disengaged TFIIH from the PIC[42]. While DOT1L was
needed for the re-activation of housekeeping gene transcription after irradiation, our
results also demonstrated that DOT1L was dispensable for the transcription of most of
the UV-inducible genes. RNA sequencing data indicated that 44% of the genes that were
activated in MEF "' 2 hours after UV-irradiation were also activated in MEF DOTIL
Previously published results suggested that the transcription of DNA damage-induced
genes was regulated at a post-initiation stage when RNA Pol Il was already engaged and
poised after transcription start site[43]. Biologically, this regulatory mechanism would
result in rapid transcription of DNA-damage induced genes in response to a genotoxic
attack. Based on this, we anticipated that transcription initiation of UV-inducible genes
takes place without large scale chromatin remodeling and is thus independent of DOT1L
activity. Furthermore, a large set of genes was specifically activated in MEF"°""" following
UV-irradiation. Using the String database we showed that these genes were connected to
the fos and fas gene families, involved in apoptosis. It was then tempting to speculate
that these inductions were part of the specific cellular response of MEF  "°™" cells to the
transcription inhibition induced by UV-irradiation. Induction of these apoptotic genes

F POTL after UV-irradiation. In line

could be responsible to the cell death observed in ME
with this hypothesis, treatment of MEF ~ "°™" with TSA, which restored transcription
initiation and UV-survival, also strongly reduced the induction of fosB to a level similar
to that of MEF "7 cells. Using our assay to measure the rate of RNA Pol II transcription
initiation and elongation “in vivo” on the long ubiquitously expressed Utrophin gene, we

also clearly demonstrated that transcription of such constitutively expressed long genes
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could take place without DOT1L in the absence of a genotoxic stress. In both MEF "' and
MEF”™" we found that RNA Pol I transcribes Utrophin at a rate of 2.2kb min  *, which
was consistent with the transcriptional rates measured in other mammalian wild-type
cells[44]. A role of DOT1L in transcription elongation was proposed based on the facts
that, first, H3K79me?2 positively correlated with active gene transcription and second,
that mammalian DOT1L-containing complexes were composed of elongation factors[45].
Even if a role of DOT1L in transcription elongation was plausible, our results suggested
that DOT1L was probably not required for transcription of all genes. To our knowledge,
these were the first reported “in vivo” experiments that allowed direct evaluation of the
participation of DOT1L in transcription elongation. Finally, our results made DOT1L an
attractive target in chemotherapeutic strategies that rely on the inability of the cells to
eliminate drug-induced DNA lesions and lead to apoptosis. The inhibition of DOT1L, in
addition to the presence of drugs that saturate DNA repair, could increase cellular
toxicity and thus reduce the overall side effects of high doses of chemotherapeutic
agents.

In conclusion, we performed a screening of chromatin remodelers, kinases and
phosphatases and found new factors that could modulate DDR and DNA repair.
Furthermore we demonstrated molecular details of TFIIH recruitment to the damaged
DNA in process of NER. We showed importance of H3K79 histone methyltransferase
DOT1L for recovery of the transcription after the genotoxic stress. And now we look
forward to study in details molecular mechanisms of NER and DDR regulation using
perspective genes from networks we detected in our siRNA screening trying to pinpoint

potential targets for future therapy and drug design.
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AFTERWORD

The worthwhile problems are the ones you can really solve or help solve, the ones
you can really contribute something to. ... No problem is too small or too trivial if we

can really do something about it.

Letter from Feynman to Koichi Mano (3 February 1966); published in Perfectly
Reasonable Deviations from the Beaten Track : The Letters of Richard P. Feynman
(2005)
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o NOUVEAUX ACTEURS A' L'INTERFACE Igt?mc
DE LA TRANSCRIPTION ET DE LA
REPARATION
Résumé

Les résultats du criblage siRNA destiné a identifiés de nouveaux acteurs de la NER, sont en court
d’exploitation mais nous mettons déja en évidence le réle de certains génes impliqués dans la
biochimie des ARNm comme ceux empéchant la formation des hybrides ARN/ADN dans l'efficacité
de réparation des lésions UV. En étudiant le role de la methyltransférase DOT1L, nous avons
montré que son absence conduit en réalité a une inhibition de l'initiation de la transcription des
génes apreés irradiation. Dans une analyse plus détaillée, nous avons montré que DOT1L favorisait
la formation du complexe de pré-initiation au niveau du promoteur des génes de ménage ainsi que
I'apparition de marques d’euchromatine transcriptionnellement actives. Le traitement a la
trichostatine A, qui relaxe la chromatine, diminue la transactivation des génes apoptotiques et
restore l'initiation de la transcription et la survie aux UV. Nous proposons que DOT1L garde
structure de la chromatine ouverte aprés UV.

Mots-clés : methyltransférase, DOT1L, DDR, NER, chromatine

Résumé en anglais

As a result of siRNA screening we identified new players at the interface between NER machinery
and chromatin. Despite it is ongoing study we already highlighted that certain genes which are
involved in the biochemistry of mMRNA such as splicing and preventing the formation of RNA:DNA
hybrids are important for efficient repair of UV damage. Studying the role of histone H3 lysine 79
methyltransferase DOT1L, we have shown that its absence leads to an inhibition of the initiation of
gene transcription after UV irradiation. In a more detailed analysis, we show that DOT1L favors the
formation of pre-initiation complex at the promoter of housekeeping genes as well as the
appearance of marks of the transcriptionally active euchromatin. Treatment with trichostatin A,
which relaxes the chromatin, lowers the transactivation of proapoptotic genes and restores the
transcription initiation as well as cell survival after UV. We propose that DOT1L keeps the opened
chromatin structure after UV irradiation.

Keywords : methyltransferase, DOT1L, DDR, NER, chromatin
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